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Abstract
There is a tendency to substitute the frequently used, but relatively hazardous brominated
flame retardants (BFRs) with halogen-free flame retardants (HFFRs), such as the
organophosphorus flame retardants (OPFRs) bisphenol A bis(diphenylphosphate) (BDP also
known by the abbreviation BPA-BDPP), 9,10-dihydro-9-oxa-10-phosphaphenanthrene
(DOPO) and resorcinol bis(diphenylphosphate) (RDP also known by the abbreviation
PBDPP). Although the latter compounds are already marketed, their physical-chemical
properties and environmental fate are poorly characterized because quantitative analytical
methodologies have not been fully developed yet. An analytical procedure based on SPE and
LC-MS/MS is presented for the determination of these compounds in water and sewage
treatment plant (STP) effluent. The experimentally determined aqueous solubilities of BDP,
DOPO and RDP were 3.9, 2200 and 0.047 mg L-1, respectively. The applicability of the
method for monitoring BDP and RDP in effluents was demonstrated and in the effluent of a
Dutch STPs a concentration of 10 ng L-1 of BDP was measured. Hence, the method developed
in the present study presents a major step towards environmental monitoring of these currently
emerging organophosphorus HFFRs.

1 Introduction
To fulfill flame retardancy regulatory requirements, chemical additives known as flame
retardants (FRs) are incorporated into polymers. Brominated flame retardants (BFRs) are
widely used because they have a low impact on the polymer’s characteristics, are very effective
in relatively low amounts compared to other FRs (Alaee et al., 2003), and are relatively cheap
(Birnbaum and Staskal, 2004). Some BFRs, however, have unintended negative effects on the
environment and human health. They can be very persistent (Robrock et al., 2008) and can
show serious adverse effects such as endocrine disruption (Darnerud, 2003; Darnerud, 2008;
Meerts et al., 2001). Concerns about the persistence, bioaccumulation, and toxicity (PBT) of
some BFRs have led to a ban on the production and use of a number of these compounds (e.g.
polybrominated diphenyl ethers (OSPAR, 2001 (2004 updated); European Parliament (EP),
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2002)). Hence, there is growing interest in substituting BFRs with alternative halogen-free
flame retardants (HFFRs), including organophosphorus flame retardants (OPFRs), and their
application is currently increasing (Betts, 2007; European Flame Retardants Association
(EFRA), Webpage). Consequently, several new OPFRs have been introduced on the market,
including bisphenol-A bis(diphenylphosphate) (BDP or BPA-BDPP), 9,10-dihydro-9-oxa-10phosphaphenanthrene (DOPO) and resorcinol bis(diphenylphosphate) (RDP or RBDPP). We
use the shorter acronyms here for simplicity. BDP is used for instance in housings of
electronic products as an alternative to decabromodiphenylether (Deca-BDE) and DOPO as
an alternative to tetrabromobisphenol-A (TBBPA) in applications such as printed circuit
boards and electronic components encapsulations. RDP is also used as an alternative to
TBBPA, but for housings of electronic products (Waaijers et al., 2013b).
Although many OPFRs are already marketed, their environmental presence and behavior are
known to a limited extent only (Waaijers et al., 2013b). Even essential physical-chemical
properties such as water solubility are poorly characterized and wide ranges are reported in the
literature (Waaijers et al., 2013b). Quantitative analytical methodologies for BDP, DOPO and
RDP have not been fully developed (van der Veen and de Boer, 2012) although BDP and RDP
have previously been detected in air in one study (Matsukami et al., 2010). Rodil and coauthors
published a method for measuring OPFRs, including RDP and BDP, in waste water (Rodil et
al., 2005). However, they observed strong matrix effects for these two analytes and a relatively
low sensitivity, and did not observe concentrations of RDP and BDP in the analyzed waste
water samples above their limits of detection (LODs). Another disadvantage of their method
was the use of standard addition for quantification. To the best of our knowledge no analytical
method for DOPO has been published yet. Consequently, there is an urgent need for an
optimized analytical methodology for monitoring the presence of these compounds in
environmental compartments and to study their environmental fate and behavior. The
objectives of the present study were therefore to develop and optimize an analytical
methodology to determine BDP, RDP and DOPO in water and to measure their water
solubilities. The applicability of the method was demonstrated by studying the presence of
BDP, RDP and triphenyl phosphate (TPP) in three Dutch sewage treatment plants (STPs)
effluents.

103

Chapter 3 – Analysis of Organophosphorus Flame Retardants

2 Materials and Methods
The present study consisted of three consecutive parts: first we experimentally optimized the
analytical methodology for BDP, DOPO, RDP and TPP combined. TPP was included in this
study, since it has been reported to be a substantial by-product in RDP and BDP technical
mixtures (Clean Production Action et al., 2007). Then we determined the water solubility of
BDP, DOPO and RDP. Finally, we applied the developed analytical method to determine
BDP and RDP in three STP effluents.

