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ABSTRACT
Flame retardant additives are utilized in various polyurethane applications to
comply with industry and flammability standards. Federal regulations and restrictive
standards continue to tighten controls on certain impurities found in flame retardant
blends. These restrictions include the limitation of organophosphates. Extensive research
has been conducted to examine the effects of organophosphates in humans. To date,
researchers have predominantly focused on the final product, mainly furniture and
bedding products, rather than the raw materials utilized in production. Industrial chemists
continue to grapple with the development of an effective method for detecting and
quantifying organophosphate compounds in various flame retardant mixtures as
polyurethane manufacturers require strict specifications to limit the amount of certain
organophosphates in flame retardant blends. These compounds include triethyl
phosphate, triphenyl phosphate, and tris(2-chloroethyl) phosphate. To identify the
individual components of a flame retardant blend, methods of quantification and
qualification were developed using analytical instrumentation, specifically gas
chromatography coupled with triple quadrupole mass spectrometry (GC-MS/MS). The
examination of flame retardants containing organophosphates was completed utilizing
various methods of analyses including electron ionization techniques along with various
modes of detection. For optimal sensitivity, precursor and product ion transitions were
chosen for individual organophosphates and aided in precise parameters for selective
reaction monitoring scans. External calibration curves and figures of merit were
examined for validation of the method. Through this research, the development of an
economical and efficient sample and standard preparation was developed as well as an
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effective method for detection and accurate quantification of various organophosphates
utilized in the production of flame retardants. The aim of this research is to add to
conversations occurring across the industry regarding the accurate quantification of
organophosphates while improving quality assurance methods and protocols.
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CHAPTER 1. BACKGROUND TO ORGANOPHOSPHATE FLAME
RETARDANTS
1.1 Introduction
Flame retardants continue to be a key discussion among scientists. These
chemical additives are included in the manufacturing of various materials to avert
combustion and slow the spread of flames to permit additional time for escape and
rescue.1 Flame retardants can be non-halogenated or halogenated, both functioning
differently when stopping the spread of fire. Halogenated flame retardants act in the gas
phase by releasing bromine or chlorine radicals that work to reduce the reaction that
spreads a fire2. Non-halogenated flame retardants act in the solid phase by helping reduce
oxygen which in turn strengthens the char layer and slows the growth of a fire.2
Halogenated and non-halogenated organophosphate flame retardants are among chemical
additives associated with health concerns for adults and young children. These include
compounds such as tris(2-chloroethyl) phosphate, triethyl phosphate, and triphenyl
phosphate.3 Consumers and environmental advocates continue to ask the same question:
are flame retardants a necessity?
Flame retardant additives are included in consumer goods to pass required
flammability testing. Findings show that halogenated flame retardants are more effective
in delaying fire. By contrast, halogenated flame retardants are considered to have adverse
health and environmental impacts.4 Previous studies have found high concentrations of
various organophosphate flame retardants in furniture and dust samples collected from
consumer households.5 These findings suggest that individuals are inhaling or ingesting
organophosphate flame retardants which have been attributed to negative health
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conditions. As researchers continue to focus on the end product, the raw materials
utilized in production are rarely analyzed.
1.2 History of Organophosphates
Organophosphates, also known as OPFRs, have been increasingly used as a flame
retardant for several decades. The increased use of OPFRs began in the early 2000’s with
the phasing out of polybrominated diphenyl ethers or PBDEs.6 PBDEs initial use as a
flame retardant additive started in the 1970s, when they were added to everyday
consumer goods such as furniture, children’s clothing, electronics, and vehicles.7 After
extensive research on PBDEs, it was concluded that the bioaccumulation and toxicity in
humans and the environment were too great, and their phasing out began.7 OPFRs were
perceived as the less harmful flame retardant option, but research over the last decade
suggests their exposure creates negative effects to humans and the environment. OPFRs
continue to be a topic of discussion for regulatory and environmental agencies as more
stringent policies are being put in place. Figure 2 outlines the regulatory policies for
PBDEs and OPFRs in chronological order.
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Figure 1. Regulatory policies for PBDEs and OPFRs in chronological order.7

3

1.3 Utilization of Organophosphates in Polyurethane Production
OPFRs are utilized in various applications as flame retardant agents and can be
non-halogenated or halogenated depending on their substituents. The additives are
combined into chemical materials and mixtures by means of blending rather than
chemical bonding, permitting the release of radicals into the environment.8 The use of
OPFRs in polyurethane production is influenced by flammability standards and their
ability to pass such stringent testing.7 Throughout the lifespan of a product containing
OPFRs, the additive can leach out through various chemical processes including
volatilization, leaching, abrasion, and dissolution.8,9 These compounds contain organic
esters formed from phosphoric acid and contain three substituents; an aryl group or alkyl
chain.10,11 Three organophosphates commonly found in flame retardants include triethyl
phosphate, triphenyl phosphate, and tris(2-chloroethyl) phosphate. The three studied
organophosphate compounds and their physical properties are defined in Table 1. The
chemical structures of the studied organophosphates are shown in Figure 2 and exhibit
the different organic substituents of each compound.
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Chemical Name

CAS No.

Molecular
Formula

Molecular Physical
Boiling
Weight
Form, 25°C Point, °C
(g/mol)

Tris(2chloroethyl)
phosphate (TCEP)

115-96-8

C6H12Cl3O4P

284

liquid

215

Triethyl phosphate
(TEP)

78-40-0

C6H15O4P

182

liquid

192

Triphenyl
phosphate (TPP)

115-86-6

C18H15O4P

326

solid

245

Table 1. List of Organophosphates and their physical properties.

