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SUMMARY
Upholstered furniture remains a consumer fire hazard. Flame retardant technologies
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are necessary but may present a health risk from chemical exposure. This study
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developed methodologies for measuring exposure to flame retardants and flammabil-
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ity performance, comparing the effectiveness of differing flammability reduction
strategies on upholstered chairs with and without added flame retardants and the
use of a barrier material. The chemical analysis focused on volatile organic com-
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pounds (VOCs) and flame retardants. Open flame tests were conducted on chair
assemblies, and smolder resistance tests were conducted on chair materials. Results
showed that VOC inhalation exposure during consumer use was low for all chair
types. However, VOCs were significantly elevated during the chair burns. The organophosphorus flame retardant used in this study was found in air, settled dust and dermal transfer samples. The chairs with a barrier material demonstrated significantly
lower flammability hazards when compared to the other chair types. All assembled
chairs did not meet the criteria for smolder testing, suggesting a lack of correlation
with open-flame performance. This study demonstrated that combined human health
and flammability advantages may be achieved for upholstered chairs constructed
with an effective fire barrier material without any added flame retardants.
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I N T RO DU CT I O N

oxygen concentrations in the flame formation zone by emitting water,
nitrogen or other inert gases. The use of flame retardant chemicals in

Flame retardants and other chemicals have been used for decades in

furniture filling, typically polyurethane foam, became customary in

the production of commercial and residential upholstered furniture

response to flammability regulations, such as the California flammabil-

for achieving fire protection objectives. Flame retardants disrupt the

ity standard, Technical Bulletin 117 (TB 117) in 1975,1 and the Furni-

combustion stage of a fire cycle, including avoiding or delaying flash-

ture and Furnishings (Fire Safety) Regulations in the United Kingdom

over; insulating the available fuel source from the material source with

in 1988.2 Even though the TB 117 regulation was specific to Califor-

a fire-resistant char layer; or reducing the flammable gases and

nia, manufacturers provided TB 117 compliant products across the
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United States as a de facto standard for fire safety. These regulations

due to heavy usage of brominated flame retardants in furniture, elec-

were established primarily to protect against home fires started by

tronics, and many other products as demonstrated in recent studies.13

3

During combustion, these toxins are readily released resulting in expo-

small open flames, such as candles, matches, and lighters.

In the European Union (EU) and other countries outside of the

nentially higher levels in the environment.14 In a study that measured

United States, flammability requirements vary. All nations regulate

the serum of 12 California firefighters shortly after responding to a

certain aspects of furniture and furnishings for health, safety, and

fire, researchers found levels of PBDEs that were three times higher

environmental performance. Registration of the use of chemicals,

when compared to the general US population suggesting a significant

including high production flame retardants is required by some coun-

occupational exposure.15 In a meta-analysis of 32 studies looking at

tries. For residential use, the United Kingdom and Ireland have the

cancer rates in 110 000 firefighters, significant risk was found for mul-

strictest flammability standards. Concerns that stricter fire regulations

tiple myeloma, prostate cancer, non-Hodgkin's lymphoma, and testicu-

would lead to increased use of flame retardants led the EU furniture

lar cancer.16 In another study of almost 30 000 US firefighters

industries to suggest a testing method for upholstered furniture at a

followed from 1950 through 2009, researchers found excess cancer

level where flame retardants are not needed.4

mortality and an increased incidence of digestive (esophageal and

Prior to 2014 in the United States, a variety of flame retardants

colorectal), respiratory and urinary cancers.17

were added to polyurethane foam to meet the TB 117 (1975) stan-

In response to the potential human harm associated with flame

dard that required the foam to withstand an open-flame test with

retardant exposures, California TB 117 flammability regulation has

minimal loss and no sustained ignition after the flame was removed.3

been replaced by TB 117-2013.1 Manufacturers are no longer

Since the use of proprietary formulations of flame retardants was

required to make their products resistant to an open-flame ignition

common and labeling requirements or regulations were minimal, spe-

source; only required to meet a cigarette smoldering resistance test.

cific flame retardant identifications were not available. Prior to the

This test allows manufacturers to pursue other methods of passing

2004-2005 phase-out, polybrominated diphenyl ethers (PBDEs) were

the flammability standard without the use of flame retardants. It does

commonly used. After the PBDE phase-out, other flame retardants

not, however, prohibit the use of flame retardants.

found in residential furniture included tris (1,3-dichloro isopropyl)

Home fires involving upholstered furniture still pose a threat. US

phosphate (TDCPP), Firemaster 550 (FM550) mixture components,

fire departments responded to 379 600 home structure fires in 2018,

and mixtures of nonhalogenated flame retardants like triphenyl phos-

causing 2790 fire deaths, 11 525 fire injuries, and $8.2 billion indirect

phate (TPhP) and tris (4-butylphenyl) phosphate (TBPP).5

damage.2 Home fire deaths most occur while occupants are sleeping,

Human exposure to chemical flame retardants is concerning, spe-

and the leading areas of origin in residential fire deaths are the living

cifically halogenated and organophosphate formulations that have

room or bedroom3 where upholstered furniture can be found. Uphol-

been linked to serious health problems, including diabetes, neuro-

stered furniture is the leading item first ignited for residential fire

behavioral and developmental disorders, cancer, reproductive health

deaths.3 Fire deaths from upholstered furniture have fallen since the

6

effects, and alteration in thyroid function. Early warnings of health

1980s, however, it has held steady for the last decade.3 The death

risks from exposure to some flame retardants were not heeded, lead-

rate per case of fire starting in a living room or bedroom has more

ing to decades of continued use and coinciding with increased pres-

than doubled since the 1980s.3 The flammability of upholstered furni-

ence in humans and adverse health effects.7 Studies have found

ture remains a significant fire safety hazard.

