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Abstract

Per- and polyfluoroalkyl substances (PFAS), polybrominated diphenyl ethers (PBDEs), and 

organophosphate esters (OPEs) are found in building materials and associated with thyroid 

disease, infertility, and impaired development. This study’s objectives were to 1) compare levels of 

PFAS, PBDEs, and OPEs in dust from spaces with conventional versus “healthier” furniture and 

carpet, and 2) identify other product sources of flame retardants in situ. We measured 15 PFAS, 8 

PBDEs, and 19 OPEs in dust from offices, common areas, and classrooms having undergone 

either no intervention (conventional rooms in older buildings meeting strict fire codes; n=12), full 

“healthier” materials interventions (rooms with “healthier” materials in buildings constructed more 

recently or gut-renovated; n=7), or partial interventions (other rooms with at least “healthier” foam 

furniture but more potential building contamination; n=28). We also scanned all materials for 

bromine and phosphorus as surrogates of PBDEs and OPEs respectively, using x-ray fluorescence. 
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In multilevel regression models, rooms with full “healthier” materials interventions had 78% lower 

levels of PFAS (p<0.01). Rooms with full “healthier” interventions also had 65% lower OPE levels 

in dust than rooms with no intervention (p<0.01) and 45% lower PBDEs than rooms with only a 

partial intervention (p<0.10), adjusted for covariates related to insulation, electronics, and 

furniture. Bromine loadings from electronics in rooms were associated with PBDE concentrations 

in dust (p<0.05), and the presence of exposed insulation was associated with OPE dust 

concentrations (p<0.001). Full “healthier” materials renovations successfully reduced chemical 

classes in dust. Future interventions should address electronics, insulation, and building cross-

contamination.
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1. Introduction

The products that furnish buildings contain complex mixtures of chemicals (Lucattini et al., 

2018). Many chemicals can migrate out of products and into indoor environments (Mitro et 

al., 2016; Rauert et al., 2014; Tokranov et al., 2018), exposing people via dust ingestion, 

inhalation, and dermal sorption (Johnson-Restrepo and Kannan, 2009; Kim et al., 2019; 

Poothong et al., 2020). Several studies have linked the concentrations in dust and air to 

higher body burdens of these chemicals (Cequier et al., 2015; Frederiksen et al., 2010; 

Koponen et al., 2018; Watkins et al., 2011). Thus, the pathway from source to environmental 

media, exposure, and body burden has been well established for chemicals used in building 

products. An upstream intervention on the product sources of harmful chemical classes 

presents a public health opportunity to reduce exposure. Recently, some organizations have 

incorporated the science on toxic chemical classes into their product procurement practices 

and moved towards purchasing “healthier” materials, but there is still a lack of peer-

reviewed evidence on the exposure reduction benefits of using these materials. Per- and 

polyfluoroalkyl substances (PFAS) and chemical flame retardants (FRs) are two classes of 

chemicals found in building furnishings that are of particular concern.

PFAS are a class of extremely persistent, highly fluorinated aliphatic chemicals widely used 

as stain- and water-repellant coatings in furniture, carpet, clothing, disposable food 

packaging, non-stick pans, and building materials (Sunderland et al., 2018). Research has 

found PFAS exposure to be associated with thyroid disease, impairment of fetal 

development, immune system suppression, high cholesterol, and possibly obesity, diabetes, 

kidney cancer, and testicular cancer (Barry et al., 2013; Liew et al., 2018; Lin et al., 2019; 

Rappazzo et al., 2017; Stanifer et al., 2018; Sunderland et al., 2018; Xiao et al., 2019).

Polybrominated diphenyl ethers (PBDEs) are a class of 209 congeners used as chemical 

flame retardants in foam furniture, carpet, electronics, and insulation to comply with fire 

codes (Cooper et al., 2016; Jinhui et al., 2017; Kemmlein et al., 2003). The increasing use of 

PBDEs in foam products across the U.S. market was catalyzed by California’s first 

flammability standard for interior foam filling in upholstered furniture (Technical Bulletin 
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[TB] 117) passed in 1975 (Dodson et al., 2017; Petreas et al., 2016). In 1991, a new 

standard, TB 133, required even stricter flammability tests for furniture in publicly occupied 

spaces (Dodson et al., 2017). Human exposure to PBDEs is associated with adverse health 

effects on thyroid function, reproductive success, and reproductive and brain development 

(Allen et al., 2016; Boas et al., 2012; Choi et al., 2019; Czerska et al., 2013; Johnson et al., 

2013; Linares et al., 2015; Mumford et al., 2015; Vuong et al., 2018).

Even when certain chemicals in the PFAS and PBDE classes were found to be harmful and 

were largely removed from production, they have often been replaced with other similar 

chemicals with human health concerns. For example, two of the most well-known PFAS, 

perfluorooctanoate (PFOA) and perfluorooctane sulfonate (PFOS), were voluntarily phased 

out by manufacturers in the early 2000s in the U.S. (Wang et al., 2015a). However, new 

replacement PFAS, including short-chain alternatives and precursors that break down into 

legacy PFAS, may be just as concerning for health (Wang et al., 2015b, 2013; Z. Wang et al., 

2017). In fact, over 4,700 different PFAS are currently available (OECD, 2018). Due to the 

health concerns of PBDEs, two commercial flame retardant mixtures, penta-BDE and octa-

BDE, were also voluntarily phased out in the U.S. in 2004, followed by deca-BDE in 2013 

(Dodson et al., 2012). Similar to the substitution of legacy PFAS, PBDEs were often simply 

replaced with other organohalogenated flame retardants and organophosphate esters (OPEs), 

which have been found in recent research to be associated with similar adverse effects on 

thyroid function, pregnancy outcomes and fertility, and development (Carignan et al., 2018, 

2017; Doherty et al., 2019a, 2019b; Meeker and Stapleton, 2010; Messerlian et al., 2018; 

Preston et al., 2017; Wang et al., 2019).

PFAS, PBDEs, and OPEs have been used ubiquitously in building furnishings and have been 

found in the blood or urine of over 90% of Americans as a result (Calafat et al., 2007; 

Ospina et al., 2018; Sjödin et al., 2008). Despite widespread concerns about these chemical 

classes, to our knowledge there have been no studies assessing interventions to reduce PFAS 

indoors. Only a few research studies have been able to evaluate interventions on flame 

retardants. Stubbings et al. found that several OPEs were significantly reduced in dust after 

swapping in FR-free nap mats in childcare centers (Stubbings et al., 2018). Another study 

reported a significant decline in FRs on hand wipes of gymnasts after replacing pit foam 

with FR-free alternatives (Dembsey et al., 2019). Recently, the loosening of TB 117 to the 

less strict TB 117–2013 (effective as of 2014) and the repeal of TB 133 in 2019 have laid the 

foundation to enable reductions in chemical flame retardant use in upholstered furniture 

(State of California, 2019, 2013).