Figure 2. Selected Organophosphates and their structure. From left to right: TCEP, TPP,
& TEP.
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1.4 Toxicity of Organophosphates
As OPFRs became increasingly prevalent in consumer goods, toxicological and
ecological studies were necessary to determine the additives' effect on individuals and
their environment. OPFRs are categorized as additives, a substance physically mixed into
a chemical blend, which permit easy leaching and volatilization into the surrounding
environment.12 The additives then accumulate in animals and water sources, disrupting
ecosystems and contaminating nearby water sources, fisheries, and vegetation.
Wastewater treatment plants facilitate the removal of OPFRs through secondary and
tertiary processes, but recent studies suggest the removal process is futile in the absolute
elimination of OPFRs.12 The three studied OPFRs: TCEP, TPP, and TEP, are prevalent
contaminants in water samples, TCEP being the most prevalent in all water sources and
sediment samples.12 Contaminated water sources trigger pollution in numerous ecological
communities, resulting in OPFR detection in various organs and systems of aquatic life,
vegetation, and mammals. Figure 3 describes the distribution of OPFRs and their effects
on our environment and biological system. Studies suggest that the accumulation of
OPFRs in living tissue is dependent on their chemical structure; all contributing to
endocrine disruption.12 OPFRs main route of entry is inhalation, dermal exposure, and
unintended ingestion, where it begins its journey to disrupt and damage tissues and
gradually diminish the nervous system.13 Table 2 details the classification, toxicological,
and ecological data associated with the studied OPFRs.
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Figure 3. Schematic outlining OPFRs accumulation in various environments and their
effect on individuals and their surroundings.12
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Chemical &
Classification

Toxicological
Information

Ecological
Information

Chemical
Name

GHS
Classification

Oral

Inhalation

Derma
l

Toxicity

Biodegradability

Bioaccumulation

TCEP

-Acute Toxicity,
Oral (Cat. 4)
-Carcinogenicity
(Cat. 2)
-Reproductive
Toxicity (Cat.
1B)
-Acute Aquatic
Toxicity (Cat. 1)
-Chronic Aquatic
Toxicity (Cat. 1)

LD50
Oral
– Rat
–
1,230
mg/k
g
LD50
OralRat3,500
mg/k
g

Not available.

LD50
Dermal
Rabbit
->
5,000
mg/kg
LD50
Dermal
Rabbit
->
7,900
mg/kg

EC50 –
Daphnia
magna:
48 hrs. –
170 mg/l

Aerobic –
exposure time 28
days, resulting in
4%
biodegradability

Carassius
auratus – 96 hrs.
– 4 mg/l

> 70% - Readily
biodegradable.

Oryzias latipes –
18 days – 0.01
mg/l

LD50
OralRat –
1,165
mg/k
g

LC50 – Rat: 6
hrs. - > 2,050
ppm

EC50 –
Daphnia
magna:
48 hrs. –
1 mg/l
LC50 –
Rainbow
trout: 96
hrs. – 0.4
mg/l
EC50 –
Daphnia
magna:
96 hrs. –
330 mg/l
LC50 –
fathead
minnow:
96 hrs. > 1,000
mg/l

TPP

TEP

-Acute Toxicity,
Oral (Cat. 4)
-Eye Irritation
(Cat. 2A)

Not available.

LD
Dermal
Rabbit
->
2,000
mg/kg

BCF: 0.9

BCF: 144

Readily
biodegradable.

Cyprinus carpio
– 42 days - < 0.1
mg/l

COD: 1.55 mg/g
BCF: 1.3

Table 2. Toxicological and Ecological Information of the studied organophosphates.
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CHAPTER 2. CURRENT METHODS OF DETECTION FOR
ORGANOPHOSPHATE FLAME RETARDANTS
2.1 Introduction
To pass industry flammability standards, flame retardant additives are applied to
numerous polyurethane processes. The harm associated with OPFRs has resulted in the
tightening of federal regulations and standards surrounding impurities present in flame
retardant blends. These impurities include the use of OPFRs. A vast majority of an
individual's time is spent indoors, whether at home, school, or in the office. Generally
these indoor environments and most interior transportation cabins contain OPFRs,
making exposure to the flame retardants inescapable. With the rise of OPFRs in
consumable goods, methods of detection in household dust, air, and nearby water sources
were imperative for the health and welfare of individuals.
Researchers have primarily focused on the final product containing OPFRs.
Rarely are the raw materials utilized in production examined. As polyurethane
manufacturers continue to tighten specifications and limit the amount of
organophosphates in flame retardants, an accurate method for detecting and quantifying
organophosphates compounds is essential. Current methods of detection of OPFRs
include liquid or gas chromatographic methods coupled with mass spectrometry, and
several incorporate an additional detector for optimal sensitivity.14 All methods are
tailored for the detection and quantification of OPFRs in dust specimens, consumer foam
fragments, and water/sediment samples. The development of an efficient method for
detection and accurate quantification of various organophosphates utilized in the
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production of flame retardants is pertinent to the advancement and proper implementation
of OPFRs.
2.2 Gas Chromatography - Mass Spectrometry Methods
Chromatographic methods are widely used in many industries and aid in the
separation of volatile compounds in a sample.15 Though gas chromatography methods
can separate compounds, which result in a chromatogram displaying peaks correlating to
a compound's retention time, the measured retention time cannot be used to identify the
chemical compound eluting.15 A useful tool for the identification of the peaks is a mass
spectrometer. When coupled with GC separation, it can provide qualitative and
quantitative data on known and unknown compounds. The coupling of the two analytical
instruments is routinely utilized for the detection of OPFRs in water, sediment, dust, and
foam samples.14
2.2.1 Fundamentals of Gas Chromatography
Gas chromatography is described as a separation technique, where volatile
components in a mixture are dispersed into two phases: the mobile gas phase, and the
stationary phase.16 The sample is first injected into the injector port, where the sample is
vaporized and moved through the column via the carrier gas.15 The molecules of the
sample will equilibrate between the gas and liquid phase in a partition state.17 Partitioning
of the molecules is determined through the sample’s volatility, solubility, thermal
stability, and affinity for the stationary phase material.16 The analytes of the sample then
separate from each other, eluting from the column dependent on their volatility, creating
a retention time for the analyte. The retention time represents the time elapsed between
injection of the sample to elution of the analyte.17 Figure 4 outlines the framework of gas
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chromatography. Gas chromatography is a useful method of separation and is a necessary
step before use of a mass analyzer.

