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  Abstract : This chapter investigates the following issues: (a) key 
types of fl ame retardants; (b) toxic effects of smoke on fi re victims 
and effects of fl ame retardants on smoke toxicity and fi re safety; (c) 
acute effects of individual components of smoke on fi re victims; (d) 
individual potential acute (short-term) and chronic (long-term) toxicity 
of major individual fl ame retardants; (e) effects of fl ame retardants on 
the environment and (f) life cycle analysis on the generation of toxic 
combustion products and environmental damage when comparing 
fl ame-retarded products with products that are not fl ame retarded 
and have high fl ammability. The work demonstrates that the use of 
fl ame retardants presents an important benefi t to society and the 
environment via the improvement of fi re safety. Undoubtedly not all 
fl ame retardants ever developed or about to be developed are safe 
from all points of view, but the use of appropriate scientifi c knowledge 
and the regulatory environment can effectively ensure that if any 
specifi c material is shown to be unsafe it is kept away from consumers. 
In summary, this survey shows that the appropriate use of fl ame 
retardants, as a class, effectively provides improved fi re safety via 
lowering the probability of ignition, the heat released and the amounts 
of smoke, combustion products and dangerous environmental toxicants. 
In consequence the use of fl ame retardants increases the available time 
for escape from a fi re.     

  Key words : fi re, fi re and the environment, fi re retardants, fi re safety, fl ame 
retardants, life cycle analysis, safety, smoke toxicity, toxicity. 

    6.1     Introduction 

 The use of fl ame retardants is one of the most common strategies used to 
improve the fi re performance of textile (and other) materials.  1   ,   2   One of the 
fi rst known uses of fl ame retardants was by the Montgolfi er brothers in 
France in 1783 to coat their ‘lighter-than-air balloons’ with ‘alum’ to reduce 
fi re hazard.  3   Even earlier than that, the fi rst patent for a fl ame retardant was 
granted in Britain to Obadiah (or Jonathan) Wyld in 1735 (British Patent 
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# 551  4  ), for a mixture of alum, vitriol and borax, to be used for textile and 
paper pulp. Even in ancient times, the Egyptians discovered that a solu-
tion of alum made wood burn more slowly and, during the siege of Pyraeus 
(Greece, ca. 90–80  bc ) alum was known to have been used to protect the 
storming towers against fi re. 

 In modern times it is now known that seven elements are critical for 
imparting improved fi re properties to both natural polymers (e.g., cotton or 
wool) and synthetic polymers, whether the end product is a textile, an elas-
tomer/rubber or a solid plastic. Those seven heteroelements are: chlorine, 
bromine, aluminum, boron, phosphorus, nitrogen and antimony. Other ele-
ments are also useful, mainly as complements, particularly fl uorine (rarely 
used in fl ame retardants) and sulfur. With the increased sophistication and 
improved technology, it is now clear that the fl ame-retardant effect does not 
come just from the key heteroelements used but also from the structure of 
the fl ame retardant, since different materials containing identical fractions 
of the same heteroelement are very likely to have vastly different effec-
tiveness. Moreover, additivity and synergy often exists between individual 
heteroelements, whether they are contained in the same fl ame retardant or 
in different ones. 

 Flame retardants can be classifi ed as additive or as reactive. Additive 
fl ame retardants are added to a material or a product without bonding or 
reacting with the product, whereas reactive fl ame retardants are chemically 
reacted into the raw materials used to make the fi nal material or product to 
be commercialized. They can also be used as co-additives (or synergists) to 
improve on the effectiveness of the primary fl ame retardant or the inher-
ent polymeric structure or as fi llers (to decrease the amount of combustible 
material, or fuel, available for burning). 

 Several issues need to be addressed:

     the key types of fl ame retardants, particularly for textiles (see  Section 6.2 );  • 
      the overall toxic effects of smoke on fi re victims and the immediate • 
effects of fl ame retardants on the toxicity of the smoke generated by 
a material containing such additives (i.e., the smoke toxicity of fl ame 
retardants and of the associated smoke; see  Section 6.3 );  
    the acute effects of individual components of smoke on fi re victims (see • 
 Section 6.4 );  
      the individual potential acute and chronic toxicity of fl ame retardants on • 
their own, such as during manufacture, during disposal or as a result of 
their migration into the environment (i.e., the inherent short-term and 
long-term health effects of the fl ame retardants; see  Section 6.5 );  
  the effects of fl ame retardants on the environment, such as any potential • 
activity as carcinogens, mutagens or as toxicants affecting wildlife (i.e., 
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the potential environmental effects of the fl ame retardants; see  Sections 
6.5  and  6.6 );  
    a life cycle analysis for the generation of toxic combustion products and • 
of environmental damage when comparing fl ame-retarded products 
with non-FR products (see  Section 6.7 ).     

  6.2     Relevant key types of flame retardants 

 Surveys of the industries making and/or using fl ame retardants indicate that 
there are 16 key fl ame retardants or fl ame retardant classes for textiles.  5   
Those fl ame retardants are as follows (not necessarily in any specifi c order, 
but organized as a function of their chemical composition):

   Halogenated materials:     • 
   decabromodiphenyl oxide,      –
   hexabromocyclododecane and   –
  chlorinated paraffi ns.      –

   Phosphorus-containing materials:     • 
   tetrakis (hydroxymethyl) phosphonium salts (chloride salt),      –
   tris (monochloropropyl) phosphates,      –
   tris (1,3-dichloropropyl-2) phosphate,   –
  ammonium polyphosphates,   –
  organic phosphonates (e.g., dimethyl hydrogen phosphite),   –
  aromatic phosphate plasticizers (e.g., tricresyl phosphate) and      –
   phosphonic acid (3-{[hydroxymethyl]amino}-3-oxopropyl)-dimethyl  –
ester.     

   Inorganic materials: • 
   alumina trihydrate,   –
  magnesium hydroxide,   –
  zinc borate,   –
  antimony trioxide,   –
  antimony pentoxide and sodium antimonates and   –
  calcium and zinc molybdates.       –

 These 16 chemicals are, of course, not the only ones used and new ones 
are being developed all the time. However, during a new private survey 
conducted in early 2012, this group of chemicals still appeared to represent 
all key textile fl ame retardants. It also represents the seven heteroelements 
discussed above. The toxic effects of these fl ame retardants will be discussed 
individually in  Section 6.5 .  
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  6.3     Toxicity of smoke from combustion products 

 Flame retardants are used to improve fi re performance and thus decrease 
the amount of combustion products released in a fi re. It has long been dem-
onstrated that the smoke toxicity of combustion products is a key factor 
in fi re hazard, together with heat release, fl ame spread and ignitability. In 
fact, the cause of death for some two thirds of all fi re victims tends to be 
listed as ‘inhalation of combustion products’. However, it has also been 
shown that it is relatively rare for multiple fi re fatalities to occur in fi res that 
have remained small. The reason for these seemingly contradictory facts is 
that the inherent toxic potency of smoke resulting from burning most com-
bustible materials is very similar and tends to fall within a narrow range. 
Moreover, it has also been shown that the key fi re property that governs 
the loss of human tenability in a fi re atmosphere is the heat release rate of 
the burning materials, which can vary by orders of magnitude for common 
combustibles (while, as just stated, the toxic potency of most combustibles 
is very similar). Thus, toxic hazard is often a direct function of heat release 
rate rather than of toxic potency, provided the comparison involves materi-
als that have signifi cant differences in fi re performance. 

 It has been shown repeatedly that the most important fi re property is 
the rate of heat release (e.g., Reference 6), since it is the one that both gov-
erns the intensity of a fi re, and the survivability in a fi re scenario. Table 6.1 
illustrates this fact, by determining survival time (through computer mod-
eling) in a standard room, with a common chair. When the chair is made of 
a material with half the time to ignition, the survival time does not change. 
Similarly if the toxic potency of the chair materials is doubled, it has very 
little effect on survival time, while doubling the rate of heat release immedi-
ately decreases survival time, by a factor greater than 3. This is a very impor-
tant concept, because it starts putting into perspective the importance (or 
lack of it) of smoke toxic potency data in terms of fi re hazard assessment, or 
simply of fi re safety.    

 Table 6.1     Effects of different fi re properties on 

survival time 

 Product  Survival time 

 Primary chair  >10 min 

 Double ignitability  >10 min 

 Double toxic potency  >10 min 

 Double heat release rate  3 min 
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 One of the most important studies that illustrated this concept is the NIST 
work on the comparison between fl ame retarded and non-fl ame retarded 
versions of the same set of products.  7   During this work, NIST obtained fi ve 
different categories of products and tested them in full-scale room fi res. In 
one series, all fi ve products were fl ame retarded, whereas in the other series 
the same base polymers were used, but without fl ame retardant agents 
added. The products tested were: upholstered furniture mock-ups, business 
machine housings, television housings, electric cables, and electronic circuit 
board laminates. The most interesting results were those from the full scale 
fi re tests, which also helped to identify the importance of heat release rate 
as the most important physical variable in these tests which is a predictor 
of the fi re hazard. Table 6.2 shows the most important results of the burns. 
During the fi rst burn carried out with the fl ame retarded products under 
the same conditions as the non-fl ame retarded products (a single 50 kW 
burner) very little combustion took place. Thus, all successive tests with the 
fl ame retarded products also included an additional 120 kW burner, which 
allowed all the products to burn.    

 The results indicated that the use of the fl ame retarded products was asso-
ciated with an average four-fold decrease in heat release rate, a three-fold 
decrease in smoke toxicity in the room, and a ten-fold increase in tenability 

 Table 6.2     Effects of fl ame retardant additives on smoke toxicity 

 Products 

 Peak 

temperature 

( ° C) 

 Smoke 

toxicity 

(kg CO) 

 Tenability 

time in 

burn room 

(s) 

 Tenability 

time in 

target room 

(s) 

 CO yield 

(kg/kg) 

 Pk HRR 

(MW) 

 Non-FR  >600  21  110  200  0.22  1.59 

 Non-FR  >600  17  112  215  0.18  1.54 

 Non-FR  >600  16  116  226  0.14  1.79 

 FR 1B  185  2.6  NA  NA  0.22  0.22 

 FR  273  5.5  1939  NA  0.23  0.37 

 FR  285  6.1  2288  NA  0.23  0.35 

 FR  334  5.6  1140  1013  0.23  0.45 

    Peak temperature: maximum temperature in burn room;  

  Smoke toxicity: level of toxicity, calculated in equivalent mass of carbon 

monoxide;  

  Tenability time in room: time to reach untenable conditions in burn room or target 

room (via smoke toxicity or by having reached fl ashover, i.e. temperatures over 

600 ° C);  

  CO yield: mass of carbon monoxide (CO) formed per mass of fuel burnt;  

  Pk HRR: maximum heat release rate in room; non-FR: non fi re-retarded;  

  Non-FR: non-fl ame retarded products;  

  FR: fl ame retarded products; and  

  FR 1 B: fl ame retarded products tested without an auxiliary burner.    
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 Table 6.3     Comparison of heat release rate data for FR and non-FR materials 

 Material 

 Heat fl ux 

 Non-FR 

 Pk HRR 

 FR 

 Pk HRR 

 NFR/FR 

 ratio 

 Test 

 method 

 (kW/m2)  (kW/m2)  (kW/m2)  —  — 

 ABS (+ FR1)  20  614  224  2.7  Cone 

 ABS (+ FR1)  40  944  402  2.3  Cone 

 ABS (+ FR1)  70  1311  409  3.2  Cone 

 ABS (+ FR2)  20  614  224  2.7  Cone 

 ABS (+ FR2)  40  944  291  3.2  Cone 

 ABS (+ FR2)  70  1311  419  3.1  Cone 

 EVA (Cross-linked)  30  463  110  4.2  Cone 

 EVA (Thermoplastic)  30  574  83  6.9  Cone 

 HDPE  30  1803  114  15.8  Cone 

 HDPE # 2  50  1167  476  2.5  Cone 

 LDPE  20  913  88  10.3  Cone 

 LDPE  40  1408  192  7.3  Cone 

 LDPE  70  2735  268  10.2  Cone 

 Polypropylene  30  1555  174  8.9  Cone 

 PVC rigid  20  102  25  4  Cone 

 PVC rigid  40  183  84  2.2  Cone 

 PVC rigid  70  190  93  2.1  Cone 

 PVC rigid # 2  30  98  42  2.3  Cone 

 PVC rigid # 3  30  118  56  2.1  Cone 

 PVC wire and cable  20  116  9  12.8  Cone 

 PVC wire and cable  40  167  64  2.6  Cone 

 PVC wire and cable  70  232  100  2.3  Cone 

 PVC wire and cable # 2  20  116  72  1.6  Cone 

 PVC wire and cable # 2  40  167  92  1.8  Cone 

 PVC wire and cable # 2  70  232  134  1.7  Cone 

 Particle board  25  151  66  2.3  OSU 

 Particle board B (+FR 1)  25  160  70  2.3  Cone 

 Particle board B (+FR 1)  50  227  141  1.6  Cone 

 Particle board B (+FR 2)  50  227  52  4.4  Cone 

 Plywood  25  114  43  2.7  Cone 

 Plywood  50  150  75  2  Cone 

 Polyester  30  186  95  2  Cone 

 Polystyrene  20  723  277  2.6  Cone 

 Polystyrene  40  1101  334  3.3  Cone 

 Polystyrene  70  1555  445  3.5  Cone 

    Cone: ASTM E1354 (Cone calorimeter) and  

  OSU: ASTM E906 (Ohio State University heat release rate calorimeter).    

time (even though the ignition source used was over three times as intense). 
This is a clear indication that considerable improvements in toxicity are 
obtained by decreasing the heat release rate of the materials/products con-
sidered, almost irrespective of the actual toxic potency of the materials/
products involved. Thus, toxic hazard is a direct function of heat release 
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rate,  provided there has been proper fl ame   retardancy . In contrast, in at least 
one other study no improvement in toxic hazard was found following the 
use of materials (upholstered furniture) containing fl ame retardants.  8   An 
analysis of the materials involved indicates that the so-called fl ame retarded 
materials simply contained very low levels of fl ame retardants, insuffi cient 
to make a substantial difference to the heat release rate of the fi nal prod-
uct. Thus, no real improvement in fi re performance occurred, resulting in no 
improvement in toxic hazard. 

 Table 6.3 is a compilation of a few of the data available wherein the same 
basic material was tested, using the same technique before and after the 
addition of fl ame retardants. The data indicate that, in fact, considerable 
improvements in rate of heat release are commonplace, including increases 
of over 10-fold. The range of materials presented in the table is also very 
broad, including thermoplastics, cross-linked materials, thermosets, and cel-
lulosics. This is crucial data, because it indicates that the effect of fi re retar-
dants can, indeed, lead to great improvements in smoke toxicity. In order 
to understand its further implications with respect to smoke toxicity, it is 
essential to investigate toxic potency ranges for different materials.    

 The data above shows that fi re hazard is primarily a function of the rate 
of heat release of the materials or products involved and the importance of 
heat release rate vastly exceeds that of smoke toxic potency. Heat release 
rate can be decreased by factors of 10 or more by using fl ame retardants. 
Therefore, adequate fl ame retardance considerably decreases fi re hazard, 
by decreasing heat release rates and improving time to escape. 

 Note that all the analysis in this section has dealt with the immediate 
aftermath of a fi re, namely, the acute effects of smoke, which is always toxic. 
The key conclusion to be drawn from this analysis is that, in order to min-
imize smoke toxicity, it is essential to do everything possible to minimize 
fi res and, failing that, to strive to lower heat release rate.  

  6.4     Effects of individual combustion products 
on fire victims 

 There have been a number of studies investigating the effects of combus-
tion products on fi re victims and it has been found that the key toxicant that 
affects fi re victims is carbon monoxide (CO), with smaller contributions 
from other toxicants. The other major individual toxicants are hydrogen 
cyanide (HCN), acrolein, hydrogen chloride (HCl), and hydrogen fl uoride 
(HF). CO is emitted by all materials when they burn, almost irrespective of 
their chemical composition. The other individual toxicants are emitted as a 
function of the chemical composition of the burning material. 

 Two studies were made in the United States involving more than 5000 
fatalities and covering two aspects: (a) a period between 1938 and 1979 in a 
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localized area (Cleveland, Ohio) and (b) a broad, countrywide study in the 
early 1990s.  9   ,   10   

 The studies demonstrated that there is an excellent correlation between 
fi re fatalities and levels of CO absorbed in the blood as carboxyhemoglobin 
(COHb) and that the distribution of COHb concentrations was identical 
(when comparing populations of the same type, following a statistical multi 
variant analysis) between fi re and non-fi re deaths (e.g., defective space 
heater). The studies also showed that whenever high levels of hydrogen cya-
nide were found in blood, high levels of COHb were also usually found, 
indicating that hydrogen cyanide is of minor consequence in the overall 
study of fi re fatalities. However, it is also known that some cases exist, espe-
cially when dealing with confi ned environments (such as small rooms or 
bedrooms), where hydrogen cyanide is directly associated with the ensuing 
fi re fatalities. 

 Finally, the studies showed that fatalities can be linked to COHb levels as 
low as 20% and that it is likely that any COHb level above 30–40% is lethal. 
The work also reconfi rmed that any hydrogen chloride found during fi re 
fatality studies cannot be assigned to fi re gases (or smoke) as it cannot be 
distinguished from the stomach acid naturally present. The overall conclu-
sion of this work, the most extensive ever conducted, is clear: fi re fatalities 
are overwhelmingly associated with the CO generated when fi res become 
big, and other causes of fi re deaths are of minor importance. Similar conclu-
sions were obtained earlier by other authors, with smaller databases.  11–    13   

 Looking at toxic potency of smoke data, Fig. 6.1 indicates that the toxic 
potency of the smoke of virtually all individual polymers is within such a 
narrow band (in toxicological terms) as to be almost indistinguishable.  14   In 
particular, the single polymeric material most widely studied for smoke tox-
icity has been poly(vinyl chloride) (PVC), and its most common inorganic 
combustion product, hydrogen chloride (HCl). Extrapolation of most of the 
conclusions reached for PVC and HCl is probable for many halogenated 
polymers (such as polymers containing chlorinated and/or brominated 
fl ame retardants) and to hydrogen bromide (HBr), a combustion product 
typically generated from brominated fl ame retardants and from the poly-
mers containing them. 

 The smoke toxicity of PVC has been studied extensively and found to be 
quantitatively similar to that of most other polymers.  15   As discussed ear-
lier, the work on PVC also reviewed HCl toxicity studies, including some 
of exposure of animals and people, in the late nineteenth century and early 
twentieth century, to hydrogen chloride alone or exposure to smoke con-
taining hydrogen chloride. The critical issue is that what was studied was the 
behavior, and whether incapacitation or lethality occurred, rather than look-
ing for hydrogen chloride itself in autopsies (which cannot be detected). The 
exposures of rats and baboons made in the 1980s at Southwest Research 
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Institute showed that both rats and baboons were not incapacitated at huge 
concentrations of hydrogen chloride (and in fact sometimes they died a long 
time after exposure, but they were able to perform the escape functions that 
they were taught, to escape from exposure).  16   ,   17   This means that the toxic 
potency of hydrogen chloride is such that exposed primates are not incapac-
itated at concentrations that may eventually kill them. 

 Two investigations were conducted in the United States in the late 
1970s, wherein fi re fi ghters were sent into buildings equipped with gas 
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monitors.  14   ,   18   ,   19   In the fi res investigated, CO was almost inevitably present, 
with the maximum concentration found being 7450 ppm (approximately 
150% of the 30 min LC 50  for CO). The three other gases most commonly 
found in fi res in those studies were (in descending order of number of times 
the gas was found and shown in relation to the 30 min LC 50 ):

   1. acrolein (with a maximum concentration of 100 ppm, approx. 50–80% 
LC 50 );  

  2. hydrogen chloride (with a maximum concentration of 280 ppm, approx. 
8% LC 50 ) and     

   3. hydrogen cyanide (with a maximum concentration of 10 ppm, approx. 
6% LC 50 ).         