2.1 Reagents and standards
BDP  80%, CAS: 5945-33-5) & RDP &$6-21-9) were available as technical
mixtures only and obtained from ICL (Tel Aviv, Israel). The relative TPP content in
commercial RDP and BDP technical mixtures was 4.52±0.27% and 3.57±0.11% respectively
(± 95% C.L., n=4). No native TPP was found in the measured TPP-d15 standards. The data
thus obtained were used to correct TPP quantification performed throughout this study.
'232 ZDV REWDLQHG IURP .&&6   &$6 -25-5, Krems, Austria). TPP (99%,
CAS: 115-86-6) and TPP-d15 (98%, d-15, internal standard, product nr: 615218) were obtained
from Sigma-Aldrich (Zwijndrecht, Netherlands). Full names of the analytes are given in Table
1. Acetone, acetonitrile and methanol (ULC grade) were supplied by Biosolve (Valkenswaard,
The Netherlands), Promochem (Wesel, Germany) or Merck (Darmstadt, Germany) and
ammonium acetate (99.99%) by Sigma Aldrich. Ultra-pure water was used from Biosolve (ULC
grade, Valkenswaard, The Netherlands) and J.T. Baker (Deventer, The Netherlands) as well as
from an ELGA water system (ELGA ultra-pure water system, Ubstadt-Weiher, Germany) or a
Milli-Q unit (Millipore AB, Solna, Sweden). Acetic acid (100%, anhydrous) was purchased
from Merck and formic acid (98-100%, reagent grade) from Scharlau Chemie SA (Sentmenat,
Spain). Sulfadimethoxine (SDIM, CAS: 122-11-2) from Sigma-Aldrich was used as volumetric
standard for the solubility determinations.
For optimization of the analytical method individual stock solutions were made for TPP, RDP,
BDP (2000 mg L-1), DOPO (200 mg L-1) and TPP-d15 (500 mg L-1), and the former three
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were used to prepare a mixed stock solution (200 mg L-1). All stock solutions were prepared in
acetonitrile (ACN), except for DOPO, which dissolved better in acetone. All calibration
standards were prepared in ACN.
For the determination of water solubility individual stock solutions were made in methanol
(MeOH) for RDP, BDP, DOPO (1.00 g L-1) and SDIM (0.50 g L-1). A mixed stock solution of
RDP and BDP was prepared (5.0 mg L-1 MeOH).

2.2 LC-MSMS method optimization
For the analytical method optimization the analytes were measured in spiked water samples
using liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS). The LC
system (Shimadzu, Kyoto, Japan) consisted of an autosampler (SIL-20A), binary pump (LC20AD XR), column oven (CTO-20AC) and system controller (CBM-20A). The LC was
interfaced to a 4000 QTRAP (Applied Biosystems, Toronto, Canada) MS/MS with
electrospray ionization (ESI). Nitrogen was used as ionization (curtain, nebulizer and auxillary)
and collision gas. Analyst software (version 1.5.1) was used to operate the LC-MS/MS.
Solvents used as mobile phase were filtered (Glass fibre, GF/F, Whatman) and degassed by
sonication before use. The LC system was automatically equilibrated (8 min) to starting mobile
phase conditions prior to each sample injection.
Precursor-product transitions were optimized using flow injection analysis (FIA). For this
purpose 10 μL of individual standard solutions (ca. 50 μg L-1) was injected. We started with the
LC-MS/MS settings of Rodil et al. (2005). The flow rate of the mobile phase was set at 0.25
mL min-1 XVLQJ D & VWDWLRQDU\ SKDVH /XQD &    ƬP  c [ PP ,'
Phenomenex, Torrance, CA, USA) kept at 45°C. Eluent A consisted of MeOH:H2O 50:50 and
eluent B of pure MeOH, both containing 5 mM ammonium acetate and 3 mM acetic acid (pH
5). The gradient was as follows: 0 min (75% B), 11 min (100% B), 17 min (100% B), 19 min
(75% B). ESI tandem mass spectrometry operated in positive ion mode with an ion spray
voltage of 2000 V, ionization temperature of 400°C, curtain gas of 10, nebulizer gas of 40,
auxillary gas of 75 (arbitrary units) and 40-60 ms dwell time. For quantification two (precursor-
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product) transitions were measured with multiple-reaction monitoring (MRM) (Table 2). Water
samples were quantified using TPP-d15 as an internal standard (IS).
Table 1: Schematic structure and full names of the analytes BDP, DOPO, RDP and TPP.
Analyte

Acronyms

Bisphenol A
bis(diphenyl phosphate)

BDP

Structure

polymer, n = 1 – 2
predominantly

9,10-Dihydro-9-oxa-10phosphaphenanthrene

DOPO

Resorcinol bis(diphenyl
phosphate)

RDP

polymer, n = 1 – 3
predominantly

Triphenyl phosphate

TPP
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Table 2: Characteristics of the optimized MS/MS method for BDP, DOPO, RDP and TPP
(positive ion mode).

