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Abstract

The nanoparticle respiratory deposition (NRD) sampler is a personal sampler that combines a 

cyclone, impactor, and a nylon mesh diffusion stage to measure a worker’s exposure to 

nanoparticles. The concentration of titanium in the nylon mesh of the diffusion stage complicates 

the application of the NRD sampler for assessing exposures to titanium dioxide nanoparticles. This 

study evaluated commercially available nonwoven textiles for use as an alternative media in the 

diffusion stage of the NRD sampler. Three textiles were selected as containing little titanium from 

an initial screening of 11 textiles by field portable x-ray fluorescence (FPXRF). Further evaluation 

on these three textiles was conducted to determine the concentration of titanium and other metals 

by inductively coupled plasma – optical emission spectroscopy (ICP-OES), the number of layers 

required to achieve desired collection characteristics for use as the diffusion stage in the NRD 

sampler (i.e., the nanoparticulate matter, NPM, criterion), and the pressure drop associated with 

that number of layers.

Only three (two composed of cotton fibers, C1 and C2; and one of viscose bamboo and cotton 

fibers, BC) of 11 textiles screened had titanium concentrations below the limit of detection the 

XRF device (0.15 μg/cm2). Multiple metals, including small amounts of titanium, were found in 

each of the three nonwoven textiles using ICP-OES. The number of 25-mm-diameter layers 

required to achieve the collection efficiency by size required for the NRD sampler was three for 

C1 (R2 = 0.95 with reference to the NPM criterion), two for C2 (R2 = 0.79), and three for BC (R2 

= 0.87). All measured pressure drops were less than the theoretical and even the greatest pressure 

drop of 65.4 Pa indicated that a typical personal sampling pump could accommodate any of the 

three nonwoven textiles in the NRD sampler. The titanium concentration, collection efficiency, and 

measured pressure drops show there is a potential for nonwoven textiles to be used as the diffusion 

stage of the NRD sampler.
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INTRODUCTION

Airborne nanoparticles—particles with a diameter of at least one dimension smaller than 

100 nm (1)—are present in many workplaces. Measuring nanoparticle exposure in the 

workplace is challenging and has involved multiple types of instruments and sampling 

strategies.(2) Ideally what is needed is a sampler that fits into current industrial hygiene field 

sampling methodologies, particularly one that is small enough to be used to assess personal 

exposures (3), can allow quantification of nanoparticles apart from larger particles that occur 

in the work environment, and collects nanoparticles with an efficiency that matches 

respiratory deposition.(4)

The nanoparticle respiratory deposition (NRD) sampler is a new personal sampler that was 

developed to streamline nanoparticle exposure assessment.(4) The NRD sampler is 

composed of three parts: a 25-mm aluminum respirable cyclone, an impaction stage, and a 

diffusion stage. The diffusion stage consists of eight nylon mesh screens with a collection 

efficiency by particle size closely matching the nano-particulate matter (NPM) criterion 

deposition of nanoparticles smaller than 300 nm. The NPM criterion was developed by Cena 

et al.(4) from the International Commission on Radiological Protection deposition curve for 

the average adult under light exercise and nose-breathing conditions(5) and represents the 

fraction of NPM that can deposit in the respiratory system when inhaled.(4) The NRD 

sampler is commercially available (ZNRD001, Zefon, UAS) and work has been done to 

establish a method for using the NRD sampler to evaluating exposure to welding fumes.(6)

Although the NRD sampler works well to collect nanoparticles with an efficiency that 

matches the respiratory system, the nylon mesh screen in the diffusion stage contain high 

levels of titanium, presumably as titanium dioxide (TiO2), used to whiten the nylon.(7) 

Measuring occupational exposure to nano-sized TiO2 aerosol is of interest for many 

industrial hygienists because nano-sized TiO2 is used in many commercial products, 

commonly as a whitener, and has been classified as a potential occupational carcinogen.(8) 

The mass of collected TiO2 that can be differentiated from the background metal in the 

collection media, the limit of detection (LOD) of the media, is an important consideration. 

