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Introduction

Tetrabromobisphenol A (TBBA) belongs to a well-known group of bromine bearing hydrocarbons
collectively termed as brominated flame retardants (BFRs) added extensively to consumer products,
especially plastics used in el ectrical and electronic equipment, textiles and furniture to increase their fire

retardancy behaviour.®® At the end of their life cycle, the consumer products are discharged into the
waste stream. Based on the infrastructure, energy demands and regulations in different countries, the

waste streams are subjected to either open burnings® or other thermal treatments,>” such as incineration
and recycling processes for the purpose of their safe disposal, including energy and meta recovery.
Therefore, it is essentia to gain an understanding of the decomposition chemistry of BFRs at elevated
temperature.

Previous laboratory and pilot-scale contributions have addressed thermal breakdown of polymeric
materials laden with TBBA, under both oxidative and inert atmosphere, in the temperature range of

180 to 850 °C.#*? These studies reported overall decay of TBBA, its evaporation and decomposition
corridors, weight loss curves, the formation of HBr as the major bromine product, selective qualitative
and quantitative analyses of brominated and non-brominated products, and proposed the mechanism
based on temperature profiles of the product species. Owing to the high boiling point of TBBA, &l
pertinent investigations have targeted its thermal decomposition in the condensed medium. To the best
of our knowledge, literature offers no analogous account for the gas phase degradation of TBBA.

The current contribution assesses yields of the precursor species for formation of polybrominated

dibenzo-p-dioxins and polybrominated dibenzofurans (PBDD/Fs),"**® arising during thermal
degradation of TBBA in the gas phase. In particular, we focus our attention on the yields of brominated
congeners of benzene and phenol that arise during the pyrolysis and oxidation of TBBA between 500
and 800 °C, with areactiontimeof 2 s. In the current study, we also devel op multiple reaction monitoring
(MRM) methods for the precise analysis of the PBDD/Fs precursors and propose plausible reaction
pathways that govern the initial decomposition of TBBA.

Materialsand Methods

All experiments were conducted in a setup that comprises three sections: (i) feed preparation unit; (ii)
isothermal tubular reactor; and, (iii) product collection assembly. Feed preparation section incorporates
a vapouriser made from a vertical quartz tube containing TBBA (97 % purity) housed in an oven

operating at 177 °C, introduced TBBA vapour with a flow rate of 0.06 mg min™ into the reactor inlet.
The outlet from the vapouriser |eads to the horizontal tubular reactor (12.7 mm o.d., 10.0 mmii.d., 235.0

mm?® volume), made from ultra-pure quartz, installed along the centre line of a 3-zone temperature-
controlled furnace. The exhaust of the reactor connects to the product collection line that encompasses
two consecutive impingers; i.e., an akaline trap filled with a solution of NaOH and a solvent trap
|oaded with dichloromethane (DCM) and cool ed by a sodium chloride/ice bath to capture volatile (V OC)
and semi-volatile (SVOC) organic compounds. We coated the inner surfaces of reactor tube with B,O;

layer'®® in order to eliminate small (but not negligeable!) oxidation effects of quartz surfaces. Prior
to each experiment, including procedural blanks, reactor tube underwent baking at 500 °C for 3 hiin
flowing air, to burn off condensed contaminants remaining from a preceding trial. Deuterated biphenyl
(D10) served to spike the solvent in the solvent trap, prior to each experiment, to estimate the percentage
recovery of the products (typical recovery >74 %). Then, after each experiment, before concentrating

the solvent solution using arotary evaporator, we dissolved **C-benzene (typical recovery >97 %) inthe
solution to evaluate the percentage recovery of light organic compounds, and then reduced the volume
of the solvent solution to about 1 mL for the analysis.
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Typically, avolume of 1 pL of the concentrated sample was injected into the gas chromatograph (GC)
operated in a splitless mode, with the capillary column leading to the source of a triple quadruple
mass spectrometer (QQQMS). The QQQM S worked in positive electron impact (El) ionisation, at the
ionisation voltage of 70 eV. The GC oven housed a DB5-MS column (15 m length, 0.25 mm i.d., 0.25
pm film thickness) for the analysis of brominated species. Helium served as the carrier gas with its

flow rate maintained at 1.5 mL min™ at a pressure of 25.1 kPa. The injector, interface, and ion source
temperatures were set at 250 °C, 300 °C and 200 °C, respectively. The GC oven temperature involved a

constant temperature period of 30 °C, retained for 3 min, then atemperature ramp of 8 °C min™ to reach

100 °C, held for 2 min, then another temperature ramp of 4 °C min™ to attain 290 °C, held for 2 min.
We developed an MRM acquisition method, equivalent to MS/IMS method, for accurate identification
and quantitation of each species. To achieve this, we optimised the abundance of daughter ions of each
species as a function of collision energy. The identification of each brominated phenol and benzene
(dioxin/furan precursors) involved comparing their mass spectra with the spectra of genuine standards.
Finally, the development of the calibration curves for species quantitation entailed injecting genuine
standards at 10 levels of concentration.

