
LABORATORY TESTING OF SOME PHOSPHORUS-CONTAINING 
COMPOUNDS AS FLAME SUPPRESSANTS 

James Riches, Ken Grant, and Linda Knutsen 
Defence Evaluation and Research Agency (DERA) 

Chemical and Biological Defence Sector 
Haslar, Gosport, Hampshire PO12 2AG. UNITED KINGDOM 

INTRODUCTION 

The aim of this work was to evaluate the flame suppression potential of some novel phosphorus- 
containing compounds (PCC). PCCs have been used for many years as fire retardant chemicals 
in plastics and in dry chemical (powder) fire extinguishers. Laboratory studies of gas phase 
flame inhibition by PCCs have been reviewed and studied recently by Fisher et al. [ I ] .  The com- 
pounds dimethyl methylphosphonate (DMMP) and trimethyl phosphate (TMP) were shown to be 
two to four times more effective than Halon 1301 in counter-flow diffusion flame inhibition 
studies. Korobeinichev et al. [2 ,3]  had previously demonstrated inhibition of low pressure pre- 
mixed hydrogedair flames by the same compounds. Direct evidence that PCCs affect radical 
levels in flames has also been demonstrated [4,5]. Recently PCCs have been proposed as a fam- 
ily of chemicals with potential as halon replacements for streaming applications [6]. Amongst 
the compounds considered were phosphazenes and phosphites: examples of which have been 
shown to have low cup-burner values. 

In this work the flame suppression behaviour of a number of novel and commonly available 
PCCs has been studied. Full details of the synthetic procedures and characterisation of the novel 
compounds has been reported [7]. The structures of the compounds used are shown in Figure 1. 
The compounds were selected in order to investigate the effect of structural features on flame 
suppression behaviour. Fluorination was expected to minimise the flammability and promote 
volatility. Compounds containing direct phosphorus to fluorine bonds are generally neurotoxic 
by skin contact and/or inhalation and were discounted. 

EXPERIMENTAL 

The heat removed from a premixed methane/air flame was measured as a function of agent 
concentration. This flame suppression measurement method has been developed extensively at 
the New Mexico Engineering Research Institute [8]. Measurement of the heat removed from a 
methane/air flame was achieved by measuring the temperature of a cooling liquid pumped 
through a tube welded to the rim of a Bunsen burner. The temperature was measured using 
thermocouples that were positioned in the coolant stream and logged every 5 sec. The tempera- 
ture difference recorded was converted to a measure of the heat removed by the burner (HRBB) 
by calculation using the known heat capacity and flow rate of the coolant (ethylene glycol). A 
schematic diagram of the apparatus is shown in Figure 2. The scale of the burner is somewhat 
smaller than the NMERI Sapphire apparatus. The burner diameter was 22 mm and the total fuel/ 
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Figurc I .  Structurcs of the phosphorus-containing compounds used in this work 

air flow used was I 100 ml min-'. A fuel to air equivalence ratio of I was used unless otherwise 
stated. The heat removed by the burner for unsuppressed flames was approximately 80 cal min-'. 

For experiments involving agents that were liquids at room temperature, these were injected inlo 
the pre-mixed gas stream using a syringe and nccdle driven by a calibrated syringe driving pump. 
The pre-mixed gas stream was heated to ensure vapourisation of the agents and the burner was 
also heated to prevent condensation of the agents before the flame. 

The combustion gases were transfel-red to a Perkin Elmer GX System Fourier transform infrared 
spectrometer through a heated gas line maintained at 200 "C. The spectrometer was fitted with a 
5 m variable path length heated gas cell (200 "C) with calcium fluoride windows. The spectral 
range studied was 4500-1000 cm-'. Spectra were recorded continuously at a resolution of 4 c m ~ l .  

KESULTS 

The shape of the relationship between HRBB and agent concentration in experiments of this type 
has been used to give an insight into flame cxtinguishing mechanisms [ 8 ] :  linear relationships 
being indicalive of a physical, flame cooling mechanism. and nonlinear relationships of a 
catalytic mechanism. Addition of all the PCCs tested resulted in a change from the flat blue 
methanehir flame to an orange cone-shaped tlame. This change occurred for very small 
additions (< 0. I % )  of agent. After this initial change in flame shape, there was litlle further 
change except for a deepening of the orange colour, and for the non-fluorinated agents, the 
cmission of small quantities of smoke near extinguishment. Extinguishment was not accompan- 
ied by a stretching and lifting of  the flame from the surfdce of the burner, as is the case for Halon 
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Figure 2. Schematic diagram of flame suppression measurement apparatus. 

1301, but by a flickering flame that disappeared suddenly leaving a cloud of vapor. A build-up 
of “oily” liquid deposits and carbon was noticed on the burner surface when flames were doped 
with PCCs. Plots of HRBB azainst agent concentration for Agent 1 and Halon 1301 are shown 
in Figure 3. The nature of these plots is characteristic of the flame shape and its height above the 
burner observed throughout the experiment. For example, the value of HRBB at extinguishment 
is higher for the PCCs because there was no lift-off of the flame from the burner surface. Flame 
lift-off was a feature of flame suppression with halons, perfluorocarbons, and inert gases in our 
apparatus. 

The curves obtained for the PCCs were also compared with water, which should act physically, 
and some structuraily similar compounds that were known fuels: ethyl acetate, which has a 
structure similar to DEMP but lacking a phosphorus atom and an -0Et group; and iso-octane, a 
hydrocarbon fuel with a branched structure. Plots of HRBB against agent concentration for these 
compounds are shown in Figure 4. The change in the HRBB on addition of the fuels is expected 
since any additive that alters the flame shape will have an affect on the HRBB; however, these 
data show that for Halon 1301 and the PCCs there is a large effect on the HRBB at very low 
agent concentrations indicating a catalytic tlame suppression mechanism. 