PBDEs in house dust, children, and adults when tested. PBDEs have

Public safety by chemical control has become the impetus to

also been found in breast milk and umbilical cord blood which carry

eliminate or reduce exposure to hazardous chemicals and educate the

chemicals across the placenta subjecting exposure to neonates in the

public, including the demand of public transparency of chemicals used

womb.8 Presence of these chemicals in the environment contributes

to manufacture products, the listing of carcinogens and reproductive

9

toxins,18 and the public availability of third-party certified low chemi-

Recent evidence shows that exposure of nonhalogenated organo-

cal emission building materials, electronics, and furnishings.19 Health

phosphate components increased exposure risks and lead to adverse

science is demonstrating that certain halogenated and organophos-

health effects.10

phate chemicals have the potential for adverse human health impacts

to chemical loads in wastewater, rivers, and the natural environment.

During a fire, the inhalation of toxic gases produced from burning
materials is a major cause of injury and death. According to death cer-

and are found prolifically in the environment as well as in public and
residential places.

tificates dated between 1979 and 2007 in the United Kingdom, for

The purpose of this research was to (a) develop protocols to

home fire deaths, there were eight smoke inhalation deaths for every

investigate fire control technologies and the management of chemical

one death from burns.11 Common toxic gases in fire smoke include

exposures and open flame risks; (b) test four fire control technologies

carbon monoxide (CO), carbon dioxide (CO2), hydrogen cyanide

utilized in upholstered furniture for flammability performance and

(HCN), hydrogen chloride (HCl), hydrogen bromide (HBr), and nitrogen

chemical exposure; and (c) evaluate the impact of furniture age on

oxide (NO).12 The increased use of a variety of synthetic or

chemical exposure and flammability through simulated accelerated

petroleum-based materials in homes and buildings is believed to be

mechanical aging. The research investigated innovative fire safety

the source of additional toxicants released during combustion. Homes,

strategies that may reduce fire growth potential and reduce chemical

offices, and public buildings contain high concentrations of PBDEs

exposure.
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2

EXPERIMENTAL

|

materials (Figure 1). The size of the chair was within common ergonomic standards for upholstered lounge chairs suitable for residential

Flammability performance and the potential for chemical exposure to

use. The fabrication utilized recycled and regenerated fibers, metals,

flame retardants and other organic chemicals were evaluated for resi-

and an engineered laminate frame with soy-based resins. The chair

dential upholstered chairs and cushions manufactured with differing

cushion foam material was a composition of polyurethane (70%) and

flammability control technologies. Each product was tested according

soy-based (30%) foam. Other filling materials had recycled plastic con-

to TB 117-2013 and burned using an open-flame source. Fire perfor-

tent. Finish materials were specified for low volatile organic com-

mance and associated burn characteristics of each product were

pound (VOC) content and low emissions. The textile covering of the

observed and measured.

chair was 100% cotton with no flame retardant (NFR) added.
The polyurethane foam containing the flame retardants was prepared and provided by the furniture foam supplier using their stan-

2.1

Materials

|

dard formulation and preparation processes. The flame retardants,
selected by the foam supplier to be representative of available and

2.1.1

|

Upholstered chairs

currently used flame retardants, were added to the foam at levels
consistent with current standard practice. The specific flame retar-

The chair specimens were manufactured by a furniture company in

dants used in this study were not initially known to the study

the United States. The upholstered chair design selected for this study

investigators.

was constructed for a life expectancy beyond 10 years using durable

A total of 20 chairs were constructed of the basic chair design,
based on the manufacturer's typical fabrication methods and materials, differing only in the flammability control technologies explored
in this study. Of the 20 chairs, five each were constructed using one
of four flame retardant technologies:
1. NFR added to the polyurethane foam (control)
2. Organophosphate chemical flame retardant added to the polyurethane foam (OPFR)
3. Reactive (polymer integrated) chemical flame retardant in the polyurethane foam (RFR)
4. NFR added to the polyurethane foam, but a barrier material added
between the polyurethane foam and textile cover (BNFR)
Eighteen of the 20 chairs were used in this study with the two
remaining chairs held in reserve for future testing.
The NFR chair represented the product as currently manufactured and sold by the furniture company through the retail marketplace. The OPFR chair was selected to represent a product with a
commonly used flame retardant in home furnishings. Although it was
not known to the investigators initially, the polyurethane foam
was independently identified through chemical analysis to be tris
(isobutylated triphenyl) phosphates (TBPP mix), a mixture of organophosphate based flame retardants without any halogens.20
The RFR chair represented a newer chemical flame retardant technology that chemically bonds to the polyurethane foam during the
polymerization process. This technology is expected to reduce leaching
or migration of the flame retardant from the product into the environment. The formulation of this flame retardant was deemed to be proprietary from the supplier and was not provided to the investigators. A FR
analysis of this polyurethane foam did not show any detection of a
series of flame retardants commonly applied to PUF in furniture.5
The BNFR chair was fabricated without flame retardants and with

F I G U R E 1 Chair manufactured in the United States and
fabricated to represent four types of flammability technology shown
inside of chamber with Robiesitz

a commercially available fiberglass textile barrier, which was wrapped
around the polyurethane foam providing a barrier between the foam
and cover textile. The barrier is a woven product with glass warp and

