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APCsoftware package has beendeveloped inVisualBasic forApplications to assist analysts inmixing fossil fuel
referencematerials to produce standards of intermediate concentrations.Mixing appropriate referencematerials
of similar matrices permits the analyst to produce needed standards over a continuous concentration range for
analytes of interest. The program automates selection of optimum mixtures and calculates the concentrations
and associated uncertainties of analytes in the blends. A graphical interface depicting all possible blends and an
automated quality control test to monitor the process for potential problems are included.

Introduction

Continually changing regulation of fossil fuel constituents,
such as S, Cl, and Hg, has caused difficulties in obtaining
appropriate reference materials needed to ensure compliance
at pertinent concentration levels. The National Institute of
Standards and Technology (NIST) has produced a variety of
standard reference materials (SRMs) for this purpose, with
concentration levels relevant to regulatory limits of S,Hg, and
Cl in fossil fuel materials at the time of production. However,
the wide variety and volatility of such regulations throughout
the world1 ensures that concentration regimes important in
the present may not be sufficiently served by the current suite
of reference materials in the future.

Similar to other national metrology institutes, NIST fre-
quently receives requests for additional reference materials at
concentrations specific to the needs of the user. The existing
suite of SRMs for fossil fuels includes coal, metrolurgical coke,
petroleum coke, crude oil, residual fuel oil,middle distillate, and
gasoline standards. To augment this suite with additional
reference materials at all concentrations needed by the user
communitywould require amajor effort. The “designermethod”
presented in a previous paper2 is intended to address this
problem. It permits the user to design and prepare standards
at any concentration desired by blending pairs of SRMs. These
blends have concentrations and uncertainties that can be calcu-
lated and are tracable to NIST SRM certified values. This
methodology permits the transfer of the high accuracy capabil-
ity of isotope dilution thermal ionization mass spectrometry
(ID-TIMS) and isotope dilution inductively coupled plasma
mass spectrometry (ID-ICP-MS), methods that require ex-
pensive instrumentation and are labor-intensive, to the user

community via SRMs. This approach can be implemented
immediately with existing SRM stocks and coverage at inter-
mediate concentrations can be maintained in the future with
fewer SRMs. Additionally, calibration with blended standards
closely matched to the expected concentration of a sample
improves the quality of the measurements.

The concentration (dry basis for solids) of a binary mix-
ture (C) is calculated using the equation

C ¼ f1c1ð1-x1=100Þþ f2c2ð1-x2=100Þ
f1ð1-x1=100Þþ f2ð1-x2=100Þ ð1Þ

where f1 and f2 are the mass fractions of each component in
the mixture, c1 and c2 are their concentrations (%, mg/kg, or
μg/kg), and x1 and x2 are their moisture contents (%). The
associated expanded uncertainty (U) for the mixture may be
calculated by

U ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð f1U1Þ2 þð f2U2Þ2

q
ð2Þ

where the quantities U1 and U2 are the expanded uncertainties
associated with each component. The units used in eq 2 are the
same as the concentrations in eq 1. Equation 2 is an approxima-
tion to the results that would be obtained from the Welch-
Satterthwaite equation used and discussed by Kelly et al.2

Recommended practice consists of propagating standard (1σ)
uncertainties through the analytic formula, reserving multiplica-
tion by the coverage factor (k) for the end. Equation 2 gives re-
sults that vary less than 10% in most cases from this more com-
plex method but has the advantage of ease of use when working
directly from certificates.However, in some rare cases, the devia-
tion from theWelch-Satterthwaite results is considerably larger,
particularly when a small amount of one of the components is
used. For this reason, it is recommended (but not required) that
each component make up at least 20% of the overall blend.