BDP
DOPO
DOPO-H2O
RDP
TPP
TPP-d15 (IS)
*

Precursion
Ion

Product
Ion

Declustering
Potential (V)

Collision Energy
(V)

693

367

177

51

693

327

172

44

217

199

109

33

217

152

101

54

235

217

*

64

20

235

199

64

*

31

575

481

176

51

575

419

175

52

327

153

128

40

327

215

123

37

342

162

128

40

342
243
123
37
This declustering potential voltage leads to good sensitivity for DOPO-H2O-H+,
however it can create in source fragmentation giving an extra peak at DOPO-H+
m/z value. With a lower voltage (20) this peak disappears but the sensitivity is
lowered as well.

All OPFRs eluted within thirteen minutes when using the present study’s optimized method.
BDP, DOPO, RDP and TPP were well separated as shown in the chromatogram (Figure 1).
At these relatively high concentrations (1 mg L-1 for DOPO and 2 mg L-1 for TPP, RDP and
BDP) carry over occurred when using the method of Rodil et al. (2005). Starting the gradient
at a higher concentration of MeOH prevented this problem. The retention times, regressions
of the calibration curves and lowest amount injected of the analytes are shown in Table 3.
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Figure 1: Chromatographic separation of DOPO (left) and TPP-d15 (IS), TPP, RDP and BDP
(right) with at a concentration of 1 mg L-1 for DOPO and 2 mg L-1 for TPP, RDP and BDP.
Table 3: Characteristics of the optimized HPLC method for BDP, DOPO, RDP and TPP.
BDP, DOPO and RDP are all calibrated with 6 levels (~15-1400 Pg L-1), TPP with 5 (29-1142
Pg L-1).
Regression

Linearity (R2)
(n=8)*

BDP

second order

0.9990 ± 0.0009

107

12.61 ± 0.02

DOPO

first order

0.9630 ± 0.0064

250

4.11 ± 0.03

RDP

first order

0.9992 ± 0.0006

116

9.91 ± 0.02

TPP

first order

0.9983 ± 0.0006

308***

7.78 ± 0.02

TPP-d15 (IS)

-

-

-

7.63± 0.02

Compound

*

pg injected**

tr (min)
(n>100)****

data averaged from four calibration curves (DOPO three) and two transitions
(± 95% C.L.)

**

picogram (pg) injected for lowest level of calibration curve

***

corrected for TPP impurities, see section 2.1 Reagents and standards

****

tr= retention time
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2.3 Water solubilities
Saturated solutions of DOPO, RDP and BDP in water were prepared separately (in triplicate)
by placing 0.05-0.06 g of DOPO, 0.02-0.04 g of RDP and 0.02-0.03 g of BDP in glass test
tubes. Ten mL of Millipore water was added to each test tube and the tubes were sealed with a
Teflon-lined screw cap. The sealed test tubes were placed in an ultrasonic bath for two hours
and then on a rotation device. The test tubes with DOPO were rotated for 9 d, and then
allowed to stand in the dark for 4 months (average room temperature 22 oC) until analysis. The
DOPO water samples were filtered through glass fiber filters and aliquots were diluted with
MeOH before analysis. The volumetric standard was added to the autosampler (AS)-vials. The
test tubes with BDP and RDP were rotated for 3.5 months (covered in aluminium foil) and
then allowed to stand in the dark at room temperature. After another 3.5 months, the test
tubes were centrifuged (4000 rpm, 20 min). The water solubilities of both BDP and RDP were
higher than anticipated (Waaijers et al., 2013b) (one replicate was sacrificed) and the remaining
duplicate water samples had to be diluted with MeOH rather than concentrated. The results
indicated that these OPFR solutions were not homogenous, especially for RDP. Therefore,
new aliquots were sampled from the saturated water solutions after an additional 8 months.
These were taken from the middle of the water column without touching the glass walls. Then
they were filtered in small portions (slowly by gravity) through two cellulose filters placed on
top of each other (Krim. Teknisk Materiel AB, Bålsta, Sweden) placed on top of a frit
(polyethylene) in an empty SPE reservoir. The first 0.5 mL filtered was discarded and then
aliquots (3 x 0.4 mL) were collected directly into pre-weighed AS-vials.
A volumetric injection standard (SDIM in MeOH) was added and the samples were kept at
room temperature until analysis. At the moment of the analyses there were visible remains of
un-dissolved chemical in all original test tubes, indicating saturated solutions.
The samples used for determining the water solubility were analysed with an ultra-high
performance liquid chromatograph coupled to a tandem mass spectrometer (UHPLC-MS).
The LC system (ACQUITYTM UPLC, Waters, Milford USA) consists of an autosampler, a
binary pump, and a column oven. The MS was a tandem-quadrupole MS (XevoTM TQ-S,
Waters) with ESI. Nitrogen was used as desolvation and nebulizer gas, and argon as collision
gas. MassLynx software was used (version 4.1) for operation of the UPLC-MS/MS system and
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also for data acquisition. The LC injection volume was 1 μL and the flow rate of the mobile
phase was set at 0.4 mL min-1 for BDP and RDP and 0.5 mL min-1 for DOPO. A C18
stationary phase (ACQUITY UPLC® HSS, 1.8 μm; 2.1x100 mm, Waters, Milford, USA) LC
column with a pre-column (ACQUITY UPLC™ HSS C18; 1.8 μm VanGuard™; 2.1 x 5mm)
was used and kept at 65 oC. Details on the eluents and gradients used are shown in the
supporting information (SI), chapter 5. The ESI tandem mass spectrometer was operated in
negative ion mode for DOPO and in positive mode for BDP and RDP. For quantification two
(precursor-product) transitions were measured with MRM. Instrumental parameters and
individual settings are described in Table S.1 (SI). The concentrations of BDP, DOPO and
RDP in the water samples were quantified by means of external calibration curves with the
injection standard SDIM added to both samples and standards.