4
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fills yarns. Approximately 7% of the content is an organic coating

well-mixed clean environment (see Figure 1). Chamber operation and

finish.

control measures used in this study complied with ASTM D6670,22 ISO

Within the set of five chairs for each fabrication type, chairs were

16000-9,23 ECMA-328,24 and UL 2821.19 Each tested product was

mechanically aged (see supplemental information) to simulate a 10-year

sampled for the release of VOCs, aldehydes, and flame retardants in air,

use according to the ANSI/BIFMA X5.4 Seating Durability Test.21 This

settled dust, and dermal contact.18,19,25-31 Air collections were made

process represented physical use and did not include environmental

with Tenax sorbent for VOCs; 2,4-dinitrophenylhydrazine (DNPH) car-

stressors, such as temperature, humidity or UV light exposure.

tridge for aldehydes; and specialized polyurethane foam and quartz filters for airborne and particulate flame retardants. Sample collection,
extraction, and analysis with its detection limits for VOCs and alde-

2.1.2

|

hydes followed the methods in Davis et al.32

Cushions

The chairs were agitated during chemical sampling to simulate
Three individual chair cushions containing polyurethane foam and

personal use using a robot known as Robiesitz (see Figure 1), which

flammability treatments were studied for chemical exposures. The

was constructed and operated according to ANSI/BIFMA X5.421 Seat-

three cushions were constructed as: (a) without a flame retardant;

ing Durability Test. Flame retardants were collected using four differ-

(b) with a commonly available flame retardant used in the industry

ent sampling media following processes for inhalation, ingestion, and

independently identified as tris (1,3-dichloro-2-propyl) phosphate

dermal exposures with methods for air, dust, and skin absorp-

(TDCPP); and (c) a proprietary reactive flame retardant (RFR). Each

tion.20,27,33-35 The chemical extraction method was based on proto-

foam cushion, 27 in. by 21 in. by 6 in. in size, was covered with a com-

cols developed by van der Veen et al20,22 where two separate

mercial grade 100% solution-dyed nylon textile, with a durability

extractions were utilized to assess the different flame retardants of

expectation for heavy use (350 000 double rubs). The chair cushions

interest. GC/MS using electron impact ionization was used to identify

were evaluated for chemical exposure similar to the chairs and not for

PBDE congeners and organophosphorus flame retardants.

fire performance. The cushion study provided additional data on different organophosphate and RFRs than those used in the manufactured study chairs.

2.2.3 | Smolder resistance of upholstered chair
materials

2.2

Smolder resistance tests were conducted by the California Bureau of

Test methods

|

Household Goods and Services (BHGS) for the smolder resistance of
Laboratory testing of the upholstered chairs consisted of material

chair materials.36 Materials, including upholstery textile (cover), barrier

composition determinations; chemical exposure during simulated con-

textile, resilient loose fiber, decking textile, and polyurethane (resil-

sumer use for inhalation, settled dust, and dermal transfer levels;

ient) foams from the NFR, OPFR, and RFR, were sent to the labora-

smolder resistance of chair materials; and open-flame testing for fire

tory for smolder resistance testing. Briefly, a material failed if it

performance measures.

continued to smolder after 45 minutes; if it exceeded a specific char
length based on the material; or if it transitioned to open flaming. Failing one of these criteria was justification for an overall failure. If one

2.2.1

|

or more of the triplicate test specimens failed, the material failed.36

Material composition

Material content analysis was conducted on individual chair components. Energy dispersive X-ray spectroscopy (EDX) was used for ele-

2.2.4

|

Open-flame testing for fire performance

mental component analysis; evolved gas analysis (EGA) was
performed for polymer identification; and pyrolysis/gas chromatogra-

Fire performance (open flame) tests were conducted on the uphol-

phy mass spectrometry (PY/GC/MS) was used to identify composition

stered chairs. Two laboratory settings, the Furniture Open Heat

and flame retardants if present. An independent laboratory analyzed

Release Calorimeter and the ISO 9705 Test Room37 equipped with a

polyurethane foam samples used in the chairs and cushion materials

large scale heat release calorimeter were utilized for fire performance

for flame retardants. Gas chromatography mass spectrometry

testing. While the Furniture Heat Release Calorimeter measured the

(GC/MS) tested for a target list of individual flame retardant chemicals

potential or maximum flammability values, studies in the ISO 9705

and congeners associated with mixtures of various flame retardants.

5

Test Room simulated a realistic fire environment in a residential setting. Both open flame tests were performed under a calorimeter with
a match equivalent 35 mm flame ignition source.38 Fire performance

2.2.2

|

Chemical exposure during simulated use

was measured by heat release rate, weight loss, fire effluents, and
smoke density.

