Management Options for PeBDE

Introduction

Pentabrominated diphenyl ether (PeBDE) is a brominated flame retardant (BFR). Because of its chemical and toxic properties and wide spread occurrence in the environment and in humans PeBDE causes concern in many regions in the world. Brominated flame retardants are a group of brominated organic substances that inhibit or suppress combustion in organic material. They are used in electrical and electronic equipment (EEE), textiles and plastics in vehicles, building materials, paints and insulation foam.

There are national and international standards for fire safety for some product groups. This applies for example to, electrical material, industrial packaging, upholstered furniture, curtains, electronic household appliances and electrical cables. These standards specify the flame-retarding properties that are required but not which flame retardants are to be used. Until now, brominated flame retardants have been considered to be cheapest and most efficient. Today, it has become increasingly more common to replace these substances either with flame retardants without bromine or by changing the design of the product such that there is no need for the continued use of flame retardants. It has also become important to avoid the use of products containing flame retardants if such is not absolutely necessary on the basis of fire safety.

At present, due to research efforts on the part of industry and independent research organisations in the last two decades, more is known about the use, fate adverse properties and exposure of PeBDE. Those findings have resulted in voluntary and regulatory phase-outs of this compound in several regions in the world.

Chemical identity of the proposed substance

The proposal concerns the commercial product of PentaBDE. The commercial mixture, while sold as a technical grade under the Chemical Abstracts Service (CAS) Registry number for the penta isomer, is more accurately identified by the CAS Registry numbers of the individual components:

(a) Pentabromodiphenyl ether (CAS No. 32534-81-9) 50–62% w/w;

(b) Tetrabromodiphenyl ether (CAS No. 40088-47-9) 24–38% w/w;

(c) Tribromodiphenyl ether (CAS No. 49690-94-0) 0–1% w/w;

(d) Hexabromodiphenyl ether (CAS No. 36483-60-0) 4–12% w/w;

(e) Heptabromodiphenyl ether (CAS No. 68928-80-3) trace.

Current Sources of Emission

Levels and trends of production and use

Based on the last information on total market demand of PeBDE from Bromine science and environmental forum, the total market demand has decreased from 8,500 tons in 1999 to 7,500 tons in 2001. The estimated cumulative use of PeBDE since 1970 was 100 000 t in 2001 (BSEF, 2001). 

Table 1. PeBDE volume estimates: Total market demand by region in 2001 in metric tons (and by percent) (BSEF, 2001).

	
	Americas
	Europe
	Asia
	Rest of the world
	Total
	% of total

world usage of BFR

	Penta-mix PBDE

formulation
	7,100
	150
	150
	100
	7,500
	4


PeBDE has been produced in Israel, Japan, US and EU (Peltola et al. 2001 and TNO-report 2005). A patent on a commercial mixture containing PeBDE was issued for China in 1999. In China the produced commercial product of PeBDE is different with another ratio of its constituents. It is uncertain if China has or is still producing PeBDE. 

The major producer in Israel, The Dead Sea Bromine Group, declares in a public statement on their web site that their products do not contain PeBDE, this is to comply with the ban in EU, an important market for the company.  

There is today no production in Japan and the use of PeBDE was voluntarily withdrawn from the Japanese market in 1990 (Kajiwara et al. 2004). 

The sole producer of PeBDE in US, the Great Lakes Chemical Corporation (now Chemtura) voluntary ended their production of PeBDE in 2004. In 2001 alone, almost 70,000 metric tons of polybrominated diphenyl ethers (PBDEs) were produced globally, almost half of which was used in products sold in the U. S. and Canada. Before the phase-out in US the majority of PeBDE formulation produced globally was used in North America (>97 %). At the end of 2004 in US, approximately 7.5% of the more than 2.1 billion pounds of flexible polyurethane foam produced each year in the US contained the commercial PeBDE formulation (Washington State 2006). 

Production in EU ceased in the former EU (15) in 1997 (EU 2000). Usage in the EU (15) has been declining during the second half of the 1990´s and is estimated to be 300 metric tonnes in 2000 (used solely for PUR production) (EU 2000). The use of PeBDE was banned in the EU (25) in 2004. Use in electrical and electronic appliances will be phased out July 1, 2006.

Results from a survey conducted in 2000 in Canada indicated that approximately 1300 tonnes of PBDE commercial products were imported into Canada. Based on quantities reported, commercial PeBDE was imported in the greatest volume. PeBDE was proposed to be added to the Virtual Elimination list in Canada in 2004.

No information is found for Eastern Europe countries outside EU.  