2.4 Optimization of Solid Phase Extraction (SPE) and STP
effluent analysis
2.4.1 Sample preparation – solid phase extraction (SPE)
In order to determine the concentrations of the OPFRs in STP water samples, we first
optimized the sample preparation method. SPE was used for the extraction and clean-up of
the water samples. For this purpose a variety of SPE columns was tested in duplicate with
spiked pure water to evaluate optimal packing size and interaction mechanism (see Table 4). In
addition, an ‘empty cartridge’ was prepared by manually removing the packing materials. This
was used to evaluate losses caused by adsorption to the cartridge housing material. Ultra-pure
water was spiked at 0 and 100 μg L-1 (IS 200 μg L-1). The extractions were performed using a
manifold vacuum set-up (Waters Chromatography B.V., Etten-Leur, the Netherlands).
Cartridges were conditioned with 5 mL of MeOH and equilibrated with 5 mL of ultrapure
water (or both 10 mL in case of 500 mg sorbent). After addition of the water sample (7 mL),
the HLB, MCX and Strata X cartridges were left to dry for 30 min before two elutions with
MeOH (elution 1 and elution 2, both 7 mL). The other cartridges were washed directly with 2
mL of ultrapure water, followed by two elutions with MeOH as above. MCX (150 mg) and
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HLB (500 mg) were tested with acidified water for conditioning and washing (2% formic acid,
pH 2). The recoveries were calculated by comparing SPE samples to a sample that was directly
taken from the spike solution (this concentration was set at 100%). Based on these results the
optimal cartridge was selected.
In order to validate the selected SPE method, effluent samples from three different STPs in
the Netherlands (Table 5) were collected and analyzed for BDP, RDP and TPP. Since a larger
volume was required to analyse the expected trace concentrations in these samples, the method
was also validated on 100 mL samples. First a triplicate spike experiment with ultra-pure water
(Milli-Q) for BDP, RDP and TPP was performed at two concentration levels. 100 mL of water
was spiked at a high concentration (250 μl of 1000 ng mL-1 BDP/RDP standard in methanol)
and a lower concentration (50 μl of 1000 ng mL-1 BDP/RDP standard in methanol). In
addition to water, 100 mL of STP effluent samples (triplicate, taken from location Rotterdam,
the Netherlands, see Table 5) were spiked to test for the matrix effects. The STP effluent was
first centrifuged at 1500 rpm for 10 min to separate the water from the particular matter before
it was spiked with 50 μl of 1000 ng mL-1 BDP/RDP standard in methanol. The technical
mixtures of BDP and RDP contain TPP as a byproduct which was used for the calculation of
the recovery of TPP. TPP-d15 was used as internal standard for quantification.

2.4.2 STP effluent analysis
For the analysis of OPFRs in sewage effluent, one sample of effluent (100 mL) was taken per
location (spot sampling). Some basic information on the STP systems is given in Table 5. The
samples were first centrifuged at 1500 rpm for 10 min to separate the water from the particular
matter. After centrifugation, this 100 mL of effluent was diluted with 50 mL of ultrapure water
(diluting of the samples prevent the SPE cartridges from clogging). The samples were acidified
with formic acid to pH 2 and TPP-d15 (75 ng) was added as an internal standard (IS). Cleanup
was performed with solid phase extraction (Oasis SPE MCX 150mg/6cc). The cartridge was
washed and conditioned with 6 mL of MeOH followed by 5 mL of ultra-pure water and then
the sample was loaded on the SPE cartridge. It was washed with 3 mL of ultra-pure water
(pH<2) and left to dry for 30 min. BDP and RDP were eluted with 6 mL of MeOH. This was
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evaporated to a final volume 1 mL using a gentle N2 flow, resulting in a concentration factor of
100.
Table 4: Characteristics of SPE cartridges tested to extract OPFR from water samples.
Manufacturer

Column

Sorbent (mg)