Figure 4. Schematic outline of gas chromatography.17
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2.2.2 Fundamentals of Mass Spectrometry
The concept of mass spectrometry involves the utilization of ionization techniques
to produce ions of a chosen analyte in the gas phase and generate a fragmentation pattern
with the associated mass-to-charge ratios of the fragments that can then be detected and
referenced to a compound's unique mass spectra.18 The three critical components of a
mass spectrometer include the ion source, mass analyzer, and the detector.9 The ion
source ionizes the sample producing molecular ions. The quadrupole mass analyzer then
filters the ionized molecules according to their mass-to-charge ratio.20 The detector
measures the selected ion’s abundance and translates the number of ions into electrical
signals, which are emitted to a computer and processed into a mass spectrum.20 Figure 5
displays the three components of the mass spectrometer. When coupled with a
chromatographic instrument, mass spectrometers become an effective technique for the
detection of OPFRs in environmental and food safety industries.

2.2.3 Principle of Single Quadrupole Mass Spectrometer
The mass analyzer is a single linear quadrupole capable of selecting mass-tocharge ratios chosen to pass through the filter and on to the detector.19 The mass analyzer
consists of four parallel rods in a symmetrical array with the capability of operating
direct-current (DC) and radio frequency (RF) potentials.19 The molecule is first
introduced to the ion source where ionization of the analyte occurs. The ions then move
to the analyzer, progressing at a five to twenty frequency, where they travel parallel to the
rods.19 The amalgamation of DC and RF electrical currents applied to the four rods allow
for simultaneous oscillation and permit the electric field to dissociate ions according to
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their mass-to-charge ratios.20 Stable ions with the pre-selected mass-to-charge range will
be permitted through the quadrupole and onto the detector, while unstable ions will
collide with the rods.19

Figure 5. Schematic of Mass Spectrometer.21

2.2.4 Gas Chromatography Coupled with Single Quadrupole Mass Spectrometry
Gas chromatography coupled with mass spectrometry is an effective method of
detection for volatile organic compounds; both instruments play a fundamental role in the
identification and quantification of analytes. The combination of analytical instruments
allows the GC to separate the analytes from the sample and provide isomer selectivity,
while the mass spectrometer fragments the analytes, producing ions that can be measured
and identified.22 Figure 6 outlines the coupling of the two analytical instruments with the
column acting as the interface. Capillary columns are widely used today for GC-MS
analysis and provide a direct transfer line connecting the instruments.15 This method of
detection is used most frequently in the detection of organic pollutants because of its
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sensitivity, qualitative data, and sufficient quantitative analysis.22 One disadvantage of
utilizing a GC-MS is its lack of sensitivity for trace analysis.

Figure 6. GC coupled with MS.15

2.2.5 Modes of Operation for Gas Chromatography - Mass Spectrometry
A common mode of operation for GC-MS analysis of organic compounds is
electron ionization. The electron ionization (EI) technique works well for gas phase
molecules where an electron beam is utilized to create ions from the vaporized analyte
molecules.19 Figure 7 details the components of an EI source. For ions to form, a
sufficient amount of energy is needed for the analyte molecules to lose their electrons.19
The typical electron ionization energy is 70 electron volts (eV).19 Under this condition,
one ion is generated for every thousand molecules injected into the source.20 During the
ionization of the molecule, ten to twenty electron volts are transmitted to the analyte
molecules, causing excess fragmentation.20 The excess fragmentation occurs because of
the little electron voltage needed to ionize the organic molecule but can be instrumental
in discovering unknown analytes in the sample.
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Figure 7. Diagram of EI source.19

2.2.6 Data Acquisition for Gas Chromatography - Mass Spectrometry
There are two main scanning modes for GC/MS analysis: full scan and selected
ion monitoring (SIM). Full scan continuously scans the entire mass range resulting in a
full mass spectrum of the sample, while SIM mode continuously records over preselected mass-to-charge ratios for the analyte. The retention time is determined for the
analyte using GC conditions, which allows for spectra comparison within mass spectra
libraries.23 While this mode does qualitatively determine analytes, it cannot quantitate. In
trace analysis when the identification of analytes is necessary, full scan mode is
insufficient because of the amount of dwell time focused on each ion.23 SIM mode
utilizes individual mass recording of selected ions to achieve higher sensitivity and
quantification of the analytes.23 While SIM mode can detect small amounts of analyte in
a sample, it is not considered a quantitative method. To successfully complete a SIM
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scan, full scan mode must first be utilized to determine the retention times and masses
necessary for the monitoring.23

2.2.7 Gas Chromatography - Tandem Mass Spectrometry
Gas chromatography coupled with a triple quadrupole mass analyzer allows for
qualitative and quantitative analysis of the chosen analyte and introduces highly sensitive
and selective determination of the compounds. The mass spectrometer is comprised of
three quadrupoles: two mass analyzers and a collision cell. The process begins when a
compound is first transferred to a gas phase collision cell where it collides with high
energy gas phase ions forming excess energy, which leads to fragmentation and ion
formation.24 The molecular ion is then formed, where pre-cursor ions can be chosen for
selective ion monitoring (SIM) and selective reaction monitoring (SRM) scans. The
selected pre-cursor ions move through the mass analyzer, a triple quadrupole, hitting
three different quadrants in route to the detector. The first and third quadrants are mass
filters; the first quadrant is used to filter specific mass to charge ratios, and the third sorts
the ions formed during collision while selecting a single mass ion to be sent to the
detector. The second quadrant is the collision cell, where the chosen pre-cursor ion is
fragmented and produces product ions.25 Figure 8 outlines the triple quadrupole mass
analyzer and its process to detection.
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Figure 8. Schematic displaying the functionality of a triple quadrupole mass analyzer.20

