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ABSTRACT

ARTICLE HISTORY

Eight institutes using 12 different instruments analyzed newly developed multi-element reference materials (RM) for atmospheric particulate matter (PM) measurements. These RM
have the potential to fill a gap in the currently available quality assurance resources for
element analysis of PM samples such as X-ray fluorescence and inductively-coupled plasma
mass spectrometry. This study evaluates the performance of these new RM generated by
the University of California, Davis. The methodological challenge was to determine the reference loadings on the RM. Gravimetry is the most robust method to determine the sample
deposit mass but cannot be used for these RM because some solution components are
volatile and result in unpredictable total mass loadings on the RM. Instead of using gravimetry, a single well-measured element, along with the assumption that the relative mass fractions in the solutions were maintained in the aerosol deposited on the filters, was used to
determine the reference loadings on the RM. This assumption appears to be valid for most
elements in the solutions; notable exceptions include volatile species such as chlorine and
bromine. Results from the 12 different instruments in the inter-laboratory evaluation agreed
very well with the reference loadings (adjusted R2 > 0.9 and slope between 0.7 and 1.3) for
17 of the 28 elements. In many cases, one or two instruments did not meet the performance criteria, which points to individual instrument calibration problems. For the 11 elements that did not perform as well, development work continues, and this intercomparison
helped identify and fix a source of contamination in the system used to create the RM.

Received 14 November 2018
Accepted 14 March 2019
EDITOR
Pramod Kulkarni

Introduction
Most chemical measurements are made using comparative techniques by which an instrument response
for an unknown sample is compared with the
responses to samples of known composition. The
samples with known concentrations are referred to
as reference materials (RM) (Taylor 1985; ISO 2000;
Kane 2000) and are referred to as “standards” when
used to calibrate the instrument. By comparing the
measured instrument response to the RM known
concentrations, a calibration curve is developed.

Then the developed calibration curve equation is
applied to all subsequent instrument responses to
determine unknown concentrations. A calibration
curve is generally only valid for the range of measurements used to develop it (Taylor 1985; ISO 2000).
Ideally, calibrations are performed using multiple
RM with concentrations spanning the range of
expected sample concentrations in the planned study.
Spanning the range is important for determining the
appropriate relationship between the instrument
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response and concentrations because sometimes
responses are not linear throughout the measurement
range (i.e., become non-linear at low or high concentrations). It is also important to use RM with the
same sample matrix and media as the unknown samples that will be analyzed to properly account for
interferences.
RM are readily available for many analytical techniques but are not directly applicable to atmospheric
particulate matter (PM) measurements. Several large
PM measurement networks collect samples on polytetrafluorethylene (PTFE) membranes for laboratory
analysis; energy dispersive X-ray fluorescence (EDXRF) or inductively coupled plasma mass spectrometry (ICP-MS) are used to measure the elemental content of these samples (Hansen et al. 2003; DabekZlotorzynska et al. 2011; Hand et al. 2012; Solomon
et al. 2014). ED-XRF is most commonly used because
it does not require any sample preparation, is nondestructive, and is not affected by the molecular or
atomic structure of the elements. No RM are shared
between ED-XRF and ICP-MS, and biases exist
between concentrations reported by the two techniques (Brown et al. 2010; Yatkin, Gerboles, and
Borowiak 2012; Kang et al. 2014).
Most ED-XRF measurements of atmospheric PM
samples rely on a limited range of RM: one multielement standard reference material (SRM2783) produced by the National Institute of Standards and
Technology (NIST) along with a variety of thin film
RM produced by MicromatterTM (Vancouver,
Canada). NIST SRM2783 was prepared by filtration of
a homogenous liquid suspension of urban dust from
Vienna, Austria, onto Nuclepore polycarbonate membrane (0.4 mm pore size) filters (Wise and Watters
2002). SRM2783 represents a specific location and
emissions mix, and certified loadings are not provided
for some elements of interest. The SRM2783 certificate of analysis provides uncertainties for the certified
elements varying from 2% to 19% with an average of
10%, and a reference rather than certified value is
given for some elements including S with an uncertainty of 25%. Therefore, for several elements, the
XRF calibration curves are based solely on
Micromatter RM. Both the NIST and Micromatter
RM are deposited on Nuclepore membranes not
PTFE, which means that the spectral background subtraction is quite different than for the PM samples.
The NIST SRM2783 membrane does not have a support ring, making it difficult to keep flat and achieve
consistent radiation exposure on the surface. In addition, the available RM do not adequately cover the

