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ABSTRACT ARTICLE HISTORY

The photocatalytic degradation of tris (2-butoxyethyl) phosphate Received 16 November 2018
(TBEP) flame retardant using visible light response catalysts TiO, Accepted 5 March 2019
/V50s, (N,F-doped)-TiO,/V,0s5, and N-doped-SrTiO3 has been stu- KEYWORDS

died by high-resolution orbitrap mass spectrometry. TBEP degra- Organophosphates; flame
dation followed first-order kinetics with half-life values ranging retardants; TBEP;
between 9.8 and 83.5 min. N-doped-SrTiO3 was the catalyst with photocatalysis; oxidation
better photocatalytic performance while activity for TiO,/V,05 pathways

composites followed the trend: N, F- TiO,/V,05 > N-TiO,/V,0s5>

TiO,/V,0s. The identified degradation products (DPs) revealed

hydroxylation, further oxidation and dealkylation as major degra-

dation pathways. Based on the identified DPs and scavenging

experiments, ‘OH radical-mediated reactions can be considered

for the degradation of TBEP using TiO, and SrTiOs-based photo-

catalytic materials.

1. Introduction

Heterogeneous photocatalysis is an efficient process for the removal of organic con-
taminants from surface waters and wastewaters. In addition, the use of photocatalysts
with broader photoresponse is gaining importance in order to improve solar energy
exploitation. So far, scientific work dealing with the removal of different classes of water
pollutants like personal care products, pharmaceuticals, pesticides and other chemical
additives such as plasticisers is accomplished with promising results [1,2]. In addition to
these pollutants, flame retardants (FRs), i.e. chemical substances used for decreasing the
risk of fire with wide applications in flammable products like electronics and plastics
[3,4], represent an emerging and priority pollutant category because some compounds
can exert toxic effects on human and environment [5,6]. FRs can be divided into four
major classes depending on their chemical composition: inorganic, nitrogen — contain-
ing, phosphorus - containing and halogen-containing compounds [7]. Among them, the
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most commonly used group of flame retardants are the brominated flame retardants
(BFRs) and organophosphate flame retardants (OPFRs) [8]. Through the years BFRs have
either been restricted or the research upon them has been phased - out, so the
production of alternative flame retardants like OPFRs has been increased [9-11].
Usually, OPFRs are mixed into the materials and they do not bond chemically. As
a result, they are easily released into the environment during the production, use and
disposal of products that contain them [8,12].

This study is focused on the tris(2-butoxyethyl) phosphate (TBEP) which belongs to the
group of non - halogenated organophosphate ethers and is used as a flame retardant in
plasticisers, lubricants, floor waxes and synthetic rubbers [13]. TBEP is considered to be
plenty in effluent, surface, ground and drinking water (19.5-81.7 ng/L) [14] samples due to
its water solubility (1.2 g/L) and low removal wastewaters treated with conventional
methods [3,13,15-17]. According to a European Union-wide monitoring survey of waste-
water treatment plant effluents, concentrations in water samples ranged from a few ng/L
to a maximum of 43 ug/L [16].

Although a lot of research has been made in the field of heterogeneous photocata-
lysis during the previous years for the removal of BFRs [18-22], applications on the
removal of OPFRs from surface waters and wastewaters has not been studied exten-
sively. For example, only tris(2-chloroethyl) phosphate (TCEP), and tris(2-chloropropyl)
phosphate (TCPP) photocatalytic degradation was studied using P25 and N,S-doped TiO,
catalysts [23-26].

As a result, the aims of the present work are: (a) the application of heterogeneous
photocatalysis using visible-light response catalysts such as V,05/TiO,, and N-doped
SrTiO3 under simulated solar light in order to remove TBEP pollutant from water matrices,
a field that has not been studied so far; (c) The identification of the transformation
products with the use of ultra-pressure liquid chromatography coupled to high resolution
and accurate linear ion trap-orbitrap mass spectrometry (UPLC - LIT-Orbitrap-MS).

2, Experimental
2.1. Chemicals

TBEP (94%) was purchased by Sigma - Aldrich. Methanol (MeOH) and water of LC-MS
grade was supplied by Fisher Scientific (Loughborough, UK) while isopropanol was
supplied by Labscan (Dublin, Ireland). Milli Q water was obtained by an EVOQUA
instrument (Polisher MFIIID Modul Ultra Clear ™). For removing photocatalyst particles
from the solution samples, HVLP 0.45 um filters by Millipore (Bedford, USA) was used.
Oasis HLB (divinylbenzene/N-vinylpyrrolidone copolymer) cartridges (60 mg, 3 mL) from
Waters (Milford, MA, USA) were used for the extraction of TPs.

