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Abstract
Two new Standard Reference Materials (SRMs), SRM 2786
Fine Particulate Matter (<4 μm) and SRM 2787 Fine
Particulate Matter (<10 μm) have been developed in support
of the US Environmental Protection Agency’s National
Ambient Air Quality Standards for particulate matter (PM).
These materials have been characterized for the mass fractions
of selected polycyclic aromatic hydrocarbons (PAHs), nitrated
PAHs, brominated diphenyl ether (BDE) congeners,
hexabromocyclododecane (HBCD) isomers, sugars,
polychlorinated dibenzo-p-dioxin (PCDD) and dibenzofuran
(PCDF) congeners, and inorganic constituents, as well as
particle-size characteristics. These materials are the first
Certified Reference Materials available to support measure-
ments of both organic and inorganic constituents in fine PM.
In addition, values for PAHs are available for RM 8785 Air
Particulate Matter on Filter Media. As such, these SRMs will
be useful as quality control samples for ensuring compatibility
of results among PM monitoring studies and will fill a void to

assess the accuracy of analytical methods used in these
studies.
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Introduction

Air pollution is composed of particulate matter (PM) often
described in terms of the aerodynamic diameter of the parti-
cles with PM10 having an aerodynamic diameter <10 μm,
PM2.5 having an aerodynamic diameter<2.5 μm, and ultra-
fine particles having an aerodynamic diameter <0.1 μm.
Sources of air pollution include traffic, fossil fuel combustion
activities [1], harbor activities [2], wood processing, spray
painting, car washing [3], agricultural activities [4], as well
as many other sources. Fine particle pollution can be emitted
directly or formed secondarily in the atmosphere [5]. The
chemical composition of PM is very diverse including organic
compounds, biological compounds, and metals [6].

Exposure to PM has been linked to a wide variety of dis-
eases, including respiratory and cardiovascular problems [6,
7]. In response, the US Environmental Protection Agency
(EPA) developed strict National Ambient Air Quality
Standards for PM [8] along with establishing monitoring pro-
grams through its PM2.5 National Chemical Speciation
Network and, more recently, the Interagency Monitoring of
Protected Visual Environments (IMPROVE) [9].

In 2000, a working group of PM investigators from the US
EPA’s research programs (PM2.5 Organic Speciation Working
Group) was established to improve the quality and
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comparability of data on the organic composition of aerosols
[10]. The goal of the working group was to improve the char-
acterization and quantification of organic compounds associ-
ated with PM through participation in interlaboratory compar-
ison exercises and to provide input for the development of
appropriate Standard Reference Materials (SRMs). The
National Institute of Standards and Technology (NIST) coor-
dinated a series of three interlaboratory trials for the working
group and conducted workshops to discuss the results of the
trials and to assess the need for SRMs [10, 11].

The initial interlaboratory trial utilized PM from a bulk por-
tion of SRM 1649a Urban Dust which had been sieved
to<63 μm and an extract of these particles. SRM 1649 was
collected in Washington, DC and issued in 1982. The reissue,
SRM 1649a, composed of the same bulk material as SRM
1649, was released in 2000. Both SRM 1649 and SRM
1649a were sieved to<123 μm when prepared. The second
interlaboratory trial used a PM2.5 collected in Baltimore, MD.
Trial III included three samples: SRM 1648 Urban Particulate
Matter, a second PM2.5 sample collected in Baltimore, MD,
and Reference Material (RM) 8785 Air Particulate Matter on
Filter Media, composed of a fine fraction (nominally<2.5μm)
of SRM 1649a on quartz-fiber filters [12]. Participating lab-
oratories were not constrained by a specific analytical
method and reported data on those organic analytes that
were typically measured in their laboratories, including
alkanes, alkenes, aromatic and polycyclic aromatic hydro-
carbons (PAHs), nitrated PAHs, sterols, ketones, alde-
hydes, acids, phenols, and sugars. The results from these
trials are summarized in two reports [10, 11].

An outcome of these studies and the associated workshops
was the need for additional SRMs to support PM research. The
proposed SRMs included calibration solutions for several clas-
ses of compounds, including nitrated PAHs, hopanes, steranes,
and sugars, and additional PM samples, specifically having
particles of smaller aerodynamic diameter. Several new cali-
bration solutions were developed including SRM 2264
Nitrated Aromatic Hydrocarbons in Methylene Chloride I,
SRM 2265 Nitrated PAHs in Methylene Chloride II, SRM
2266 Hopanes and Steranes in 2,2,4-Trimethylpentane, SRM
2267 Deuterated Levoglucosan in Ethyl Acetate, and SRM
2268 Carbon-13 Labeled Levoglucosan in Ethyl Acetate. In
addition, two new PMSRMswere developed: SRM 2786 Fine
Particulate Matter (<4 μm) and SRM 2787 Fine Particulate
Matter (<10 μm).

SRMs 2786 and 2787 were issued in 2011 as the first
Certified Reference Materials (CRMs) for fine particulate mat-
ter. These two SRMs have been extensively characterized for
PAHs, nitrated PAHs, brominated diphenyl ether (BDE) con-
geners, inorganic constituents, sugars, polychlorinated
dibenzo-p-dioxin (PCDD) congeners, polychlorinated dibenzo-
furan (PCDF) congeners, and three hexabromocyclododecane
(HBCD) isomers. Two additional CRMs for fine particulate

matter have been developed by the Institute for Reference
Materials and Measurements (IRMM) (Geel, Belgium): ERM
CZ100 with values assigned for PAHs and ERM CZ120 with
values assigned for toxic elements (As, Cd, Pb, andNi). Both of
these materials are titled BFine Dust (PM10-Like)^ and were
produced from total suspended particulate matter (TSP). The
preparation and certificationmeasurements for SRMs 2786 and
2787 for selected organic and inorganic constituents are sum-
marized in this paper.

