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Abstract

Organophosphate flame retardants (OPFRs) have received increasing attention as pro-
duction has escalated, as a result of the polybrominated diphenyl ethers being phased out
as flame retardants. The attention on adverse effects of OPFRs in living organisms and
the environment has increased as several studies have indicated potential toxic effects as
a result of exposure of OPFRs. Research on the occurrence of organophosphate flame
retardants in air, dust, water and sediments, together with some metabolites in urine,
are substantially studied. Research on OPFRs in foodstuffs as a pathway for human
exposure is on the other hand less studied. Baby food is of special interest, since some
of the OPFRs have suspected developmental effects. 49 baby foods were supposed to
be examined for 19 OPFRs and 2 metabolites. Unfortunately labs were closed due to
SARS-CoV-2, and the experimental work was not possible to complete. Only the extrac-
tion method development was able to be performed. One of the baby foods was uses as
example sample matrix for this purpose. Two different extraction protocols were tested
with respectively ethyl acetate (EA) and Dichloromethane:Hexane (50:50) as the main
solvent. The protocol where the extraction was executed with EA as the solvent showed

considerably better recoveries and results than the extraction with DCM:Hex.

Liquid chromatography tandem mass spectrometry (LC-MS/MS) was used to analyze
the OPFRs. Five of the 21 analyzed OPFRs showed concentrations above the estimated
LOQ. Their concentrations ranged from 0.25-23.5 ng/g dw, where TCIPP showed the
highest detected concentration (TCIPP > TnBP > TMP > TPP > TEP). The estimated
LOD for all compounds ranged from 0.02-3.97 ng/g. Contamination of samples resulting
in high blank values lead to difficulties to detect three of the OPFRs (EHDP, TEHP and
TDCIPP). Recoveries ranged from 30.9-103%, with exception of EHDP, TEHP, TDCIPP,
TTBP, IDPP and TCIPP. Detection of daughter fragments for each OPFR was obtained
from the SRM detector. Structures for the daughter fragments were suggested together

with a general fragmentation mechanism for OPFRs.
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Sammendrag

Organofosfat flammehemmere (OPFR) har fatt gkende oppmerksomhet ettersom produk-
sjonsvolumet har gkt, som et resultat av at polybrominerte difenyl etere er faset ut som
flammehemmere. Bevisstgjgring av risikoen for uheldige effekter etter eksponering av
OPFR pa levende organismer og miljget har gkt, ettersom flere studier har pavist poten-
sielt toksiske effekter, som et resultat av eksponering for OPFR. Forskning pa forekom-
sten av organofosfat flammehemmere i luft, stgv, vann og sedimenter, sammen med noen
metabolitter i urin er vesentlig forsket pa, mens forskning pa OPFR i mat som en rute
for menneskelig eksponering er mindre forsket pa. Babymat er spesielt interessant etter-
som noen av OPFRene er mistenkt for & ha en effekt pa menneskelig utvikling. 49 ulike
varianter av babymat skulle bli analysert for 19 forskjellige typer OPFR og 2 metabolit-
ter. Uheldigvis ble laboratoriene stengt pa grunn av SARS-CoV-2, og det eksperimentelle
arbeidet var ikke mulig a fullfore. Kun utvikling av ekstraksjonsmetoden ble mulig &
gjennomfgre. En av babymatprgvene ble brukt som eksempelmatriks for metodeutviklin-
gen. To ulike ekstraksjonsprotokoller ble testet med henholdsvis etylacetat (EA) og dik-
lormetan:heksan (50:50) som hovedlgsemiddel. Protokollen hvor etylacetat ble brukt som

lgsemiddel viste betraktelig bedre resultater enn ekstraksjonen med diklormetan:heksan.

Vaeskekromatografi tandem massespektroskopi (LC-MS/MS) ble brukt for & analysere
flammehemmerene. Fem av de 21 analyserte organofosfatene hadde konsentrasjoner over
LOQ. De kvantifiserbare konsentrasjonene var mellom 0.25-23.5 ng/g dw, hvor TCIPP
hadde den hgyeste detekterte konsentrasjonen (TCIPP > TnBP > TMP > TPP > TEP).
De estimerte grensene for deteksjon varierte fra 0.02-3.97 ng/g. Forurensning av prgvene
resulterte i hgye verdier for noen av blankprgvene, som forte til vanskeligheter med a de-
tektere tre av stoffene (EHDP, TEHP og TDCIPP). Recoveries varierte fra 30.9-103%, med
unntak av EHDP, TEHP, TDCIPP, TTBP, IDPP and TCIPP. Deteksjon av datterfrag-
menter for hver OPFR ble gjort med SRM-detektoren. Strukturer for datterfragmenter

er foreslatt sammen med en generell fragmenteringsmekanisme for OPFR.
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1 Introduction

Over the past 15 years the production and use of organophosphate flame retardants
(OPFRs) in consumer products and plastics have continued to increase (Poma et al.|
2018). This comes as a result after polybrominated diphenyl ethers (PBDEs), the previ-
ously most used flame retardants, were added to the list of Persistant Organic Pollutants
(POPs) by the Stockholm Convention in 2009 (Boer| 2012 Castro-Jiménez et al., [2016).
The addition to the POPs list lead to the banning of further production for some PBDEs,
and highly restricted production and use for others (Zhao et al., [2019). Even though PB-
DEs had a known toxicity and high persistence in the environment it took time before they
were banned and the phasing out started. The urge for a flame retardant replacement was
obvious, and OPFRs were suggested as a good and promising replacement that could meet
the increasing demand of flame retardants in the industry (Du et al., [2019)). The OPFRs
are supposedly a better alternative, still increasing in production volume. Nevertheless,
release of OPFRs from the initial product to its environment is likely since the majority of
the OPFRs are not covalently bound to the product. The OPFRs are suspected to elicit
adverse health effects after prolonged exposure and to be persistent organic pollutants
(Castorina et al., 2017; Blum et al., 2019; Li et al,, |2019). A broader understanding of

the human exposure routes is important to evaluate possible toxic effects.

In addition, no effective way of degradation or adsorption for complete elimination of the
OPFRs in the environment exist (Yang et al., 2019). The compounds are even detected
in Arctic and Antarctic waters and research on exposure routes and possible toxic effects

on humans, animals and environment is needed.

For humans, inhalation of dust was long suspected and accepted to be the main contributor
to exposure (Kademoglou et all 2017). Nevertheless, studies have shown that dietary
exposure of OPFRs are comparable with the ingestion from air and dust (Yadav et al.|
2017). Research on OPFRs in foodstuffs is limited, and further investigation of these
compounds in human dietary products is important to get a better understanding of
human exposure of OPFRs. OPFRs can end up in foodstuffs by different routes, either by
migration from food packaging, from instruments during food production, during storage,

or processing (Wei et al., |2015; |Ding et al., [2018; [Poma et al., |2018)).




1 INTRODUCTION

For children and infants it is especially important to know if OPFRs are present in their
foods. Research indicates that early life exposure of OPFRs can affect development of

children in a variety of non-beneficial ways (Doherty et al., [2019).

The main aim of this thesis was supposed to be determination and quantification of
OPFRs in a variety of baby foods. As a result of the SARS-CoV-2 outbreak, and the
following closing of the university, the experimental work was significantly limited. The
focus of the project has therefore been aimed more towards development of extraction
techniques for OPFRs from complex matrices. Proposing structures for detected daughter
fragments from the MS, and understanding how they break down has also become a major
part of the practical work. This can be helpful in understanding how the OPFRs break
down in nature and to some degree how they are metabolized. The theoretical part of the

report remains somewhat similar as if the experimental work was carried out completely.




2 Theoretical Background

2.1 Flame retardants

Flame retardants are chemicals added to different materials to prevent fire and ignition
during both production and use of materials or consumer products (Blum et al., 2019;
van der Veen and de Boer, [2012). In addition, they minimize and delay spread of already
started fires. To meet a continuously increasing industry, and to fulfil stringent safety
standards, flame retardants are used more and more. The global consumption of flame
retardants are expected to exceed 3.1 million tonnes by 2023, compared to a production
of 1.7 million tonnes in 2008 (The Freedonia Group, [2011; McWilliams|, 2018)). Increased
production often implicates increased exposure, and research on how the flame retardants
spread, as well as the effects on humans and environment, is needed. Many halogenated
flame retardants have proven persistent properties and have been in the spotlight and of
concern for human and environmental health for over 40 years (van der Veen and de Boer,
2012). As OPFRs are considered an option for the phased out PBDEs, it is important
that the OPFRs are less persistent and toxic than its precursor (van der Veen and de Boer,

2012).

Flame retardants act differently, and most of the phosphorus containing flame retardants
works by counteracting the fire in the solid phase of the selected material. Still some may
have a mechanism of action in the gas phase (van der Veen and de Boer, 2012)). This
means that the flame retardants either suppress chemical reactions in the actual flame, or
are forming a layer protecting the surface of the material from heat and oxygen to reduce

flammability (Speight and Speight} 2017)).

2.2 Organophosphate flame retardants

OPFRs are classified as persistent organic chemicals (Castorina et al., 2017). They have a
variety of beneficial properties as plasticizers and flame retardants, and are therefore used
in everything from plastic, food packaging, furniture and electronics, to paint, lubricants,
hydraulic fluids and building materials (Ding et al., 2018; |Li et al., [2019; [Marklund et al.,
2005)).




2 THEORETICAL BACKGROUND

The OPFRs have a variety of different physical and chemical properties that make them
behave different in the environment, and also to have different degrees of toxicity. When
assessing the risks of OPFRs in humans and the environment, important factors to take

into account are solubility, the octanol-water coefficient (logK,, ), and vapour pressure.

The OPFRs treated in this project are mainly the additive type and are presented in
Table 2.1} For the metabolites, chromatograms were only obtained for BBOEHEP and
30H-BOEP, but fragmentation is predicted for all metabolites in Table as MS-spectra

were provided. The same accounts for BPDP.

In general the OPFRs are metabolized rather quickly in animals and humans, and estab-
lishing risks of metabolites and the compound itself is important (Bruchajzer et al., [2015)).
TEP (triethyl phosphate), TBP (tributyl phosphate) and TCEP (tri(2-chloroethyl)phosphate)
are examples of more volatile OPFRs, that easier than heavier OPFRs, tend to discharge
into the air and deposit on dust (Yang et al., 2019). Chlorinated OPFRs have, in addition

to proposed carcinogenic effects, shown to be water soluble and therefore also posing a
threat to aquatic environment and animals. Heavier OPFRs, like alkyl OPFRs and aryl
OPFRs are more hydrophobic and have a greater affinity to soil and sediment (Yang et al.)
2019). It is also stated that aryl OPFRs like TPP have a greater probability of causing
adverse toxic effects than alkyl OPFRs (Du et al., 2015]).




Table 2.1: OPFR compound, name(abbr.), CAS number, solubility factor,
molecular formula and molecular weight for target analytes in this project.

Mbolecular Molecular weight
Structure Name CAS number Log K,
formula (g mol™!)
Ll Trimethyl Phosphate 512-56-1 -0.60 C3HoO4P 140.07
\o/ |\O/
< (TMP)
M Triethyl Phosphate 78-40-0 0.87 CgH1504P 182.15
/\0/‘\0/\

° (TEP)

] in 13-08- . Hy; O4P .

T Tri-n-propyl Phosphate 513-08-6 2.35 C19H2104 224.23
© (TnPP)
u Tri-n-butyl Phosphate 126-73-8 3.82 C12Ho7,0O4P 266.31
AN TN
NN (TuBP)
/L‘\ Triisobutyl Phosphate 126-71-6 3.60 C12Ho704P 266.31
- ‘ O/Y
WA j\ (TiBP)
o Il o Tris(2-butoxyethyl) Phosphate 78-51-3 3.00 C18H3907P 398.47
e \/\O/‘\o/\/ ~
NN (TBOEP)




Table 2.1 continued from previous page

(DCrP)

Mbolecular Molecular weight
Structure Name CAS number Log K,,
formula (g mol™1)
/ﬂ\ Tris(2-ethylhexyl) Phosphate 78-42-2 9.49 Ca4H5104P 434.63
o | Do
/\/j/\ | A{\/\ (TEHP)
o I o Tris(2-chloroethyl) Phosphate 115-96-8 1.63 CeH12Cl304P 285.49
\/\O/‘\O/\/
)/0 (TCEP)
w M . Tris(1-chloro-2-propyl) Phosphate 13674-84-5 280 CyHysCl04P 327.57
O ‘ 0
j/’ (TCIPP)
\j\ f L Tris(1,3-dichloro-2-propyl) Phosphate 13674-87-8 3.65 CoH15ClgO4P 430.90
ﬁ": | (TDCIPP)
ﬁ /© Triphenyl Phosphate 115-86-6 4.70 Ci1sH1504P 326.28
O/P\O
! (TPP)
Diphenyltolyl Phosphate 26444-49 5.25 Ci9H1704P 340.32




Table 2.1 continued from previous page

Mbolecular Molecular weight
Structure Name CAS number Log K,,
formula (g mol~1)
o] N i | N Tritolyl Phosphate 1330-78-5 6.34 Ca1Hz O4P 368.37
A O/i\o P (TMPP)
C )
WS
©\ i 2-Ethylhexyldiphenyl Phosphate 1241-94-7 6.30 Ca0H2704P 362.40
o/o\oAi\/\ (EHDP)
©\ i Isodecyl Diphenyl Phosphate 29761-21-5 7.28 Ca2H3104P 390.46
O/‘O\OA/\/\/Y (IDPP)
Tert-Butylphenyldiphenyl
i VPRORYIApRenY 56803-37-3 6.61 CasHos04P 382.40
. /T\O Phosphate
Q%; (BPDP)
Tris(4-tert-butylphenyl)
78-33-1 10.43 C3oH3904P 494.60

Phosphate
(TTBPP)




Table 2.1 continued from previous page

(BCEP)

Mbolecular Molecular weight
Structure Name CAS number Log K,,
formula (g mol~1)
Tetraphenylrecorcinol
57583-54-7 7.41 C30H240gP2 574.45
bis(diphenyl Phosphate)
O_P—O O—P_O (RDP)
o 2,2-Bis(chloromethyl)-1,3-propandiol
H 38051-10-4 3.31 C13H24ClgOgP2 582.99
/ \ ?ﬁ\ o \\ bis[bis(2-chloroethyl)] Phosphate
NG N
(V6)
Q @ Bisphenol A bis[(diphenyl) Phosphate] 5945-33-5 4.5 C39H3405P5 692.63
(BPA-BDPP)
Metabolites
ﬁ Di-n-butyl Phosphate 107-66-4 2.29 CgHq19O4P 210.21
/\/\O/T\o/\/\
o (DuBP)
Bis(2—chloroethyl) Phosphate 3040-56-0 0.83 C4HyCl,O4P 222.99




Table 2.1 continued from previous page

Mbolecular Molecular weight
Structure Name CAS number Log K,,
formula (g mol~1)
e L. Bis(2-chloropropyl) Phosphate 789440-10-4 - CeH15Cl04P 251.04
o | o
o (BCIPP)
I o Bis(2-butoxyethyl) Phosphate 14260-97-0 1.74 C12H2706P 298.31
HO/‘\O/\/ S~
I N (BBOEP)
o Bis(2-butoxyethyl)
. I . 1477494-86-2 - C14Hy, 0P 342.37
SN N TN NN hydroxyethyl Phosphate
o\/\o/\/\
(BBOEHEP)
0 Bis(2-butoxyethyl)
I 1477494-87-3 - C158H390gP 414.47

Y\/O\/\O/T\o/\/o\/\/
OH O\/\o/\/\

(2-(3-hydroxybutoxy)ethyl) Phosphate

(30H-BOEP)




2 THEORETICAL BACKGROUND

2.2.1 Characteristics

Three main groups of phosphorus flame retardants can be defined. These include inor-
ganic, organic and halogen containing phosphorus flame retardants. Some of the OPFRs
are not only used as flame retardants but also as plasticizers (Wei et al.; [2015). The organic
phosphorus flame retardants can further be categorized based on their general structure.
Figure show these three general structures, the phosphinates, the phosphonates and
the organophosphate esters (Fu et al., 2017).

0 o) 0
R, !Dl—m R, |F! O0—R; R, o) Ll O0—R;
| | |
o) o) o
| | |
Rs Rs Rs
Phosphinate Phosphonate Phosphate ester

Figure 2.1: General structure of organophosphate flame retardants

The OPFRs can further be recognized as a reactive component or as additives (Weil and
Levchik, 2017)). A reactive component refers to OPFRs that are chemically bonded into
a polymer, whereas the additive OPRFs are mixed into a polymer and not chemically
bound. The reactive OPFRs have limited release during the lifetime of the product,
while the additives may easier leach from the product and spread into the environment
by leaching, abrasion or volatalization (van der Veen and de Boer, 2012; Marklund et al.,
2005). Factors like time, temperature, pH, pressure and UV-light are all factors that can
induce release of OPFRs. Migration from finished products is nevertheless only one of

the pathways the OPFRs might use to reach humans and environment.

2.2.2 History and use

As the production of electronics and plastics drastically increased from the 1960s, the
demand for plasticizers and flame retardants followed the exponential production growth.
The use of flame retardants have continued to increase following the the increase in general

industry and production. As a result of this the organophosphate esters (OPEs) are
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2.2 Organophosphate flame retardants

considered high production-volume chemicals (Reemtsma et al., 2008)).

The use of organophosphates as flame retardants and plasticizers is not new, and they
have been used in consumer products since the 1940s (Muir, [1984). The compounds have
also been of toxicological interest with studies regarding bio-accumulation and degrad-
ability since the late 1970s (Reemtsma et al. [2008; Du et all [2019)). Nevertheless, not
much research on this was performed before the increasing usage and high environmental
concentrations were reported (Du et al., 2019). Several studies on the pathways for re-
lease and the toxicological effects of the different OPFRs have been performed, but more

research on this is still needed and desired(Du et al., 2019).