For a sample collected over eight hours with the 2.5 L min−1 NRD sampler, the diffusion 

media must contain less than 14.8 μg total titanium to quantify airborne nano-sized TiO2 at 

one-tenth of the National Institute for Occupational Safety and Health (NIOSH) 

recommended exposure limit (REL) of 0.3 mg m−3. The commercial NRD sampler is not 

able to be used to measure those occupational exposures because of the large amounts of 

titanium on the diffusion stage.(7)

Nonwoven textiles are a potential media for in the diffusion stage of the NRD sampler. A 

nonwoven textile is a fabric composed of fibers that are randomly oriented and held together 

by means other than weaving or knitting.(9) Nonwoven textiles can be composed of a variety 

of materials including natural fibers, such as cotton, and manmade fibers, such as polyester. 

Vosburgh et al. Page 2

J Occup Environ Hyg. Author manuscript; available in PMC 2018 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The collection efficiency of nonwoven textiles depends on the textile characteristics of basis 

weight, fiber diameter, material thickness, and material fiber density.(10) Basis weight is a 

textile term that refers to the mass of a surface area of fabric.(11) The packing density of 

nonwoven textiles varies and may be low enough to allow for the diffusion stage to match 

the NPM criterion while remaining small enough to fit in the NRD sampler.

In this study, we investigated the use of nonwoven textiles in the diffusion stage of the NRD 

sampler. For the nonwoven textiles to be useful in the NRD sampler, they would have to 

have either no or a very low concentration of titanium, an aerosol collection efficiency that 

matched the NPM criterion, and a pressure drop small enough that a personal pump could be 

used. We first screened a variety of commercially available textiles for titanium using field 

portable X-ray fluorescence (FPXRF). On selected nonwoven textiles below the LOD of the 

FPXRF, additional testing was conducted. The physical characteristics of the nonwoven 

textiles (basis weight, fiber diameter, textile thickness, and material density) were 

determined and used to theoretically estimate the quantity of each nonwoven textile needed 

to achieve the required particle collection efficiency in the 2.5 L min−1 NRD sampler along 

with the pressure drop caused by that amount of nonwoven textile. The metals content was 

measured by traditional digestion and metals analysis methods. Then the measured 

collection efficiency and pressure drop for the selected nonwoven textiles was determined in 

laboratory experiments.

METHODS

As presented in Table I, eleven nonwoven textiles (i.e., quilt battings) were selected as 

inexpensive, readily-available nonwoven textiles with the potential to replace the nylon mesh 

in the diffusion stage of the NRD sampler. Manufactured by two companies (Quilters Dream 

Batting, Virginia Beach, VA; and Pellon Consumer Products, Clearwater, FL), these 

nonwoven textiles represent a cross-section of available batting colors (five white, one black, 

and five off-white) and composition (four polyester, two wool, two cotton, two mixed, one 

fire-retardant fibers). These nonwoven textiles were produced by needle-punching, a process 

to mechanical interlock the fibers and hold them together without adhesive.

A FPXRF (Niton XL3t Ultra, Thermo Scientific, Waltham, MA, USA) was used to screen 

nonwoven textiles for titanium. Nonwoven textiles with titanium compositions greater than 

LOD of the FPXRF were removed from further testing. The limit of detection of titanium for 

the FPXRF is 0.15 μg/cm2. The FPXRF was set to thin film standard filter mode with a 

sample duration of 120 seconds (main range: 40 seconds, low range: 40 seconds, and high 

range: 40 seconds). Three measurements (upper left corner, middle, lower right corner) were 

taken on one piece (5.1 cm × 5.1 cm) of each of the 11 nonwoven textiles.

Physical Characterization

The nonwoven textiles selected for further evaluation were characterized physically to 

determine the textile thickness, basis weight, fiber material density, and fiber diameter of 

each nonwoven textile so that the collection efficiency of particles smaller than 300 nm and 

pressure drop could be estimated from filtration theory. The uncompressed thickness of each 

textile was measured with a caliper. The basis weight of ten squares (5.1 cm × 5.1 cm) of the 
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nonwoven textile was calculated as the weight divided by the surface area of the square 

(25.8 cm2). Fiber material densities were obtained from literature.(12,13) For nonwoven 

textiles containing fibers of mixed fiber composition, the fiber material density was 

calculated based on the percentages of fibers listed by the manufacturer.