 There have been extensive studies indicating that CO yields of 0.2 g/g for 
post-fl ashover fi res are widespread (Table 6.4). Moreover, it has been shown 
that CO yields in small scale tests are very low.  10   ,   11   ,   20   Evidence exists that CO 
yields can be higher than 0.2 g/g if signifi cant amounts of oxygen-containing 
material (typically when cellulosic materials, such as wood) pyrolyzes in 
the upper layer.  21   Such an increased yield does not affect the conservative 
nature of the approach outlined here, since the importance of the CO pro-
duced by the room is higher. There is no evidence to date of cases with CO 
yields substantially lower than 0.2 g/g in the original fi re compartment. This 
does not invalidate the procedure, since the assumption that the CO pre-
sent is equivalent to a yield of 0.2 g/g is more conservative than if the yield 
is actually higher (and post-fl ashover fi res are even more toxic). No infor-
mation exists to suggest that post-fl ashover yields are lower, on average, 
than 0.2 g/g.    

 In consequence, the following is now widely accepted:  7   ,   9   ,   10   ,   26–    29    

   Fire fatalities tend to occur in fi res that become very large. In fact, US • 
statistics indicate that such fi res account for over six times more fatali-
ties than all other fi res.     
   CO concentrations in the atmospheres of fl ashover fi res (the fi res most • 
likely to produce fatalities), are determined by geometric variables and 
oxygen availability, but are virtually unaffected by chemical composition 
of fuels.  
  All small scale fi re tests underpredict CO yields. They cannot therefore • 
be used to predict toxic fi re hazard for ventilation-controlled fl ashover 
fi res, unless CO yields are calculated by analogy with full scale fi re test 
results. Such tests do not underpredict yields of other toxicants, such as 
hydrogen chloride or hydrogen cyanide.     
   CO yields in full scale fl ashover fi res are approximately 0.2 g/g, which • 
translates to a toxicity of 25 mg/L.  
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 Table 6.4     Yields of CO in literature 

 Material  Yield  Reference  Organization 

 Plywood walls, wood fi berboard 

ceiling 

 0.35  Budnick, 1978  22    HUD 

 FR plywood walls, wood 

fi berboard ceiling 

 0.42  Budnick, 1978  22    HUD 

 Plywood walls, no ceiling  0.10  Budnick, 1978  22    HUD 

 Upholstered chair, bed FR 

plywood walls 

 0.36  Budnick  et al. , 
1978  23   

 HUD 

 Plywood walls, bed  0.31  Budnick  et al. , 
1978  23   

 HUD 

 Plywood walls, wood cribs, 

cellulosic ceiling tile 

 0.29  Levine and Nelson, 

1990  24   

 NIST 

 Non-FR chair, TV cabinets, 

cables, etc. 

 0.22  Babrauskas  et al. , 
1988  7   

 FRCA 

 FR chair, TV cabinets, cables, etc.  0.23  Babrauskas  et al. , 

1988  7   

 FRCA 

 PMMA walls  0.28  NIST unpublished  NIST 

 Wood cribs  0.15  Gottuk  et al. , 
1992  25   

 VPI 

 Flexible PU foam  0.25  Gottuk  et al. , 
1992  25   

 VPI 

 PMMA  0.30  Gottuk  et al. , 

1992  25   

 VPI 

 Hexane  0.23  Gottuk  et al. , 1992  25    VPI 

 Propane  0.23  Beyler, 1986  20    Harvard 

 Propene  0.20  Beyler, 1986  25    Harvard 

 Hexanes  0.20  Beyler, 1986  20    Harvard 

 Toluene  0.11  Beyler, 1986  20    Harvard 

 Methanol  0.24  Beyler, 1986  20    Harvard 

 Ethanol  0.22  Beyler, 1986  20    Harvard 

 Isopropanol  0.17  Beyler, 1986  20    Harvard 

 Acetone  0.30  Beyler, 1986  20    Harvard 

 Polyethylene  0.18  Beyler, 1986  20    Harvard 

 PMMA  0.19  Beyler, 1986  20    Harvard 

 Pine  0.14  Beyler, 1986  20    Harvard 

 Average  0.236  Cases: Total #: 24  Total #: 5 

  Toxic potency values from the NIST radiant small scale test (ASTM • 
E1678 or NFPA 269;  30   ,   31   with rats as the animal model, but used only for 
confi rmatory purposes) is well validated with regard to toxicity in full 
scale fi res. However, such validation cannot be done to a better approx-
imation than a factor of 3.  
  The consequence of this is that any toxic potency (LC • 50 ) higher than 8 
mg/L (i.e., any toxicity lower than 8 mg/L) will be subsumed within the 
toxicity of the atmosphere, and is of no consequence. Thus, values 8 or 
greater should be converted to 8 mg/L for reporting purposes.  
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 m  −18  Units: 1/ppm (if CO 2  is ≤ 5%) 

 b  122 000  Units: ppm (if CO 2  is ≤ 5%) 

 m  23  Units: 1/ppm (if CO 2  is > 5%) 

 b  −38 600  Units: ppm (if CO 2  is > 5%) 

 LC 50  HCN  200  Units: ppm 

 LC 50  HCl  3700  Units: ppm 

 LC 50  HBr  3000  Units: ppm 

 LC 50  O 2   5.4  Units: % 

  In order to correct small scale test data, the CO yield that should have • 
been obtained can be calculated by making a CO correction.  
  The rationale for the corrections to the CO yields is the comprehensive • 
study of fi re (and non-fi re) fatalities (approximately 5000) associated 
with CO.  9   ,   10   The study found that:  
  The toxicity of fi re atmospheres is determined almost solely by the • 
amount of CO, since victims of poisoning by pure CO die at virtually 
identical levels, once other factors have been considered. There is no 
universal lethal CO threshold level (which was previously thought to be 
50% carboxyhemoglobin, COHb). This depends on the age and physi-
cal condition of the victim. Any blood COHb value > 20% can produce 
lethality on its own.  
  The populations of victims of fi re and of non-fi re CO exposures are • 
inherently very different: fi re victims are predominantly both much 
older and much younger than the victims of non-fi re CO exposures, and 
they suffer much more often from some pre-existing disease. Thus fi re 
victims are more sensitive to CO than those in non-fi re CO exposures.  
  A comparison of fi re fatalities before and after the plastics era indicates • 
that the use of man-made materials to make household goods has made 
no difference to fi re atmosphere toxicity.    

 Thus, instead of exposing animals, the following equation is a predictor of 
smoke toxicity, where smoke is lethal if FED (fractional effective dose) is 
near unity:

 FED
LC HCN LC HCl LC HBr

=
−

+ [ ]HCN
+ [ ]HCl

+ [ ]HBr
+

m
b

[ ]CO
[ ]CO2 5LC− b] 0 5HCN LC 0 5HCl LC 0

21 −−
−

[ ]
LC O

2

50 221
  

  

The constants used in the equation above (dealing with a 30 min expo-
sure) are shown below, and the fi rst 2 ( m  and  b ) vary with the concentra-
tion of CO 2 . The other terms in the equation are the concentrations of CO, 
hydrogen cyanide, hydrogen chloride, hydrogen bromide (all in ppm) and 
oxygen (%):    
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 If CO 2  is 3–5% (normal range to be expected in a large fi re) the LC 50  of CO 
will be in the range between 5100 and 4000 ppm. If the data are to be used 
for fl ashover fi res, the CO concentration must be corrected (as discussed 
above), using the equation below, that gives the added CO concentration:

   Δ[ ] = −
×

×0 2
0 200 28

24 5 1× 0100
6

[ ]CO .

.m
    

Note that all the analysis in this section has also dealt with the immedi-
ate aftermath of a fi re, namely, the acute effects of smoke, which is always 
toxic. 

 Following this analysis, it should be clear that it is rarely important to 
measure individual toxic gases for hazard assessment purposes, even for 
fl ame retardant chemicals. The measurement of toxic gases is mainly helpful 
in material development and in understanding the fi re performance of any 
material or product, especially before bringing it to market. There are some 
very rare cases where smoke toxicity can have an important contribution in 
fi res. That is the case when people die in very small fi res (often smoldering) 
that destroy minimal amounts of material. Fortunately, statistics indicate 
that such fi re cases are extremely rare and a more complete investigation 
may be needed for each individual case. 

 There is another reason to measure gases emitted during burning, and it is 
not related to fi re hazard or to fi re safety, but to the ability to sell materials. 
Many specifi cations and requirements demand that materials be certifi ed 
as lacking in a certain component, typically halogen elements. Thus, mea-
surement of combustion products is often associated with ‘passing’ certain 
specifi cations for material composition. 

 Fire safety and fi re hazard are associated primarily with the control of 
heat release and with ensuring that a fi re remains small. On the other hand, 
smoke toxicity is generally no more than a small component of fi re safety, 
except in some special circumstances. Smoke toxicity is primarily identi-
fi ed with CO, while several other gases are additional contributors: acrolein, 
hydrogen cyanide and hydrogen chloride primarily. The key conclusion to 
be drawn from this analysis is that the chemical composition of the burning 
materials themselves has a very low impact on the smoke toxicity of a fi re 
atmosphere.  

  6.5     Potential toxicity issues associated with 
individual flame retardants 

 This section will deal with the inherent toxic effects of individual fl ame 
retardants or fl ame retardant classes, both on their immediate effects 
(acute) and on their long-term effects (chronic), primarily focusing on the 
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latter. The toxicity analyses presented in this section summarize the inves-
tigation of the US National Research Council (NRC) (Committee on 
Toxicology, Subcommittee on Flame-Retardant Chemicals) in 2000.  5   In its 
1999 fi scal year appropriations report for the US Consumer Product Safety 
Commission (CPSC), the US Congress requested an independent study by 
the National Academy of Science NRC concerning health risks posed by 
exposure to FR chemicals likely to be used in residential upholstered furni-
ture to meet a fl ammability standard that CPSC was considering (and still 
is considering as of 2012). CPSC, with the help of the industry, identifi ed the 
chemicals (or chemical classes) listed in  Section 6.2  that became the focus 
of the NRC study. 

 The NRC assigned the project to the Committee on Toxicology of the 
Board on Environmental Studies and Toxicology and it convened the 
Subcommittee on Flame-Retardant Chemicals, which prepared a report. 
Subcommittee members were chosen for their recognized expertise in tox-
icology, epidemiology, pharmacology, chemistry, exposure assessment, risk 
assessment, and biostatistics. The subcommittee was charged with review-
ing the toxicological and exposure data on the above 16 fl ame retardant 
chemicals (FRs) to assess potential health risks to consumers and the gen-
eral population resulting from exposure to these chemicals in residential 
furniture. The subcommittee was also asked to identify data gaps and make 
recommendations for future research. The subcommittee was not required, 
or able with the available data and resources, to evaluate adverse effects 
from occupational exposures, or the potential ecological effects that might 
result from the disposal of household furniture. The subcommittee was also 
not charged to compare FRs for effi cacy, or to evaluate the cost, technol-
ogy, exposure-standard achievability, or the benefi ts of using FRs on uphol-
stered furniture to reduce fi re risk. The subcommittee did not consider the 
toxicity of combustion products of FR materials from fi res involving treated 
textiles or other materials but the issue of combustion product toxicity and 
fl ame retardants is being addressed in the present chapter. 

 For some of these materials additional studies were performed after the 
NRC work and most of that will not be covered in this chapter. Most of the 
additional work, much of which was done for European Union risk analyses 
by chemical companies and not directly published, has fi lled in some of the 
gaps identifi ed by the NRC study. In the case of tris (monochloropropyl) phos-
phates (TCPP, the most widely known one being tris (1-chloro-2-isopropyl) 
phosphate)  Section 6.5.5  will present some of the added information, as an 
example of the continuing work that was performed. This work did not inval-
idate the conclusions of the NRC report but presented additional informa-
tion covering many of the gaps identifi ed by NRC. 

 Another study that looked at toxic and environmental impacts of fl ame 
retardants was conducted by the US Environmental Protection Agency 
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(EPA) in a study for the Flame Retardants in Printed Circuit Boards 
Partnership.  32   ,   33   This report focused heavily on the environmental aspects of 
fl ame retardants but studied some different fl ame retardants and will form 
the basis of the analysis in  Section 6.6 . 

 The NRC subcommittee started by making assessments to determine 
whether causal relationships existed between the dose of each FR chemical 
and each adverse health effect. To identify adverse effects associated with an 
FR chemical, the subcommittee reviewed human (epidemiological studies, 
clinical observations, and case reports) and laboratory animal data on neu-
rotoxicity, immunotoxicity, reproductive and developmental toxicity, organ 
toxicity, dermal and pulmonary toxicity, carcinogenicity, and other local and 
systemic effects. It also reviewed  in vitro  data to determine the potential 
for genotoxicity as well as other toxic effects and to understand the mecha-
nisms of toxic action. Toxicokinetic studies were reviewed to understand the 
absorption, distribution, metabolism, and excretion of the FR chemicals. 

 For some types of toxic effects, notably most cancers, the subcommittee 
conservatively assumed that no threshold for a dose-response relationship 
exists or that, if one does exist, it is very low and cannot be reliably identifi ed. 
Therefore, the subcommittee used a different risk-estimation procedure for 
carcinogens than that for non-carcinogens. In the risk-estimation procedure 
for carcinogens, the relationship between the incidence of cancer and the 
dose of a chemical reported in an epidemiological study or an experimental 
animal study was extrapolated linearly to doses much lower than those at 
which humans might be exposed. This procedure overestimated conserva-
tively the excess lifetime risk of cancer resulting from lifetime exposure to a 
chemical at a particular dose rate. This procedure does not provide a ‘safe’ 
dose with an estimated risk of zero (except at zero dose), although at suf-
fi ciently low doses, the estimated risk becomes very low and is regarded to 
have no public-health signifi cance. In fact, even though actual risk cannot 
be determined, the subcommittee concluded that the actual risk will not 
exceed the upper bound. The actual risk is also highly likely to be lower than 
the upper bound, and it might be zero. 

 In the absence of adequate toxicity data to derive dermal safe doses, the 
subcommittee characterized potential risks from dermal exposures by using 
oral safe doses to calculate the hazard indices. In addition, suffi cient data to 
derive safe oral inhalation concentrations were available for only two FRs. 
The values for inhalation data for other FRs were extrapolated from oral 
data by using typical body weights and breathing rates. 

 The subcommittee assumed that human exposure to FR-treated fab-
rics in homes can occur potentially via skin contact, ingestion (specifi cally 
for infants or children who might suck or chew on fabric), inhalation of 
particles generated during abrasion of surface fi bers, and inhalation of 
vapors off-gassing from treated fabric. In estimating exposures to FRs, the 
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subcommittee evaluated three exposure scenarios that involved different 
exposure routes: dermal, oral, and inhalation. For dermal exposure, the sce-
nario was that of an adult sitting on FR-treated fabric of a couch for a sub-
stantial fraction (25%) of the time, with potential exposure over 25% of 
the upper torso area; clothing was conservatively assumed to provide no 
barrier to exposure. For ingestion, the scenario was of an infant or a child 
repeatedly sucking on FR-treated fabric of a chair or couch. For inhala-
tion, the scenario was of a person spending time in a closed (but ventilated) 
room containing FR-treated upholstered furniture fabrics that shed FRs as 
small (respirable) particles, or from which FR chemicals evaporate. In all 
of those exposure scenarios, the subcommittee intentionally overestimated 
exposures by using extremely conservative assumptions. 

 In the fi nal phase of the risk-assessment process, the subcommittee inte-
grated data and analyses from hazard identifi cation, dose-response assess-
ment, and exposure assessment to determine the likelihood that individuals 
might experience adverse effects from the FR chemical under anticipated con-
ditions of exposure. In order to characterize the health risk from exposure to a 
non-carcinogenic chemical, a hazard index was calculated to judge whether a 
particular exposure would be likely to present a non-cancer toxicological risk. 

 In the absence of adequate human carcinogenicity data for any FR chem-
ical, the subcommittee took an approach for estimating cancer risks from 
exposure to carcinogenic FRs which involved the extrapolation of observa-
tions of cancer at relatively high doses in laboratory animals to much lower 
doses anticipated for humans in residential settings. The upper limit on the 
cancer potency factor extrapolated from animal experiments was multiplied 
by the estimated lifetime average dose rate to estimate an upper limit on 
lifetime cancer risk. The subcommittee did not recommend an acceptable 
cancer risk level for carcinogenic FR chemicals, because that is a regulatory 
policy question, not a scientifi c matter. Some regulatory agencies consider 
as acceptable excess lifetime cancer risks ranging from 1  ×  10 −4  to 1  ×  10 −6  of 
exposed people. The toxicological risk assessments made by the subcommit-
tee for each of the 16 FR chemicals are presented in Sections 6.5.1 through 
6.5.16 and in  Tables 6.5 – 6.20 . Key concepts used are:     

   RfD: reference dose, which is an estimate of lifetime daily dose that is • 
believed to have a reasonable certainty of no harm.     
   RfC: reference concentration, similar to RfD, and calculated or mathe-• 
matically scaled from the RfDs.    

  6.5.1     Decabromobiphenyl oxide (DBDE) 

 Non-cancer dermal exposure: The assessment of non-cancer risk for the der-
mal route of exposure is based on a scenario that assumes an adult spends a 
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quarter of the time sitting on furniture upholstery back-coated with DBDE 
and also assumes that a quarter of the upper torso is in contact with the 
upholstery and clothing presents no barrier. Exposure to other chemicals 
present in the back-coating was not included in this assessment. As a fi rst 
estimate of exposure, it was assumed that the skin and clothing of the per-
son sitting on the couch, and the fabric of the couch, would present no bar-
rier to movement of DBDE. In addition, it was assumed that there would be 
suffi cient water present (e.g., from sweat) to allow dissolution of the DBDE 
in the water, and transfer to the skin and into the body of the sitting indi-
vidual. The only limiting factor on the transfer rate using these assumptions 
results from the limited dissolution rate from the fabric, since all the DBDE 
that dissolves is assumed to be absorbed immediately by the seated individ-
ual. For this calculation, the subcommittee estimated an upholstery appli-
cation rate for DBDE of 5 mg/m 2 . The results indicated that DBDE does 
not pose a non-cancer risk by the dermal absorption route when used as 
an upholstery fabric fl ame retardant. An alternative iteration of the expo-
sure assessment was also performed, using the same exposure assumptions, 
except that the assumption of immediate absorption of all the DBDE that 
dissolves was modifi ed. Instead, an estimate of the rate at which DBDE can 
penetrate the skin was determined, assuming that DBDE dissolves up to its 
solubility limit in water and this rate of penetration was then factored into 
the exposure assessment. Again, the hazard index calculated demonstrated 
that DBDE, used as an upholstery fabric fl ame retardant, is not likely to 
pose a non-cancer risk for dermal exposure. 