Results and Discussion

Thermal decomposition of TBBA under inert and oxidative environment involved experiments
performed at 500 °C, 600 °C, 700 °C and 800 °C with the products analysed in GC-QQQMS
in full scan and MRM modes. We detected a range of VOCs and SVOCs. Herein, we present
detailed results of MRM scan mode for the active precursors of PBDD/Fs including phenol, and
brominated congeners of phenol (2/4-monobromophenol (2/4-MBPh), 2,4/2,6-dibromophenol (2,4/2,6-
DBPh), 2,4,6-tribromophenal (2,4,6-TriBPh)), benzene and brominated benzenes (monobromobenzene
(MBBz), 1,4/1,3/1,2-dibromobenzene (1,4/1,3/1,2-DBBz) and 1,3,5/1,2,4/1,2,3-tribromobenzene
(1,3,5/1,2,4/1,2,3-TriBBZz)). Figure 1 depicts an example of the GC-MS MRM chromatogram for the
dioxin/furan precursors collected for the reactor operated at 600 °C. The caption to Figure 1 presentsthe
combined elution order for the oxidation and pyrolysis experiments.

Figure 2 depicts the comparison of integrated yields of phenol and congeners of mono-tri bromophenols
arising in the gas phase pyrolysis and oxidation of TBBA. The formation of the PBDD/Fs precursors
initiates at a temperature of 450 °C with a maximum yield occurring at around 600 °C and 700 °C.
The yields of 2,6-DBPh and 2,4,6-TriBPh exceed those of other phenolic products at al operating
temperatures. This dominant formation of 2,6-DBPh and 2,4,6-TriBPh accords with the results of
previous studies documented in the literature that have addressed the therma decomposition of pure
TBBA and TBBA dispersed in polymeric materials.®® Note that above 600 °C, the yields of brominated
phenols decrease as the temperature increases. Under oxidation condition, at above 750 °C, no 2-MBPh,
4-MBPh, 2,4-DBPh and 2,4,6-TriBPh elute from the reactor. The presence of oxygen has no significant
influence on the yields of brominated phenolic compounds.

Figure 3 presents histograms illustrating the yields of congeners of brominated benzenes. We observed
these species at al reaction temperatures, and also identified benzene appearing at al operating
temperatures using the Rxi-5Sil MS column (30 m length, 0.25 mmi.d., 0.25 pum film thickness) to avoid
the co-elution of benzene peak with the solvent. Among the bromobenzene congeners, the MBBz appears
in maximum yields of 270 mg kg™ and 360 mg kg™ at 700 °C in pyrolysis and oxidation experiments,
respectively.

Scheme 1 suggests pathways for the formation of selected congeners of brominated phenols and
brominated benzenes. In our recent theoretical investigation,” we have proposed the mechanistic
pathways to explain the initial species arising in the pyrolysis of TBBA. The sdf-expulsion of a
methyl group from TBBA molecule congtitutes the most preferred channel in an initial unimolecular
decomposition of TBBA, with a rate constant of 2.09 x T** exp (-37000/T) s*.?* The other important
pathways mark the cleavage of isopropylidene linkage and fission of aromatic C-Br bond. The IM1
intermediate forms upon unimolecular fission of the C-Br bond in TBBA followed by H abstraction
from any RH species present in the reacting system. In a typical combustion environment, a TBBA
molecule reacts readily with the H/O radical pool.”* An H atom can displace the OH group in TBBA
and IM1, IM2, IM3 molecules in bimolecular reactions. The formation of benzene and phenolic
compounds implies the fission of isopropylidene linkage in TBBA, IM1- IM3, IM7, IM8, IM12 and
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IM13 adducts, generating numerous radical species (i.e.,, IM4 and IM6, IM9, IM10, IM14, IM15).
Subsequent bromination/hydrogenation reactions of radical species with Br or H atoms lead to the
formation of brominated phenols and brominated benzenes. However, the experimentally measured
yields of brominated benzenes are lower than the brominated phenols owing to the slow displacement

of the hydroxyl group with H or Br radica.” The high yields of 2,6-diBPh, 2,4,6-triBPh reflect the
presence of bromine at 2,6-positions in the parent TBBA molecule. The observed higher yield of
brominated compounds, under oxidative conditionsthan in pyrolysisat all reaction temperatures, reflects
the appearance of the OH radicals. These radicals are abundant in the oxidative environment, react with
H to form H20, and reduce the concentration of H atoms that replace the Br atoms.