One of the limitations with previous studies of interventions was the inability to 

nondestructively screen chemicals in products in situ in order to identify important driving 

product sources and to inform future interventions. Research has shown that handheld x-ray 

fluorescence (XRF) instruments can measure elemental bromine as a way to reliably screen 

products for the total potential content of PBDEs and other brominated FRs (Allen et al., 

2008a; Gallen et al., 2014; Petreas et al., 2016; Stapleton et al., 2011). In fact, XRF-

measured bromine levels in furniture and/or electronics have been significantly associated 

with PBDE concentrations in house dust (Allen et al., 2008a) and human blood (Imm et al., 

2009). Similarly, XRF-measured phosphorus may also serve as a useful surrogate for total 
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OPE levels in products, although there has been less research and validation of this method 

(Petreas et al., 2016).

For this study, we evaluated a chemical class-based “healthier” materials intervention at a 

university which, since 2017, has renovated over a dozen buildings with furniture, carpet, 

and other products specified by manufacturers as free of the entire classes of PFAS and 

flame retardants (often customized as so for the first time). The objectives of this study were 

to: 1) measure levels of 42 PFAS, PBDEs, and OPEs in indoor dust from spaces with 

“healthier” materials compared to analogous samples from conventional spaces, and 2) 

identify important sources of flame retardants in the buildings using XRF product screening 

for bromine and phosphorus.

2. Methods

2.1. Study Design

We sampled indoor dust in 47 rooms from 21 buildings at a university in the northeastern 

U.S. Specifically, we studied six office suites, 23 common rooms, and 18 classrooms.

We first selected as many rooms as possible that were renovated with “healthier” materials 

(n=22), including furniture and carpet specified by manufacturers in product purchasing 

agreements as free of all PFAS and chemical FRs. “Healthier” furniture included most non-

fixed furnishings, except electronics or any existing furniture that was kept. Trace 

contamination thresholds for “healthier” product procurement agreements were 100 ppm for 

PFAS and 1000 ppm for FRs by weight (the same FR threshold as TB 117–2013). The 

furniture also could not contain over 1% polyvinyl chloride. The interventions were 

conducted in 2017 through 2019, mostly in pre-existing buildings (86%).

We selected an equivalent set of carpeted room types that did not undergo “healthier” 

materials interventions and were refurnished as recently as possible (n=25). In five cases, we 

were able to sample a conventional room in a building that had a “healthier” room on a 

different floor in order to maximize comparability. Occasionally sampling multiple rooms 

within a building, if different enough in function or characteristics, also helped increase the 

sample size of available “healthier” rooms and recently renovated conventional spaces.

Construction years were similar for “healthier” rooms (median 1970; range 1863–2018) and 

conventional rooms (median 1965; range 1863–2017). Years of last refurnishing ranged 

from 2017 to 2019 (median 2018) for “healthier” and 2001 to 2019 (median 2016) for 

conventional rooms. Rooms were vacuumed at least twice weekly and never had stain-

repellant coatings applied to carpets. Only two conventional rooms were naturally, not 

mechanically, ventilated.

2.2. “Healthier” Materials Intervention Classifications

Given the spectra of “healthier” materials statuses in the studied rooms, we decided to 

categorize the spaces into three groups: no intervention, partial intervention, and full 

“healthier” materials intervention. We avoided more than three categories to ensure 

reasonable sample sizes within each group and parsimony for statistical modeling.
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• “No intervention” = rooms in older buildings constructed before the 2004 phase-

out of most PBDEs and that had foam furniture meeting historically stringent 

flammability standards (TB 117 or 133).

• “Full ‘healthier’ materials intervention” = rooms that were 1) renovated with 

furniture and carpet specified as free of PFAS and FRs, and 2) in buildings built 

after the 2004 PBDE phase-out or that had renovated the entire floor to be 

“healthier” (i.e. no adjacent contamination from conventional spaces).

• “Partial intervention” = All other rooms, including 1) conventional spaces built 

after the 2004 PBDE phase-out or likely with fewer FRs in foam furniture (under 

the TB 117–2013 option), and 2) rooms with “healthier” materials with potential 

cross contamination from the old building and connection to adjacent 

conventional spaces.

Note than none of the buildings were constructed between 2002 and 2006, so any transition 

period after the 2004 phase-out for manufacturers to sell old stocks of products would likely 

not impact our classifications of buildings.

2.3. Dust Sample Collection

We collected a dust sample in each room between January and March 2019, at least two 

months after any intervention. We asked custodial crews to leave the space unvacuumed for 

2–3 days to increase dust mass. For each sample, we vacuumed floor dust (including 

underneath furniture) for 10 minutes using a vacuum cleaner (Dyson CY18) with an 

attached crevice tool that housed a cellulose extraction thimble (secured with a nitrile rubber 

o-ring) to collect dust. Dust only came into contact with crevice tools, which were cleaned 

with isopropyl alcohol and tap water between samples. Our sampling followed published 

protocols (Allen et al., 2008b; Fraser et al., 2013). After vacuuming, the thimbles were 

stored in polypropylene centrifuge tubes in polyethylene bags in a −13°C freezer. We 

collected five field blanks by carrying unopened centrifuge tubes on multiple different 

sampling days.

2.4. PFAS and FRs in Dust

Dust samples and field blanks were analyzed for 15 PFAS, eight PBDEs, and 19 OPEs, 

following previously published methods (Johnson-Restrepo and Kannan, 2009; Kim and 

Kannan, 2007; Kim et al., 2019, 2017). The PFAS analytes included PFOS, PFOA, 

perfluorohexanoate (PFHxA), perfluorohexane sulfonate (PFHxS), perfluorooctane 

sulfonamide (FOSA), perfluoroheptanoate (PFHpA), perfluoropentanoate (PFPeA), 

perfluorononanoate (PFNA), perfluorobutane sulfonate (PFBS), perfluorodecane sulfonate 

(PFDS), perfluorobutanoate (PFBA), perfluorodecanoate (PFDA), perfluoroundecanoate 

(PFUnDA), perfluorododecanoate (PFDoDA), and n-methyl perfluorooctane 

sulfonamidoacetic acid (N-MeFOSAA). The PBDE analytes included congeners 28, 47, 99, 

100, 153, 154, 183, and 209. The OPE analytes included tris(2-butoxyethyl) phosphate 

(TBOEP), tris(1-chloro-2-propyl) phosphate (TCIPP), tris(1,3-dichloro-2-propyl) phosphate 

(TDCIPP), triphenyl phosphate (TPHP), tris(2-chloroethyl) phosphate (TCEP), 2-ethylhexyl 

diphenyl phosphate (EHDPP), isodecyl diphenyl phosphate (IDDP), tri-iso-butyl phosphate 
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(TIBP), tripropyl phosphate (TPP), cresyl diphenyl phosphate (CDPP), tert-butylphenyl 

diphenyl phosphate (BPDP), tri-n-butyl phosphate (TNBP), tetrakis(2-chloroethyl) 

dichloroisopentyl diphosphate (V6), bisphenol a bis(diphenyl phosphate) (BDP), resorcinol 

bis(diphenyl phosphate) (RDP), tris(2-ethylhexyl) phosphate (TEHP), tris(methylphenyl) 

phosphate (TMPP), triethyl phosphate (TEP), and tris(p-tert-butylphenyl) phosphate 

(TBPHP).