 Non-cancer inhalation exposure to particles: Inhalation exposure esti-
mates for DBDE were calculated using an exposure scenario that assumes a 
person spends a quarter of his or her life in a room with low air-change rates 
(0.25 per hour) and with a relatively large amount of fabric upholstery (30 m 2  
in a 30 m 3  room), with the DBDE treatment gradually being worn away over 
25% of its surface to 50% of its initial quantity over the 15 year lifetime of 
the fabric. A small fraction, 1% of the worn-off DBDE is released into the 
indoor air as small particles that may be inhaled. Factoring in the fraction 
of a day a person spends in the room containing upholstery (0.25), the sub-
committee chose to estimate the inhalation RfC from the oral RfD. The sub-
committee, however, recognized that this is not an ideal approach and also 
recognizes that the estimated RfC might be different than the actual refer-
ence concentration (if inhalation data were available), but the subcommittee 
believes that its extrapolation of the oral RfD to the inhalation RfC is highly 
conservative (i.e., the actual hazard may be lower) as it assumes that all of 
the inhaled compound is deposited in the respiratory tract and is completely 
absorbed into the blood. The NRC Committee on Toxicology had used this 
approach before when inhalation exposure data were insuffi cient to derive 
inhalation exposure levels. Based on this excessively conservative approach, 
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this indicates that under the worst case exposure assumptions, DBDE, used 
as an upholstered fabric fl ame retardant, does not pose any non-cancer risk 
via inhalation of DBDE in the particulate phase. 

 Non-cancer inhalation exposure to vapors: In addition to the possibility 
of release of DBDE in particles from upholstery fabrics, the subcommittee 
considered the possibility of its release by evaporation. The approach uses 
the same scenario as that previously described for exposure to DBDE in the 
particulate phase. The results indicate that, under the worst case scenario, 
exposure to DBDE used as a fl ame retardant for upholstery is not likely to 
pose a non-cancer risk via the inhalation route when exposure occurs in the 
vapor phase. 

 Non-cancer oral exposure: The assessment of the non-cancer risk for the 
oral exposure route is based on a scenario assuming that a child is exposed 
to DBDE through sucking on 50 cm 2  of fabric back-coated with DBDE daily 
for 2 years, at 1 h per day. Using these values it was concluded that DBDE 
used as an upholstery fabric fl ame retardant does not pose any non-cancer 
risk via the oral route. 

 Cancer dermal exposure: The human cancer risk for dermal exposure to 
DBDE was calculated by multiplying the lifetime oral cancer potency fac-
tor for DBDE by the lifetime average dermal dose rate. Using the lifetime 
average dermal dose rate obtained in the alternative dermal exposure for 
the non-cancer dermal exposure and multiplying this by the cancer potency 
estimate a lifetime risk estimate of 1.20  ×  10 –12  is obtained. This estimate is 
small enough that the cancer risk through dermal contact with DBDE used 
as an upholstery fabric fl ame retardant can be considered negligible. 

 Cancer inhalation exposure to particles: For DBDE, no inhalation can-
cer unit risk is available. However, an inhalation cancer unit risk of 2.57  ×  
10 –7  per  µ g/m 3  was estimated from the oral carcinogenic potency. The aver-
age room-air concentration and average exposure concentration to DBDE 
were obtained as described in the non-cancer section. From this estimate, 
DBDE, used as an upholstery fabric fl ame retardant, poses a negligible can-
cer risk via inhalation in the particulate phase. 

 Cancer inhalation exposure to vapors: The equilibrium concentra-
tion of vapor-phase DBDE in room-air was estimated as described in the 
non-cancer section. The long-term time-average vapor exposure concentra-
tion was estimated from the equilibrium vapor concentration in room-air 
and this estimate indicates that DBDE, used as a fl ame retardant, poses a 
negligible cancer risk via inhalation in the vapor phase. 

 Cancer oral exposure: The lifetime average dose rate estimate for 
DBDE ingestion multiplied by the cancer unit risk gives a lifetime cancer 
risk estimate small enough that the cancer risk via the oral route can be 
dismissed as negligible when DBDE is used as an upholstery fabric fl ame 
retardant. 

WPHIRSCHLER



126 Handbook of fi re resistant textiles

© Woodhead Publishing Limited, 2013

 No data were found indicating effects of DBDE on reproductive and 
developmental toxicity from oral exposure. Similarly, no data were found 
for immunological or neurological effects or for genotoxicity. Table 6.5 gives 
details of all the analyses. 

 Conclusion: The NRC committee concluded that there are inadequate 
subchronic and chronic dermal and inhalation toxicity data to establish 
either a dermal RfD or an inhalation RfC for DBDE. In addition, there 

 Table 6.5     Toxicity data for decabromobiphenyl oxide (DBDE) from NRC 

 Critical toxicity end point for 

derivation of RfD or RfC 

 Oral: liver toxicity 

 Dermal RfD (mg/kg-d)  N/C 

 Inhalation RfC (mg/m 3 )  N/C 

 Oral RfD (mg/kg-d)  4 

 Cancer potency factor (oral)  9.0  ×  10 −4  per mg/kg-d 

 Cancer potency factor 

(inhalation) 

 2.6  ×  10 −7  per  µ g/m 3  

 Estimated worst-case 

human exposure 

levels 

 Dermal (mg/kg-d)  1.3  ×  10 −9  

 Inhalation of particles c  

( μ g/m 3 ) 

 0.48 

 Inhalation of vapors c  ( μ g/m 3 )  0.38 

 Oral (mg/kg-d)  2.6  ×  10 −2  

 Hazard index a  for 

non-cancer effects 

 Dermal d   3.3  ×  10 −10  

 Inhalation of particles e   3.4  ×  10 −5  

 Inhalation of vapors e   2.7  ×  10 −5  

 Oral  6.5  ×  10 −3  

 Upper limits on lifetime 

excess cancer-risk 

estimate b  

 Dermal  1.2  ×  10 −12  

 Inhalation of particles  1.2  ×  10 −7  

 Inhalation of vapors  9.7  ×  10 −8  

 Oral  6.7  ×  10 −7  

     a   The hazard index is calculated by dividing exposure levels by RfDs or RfCs. A 

hazard index below 1 indicates that the exposure at the intended levels is not 

likely to pose non-cancer health risks; a hazard index above 1 was considered to 

possibly pose a concern for non-cancer effects.  

   b   Lifetime excess cancer risk above the background lifetime cancer incidence was 

calculated by multiplying the cancer potency factor by the exposure estimate. 

For all routes of exposure, lifetime risk calculations were estimated from lifetime 

average exposures.  

   c   Vapor exposure levels were calculated based on the vapor pressure measurements 

for unreacted starting material. In reality, most or all material becomes bound 

to upholstery fabric following curing. Vapor exposure levels for chemical entities 

formed during the curing process were not calculated.  

   d   Toxicity information was not available to derive a dermal RfD; the subcommittee 

used oral RfDs as best estimates for internal dose from dermal exposure.  

   e   Toxicity information was not available to derive an inhalation RfC; inhalation 

RfCs were estimated from oral RfD data to estimate risk.  

  N/C, not calculated because of inadequate data.    
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are no dermal absorption data. DBDE is nearly insoluble in water and has 
a relatively low vapor pressure. It is used as a fabric back-coating with anti-
mony trioxide and is encapsulated in a polymer matrix. Based on existing 
reviews of toxicity and use information, and the its conservative exposure 
assumptions, the NRC subcommittee concluded that no further research 
is needed for assessing health risks from DBDE. Note that, in spite of 
these conclusions, and others, following negotiations with the US EPA, 
the three companies manufacturing DBDE have agreed to phase out pro-
duction and sale of the brominated fl ame retardant by the end of 2013. 
Albemarle and Chemtura, which produce DBDE in the U.S., and Israeli 
ICL Industrial Products (IP), the largest US importer of the chemical, say 
they will end sales for all remaining ‘essential uses’ by the end of 2013.  

  6.5.2     Hexabromocyclododecane (HBCD) 

 Non-cancer dermal exposure: The assessment of non-cancer risk for the der-
mal route of exposure of HBCD is based on the same scenario as for DBDE. 
As a fi rst estimate of exposure, it was assumed that the skin and clothing of 
the person sitting on the couch, and the fabric of the couch, would present 
no barrier to movement of HBCD. In addition, it was assumed that there 
would be suffi cient water present (e.g., from sweat) to allow dissolution of 
the HBCD in the water, transfer to the skin and into the body of the sitting 
individual. The only limiting factor on the transfer rate using these assump-
tions was assumed to be absorbed immediately by the sitting individual. 
With the same analysis as before it was estimated that HBCD might pose 
a non-cancer risk by the dermal absorption route when used as an uphol-
stery fabric fl ame retardant. Therefore an alternative iteration of the expo-
sure assessment was performed. For the alternative iteration of the dermal 
assessment, the same exposure assumptions were made as in the fi rst itera-
tion, except that the assumption of immediate absorption of all the HBCD 
that dissolves was modifi ed. Instead, an estimate of the rate that HBCD 
could penetrate the skin was determined, assuming that HBCD dissolves up 
to its solubility limit in water. This rate of penetration was then factored into 
the exposure assessment. The rate of penetration of a chemical through skin 
can be estimated and this was done, conservatively, from the octanol-water 
partition coeffi cient and the molecular weight. Using this analysis the haz-
ard index indicates that HBCD, used as an upholstery fabric fl ame retar-
dant, is not likely to pose a non-cancer risk via the dermal exposure route. 

 Non-cancer inhalation exposure to particles: Inhalation exposure estimates 
for HBCD in the particulate phase were calculated using the same scenario 
as for DBDE. For the purpose of estimating a hazard index for the inhalation 
of HBCD, and in the absence of relevant inhalation exposure date, the sub-
committee chose to estimate the inhalation RfC from the oral RfD, again an 
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excessively conservative approach. This RfC should be used as an interim or 
provisional level until relevant data become available for the derivation of an 
inhalation RfC for calculating the hazard index. With that provisional RfC, 
a hazard index was estimated indicating that under the worst-case exposure 
scenario, HBCD used as an upholstery fabric fl ame retardant is not likely to 
pose non-cancer risk via inhalation in the particulate phase. 

 Non-cancer inhalation exposure to particles: In addition to the possibility 
of release of HBCD in particles from upholstery fabric, the subcommittee 
considered the possibility of its release by evaporation and repeated the 
analyses. The hazard index indicates that, under the worst-case scenario, 
exposure to HBCD used as an upholstery fabric fl ame retardant is not likely 
to pose a non-cancer risk via the inhalation route, when exposures occur in 
the vapor phase. 

 Non-cancer oral exposure: The same scenario as before was used with the 
conclusion that HBCD used as an upholstery fabric fl ame retardant is not 
likely to pose a non-cancer risk by the oral route. 

 Cancer exposure: Based on inadequate carcinogenicity data from any 
route of exposure, the subcommittee concluded that the potential carcino-
genicity of HBCD cannot be determined. 

 No data were found indicating effects of HBCD on reproductive and 
developmental toxicity from oral exposure. No studies were found for 
immunological or neurological effects or for genotoxicity. Table 6.6 gives 
details of all the analyses.    

 Conclusion: The NRC committee concluded that there are no subchronic 
or chronic inhalation or dermal bioassays to evaluate systemic toxicity or 
carcinogenicity of HBCD. There are no dermal absorption studies. HBCD 
has a high octanol-water partition coeffi cient, low vapor pressure, and low 
solubility in water. It is used as a fabric back-coating and is encapsulated in 
a polymer matrix. Therefore, direct exposure is likely to be minimal. Based 
on existing reviews of toxicity and use information, the conservative expo-
sure assumptions, and a hazard index of less than 1 for all exposure routes, 
the NRC subcommittee concluded that no further research is needed for 
assessing health risks from HBCD.  

  6.5.3     Chlorinated paraffi ns (Chlor Par) 

 Chlorinated paraffi ns are complex mixtures that are expected to differ 
with respect to their chemical content between manufacturers and even 
between ‘batches’. Chlorinated paraffi ns will differ in the amounts of car-
bons in their chain and in chlorine content and, thus, in their toxicity. 
Those most commonly used for back-coating of fabrics are long chained 
with some 70% chlorine content, often in combination with antimony 
oxide. 
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 Non-cancer dermal exposure: The assessment of non-cancer risk for the 
dermal route of exposure of Chlor Par is based on the same scenario as 
for DBDE, including all the same fi rst estimates and assumptions. A haz-
ard index of 1.97 indicates that Chlor Par might pose a non-cancer risk by 
the dermal absorption route when used as an upholstery fabric fl ame retar-
dant. Therefore an alternative iteration of the exposure assessment was 

 Table 6.6     Toxicity data for hexabromocyclododecane (HBCD) from NRC 

 Critical toxicity end point for 

derivation of RfD or RfC 

 Oral: liver toxicity 

 Dermal RfD (mg/kg-d)  N/C 

 Inhalation RfC (mg/ m   3  )  N/C 

 Oral RfD (mg/kg-d)  0.2 

 Cancer potency factor (oral)  N/A 

 Cancer potency factor 

(inhalation) 

 N/A 

 Estimated worst-case 

human exposure 

levels 

 Dermal (mg/kg-d)  1.3 ×  10 −6  

 Inhalation of particles c  ( μ g/m 3 )  0.48 

 Inhalation of vapors c  ( μ g/m 3 )  3.4 

 Oral (mg/kg-d)  2.6  ×  10 −2  

 Hazard index a  for 

non-cancer effects 

 Dermal d   6.7  ×  10 −6  

 Inhalation of particles e   6.8  ×  10– 6  

 Inhalation of vapors e   5.0  ×  10– 3  

 Oral  0.13 

 Upper limits on lifetime 

excess cancer-risk 

estimate b  

 Dermal  N/A 

 Inhalation of particles  N/A 

 Inhalation of vapors  N/A 

 Oral  N/A 

     a   The hazard index is calculated by dividing exposure levels by RfDs or RfCs. A 

hazard index below 1 indicates that the exposure at the intended levels is not 

likely to pose non-cancer health risks; a hazard index above 1 was considered to 

possibly pose a concern for non-cancer effects.  

   b   Lifetime excess cancer risk above the background lifetime cancer incidence was 

calculated by multiplying the cancer potency factor by the exposure estimate. 

For all routes of exposure, lifetime risk calculations were estimated from lifetime 

average exposures.  

   c   Vapor exposure levels were calculated based on the vapor pressure measurements 

for unreacted starting material. In reality, most or all material becomes bound 

to upholstery fabric following curing. Vapor exposure levels for chemical entities 

formed during the curing process were not calculated.  

   d   Toxicity information was not available to derive a dermal RfD; the subcommittee 

used oral RfDs as best estimates for internal dose from dermal exposure.  

   e   Toxicity information was not available to derive an inhalation RfC; inhalation 

RfCs were estimated from oral RfD data to estimate risk.  

  N/C not calculated because of inadequate data.  

  N/A not applicable because the chemical is not carcinogenic by the relevant 

route.    
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attempted. For the alternative iteration of the dermal assessment, the same 
exposure assumptions were made as in the fi rst iteration, except that it was 
assumed that the skin slows the absorption and only a certain amount of 
Chlor Par is absorbed. This value could not be calculated but it was possible 
to calculate that dermal exposure would be a concern only if water solubil-
ity exceeds 650 g/L, which is not possible. Using this analysis indicates that 
Chlor Par, used as an upholstery fabric fl ame retardant, is not likely to pose 
a non-cancer risk via the dermal exposure route. 

 Non-cancer inhalation exposure to particles: Inhalation exposure esti-
mates for Chlor Par in the particulate phase were calculated using the same 
scenario as for DBDE. For the purpose of estimating a hazard index for the 
inhalation of Chlor Par and in the absence of relevant inhalation exposure 
date, the subcommittee chose to estimate the inhalation RfC from the oral 
RfD, again an excessively conservative approach. This RfC should be used 
as an interim or provisional level until relevant data become available for 
the derivation of an inhalation RfC for calculating the hazard index. With 
that provisional RfC, a hazard index of 2.7  ×  10 –4  was estimated indicating 
that under the worst-case exposure scenario, Chlor Par, used as an uphol-
stery fabric fl ame retardant, is not likely to pose a non-cancer risk via inha-
lation in the particulate phase. 

 Non-cancer inhalation exposure to particles: Volatility data for Chlor Par 
were not located and the subcommittee did not calculate a worst-case expo-
sure for this scenario. 

 Non-cancer oral exposure: The same scenario as before was used and the 
conclusion, based on a hazard index of 0.053, was that Chlor Par used as an 
upholstery fabric fl ame retardant is not likely to pose a non-cancer risk by 
the oral route. 

 Cancer exposure: Based on inadequate carcinogenicity data from der-
mal and inhalation routes of exposure, the subcommittee concluded that 
the potential carcinogenicity of Chlor Par by these routes cannot be deter-
mined. EPA has concluded that long-chain chlorinated paraffi ns should 
not be considered as potential carcinogens and it is the opinion of the 
NRC subcommittee that long-chain chlorinated paraffi ns are not likely to 
be human carcinogens and studies of other chlorinated paraffi ns are not 
warranted. 

 No data were found indicating effects of chlorinated paraffi ns on immu-
nological effects but some neurological effects were found on mice. No 
reproductive or developmental toxicity effects were found. Table 6.7 gives 
details of all the analyses.    

 Conclusion: The NRC committee concluded that dermal toxicity data 
are lacking. It also felt the need for volatility data, but not for cancer 
data.  
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  6.5.4     Tetrakis hydroxymethyl phosphonium 
salts (chloride salt) (THPC) 

 This assessment assumes that exposure is to unreacted THPC and does not 
assess exposure to chemically altered forms of THPC that may form during 
the application of THPC to upholstery fabrics. 

 Table 6.7     Toxicity data for Chlorinated paraffi ns (Cl Par) from NRC 

 Critical toxicity end point for 

derivation of RfD or RfC 

 Oral: liver and kidney 

toxicity 

 Dermal RfD (mg/kg-d)  N/C 

 Inhalation RfC (mg/m 3 )  N/C 

 Oral RfD (mg/kg-d)  0.3 

 Cancer potency factor (oral)  N/A 

 Cancer potency factor 

(inhalation) 

 N/A 

 Estimated worst-case 

human exposure 

levels 

 Dermal (mg/kg-d)  0.59 

 Inhalation of particles c  

( μ g/m3) 

 0.28 

 Inhalation of vapors c  ( μ g/m 3 )  N/C 

 Oral (mg/kg-d)  1.6  ×  10 −2  

 Hazard index a  for 

non-cancer effects 

 Dermal d   1.9 

 Inhalation of particles e   2.7  ×  10 −4  

 Inhalation of vapors e   2.7  ×  10 −4  

 Oral  5.3  ×  10 −2  

 Upper limits on lifetime 

excess cancer-risk 

estimate b  

 Dermal  N/A 

 Inhalation of particles  N/A 

 Inhalation of vapors  N/A 

 Oral  N/A 

     a   The hazard index is calculated by dividing exposure levels by RfDs or RfCs. A 

hazard index below 1 indicates that the exposure at the intended levels is not 

likely to pose non-cancer health risks; a hazard index above 1 was considered to 

possibly pose a concern for non-cancer effects.  

   b   Lifetime excess cancer risk above the background lifetime cancer incidence was 

calculated by multiplying the cancer potency factor by the exposure estimate. 

For all routes of exposure, lifetime risk calculations were estimated from lifetime 

average exposures.  

   c   Vapor exposure levels were calculated based on the vapor pressure measurements 

for unreacted starting material. In reality, most or all material becomes bound 

to upholstery fabric following curing. Vapor exposure levels for chemical entities 

formed during the curing process were not calculated.  

   d   Toxicity information was not available to derive a dermal RfD; the subcommittee 

used oral RfDs as best estimates for internal dose from dermal exposure.  

   e   Toxicity information was not available to derive an inhalation RfC; inhalation 

RfCs were estimated from oral RfD data to estimate risk.  

  N/C not calculated because of inadequate data.  