Each chair and chair cushion were tested in an exposure chamber, 6 m3

Active air samples for VOCs, aldehydes, and flame retardants

in volume, specially designed for quantifying low-level emissions in a

were collected during burns using the same sampling media as during

5
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exposure chamber (Section 2.2.2) testing. Air samples for chemical

trace level of chlorine (Cl) at less than 1% was found in the fiberglass

analysis were collected directly from the exhaust system for the Furni-

barrier and was associated with a trace of polyvinyl chloride (PVC).

ture Heat Release Calorimeter and directly above the burning chair

Analysis of the materials by PY/GC/MS showed the presence of TPhP

inside the ISO 9705 Test Room.

flame retardant in the polyurethane foam known to be manufactured

The uncertainty values for heat release rate are typically ±10% of

with the OPFR. There were NFRs detected in the other materials.

the measurement. The 1.5 MW Furniture Calorimeter has a resolution

Samples from the polyurethane foam used in chair seat construc-

of 10 kW and was calibrated daily with a known heat source at

tion were tested to validate flame retardant chemical content

75 and 200 kW. The 8 MW ISO 9705 Room Test Laboratory Cone

(Table 2). The NFR and RFR foams had several phthalates identified,

Calorimeter has a resolution of 50 kW and is calibrated with a known

but no detectable levels of flame retardants from the tested list. The

heat source at 1000 kW. The smoke optical density measurements

OPFR foam was found to contain 2.9% by weight of TBPP mix. This

are ±5% of the reading and were calibrated with neutral density filters

flame retardant mixture contained 58% by weight of (4-tert-

prior to furniture testing. The thermocouples special limit of error is

butylphenyl) diphenyl phosphate (4tBPDPP), along with 30% by

±1.1 C. The NDIR (measurement range of 0%-3%) was used for the

weight of TPhP, 11% by weight of (2,4-di-tert-butylphenyl) diphenyl

ISO 9705 Room CO measurements.

phosphate (B4tBPPP), and 1% by weight of tris (4-tert-butylphenyl)

The CO measurement values are typically ±0.5% of the full-scale
range where CO was measured, ranging from 300 to 6000 ppm.

phosphate (T4tBPP).
The individual chair cushion known to have a flame retardant was
found to have 5.2% by weight of TDCPP. NFRs were detected in the
chair cushion manufactured with NFRs.

2.2.5 | Fourier Transform Infrared spectroscopy
analysis for smoke toxicity

TABLE 1

Material identification analysis—furniture components

Material

Elemental analysis

Polymer
type

Cover textile

C, O

Cotton

Ticking textile

C, O

Cotton
+ PET

Fiber filling

C, O

PET

lized a pump adjusted to a gas flow of 4 L per minute. This 36 probe

No flame retardant foam

C, O

PU

was placed vertically into the top of the oxygen consumption cone

Organophosphate flame
retardant foam

C, O

PU

The extractive Fourier Transform Infrared (FT-IR) gas spectrometer
39

was set up utilizing the ISO 19702

guidance document and utilized

a 100 long 120 C heated line connected to a 3600 stainless steel probe.
−1

The FT-IR extractive gas analyzer (wavenumber resolution: 0.5 cm ,
wavenumber range: 4500 to 650 cm−1, apodization: Triangle, 10 m
cell w/MCT detector, pressure: 14.5 psi, phase correction: Mertz) uti00

calorimeter exhaust ductwork. The FT-IR probe had several small inlet
holes, which were orientated away from the direction of the effluent

Reactive flame retardant foam

C, O

PU

flow to minimize the sampling of any particulate material.

Poly loose filling

C, O

PET

Fiberglass barrier textile

C, O, Si, Ca, Al, Cl,
Na, Ti

Glass fiber

Decking textile

C, O

Cotton
+ PET

The FT-IR HCN (measurement range of 10-105 ppm) analysis
method SE calculation (SEC) was ~3 ppm where HCN was measured,
ranging from 25 to 50 ppm. The SEC represents a 1σ standard uncertainty or 68% confidence interval, and so 2 × SEC is 99% CI. The SEC
is a measure of the residual spectrum after all the target compounds
in the method have been subtracted from the sample spectrum. The
remaining residual noise leftover is then referenced against each target compound reference spectrum again and the resulting concentration is displayed as SEC. This is a measure of how well the method

T A B L E 2 Flame retardant content analysis of flexible
polyurethane and bio-based foam used in upholstered chairs and
cushions

dealt with the actual spectrum in terms of a clean CLS routine, or if

Flame retardant
detection

any other unaccounted for compounds exist in the area chosen for

Sample identification

quantification in the same spectrum.

Chair, bio-based polyurethane foam, no flame
retardant

Not detected

Chair, polyurethane foam, organophosphate
flame retardant

TBPP, TPhP

Chair, polyurethane foam, reactive flame
retardant

Not detected

Cushion, polyurethane foam, no flame
retardant

Not detected

Cushion, polyurethane foam, standard flame
retardant

TDCPP

3
3.1

RESULTS AND DISCUSSION

|
|

Material composition

Individual test samples of chair parts were tested for the identification
of key chemical components. Common elements found in the chair
materials included carbon (C) and oxygen (O) as shown in Table 1. A

6
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Recent studies40-43 and the US Environmental Protection Agency

both volatile and airborne particle phases at levels below 1 ng/m3.

(EPA)44 have reported that TBPP is a moderate hazard for reproduc-

TPhP was the only flame retardant detected in the volatile phase and

tive and developmental toxicity. The EPA considered TBPP to have a

in a new chair. In the particle phase, 4tBPDPP was detected at a trace

high potential for bioaccumulation and moderate persistence in the

level in the new chair. Both 4tBPDPP and TPhP were consistently

environment.44 TBPP commercial mixtures which include TPhP have

detected in settled dust from both new and aged OPFR chairs, with

been found to be reproductive toxins and have carcinogenic, neuro-

TPhP levels (50-440 pg/m2) at an order of magnitude higher than

45

TDCPP has high carcino-

4tBPDPP concentrations (7-14 pg/m2). Three out of four identified

genicity and was included under California Proposition 65 in 2011.