Moisture content can be an important parameter when
using solid reference materials, such as coals and cokes,
because knowing the moisture content is critical for an
accuratemeasurementof themass of a standard.3Uncertainty
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in moisture content is not specifically denoted within the
equations, and if the uncertainty of the moisture content is
large, this uncertainty can be treated as additional uncertainty
in mass, as shown elsewhere.2 Using eqs 1 and 2, the concen-
tration and uncertainty of any binary mixture (as shown in
Figure 1 for a collection of coal SRMs) can be calculated. The
results of the curves shown are similar to the concentration
versus uncertainty curves produced by spiking different
amounts of isotope into a sample in isotope dilution mass
spectrometry.4,5 Equations 1 and 2 assume that the compo-
nents have been well-mixed to give a homogeneousmixture in
terms of the technique used. With any SRM produced, a
minimum sample mass is listed on the accompanying certifi-
cate that specifies theminimumamount ofmaterial an analyst
should use. The minimum sample mass does not restrict the
ratio of components in a given mixture if the mixture is large
enough but can become a consideration given that the mini-
mummass listed for many solid powder reference materials is
typically on the order of 150 mg.

Almost allmethods used for S,Hg, andCl in fossil fuelsmust
be externally calibrated, and in many cases, employing stable
homogeneous standards with similar matrices can minimize
bias associated with differences in organic and mineral mor-
phology. This can be important for the determination of the
elemental content in fossil fuels by both the buyer and seller of
such materials to ensure compliance with contract specifica-
tions. Additionally, the Environmental Protection Agency
(EPA) has moved toward a performance-based quality system
approach for the determination of sulfur in diesel fuel.6 This
means that an analytical laboratory need not use only an EPA
method for compliancebutmay employothermethodsdemon-
strated to yield accurate results for the material of interest. If
thesemethods are sufficientlywell-calibrated, then themethods
are considered to demonstrate the requisite accuracy.

Instrumental chemical determinations in fossil fuels are
commonly performed by measuring the response of an un-
known and comparing that response to a calibration curve
constructed using several standards that cover the concen-
tration range of the unknowns. A first-order polynomial

function is frequently used to interpolate between the calibra-
tion points. The accuracy and precision of the results depend
upon the accuracy of the standards, the precision of the
method, and any systematic errors. One source of systematic
error results from any difference in response of the analyte in
the sample from that in the standard. This difference in
response can result from attenuation of the signal emitted
or, in the case where there is a sample preparation step, the
yields being different for the sample and standard. For
example, in the determination of sulfur in liquid fossil fuels
by X-ray fluorescence spectrometry (XRF), it is well-estab-
lished that the emission of the K-L2,3 line is dependent upon
the carbon and oxygen contents in the sample. In the case of
combustion techniques, the analyte yieldsmaynot be identical
for different matrices because the conversion efficiency of
various forms of sulfur to SO2 may be different. Both of these
systematic uncertainties, which are difficult to quantify, can
be minimized as the difference between the matrix of the
standard and sample are made identical.

The calculation software described in this paper coupled
with fossil fuel SRMs will permit matrix matching of the
sample and standard for any element at almost any concen-
tration desired. This capability will permit the analyst to
eliminate numeric interpolationwith a concomitant reduction
in uncertainty. The program permits the S, Hg, and Cl
concentrations and their associated uncertainties to be calcu-
lated in blends of currently available fossil fuel SRMswithout
the added effort of a manual treatment of the uncertainty
present in each standard.

Experimental Section

At this time, a select group of NIST SRMs have been tested
for mixing to generate standards with known S, Cl, and Hg
concentrations. These SRMs and their associated concen-
trations/mass fractions are listed in Table 1. The software used
for mixing was written in Visual Basic for Applications in
Microsoft Excel 2003 on a personal computer (PC). An example
screenshot of the starting or “Home” page of the program is
shown in Figure 2.

