Modeling the Formation and Release of Hazardous Substances in the Loss of control of Chemical Systems containing Brominated Flame Retardants

Federica Barontinia, Valerio Cozzanib, Luigi Petarcab, Severino Zanellib
aConsiglio Nazionale delle Ricerche - Gruppo Nazionale per la Difesa dai Rischi Chimico-Industriali ed Ecologici, via Diotisalvi n.2, I-56126 Pisa, Italy

bDipartimento di Ingegneria Chimica, Chimica Industriale e Scienza dei Materiali, Università di Pisa, via Diotisalvi n.2, I-56126 Pisa, Italy

1.
INTRODUCTION

Among the many innovative features of "Seveso-II" Directive (96/82/EC), relevant modifications have been introduced in the criteria for the identification of the inventory of “dangerous substances” to be covered by the Directive requirements. In particular, Article 2 states that: "for the purposes of this Directive, the presence of dangerous substances shall mean the actual or anticipated presence of such substances in the establishment, or the presence of those which it is believed may be generated during loss of control of an industrial chemical process". As a matter of fact, DPR 175/88, the previous Italian implementation of Directive 82/501/EEC, explicitely required to take into account also the substances likely to be produced in accidents. However, this requirement could be hardly applied in the absence of well-accepted criteria for the identification of these substances.


This study was focused on the assessment of the relevance of hazards due to the unwanted formation of hazardous substances in the loss of control of chemical systems. Chemical systems containing brominated flame retardants were chosen as potential sources of hazardous substances in "out of control" conditions. A methodology developed in a previous study carried out in cooperation with the Major Accident Hazards Bureau of the European Community was applied to identify the hazardous substances of concern with respect to the application of "Seveso-II" Directive. An experimental study was performed to assess the source term with respect to substances potentially formed and quantities to be expected. Several accidental scenarios were identified and assessed. An estimation of the potential damage to humans and to environment was performed for the different scenarios. The effects on site inventory of the quantities of hazardous substances formed in the different accidental scenarios considered with respect to "Seveso-II" Directive application were also evaluated.

2. DEFINITION OF THE CHEMICAL SYSTEMS OF INTEREST

Additive and reactive brominated flame retardants are widely used in industrial practice to improve the resistance of polymeric materials [1]. In particular, products containing more than 20% of bromine by weight are commonly used for the production of computer electronic boards. However, even if a growing concern is present on the possible formation of hazardous products in the thermal degradation of these substances, scarce data are present on the decomposition products of brominated flame retardants other than brominated diphenyl ethers, as tetrabromobisphenol A (TBBA) and hexabromo-cyclododecane (HBCD). The chemical systems considered in this study were selected among those of industrial importance in which TBBA and HBCD are present, and are summarized in Table 1. As a matter of fact, TBBA and HBCD are among the most important brominated flame retardants from an industrial point of view. The systems considered included pure TBBA and pure HBCD, that are used as additive flame retardants, and linear brominated epoxy resins obtained by reaction of diglycidyl ethers of bisphenol A (DGEBA) with TBBA.

Table 1

Chemical systems considered in the analysis and quantities of HBr formed during the decomposition of the examined materials

	Material
	Bromine content   (%)
	Decomposition temperature range (°C)
	g HBr     formed / 100g sample
	Bromine released as  HBr (%)

	
	
	
	
	

	HBCD
	74.7
	240-270
	58.4
	77.2

	
	
	
	
	

	TBBA
	58.8
	240-350
	19.7
	33.1

	
	
	
	
	

	DGEBA/TBBA 1
	34.9
	320-370
	20.8
	58.7

	DGEBA/TBBA 1.85
	26.0
	280-390
	14.9
	56.5

	DGEBA/TBBA 2.75
	20.4
	270-390
	6.67
	32.2

	DGEBA/TBBA 4
	15.8
	250-400
	4.38
	27.4


3. IDENTIFICATION OF THE DANGEROUS SUBSTANCES FORMED IN “OUT OF CONTROL” CONDITIONS

Predicting the hazardous substances that may be formed in uncontrolled conditions in an industrial chemical process results in a major problem, since the number of potentially dangerous compounds and of possible reactions may be enormous. Given a compound present in a chemical process, the products of all possible chemical reactions starting from that compound should be considered with respect to the possible hazards deriving from their unwanted formation. However, grouping the chemical compounds on the basis of their similar characteristics and reactivity would substantially reduce the complexity of the problem. A methodology based on lumping analysis of chemical systems was proposed in the framework of a specific study promoted by the Major Accident Bureau of European Community [2]. Lumping analysis consists in the study of chemical systems in which a great number of chemical species is present by the introduction of "macrocomponents" (or "pseudocomponents"). Chemical species having similar behaviour are lumped in a single macrocomponent. The criterion used for macrocomponent schematization was the presence of heteroatoms. Further details on the method are given elsewhere [3].
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Fig. 1.
Lumped reaction scheme for halogen-containing compounds.