range of measurements experienced in the sampling
networks; most Micromatter RM have loadings that
are orders of magnitude higher than typical atmospheric samples. The Micromatter RM are vacuumdeposited thin films, and are thus not similar to the
PM samples in physical composition. Significant differences between the NIST and Micromatter standards
are observed for some elements (e.g., Zn, likely
because the Micromatter standards are nonstoichiometric).
Most ICP-MS measurements of atmospheric PM
samples are calibrated using reference solutions produced by chemical manufacturers (Sigma, Pure
Standards, etc.). ICP-MS labs check their digestion
efficiency using certified dusts (e.g. NIST SRM 1648
and ERMCZ120 by European Union) instead of filterbased RM. The RM developed herein are highly soluble in dilute acid and while they do require the
extraction step, they do not challenge the extraction
efficiency (Yatkin et al. 2018).
Measurement interferences complicate results and
can be difficult to address; ED-XRF calibrations are
often performed with pure, single-species RM that
lack the complicated matrix of real samples, particularly environmental samples. Multi-element RM are
particularly important for evaluating nonselective analysis techniques, such as ED-XRF which generates
energy emission spectra from all the excited elements
simultaneously and the resulting spectra typically have
several overlapping, escape, and sum peaks. In ICPMS, spectral overlaps and sample preparation may
cause interferences, loss of elements, and/or contamination. In addition, multi-element RM are the most
efficient way to evaluate instrument stability as it is
not practical to analyze 20–40 single-element reference
filters (one for each measured element) frequently.
Many XRF laboratories have generated RM mimicking ambient or work place PM compositions,
mainly for specific studies (Foster 2000; Vanhoof,
Corthouts, and De Brucker 2000; Szilagyi and
Hartyani 2005; Stacey and Butler 2008; Canepari et al.
2009; Brown et al. 2010; Ozt€
urk et al. 2011; Yatkin,
Gerboles, and Borowiak 2012; Oster, Labarraque, and
Fisicaro 2015). The Air Quality Research Center
(AQRC) at the University of California Davis (UCD)
has successfully created and distributed RM for
atmospheric PM measurements using a system consisting of an atomizer, aerosol chamber, and sampler
(Indresand et al. 2013). The RM are prepared by aerosolizing a solution containing elements of interest,
drying the aerosols, mixing the aerosols in a chamber,
and then sampling PM from the chamber using the
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Table 1. Participating laboratories and their analytical techniques.
Laboratory
University of California, Davis, Air Quality Research Center, USA
Desert Research Institute, USA
ICP-MS – Perkin Elmer NexIon 300D
Research Triangle Institute, USA
European Commission, Joint Research Center, Directorate for Energy,
Transport and Climate, Ispra, Italy
Health and Safety Lab, UK
South Coast Air Quality Management District, USA
Institute of Geological and Nuclear Sciences, New Zealand
Malvern Panalytical, Almelo, The Netherlands
a

Analytical techniques
ED-XRF – PANalytical Epsilon 5
ED-XRF – PANalytical Epsilon 5
ED-XRF – Thermo Quant’X
ED-XRF – Thermo Quant’X
ED-XRF – PANalytical Epsilon 5
ICP-MS – Thermo ICAP-Q
ED-XRF – PANalytical Epsilon 5
ICP-MS – Perkin Elmer ELAN DRC-e
ED-XRF – PANalytical Epsilon 5
Proton Induced X-ray Emission (PIXE)a
ED-XRF – PANalytical Epsilon 5

The PIXE results are labeled as XRF to keep the results anonymous and because the techniques are similar.