The diameter of individual fibers in each nonwoven textile was determined using scanning 

electron microscopy (SEM) (S4800, Hitachi-High Technologies Corporation, Japan). Each 

nonwoven textile (1 cm × 1 cm) was placed on a stub and introduced inside a Sputter Coater 

(K550X, Quorum Technologies Ltd, UK) where a thin layer of Au/Pd (80%/20%) was 

deposited on to the nonwoven textile surface. This step was conducted in order to prevent 

excessive charging of the nonwoven textile during the analysis. Once the coating is 

complete, the nonwoven textile was imaged with 5.0 kV accelerating voltage and ImageJ 

(US National Institutes of Health, US) was used in image processing.

Theoretical Collection Efficiency

Filtration theory was used to determine the number of layers of each nonwoven textile 

required in the commercial NRD sampler (which is designed for a flow of 2.5 L min−1 and a 

cassette diameter of 25 mm) for the sampler to achieve the NPM criterion. First the 

collection efficiency by particle diameter for one layer of each nonwoven textile was 

determined using the physical characteristics of each nonwoven textile. Then additional 

layers of nonwoven textile were added into the theory until the theoretical collection 

efficiency by particle size was close to the NPM criterion. The physical characteristics of the 

nonwoven textiles were applied to filtration theory when the solid volume fraction was 

estimated for nonwovens using Payen et al.(10):

[1]

where G is the basis weight of the nonwoven textile, L is the nonwoven textile thickness, 

and ρf is the fiber material density.

Following Raynor et al.(14) the theoretical collection efficiency by particle diameter (ET) of 

the three selected nonwoven textiles was computed as:

[2]

where EF is the single fiber efficiency, α is the solid volume fraction calculated using 

equation 1, and df is the fiber diameter. EF was calculated as:

[3]
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where ED is the single fiber efficiency due to diffusion and ER is the single fiber efficiency 

due to interception. The effects of inertial impaction and gravitational settling were 

neglected because particles of interest were smaller than 300 nm. The single fiber efficiency 

ED was calculated as:

[4]

where Pe is the Peclet number(14), Ku is the Kuwabara hydrodynamic factor(14), and CC(d) is 

the Cunningham slip correction factor calculated as:

[5]

In Equation 5, Knf is the Knutsen number of the nonwoven textile fiber. ER was calculated 

as:

[6]

where R is the ratio of the particle diameter to the particle fiber. A flow rate of 2.5 L min−1 

was used to match that of the NRD sampler.(3)

Because the diffusion stage is downstream of the impactor in the NRD, the theoretical 

collection efficiency from above was adjusted (Et,adj(d)) to account for collection that occurs 

in the impaction stage as:

[7]

where Pimp(da) is the penetration through the impaction stage. Pimp (da) was calculated as(15):

[8]

[9]

where da is the aerodynamic diameter in meters. The da was converted to the mobility 

diameter, d, using Equations 10 and 11(16):
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[10]

[11]

where dv is the volumetric diameter, χ is the dynamic shape factor (χ was assumed to be 

1.08 for salt particles(16)), ρ0 was the unit density (1000 kg m−3) and ρp was assumed to be 

2200 kg m−3 for salt particles.(16)

Experimental Collection Efficiency

For each of the selected nonwoven textiles, the collection efficiency by particle size for the 

textile specific number of layers computed from theory, was measured using the set up 

shown in Figure 1. Discs with diameters of 25 mm were cut from sheets of the nonwoven 

textiles and fixed in a holder (25-mm conductive polypropylene cassette). A nebulizer 

(Aeroneb Solo, Aerogen, Dangan, Ireland) was used to aerosolize a solution of 0.1% NaCl. 

The test aerosol was neutralized with a Kr-85 aerosol neutralizer (3054A, TSI Incorporated, 

Shoreview, MN), dried with a diffusion dryer, and then delivered into a 200 L coagulation 

chamber to. A fast mobility particle sizer (FMPS) (Model 3091, TSI Incorporated, 

Shoreview, MN) was used to measure the particle number concentration by mobility size 

using a 3-way valve to alternate without (WO) or with (W) the layer or layers of nonwoven 

textile being tested inline before the FMPS in the following sequence: WO1, W1, WO2, W2, 
WO3, W3, WO4. The sampling airflow rate of the FMPS was 10 L min−1, comprised of the 

2.5 L min−1 through the nonwoven textile plus 7.5 L min−1 of clean HEPA-filtered air. The 

collection efficiency (Eexp(d)) of each nonwoven textile was calculated by using equation 12.