Materiala

Interaction(s)b

Phenomenex

Strata X

200

Strata X

vdW, π-π, polar

C18-U

200

C18, not endcapped

vdW, slightly polar

C18-E

200

C18, endcapped

vdW

Phenyl

200

Phenyl

π-π

Cyano

200

Oasis HLB

Waters

Baker

Biotage

a

500

Cyano

π-π, polar

c

HLB

vdW, polar

c

Oasis MCX

150 , 500

MCX

vdW, polar, SCX

Speeddisk C18

200

C18, endcapped

vdW

SDB 1

200

SDB

vdW, π-π

Isolute ENV+

200, 500

Proprietary

vdW

HLB: hydrophilic-lipophilic-balanced; MCX: mixed-mode cation exchange; SDB:
styrenedivinylbenzene

b

Primary Interactions: vdW: van der Waals; π-π: pi-pi interactions; SCX: strong cation
exchange

c

These cartridges were tested acidified; see section 3.2 Optimization of SPE and STP `
effluent analysis

Table 5: Characteristics of Dutch sewage treatment plants screened for BDP, RDP and TPP.
Biological capacitya

Location

Main source

Amsterdam West

1014000

90% household 10% industry

Eindhoven

750000

household, textile and chemical industryb

Rotterdamc

400400

72% household 28% industry

a

i.e. inhabitant equivalents á 136 g total oxygen uptake day -1

b

percentages unknown

c

location Kralingseveer
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Analysis of BDP, RDP and TPP in STP effluent was performed on a 1260 infinity high
performance liquid chromatograph (HPLC) (Agilent Technologies, Amstelveen, The
Netherlands) with a 150 x 3 mm Luna C18 3 μm column and C18 4 x 3 mm guard column
(Phenomenex, Utrecht, The Netherlands). The LC method used was described in Rodil et al.
(2005). Eluent A consisted of MeOH:H2O 20:80 and eluent B of 100% MeOH, both
containing 0.2% formic acid. The LC gradient was adopted and modified following: 0 min.
(55% B), 5 min. (70% B), 11 min. (100% B), 16 min. (100% B), 17 min. (55% B) and 27 min.
(55% B). The HPLC was coupled to a 6410 triple quad MS (Agilent Technologies, Amstelveen,
Netherlands) with electro-spray ionization (ESI) interface operated in the positive mode. The
capillary voltage was set at 3500 Volt with a source temperature of 350 °C, nebulizer gas
pressure of 45 psi with and a drying gas flow of 8 L min-1. The injection volume was 10 μL.
The MS was run in the MS-MS mode using multiple-reaction monitoring (MRM) of the parent
and the daughter ions given in Table S.2 (SI). TPP-d15 was used as internal standard for
quantification.

3 Results & Discussion
3.1 Water Solubilities
3.1.1 DOPO
The chemical structure of DOPO is commonly represented in its closed-ring form with the
phosphorus atom existing in a P(V) oxidation state. However, its ring P-O bond hydrolyses
(accelerated in acid environments) (Liu et al., 2003), which opens the middle ring and creates
an acidic product. It has previously been reported that commercial DOPO can contain
approximately 31% of a hydrolyzed ring-opened phenolic phosphinic acid, referred to here as
DOPO-H2O, which exists largely as the deprotonated species in the presence of water
(Morrison and Boyd, 1966). Additionally, pentavalent phosphorus compounds containing P-H
bonds can tautomerize from the P(V) form to the P(III) tautomer (Mayer et al., 1981) which
makes the analysis of DOPO in solution challenging. The characterization of DOPO in
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various solution states was carried out through NMR and LC-MS experiments by colleagues at
Wellington Laboratories Inc. (Riddell and Wellington Laboratories, 2012, 9 May).
The presence of these multiple species in solution required the development of specialized LC
conditions for this study, which included pH optimization. No transformation products of
DOPO were observed when a freshly made standard was infused directly into the mass
spectrometer in the absence of water. When a DOPO standard was injected in the LCMS/MS, on-column hydrolysis was observed, most likely due to the water present in the
mobile phase, forming DOPO-H2O. A ‘saddle’ chromatogram was observed when analyzing
DOPO+H+ and DOPO-H2O+H+ , with the latter peak at a later retention time (+2.2 min)
(Figure 2). In-source fragmentation of DOPO-H2O+H+ to DOPO+H+ was observed and
meant that a single MRM (m/z 217/199) was used to analyse these two compounds. When
decreasing the pH of the sample and mobile phase to 2.1 the equilibrium was completely
shifted resulting in DOPO-H2O only. However, this method led to poor reproducibility and
chromatography over time. Best results were therefore obtained with a buffer (ammonium
acetate and acetic acid, pH 5), which resulted in good stability over time.