same PM sampler and substrates as used in major
aerosol sampling networks. This system has successfully been used to generate single-element RM from
pure salt solutions or suspensions of nanoparticles
(Indresand et al. 2013; Yatkin et al. 2016). AQRC performs ED-XRF measurements for the Interagency
Monitoring of PROtected Visual Environments
(IMPROVE) network and Chemical Speciation
Network (CSN), and our primary goal in this work is
to create RM to support the measurements in these
networks. IMPROVE is a PM monitoring network
with over 160 sites located in rural areas throughout
the United States (http://vista.cira.colostate.edu/
IMPROVE/Publications/SOPs/ucdsop.asp), and CSN
is a PM monitoring network with over 130 sites
located in urban areas throughout the United States
(https://www3.epa.gov/ttnamti1/speciepg.html). Both
networks collect PM samples with aerodynamic diameter less than 2.5 lm (PM2.5) on PTFE filters and analyze them by ED-XRF for element content. Wet
chemistry analytical techniques, such as ICP-MS, are
calibrated using acidic reference solutions, which can
be customized to a wide range of concentrations and
compositions. We recently produced RM from these
reference solutions at concentrations relevant to
atmospheric PM monitoring networks and on filter
media commonly used in PM monitoring networks
(Yatkin et al. 2018).
This study describes an inter-laboratory comparison to evaluate the performance of these new multielement RM. Assigning reference loadings for the RM
was a methodological challenge, and this inter-comparison further evaluates the approach to assigning
the reference loadings. The RM were analyzed by 12
different instruments at eight different institutes. The
analytical results are compared against the assigned
reference loadings. In addition to evaluating the RM,
this study provides a rare opportunity to compare

XRF and ICP-MS results from several instruments.
International laboratory (and instrument) inter-comparisons such as this are important for confidence in
the elemental concentration results and subsequent
data analytics (e.g., receptor modeling) being reported
across the literature.

Materials and methods
The system used to generate the RM consists of a
constant
output
atomizer
(TSI-3076,
TSI
Incorporated, MA, USA), filtered air supply, diffusion
dryer, mixing chamber, and sampler (Indresand et al.
2013; Yatkin et al. 2016). The RM were collected on
PTFE membrane filters (Teflo, 47 mm, 3.0 lm pore
size; Pall Life Sciences, Ann Arbor, MI, USA) using a
Partisol sampler (Thermo Inc., USA). Further details
on the UCD aerosol generation system and sampler
can be found in the work by Yatkin et al. (2016).
Two mixtures containing 28 elements of interest
were prepared from certified multi-element solutions
(High Purity Standards, the USA) by micro-pipetting
the certified solutions into 350 mL de-ionized water
(MilliQ Academic, Millipore, USA) in pre-cleaned
glass bottles. Contamination from the glass bottles
was ruled out by verifying that the ratios of Si to
other elements were stable on the RM and the same
as in the solution itself. The first mixture, hereafter
called atmospheric, was designed to simulate the
IMPROVE range of elemental concentrations and had
elemental ratios close to the median IMPROVE values. On the atmospheric RM, the mass loadings of
major elements (Na, Mg, Al, Al, Si, S, K, Ca, Ti, Fe,
and Zn) were higher than three times the UCD XRF
detection limits whereas the mass loadings of trace
elements (P, Cl, V, Cr, Mn, Co, Ni, Cu, As, Se, Br,
Rb, Sr, Zr, Mo, Cd, Ba, and Pb) were below or close
to the UCD XRF detection limits. To make trace
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Table 2. Summary of the linear regressions on the measured versus reference mass loadings for all participating instruments.
Regression coefficient
(adjusted R2)
Element
Na
Mg
Al
Si
P
S
Cla
K
Ca
Ti
V
Cr
Mn
Fe
Co
Ni
Cub
Znb
As
Se
Bra
Rb
Sr
Zr
Mo
Cd
Ba
Pb

No. inst.
10
10
10
10
6
9
8
10
10
10
12
12
12
12
10
12
12
12
12
12
8
9
10
9
9
12
11
12