2.3 Liquid Chromatography - Mass Spectrometry Methods
Liquid chromatographic methods are effective when materials analyzed are polar,
thermally unstable, and exhibit low volatility.26 For many years, liquid chromatography
was limited in its capacity to effectively analyze due to its incapability with mass
analyzers. It was not until the 1980’s that a compatible ion source capable of handling a
constant liquid stream was developed.27 This allowed for the coupling of liquid
chromatography and mass analyzers, providing distinctive information about complex
blends and a heightened form of sensitivity.
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2.3.1 Fundamentals of Liquid Chromatography
Liquid chromatography, like gas chromatography, is a method of separation to
dissociate individual analytes from a mixture. Both separation techniques focus on the
characteristics of molecules such as ion exchange, molecular exclusion, chirality, and
partitioning.28 One advantage of liquid chromatography when compared to gas
chromatography is its ability to operate at low temperatures. Temperature limitations only
come from the solvents freezing and boiling points.29 The main difference between the
two chromatographic methods is the mobile phase, one being liquid the other gas. The
process of liquid chromatography involves a liquid mobile phase and a stationary phase
consisting of a large surface area containing small porous particles.19 The sample is
introduced as a liquid to the chromatographic system, and the interaction between sample
molecules and the surface of the stationary phase begins.19 Strong interactions between
molecules and the stationary phase create a longer travel time through the
chromatographic system, resulting in longer retention times.19 The reaction of all analytes
of the sample varies depending on their affinity for the stationary phase, allowing elution
differentials and retention times. This results in a chromatogram displaying peaks of the
eluted compounds, which can then be qualitatively and quantitatively examined.
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2.3.2 Fundamentals of Liquid Chromatography Coupled with Mass Spectrometry
The coupling of liquid chromatographic methods with a mass spectrometer is
sensitive as the production of gas phase ions are necessary for analysis.20 A liquid stream
cannot be introduced into the mass spectrometer without breaking the high vacuum
pressure. A system capable of producing gas phase ions was created and focused on four
parts: a transport device for the sample molecules, molecular separators for separating
analyte molecules and solvent molecules, an interface allowing for sample introduction
via low liquid flow rates, and ionization sources for generation of gas phase ions.26 Two
common ionization sources include atmospheric pressure chemical ionization (APCI) and
electrospray ionization (ESI). The sources generate ions, and the ions are directed into the
mass spectrometer, where the separation of ions based on their mass to charge ratio (m/z)
occurs.26 The results are compiled into a mass spectrum where the intensity of each mass
to charge ratio is plotted, identifying sample analytes. Figure 9 outlines the
instrumentation arrangement for LC-MS analysis.

Figure 9. Schematic of LC-MS Instrumentation.28
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2.3.3 Distinctions in Data Retrieval for Liquid Chromatography - Mass
Spectrometry and Gas Chromatography – Mass Spectrometry
Data retrieval for gas chromatography and liquid chromatography may use similar
software platforms, but each displays unique results on a spectrum. LC-MS spectra differ
from GC-MS spectra in a multitude of ways. The first is a variation between molecular
ion intensities in EI mode, where the base peak for GC-MS analysis is seldom the
molecular ion but is predominately the base peak for LC-MS analysis.26 Fragmentation of
the ions is an added dissimilarity between the two analyses. Electron ionization via GCMS analysis utilizes high energy fragmentation, while collision-induced dissociation via
LC-MS analysis operates at a lower energy fragmentation.26 The last notable difference
between the two methods of analysis is the charge associated with ions generated in the
source. GC-MS analysis acquires negative and positive ions produced in the source,
while LC-MS analysis has only even ions reducing the spectrum’s complexity.26 The
advancement of data acquisition software for liquid chromatography and gas
chromatography analyses has contributed to simpler data retrieval.
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CHAPTER 3. METHODOLOGY AND DATA ACQUISITION
3.1 Instrumentation
Gas Chromatography-Mass Spectrometry Parameters
The research was completed on a Thermo Scientific TSQ 9000 Triple Quadrupole
GC-MS/MS System. Components include the Thermo Scientific TRACE 1310 Gas
Chromatograph and Thermo Scientific TriPlus RSH Autosampler. The column used was
a Thermo Scientific TG-5SilMS, 30 m length x 0.25 mm diameter x 0.25 µm film
thickness. The TGSilMS is a low polarity, capillary column. Helium, at a constant flow
rate of 1.4 mL/min, was used as the carrier gas. The sample ( 0.5 µL) was injected in split
mode with a split flow of 140.00 mL/min. Split mode was chosen because of the quantity
of analyte present in the FR samples. The split flow was adjusted from a lower set point
of 14.0 mL/min because of poor peak quality caused by overloading the column. The
split flow ratio was 100:1, which is determined by dividing the split flow rate by the
carrier gas constant flow rate. Purge flow was 5.00 mL/min, and front inlet temperature
was 300 °C. The oven temperature started at 50 °C, was held for 0.20 min, then raised to
330 °C at 30°C/min. The temperature of the transfer line was 310 °C, and argon gas was
used as the collision gas at a flow of 1.00 mL/min. The mass spectrometer was operated
in electron ionization mode at 70 eV with selective reaction monitoring (SRM) with the
monitored transitions chosen for each analyte. The ion source temperature was 280 °C
and the analysis had a run time of 10 minutes. Data analysis was performed using
Thermo Scientific Chromeleon 7 software version 7.2.10.