Figure 2: LC-MS/MS chromatogram of
DOPO (200 µg L-1), showing the ‘saddle’
formed due to on-colomn hydrolysis
(method Rodil et al.(2005), pH ~3).
The first peak (tr=4.8 min) is DOPO and
the second peak (tr=7.0 min) DOPOH2O.
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Consequently, concentrated stock solutions were prepared in acetone (which dissolves DOPO
well) and lower concentration calibration standards in ACN, both aprotic solvents. However,
after about a three months period the DOPO concentration in the calibration standards had
decreased dramatically (a loss of approximately 90%). It was unclear to what products DOPO
degraded, while other OPFRs did not appear to degrade within calibration solutions. Thus
DOPO did not seem to react with the other analytes. Because of this, the DOPO SPE
recoveries were quantified relatively (peak area of sample injected directly/ peak area of sample
after filtration or SPE, with IS correction). Because of the instability of DOPO in ACN, stock
solutions and calibration standards were prepared in MeOH, and used within 24 h.
The experimentally obtained water solubility for DOPO in this study was 2200 ± 580 mg L-1
(Table 6). Since DOPO hydrolyses in contact with water, it should be kept in mind that the
product dissolved is actually an equilibrium mixture of DOPO-H2O and DOPO. The pKa of
the benzene phosphinic acid moiety is estimated to be 1.65 (American Chemical Society (ACS),
2013) and about 9.8 for the 2-phenylphenol moiety (Health Canada, 2008). This means that
DOPO-H2O probably also has a low pKa and that the deprotonated DOPO-H2O is dominant
in water. There are no other experimentally obtained data in literature for the water solubility
of DOPO, and the modeled data reported a range from 9 to 2800 mg L-1 (Australian
Government Regulator of Industrial Chemicals, 2000). The present experimentally obtained
water solubility for DOPO (2200 mg L-1) is close to the upper end of the modeled values and
confirms its high water solubility. This increases the likelihood of finding DOPO in
environmental water samples.
Table 6: Experimental water solubilities (SW mg L-1) of DOPO, BDP and RDP (this study)
compared to literature data (summarized in Waaijers et al. (2013b)).
Sw

This Study
(mg L-1)

Literature
(mg L-1)

Experimental (22°C)

Experimental (20°C)

Modeled (25°C)

BDP

3.9
(range 3.2-4.6)

4.15*10-1

5.26*10-10 – 2.27*10-4

DOPO

2200 ± 580
(range 1900-2900)

no data

9.01 – 2767

RDP

0.047
(range 0.015-0.079)

1.05

1.65*10-6 - 6.88*10-3
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3.1.2 BDP
The average water solubility of BDP observed in the present study was 3.9 mg L-1, and the
duplicate values differed to some extent ± 4.6 and 3.2 mg L-1, respectively (Table 6). The
standard deviation from replicates within the test tubes was low (n=3, RSD of 2 and 1%,
respectively), indicating that the two BDP water solutions were homogeneous. The water
solubility observed in the present study is one order of magnitude higher than the only other
value reported in the literature (Australian Government Regulator of Industrial Chemicals,
2000) and several orders of magnitude higher than the modeled data reported (Table 6)
(Waaijers et al., 2013b). The previously measured value (0.45 mg L-1) was determined according
to an OECD guideline by shaking flasks for up to 72 hours, compared to several months in the
present study, and then allowing them to stand for 24 h before analysis (Australian
Government Regulator of Industrial Chemicals, 2000). The solubility obtained in the current
study is higher than the value reported in literature (Australian Government Regulator of
Industrial Chemicals, 2000), which indicates that the time for dissolution was possibly too
short in their study to achieve saturation, which makes our value for water solubility more
reliable.

3.1.3 RDP
The solutions of RDP were initially non-homogeneous and the samples taken after 7 months
did not provide reproducible results. There was considerable variability between replicates
from the same test tube and between the two test tubes. The sampling was repeated and the
resulting concentrations ranged over three orders of magnitude. This indicated that the water
samples possibly had small (non-visible) aggregates of RDP in the water, forming an emulsion.
Adding the filtration step reduced the variability of the RDP concentrations. The average RDP
water solubilities in the two test tubes were 0.015 and 0.079 mg L-1, with relative standard
deviations of 0.5 and 31%, respectively, indicating that the test tube with lower RDP
concentration was more homogeneous than the higher concentration. The previously
measured experimental value of 1.05 mg L-1 is reported as a personal communication from the
manufacturer, with some details available from the European Chemicals Agency (ECHA)
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website (European Chemicals Agency (ECHA) Database, original study 2003-Mar-17). This
measured value was determined according to OECD guideline 105 under GLP by shaking
flasks for 1, 2, 3 or 4 days at 20oC, compared to several months in the present study, and then
analyzing the water samples. No filtration step was indicated before analysis was performed.
Interestingly, the water solubility values increased during the test (from 0.512 mg L-1 on day 1
to 1.099 mg L-1 on day 4). These results indicate that RDP had not reached saturation in the
short time of this OECD guideline test. The higher values found compared to those from the
present study may be due to the formation of aggregates, as was seen in our un-filtered
samples, where we also obtained higher values. Hence, the reliability of the value from
reference (European Chemicals Agency (ECHA) Database, original study 2003-Mar-17) is
difficult to evaluate and thus difficult to compare with the experimental value obtained in the
current study. As we allowed the dissolution process to run over a long time period to achieve
saturation, and dealt with possible emulsion formation by adding a filtration step to reduce
variability, we consider the water solubility presented here as the most reliable experimental
value available at this time. These relatively low water solubilities of BDP and RDP, combined
with their high log KOW values (>4 (Australian Government Regulator of Industrial Chemicals,
2000)), implies that both compounds are hydrophobic and likely to partition to (dissolved)
organic matter in natural waters.