2.2. Photocatalytic materials

TiO,/V,05 (TV), N,F-doped TiO,/V,05 (NTV, NFTV) with 5% wt loading of V,05 calcined at
two different temperatures, 450°C and 550°C, were used. The synthesis method (sol-gel
impregnation) and characterisation of the materials were reported elsewhere [27].
Briefly, the characteristics of the materials are: 8.6-29.8 nm crystal size for TV450 and
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NFTV550, respectively; specific surface area 28.5-80.2 m?/g for NFTV550 and TV450,
respectively; mesoporous structure, bang gap E5 = 2.54-2.79 eV for TV550 and TV450,
respectively, hydrodynamic size in water 0.274-0.339 pm for NFTV450 and NFTV550,
respectively.

N-doped SrTiO3 (NSTO) catalysts have been used for the photocatalytic experiments.
N-doped SrTiO3 catalyst (GNSTO3; with a molar ratio of N:Sr: Ti 3:1:1) using glycine as
dopant-source was also used. The synthesis of GNSTO3 catalysts is extensively described
in the previous publication [28]. Briefly, 5 mL of aqueous solution containing an appro-
priate amount of glycine and 10 mmol Sr(NOs), were added dropwise into 40 mL of
absolute ethanol containing 10 mmol of TBT and 2 mL glacial acetic acid under rigorous
stirring, followed by evaporation to dryness at 50°C. The obtained dry gel was ground
and calcined at 550°C/2 h with 10°C/min. Then, 100 ml of nitric acid 2M heated at 70°C
was rinsed as a cleaning procedure, finally washed with distilled water until neutral pH
values. The catalyst presented the following characteristics: SrTiO; cubic symmetry
(78%)-SrCO; (22%), 14.2 nm crystal size, specific surface area 59.7 m?/g, mesoporous
structure (pore diameter 33.8 5\), bang gap Eg = 2.99, point of zero charge (PZC) pH =
5.52; hydrodynamic size in water 0.329 nm.

2.3. Photocatalytic treatment

Photocatalytic experiments were carried out in a solar simulator (Suntest XLS+) (2.2 kW
xenon lamp, A > 290 nm). Before illumination, suspensions of TBEP solutions containing
200 mg L™ of photocatalyst were stirred at 600 rpm in the dark for 30 min to achieve
adsorption equilibrium. The radiation intensity was kept constant at 500 W m™2 through-
out the experiments. Samples (=3 mL) were periodically withdrawn and filtered by 0.45
pum filters for further analysis. Photocatalytic experiments were run in triplicate. Relative
errors lower than 5.2% were obtained in all cases.

2.4. Analytical procedures

The irradiated solution samples (3 mL) were extracted by means of solid-phase
extraction (SPE), using Oasis HLB (divinylbenzene/N-vinylpyrrolidone copolymer) car-
tridges (60 mg, 3 mL) from Waters (Milford, MA, USA). SPE was performed using a 12-
fold extraction box (Visiprep, Supelco, Bellefonte, PA, USA) fitted on a vacuum pump.
The SPE cartridges were primarily conditioned with 3 mL of methanol, and 3 mL LC-
grade water at a flow rate of 1 mL min~'. Then, irradiated samples were added at
a flow rate of 0.5 mL min~". Subsequently, the cartridges were dried by vacuum for 30
min followed by nitrogen stream for 5 min. The cartridges were eluted by using 2 X
2 mL of methanol as eluting solvent. Finally, the eluate was carefully evaporated to
a final volume of 0.3 mL with a gentle stream of nitrogen, prior to analysis into the LC/
MS instrument. An UPLC-ESI(+)-MS/MS system including an Accela LC pump and an
LTQ-Orbitrap mass spectrometer (Thermo) was used for the characterisation of DPs of
TBEP. The chromatographic analysis was run on a C18 Hypersil Gold, 100 mm x 2.1 mm
i.d., 1.9 um (Thermo) at 30 <C. Injection volume was 10 pL and flow rate 300 pL min~".
Gradient mobile phase composition was adopted using water/5mM ammonium for-
mate as solvent A and methanol/5mM ammonium formate as solvent B: 90/10 (1 min)



300 (&) P.-.S.KONSTAS ET AL.

to 10/90 in 15 min, and 90/10 in 18 min (holding for 2 min). The following ESI-source
parameters were adopted: sheath and auxiliary gas flow rate 38 and 8 (nitrogen,
arbitrary units), respectively; source voltage at 3.40 kV; capillary voltage 40 V; tube
lens 110 V; capillary temperature was maintained at 320-C. For fragmentation study,
35% normalised collision energy and activation Q = 0.25 was used. Scan range was set
between m/z 100-650 amu. The analysis was performed using a resolving power of
60,000 for MS and 30,000 for MS/MS. All data (chemical formulae, mass accuracy and
ring-double bond (RDB) equivalent) were processed using also Xcalibur software. Mass
accuracy of recorded ions wast 5 ppm.