[12]

The measured collection efficiency was then adjusted (Eexp,adj(d)) to account for collection 

that occurred in the impaction stage of the NRD using equation 13

[13]

Data Analysis

The adjusted measured collection efficiency was compared to the NPM criterion and the 

adjusted measured collection efficiency was also compared to the adjusted theoretical 

collection efficiency by calculating R2 values. The R2 of the Eexp,adj(d) and the NPM curve 
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was calculated using equation 14 where Eexp,adj(d),avg is the mean of the adjusted measured 

collection efficiency.

[14]

The R2 of the Eexp,adj(d) and Eth,adj(d) was calculated using equation 15.

[15]

Pressure Drop

The pressure drops across each of the nonwoven textiles, ΔP, was calculated for a flow rate 

of 2.5 L min−1 as:

[16]

where μa is the viscosity of air and U is the airflow rate.(14)

For each of the three selected nonwoven textiles, the pressure drop across one layer was 

experimentally determined by connecting a digital manometer (Series 475 Mark III, Dwyer 

Instruments, Inc., Michigan City, IN) upstream and downstream of a 25-mm conductive 

cassette while air was pulled through the cassette at 2.5 L min−1. All measurements were 

conducted in triplicate.

Traditional Chemical Characterization

Inductively coupled plasma with optical emission spectroscopy (ICP-OES; model 720 ES, 

Varian, Inc., US) was used to measure the levels of titanium, chromium, manganese, iron, 

copper, and zinc in each of the three selected nonwoven textiles. As described in detail by 

Mudunkotuwa et al.(17), a sample of textile (~ 200 – 400 mg) was inserted into a digestion 

vessel containing concentrated H2SO4 (4 mL) and concentrated HNO3 (2 mL). The vessel 

was then placed in a microwave digestion system (MARS 6, CEM Corporation, USA). The 

temperature was ramped to 210°C, held for 45 minutes, and allowed to cool to room 

temperature. The resulting clear solution was then topped to 25 mL with water and analyzed. 

All measurements were conducted in triplicate.

Once the number of layers of each of the selected nonwoven textiles were verified by 

experimental collection efficiency, the LOD of each of the nonwoven textiles and each 
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element were calculated. The LOD was calculated by calculating the value three standard 

deviations of metal in the blank above the mean ICP-OES determined metal value in the 

pristine nonwoven textiles.(6)

RESULTS

Of the eleven nonwoven textiles, only three nonwoven textiles had titanium concentrations 

below the LOD for the FPXRF (Table I). All of the nonwoven textiles that were white or 

black in color had titanium concentrations above the LOD of the FPXRF. The three 

nonwoven textiles that had titanium concentrations below the FPXRF LOD were composed 

of natural cotton fibers or cotton blended with viscose bamboo fibers.

The characteristics of thickness, mean basis weight, and fiber material density of the three 

selected nonwoven textiles are shown in Table II. Since the BC nonwoven textile was 

composed of 50% viscose bamboo and 50% cotton, the mean of cotton (12) and viscose 

bamboo(13) was used for the fiber material density of the BC nonwoven textile. The results 

of fiber diameter determined by SEM are shown in Figure 2. The mean diameters range 

from 10.8 μm to 12.1 μm. C1 and C2 are composed of only fibers that are not cylindrical, 

while BC has both cylindrical and twisted, crimped fibers. Long and twisted fibers with 

convolutions, or crimps, in the middle of the fiber are typical of cotton fibers.(11)

The size distribution of the salt test aerosol used to determine the measured collection 

efficiency of the selected nonwoven textiles is shown in Figure 3. The distribution of the test 

particles was lognormally distributed. The number mean and mode diameters were near 100 

nm. The concentration and sized distribution of the test particles were stable during the 

experiment.