  N/A not applicable because the chemical is not carcinogenic by the relevant route.    
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 Non-cancer dermal exposure: The subcommittee concluded that THPC is 
an ionic substance and essentially not absorbed through the skin. In addi-
tion, THPC is likely to polymerize after application to the upholstery fabric; 
therefore, exposure to THPC is not likely to occur and it should not pose a 
toxic hazard by the dermal route of exposure when used as an FR in furni-
ture upholstery. 

 Non-cancer inhalation exposure to particles: Inhalation exposure esti-
mates for THPC in the particulate phase were calculated using the same 
scenario as for DBDE. The hazard index calculated was 4.1  ×  10 −2 . These 
fi ndings suggest that under this worst-case exposure scenario, inhalation of 
THPC particles from furniture upholstery is not likely to pose a non-cancer 
toxicological risk to humans. 

 Non-cancer inhalation exposure to vapors: The calculated hazard index 
is apparently  calculated to be 2.2 × 10  5 .  However, further analysis follows 
and shows that the real hazard index is minimal if not zero. The original  
results indicate that if all of the THPC is released from the fabric into the 
air, THPC could be a toxic risk to persons entering the room. In reality, any 
FR that evaporated so rapidly would be useless in preventing upholstery 
fl ammability. Either THPC is much more strongly bound to the fabric than 
assumed in this scenario, or the chemical is transformed during the appli-
cation process. In either case, the emission rate is likely to be controlled 
by some process other than diffusion through a boundary layer of air, as 
assumed here. The subcommittee believes that this exposure scenario pro-
vides no useful information about the potential toxicity of THPC vapors 
to humans associated with the emission of THPC vapors from treated fur-
niture upholstery. Therefore, further investigation should be carried out to 
determine if exposure to THPC by this route poses a toxic risk to humans. 
These results suggest that the vapor inhalation scenario is unrealistic for 
THPC-treated furniture in a residential setting because evaporative loss of 
all THPC over 16 h could not occur under normal conditions. Since THPC 
is chemically cross-linked within the treated upholstery fabric, the vapor 
pressure of THPC is assumed to be the vapor pressure for the polymerized 
form. In the absence of any published data, it is assumed that the polymer-
ized form of THPC will have a vapor pressure approaching zero. Thus, the 
vapor inhalation non-cancer risk from THPC-treated fabric can be assumed 
to be minimal if not zero. 

 Non-cancer oral exposure: The calculated hazard index is 0.313 and indi-
cates that oral exposure to THPC is not likely to be a toxic risk under the 
given exposure scenario and conditions. 

 Cancer exposure: The evidence for the dermal carcinogenicity of THPC 
is equivocal. No evidence was found for dermal carcinogenicity of THPC 
in mice but there was ‘equivocal evidence’ for the carcinogenicity of 
THPC when administered in combination with a known tumor promoter 
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or initiator. The subcommittee concluded that the data are inadequate to 
determine human carcinogenic potential by the dermal route. No adequate 
data are available in humans or laboratory animals to assess the carcinoge-
nicity of THPC vapors or particles containing THPC. No evidence of carci-
nogenicity was found in rats or mice following chronic oral administration 
of THPC. The subcommittee concluded that THPC, used as an FR in uphol-
stery fabric, is not likely to pose a cancer risk by the oral exposure route. 

 Table 6.8 gives details of all the analyses.    
 Conclusion: The NRC committee concluded that hazard indices for the 

inhalation of particles and oral exposure to THPC are less than one and 
therefore, these routes of exposure are not anticipated to be a concern. 
Dermal exposure to THPC through contact with treated material is not 
expected to occur since THPC is chemically bound to the fabric.  

  6.5.5     Tris (monochloropropyl) phosphates (TCPP) 

 Non-cancer dermal exposure: The calculations of dermal exposure to TCPP 
resulted in an estimated absorbed daily dose of 1.5 mg/kg but insuffi cient 
data were available to derive a dermal or oral RfD. Therefore, no conclu-
sions can be drawn concerning the non-cancer health risks associated with 
dermal exposure to TCPP. Since there was no appropriate data for estimat-
ing TCPP dermal penetration, an alternate iteration was not performed 
for this material. At a later date, extensive exposure data were developed 
for workers in both manufacturing and downstream, where real monitor-
ing was done with polyurethane foam containing the most widely used 
TCPP, namely tris (1-chloro-2-isopropyl) phosphate.  34–    36   Moreover, der-
mal penetration studies were conducted in the European Union, including 
one study of direct penetration and one study of migration from foam to 
skin.  37–    43   These studies included  in vitro  percutaneous absorption of [14C] 
tris (2-chloro-1-methylethyl) phosphate (TCPP) through human skin mem-
branes using fl ow-through diffusion cells and  in vitro  percutaneous absorp-
tion of neat [14C]TCPP through human skin membranes using fl ow-through 
diffusion cells. 

 Non-cancer inhalation exposure to particles: Inhalation exposure esti-
mates for TCPP in the particulate phase were calculated using the same 
scenario as for DBDE. No inhalation RfC had been derived from TCPP at 
the time of the NRC study. Therefore, no conclusions could be drawn by the 
committee from furniture upholstery fabrics containing TCPP. 

 Non-cancer inhalation exposure to vapors: Inhalation exposure estimates 
for TCPP in the vapor phase were calculated using the same scenario as for 
DBDE. The results obtained suggest that the vapor inhalation scenario is 
unrealistic for TCPP-treated furniture in a residential setting. Nevertheless, 
no inhalation RfC was available to NRC for calculating a margin of exposure 
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for TCPP. Therefore, no conclusions could be drawn by NRC about the 
non-cancer health risks posed by the inhalation of TCPP vapors. It was later 
found that acute inhalation toxicity studies had been conducted with TCPP 
on rats.  44   ,   45   

 Table 6.8     Toxicity data for tetrakis (hydroxymethyl) phosphonium salts (chloride 

salt) (THPC) from NRC 

 Critical toxicity end point for 

derivation of RfD or RfC  Oral: liver toxicity 

 Dermal RfD (mg/kg-d)  N/C 

 Inhalation RfC (mg/m 3 )  N/C 

 Oral RfD (mg/kg-d)  3.0  ×  10 −3  

 Cancer potency factor (oral)  N/A 

 Cancer potency factor 

(inhalation) 

 N/A 

 Estimated worst-case 

human exposure 

levels 

 Dermal (mg/kg-d)  — f  

 Inhalation of particles c  

( μ g/m 3 ) 

 0.43 

 Inhalation of vapors c  ( μ g/m 3 )  UE 

 Oral (mg/kg-d)  9.4  ×  10 −4  

 Hazard index a  for 

non-cancer effects 

 Dermal d   N/C 

 Inhalation of particles e   4.1  ×  10 −2  

 Inhalation of vapors e   Virtually zero 

 Oral  0.31 

 Upper limits on lifetime 

excess cancer-risk 

estimate b  

 Dermal  N/A 

 Inhalation of particles  N/A 

 Inhalation of vapors  N/A 

 Oral  N/A 

     a   The hazard index is calculated by dividing exposure levels by RfDs or RfCs. A 

hazard index below 1 indicates that the exposure at the intended levels is not 

likely to pose non-cancer health risks; a hazard index above 1 was considered to 

possibly pose a concern for non-cancer effects.  

   b   Lifetime excess cancer risk above the background lifetime cancer incidence was 

calculated by multiplying the cancer potency factor by the exposure estimate. 

For all routes of exposure, lifetime risk calculations were estimated from lifetime 

average exposures.  

   c   Vapor exposure levels were calculated based on the vapor pressure measurements 

for unreacted starting material. In reality, most or all material becomes bound 

to upholstery fabric following curing. Vapor exposure levels for chemical entities 

formed during the curing process were not calculated.  

   d   Toxicity information was not available to derive a dermal RfD; the subcommittee 

used oral RfDs as best estimates for internal dose from dermal exposure.  

   e   Toxicity information was not available to derive an inhalation RfC; inhalation 

RfCs were estimated from oral RfD data to estimate risk.  

   f   Not calculated because THPC is likely to polymerize after application to the 

upholstery fabric.  

  N/C not calculated because of inadequate data.  

  N/A not applicable because the chemical is not carcinogenic by the relevant route.    
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 Non-cancer oral exposure: The worst case average oral daily dose for 
TCPP was estimated to be 0.04 mg/kg-d. However, a margin of exposure 
could not be calculated for the oral route because there were insuffi cient 
data to derive an oral RfD for this compound. 

 Cancer: There are insuffi cient data for assessing the cancer risk from 
exposure to TCPP by any route of exposure. 

 Table 6.9 gives details of all the analyses.    
 Conclusion: The NRC committee concluded that there are no data on 

the subchronic or chronic toxicity of TCPPs for the dermal, inhalation, or 
oral routes of exposure. No studies had been conducted at the time on the 
effects of TCPP exposure on reproduction (but a later study was conducted 
on two generations of rats, including oral reproduction toxicity and a dose 
range fi nding study and no effects were found  42  ). Data on the effects of 
TCPP exposure on reproduction are also not available. Data on the dermal 
absorption of TCPPs as well as information on human exposure to TCPPs 
from treated upholstery are also not available. The subcommittee recom-
mended that the potential for release of TCPP vapor into air and TCPP 
released into saline from treated fabric be investigated. Beyond the NRC 
committee conclusions, it is important to point out that many of the gaps in 
knowledge identifi ed by the committee have now been fi lled.  34  –  45   Note that 
most studies on TCPP addressed the most common one of them, namely 
tris (1-chloro 2-isopropyl) phosphate, but the NRC studies and conclusions 
addressed all the tris (monochloropropyl) phosphates.  

  6.5.6     Tris (1,3-dichloropropyl-2) phosphate (TDCPP) 

 Non-cancer dermal exposure: The assessment of non-cancer risk for the der-
mal route of exposure of TDCPP was estimated using the dermal exposure 
scenario as in the earlier cases. As a fi rst estimate of exposure, it was assumed 
that skin, clothing, and the upholstery did not impede dermal exposure to 
TDCPP present in the back-coating. It was also assumed that there would 
be suffi cient water present from sweat to facilitate dissolution of TDCPP 
from the back-coating and absorption through the skin. In this scenario, 
only the dissolution rate of TDCPP from the back-coating is assumed to be 
the limiting factor in absorption by the body. It is assumed that all of the 
TDCPP that dissolves is immediately absorbed into the body by the seated 
person. For this calculation, the subcommittee estimated an upholstery 
application rate for TDCPP of 5 mg/cm  2  . Using these assumptions, an esti-
mated absorbed daily dose of 1.5 mg/kg was calculated for TDCPP, leading 
to a hazard index of 300. These results suggest that TDCPP could be a toxic 
hazard if all available TDCPP is absorbed simultaneously. The alternative 
iteration calculated the estimated dermal daily dose for TDCPP using an 
estimate of the dermal penetration rate for TDCPP. Instead of assuming that 
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all dissolved TDCPP immediately penetrates the skin and enters systemic 
circulation, it was assumed that the skin slows the absorption of TDCPP 
to a specifi c amount of chemical absorbed per unit of time. This estimate 
can be measured experimentally and is referred to as the skin permeability 

 Table 6.9     Toxicity data for Tris (monochloropropyl) phosphates (TCPP) from NRC 

 Critical toxicity end point for 

derivation of RfD or RfC 

 Inadequate data 

for any route 

 Dermal RfD (mg/kg-d)  N/C 

 Inhalation RfC (mg/m 3 )  N/C 

 Oral RfD (mg/kg-d)  N/C 

 Cancer potency factor (oral)  N/A 

 Cancer potency factor (inhalation)  N/A 

 Estimated worst-case 

human exposure 

levels 

 Dermal (mg/kg-d)  1.5 

 Inhalation of particles c  ( μ g/m 3 )  0.48 

 Inhalation of vapors c  ( μ g/m 3 )  UE 

 Oral (mg/kg-d)  4.0  ×  10 −2  

 Hazard index a  for 

non-cancer effects 

 Dermal d   — f  

 Inhalation of particles e   — f  

 Inhalation of vapors e   — f  

 Oral  — f  

 Upper limits on lifetime 

excess cancer-risk 

estimate b  

 Dermal  N/C 

 Inhalation of particles  N/A 

 Inhalation of vapors  N/A 

 Oral  N/A 

     a   The hazard index is calculated by dividing exposure levels by RfDs or RfCs. A 

hazard index below 1 indicates that the exposure at the intended levels is not 

likely to pose non-cancer health risks; a hazard index above 1 was considered to 

possibly pose a concern for non-cancer effects.  

   b   Lifetime excess cancer risk above the background lifetime cancer incidence was 

calculated by multiplying the cancer potency factor by the exposure estimate. 

For all routes of exposure, lifetime risk calculations were estimated from lifetime 

average exposures.  

   c   Vapor exposure levels were calculated based on the vapor pressure measurements 

for unreacted starting material. In reality, most or all material becomes bound 

to upholstery fabric following curing. Vapor exposure levels for chemical entities 

formed during the curing process were not calculated.  

   d   Toxicity information was not available to derive a dermal RfD; the subcommittee 

used oral RfDs as best estimates for internal dose from dermal exposure.  

   e   Toxicity information was not available to derive an inhalation RfC; inhalation 

RfCs were estimated from oral RfD data to estimate risk.  

   f   There are inadequate toxicity data from any route of exposure to derive RfDs 

or RfCs for these compounds. However, structurally related compounds were 

found to be a health concern at the worst-case exposure levels. Therefore, the 

NRC subcommittee recommended that exposure measurements be made to 

determine the need for toxicity studies.  

  N/C not calculated because of inadequate data.  

  N/A not applicable because the chemical is not carcinogenic by the relevant route.    
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coeffi cient. However, the dermal penetration constant for TDCPP has not 
been  measured experimentally though it can be estimated from a correlation 
between the octanol-water partition coeffi cient and the molecular weight. 
With this a hazard index of 0.52 was calculated. At that time, the oral RfD 
was the best estimate of the internal dose associated with dermal exposure to 
TDCPP. These results suggest that TDCPP should not be anticipated to pose 
a toxic risk by the dermal route at the stated application concentrations and 
under the given worst-case exposure conditions. Note that, although no risk 
assessment studies (including dermal work) had been conducted at the time 
of the comprehensive NRC study, European Union risk assessment studies 
were conducted later, parallel to those for TCPP.  46   

 Non-cancer inhalation exposure to particles: Inhalation exposure esti-
mates for TDCPP in the particulate phase were calculated using the same 
scenario as for DBDE. This gives a hazard index of 2.7  ×  10 −2 . This sug-
gests that, under the subcommittee’s worst-case exposure assumptions, 
TDCPP would not be considered a toxic hazard by the inhalation route of 
exposure. 

 Non-cancer inhalation exposure to vapors: Inhalation exposure estimates 
for TDCPP in the vapor phase were calculated using the same scenario as 
for DBDE. These results indicate that, if all of the TDCPP is released from 
the fabric into the air, TDCPP could be a toxic risk to persons entering the 
room. The NRC committee correctly points out that, in reality, any fl ame 
retardant that evaporated so rapidly would be useless in preventing uphol-
stery fl ammability. Either TDCPP is much more strongly bound to the fab-
ric than assumed in this scenario or the chemical is transformed during the 
application process. In either case, the emission rate would likely be con-
trolled by some process other than diffusion through a boundary layer of 
air, as assumed here. It is the opinion of the subcommittee that this expo-
sure scenario provides no useful information about the potential toxicity of 
TDCPP vapors to humans associated with the emission of TDCPP vapors 
from treated furniture upholstery. Therefore, further investigation should 
be carried out to determine if exposure to TDCPP by this route poses a 
toxic risk to humans. 

 Non-cancer oral exposure: The same scenario as before was used and the 
committee concluded that the calculation suggested TDCPP could be a toxic 
hazard by the oral route of exposure under the subcommittee’s worst-case 
exposure assumptions. 

 Cancer dermal exposure: The assessment of cancer risk for the dermal 
route of exposure of TDCPP was estimated using the dermal exposure 
scenario as in per earlier cases of non-cancer dermal exposure. As a fi rst 
estimate of exposure, the subcommittee felt that the use of the oral cancer 
potency factor for TDCPP based on testicular tumors in rats was acceptable 
for the calculation of cancer risk for dermal exposure since the oral cancer 
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potency factor is based on carcinogenic effects following near-complete sys-
temic absorption and the appearance of tumors other than at the site of 
TDCPP application. The NRC estimates suggest that the dermal route of 
exposure may pose a carcinogenic hazard for persons exposed to TDCPP 
incorporated into residential furniture upholstery at the indicated concen-
tration levels and under the given worst-case exposure scenario. 

 Cancer inhalation exposure to particles: Inhalation exposure estimates for 
TDCPP in the particulate phase were calculated using the same scenario as 
for DBDE. This gives an estimated lifetime cancer risk of 8.2  ×  10 −6  and sug-
gests that the cancer risk associated with the inhalation of TDCPP particles 
is negligible at the given upholstery concentrations and the exposure param-
eters in the worst-case exposure scenario. However, the subcommittee noted 
that exposure to TDCPP by this route may need further evaluation. 

 Cancer inhalation exposure to vapors: Inhalation exposure estimates for 
TDCPP in the vapor phase were calculated using the same scenario as for 
DBDE. For TDCPP vapors, the equilibrium concentration of vapor phase 
TDCPP in room-air was estimated as described in the non-cancer inhala-
tion exposure section, with the same conclusions that the results are unreal-
istic because of the excessively conservative assumptions. 

 Cancer oral exposure: From literature studies, TDCPP is judged to be 
a rodent carcinogen. Therefore, the conservative approach for risk assess-
ment purposes is to assume that TDCPP represents a carcinogenic risk to 
humans. Using the same criteria as in other evaluations, the lifetime cancer 
risk for this exposure scenario was estimated to be 6.6  ×  10 −5 . This suggests 
that under the NRC subcommittee’s worst-case exposure assumptions, 
TDCPP could be a carcinogenic hazard by the oral route of exposure. 

 Table 6.10 gives details of all the analyses.    
 Conclusions: The NRC committee concluded that there are no data on 

the chronic toxicity of TDCPP by the dermal or inhalation routes of expo-
sure. Data on the rate of dermal absorption of TDCPP are needed and there 
is no information on the metabolism of TDCPP in animal or human systems. 
No information is available on human exposure to TDCPP from treated 
furniture upholstery and no studies have been conducted on the leaching 
of TDCPP from treated materials. Based on an oral hazard index of greater 
than 1 and on potential cancer risk from all three routes of exposure, the sub-
committee recommended that the potential for particle and vapor release 
and TDCPP release into saline from treated fabric be investigated.  

  6.5.7     Ammonium polyphosphates (APP) 

 Non-cancer dermal exposure: The calculated hazard index is 7.3  ×  10 −3 . Thus 
it was concluded that APPs used as FRs in upholstery fabric are not likely to 
pose a non-cancer risk from dermal exposure. 
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 Table 6.10     Toxicity data for tris (1,3-dichloropropyl-2) phosphate (TDCPP) from the 

NRC 

 Critical toxicity end point for 

derivation of RfD or RfC 

 Oral: testicular atrophy 

and seminal vesicle 

effects 

 Dermal RfD (mg/kg-d)  N/C 

 Inhalation RfC (mg/m 3 )  N/C 

 Oral RfD (mg/kg-d)  5.0  ×  10 −3  

 Cancer potency factor (oral)  6.0  ×  10 −2  per mg/kg-d f  

 Cancer potency factor (inhalation)  1.7  ×  10 −5  per  μ g/m 3 f  

 Estimated 

worst-case 

human exposure 

levels 

 Dermal (mg/kg-d)  2.6  ×  10 −3  

 Inhalation of particles c  ( μ g/m 3 )  0.48 

 Inhalation of vapors c  ( μ g/m 3 )  UE 

 Oral (mg/kg-d)  4.0  ×  10 −2  

 Hazard index a  

for non-cancer 

effects 

 Dermal d   0.52 

 Inhalation of particles e   2.7  ×  10 –2  

 Inhalation of vapors e  

 Oral  8 

 Upper limits on 

lifetime excess 

cancer-risk 

estimate b  

 Dermal  1.6  ×  10 −4  

 Inhalation of particles  8.2  ×  10 –6  

 Inhalation of vapors  UE 

 Oral  6.6  ×  10 −5  

     a   The hazard index is calculated by dividing exposure levels by RfDs or RfCs. A 

hazard index below 1 indicates that the exposure at the intended levels is not 

likely to pose non-cancer health risks; a hazard index above 1 was considered to 

possibly pose a concern for non-cancer effects.  

   b   Lifetime excess cancer risk above the background lifetime cancer incidence was 

calculated by multiplying the cancer potency factor by the exposure estimate. 