2.2.3 Human and environmental exposure and effects

As OPFRs are used a lot in industry, and in consumer products and plastics, continuous
exposure to these flame retardants is both likely and probable. OPFRs have been detected
and documented in a variety of different environments including air, water, soil, sediment,
indoor dust, marine environments, freshwater biota, blood, urine and breast milk (Du
et al., [2019; Marklund et al.| 2003; Wang and Kannan, [2018} Saillentait et al., 2018},
Gibson et al., |2019). The compounds can end up exposing humans and environments by
migration directly from products with the compounds incorporated, or from leakage and
runoff from waste water treatment plants (WWTP), household discharge and industry
(Cristale et al., 2016; [Meyer and Bester, 2004 Wolschke et al. 2015).

Organophosphate pesticides are known to be neurotoxic. The OPFRs have in laborato-
ries demonstrated neurotoxicity, and this, in combination with the structural similarities
between the pesticides and flame retardants, is raising concerns about the toxicity of
the OPFRs (Gibson et al., 2019). Human epidemiological studies have also been carried
out, and exposure of OPFRs have been suspected to have a variety of adverse effects.
Amongst these, WHO have reported neurotoxic effects as a result of exposure to TCEP,
TnBP and TPP (Wei et al) 2015). TPP has also proven endocrine disrupting effects
and TCEP has shown toxic effects in brain and kidney (Patisaul et al., [2013; [Matthews
et al., 1993). Other suspected effects as reproductive toxicity, carcinogenic effect, affected
neurodevelopment and endocrine disruption can occur as a result of prolonged exposure

and accumulation of the different OPFRs over time (Li et al. 2019; Dishaw et al., [2011

11



2 THEORETICAL BACKGROUND

Castorina et al., [2017). The interest and urge for more research on mapping the human
and environmental exposure and accumulation is obvious and beneficial for both human
and environmental health. It is worth mentioning that different OPFRs may cause very
different effects. As an example, chlorinated OPFRs are more likely to be carcinogenic
and persistent than the non-chlorinated OPFRs, while at the same time being more resis-
tant to biodegradation. EHDP on the other hand, is approved for use in food packaging
(Wei et al., 2015; Blum et al., 2019; Reemtsma et al., 2008).

A summary of the applications and suspected toxic effects for the OPFRs investigated in

this project is presented in Table [2.2]

In conclusion RDP, BPA-BDPP and V6 are suggested to be the most suitable substitutes
for the PBDES, as well as TCEP and TCPP.

12



2.2 Organophosphate flame retardants

Table 2.2: Application and suspected toxic effects for each investigated

OPFR.
Compound Applications Suspected toxic effects References
TMP Flame retardant, stabilizer, Neurotoxicity, European Chemical Agency| (2020e
antioxidant reproductive toxicity,
carcinogenic
TEP Plasticizers, PVC, Adaptive liver response European Chemical Agency| (2020c
polyester resins, (Suspected only at van der Veen and de Boerl (12012')
polyurethane foam very high direct doses) Wei et al.| (2015
‘Sheftel 2000
Gumbmann et al.l (11968[)
TnPP Plasticizer, floor covering, No data European Chemical Agency| (2020f
industrial processes
TnBP Plasticizer, hydraulic fluid, Neurotoxicity, European Chemical Agency 2020b|)
floor finish wax, lacquer, paint, carcinogenic van der Veen and de Boerl (12012I)
glue, industrial processes, ‘Wei et al.| (2015
anti-foam agent ‘Sheftel 2000
Berdasco and McCreadyl (12011I)
TiBP Plasticizers, lubricant, No data European Chemical Agencyl (12020d|)
concrete van der Veen and de Boerl (I2OI2I)
‘Wei et al.| (2015
TBOEP Flame retardant, plasticizer, Carcinogenic, ‘Liu et al. H
hydraulic fluids, floor finish, wax, reproductive toxic effects van der Veen and de Boerl (IZOHI)
lacquer, paint, glue, rubber, Wei et al.l (12015I)
anti-foam agent ‘Wang and Kannanl (12018
Sheftel| (2000
TEHP Flame retardant, plasticizer, Limited knowledge ‘Du et al.| (2019
fungus resistance, cellulose, van der Veen and de Boerl (I20l2|)
paint, rubber, Wei et al. @l)
polyurethane foam
TCEP Flame retardant, plasticizers, Carcinogenic, Yang et al. (’M‘)
paint, glue, neurotoxicity, European Chemical Agencyl (|2020h|)
industrial processes, toxic effects in brain and Du et al.l (12019[)
polyurethane foam kidney, van der Veen and de Boerl (I20l2|)
endocrine disruption, Wei et a.l.l d2015l)
reproductive toxicity ‘Wang and Kannan| (]2018
Kademoglou et al.l 42017')
TCIPP Flame retardant, plasticizers Carcinogenic, Yang et al.l (12019[)
neurotoxicity, European Chemical Agencyl (IZOZOgI)

endocrine disruption

Liu et al.| (2012
van der Veen and de Boerl (I20l2|)
Wei et al. (2015)

‘Wang and Kannan| (120181)
Kademoglou et al.| (2017

13



2 THEORETICAL BACKGROUND

Table 2.2 continued from previous page

Compound Applications Suspected toxic effects References
TDCIPP Flame retardant, plasticizers, Carcinogenic,
paint, glue, lacquer neurotoxicity,
polyurethane foam endocrine disruption,
developmental toxicity van der Veen and de Boer| (I2012I)
Wei et al. (2015)
‘Wang and Kannan| (120181)
Cooper et a1.| dZOllb
Kademoglou et a1.| (12017I)
TPP Flame retardant, plasticizer, Neurotoxicity, Liu et al.| (2012
PVC, hydraulic fluids, lacquer, endocrine disruption, Du et al. (?20_19ﬁ>
paint, glue, cardiotoxicity, van der Veen and de Boer| (IZOlQI)
synthetic polymers developmental toxicity, Wei et al.| (12015b
polyurethane foam reproductive toxic effects Cooper et al.| d201 1|)
Schang et a1.| d2016l)
Kademoglou et a1.| m
DCrP Flame retardant, textile coating, Minimal effects detected, European Chemical Agency| (|2020al)
PVC, lubricants, need more research Brooke| (]2009')
adhesives, thermoplastics Hartwig and Commissi0n| 42016[}
polyurethane
TMPP Plasticizers, PVC, Carcinogenic van der Veen and de Boer| (12012I)
hydraulic fluids, cellulose, Neurotoxicity, Wei et a1.| d2015b
cutting oils, transmission endocrine disruption, Schang et a1‘| 42016[)
fluids reproductive toxicity,
bioaccumulative
EHDP Flame retardant, plasticizers, Toxic to aquatic organisms, ‘Wei et al. dﬁb
food packaging, rubber, paint, approved for use in food Ballesteros-Gémez et al.| (120154)
rubber, photo films, adhesives packaging Schang et a1.| (12016I)
hydraulic fluid
IDPP Plasticizer, flame retardant, Disrupting steroid production, |van der Veen and de Boer| (120121)
PVC synthetic rubber, cytotoxicity, male Schang et al.l d2016[)
textiles, pigments reproductive health Kademoglou et al.| 201
toys, culinary products
BPDP Plasticizer, flame retardant Lack of toxicological data Schang et a1.| d2016l)
TTBPP Flame retardant Limited knowledge Guan et al.| (12019')
RDP Flame retardant, Non mutagenic, Ballesteros-Gomez et al.| (2015b
engineering plastics, endocrine disruption
electronics, PVC, paint
V6 Plasticizer, electronics Increased thyroid weight van der Veen and de Boer| (2012
BPA-BDPP Plasticizer, electronics Non mutagenic, minimal effect [van der Veen and de Boer| (2012

It is nevertheless important to state that the toxic effects presented in Table [2.2] are only

suspected toxic effects based on studies on human cells and animals, and that as stated

in Li et al. (2019) there is not enough studies on the toxicological effects to conclude with
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2.3 Previous studies

the long term toxic effects OPFRs may have on humans. The degree of toxicity will also

vary with dose and length of exposure.

2.2.4 Study population: Baby foods

As OPFRs are used in both production halls and in food packaging, the probability of
OPFRs migrating to the food itself is evident. It is stated that OPFRs from foodstuffs
contributes to human exposure of OPFRs (Wang and Kannan| |2018; Hou et all [2016).
Since small children are more easily affected, baby foods are of special interest It is also
indicated that early life exposure of OPFRs can have neurodevelopmental effects, affecting
both behavioural and cognitive development (Doherty et al., 2019). Migration of the
OPFRs from initial product to foodstuffs can happen during food production, processing
(e.g. canning, packing) or during storage (Wei et al., 2015; Ding et al., 2018; Poma et al.,
2018).

2.3 Previous studies

OPFRs have frequently been detected in air, dust, water and sediments, and human
exposure from these matrices are well understood. Over the last years foodstuffs as a
pathway for human exposure to OPFRs have been of increasing interest. Some OPFRs
have been detected in a variety of foodstuffs over the last years, but research is still limited,

and more knowledge is needed to outline the possible pathways for human exposure.

All studies found on determination and quantification of OPFRs in foodstuffs are sum-
marized in Table 2.3] In Table 2.4 the OPFRs investigated by each study is summarized.
It is evident that some OPFRs are more researched and detected than others. No studies

reported investigation or detection of TTBPP, V6, BPA-BDPP or RDP in foodstuffs.

Zhang et al.| (2016) detected six OPFRs in foodstuffs from China, including 75 common
foods and 50 rice samples. The detected concentrations were varying from 0.004 ng/g to
287 ng/g. The amount of the different OPFRs detected sorted from most abundant is
given as TCEP > TCIPP > TPP > TEHP > TBOEP > TDCIPP.

The detected order from most to least abundant of the OPFRs investigated in [Zhao
et al.| (2019) is given as EHDP > TEP > TCEP > TCIPP > TPP > TEHP > TNBP

15



2 THEORETICAL BACKGROUND

> TBOEP > TMPP, while the three most abundant OPFRs detected in foodstuffs and
food packaging in |Wang and Kannan| (2018) are TBOEP > TnBP > TCIPP.

In Poma et al.| (2018) the OPFRs were detected in order TPP > TCIPP > EHDP >
TDCIPP > TEHP > TnBP > TCEP, while their previous study, Poma et al. (2017),
detected OPFRs in foodstuffs in order EHDP > TPP > TDCIPP > TCEP > TCIPP,
while TEHP, TnBP and TBOEP not was detected in the foodstuffs investigated.

All OPFRs investigated showed concentrations below LOQ in Xu et al| (2015). Nev-
ertheless, the concentrations of TCEP > TPP even though TPP was more frequently
detected.

TBOEP, TnBP, and TCIPP are the most abundant and common OPFRs to find in food-
stuffs (Wang and Kannan|, 2018). EHDP is allowed for use in food packaging so this may
be a reason to expect detection of the compound, and why EHDP was the most abundant

OPFR in Zhao et al. (2019).

TBOEP was not detected in Poma et al.| (2017)), and was one of the least detected in |Zhao
et al.| (2019)) and Zhang et al| (2016), while it was one of the most abundant OPFRs in
Wang and Kannan| (2018). Trends show that TCIPP is one of the most abundant OPFRs
detected in all studies on foodstuffs except in |[Poma et al. (2017)). As of now, Wang and
Kannan (2018) has reported detection of the most OPFRs, having reported detection of
15 different OPFRs.

16



Table 2.3: Overview of previous studies of detection of OPFRs. All studies
analyzing foodstuffs are presented, in addition to a few other examples.

Sample preparation/

Column/

Sample matrix Analytical technique Clean up Parameters Reference
solvents mobile phase
Foodstuffs GC-EI-MS LLE with ACN SPE/Florisil -> HT-8 column R%: 33-71 %
d-SPE with QuE Z-Sep DCM:Hex (1:1 v/v) (25 m x 0.22 mm, 0.25 pm) LOQ: 0.05-3 ng/g ww
and EtAc. Reconstituted in He
iso-octane:toluene(9:1) and
iso-octane:EtAc(8:2)
Foodstuffs GC-EI-MS UVAE/ SPE/Florisil ->MeCN -> DB-5 column R%: 66-135 %
MeCN:toluene (9:1) (15 m x 0.25 mm, 0.10 pm) RSD: 1-24 %
7Z-SEP/C18 ->d-SPE ->APS-> He LOQ: 1.4-3.6 ng/g dw
DCM:Hex
Reconstituted in
iso-octane:EtOAc(1:1)
Foodstuffs GC-MS/MS(QqQ) Food: Microwave-assisted SPE/Florisil eluated in HP-5 capillary column R%: 97413 % (rice) Zhang et al.|(2016

(Focus on rice)

Foodstuffs
(Only study with
baby food included)

Foodstuffs
(Including food
packaging)
Foodstuffs

Milk powder

Foodstuffs

Yellow eel (freshwater)

GC-EI-MS/MS(QqQ)

HPLC-ESI(+)-MS/MS(QqQ)

UPLC-ESI(+)-MS/MS

UPLC-ESI(+)-MS/MS

UPLC-APCI(4)-MS/MS

GC/EI-MS

extraction

Acetone:Hex (1:1 v/v)
Beverages: Ultrasonication
Ethyl acetate
SLE/Acetone

QuEChERS/ACN

QuEChERS/ACN

QuEChERS different solvents
tested: ACN, ACN/0.5%FA(v/v),
ACN/MeOH (3:1, v/v),
0.5%FA/ACN/MeOH(3:1, v/v)
ACN/toluene (3:1, v/v)

LLE with ultrasonication and

centrifuging

DCM:Hex (50:50 v/v)
Ultrasonication and centrifuging

Hex:Acetone (3:1, v/v)

Acetone:EtAc (3:7 v/v)

Concentrated and reconstituted
in n-Hex before Florisil

(EtAc:n-Hex)
Reconstituted in
iso-octane:EtAc(8:2)
d-SPE /reconstituted in

Water:MeOH (4/6 v/v)

d-SPE /reconstituted in MeOH

PSA, GCB, C18

d-SPE /reconstituted in MeOH

SPE/Florisil eluted in EtAc

Reconstituted in iso-octane

(15 m x 250 um, 0.25 pum)

Zebron semivolatile column

(20 m x 0.18 mm, 0.18 pm)

A Betasil C18 column
(100 mm x 2.1 mm, 5um)

Waters BEH C18

(2.1 mm x 100 mm, 1.7 um)
VanGuard precolumn

(C18, 2.1 mm x 5 mm, 1.7 pm)
Different columns tested
Phenomenex Kinetex PFP

(50 mm x 3.5 mm, 2.6 pum)
Acquity UPLC BEH Phenyl
(100 mm x 2.1 mm, 1.7 um)
Acquity UPLC BEH C18

(100 mm x 2.1 mm, 1.7 um)
Waters Cortecs C18 column
(50 mm x 2.1 mm, 1.6um)
Water:MeOH

53 £ 14 % (foodstuffs)
R? >0.99

LOQ: 0.001-61.97 ng/g ww
Blank: 1.6 pg/g -21.1 ng/g

R? > 0.99

LOD: 0.01-0.17 ng/g ww
R%: 51.2-137 %

R%: 73-106%

LOQ: 0.05-0.42 ng/g fw
Blank: 0.18-4.4 ng/mL

R? > 0.99
LOD: 0.1-0.25 ug/kg
R%: 73.5-110.2%

LOQ: 0.01-0.36 ng/g ww
R%: 40.8-135.9%

Poma et al.|(2018

‘Wang and Kannan

Guo et al.|(2016

Zhao et al.|(2019

Malarvannan et al.|(2015




Table 2.3 continued from previous page

Sample matrix

Analytical technique

Sample preparation/

solvents

Clean up

Column/

mobile phase

Parameters

Reference

Fish

Egg and liver

Dust

Fish

Sediment, sludge
and dust

Herring gull eggs

GC-FPD

UPLC-MS/MS-APCI(+)

HPLC-ESI(+)-MS/MS

LC-QqLIT-MS

GC-EI-MS/MS

LC-ESI(+)-MS/MS(QqQ)

PLE(pressurized liquid extraction)
Water: ACN (90:10)

Ultrasonic extraction

DCM:Hex (50:50 v/v)

Ultrasonic extraction
Acetone:toluene (1:1 v/v)
Ultrasonic extraction

Acetone:hexane (1:1)

Ultrasonic extraction

Ethyl acetate/cyclohexane (5:2, v/v)

Accelerated solvent
extraction

DCM:Hex (50:50)

SPME(solid phase

microextraction)

d-SPE /reconstituted in MeOH

SPE/Acetone:toluene (1:1 v/v)
reconstituted in MeOH
SPE/C18 and alumina cartridge

SPE/Florisil

Reconstituted in toluene

SPE (DCM:Hex)

reconstituted in methanol

HP-5 capillary column

(30 m x 0.32 mm, 0.25pm)
He

Waters Cortecs™ UPLC®
C18 column

(50 mm x 2.1 mm, 1.6 um)

Luna C18 Phenomenex

(150 mm x 3 mm, 3 pm)

Purosphere Star RP-18

(125 mm X 2.0 mm, 5 pm)

Luna C18 Phenomenex guard column

PDB-5MS (15 m x 0.25 mm, 0.10 yum

Waters Xterra® phenyl column
(2.1 mm X 100 mm, 3.5 pm )

R? > 0.99

LOD: 0.010-0.208 ng/g
R%: 79.8-107.3 %

LOQ: 0.06-0.29 ng/g (egg)
0.05-0.50 ng/g (liver)

R%: 54-113 %

R? > 0.99

LOD:0.34-11.6 ng/g lw
LOQ: 1.12-38.8 ng/g 1w
R%: 45-115

LOD: 1.9-60 pg/kg (dust)
28-575 pg/kg (sludge)
3.8-288 ng/kg (dust)
R%: 48-107 (dust)

R%: 64 to 131 (sludge)
R%: 78-108 (dusy)
LOD:0.01 to 0.12 ng/mL
LOQ: 0.06 to 0.20 ng/g
R%: 89-104

Gao et al.|(2014

Chu and Letcher

|Brandsrna et aLl(IQOlej

Cristale and Lacorte




Table 2.4: Summary of what studies have reported detection of which
OPFRs in foodstuffs.