Global demand for BFRs in the future

According to a market analyst consultant company global demand for flame retardants is forecast to grow 4.4 percent per year to 2.1 million metric tons in 2009, valued at $4.3 billion. Growth will be largely driven by gains in developing countries in Asia (China, in particular), Latin America and Eastern Europe. Strong increases are forecasted for most of the flame retardants. Globally, demand will be greatest for bromine compounds, due mainly to strong growth in China. Electrical and electronic uses are to grow the fastest. Higher value products will continue to make inroads as substitutes for less environmentally friendly compounds, especially in Western Europe, and as chlorine compounds begin to be replaced in China by bromine- and phosphate based and other flame retardants (Fredonia Group 2005).

After a severe falloff in demand in 2001, electrical and electronic applications will continue to recover. Demand growth for flame retardants will be strongest in such applications. As electronic circuits become smaller, and more densely packed electronic plastics are subjected to ever higher temperatures, the need for flame retardants increases. Construction markets will be the second fastest growing globally. But in China, the second fastest growth will be in motor vehicles followed by textiles, both rapidly growing industries in that country. Plastics will continue to replace other materials such as metals and glass in a wide range of products in order to lower cost and weight and for improved design and production flexibility. Their usage is widespread and growing in transportation, building products and electrical and electronic products. Plastics must be made flame retardant for many applications. As a result, 75% of all flame retardants are used in plastics (Fredonia Group 2005). 

Environmental restrictions vary by region. In Western Europe, Japan and to a lesser extent North America, such restrictions will especially limit growth of chlorinated compounds. A ban on some brominated flame retardants in Western Europe is not expected to spread substantially to other regions (Fredonia Group 2005). But it drives the development of alternative electrical and electronic equipment for sale on the world market. Dozens of Asian, European, and US companies announced in 2005 that they have developed or are developing electrical and electronic equipment that does not contain PeBDE. In Asia 51 % of electronic manufacturers already make products compliant with the ban on PeBDE in EU and 42 % expect to have products that are compliant by July 1, 2006. Officials from electronics companies and industry consultants expects that most of electric and electronic equipment sold on the world market will be compliant with the ban in EU by 2005, due to the difficulties of keeping product streams separate (International Environment Reporter 2006).

Emissions from production of PeBDE

PeBDE is synthesised from diphenyl ether by brominating it with B2 in the presence of a powdered iron/Friedell-Crafts catalyst. The producers of PeBDE have reported that the major routes of PeBDE to the environment during production are filter waste and rejected material, both of which are disposed of in landfills. Waste water releases of PeBDE may also occur from spent scrubber solutions (EU 2000). The emission to air from production of PeBDE is assumed to be none or negligible (EU 2000, van der Gon et al. 2005).

Emissions from manufacturing processes of products containing PeBDE

Use of PeBDE as a flame retardant

PeBDEs is used/has been used in the following sectors:

• Electrical and electronic appliances (EE appliances): computers, home electronics, office equipment, household appliances and others, containing printed circuit laminates, plastic outer casings and internal plastic parts, such as various small run components with rigid PUR elastomer instrument casings. 

• Traffic and transport: Cars, trains, aircraft and ships, containing textile and plastic interiors and electrical components.

• Building materials: foam fillers, insulation boards, foam insulation, pipes, wall and floor panels, plastic sheeting, resins, etc.

• Furniture: Upholstered furniture, furniture covers, mattresses, flexible foam

components. PeBDE can also be found in PUR-foam based packaging.

• Textiles: curtains, carpets, foam sheeting under carpets, tent, tarpaulin, working clothes and protective clothing.

• Packaging: PeBDE can also be found in PUR-foam based packaging.

The most common use (95-98%) of PeBDE has been in polyurethane (PUR) foam since 1999. This foam contains between 10 and 18% of the commercial PeBDE formulation. This PUR is in turn used mainly as PUR foam for furniture and upholstery in domestic furnishing, automotive and aviation industry. 

Other uses are in rigid polyurethane elastomers in instrument casings, in epoxy resins and phenol resins in electric and electronic appliances, and construction materials. PeBDE can also be in minor amounts in textiles, paints, lacquers, in rubber goods (conveyer belt, coating and floor panels) and in oil drilling fluids. Levels range from 5-30% by weight. Up to the early 1990s PeBDE was used in printed circuit boards, which was usual for FR2 laminates (phenol resins) in Asia. FR2 laminates is used in household electronics (television, radio, and video), vehicle electronics, white goods (washing machines, kitchen appliances, etc.). In the beginning of 1990s the amount PeBDE used in textile treatment was 60 % of total use in EU. This application of PeBDE is now banned in EU. 

According to information obtained from the bromine industry the use of PeBDE as hydraulic fluid (in the form of a mixture) in petroleum borings and mining was discontinued 10-20 years ago. 

