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Abstract: Over the last three years Sigma-Aldrich has built-up a competence centre for CRM (Certified Reference
Material) production in Buchs, Switzerland. The new facility is accredited following both ISO/IEC 17025 and ISO
Guide 34. The commercial availability of a broad range of different CRMs is of highest importance with respect
to the realisation of metrological concepts in practice. This article describes the process of the production and
certification of inorganic CRMs of highest quality. This comprises the comprehensive characterisation of the
starting materials, the high precision weighing of the compounds, homogenisation and special packaging of
these new CRMs.
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1. A New Competence Centre for
CRM Production at Sigma-Aldrich

Sigma-Aldrich offers a portfolio of more
than 8000 different analytical standards
and is one of the key players in this field.
The standards are available under the
two brands Fluka and Supelco, whereby
a series of Certified Reference Materials
(CRM) have been established over the last
few years. In the past most of these CRMs
have been developed through cooperation
with external partners, most of them being
National Metrological Institutes (NMI) or
other expert laboratories such as IRMM
(EU), BAM (Germany) or EMPA (Swit-
zerland). Hereby Sigma-Aldrich acted
either as a distributor whereby the CRMs
are offered under the original brand such
as BCR® or ERM® or its own brand e.g.
TraceCERT®. Other CRMs have been de-
veloped in close cooperation with NMIs
whereby the CRMs are produced and bot-
tled by Sigma-Aldrich and the certification
was performed by the NMI. Together with

BAM and EMPA a series of CRMs for ti-
trimetry (acidimetric, complexometric and
redox), spectrometry (single- and multi-
element) and ion chromatography (anions,
cations and multi-ion) have been devel-
oped successfully over the last ten years.

As an extension of this cooperative
approach for the development of CRMs
Sigma-Aldrich decided to build-up an
in-house competence centre for the pro-
duction of CRMs in Buchs, Switzerland.
Two major reasons triggered this deci-
sion: Firstly the demand for CRMs has
increased significantly over the last few
years since more and more laboratories
are following normative guidelines such
as ISO/IEC 17025.[1] Secondly EMPA
was one of the key partners for CRM de-
velopment and decided to terminate all
their metrological activities in chemistry
in 2005. Consequently Sigma-Aldrich had
to find a way to keep alive these CRMs.
Therefore Sigma-Aldrich jumped at the
opportunity to acquire EMPA’s equipment
for CRM production including clean room
workstations, homogenisation and bot-
tling instrumentation and also a series of
high-purity starting materials. In addition
to the equipment Sigma-Aldrich also in-
corporated the metrological know-how by
hiring the former head of metrology and
the leading scientist for certification from
EMPA. After a one-year build-up phase
and construction of a new lab in Buchs,
Switzerland, a corporate competence cen-
tre for CRM production was established in
2006. A specially designed metrological
weighing room with a series of state-of-
the-art balances represents the core of the
new facility. As a positive confirmation of
these efforts the Buchs CRM lab achieved
double accreditation as a CRM producer

according to ISO/IEC 17025 and also ISO
Guide 34.[2] Today a series of CRMs are
produced in the new lab demonstrating the
declared intention of Sigma-Aldrich to be-
come a key player not only in the analytical
standards business but also in the field of
production and distribution of CRMs.