3.2 Optimization of Solid Phase Extraction (SPE) and STP
effluent analysis
SPE recoveries for all analytes in ultra-pure water are shown in Figure 3. BDP as well as RDP
were poorly retained by most of the columns tested and were still largely present in the load
fraction after SPE. We expected the best results with cartridges that could provide SS or van
der Waals interactions, such as the phenyl, SDB 1 or C18 columns, but in contrast the highest
recoveries were obtained with the acidified MCX (MCX-A) cartridge. Although good
chromatographic separation and sorption (retention) was observed on the C18 LC column (see
section 3.2 Chromatographic Separation and Instrumentation Settings), SPE recoveries on C18
cartridges were quite low (around 40%) for BDP and RDP. The pore size, carbon load and
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surface area of the SPE cartridges are comparable to those of the LC column, however the
additional mass of stationary phase of the LC column and small sample (injection) volume
compared to SPE may explain the increase of sorption efficiency by the sorbent of the LC
column.
Furthermore, the acidified HLB cartridge gave poor results, although this cartridge has
basically the same stationary phase as the MCX cartridge with an additional SO3- moiety. These
groups only reduce the total number of neutral adsorption sites and not the affinity of the
sorbent for the solute (Bauerlein et al., 2012). This could explain the reduced sorption
compared to HLB and therefore increased recovery in the first elution of MCX sorbent. It
seems that the OPFRs are actually too strongly bound to HLB, since al large fraction was
recovered in the second elution. The increased recoveries of acidified MCX versus normal
MCX might be explained by the fact that by acidifying the column and sample, a fraction of
the SO3- groups becomes protonated increasing the affinity of the OPFRs for the sorbent. Or
alternatively, P=O groups of the OPFRs become protonated and the affinity for the sorbent
increases due to electrostatic interactions.
Good recoveries were observed for DOPO for most SPE cartridges, explained by retention by
both van der Waals and π−π interactions. Although DOPO can be hydrolyzed, neutral or
acidic conditions did not visibly influence the recovery. Because of the low pKa of DOPOH2O (see section 3.1.1 DOPO), it probably largely exists in its anionic form and a pH change
from 7 to 2 will have little effect on its speciation.
The different behavior of DOPO compared to TPP for some of the SPE cartridges (Figure 3)
indicates the need for a more suitable IS for DOPO. TPP-d15 was selected as internal standard
for this study, since to our knowledge it is currently the only commercially available isotopically
labeled aromatic organophosphorus standard that resembles the OPFRs from this study, and it
has also been used as an IS in other OPFR studies (Bacaloni et al., 2007; Quintana et al., 2008).
However, it seems that a more structurally similar or labeled standard is necessary for DOPO
in order to advance the analytical method of this compound.
High recoveries were found for TPP for the majority of the tested materials, specifically for
sorbents with van der Waals or π−π interactions, such as C18 and cyano and phenyl cartridges.
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For all the OPFRs in this study combined, optimal results were obtained with the MCX-A
cartridge with average recoveries (n=2) of 61% for TPP, 89% for RDP, 81% for BDP and
124% for DOPO. In order to validate this method, spot samples of effluent were taken from
three different STPs in the Netherlands and analyzed for BDP, RDP and TPP. No data could
be reported for DOPO in the STP effluents because of the stability and quantification
difficulties of DOPO discussed above.

Figure 3: Recoveries (n=2) of OPFRs for various SPE cartridges.
Error bars correspond to standard errors between duplicate samples (values below 2% omitted for clarity).The suffix
–A refers to acidified samples for MCX (150 mg) and HLB (500 mg) (see section 3.4 Optimization of Solid Phase
Extraction). C18 is the Phenomenex C18-E cartridge and ENV+ the Biotage 200 mg cartridge. Load fraction is the
SPE sample fraction collected after loading the sample on the SPE cartridge. Wash fraction is the sample fraction
collected after washing the loaded SPE cartridge. Elution 1 is the first elution fraction collected and elution 2 is the
fraction collected after a second elution. Wash fraction was not collected for HLB-A (0% assumed). Recoveries of
first elution for C18-U, Speeddisk C18 and Insolute ENV+ 500 mg are shown in Table S.3.
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First, spiked ultra-pure water, as well as effluent was tested for the validation of 100 mL
samples. In the water high recoveries were observed for all three OPFRs: at the low
concentration level recoveries were 86±16% for BDP, 112±6% for RDP and 105±1% for
TPP (n=3), while at the high concentration level recoveries of 105±3% for BDP, 122±2% for
RDP, and 81±4% for TPP (n=3) were found. The recovery of TPP-d15 was >76%. Good
recoveries were also obtained for the triplicate spiked effluent samples; for RDP it amounted
to 83±2%, for BDP to 103±4% and for TPP to 79±2%. These results indicate that no matrix
effects affected the determination of RDP, BDP and TPP in the effluent samples. Measurable
blank levels were only observed for BDP (1.3 ng L-1), giving a limit of detection (LOD) for
BDP of 3.9 ng L-1 (3 times the blank level). The LOD for TPP and RDP are 2 and 5 ng L-1,
respectively.
In one of the effluent samples from the Rotterdam STP, BDP was actually detected at a
concentration of 10 ng L-1. In the other samples taken, the levels of BDP, RDP and TPP were
below the limit of detection.