PFAS concentrations were measured using high-performance liquid chromatography 

(HPLC) coupled with electrospray triple quadrupole tandem mass spectrometry (ESI-

MS/MS) and monitored by multiple reaction monitoring mode under negative ionization. 

OPEs were measured with HPLC coupled with ESI-MS/MS, using electrospray positive 

ionization multiple reaction monitoring. PBDEs were measured with a gas chromatographer 

coupled with a mass spectrometer (GC-MS) using electronic impact ionization mode. The 

limits of detection (LODs) ranged from 0.1–0.8 ng/g for OPEs, 0.09–4.5 ng/g for PBDEs, 

and 0.06–1.5 ng/g for PFAS.

Before instrumental analysis, the dust samples were first sieved through a 150-μm stainless 

steel mesh. The samples (with masses ranging from 0.2 to 0.5 g) were then spiked with 30 

ng each of labeled surrogate standard mixture. The samples were extracted with methanol (3 

mL) under mechanical oscillation (1 h) followed by ultrasonication (30 min). Then, the dust 

extracts were centrifuged (3500g, 10 min) and transferred into new polypropylene tubes. 

The extraction was repeated twice with acetonitrile (3 mL) and ethyl acetate (3 mL), after 

which the extracts were combined and evaporated to 3 mL under a gentle stream of nitrogen. 

The extracts were split into three aliquots for the measurement of PFAS, PBDEs, and OPEs. 

The extracts evaporated to near dryness and were then reconstituted with 200 μL of solvents: 

methanol for PFAS, hexane for PBDEs, and water/methanol (4/6; v/v) for OPEs. Before 

instrumental analysis, the sample extracts were filtered through a 0.2 μm nylon filter into 

glass vials.

All field blanks either had values below the LOD or detected concentrations well below the 

levels in samples. The spiked recovery results were 67.4–104% for PFAS, 59.0–128% for 

OPEs, and 101–115% for PBDEs, respectively. We split and analyzed duplicates of seven 

dust samples in the same batch using the same method for quality assurance and quality 

control (QA/QC) and calculated median relative percent differences of 0% (range: −62–

190%) for PFAS, −3.2% (range: −50–80%) for PBDEs, and 0% (range: −96–52%) for 

OPEs. There was some variability in chemical levels in the duplicates, likely due to the 

natural heterogeneity of dust. Detailed QA/QC data and typical chromatograms of target 

analytes are provided in Tables S1–S3 and Figures S1–S3 in the Supplemental Materials.

2.5. Screening Products for Bromine and Phosphorus

We returned to all rooms between September and October 2019 to characterize potential 

sources of FRs and corroborate differences in content of conventional versus “healthier” 

products. Only two of the 47 rooms had a few missing furniture pieces since the earlier dust 

sampling. We noted the counts and surface areas of all product types. For upholstered foam 

furniture, we recorded its compliance to a particular flammability standard (if tag was 

present).
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We screened the materials within each room for bromine and phosphorus content (as 

surrogates for PBDEs and OPEs, respectively) using two handheld, non-destructive XRF 

instruments. XRF has been reliably used in numerous previous studies to measure bromine 

as a surrogate for PBDEs (Allen et al., 2008a; Gallen et al., 2014; Imm et al., 2009; Petreas 

et al., 2016; Stapleton et al., 2011), By contrast, XRF-measured phosphorus as a surrogate 

for OPEs in products has been less studied and should be interpreted with more caution. One 

study analyzed phosphorus in furniture using XRF and advised against classifying a product 

as OPE-free based on XRF data alone (Petreas et al., 2016). However, phosphorus 

measurements should be a useful surrogate to statistically model patterns in sources of OPEs 

because exposure misclassification issues arise from models relying on raw counts of 

furniture and electronics in rooms (Allen et al., 2008a). Fluorine (a PFAS surrogate) was too 

light an element to be detectable.

The Olympus Innov-x XRF with a consumer product (RoHS) testing mode was used to 

measure bromine but could not detect phosphorus. We took minimum 15-second 

measurements with this instrument by holding it still against the product. The more sensitive 

Thermo Fisher Scientific Niton xl3t GOLDD+ XRF was used to measure phosphorus. We 

could only use the TestAllGeo mode (hereby referred to as “geo”) designed for geological 

samples. Spectral data from this instrument can also be analyzed for bromine, and post-hoc 

we found extremely strong correlations between the two instruments/modes, even when 

measured on different spots of the products, which suggests the geo mode did not produce 

significant interference in modeling (foam furniture: Spearman r=0.91, p<0.0001; all 

products: r=0.65, p<0.0001). We programmed the Niton XRF to collect measurements with 

15 seconds in the main element range and 30 seconds in the light element range (an 

advanced feature to capture phosphorus). The XRF measurements penetrate deep enough to 

capture concentrations inside foam filling of furniture. The LODs were expected to be 

approximately 10 ppm for bromine and 20 ppm for phosphorus.

We took at least one measurement (on each XRF) for most products in the rooms, but 

focused on foam furniture, carpet, insulation, and electronics as FR sources. For carpet and 

televisions, we measured two different spots for up to two different items of each model. 

Measurements of electronics were taken on the external plastic housing (when possible). For 

foam furniture, we also measured two different spots (on both the seat cushion and seatback) 

for up to two items. Some products on ceilings (e.g. insulation, routers, speakers) could not 

be reached for scanning.

2.6. Statistical Analyses

We blank-corrected the concentrations of chemicals in dust by subtracting the average field 

blank value. Concentrations below the LOD in dust were substituted with half the LOD 

(Hornung and Reed, 1990). For statistical models, we log-transformed the concentration 

data (due to non-normal distributions in histograms and Shapiro-Wilk tests). First, we 

performed principal component analysis on scaled and centered PBDE concentrations to 

identify congener groupings according to commercial flame-retardant mixtures. We 

evaluated principal components together explaining at least 70% of the variance.
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For modeling covariates, we calculated room loadings of bromine and phosphorus from 

foam furniture and electronics separately by taking the sum of each unique product type’s 

mean element concentration multiplied by its surface area and count, following Equation 1 

and a previous protocol (Allen et al., 2008a). For foam furniture loadings, we included 

chairs, armchairs, couches, foam ottomans, pillows, and foam drawer tops. Electronics 

included televisions, computers, projector systems and screens, routers, keyboards, computer 

mice, telephones, speakers, TV remotes, tablets, power strips, plug ports, printers, portable 

scanners, floor outlets, server kits, audio radiators, and DVD or video game players. Non-

detect XRF measurements were conservatively substituted with zero for loading 

calculations, but we added one to all concentrations so we could log-transform the non-

normally distributed data for modeling. Occasionally when some ceiling electronics (such as 

routers) were not able to be measured, we borrowed the result for an identical product 

elsewhere in the building.