21

3.2 Sample and Standard Preparation
A standard of tris(2-chloroethyl) phosphate, triphenyl phosphate, and triethyl
phosphate were obtained from Sigma-Aldrich, and flame retardant sample material was
available in Cellular Technology International’s laboratory. The samples analyzed
included Celltech FR’s containing one of the three studied organophosphates. Sample
preparation involved adding 100 µL of sample material to the vial using a positive
displacement pipette. Optima grade methanol was used as the diluent and added at 4 mL
to the vial. The vial was then vortexed thoroughly to achieve a homogeneous mixture. 1
to 2 mL were then transferred to an autosampler vial for analysis. The dilution factor is
calculated by the Chromeleon software by inputting the recorded weights. The
calculation for dilution factor is the total weight divided by the sample weight. Standard
preparation involved adding 100 µL of organophosphate standard to a vial using a
positive displacement pipette. The standard was diluted with optima grade methanol to
achieve a stock solution concentration of around 10%. Further dilutions were made
giving standard concentrations from 10 - 7,000 ppm.
3.2.1 Celltech Flame Retardants
Seven commercially available flame retardants offered by Cellular Technology
International were chosen for analysis. All seven contained one of the three
organophosphates examined. The concentration ranges of TEP, TPP, and TCEP in each
FR varied. The product name and percent of organophosphate impurity allowed are
shown in Table 3.
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Celltech FR Product Name

TCEP Content, %

Celltech FR-60 Flame Retardant

< 0.10 %

Celltech FR-66 Flame Retardant

< 0.50 %

Celltech FR-100 Flame Retardant

< 15.0 %

Celltech FR Product Name

TEP Content, % Range

Celltech FR-50 Flame Retardant

< 10.0 %

Celltech FR-52 Flame Retardant

< 1.0 %

Celltech FR Product Name

TPP Content, % Range

Celltech FR-210 Flame Retardant

< 2.0 %

Celltech FR-230 Flame Retardant

< 30.0 %

Table 3. Outlines Celltech FRs and their specifications for organophosphate impurities.
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3.3 Experimental Methods
3.3.1 Scan Modes Utilized by GC-MS/MS
Three scans were utilized for optimization of the method: full scan, selective ion
monitoring, and selective reaction monitoring. Each method of detection occurred in
sequential stages, one following the next. Full scan analysis with a mass range of 50-550
m/z was performed to determine retention time and mass ions of the analyte. This occurs
because the mass spectra is continuously recording throughout the scan allowing for the
identification of analytes and their retention times to be discovered.23 Once the retention
times were known for the analyte, mass ions for the compound could be chosen, which
led to a SIM scan, enhancing sensitivity. A combined scan of full scan and selective ion
monitoring was completed, narrowing the window for detection. The window was then
narrowed more for SRM, where an individual mass ion was monitored. The final scan
was selected reaction monitoring, which utilized the triple quadrupole mass analyzer.
Chapter 4 outlines the mass ions selected with their product ions and the collision
energies associated with the SRM scan. The SRM scan followed the method parameters
outlined in the gas chromatography-mass spectrometry parameter section above. To
determine and verify the results received from the three scans, a calibration curve for
each organophosphate was created.
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3.3.2 Verification Criteria - Calibration Curves
A calibration curve for each organophosphate allowed for accurate and precise
determination of the analyte. The curves were analyzed and had varying concentrations,
bracketing the selected flame retardant sample. The standard levels were analyzed under
the parameters outlined in the gas chromatography-mass spectrometry parameter.
External calibration methods were applied when developing the four calibration curves,
which utilizes the standard equation for a straight line shown in Equation 1. This method
assumes a linear relationship between the instrument response and known analyte
concentrations to accurately quantify the response of unknown concentrations in a
sample. The responses can then be plotted on a graph, instrument response = y-variable
and known concentrations = x-variable. The calibration curve shows the linearity
achieved for the analyte.
(1)

y = mx + b
y = unknown area, b = intercept, m = slope, x = unknown concentration

3.3.3 Linearity Analysis
To determine if the calibration curves constructed is best fit for the data, figures of merit
should be evaluated. The figures of merit validate the method used to obtain the data and
identify constraints within the data. This includes linearity and regression parameters
such as coefficient of determination, standard deviation, limit of detection, and limit of
quantification. The relative standard deviation and percent error allow for an
understanding of accuracy, variability, and precision in the data points. LOD and LOQ
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were only determined for TCEP as the concentration of analyte is at a much lower
concentration level.
Determining the coefficient of determination, R2, exhibits how well the data fits the
model. This value shows excellent linearity and fit when closest to 1. Chromeleon
software automatically reports the R2 value for each calibration curve, giving an
indication of the linearity achieved.
The standard deviation for the calibration curves indicates the range and variability of
the analyte concentrations based on the mean of the samples. Equation 2 outlines the
measurement for standard deviation, s.31

(2)

2
∑𝑛
𝑖=1(𝑋𝑖 −𝑋)

𝑠= √

𝑛−1

The relative standard deviation is then determined by dividing the standard deviation by
the mean, x̅ and multiplying by one hundred for percent relative standard deviation,
shown in equation 3.31
(3)

s

𝑠𝑟 = 𝑋̅ 𝑥 100

Percent error is determined for each concentration of the calibration curves to determine
errors in sample preparation, sample transfer, and instrumentation detection. Equation 4
outlines the calculation.
(4)

% 𝑒𝑟𝑟𝑜𝑟 =

|𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 𝑣𝑎𝑙𝑢𝑒−𝑡ℎ𝑒𝑜𝑟𝑎𝑡𝑖𝑐𝑎𝑙 𝑣𝑎𝑙𝑢𝑒|
theoratical value
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𝑥 100

