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ABSTRACT 
 
The cup-burner technique was used to continue study of the effectiveness of recently 
synthesized organophosphorus (OPCs), organofluoric compounds (OFCs) and aqueous 
solutions of some organic salts. The composite fire suppressants - mixtures of earlier studied 
OPCs with other compounds including halons, organic salts of alkali metals were tested. The 
dependence of suppression effectiveness of n-heptane/air flame on ratio of the components in 
the blend was studied. The perspectives of practical application of the tested fire suppressants 
for fire-fighting are discussed. 
 

INTRODUCTION 
 
Search and study of novel effective and ecologically safe fire suppressants is one of a 
perspective direction of investigation in area of fire suppression. In this connection 
organophosphorus (OPCs), organofluoric (OFCs) and metal-containing compounds (MCCs) is 
study of a great interest. At present the results of comparative testing of various flame 
suppressants are available [1-10] but there is a deficit in experimental data on minimal 
extinguishing concentration (MEC) for many compounds and especially for composite fire 
suppressants. The MEC is necessary for evaluating of perspectives of practical application of 
the compounds. The search and testing of novel fire suppressants - halons alternatives among 
OPCs, OFCs and MCCs still presents a perspective direction of investigation. High boiling 
point (low volatility) of studied OPCs brought us to synthesis of more volatile fluorinated 
derivatives of OPCs. However a high reactivity of some of fluorinated OPCs, which were 
recently synthesized [1-5], hinders their practical use. Nevertheless, the application of 
moderately volatile OPCs as fire suppressants is quite possible using blends of OPCs with 
ozone-friendly halons as a potential delivery media.  
 
At present some data on effectiveness of flame inhibition and extinguishing by various OPCs in 
laboratory conditions were published in [6-10]. However in the literature there are no data on 
the extinguishing concentrations of blends of OPCs with another compounds. The efficiency of 
such blends can be higher than sum of efficiency of individual components. The goal of present 
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work is to determine the effectiveness of OPCs, OFCs, MCCs and their blends with ozone-
friendly halons in laboratory tests. 
 

EXPERIMENTAL 
 
In the present paper we studied novel OPCs and OFCs. Their formulas and boiling points are 
presented in Table 1. In Table 1 earlier investigated OPCs and halons, which we used as 
components of blends, are also given. In addition we studied the effectiveness of inorganic and 
organic salts (K3PO4, KOOCH3, KOOCCOOK and K4[Fe(CN)6]) in form of fine aerosol using 
cup-burner technique. The scheme of experimental setup is presented in Figure 1. 

 
Table 1. Novel OPCs and OFCs tested and their boiling points 

Formula B.P. at atm. pressure 
[(CF3)2CHO]2P(O)CH3 180 
[(CF3)2CHO]2P(O)CF3 135 
(CH3O)P(O)CF3(CH3) 150 
(CF3CH2O)3P 131 
HCF2CF2CH2OCF2CHFCF3 80 
HCF2CF2OCH2CH3 82 
CF3CF2CF2OCHFCF3 70 
(CF3)2C=CFCF2CF3 42 
(CF3)2CFCF=CFCF3 45 
CF3H -82.2 
C2F5H -48.6 

 
The detail of cup-burner technique was described in our previous work [3]. The salts were 
introduced into the airflow in form of aqueous solutions using a nebulizer. The mass-median 
diameter of the aerosol droplets was about 10-20 microns whereas after evaporation of water 
the size of particles became 2.5 - 5 microns. The deposition of the salts inside the chimney 
was taken into account. The contribution of water from the solutions into the inhibition effect 
was also taken into account. Besides we studied blends of OPCs with organic salts of alkali 
metals, ozone-friendly halons (CF3H, C2F5H). 
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Fig. 1. Cup-burner setup. 
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RESULTS AND DISCUSSION 

 
Cup-burner tests 
A number of novel OPCs, OFCs and MCCs were tested using the cup-burner technique. The 
extinguishing concentration of CO2 as a function of the dopant loading is shown in Figure 2. 
The measured extinguishing concentrations for the tested compounds are tabulated below 
(Table 2). For some compounds a secondary flame in upper part of the chimney was observed 
because of combustion of their vapours in heated airflow. For these OPCs and OFCs a 
distinctive dependence of CO2 extinguishing concentration on suppressants loading is 
observed (see Fig. 2). For example, when suppressants loading increases a higher 
concentration of CO2 is required for flame extinguishing. This effect as it was reported by us 
earlier [3] is connected with 2 competitive processes: (1) the flame inhibition by suppressants 
and temperature decrease; (2) an increase of flame temperature due to additional heat release 
from suppressants combustion that decreases its effectiveness as fire suppressant.  
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Table 2. Extinguishing concentrations of novel OPCs and OFCs at 75 0C. 
Minimal extinguishing concentration,  

Compound % by volume g/m3 
 

air  stability 

(CF3CH2O)3P 2.6±0.2 381 No fumes 
[(CF3)2CHO]2P(O)CH3 3.0±0.2 530 No fumes 
[(CF3)2CHO]2P(O)CF3 2.0±0.2 400 No fumes 
HCF2CF2CH2OCF2CHFCF3 6.1±0.3 768 No fumes 
HCF2CF2OCH2CH3 flammable - No fumes 
CF3CF2CF2OCHFCF3 6.6±0.3 843 No fumes 
(CF3)2C=CFCF2CF3 4.8±0.3 642 No fumes 
(CF3)2CFCF=CFCF3 5.0±0.3 670 No fumes 
CF3Br 4.6 306 - 
CF3H 14.2 443 - 
С2F5H 11.4 610 - 
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Figure 2. Cup burner tests: extinguishing 
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(CF3)2C=CFCF2CF3 and (CF3)2CFCF=CFCF3. Probably high efficiency of this compound can 
be explained by presence of double bonds in their molecules. The double bounds can be 
additional traps for radicals H and OH in a flame. As have shown in experiments the location 
of double bounds in the molecule does not influence on efficiency of these suppressants. The 
basic determining factor for suppression effectiveness in these compounds was shown to be 
the high degree of replacement of hydrogen atoms for fluorine. 
 