Figure 1 summarizes the preliminary information that was obtained by lumping analysis on the hazardous substances that may be formed in “out of control” conditions starting from halogenated macrocomponents. The specific information on reaction pathways collected and organized following the macrocomponent methodology in Ref. 2, suggested to consider mainly the reaction pathways 2-4, 9, 19, and 22 (direct and indirect formation of hydrogen bromide and of hazardous brominated hydrocarbons as polybrominated dioxins and furans).

However, no data are available on the quantities of these substances that may be formed following accidental events. Thus a preliminary experimental study was necessary in order to confirm the formation of the hazardous substances identified. A further aim of the study was to detect the dangerous substances more relevant with respect to the quantities formed and to the hazard related to their release in the environment following an accidental event.

4.
EXPERIMENTAL PART

4.1
Materials

The following compounds were used for the study: 1,2,5,6,9,10-hexabromocyclododecane (HBCD) and tetrabromobisphenol A (TBBA), supplied by Aldrich, and epikote 828 epoxy grade diglycidyl ether of bisphenol A (DGEBA), supplied by Shell.

Linear brominated epoxy resins were prepared by reaction of DGEBA with TBBA, using the procedures described in previous papers [4,5]. In the following, the brominated epoxy resins will be identified by the molar ratio of DGEBA to TBBA.

4.2
Techniques



Simultaneous themogravimetric (TG) and differential scanning calorimetry (DSC) data were obtained using a Netzsch STA 409/C thermoanalyzer. A constant heating rate of 10°C/min and typical sample weights of 5-30mg were used in experimental runs. Runs were carried out using a purge gas flow of 60ml/min and alumina crucibles.



TG-FTIR simultaneous measurements for the on-line analysis of volatile compounds formed during TG runs were carried out coupling the FTIR spectrometer to the Netzsch TG using a transfer line heated at 200°C to limit the condensation of volatile decomposition products. FTIR measurements were carried out using a Bruker Equinox 55 spectrometer equipped with DTGS and MCT detectors.

A laboratory-scale fixed bed reactor (FBR) was used to carry out thermal decomposition runs in inert and oxidizing atmosphere. The experiments were mainly aimed to the recovery and characterization of the gaseous and condensable fraction of volatile decomposition products. Typical sample weights of 200-400mg, sample heating rates of 10°C/min and a 6l/h purge gas flow were used for experimental runs. A residence time of 10min at the final temperature (usually of 500°C) was accomplished. Further details on reactor characteristics and mode of operation are given elsewhere [6]. A Fisons MD 800 mass spectrometer interfaced to a Fisons GC 8060 gas chromatograph was used for GC/MS analysis.

Further details on the experimental devices and techniques used are given elsewhere [4,6].

4.3
Analysis of TG-FTIR data



A linear relation between spectral absorbance at a given wavenumber and concentration of a gaseous compound is postulated by the Lambert-Beer law. Thus, TG-FTIR measurements may be used to generate a specific gas profile to monitor qualitatively the evolution of a gas as function of time or of the temperature of the TG furnace. Suitable wavenumber absorption intervals were identified for the compound of interest, in order to avoid interferences from other substances [6].

Table 2

Pyrolysis products of TBBA identified by GC/MS analysis

	Compound
	Molecular weight

	
	

	  Non-brominated compounds
	

	Phenol
	94

	Dibenzofuran
	168

	Bisphenol A
	228

	
	

	  Monobrominated compounds
	

	2-Bromophenol
	173

	4-Bromophenol
	173

	Bromobisphenol A
	307

	
	

	  Dibrominated compounds
	

	2,4-Dibromophenol
	252

	2,6-Dibromophenol
	252

	2,6-Dibromo-4-methylphenol
	266

	Dibromobisphenols A
	386

	
	

	  Tribrominated compounds
	

	2,4,6-Tribromophenol
	331

	Tribromobisphenol A
	465

	
	

	  Tetrabrominated compounds
	

	TBBA
	544




The more important gaseous product formed in thermal decomposition of brominated flame retardants is hydrogen bromide (HBr). Thus the results of TG-FTIR runs were also analyzed in order to estimate the quantities of HBr formed during the thermal degradation in the TG analyzer. The methodology used for quantitative analysis of TG-FTIR measurements is extensively described elsewhere [6].
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Fig. 2.
Weight loss curve and evolution profiles of HBr (2498-2516cm-1) and hydrocarbon compounds (2830-3150cm-1) during HBCD decomposition (constant heating rate of 10°C/min, 100% nitrogen).
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Fig. 3.
Weight loss curve and evolution profiles of HBr (2498-2516cm-1) and hydrocarbon compounds (2830-3150cm-1) during TBBA decomposition (constant heating rate of 10°C/min, 100% nitrogen).