Experimental

Sample collection and preparation SRM 2786 and SRM
2787 were prepared from atmospheric PM collected in 2005
from an air intake filtration system of a major exhibition center
in Prague, Czech Republic. While the sample is not intended
to be representative of the area from which it was collected, it
should typify atmospheric PM obtained from an urban area.
The PM was removed from the reusable surface filters and
sent to NIST. A particle suspension unit and ultra-high-
volume sampler (UHVS) [13] were used to resuspend the total
suspended particulate matter, and the face velocity of the cy-
clone in the UHVS was adjusted to control the particle size
collected on Teflon membrane filters. The unit was adjusted
such that larger particles (> PM10) were selectively removed
from the cyclonic stream, leaving the PM<4 μm fraction to be
collected on filters. The size-fractionated PM was then
brushed from the filters or collected from the bottom of the
cyclone and stored in clean amber bottles with a Teflon-lined
cap. The bottles containing the material were rolled for 1 h,
after which the material was aliquoted into clean amber 4 mL
bottles with Teflon-lined caps. Each bottle contains between
100 mg and 140 mg of material.

Conversion to dry-mass basis The results for the constituents
in SRM 2786 and SRM 2787 are reported on a dry-mass basis;
the material Bas received^ contains residual moisture. The
amount of moisture in the materials was determined by mea-
suring the mass loss after freeze-drying test portions of 100 mg
to 140 mg for 5 days at 1 Pa with a –20 °C shelf temperature
and a –50 °C condenser temperature. The mass fraction of
moisture in SRM 2786 at the time of certification analyses
was 1.7 %±0.5 % (expanded uncertainty) at the 95 % confi-
dence level, and the mass fraction of moisture in SRM 2787 at
the time of certification analyses was 1.2 %±0.3 % (expanded
uncertainty) at the 95 % confidence level.

PAHs, nitrated PAHs, and BDEs The approach used for the
value assignment of the PAHs, nitrated PAHs, and BDEs in
SRM 2786 and SRM 2787 was similar to that reported for the
recent certification of several environmental-matrix SRMs
[14] and consisted of combining results from analyses using
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various combinations of different extraction techniques,
cleanup/isolation procedures, and chromatographic separation
and detection techniques. See Electronic Supplementary
Material (ESM) Table S1 for details on the methods used for
the PAHs, nitrated PAHs, and BDEs.

Five sets of gas chromatography/mass spectrometry (GC/MS)
results were obtained at NIST. For the first GC/MS analyses,
duplicate test portions of between 10 mg and 30 mg from six
bottles of SRM 2786 or SRM 2787 were extracted using pres-
surized liquid extraction (PLE) at 150 °C with toluene. The
extract was fractionated using an aminopropyl solid-phase
extraction (SPE) column to isolate the fraction of interest.
The processed extract was then analyzed by GC/MS using a
0.25 mm i.d. × 60 m fused silica capillary column with a 50%
phenyl methylpolysiloxane phase (0.25 μm film thickness;
DB-17, Agilent Technologies, Wilmington, DE) and a
0.25 mm i.d. × 15 m fused silica capillary column with a
50 % liquid crystal polysiloxane phase (0.15 μm film thick-
ness; LC-50, J&K Scientific, Milton, Ontario, Canada). The
PAHs were determined on the DB-17 column using electron
impact MS (EI-MS). The PAHs were also determined on the
LC-50 column using EI-MS. The nitrated PAHs and BDEs
were determined on the LC-50 column using negative chem-
ical ionization MS (NCI-MS).

An additional method for the determination of the PAHs
used one test portion (100 mg) from each of six bottles ex-
tracted using PLE at 100 °C with dichloromethane (DCM).
Size exclusion chromatography (SEC) on a divinylbenzene-
polystyrene column (10 μm particle size, 10 nm (100 ang-
strom) pore size, 7.5 mm i.d. × 300 mm, PL-Gel, Polymer
Labs, Inc., Amherst, MA) was used. The fraction of interest
was further isolated using an alumina (5 % deactivated) SPE
column. The isolated fraction was then analyzed by GC/MS
using a 0.25mm i.d. × 60m fused silica capillary columnwith
a DB-17 MS phase (0.25 μm film thickness; Agilent
Technologies).

A third set of GC/MS analyses focused on the BDEs. Six
test portions (between 100 mg and 140 mg) were extracted
using PLE at 100 °C with DCM. The extracts were cleaned up
using an alumina (5 % deactivated) SPE column. SEC on a
divinylbenzene-polystyrene column (10 μm particle size,
10 nm (100 angstrom) pore size, 7.5 mm i.d. × 300 mm, PL-
Gel, Polymer Labs, Inc.) was then used. This step was follow-
ed by an acidified silica SPE column step. Two fractions were
collected from the acidified silica column. The BDEs were
quantified using GC/EI-MS on a 0.18 mm i.d. × 30 m fused
silica capillary column with a 5 % phenyl methylpolysiloxane
phase (0.18 μm film thickness; DB-5MS, Agilent
Technologies). The BDEs were also quantified using GC/
NCI-MS on a 0.18 mm i.d. × 10 m fused silica capillary
column with a DB-5 MS phase (0.18 μm film thickness;
Agilent Technologies).