Loading = ∑
products

(meanconcentration * surfacearea * count) Equation 1.

We conducted multilevel models for the chemical classes in dust, with a random intercept 

for the building because some rooms were sampled within the same building. As covariates, 

we included the three-category “healthier” materials intervention status (conducted with the 

reference as “none” and as “partial” based on interpretability and largest sample size, 

respectively), a binary variable for exposed insulation in or immediately adjacent to the 

room (reference=no), tertiles of element loadings from foam furniture (reference=low), and 

tertiles of element loadings from electronics (reference=low). We did not use an element 

loading variable for insulation because insulated pipes on ceilings were not always 

accessible for measurement. To present model results, we transformed estimates back to the 

linear scale and reported them as percent differences (since the dependent variables were 

log-transformed).

To model the association between furniture characteristics and element concentrations in 

products, we conducted multilevel models with two random intercepts for the room and 

specific product (to account for expected correlation between products within a room and 

between replicate items or cushions of the same product). We included three categorical 

covariates: the flammability standard the furniture was labeled to comply with 

(reference=“healthier”; TB 117–2013 with no added FRs; TB 117 or 117–2013 with added 

FRs; TB 133; and unlabeled), type of foam furniture (reference=chair; fully upholstered 

armchair; couch; ottoman), and measurement spot (reference=seat; seatback cushion). We 

evaluated statistical significance at α=0.05 and suggestive evidence at α=0.10. All statistical 

analyses were performed in R (version 3.3.1).

3. Results

3.1. Per- and Polyfluoroalkyl Substances in Dust

PFAS were detected in 100% of our dust samples (n=47) from offices, common areas, and 

classrooms (Table S4). The most frequently detected PFAS were PFHxA at 98%, PFOS at 
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98%, PFOA at 75%, PFHxS at 64%, FOSA at 60%, and PFHpA at 51%. Tables S4 and S5 

present summary statistics by intervention and room type.

The total concentrations of PFAS in dust tended to be the lowest in the rooms with full 

“healthier” materials interventions and highest in rooms with no interventions (Figure 1). 

The geometric mean total Σ15PFAS concentrations were 262 ng/g (range: 18.1–8,310 ng/g) 

overall, 481 ng/g (225–1,140 ng/g) in rooms with no interventions, 252 ng/g (18.1–8,310 

ng/g) in rooms with partial “healthier” materials interventions, and 108 ng/g (43.6–243 ng/g) 

in rooms with full “healthier” materials interventions (Table S4). PFHxA, PFOS, and PFOA 

dominated the geometric mean profiles of PFAS analytes in dust across intervention statuses, 

although concentrations were much lower in the “healthier” rooms (Figure 2).

In a multilevel regression model, rooms with full “healthier” materials interventions had 

78% (95% CI: 38–92%) lower Σ15PFAS concentrations in dust than rooms with no 

interventions (p=0.006) (Table 1). The spaces with full “healthier” materials interventions 

even had 68% (95% CI: 15–88%) lower Σ15PFAS concentrations in dust than rooms with 

partial interventions (p=0.02). About 71% of the variability in log PFAS concentrations was 

attributable to differences between rooms within a building as opposed to differences across 

buildings.

3.2. Polybrominated Diphenyl Ethers in Dust

BDE-209, BDE-100, BDE-99, and BDE-47 were each detected in 100% of our dust samples 

(Table S4). The other four PBDE congeners were detected in at least 80.9% of samples. The 

PBDE congeners grouped into three principal components that aligned well with 

commercial flame retardant mixture formulas: penta-BDE (congeners 28, 47, 99, 100, and 

153), octa-BDE (congeners 154 and 183), and deca-BDE (congener 209) (Figure S4). The 

geometric mean profiles of PBDEs in dust were mostly influenced by deca-BDE, followed 

by congeners BDE-47 and BDE-99 commonly used in penta-BDE (Figure 2).

Total PBDE dust concentrations were similar between rooms with no interventions and 

rooms with partial interventions, but the full “healthier” rooms had lower levels (Figure 1). 

Geometric mean concentrations of Σ8PBDEs in dust were 1,360 ng/g (range: 452–5,930 

ng/g) in rooms with no interventions, 1,390 ng/g (179–14,200 ng/g) in rooms with partial 

“healthier” interventions, and 839 ng/g (414–1,570 ng/g) in rooms with full “healthier” 

materials interventions (Table S4).

In the multilevel model adjusted for exposed insulation, bromine loading from foam 

furniture, and bromine loading from electronics (Table 1), there was suggestive evidence that 

rooms with full “healthier” materials interventions had 45% (95% CI: −1.7–71%) lower 

Σ8PBDEs concentrations compared to rooms with only partial interventions (p=0.09). The 

rooms with full interventions also had 17% lower Σ8PBDEs concentrations in dust than 

rooms with no interventions, but this did not reach statistical significance (p=0.68), perhaps 

because of the lower sample size of the no-intervention reference group. The rooms with 

partial versus no interventions also did not have significantly different Σ8PBDE dust levels 

(p=0.16). The PBDE concentrations in dust were significantly associated with bromine 

loadings from both electronics and from foam furniture. Rooms with high bromine loadings 
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in electronics had 169% (95% CI: 51–362%) higher levels of Σ8PBDEs in dust than rooms 

with low electronic loadings (p=0.0008). Rooms with high bromine loadings in foam 

furniture had 86% (95% CI: 2–226) higher Σ8PBDEs concentrations in dust than rooms with 

low loadings (p=0.04). Differences between rooms within a building (as opposed to between 

buildings) explained 83% of the variability in log PBDE concentrations in dust.

Two buildings in the study were built after the 2013 voluntary phase-out of BDE-209. In the 

new building with full “healthier” materials interventions, three sampled rooms had 

detectable levels of BDE-209 in dust between 52.9 and 1,340 ng/g. In the new building with 

partial interventions, three rooms had dust concentrations of BDE-209 between 369 and 

2,680 ng/g.

3.3. Organophosphate Esters in Dust

Nine OPEs were detected in 100% of dust samples, and another eight were detected in at 

least 91% of samples (Table S4). TBOEP, TCIPP, TDCIPP, and TPHP made up the vast 

majority of geometric mean profiles of OPEs (Figure 2).

The OPE concentrations were generally lowest in dust from the full “healthier” rooms, while 

the rooms with no or partial interventions had similar concentrations to each other (Figure 

1). Geometric mean concentrations of Σ19OPEs in dust were 30,400 ng/g (range: 13,400–

60,300 ng/g) in rooms with no interventions, 37,500 ng/g (10,300–182,000 ng/g) in rooms 

with partial interventions, and 14,000 ng/g (6,760–30,900 ng/g) in rooms with full 

“healthier” materials interventions (Table S4).