Detailed descriptionsof the blending andanalysis of SRMscan
be found in the literature,7 as well as in a video demonstration.8

After the software is used to calculate the amounts of each
reference material required to reach a desired target concentra-
tion, each component must be weighed by difference into a
container. Components for the mixture are assumed to be
weighed on a single balance, which introduces no more than
0.2%uncertainty to theweighing process (e.g.,g0.2500( 0.0005 g
or g0.02500 ( 0.00005 g). The procedure differs depending
upon whether solid powders or liquid matrices are being used.
Beforeweighing, solidmixtures require the amount ofmoisture in
each component of the mixture to be determined after each solid
component is allowed to equilibrate with the laboratory atmos-
phere before weighing. The solid component with the least mass
should be added to themixing vessel first. For solid samples, after
adding both components to a single container, no physicalmixing
shouldbeperformed.Liquid components aremechanicallymixed
together. The size of the mixing container for liquid blends must
be carefully chosen, so that after both components are added, a
large enough volume remains for mixing to occur. The type of
container and cap must prevent contamination and must not
allow parts of a component or blend to be trapped behind or

Figure 1. Example of mixing curves using the designer method for
varying mass fractions of S in coal SRMs. The mixing software
circumvents generation of this and similar charts, automatically
choosing the blend with the lowest uncertainty at a given concen-
tration.
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within a cap seal.Mixingof the liquid blendmustbeperformedby
carefully holding the capped container sideways with hands
parallel. Slowly mix the liquid contents by alternating the height
of the hands and rolling the container slowly as the hands change
position. Care must be taken to minimize the introduction of
entrapped air into the sample whenever liquids are being mixed.
Only total combustion methods can be used for solid mixtures,2

but liquid mixtures can be measured using the same analytical
techniques appropriate for nonblended standards. Lastly, after
analysis, the quality of the measurements must be assessed
through quality control (QC) procedures and by checking the
interval repeatability (Ir).

7 Whenever using the mixing program
discussed here, it is still important that each analyst must ensure
that the measurements conform to the quality system of their
organization. The Ir QC test described is not a substitute for QC
procedures already present in a laboratory.

Results and Discussion

Themixing software is split into four subunits: (i) setting the
target blend concentration and mass, (ii) choosing standards,
(iii) making the blended standards, and (iv) the Ir QC test.
Whenever the program is started, the user must have an idea
of the approximate target concentration for the desired
analyte (S, Cl, or Hg). The user must also know what type
of matrix is being analyzed, so that appropriate reference
materials can be selected (e.g., coal or petroleum coke). Once
these conditions have been ascertained, the user starts on the
home page (shown in Figure 2) by selecting a mass of the

Figure 2. Home page of the standard mixing program.

Table 1. List of NIST SRMs Tested for Mixing9

matrix SRM material type S (%) Cl (mg/kg) Hg (μg/kg)

solid

2683b bituminous coal 1.955 90.0
2684b bituminous coal 3.076 97.4
2685b bituminous coal 4.730 517 146.2
2692b bituminous coal 1.170 1651 133.3
2693 bituminous coal 0.4571 369.6 37.3
2775 foundry coke 0.5816
2776 foundry coke 0.825
2718 trace elements in green petroleum coke 4.703
2719 trace elements in calcined petroleum coke 0.8877

liquid

1616b sulfur in kerosene 0.000841
1617a sulfur in kerosene 0.17307
1624d sulfur in diesel fuel oil 0.3882
2723a sulfur in diesel fuel oil 0.00110
2724b sulfur in diesel fuel oil 0.04265 0.034
2770 sulfur in diesel fuel oil 0.004157
2771 sulfur in diesel fuel blend stock 0.0000102

(9) National Institute of Standards and Technology (NIST). SRM
Order Request System, 2010, http://www.nist.gov/srm.
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mixture that the user would like to make, being cognizant
of the method being used and physical constraints. Once
these parameters are set, the first phase of the program is
complete.