Reference/ TMP TEP TnPP TnBP TiBP TBOEP TEHP TCEP TCIPP TDCIPP TPP TMPP DCrP EHDPP IDPP
Compound
X X X X X X X
X X X X X X X
X X X X X X
X X X X X X X X
X X X X X X X X X X X X X X X
X X X X X X X X X X
X X X X X X X X X
X X X X X X X X X




2 THEORETICAL BACKGROUND

2.4 Analytical techniques

LC-ESI(+)-MS/MS has shown great results in detecting and quantification of organophos-
phorus flame retardants and is therefore the preferred method in this project (Chen et al.)
2012; Yang et al., 2019). Before analyzing in UPLC, sample preparation needs to be
performed. Samples from different matrices require different extraction processes, and
the complexity of the matrices often makes this step a challenge. An overview of previous

studies and the analytical techniques used are shown in Table [2.3]

2.4.1 Sample preparation

The aim of the sample preparation is to make a sample suitable for analysis by separating
the target analytes from the matrix of the sample. The physical and chemical properties
of both the matrix, and the target analytes, are important to take into consideration
when choosing a sample preparation technique and what solvents to use (Pavlovi¢ et al.,
2007). In modern analytical chemistry the extraction process can be one of the major
challenges of analysis. Often because the target analytes are mixed in a complex matrix.
It is nevertheless a very important step to perform sample analysis correctly. A variety of
extraction techniques exist including liquid-liquid extraction (LLE), solid-liquid extraction

(SLE) and solid-phase extraction (SPE) amongst others. (Lundanes, |2014)

Liquid-liquid extraction is an extraction technique where two immiscible solvents are used
to transfer the targeted analytes into one of the solvent phases. Usually one of the phases
is aqueous and the other is an organic non-polar solvent. Mixing and phase separation is
as in all extraction processes important in LLE (Berk, 2018). Advantages of LLE includes
it being easy to implement, and inexpensive (Humbert et al., [2014). All methods have
its disadvantages, and for LLE this includes it being difficult to automate, and therefore
time-consuming when analyzing large amounts of samples. Another inconvenience is the
use of toxic solvents which is not uncommon, and that highly polar compounds can be

difficult to extract. (Humbert et al., 2014)

For the extraction of OPFRs a variety of extraction techniques are presented in litera-
ture. In Brandsma et al. (2013a)) several extraction techniques from different studies are

presented, showing that LLE supported by ultrasonication is a commonly used technique,
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2.4 Analytical techniques

often followed up by a clean-up step where use of SPE with a Florisil column was most
frequently used. This can be seen in Table [2.3] where almost all studies used a form of
filtration as a clean-up step. It is nevertheless also pointed out that use of filtration as a

clean-up step may add an extra possibility for contamination.

2.4.2 Liquid chromatography

The ability to separate different analytes in a mixture is crucial to perform analysis in
analytical chemistry, and liquid chromatography (LC) is the most widely used technique
(Snyder and Dolan, 2017). There exists a variety of different liquid chromatography
techniques and the most modern and used techniques today are High Performance Liquid
Chromatography (HPLC) and Ultra High Performance Liquid Chromatography (UHPLC)
(Lundanes, 2014)). The popularity of liquid chromatography comes, amongst other things,
from the technique being very versatile (Lores et al., [1999). Both food, environmental,
pharmaceutical, cosmetic, biological and drug analysis are examples of LC applications

(Niessen, [2006)).

The basic principle behind this technique is utilizing the analytes’ different affinity, and
often polarity and weight, to a stationary phase of a column versus a mobile phase that
flows through the column. This will separate the analytes, and thereby give them differ-
ent retention times (RT) through the column (Lundanes, [2014; McMaster, 2005)). UH-
PLC/HPLC is different than the original LC by including, and being able to analyze,
smaller particles. Smaller particles have considerably larger surface area compared to
volume, and higher pressure is needed to pump the mobile phase though the column.
This made the technique both more efficient and giving more precise results in higher
resolution. UHPLC can tolerate even higher pressure, smaller particles, and use shorter
columns that is contributing to make the instrument even more effective and precise.
Nevertheless, an instrument with higher pressure and higher sensitivity needs to be more

robust and costs more. (Lundanes, [2014; McMaster, 2007)

2.4.3 Liquid chromatography coupled to Mass spectrometer (LC-MS/MS)

Liquid chromatography (LC) and mass spectrometry (MS) is frequently coupled together

to optimize the analysis and thereby combine the physical separation from the LC, and
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Figure 2.2: Schematic description of the LC-MS/MS instrument. Repro-
duced from |Giri (2020).

the mass and structural analysis from the MS. This combination provides detailed data,
making it possible to both qualify and quantify different compounds and their ions. The
use of MS/MS in analysis is favorable because it enhances the noise suppression and
minimizes the matrix interference. This comes as a result of the selection, collision and
fragmentation of molecules in the quadrupoles in the instrument. UHPLC is more effec-
tive and less time consuming than regular LC and HPLC. This makes UHPLC-MS/MS
a great combination instrument obtaining good resolution of peaks and both qualitative
and quantitative information with very low limits of detection (LOD) and limits of quan-
tification (). (Lundanes, 2014; McMaster, 2005, |[Van De Steene and Lambert|, [2008; Skoog
et al., 2003). A brief representation of the instrumentation of LC-MS/MS is presented in

Figure 2.2

2.4.4 Mass spectrometry

Mass spectrometry (MS) is a powerful analytical tool that is used to determine which ions
are present in the sample. This is performed by measuring the mass to charge ratio of one
or more analytes in a sample. Tandem mass spectrometry MS/MS combines two mass
analyzers resulting in increased sensitivity. In addition to measure molecular weight, the
MS/MS can identify characteristic fragments of the specified molecule by fragmenting the
precursor ion. (Barcel6 and Petrovic, [2007; McMaster, |2005)

The mass spectrometer consists of three main components. First an ion source to ionize
the molecules is needed. A mass analyzer to detect the ionized molecules comes next,

before an ion detection system is necessary. When the ions pass through these components,
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2.4 Analytical techniques

vacuum is obtained and the compounds are vaporized to ensure the ions pass through the

system effectively without interference (Watson and Sparkman), [2007)).

When using tandem MS (MS/MS), different application modes can be utilized. Selected
reaction monitoring (SRM) is a targeted spectrometry technique that works like a filter
where a chosen mass ion is selected to go through fragmentation and only a selected
fragment is detected further (de Hoffmann, 1996)). If the system is set to detect two or
more daughter ions the term multiple reaction monitoring is used (MRM) (McMaster,
2005). The triple quadrupole analyzer (QqQ) is an example of an analyzer suited for
SRM and MRM.

For organophosphate flame retardants, previous studies have indicated that GC-MS may
have limited selectivity in complex matrices compared to LC-MS methods when deter-
mining OPFRs. This is because other phosphorus compounds from the same matrix may

co-elute with the target analytes (Guo et al., 2016]).

2.4.5 Ionization

To use a mass spectrometer the sample of interest needs to be both in gas form, and
ionized. This is done by an ionizer, and is also an important part when connecting the
LC and the MS. Without the interfacing ionizer , the devices would be incompatible. This
is because the LC operates with high pressurized liquid and the MS analyzers operates
under vacuum and therefore requires the input to be gaseous. The interface makes the
transition between the devices possible, and is a part of the inlet system of the MS.

(Watson and Sparkmanl, 2007; Lundanes| 2014])

Different ionization methods exists, and properties such as size and polarity is taken into
account when choosing the preferred ionization method. The most used interfaces are
electrospray ionization (ESI), atmospheric pressure photoionization (APPI), atmospheric
pressure chemical ionization (APCI) and inductively coupled plasma ionization (ICP)
(Lundanes, [2014)). In this project an electrospray ionizer (ESI) is used as the interface
and ion source to ionize the analytes. ESI can be carried out in atmospheric pressure and
can be used on both neutral, acidic and basic compounds, though mainly on compounds

with polar groups (Lundanes, |2014).
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Figure 2.3: Schematic representation of the ESI(+) (reproduced from Lun-
danes (2014) page 87).

The ESI process begins with the inlet where in example the eluent from a chromatographic
system is led into a capillary. Application of high voltage (typically +5 or -5 kV) to the
capillary follows. A nebulizing gas like Ny is introduced at the outlet of the capillary
mixing with the inlet to create droplets. These droplets are highly charged and the
droplets burst into smaller droplets when the surface tension of the drops is exceeded
by the repulsive forces on the inside of the drop (Lundanes, 2014). As this happens
repetitively the liquid inlet is transformed to a gaseous phase that further can be analyzed
by mass analyzers. A representation of this is shown in Figure with ESI(+) as the

example.

Detection of the ions can be performed in either positive (ESI(+)) or negative mode
(ESI(-)), creating respectively negative or positive ions. Determination of what mode to

use depends highly on the structure of the molecules to be analyzed.

Examples of formation of different adduct ions formed by ESI is presented below. In
positive mode ESI the most common adduct formation is the MTH* —— [MTH]",
nevertheless other adduct formations can occur (Kruve and Kaupmees, 2017; |Cech and
Enke, 2001) . Examples of these are the sodium adduct, MTNa® —— [M*Na]", the
potassium adduct, MTK" —— [M"K]", and the ammonium adduct M*NH," —
[MTNH,4]". For negative mode ESI negative ions will be formed and adduct ions can

include MYH™ —— [MTH] ", M* ¥Cl" — [M*?Cl]", Mt ®Br — [M*™Br]" and
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2.4 Analytical techniques

M CHgCOQ — [M+CH3002]7

The mechanism of ionization and m/z can further be described with ESI(+) as an ex-
amples. The cations need a place to bind, and the larger the molecules are, the more
places exists for cations to place. Single charged ions, m/z are the same as mass plus
cation ([M+4H]"). Larger molecules facilitate multiple charged ions since the molecules
have more sites for the cations to bind. If an atom has two H" ions bound in different
sites, corresponding to a charge (z) of two, the m/z will be half of what it would have
been if only one H' was bound to the molecule. This is useful when analyzing very high

mass molecules, bringing them down within the range of the mass spectrometer.

2.4.6 'Triple quadrupole analyzer

A variety of mass analyzers exist including Time-of-Flight (ToF) analyzers, Ion Trap
analyzer, FTMS Analyzer (mass spectrometer with Fourier transform data acquisition)
and the Triple quadrupole analyzer (QqQ) (Lundanes, 2014). The triple quadrupole

analyzer is used for analysis in this project.

A quadrupole is made up of four parallel rods arranged evenly around a central axis. An
oscillating field is created by applying a specific direct current (DC) and radio frequency
(RF) to the rods. When the two diagonal pairs of rods have positively applied DC and
RF, an oscillating electrical field is created. The ions generated through ionization carry
an electrical charge, and when these ions enter the central axis of the rods they start
oscillating in both x- and y-directions. If the ions are not stable in both the x- and y-
directions they will collide with the rods and hence not be detected. The stability of the
ion trajectories in this oscillating field is dependant on the m/z and is in that way used
to separate the ions base on their m/z. Only ions with a specified m/z manage to pass
through the rods when a chosen DC and RF are applied, and by varying the DC and RF
obtaining a whole mass spectra is possible. (de Hoffmann and Stroobant, 2007; Lundanes,

2014).

The triple quadrupole (QqQ) is a mass analyzer that consists of three quadrupoles placed
after one another. The first and the third quadrupole acts as mass filters while the second

quadrupole functions as a collision cell. In the first quadrupole (@), only the desired
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Figure 2.4: Schematic representation of the triple quadrupole mass analyzer
(reproduced from Dass| (2007b)) p.132)

molecular ion is filtered through based on m/z. In the collision cell (¢2), ion fragmentation
takes place, while the third quadrupole (Q3) acts as another m/z filter where only selected
fragments can pass through and be detected. A Selected-Reaction-Monitoring (SRM) can
be used to acquire quantitative and specific data from the analysis and to detect ions with
selected m/z. This method works well with the QqQ mass analyzer since monitoring of a
precursor-product ion is performed. (McMaster], 2005; |de Hoffmann and Stroobant, 2007
Lundanes, [2014))

2.4.7 Collision energy and cone voltage

Collision energy is the principal source of variation in the MS/MS spectrum of a given
ion (Neta et al., 2009). The collision energy refers to the energy applied in the second
quadrupole to fragment the ions by collision induced dissociation (CID) (Douglas, |1998)).
Ions pass through the first quadrupole into the collision cell where the ions undergo
collisional excitation followed by dissociation (Douglas, 1998). The applied electrical
potential to the collision cell will contribute to increase the kinetic energy of the ions and
allow them to collide with a neutral gas ion like argon or nitrogen. The kinetic energy
of the ions can in some degree convert into internal energy that contributes and leads to

fragmentation and bond breakage (Sleno and Volmer, [2004]).

High collision energies referrers to energies in keV and can be used with a tandem sector
and time-of-flight instrument, while low energies in the eV range are mostly used in triple
quadrupole instruments and in ion trapping devices (Sleno and Volmer, 2004). In this
project low energies under 100eV are applied as the collision energy. Nevertheless, energies

ranging from 2 eV to 100 eV show different molecular fragmentation of the compounds.

Increasing collision energies can induce increasing degrees of fragmentation. Trends also
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indicate that increasing collision energy is required for fragmentation of ions with increas-

ing mass. (Neta et al. [2009)

2.4.8 Fragmentation of organophosphate flame retardants

For OPFRs the m/z of daughter ions, specifically the quantifier and qualifier ion, are
presented in a variety of literature (see Table [4.32). The structure of the fragments and

the fragmentation pathways are not as well reported. Suggested fragmentation patterns

for organophosphate esters are nevertheless presented in [Schwarzenberg et al.| (2013), Bell

et al| (1997) and [Rodil et al.| (2005) and these are used as inspiration for the OPFR

fragments presented in Section [4.6

Bell et al.| (1997)) have suggested fragmentation pathways for TMP and TEP as shown in
Figure [2.5a] and Figure This pattern can be utilized for other OPFRs as well, but

for heavier and more complex molecules like TPP and the halogen containing OPFRs,

other fragmentation pathways are suggested. [Rodil et al.| (2005 have suggested pathways
for TCEP, TPP and BPA-BDPP, as shown in Figure [2.6]

MS/MS mvz 127 H H -H
0 _] 0 W 0
W . W 1 ) B ” : i
] B = HO

i
‘ | Cl
o | o | 0 B0 "o e e Ho-Paop
I | Mcom ] | tHO ]
Me0 P one — MeO™ ~OMe 80 ove mz 183 wz 155 mz 127
mz 41 iz 109 \ miz 127 l-c,0,
CHO 1 :
. H
H
o | e
il I 5
i o Ho P
c HO
Me Quattro only
m/z 79 miz 47 mi'z 99

(a) TMP

Figure 2.5: Suggested fragmentation pathways for TMP and TEP by

et (1997)

A set of rules, and an identification tree, for fragmentation of organophosphorus esters is

suggested by [Schwarzenberg et al.| (2013) in Figure This pattern shows similarities

to the fragmentation pattern suggested and presented by Bell et al. (1997)) for TEP and
TMP.
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Phosphates

Loss order

MMMP

Figure 2.7:
Schwarzenberg et al.| (2013).

If: R1=Rz=Rs > CHy

If : My=M FMa =CH3

1 - Loss of (Rs-1)
2 - Loss of (Rz-1)
3 - Loss of (Rs-1)
4 - Loss of H;0
5 - Loss of H20

M=Methyl
1 - Loss of (M:OH)
2 - Add/Loss of H:0
3 - Loss of CH20
4 - Loss of CH3OH

Suggested fragmentation rules for organophosphate esters by
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The suggested fragmentation pathways from Bell et al. (1997) and Rodil et al.| (2005),
will together with the rules proposed by Schwarzenberg et al. (2013) pose the suggested
fragmentation of the OPFRs in this project that is presented in Section

2.5 Quantitation and quality assurance

For some compounds several m/z fragments are obtained from the MS, and a quantifier
ion need to be determined for every target analyte. The quantifier ion can be chosen
by abundance as a higher abundance correlates with higher selectivity. Also the R2-
value from the created calibration curves can be taken into account, together with the
abundance, when choosing a quantifier ion. The quantifier ion is also used to quantify the

analyte, and together with the confirmation ion, ion ratios can be calculated (as shown

in Section [2.5.5)).

2.5.1 Retention Time (RT) and Relative Retention Time (RRT)

The retention time (RT) of a compound is a measure of the elution time of a compound,
which refers to the time from the injection to the elution (Lundanes, 2014)). Several factors
affect the retention time, among these are the injection method, flow rate, temperature,
and the composition of the stationary and mobile phase. Since the retention time can
differ between chromatographic systems the value of the RT is not universal. To make
the retention times comparable and to compensate and correct for the fluctuations and
variations from the different systems, the relative retention time (RRT) can be calculated

as shown in Equation (2.1)).

RT,

T =
RR RT.

