	  Proceedings of Fire Science and Technology- Research & Its Implementations- Nov. 3-4, 2011 
	     FIRST 2011


Effect of fire retardants on generation of smoke and toxic combustion products

N. K. Saxena, Sunil K. Sharma, and Sushil Kumar


EFFECT OF FIRE RETARDANTS ON GENERATION OF SMOKE AND TOXIC COMBUSTION PRODUCTS

N. K. Saxena, Sunil K. Sharma, and Sushil Kumar

Scientists, Fire Research Division

CSIR-Central Building Research Institute, Roorkee (U.K) 

E-mail: nks_fire@yahoo.com

ABSTRACT

Various fire retardant compositions based on ammonium phosphates, borate salts, amides, organophosphate halogenated compounds and antimony oxides have been developed for imparting flame retardancy in cotton fabrics. Besides, a few fire retardant intumescent and non intumescent coatings have also been suggested to reduce the burning behavior of wood based materials. Although these treatments exhibit good fire retardancy, their effect on generation on smoke and toxic combustion products is not very well understood. Fire performance, emission of smoke and toxic combustion products have been evaluated employing standard methods. The treatments are found to be quite effective in reducing fire hazards. Generation of smoke and toxic combustion products appears to be affected by characteristics of the material as well as the nature of fire retardants employed.

INTRODUCTION

Cellulosic materials; in various forms; are most commonly used in construction and furnishings. Building materials such as wood and wood based materials as   well as cotton fabrics are often used in buildings for different applications. These materials are inherently combustible due to their cellulosic nature and hence pose great fire hazards. To retard burning characteristics of cellulosic materials several chemical treatments and surface coating have been suggested by various workers from time to time. Most of the flame retardants used for cellulosic materials are based on inorganic phosphate, boron compounds, chlorides, bromide and sulphates of aluminum, copper, Zinc, chromium and  antimony. A large number of fire retardants based on organophosphorous and halogenated compounds are also reported (1- 6). A few fire retardant coating compositions have also been suggested to reduce the burning characteristics of wood and wood based products (1, 2, 7 and 8).
Although these treatments exhibit good fie retardancy, their effect on emission of smoke and toxic combustion products is not very much known. In fact, in the event of fire, more deaths are caused by suffocation or inhalation of toxic combustion products as compared to heat and flames. Therefore it is important to know the amount and type of combustion gases, amount and rate of smoke generated when such materials are involved in fire. Such study will be of direct application and immense use in selection of fire safe materials for different end uses as well as for further R & D works to improve the fire performance of such materials. 
The present paper deals with the efficacy of several fire retardant compositions and their effect on emission of smoke and toxic combustion gases.

EXPERIMENTAL

MATERIALS
Fire retardants used in present study are of commercial grade and compositions given in Table -1.

    TABLE – 1 : Fire Retardant Chemical and Compositions
	Sl. No.
	Chemicals & Compositions
	Add on (%)

Dry wt. basis

	1.
	Monoammonium Phosphate (MAP)
	13 -15

	2.
	Diammonium Phosphate (DAP)
	13 -15

	3.
	MAP-Ammonium Sulphate (1:1.5,w/w)
	12 -14

	4.
	MAP-Sodium Salt of boron(1:2.0, w/w )
	12 -13

	5.
	DAP-Amide-DMDHEU(1;2.5:1,w/w)
	12-14

	6.
	Antimony oxide (6-8%) Borate (4-6 %), VC -VA Copolymer (9-11%) Phosphate (4-6%)  Phthalate (0.5-1%), Ethyl Acetate or MEK (65-70%)
	60-68

	7.
	Non-intumescent coating

Oxide of zinc & antimony (28-33%)

Mica (12-15%), chlorowax (25-30%) 

Phosphate (10-15%) Binder (25-28%) solvent (100 %)
	3.0 m2/lit

	8.
	Intumescent coating

Phosphates (24-30%, Amides (16-20%), Polyol (8-12%), pigment (3-5%), Thickening agent (20-22%) Binder (16-20%) Solvent (15-20%)
	3.0m2/lit


The substrates that were treated are:

Fabrics: 100 percent cotton fabrics of average weight 98 gm/m2 and 100 percent cotton canvas fabric of average weight 220 gm/m2.
Wood based products:  Fiber board of 315 gm/m3 density 

METHODS 

Fabric Treatment
1. A 12-14 % aqueous solution of ammonium phosphates and combinations of ammonium phosphate and sodium salt of boron were prepared in which specimens of fabrics were dipped for on hour followed by squeezing and drying.