The second part of the program simulates the mixing of all
available standards that conform to the user’s settings. The
calculations are used to choose the optimal mix at the target
concentration of the analyte. The optimal mix is the mix that
arrives at the target concentration with the lowest uncertainty
in the concentration of the mixture. By default, the program
contains a library of NIST fossil fuel SRM values, uncertain-
ties, and minimum sample mass requirements. Because the
user may not possess the entire library or may choose to
overrule the automated selection of the optimal mix, other
reference materials that conform to the user’s initial material
constraints can be selected instead. These other choices are
available in a drop down menu on the second page of the
program, themixing page. This page permits the user to viewa
curve of uncertainty versus concentration (Figures 1 and 3)
producedby the program, so that the target concentrationand
mixture mass can be adjusted, if necessary. The estimated
mass required of each component is added to a list that the
user can then use to prepare the mixtures.

The third phase of the program comes into play after each
two-component mixture standard is prepared. Because the
amount of each component weighed for mixing will differ
from the targeted component masses, the actual masses used
as well as the measured moisture contents for each solid
component are entered. In this way, the actual concentration
of a given mixture is calculated and added to the results page
along with a date and time stamp, which can be easily printed
for review. After this calculation, the user can analyze the
prepared blend and samples.

The last section of the program performs a QC test of the
standards prepared. The QC test requires the user to enter the
measured concentrations for each standard analyzed and the
repeatability limit (r) of the method used. This measured
concentration is compared to the concentration calculated for
the blend and the interval repeatability limit of the measure-
ment method, as described previously.7 At least one blended
standard and one of the unblended certified parent stan-
dards must be prepared and measured for a QC test to be
performed. An example (using simulated data) of the out-
put received from the QC test is shown in Figure 4. This
example shows simulated data for all of the standards
mixed as well as one of the unblended parent SRMs. In
this example, the interval between SRM 2693 and the
highest concentration blended standard falls outside the
interval-repeatability limit7 of the method used and fails
the Ir QC test. This failure could be due to several causes,
such as material heterogeneity, operator error, or the
standard concentration being outside of the linear range
of the instrument.Multiple replicates can be prepared for a
given blend to address material heterogeneity.

Themixingprogramdeveloped is a tool for analysts seeking
standards at concentrations intermediate to those produced
by NIST (or other national metrology institutes). However,
there are a few potential pitfalls in the mixing procedure that
must be discussed to ensure that additional uncertainty is
not introduced into the process. A detailed example of the
blending process is reported by MacDonald et al., and this
software is intended to be used in conjunction with related
resources.2,7,8

While the results that the mixing software provides are
based on only explored mixing ranges that ensured at least
20% of the overall mass of the final mixture would be

Figure 3. Screenshot of mixing program output after optimal mix of standards has been selected. The graph shown illustrates the relationship
between uncertainty and final mixture concentration for a selected analyte.
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contributed by one standard, it is conceivable that this mixing
range could be expanded if the minimum samplemass of each
component is taken into account. Using masses below the
minimum sample mass of a reference material can cause
erroneous results, but in many cases, the minimum sample
mass is too large to be practical for use with some current
analytical instrumentation. This can be remedied by prepara-
tion of multiple replicates of a standard and verification of
results with the Ir QC test.7

Conclusion

The mixing software presented here facilitates the prepara-
tion of standards at a continuum of concentration ranges by
analysts of fossil fuel materials. Because the mathematical
calculation of the uncertainty is independent of the identities
of the components blended, the provided software contains

the capabilities for expansion to any element or matrix.
However, the physical act of mixing each component would
be different for each case, and many typical methods for
measurement might not be as robust for blends of reference
materials with sufficiently different matrices. Other reference
materials outside the lists provided in this paper may produce
blends that can be used without problems, but their use
together as blend components must be verified through
investigation. For this reason, expansion of this software
beyond the SRMs listed is not advocated without caution,
careful review, and testing by the user.

Supporting InformationAvailable: Standardmixing program.
Thismaterial is available free of charge via the Internet at http://
pubs.acs.org. Latest version of Standard Mixing Program
also available at: https://www-s.nist.gov/srmors/viewTable.
cfm?tableid=64.

Figure 4. QC results for the simulated measurement of a mixture of SRM 2684b and SRM 2693 coals. The highest concentration blended
standard is outside the allowed limits, failing the QC test.