For the fourth GC/MS method, duplicate test portions of
between 10 mg and 30 mg from three bottles of SRM 2786
and SRM2787were extracted using PLE at 100 °C (for one of
the test portions from each bottle) or at 150 °C (for the other
test portion from each bottle) with toluene. The extract was
fractionated using an aminopropyl SPE column to isolate the
fraction of interest. The processed extract was then analyzed
by GC/MS using a 0.25 mm i.d. × 60 m fused silica capillary
column with a proprietary non-polar phase (0.25 μm film
thickness; DB-XLB, Agilent Technologies) and a 0.25 mm
i.d. × 30 m fused silica capillary column with a DB-17MS
phase (0.25 μm film thickness; Agilent Technologies). The
PAHs were determined on the DB-XLB column using EI-
MS. The nitrated PAHs were determined on the DB-17MS
column using NCI-MS.

Duplicate test portions of 50 mg from three bottles of SRM
2786 and SRM 2787 were extracted using PLE at 100 °C with
DCM for an additional GC/MS determination of the PAHs.
The fraction of interest was further isolated using an alumina
(5 % deactivated) SPE column. The isolated fraction was then
analyzed by GC/MS using a 0.25 mm i.d. × 60 m fused silica
capillary column with a DB-17MS phase (0.25 μm film thick-
ness; Agilent Technologies).

For the methods described above, selected perdeuterated
PAHs, perdeuterated nitrated PAHs, and fluorinated and 13C-
labeled BDEswere added to the PM prior to solvent extraction
for use as internal standards for quantification purposes. The
reference mass fraction values for selected PAHs (biphenyl,
dibenzothiophene, phenanthrene, anthracene, 1-
methy lphenanthrene , 2-methy lphenanth rene , 3-
methylphenanthrene, 9-methylphenanthrene, 1,7-
dimethylphenanthrene, and retene) were significantly higher
in the extracts obtained using PLE at 150 °C compared to
those obtained using PLE at 100 °C.

HBCDs The second fraction from the acidified silica SPE
clean-up in the third GC/MS method above was analyzed by
liquid chromatography with tandem mass spectrometry (LC/
MS/MS) for the HBCDs using both electrospray ionization
(ESI) and atmospheric pressurized photoionization (APPI).
A C18 column (3.0 mm×150 mm×3.5 μm column, Eclipse
Plus, Agilent Technologies) was used with a solvent gradient
using 2.5 mmol/L ammonium acetate in 12.5 % water in
methanol (volume fraction) and acetonitrile at a flow rate of
0.3 mL/min. 13C-labeled HBCDs were added to the PM prior
to solvent extraction for use as internal standards for quantifi-
cation purposes.

Inorganic constituents other than mercury Value assign-
ment of the mass fractions of Cd and Pb were performed using
isotope dilution-inductively coupled plasma mass spectrome-
try (ID-ICP-MS) [15]. Two 50 mg samples taken from each of
four bottles of SRM 2786 and SRM 2787 were spiked with
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enriched 111Cd and 206Pb and subjected to microwave diges-
tion using 1 g of concentrated hydrofluoric acid and 9 g of
concentrated nitric acid. For Pb, a portion of the digested
samples was removed, heated to near-dryness, and redissolved
in 2 % (volume fraction) nitric acid prior to ICP-MS analysis.
For Cd, the remaining digested sample portions were subject-
ed to anion exchange chromatography to separate Cd from the
matrix prior to ICP-MS analysis.

Value assignment of the mass fractions of additional inor-
ganic constituents is based on instrumental neutron activation
analysis (INAA) and inductively coupled plasma optical emis-
sion spectrometry (ICP-OES). For INAA, direct analysis of
pellets formed from duplicate test portions (median sample
size of 1.3 mg) from each of 12 randomly selected bottles of
SRM 2786 and SRM 2787 was achieved by the comparator
technique with established multielement standards. Two sets
of irradiations were carried out in the RT-1 pneumatic facility
of the NIST Center for Neutron Research (NCNR). The irra-
diations for short-lived nuclides were done for 300 s.
Irradiation time was (6+6) h with a 180 degree inversion of
the irradiation capsule after the first 6 h for flux homogeneity.
For the gamma-ray assay of short-lived nuclides, measure-
ments were done 10 min after 8 min decay. Standards were
counted either before or after the samples for 5 min or 10 min
respectively. For the long irradiations, the first count was 2 h
after 3 d decay, the second count was 12 h after at least 25 d
decay with counts of the standards following the sample
counts.

For ICP-OES, one 50 mg sample was taken from each of
seven bottles of SRM 2786 and SRM 2787. The samples were
microwave-digested using 1 mL of concentrated hydrofluoric
acid and 9 mL of concentrated nitric acid. Following subse-
quent dilutions, the samples in 2 % (volume fraction) nitric
acid were analyzed by ICP-OES using optimized parameters
for each element.

Mercury Value assignment of the mass fraction of Hg is
based on isotope dilution cold-vapor ICP-MS [16–18].
Single subsamples (40 mg to 70 mg) were taken from each
of four bottles and spiked with 201 Hg followed by microwave
digestion.

Sugars Value assignment of the mass fractions of sugars is
based on the analysis of three samples (30 mg) of SRM 2786
and SRM 2787 at Texas A&M University [19]. The samples
were extracted using PLE at 100 °Cwith DCM:methanol (9:1,
volume fractions). The extracts were dried and redissolved in
py r i d i ne and then de r i va t i z ed u s i ng N ,O-b i s -
trifluoroacetamide (BSTFA) containing 1 % (volume fraction)
trimethylchlorosilane (TMCS) at 75 °C for 1 h. The sugars
were quantified using GC/EI-MS on a 0.25 mm i.d. × 30 m
fused silica capillary columnwith a DB-5 phase (0.25 μm film
thickness, Agilent Technologies).