Australia has reported uses in manufacture of polyurethane foams for refrigerators and packaging, and in epoxy resin formulations supplied into aerospace market for use as potting agents, laminating systems and adhesive systems. US have reported use of PeBDE in the air craft industry. It is no use of PeBDE in newer air crafts for the public, but PeBDE is still used in new military air crafts.

There is limited information on emissions from manufacturing of other products containing PeBDE than PUR-foam production. But emissions to air are assumed to be negligible. Major releases will be to waste water or solid waste. There is no information on use in manufacturing processes from Eastern European countries outside EU. Modelling indicates that emissions during manufacture of products containing PeBDE are minor in comparison to the consumption.

PUR-foam production

According to the EU risk assessment of PeBDE, the emissions in polyurethane production are assumed to occur prior to the foaming process when handling the additives (discharges to water) and during the curing (emissions to air). In the phase prior to foaming, releases to waste water are estimated at 0.1 kg/tonne handled PeBDE. Releases to air may occur during the curing phase of the foam, when the temperature of the foam stays elevated for many hours depending on the production block size. Emission to air at this phase is estimated at 1 kg/tonne PeBDE, but it is assumed that some of the volatilised PeBDE condenses in the production room ending up in the waste water. The EU risk assessment concludes that 0.6 kg of PeBDE is released into waste water and 0.5 kg into air for each ton of PeBDE used in PUR-production. Global annual production of PUR-foam in 2000 (containing 10-18 % of PeBDE), have been estimated to be 150,000 tons (Alaee et al. 2003). Global annual releases of PeBDE from the PUR-foam production is estimated in table 2.

Table 2. Global production and use of PeBDE in PUR-foam production and estimation of associated releases in 2000, PUR-foam containing 10-18 % of PeBDE.

	Production of PUR-foam
	Use of PeBDE to PUR-foam production
	Releases of PeBDE into waste water from PUR-foam production
	Emissions of PeBDE into air from PUR-foam production

	150,000 tons/year
	15,000 – 27,000 tons/year
	9,000 - 16,200 kg/year
	7,500-13,500 kg/year


Emissions from use of PeBDE containing products

A Dutch emission inventory concludes that the major releases of PeBDE to air are from the volatilisation from products, which contain the substance to retard the combustibility (TNO-report 2005). 

Indoor equipement

Several studies have detected PeBDE in indoor air and dust, due to levels in products like textiles, furniture and electronic devices (Shoeib et al. 2004 and Wilford et al. 2005). Experimental data shows that PeBDEs are emitted from electronic appliances (Danish EPA 1999). 

PeBDE has been identified as an additive flame retardant in textiles in different national substance flow analysis in the ECE-region (Danish EPA 1999, Norwegian EPA 2003). Manufacturers of furniture textile has stated that the textile contain 0,45 % PeBDE in a Norwegian substance flow analysis. Especially textiles used in the public sector, the transport sector and business sector have stringent rules for flammability, but it depends on how stringent the national flammable security rules are for domestic use.

PeBDE is used solely as an additive chemical. Thus it can volatilise from the products during their whole life-cycle (EU 2000). The emission of brominated flame retardants from products in service will depend on two factors:

· Volatility of the flame retardants from the surface

· Migration of the flame retardants in the polymer 

When emitted the flame retardants are likely to adsorb to particles. The particles (dust) may adhere to surfaces within appliances, on other surfaces in the indoor environment or may be spread to the outdoor environment by airing of the rooms. When the appliances are dismantled for reprocessing some of the dust will be released to the workplace air. Compared to the office environment the exposure by dismantling of the appliances may be several orders of magnitude higher (Danish EPA).

In the EU risk assessment 3,9 % of the PeBDE present in articles was estimated to be released annually through volatilisation during their approximated service life of 10 years, using a worst-case scenario. Global annual releases of PeBDE from new use of PUR-foam in articles are estimated in table 3. Similar detailed information for other uses is not found in the literature.

Table 3. Global production and use of PeBDE in PUR-foam in articles and estimated releases during their service life in 2000, using 3,9 % as an estimate of the releases of PeBDE due to volatilisation from articles during one year.

	Production of PUR-foam
	Content of PeBDE in PUR-foam
	Releases of PeBDE under the service life of articles

	150,000 tons/year
	15,000 – 27,000 tons/year
	585 – 1053 tons/year


Outdoor equipment

Releases to the environment due to use of PeBDE containing equipment can be considered to be particles of polymer (foam) products which contain PeBDE. These particles are primarily released to the urban/industrial soil compartment (75 %), but may also be released to surface waters (24,9 %) or air (0,1 %). The release can occur over both the lifetime of the product (due to weathering, wear, etc.) and at disposal (particularly where articles are dismantled or subject to other mechanical processes) (EU 2000). This can apply for the following outdoor applications of PVC (EU 2000): 

· Car undercoating,

· Roofing material, 

· Coil coating, 

· Fabric coating, 

· Cables and wires, and profiles,

· Shoe soles. 