Adjusted collection efficiencies measured experimentally and theoretically compared to the 

NPM criterion are provided in Figure 4. Each textile required a different number of layers to 

achieve the NPM criterion. Nonwoven textile C1 required three layers, C2 required two 

layers, and BC required three layers to achieve good alignment with the NPM criterion. The 

shape of the measured collection efficiency for the required number of layers matched well 

with the NPM criterion. The adjusted measured collection efficiencies of the nonwoven 

textiles had good alignment with the NPM criterion with R2 values of 0.95 for C1, 0.79 for 

C2, and 0.88 for BC. The adjusted measured collection efficiencies of the nonwoven textiles 

to the theory had R2 values of 0.93 for C1, 0.88 for C2, and 0.79 for BC.

The theoretical pressure drop for one layer of each nonwoven textile was 19.2 Pa for C1, 

32.7 Pa for C2, and 17.6 Pa for BC. The measured pressure drops of each of the three 

nonwoven textiles were 15.8 Pa, 21.6 Pa, and 13.3 Pa respectively. All of the measured 

pressure drops were less than the theoretical pressure drops. The pressure drop for one layer 

of C2 was the greatest, which agrees with the nonwoven textile characteristics (Table II) in 

that C2 was the thickest and had the largest basis weight. The total pressure drop for a 

diffusion stage composed of three layers of C1 was estimated at 57.7 Pa, two layers of C2 at 

65.4 Pa, and three layers of BC at 52.7 Pa.
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The ICP-OES results showed titanium in the nonwoven textiles. The titanium amounts listed 

in Table II equate to the mean amounts per one 25 mm circle of each of the nonwoven 

textiles; 0.26 μg for C1, 1.93 μg for C2, and 0.72 μg of titanium for the BC. The calculated 

LOD of the three nonwoven textiles were as follows: 0.78 μg for three layers of C1, 6.5 μg 

for two layers of C2, and 2.8 μg for three layers of BC.

DISCUSSION

Nonwoven textiles have the potential to serve as the media in the diffusion stage of the NRD 

sampler. The calculated LOD of titanium for the three selected nonwoven textiles after 

screening was substantially less than the 14.8 μg target value. The adjusted measured 

collection efficiency for all three nonwoven textiles was relatively close to the NPM (Figure 

4) with R2 values close to 1. The pressure drop per diffusion stage for each nonwoven textile 

was sufficiently small that any of the three materials could be used in the NRD sampler with 

a personal pump.(4)

To ensure nonwoven textiles met the requirement for titanium composition (less than one 

tenth of the REL), the target amount in the diffusion stage of an NRD sampler required an 

amount less than 14.8 μg titanium background. Although the FPXRF did not detect any 

titanium in three nonwoven textiles, the ICP-OES detected titanium in these materials (Table 

II). The amounts of the other measured metals in the nonwoven textiles were, in some cases, 

considerable: except for chromium in C1, the metals concentrations in one nonwoven textile 

layer were greater than the estimated limit of detection for NIOSH method 7300,(18) 

indicating significant background contamination potential. The metal content of the 

nonwoven textiles would limit their use in certain occupational areas such as assessing 

welding fume exposure, which has already been identified as a potential use of the NRD 

sampler.(6)

The adjusted collection efficiency and pressure drops measured experimentally for all 

selected textiles were compatible for use in the NRD sampler. However, a nonwoven textile 

specifically developed for the NRD sampler may be needed. If natural fibers are used, the 

fiber shape may influence the collection efficiency in a way that may be unpredictable. 

Natural fibers that are long enough to be used in a nonwoven textile will not be perfectly 

cylindrical, and in some cases, such as with cotton, may be twisted and have many 

convolutions.(11) Natural fibers that have been processed, such as viscose bamboo fibers, 

may provide better agreement due to the cylindrical structure of the fibers.(13) An alternative 

is to use newer techniques to create cylindrical fibers, such as electrospinning.(19,20) Future 

research is need to determine the influence of the fiber shape on collection efficiencies for 

diffusion layers in the NRD.