Polychlorinated dibenzo-p-dioxins and dibenzofurans
Value assignment of the mass fractions of the 17 2,3,7,8-
substituted polychlorinated dibenzo-p-dioxin and dibenzofu-
ran congeners and the total tetra- through hepta-substituted
polychlorinated dibenzo-p-dioxins and dibenzofurans is based
on the analysis of four test portions (between 100 mg and
150 mg) of SRM 2786 and SRM 2787 by Environment
Canada. Samples were Soxhlet-extracted overnight with tolu-
ene. Extracts were concentrated and solvent exchanged to
hexane, then passed through a modified silica column follow-
ed by a basic alumina column. The dioxin/furan fraction was
analyzed by using GC with high-resolution mass spectromet-
ric detection (GC/HRMS) and a 0.25 mm i.d. × 60 m fused
silica capillary column with a DB-5 phase (0.25 μm film
thickness). The 2,3,7,8-tetrachlorodibenzofuran was quanti-
fied using a 50 % cyanopropylphenyl-substituted methylpoly-
siloxane (DB-225, Agilent Technologies) capillary column.

Particle-size information Particle size distribution measure-
ments for SRM 2786 and SRM 2787 were carried out using a
laser diffraction instrument (Mastersizer 2000, Malvern
Instruments, Southborough, MA) and the liquid suspension
method with the instrument manufacturer’s small-volume
sample dispersion unit (Hydro 2000 SM). A suspension of
0.1 % (mass fraction) of the PM in distilled water with
0.001 % Triton (volume fraction), was prepared by
ultrasonication for 1 h. A measurement sequence of back-
ground and sample measurement was used. After the record-
ing of the background, a portion of the suspension was added
to the measurement cell to achieve an obscuration of 5 %.
Three passes of the sample solution were recorded and aver-
aged. A refractive index of 1.5 and absorption index of 0.1
were selected for the measurements. Results were calculated
using the General Purpose Model provided by the instrument
manufacturer.

Analysis of RM 8785 filters for PAHs The individual filters
of RM 8785 were placed directly in PLE cells that were then
filled with hydromatrix and extracted using PLE at 100 °C
with DCM as the solvent. The extracts were concentrated
and fractionated using aminopropyl SPE columns to isolate
the fractions of interest. The isolated fractions were then ana-
lyzed by GC/MS using a 0.25 mm i.d. × 60 m fused silica
capillary column with a DB-17MS phase (0.25 μm film thick-
ness; Agilent Technologies).

Results and discussion

The goal in preparing SRM 2786 and SRM 2787 was to pro-
vide more contemporary PM reference materials with smaller
particle sizes. NISTattempted to perform a direct collection of
PM2.5 from the Baltimore, MD airshed over multiple years
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with a yield of only gram-quantity samples. As an alternate
approach to a direct collection of PM2.5, NIST began explor-
ing the suspension of existing air particulate samples with the
collection and processing of fractions of the particulate matter.
The resuspension method was first successfully attempted
using two SRMs that were available at the time, SRM 1648a
Urban Particulate Matter and SRM 1649b Urban Dust,
followed by the resuspension of the PM collected in Prague,
Czech Republic for SRM 2786 and SRM 2787.

SRM 1648a and SRM 1649b were collected in the mid-
1970s and sieved to < 53 μm and < 63 μm, respectively.
Historically, SRM 1648a has been used primarily for the eval-
uation of methods used in inorganic analysis, and SRM 1649b
has been used primarily for the evaluation of methods used in
organic analysis although both materials have been character-
ized over the years for additional classes of analytes, organic
and inorganic, respectively [14].

Comparing the particle size of the four materials, the shape
parameters from the particle-size distributions indicating
mean particle diameters are 5.85 μm for SRM 1648a,
10.5 μm for SRM 1649b, 2.8 μm for SRM 2786, and
8.3 μm for SRM 2787 and the particle sizes below which
90 % of the volume is present are 30.1 μm for SRM 1648a,
43.2μm for SRM 1649b, 6.9 μm for SRM 2786, and 23.9 μm
for SRM 2787. The mean particle size in SRM 1648a is small-
er than that of SRM 2787; however, 90 % of the particles in
SRM 2787 are below 23.9 μm compared to 30.1 μm for SRM
1648a. The particle size distributions for SRM 2786 and 2787
are shown in Fig. 1.

Since the development of the first natural-matrix SRMs for
organic contaminants at NIST over 30 years ago, the assign-
ment of certified mass fraction values has been based on the
combination of results from two ormore independent methods
[20]. Currently, NIST SRMs for chemical composition are
assigned mass fraction values designated as certified, refer-
ence, or information values based on the number and indepen-
dence of the analytical methods used, source of the results,
and degree of confidence in the accuracy of the assigned value
[14, 20].

Tables 1, 2, 3, and 4 summarize the certified, reference, and
information mass fraction values for selected PAHs, nitrated
PAHs, BDE congeners, and inorganic constituents, respec-
tively, in SRM 2786 and SRM 2787. In addition to the values
listed in Tables 1 through 4, there are reference mass fractions
for selected PCDD and PCDF congeners, for the total tetra-,
penta-, hexa-, and hepta-substituted congeners of PCDD and
PCDF, and for levoglucosan, mannosan, and glactosan [19]
along with information values for three HBCD isomers in-
cluded on the Certificates of Analysis for SRM 2786 and
SRM 2787. The individual method data for all of the organic
analytes listed on the Certificates of Analysis are summarized
in ESM Tables S2 and S3 for SRM 2786 and SRM 2787,
respectively, and the individual method data for the inorganic

constituents characterized in the two SRMs are summarized in
ESM Table S4.