2. Solution of 35-40 % concentration containing mixture of diammonium phosphate, amide, and Dimethyloldihydroxyethyleneurea (1:2.5:1 w/w)                  were prepared. The specimens of fabrics were immersed in the solution for one hour to obtain maximum chemical retention. The specimens were then dried and cured at higher temperature.

3. Solvent suspension containing chemicals reported in Table -1 at Sl. No. 6     was prepared in ethyl acetate or methyl ethyl ketone. It was applied on the specimen of canvas fabric with the help of a knife edge type applicator and specimen were dried in an electric dryer at about 500C.

Fiber Board Treatment 
Fiber board was treated with fire retardant non intumescent and intumescent type coatings prepared by mixing the ingredients reported in Table-1(compositions 7 & 8). Coatings were applied with the brush at the rate of 3.0 m2/lit. on the fiber board.

PERFORMANCE EVALUATION

Fabrics

Specimens were conditioned for 24 hours at relative humidity of 65± 2% and a temperature of 20±20C prior to their evaluation.  Specimens of size 315 x 51 mm were hung vertically in the test chamber. LPG flame of measured length from 9 mm diameter Bunsen burner was applied for a period of 12 sec. and then withdrawn accordance with specification laid down in BS: 3119 standard (9). Char length, after flame and after glow time were recorded following standard procedure.

Surface Coating

Fiber board specimens of 305x150x18 mm size were prepared. Test panels were conditioned for 14 days in a controlled atmosphere of 50±5% relative humidity and at 23 ±2 C before and after application of the developed surface coating. Prior to subjecting the specimen to the burning test, they are placed in an oven at 50±20C for a period of 40 hours. Weighed specimens are placed with the coated surface facing downwards (towards the flame source) on the angular supports such that the lower end of the specimen is 50 mm above the floor of the cabinet. A fuel cup containing 5 ml ethyl alcohol is placed on the pedestal nearest to the specimen. Ethyl alcohol is ignited without delay. The test was allowed to continue until all flame were self extinguished. The char index or char volume was calculated following ASTM standard method (10).

TABLE – 2:  Fire Performances of Compositions

	Comp.

Nos.
	After Flame Time (sec)
	After Glow

Time (sec)
	Char Length

Cm
	Char Area

cm2

	1.
	2
	2
	9.8
	9.45

	2.
	2
	2
	10.5
	11.55

	3.
	0
	4
	11.40
	11.75

	4.
	0
	0
	5.80
	5.22

	5.
	0
	0
	6.00
	5.76

	6.
	0
	0
	5.60
	4.76

	7.
	0
	0
	N.A
	51.20

	8.
	0
	0
	N.A
	NIL

	Control Fabric
	8
	Contd.
	31.5
	Burnt Completely

	Control Fiber Board
	15
	Contd.
	N.A
	540


Smoke emission test 

Specimens of size 76x76mm were affixed to 6 mm asbestos board in accordance with the standard procedure. They were subjected to non-flaming (smoldering) exposure conditions. Irradiance level of 2.5 w/cm2 averaged over the central 38.1mm diameter area of vertically mounted specimens was maintained. The following parameters were determined according to standard procedure (11).

Dm   = maximum specific density

T90% = time where 90% of Dm is reached (min.)

D90s  = Optical density at 90 sec.

SON = sum of specific optical density at 1 min., 2min., 3 min., and 4 min. a measure for the rate of smoke development

Vmax= maximum rate of smoke development estimated every 30 sec and expressed as Ds/min.

SOI = Smoke obscuration index SOI is calculated as:
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Where t0.1, t0.3, t0.5 etc indicate the time (min.) at which the smoke accumulation reaches 10, 20, and 50… percent respectively of the maximum density.