2. The Key Role of CRM in
Chemical Metrology

In metrological chemistry tremendous
progress was made to improve the compa-
rability of measurement results from labo-
ratories of different nations. With more
than 70 comparison studies on the high-
est metrological level (Key Comparisons)
NMIs from all over the world demonstrat-
ed their analytical capabilities through an-
alytical measurements of the very highest
quality.[3] In addition a lot of communica-
tion work was done through publications
and presentations to familiarise the broad-
er community with metrological concepts
such as traceability and measurement un-
certainty. Without question these activities
of the NMIs are of highest importance
since fundamental metrological concepts
form the basis for any realisation of these
concepts in practice. But even after many
years of metrological awareness training
not all these concepts are fully understood
by the customers, i.e. testing laboratories.
Very often users have difficulties to prop-
erly calculate uncertainty budgets for their
measurement values: significant uncer-
tainty contributions are overlooked or ne-
glected many times. Traceability is often
still understood as comparability to a NMI
but not to SI using the certified value of a
CRM. There are many reasons for this gap
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in understanding. One of the key issues is
of course the fact that in chemical metrol-
ogy there is no ‘standard mole’ as a single
fix point to which all measurements can
be compared. In chemistry traceability is
mostly achieved through comparison of a
measurement result to a well-defined refer-
ence, i.e. a CRM. In addition every chemi-
cal measurement result can be seen as one
point in a three-dimensional space (repre-
senting the entirety of chemical measure-
ments) which can be briefly defined by
the three parameters analyte type, matrix
composition and analyte concentration
(Fig. 1). If one of these three parameters
is changed the type of chemical measure-
ment also changes significantly. In terms
of traceability this means that in a perfect
world an infinite number of CRMs should
be available to cover the full three-dimen-
sional space of all the chemical measure-
ments. For every chemical measurement
an appropriate CRM would be available to
achieve traceability. Within the metrologi-
cal community the question about compa-
rability of measurement results is omni-
present and many times the question was
asked: “how far does the light shine”.[4] Is
the measurement of 200 µg.kg–1 of lead in
a wine matrix comparable to the measure-
ment of 200 µg.kg–1 of lead in a rice matrix
(scenarios 1 and 2 in Fig. 1)? And if yes, to
which extent in terms of measurement un-
certainty? What happens in terms of com-
parability when not only the type of matrix
is changed but also the concentration and
the type of analyte (scenarios 1 to 4 in Fig.
1)? Of course a conclusive answer to this
question cannot be given in this article. But
it appears that a high number of available
CRMs strongly supports the realisation of
the traceability concept in practice. Only
when many different CRMs are available
to the end user can this three-dimensional
space be populated with enough fix points

so that every individual chemical mea-
surement can be checked with known ma-
terials. Since every organisation underlies
certain limitations in resources not all the
required CRMs can be developed at NMIs
alone. So it is essential that also industri-
al parties are active in the field of CRM
development under compliance with ISO
Guide 34 and ISO/ IEN 17025.

3. Challenges in Industrial CRM
Development

When we talk about CRM development
in an accredited, industrial environment
this immediately brings up the question
about the project profitability. It should
not be discussed in this article whether it
is good or bad when companies ask for fi-
nancial justification before a new project is
launched or not. It simply should be stated
here as an axiomatic fact that industrial
projects must generate some profit (at least
in the long run) and therefore this is also the
basic requirement for the new competence
centre for CRM development at Sigma-
Aldrich. When a new CRM is brought to
the market it can only generate profit to the
CRM producer when the customer is will-
ing to buy it. And this is very often not only
a matter of quality and documentation of a
CRM but very often also a matter of price.
Not only the CRM producer but also the
end user, i.e. a testing laboratory, under-
lies financial pressure. Of course, all the
testing labs following the ISO/IEN 17025
accreditation are encouraged to use CRMs
if they are available. The use of a CRM is
not only valuable for accredited parties but
also for all the other laboratories without
an accreditation. It is important that CRMs
are not only available to the customer but
also competitively priced. From a metro-
logical point of view a CRM represents

the link from the metrological concept
itself to its realisation in practice. And as
a consequence every CRM which is avail-
able but not affordable does not bring any
value either to the metrological community
or to the end user. It will be an ongoing
challenge for the industry to fulfil high-
est metrological requirements on the one
hand (the ‘as good as possible’ approach)
and to satisfy customers needs on the other
hand (the ‘fit for purpose’approach). In the
next three sections of this article it will be
demonstrated that this challenge can be
met and that it is possible to produce and
distribute CRMs of highest quality in an
industrial environment.

4. Comprehensive CRM Starting
Material Characterisation

4.1 Realisation of Traceability for
Inorganic CRM Development

An appropriate way to achieve trace-
ability to the SI system is by weighing
known high-purity compounds. This fol-
lows from an almost unique feature of
chemical measurement: 100% purity forms
a natural reference value which cannot be
exceeded. Coupled with widely available
and excellent reference data for atomic
weights of elements,[5] and with additional
data on physical parameters such as den-
sity, a high-purity material represents a
local, practical realisation of concentra-
tion units through conversion of mass to
molar quantity. Therefore, calibration with
high-purity materials is accordingly a valid
method of establishing traceability in ana-
lytical chemistry.[6]

With this traceability approach, a com-
prehensive characterisation of the starting
material is of crucial importance. When,
for example, a chloride reference is made
from sodium chloride, the exact chloride
content of the salt can be determined with
very low uncertainty. However, determin-
ing the purity of a substance with a value
of more than 99.95% requires an analyti-
cal method which gives results that have
much less than 0.05% relative measure-
ment uncertainty. This is practically im-
possible to achieve for most analytical
techniques.