In a multilevel model controlling for exposed insulation, furniture phosphorus loading, and 

electronics phosphorus loading, rooms with full “healthier” materials interventions had 65% 

(95% CI: 37–80%) lower total levels of OPEs in dust than rooms with no interventions 

(p=0.0006) (Table 1). Rooms with only partial interventions did not have significantly lower 

Σ19 OPEs concentrations in dust than rooms with no interventions (p=0.7). Rooms with 

exposed insulation had 176% higher Σ19OPEs levels in dust than rooms without visible 

insulation (95% CI: 55–396%; p=0.0005), adjusted for intervention status, furniture loading, 

and electronics loading. There was suggestive evidence that rooms with medium phosphorus 

loadings from electronics, compared to rooms with low loadings, had 43.9% higher 

Σ19OPEs concentrations in dust (95% CI: −7–118%; p=0.09). Phosphorus loadings in foam 

furniture were not statistically significant predictors of Σ19OPEs concentrations. All (100%) 

of the variability in log OPE concentrations could be attributed to differences between rooms 

within a building, so between-building differences did not play a significant role.

3.4. Product Sources of Bromine and Phosphorus

Foam furniture, carpet, electronics, and exposed insulation (mostly hot water pipes) were 

four primary product sources of XRF-measured bromine and phosphorus in the rooms, and 

the “healthier” materials usually had lower levels than conventional materials. Table 2 

provides summary statistics of element concentrations by intervention status and product 

type, with additional products summarized in Table S6.
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In an unadjusted multilevel regression model, conventional carpet had 210% (95% CI: 65–

484%) higher bromine levels than “healthier” carpet specified as free of chemical flame 

retardants (p=0.001). Phosphorus concentrations in conventional and “healthier” carpets 

were not significantly different.

Foam seating furniture that met the most stringent flammability standard, TB 133, had 

2,940% (95% CI: 458–16,200%) higher levels of bromine than “healthier” furniture 

specified by manufacturers as free of all chemical flame retardants (p=0.0002), adjusted for 

furniture type and measurement spot (Table 3). Foam seating furniture that met other 

stringent flammability standards (TB 117 or TB 117–2013 with added chemical FRs) had 

922% (95% CI: 45–7,210%) higher bromine levels than “healthier” furniture (p=0.026). As 

expected, conventional furniture labeled under the newest TB 117–2013 standard to not 

contain chemical FRs above 1000 ppm did not have significantly different bromine content 

compared to the university’s “healthier” furniture that followed the same FR restrictions. 

The furniture product with the highest bromine level under the “healthier” category was 

labeled in the manufacturer’s specification to be “FR-free” and “bromine-free” but to 

contain recycled content.

For phosphorus, median concentrations were lowest in “healthier” foam seating furniture 

items, followed by items labeled under the historical, stringent standard TB 133 (Table 2). 

Conventional furniture with no flammability standard tag or labeled to have no added flame 

retardants under the TB 117–2013 option had 495% (95% CI: 48–2,300%; p=0.02) or 

2,200% (95% CI: 309–12,800%; p=0.001) higher phosphorus levels than “healthier” 

furniture, respectively (Table 3). About 60% of the variability in phosphorus levels and 83% 

in bromine levels for foam furniture were attributable to differences between product types 

across rooms as opposed to differences in repeated measurements on different spots or items 

of a product type in the room.

The 1000 μg/g limit for PBDEs would be equivalent to at most 833 μg/g of bromine (based 

conservatively on the most brominated congener, BDE-209), so the bromine concentrations 

in TB 117–2013 furniture with ‘no added FRs’ seem to mostly be below that regulatory 

limit, unlike the furniture meeting stricter regulations (Table 2). The 1000 μg/g limit would 

be equivalent to up to 170 μg/g phosphorus for our OPE analytes (specifically TEP). 

Geometric mean concentrations of phosphorus for all furniture standards were above that 

limit, although organophosphate chemicals may also be present in the products as 

plasticizers.

4. Discussion

Among 47 university offices, classrooms, and common rooms, “healthier” furniture and 

carpet interventions were associated with substantially lower total levels of PFAS, PBDEs, 

and OPEs in dust relative to conventional spaces.

4.1. Per- and Polyfluoroalkyl Substances

Compared to rooms with no intervention, PFAS were 78% lower in dust in rooms with full 

“healthier” materials interventions, which included carpet and furniture specified by 
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manufacturers to be free of all PFAS and chemical flame retardants. The specific PFAS 

detected in dust mostly included PFHxA, PFOS, and PFOA. These three chemicals have all 

been used as coatings on furniture and carpet, so their substantial reductions in dust align 

with the “healthier” materials that were intervened on.

Dust concentrations of two historically widely used legacy chemicals, PFOS and PFOA, 

were mostly much lower than in previous studies of indoor dust in the U.S. (Figure 3). Some 

residual contamination of these two legacy PFAS still persists in the studied buildings 

despite their voluntary phase-out by major manufacturers in the early 2000s (Wang et al., 

2015a, 2013), suggesting that products with long life spans as well as materials inherent to 

the building continue to be used even after phase-outs.

At the same time, the newer, short-chain replacement chemical PFHxA tended to be found at 

higher dust concentrations in our study (even in “healthier” rooms) than have been 

previously measured in dust collected from homes or offices in the U.S. between 2000 and 

2013 (Figure 3). The higher levels are likely due to the increasing use of PFHxA over time 

and our sampling of mostly recently refurnished buildings (unlike the case for many homes). 

It’s possible our studied university buildings also had higher densities of furniture and 

carpeting than homes. PFHxA contamination was still found in the rooms with “healthier” 

furniture and carpet, likely from other types of building materials that were not intervened 

on, furnishings from any adjacent conventional spaces, and consumer products that people 

carry in. Other than upholstered furniture and carpet, PFHxA (and/or PFOA and PFOS) has 

been found in clothing, disposable food packaging, floor waxes, wood sealants, paints, and 

other products with water-repellant or stain-repellant coatings (Herzke et al., 2012; Janousek 

et al., 2019; Kotthoff et al., 2015; Liu et al., 2014; Tokranov et al., 2018). Overall, the 

comparisons of our study to previous studies reflect the phase-out of legacy PFAS and the 

emerging substitution of other PFAS chemicals like PFHxA.

4.2. Polybrominated Diphenyl Ethers

We found suggestive evidence that PBDE levels in dust were 45% lower in rooms renovated 

with full “healthier” materials interventions that those with only partial interventions. 

BDE-209 was the congener detected at the highest geometric mean concentrations by far 

and with the highest absolute reduction due to the full “healthier” materials intervention, 

which reflects its relatively recent phase-out by manufacturers a decade after the other 

measured PBDEs.

The PBDE dust concentrations were significantly higher in rooms with high bromine 

loadings from foam furniture compared to rooms with low loadings, indicating that 

upholstered foam furniture is indeed an important source of FRs. The XRF measurements of 

products in the rooms verified that there were very low levels of bromine, a surrogate for 

PBDEs, in most “healthier” furniture specified by manufacturers to be free of all chemical 

FRs. In fact, foam furniture meeting the historic, most stringent flammability standard (TB 

133) had substantially higher bromine levels than “healthier” furniture. Similarly, “healthier” 

carpet specified as FR-free had significantly lower bromine levels than conventional carpet. 