3.3.4 LOD and LOQ for TCEP Quantifications
It was necessary to determine the LOD and LOQ for TCEP for two reasons: the relatively
high split flow of the method, giving a split flow ratio of 100:1, and the low
concentrations of TCEP in the unknown samples. The high split allows for a smaller
amount of sample to be injected on the column, venting the remainder of the sample
through the split vent. The limit of detection and quantification represent the lowest
concentration of an analyte that can be accurately detected and quantified.32 To determine
the LOD and LOQ, the standard deviation of the y-intercept must first be calculated using
Equation 2. The standard deviation of the y-intercept is then multiplied by 3.3 or 10 and
divided by the slope. The calculations for both are defined in Equation 5 and Equation 6,
where 3.3 and 10 represent the signal to noise ratio, sy represents the standard deviation
for the intercept, and m equals the slope.33
(5)

𝐿𝑂𝐷 =

(6)

𝐿𝑂𝑄 =

3.3∗𝑠𝑦
m
10∗𝑠𝑦
m
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3.3.5 Determination of Precursor and Product Mass Transitions via AutoSRM
Discovery
An AutoSRM discovery study was completed on each of the organophosphate
analytes. This study focuses on three components of the analyte: the precursor ion, the
product ion, and SRM optimization. It begins with a full scan of the chosen analyte,
where the precursor ions for the compound can be generated. A table is generated
presenting the precursor masses with their intensities. From here, three of the highest
intensity precursor masses are chosen to add to the working list where they will be
examined in the next study, the product ion scan. Analytes are injected, and a table is
presented with the most intense product masses for the selected precursor masses. The
generation of the product masses occurs at three collision energies: 10, 20, and 30 eV.
This allows for optimal results over a wide collision energy spectrum. The final step is
SRM optimization where the focus is to find the optimal collision energy for the chosen
precursor and product mass transitions. Ten collision energies are examined for a single
analyte injection and presented in a working list of highest to lowest intensities. The best
collision energy for each transition is chosen and pushed to the SRM instrument method.
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CHAPTER 4. RESULTS AND DISCUSSION
4.1 Mass Spectral Comparison of Organophosphates
To determine the correct precursor to product mass transitions, mass spectral
comparison of the chosen organophosphates was necessary. The mass spectra help to
differentiate the organophosphates and determine their most abundant and unique ions.
The compound’s mass spectrum can then be compared with library spectra to determine
the identity of the organophosphate peak. AutoSRM discovery studies optimize the mass
transitions and choose the best precursor ion to fragment to generate product ions, which
are then sent to the detector where quantification of the analyte occurs. Figure 10 displays
the mass spectrum for each organophosphate analyte. The mass spectrum displays the
masses of the analyte and their associated intensities. The most abundant ions have the
highest intensities, while unique ions are limited to the individual analyte.
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Figure 10.A – TPP Mass Spectrum.

Figure 10.B – TEP Mass Spectrum.

Figure 10.C TCEP Mass Spectrum.
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4.2 Analysis of Mass Transitions
Precursor and product mass transitions were analyzed for each organophosphate
through AutoSRM Discovery software. TPP, TEP, and TCEP analyte samples were run
through three separate scans to determine their precursor ions, product ions, and optimal
collision energies. Each organophosphate had three precursor-to-product mass transitions
chosen for their compound. Energy vs. intensity graphs for each transition were generated
to determine the optimal collision energy. Monitored transitions with their collision
energies for each studied organophosphate are listed in Tables 4, 5, and 6.

Chemical
Name

Retention Time Window
(mins)
(min)

Mass
(m/z)

Product Mass Collision
Energy (eV)
(m/z)

TEP

4.32

0.50

127.1

99

8

TEP

4.32

0.50

155.1

99

10

TEP

4.32

0.50

155.1

127

6

Table 4. Collision Energies and Mass Ions Selected for Triethyl Phosphate.
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Chemical
Name

Retention Time Window Mass
(mins)
(min)
(m/z)

Product Mass Collision
Energy (eV)
(m/z)

TCEP

7.20

0.40

249

63

16

TCEP

7.20

0.40

249

125

10

TCEP

7.20

0.40

249

187

6

Table 5. Collision Energies and Mass Ions Selected for Tris(2-chloroethyl) Phosphate

Chemical
Name

Retention Time Window Mass
(mins)
(min)
(m/z)

Product Mass Collision
Energy (eV)
(m/z)

TPP

9.36

0.40

77.1

51.1

10

TPP

9.36

0.40

215.1

168.1

15

TPP

9.36

0.40

325.1

169.1

20

Table 6. Collision Energies and Mass Ions Selected for Triphenyl Phosphate
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4.3 Analysis of Celltech Flame Retardants via Full Scan Method
Each FR was diluted in methanol, vortexed, and then transferred to an appropriate
vial, where it was injected into the column. The compounds in each FR eluted at different
times, establishing varying retention times for the analytes. TEP had the lowest boiling
point, volatizing and eluting from the column first. TCEP and TPP had higher boiling
points, explaining their longer volatilization point and elution time. Full scan mode
utilized only gas chromatography for qualitative results. Table 7 below outlines the gas
chromatography parameters set for full scan mode. While all the FRs contain
organophosphates, each have unique molecular structures. Celltech FR-60, FR-66, and
FR-100 are halogenated phosphate esters, FR-50 and FR-52 are halogen free phosphate
esters, and FR-210, and FR-230 are non-halogenated phosphonates. Structural similarities
are observed in the blends with the overlay of the full scans outlined in Figures 11, 12,
and 13. The full scan of each FR allowed for the determination of retention times, which
are utilized in quantification SRM scans.
Gas Chromatography Parameters
Column

Set Point
TG-5SilMS
30m x 0.25mm x 0.25µm
Helium
1.4 mL/min
50 °C (held 0.20 min) to 330°C at
30°C/min
300 °C
Split Injection, 100:1 split ratio
140.0 mL/min
0.5 µL
5 mL/min
20 mL/min after 1.5 min
10 min

Carrier Gas
Column Flow
Oven Temperature Program
Inlet Temperature
Operating Mode
Split Flow Rate
Injection Volume
Purge Flow
Gas Saver Flow/Time
Run Time
Table 7. Gas Chromatography parameters set.
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Figure 11. Overlay of Celltech FR-50 and FR-52.