As a consequence, the common sense
method for characterisation of high pu-
rity materials is the so-called impurity ap-
proach whereby as many impurities as pos-
sible are measured in a selected material by
as many different analytical techniques as
necessary. The sum of all impurities (and
also the contribution from the potential
impurities below their detection limit) is
then subtracted from the maximum purity
of 100%. With this approach, it is possi-
ble to assign a reliable purity statement to
high-purity materials, even for high-purity
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Fig. 1. The three-
dimensional space
covering the entirety
of all chemical
measurements is
defined through three
axes: analyte type,
matrix composition
and analyte
concentration. CRM
represent the fix
points in this space.
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number of stable isotopes with almost fixed
isotopic abundance ratios. Since these ratios
are not constant for a number of elements,
it can lead to significant variations in the
molecular weight for different compounds
containing these elements.An important ex-
ample is lithium where the IUPAC recom-
mended atomic weight (also named mean
relative atomic mass) A

r
(Li) is 6.941 and

the mole fraction of 7Li is 0.92409 (NIST
L-SVEC lithium carbonate, Li

2
CO

3
). In ma-

terials of natural terrestrial origin the mole
fraction of 7Li can range from 0.9227 to
0.9278.[9] When using Li

2
CO

3
as a starting

material for a lithium calibration solution,
this can lead to a variation of the lithium
content of up to 0.06% in the final solution.
Additionally most commercially available
lithium has been processed and is artificially
depleted in the 6Li isotope, which is of stra-
tegic importance for some countries. Boron
is another element whose compounds can
show deviations from the IUPAC natural
isotope abundance ratio. First of all, there
are small variations from natural isotope
separation processes and secondly 10B has a
very high neutron capture section that could
be used in radiation hardened semiconduc-
tors, which makes it attractive to separate
this isotope artificially from the natural iso-
topic mixture and leads to 10B depleted ma-
terials, that no longer show a mean atomic
weight according to the IUPAC values.

4.3.4 Non-metallic Impurities
With pure metals as starting materials,

it is usually necessary to take into account
non-metallic impurities like C, H, O and N.
Oxygen, often at a few hundred mg.kg–1 but
rarely exceeding 1000 mg.kg–1, is found
associated with many high-purity metals.
In terms of the ‘tXN’ nomenclature, this
means that a t3N purity (>99.9%) is most-
ly not possible unless the starting material
was produced under an inert, oxygen-free
atmosphere. On the other hand, for certain
types of metals the content of oxide impu-
rities is not relevant. However, more often
than not their existence must be considered.
Since the quantitative determination of ox-
ide impurities in metals is rather difficult,
it may be acceptable to not account for the
oxygen content itself, but to introduce an
estimated contribution into the uncertainty
budget of the purity calculation.

The problems outlined above taught us a
few important lessons with regard to evalu-
ating high-purity starting materials.[10]

i) Whenever possible and feasible,
choose a pure metal over a compound
as a starting material. Metals avoid
problems with stoichiometry, residual
water and hygroscopy. Also, because
of their manufacturing process, metals
normally do not contain appreciable
amounts of non-metallic, anionic or

grades (>99.99%). Of course, this approach
gives reliable results only if much effort is
put into the impurity investigations. For
example, it makes no sense to look for the
thirty most common metallic impurities in
a high-purity sodium chloride, while at the
same time overlooking the major impuri-
ties, bromide and water. How the various
types of impurities contribute to the over-
all starting material purity is shown in the
cause-effect diagram in Fig. 2.

4.2 Starting Material Purity
Declaration

When considering high-purity mate-
rials, one should always look closely at
the details, especially how the purity is
defined. The following nomenclature has
been established: When a material is as-
signed to be >99.99% pure based on me-
tallic impurities only, this is declared as
an m4N material. Here, the ‘m’ signifies
that only metallic impurities are identified,
and the ‘4N’ stands for the ‘four nines’
(99.99%) purity of the material. In some
cases, such ‘m-characterised’ materials are
also defined as ‘metals base’. It is impor-
tant to remember that the number of inves-
tigated elements is of great importance.
All too often, certificates of analyses from
industrial producers report only a very few
number of trace metals.

A more reliable purity statement is
provided when not only metallic impuri-
ties are identified, but also non-metals,
anions, oxides and residual water. In this
case a ‘t’ (for total) replaces the ‘m’ (for
metals only). It is certainly no surprise that
in many cases the reported purity (number
of nines) is lower when the sum of all im-
purities, not only the metals, is reported.
A material declared as a 99.9999% (m6N)
purity can be ‘downgraded’ to a 99.9%
(t3N) when also taking non-metallic im-
purities into account (cf. Kipphardt, this
issue).[7] Of course, the total impurity ap-
proach requires more analytical effort and
is more costly. On the other hand, the ap-
proach leads to greater reliability.