flame retardants in the OPFR chairs were measured in dermal transfer

Since then, the use of TDCPP in sofas and loveseats has declined

samples, listing from largest concentration: TPhP (2-1500 pg/m2),

however not eliminated.40 TDCPP is very persistent in the environ-

4tBPDPP (6-12 pg/m2), then B4tBPPP (2-3 pg/m2). B4tBPPP was

ment and has been shown to affect mutagenicity, endocrine activity,

only detected for aged chairs.

toxic, and endocrine-disrupting properties.

and toxicity in organs and the reproductive system.45

Of the three individual chair cushions tested, only the standard
flame retardant chair cushion manufactured with TDCPP released
detectable levels of flame retardant. TDCPP was detected in vapor

3.2

(0.032 ng/m3) but not in airborne particles. The TDCPP level in settled

Chemical emission during simulated use

|

dust from this chair cushion (753-861 ng/m2) was greater than the

3.2.1

|

VOCs and aldehydes

dust measurement for TPhP from the OPFR chairs. TDCPP concentrations from dermal transfer samples were higher for the chair cushion

In general, the emissions of VOCs from the four different chair types

(62000-77 500 ng/m2) compared to that measured for the OPFR

3

were low. Total VOC (TVOC) values ranged from 68 to 160 μg/m

chairs. The consistency in the duplicate measurements across the

and were similar between the new and mechanically aged chairs.

samples indicated a higher quality of analytical measurement as a

Emissions consisted of mixtures of low-level VOCs, which would

result of the higher concentrations. This data confirmed that flame

result in low levels of exposure when used in a typical indoor environ-

retardant in the polyurethane foam presented for exposure in air, set-

ment. These VOCs included aldehydes, alcohols, and carboxylic acids

tled dust, and dermal transfer. Analytical measurements of key flame

that are common with polyurethane foam. Traces of industrial sol-

retardants in this study are considered semi-quantitative because of

vents, such as toluene and naphthalene may be associated with mate-

methodology uncertainties; however, this exposure data provides an

rial contamination or manufacturing processes. Chemicals of concern

exploratory evaluation of exposure potentials by different exposure

represented known or suspected carcinogens and reproductive toxins,

routes.

including formaldehyde, acetaldehyde, toluene, naphthalene, and
xylenes. The specific VOCs and their levels were similar across the

Results indicated that flame retardant exposure pathway can
occur by dermal transfer, ingestion, and inhalation.

four different chair types, indicating that the flammability management process had a negligible impact on VOC emissions when the
chairs were used in typical consumer conditions. The VOC emissions

3.3

|

Fire performance and flammability

of the individual cushions were also low, dominated by the emission
of caprolactam from the nylon cover fabric.

3.3.1 | Smolder resistance of upholstered chair
materials

3.2.2

The materials were tested using the TB 117-2013 standard for mea-

|

Flame retardants

suring smolder resistance of materials used in upholstered furniture.
Measured flame retardants were only associated with the chairs man-

The upholstery cover textile, the barrier textile, and the resilient poly-

ufactured with OPFRs. The flame retardant TPhP was detected in

urethane foam containing the OPFR all failed to meet the smolder

TABLE 3

a

Smoldering test results: California TB 117-2013 for upholstered chair test samples

Material

Pass/fail for three tests

Overall

Extinguishing method

Upholstery textile (cover, used in all chairs)

Fail/fail/fail

Fail

Manually extinguished

Barrier textile

Fail/fail/fail

Fail

Manually extinguished

No FR resilient foam (used in NFR and BNFR)

Pass/pass/pass

Pass

Self-extinguished

Organophosphate FR resilient foam

Fail/pass/pass

Fail

Self-extinguished

Reactive FR resilient foam

Pass/pass/pass

Pass

Self-extinguished

Resilient loose fiber (all chairs)

Pass/passa

Pass

Self-extinguished

Decking textile (all chairs)

Pass/pass/pass

Pass

Self-extinguished

Third test for resilient loose fiber was not conducted.

7
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resistance requirements (Table 3). The resilient foam with NFR, the

flammability differences between the NFR, OPFR, and RFR chairs

resilient foam with RFR, the resilient loose fiber, and the decking tex-

(Table 4). All three types of chairs lost between 41% and 74% of their

tile passed the test for smolder resistance. The barrier textile never

weight. Maximum heat release rates ranged between approximately

transitioned to an open flame; however, it could not extinguish the

1200 and 1400 kW, and the time to reach maximum release rate was

smoldering on the textile completely. The cover also sustained smol-

about 12 minutes. It took about 8 minutes to reach 200 kW, which is

dering for over 45 minutes that was manually extinguished.

the maximum heat release rate requirement for the flammability of

Other tested materials independently self-extinguished within the

mattresses.46 The BNFR chair showed significantly different flamma-

45 minutes test duration time.

bility performance when compared to the other chair types, with an

In order to meet TB 117-2013 requirements, the following sce-

average weight loss of 5.9 lbs (8.5%) and 37.2 lbs (55%), respectively.

narios apply: (a) the cover textile, resilient filling materials, and decking

When comparing the maximum heat release rates of the BNFR chair

material passes; (b) if the cover textile fails, then a barrier material

to the other chair types, the BNFR chair averaged 32 kW with time to

placed between the cover textile and resilient filling materials must

maximum heat release rate of 34 minutes, while the other chairs aver-

pass; or (c) if the resilient filling materials fail, the barrier material

aged 1305 kW with time to maximum heat release rate of

placed between the cover textile and resilient filling materials must

12 minutes.

pass. Extrapolating the test results, none of the four types of chairs

The BNFR chair produced a peak heat release rate of less than

with varying flammability reduction technologies met the require-

100 kW, never reaching to the maximum heat release rate require-

ments of TB 117-2013 for smolder resistance.36

ment for flammability of mattresses, while the other three types of
chairs exhibited peak heat release rates greater than 1000 kW.
Despite the barrier material failing the smoldering test (TB 117-2013),

3.3.2 | Open-flame testing for fire performance:
Furniture Heat Release Calorimeter

it resulted in a significant reduction of flammability potential for the
chair manufactured with the barrier and NFR when comparison to the
other chair types.