Minimum
0.58
–0.01
0.95
0.93
0.87
1.00
–0.10
0.96
0.91
0.95
0.99
1
1
0.95
0.95
0.98
0.62
0.54
0.99
0.99
0
0.85
0.78
0.62
0.04
0.86
0.12
0.79

Maximum
1.00
0.99
1.00
1.00
1.00
1.00
0.60
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
0.86
1.00
1.00
1.00
0.80
1.00
1.00
1.00
1.00
1.00
0.99
1.00

Slopes
Minimum
0.62
0.22
0.68
0.47
0.21
0.88
0.08
0.91
0.93
0.53
0.96
0.95
0.95
0.91
0.85
0.95
1.79
0.89
0.74
0.87
0.06
1.04
0.98
0.68
0.52
0.96
0.01
0.64

Maximum
1.77
1.85
1.27
1.03
5.20
1.63
0.18
1.54
1.29
1.30
1.39
1.27
1.39
1.18
1.32
1.28
2.59
1.51
1.43
1.24
0.31
1.26
1.33
1.51
1.34
1.65
2.49
1.31

No. of instruments meeting criteria
Coef (R2)
9
4
10
10
5
9
0
10
10
10
12
12
12
12
10
12
0
11
12
12
0
8
9
8
8
11
5
11

Slope
8
4
9
8
2
8
0
9
10
9
11
12
11
12
9
12
0
6
11
12
0
9
9
6
7
10
6
10

Both criteria
7
2
9
8
2
8
0
9
10
9
11
12
11
12
9
12
0
5
11
12
0
8
8
6
6
9
3
10

Fraction meeting both criteria
0.70
0.20
0.90
0.80
0.33
0.89
0
0.90
1
0.90
0.92
1
0.92
1
0.90
1
0
0.42
0.92
1
0
0.89
0.80
0.67
0.67
0.75
0.27
0.83

a

Volatile element, not stable on RM.
Contamination discovered in aerosol generation system.
The columns list the element, number of instruments that measured the element, minimum and maximum regression coefficients for all the instruments, minimum and maximum slopes for all the instruments, and fraction of the instruments meeting both criteria. Rows highlighted in yellow are
elements that passed the criteria for at least 80% of the participating instruments.
b

elements quantifiable, another mixture, hereafter
called augmented, was prepared keeping the major
element ratios the same as in the atmospheric mixture
but increasing the concentrations of the trace elements. While the compositions of the mixtures do not
mimic the composition of particles in the natural
atmosphere, they do contain ammonium salts and
carbon species which are prevalent in the atmosphere
(Yatkin et al. 2018).
Each mixture was then aerosolized in the UCD
aerosol generation system and samples were collected
from the chamber to create sets of atmospheric and
augmented RM. The sample collection durations were
varied to provide a range of element loadings on the
RM. Samples were collected over 5, 10, 15, 30, 60,
and 90 min from the UCD chamber using both the
atmospheric and augmented mixtures, resulting in
sets of RM at 12 different loading levels. The RM
samples consist of particles collected from the chamber using a Thermo Scientific 2025i Partisol sampler
(Franklin, MA, USA). The filters were weighed preand post-sampling using a microbalance (Mettler
Toledo, XP6, 1 mg sensitive, the USA) to determine

the net PM mass. All the RM were then analyzed by
ED-XRF at UCD. More details on the generation of
these RM can be found in the work by Yatkin
et al. (2018).
Note the element composition (in terms of interelement ratios) at the various levels in the atmospheric
and augmented sets of reference filters is identical
because they are made from the same solutions.
Therefore, these sets of reference filters alone cannot
fully characterize interferences among elements resulting from peak overlaps. The first step in the development process was to evaluate the linearity of the RM
loadings, and to focus on that goal, the number of
variables needed to be limited. That said, sets of RM
could easily be developed to characterize peak interferences using this technique.
Eight laboratories agreed to participate in the interlaboratory comparison, and four labs analyzed the RM
with two different techniques as shown in Table 1.
Each lab was sent 12 RM – six from the atmospheric
and six from the augmented mixture – and a blank
PTFE filter for background correction was applied.
Details about the data processing, including blank
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Figure 1. Measured (Y) versus reference mass loadings (X) for the ten labs that measure K. Thin, gray diagonal lines are 1-to-1,
and thick, black lines are least-squares regression models forced through zero. Atmospheric RM (purple circles) are distinguished
from the augmented RM (green triangles). The regression equation and coefficient (adjusted R2) are printed on each graph. Empty
graphs indicate instruments that did not quantify K.