4.3 Specific Aspects in High-Purity
Salts and Metals Characterisation

There are many challenges and also
knock-out criteria during the process of
evaluating and choosing appropriate start-
ing materials.

4.3.1 Residual Water
When using inorganic compounds as

starting material there can be water within
the crystal structure coming from produc-
tion and purification processes. When for
example NaCl is used as starting material
for chloride calibration solutions, drying at
110 °C will remove adsorbed moisture but
is not sufficient to ensure complete dryness
of the salt. Investigations with TGA-MS
show that only above 450 °C does NaCl
completely lose its water. Since the amount
of water can be more than 0.1%, failure to
remove it has a significant impact on the
purity results. To guarantee complete dry-
ness, NaCl has to be dried at 500 °C for at
least four hours.[8]

4.3.2 Stoichiometry
Na

2
HPO

4
is a good source as starting

material for phosphate calibration solu-
tions. During the evaluation of a particular
batch of Na

2
HPO

4
, HR-ICP-MS and ICP-

OES (for metals), TGA-MS (for water), IC
(for anions) and combustion analysis (for
carbon) were used to measure purity. Even
though 73 different impurities were identi-
fied, one significant impurity was missed.
When a second IC method was run, sig-
nificant levels of the dihydrogen analogue,
NaH

2
PO

4
, were found in the starting ma-

terial. This affected the total content of
phosphate in the starting material due to
the different stoichiometry of the impurity.
Many compounds are non-stoichiometric
to some degree and it is often a challeng-
ing task to prove that a particular material
has the theoretical stoichiometry.

4.3.3 Isotope Abundance Ratio and
Atomic Weight

Most elements, rather than being natu-
rally monoisotopic, are composed of a

Purity of Starting
Material

Hygroscopy

Stoichiometry

Atomic weight

Mass fraction

Impurities

Organics

Non-metals, Oxides

Metals
Water

Compound mass

Isotope
abundance ratio

Fig. 2. Cause–effect
diagram of relevant
contributions to
starting material
purity.
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organic impurities. Another advan-
tage of using metals is that they can
be weighed more easily than salts and
powders and there is no risk of elec-
trostatic charge up during the weighing
manipulations. Even when the surface
leaching and the dissolution of metals
in acids take longer, using pure metals
normally leads to lower uncertainties.

ii) If a salt must be used as a starting ma-
terial, it is of utmost importance to
eliminate all of the above-mentioned
problems. Check for traces of residual
water, control hygroscopy, know the
stoichiometry and conduct compre-
hensive analysis of metallic, non-me-
tallic and anionic impurities. With this
information, it is possible to properly
characterise the salt. However, for the
above-mentioned reasons, high-purity
compounds tend to have higher uncer-
tainties than metals.

5. Production of High-Precision
Calibration Solutions

5.1 Pre-Treatment of Starting
Materials

The surface of metallic starting ma-
terial is pre-cleaned by acid etching (cf.
Kipphardt this issue[7b]). Diluted ultrapure
nitric acid, hydrochloric acid or a mixture
of nitric acid and hydrofluoric acid is used
in most cases. The etched metal shots are
transferred first into high-purity water
through washing with water several times
and afterwards transferred into acetone. Fi-
nally, the metal shots are dried under argon
gas. These procedures are all performed in
a clean room environment to avoid con-
tamination with dust.

When salts are used as a starting mate-
rial, they are normally dried in large, flat-
bottomed borosilicate glass or VYCOR
dishes under specified drying conditions.
The air supply to the high temperature ov-
en is connected to a clean room bench. The
dried salt is then brought to room tempera-
ture in a desiccator over anhydrous magne-
sium perchlorate.

5.2 High-Precision Weighing
High-precision balances are essential

tools for mass measurements with low
uncertainties. However, the environment
around the balance as well as operator
technique and know-how are also of criti-
cal importance.[11]

For vibration-free working the balanc-
es stand on three-point supported granite
tables weighing up to 1000 kg. Static elec-
tric charge-up of surfaces can be a source
of uncontrolled gross errors in weighing.
Hence aluminium rather than plastic ves-
sels are used whenever possible. Such
gross errors originating from static electric

surface charges are not part of the model
equation for the measurand and are not
included in the uncertainty statement for
the result. Gross errors need to be avoided
in any case. For high-precision mass mea-
surements a high-voltage static charge dis-
sipater is especially useful when weighing
dry non-conductive salts.