The Furniture Heat Release Calorimeter tests provided time-series

FT-IR gas analysis results did not detect any halogenated species

flammability characteristics data with examples of heat release rate

in the effluent gases from the various burns. Gases detected included

and weight loss profiles for new and aged NFR chairs. The new NFR

hydrocarbons, acetylene, and methanol at very low values (<10 ppm).

chair test was terminated when most of its mass was consumed. The

No significant differences were found for gas analysis when compar-

aged chair was terminated when the heat release rate value dropped

ing new and mechanically aged chairs and for all four types of chairs.

below 300 kW after reaching peak burning. Most of the foam and fabric was consumed (Figure 2). As observed in Figure 3, weight loss
increased substantially when the heat release rate was at its peak at
700 (11 minutes and 40 seconds). No significant differences were

3.3.3 | Open-flame testing for fire performance:
ISO 9705 Test Room

observed between new and aged chairs as the two data sets overlap
one another in both heat release rate and weight loss plots.

The four types of chairs were evaluated in the ISO 9705 Test Room,

The flammability characteristics measured from the Furniture

where the intake of oxygen, controlled through an open doorway, is

Heat Release Calorimeter Room Test indicated no significant

limited, measuring weight loss, heat release rate, doorway fire effluent

F I G U R E 2 Time series heat release rate in kW for NFR new and
aged chairs tested under the furniture heat release calorimeter

F I G U R E 3 Weight loss in pounds for NFR new and aged chairs
tested under the furniture heat release calorimeter
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gases, smoke density, and temperature. Still, frames of the four chair

The measured doorway fire effluent gases included carbon mon-

types are shown burning inside the ISO 9705 Test Room, ignited simi-

oxide (CO), carbon dioxide (CO2), oxygen (O2), and other combustion

larly with match-equivalent fire on the inside of the armrest for

gases such as hydrogen cyanide (HCN). Figure 5 shows a representa-

1 minute (Figure 4). The NFR, OPFR, and RFR chairs without barrier

tive time series progression of heat release rate, weight loss, CO con-

textile self-sustained the fire as shown in the time series between

centration, and effluent smoke optical density for the NFR chair. The

1 and 14 minutes.

peak heat release rate exceeded 1400 kW for the new and aged

TABLE 4

Furniture Heat Release Calorimeter summary from open-flame burns

Chair
construction
Non-FR foam

New/
aged

Durationa
(min)

Weight
loss (lbs)

Weight
loss (%)

Max. heat release
rate (kW)

Time to max. heat release
rate (min:s)

Time to reach
200 kW (min:s)b

New

23

49.9

74.1

1196

12:07

8:10

Aged

15

34.7

50.7

1378

11:42

9:04

Standard
OPFR foam

New

12

27.1

41.4

1200

11:16

7:46

Aged

14

35.2

52.9

1373

12:26

9:00

Reactive FR
foam

New

15

39.7

59.4

1253

12:00

8:30

Aged

15

36.3

52.0

1251

12:36

8:20

Non-FR foam,
barrier

Aged

15

38.9

55.7

1379

12:22

8:58

New

50

5.2

7.5

17

30:51

NA

New

50

8.4

12.1

63c

39:58

NA

Aged

50

4.1

6.0

16

35:16

NA

Abbreviations: FR, flame retardant; NA, not applicable since heat release rate never reached 200 kW.
Tests without fire barrier were terminated after they reached peak burning when heat release rate had reduced below 400 kW except for NFR new chair.
b
Maximum heat release rate requirement (200 kW) for flammability of mattresses.
c
Fire spread into the back cushion unlike other tests with fire barrier.
a

F I G U R E 4 Still frames of the ISO 9705 Test Room burns for the four chair types representing flame suppression for no flame retardant,
organophosphate flame retardant, reactive flame retardant, and NFR with barrier textile (BNFR) at 1, 7, 11, and 14 minutes from ignition
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FIGURE 5

Heat release rate, weight loss, carbon monoxide concentration, and effluent smoke optical density for no flame retardant chair

chairs. In both tests, most of the chair upholstery materials were con-

maximum heat release rates ranged between 1330 and 2030 kW; and

sumed. Heat release rate, weight loss, CO concentration, and optical

maximum doorway temperature ranged from 530 C to 600 C. While

density all showed a relationship to one another; as heat release rate

the combustion smoke from the barrier chair did not affect visibility,

peaked, so did CO concentrations and weight loss rates. The optical

the other three chairs showed the potential to reduce visibility down

density also increased when the burn is at its peak indicating that visi-

to 1 m (3.3 ft).

bility is significantly reduced.

Flame retardants typically alter flammability in three different

Effluent gases were identified by FT-IR and listed in Table 5 by

ways: (a) ignitability, (b) rate of fire growth, and (c) toxicity of the

chair type. All gases detected by FT-IR were the same for the three

smoke.47 Ignitability and fire growth were not influenced by the pres-

chairs without barrier technology, regardless of the chair being new or

ence of chemical flame retardants in both the Furniture Heat Release

aged. Most gases identified were combustion products including

Calorimeter and the ISO 9705 Test Room experiments for OPFR and

HCN. No halogen species were detected by FT-IR (Table 5).