The results on extinguishing of diffusive cup-burner flame (n-heptane + air) by aqueous 
solutions of various salts are presented in Table 3. The values of MEC obviously demonstrate 
potassium salts to be on order of magnitude more effective fire suppressants than OPCs and 
halons [9]. The data obtained indicate that the suppression effectiveness counting on one 
molecule of organic salts is actually proportional to number of potassium atoms (the effect of 
water being taking into account). This rule is not correct for K4[Fe(CN)6] containing iron 
atoms except potassium ones. Iron-containing compounds are known to be one of the most 
effective inhibitors of combustion [9]. In the case of K4[Fe(CN)6] iron and potassium act 
reciprocally suppressing the flame. The results obtained do not show synergy of iron and 
potassium. Further search of synergy of iron and potassium salts will be an objective of future 
research.  
 
It is noteworthy that a combined application of phosphorus and potassium (as solution of 
potassium phosphates KH2PO4 or KOOCH3 with OPCs additive) for flame suppression is as 
effective as inert agent. The suppression effectiveness of the composition is very low, so we 
failed to extinguish the cup-burner flame. Nevertheless earlier [5] we demonstrated that 
NH4H2PO4 and OPCs at loading of 0.2% by volume demonstrate nearly the same 
effectiveness of suppression counting on one atom of phosphorus. Thus the expected 
effectiveness of K3PO4 must be much higher than that for OPCs but it is not confirmed 
experimentally. Thermally stable potassium phosphate (K3PO4) does not dissociate 
effectively producing chemically active species of potassium and phosphorus oxy-acids. To 
understand the detailed mechanism of mutual decrease of effectiveness K- and P-containing 
inhibitors additional research is required. Thus the practical application of such combined fire 
suppressants has no perspectives. 
 

Table 3. The studied salts and their minimal extinguishing concentration 
minimal extinguishing concentration Salt 

mole fraction (×100) g/m3 
K3PO4 No extinguishing at 1% 
KOOCH3 0.25 10.9 
KOOCCOOK 0.13 9.6 
K4[Fe(CN)6] 0.035 6.6 

 
 The efficiency of blends OPCs and organic salts of alkali metals with C2F5H was determined 
using cup-burner method. OPCs or aqueous solutions of the salts were introduced in into the 
airflow using a nebulizer. The C2F5H flow was added to the airflow in discrete steps so to reach 
flame extinguishment. The results obtained are presented in Fig. 3 and Fig 4  
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concentration of C2F5H as a function of 

loading of (CF3CH2O)3P. 
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Figure 4. Cup burner tests: extinguishing
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loading of K2C2O4·H2O. 
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For the studied blends the parameter F (index of interaction) was calculated according the 
formula proposed in Ref [11]:  

D

D
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C
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where and  - minimal extinguishing concentration of OPC or KfsC0
fsC 2C2O4·H2O without 

C2F5H and in blends, and - minimal extinguishing concentration for pure CDC0
DC 2F5H and in 

blends with OPC or K2C2O4·H2O. The received dependencies for blends of C2F5H with ОРС or 
K2C2O4·H2O are presented in Figure 5. As was shown earlier [11] the value of index of 
interaction reflects mutual influence of components of blend. According [11] if F > 1 such blend 
produce antisynergetic effect on extinguishing ability of the blend. At F=1 components influence 
reciprocally demonstrating no synergy. At F < 1 synergy is observed. It was revealed that the 
blends of the organic salts doped with C2F5H or OPCs have lower efficiency in comparison with 
individual compounds, i.e. such blends are not effective. We assume that such low effectiveness 
of the studied blends are connected with deactivation of active compounds – radical scavengers 
formed in a flame (oxides of phosphorus, oxide of alkaline metals) due to interaction with other 
flame species (e.g. HF in a case C2F5H). As a result inactive compounds are formed (KF, K3PO4 
etc.). It was found that the efficiency of blends of OPCs with C2F5H equal the sum of efficiencies 
of individual components. Thus essential advantages of blends based on halons with OPC or with 
K2C2O4·H2O have no prospective of practical application. 
 

CONCLUSIONS  
 

Thus, as a result of carried out study new OPCs, OFCs, and also organic salts of alkaline metals 
as well as a number of blends were investigated. Minimal extinguishing concentration of these 
compounds and blends were measured using cup-burner technique. The interaction index for 
components of the blends was determined. We showed that the blends of OPC and halons as well 
as organic salts of alkaline metals with halons demonstrate no synergy. The received data allows 
on the base of fluorinated noncombustible OPC to create new fire suppressants, which have high 
efficiency, wide working temperature range, low toxicity and cost. 
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