As mentioned in the Experimental Section, the mass frac-
tions of PAHs in these materials were determined using be-
tween one and six analytical methods all based on PLE with
either DCM or toluene as the extraction solvent and extraction
temperatures between 100 °C and 150 °C followed by analysis
using GC/MS with one of three column phases, DB-17MS,
DB-XLB, or LC-50. The mass fractions of nitrated
PAHs (Table 2) were determined using between one and three
analytical methods also based on PLE with toluene as the ex-
traction solvent and extraction temperatures between 100 °C
and 150 °C followed by analysis using GC/MS with either a
DB-17MS or LC-50 column. Recent studies [24, 25] on sol-
vent extraction of other air particulate matter SRMs have
shown that using PLE at 200 °C removes higher quantities than
using PLE at 100 °C or 150 °C for some PAHs and nitrated
PAHs. As a result of these studies, SRM 2786 and SRM 2787
were reanalyzed for determination of PAHs using PLE at
200 °C, and no statistically significant differences were found.

Fig. 1 Particle size distribution for SRM 2786 (top) and SRM 2787
(bottom) after 1 h. The solid line represents the volume in %. See
BParticle-Size Information^ for additional information
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The selection of the three GC columns, DB-17MS, DB-
XLB, and LC-50, used for the analysis of the PAHs is based
on the unique properties of each column to separate certain
isomers of the PAHs. These characteristics have been
discussed by Poster et al. [26]. Using the molecular mass
228 isomers as an example, chrysene and triphenylene are
baseline separated on the DB-XLB column and the LC-50
column but not on the DB-17MS column. The DB-17MS
and LC-50 columns are used for the nitrated PAHs due to their
ab i l i ty to separa te 2-n i t ro f lu roanthene f rom 3-
nitrofluoranthene [27]. The use of two or more columns to
separate isomers provides more confidence that there are no
underlying interferences.

As mentioned in the introduction, RM 8785 Air Particulate
Matter on Filter Media was used in the third interlaboratory
study for the PM2.5 Organic Speciation Working Group. This
RM, which consists of a fine fraction, particle sizes
nominally < 2.5 μm, of SRM 1649a deposited on quartz-
fiber filters (nominally 1 mg of particulate matter on each
filter), was developed for the evaluation of analytical methods
used to characterize the carbon composition of atmospheric
fine PM. The preparation and characterization of RM 8785 is
described by Klouda et al. [12]. Prior to using it in the third
interlaboratory study, the mass fractions of selected PAHs and
nitrated PAHs were determined on whole (n=16) and partial
(n=16) filters to evaluate the homogeneity of the RM for PAH
measurements. The overall relative standard deviations
(RSDs) for measurements of the PAHs ranged from 3 % to
11 % with no significant differences in the RSDs for analysis
of the whole filters and the partial filters (see ESM Fig. S1).
Comparing the mass fractions determined for selected PAHs
and nitrated PAHs for the whole filters to the mass fractions of
those compounds in SRM 1649a (Table 5), the mass fractions
are generally higher (between 3 % and 85 % with the major-
ity<25 %) in the fine fraction deposited on the filters (RM
8785). The two exceptions are benz[a]anthracene and
benzo[b]fluoranthene which have lower mass fractions,
13 % and 10 %, respectively, in RM 8785 than in SRM
1649a. The data in Table 5 will be useful for investigators

Table 1 Mass fractions (mg/kg, Dry-Mass Basis) for selected PAHs in
SRM 2786 fine particulate matter (<4 μm) and SRM 2787 Fine particu-
late matter (<10 μm). Bolded values are Certified Mass Fractions and
Other Values are Reference Mass Fractionsa