The emission factors used for these types of losses in the EU risk assessment were around 2-10% over the lifetime of the product, with the higher factor being applied to articles subject to high wear rates (such as car under bodies and shoe soles), and 2% during disposal operations. In the EU assessment the losses in the EU region was estimated to be; 15,86 tonnes per year to industrial soil, 5,26 tonnes per year to surface water and 0,021 tonnes per year to air. No estimation of those releases globally is found in the literature.

According to information obtained from the bromine industry historic uses of hydraulic fluid (in the form of a mixture) in petroleum borings and mining can have resulted in excessive amounts released to the environment. No estimation of those releases is found in the literature.

Emissions from waste containing PeBDE

Waste can be generated from production of PeBDE, manufacturing processes of PeBDE containing products and at the end of service-life of PeBDE containing products. There is limited information in the literature concerning releases from PeBDE containing waste.

Waste generated from production of PeBDE

In the production of PeBDE producers have stated that the major source of release was due to filter waste and reject material. This waste was disposed of to landfill (EU 2000). In EU waste containing more than 0.25 % PeBDE are classified and treated as hazardous waste. Waste from production of PeBDE is considered negligible.

Waste generated from manufacturing processes of products containing PeBDE

Blocks of PUR foam generally have to be cut into the required size/shape of the final product. This operation usually occurs after the blocks have cured and cooled.  For some applications, PUR foam can be produced in a mould of the desired shape and so cutting is not required.

The flame retardant lost during these processes will be entirely contained within the scrap foam. Foam scrap is often recycled into carpet underlay (rebond), particularly in the United States (the EU is an exporter of scrap foam (around 40,000 tonnes/year) to the United States for this use (EU 2000)). Other uses for scrap foam such as regrinding and subsequent use as a filler in a variety of applications (e.g. car seats, addition to virgin polyol in the manufacture of slabstock foam) have been reported.  It is also possible that scrap foam will be disposed of to landfill (or possibly incinerated).  

During the production of printed circuit boards a substantial part of the laminates is cut off and ends up in solid waste. PeBDE is no longer used for production of printed circuit boards for most producer countries. There is too limited information on use of PeBDE in other manufacturing processes of EE-appliances to conclude on waste generation. But most of the waste ends up as solid waste. This waste is disposed of in landfills or incinerated.

Waste generated from production of building materials, textiles and furniture are disposed of in landfills or incinerated. 

When products containing PeBDE becomes waste

EE-appliances are disposed of or burned in municipal waste incinerators. Some EE-appliances are recycled for extruding the metals used. In the EU plastics containing BFRs must be separated from EE-appliances prior to recovery and recycling by December 2006. After extrusion of metals the plastic fraction is disposed of or burned in municipal waste incinerators. 

Used vehicles is stored outdoors and then dismantled in shredder plants. In some countries restrictions require that components containing hazardous substances are separated before shredding. But this applies for smaller components easy to dismantle. For most plastic and textile components this is not done, and flame retardants in those components ends up in the waste fraction from the shredder plant and is disposed off in landfills.

Other products containing PeBDE is disposed of in landfills or incinerated at the end of service-life.

Losses from landfills and incineration

Movement of polymer (foam) particles containing PeBDE within the landfill could provide a transport mechanism leading to entry into leachate water or groundwater. However, it is not currently possible to assess the significance of this type of process. The amount of PeBDE disposed of in the EU region is estimated to be approximately 1, 036 tonnes/year to landfill or incineration (EU 2000).

Given the physico-chemical properties of the substance (low water solubility, high octanol-water partition coefficient) it is considered very unlikely that significant amounts of PeBDE will leach from landfills as the substance would be expected to adsorb strongly onto soils (EU 2000). But Norwegian screening studies have measured levels of PeBDE of concern in the leach water from landfills (Fjeld et al. 2003 and 2004).

At the operating temperatures of municipal waste incinerators almost all flame retardants will be destructed. But based on experience with other organic compounds, trace amounts could however be passing the combustion chamber (Danish EPA 1999). Studies of recipients to municipal solid waste incineration facilities have detected levels of PeBDE in both gaseous and particulate fractions in the air in the vicinity of the facility. The levels were above background levels of PeBDE (Agrell et al. 2004, Law 2005, ter Shure et al. 2004).

Potentially toxic products, as brominated dibenzo-p-dioxins and dibenzofurans, may be released during incineration of articles containing PeBDE (Danish EPA 1999). 