RFR chairs (Figure 6). The minor differences between the chair types

The results of flammability characteristics indicated a significant

with and without FRs were not significant.

difference between the BNFR chair and the other three types of
chairs, suggesting that the barrier chair had significantly lower weight
loss, heat release rate, doorway temperature, effluent gas concentra-

3.3.4

|

Chemical emission during fire burns

tions, and optical density (Table 6). No significant flammability difference between NFR, OPFR, and RFR chair types was observed from

Toxicity analysis of the smoke from each chair type was conducted

the ISO 9705 Test Room experiments; all three types of chairs with-

using CO and HCN measurements by FT-IR. CO, a combustion

out a barrier lost 53% to 62% of their weight during the burn test;

byproduct, causes hypoxic stress which leads to the reduced oxygen
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carrying capacity of the blood. The NFR chairs had the highest maxi-

exposed. The National Institute for Occupational Safety and Health

mum CO concentrations, enough to cause dizziness and nausea within

(NIOSH) has a recommended short term exposure limit (ST REL) of

48

The CO concen-

4.7 ppm for HCN. The OPFR and RFR chairs had the highest concen-

trations from the OPFR and the RFR chairs would cause headache,

trations of HCN in the smoke, with average peaks of 45 and 47 ppm

tachycardia, dizziness, and nausea within 20 minutes and death within

respectively, at an order of magnitude higher than the NIOSH expo-

two hours; the concentration of emissions from the BNFR chair would

sure limit. HCN concentrations were below the detection limit for the

five to ten minutes, and death within 30 minutes.

48

cause dizziness, nausea, and convulsions within 45 minutes.

BNFR chairs.

HCN is a combustion byproduct of polyurethane foam pyrolysis.

The risks associated with hot gas temperature, CO, and HCN

HCN is also a systemic chemical asphyxiant that is rapidly fatal when

gases were significantly lower for the BNFR chairs compared to those
without barriers. The BNFR chairs consistently showed the lowest
mass loss, lowest heat release rate, and had the best visibility while

TABLE 5
doorway

Summary of gases detected at the ISO 9705 Test Room

Numerous VOCs were found emitting from the chairs during the
open flame burns. Overall, more individual VOCs were measured in

Chair construction

New/
aged

Fire effluents from doorway

Non-FR foam

New

NA

Aged

Methanol, methane, propane,
ethylene, acetylene, hydrogen
cyanide

New

Methanol, methane, propane,
ethylene, acetylene, hydrogen
cyanide

Aged

Methanol, methane, propane,
ethylene, acetylene, hydrogen
cyanide

New

Methanol, methane, propane,
ethylene, acetylene, hydrogen
cyanide

Aged

Methanol, methane, propane,
ethylene, acetylene, hydrogen
cyanide

New

Methanol, methane, propane,
ethylene, acetylene

Aged

Formaldehyde, methanol, methane,
propane, ethylene, acetylene

Standard OPFR
foam

Reactive FR foam

Non-FR foam,
w/barrier

Abbreviation: NA, instrumentation malfunction.

TABLE 6

burning.

the Furniture Heat Release Calorimeter than in the ISO 9705 Test

F I G U R E 6 Heat release rate for the no flame retardant chair,
organophosphate flame retardant chair, and reactive flame retardant
chairs without a fire barrier, new and aged

ISO 9705 room fire hazard summary

Chair
Construction

New/
aged

Weight
loss (lbs)

Weight
lossa (%)

Max. heat
release rate (kW)

Max. doorway
temperature ( C)

Max.
CO
(ppm)

Max.
HCN
(ppm)

Max. smoke optical
density (1/m)

Non-FR
foam

New

36.0

53.6

1416

530

5950

NA

0.98

Aged

39.7

58.3

1400

570

3390

25

0.93

Standard
OPFR
foam

New

40.2

60.5

1432

594

1613

43

1.00

Aged

38.5

58.2

2028

601

1137

47

1.10

Reactive FR
foam

New

41.9

61.8

1335

538

2596

51

0.80

Aged

40.0

59.4

1406

574

1485

43

0.88

Non-FR
foam,
barrier

New

3.4

4.9

8

59

266

T

0.01

Aged

5.8

8.3

51

69

821

T

0.03

Abbreviations: FR, flame retardant; CO, carbon monoxide; HCN, hydrogen cyanide; NA, instrumentation malfunction; T, trace amount.
Weight loss was influenced by early termination of the tests for chairs without barriers. It was expected that most of the combustible chair mass (ie, wood
and upholstery materials) would have been consumed if burning was continued.
a
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TABLE 7

Primary volatile organic compounds released during burn of upholstered chairs

NFR chair

OPFR chair

RFR chair

BNFR chair

Hexanedioic acid, bis
(2-ethylhexyl) ester

Benzene

Benzene

Acetaldehyde

Benzene

Nonane, 3-methyl-5-propyl

Nonanoic acid

Benzene

Octadecanamide

TXIB (2,2,4-trimethyl-1,3-pentanediol
diisobutyrate)

Benzonitrile

Vinyl acetate (acetic acid ethenyl ester)

Nonanoic acid

Octane, 2,6-dimethyl

Nonyl aldehyde
(Nonanal)

Formaldehyde

Nonyl aldehyde (Nonanal)

Decanal

Hexadecanoic acid

D-Allose

Dodecanoic acid

Styrene

Toluene
(Methylbenzene)