(2.1)

This value uses the relationship between the retention time of the analyte (RT,) and
the retention time of the corresponding internal standard (RT;) to calculate a universal
ratio, called the relative retention time, for the specific analyte under the specified con-
ditions (e.g. same IS and mobile phase). This corrects for fluctuations and makes the
retention times comparable since the relationship between the analyte and the internal

standard always will be constant as they both are affected by the same fluctuations of the
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chromatographic system they pass through.

2.5.2 Limit of detection and limit of quantification

To detect and quantify analytes with great accuracy a limit of detection (LOD) and a
limit of quantification (LOQ) is defined and can further be estimated by calculation. LOD
is defined as the smallest amount of an analyte in a sample that can be detected but not
necessarily quantified. The smallest amount of an analyte in a sample that with precision

and reliability can be quantified is called the LOQ (Dass, [2007a).

There are several approaches to find and estimate these values. The signal to noise ratio
(S/N) can be utilized as a measure of the detection and quantification limits. The LOD
is often set to three times the noise, S/N > 3 . When the signal to noise ratio reach 10,
quantification is obtainable and the LOQ is reached (Lundanes, 2014; Dass, [2007a). It
should be noted that the LOD and LOQ is specific for each analyte, and is different in

different systems.

The limit of quantification can also be determined as the lowest concentration detected
in the calibration curve. Calculation of the LOD will then follow Equation ([2.2)

L0Q

LOD =
3

(2.2)

2.5.3 Internal Standard Method

The internal standard method is frequently used to quantify analytes in chromatography,
at the same time as it ensures an increased reproducibility and accuracy of the analysis.
A known concentration of an internal standard is added during sample preparation. The
ratio between the added concentration and the response from analysis can be used for
quantification to correct errors as loss of analyte during extraction, variations in analysis

conditions and matrix effects.

An internal standard (IS) is often an isotope-labeled analog of the actual analyte, often
deuturated or 13C (Wieling}, 2002)). A requirement for the internal standard is that it only
has a slightly different retention time from the analyte, but at the same time being easily

distinguishable in the chromatograms (Wang et al., 2007)). Similar behavior in the system,
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as well as possessing similar physical and chemical properties is also a requirement for the
internal standard. It should also be stable, and thus not react, during sample preparation
and analysis for accurate and stable measurements (Lundanes, 2014)). These properties
corresponds well to isotope-labeled compounds and their corresponding non-labeled com-
pound. By choosing the right internal standard for the experiment, inaccuracies and loss

during sample preparation and instrumental analysis can be corrected for.

A calibration curve can be created for every target analyte by using the internal standard
method. Samples are prepared with varying concentrations of the target analyte while
the internal standard concentration is held constant. The ratio between peak area of
the analyte and the internal standard is plotted against the concentration of the analyte.

(Skoog et al., [2003; Lundanes, [2014)

2.5.4 Relative response ratio

The relative response ratio (RR) can be calculated as a factor between the response of
the analyte and the response of the internal standard. This can be used to compensate
for loss during sample preparation and instrumental analysis. This is utilizable as the
concentration of the internal standard is known, and the behavior of the IS is similar to
the analyte. The ratio is calculated as shown in Equation ([2.3]), where A; represents area
of the chosen analyte, while A;g represents the area of the chosen internal standard in
the same sample. Subtraction of the blank signals from the samples is done to obtain

corrected ratios.

Relative response ratio = —— (2.3)
Ars

2.5.5 Ion Ratio

Ion ratio (IR) refers to a confirmation parameter that ensures additional confirmation of
the target analytes. This ratio is unique for each analyte in a sample matrix. Dividing
the area of the confirmation ion by the area of the quantification ion gives the value of

the IR. This is shown in Equation (2.4)).
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Acon rmation ion
[R% = ——confimmat - 100 (2.4)

Aquantiﬁcation ion
2.5.6 Absolute and relative recovery

To measure the efficiency of the extraction process, recoveries can be calculated. By
comparing signals from samples with the same, and known, concentration of target analyte
where the TA have been added at respectively the beginning and the end of the extraction
process, the absolute recovery can be determined as in Equation (Caban et al., 2012).

Agp

Absolute recovery% = - 100 (2.5)

AMM

Where Agp refers to the area of the pre-extraction spiked sample, and Aypy refers to the

area of the post-extraction spiked sample.

Comparing the ratio of the samples with target analyte added pre-extraction and post-
extraction shows the relative recovery. Losses of target analyte during sample preparation
is compensated for when calculating the relative recovery making it a corrected form of

recovery as calculated in Equation (2.6)).

RRsp
RRnm

Relative recovery% = -100 (2.6)

Where REgp refers to the relative response ratio of the pre-extraction spiked sample and
RRy\\ refers to the post-extraction spiked sample. This can also be presented as in

Equation ({2.7))

Asp/ Arsep

—— - 100 2.7
Anm/ Aty (27)

Relative recovery% =

Where Agp refers to the area of the pre-extraction spiked sample, Ajs, refers to the area
of the internal standard in the pre-extraction spiked sample, Ayny refers to the area of
the post-extraction spiked sample and Ajg,,,, refers to the area of the internal standard

in the post-extraction spiked sample.
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To correct for contamination, the area of the reagent blank sample is subtracted from

both the spiked, non-spiked and matrix match samples.

2.5.7 Matrix Effect

When developing a LC-MS method, evaluation of the matrix effects (ME) is a important
part to determine the impact on the accuracy and reproducibility of the method. In
LC-MS (and LC-MS/MS) co-eluting compounds from the matrix can effect both the
ionization efficiency and reproducibility, causing suppression or enhancement of signals.
This is a common error that can impact the quantification in LC-MS and is therefore an

important parameter to evaluate. (Van De Steene and Lambert), 2008)

There exist a variety of approaches to calculate the matrix effect. One method to calculate
the matrix effect percentage is presented in Equation (2.8) where an instrumental response

of the analyte is compared to the response of a post-extraction spiked sample.

Ay — A
%ME = —MM — ZRE 10 (2.8)
ASolventTA -1

Anm refers to the are of the post-extraction spiked matrix match sample (MM), while
Agp refers to the area of the reagent blank. Aggjyenty, 1S the area of the target analyte
at a concentration corresponding to the MM in an instrument standard solvent solution.
To compensate for matrix effects labeled internal standards can be used since the ratio

between the area of the peaks should be constant (Van De Steene and Lambert), 2008).

If the %ME is equal to 100% there is no matrix effect. Ionization suppression can be

considered when ME <100%, while %ME >100% indicates an ionization enhancement.

2.5.8 Coefficient of determination

Calibration curves that shows the relationship between the response ratio (analyte/internal
standard) and the concentrations (analyte/internal standards) need to be established to
use the coefficient of determination as a parameter. These curves are created using the
MS-signals from samples with known concentrations of internal standard solutions and

known concentrations of the analyte. The concentration range of the curve should prefer-
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ably cover the expected concentration in the unknown samples. This can further be used
to predict concentrations of analytes. Linear regression is performed on the data to create
a linear slope. The slope provides a coefficient of determination (R?) that can be an indi-
cator of how good representation the linear regression is of the data set. The correlation
increases as the R? approaches 1, and a R? value over 0.99 indicate minimal variations
in the quality of the analysis. Equation shows the calculation of the coefficient of

determination.

S(yi — fi)?

R?=1-
(v — y)?

(2.9)

y; refers to a value from the data set, while f; is the correlated value from the fitted model.

The mean value of the detected data is represented as .

Quantification of precision in experimental work is important and this can be done by
calculating repeatability and reproducibility. Measuring the variation of the instrumen-
tation under equal conditions for the same sample gives an indication of the repeatability

of the experiment. (Skoog et al.| 2003)

Standard deviation (STD) is an often used parameter to measure the variation in a data
set, and can therefore be calculated to determine repeatability. Calculation follows Equa-

tion ([2.10)).

STD = ¢W (2.10)

n—1
Where z,, refers to value n in the data set, and = refers to the mean value of the date set.

The relative standard deviation (RSD) gives an indication of the quantity of the standard
deviation in comparison with the values and mean of the data set. It is therefore a great
parameter to measure precision and repeatability. The RSD is calculated by dividing
the STD by the mean value of the data set and multiplying it by 100 to get the value

represented in percent (see Equation (2.11))).

STD

T

%RSD = - 100 (2.11)
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As mentioned in the introduction the experimental work was disrupted and forced to be

changed as a result of SARS-CoV-2. For further description of the changes see Section 3.8

3.1 Sample Collection

49 different baby foods from a variety of producers was bought from a local grocery
store. This included milk replacements (both powders and liquids), porridge, dinners,
snacks, bars, smoothies and purees. Both dry food, wet food, and food containing meat,
chicken, fish, vegetables, fruits, diary and grains were supposed to be analyzed. Both
glass, aluminium, lined cardboard and different plastics were used as original containers

for the foodstuffs.

When preparing the samples for analysis, all samples were transferred to 50 mL (polypropy-
lene) PP tubes and freeze dried for 72 hours to ensure complete dryness of the samples.
Approximately 1.0 grams of each food sample were further transferred to a 15 mL PP
tube. When weighing out the samples a clean metal spoon, pre-washed in methanol
and dried on clean aluminium foil in a fume hood, were used for each sample to avoid

contamination.

3.2 Chemicals

Standards of all organophosphate esters, were bought from Chiron AS (Trondheim, Nor-
way). This included Trimethyl Phosphate (TMP), Triethyl Phosphate (TEP), Tri-n-
propyl Phosphate (TnPP), Tri-n-butyl Phosphate (TnBP), Tri-isobutyl Phosphate (TiBP),
Tris(2-butoxyethyl) Phosphate (TBOEP), Tris(2-ethylhexyl) Phosphate (TEHP), Tris(2-
chloroethyl) Phosphate (TCEP), Tris(1-chloro-2-propyl) Phosphate (TCIPP), Tris(1,3-
dichloro-2-propyl) Phosphate (TDCIPP), Triphenyl Phosphate (TPP), Tritolyl Phosphate
(TMPP), Diphenyltolyl Phosphate (DCrP), 2-Ethylhexyldiphenyl Phosphate (EHDP),
Isodecyl Diphenyl Phosphate (IDPP), Tert-Butylphenyldiphenyl Phosphate (BPDP), Tris(4-
tert-butylphenyl) Phosphate (TTBPP), Tetraphenylrecorcinol-bis(diphenyl Phosphate)
(RDP), 2,2-Bis(chloromethyl)-1,3-propandiol-bis[bis(2-chloroethyl)] Phosphate (V6), Bisphe-
nol A bis|(diphenyl) Phosphate] (BPA-BDPP), Di-n-butyl Phosphate (DPhP), Bis(2-
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chloroethyl) Phosphate (BCEP), Bis(2-chloropropyl)hydrogen Phosphate(BCIPP), Bis(2-
butoxyethyl) Phosphate (BBOEP), Bis(2-butoxyethyl) hydroxyethyl Phosphate (BBOE-
HEP), Bis(2-butoxyethyl) hydroxy-2-butoxyethyl Phosphate (30H-TBOEP).

The isotope labeled internal standards were also purchased from Chiron AS (Trond-
heim, Norway) and included Triethyl Phosphate -d15 (TEP-d15), Tri-n-butyl Phosphate
-d27 (TuBP-d27), Tris(2-chloroethyl) Phosphate -d12 (TCEP-d12) and Tris(1,3-dichloro-
2-propyl) Phosphate -d15 (TDCIPP-d15).

3.3 Sample preparation
3.3.1 Standards

Triethyl Phosphate -d15 (TEP-d15), Tri-n-butyl Phosphate -d27 (TnBP-d27), Tris(2-
chloroethyl) Phosphate -d12 (TCEP-d12) and Tris(1,3-dichloro-2-propyl) Phosphate -d15
(TDCIPP-d15) were used as internal standards (IS) for the analysis of the OPFRs. A 1
ppm mixture of these four internal standards were made. 10 pL of the finished 1 ppm

internal standard mixture was added to all samples.

The matrix match samples and the spiked samples were also spiked with a 1 ppm target
analyte standard mix (TA mix). The 25 standards was divided mixed into two 1ppm TA
mixes, TA mix A and TA mix B. To get a final concentration of 1 ppb in the vial with
total volume of 1mL, 10uL of both TA mixes were added to the spiked samples and the

matrix match samples, respectively before and after the extraction procedure.

3.4 Development of extraction technique

A variation of extraction techniques of organophosphate flame retardants (OPFRs) are

presented in literature (Table [2.3). Two different protocols were tested as described in

Appendix and Appendix [A.2]

Different extraction techniques and solvents were tested to optimize the extraction of the
organophosphate flame retardants. The first extraction technique that was tested used
ethylacetate to extract the OPFRs. To try to optimize the extraction, and further improve

the recoveries, an extraction using dichloromethane and hexane as major solvents were
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carried out. The test of each protocol was carried out with one reagent blank sample
(RB), three sample samples (S), four spiked samples (SP) and two matrix match samples
(MM). For both extraction protocols roughly 1 g of Nestle min Havregrot med Mango og

Banan was added in all tubes except the RB samples.

An integration method for OPFRs in foodstuffs was carried out experimentally using
MassLynx and TargetLynx software packages (Waters, USA). The results were further
processed in Microsoft Excel and recoveries were calculated. Results showed that the
largest and most non-polar compounds were harder to extract from the matrix. Therefore
a new extraction optimization experiment was carried out. The procedure described
above was used as a base, but in the two first extractions the solvent was changed from

ethylacetate to 50:50 DCM:Hexane (Appendix [A.2)).

3.5 Instrumentation for Analysis

A Acquity UHPLC system (Waters, Milford, USA) was used to perform the analysis of
the OPFRs. The columns used were a Kinetex C18 column (30 x 2.1 mm, 1.3 pm, 100A
Phenomenex) serially connected to a C18 Phenomenex guard column. For elution of
the analytes the aquatic phase (A) consisted of LC-grade water with 0.1% (v/v) formic
acid, while the organic phase (B) was acetonitrile with 0.1% (v/v) formic acid. Run time
of the analysis was 5 minutes, and the injection volume was set to 2ul.. The flow rate
was set to 0.4uL/min, and the separation was performed with gradient elution following
Table Xevo TQ-s, Triple Quadrupole Mass Analyzer (QqQ) including ZSpray ESI
function (Waters, Milford, USA) was used in SRM mode. ESI(+) with a capillary voltage
of 2.8kV was used for analysis of all OPFRs. Ionization and desolvation temperatures
were set to respectively 150°C and 350°C. All instrumental parameters are presented in

Table 3.2
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Table 3.1: Gradient used for the mobile phase during the UHPLC-MC/MC.
A is the aquatic phase(water with 0.1%v /v formic acid), while B is the organic
phase(acetonitrile with 0.1%v/v formic acid).

Time [min] Flow [mL/min]

%A %B Curve

Initislized 0.4

1.00
2.50
3.50
4.00
5.00

0.4
0.4
0.4
0.4
0.4

75 25 Initialized

75 25 6
0 100 6
0 100 6
5 25 6
75 25 6

Table 3.2: Settings for UPLC-MS/MS analysis of organophosphate flame

retardants.

Settings

Polarity ESI(+)
Capillary 2.8 kV
Cone voltage 50 V
Source offset 80V
Source temperature 150 C
Desolvation temperature 350 C
Desolvation gas flow 1000 L/hr
Cone 150 L/hr
Nebuliser 6.0 bar
Collision gas flow 0.15 mL/min
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3.6 Data treatment

3.6 Data treatment

MassLynx and TargetLynx software packages (Waters, USA) were used to acquire data
from the LC-MS/MS. Further processing of the data was performed in Microsoft Excel.
Concentrations were calculated based on the relative area ratios of the spiked samples
using the internal standard with the closest retention time to the target analyte. The
calculations were further based on the spiked samples. In these samples a known concen-
tration of 10 ppb was added to the samples in the beginning of the sample preparation,
making it possible to utilize this knowledge to calculate the concentrations in the samples.
To ensure a measure of 10 ppb in the spikes sample, the area of the non-spiked sample
was subtracted from the spiked sample. The pre-spiked samples are used to calculate
the concentrations as it mimics the process the whole sample undergoes better than the

matrix match samples where the TA is added at the end of the sample preparation.

Quantification of the target analytes were then accomplished based on the internal stan-
dard method, and by utilizing matrix-matched calibration standards prepared by fortify-
ing target analytes into the specified matrices prior to extraction (Asimakopoulos et al.

2014, |2016)).

3.7 SRM Transitions and fragmentation

To obtain transitions for daughter fragments for each target OPFR, standards of each
analyte (5ng/mL) were infused into the mass analyzer. The first quadrupole of the QqQ
analyzer were set to only allow the molecular ion through, while the third quadrupole were
set to scan for all possible daughter fragments. IntelliStart software (Waters) suggested
daughter fragments and provided mass spectra with different collision energies for each

target analyte.

Molecular ions and fragmentation ions were compared to literature and structures from

fragmentation are suggested in Section |4.6|

Suggested structures for the daughter fragments were created in ChemDraw Professional
16.0. The fragments were created according to the daughter ions obtained from the SRM
for each OPFR. The pathways presented in Section[2.4.8 were used to predict the structure

of the daughter ions as far as possible.
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3.8 Experimental work disrupted by SARS-CoV-2

As SARS-CoV-2 arrived mid March 2020, the whole university, and thereby also all lab-
oratories, were closed. The pandemic interrupted this project in a way that the experi-
mental work was disrupted and not able to be completed. A more theoretical approach,
and structural determination of the daughter fragments detected in the MS became in-
cluded in the project. No data from the 49 original samples were obtained and evaluation
and determination of OPFR concentrations in the different baby food samples were not

feasible.