Figure 12. Overlay of Celltech FR-210 and FR-230.
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Figure 13. Overlay of Celltech FR-60, FR-66, and FR-100.
4.4 Generation of Calibration Curves for Organophosphates
To correctly quantify the organophosphates present in the seven FRs chosen for
analysis, calibration curves of TEP, TPP, and TCEP were formed. External calibration
techniques were utilized where analyte standard amounts are known and the amount of
analyte in the sample is unknown. The calibration levels for each organophosphate
differed, focusing on bracketing the FR samples. Two calibration curves were
constructed for TCEP. This allowed accurate quantification for lower and higher
concentrations of the analyte. Figures 14,15,16, and 17 display the calibration curves for
each analyte and their associated equation of a line formula and R2 value.
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TCEP Calibration Curve - Lower Levels
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Figure 14. TCEP lower-level Calibration Curve

TCEP Calibration Curve - Upper Levels
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Figure 15. TCEP upper-level Calibration Curve
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Figure 16. TEP Calibration Curve
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Figure 17. TPP Calibration Curve
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4.5 Linearity and Regression Statistics for Calibration Curves
The calibration curve shows the linearity achieved for each analyte with coefficient of
determinations (R2) being 0.990 and higher. The relative standard deviations ranged from
1.3 to 7.4, signifying the variability and average precision present in the analyte
concentrations. The linear range confirmed the concentrations of the analyte used in the
calibration curve. The regression equation defines the slope and intercept. The standard
deviation of the intercept was generated using the regression function in Excel and aided
in determining the LOD and LOQ. Tables 8,9,10, and 11 all outline the linearity and
regression statistics completed on all four calibration curves.

Variables
Results
Linear Range (ppm)
10-1,000
Regression equation
y = 238.53x + 3269.60
Retention Time (min)
7.23
Standard Deviation of Intercept (sy)
3621.75
2
Coefficient of Determination (R )
0.9972
RSD %
7.3725
Table 8. Regression and Linearity Statistics for TCEP Lower levels

Variables
Linear Range (ppm)
Regression equation
Retention Time (min)
Standard Deviation of Intercept (sy)
Coefficient of Determination (R2)
RSD %

Results
500-5,000
y = 109.21x + 57775.00
7.23
5103.96
0.9998
1.9424

Table 9. Regression and Linearity Statistics for TCEP Upper levels
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Variables
Results
Linear Range (ppm)
50-5,000
Regression equation
y = 1683.27x + 30891.54
Retention Time (min)
4.33
Standard Deviation of Intercept (sy)
58384.15
Coefficient of Determination (R2)
0.9993
RSD %
4.6844
Table 10. Regression and Linearity Statistics for TEP

Variables
Results
Linear Range (ppm)
300-7,000
Regression equation
y = 3887.55x + 153818.97
Retention Time (min)
9.36
Standard Deviation of Intercept (sy)
77531.70
2
Coefficient of Determination (R )
0.9998
RSD %
1.2935
Table 11. Regression and Linearity Statistics for TPP

4.6 LOD and LOQ Determination for TCEP
It was necessary to determine the LOD and LOQ for TCEP for two reasons: the relatively
high split flow of the method, giving a split flow ratio of 100:1, and the low
concentrations of TCEP in the unknown samples. The high split allows for a smaller
amount of sample to be injected on the column, venting the remainder of the sample
through the split vent. The LOD and LOQ outcomes resulted in a limit of quantification
at 1.51 ppm and a limit of detection at 0.50 ppm. The linearity and regression statistics
are detailed in Table 12. The calibration curve displaying the linearity achieved and
regression equation are shown in Figure 18.
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Variables
Linear Range (ppm)
Regression equation
Standard Deviation of Intercept (sy)
Coefficient of Determination (R2)
RSD %
Limit of Detection (ppm)
Limit of Quantification (ppm)

Results
0-10
y = 360.66x + 63.91
54.53
0.9983
4.0117
0.50
1.51

Table 12. TCEP Calibration for Determination of LOD & LOQ

Area (counts*min)

TCEP Calibration for Determination of LOD &
LOQ
4000
3500
3000
2500
2000
1500
1000
500
0

y = 360.66x + 63.91
R² = 0.9983

0

2

4

6

8

10

12

Concentration (ppm)

Figure 18. TCEP Calibration for LOD & LOQ Determination
4.7 Analysis of Celltech Flame Retardants via Selective Reaction Monitoring
SRM scans were completed on each flame retardant, monitoring the transitions for each
analyte previously outlined in section 4.2. This scan utilizes the triple quadrupole of the
mass spectrometer allowing for higher sensitivity and selectivity. Each sample was
injected into the column under the parameters outlined in section 4.3. Once the analyte
eluted from the column, it flowed to the mass spectrometer detector where precursor ions
were fragmented in the collision cell, producing product ions quantifiable by the detector.
Table 9 outlines the parameters set for the mass spectrometer. To accurately quantify the
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analytes in each flame retardant sample. It was important that the sample’s analyte
concentration be bracketed by the calibration points to eliminate errors caused by nonlinearity. Figures 19-25 show each sample’s concentration of the analyte bracketed by the
calibration points.
Mass Spectrometer Parameters
Ionization Mode
Electron Energy (eV)
Transfer Line Temperature
Ionization Source Temperature
Collision Gas Flow
Detector Gain

Electron Ionization (EI)
70
310 °C
280 °C
Argon at 1.0 mL/min
5.0

Table 13. Mass Spectrometer parameters.