4.4
Results and discussion



Simultaneous TG/DSC analysis was used in order to evaluate the thermal stability and the thermal effects associated to the decomposition. Simultaneous TG/DSC runs in pure nitrogen at a heating rate of 10°C/min were carried out. An endothermic decomposition was observed for HBCD and TBBA samples, while exothermic effects were obtained for brominated epoxy resins. Further data on thermal effects and thermal stability of these materials are discussed elsewhere [6].

TG-FTIR and FBR runs allowed the characterization of thermal degradation products at the low heating rates (10°C/min) used in the present study. The condensable fraction of degradation products recovered from FBR runs was analyzed by GC/MS. GC/MS analysis allowed the identification of many products. The results obtained for TBBA are reported in Table 2, while the results obtained for the other materials are discussed elsewhere [6]. Based on the identified products, the main pathways of thermal degradation could be investigated and decomposition mechanisms were proposed [6].
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Fig. 4.
Weight loss curve and evolution profiles of HBr (2498-2516cm-1) and CO (2030-2235cm-1) during decomposition of the 1.85 DGEBA/TBBA resin (constant heating rate of 10°C/min, 100% nitrogen).

Qualitative emission profiles as a function of temperature were obtained from TG-FTIR runs. Hydrogen bromide was one of the main products generated during the thermal decomposition of the materials analyzed. Figures 2 and 3 show the evolution profiles for hydrogen bromide and for hydrocarbon compounds compared with the weight loss curve during the thermal degradation of HBCD and TBBA, respectively. The evolution profiles for hydrogen bromide and for carbon monoxide during the degradation of the 1.85 DGEBA/TBBA resin are reported in Fig. 4. FTIR data were used to obtain data on the quantities of hydrogen bromide generated during decomposition. Table 1 reports the results obtained for the different samples considered. The bromine content of the pyrolysis residue was determined by combustion followed by argentimetric titration. A mass balance on the recovered product fractions allowed the estimation of the bromine distribution among the different product fractions. The results obtained for HBCD and TBBA are reported in Tables 3 and 4, respectively.

Table 3

Quantitative data on the bromine distribution between the different fractions of HBCD degradation products

	
	HBCD
	HBr
	Condensables
	Residue

	Fraction of sample initial mass (weight %)
	100
	58
	36
	6

	Fraction of bromine initially present (weight %)
	100
	77
	23
	(0

	Bromine content 

(weight %)
	74.7
	98.8
	48
	(0


Table 4

Quantitative data on the bromine distribution between the different fractions of TBBA degradation products

	
	TBBA
	HBr
	Condensables
	Residue

	Fraction of sample initial mass (weight %)
	100
	19.7
	65.3
	15

	Fraction of bromine initially present (weight %)
	100
	33
	64.5
	2.5

	Bromine content 

(weight %)
	58.8
	98.8
	58
	10




In order to investigate the influence of oxidizing conditions on thermal stability, constant heating rate (10°C/min) TG/DSC, TG-FTIR and FBR runs were performed using air (21% oxygen by mol) as the purge gas. No relevant differences were observed in the weight loss and decomposition thermal effects, in the decomposition products identified and in the quantity of hydrogen bromide formed. Thus, these results suggest that even at the low heating rates used in the experimental runs (10°C/min), the primary decomposition process of the brominated materials considered is not influenced by the presence of air, and that the data obtained may have a more general validity.

5.
SCENARIO IDENTIFICATION

The analysis of major accidents databases and of specific databases on the formation of hazardous substances as a consequence of “out of control” conditions [7] suggested the identification of two different accidental scenarios for the unwanted formation of hazardous substances in the chemical systems studied: the involvment in fires of pure TBBA and HBCD, or of brominated epoxy resins; and the runaway of TBBA/DGEBA polymerization processes. For the sake of brevity, only the consequences of the first type of scenarios will be discussed herein.

The more severe fire scenario involving these substances is a pool fire in which brominated flame retardants and solvents are contemporary present. This scenario may take place either in warehouses or in storage tanks where the TBBA/DGEBA linear resins are stored using acetone as a solvent to reduce the viscosity of these products at ambient temperature.