4 Conclusions
In this study a rapid and robust SPE with LC-MS/MS method was presented for the analysis
of BDP, DOPO and RDP in water and, BDP and RDP in effluent samples. We determined
experimentally that DOPO has high water solubility, whereas BDP and RDP have much lower
solubilities. In addition we quantified BDP in a Dutch STP effluent. As the application of
these alternative flame retardants is currently increasing, their levels in the environment are
expected to increase as well. Therefore, the method developed in the present study presents a
major step towards environmental monitoring of these halogen-free organophosphorus flame
retardants.
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5 Supporting Information (SI)
The samples used for determining the water solubility were measured with an ultra-high
performance liquid chromatograph coupled to a tandem mass spectrometer (UHPLC-MS). A
different method was used for DOPO than for BDP and RDP. For DOPO Eluent A
consisted of MeOH:H2O 5:95 and eluent B of MeOH:H2O 92:2, both containing 2 mM
ammonium acetate. The gradient was as follows: 0 min (0% B), 2.6 min (60% B), 2.8 min
(100% B), 5.5 min (100% B), 6 min (0% B) and 8 min (0% B). For BDP and RDP Eluent A
consisted of MeOH:H2O 20:80 and eluent B of 100% MeOH, both containing 0.2% formic
acid. The gradient was as follows: 0 min (0% B), 1.0 min (50% B), 3.0 min (95% B), 7.0 min
(95% B) and 8.1 min (0% B).
For DOPO, the hydrolysis product DOPO-H2O was measured in negative mode on the mass
spectrometer. A capillary voltage of 1500 V, source temperature of 150°C, cone voltage of 20,
source offset of 50 V and desolvation temperature of 200 °C were used. The desolvation gas
flow was 800 L h-1, cone gas flow 150 L h-1, nebulizer gas flow of 7 bar and collision gas of
0.15 mL min-1. The collision energy was set at 4 eV.
For BDP and RDP mass spectrometry operated in positive ion mode with an capillary voltage
of 3000 V, source temperature of 150°C, cone voltage of 50, source offset of 30 V and
desolvation temperature of 350 °C. The desolvation gas flow was 650 L h-1, cone gas flow 150
L h-1, nebulizer gas flow of 7 bar and collision gas of 0.25 mL min-1. The collision energy was
set at 4 eV.

121

Chapter 3 – Analysis of Organophosphorus Flame Retardants
For quantification two (precursor-product) transitions were measured with multiple reaction
monitoring (MRM). Individual parameters and optimized settings are shown in Table S1.
Table S2: Precursor- and product-ions measured on the MS/MS for the water solubility
samples of DOPO-H2O (negative mode), BDP and RDP (positive ion mode).
DOPO-H2O
SDIM (negative)
BDP
RDP
SDIM (positive)

Precursion Ion

Product Ion

233

215

233

169

309

195

309

66

693

367

693

327

575

481

575

419

311

173

311

156

Tabel S1: Characteristics of the LC- MS/MS method for the pilot study of monitoring BDP
and RDP in sewage sludge samples (positive ion mode).
Compound

Acronym

tr**

Precursor
Ion

Product
Ion

Fragmentor

Col.
Energy

Tri-n-butyl phosphate d27 *

TBP d27

15.8

294.4

166.1

100

15

294.4

102.1

100

15

342.2

160.2

175

40

342.2

82.1

175

40

693.2

367.1

250

38

693.2

327

250

38

Triphenyl phosphate d15 *

Bis-phenol A-bis (diphenyl
phosphate)

TPP d15

BDP

16.4

18.1

Resorcinol bis (diphenyl
phosphate)

RDP

16.5

575.1

481.1

225

45

Triphenyl phosphate

TPP

14.5

327.2

152.1

175

35

327.2

77.1

175

35

*

internal standards

**

tr= retention time (min.)

****

fragmentor
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Tabel S2: SPE recoveries for BDP, DOPO, RDP and TPP.
Here the results of three tested cartridges are shown that were left out of figure 3 of Chapter 3.
They were left out since similar cartridges were already shown in figure 3 and no improved
recoveries were observed.
Manufacturer

Column &
sorbent (mg)

Recoveries
of the first elution fraction (± s.e.)
BDP

DOPO

RDP

TPP

Phenomenex

C18-U, 200

29% (± 3.8%)

101% (± 0%)

46% (± 4.8%)

93% (± 0%)

Waters

Speeddisk C18, 200

29% (± 3.4%)

114% (± 2.2%)

50% (± 4.5%)

108% (± 0%)

Biotage

Isolute ENV+, 500

6% (± 0%)

86% (± 2.1%)

3% (± 0%)

2% (± 0%)
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