Figure 19. Celltech FR-60 bracketed by five TCEP calibration points: 10, 50, 100, 500,
and 1000 ppm concentrations.
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Figure 20. Celltech FR-66 bracketed by five TCEP calibration points: 10, 50, 100, 500,
and 1000 ppm concentrations.

Figure 21. Celltech FR-100 bracketed by three TCEP calibration points: 500, 1200, and
5000 ppm concentrations.
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Figure 22. Celltech FR-210 bracketed by six TPP calibration points: 300, 600, 900, 1200,
6000, and 7000 ppm concentrations.

Figure 23. Celltech FR-230 bracketed by six TPP calibration points: 300, 600, 900, 1200,
6000, and 7000 ppm concentrations.
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Figure 24. Celltech FR-50 bracketed by five TEP calibration points: 50, 100, 500, 1000,
and 5000 ppm concentrations.

Figure 25. Celltech FR-52 bracketed by five TEP calibration points: 50, 100, 500, 1000,
and 5000 ppm concentrations.
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4.8 Concentrations of Analytes in Celltech Flame Retardants
Concentrations of each flame retardant sample were determined by calculating for the
unknown concentration using the equation of a line, y = mx + b. The slope and intercept
are determined through the creation of calibration curves for each analyte and lead to
solving for the unknown by subtracting the unknown area count of analyte recorded for
the sample by the intercept. This value is then divided by the slope to achieve the
unknown concentration. The unknown concentration, x, is the amount of analyte in the
sample recorded in ppm units. Unknown concentrations are automatically calculated and
presented via Thermo Scientific Chromeleon 7 software version 7.2.10. Table 14 outlines
the Celltech flame retardants and their specifications for the analyte and concentrations
determined experimentally.

Celltech Flame
Retardant
Celltech FR-60
Celltech FR-66
Celltech FR-100
Celltech FR-210
Celltech FR-230
Celltech FR-50
Celltech FR-52

Analyte

Analyte Specification

Concentration, %

TCEP
TCEP
TCEP
TPP
TPP
TEP
TEP

< 0.10 %
< 0.50 %
< 15.0 %
< 2.0 %
< 30.0 %
< 10.0 %
< 1.0 %

0.0617
0.2841
9.17
1.3988
25.7158
2.0771
0.7645

Table 14. SRM scan results for the seven Celltech flame retardants.
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CHAPTER 5. CONCLUSION
The method development using GC-MS/MS instrumentation was successful for
the detection and quantification of the three organophosphates examined. A simple and
effective sample and standard preparation was developed, minimizing tedious sample
construction, and allowing for an economical and efficient technique. Parameters for gas
chromatography and the mass spectrometer were shown to accurately and effectively
identify TCEP, TPP, and TEP. The use of one set of gas chromatography and mass
spectrometer parameters for all three organophosphates streamlines flame retardant
analysis while providing transparent and straightforward data for other team members.
Determining precursor and product ions for each analyte utilizing AutoSRM
Discovery software enabled optimal selection of each compound for ion transitions,
which helped achieve the highest form of sensitivity and selectivity when performing an
SRM scan. The application of multiple scan modes allowed for a better understanding of
the flame retardant molecules and their impurities.
Verification criteria for TCEP, TEP, and TPP were determined through
calibration curves, ensuring all seven Celltech flame retardants analyzed were bracketed
by the concentrations of the calibration curves. Regression and linearity statistics verified
the construction and fit of the calibration curve, achieving high linearity for all calibration
curves. The LOD and LOQ determination for TCEP confirmed the split flow ratio of
100:1 was not too high for the detection of lower limit concentrations found in Celltech
FR-60 Flame Retardant. As new, greener technology is developed in the Celltech
laboratory, trace analysis may need to be utilized. This would include developing new
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GC-MS/MS parameters and employing splitless mode, where the entirety of the sample is
injected on the column.
The objectives of this research were achieved by developing an efficient and
effective method of detection and quantification of organophosphates present in various
Celltech flame retardants. This discovery allows for better quality control, utilization, and
proper implementation of flame retardant additives in polyurethane production.
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APPENDIX A

A-1. TCEP chemical structure and mass spectrum30.

A-2. TEP chemical structure and mass spectrum30.
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A-3. TPP chemical structure and mass spectrum30.

A-4. Calibration curve from Chromeleon for upper levels of TCEP.
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A-5. Calibration curve from Chromeleon for lower levels of TCEP.
TCEP

300000

0.9973

counts*min
275000

250000

225000

200000

175000

150000

125000

100000

75000

50000

25000
ppm
0
0

200

400

600

800

1000

1200

A-6. Calibration curve from Chromeleon for TEP.
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A-7. Calibration curve from Chromeleon for TPP.
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A-8. Calibration curve from Chromeleon for TCEP Determination of LOD & LOQ.
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A-9. TCEP precursor ion 249 to product ion 63 transition collision energy vs. intensity
graph.

A-10. TCEP precursor ion 249 to product ion 125 transition collision energy vs. intensity
graph.
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A-11. TCEP precursor ion 249 to product ion 187 transition collision energy vs. intensity
graph.

A-12. TEP precursor ion 127.1 to product ion 99 transition collision energy vs. intensity
graph.
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A-13. TEP precursor ion 155.1 to product ion 99 transition collision energy vs. intensity
graph.

A-14. TEP precursor ion 155.1 to product ion 127 transition collision energy vs. intensity
graph.
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A-15. TPP precursor ion 77.1 to product ion 51.1 transition collision energy vs. intensity
graph.

A-16. TPP precursor ion 215.1 to product ion 168.1 transition collision energy vs.
intensity graph.
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A-17. TPP precursor ion 325.1 to product ion 169.1 transition collision energy vs.
intensity graph.
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