For all routes of exposure, lifetime risk calculations were estimated from lifetime 

average exposures.  

   c   Vapor exposure levels were calculated based on the vapor pressure measurements 

for unreacted starting material. In reality, most or all material becomes bound 

to upholstery fabric following curing. Vapor exposure levels for chemical entities 

formed during the curing process were not calculated.  

   d   Toxicity information was not available to derive a dermal RfD; the subcommittee 

used oral RfDs as best estimates for internal dose from dermal exposure.  

   e   Toxicity information was not available to derive an inhalation RfC; inhalation 

RfCs were estimated from oral RfD data to estimate risk.  

   f   The cancer potency factor following inhalation is for exposure to particles and 

vapors.  

  N/C not calculated because of inadequate data.  

  UE modeling produces unrealistic short-term exposure estimates for this material; 

therefore, maximum exposures are unknown.    

 Non-cancer inhalation exposure to particles: In the absence of relevant 
inhalation exposure data, the subcommittee chose to estimate inhalation 
RfCs from oral RfDs. The calculated hazard index is 6.8  ×  10 −7 . These fi nd-
ings suggest that under this worst-case exposure scenario, inhalation of 
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APP particles from furniture upholstery is not likely to pose a non-cancer 
risk to humans. 

 Non-cancer inhalation exposure to vapors: APPs are ionic with negligi-
ble vapor pressure at ambient temperatures. Therefore, inhalation of APP 
vapor is not likely to pose a non-cancer risk when incorporated into furni-
ture upholstery. 

 Non-cancer oral exposure: The calculated hazard index is 2.0  ×  10 −4 . These 
results indicate that under the given worst-case exposure scenario, oral 
exposure to APPs is not likely to pose a non-cancer health risk to humans. 

 Cancer exposure: There are no adequate data available to assess the car-
cinogenicity of APPs by the dermal, inhalation, or oral routes. 

 Table 6.11 gives details of all the analyses.    
 Conclusions: The NRC committee concluded that no further research 

is needed for assessing health risks from exposure to ammonium 
polyphosphates.  

  6.5.8     Organic phosphonates (e.g., dimethyl hydrogen 
phosphite) (DMHP) 

 Non-cancer dermal exposure: The assessment of non-cancer risk for the 
dermal route of exposure of DMHP is based on the same scenario as for 
DBDE, including all the same fi rst estimates and assumptions. A hazard 
index of 18.3 was calculated based on the oral RfD for DMHP of 0.12 mg/
kg-d. At the time, the oral RfD was used as the best estimate of the internal 
dose associated with dermal exposure to DMHP. These results suggest that 
DMHP could pose a toxic risk from dermal exposure. Therefore an alterna-
tive iteration of the exposure assessment was attempted. For the alternative 
iteration of the dermal assessment, the same exposure assumptions were 
made as in the fi rst iteration, except that it was assumed that the skin slows 
the absorption and that only a certain amount of DMHP is absorbed. In 
the absence of a dermal RfD, the subcommittee decided it was appropri-
ate to use the oral RfD for DMHP of 0.12 mg/kg-d as the best estimate of 
the internal dose from dermal exposure. Using this analysis a hazard index 
of 95 was calculated indicating that DMHP, used as an upholstery fabric 
fl ame retardant, could pose a non-cancer toxic risk to humans and should 
be investigated further. 

 Non-cancer inhalation exposure to particles: In the absence of relevant inha-
lation exposure data, the subcommittee chose to estimate inhalation RfCs from 
oral RfDs. The calculated hazard index is 1.73  ×  10 −3 . These fi ndings suggest 
that under this worst-case exposure scenario, inhalation of DMHP particles 
from furniture upholstery is not likely to pose a non-cancer risk to humans. 

 Non-cancer inhalation exposure to vapors: Inhalation exposure estimates 
for DMHP in the vapor phase were calculated using the same scenario as 
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for DBDE. It was estimated that the concentration could be maintained 
for approximately 10 h. These results clearly show that the model for this 
scenario is substantially incorrect for DMHP if it is a useful FR, since any 
such material would have to be suffi ciently well bound to the fabric to stay 
in place for years. However, the subcommittee has no further information 
on plausible rates of evaporation of DMHP from treated fabrics, and these 
calculations suggest that further information is required. 

 Table 6.11     Toxicity data for ammonium polyphosphates (APP) from NRC 

 Critical toxicity end point for 

derivation of RfD or RfC 

 Oral: calcifi cation of 

the kidney 

 Dermal RfD (mg/kg-d)  N/C 

 Inhalation RfC (mg/m 3 )  N/C 

 Oral RfD (mg/kg-d)  300 

 Cancer potency factor (oral)  N/A 

 Cancer potency factor 

(inhalation) 

 N/A 

 Estimated worst-case 

human exposure 

levels 

 Dermal (mg/kg-d)  2.2 

 Inhalation of particles c  ( μ g/m 3 )  0.71 

 Inhalation of vapors c  ( μ g/m 3 )  N/C 

 Oral (mg/kg-d)  5.9  ×  10 −2  

 Hazard index a  for 

non-cancer effects 

 Dermal d   7.3  ×  10 −3  

 Inhalation of particles e   6.8  ×  10 −7  

 Inhalation of vapors e   6.8  ×  10 −7  

 Oral  2.0  ×  10 −4  

 Upper limits on lifetime 

excess cancer-risk 

estimate b  

 Dermal  N/A 

 Inhalation of particles  N/A 

 Inhalation of vapors  N/A 

 Oral  N/A 

     a   The hazard index is calculated by dividing exposure levels by RfDs or RfCs. A 

hazard index below 1 indicates that the exposure at the intended levels is not 

likely to pose non-cancer health risks; a hazard index above 1 was considered to 

possibly pose a concern for non-cancer effects.  

   b   Lifetime excess cancer risk above the background lifetime cancer incidence was 

calculated by multiplying the cancer potency factor by the exposure estimate. 

For all routes of exposure, lifetime risk calculations were estimated from lifetime 

average exposures.  

   c   Vapor exposure levels were calculated based on the vapor pressure measurements 

for unreacted starting material. In reality, most or all material becomes bound 

to upholstery fabric following curing. Vapor exposure levels for chemical entities 

formed during the curing process were not calculated.  

   d   Toxicity information was not available to derive a dermal RfD; the subcommittee 

used oral RfDs as best estimates for internal dose from dermal exposure.  

   e   Toxicity information was not available to derive an inhalation RfC; inhalation 

RfCs were estimated from oral RfD data to estimate risk.  

  N/C not calculated because of inadequate data.  

  N/A not applicable because the chemical is not carcinogenic by the relevant route.    
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 Non-cancer oral exposure: The calculated hazard index is 0.49. These 
results indicate that under the given worst-case exposure scenario, oral expo-
sure to DMHP is not likely to pose a non-cancer health risk to humans. 

 Cancer dermal exposure: The assessment of cancer risk for the dermal 
route of exposure of DMHP is based on the same scenario as for DBDE, 
including all the same fi rst estimates and assumptions. The lifetime risk esti-
mate is 6.1  ×  10 −2 . This estimate suggests that the dermal route of exposure 
may pose a carcinogenic hazard for persons exposed to DMHP incorpo-
rated into residential furniture upholstery at the indicated concentration 
levels rated into residential furniture upholstery at the indicated concen-
tration levels and under the given worst-case exposure scenario. Further 
evaluation of the cancer risk associated with dermal exposure to DMHP 
should be conducted. 

 Cancer inhalation exposure to particles: The average room-air concen-
tration and average exposure concentration to DMHP particles estimated 
in the previous sections were used for the cancer assessment. The estimated 
lifetime cancer risk was 1.1  ×  10 −6 , which suggests that the cancer risk asso-
ciated with the inhalation of DMHP particulates is negligible at the given 
upholstery concentrations and the exposure parameters in the worst-case 
exposure scenario. However, the subcommittee concluded that exposure to 
DMHP by this route needs further evaluation. 

 Cancer inhalation exposure to vapors: For DMHP vapors, the equilib-
rium concentration of vapor-phase DMHP in room-air was estimated as 
described in the non-cancer inhalation exposure section. The upper bound 
on lifetime cancer risk for inhalation exposure to DMHP in the vapor phase 
is 6.6  ×  10 −4 . This risk estimate indicates that further investigation of cancer 
risks associated with DMHP vapors should be considered. 

 Cancer oral exposure: DMHP is judged by the subcommittee to be a 
rodent carcinogen. Therefore, the conservative approach for risk assess-
ment purposes is to assume that DMHP represents a carcinogenic risk to 
humans. Lifetime cancer risk for this exposure scenario was then estimated 
yielding a cancer-risk estimate of 9.1  ×  10 −6 . This suggests that under the 
subcommittee’s worst-case exposure assumptions, DMHP could be a carci-
nogenic hazard by the oral route of exposure. 

 Table 6.12 gives details of all the analyses.    
 Conclusions: The NRC committee concluded that further research is 

needed for assessing health risks from exposure to organic phosphonates. 
There are no data on the subchronic or chronic toxicity of DMHP by the 
dermal or inhalation routes of exposure. No information is available on 
human exposure to DMHP from treated furniture upholstery fabrics. No 
studies have been conducted on the leaching of DMHP from treated materi-
als. Hazard indices greater than 1 were calculated for DMHP for the dermal 
route of exposure. Cancer risk estimates were greater than 1  ×  10 −6  for the 
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 Table 6.12     Toxicity data for organic phosphonates (e.g., dimethyl hydrogen 

phosphite) (DMHP) from NRC 

 Critical toxicity end point for 

derivation of RfD or RfC 

 Oral: lung hyperplasia 

and alveolar/ 

bronchiolar adenomas 

or carcinomas 

observed 

 Dermal RfD (mg/kg-d)  N/C 

 Inhalation RfC (mg/m 3 )  N/C 

 Oral RfD (mg/kg-d)  0.12 

 Cancer potency factor (oral)  5.4  × 10 −2  per mg/kg-d f  

 Cancer potency factor 

(inhalation) 

 1.5  × 10−6 per  μ g/m 3 f  

 Estimated worst-case 

human exposure 

levels 

 Dermal (mg/kg-d)  2.2 

 Inhalation of particles c  

( μ g/m 3 ) 

 0.72 

 Inhalation of vapors c  

( μ g/m3) 

 UE 

 Oral (mg/kg-d)  5.9  ×  10 −2  

 Hazard index a  for 

non-cancer effects 

 Dermal d   18.3 

 Inhalation of particles e   1.7  ×  10 –3  

 Inhalation of vapors e  

 Oral  0.49 

 Upper limits on lifetime 

excess cancer-risk 

estimate b  

 Dermal  6.1  ×  10 −2  

 Inhalation of particles  1.1  ×  10 –6  

 Inhalation of vapors  6.6  ×  10 –4  

 Oral  9.1  ×  10 −6  

     a   The hazard index is calculated by dividing exposure levels by RfDs or RfCs. A 

hazard index below 1 indicates that the exposure at the intended levels is not 

likely to pose non-cancer health risks; a hazard index above 1 was considered to 

possibly pose a concern for non-cancer effects.  

   b   Lifetime excess cancer risk above the background lifetime cancer incidence was 

calculated by multiplying the cancer potency factor by the exposure estimate. 

For all routes of exposure, lifetime risk calculations were estimated from lifetime 

average exposures.  

   c   Vapor exposure levels were calculated based on the vapor pressure measurements 

for unreacted starting material. In reality, most or all material becomes bound to 

upholstery fabric following curing. Vapor exposure levels for chemical entities 

formed during the curing process were not calculated.  

   d   Toxicity information was not available to derive a dermal RfD; the subcommittee 

used oral RfDs as best estimates for internal dose from dermal exposure.  

   e   Toxicity information was not available to derive an inhalation RfC; inhalation 

RfCs were estimated from oral RfD data to estimate risk.  

   f   The cancer potency factor following inhalation is for exposure to particles and 

vapors.  

  N/C not calculated because of inadequate data.  

  UE modeling produces unrealistic short-term exposure estimates for this material; 

therefore, maximum exposures are unknown.    
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dermal, inhalation, and oral routes of exposure. Therefore, the subcommit-
tee concluded that future research for DMHP should focus on determining 
the actual amounts leached from treated furniture and the dermal penetra-
tion of these compounds through human skin. Cancer potency slope factors 
were available for oral and inhalation routes. Because DMHP is soluble in 
water, there is concern about non-cancer effects after dermal absorption 
and concern about cancer risk by all three routes of exposure. The subcom-
mittee recommended that the potential for release of vapor and particles 
into air and DMHP release into saline from treated fabric be investigated. 
Because of a dermal hazard index of greater than 1, the subcommittee also 
recommended that the dermal absorptions of DMHP from treated fabric 
be investigated.  

  6.5.9     Aromatic phosphate plasticizers (e.g., tricresyl 
phosphate) (TCP) 

 Non-cancer dermal exposure: The assessment of non-cancer risk for the 
dermal route of exposure of TCP is based on the same scenario as DBDE, 
including all the same fi rst estimates and assumptions. A hazard index of 
21.3 was calculated based on using the oral RfD for TCP of 7  ×  10 −2  mg/kg-d. 
These results suggest that TCP could be a toxic hazard if all applied TCP is 
absorbed into the body simultaneously. This is an impossible event. Using 
the same alternative approach as for other materials a hazard index of 4.3  ×  
10 −2  was calculated. These results suggest that TCP is not anticipated to be a 
toxic risk by the dermal route at the stated applications concentrations and 
under the worst-case exposure scenario. 

 Non-cancer inhalation exposure to particles: In the absence of relevant 
inhalation exposure data, the subcommittee chose to estimate inhalation 
RfCs from oral RfDs. The calculated hazard index is 1.9  ×  10 −3 . These fi nd-
ings suggest that under this worst-case exposure scenario, inhalation of TCP 
particles from furniture upholstery fabrics is not likely to pose a non-cancer 
risk to humans. 

 Non-cancer inhalation exposure to vapors: Inhalation exposure estimates 
for TCP in the vapor phase were calculated using the same scenario as for 
DBDE. The results obtained suggest that the equilibrium room-air con-
centration for TCP could be maintained for approximately 10 years. This 
yields a hazard index of 1.7, which indicates that inhalation exposure at the 
worst-case levels might pose a non-cancer risk. 

 Non-cancer oral exposure: The calculation gives a hazard index of 0.57. 
This suggests that under the worst-case exposure assumptions applied by 
the subcommittee, TCP is not likely to pose a health risk by the oral route 
of exposure. 
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 Cancer dermal exposure: There are no studies available to evaluate the 
carcinogenicity of TCP in humans or laboratory animals following dermal 
exposure. 

 Cancer inhalation exposure: There are inadequate data to assess the car-
cinogenicity of TCP in humans or animals following inhalation exposure. 

 Cancer oral exposure: TCP is not likely to be a human carcinogen by the 
oral route of exposure. Therefore, TCP is not anticipated to cause cancer in 
humans from oral exposure to treated furniture upholstery. 

 Table 6.13 gives details of all the analyses.    
 Conclusions: The NRC committee concluded that there are no chronic 

toxicity data for TCP for the dermal and inhalation routes of exposure. 
There is no information on the types and amounts of TCP species from 
upholstery back-coating, or on the leaching of these species from uphol-
stery back-coating. Information on the dermal penetration of TCP and its 
possible derivatives would be helpful. Based on an inhalation hazard index 
greater than 1, the subcommittee recommended that the potential for vapor 
release from treated fabric should be investigated.  

  6.5.10     Phosphonic acid (3-{[hydroxymethyl]
amino}-3-oxopropyl)-dimethyl ester (PA) 

 The following exposure and risk assessment assumes that PA is not chemi-
cally altered during the application and curing processes and that leachates 
from treated upholstery fabrics are unreacted PA. The subcommittee notes 
that this assumption may be inaccurate, but currently there are no data on 
the chemical forms and amounts of cured PA present in PA-treated uphol-
stery fabrics following the curing process. Some unreacted PA is left on the 
fabric surface after curing, but in reality much of the free PA present on 
treated fabrics has evaporated from the fabric or is washed away in the 
alkaline wash after curing. Therefore, there is very little free PA present on 
newly treated fabrics that is available for uptake by end-users. It is known 
that some PA can be released from the treated fabric by ambient hydrolysis 
over a period of years. 

 Non-cancer dermal exposure: The assessment of non-cancer risk for the 
dermal route of exposure of PA is based on the same scenario as for DBDE, 
including all the same fi rst estimates and assumptions. Using these assump-
tions, an estimated absorbed daily dose of 0.028 mg/kg was calculated for 
PA. No adequate data are available to calculate dermal RfD for PA. In addi-
tion, PA is likely to polymerize after application to the upholstery fabric; 
therefore, exposure to PA is not likely to occur and it should not pose a 
toxic risk by the dermal route of exposure when used as a FR in furniture 
upholstery. 
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 Table 6.13     Toxicity data for aromatic phosphate plasticizers (e.g., tricresyl phos-

phate) (TCP) from NRC 

 Critical toxicity end point for 

derivation of RfD or RfC 

 Oral: liver lesions and 

adrenal gland toxicity 

 Dermal RfD (mg/kg-d)  N/C 

 Inhalation RfC (mg/m 3 )  N/C 

 Oral RfD (mg/kg-d)  7.0  ×  10 −2  

 Cancer potency factor (oral)  N/A 

 Cancer potency factor 

(inhalation) 

 N/A 

 Estimated worst-case 

human exposure 

levels 

 Dermal (mg/kg-d)  3.0  ×  10 −3  

 Inhalation of particles c  ( μ g/m 3 )  0.48 

 Inhalation of vapors c  ( μ g/m 3 )  417 

 Oral (mg/kg-d)  4.0  ×  10 −2  

 Hazard index a  for 

non-cancer effects 

 Dermal d   4.3  ×  10 −2  

 Inhalation of particles e   1.9  ×  10 –3  

 Inhalation of vapors e   1.7 

 Oral  0.57 

 Upper limits on lifetime 

excess cancer-risk 

estimate b  

 Dermal  N/A 

 Inhalation of particles  N/A 

 Inhalation of vapors  N/A 

 Oral  N/A 

     a   The hazard index is calculated by dividing exposure levels by RfDs or RfCs. A 

hazard index below 1 indicates that the exposure at the intended levels is not 

likely to pose non-cancer health risks; a hazard index above 1 was considered to  

possibly pose a concern for non-cancer effects.  

   b  Lifetime excess cancer risk above the background lifetime cancer incidence was 

calculated by multiplying the cancer potency factor by the exposure estimate. 