The mean bromine concentrations in “healthier” foam furniture and carpet in this study were 

lower than a few previous studies that employed XRF measurements (Abbasi et al., 2016; 
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Allen et al., 2008a; Gallen et al., 2014; Imm et al., 2009). The intervention on “healthier” 

furniture and carpet was associated with lower levels of a PBDE surrogate in the materials as 

well as lower resulting levels of PBDEs in dust.

Other sources besides furniture and carpet likely contributed to PBDEs in dust, which 

motivates the need to continue developing interventions on other product categories. For 

one, plastic electronics like televisions in the rooms often had very high bromine levels 

compared to foam furniture. In addition, rooms with high bromine loadings from electronics 

had higher PBDE levels in dust than those with low loadings. Since PBDEs have been added 

to electronics as additive (not reactive) FRs, they are not covalently bound to the polymer 

and can migrate out of products during normal use (Rauert et al., 2014; Rauert and Harrad, 

2015; Webster et al., 2009).

The building itself, and the materials behind its walls, may be an important source of PBDE 

contamination, not just the furnishings inside it. PBDEs, especially BDE-209, have been 

historically used in polyurethane foam wall insulation, insulated hot water pipes, and other 

construction materials (Duan et al., 2016; Vojta et al., 2017). Although we may not have had 

enough statistical power to evaluate the impact of visibly exposed insulation in six of the 

studied rooms on dust levels of PBDEs, we did measure high levels of bromine in the 

insulation that were comparable to concentrations in conventional foam furniture. In 

addition, we did not see a significant difference between rooms with no interventions and 

rooms with only partial interventions; PBDEs were only lower in dust in the spaces with a 

full intervention (“healthier” materials and either located in a newer building or not 

connected to conventional rooms). Furthermore, we found that 17% of the variability in log 

PBDE concentrations could be explained by differences across buildings as opposed to 

between different rooms within a building, suggesting that the building does play a role. By 

contrast, 0% was explained by between-building differences for OPEs, which are relatively 

newer substitute flame retardants as well as plasticizers.

The geometric mean PBDE levels in dust samples from this study’s recently refurnished 

conventional or “healthier” rooms were substantially lower than most previous studies of 

homes or offices in the U.S. (sampled between 2000 and 2015), reflecting voluntarily 

reductions in manufacturing of these chemicals (Figure 3). However, in two newly 

constructed buildings in our study that opened a few years after the 2013 phase-out of 

BDE-209, the dust concentrations were still detectable at up to 2,680 ng/g. So, there were 

residual PBDEs in even the newest buildings that theoretically should not be contaminated. 

Despite phase-outs, PBDEs may take some time to be replaced with new products in 

warehouse stocks, can persist in older materials and buildings, and may be carried over into 

new materials through the recycling of older plastics (Abbasi et al., 2015; Y. Li et al., 2019; 

Turner and Filella, 2017; Vojta et al., 2017). Thus, these flame retardants will likely 

contaminate buildings at some level for years to come.

4.3. Organophosphate Esters

OPEs in dust were significantly lower (65%) in spaces with full “healthier” materials 

interventions than rooms with none. The presence of exposed insulation in the rooms was 

also significantly associated with OPE contamination in dust, and phosphorus-containing 
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electronics in the rooms may be another contributing source too. Our findings are supported 

by what we know of product sources of these chemicals. The main OPE chemicals present in 

the dust samples were TBOEP, TCIPP, TDCIPP, and TPHP, which are used as flame 

retardants in upholstered foam furniture, carpet, electronics, and/or building insulation 

(Abbasi et al., 2016; Bello et al., 2018; Kajiwara et al., 2011; Kemmlein et al., 2003; 

Stapleton et al., 2012; van der Veen and de Boer, 2012; Zheng et al., 2017). Rooms with 

only partial interventions did not significantly differ from those with no intervention, 

demonstrating the importance of cross-contamination of “healthier” single rooms from 

adjacent conventional spaces and/or the contributions from other materials besides FR-free 

foam furniture in partially renovated rooms.

Phosphorus loadings from foam furniture in the rooms were not statistically significant 

predictors of OPE levels in dust. However, the intervention on “healthier” furniture (and 

carpet) was associated with a significant reduction in OPEs in dust. In addition, XRF 

product measurements did confirm that the “healthier” furniture items had relatively low 

phosphorus levels, although XRF-measured phosphorus as a surrogate for OPEs has not 

been as studied or well-established as bromine. In fact, the conventional foam furniture 

items meeting TB 117–2013 without added FRs still had significantly higher levels of 

phosphorus than the “healthier” furniture specified by manufacturers to not contain FRs. 

This difference could arise from the additional avoidance of polyvinyl chloride (and thus 

plasticizers) to at least below 1% in the “healthier” furniture. The conventional furniture 

meeting older, more stringent flammability standards did not have statistically higher 

phosphorus levels than “healthier” foam furniture (except for the ‘unlabeled’ group), which 

is likely due to the historic preference towards PBDEs, which were only more recently 

substituted with OPEs. Furthermore, the mean (476 ppm) and maximum (4,830 ppm) XRF-

measured phosphorus levels in the “healthier” foam furniture items were lower than were 

found in furniture by one previous study using a different instrument (mean: 2,060; max: 

8,830 ppm) (Petreas et al., 2016).

We also may not have seen a statistically significant impact of phosphorus loadings from 

foam furniture on OPE dust levels because there are so many more product sources (with 

added FRs or plasticizers) than for PBDEs. This may also explain why the studied rooms 

had significantly higher OPE concentrations compared to previous studies of home indoor 

dust in the U.S., although we studied non-residential buildings that may have higher 

densities of furniture and more recent renovations than many homes (Figure 3). Compared to 

previous research of homes sampled between 2000 and 2015, our study did have lower 

geometric mean or median levels of TDCIPP, which has been suggested to be phased out in 

favor of TCIPP in foam products after TDCIPP was recently added as a carcinogen to 

California’s Proposition 65 list (Cooper et al., 2016). TBOEP was the most dominant 

analyte in our study, and it may be a flame-retardant substitute (or plasticizer) increasing in 

use, too. Although many prior studies did not measure TBOEP, median levels of TBOEP in 

dust in our studied rooms, excluding the full “healthier” rooms, were higher than three 

previous studies of home dust collected between 2011 and 2015 (Figure 3) (Bi et al., 2018; 

Dodson et al., 2012; W. Li et al., 2019). TBOEP is used in furniture, floor finishes, rubber, 

plastic, lacquers/paints, and wallpaper (van der Veen and de Boer, 2012; Y. Wang et al., 

2017).
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4.4. Alternative Strategies to PFAS and Flame Retardants