3. Results and discussion
3.1. Photocatalytic kinetics

TBEP photocatalytic degradation kinetics using TV, NTV and NFTV catalysts is presented
in Figure 1(a) while Figure 1(b) shows the linear transformation plots (natural logarithm
of normalised concentration against irradiation time). Pseudo-first order kinetics were
observed in all cases (R*>> >0.9560) with 0.0233 min~" being the higher reaction constant
determined for NFTV450. The photocatalytic activity for catalysts calcined at the same
temperature (450°C or 550°C) followed the general trend: NFTV > NTV > TV. Catalysts
calcined at a higher temperature (550°C) followed the same trend but slower kinetics
compared with the corresponding catalysts calcined at 450°C. The above kinetics are
consistent with the "'OH generation capability following also trend TV450< NTV450<
NFTV450 according to a previous publication [27]. In addition, the photocatalytic degra-
dation of TBEP using N-doped SrTiO3 (G-NSTO3) catalyst is shown in Figure 2(a,b) for
linearised form. This catalyst has also the ability to generate "OH radicals being the
principal oxidants during the photocatalytic process [28]. Table 1 summarises the
photocatalytic kinetics parameters using different photocatalysts. In order to confirm
the participation of "OH radicals as the major oxidant species, scavenging experiments in
the presence of isopropanol (1072 M), a well-known ‘OH quencher (1.9 x 10° M~' s7"),
have been conducted for the best catalysts, NFTV450 and N-SrTiOs. The apparent
pseudo-first order reaction rate constants were 0.005 min~' and 0.007 min~' respec-
tively, showing a strong retardation with approximately 80% and 90% reduction com-
pared to the reaction rate constants in the absence of isopropanol.

For other advanced oxidation methods (UV/H,0,), tris(2-butoxyethyl) phosphate
(TBEP) was shown to react fast with "OH (kon, TBEP) 1.03 x 10" M~ s7') [29],. OH has
been reported to be the major reactive species participating either in the photocatalytic
degradation of structurally related flame retardants such as TCPP by nano-TiO, [23,26] or
in chemical reactions taking place in environmental media such as atmosphere for TPhP
(tri-phenyl-phosphate) [30].

3.2. Identification of degradation products and photocatalytic mechanism

The LIT-Orbitrap MS analysis was used to identify photocatalytic transformation products of
TBEP and to propose pathways and mechanisms. Ten transformation products (TP1 to TP10)
were detected during the photocatalytic degradation of TBEP by the catalysts. Their mass
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Figure 1. (a) Photocatalytic degradation kinetics of TBEP (0.5 mg L™") using different TiO,/V,05 photo-
catalysts. (b) Apparent first-order linear transform plots (-In (C/Co) vs time) for TBEP (0.5 mg L
photocatalytic degradation kinetics using different TiO,/V,05 photocatalysts.
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Figure 2. (a) Photocatalytic degradation kinetics of TBEP (10 and 0.5 mg L™") using N-doped SrTiO;
catalyst. (b) Apparent first-order linear transform plots (-In (C/Co) vs time) for TBEP (10 and 0.5 mg L™")
photocatalytic degradation kinetics using N-doped SrTiO; catalyst.

spectra characteristics are presented in Table 2. Total ion (TIC) and extracted ion (EIC)
chromatographic profiles of TPs are shown in Figure 3. Three TPs (TP2, TP3 and TP7)
presented [M + H]" m/zions of 415.2458 that differed 15.9953 units from the TBEP molecule
(IM + HI* = 399.2505) and shorter retention times than TBEP (Figure 4, Table 2). Based on the
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Table 1. Photocatalytic kinetics parameters (rate constants, half-life,
R? for the first-order model) of TBEP using various photocatalysts.
TBEP oxidation

Catalyst k (min™") t1> (min) R?