Emissions from recycling and dismantling activities

Electronic waste recycling plants

The analyses of dismantled FR2 printed circuit boards in electrical scrap show that about 35% of the PBDE used consist of PeBDE. Older products produced in 1990 containing FR2 laminates contained 36.9/m2 PeBDE. Based on market information the assumption was made that 25% of FR2 laminates in older appliances was treated with the technical mixture of PeBDE (Swiss agency 2002).

Prevedouros et al. (2004) estimated production, consumption, and atmospheric emissions of PeBDE in Europe between 1970 and 2000 based on literature data. According to their study, the flow of PeBDE in disposed EE-appliances is estimated for Europe in the range of 17-60 metric tons per year within the time period 2000-2005. An experimental Swiss study on substance flow in a modern recycling plant showed a much higher flow of PeBDE than expected from the literature study. This could be due to underestimations of PeBDE use in EE-appliances in the literature. A Swiss national substance flow analysis revealed that the majority of companies dispose of insufficient information on the material constitution of the products they market (Swiss agency 2002). 

Average concentrations in EE-appliances were estimated to 34 mg/kg PeBDE. Highest amount was found in the plastic fraction of the EE-appliances, 125 mg/kg (Morf et al. 2005). In the case of a recycling process that is not equipped with an efficient air pollution control device as the modern plant in the experimental study, a significant flow of dust-borne PeBDEs may be transferred into the environment. In plants with off-gas filtering a large portion of PeBDE (65%) will end in the collected fraction of gas (Morf et al. 2005). 

Studies on the working conditions in recycling plants has detected levels of PeBDE in the indoor air and indicates that PeBDE can as well be spread as diffuse pollution from recycling plants. In a national substance flow analysis carried out for Switzerland and covering the whole life cycle of penta-, octa-, and decaBDE as well as TBBPA, concluded that waste electric and electronic equipment accounts for the largest flow of the investigated BFRs compared to other waste fractions, such as, for example, automotive shredder residues and construction waste (Swiss agency 2002). 

Dismantling of vehicles

Concentrations of PeBDE in plastics are estimated to be 0.044 g/kg in new road vehicles (produced in 1998) and 0.089 g/kg in old road vehicles (produced in 1980). The concentrations are referring to the amount of PeBDE of total weight of plastics in cars exclusive of EE plastic components in a substance flow analysis of BFR in Switzerland.

Up to the end of the 1980s, 100% of all unsaturated polyester (UP) resins was treated with BFR, whereby primarily decaBDE, but also PeBDE and TBBPA, were employed. 5 % of older rail vehicles (produced in 1980) consumed annually were estimated to contain PeBDE in Switzerland. They contained 50 g PeBDE/kg UP resin. The same values were assumed for air crafts in the substance flow analysis of Switzerland.

The first step in the recycling of vehicles is a fragmentation in a shredder, where the metals are separated from other materials. Plastics, rubber, paper, wood, dirt, etc. end up in several fractions of shredder residues. The plastic parts mainly end up in a fraction called "fluff".

Assumedly there are emissions and diffuse pollution from shredder plants, but they have not been estimated. The conditions for emissions can be assumed to be similar as for recycling plants of EE-appliances. For plants not equipped with an efficient air pollution control device a significant flow of dust-borne PeBDEs may be transferred into the environment. In plants with off-gas filtering a large portion of PeBDE will end in the collected fraction of gas.

Dismantling of buildings and constructions

In Switzerland 5 % of PUR insulating foams (produced in 1990) consumed annually for use in buildings contained 220 g/kg PeBDE (Swiss agency 2000). 

Thermoplastic sheeting is treated with BFRs at a concentration of between 1.3-5 % by weight. According to a study for Denmark, 10 – 20 % of the plastic sheeting used in bridges and underground structures are possibly treated with flame retardants (Danish EPA 1999). There are indications on use of PeBDE in PVC plastic sheetings. There is no detailed information on the use of BFR. In the substance flow analysis made in Switzerland 5 % of products (produced in 1990) consumed annually with PVC plastic sheeting was assumed to contain PeBDE. The amount of PeBDE was estimated to be 49 g/kg PVC sheeting. Emissions of dust-borne PeBDE can be assumed to be emitted during dismantling activities. There is too limited information to quantify those emissions.

Alternatives / Substitutes - Costs and Benefits

PeBDE flame retardants in products can be replaced in three ways:

• a different flame retardant can be substituted in a given material (i.e. plastic or foam);

• a different flame retardant in a different type of plastic or foam can be substituted; or

• a product can be redesigned so that its very structure eliminates the need for flame   

  retardants.