Because PFAS and flame-retardant chemicals are usually non covalently bound additives, 

they can be removed as ingredients without sacrificing the functional integrity of the 

product. In addition, the costs of the furniture to the university were reported to be lower 

when chemical flame retardants were not added. There is even evidence that disputes the 

hypothesized effectiveness of using chemical flame retardants in furniture foam filling to 

protect against residential fires (Rodgers et al., 2019; Shaw et al., 2010; US Consumer 

Product Safety Commission, 2012). At the building level, public spaces often have extensive 

measures to protect against fires, including smoke detectors, smoking prohibitions, and 

sprinkler systems. At the ignition source level, self-extinguishing cigarettes and fire-safe 

candles can help prevent fires from starting (Rodgers et al., 2019; Shaw et al., 2010). At the 

furniture level, safer flame retardants, other filling materials, naturally fire-resistant fabrics 

(such as wool), and fire barriers between the fabric and foam filling have been investigated 

as alternative strategies (Nazaré and Davis, 2012; Shaw et al., 2010; US Consumer Product 

Safety Commission, 2012). One carpet manufacturer reported to use aluminum hydroxide 

(ATH) as a non-halogenated mineral filler flame retardant to meet fire codes. ATH is 

generally thought to be safer than chemical flame retardants, although there are limited 

studies (National Research Council, 2000).

A carpet manufacturer also described to us their approach to alter the ionic charge and 

microscopic geometry of the nylon fibers to achieve long-term stain repellence without the 

need for PFAS. Water-repellant alternatives on the market may include paraffin, silicone, 

dendrimer, and polyurethane chemistries (Danish Ministry of the Environment, 2015). 

Before implementing any potential alternative solution, especially a substitute chemical, 

health risks should be carefully studied and balanced.

4.5. Strengths and Limitations

A key, unique strength was the university’s holistic, chemical class-based “healthier” 

building materials intervention to remove three classes of chemicals in a practical, scalable 

solution. Our thousands of portable XRF measurements enabled us to assess the importance 

of different product categories and to characterize sources of phosphorus for the first time.

There were a few study limitations. First, the “healthier” materials interventions did not 

address all materials in a given room and were often conducted in rooms next to 

conventional spaces. Our categorization of rooms into no, partial, or full interventions 

captured some of these nuances. Second, the sample size was relatively small, although we 

sampled as many “healthier” rooms as available and possible. This limited our statistical 

power and prevented us from developing more complex models. We also could not feasibly 

measure all chemicals in each class, of which some could be unknown substitutes, although 

manufacturers specified the “healthier” materials as free of the entire classes. Another 

limitation is that some OPEs are used as plasticizers, so we could not disentangle these 

separate OPE functions in buildings. However, we did observe significant reductions in 

OPEs in dust due to the intervention that focused mainly on their elimination as FRs. In 

addition, the natural heterogeneity of dust could have limited our statistical power to detect 

certain effects (Rauert and Harrad, 2015). For XRF product scanning, phosphorus is not a 
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perfect indicator of OPEs in a particular product, however, phosphorus loadings were useful 

for evaluating differences in furniture by flammability standard and assessing overall 

product sources in statistical models to reduce exposure misclassification that arises from 

using raw counts of products in rooms. Bromine and phosphorus have an advantage of 

reflecting even unknown chemicals in a class, but this may have limited statistical power to 

relate elements in products to the individual chemical analytes in dust. Other sources of 

phosphorus besides OPEs include soil, pesticides, fertilizers, nerve agents, pharmaceuticals, 

industrial solvents, and fuel additives, but we do not expect these chemicals to differ in 

furniture products or by intervention status in dust (Liu et al., 2020; Naughton and Terry, 

2018). Similarly, other sources of bromine besides PBDEs could include other brominated 

FR (which should also be reduced in the intervention), biocides, fuel additives, 

pharmaceuticals, polymers, halons, rubber, and dyes (Ioffe and Frim, 2011; Saikia et al., 

2016), but these should not significantly interfere with our results, and bromine has been 

shown to highly correlate with FRs for indoor sources (Allen et al., 2008a).

5. Conclusions

This study demonstrates the effectiveness of a chemical class-based “healthier” furniture and 

carpet intervention on reducing levels of PFAS and flame retardants in dust indoors. The 

scanning of products in situ for element surrogates using XRF proved helpful to identify 

electronics and exposed insulation as additional important sources of FRs in buildings. 

Future interventions should target more product categories and consider strategies to limit 

the use of, or reduce occupant exposures to, legacy materials of the building. Overall, we 

observed significant indoor chemical reduction benefits from the use of “healthier” materials 

in buildings.
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Highlights

• Healthier furnishings reduced flame-retardant and stain-repellant chemicals in 

dust

• X-ray fluorescence instruments can screen products for flame retardants in 

situ

• Electronics, exposed insulation, and other products should be intervened on 

next
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Figure 1. 
Boxplots of concentrations (ng/g) of Σ15PFAS, Σ8PBDEs, and Σ19OPEs in indoor dust 

samples by “healthier” materials intervention status, with outliers excluded to obtain tighter 

y-axis scales (n=47).
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Figure 2. 
Geometric mean concentrations (ng/g) of each main PFAS, PBDE, and OPE analyte in 

indoor dust samples (n=47) by “healthier” materials intervention status.

Note: chemicals that had relatively very small geometric mean concentrations were shaded 

grey and not distinguished.
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Figure 3. 
Central tendency concentrations (medians or geometric means) of select PFAS, PBDE, and 

OPE analytes (ng/g) in indoor dust in this study (the two bars on the left for full “healthier” 

spaces versus other spaces), compared to select previous studies of dust in the United States, 

sorted chronologically by sampling year.

Note: Numbers on top of stacked bars indicate the number of the selected analytes that were 

measured in the study (a few studies did not measure all visualized chemicals).

References:Allen et al. 2008a; Batterman et al. 2010; Bennett et al. 2015; Bi et al. 2018; 

Castorina et al. 2017; Dodson et al. 2012, 2017; Fraser et al. 2013; Goosey and Harrad 2011; 

Hammel et al. 2017; Harrad et al. 2008; Hoffman et al. 2015; Karaskova et al. 2016; 

Knobeloch et al. 2012; Li et al. 2019a; Percy et al. 2020; Scher et al. 2019; Schreder and La 

Guardia 2014; Stapleton et al. 2005, 2009, 2014; Strynar and Lindstrom 2008; Vykoukalová 

et al. 2017; Watkins et al. 2013; Whitehead et al. 2013; Wu et al. 2015.
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Table 1.