TABLE – 3:  Smoke Generation Characteristics of Different Compositions

	Comp. Nos.
	Value of*

	
	Dm
	T90%
	D905
	SON
	Vmax
	SOI

	1.
	14.8
	7.28
	3.8
	22
	2.9
	0

	2.
	15.4
	8.10
	5.1
	24.6
	3.8
	0

	3.
	11.90
	9.32
	3.2
	19.8
	2.75
	0

	4.
	6.80
	12.40
	1.0
	4.2
	0.9
	0

	5.
	7.10
	11.35
	1.3
	6.80
	1.1
	0

	6.
	235
	6.27
	19.4
	207
	36
	37.20

	7.
	172.4
	7.10
	24.5
	130
	90
	114.6

	8.
	46.0
	17.15
	2.20
	25.1
	4.25
	2.20

	Control Fabric 98 gm/m2
	18.50
	6.35
	2.80
	12.5
	1.5
	1.80

	Control Fabric 220 gm/m2
	56.4
	11.40
	9.0
	90.40
	16.4
	3.25

	Control Fiber Board
	310
	4.10
	42.4
	682
	224
	368


* lower value of Dm , D90s, SON, Vmax, SOI and higher value of t 90% indicate       better performance of a material

Determination of toxicity index:

Toxicity index is a numerical summation of the toxicity factors of selected gases produced by complete combustion of the material in air under specified standard conditions. Toxicity factors are derived by calculating the quantity of each gas that would be produced when 100 gm of material is brunt in air in a chamber of volume 1m3 and the resulting concentration is expressed as a factor of the concentration fatal to human for 30 min exposure time (12).  

To determine toxicity index test apparatus of FTT, UK was used. Its chamber consist of an airtight enclosure of 0.7 m3 volume fitted with a mixing fan, a forced air extraction system and fourteen sampling positions. A Bunsen burner of 125 mm overall height with an 11 mm bore and capable of achieving a flame approximately 100 mm in height and having a temperature of 11500C±50 0C at its hottest point is used as a source of ignition. Methane was used along with air as a fuel at suitable flow rates so as to satisfy the above conditions. Test specimens were subjected to flame and allowed to burn completely for 3 min. and combustion products are mixed for 30 sec. before sampling or detecting the gases.
The 14 gaseous products reported in the standard were detected from each specimen. Out of these 14 gaseous products not all were observed in every specimen. The concentration of detected gases was reported in Table 4. The toxicity index was also calculated using formula given in the standard. Results are recorded in Table 4.