correction, were not collected from the labs. The RM
were identified only with unique numbers; no information about the content of the deposits was provided

to the participating labs. The labs were instructed to
follow their routine procedures for atmospheric PM
sample analysis, analyze each sample three times, and
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Figure 2. Measured versus reference Fe mass loadings for all 12 instruments.

report the measured concentrations along with analytical detection limits and uncertainties. The averages of
the multiple measurements are used for the graphs
and statistics herein. Not all the labs measure all the
elements on the RM, and each lab reported only the

elements that they routinely report. The laboratories
used several different approaches to estimate their
detection limits and uncertainties, limiting their comparability, so the detection limits and uncertainties are
not presented herein.
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Figure 3. Measured versus reference Ca mass loadings. Two of the 12 instruments did not report Ca, reflected by the
blank graphs.

Results and discussion

and (2) the element-to-potassium ratios in the liquid

To determine the RM reference loadings, we made
two assumptions: (1) potassium (K) is measured well
enough by XRF-UCD to be used as a reference value

solutions are maintained in the RM,
½Elementsolution
½Ksolution

½ElementRM
½KRM

¼

: If these assumptions are correct, we can
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Figure 4. Measured versus reference S mass loadings. The three ICP-MS instruments did not report S, reflected by the
blank graphs.

determine the reference loading of any element,
[Element]RM, by multiplying its known concentration
in the solution, [Element]solution, by the ratio of measured K loading on the reference material, [K]RM, to
the known K concentration in the solution, [K]solution

½ElementRM ¼ ½Elementsolution 

½K RM
:
½K solution

(1)

These assumptions were evaluated with multiple
tests prior to this inter-laboratory comparison (Yatkin
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Figure 5. Measured versus reference Pb mass loadings for all 12 instruments. Points plotted at the bottom of the y-axis reflect
measured loadings of zero.

et al. 2018), but are further vetted with this study. To
evaluate the RM, the reference loadings, based on
Equation (1), were compared to the loadings reported
by each instrument. Figure 1 shows the measured K
versus reference loadings for the ten participating labs

that routinely quantify K. Most labs measured the RM
three times, and for those labs, the average measured
values are shown in the figures; XRF-3 and ICP-2
measured the RM two times, XRF-6 and ICP-1 measured the RM one time, and UCD measured all the
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Figure 6. Measured versus reference Ba mass loadings for all 12 instruments.

RM one time. The XRF-UCD slope is by definition 1
because of our first assumption; note that the XRFUCD plot has many more points than the other labs
because XRF-UCD analyzed all the RMs before sending them to the external laboratories. To minimize the
influence of the low concentration values – which are

often below the detection limits – on the regressions,
we regressed the linear loadings, rather than their logarithms, on each other using the equation MM ¼
b  RM; where MM is the measured mass loading,
RM is the reference mass loading, and b is the regression slope. The results are all plotted on log scales, so