PAH SRM 2786 SRM 2787

Naphthalene 0.513 ± 0.44 0.319 ± 0.022

1-Methylnaphthalene 0.151 ± 0.013 0.113± 0.008

2-Methylnaphthalene 0.278 ± 0.017 0.213 ± 0.014

1,6-Dimethylnaphthalene 0.152 ± 0.017 0.121 ± 0.013

Biphenyl 0.263 ± 0.025 0.325 ± 0.011

Acenaphthylene 0.282 ± 0.019 0.153 ± 0.002

Dibenzothiophene 0.239 ± 0.007 0.252 ± 0.007

Phenanthrene 4.14 ± 0.09 4.55 ± 0.06

Anthracene 0.607 ± 0.066 0.398 ± 0.009

1-Methylphenanthrene 0.700 ± 0.027 0.902 ± 0.060

2-Methylphenanthrene 0.988 ± 0.050 1.16 ± 0.03

3-Methylphenanthrene 0.677 ± 0.057 0.905 ± 0.074

9-Methylphenanthrene 0.445 ± 0.020 0.545 ± 0.044

2-Methylanthracene 0.171 ± 0.005 0.135 ± 0.003

1,7-Dimethylphenanthrene 0.738 ± 0.095 1.94 ± 0.13

4-H-cyclopenta[def]phenanthrene 0.368 ± 0.038 0.57 ± 0.19

Fluorene 0.195 ± 0.014 0.150 ± 0.010

Fluoranthene 10.28 ± 0.36 12.28 ± 0.21

1-Methylfluoranthene 0.452 ± 0.048 0.554 ± 0.049

3-Methylfluoranthene 0.82 ± 0.17 1.02 ± 0.16

Pyrene 8.01 ± 0.22 9.60 ± 0.39

1-Methylpyrene 0.942 ± 0.096 1.23 ± 0.07

4-Methylpyrene 1.01 ± 0.13 1.03 ± 0.10

Retene 3.30 ± 0.12 4.23 ± 0.26

Cyclopenta[cd]pyrene 0.361 ± 0.056 0.293 ± 0.040

Benzo[ghi]fluoranthene 3.158 ± 0.098 3.44 ± 0.20

Benzo[c]phenanthrene 1.597 ± 0.052 1.90 ± 0.10

Benz[a]anthracene 4.82 ± 0.17 5.79 ± 0.11

Chrysene 6.82 ± 0.53 7.74 ± 0.76

3-Methylchrysene 0.773 ± 0.035 0.747 ± 0.059

6-Methylchrysene 0.651 ± 0.082 0.642 ± 0.099

Triphenylene 1.794 ± 0.041 1.724 ± 0.016

Benzo[b]fluoranthene 7.51 ± 0.36 6.56 ± 0.27

Benzo[j]fluoranthene 4.37 ± 0.32 3.77 ± 0.25

Benzo[k]fluoranthene 3.48 ± 0.32 2.94 ± 0.11

Benzo[a]fluoranthene 0.898 ± 0.037 0.736 ± 0.017

Benzo[e]pyrene 4.77 ± 0.28 4.05 ± 0.22

Benzo[a]pyrene 3.70 ± 0.13 3.228 ± 0.074

Perylene 0.769 ± 0.020 0.737 ± 0.012

Benzo[ghi]perylene 5.60 ± 0.41 4.99 ± 0.14

Indeno[1,2,3-cd]pyrene 4.87 ± 0.36 4.18 ± 0.24

Dibenz[a,c]anthracene 0.509 ± 0.052 0.418 ± 0.067

Dibenz[a,j]anthracene 0.610 ± 0.015 0.502 ± 0.012

Dibenz[a,h]anthracene 0.717 ± 0.029 0.53 ± 0.11

Benzo[b]chrysene 0.662 ± 0.022 0.581 ± 0.030

Picene 1.242 ± 0.031 1.074 ± 0.047

Table 1 (continued)

PAH SRM 2786 SRM 2787

Coronene 2.156 ± 0.087 1.70 ± 0.15

Dibenzo[b,k]fluoranthene 1.013 ± 0.082 0.823 ± 0.027

Dibenzo[a,e]pyrene 0.812 ± 0.081 0.567 ± 0.034

Dibenzo[a,h[pyrene 0.269 ± 0.013 0.248 ± 0.011

aValues are the mean of results from one or more analytical methods and
the associated expanded uncertainty. The uncertainty listed with each
value is an expanded uncertainty about the mean [21], with coverage
factor, k= 2 (approximately 95 % confidence), calculated by combining
a pooled within-method variance with a between-method variance fol-
lowing the ISO Guide [21–23]
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who need a filter material for use as a control material for PAH
analyses in PM.

The BDE values (Table 3) were based on one to three sets
of data using PLE with DCM or toluene as the extraction
solvent and extraction temperatures between 100 °C and
150 °C and analysis using GC/MS with either a 10 m DB-5
column, 30 m DB-5 column, or an LC-50 column. The use of
the shorter 10 m DB-5 column and on-column injection re-
sults in the elution of the fully brominated congener (BDE
209) without degradation on-column [28].

The inorganic data (Table 4) were based on results from a
definitive analytical method (ID-ICP-MS) for total Hg, Cd,
and Pb, or data from either INAA, ICP-OES, or combining
data from INAA and ICP-OES. The inorganic data from the
individual methods are listed in ESMTable S4 for both SRMs.

For the certified values, the majority of the relative expand-
ed uncertainties are<8 %. The heterogeneity of SRM 2786
and SRM 2787was assessed for the PAHs, nitrated PAHs, and
BDEs by analyzing duplicate 10 mg to 30 mg test portions
from six bottles selected by stratified random sampling. No
statistically significant differences among bottles were ob-
served for the three classes of compounds at the 30 mg sample
size. The assessment of the heterogeneity of SRM 2786 and
SRM 2787 for inorganic constituents was based on the INAA
results for the test portions from 12 bottles (median sample
size of 1.3 mg). Calculated elemental homogeneity factors
(He) [29] range from 1.3 for Al to 10 for Ti, which indicates
that SRM 2786 and SRM 2787 are suitable for milligram-size
sampling for inorganic constituents.

Table 2 Mass fractions (μg/kg, Dry-Mass Basis) for selected nitrated
PAHs in SRM 2786 fine particulate matter (<4 μm) and SRM 2787 fine
particulate matter (<10 μm). Bolded values are Certified Mass Fractions
and Other Values are Reference Mass Fractionsa

Nitro-PAH SRM 2786 SRM 2787

9-Nitroanthracene 841 ± 51 942 ± 55

3-Nitrophenanthrene 32.4 ± 6.0 26.2 ± 8.3

9-Nitrophenanthrene 12.3 ± 2.8 12.50± 0.40

1-Nitropyrene 85.9 ± 5.5 69.5 ± 3.0

2-Nitrofluoranthene 330 ± 37 280 ± 34

3-Nitrofluoranthene 5.28± 0.75 7.18± 0.70

7-Nitrobenz[a]anthracene 105 ± 4 98.9 ± 3.5

a Values are the mean of results from one or more analytical methods and
the associated expanded uncertainty. The uncertainty listed with each
value is an expanded uncertainty about the mean [21], with coverage
factor, k= 2 (approximately 95 % confidence), calculated by combining
a pooled within-method variance with a between-method variance fol-
lowing the ISO Guide [21–23]