Results from multilevel models of the impact of “healthier” materials intervention status, presence of exposed 

insulated pipes, flame retardant-related element loadings in furniture, and element loadings in electronics 

(bromine [Br] for PBDEs; phosphorus [P] for OPEs) on total concentrations (ng/g) of 15 PFAS, 8 PBDEs, and 

19 OPEs in indoor dust samples (n=47).

% Change (p value)
a

Covariate n Sum of 15 PFAS Sum of 8 PBDEs Sum of 19 OPEs

‘Healthier’ Materials 
Intervention Status

 No intervention 12 Reference 47% (0.3) Reference −33.7% (0.2) Reference 7.93% (0.7)

 Partial 
intervention 28 −32% (0.3) Reference

b 50.7% (0.2) Reference
b −7.34% (0.7) Reference

b

 Full 
intervention 7

−77.9% 
(0.006) **

−67.5% (0.02) 
* −17.4% (0.6) −45.2% (0.09) .

−65.0% 
(<0.001) ***

−62.2% 
(<0.001) ***

Exposed Insulation in Room

 No 41 Not included Reference Reference

 Yes 6 Not included 24.8% (0.5) 176% (<0.001) ***

Br or P Loading
c
 from Foam 

Furniture
For bromine: For phosphorus:

 Low 16 Not included Reference Reference

 Medium 15 Not included −12.6% (0.6) −26.8% (0.2)

 High 16 Not included 86.2% (0.04) * 0.393% (1.0)

Br or P Loading
c
 from 

Electronics

 Low 16 Not included Reference Reference

 Medium 15 Not included 42.1% (0.2) 43.9% (0.09) .

 High 16 Not included 169% (<0.001) *** −3.32% (0.9)

PFAS = per- and polyfluoroalkyl substances; PBDEs = polybrominated diphenyl ethers; OPEs = organophosphate esters.

a
Chemical concentrations were log-transformed in the multilevel models, but estimates are presented as the percent change on the linear scale.

b
The models were conducted a second time with ‘partial intervention’ as the reference category in order to assess any improvements of the full 

intervention over the partial one and to increase statistical power by using the group with the largest sample size.

c
Loadings were calculated as the sum across foam furniture or electronics products of the average element concentration of each unique product 

type multiplied by its surface area and count in the space.

.
p < 0.10

*
p < 0.05

**
p < 0.01

***
p < 0.001
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Table 2.

Summary of concentrations (μg/g) of bromine and phosphorus in different product types in the 47 studied 

spaces, as measured using portable x-ray fluorescence (XRF).

Product Type

Bromine (μg/g) Phosphorus (μg/g)

XRF in product mode XRF in geo mode

n Median [Range] n Median [Range]

Upholstered foam furniture
a 293 21.5 [ND, 79240] 284 585.8 [ND, 22880]

 By flammability standard

  ’Healthier’: no added FRs (or PFAS) 122 10.05 [ND, 4820] 114 457.4 [ND, 4827]

  Conventional: TB 117–2013 with no added FRs 39 7.7 [ND, 848] 40 732 [ND, 18430]

  Conventional: FRs at TB 117 or 117–2013 25 27.2 [5.9, 46120] 25 915.9 [ND, 2416]

  Conventional: FRs at TB 133 30 917 [2.6, 65910] 30 493 [ND, 22880]

  Conventional: unlabeled 77 141 [2.2, 79240] 75 1124 [ND, 13140]

 By product type

  Chair with cushioned seat 75 25.8 [ND, 38440] 73 491 [ND, 4450]

  Armchair 126 14.95 [ND, 76270] 120 864.1 [ND, 18430]

  Couch 62 94.6 [2, 79240] 61 557.7 [ND, 22880]

  Ottoman 30 9.9 [2, 55510] 30 512.6 [ND, 13010]

Carpet 91 10.6 [0.2, 305] 91 ND [ND, 1840]

 ’Healthier’: no added FRs (or PFAS) 44 7.6 [0.2, 153.1] 44 99.12 [ND, 1840]

 Conventional 47 21.2 [1.9, 305] 47 ND [ND, 1835]

Electronics
b 240 20.35 [ND, 147800] 229 719 [ND, 128800]

  Televisions 51 26 [ND, 133500] 50 2025 [ND, 42680]

  Computer monitors 30 57.2 [ND, 965] 28 917.2 [ND, 128800]

  Projector systems 13 2.4 [0.4, 5285] 12 25230 [887.8, 34740]

  Keyboards 32 381.5 [ND, 2931] 32 202.6 [ND, 878]

  Mouses 24 247.4 [0.9, 821] 23 426.9 [ND, 5941]

  Telephones 12 9.05 [1.1, 395] 12 412 [239.9, 1183]

  Audio/video devices 15 2.3 [ND, 147800] 13 711.8 [154.8, 44780]

  Printers/copiers 5 7.3 [1, 224] 6 39790 [17030, 43250]

  Routers/modems 16 0.5 [ND, 108100] 14 25020 [ND, 39450]

  Floor outlets 11 4.7 [ND, 23820] 9 668.6 [ND, 1458]

  Projector screens 3 ND [ND, ND] 3 11490 [ND, 48350]

Foam pillows 12 5.45 [0.7, 106] 13 418 [ND, 10240]

Foam drawer tops 5 10.2 [1.7, 12.8] 6 652.1 [551, 883.6]

Exposed insulation 10 16080 [5.4, 21030] 10 ND [ND, 1308]

ND = not detected

n = number of XRF measurements, including duplicates on same product. By contrast, the number of unique items measured were 105 upholstered 
foam furniture pieces, 54 carpets, and 170 electronic products.
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a
Including only chairs, armchairs, couches, and ottomans with foam filling.

b
Including the specifically mentioned product types, as well as DVD players, tablets, power strips, scanners, TV remotes, audio radiators, plug 

ports, monitor-free computer systems, and one server kit.

Environ Int. Author manuscript; available in PMC 2022 May 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Young et al. Page 31

Table 3.

Results from multilevel models of the impact of flammability standard, furniture type, and type of cushion 

measured on concentrations (μg/g) of bromine and phosphorus in foam furniture in 47 studied spaces as 

measured with a portable x-ray fluorescence (XRF) instrument.

% Change (p value)
a

Covariate n Bromine Phosphorus

Intervention

‘Healthier’: no added FRs (or PFAS) 125 Reference Reference

 Conventional: TB 117–2013 with no added FRs 40 −25.2% (0.7) 2200% (0.001) **

 Conventional: FRs at TB 117 or 117–2013 25 922% (0.03) * 566% (0.1)

 Conventional: FRs at TB 133 30 2940% (<0.001) *** 103% (0.5)

 Conventional: unlabeled 77 1510% (<0.001) *** 495% (0.02) *

Foam Furniture

 Chair 75 Reference Reference

 Armchair 129 −17.2% (0.7) 28.3% (0.7)

 Couch 63 632% (0.004)** 58.3% (0.6)

 Ottoman 30 56.1% (0.5) −45.3% (0.5)

Spot Measured

 Seat Cushion 199 Reference Reference

 Seatback Cushion 98 −11.9% (0.4) −59.9% (<0.001) ***

FRs = flame retardants; TB = technical bulletin of California furniture flammability standard.

a
Element concentrations were log-transformed in the multilevel models, but estimates are presented as the percent change on the linear scale.

*
p < 0.05.

**
p < 0.01.

***
p < 0.00.
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