Data was only obtained from the extraction method development, and these experiments
ended up being the only lab work carried out completely. For the rest of the 49 sam-
ples that were supposed to be analyzed, the experimental work was disrupted by closing
of labs after the day after all samples were finished freeze dried and weighed out. The
extraction was supposed to be carried out by following the extraction protocol from Ap-
pendix with minor adjustments. An additional round of extraction with ethyl acetate
was supposed to be carried out, making it four in total. A 30 minute sonication was also
presumed to be added for each addition of ethyl acetate, instead of only 10 minutes of

sonicating after the first addition of ethyl acetate.

A calibration curve was supposed to be made by preparing solutions of the TA with
different concentrations, mixed with a constant concentration of the internal standard
mix. For example, solutions of the TA would be prepared in the following concentrations:
0.1, 0.2, 0.5, 1, 2, 5, 10, 20, 25 and 50 ppb, while the IS would be added to a 10 ppb
concentration in all samples. The solvents used would be the same as the instrumental
solvents, ACN:MQ-water. The same gradient program as described in Table would be
used to run the samples. The curve was further supposed to be constructed by plotting
the peak area ratio against the analyte concentration. A linear regression would be made
to find the best fit linear line. As described in Section [2.5.8] a satisfactory coefficient
of determination would be R? > 0.998, which describes great correlation and minimal
variations when it comes to the quality of the analysis, meaning that the input values

explain the variation of the data set.

Matrix effects were also supposed to be calculated, but no analysis of a sample with
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3.8 Experimental work disrupted by SARS-CoV-2

only the target analyte in the instrument solvents was able to be performed. Matrix
effects would have been calculated for each analyte following Equation . Negative
values would indicate ion suppression possibly caused by interfering co-eluents. To observe
matrix effects when investigating and analyzing trace organic compounds in complex
matrices is expected due to the low concentrations of the target analytes and the complex

matrices containing possibly interfering compounds.

Calculations of the concentration of each target analyte in each baby food were supposed
to be performed and presented. The values were supposed to be compared to other
studies and relationships between concentrations, type of baby food and their packaging

were supposed to be established.

For calculation of precision quadruplicates of samples with the same amount of added
TA was supposed to be analyzed. This would have been performed with three different
concentrations, and analyzed by calculating the mean, median, standard deviation and

relative standard deviation.
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4 Results and discussion

4.1 Extraction method development

To properly analyze different chemicals in a variety of matrices, an optimized extraction
method need to be developed and tested. The extraction is seen as one of the most complex
steps in analysis performed in complex matrices like foodstuffs. Not many studies have
reported OPFRs in foodstuffs (see Table and Table and several use the same
extraction technique with minor differences. The use of dichloromethane and hexane as
solvents is also widespread when analyzing OPFRs both in foodstuffs and more researched
matrices like dust, air, water, urine and fish. When testing extraction and calculating
recoveries the extraction following Appendix showed significantly better recoveries
and clearer peaks in the chromatograms than Appendix [A.2] even though DCM and

hexane are by far more used for extraction of OPFRs than ethyl acetate.

In this project two similar protocols for extraction with different solvents were tested.
The protocol in Appendix was followed, and until the reconstitution in the LC-vials
no issues had arrived. In this last step, the reconstituting, the liquid coagulated and
became foggy. The vials were stored in the refrigerator overnight, and the liquid had
then separated into layers and with some precipitation. The vials were centrifuged for
a total of 30 minutes at 4000 rpm to gather the precipitates before the vials again were
refrigerated overnight. Then, clear layers and bubbles of lipids were visible. The lipids or
precipitates were pipetted out, and clear liquid was carefully transferred into new vials

for analysis.

After the data analysis, the results showed that the largest and most non-polar compounds
were harder to extract from the matrix. Therefore a new extraction optimalization experi-
ment was carried out. The procedure described in Appendix [A.T was used as a base, but in
the two first extractions the solvent was changed from ethylacetate to 50:50 DCM:Hexane.

When following the protocol presented in Appendix more attention was paid to the
reconstitution step, as this was where the issues had arrived when following the first
protocol. The samples became slightly foggy when reconstituting after extraction with

DCM:Hex, but after being stored in the refrigerator overnight precipitants had formed a
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thin layer at the bottom of the vial. This made it possible to easily transfer clean samples

into new vials.

After testing the two protocols, it was evident that the extraction carried out with only
ethyl acetate showed better recoveries and extracted more of the target analytes from
the matrix. This discovery was quite a surprise as many previous studies have used
DCM:Hex as the main solvent as shown in Table[2.3] The results were therefore expected
to be better than the first tested protocol. This may come as a result of different factors.
Firstly, most previous studies have used SPE as a clean-up step. This was not tested in
this project. Secondly, some of the most troubling compounds to extract and detect are
the least reported ones. A reason for the frequent use of DCM:Hex may be its known use
in extraction of polychlorinated biphenyls (PCBs) and polyfluoralkyl substances (PFAS).
This may also be a reason why most extraction techniques and solvents used are similar
for the OPFRs and these substances. Also many of the previous studies used DCM:Hex
as the only extraction solvent, and did not have one round of extraction with ethyl acetate

or another solvent, which may have affected the extraction.

4.2 Recoveries

Relative recoveries are presented in Tableand is calculated as presented Equation (2.7)),

while absolute recoveries are shown in Table and is calculated as described in Equa-
tion ([2.5)).

Table 4.1: Relative recoveries of each target analyte from extraction pro-
tocol 1 (Appendix [A.1)) and extraction protocol 2 (Appendix |[A.2)). (*) In-
dicate not acceptable recoveries, (**) indicate (RB>S), while (***) indicate

(RB>MM or SP).

Compound RR% Extraction 1 RR% Extraction 2

TMP 48.7 114
TEP 85.4 159
TnPP 83.0 63.0
TnBP 96.4 18.9
TiBP 89.4 24.7
TBOEP 103 4.3 (%)
TEHP 1.9 (*%) 3.7 (%)
TCEP 89.1 21.9
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Table 4.1 continued from previous page

TCIPP 4.4 (%) (**%)
TDCIPP ) (%)
TPP 72.3 49.9
DCrP 65.4 6.9 (%)
TMPP 36.3 4.1 (%)
EHDP ) (%)
IDPP 9.8 (%) (**%)
TTBPP 3.0 (**) 2.2 (%)
RDP 70.3 3.8 (%)
V6 127 2.8 (*)
BPA-BDPP 30.9 4.8 (*)
Metabolites

BBOEHEP 123 109
30H-TBOEP 143 107

Table 4.2: Absolute recoveries of each target analyte from extraction
method 1 (Appendix [A.1]) and extraction 2 (Appendix[A.2). (*) indicate re-
coveries that are not acceptable, either because of low recoveries, extremely
high blanks, negative values or missing detection.

Compound Abs.R% Extraction 1 Abs.R% Extraction 2
TMP 21.3 8.3
TEP 36.3 10.2
TnPP 39.6 3.0 (%)
TuBP 28.0 0.8 (*)
TiBP 27.2 1.4 (%)
TBOEP 32.2 0.2 (*)
TEHP 0.5 (*) 3.7 (%)
TCEP 42.3 0.3 (%)
TCIPP 121 2.2 (%)
TDCIPP *) 81.4
TPP 22.3 3.1 (%)
DCrP 20.3 0.4 (*)
TMPP 11.4 0.2 (%)
EHDP ) )
IDPP 3.9 (%) (*)
TTBPP 0.7 (¥) 0.1 (*)
RDP 21.6 0.2 (%)
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Table 4.2 continued from previous page

V6 39.2 0.2 (%)
BPA-BDPP 94 0.3 (*)
Metabolites

BBOEHEP 54.2 2.9 (%)
30H-TBOEP 44.6 6.9 (*)
Internal standards

TEP-d15 41.8 6.9 (*)
TnBP-d27 31.1 *)
TCEP-d12 59.7 ()
TDCIPP-d15 23.3 ()

Low absolute recoveries, as all compounds showed while following the protocol in Ap-
pendix [A.2] indicate that only a small fraction of the target analytes is present in the
samples after the sample preparation procedure. The absolute recoveries for the extrac-
tion with DCM:Hex were extremely low, and this indicates that the extraction is not
working as anticipated. Nevertheless relative recoveries were calculated compensating
for the loss of analyte during the extraction process, but also these recoveries showed

unsatisfactory results.

For the compounds showing good recoveries the area of the different samples typically

showed the order MM > SP > S > RB.

For the extraction with DCM:Hex, 12 out of 21 compounds showed not acceptable rela-
tive recoveries. The compounds where the area of reagent blank sample (RB) exceeded
the area of the post spiked matrix match (MM) were considered the most challenging
compounds. In addition to the compounds being challenging to analyze after extraction
with DCM:Hex, the internal standards did also show bad results possibly due to insta-
bility. Only TEP-d15 was possible to use as internal standard for the extraction with
DCM:Hex, and was therefore used for all compounds. This may have been a contributor
to the bad recoveries as the TEP-d15 internal standard has significantly different physical

and chemical properties, and retention time, than many of the analyzed OPFRs.

6 compounds did not yield acceptable relative recoveries from the extraction with ethyl

acetate. Unacceptable recoveries obtained from following the extraction protocol with EA
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(Appendix are described. For TEHP a negative recovery was calculated and MM >
SP > RB > S. For TCIPP SP > MM also leading to not great results. For TDCIPP RB
> S > MM > SP, and for EHDP RB > MM > S > SP, while for IDPP MM > > SP
and TTBPP RB > S. This somewhat odd orders of areas can in example come as a result
of contamination of the samples from sample preparation, or contamination from the
instrument. For the extraction following the protocol presented in Appendix [A.2] similar
tendencies were observed. Blank contamination is pointed out in both |Poma et al.| (2018)
and |[Brandsma et al. (2013a)) as one of the major challenges when analyzing OPFRs. This
comes as a result of the OPFRs existence in both indoor dust, plastics and also possibly

in the instruments.

Some compounds show high relative recoveries (>150%) which may lead to overestimating
the concentration of the target analyte in the sample. This might lead to an increase in

the risk of critical errors in the quantification.

Most of the OPFRs had relatively low absolute recoveries (below 40%), which indicates
loss of sample during sample preparation. This can in example come as a result of poor
extraction efficiency. Low absolute recoveries can also come as a result of the target
analytes binding to the matrix of sample. As the target analytes are detected air and
dust, and also is different plastics, contamination resulting in higher recoveries should be

taken into consideration.

When calculating the relative recoveries the loss of analyte during sample preparation
is compensated for. This is because the relative recoveries are calculated relative to an
internal standard as described in Equation . Most of the relative recoveries are
substantially better than the absolute recoveries, indicating that the efficiency of the

sample preparation might be better than first anticipated.

To obtain the most correct relative recoveries, an internal standard similar to the target
analyte should be utilized as they would be affected similarly by fluctuations in the process
and system. Differences between the internal standard and the target analyte may result
in the TA and IS responding differently to the fluctuations making the recoveries less
reliable. In this project only four deuturated internal standards were available. The 21

target analytes were corrected with the internal standard with the closest retention time
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to the analyte. The retention times for the analytes ranged from 0,29 to 3,29 minutes
(presented in Table while the internal standards retention times ranged from 0,57
to 2,26 minutes making it likely and probable that some of the 21 analyzed compounds
did not match perfectly with the IS closest to their retention time. The IS and TA
may therefore, in some cases, have been affected differently by the fluctuations in the
system and by the extraction process. To avoid this more target analyte specific internal
standards could be used to better replicate the behaviour of more of the target analytes.
Another possibility is to use 13C internal standards instead of the deuturated standards.
The 3C standard behave even more similar to the target analytes than the deuturated
standards. The deuturated standards tend to induce differences between the TA and
the IS when it comes to reaction rates, hydrophobicities and interactions, while the 3C

standards often have more similar properties (Tan et al., 2012).

Nevertheless contamination during the process, and in the instrument may have been a

contributor to the bad recoveries.

4.2.1 Precision

Precision can be estimated by evaluating replicates of the same sample. This often applies
to samples with addition of the same known amount of a target analyte. Further analyzing
the variations of these similar samples give an indication of the precision. This is often
done by calculating the standard deviation and relative standard deviation of the data

set calculated as described in Equation (2.10]).

Analyzing triplicates or quadruplicates of spiked samples in different concentrations ob-
tained from an optimized samples preparation protocol should have been done to evalu-
ate precision, but was not able to be carried out as a result of SARS-CoV-2 restrictions.
Mean area, medians, standard deviations and relative standard deviation (RSD) would

have been presented in a table for the QA /QC.

Since the extraction method development was carried out with spiked triplicates mean
area, medians, standard deviations and relative standard deviation (RSD) were calculated
from the method development and is presented in Table [£.3] The calculations were done

by using the results obtained from the extraction using only ethyl acetate as the extraction
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solvent.
Table 4.3: Statistics for OPFRs in triplicates of samples spiked prior to
sample preparation to concentrations of 10 ppb TA. Mean and median area,
standard deviation (STD) and relative standard deviation (RSD%) for abso-
lute and relative values are presented. Calculations for EHDP and TDCIPP
is excluded because of negative values as a result of high blank values.
Absolute values Relative values
Compound Mean Median STD RSD% Mean Median STD RSD%
TMP 16239 18112 3891 24.0 0.30 0.30 0.03 9.54
TEP 18414 20068 5218 28.3 0.33 0.33 0.05 16.0
TonPP 3806 3919 1301 34.2 5.03 5.10 1.05  20.8
TnBP 31127 30388 7549 24.3 0.16 0.15 0.02 14.1
TiBP 24450 23910 6183 25.3 0.13 0.13 0.02 13.6
TBOEP 58118 56965 16849  29.0 0.47 0.47 0.07 14.1
TEHP 1078 1066 284 26.3 0.01 0.01 0.002 26.6
TCEP 6577 6767 1876 28.5 8.74 8.80 1.29 14.8
TCIPP 13336 13681 3983  29.9 4.73 4.89 3.36 71.1
TDCIPP - - - - - - - -
TPP 84724 80779 19257 22.7 0.48 0.49 0.08 15.9
DCrP 9036 8893 1924 21.3 0.05 0.05 0.01 11.1
TMPP 24573 23646 6473 26.3 0.14 0.14 0.02 14.5
EHDP - - - - - - - -
IDPP 2152 1951 682 31.7 0.01 0.01 0.003 27.4
TTBPP 953 986 144 15.2 0.01 0.01 0.002 33.9
RDP 9928 9441 1719 17.3 0.06 0.06 0.01 14.9
V6 13714 13308 2888  21.1 0.08 0.08 0.01 18.1
BPA-BDPP 18057 18299 1543 8.54 0.10 0.11 0.02 16.3
Metabolites
BBOEHEP 3836 3717 812 21.2 5.01 5.19 0.62 12.4
30H-TBOEP 21585 20206 5213 24.2 0.12 0.12 0.02 14.5

RSD calculated with relative values were for some of the samples relatively high, which
may be a result of the use of only four different internal standards making it likely that
some of them do not match perfectly. These differences can, in addition to matrix effects,

result in losses and different interactions during sample preparation.
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The relative standard deviation for the absolute values varied from 8,54% to 34,2%. Ac-
ceptable values for the RSD should preferably be under 15%, but a maximum of 20%
can be accepted. If a maximum of 20% is accepted TTBPP, RDP and BPA-BDPP show
acceptable RSD% for the absolute values. The majority of the RSD% for the absolute
values show results around 20-30%. High relative standard deviations and low preci-
sion can come as a result of different factors including differences in extraction efficiency,
variations in temperature, different interactions with the matrix and non-homogeneous

samples. Also inaccuracy in addition of IS and TA to the samples may have affected the

RSD%.

For the relative values, values corrected by use of an internal standard, most OPFRs
showed significantly better RSD. Only TTBPP, TEHP, IDPP, TCIPP and TnPP show
RSD% above 20 %, while the remaining 14 OPFRs possible to calculate precision for
showed acceptable RSD % with values lower than 20 %.

Since only four different internal standards were used for all 21 OPFRs, this may be an
explanation for high RDS %. As mentioned small differences in retention time can lead

to significant ion enhancement or ion suppression leading to weaker RSD %.

Low precision can for instance be a result of variations during sample preparations, non-
homogeneous samples and fluctuations in temperature. If lab work was able to be finished,
triplicates with concentrations of in example 25 ppb and 50 ppb would have be analyzed

in addition to triplicates of 10 ppb.

4.3 Ion ratios

Ion ratios are calculated as presented in Equation (2.4]) in Section and presented in
Table[d.4]together with retention times (RT) and relative retention times (RRT) calculated
as in Equation (2.1)) in Section [2.5.1] All values were considered acceptable.
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Table 4.4: Ion Ratio(IR), Retention time(RT) and Relative retention
time(RRT) for target analytes and retention times for the internal standards.

— refers to when only one fragment is detected for the compound.

Compound Ion Ratio (%) RT RRT
TMP 18.1 0.29 0.49
TEP 81.0 0.60 1.05
TnPP 86.1 1.88 1.25
TnBP 79.2 2.28 1.01
TiBP 79.2 2.28 1.01
TBOEP 97.6 2.38 1.05
TEHP 6.45 3.29 1.49
TCEP 38.4 1.53 1.01
TCIPP - 1.99 0.90
TDCIPP - 2.22  1.00
TPP 98.2 2.28 1.01
DCrP 98.2 2.37 1.07
TMPP 30.5 2.54 1.15
EHDP — 264 1.19
IDPP 91.9 2.78 1.26
TTBPP 60.8 3.04 1.38
RDP 98.1 2.54 1.12
V6 - 2.04 0.91
BPA-BDPP 991 276 1.22
BBOEHEP 30.0 1.82 1.21
30H-TBOEP 97.9 1.97 0.87
Internal standards

TEP-d15 0.57
TnBP-d27 2.26
TCEP-d12 1.5
TDCIPP-d15 2.21
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4.4 Concentrations

Concentrations of the different OPFRs and metabolites were calculated from the extrac-
tion with EA and are presented in Table [4.5

Table 4.5: Concentrations of OPFRs in ng/g dw together with the internal
standard(IS) used and LOD (ng/g) for each OPFR. For the extraction with
DCM:Hex only TEP-d15 showed usable results and was used as IS for all

compounds.