Table 3 Mass fractions (μg/kg, Dry-Mass Basis) for selected BDE
congeners in SRM 2786 fine particulate matter (<4 μm) and SRM 2787
fine particulate matter (<10 μm). Bolded values are Certified Mass
Fractions and Other Values are Reference Mass Fractionsa

PBDE Congener SRM 2786 SRM 2787

BDE 99 (2,2′,4,4′,5-PentaBDE) 7.60± 0.03 5.83± 0.73

BDE 100 (2,2′,4,4′,6-PentaBDE 2.34± 0.42 2.19± 0.34

BDE 153 (2,2′,4,4′,5,5′-HexaBDE) 1.71± 0.10 1.52± 0.27

BDE 154 (2,2′,4,4′,5,6′-HexaBDE) 0.924 ± 0.033 0.88± 0.20

BDE 191 (2,3,3′,4,4′,5′,6-HeptaBDE) 0.810 ± 0.044 0.76± 0.20

BDE 209 (DecaBDE) 243 ± 14 169 ± 30

a Values are the mean of results from one or more analytical methods and
the associated expanded uncertainty. The uncertainty listed with each
value is an expanded uncertainty about the mean [21], with coverage
factor, k= 2 (approximately 95 % confidence), calculated by combining
a pooled within-method variance with a between-method variance fol-
lowing the ISO Guide [21–23]

Table 4 Mass fractions (mg/kg, Dry-Mass Basis) for selected trace
elements in SRM 2786 fine particulate matter (<4 μm) and SRM 2787
fine particulate matter (<10 μm). Bolded values are Certified Mass
Fractions and Other Values are Reference Mass Fractionsa

Element SRM 2786 SRM 2787

Total Mercury 5.32 ± 0.14 0.706 ± 0.038

Aluminum 33480 ± 700 35970 ± 1050

Antimony 192.1 ± 9.4 125.8 ± 6.5

Arsenic 36.7 ± 1.1 29.9 ± 1.0

Cadmium 4.34 ± 0.07 4.53 ± 0.12

Calcium 73500 ± 1900 57200 ± 1600

Cesium 4.01 ± 0.22 4.20 ± 0.23

Chlorine 17390 ± 440 18850 ± 470

Chromium 462.2 ± 1.5 214 ± 15

Cobalt 19.55 ± 0.96 15.91 ± 0.82

Copper 847 ± 13 683 ± 14

Hafnium 4.1 4.6

Iron 48900 ± 2400 43300 ± 2200

Lanthanum 20.72± 0.68 20.91 ± 0.62

Lead 286 ± 3 240 ± 5

Manganese 780 ± 39 741 ± 30

Magnesium 8300 9060

Nickel 243 ± 4 87.8 ± 1.5

Samarium 2.840 ± 0.090 3.05 ± 0.10

Scandium 7.2 7.7

Sodium 14920 ± 320 14790 ± 370

Thorium 5.8 6.0

Titanium 2460± 140 2770± 120

Vanadium 85.5 ± 6.5 81.7 ± 6.1

Zinc 1793± 88 1820± 94

a Values are the mean of results from one or more analytical methods and
the associated expanded uncertainty. Note that the information values are
reported with no expanded uncertainty. The uncertainty listed with each
value is an expanded uncertainty about the mean [21], with coverage
factor, k= 2 (approximately 95 % confidence), calculated by combining
a pooled within-method variance with a between-method variance fol-
lowing the ISO Guide [21–23]
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The total suspended PM used to prepare SRM 2786 and
SRM 2787 was collected in Prague, Czech Republic during
2005, approximately 30 years later than the particulate matter
used for SRM 1648a which was collected in St. Louis, MO
and for SRM 1649b which was collected in Washington, DC.
Figure 2 shows a comparison of the mass fractions of selected
compounds in the four materials; note, however, that the
BDEs, PCDDs, and PCDFs were not characterized in SRM
1648a. The mass fractions of the PAHs and nitrated PAHs are
not significantly different among the materials with the excep-
tion of some of the methylated phenanthrenes. The mass frac-
tion of 1-methylphenanthrene is approximately 2.5 times
higher in SRM 1648a than in SRM 2787 which is almost 3
t imes higher than SRM 1649b. The other three
methylphenanthrenes, 2-, 3-, and 9-, have similar mass frac-
tions in the four materials. The only dimethylphenanthrene
quantified in the materials is 1,7-dimethylphenanthrene; its
mass fraction is highest in the two contemporary materials.
Retene which is indicative of wood burning is found at higher

mass fractions in the two contemporary materials. This differ-
ence most likely indicates the tendency of US city dwellers,
particularly in the 1970s, not to use wood stoves. The mass
fractions of the BDEs also tend to be higher in the 2005 col-
lection. This may be due to the increased use of brominated
flame retardants in the late 1990s. The total mass fraction of
PCDDs and PCDFs were higher in SRM 1649b than in the
more contemporary materials.