With the discontinuation of PeBDE in important markets, manufacturers are actively identifying alternatives. Some companies, such as IKEA, have already phased out all PBDEs. Another factor encouraging the development of alternatives is the fact that many governments and large corporations have developed green procurement guidelines that prohibit the use of PBDEs in electronic products. 

The alternative flame retardants for PeBDE in Table 2 are listed in Washington final chemical action plan (January 2006). A big part of the information is gathered from companies and all the chemicals listed are already in use. The human health or environmental impacts of these alternatives have not been investigated by the authors. Hexabromocyclododecane listed in table 2 as an alternative for PeBDE in coatings and adhesives is not a preferable alternative. This compound already causes concern because of its chemical properties in several countries and regions. EU risk reduction strategy for PeBDE (DETR 2000) suggests that only tetrabromobenzoate (TBBE) and chlorinated alkyl phosphate esthers, tri (2-chloroisopropyl) phosphate (TCPP) in particular, followed by phosphate esters, are relevant chemical alternatives to PeBDE.

Table 4. Alternative flame retardants for PeBDE by substrate.

	Substrate (material, or matrix, in which the flame retardant is used)
	Products in which the

substrate is used in flame retardant quantity
	Alternative flame retardants in

commercial materials
	Alternative materials:

Non-flammable or

containing halogen-free

flame retardants

	Epoxy
	• Printed circuit boards

• Electronic component

encapsulation

• Technical laminates
	• Reactive nitrogen and phosphorus constituents

• Ammonium polyphosphate

• Aluminium trihydroxide
	• Polyphenylene sulphide



	Unsaturated polyester
	• Technical laminates

• Plastic parts in

transportation
	• Ammonium polyphosphate

• Aluminium trihydroxide

• Dibromostyrene

• Tetrabromophthalic Anhydride Based Diol

• Tetrabromophthalic Anhydride

• Bis (Tribromophenoxy) ethane
	None identified



	Rigid polyurethane foam
	• Insulation of cold storage

plants/freezing

rooms, pipes, etc.
	• Ammonium polyphosphate

• Red phosphorus

• Tetrabromophthalate Diol

• Tetrabromophthalic Anhydride Based Diol

• Bisphosphate
	• Some applications:

mineral wool or other

technical solutions



	Flexible polyurethane

foam
	• Furniture

• Components in

transportation
	• Ammonium polyphosphate

• Melamine

• Reactive phosphorus polyols

• Tetrabromophthalic anhydride derivative

• Phosphorous-Bromine

• Reofos NHP (halogen-free

phosphorus flame retardant)

• Bisphosphate
	None identified



	Laminates
	
	• Triaryl phosphate isopropylated
	None identified

	Adhesives
	
	• Tetrabromophthalate diol

• Tetrabromophthalic anhydride based diol

• Hexabromocyclododecane

• Reomol® TOP

• Bis (Tribromophenoxy) ethane
	None identified



	Coatings
	
	• Tetrabromophthalate Diol

• Tetrabromophthalic anhydride based diol

• Hexabromocyclododecane

• Triaryl phosphate

• Bis (Tribromophenoxy) ethane
	None identified




Alternatives to PeBDE in PUR foam

The US EPA Design for the Environment completed an assessment for alternatives to PeBDE in PUR which was released in September 2005. US EPA has established a Furniture Flame Retardancy Partnership with a broad set of stakeholders to assess environmentally safer chemical alternatives to PeBDE and to investigate other technologies for improving furniture fire safety. Leading US flame-retardant chemical manufacturers identified 14 chemical formulations that are viable substitutes for PeBDE in large-scale production of low-density flexible polyurethane foam (Table 3). EPA assessed the hazards, potential exposures and tendency to bioaccumulate and to persist in the environment for the chemicals in each formulation. Those alternatives are drop-in replacement chemicals for PeBDE. Existing storage and transfer equipment as well as foam production equipment can be used without significant modification. Alternatives compatible with existing process equipment at foam manufacturing facilities are the most cost effective, because they do not require the plants to modify their processes or purchase new equipment. The assessment looked into hazard effects, persistence and bioaccumulation. The levels of bioaccumulation and persistence reported for the identified chemical formulations were lower compared to the levels of persistence and bioaccumulation of PeBDE.