The extinguishing concentrations for all PCCs studied are shown in Table 1. These are an 
average of three experiments. Plots for a selection of the PCCs tested are shown in Figure 5. 

No cup-burner values for the PCCs studied were available: however, it is interesting to compare 
the extinguishing concentrations with cup-burner values for compounds of similar molecular 
weight (e& perfluorohexane (C6F14, M.W. = 338) has a cup-burner value of 4.4% [9]. This 
compound gave an extinguishing concentration of 5.9% in our apparatus. The extinguishing 
concentration of 1.3 f 0.2% noted for Agent 5 (M.W. = 336) is therefore extremely encouraging. 
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Figure 3. Plots of HRBB against agent concentration for Agent I and Halon 1301 
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Figure 4. Plots of HRBB against agent concentrillion for Agent I, DEMP, and fuels 
with structural similarities 10 DEMP. 
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TABLE 1. EXTINGUISHING CONCENTRATIONS FOR PCCs. 
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Figure 5. Plots of HRBB against agent concentration for a range of PCCs. 

Other agents tested, which are liquids at room temperature and for which reference cup-burner 
values are available, were 3-bromo- I ,  I ,  1 -trifluoropropene and 2-bromo-3,3,3-trifluoro-2- 
propanol. These compounds gave extinguishing concentrations of 3. I and 5.9%, respectively, 
compared with cup-burner values of 2.6 and 5.3% [9]. It can be seen therefore that extinguishing 
concentrations as calculated for liquid agents in our apparatus are higher than the corresponding 
cup-burner values. Extinguishing concentrations for gaseous agents were generally slightly low- 
er than the cup-burner values. For example, Halon 1301 gave an extinguishing concentration of 
2.3% compared to the cup-burner value of 2.9%. 
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A reduction in extinguishing concentration with molecular weight was observed for the fluorine- 
containing PCCs as  shown in Figure 6. The non-fluorinated PCCs (also plotted on Figure 6 )  
were more effective than the fluorinated PCCs on a weight basis. Thesc data support previous 
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Figure 6. Plot of extinguishing concentration against molecular weight for PCCs. 

suggcstions [ I O ]  that it is the presence of phosphorus radicals in the flame rather than the nature 
of the parent compound that is important in flame suppression. 

The effect of flame stoichiometry was studied for TMP and Agent I. The plot of HRBB against 
tlame stoichiometry (Figure 7) shows that both the PCCs are equally effective in supprcssing the 
flame over the lean to stoichiometric range. This shows that the flame suppression behaviour of 
thcse agents is not influenced by their fuel content in these experiments. 
Infrared Spectra 

Infrared spectra of the combustion products of the non-fluorinated PCCs showed broad absorh- 
ances in the 1300 to 1000 cm-l region. There was some indication of undegraded agents in  the 
spectra near extinguishment. Infrared spectra recorded for TMP near extinguishment overlaid 
with the spectrum of the uncombusted agent recorded after the flame had been extinguished are 
shown in Figure 8. 

Infrared spectra of combustion products from the fluorinated PCCs also revealed broad absorb- 
ances in the I300 to 1000 cm-' region, which could not be assigned to specific phosphorus- 
containing species. Hydrogen fluoride and carbonyl fluoride were the main combustion products 
identified, in addition to carbon dioxide and water, and there was some evidence of uncombusted 
agents (P=O stretch). Phosphorus acids wcre not detected based on the absence of absolptions at 
2700 to 2550 cm~l .  The infrared spectrum recorded for Agent I near extinguishment overlaid 
with that for the uncomhusted agent is shown in Figure 9. 

This work on the flame suppression potential of PCCs is at an early stage but has revealed some 
interesting observations. A range of PCCs have been shown to inhibit pre-mixed methanepair 
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flames, and a catalytic extinguishing mechanism seems likely to be based on plots of the heat 
removed from these flames against agent concentration. 
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Figure 8. Infrared spectra of TMP. 
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Figure 9. Infrared spectra of Agent I .  

CONCLUSIONS AND FUTURE WORK 

Extinguishing concentrations of between 1.2. and 2.2 % were determined [or the PCCs tested. 
This is an encouraging result and justifics further work on PCCs. The relative effectiveness of 
more PCCs, including fluorinated and non-fluorinated phosphites. will he investigated in future 
work. If further tests reveal that the presence of phosphorus rather than the nature of the parent 
compound is the main factor in the effectiveness of PCCs, this should give good scope for 
designing a nontoxic agent. 

Particulate formation is very likely to be important in the extinguishing mechanism based on 
visual observations of smoke for all PCCs tested. Particulate formation in flame extinguishment 
mechanisms has been discussed extensively in relation to the study of flame suppression with 
iron-containing compounds 11 I, 121 and may also be of relevance to this work. 

Infrared spectra of combustion products from the PCCs revealed broad absorbances in the 1300 
to  1000 c m ~ '  region, which could not be assigned to specific structural features of PCCs. There 
was some evidence of uncombusted agent near extinguishment for all the PCCs. Hydrogen 
fluoride and carbonyl fluoride were the main combustion products identified. in addition to 
c;irbon dioxide and water, for the fluorinated PCCs. Phosphorus containing acids were not 
detected based on the absence of absorptions in the range 2700 to 2550 c m ~ ' .  
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