Pb and Cd show interesting differences in the four mate-
rials but are not shown in Fig. 2. The mass fractions of Pb and
Cd in SRM 2786 and SRM 2787 are similar (Table 4). In

Table 5 Mass fractions (mg/kg, Dry-Mass Basis) for selected PAHs
and nitrated PAHs in SRM 8785 air particulate matter on filter media and
SRM 1649a urban dust. For SRM 1649a bolded Values are Certified
Mass Fractions and Other Values are Reference Mass Fractions

PAH RM 8785a SRM 1649ab

Phenanthrene 5.03 (0.32) 4.14± 0.37

Anthracene 0.80 (0.04) 0.432 ± 0.082

Fluoranthene 6.81 (0.31) 6.45± 0.18

Pyrene 5.45 (0.24) 5.29± 0.25

Benz[a]anthracene 1.92 (0.18) 2.210 ± 0.073

Chrysene and triphenylene 4.97 (0.29) 4.41± 0.06

Benzo[b]fluoranthene 5.81 (0.38) 6.45± 0.64

Benzo[j]fluoranthene 2.26 (0.24) 1.5 ± 0.4

Benzo[k]fluoranthene 2.06 (0.16) 1.913 ± 0.031

Benzo[e]pyrene 3.44 (0.24) 3.09± 0.19

Benzo[a]pyrene 3.14 (0.28) 2.509 ± 0.087

Perylene 0.68 (0.03) 0.646 ± 0.075

Indeno[1,2,3-cd]pyrene 3.62 (0.27) 3.18± 0.72

Benzo[ghi]perylene 5.38 (0.44) 4.01± 0.91

Dibenz[ah]anthracene 0.41 (0.04) 0.288 ± 0.023

1-Nitropyrene 0.111 (0.012) 0.0709± 0.0043

2-Nitrofluoranthene 0.394 (0.018) 0.313 ± 0.038

a Values are the mean and associated standard deviation of the mean in
parentheses from the analysis of 16 filters for the PAHs and 4 filters for
the nitrated PAHs
b Certified (in bold) or reference values for SRM 1649a, the precursor to
the currently available SRM 1649b. The values are the equally-weighted
mean of the means from two or more independent analytical methods.
Each uncertainty, computed as described in the ISO Guide [21–23], is an
expanded uncertainty at the 95 % level of confidence, which includes
random sources of uncertainty within each analytical method as well as
uncertainty due to the drying study

Fig. 2 Comparison of the mass fractions of selected compounds in the
four PM SRMs available from NIST. Note that the BDEs, PCDDs, and
PCDFs were not characterized in SRM 1648a. Values shown are the
certified or reference values and associated expanded uncertainties from
the respective Certificates of Analysis

4264 M.M. Schantz et al.



SRM 1649b, however, the mass fraction of lead is (12,860
±60) mg/kg approximately 50 times higher than in the fine
PMs. It is even higher in SRM 1648a at (65,500±3300) mg/
kg. The mass fraction values of Cd in SRM 1649b and SRM
1648a are (26.10±0.28) mg/kg and (73.7±2.3) mg/kg, re-
spectively, which are approximately 6 and 18 times higher
than in the fine PM SRMs. SRM 1648 and SRM 1649 were
collected in the mid-1970s when the use of Pb-containing
gasoline was still prevalent. Clements et al. [4] noted that the
concentrations for Cd and Pb in their study (collections in
2010 and 2011) were more than an order of magnitude lower
than values reported in January 1982. These differences illus-
trate why particulate materials from contemporary collections
are important for quality control in contemporary studies.

SRMs 2786 and 2787 were both obtained from the
same total suspended PM; however, there are differences
in the mass fractions of the individual analytes. For the
PAHs, the mass fractions in SRM 2787 range from 46 %
lower to 163 % higher (with the majority between 15 %
lower and 20 % higher) than those in SRM 2786. The
differences are not as large for the BDEs with all of the
values in SRM 2787 being lower than those in SRM 2786
(from 6 to 30 % lower). For the inorganic constituents,
the largest difference is for total Hg with the value in
SRM 2787 being 87 % lower than that in SRM 2786.
This difference illustrates the need for having the two
SRMs with differing particle sizes.

SRM 2786 and 2787 are the first Bnatural^ or field-
collected fine particulate matter CRMs with values assigned
for both organic and trace element. The two fine particulate
matter CRMs issued by IRMM (ERM CZ100 and ERM
CZ120), both issued in 2010, were prepared from TSP
collected from a road tunnel in Warsaw, Poland. The TSP
was sieved to less than 0.5 mm and then ground using a
jet-mill to produce a fine dust with 50 volume percent
below 7.59 μm and 90 volume percent below 20 μm.
ERM CZ100 is characterized for content of seven PAHs
and the mass fractions of the individual PAHs are approx-
imately a factor of 4 less than the content of SRM 2786
and SRM 2787. For the trace element content, SRM 2786
and SRM 2787 have mass fractions a factor of 3 to 5
higher than the content in ERM-CZ120.

SRM 2786 and SRM 2787 have been used to evaluate new
methods and determine additional analytes as illustrated for
the sugars in the paper by Louchouarn et al. [19] and more
recently to evaluate a relatively new extraction method (Quick
Easy Cheap Effective Rugged and Safe, QuEChERS) for the
analysis of nitrated and oxygenated PAHs [30]. Such studies
are important for adding information on additional com-
pounds and parameters to the materials. This need for addi-
tional characterization of available reference materials was
recently reiterated in a review article by Parshintsev and
Hyötyläinen [31].

Conclusion

SRM 2786 Fine Particulate Matter (<4 μm) and SRM 2787
Fine Particulate Matter (<10 μm) are the most characterized
fine PM reference materials currently available, having been
characterized for a wide range of organic and inorganic con-
stituents. The mass fractions of the constituents represent
those in a contemporary urban environment and complement
the mass fractions found in existing SRMPMs collected in the
mid-1970s which have a wider particle size range. These
SRMs will be useful in method development and quality con-
trol for measurements related to constituents in fine PM.
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