For all routes of exposure, lifetime risk calculations were estimated from lifetime 

average exposures.  

   c   Vapor exposure levels were calculated based on the vapor pressure measurements 

for unreacted starting material. In reality, most or all material becomes bound to 

upholstery fabric following curing. Vapor exposure levels for chemical entities 

formed during the curing process were not calculated.  

   d   Toxicity information was not available to derive a dermal RfD; the subcommittee 

used oral RfDs as best estimates for internal dose from dermal exposure.  

   e   Toxicity information was not available to derive an inhalation RfC; inhalation 

RfCs were estimated from oral RfD data to estimate risk.  

  N/C not calculated because of inadequate data.  

  N/A not applicable because the chemical is not carcinogenic by the relevant route.    

 Non-cancer inhalation exposure to particles: Using the same scenario 
a time-averaged exposure concentration for particles was calculated but, 
since no inhalation RfC is available for calculating a hazard index, no con-
clusions can be drawn about the non-cancer toxicological risks posed by the 
inhalation of PA-containing particles. 
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 Non-cancer inhalation exposure to vapors: Using the same scenario, it 
was estimated that the equilibrium room-air concentration for PA could be 
maintained for approximately 39 min. These results suggest that the vapor 
inhalation scenario is unrealistic for PA-treated furniture in a residential 
setting. This conclusion refers to the worst-case assumption. In practice, and 
with an acceptable fabric cleaning regime, the fl ame retardant is most likely 
to be in a fully polymerized form and so have zero vapor pressure. However, 
since no inhalation RfC is available for calculating a hazard index, no con-
clusions can be made about the non-cancer toxicological risks posed by the 
inhalation of PA vapors. 

 Non-cancer oral exposure: The worst-case average oral daily dose for PA 
was estimated as 7.5  ×  10 −4  mg/kg-d. Therefore, the level of exposure to PA 
by the oral route is anticipated to be small, given the worst-case parameters 
and conditions used in the exposure calculation. No oral RfD is available 
for calculating a hazard index; therefore, no defi nitive conclusions can be 
drawn concerning non-cancer toxicological risks associated with oral expo-
sure to PA in upholstered fabric. 

 Cancer exposure: No data are available on the carcinogenicity of PA by 
the dermal, oral, or inhalation routes of exposure. 

 Table 6.14 gives details of all the analyses.    
 Conclusions: The NRC committee concluded that key information on the 

types and amounts (and ratios) of PA derivatives present in treated uphol-
stery fabrics are not available. Information on exposure levels to PA from 
the dermal, inhalation, and oral routes or on the dermal penetration of PA, 
or on the amounts of PA leached from treated fabric by simulated body 
fl uids, are all unavailable. No toxicity data are available for the dermal, inha-
lation, or oral routes of exposure or on the effects of PA on reproduction or 
development. It is important to note that PA polymerizes within the fi ber 
and fabric structure and may also react with other FR formulation com-
ponents present; therefore, it is likely to undergo other chemical changes 
that could alter its chemical properties and toxicity. It is also likely that oxi-
dized forms of this FR will be present in or on the aged FR-treated fabric. 
The subcommittee recommended that research be conducted to determine 
whether new chemical species are formed and, if so, to identify them.  

  6.5.11     Alumina trihydrate (ATH) 

 Non-cancer dermal exposure: The calculated hazard index is 3.9  ×  10 −2 . Thus 
it was concluded that ATH used as FRs in upholstery fabric is not likely to 
pose a non-cancer risk from dermal exposure. 

 Non-cancer inhalation exposure to particles: Although lack of suffi cient 
data precludes deriving an inhalation RfC for ATH, the oral RfD, which 
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 Table 6.14     Toxicity data for Phosphonic acid (3-{[hydroxymethyl]amino}-3-

 oxopropyl)-dimethyl ester (PA) from NRC 

 Critical toxicity end point for 

derivation of RfD or RfC 

 Inadequate data 

for any route 

 Dermal RfD (mg/kg-d)  N/C 

 Inhalation RfC (mg/m 3 )  N/C 

 Oral RfD (mg/kg-d)  N/C 

 Cancer potency factor (oral)  N/A 

 Cancer potency factor 

(inhalation) 

 N/A 

 Estimated worst-case 

human exposure 

levels 

 Dermal (mg/kg-d)  2.8  ×  10 −2  

 Inhalation of particles c  ( μ g/m 3 )  0.35 

 Inhalation of vapors c  ( μ g/m 3 )  UE 

 Oral (mg/kg-d)  7.5  ×  10 −4  

 Hazard index a  for 

non-cancer effects 

 Dermal d   — f  

 Inhalation of particles e   — f  

 Inhalation of vapors e   — f  

 Oral  — f  

 Upper limits on lifetime 

excess cancer-risk 

estimate b  

 Dermal  N/A 

 Inhalation of particles  N/A 

 Inhalation of vapors  N/A 

 Oral  N/A 

     a   The hazard index is calculated by dividing exposure levels by RfDs or RfCs. A 

hazard index below 1 indicates that the exposure at the intended levels is not 

likely to pose non-cancer health risks; a hazard index above 1 was considered to 

possibly pose a concern for non-cancer effects.  

   b   Lifetime excess cancer risk above the background lifetime cancer incidence was 

calculated by multiplying the cancer potency factor by the exposure estimate. 

For all routes of exposure, lifetime risk calculations were estimated from lifetime 

average exposures.  

   c   Vapor exposure levels were calculated based on the vapor pressure measurements 

for unreacted starting material. In reality, most or all material becomes bound 

to upholstery fabric following curing. Vapor exposure levels for chemical entities 

formed during the curing process were not calculated.  

   d   Toxicity information was not available to derive a dermal RfD; the subcommittee 

used oral RfDs as best estimates for internal dose from dermal exposure.  

   e   Toxicity information was not available to derive an inhalation RfC; inhalation 

RfCs were estimated from oral RfD data to estimate risk.  

   f   There are inadequate toxicity data for phosphonic acid from any route of exposure 

to derive RfDs or RfCs; this chemical is likely to crosslink with fabric components, 

precluding dermal exposure to this FR in furniture upholstery.  

  N/A not applicable because the chemical is not carcinogenic by the relevant 

route.  

  N/C not calculated because of inadequate data.  

  UE modeling produces unrealistic short-term exposure estimates for this material; 

therefore, maximum exposures are unknown.    
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represents a very conservative estimate, was used to estimate an RfC. This 
yielded a hazard index of 1.4  ×  10 −4 , indicating that under the worst-case 
exposure scenario, exposure to ATH, used as an upholstery fabric fl ame 
retardant, is not likely to pose a non-cancer risk from exposure to particles. 

 Non-cancer inhalation exposure to vapors: In view of ATH having negli-
gible vapor pressure at ambient temperatures, the subcommittee concluded 
that exposure to ATH vapors from its use as an upholstery fabric fl ame 
retardant is not likely to pose a non-cancer risk. 

 Non-cancer oral exposure: The calculated hazard index is 1.0  ×  10 −3 . These 
results indicate that under the given worst-case exposure scenario, oral 
exposure to ATH is not likely to pose a non-cancer health risk to humans. 

 Cancer exposure: There are no adequate data available to assess the car-
cinogenicity of ATH by the dermal, inhalation, or oral routes. 

 Table 6.15 gives details of all the analyses.    
 Conclusions: The NRC committee concluded that ATH is used exten-

sively in antacids and cosmetics, and the hazard indices are less than 1 for all 
routes of exposure using the conservative assumptions of the subcommittee. 
Therefore, the it concluded that further research is not needed to assess the 
health risks from ATH when used as a fl ame-retardant chemical in furniture 
upholstery fabric.  

  6.5.12     Magnesium hydroxide (MDH) 

 Non-cancer dermal exposure: The subcommittee concluded that MDH is 
an ionic substance and, therefore, is essentially not absorbed through the 
skin and should not pose a health risk from the dermal route of exposure 
when used as an FR in furniture upholstery fabrics. However, to be conser-
vative, the subcommittee assumed that ionized MDH permeates the skin at 
the same rate as water. Using that permeability rate, and the oral RfD for 
MDH as the best estimate for the worst-case scenario of the internal dose 
for dermal exposure, yields a hazard index of 1.4  ×  10 −4 . Thus, it was con-
cluded that MDH used as an FR in upholstery fabrics is not likely to pose 
any non-cancer risk by the dermal route. 

 Non-cancer inhalation exposure to particles: Although lack of suffi cient 
data precludes deriving an inhalation RfC for MDH, the oral RfD, which 
represents a very conservative estimate, was used to estimate an RfC. This 
yielded a hazard index of 9.1  ×  10 −6 , indicating that under the worst-case 
exposure scenario, exposure to MDH, used as an upholstery fabric fl ame 
retardant, is not likely to pose a non-cancer risk from exposure to particles. 

 Non-cancer inhalation exposure to vapors: In view of MDH having negli-
gible vapor pressure at ambient temperatures, the subcommittee concluded 
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 Table 6.15     Toxicity data for alumina trihydrate (ATH) from NRC 

 Critical toxicity end point for 

derivation of RfD or RfC 

 Oral: developmental 

toxicity 

 Dermal RfD (mg/kg-d)  N/C 

 Inhalation RfC (mg/m 3 )  N/C 

 Oral RfD (mg/kg-d)  1.5 

 Cancer potency factor (oral)  N/A 

 Cancer potency factor 

(inhalation) 

 N/A 

 Estimated worst-case 

human exposure 

levels 

 Dermal (mg/kg-d)  5.9  ×  10 −2  

 Inhalation of particles c  ( μ g/m 3 )  0.71 

 Inhalation of vapors c  ( μ g/m 3 )  N/C 

 Oral (mg/kg-d)  1.6  ×  10 −3  

 Hazard index a  for 

non-cancer effects 

 Dermal d   3.9  ×  10 −2f  

 Inhalation of particles e   1.4  ×  10 −4  

 Inhalation of vapors e   1.4  ×  10 −4  

 Oral  1.0  ×  10 −3  

 Upper limits on lifetime 

excess cancer-risk 

estimate b  

 Dermal  N/A 

 Inhalation of particles  N/A 

 Inhalation of vapors  N/A 

 Oral  N/A 

     a   The hazard index is calculated by dividing exposure levels by RfDs or RfCs. A 

hazard index below 1 indicates that the exposure at the intended levels is not 

likely to pose non-cancer health risks; a hazard index above 1 was considered to 

possibly pose a concern for non-cancer effects.  

   b  Lifetime excess cancer risk above the background lifetime cancer incidence was 

calculated by multiplying the cancer potency factor by the exposure estimate. 

For all routes of exposure, lifetime risk calculations were estimated from lifetime 

average exposures.  

   c   Vapor exposure levels were calculated based on the vapor pressure measurements 

for unreacted starting material. In reality, most or all material becomes bound to 

upholstery fabric following curing. Vapor exposure levels for chemical entities 

formed during the curing process were not calculated.  

   d   Toxicity information was not available to derive a dermal RfD; the subcommittee 

used oral RfDs as best estimates for internal dose from dermal exposure.  

   e   Toxicity information was not available to derive an inhalation RfC; inhalation 

RfCs were estimated from oral RfD data to estimate risk.  

   f   The cancer potency factor following inhalation is for exposure to particles and 

vapors.  

  N/A not applicable because the chemical is not carcinogenic by the relevant route.  

  N/C not calculated because of inadequate data.    

that exposure to MDH vapors from its use as an upholstery fabric fl ame 
retardant is not likely to pose a non-cancer risk. 

 Non-cancer oral exposure: The calculated hazard index is 1.7  ×  10 −3 . These 
results indicate that under the given worst-case exposure scenario, oral 
exposure to MDH is not likely to pose a non-cancer health risk to humans. 

WPHIRSCHLER



 Safety, health and environmental aspects of fl ame retardants  151

© Woodhead Publishing Limited, 2013

 Cancer exposure: The subcommittee concluded that MDH is not likely 
to be carcinogenic to humans by the oral route. There are no adequate data 
available to assess the carcinogenicity of MDH by the dermal or inhalation 
routes. 

 Table 6.16 gives details of all the analyses.    

 Table 6.16     Toxicity data for Magnesium hydroxide (MDH) from NRC 

 Critical toxicity end point for 

derivation of RfD or RfC 

 Oral: derived from 

tolerable upper limit for 

Mg-induced diarrhea in 

humans 

 Dermal RfD (mg/kg-d)  N/C 

 Inhalation RfC (mg/m 3 )  N/C 

 Oral RfD (mg/kg-d)  12 

 Cancer potency factor (oral)  N/A 

 Cancer potency factor 

(inhalation) 

 N/A 

 Estimated worst-case 

human exposure 

levels 

 Dermal (mg/kg-d)  1.7  ×  10 −3  

 Inhalation of particles c  ( μ g/m 3 )  0.38 

 Inhalation of vapors c  ( μ g/m 3 )  N/C 

 Oral (mg/kg-d)  2.1  ×  10 −2  

 Hazard index a  for 

non-cancer effects 

 Dermal d   1.4 ×  10 −4  

 Inhalation of particles e   9.1  ×  10 −6  

 Inhalation of vapors e   9.1  ×  10 −6  

 Oral  1.7  ×  10 −3  

 Upper limits on lifetime 

excess cancer-risk 

estimate b  

 Dermal  N/A 

 Inhalation of particles  N/A 

 Inhalation of vapors  N/A 

 Oral  N/A 

     a   The hazard index is calculated by dividing exposure levels by RfDs or RfCs. A 

hazard index below 1 indicates that the exposure at the intended levels is not 

likely to pose non-cancer health risks; a hazard index above 1 was considered to 

possibly pose a concern for non-cancer effects.  

   b   Lifetime excess cancer risk above the background lifetime cancer incidence was 

calculated by multiplying the cancer potency factor by the exposure estimate. 

For all routes of exposure, lifetime risk calculations were estimated from lifetime 

average exposures.  

   c   Vapor exposure levels were calculated based on the vapor pressure measurements 

for unreacted starting material. In reality, most or all material becomes bound 

to upholstery fabric following curing. Vapor exposure levels for chemical entities 

formed during the curing process were not calculated.  

   d   Toxicity information was not available to derive a dermal RfD; the subcommittee  

used oral RfDs as best estimates for internal dose from dermal exposure.  

   e   Toxicity information was not available to derive an inhalation RfC; inhalation 

RfCs were estimated from oral RfD data to estimate risk.  

  N/A not applicable because the chemical is not carcinogenic by the relevant route.  

  N/C not calculated because of inadequate data.    
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 Conclusions: The NRC committee concluded that, because the hazard 
indices for non-cancer effects for dermal, inhalation, and oral routes of 
exposure are less than 1, no further research is needed for assessing health 
risks from MDH when used as a fl ame-retardant chemical in furniture 
upholstery fabric.  

  6.5.13     Zinc borate (ZB) 

 Non-cancer dermal exposure: The calculated hazard index is 1.0  ×  10 −2 . Thus, 
it was concluded that ZB used as an FR in upholstery fabrics is not likely to 
pose any non-cancer risk by the dermal route. 

 Non-cancer inhalation exposure to particles: Although lack of suffi cient 
data precludes deriving an inhalation RfC for ZB, the oral RfD, which rep-
resents a very conservative estimate, was used to estimate an RfC. This 
yielded a hazard index of 9.1  ×  10 −5 , indicating that under the worst-case 
exposure scenario, exposure to ZB, used as an upholstery fabric fl ame retar-
dant, is not likely to pose a non-cancer risk from exposure to particles. 

 Non-cancer inhalation exposure to vapors: In view of ZB’s negligible 
vapor pressure at ambient temperatures, the subcommittee concluded that 
exposure to ZB vapors from its use as an upholstery fabric fl ame retardant 
is not likely to pose a non-cancer risk. 

 Non-cancer oral exposure: The calculated hazard index is 2.8  ×  10 −4 . These 
results indicate that under the given worst-case exposure scenario, oral 
exposure to ZB is not likely to pose a non-cancer health risk to humans. 

 Cancer exposure: There are no adequate data available to assess the car-
cinogenicity of ZB by the oral, dermal or inhalation routes. 

 Table 6.17 gives details of all the analyses.    
 Conclusions: The NRC committee concluded that there are little toxicity 

data available for ZB. Once in the body, ZB readily breaks down to zinc 
oxide and boric acid, for which there are no chronic studies of carcinogenic-
ity. There are no studies that have measured exposure levels from the use 
of ZB as a fl ame retardant in upholstery furniture fabric. However, there 
are extensive databases on the toxicity of zinc oxide and boric acid, and 
the hazard indices for ZB, based on those data, are less than 1 for all three 
routes of exposure, using the conservative assumptions of the subcommittee. 
Therefore, the subcommittee concluded that no further research is needed 
to assess the health risks from the use of ZB as a fl ame retardant.  

  6.5.14     Antimony trioxide (ATO) 

 Non-cancer dermal exposure: The calculated hazard index is  − 0.1. Thus, it 
was concluded that ATO used as an FR in upholstery fabrics is not likely to 
pose any non-cancer risk by the dermal route. 
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 Table 6.17     Toxicity data for zinc borate (ZB) from NRC 

 Critical toxicity end point for 

derivation of RfD or RfC 

 Oral: developmental 

toxicity 

 Dermal RfD (mg/kg-d)  N/C 

 Inhalation RfC (mg/m 3 )  N/C 

 Oral RfD (mg/kg-d)  0.6 

 Cancer potency factor (oral)  N/A 

 Cancer potency factor (inhalation)  N/A 

 Estimated worst-case 

human exposure 

levels 

 Dermal (mg/kg-d)  6.3  ×  10 −3  

 Inhalation of particles c  ( μ g/m 3 )  0.19 

 Inhalation of vapors c  ( μ g/m 3 )  N/C 

 Oral (mg/kg-d)  1.7  ×  10 −4  

 Hazard index a  for 

non-cancer effects 

 Dermal d   1.0  ×  10 −2  

 Inhalation of particles e   9.1  ×  10 −5  

 Inhalation of vapors e   9.1  ×  10 −5  

 Oral  2.8  ×  10 −4  

 Upper limits on 

lifetime excess 

cancer-risk 

estimate b  

 Dermal  N/A 

 Inhalation of particles  N/A 

 Inhalation of vapors  N/A 

 Oral  N/A 

     a   The hazard index is calculated by dividing exposure levels by RfDs or RfCs. A 

hazard index below 1 indicates that the exposure at the intended levels is not 

likely to pose non-cancer health risks; a hazard index above 1 was considered to 

possibly pose a concern for non-cancer effects.  

   b   Lifetime excess cancer risk above the background lifetime cancer incidence was 

calculated by multiplying the cancer potency factor by the exposure estimate. 

For all routes of exposure, lifetime risk calculations were estimated from lifetime 

average exposures.  

   c   Vapor exposure levels were calculated based on the vapor pressure measurements 

for unreacted starting material. In reality, most or all material becomes bound to 

upholstery fabric following curing. Vapor exposure levels for chemical entities 

formed during the curing process were not calculated.  

   d   Toxicity information was not available to derive a dermal RfD; the subcommittee 

used oral RfDs as best estimates for internal dose from dermal exposure.  

   e   Toxicity information was not available to derive an inhalation RfC; inhalation 

RfCs were estimated from oral RfD data to estimate risk.  

  N/A not applicable because the chemical is not carcinogenic by the relevant route.  

  N/C not calculated because of inadequate data.    

 Non-cancer inhalation exposure to particles: The normal analysis yielded 
a hazard index of 1.2, indicating that under the worst-case exposure sce-
nario, antimony trioxide might possibly, when used as an upholstery fabric 
fl ame retardant, pose a non-cancer risk from exposure to particles. 