Compound IS used Concentration LOD
TMP TEP-d15 2.33 0.22
TEP TEP-d15 0.25 0.02
TonPP TCEP-d12 < LOQ 0.19
TnBP TnBP-d27 2.67 0.24
TiBP TnBP-d27 < LOD 0.13
TBOEP TnBP-d27 < LOD 3.97
TEHP TnBP-d27 - 3.21
TCEP TCEP-d12 < LOD 0.20
TCIPP TDCIPP-d15 23.5 0.12
TDCIPP TDCIPP-d15 - -
TPP TnBP-d27 1.00 0.09
DCrP TnBP-d27 < LOD 1.21
TMPP TnBP-d27 < LOD 0.87
EHDP TnBP-d27 - 2.33
IDPP TnBP-d27 < LOQ 2.45
TTBPP TnBP-d27 < LOD 3.72
RDP TnBP-d27 < LOQ 0.11
V6 TnBP-d27 < LOD 0.02
BPA-BDPP TnBP-d27 < LOD 0.29
BBOEHEP TCEP-d12 < LOQ 0.68
30H-TBOEP TnBP-d27 < LOD 0.22

Detected concentrations ranged from 0.25 ng/g to 23.5 ng/g, while LOD ranged from
0.02-3.97 ng/g corresponding to LOQ ranging from 0.07-13.2 ng/g which is comparable
to what found in previous studies as shown in Table Also TCIPP showed the highest
concentration which also corresponds to what was detected in previous studies of OPFRs
in foodstuffs. TCIPP have a variety of suspected toxic effects which makes it important

to determine the extent of its presence in foodstuffs.

4.5 Analysis

For TMP, TEP, TnPP, TnBP, TiBP, TBOEP, TCEP, TPP, TMPP, RDP, V6, BPA-BDPP,
BBOEHEP, 30H-TBOEP recoveries ranged from 48.1-143%. The compounds that were
challenging to analyze in this project tended to have very high blank values (RB>MM),

and corresponding bad or negative recoveries. In literature the blank values reported are
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4.5 Analysis

not that high, but the issue of contamination and high blank values is pointed out in
example in [Poma et al. (2018)) and Brandsma et al.| (2013a)). The compounds considered
most challenging to analyze in this project were TEHP, TCIPP, TDCIPP, EHDP, IDPP
and TTBPP. For IDPP only one study on foodstuff reports detection, while for TTBPP
no studies of my knowledge on OPFRs with foodstuffs as the matrix have detected the
compound. Neither V6, BPA-BDPP, RDP or any of the metabolites are reported to
be detected in studies of OPFRs in foodstuffs. Nevertheless TEHP, TCIPP and TDCIP
are more frequently detected and reported as shown in Table 2.4, The reasons why we
did not manage to obtain acceptable recoveries for these compounds may be related to
contamination during the extraction, contamination of the instrument or a not optimized

extraction method.

The trouble with high blank values is as mentioned pointed out in Poma et al.| (2018) where
it is stated that contamination is reported as one of the biggest issues when analyzing
OPFRs because of their presence in dust. Repeatedly cleaning the working space and all
laboratory equipment with in example acetone, and evaporation done in a fumehood in
combination with all glass equipment precleaned with n-hexane and dried for 2.5 hours
in 300°C was tested and found helpful in [Poma et al.| (2018)). Contamination in all steps
of sample preparation and analysis is extremely important since OPFRs inevitably is
present in indoor air and in dust. Brandsma et al.| (2013a)) did a worldwide interlaboatory
study of OPFR analysis where monitoring of blank values were an important part of the
study. Variations between laboratories were reported, and also which compounds causing
the highest blank values. Overall TnBP, TiBP, TBOEP and TCIPP were reported to
show the highest blank values. TCIPP was the only compound with corresponding high
blanks as reported in Brandsma et al.| (2013a)). Nevertheless the issue of contamination
is inevitably one of the most challenging parts of analyzing OPFRs. Use of clean room,
if available, and avoiding use of plastic and rubber was suggested as possible methods to

avoid contamination from dust.

Contamination in all steps from sample preparation to UPLC-MS/MS analysis are im-
portant to take into consideration. Contamination of the instrument, and OPFRs used in
parts of the instrument, may have affected the blanks to show very high peaks, and can

therefore not be excluded as reasons for high blank values.
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4 RESULTS AND DISCUSSION

All data obtained in this project originates from what was supposed to be the method
development. This can have affected the results in a variety of ways. In example was
the sample preparation and extraction done for the first time when preparing the samples
analyzed. Familiarity with the method can affect both precision in pipetting technique
and awareness on contamination. Also familiarity with the software for processing of the

data is favorable to ensure correct calculations.

4.6 SRM Transistions

SRM Transitions for 26 OPFRs was obtained from the MS instrument by use of Waters
IntelliStart software. Suggested structure of the daughter fragments is presented together

with the transitions and the the optimized MS-spectrum at the collision energy that best

show all detected fragments in Sections [4.6.2] to [4.6.23] A suggested general mechanism

for the fragmentation is also presented in Section [£.6.1] A summary of the detected SRM
transitions is nevertheless presented in Table [4.33] while the SRM transitions found in
literature is presented in Table[£.32] The advantage of the triple quadrupole in this matter

is the ability to do rapid screenings, and that it also facilitates consecutive fragmentation.

4.6.1 General fragmentation mechanism

Many of the OPFRs tend to fragment through the same pattern. The suggested general
mechanism for fragmentation is shown in Section and made by utilizing the proposed
fragmentation patterns from Bell et al.| (1997) and |Schwarzenberg et al.| (2013) presented
in Section [2.4.8, The pattern shows that most OPFRs fragment by breaking the ester
bonds which result in breaking off one chain after another until the protonated phosphoric

acid at m/z 99 is formed.
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4.6 SRM Transistions
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Figure 4.1: General reaction mechanism for fragmentation of OPFRs. TEP
is used as an example compound.
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4 RESULTS AND DISCUSSION

4.6.2 TMP
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Figure 4.2: Optimized daughter spectrum for TMP at collision energy 18eV.

1 | 140.86 32 108.86 16 ES+
2 | 140.86 32 78.90 22 ES+
TMP C3H904P 3 | 140.86 32 46.98 14 ES+
4 | 140.86 32 94.82 18 ES+

Table 4.6: SRM transitions for TMP.
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SRM Transistions
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Figure 4.3: Suggested TMP daughter fragments.
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Both the molecular ion and fragment 1, 2 and 3 are clearly visible in the spectra with

optimized collision energy at 18eV. The daughter ion with m/z 95 shows the lowest

abundance of the fragments, and the fragmentation of this may therefore be the most

uncertain of the fragments since it neither follows the mechanism suggested in Section(4.6.1

or is clearly visible in the spectra of 18 eV or in spectra with collision energy of 14, 16 or

22 ¢V. It is neither reported as one of the daughter fragments in Table [£.32] which also

may be an indicator of its uncertainty.
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4 RESULTS AND DISCUSSION

4.6.3 TEP
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Figure 4.4: Optimized daughter spectrum for TEP at collision energy 8eV.

1 | 18285 22 98.65 18 ES+
2 | 18285 22 141.80 6 ES+
TEP COHISO04P 3 | 18285 22 126.85 10 ES+
4 | 182.85 22 154.86 8 ES+

Table 4.7: SRM transitions for TEP.
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4.6 SRM Transistions
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Figure 4.5: Suggested TEP daughter fragments.

In the spectrum for TEP all daughters from Table are clearly visible with minimal
noise. The suggested breakdown mechanism for TEP is shown in Section[4.6.1]and include
mechanism for daughter fragments at m/z 155, 127 and 99. The fragment at 142 is neither
a part of the suggested breakdown mechanism, nor presented in literature (Table .
Most literature only presents the qualifier and quantifier ions, and for TEP the qualifier
and quantifier ion is most often presented as the m/z at 155 and 127. In this experiment
the m/z at 155 and 127 do also have the largest areas after integration, and are chosen

as respectively the qualifier and quantifier ion.
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4 RESULTS AND DISCUSSION

4.6.4 TnPP
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Figure 4.6: Optimized daughter spectrum for TnPP at collision energy
10eV.
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Figure 4.7: Optimized daughter spectrum for TnPP at collision energy
38eV.
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4.6 SRM Transistions

Compound ' Formula/Mass Parent m/z Cone Voltage Daughters Collision Energy Ion Mode
1 224.89 10 08.83 16 ES+
TPP COH2104P 2 | 22489 10 140.87 10 ES+
n
3 | 22489 10 84.80 18 ES+
4 | 22489 10 80.83 38 ES+

Table 4.8: SRM transitions for TnPP.
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Figure 4.8: Suggested TnPP daughter fragments.
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For TnPP only the daughter ions at m/z 99 and 141 follows the suggested general mecha-
nism from Section The fragment with m/z 85 was difficult to predict since following
the steps of the suggested fragmentation mechanism does not lead to a m/z 85 fragment.
In the spectra provided from the MS no clear peak is shown at m/z 85, while the m/z
81 only is visible as a clear peak when the collision energy is set to 38 eV. This is rela-
tively high compared to the spectrum obtained at 10eV, making it more possible to form
fragments that are not the evident suggestions by following Section [4.6.1] The suggested
fragment at m/z 85 is a merge of the two consecutive losses from the molecular ion at m/z
225 to m/z 183 and further to m/z 141. Loss of water from the protonated phosphoric
acid at m/z 99 likely forms the m/z 81 at higher collision energies, and is an example on

how fragmentation can occur after consecutively releasing the three alkyl chains.

In the spectrum at 10eV another peak has relatively high abundance at around m/z 183.
Even though it is not detected as a daughter fragment in the SRM, it is presented as
a daughter fragment in multiple articles (Table and fits well with the breakdown
pattern. The structure for a daughter ion at m/z 183 is therefore suggested in Figure
as it likely is a daughter ion from TnPP.
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4 RESULTS AND DISCUSSION

4.6.5 TnBP
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Figure 4.9: Optimized daughter spectrum for TnBP at collision energy 8eV.
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Figure 4.10: Optimized daughter spectrum for TnBP at collision energy
44eV.
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4.6 SRM Transistions

Compound = Formula/Mass Parent m/z  Cone Voltage | Daughters | Collision Energy Ion Mode
1 | 266.88 10 98.76 14 ES+
2 | 266.88 10 154.84 8 ES+
TnBP CI12H2704P
3 | 266.88 10 210.92 6 ES+
4 | 266.88 10 80.82 44 ES+

Table 4.9: SRM transitions for TnBP.

miz 155 miz211

Figure 4.11: Suggested TnBP daughter fragments.

Both the molecular ion at m/z 267 and the daughter fragments at m/z 99, m/z 155 and
m/z 211 are visible with abundance of around 50% and up in the spectrum obtained at
8eV. The suggested fragments presented in Figure follows the general mechanism for
fragmentation (see Section . The fragment at m/z 81 was as in Section only
visible in the spectrum with highest collision energy (here 44eV), where rearrangement
and smaller molecules is more probable. The ion at m/z 81, with a loss of 18 Da is as

in Section proposed to be the loss of water from the protonated phosphoric acid at

m/z 99 when collision energies are higher.
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4 RESULTS AND DISCUSSION

4.6.6 TiBP
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Figure 4.12: Optimized daughter spectrum for TiBP at collision energy
6eV.
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Figure 4.13: Optimized daughter spectrum for TiBP at collision energy
42¢V.
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4.6 SRM Transistions

Compound Formula/Mass Parent m/z Cone Voltage Daughters Collision Energy Ion Mode
I | 266.88 14 98.82 14 ES+
i . 2 | 266.88 14 210.92 6 ES+
TiBP CIZH2TOP 15 | 56688 14 154.84 6 ES+
4 | 266.88 14 80.83 42 ES+

Table 4.10: SRM transitions for TiBP.
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Figure 4.14: Suggested TiBP daughter fragments.

The suggested structures of the daughter ions for TiBP are presented in Figure [4.14] The
daughter ions at m/z 99, 211 and 155 correlate to the daughter ions from Section m
and works well with the suggested general fragmentation mechanism for the OPFRs. As
in Section and Section the m/z 81 daughter is only visible when the collision
energy is higher, like in Figure where the collision energy is 42eV compared to 6eV in
Figure [4.12] where all other daughter ions and the molecular ion is visible with abundance

from around 40% and up. The m/z 81 is suggested to be the the same m/z 81 as in
TnPP and TnBP.

65



4 RESULTS AND DISCUSSION

4.6.7 TBOEP
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Figure 4.15: Optimized daughter spectrum for TBOEP at collision energy

16eV.
| Compound | Formula/Mass | | Parent m/z ‘ Cone Voltage | Daughters ‘ Collision Energy | Ion Mode
1 | 398.89 12 298.89 10 ES+
2 | 398.89 12 198.82 14 ES+
TBOEP CI8H3907P 3 | 398.89 12 98.82 26 ES+
4 | 398.89 12 142.81 16 ES+

Table 4.11: SRM transitions for TBOEP.
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4.6 SRM Transistions
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Figure 4.16: Suggested TBOEP daughter fragments.

For TBOEP the structure of all detected daughter ions could be suggested by following
the general mechanism from Section m The ions at m/z 299, 199 and 99 are all
products of sequential losses of the butoxyethyl group. This happens three times leading
to m/z 99 which is the protonated phosphoric acid. The fourth daughter ion at m/z 143
is a fragmentation where the fragment at m/z 199 again is fragmented, but instead of
breaking off the whole butoxyethyl group, the molecule is fragmented at the oxygen that
is not a part of the phosphate. All fragments are visible in the spectrum obtained at

collision energy 16eV.
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4 RESULTS AND DISCUSSION

4.6.8 TEHP
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Figure 4.17: Optimized daughter spectrum for TEHP at collision energy

6eV.
‘ Compound ‘ Formula/Mass | ‘ Parent m/z | Cone Voltage ‘ Daughters | Collision Energy Ion Mode
1 | 43494 24 98.82 12 ES+
2 | 43494 24 322.96 4 ES+
TEHP C24H5104P
3 | 43494 24 70.95 8 ES+
4 | 43494 24 210.92 6 ES+

Table 4.12: SRM transitions for TEHP.
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4.6 SRM Transistions

[M+H[*
m/z 435

Figure 4.18: Suggested TEHP daughter fragments.

The fragment at m/z 323, m/z 211 and m/ z follows the suggested fragmentation pathways
from Figure by three similar consecutive losses of the alkyl chains. The daughter ion
at m/z 71 is proposed to be an adduct formed with sodium as shown in Section m
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4 RESULTS AND DISCUSSION

4.6.9 TCEP
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Figure 4.19: Optimized daughter spectrum for TCEP at collision energy
12eV.

1 | 284.67 16 98.82 22 ES+
2 | 284.67 16 222.73 12 ES+
TCEP COHI2CIO4P 3 | 284.67 16 160.74 14 ES+
4 | 284.67 16 124.81 14 ES+

Table 4.13: SRM transitions for TCEP.
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4.6 SRM Transistions
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Figure 4.20: Suggested TCEP daughter fragments.

At optimized collision energy 12eV all fragments are clearly visible with good separation.
The fragments at m/z 99, m/z 223 and m/z 161 follow the proposed pathway of fragmen-
tation by three similar consecutive losses of one branches with m/z 62. The suggested
structure of m/z 125, a protonated phosphoric acid monoethenylester, may be formed
by loss of HCI from the daughter at m/z 161. In the spectrum presented in Figure m
a peak is also visible at a little over m/z 60. This may be the compound suggested in
Figure[4.21] as a charge migration process can follow the McLafferty rearrangements, that
causes the similar consecutive losses at the C-O bonds. This can lead to a positive charge
on the fragmented chloroalkyl groups making it detectable. The visible peak at m/z 63,
may be the suggested in Figure (a) even though it is not detected as a daughter in
the SRM.

N

+

Figure 4.21: Suggested TCEP daughter fragment at m/z 63.
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4 RESULTS AND DISCUSSION

4.6.10 TCIPP
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Figure 4.22: Optimized daughter spectrum for TCIPP at collision energy
8eV.
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Figure 4.23: Optimized daughter spectrum for TCIPP at collision energy
50eV.

72



4.6 SRM Transistions

Compound Formula/Mass

2020 TCIPP | 326

e S

Parent m/z  Cone Voltage Daughters Collision Energy Ion Mode

327.10 2 98.94 20 ES+
327.10 2 175.02 12 ES+
327.10 2 251.01 8 ES+
327.10 2 80.97 50 ES+

Table 4.14: SRM transitions for TCIPP.
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Figure 4.24: Suggested TCIPP daughter fragments.

TCIPP follows the suggested fragmentation pathway from Figure leading to three
consecutive losses of 76 Da. Here this represents the fragmentation of the three chloroalkyl
chains, leading to the detected daughters at m/z 251, m/z 175 and m/z 99. The fragment
at m/z 81 is also here a result of water elimination from the m/z 99. It is only visible at a
higher collision energy where the molecular ion at m/z 327 and the two heavies daughters
at m/z 251 and m/z 175 no longer is visible. Obtaining multiple spectra at different
collision energies is important to get a full picture of possible ways for fragmentation and
rearrangement, even though the fragments only visible at high collision energies often are

less likely to be dominant amongst the other fragments.
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4 RESULTS AND DISCUSSION

4.6.11 TDCIPP
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Figure 4.25: Optimized daughter spectrum for TDCIPP at collision energy
12eV.
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Figure 4.26: Optimized daughter spectrum for TDCIPP at collision energy
32¢V.
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4.6 SRM Transistions

Compound  Formula/Mass Parent m/z Cone Voltage Daughters Collision Energy Ion Mode
1 | 428.98 28 98.93 22 ES+
2 | 428.98 28 208.96 16 ES+
2020 TDCIPP | COH15CI604P
- 3 | 42898 28 318.94 12 ES+
4 | 42898 28 74.98 32 ES+

Table 4.15: SRM transitions for TDCIPP.
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Figure 4.27: Suggested TDCIPP daughter fragments.