Acknowledgment

This work has been supported by a grant from the Australian Research Council. A.S. acknowledges
Murdoch University for the award of a postgraduate research scholarship.

References

1. Alaee M, Arias P, Sjodin A, Bergman A. (2003); Environ. Int. 29(6): 683-89

2. Watanabe I, Sakaib S. (2003); Environ. Int. 29(6): 665-82

3.Morf SL, Tremp J, Gloor R, Huber Y, Stengele M, Zennegg M. (2005); Environ. Sci. Technol. 39(22):
8691-99

4. Gullett KB, Linak PW, Touati A, Wasson JS, Gatica S, Kin JC. (2007); J. Mater. Cycles Waste 9(1):
69-79

5. Vehlow J, Bergfeldt B, Jay K, Seifert H, Wanke T, Mark EF. (2000); Waste Manage. Res. 18(2):
131-40

6. Cui J, Zhang L. (2008); J. Hazard. Mater. 158(2-3): 228-256

7. Tange L, Drohmann D. (2005); Polym. Degrad. Stabil. 88(1): 35-40

8. Barontini F, Cozzani V, Marsanich K, RaffaV, Petarca L. (2004); J. Anal. Appl. Pyrol. 72(1): 41-53
9. Barontini F, Marsanich K, Petarca L, Cozzani V. (2004); Ind. Eng. Chem. Res. 43(9): 1952-61

10. Marsanich K, Zanelli S, Barontini F, Cozzani V. (2004); Thermochim. Acta421(1-2): 95-103

11. Factor A. (1973); J. Polym. Sci. A Polym. Chem.11(7): 1691-701

12. Ortufio N, Molt6 J, Conesa JA, Font R. (2014); Environ. Pollut. 191: 31-7

13. YuW, Hu J, XuF, Sun X, Gao R, Zhang Q, Wang W. (2011); Environ. Sci. Technol. 45(5): 1917-25
14. Saeed A, Altarawneh M, Dlugogorski BZ. (2015); Organohal ogen Compd. 77: 606-9

15. Evans SC, Dellinger B. (2003); Environ. Sci. Technol. 37(24): 5574-80

16. Saeed A, Altarawneh M, Dlugogorski BZ. (2015); Chemosphere 137: 149-56

17. Altarawneh M, Dlugogorski BZ. (2013); Environ. Sci. Technol. 47(10): 5118-27

18. Altarawneh M, Dlugogorski BZ. (2014); Environ. Sci. Technol. 48; 14335-43

19. Hou S, Mackie JC, Kennedy EM, Dlugogorski BZ. (2013); Procedia Engineering 62: 350-8

20. MiwaY. (2001); United States Patent: US 6280849 B1

21. Altarawneh M, Dlugogorski BZ. (2014); J. Phys. Chem. A. 118(40): 9338-46

Organohalogen Compounds Vol. 78, (2016) 674



U itensty - 17 261
250000 3
20080
75040 45
- | H 3
] 1 8 10 12
S — I J 6 7 1\ -]‘l I A
7o 1) 9 100 110 do 30 1o 150 16,0 [ir) 180 190 %0 218 )
(@) oxidation
Hax hiensty : 26,1%
] 3 3
000
1] 4 10
my| 1 < 11
9
0 2 6 }L 12
: ]
T T A—i T ' T L T lu { 1 T T T /
1] & 9 100 10 120 130 o 150 160 1 180 190 200 il 20

(b) pyrolysis

Figure 1. An example of MRM traces for the condensable product evolved during the gas-phase oxidation (6.0 + 0.5 % O2)
(a) and pyrolysis (b) of pure TBBA experiment performed at 600 °C for residence time of 2 s (1: phenol, 2: 2-MBPh, 3:1,3-
DBBz, 4: 1,4-DBBz, 5: 1,2-DBBz, 6: 4-MBPh, 7: 2,4-DBPh, 8: 2,6-DBPh, 9: 1,3,5-TriBBz, 10: 1,2,3-TriBBz, 11: 1,2,4-
TriBBz, 12: 2,4,6-TriBPh).
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Figure 2. Comparison of yields of the phenol and its brominated congeners from the gas phase pyrolysis (P) and oxidation
(O) of TBBA at various decomposition temperatures and at 2 s residence time.
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Figure 3. Comparison of yields of congeners of brominated benzene appearing in the gas phase pyrolysis (P) and oxidation
(O) of TBBA at various decomposition temperatures and at 2 s residence time.
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Scheme 1. Plausible pathways leading to the formation of brominated benzenes and phenols from decomposition of TBBA.

Organohalogen Compounds Vol. 78, (2016) 676