Furfural (2-Furaldehyde)

Formaldehyde

Benzonitrile

2-Propenoic acid,
2-methyl

1,6-Anhydro-beta-D-glucopyranose
(levoglucosan)

D-Allose

Formaldehyde

Naphthalene

2-Propanone, 1-hydroxy

9-Octadecenamide, (Z)

Toluene (Methylbenzene)

Phenylethyne

Propanal

Toluene (Methylbenzene)

Hexane, 2,2,4-trimethyl

1,4-Pentadiene

1-Heptene, 2,4-dimethyl

F I G U R E 7 The average flame retardant concentrations detected
in air during ignition of OPFR new and aged chairs. TPhP, triphenyl
phosphate; 4tBPDPP, (4-tert-butylphenyl) diphenyl phosphate;
B4tBPPP, (2,4-ditert-butylphenyl) diphenyl phosphate; T4tBPP, tris
(4-tert-butylphenyl) phosphate

Room, suggesting that VOCs were lost by deposition in the sampling
lines. VOC data was compromised in the Furniture Heat Release Calorimeter Room in general due to high background contamination levels
likely from previous burns. The data was more distinct but variable

F I G U R E 8 Airborne flame retardant concentrations of OPFR
chairs detected in environmental chamber testing for exposure
analysis and in flammability testing for fire characteristics. Airborne
flame retardant concentrations from environmental chamber testing
were a sum of gas phase and particle phase flame retardant
concentrations. Differences shown between the environmental
chamber air sample and the flammability testing air sample indicate
that during simulated use in the chamber, the level of detection is less
than the burn test, less than or equal to 0.010. TPhP, triphenyl
phosphate; 4tBPDPP, (4-tert-butylphenyl) diphenyl phosphate;
B4tBPPP, (2,4-ditert-butylphenyl) diphenyl phosphate; T4tBPP, tris
(4-tert-butylphenyl) phosphate

when obtained from the ISO 9705 Test Room. In general, sample collection volumes and recovery potentials for the VOCs found were not
optimized for either flammability testing systems prior to analysis.32

about a sixth of NIOSH's 1 hour emergency exposure guidance level49

As a result, the VOC identifications are accurate, but the air levels

and about eight times higher than the allowable occupational expo-

measured should be treated semi-quantitative as these values are

sure limit50 of 3.2 mg/m3, which can be applicable to those with lon-

likely underestimated due to potential break though (Table 7).

ger exposure to fire environments like firefighters. Also present in the

Benzene, a Class 1 carcinogen was present at very high levels

complex mixtures of VOCs measured during chair burns included

during the chair burns. It was the most dominant VOC present overall.

aldehydes, nitriles, isocyanates, acrylates, phthalates, aromatics, car-

3

The highest semi-quantitative value measured was 25 mg/m . While

boxylic acids, and numerous others. Significant difference evaluations

the benzene concentration from one burning chair is lower than

among chair types and new vs aged products were not feasible due to

NIOSH's Immediately Dangerous to Life or Health concentration, it is

the exploratory data quality.
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Flame retardants were measured during the burning of the OPFR

HCN. Certain low-level VOCs were emitted from the upholstered

chairs. Since this was the first application of this measurement tech-

chairs during simulated consumer use, with these emissions increasing

nology, the results should be considered semiquantitative since recov-

in levels and becoming more complex and hazardous in burn

ery or accuracy verifications have not been made. The data presented

conditions.

were obtained from the ISO 9705 Test Room and shows the levels of

While there are other flammability reduction strategies like fire

each flame retardant isomer detected in the OPFR chairs (Figure 7).

sprinklers that can be installed in the surrounding environment, this

Similar to the environmental chamber study of typical consumer use

study demonstrated how the material of the upholstered furniture, a

of the chair, TPhP was most frequently found. The isomer 4tBPDPP

potential fuel source for a structure fire, can also provide a significant

was detected at the second highest concentration. Similar concentra-

flammability reduction. A barrier material was shown to have the

tions of B4tBPPP and T4tBPP were released in the air during the

potential to reduce open flame fire hazards. The use of flame retar-

combustion of the OPFR chairs. The effect of mechanical aging can be

dants, as used in this study, did not reduce fire hazards that were

seen in airborne flame retardant concentration during the burn

measured, yet presented a human exposure risk for the organophos-

(Figure 7) for all OPFR chairs, the aged chairs released less flame

phorus flame retardant.

retardants than the newly manufactured chairs.

There was no correlation between the test results of the open

The levels of the flame retardants from the OPFR chair detected

burns and the smolder test. The polyurethane foam without flame

in the exposure chamber testing (simulating consumer use) and

retardants, polyurethane foam with RFRs, resilient loose fiber, and

inflammability testing are compared in Figure 8. Flame retardant con-

decking textile all passed TB 117-2013, whereas the polyurethane

centrations from flammability testing were taken from the new chairs

foam with added organophosphorus flame and the barrier material did

in the ISO 9705 Test Room experiments. The flame retardant concen-

not pass the smolder test. There was no pathway for the assembled

trations were higher during combustion suggesting that acute air-

chair to meet the smoldering resistance test requirements due to the

borne flame retardant exposure during a fire is most likely to be much

failure of the cover fabric applied on all chairs. However, the chair fab-

higher than typical environmental exposure during daily use.

ricated with a barrier without flame retardants showed a remarkable
reduction of open flame hazards, offering a significant advancement
to reduce fire and chemical exposure risks.
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