The fragmentation of TDCIPP mainly follows the suggested pathway for fragmentation
of OPFRs from Figure 2.7 This accounts for the structural elucidation of m/z 319,
m/z 209 and the protonated phosphoric acid at m/z 99. The fragment detected as the
fourth daughter at m/z 75 is as the m/z 81 from TCIPP, TiBP, TnBP and TnPP only
visible in the spectrum when collision energy is risen and possibilities for rearrangement
increased. It is not possible to predict the structure for the m/z 75 by following the

general mechanism or by breaking bonds within the compound, and therefore no structure

is suggested for the m/z 75.
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4 RESULTS AND DISCUSSION

4.6.12 TPP
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Figure 4.28: Optimized daughter spectrum for TPP at collision energy

24eV.
1 | 32672 38 151.96 32 ES+
PP cismisoap | 2 | 32672 38 76.92 32 ES+
3 | 32672 38 214.79 24 ES+
4 | 32672 38 250.79 28 ES+

Table 4.16: SRM transitions for TPP.
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4.6 SRM Transistions
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Figure 4.29: Suggested TPP daughter fragments.

For TPP the fragmentation does not follow the fragmentation pattern suggested with
the McLafferty rearrangements for more than the daughter ion at m/z 251. The m/z
152 may be a result of a rearrangement from the molecular ion at m/z 327(Rodil et al.,
2005). Also the m/z 77 ion may be formed by breaking off the molecular ion, or the
m/z 152. The structure of m/z 215 is harder to predict, but Rodil et al.| (2005 suggests
it can be formed by two consecutive losses of water from the m/z 251 or loss of water
from a predicted ion with m/z 233 formed by losing a phenol from the molecular ion.
Also, Lorenzo et al. (2016) suggests the molecular formula for the peak at m/z 215 to be
C12HgOoP* which supports Rodil et al.| (2005) in the suggested loss from CjpH;gO3P™
at m/z 233. The m/z 233 is proposed in literature, and the peak at 233 is visible in
the optimized daughter spectrum for TPP at collision energy 24eV, and the structure is

therefore included in Figure [4.29]
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4 RESULTS AND DISCUSSION

4.6.13 DCrP
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Figure 4.30: Optimized daughter spectrum for DCrP at collision energy

22eV.
1 | 362.99 6 102.11 24 ES+
2 | 362.99 6 77.06 22 ES+
DPhP_DCrP | CISHI704P 3 | 362.99 6 123.23 22 ES+
4 | 362.99 6 84.22 22 ES+

Table 4.17: SRM transitions for DCrP.
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4.6 SRM Transistions
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Figure 4.31: Suggested DCrP daughter fragments.

For DCrP only the molecular ion at m/z 363 is clearly visible. The molecular weight of
DCrP is 340.32 g/mol which can indicate that the molecular ion has a positive sodium
ion instead of a proton. The fragment at m/z 77 is suggested as the same m/z 77
fragment suggested for TPP (Figure [4.29). The fragments at m/z 102, m/z 123 and
m/z 84 are difficult to predict as they do not follow the suggested general mechanism
of fragmentation, nor is possible to create by breaking any bonds within the compound.
This can indicate more complex rearrangements that are harder to predict. The peaks at

m/z 102, m/z 123 and m/z 84 is also show low abundance <20%.
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4 RESULTS AND DISCUSSION

4.6.14 TMPP
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Figure 4.32: Optimized daughter spectrum for TMPP at collision energy

28eV.
1 | 368.77 30 165.10 38 ES+
TMPP C21H2104pP 2 | 368.77 30 90.90 38 ES+
3 | 368.77 30 242.83 28 ES+

Table 4.18: SRM transitions for TMPP.
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Figure 4.33: Suggested TMPP daughter fragments.

The structures of the daughter fragments for TMPP is difficult to predict with certainty
as they do not follow the consecutive losses from breaking the C-O bonds. The optimized
spectrum at collision energy 28eV shows the molecular ion and the three daughter ions
at abundances over 40%. Some noise is also visible at different parts of the spectrum
which may indicate that other ions also may be formed. For the three daughter fragments
detected, the structures are suggested with inspiration from the fragmentation of TPP

from [Rodil et al] (2005) (also rendered in Figure [2.6)).
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4 RESULTS AND DISCUSSION

4.6.15 EHDP
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Figure 4.34: Optimized daughter spectrum for EHDP at collision energy

10eV.
‘ Compound |F0nnula!Mass | ‘ Parent m/z  Cone Voltage ‘ Daughters ‘ Collision Energy Ion Mode
1 | 384.73 40 272.71 14 ES+
EHDP 3624 2 | 384.73 40 280.76 20 ES+
3 | 384.73 40 343.61 10 ES+

Table 4.19: SRM transitions for EHDP.
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Figure 4.35: Suggested EHDP daughter fragments.

EHDP has a molecular mass of 362 g/mol, while the detected molecular ion is m/z 385.
This can indicate that as in DCrP the positive charge comes from a sodium ion. In the
spectrum presented in Figure only the molecular ion at m/z 385 and the daughter
fragment at m/z 273 is clearly visible. The fragmentation creating the m/z 273 follows
the protocol in Figure by breaking the C-O bond leading to fragmentation of an
ethylhexyl fragment. The fragments at m/z 281 and m/z 344 are detected as daughters
in the SRM but is not clearly visible in any of the spectrum provided from the MS/MS.
Their structures does not follow the general pattern for fragmentation but alternative

fragments are nevertheless suggested in Figure [4.36]
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Figure 4.36: Alternative EHDP daughter fragments at m/z 344 and m/z
281.
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4 RESULTS AND DISCUSSION

4.6.16 IDPP

No SRM or spectra was obtained from IDPP. Nevertheless possible daughter fragments are
suggested based on the proposed general mechanism for fragmentation and the different
fragmentation patterns presented in Section Structures are suggested for ions at
m/z 315, m/z 251, m/z 175, m/z 77, m/z 99 and m/z 239 in addition to the molecular
ion at m/z 391.
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Figure 4.37: Suggested IDPP daughter fragments.
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4.6 SRM Transistions

4.6.17 BPDP

As for IDPP, no spectra or daughters detected in SRM was obtained for BPDP. Possi-

ble daughter fragments are presented in Figure and are suggested by following the

presented general mechanism for fragmentation and the different fragmentation patterns

presented in Section [2.4.8, Structures are suggested for ions at m/z 307, m/z 175, m/z

251, m/z 231, m/z 99 and m/z 77 in addition to the molecular ion at m/z 383.

m/z 307

O
Uk

Compound  Formula/Mass

2020 BPDP | C22H2304P

Parent m/z  Cone Voltage Daughters Collision Energy = Ion Mode

No transitions found

Table 4.20: SRM transitions for BPDP.
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Figure 4.38:
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Suggested BPDP daughter fragments.
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4 RESULTS AND DISCUSSION

4.6.18 TTBPP
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Figure 4.39: Optimized daughter spectrum for TTBPP at collision energy
20eV.
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Figure 4.40: Optimized daughter spectrum for TTBPP at collision energy
64eV.
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4.6 SRM Transistions

Compound Formula/Mass Parent m/z Cone Voltage Daughters Collision Energy | Ion Mode
1 | 49478 62 326.77 32 ES+
2 | 49478 62 438.82 20 ES+
TTBPP C30H3904P
3 | 49478 62 382.79 26 ES+
4 | 494.78 62 151.97 64 ES+

Table 4.21: SRM transitions for TTBPP.
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Figure 4.41: Suggested TTBPP daughter fragments.

The molecular ion for TTBPP at m/z 495 is clearly visible in a clean spectrum together
with suggested daughter ions at m/z 327, m/z 439 and m/z 383 at collision energy 20eV.
The fourth detected daughter ion at m/z 152 is only visible and detected when collision
energy is increased to 64eV. This also increases the probability of rearrangements that
does not only consist of fragments created by clean breakage of covalent bonds. The
suggested structure of m/z 152 is the same variant as suggested structure for m/z 165
for TMPP and the m/z 152 for TPP. As the fragment at m/z 327 is the molecular ion

for TPP, the structure for a similar m/z may also be the same.
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4 RESULTS AND DISCUSSION

4.6.19 RDP
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Figure 4.42:

Optimized daughter spectrum for RDP at collision energy
18eV.
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Figure 4.43:

Optimized daughter spectrum for RDP at collision energy
40eV.

Compound = Formula/Mass Parent m/z Cone Voltage Daughters | Collision Energy Ion Mode
1 | 597.00 10 441.21 18 ES+
TPRBDP_RDP | C30H2408P2 2 | 597.00 10 23.14 30 ES+
3 | 597.00 10 77.06 40 ES+

Table 4.22: SRM transitions for RDP.




4.6 SRM Transistions

— ] Na+

o

[M+Na]+
m/z 597

m/z 77
Table 4.23: Suggested daughter fragments for RDP.

For RDP the molecular ion detected at m/z 597 is most probably an adduct ion with
sodium. The molecular mass of RDP is 574 g/mol which corresponds to an increase in
molecular weight of 23 to the detected m/z 597 ion. Only the detected daughter ion at
m/z 77 was clearly possible to predict. As the spectra in Figure and Figure show,
only the molecular ion at m/z 597 is clearly visible. The noisy spectrum in Figure at
collision energy 40eV may indicate formation of several different daughter fragments, and
since following suggested fragmentation mechanism or breaking any bonds in the molecule
leads to formation of an ion at m/z 441 the structure is not suggested. The fragment at

m/z 23 may be the sodium cation.
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4 RESULTS AND DISCUSSION

4.6.20 V6
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Figure 4.44: Optimized daughter spectrum for V6 at collision energy 18eV.
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Figure 4.45: Optimized daughter spectrum for V6 at collision energy 28eV.
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4.6 SRM Transistions
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Figure 4.46: Optimized daughter spectrum for V6 at collision energy 50eV.

1 | 581.00 4 358.99 18 ES+
2 | 581.00 4 234.96 34 ES+
2020_Vo6 C13H24C1608P2 3 | 581.00 4 297.01 28 ES+
4 | 581.00 4 98.99 50 ES+

Table 4.24: SRM transitions for V6.
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4 RESULTS AND DISCUSSION

For V6 three spectra are needed to see clear peaks for all daughter fragments. It is evident
by examining the spectra that increase in collision energy facilitates fragmentation and
the detection of smaller fragments and rearrangement. The molecular ion is only visible in
the spectrum with collision energy 18eV, while the daughter ion at m/z 99 not is visible in
the same spectrum but evident first at a collision energy of 50eV. The suggested structures
of m/z 359, m/z 235 and m/z 297 is presented in Figure [1.47] The m/z 99 fragment is
suggested to be the protonated phosphoric acid like the m/z 99 in TEP, TnPP, TnBP,
TiBP, TBOEP, TEHP, TCEP, TCIPP and TDCIPP. No structures for fragmentation of

V6 was found in literature, and the mechanism from Figure 2.7 did not match the detected

m/z. Fragmentation was therefore done to match the m/z from the SRM.
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Figure 4.47: Suggested V6 daughter fragments.
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4.6 SRM Transistions

4.6.21 BPA-BDPP
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Figure 4.48: Optimized daughter spectrum for BPA-BDPP at collision
energy 32eV.
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Figure 4.49: Optimized daughter spectrum for BPA-BDPP at collision
energy 80eV.

93



4 RESULTS AND DISCUSSION

Compound = Formula/Mass Parent m/z Cone Voltage Daughters Collision Energy Ion Mode

692.50 84 366.72 32 ES+
692.50 84 177.95 58 ES+
692.50 84 114.92 80 ES+
692.50 84 214.79 64 ES+

BPA-BDPP | C39H3408P2

T

Table 4.25: SRM transitions for BPA-BDPP.
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Figure 4.50: Suggested BPA-BDPP daughter fragments.

For BPA-BDPP the molecular ion is only visible as a small peak in the spectrum at
the lowest suggested collision energy for daughter detection. The peak at m/z 367 in
the spectrum at collision energy 32eV is clear and with abundance close to 100%. The
suggested ion at m/z 367 is a splitting of the symmetrical BPA-BDPP molecule at the
central carbon. The ion at m/z 367 is also the most documented on from fragmentation of
BPA-BDPP, and is often the only fragment presented in literature (see Table . The
peaks at m/z 178, m/z 115 and m/z 215 were first detected when collision energy was risen
to 80eV. This may lead to more rearrangement and unstable smaller ions, which also can
make it more challenging to predict the structure of the cations when the fragmentation
does not follow any clear pattern. For the ion detected at m/z 115 an adduct with sodium
is suggested. Here the suggested ion could also have had a -OH group instead of the -
ONa and had the sodium added in the para position from the C-ONa. At m/z 215 a
cation where the two phenyl groups is fragmented off m/z 367, leaving the m/z 215 ion,
is presented in Figure . No structure was suggested for the m/z 178 as no ion with

matching mass could be predicted with base in the molecular ion at m/z 693.
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4.6 SRM Transistions

4.6.22 BBOEHEP
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Figure 4.51: Optimized daughter spectrum for BBOEHEP at collision en-

ergy 12eV.
1 | 34283 8 24284 10 ES+
2 | 342.83 8 142.82 12 ES+
BBOEHEP | C14H3107P 3 34283 8 98.76 2% ES+
4 | 342.83 8 198.84 12 ES+

Table 4.26: SRM transitions for BBOEHEP.
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Figure 4.52: Suggested BBOEHEP daughter fragments.

For BBOEHEP all fragments were able to be suggested according to the step wise frag-
mentation suggested in Figure . The recognizable m/z 99 is also present as the smallest
detected daughter, together with cations induced by cleavage of one or two of the O-C
bonds at the phosphate. All fragments are visible in the presented spectrum obtained
with collision energy at 12eV. Other unstable fragments are also probable to exist when

observing the multiple small peaks in the spectrum.
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4.6 SRM Transistions

4.6.23 30H-BOEP
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Figure 4.53: Optimized daughter spectrum for SOH-BOEP at collision
energy 18eV.

1 | 41482 28 242.87 14 ES+
2 | 41482 28 299.16 14 ES+
3OH-TBOEP | C18H3908P 3 | 41482 28 198.82 14 ES+
4 | 41482 28 142.81 18 ES+

Table 4.27: SRM transitions for 3S0OH-BOEP.
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Figure 4.54: Suggested 30H-BOEP daughter fragments.

Fragmentation of 30H-BOEP partly follows the general fragmentation. Nevertheless all
suggested daughters are results of a C-O bond breaking. The peaks for the daughters at
m/z 243, m/z 299, m/z 199 and m/z 243 are all visible as main peaks in the spectrum
presented in Figure [4.53] Also smaller peaks can be observed in the spectrum which
can indicate that other fragment also may be present, just not detected as one of the
four daughters. In example there is a clearly visible peak at around m/z 99 which most
probably is the protonated phosphoric acid detected in several other OPFRs like BCIPP,
BCEP, DnBP, V6, TCIPP, TCEP, TEHP, TBOEP amongst others.

98



4.6 SRM Transistions

4.6.24 DnBP
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Figure 4.55: Optimized daughter spectrum for DnBP at collision energy
4eV.

1 | 210.88 12 98.78 12 ES+

2 | 21088 12 154.86 4 ES+
DnBP C8HI1904P

3 | 21088 12 169.75 4 ES+

4 | 21088 12 128.80 10 ES+

Table 4.28: SRM transitions for DnBP.
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Figure 4.56: Suggested DnBP daughter fragments.

In the obtained spectrum at collision energy 4eV the molecular ion at m/z 211 is clearly
visible together with the four daughter ions at m/z 99, m/z 155, m/z 170 and m/z 129.
The ions at respectively m/z 99 and m/z 155 are predicted by following the suggested
fragmentation pathway from Figure where the C-O bond is broken, leaving an OH-
group at the end. The first fragmentation from the molecular ion creates the m/z 155,
while the second and consecutive loss of the butyl-group leads to the protonated phos-
phoric acid at m/z 99 which is a repeating fragment from the OPFRs. For the detected
daughter fragments at m/z 170 and m/z 129 structures were not able to be predicted by

following suggested mechanisms from Section [2.4.8 or by breaking bonds in the molecule.
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4.6.25 BCEP
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Figure 4.57: Optimized daughter spectrum for BCEP at collision energy

14eV.
1 | 222.87 76 190.78 28 ES+
BCEP CAHOCI204P 2 | 222.87 76 98.76 14 ES+
3 | 222.87 76 160.75 10 ES+
4 | 222.87 76 62.89 16 ES+

Table 4.29: SRM transitions for BCEP.
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Figure 4.58: Suggested BCEP daughter fragments.