 Non-cancer inhalation exposure to vapors: In view of ATO having negli-
gible vapor pressure at ambient temperatures, the subcommittee concluded 
that exposure to ATO vapors from its use as an upholstery fabric fl ame 
retardant is not likely to pose a non-cancer risk. 
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 Non-cancer oral exposure: The calculated hazard index is 2.6  ×  10 −3 . 
These results indicate that under the given worst-case exposure scenario, 
oral exposure to ATO is not likely to pose a non-cancer health risk to 
humans. 

 Cancer exposure: There are no adequate data available to assess the 
carcinogenicity of ATO by the oral or dermal routes. The lifetime excess 
cancer-risk estimate from exposure to antimony trioxide as particles is 
1.7  ×  10 −4 . However, the inhalation unit risk (cancer potency factor) of 
antimony trioxide is itself suspect. Furthermore, even if the reservations 
concerning the studies are discounted and the inhalation unit risk is con-
sidered to be accurate, better exposure assessment is required before any 
defi nitive conclusions can be drawn about the carcinogenic risk from ATO 
via inhalation in the particulate phase. Antimony trioxide has negligible 
vapor pressure at ambient temperatures, so ATO used as a fl ame retar-
dant in upholstery fabric is not likely to pose a cancer risk for exposure 
to vapors. 

 Table 6.18 gives details of all the analyses.    
 Conclusions: The NRC committee concluded that little data are avail-

able on the toxicity of ATO following dermal exposure but the hazard 
index of 0.1 indicates that it is not likely to pose a non-cancer risk from 
dermal exposure. Therefore, the subcommittee did not recommend further 
research on the effects of antimony trioxide from dermal exposure. The 
risk characterization used by the subcommittee indicates that ATO might 
possibly pose a risk for non-cancer and cancer end points via inhalation in 
the particulate phase. Therefore, better exposure information is essential 
to accurately assess the risks of ATO use as a fl ame retardant in uphol-
stery fabric. If that research shows actual exposures are substantially lower 
than the subcommittee estimated, there will be a reduced need to perform 
toxicity studies. One study indicated that there are reproductive effects fol-
lowing inhalation of ATO but the purity of the ATO in that study is sus-
pect and other studies of other antimony compounds show no reproductive 
effects. Further studies would clarify if antimony indeed poses a cancer 
risk following inhalation exposure. There are no studies that evaluated the 
chronic toxicity of ATO from the oral route of exposure but the hazard 
index of 2.6  ×  10 −3  indicates that ATO is not likely to pose a non-cancer risk 
from oral exposure. Therefore, the subcommittee did not recommend fur-
ther studies. With respect to cancer, the effects following inhalation expo-
sure are portal-of-entry specifi c (i.e., only occur in the lung), and, therefore, 
the subcommittee did not recommend carcinogenic studies following other 
routes of exposure. Based on an inhalation hazard index greater than one 
and a potential cancer risk following inhalation exposure, the subcommit-
tee recommended that the potential for particle release from treated fab-
rics be investigated.  
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 Table 6.18     Toxicity data for antimony trioxide (ATO) from NRC 

 Critical toxicity end point for 

derivation of RfD or RfC 

 Oral: liver toxicity; 

Inhalation: non-cancer 

pulmonary toxicity; 

lung tumors 

 Dermal RfD (mg/kg-d)  N/C 

 Inhalation RfC (mg/m 3 )  2.0  ×  10 −4  

 Oral RfD (mg/kg-d)  0.2 

 Cancer potency factor (oral) 

 Cancer potency factor 

(inhalation) 

 7.1  ×  10 −4  per  µ g/m 3  

(inhalation) f  

 Estimated worst-case 

human exposure 

levels 

 Dermal (mg/kg-d)  2.0  ×  10 −2  

 Inhalation of particles c  ( μ g/m 3 )  0.24 

 Inhalation of vapors c  ( μ g/m 3 )  N/C 

 Oral (mg/kg-d)  5.2  ×  10 −4  

 Hazard index a  for 

non-cancer effects 

 Dermal d   0.1 

 Inhalation of particles e   1.2 

 Inhalation of vapors e   1.2 

 Oral  2.6  ×  10 −3  

 Upper limits on lifetime 

excess cancer-risk 

estimate b  

 Dermal  N/A 

 Inhalation of particles  1.7  ×  10 −4  

 Inhalation of vapors 

 Oral  N/A 

     a   The hazard index is calculated by dividing exposure levels by RfDs or RfCs. A 

hazard index below 1 indicates that the exposure at the intended levels is not 

likely to pose non-cancer health risks; a hazard index above 1 was considered to 

possibly pose a concern for non-cancer effects.  

   b   Lifetime excess cancer risk above the background lifetime cancer incidence was 

calculated by multiplying the cancer potency factor by the exposure estimate. 

For all routes of exposure, lifetime risk calculations were estimated from lifetime 

average exposures.  

   c   Vapor exposure levels were calculated based on the vapor pressure measurements 

for unreacted starting material. In reality, most or all material becomes bound to 

upholstery fabric following curing. Vapor exposure levels for chemical entities 

formed during the curing process were not calculated.  

   d  Toxicity information was not available to derive a dermal RfD; the subcommittee 

used oral RfDs as best estimates for internal dose from dermal exposure.  

   e   Toxicity information was not available to derive an inhalation RfC; inhalation 

RfCs were estimated from oral RfD data to estimate risk.  

   f   The cancer potency factor following inhalation is for exposure to particles and 

vapors.  

  N/A not applicable because the chemical is not carcinogenic by the relevant route.  

  N/C not calculated because of inadequate data.    

  6.5.15     Antimony pentoxide and sodium antimonate (APO) 

 Non-cancer dermal exposure: The dermal or oral RfDs for antimony pent-
oxide or sodium antimonite were not derived because of a lack of ade-
quate toxicity data. As a result, the non-cancer risk associated with dermal 
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exposure to antimony pentoxide or sodium antimonite, used as a fl ame 
retardant, could not be characterized at the time. 

 Non-cancer inhalation exposure to particles: An inhalation RfC was not 
available for pentavalent antimony. As a result, the non-cancer risk associ-
ated with the inhalation of particles containing antimony pentoxide could 
not be characterized. However, a structurally similar compound, ATO (with 
trivalent antimony), was found to be a possible concern for non-cancer 
effects. Therefore, the subcommittee recommended that exposure levels for 
these compounds be measured. 

 Non-cancer inhalation exposure to vapors: In view of antimony pentoxide 
having negligible vapor pressure at ambient temperatures, the subcommit-
tee concluded that exposure to antimony pentoxide vapors from its use as 
an upholstery fabric fl ame retardant is not likely to pose a non-cancer risk. 

 Non-cancer oral exposure: An oral RfD was not available for antimony 
pentoxide therefore the non-cancer risk associated with the estimated 
worst-case daily dose could not be characterized at the time. 

 Cancer exposure: There were no adequate data available to assess the 
carcinogenicity of antimony pentoxide by the inhalation, oral or dermal 
routes. 

 Table 6.19 gives details of all the analyses.    
 Conclusions: The NRC committee concluded that there are no subchronic 

or chronic toxicity studies in the literature on pentavalent forms of antimony 
from any route of exposure. Additionally, there are no studies on the toxic 
effects of pentavalent antimony on reproduction or development. There are 
no exposure measurements from any route of exposure. Based on the lack 
of toxicological data and possible concern from exposure to a structurally 
similar compound, antimony trioxide, the subcommittee recommended that 
the release rates into saline solution and air from fabrics treated with anti-
mony pentoxide or sodium antimonite be investigated.  

  6.5.16     Calcium and zinc molybdates (Mo) 

 Non-cancer dermal exposure: Calcium and zinc molybdates are considered 
to be ionic, and are essentially not absorbed through the skin. However, to 
be conservative, the subcommittee assumed that ionized calcium and zinc 
molybdates permeate the skin at the same rate as water. This led to a calcu-
lated hazard index of 10. Thus, it was concluded that calcium and zinc molyb-
dates used as fl ame retardants in upholstery fabric may pose a non-cancer 
risk by the dermal route at the specifi ed concentration and under the given 
worst-case exposure scenario. 

 Non-cancer inhalation exposure to particles: The calculation yielded 
a hazard index of 0.095, indicating that under the worst-case exposure 
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 Table 6.19     Toxicity data for antimony pentoxide and sodium antimonate (APO) 

from NRC 

 Critical toxicity end point for 

derivation of RfD or RfC 

 Inadequate data 

for any route 

 Dermal RfD (mg/kg-d)  N/C 

 Inhalation RfC (mg/m 3 )  N/C 

 Oral RfD (mg/kg-d)  N/C 

 Cancer potency factor (oral)  N/A 

 Cancer potency factor (inhalation)  N/A 

 Estimated worst-case 

human exposure 

levels 

 Dermal (mg/kg-d)  2.0  ×  10 −2  

 Inhalation of particles c  ( μ g/m 3 )  0.24 

 Inhalation of vapors c  ( μ g/m 3 )  N/C 

 Oral (mg/kg-d)  5.2  ×  10 −4  

 Hazard index a  for 

non-cancer effects 

 Dermal d   — f  

 Inhalation of particles e   — f  

 Inhalation of vapors e   — f  

 Oral  — f  

 Upper limits on lifetime 

excess cancer-risk 

estimate b  

 Dermal  N/A 

 Inhalation of particles  N/A 

 Inhalation of vapors  N/A 

 Oral  N/A 

     a    The hazard index is calculated by dividing exposure levels by RfDs or RfCs. A 

hazard index below 1 indicates that the exposure at the intended levels is not 

likely to pose non-cancer health risks; a hazard index above 1 was considered to 

possibly pose a concern for non-cancer effects.  

   b   Lifetime excess cancer risk above the background lifetime cancer incidence was 

calculated by multiplying the cancer potency factor by the exposure estimate. 

For all routes of exposure, lifetime risk calculations were estimated from lifetime 

average exposures.  

   c   Vapor exposure levels were calculated based on the vapor pressure measurements 

for unreacted starting material. In reality, most or all material becomes bound 

to upholstery fabric following curing. Vapor exposure levels for chemical entities 

formed during the curing process were not calculated.  

   d   Toxicity information was not available to derive a dermal RfD; the subcommittee 

used oral RfDs as best estimates for internal dose from dermal exposure.  

   e   Toxicity information was not available to derive an inhalation RfC; inhalation 

RfCs were estimated from oral RfD data to estimate risk.  

   f   There are inadequate toxicity data from any route of exposure to derive RfDs 

or RfCs for these compounds. However, structurally related compounds were 

found to be a health concern at the worst-case exposure levels. Therefore, the 

NRC subcommittee recommended that exposure measurements be made to 

determine the need for toxicity studies.  

  N/A not applicable because the chemical is not carcinogenic by the relevant 

route.  

  N/C not calculated because of inadequate data.    
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scenario, exposure to calcium or zinc molybdates, used as upholstery fabric 
fl ame retardants, is not likely to pose a non-cancer risk from exposure to 
particles. 

 Non-cancer inhalation exposure to vapors: In view of the negligible vapor 
pressure of calcium and zinc molybdates at ambient temperatures, the sub-
committee concluded that exposure to calcium or zinc molybdate vapors 
from their use as upholstery fabric fl ame retardants is not likely to pose a 
non-cancer risk. 

 Non-cancer oral exposure: The calculated hazard index is 0.28. These 
results indicate that under the given worst-case exposure scenario, oral 
exposure to calcium or zinc molybdates is not likely to pose a non-cancer 
health risk to humans. 

 Cancer exposure: There are no adequate data available to assess the car-
cinogenicity of calcium or zinc molybdates by the oral or dermal routes. 
With regard to inhalation exposure via particles, the same average room-air 
concentration and average exposure concentration were used as for the 
non-cancer section. This led to a lifetime risk estimate from exposure to 
calcium or zinc molybdate in the particulate phase of 5.0  ×  10 −6 . Calcium 
and zinc molybdates have negligible vapor pressures at ambient tempera-
tures. Therefore, calcium or zinc molybdate used as upholstery fabric fl ame 
retardants are not likely to pose any cancer risk via inhalation in the vapor 
phase. 

 Table 6.20 gives details of all the analyses.    
 Conclusions: The NRC committee concluded that there is a substantial 

amount of data available on zinc, calcium, and molybdates, but not every-
thing covers the two molybdates typically used as fl ame retardants. For 
instance, the oral RfD, inhalation RfC, and cancer potency factor deter-
mined by the subcommittee for calcium and zinc molybdates are based on 
molybdenum. Because of the calculated inhalation lifetime cancer risk for 
calcium and zinc molybdates, the subcommittee believed that the poten-
tial of these chemicals to be released as particles from fabric needs to be 
investigated. Because of a non-cancer dermal hazard index greater than 1, 
the dermal absorption of calcium and zinc molybdates from treated fabric 
should be investigated.   

  6.6     Summary of toxicity issues associated with 
individual flame retardants 

  Tables 6.5 – 6.20  show that, for most of the 16 most widely used FRs for tex-
tiles, the hazard indices for non-carcinogenic effects are less than 1 for all 
three routes of exposure. Thus they are not a concern, since FRs with hazard 
indices of less than 1 are unlikely to pose non-cancer health risks even at the 
worst-case exposure levels. FR chemicals with hazard indices greater than 1 
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 Table 6.20     Toxicity data for Calcium and zinc molybdates (Mo) from NRC 

 Critical toxicity end point for 

derivation of RfD or RfC 

 Oral: increased uric 

acid levels; Inhalation: 

degeneration of 

respiratory epithelium 

 Dermal RfD (mg/kg-d)  N/C 

 Inhalation RfC (mg/m 3 )  2.0  ×  10 −3  

 Oral RfD (mg/kg-d)  6.0  ×  10 −4  

 Cancer potency factor (oral) 

 Cancer potency factor 

(inhalation) 

 2.6 × 10 −4  per  µ g/m 3 f  

 Estimated worst-case 

human exposure 

levels 

 Dermal (mg/kg-d)  6.3  ×  10 −3  

 Inhalation of particles c  ( μ g/m 3 )  0.19 

 Inhalation of vapors c  ( μ g/m 3 )  N/C 

 Oral (mg/kg-d)  1.7  ×  10 −4  

 Hazard index a  for 

non-cancer effects 

 Dermal d   10 

 Inhalation of particles e   9.5  ×  10 −2  

 Inhalation of vapors e   9.5  ×  10 −2  

 Oral  0.28 

 Upper limits on lifetime 

excess cancer-risk 

estimate b  

 Dermal  N/A 

 Inhalation of particles  5.0  ×  10 −6  

 Inhalation of vapors  5.0  ×  10 −6  

 Oral  N/A 

     a   The hazard index is calculated by dividing exposure levels by RfDs or RfCs. A 

hazard index below 1 indicates that the exposure at the intended levels is not 

likely to pose non-cancer health risks; a hazard index above 1 was considered to 

possibly pose a concern for non-cancer effects.  

   b   Lifetime excess cancer risk above the background lifetime cancer incidence was 

calculated by multiplying the cancer potency factor by the exposure estimate. 

For all routes of exposure, lifetime risk calculations were estimated from lifetime  

average exposures.  

   c   Vapor exposure levels were calculated based on the vapor pressure measurements 

for unreacted starting material. In reality, most or all material becomes bound to 

upholstery fabric following curing. Vapor exposure levels for chemical entities 

formed during the curing process were not calculated.  

   d   Toxicity information was not available to derive a dermal RfD; the subcommittee 

used oral RfDs as best estimates for internal dose from dermal exposure.  

   e   Toxicity information was not available to derive an inhalation RfC; inhalation 

RfCs were estimated from oral RfD data to estimate risk.  

   f   The cancer potency factor following inhalation is for exposure to particles and 

vapors.  

  N/A not applicable because the chemical is not carcinogenic by the relevant route.  

  N/C not calculated because of inadequate data.    

might pose non-cancer health risks, but such effects are unlikely for hazard 
indices slightly greater than 1, given the highly conservative assumptions 
used. Carcinogenic risk assessments performed on the FRs that were found 
to be or likely to be carcinogenic indicate that some of the estimated excess 
cancer risks may be greater than 1  ×  10 −6 . However, the NRC committee 
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concluded that actual carcinogenic risk is likely to be much lower because 
of the extremely conservative (high) exposure estimates. 

 Several of the 16 chemicals were actually chemical classes rather than sin-
gle compounds. In three cases, one chemical was selected as a surrogate on 
the basis of representativeness, availability of data, and potency. They are: 
tetrakis (hydroxymethyl) hydronium chloride for the tetrakis (hydroxym-
ethyl) hydronium salts and their compounds; dimethyl hydrogen phosphite 
for organic phosphonates; and tricresyl phosphate for aromatic phosphate 
plasticizers. Conclusions are based on the properties of the surrogate and 
the risk from other members of the class might be different from the risk 
from the surrogate. 

 The committee intentionally overestimated exposure levels refl ect-
ing a precautionary approach to the protection of public health. Such an 
approach is common, but has potential shortcomings, since overestimating 
risks from FRs might result in a net adverse effect on public health if the 
uses of FRs that could reduce the risks of death and injury from fi res were 
avoided because of minor toxicological risks estimated through excessively 
conservative assumptions. 

 Despite the lack of a complete database, the NRC committee concluded 
that the following FRs can be used on fabrics for residential furniture with 
minimal risk, even under worst-case assumptions:

   decabromodiphenyl oxide,  • 
  hexabromocyclododecane,  • 
  tetrakis (hydroxymethyl) phosphonium salts (chloride salt).  • 
  ammonium polyphosphates,  • 
  phosphonic acid (3-{[hydroxymethyl]amino}-3-oxopropyl)-dimethyl • 
ester,  1    
  alumina trihydrate,  • 
  magnesium hydroxide, and  • 
  zinc borate.    • 

 On the basis of the hazard indices for non-cancer effects and/or the poten-
tial for cancer, the subcommittee recommended that exposure studies be 
conducted on the following FRs to determine whether toxicity studies need 
to be conducted:

   chlorinated paraffi ns,  • 
  tris (monochloropropyl) phosphates,  • 
  tris (1,3-dichloropropyl-2) phosphate,  • 
  organic phosphonates (dimethyl hydrogen phosphite),  • 
  aromatic phosphate plasticizers (tricresyl phosphate),  • 
  antimony trioxide,  • 
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  antimony pentoxide and sodium antimonates, and  • 
  calcium and zinc molybdates.    • 

 It is possible that an individual could be exposed by all three routes: oral, 
dermal, and inhalation. In such cases, the hazard indices or cancer-risk esti-
mates may be summed across the various routes of exposure. This approach 
is extremely conservative, because it is unlikely that an individual would be 
exposed at the upper limit for one route of exposure and even less likely 
that the same individual would be exposed at the upper limits for two or 
more routes. However, because one route of exposure typically dominates 
the risk assessments, summing the hazard indices or cancer-risk estimates 
did not materially change the NRC committee conclusions regarding the 
safety of fl ame retardants.  

  6.7     Environmental effects of smoke with and without 
flame retardants 

 The US Environmental Agency Design for the Environment (EPA/Dfe) 
report points out that exposures of consumers and the environment dif-
fer from the exposures of workers and should be evaluated separately. 
Occupational exposures typically result from direct contact with chemi-
cals at relatively high concentrations during periods when the workers are 
conducting specifi c tasks. Conversely, consumers have the potential to be 
exposed over a much longer period, but they will always be exposed to a 
much smaller level because the chemical is incorporated into a consumer 
product. Also, the general population and the environment will be exposed 
via different pathways than workers and consumers. For example, even 
someone who does not own a product containing a fl ame-retarded textile 
may still be exposed if the chemical leaches from the disposed product into 
the drinking water supply. Once in the water supply, groundwater, or surface 
water, there is the potential for it to be ingested by people or consumed by 
animals. Similarly, if the chemical is released to the atmosphere during man-
ufacture, use, or disposal, it may settle out on food crops and be ingested 
directly by people or animals. If the chemical is bioaccumulative, it may con-
centrate in the animal and reach people through the food chain. For these 
reasons, exposure to the environment and the general population should be 
assessed independently from occupational exposure. 