The source terms for hydrogen bromide and for high molecular weight organobrominated compounds were directly derived from the experimental data obtained. This is obviously only a working hypothesis, but it is believed that the experimental data obtained may be used at least to obtain indicative values of the quantities of hazardous substances that may to be formed following accidental events.

Table 5

Parameters of the accidental scenarios considered in the analysis

	
	HBCD
	TBBA
	DGEBA/ TBBA 1

	weight fraction in pool
	0.5
	0.5
	0.7

	pool diameter (m)
	40
	40
	40

	combustion velocity (kg/m2s)
	0.09
	0.09
	0.09

	quantity burned (kg/s)
	55
	55
	77

	HBr formed (kg/s)
	32
	11
	17

	flame temperature (K)
	1200
	1200
	1200

	plume raise initial velocity (m/s)
	1.1
	1.5
	1.4

	atmospheric conditions
	D5
	D5
	D5

	fire duration (h)
	2
	2
	2


6.
CONSEQUENCE ASSESSMENT
Only off-site consequence assessment was performed. Thus the analysis was aimed to assess the consequences of the release of the hazardous substances formed due to plume dispersion and to organic particulate deposition. Dispersion of hydrogen bromide was analyzed using literature neutral gas dispersion models [8], considering the dilution due to the presence of other combustion products and to the plume raise. The main parameters used for the study of the hydrogen bromide dispersion are summarized in Table 5. Combustion velocity was assumed to be equal to that of the solvent present in the pool (acetone). Conservative assumptions were used for the determination of this and of the other model parameters, in order to obtain worst-case results. Figure 5 shows the down-wind hydrogen bromide concentrations for the scenarios studied. As shown in the figure, with the hypothesis used, the IDLH concentration for HBr (99.3mg/m3) is obtained at ground level only for a fire involving pure HBCD. Figure 6 shows the isoconcentration curves obtained for this scenario.

The release of organobrominated substances was studied using Clancey  particulate dispersion model [9]. Particulate diameter distributions and fraction of condensables released to the environment were assumed on the basis of literature values obtained from large-scale pesticide fire simulation experiments [10-13]. Further details on modeling assumptions are reported elsewhere [6]. Modeling results show that for the scenarios considered, particulate deposition after 2h may reach values as high as 50g/m2 up to downwind distances of 5km and cross-wind distances of about 300m.

Since the study mainly concerned worst-case scenarios, two important conclusions may be drawn: the accidental events considered are unlikely to cause off-site lethal concentrations of gaseous hazardous products, but the possibility of a severe contamination of the ground up to about 5 km should be considered, caused by the deposition of particulate containing high molecular weight brominated organic compounds.
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Fig.5.
HBr down-wind concentrations at ground level for the accidental scenarios considered.
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Fig. 6.
Isoconcentration curves for HBCD fire scenario.

7.
ASSESSMENT OF “SEVESO-II” REQUIREMENTS

It is interesting to assess the possible requirements of Article 2 of the “Seveso-II” Directive with respect to the scenarios studied. The relevant text of Article 2, concerning the definition of “presence of dangerous substances”, was reported in the introduction to the paper. The hazardous product formed in higher quantities in the scenarios assessed is surely hydrogen bromide. From Table 5, total quantities of HBr formed may be easily estimated. The results are reported in Table 6. As shown in the table, all the three scenarios studied concern the formation of a toxic substance (HBr) in quantities higher than those required for the application of Articles 6/7 (notification) and, in the case of HBCD, of Article 9 (safety report). However, the compound is not present in normal process conditions and is formed as a consequence of an accident involving substances that are not included in Annex I of the Directive. Thus it is questionable if the full application of article 2 of the Directive would require the application of obligations present in articles 6/7.

8.
CONCLUSIONS

A preliminary assessment of the consequences of the formation of hazardous substances in “out of control” conditions was performed for chemical systems of industrial importance where brominated flame retardants are present. The study was based on an extended preliminary experimental work. The scenarios analyzed resulted in the possibility of severe off-site contamination due to particulate deposition following fires. The relevance of these scenarios with respect to the possible application of the obligations of Directive 96/82/EC should be thoroughly considered.

Table 6

Assessment of possible “Seveso-II” Directive requirements

	
	HBCD
	TBBA
	DGEBA/ TBBA 1

	total quantity burned (t)
	396
	396
	554

	total quantity of HBr formed (t)
	230
	79
	122

	pure substance: limit for Art. 6/7 obligations
	---
	---
	---

	HBr: limit for Art. 6/7 obligations
	50
	50
	50

	HBr: limit for Art. 9 obligations
	200
	200
	200
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