For BCEP three of the predicted daughters ions can be formed by following the suggested
order of fragmentation from Figure 2.7 The first fragmentation creates the suggested
daughter ion at m/z 161, while the second leads to the ion with m/z 99. The fragment
at m/z 63 is suggested as the same ion at m/z 63 that is proposed in Figure m
The fragment detected with abundance at almost 100% at m/z 191 is strangely not any
fragment that follows the suggested fragmentation mechanism. Is was also not possible
to obtain a fragment with m/z 191 by breaking any of the bonds in the molecular ion,

and the structure is therefore not predicted.
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4.6 SRM Transistions

4.6.26 BCIPP
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Figure 4.59: Optimized daughter spectrum for BCIPP at collision energy
6eV.
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Figure 4.60: Optimized daughter spectrum for BCIPP at collision energy
28eV.
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4 RESULTS AND DISCUSSION

Compound Formula/Mass Parent m/z  Cone Voltage Daughters Collision Energy Ion Mode
| 250.77 16 98.83 16 ES+
2 | 250.77 16 174.79 6 ES+
BCIPP C6H13C1204P
3 | 250.77 16 58.99 10 ES+
4 | 250.77 16 76.93 28 ES+

Table 4.30: SRM transitions for BCIPP.
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Figure 4.61: Suggested BCIPP daughter fragments.

Two spectra are required to observe peaks for all suggested daughter ions for BCIPP. The
fragments visible at m/z 175 and m/z 99 follows the most evident fragmentation pattern
by breaking the C-O bond and ending up with the protonated phosphoric acid at m/z 99.
The fragments at m/z 59 and m/z 77 were clearly visible in the spectrum with collision
energy set to 28eV. This facilitates more unstable fragments, and the suggested fragment
m/z 77 is the part cleaved off from the molecular ion at m/z 251 to form m/z 175. The

suggested cation at m/z 59 is a further divided part of a fragment possibly cleaved at the

O-P bond.
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4.6 SRM Transistions

4.6.27 BBOEP
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B —
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16
16
16
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198.83
82.90
100.96
54.96

10 ES+
14 ES+
14 ES+
14 ES+

Table 4.31: SRM transitions for BBOEP.

105



4 RESULTS AND DISCUSSION

m/z 199 m/z 83 m/z 101

Figure 4.63: Suggested BBOEP daughter fragments.

All suggested daughters, and the moleculare ion at m/z 299, are visible in the spectrum
obtained at collision energy 14eV. The fragment at m/z 199 occurs according to the
fragmentation pattern suggested in Figure . The fragment at m/z 101 is suggested
to be the ion cleaved off the molecular ion to create the fragment at m/z 199. If the
C-O bond at butyl group breaks, an ion at m/z 55 may be generated and is suggested,
together with the daughters ions at m/z 83, m/z 101 and m/z 199, in Figure [4.63]
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4.7 Summary of OPFR fragmentation

4.7 Summary of OPFR fragmentation

For the majority of the organophosphate flame retardants, three chains of carbons or
variation of phenyls are bonded to three of the oxygen atoms in the phosphate. When
the OPFRs undergo ionization, carbon chains or phenyls are broken off, resulting in
the detected daughter fragments. The detected daughter fragments from this project
(presented in Table does for most of the compounds correspond to what is found in
literature and presented in Table [£.32]

Three consecutive McLafferty rearrangements dominate the fragmentation of the trialkyl
phosphate esters and the trichloroalkyl phosphate esters (Rodil et al., [2005). This is also
suggested as the mechanism of fragmentation in Rodil et al.| (2005) and in Bell et al.
(1997). The alkyl groups are fragmented as neutral alkenes, and after three losses or
rearrangements of the OPFRs the protonated phosphoric acid occurs as the final cation.
Nevertheless, some of the OPFRs continue to fragment as a charge migration process
follows the McLafferty rearrangements that leads to a positive charge on the fragmented
alkyl or chloroalkyl groups making them detectable. For TCEP this can be seen as the
m/z 63 which is visible in the spectrum, even though it was not detected as a daughter

fragment in the SRM.

To predict a fragmentation pattern for each analyte is important to be able to further
predict how they will break down in nature. Since ESI is a mild form of ionization the
fragments can be similar to those detected in SRM and predicted in Section [4.6| The
fragments proposed may not be the only possible fragments. Different m/z fragments

are reported in literature and the peaks detected does not always replicate the suggested

daughters from the SRM.

4.8 Fragment detection

Daughter fragments for each OPFR found in literature is presented in Table The
daughter fragments suggested by IntelliStart is presented in Table In most studies
only one or two daughter fragments are presented. As IntelliStart provides four daughters
for each compound it is evident that all fragments may not be found in literature even

though different studies report different daughters. For most of the compounds, the de-

107



4 RESULTS AND DISCUSSION

tected ions, the quantification ion, and the confirmation ion are also reported as daughters
in literature. Nevertheless, not all are found in literature, and not all detected fragments
correspond to the data obtained from the chromatograms. This may come as a result
of IntelliStart not always detecting what looks like the most evident daughter fragments
when looking at the general mechanism presented in Section and Figure[2.7] or even
looking at the MS-spectra. Also, some daughters needed extensively increased collision
energy to be detected which can indicate that the formation of those fragments are less
likely to occur. Some of the spectra, in example Figure are relatively messy which
can indicate that several daughter fragments may be possible even though only some are
detected. It is also important to remember that different instrumentation may lead to
different fragments. Not only different instrumentation can facilitate this, but also the
same instrument in different laboratories can give different fragments. This comes as a
result of the ESI being highly dependent on the status of the instrument, and is linked

to the status of the electrospray cone including in example the level of dirt, acid or salt

residuals.
Table 4.32: Transitions for the OPFRs analyzed found in literature.
Compound SRM1 SRM2 References
T™MP 141>109/127 140>79/99 Fan et al.| (2014

Wang et al.| (2011
Bell et al.| (1997
TEP 183>155 182>127/138/99 Chu and Letcher| (2015
Fan et al.| (2014
Wang et al.| (2011
Bell et al.| (1997
TnPP 225>99 225>183/141 Chen et al.| (2012
Fan et al.| (2014
Wang et al.|[ (2011
TnBP 267>99 267>155/210 Santin et al.| (2016
Chu and Letcher| (2015
Fan et al.| (2014
Wang et al.| (2011
Rodil et al.| (2005
Cristale and Lacorte, (2013

108



4.8 Fragment detection

Table 4.32 continued from previous page

Compound

SRM1

SRM2

References

TiBP

TBOEP

TEHP

TCEP

TCIPP

267>99

399>299

435>99

285>223

327>251/99

267>211/155

399>199

435>80,/133/113/71

285>99/161/125/63

327>175/225/209

Fan et al.| (2014

Rodil et al.

2005

Cristale and Lacorte] (2013

Chen et al.

2012

Santin et al.

2016

Chu and Letcher

2015

Fan et al.| (2014

Rodil et al.

2005

Cristale and Lacorte| (2013

Chen et al.

2012

Santin et al.

2016

Chu and Letcher

2015

Wang et al.

2011

Rodil et al.

2005

Cristale and Lacorte] (2013

Chen et al.

2012

Santin et al.

2016

Chu and Letcher

2015

Wang et al.

2011

Rodil et al.

2005

Cristale and Lacorte] (2013

Matsukami et al.

2016

Santin et al.

2016

Chu and Letcher

2015

Fan et al.| (2014

Wang et al.

2011

Rodil et al.

2005

Cristale and Lacorte] (2013

Matsukami et al.

2016
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Table 4.32 continued from previous page

Compound

SRM1

SRM2

References

TDCIPP

TPP

DCrP

TMPP

EHDP

IDPP
TTBPP
RDP

431>319/99

327>77

341>152

369>165/91

363>251/247/51

391>251
495>439
575>481

431>320/209/211

327>152/215/168

341>99/228/91

369>99/178,/243

363>233/151/77

391>151/77
495>383
575>419

Chen et al.| (2012

Santin et al.| (2016

Chu and Letcher

2015

Fan et al.| (2014

Wang et al.| (2011

Cristale and Lacorte| (2013

Matsukami et al.

2016

Chen et al.| (2012

Santin et al.| (2016

Chu and Letcher

2015

Wang et al.| (2011

Rodil et al.| (2005

Cristale and Lacorte| (2013

Matsukami et al.

2016

Santin et al.| (2016

Matsukami et al.

2016

Chen et al.| (2012

Santin et al.| (2016

Chu and Letcher

2015

Fan et al.| (2014

Wang et al.| (2011

Cristale and Lacorte] (2013

Matsukami et al.

2016

Chen et al.| (2012

Santin et al.| (2016

Chu and Letcher

2015

Fan et al.| (2014

Wang et al.| (2011

Cristale and Lacorte] (2013

Matsukami et al.

2016

Santin et al.| (2016

Guan et al.| (2019

Rodil et al.| (2005

Matsukami et al.

2016
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Table 4.32 continued from previous page

Compound SRM1 SRM2 References

V6 535>361 583>235 Santin et al.| (2016
Chu and Letcher| (2015

BPA-BDPP 693>367 693>327 Matsukami et al.| (2016

Metabolites

DnBP (ESI-) 209>153 209>79 Van den Eede et al.| (2013
He et al.| (2018

BCEP (ESI-) 221>35 223>35 Van den Eede et al.| (2013
He et al.| (2018

BCIPP (ESI-)  249>35 251>35 Van den Eede et al.| (2013
He et al.| (2018

BBOEP (ESI-) 297>197/223 297>79 Van den Eede et al.| (2013
He et al.| (2018

BBOEHEP 343>243 He et al.| (2018

30H-BOEP 415>243 He et al.| (2018

Table 4.33: Daughter fragments detected in SRM for each analyze. (*)
refers to the quantification ion, (**) refers to the confirmation ion and (***)
refers to the ions where only one transition was detected with acceptable
peaks.

Compound Daughter 1 Daughter 2 Daughter 3 Daughter 4

TMP 141>109(%)  141>79(%%) 14147 141>95
TEP 183>99 183>142 183>127(%)  183>155(%*)
TnPP 225>99(**%)  225>141 225>85 225>81
TnBP 267>99 267>155(%)  267>211(**)  267>81
TiBP 267>99 267>211(%)  267>155(*%)  267>81
TBOEP 399>299(%)  399>199(*%)  399>99 399>143
TEHP 435>99(*) 435>323 435>71(%%) 4355211
TCEP 285>99(%%)  285>223(*%)  285>161 285>125
TCIPP 327>99(F%%) 327175 327>251 327>81
TDCIPP 429>99(¥%%) 429209 429>319 429>75
TPP 327>152(%*%) 32777 327>215(%)  327>251
DCrP 363>102 363>77 363>123 363>84
TMPP 369>165(*%)  369>91(*)  369>243

EHDP 385>273(***) 385281 385>344

IDPP - - - -
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Table 4.33 continued from previous page

Compound Daughter 1 Daughter 2 Daughter 3 Daughter 4
TTBPP 495>327 495>439 495>383 495>152
RDP 597>441 597>23 S97>T7 -

V6 581>359(***) 581>235 581>297 581>99
BPA-BDPP  693>367(*) 693>178 693>115 693>215
BPDP Not detected  Not detected Not detected Not detected
Metabolites

DnBP 211>99 211>155 211>170 211>129
BCEP 223>191 223>99 223>161 223>63
BCIPP 251>99 251>175 251>59 251>77
BBOEP 299>199 299>83 299>101 299>55
BBOEHEP  343>243(**)  343>143 343>99(*) 343>199
30H-BOEP  415>243(*) 415>299 415>199(**)  415>143
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4.9 Further work and suggestions

For determination and analysis of OPFRs in foodstuffs development of an effective and
good extraction protocol is important. This step has proven to be one of the greatest
challenges when analyzing OPFRs in complex matrices like foodstuffs. Since almost all
previous studies have used SPE as a clean up step, testing this might be a pathway for
further work. Also being extra careful when it comes to contamination of the samples
during sample preparation is suggested. In example could the weighing of the samples be
carried out in a fume hood to avoid contamination from dust in the laboratory. Another
possibility is to analyze the used PP tubes to ensure and establish the content of OPFRs
in the tubes. As they are made of plastic it is not impossible that they contain OPFRs.
To use more target specific internal standards could also be a suggestion to obtain better

recoveries.

As soon as a good extraction protocol is established, and the laboratories open again, it
is recommended that the first planned lab-work, to analyze the 49 anticipated babyfoods,
is carried out. This is important knowledge as children are more prone to the possible

toxic effects of OPFRs.

More research on OPFRs in foodstuffs should be carried out to get a better understanding
of the exposure of OPFRs through food. It is definitely an important part of the road to
get a full understanding of all pathways for human exposure of OPFRs.
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5 Conclusion

Two different extraction protocols for extraction of OPFRs from foodstuffs was tested.
Extraction with ethyl acetate showed far better recoveries than the extraction where
DCM:Hex(1:1) was used as the main solvents. Concentrations were consequently calcu-
lated from results obtained from the extraction with ethyl acetate. The LOD ranged from
0,02-3,97 ng/g for the 21 analyzed OPFRs. Concentration of nine compounds were under
the limit of detection (TiBP, TCEP, DPMP, TMPP, TBOEP, 30H-TBOEP, TTBPP,
V6 and BPA-BDPP), while four showed concentrations under the limit of quantification
(TnPP, BBOEP, IDPP and RDP). Five OPFRs (TMP, TEP, TnBP, TCIPP and TPP)
was able to be quantified with concentrations varying from 0,25 ng/g dw to 23,5 ng/g
dw, while quantitative calculations was unable to be performed for three TEHP, TDCIPP
and EHDP due to very high blank values.

Satisfactory recoveries were obtained for the majority of the OPFRs when following the
extraction protocol with ethyl acetate, while the majority of the recoveries from the

extraction with DCM:Hex showed poor recoveries.

Structures for detected daughter fragments for 26 OPFRs were suggested based on op-
timized MS spectra and results provided from the SRM. A general pattern for the frag-
mentation was also suggested for the OPFRs. It should be noted that not all compounds

followed the mechanism.

To develop an optimized extraction technique for all OPFRs should be a priority. Previous
studies on OPFRs in foodstuffs have screened the samples for six to fifteen OPFRs, and
no studies have analyzed foodstuffs for TTBPP, V6, BPA-BDPP and RDP as fist planned
in this study.

More research is needed on OPFRs in foodstuffs to get a complete picture of the human
exposure. This is important to be able to evaluate the overall toxicological effects of the

OPFRs.
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A Appendix

A.1 Protocol for extraction of OPFRs from foodstuffs - Ethyl
Acetate

The following LLE extraction method has followed the protocol from Kimura, (2019), with

minor adjustments.

Samples were freeze dried and homogenized. Approximately 1g for each sample was
transferred into a 15 mL PP tube. 2 mL of 1 M ammonium acetate solution was added

to each PP tube. Addition of IS and TA follows Table [A.1]

10 pL of a 1 ppm I[S-mix solution was spiked to the samples, vortexed and allowed to
equilibrate. 6 mL of ethyl acetate was added to each tube and shaken by hand to mix
before 10 minutes of UV-sonication. Tubes were then transferred to a mechanical shaker
(KS501 digital, TKA) for 45 minutes. Centrifuging at 3500 rpm for 10 min was carried
out before the supernatant was transferred into another 15 mL PP tube. This extraction
process was repeated two more times with 6 mL of ethyl acetate, hand and mechanical

shaking, centrifuging and supernatant transferring.

To remove the salts, 1mL of Milli-Q water was added to PP tube and shaken for approx-

imately 2 minutes, before centrifuging for 5 minutes and water removal.

PP tubes were kept in the refrigerator at 4 °C over night. Samples were evaporated to
near dryness (150-250uL) under a gentle stream of nitrogen at 25 °C in the TurboVap
Classic LV (Biotage). Further, it was reconstituted with 1 mL of 50:50 milli-Q water and
acetonitrile (MQ:ACN), and transferred into vials for UHPLC analysis. After a night in

the refrigerator a thin lipid layer were gently pipetted out.

For each test-extraction ten PP-tubes were prepared. One reagent blank (RB), three
samples(S1-S3), four spiked samples (SP1-SP4) and two matrix match samples (MM1-
MM2).
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A APPENDIX

A.2 Protocol for extraction of OPFRs from foodstuffs - Hex-
ane:DCM

The following LLE extraction method has followed the protocol from Kimura, (2019), with
minor adjustments and change of the solvents from ethyl acetate to dichloro-methane

(DCM) and hexane (HEX).

Samples were freeze dried and homogenized. Approximately 1g for each sample was
transferred into a 15 mL PP tube. 2 mL of 1 M ammonium acetate solution was added

to each PP tube. Addition of IS and TA follows Table [A.1]

10 pL of a 1 ppm I[S-mix solution was spiked to the samples, vortexed and allowed to
equilibrate. 6 mL of was added to each tube and shaken by hand to mix before 10
minutes of UV-sonication. Tubes were then transferred to a mechanical shaker (KS501
digital, IKA) for 45 minutes. Centrifuging at 3500 rpm for 10 min was carried out before
the supernatant was transferred into another 15 mL PP tube. This extraction process
was repeated two more times with 6 mL of ethyl acetate, hand and mechanical shaking,

centrifuging and supernatant transferring.

To remove the salts, 1mL of Milli-Q water was added to PP tube and shaken for approx-

imately 2 minutes, before centrifuging for 5 minutes and water removal.

PP tubes were kept in the refrigerator at 4 °C over night. Samples were evaporated to
near dryness (150-250uL) under a gentle stream of nitrogen at 25 °C in the TurboVap®
Classic LV (Biotage). Further, it was reconstituted with 1 mL of 50:50 milli-Q water and
acetonitrile (MQ:ACN), and transferred into vials for UHPLC analysis. After a night in

the refrigerator a thin lipid layer was gently pipetted out.

For each test-extraction ten PP-tubes were prepared. One reagent blank (RB), three
samples (S1-S3), four spiked samples (SP1-SP4) and two matrix match samples (MM1-
MM2).
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A.2 Protocol for extraction of OPFRs from foodstuffs - Hexane:DCM

Table A.1: Overview of internal standard (IS) and target analyte (TA)
addition.

ID TA pre-ext. IS pre-ext. TA post-ext. IS post-ext.
Sample X

RB X

S Sp X X

MM X X
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