AEROSOL SCIENCE AND TECHNOLOGY

changes in the slope are displayed as a change in
intercept on the log axis, log ðMMÞ ¼ log ðbÞ þ
log ðRMÞ: While the regression model is heavily influenced by the high concentrations, the log scales on
the plots allow the reader to evaluate performance at
the low concentrations. The agreement between the
reference and measured K loadings is excellent for all
the labs except XRF-8; the least-squares regression
slopes are all within 20% of unity (0.91–1.2) except
for XRF-8 lab which has a slope of 1.54, and the correlations (adjusted R2) are all greater than 0.99, except
for ICP-2 which has a correlation of 0.965. This agreement provides further evidence that the first assumption is valid. The second assumption must be
evaluated for each element independently.
Figures 2–5 compare the measured versus reference
Fe, Ca, S, and Pb loadings for all 12 participating
instruments. Graphs for all 28 elements on the RM
are included in the online supplementary information.
Fe agreement is excellent for all 12 instruments
throughout the range of RM loadings. Ca agreement
is excellent for the XRF instruments, but not as good
for the ICP-MS instruments. S agreement is excellent
for the XRF instruments, but S is not quantified by
any of the ICP-MS instruments; XRF-6 has a high S
slope (1.63), suggesting a calibration issue with that
instrument. Pb shows more variation across the
instruments, yet the R2 values are greater than 0.98
for every instrument except XRF-4. The measured Pb
concentrations for many instruments showed more
scatter at concentrations below or close to the detection limits. To minimize the influence of the low concentrations on the overall fit, we utilized leastsquares regression.
It is impossible to evaluate which technique or
instrument is most accurate for measuring atmospheric PM deposits on filters with currently available
RM or these RM. In this study, the calibration details
are not evaluated for each instrument, but those
details may illuminate some of the observed measurement differences. For most elements, one or two
instruments showed poor agreement (e.g., XRF-8 for
K and XRF-4 for Pb); these isolated cases more likely
reflect an inaccurate calibration, contamination, or
missing/incorrect interference correction for that particular instrument than a problem with the RM.
Therefore, in evaluating the performance of these
RMs, the most important attribute wasn’t accuracy
but linearity. Two criteria were used to evaluate the
regression results: (1) a regression coefficient (adjusted
R2) greater than 0.9 and (2) a slope between 0.7 and
1.3. Of the 28 elements on the RM, five met both the
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slope and correlation coefficient criteria for all the
reporting instruments and 17 met both criteria for at
least 80% of the reporting instruments. Table 2 summarizes the inter-laboratory comparison results for all
the elements in the RM. The regression coefficients
were quite high in almost all cases, and the results
are promising.
Of the elements that failed the criteria, some have
known issues and others are difficult to measure by
one of the two techniques. For example, Cl and Br
were not stable on the RM, and the results did not
pass the performance criteria for any of the measuring
instruments (Table 1); previous work documented the
instability of Cl and Br on the RM and ambient aerosol samples (Hyslop, Trzepla, and White 2015; Yatkin
et al. 2018). The poor performance of Cu and Zn has
been resolved. The Cu slopes were consistently high
on all instruments, which pointed to contamination
on the RM. Investigation led to the discovery that a
brass ferrule in the aerosol generation system was
causing Cu and Zn contamination when exposed to
nitric acid, which is the solvent for the multi-element
solutions. The brass ferrule was replaced after these
RM were produced (Yatkin et al. 2018); Cu and Zn
loadings measured by XRF on RM generated subsequent to the change agree well with the reference
loadings. Ba, Cd, and Mo were not well-measured by
most of the XRF instruments; Figure 6 shows that the
ICP-MS results for Ba were very good while the XRF
results were erratic. The erratic XRF behavior results
from low loadings and non-optimized analytical conditions for these elements (e.g., spectral interferences
between Ba and Ti). These multi-element RM could
help improve the correction algorithms for spectral
interferences such as this by providing RM with varying levels of interfering elements for evaluation.
Finally, there were a few elements – Na, Mg, P, and
Zr – with widely varying slopes that were not measured consistently by either analytical technique.
RM were developed from certified multi-element
solutions for quality assurance and characterization of
elemental measurements on atmospheric PM samples.
These RM offer many advantages over existing RM
including that they cover the range of elemental loadings measured in major PM monitoring networks, are
deposited on the same sample media used in major
PM monitoring networks, contain a mixture of elements at concentrations representative of real atmospheric samples, and are easy to handle. The reference
values assigned to the RM compared very well to the
measured values for most elements. Agreement among
the various instruments was also very good. For most
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elements, one or two instruments often showed a bias
>30%, which suggests a calibration, contamination, or
interference problem for that particular instrument.
These RM are a useful resource for elemental measurements of PM, particularly for checking the stability
of ED-XRF instruments, and development work on
them continues.
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