Table 5. Alternative Flame-Retardant Chemical Formulations

	Albemarle Corporation
	Ameribrom, Inc. (ICL Industrial Products)
	Great Lakes Chemical Corporation
	Supresta (Akzo Nobel)

	SAYTEX® RX-8500
	FR 513
	Firemaster® 550
	Fyrol® FR-2

	SAYTEX® RZ-243
	
	Firemaster® 552
	AB053

	ANTIBLAZE® 195
	
	
	AC003

	ANTIBLAZE ® 205
	
	
	AC073 

	ANTIBLAZE® 180
	
	
	

	ANTIBLAZE® V-500
	
	
	

	ANTIBLAZE® 182
	
	
	


However, other chemicals (besides these 14 formulations) are currently used for other types of foam and in niche markets for low-density polyurethane foam. The chemicals are used domestically and abroad to flame retard high-density, flexible polyurethane foam. Chemical companies and foam manufacturing facilities have experimented with their use in low-density flexible foams with moderate success. Generally the use of these chemicals either results in scorching of the foam (an aesthetic effect unless severe) or a negative effect on the physical properties of foam. Also, many formulations of these chemicals are available only as solids; making them less desirable as drop in substitutes for PeBDE. Since the commercial mixture PeBDE is liquid addition of a solid flame retardant may require changes such as additional mixing steps and alteration of the process times. In some cases, these changes can have significant effects on foam quality or cost-effectiveness of manufacture.

Three of the most commonly used chemicals that various reports have suggested may be viable alternatives to PeBDE is melamine, Tris (1,3-dichloro-2-propyl) phosphate (TDCPP) (or TCPP) and Ammonium Polyphosphate (APP). There are numerous international manufacturers of melamine. Melamine and its derivatives are non-halogenated flame retardants, typically used as a crystalline powder. Flame retardants based on melamine are currently used in flexible polyurethane foams, intumescent coatings, polyamides and thermoplastic polyurethanes. They are used effectively in Europe in high-density flexible polyurethane foams but require 30 to 40 percent melamine per weight of the polyol.

TDCPP is a chlorinated phosphate ester that is often used in polyurethane foam formulations. It is used in high-density foam domestically and abroad and has been used domestically in low-density foams when light scorching (discoloration) is not a primary concern. 

APP is an additive flame retardant containing nitrogen and phosphorus, typically used in a crystalline form. It is currently used to flame retard flexible and rigid polyurethane foams, as well as in intumescent laminations, molding resins, sealants and glues. However, chemical manufactures and foam manufacturing trade groups do not consider it to be an alternative for PeBDE on a large scale. Reasons for this are that APP is typically incorporated as a solid, it has adverse effects on foam properties and processing and it is not considered to be as effective as a fire retardant compared to other alternatives.

White foam has become the industry standard for flame-retarded, low-density foam in the mattress and bedding industries, and in many upholstered furniture applications in the United States. The colour of the foam, however, is not a determinant of its flame retardancy. Greater acceptance of darkened foams would allow manufacturers to choose from a wider variety of alternative flame retardants. Barrier fabrics are allowing mattress manufacturers to mask the colour.

Non-chemical alternatives to PeBDE in PUR foam

Non-chemical alternatives are also identified in the assessment. Three currently available, alternative technologies for flame retarding furniture include barrier technologies, graphite impregnated foam and surface treatment. Graphite impregnated foam and surface treatments have limited commercial uses. Barrier technologies are predominantly used in mattress manufacturing rather than residential upholstered furniture. But there is considerable interest in future applications of these technologies for the furniture industry as well.

In addition to the following technologies, it should be noted that some furniture designs exclude the use of filling materials, and even fabric altogether. Design therefore, should be considered when evaluating alternative means for achieving flame retardancy in furniture. Flame-retardant barrier materials can be a primary defence in protecting padding for furniture and mattresses. Manufacturers can layer barrier materials to improve the flame retardancy of their products. This layering approach allows a product to maintain its fire resistance even if one layer is compromised. There are many types of barrier materials available. Fabrics composed of natural fibres such as cotton that are chemically treated to make them flame retardant are flame-retardant barrier materials. The hazards of these chemical treatments have not been assessed in the report. Fabrics composed of synthetic fibres that are inherently flame retardant are also flame-retardant barrier materials. Plastic films derived from flame-retardant resins are also flame-retardant barrier materials. These materials are designed and manufactured to meet specific flammability standards. This also explains the large number of flame-retardant barrier materials that are available. Flame-retardant barrier materials can be characterized by cost, resulting in three primary groups. The first group of flame-retardant materials is the chemically treated, primarily boric acid treated, cotton-based materials. These materials are the least expensive flame-retardant barrier materials available. Mattress manufacturers that base their material decisions predominantly on cost prefer these flame retardants. The second group of flame-retardant materials is a blend of inexpensive natural fibres and expensive synthetic fibres. Synthetic fibres used in these blends include VISIL, Basofil, Polybenzimidazole, KEVLAR, NOMEX and fiberglass. Smaller manufacturers of furniture and mattresses in niche markets use these materials. These blends are commonly used in bus and airplane seating. The third group of flame-retardant materials is composed solely of expensive, high-performance synthetic fibres. They are generally used in industrial or high-performance applications such as firemen’s coats and astronaut space suits. 

