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Introduction  

Discarded flame-retardants including organic halogens(X) are expected to be incinerated and mineralized to 

form hydrochloric acid(HCl) and hydrobromic acid(HBr), which are treated by air pollution control devices. 

However, in the field of hazardous chemical destruction, the performance of the treatment has been evaluated by 

destruction and removal efficiency (DRE) which is equivalent to residual ratio of targeted chemcals1). 

However, it is ideal that all X are mineralized, because "new" substrates need much time to reveal their adverse 

effect2). 

Overall organic X have been noticed as an indicator of potential toxicity long time. The first proposed 

methodology was similar with adsorbable organic X (AOX) using activated carbon collection followed by 

combustion - coulometric detection3). The next generation was either chlorinated benzene / phenol monitoring 

by mass spectrometry, or organic X detection by plasma spetroscopy4-6). Those measurements have been limited 

to non-soluble and volatile fraction, because HCl removal using aqueous trapping was indispensable. 

For elemental analysis of organic X, sample is combusted and mineralized to produce HX or X2, which is to be 

determined. Catalyst for complete combustion such as WO3
7) enhances the recovery. However, real combustion 

does not have it; therefore, incomplete mineralization could occur. Remaining organic X species after thermal 

treatment have been detailed previously8-9); however, overall mass balance of X has been missed yet. Water 

soluble organic X should be focused, because non-soluble and volatile fraction has been examined for some 

organic X compounds to reveal to be less than 0.1%10).  

In this paper, 5 species of organic X compounds including flame-retardants were combusted with starch whose 

role was fuel. Inorganic and organic X from aqueous off-gas trapping were determined. The sum of mineralized 

and organic X gave good mass balance for consideration of complete destruction. Some element specific 

findings have been obtained. 

Materials and methods  

Fig 1 gives experimental instrumentation with parameter values. Organic X compounds was sandwiched in 

starch on the ceramic boat, which was inserted into a quartz tube at 600oC in a stream of air. The off-gas was 

combusted at 850 or 950 oC before collection. Combusted off-gas was trapped by aqueous H2O2 solution. The 

glassware of aqueous trapping was newly developed one which consisted of reagent contactor, coiled glass tube, 

and effluent reservoir. Diaphragm pumping after the reservoir sent the gas to plastic gas bag. Concentration of 

CO in off-gas was translated to CO conversion rate, that is CO [mol] divided by carbon 

[mol] from starch and C-X compounds.. 
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Figure 1 Combustion and gas trapping instruments 

The off-gas trapping solution was passed through C18 cartridge (900 mg), the effluent of which was injected to 

ion chromatography for inorganic halogen determination, which was named mineralized X. The C18 cartridge 

was eluted with 3 mL of methanol, which was poured into a ceramic boat for combustion, off-gas trapping, and 

X determination, which was named C18-X. 

Results and discussion: 

Fig 2 depicts recovered rate of mineralized and C18-X with CO conversion rate for 5 chemicals in two off-gas 

combustion temperature. Overall recovery rate was between 80.2 ～ 106.4%, namely, mass balance behavior 

of X can be discussed using these data. In Table 1, residual of organic X (ROX) and bond enthalpy of 

representative comounds11) are listed. ROX is calculated by following equation. 

Figure 2: Recovered organic and inorganic X, and CO conversion rate for 5 organic X compounds 
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Table 1 Residual organic halogen (ROX) and C-X bond enthalpy  

_________________________________________________________________________________ 

    ROX Bond enthalpy[ kcal mol-1]** 

______________ _________________________ 

850oC*  950oC  

TeCB (1,2,3,4-tetrachlorobenzene)   43.1% 23.6% 97.1 C-Cl (phenyl)

LCCP (long chain chlorinated paraffins)  52.4% 21.7% 83.7 C-Cl (methyl)

TeBB (1,2,4,5-tetrabromobenzene)   11.1% 6.24% 84.0 C-Br (phenyl)

HBCD (1,2,5,6,9,10-hexabromocyclododecane)  5.26% 5.21% 72.1 C-Br (methyl)

TBBPA (tetrabromobisphenol A) 30.4% 13.2% 84.0 C-Br (phenyl)

_________________________________________________________________________________ 

* Gas combustion temperature [oC]

** Data are collected from Ref 11) 

   Residual Organic Halogen (ROX) = (C18-X)/{Mineralized X + (C18-X)}  ×100% (1) 

ROX value of 43.1% for TeCB means nearly half of Cl remained organic form even after the combustion at 

850oC, while further mineralization was achieved: ie ROX = 23.6% at 950oC. In the same way, LCCP denoted 

max ROX of 52.4% at 850oC combustion. The property of LCCP as a flame-retardant might pause incomplete 

combustion and poor destruction of LCCP as indicated by CO conversion rate as high as 6.3%. 

On the other hand, Br compounds gave relatively low ROX value in the range of 5.2%(HBCD 950oC)～

13.2%(TBBPA 950oC) with exception of TBBPA at 850oC(ROX = 30.4%, CO conversion rate = 14.6%). 

C-Br bond was weaker than C-Cl as predicted by bond enthalpy. In other words, Br-based compound could be

mineralized more easily than Cl one. However, the ability of Br-based flame-retardant to interfere with 

combustion seemed to be higher than LCCP.  

LCCP might not be strong flame-retardant; in addition, it could be more persistent than Br-based 

flame-retardant. It should be taken into mind LCCP is not free from the strong C-Cl bond in phenyl compounds. 

As reported by Xin et al.9), phenyl-Cl compounds can be produced from LCCP through thermal conditions. 

The experimental result is only useful for the comparison of Cl- and Br based compounds at this stage; namely, 

ROX is not applicable to real incinerators. The experimental set-up is needed to be improved, because CO 

conversion rate with starch only was 5.40 and 1.75% for 850 and 950oC, respectively. These are extremely 

higher than real incinerators, whose CO concentration in flue gas is normally less than 30 mL m-3. The new 

set-up is in progress. 
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Conclusion 

 Organic X compounds including flame-retardants were combusted at 600oC, the off-gas from which was 

further combusted at 850 or 950oC. Inorganic and organic X from aqueous off-gas trapping were determined. 

Organic X was extracted using C18 cartridge with methanol elution. The sum of mineralized and organic X 

between 80.2 ～ 106.4% of the original sample, that is, sufficient for mass balance consideration. Organic Cl 

compounds were more stable than Br ones. Residual organic Cl was in the range of 21.7 to 52.4%, while that of 

Br was 5.21 to 30.4%. The combustion status at this stage was not so good as real incinerator because carbon 

oxide (CO) in off-gas was higher. More efficient mineralization could be available if the combustion is 

improved. 
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