TV 450 0.0098 70.7 0.9393
TV 550 0.0089 77.9 0.9441
NTV 450 0.0102 67.9 0.9920
NTV 550 0.0083 83.5 0.9853
NFTV 450 0.0233 29.7 0.9549
NFTV 550 0.0093 74.5 0.9549
G-NSTO3 0.071 9.8 0.9636

above characteristics, they were attributed to hydroxy-TBEP derivatives. TP4 with [M + H]*
m/z ion of 413.2304 (Figure 4), that differed about 2 amu from the hydroxylated-TBEP, was
assigned to carbonyl-derivatives. The presence of more than one isomeric derivatives was
due to the non-selectivity of ‘OH radicals [12,16]. Consecutive “OH radicals attack led to the
formation of three di-hydroxy-TBEP derivatives with [M + H]" = 431.2406 (Figure 4) that
differed 31.9901 units from the TBEP molecule. The exact position of the "OH radical attack
can be proposed from the analysis of the MS? spectra which is summarised in Table 2. For
example, MS? ion with m/z = 331.1517, corresponding to the loss of — CgH;,0 group,
revealed the presence of one intact ether-chain. Furthermore, the MS? ion with m/z =
299.1612, corresponding to the loss of -C¢H,,05 group, reveals the existence of OH-groups
in one of the ether-chains and especially in the butyl group taking into account the MS? ion
at m/z = 343.1878 (loss of -C4,HgO, group) and MS® ion m/z = 124.9997 (C,HsPO,"). In
addition, for TP1, hydroxylation took place at the same ether chain due to the presence of
characteristic MS? m/z ions at 355.1878 (loss of C3HgO,) and 255.0992 (loss of C¢H;,0+CsHg
0,). Finally, TP 9 and 10 with [M + H]* m/z ions of 365.1698 and 299.1620 (Figure 4)
respectively, presented characteristic losses of butyl (-C4H;0) and butoxyethyl (-CgH;,0)
groups and were assigned to de-butyl-derivative and bi-(2-butoxyethyl) phosphate. Based
on the time evolution of TPs (Figure 5) mono- and di-hydroxylation took place concurrently
followed by dealkylation.

Figure 6 illustrates the proposed first stage transformation pathways of TBEP by
‘OH radical reaction. Pathway (I) involves hydrogen abstraction from the alkyl
chains by "OH radical to produce initially a carbon-centred radical, which is fol-
lowed by oxygen addition to generate the peroxyl radicals which then decomposed
to hydroxylated and carbonylated derivatives via the bimolecular Russell mechan-
ism [31]. The presence of heteroatoms (O) in the aliphatic chains of TBEP promoted
the reactivity toward "OH [29,32]. Based on previous findings regarding hydroxyl
radical attack on ether functions, hydrogen abstraction can take place both at a
and B positions of the ether function but with a greater selectivity (about 78%) in a
position [33].

Pathway B involves "OH radical addition to the phosphorus atom to yield an oxygen-
centred phosphoryl radical, which is followed by the elimination of the butoxyethyl
chain from the phosphate moiety. Hydrogen abstraction and addition-elimination
mechanisms are also proposed as primary mechanisms for the photocatalytic oxidation
of other organophosphate compounds such as dimethyl methylphosphonate and TCEP
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Figure 3. Total ion and extracted ion chromatograms of TBEP and its photocatalytic degradation.
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Figure 4. LC-ESI-LIT-Orbitrap MS spectra of TBEP and transformation products.

via hydroxyl radical attack [34,35]. Based on the identified TPs and the proposed
mechanisms, Figure 7 summarises the probable photocatalytic transformation pathways
of TBEP.
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Figure 5. Time-evolution of photocatalytic degradation products of TBEP (10 mgL™") in the presence
of visible-light catalysts.
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Figure 6. Proposed mechanisms for TBEP degradation by photocatalytically generated "OH radicals.

4. Conclusions

The kinetics and mechanisms of TBEP flame retardant photocatalytic degradation
were studied using TiO,/V,05 and N-doped-SrTiO3 as catalysts. N-doped-SrTiOs; was
found to be the most efficient catalyst; the activity of all catalysts studied was
found to depend on their ability to generate ‘OH radicals. The transformation
products have been successfully identified using high-resolution liquid
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Figure 7. Tentative photocatalytic degradation pathways of TBEP in the presence of visible-light
catalysts.

chromatography - mass spectrometry. Degradation pathways involve hydroxyl
radicals and proceed via multiple hydroxylation and oxidation steps progressively
leading to dealkylation of TBEP.
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