 While a fully quantitative exposure assessment is outside the scope of this 
chapter, the primary exposure pathways for environment, general popula-
tion, and consumer are discussed in this section. The EPA report identifi es 
a set of positive attributes to be considered when formulating or selecting a 
fl ame retardant to meet or exceed fi re safety requirements. These attributes 
are linked to different aspects of what might happen to a chemical during 
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its life cycle. While ensuring that fi re safety is met, the following desirable 
human health and environmental chemical characteristics and attributes, 
relevant to many fl ame retardants, should be considered general ‘rules of 
thumb’ or goals, and should be applied to both the fl ame retardants and any 
combustion by-products:

   1.     low hazard to human health and low exposure potential,  
  2.     low ecotoxicity,  
  3.     readily degradable, and  
  4.     low bioaccumulation.    

 The overall potential risk posed to human health by any chemical, includ-
ing a fl ame retardant, is a combination of hazard and exposure. Chemical 
hazards to human health include acute toxicity, skin sensitization, carcino-
genicity, immunotoxicity, reproductive effects, developmental effects, neu-
rological effects, systemic effects, and genotoxicity. Chemical exposure to 
humans can occur through the skin, inhalation, and ingestion, and is affected 
by various physicochemical factors of the additive. 

 Ecotoxicity measures adverse effects observed in living organisms espe-
cially aquatic organisms (e.g., fi sh, invertebrates, algae). Both acute and 
chronic ecotoxicity need to be considered. 

 Persistence describes the tendency of a chemical to resist degradation 
and removal from environmental settings, such as air, water, soil, and sed-
iment. Chemical degradation in the environment occurs through chemical 
reactivity with its surroundings or through biodegradation by microorgan-
isms. Chemical reactivity is most commonly a result of hydrolysis (reactions 
with water), photolysis (reactions with sunlight) or oxidative gas-phase 
processes. In the absence of rapid chemical reactivity, biodegradation is 
the primary process, either in aerobic settings, via oxidative processes, or 
in anaerobic settings, via reductive processes. The environmental profi le of 
a chemical improves with its rate of biodegradation. The OECD defi nes a 
chemical as readily biodegradable if it biodegrades 60% or more within 10 
days of the time when degradation fi rst reaches 10%. Hydrophobic com-
ponents (such as unsaturated linear alkyl chains) undergo biodegradation 
more rapidly under aerobic conditions, in sewage treatment plants and the 
environment, than highly branched chains. Also, hydrophobic and hydro-
philic components linked by an easily biodegradable group like a carbox-
ylic acid ester will separate the hydrophobic portion from the hydrophilic 
portion during the fi rst step through aerobic biodegradation, such as ester 
hydrolysis. While the rate of degradation is important, it is equally impor-
tant to be aware of the degradation by-products, which might be more toxic 
and persistent than the parent compound. It should be noted that fl ame 
retardants must be suffi ciently persistent within the material in which they 
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are contained so that the fi re safety effect is still available when needed. It is 
also important to note that the technical requirements for fl ame retardants 
in textiles, such as high hydrolysis stability, make it impossible to use fl ame 
retardants of low chemical stability. 

 Even if a chemical has negative human health and environmental attri-
butes, concerns may be mitigated if the chemical is permanently incorpo-
rated into a commercial product. Thus, the potential for direct exposure is 
greatly decreased or eliminated. Reactive fl ame retardants are incorporated 
into the material or product at early stages of manufacturing, resulting in a 
loss of the chemical identity of the fl ame retardants. Additives are mixed 
throughout the formulation but not chemically bound. Therefore, additives 
have a much higher potential to migrate, or leach, from the product into 
the environment. For example, tetrabromobisphenol A (TBBPA, typically 
used for printed circuit boards) is reacted into the epoxy resin of the board 
to form a brominated epoxy before the laminate production process begins. 
This brominated epoxy is the actual fl ame retardant that provides fi re safety. 
Studies have shown that levels of free, unreacted TBBPA in the brominated 
epoxy are extremely low. It was found that only 4  µ g TBBPA were unre-
acted for each gram of TBBPA used. 

 All of these health and environmental considerations are presented in the 
summary table (Table 6.21). The table only contains information regarding 
the inherent hazards of fl ame-retardant (FR) chemicals. Evaluation of risk 
must consider both the hazard and exposure associated with FR chemicals, as 
well as the hazard and exposure associated with combustion and degradation 
by-products. The caveats listed in the legend and footnote sections must be 
taken into account when interpreting the hazard information in the table.    

 Multiple factors must be considered when selecting an appropriate 
fl ame retardant. In addition to fi re performance properties and health and 
environmental considerations, the fl ame retarded product must meet all 
required technical specifi cations. Since the materials used for many prod-
ucts have complex chemical formulations, a drop-in exchange of fl ame retar-
dant is usually impossible and some formulation adjustment is required. 
Formulation changes can signifi cantly affect ease of manufacture as well 
as performance and compatibility with existing production and processing 
equipment. Of course, the resulting product must be economically compet-
itive, based not just on the fl ame retardant but the complete formulation 
of the resulting product. The EPA/Dfe report explains that such practical 
considerations must be weighed up together with the human health and 
environmental issues considered. It is important to note that the key recom-
mendations from the EPA/Dfe project (in particular Table 6.21) show that 
none of the fl ame retardants studied (including TBBPA) have such serious 
human health or environmental effects that there is any need for disquali-
fi cation from use.  
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 Table 6.21     EPA screening level toxicology hazard summary 

 Chemical 

 Human health effects 

 Acute 

toxic-

ity 

 Skin 

sensi-

tizer 

 Cancer 

hazard 

 Immuno-

toxicity 

 Repro-

ductive 

  Reactive fl ame-retardant chemicals   2   

 Tetrabromobisphenol A 

(TBBPA) 3  

  L    L    L    L    L  

 DOPO (6H-Dibenz[c,e][1,2] 

oxaphosphorin, 6-oxide) 

  L    L    L    L    L  

    L    L    L    L    L  

 Reaction product of 

TBBPA, Phenol, 

4,4’-(1-methylethylidene)

bis[2,6-dibromo-, 

polymer with (chlo-

romethyl)oxirane and 

4,4’-(1-methylethylidene)

bis[phenol]) 

  L    M    M     ◊      L    M     ◊    

 Reaction Product of an ep-

oxy phenyl novolak with 

DOPO 

  L    M    M     ◊      L    M     ◊    

 Reaction product of Aryl 

alkyl phosphonate with 

bisphenol A, polymer 

with epichlorohydrin 

  L    L    M     ◊      L    M     ◊    

  Additive fl ame-retardant chemicals   4   

 Aluminum hydroxide   L    L    L    M    L  

 Phosphoric acid diethyl-, 

aluminum salt 

  L    L    L    M    L  

 Melamine polyphosphate 5    L    L    L    L    L  

 Polyphosphoric acid   L    L    L    L    L  

 Melamine   L    L    L    L    L  

 Silicon dioxide, amorphous   L    L    L    L    L  

 Silicon dioxide, crystalline   L    L    H   ‡     H  §    L  

 Magnesium hydroxide   L    L    L    L    L  

   Notes: 

  L = Low hazard  

  M 1  = Moderate hazard  

  H = High hazard  

  Endpoints in grey text (L, M, and H) were assigned based on experimental data.  

  Endpoints in black italics (L, M, and H) were assigned using estimated values and 

professional judgment (Structure Activity Relationships)  

    ◊    Hazard designations, which are based on the presence of epoxy groups, arise 

from the analysis of low molecular weight oligomers (molecular weight <1000) 

that may be present in varying amounts. The estimated human health hazards 

for higher molecular weight (>1000) components, which contain epoxy groups, 

are low for these endpoints.  

   §   Concern linked to direct lung effects associated with the inhalation of poorly 

soluble particles less than 10 microns in diameter.  
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 Human health effects  Aquatic toxicity  Environmental 

 Develop-

mental 

 Neuro-

logical  Sys temic 

 Genoto-

xicity  Acute  Chronic 

 Persist-

ence 

 Bioaccu-

mulation 

  M    L    L    L    H    H    M    L  

  L    L    L    L    M    M    L    L  

  L    L    L    L    L    L    H    L  

  M     ◊      L    L    M    L    L    M    L  

  M     ◊      L    L    M     ◊      L    L    H    L  

  M     ◊      L    L    M     ◊      L    L    H    L  

  L    M    L    L    H    M    H   R     L  

  M    M    L    L    M    M    H   R     L  

  L    L    M    M    L    L    M    L  

  L    L    L    L    L    L    L    L  

  L    L    M    M    L    L    M    L  

  L    L    H  §    L    L    L    H   R     L  

  L    L    H  §    H  §    L    L    H   R     L  

  L    L    L    L    L    L    H   R     L  

    ‡    Concern based on potential inhalation of small particles less than 10 microns in 

diameter that may be present in varying amounts.  

  R Recalcitrant: substance is or contains inorganics, such as metal ions or elemental 

oxides, that are expected to be found in the environment >60 days after release.  

   1  The moderate designation captures a broad range of concerns for hazard  

   2   Reactive FR chemicals and resins may not completely react, and small amounts 

may be available during other parts of the life cycle.  

   3   The EU has published a comprehensive risk assessment for TBBPA in reactive 

applications. This risk assessment is a valuable source of information.  

   4   Although additive fl ame retardants are present throughout the life cycle of the 

product, they are locked into the polymer matrix.  

   5   Melamine polyphosphate dissociates in water to form polyphosphoric acid and 

melamine ions. For this reason,  Table 6.21  includes both dissociation ions.    

Notes: Continued
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  6.8     Life-cycle assessment of environmental effects 
of using products with and without flame 
retardants 

 The fi nal issue that needs to be addressed is a life cycle analysis comparison 
between the environmental effects of the fl ame retardants on their own and 
the environmental effects of the increased levels of combustion products 
resulting from the use of products that exhibit poor fi re performance and, 
thus, will lead to more fi res and more fi re victims. This must also be com-
pared with the potential for achieving the same degree of fi re performance 
via the use of inherently fi re safe materials and of other techniques (such as 
barriers) or using active fi re protection measures (e.g., sprinklers). 

 An analysis by Simonson  et al .  47   of a life cycle assessment (LCA) of 
TV sets compared TV sets that are required to have fl ame retarded (or 
improved fi re performance) enclosures (UL 94 V0 fl ammability rating  48  ) 
with those that do not have such a requirement and simply comply with the 
poor fi re performance associated with a UL 94 HB fl ammability rating. At 
the time of the study, European TV sets had to meet the safety requirements 
of IEC 60065,  49   which permitted enclosures of mains operated electronic 
and related apparatus for household and similar general use to be rated UL 
94 HB. On the other hand, US TVs had to meet UL 1410,  50   which required 
that the enclosure materials be rated UL 94 V0. 

 A novel LCA model was defi ned by the Simonson study for the determi-
nation of the environmental cost of measures taken to attain a high level of 
fi re safety. In one application of the model the fi re safety performance of 
the product modeled was attained through the inclusion of a fl ame retar-
dant additive to the polymeric material used to manufacture the prod-
uct. The case study concentrated on a comparison between TV sets with 
an enclosure manufactured from High Impact Polystyrene (HIPS) fl ame 
retarded to achieve a UL 94 V0 rating (typical of the US market) and one 
with non-fl ame retarded HIPS and with a UL 94 HB rating (typical of the 
European market). The use of international loss statistics seems to indicate 
that using UL 94 V0 rated enclosure materials brings the fi re risk associated 
with TV fi res down to a very small value, while the European fi re risk asso-
ciated with TV fi res is approximately 165 TV fi res per year per million TVs 
where the enclosure material is breached. 

 The study included large-scale and small-scale (cone calorimeter) fi re 
experiments on both free burning TVs and fully furnished lounge rooms, 
to provide fi re emission data as input to the LCA model. The combustion 
product species measured included acute toxicants (such as CO, CO 2 , HCl, 
HBr, antimony species, volatile organic compounds (VOCs), and chronic 
toxicants such as PAH (polycyclic aromatic compounds), PCB (polychlo-
rinated biphenyls), brominated and chlorinated dibenzodioxins and furans, 

WPHIRSCHLER



 Safety, health and environmental aspects of fl ame retardants  167

© Woodhead Publishing Limited, 2013

and the typical fl ame retardant used to render HIPS into an FR HIPS with 
a UL 94 V0 fl ammability rating, namely decabromobiphenyl oxide (DBDE) 
(see also  Section 6.5.1 ). The results obtained are the most detailed measure-
ments of their kind ever made and provide a realistic measure of the envi-
ronmental cost of a high level of fi re safety. 

 The study included an investigation into the recyclability of commer-
cial quality fl ame retarded HIPS (FR HIPS) relative to that of non-fl ame 
retarded HIPS (non-FR HIPS). The results from the LCA work showed 
that the presence of the fl ame retardant does not impede plastic recycling. 
In fact, the study seemed to show that the grades of FR HIPS used per-
formed better than the non-FR HIPS after a thermo-oxidative aging and 
recycling cycle. The results also indicated that the fl ame retardant does not 
migrate out of the plastic or degrade in the plastic during the aging and 
recycling process, as shown by the retention of the UL 94 V0 fl ammability 
rating of the FR-HIPS even after ageing and recycling. 

 The LCA study included an investigation of the effect of the presence of 
fl ame retarded plastic in the fuel stream of a municipal waste incinerator 
on the product distribution from the incinerator and an input for the LCA 
model for energy recovery of the FR HIPS. It also looked at landfi lls. The 
full study indicated that the emissions of some key species (such as diben-
zodioxins and PAH) are actually lower for the TV with the FR enclosure 
than for the TV with the non-FR enclosure. This result is critical for the 
assessment of the environmental impact of the FR TV relative to that of the 
non-FR TV. 

 Finally, the study considered the fi re risk associated with the use of fl ame 
retardants. The analysis of available fi re statistics estimated that there are 
as many as 160 fi re fatalities and 2000 fi re injuries per year in Europe as 
a direct result of TV fi res, compared to negligible numbers in the US. The 
results indicate that the hypothesis ‘it would be better to allow things to 
burn more often rather than use fl ame retardants’ is questionable at best. In 
the case of a number of key toxic species emitted there is a markedly higher 
total emission over the whole life cycle from the non-FR TV sets than from 
the FR TV sets for the survey period. 

 The results of the LCA study show clearly that the energy use within the 
life cycle is entirely dominated by the period when the TV is in use. In terms 
of species emissions, however, the period of TV use is the dominant source 
of CO 2 , but not of many other important (and more toxic) species including 
CO, NO  x  , SO 2 , hydrocarbons, PAH and dibenzodioxins and furans. In terms 
of the generation of CO, NO  x   and SO 2 , the period of TV manufacture or 
production (including the production of the fl ame retardant itself) is domi-
nant. The key reason for this is that the industrial use of energy needed for 
production is generally slightly less effi cient than that used to produce the 
electricity needed for TV use. In the case of these species fi res is a relatively 
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minor source in the whole LCA. In the case of PAH and dibenzodioxins and 
furans, however, fi res are a signifi cant source of the total LCA emissions. If 
much of the waste is sent to a landfi ll, there are signifi cant savings in emis-
sions of these species through the inclusion of fl ame retardants in the TV 
enclosure. This is entirely due to the major reduction in the number of TV 
fi res. If there is more incineration, PAH are still primarily produced in fi res 
(they are always destroyed in incinerators), but the total emission of bromi-
nated dibenzodioxins and furans increases somewhat due to the potential 
importance of the emissions of these species from ineffi cient waste inciner-
ation (based on an unconfi rmed estimation). 

 The emission of PAH is, however, clearly the one with the greatest poten-
tial health and environmental threat. This is illustrated by a comparison 
between the health and environmental effects of PAH and those of diben-
zodioxins and furans (Table 6.22   47   ) . In the table, the toxicity (as cancer risk) 
of all PAHs is assessed as a comparison with the most toxic PAH, namely 
benzo(a)pyrene (BaP), while the dibenzodioxins and furans are compared 
with 2,3,7,8-tetrachlorodibenzo -p- dioxin (TCDD).  51   ,   52   TCDD is one of the 
polychlorinated dibenzo -p- dioxins (in short, but inaccurately, also called 
dioxin) and it is the most potent compound (congener) of the series. From 
these results it is clear that PAH emissions from all sources represent as 
much as 100 000 times higher risk than do the emissions of dibenzodioxins 
and furans. This is mainly due to the massive infl uence of large emissions of 
these species from fi res and is most obvious when fi res are associated with 
non-FR enclosure TVs. The amount of PAHs released from non-FR TVs, 
both with landfi ll and with incineration disposal, is approximately 700 kg 
per year, while the amount released from FR TVs is approximately 3% of 
that value.  47      

 Previous studies have indicated that low ignitability and low heat release 
are very important for the life safety impact of fi res.  6   ,   7   ,   29   ,   54   Long times to 

 Table 6.22     Cancer risk of PAH (as BaP) relative to dioxins and furans (as TCDD) 

 Units  Unit risk factor 

 Non-FR 

today 

 FR 

today 

 Non-FR 

future 

 FR 

future 

 BaP 

equivalents 

 kg  7  ×  10 –2   µ g/m 3   1.46  3.05  ×  10 –2   1.44  7.60  ×  10 –3  

 TCDD equi-

valents 

 kg  1.4  µ g/m 3   1.36  ×  10 –5   1.01  ×  10 –6   1.82  ×  10 –5   5.71  ×  10 –6  

 Cancer risk 

factor* 

 —  —  108 006  30 208  79 154  1331 

    * (BaP equiv./Unit Risk Factor for BaP)/(TCDD equiv./Unit Risk Factor for BaP).  

  Today: landfi ll disposal – Future: incineration disposal.  

  BaP: Benzo(a)pyrene – TCDD: 2,3,7,8 tetrachlorodibenzo -p- dioxin.    
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ignition and slow fi re development are essential to provide ample time for 
the discovery of a fi re and the subsequent rescue and mitigation. This, as dis-
cussed earlier, is much more important than smoke toxicity in determining 
the survivability of victims exposed to fi res. The application of the Fire-LCA 
model to a TV with a fl ame retarded enclosure and one with a non-fl ame 
retarded enclosure can quantify this effect. Similar Fire-LCA studies have 
also been performed on cables  54   and upholstered furniture,  55   with compa-
rable results. 

 The key conclusion from such LCA studies is that fl ame retardants do 
not pose environmental damage by virtue of effectively improving fi re per-
formance. In fact, in the case of the emission of many key species (including 
PAH, hydrocarbons, dibenzodioxins and furans) it is now clear that a reduc-
tion in the number of fi res because of the use of products containing materi-
als with improved fi re performance is associated with signifi cant benefi t to 
the environment as well as saving lives from fi res.  

  6.9     Conclusions 

 This chapter has analyzed the potential hazards of fl ame retardants from 
the point of view of smoke toxicity, inherent toxicity, carcinogenicity, and 
environmental damage. It is apparent that the use of fl ame retardants pres-
ents a benefi t to society and the environment. Undoubtedly not all fl ame 
retardants ever developed or about to be developed are safe from all points 
of view, but the use of appropriate scientifi c knowledge and the regulatory 
environment can effectively ensure that unsafe materials are kept away from 
consumers. However, it is essential to understand that fl ame retardants, as a 
class, effectively provide improved fi re safety via lowering the probability of 
ignition, the heat released and the amounts of smoke, combustion products, 
and dangerous environmental toxicants.  
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