Before a nonwoven textile could be used in the NRD sampler, there are limitations that must 

be addressed. First, commercially available nonwoven materials with other intended 

purposes, such as the nonwoven textiles used in this study, may have variability in the 

product that could affect the homogeneity of the material. That variability has the potential 

of influencing the collection efficiency of a material. More work is needed to address the 

issue of humidity and fiber diameter for potential nonwoven fabrics. Natural fibers and hairs 
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were previously evaluated as an aerosol collection substrate(21), but these authors identified a 

change in fiber characteristics with humidity. Some manmade fibers are more stable in their 

diameters with regard to humidity changes than others. Viscose bamboo has been shown to 

be to swell when wet, thereby increasing the fiber diameter, which may reasonably affect 

collection efficiency. However it is unknown if the fibers would absorb enough moisture 

from humidity to significantly increase their diameters.(13) Particles smaller than 25 nm 

were not used when evaluating collection efficiencies of the nonwoven textiles. A workplace 

may have a significant amount of nanoparticles with diameters ≤ 25 nm so additional 

collection efficiency assessments are recommended in this size range.

CONCLUSION

This work demonstrates that some nonwoven textiles are sufficiently free of metals 

contamination and can be used to achieve required collection characteristics for use as the 

diffusion stage of the NRD sampler. Three of eleven commercially available nonwoven 

textiles were selected to potentially replace the nylon mesh in the diffusion stage of the NRD 

sampler based on low metals content determined by FPXRF. The selected textiles can be 

used to achieve adjusted collection efficiencies compatible with the NPM criterion and at 

pressure drops sufficiently small for use with personal, belt-mounted sampling pumps. 

Although titanium was not detected in the three nonwoven textiles by FPXRF, it was 

detected by with the more sensitive ICP-OES. The LOD for all three of the materials were 

below the target value of 14.8 μg. However considerable amounts of other metals were 

detected in all of the three materials. The metal content of these commercially available 

nonwoven textiles would limit their use in assessing exposures to many common metals.
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FIGURE 1. 
Evaluation of particle collection efficiency of nonwoven textiles: a) experimental set up b) 

diagram of sampler.
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FIGURE 2. 
Scanning electron microscopy images, with the mean (standard deviation) of one fiber 

diameter, of the three nonwoven textiles: a) Quilters Dream Cotton, C1; b) Pellon Natural 

Cotton, C2; and c) Pellon Viscose Bamboo, BC.
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FIGURE 3. 
Particle number concentration by particle mobility diameter for salt aerosol used to test 

efficiency of nonwoven textiles. Error bars represent one standard deviation of twelve 

measurements.
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Figure 4. 
Impactor adjusted theoretical (dashed) and measured (symbol) collection efficiencies of 

three nonwoven textiles: a) Quilters Dream Cotton, C1; b) Pellon Natural Cotton, C2; and c) 

Pellon Viscose Bamboo, BC. The standard deviation of the measured collection efficiency 

was small. The error bars representing one standard deviation fit within the symbol.
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Table I

Titanium content measured by field portable x-ray florescence (FPXRF) for 11 nonwoven textiles.

Color Brand Name, Identifier Material Mean FPXRF Titanium Resulta (μg g−1)

White Quilters Dream Poly Request Loft, P1 Polyester 11.9

White Quilters Dream Puff, P2 Polyester 8.1

White Pellon Polyester, P3 Polyester 7.8

White Quilters Dream Blend Select Loft, CP 70% Cotton 30% Polyester 8.4

White Quilters Dream Angel Request Loft, A1 Fire-Retardant Fibers 5.6

Black Quilters Dream Poly Request Loft, P4 Polyester 8.6

Off-White Quilters Dream Wool, W1 Wool 3.3

Off-White Pellon Wool, W2 Wool 2.9

Off-White Quilters Dream Cotton Request Loft, C1 Cotton < LODb

Off-White Pellon Natural Cotton, C2 Cotton < LODb

Off-White Pellon Viscose Bamboo Blend, BC 50% Bamboo 50% Cotton < LODb

a
Three measurements were taken for each test material.

b
The LOD of the FPXRF is 0.15 μg/cm2.

Bold indicates that the material was selected for further analysis. Quilters Dream textiles from Quilters Dream Batting, Virginia Beach, VA Pellon 
textiles from Pellon Consumer Products, Clearwater, FL
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