TABLE- 4: Generation of Combustion Products from Different Compositions

	Comp. Nos.
	Wt. of specimen
	CO2

ppm
	CO 

ppm
	HCHO

ppm
	HCL

ppm
	No+No2
ppm
	NH3

ppm
	Toxicity Index

	1
	2.460
	550
	90
	NIL
	0.6
	0.2
	0.2
	2.257

	2
	2.325
	560
	86
	NIL
	0.4
	0.2
	0.3
	2.389

	3
	2.210
	580
	88
	NIL
	0.5
	0.2
	0.2
	2.597

	4
	2.331
	500
	50
	NIL
	0.1
	NIL
	NIL
	1.814

	5
	2.199
	350
	88
	0.3
	0.1
	NIL
	NIL
	1.839

	6
	2.125
	650
	105
	NIL
	1.5
	0.1
	NIL
	3.117

	7
	2.440
	680
	70
	NIL
	2.5
	0.3
	NIL
	3.453

	8
	2.562
	580
	54
	NIL
	NIL
	NIL
	NIL
	1.982

	Control Fabric
	2.649
	800
	80
	0.2
	0.3
	NIL
	NIL
	2.667

	Control Fiber Board
	2.205
	750
	105
	0.5
	0.5
	0.2
	NIL
	3.448


RESULTS & DISCUSSION

It is observed from Table-2 that the fabric specimens treated with different fire retardants did not ignite. After removing the ignition source flaming and after glow combustion was observed only for 2-4 sec.  when MAP, DAP and combination of MAP- sulphate were used as fire retardant.
No flaming and after glow combustion was recorded in fabric specimens treated with the mixture of MAP and sodium salt of boron or DAP-amide and methylol amine. These mixtures were found quit affective in reducing the flammability of the fabric at dry chemical retention of 12 to 14%. These combinations were applied in case of fabric which are not washed often.
The function of phosphorus containing fire retardants appears to alter the course of decomposition of the cellulosic materials so that lower amount of flammable volatiles and larger quantities of char are formed thereby reducing the flammable characteristics of cellulosic materials.(1).
The combination of antimony oxide and copolymer (Composition 6) was studied at various chemical retentions (20-85 %) The specimens with higher chemical retention showed no flame spread and after glow combustion after removal of the ignition source. Specimens remained unaffected expect for the charred area at the place where flame was in touch with the specimen. The limitation of this treatment is that it increases the weight of the fabric thereby rendering them unsuitable for apparel purpose and hence the treatment is more suitable for tents and pandals (canvas cloth).
The mechanism of chemical combination is based on synergistic effect of antimony oxide and copolymer binder. Hydrochloric acid is produced when antimony oxide is reacted with the binder. The acid thus produced further reacts with antimony oxide to produce antimony trichloride which function as a catalyst for dehydration of cellulose to carbon and water (1). 
It is clear from Table -2 that combinations studied for fire retardant coatings are found to be effective in reducing the burning characteristics of fiber boards.  The burning data indicates that the coated specimen neither shows any flame spread nor afterglow on exposure.  It is also noted from this data that from fire retardancy point of view, the intumescent coating is more effective than the non intumescent one. In case of specimens coated with intumescent paint no heat penetration was observed in the specimen after exposing it as per standard method, however, in case of non intumescent coating, heat penetration is observed.  When intumescent coating is exposed to fire, it provides large amount of char and non flammable gases causing the carbon to produce a honeycomb blanket resulting in a highly effective barrier for protecting the substrate (8).
 It is evident from Tables 3 and 4 that emission of smoke and concentration of combustion gases depends upon the constituents of the substrate as well as the type of fire retardants used.  Maximum specific optical density of smoke (Dm) of these substrates, namely cotton fabrics of two different weight / unit area i.e. 98 g/m2 and 220 g/m2 and fiber board was found to be 18.50, 56.4 and 310 respectively.  Although these materials are cellulosic in nature, however, difference in the values of Dm seems to be due to different weight / unit area in case of fabrics and constituents like resin, additives etc. in the fiber board.  Similarly concentration of gaseous combustion products generated during experimentation is different.  The Toxicity Index in case of fiber board is higher than that in case of the fabrics (Table-4).
The compositions employed to reduce the flammability of materials were also found effective in reducing the smoke and toxicity index except combination 6. The effect  of MAP and DAP was found to be similar in reducing smoke and toxic combustion products , however, when MAP used with boron salt and DAP with amide and methylol amine drastic change is observed in reducing smoke generation and toxicity index. It may be due to not burning of material or very low burning but exact mechanism is to be studied. In case of treatment based on antimony and copolymer (Comp.6) amount of smoke and toxicity index is increased considerably as compared to the control specimen. However, the treatment is found effective in reducing the burning characteristics of the fabric. 
Fire retardant intumescent coating (comp.8) was found more effective than non intumescent coating (comp.7) in reducing the rate and amount of smoke as well as in the reducing toxicity index. The value of t90% was increased from 4.10 to 17.15 indicating that escape time is increased more then four times during fire. 

CONCLUSION
A few fire retardants under study are found quite effective in reducing burning behavior and emission of smoke and toxic combustion products of cellulosic materials. In treated specimen of fabric charring is observed only where the flame was in contact with the specimen. They were found self extinguished after removing the ignition source while untreated specimen burn completely within few seconds. in case of treated fabric maximum optical density of smoke is found to be reduced from 18.50 to 6.80 and index of toxicity from 2.667 to 1.814. 
 The fire retardant intumescent coating employed is also quite effective in reducing the flammability of fiber board. No heat penetration is observed in coated specimen of fiber boards. Emissions of smoke and toxic combustion products are also reduce drastically. Maximum optical density of smoke reduced from 310 to 46.0 and index of toxicity from 3.448 to 1.980 indicating that in the event of fire escape time may be enhanced using such coating.
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