Alternatives to PeBDE in EE-appliances

As of mid-November 2005, a number of big manufacturers were phasing out all PBDEs (see appendix 1). Examples of alternative flame retardants processes currently being utilized include:

• Bromine-free circuit boards for TVs, VCRs and DVD players (Sony)

• Phosphorous-based flame retardants for printed circuit boards (Hitachi)

• Flame resistant plastic without deca-BDE (Toshiba)

• Halogen-free low-voltage internal wires (Panasonic/Matsushita)

Manufacturing firms expects increased prices due to compliance with the EU ban on use of hazardous chemicals in EE-appliances, including PeBDE among a range of other substances. Among the world producers of EE-appliances 35 % expect their price of their products to increase by less than 5 %, another 23 % of firms expect an increase between 5-10 %, and 6 % of firms expect prices to increase by more than 10 % (International Environment Reporter 2006).

Alternatives for PeBDE in textiles

There are brome free alternatives, using other flame retardant. Some of them is not environmentally sound, such as antimone triokside and borax. There are also durable flame retardant materials, such as wool and polyester fibres. A ban on the use of PeBDE in textiles is claimed by some manufacteurs will give a poorer quality and durability of the textile.

Table 6. Brom-free flame retardant chemicals for textiles.

	Textile
	Alternative flame retardants in

commercial materials

	PVC, plastic coating of worker clothes
	Antimontri okside

	Working clothes, Uniforms for off-shore, electricity plants, military sector, police, health sector
	Tetrakishydroksymethyl phosphor chloride (THPC)

	
	Phosphor nitril chloride (PNC)

	Cotton/polyester (bedclothes, clothing, worker clothes, protective clothing) used in public institutions, the off-shore sector, ship and hotels)
	Pyrovatex (organic phosphorous compounds)

	Cotton/polyester (worker clothes, protective clothing) used in the off-shore sector, ship and hotels
	Proban (organic phosphorous compounds)

	Carpets, textiles in the transport sector
	Aluminium trihydrokside

	Tent, tarpaulin
	Aluminium hydrate

	Furniture textiles in the health sector, offices, industry and transport sector
	Ammonium compounds

	
	Nitrogen phosphon acid salt

	
	Zirkonium acetate

	Furniture for living room and bedroom
	Borax

	
	Melanin


Table 7. Durable inherent flame retardant materials

	Material
	Application

	PHD-cold foam
	Madrasses and furniture

	Flame retardant polyester fibre (Trevira CS)
	Curtains, table clothes in public institutions, schools, vehicles, oil rigs

	Wool
	Furniture textiles for domestic use

	Mixed fibres wool and cellulose
	Bed clothes to baby carriages and beds


Possible reduction measures and related costs

An immediate ban on production would ensure that there would be no new production of PeBDE in the future. The cost of banning production of PeBDE is very low since industry has phased out production of PeBDE in the UNECE region.

An immediate ban on uses would ensure that there would be no new use of PeBDE for such purposes in the future. For use in products as a flame retardant, substitution has largely occurred in the UNECE-region. One country has reported need for an exemption for use of PeBDE in military aeroplanes under the Stockholm Convention for new substances, due to the lack of alternatives that compares to the special demands for fire safety. Some time should be allowed for testing and  technical modifications to develop alternatives and bee able to meet the special demands on fire safety in countries with this need.  A decision that PeBDE should be eliminated from such use from year 2010 would give a clear signal and incentive to substitution. Assessment of cost to phase out this use is not found. The cost of banning other uses of PeBDE is very low since industry has largely phased out use of PeBDE already.

There is a need for restrictions on emissions of PeBDE from recycling and shredder plants, since it will take some while before all already existing products containing PeBDE will reach end of service life. Some components in the waste fraction can be sorted out, but for most EE appliances this will not be practical. This might require installation of air pollution control devices on some incinerators and plants, which could be costly for some of them. But most countries already have other restrictions that require off-gas filtering of the emissions from recycling and shredder plants.

Waste fractions containing PeBDE should be handled as hazardous waste. This is already done in large parts of the UNECE-region. This could be an extra cost for some sectors. Assessments of costs has not been found in the literature.

For some products it will be difficult to sort out all components containing PeBDE. Some waste will therefor end up in land fills and incinerators. A modern municipal waste incinerator that have that is equpped to prevent emissions from dioxins and furans will also minimise traces of PeBDE and poly brominated dibenzo-p-dioxins and dibenzofurans. Leachate from landfills is considered to be small and management of landfills should be enough.
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