Temperature, humidity and air pressure
in the weighing room need to be monitored
since these data are necessary to calculate the
air buoyancy bias. Air buoyancy bias has to
be corrected since the balances are calibrat-
ed with reference weights having a density
of approx. 8000 kg.m–3 while many starting
materials have higher or lower densities. As
a consequence, the weighing results are af-
fected up to 0.1%. Of course, all the weigh-
ing data are directly traceable to the SI unit
kg by calibrating the balances with SI-trace-
able calibration weights. Only calibration
weights fulfilling OIML class E2 and F1 are
used to ensure highest quality of the weight
measurements. Besides the normal calibra-
tion weights (density 8000 kg.m–3) calibra-
tion weights with a density of 2760 kg.m–3

(Anticorrodal) are also used to double-check
the air buoyancy correction. All of the high-
precision balances are periodically checked
and calibrated by a third party and certified
according to DKD guidelines

5.3 Dissolving, Homogenisation
and Bottling

Every starting material is dissolved in
high purity acid – mostly nitric or hydro-
chloric acid – following procedures specific
for each material. This is important since
the reaction behaviour of metals can differ
greatly from one metal to another. Some
of the metals are passivated immediately
by surface oxidation when they come into
contact with concentrated nitric acid and the
dissolution reaction is stopped. For example,
nickel can be dissolved overnight in diluted
nitric acid at higher temperatures while other
metals, such as magnesium, are much more
reactive and dissolution in concentrated acid
leads to uncontrolled and vigorous aerosol
formation. A loss of starting material would
be the negative consequence. Metals show-
ing such a dissolution behaviour are nor-
mally dissolved very slowly in dilute acids
followed by cooling for several hours. Obvi-
ously, all the dissolution reactions are done
in totally inert bottles comprised of materials
such as FEP or PFA.

After dissolution, the so-called stock
solution containing the total amount of
dissolved analyte is quantitatively trans-
ferred into the large PVDF mixing con-
tainer. While the container is standing on
the balance, the batch is filled with high
purity water until the calculated total mass
of the final solution is reached. This gravi-
metric approach allows a highly precise
adjustment of the final concentration of

the calibration solution. The solution is
then homogenised by overhead tumbling
of the PVDF container for several hours.
With this technique it can be assured that
the solution has no measurable inhomo-
geneity. This was demonstrated when this
equipment was used for the preparation of
samples for interlaboratory comparisons at
the highest metrological stage.[12]

Last but not least, the standard solution is
bottled under clean room conditions avoid-
ing any contamination during the transfer
process of the liquid. The bottles containing
the CRM are then properly labelled, sealed
into multilayered non-transmissible bags
and stored under controlled conditions.

5.4 Traceability Measurements
In addition to the certified gravimetric

value which is traceable to SI unit kg, the
starting material and the bottled solution
are analysed by the most precise chemical
analytical method available such as titrim-
etry or HP-ICP-OES.[13] These direct mea-
surements are done against internationally
accepted certified reference materials and
shall prove the absence of a significant bias
during characterisation of the starting ma-
terial and production process. Fig. 3 shows
data from the direct titrimetric analysis of
different starting material contents trace-
able to NIST Standard Reference Materi-
als® compared to the ‘impurity approach’.

6. Storage and Stability of CRM
Solutions

The ideal container for standard solu-
tions is totally inert, will not adsorb ana-
lyte, does not leach impurities into the so-
lution, is impermeable toward the solvent
and atmosphere, and is easy to handle and
store. It is likely that no container mate-
rial will ever meet all of these requirements
and still be affordable.

Some CRM producers use ampoules
made of glass or of quartz for standard
solutions. The use of ampoules offers the
advantage of an absolute air-tight contain-
er. On the other hand it suffers from the
impossibility to reseal the container. When
an ampoule is opened the CRM must be
consumed at once. This sometimes leads
to more waste and/or one is forced to adapt
working processes. Therefore many users
prefer a container that can be easy han-
dled and opened and closed as required. In
terms of trace impurities the leach out from
glass and to a lower extent from quartz
into water-based solutions is significantly
higher than from high-density polyethyl-
ene (HDPE) bottles.

Because of these reasons the HDPE bot-
tle in combination with aluminium-coated
bags is one of the most suitable materials
available today. HDPE bottles fulfil the de-
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mand for the absence of trace contaminants;
most elements cannot be detected even at
ng.L–1 concentration levels when the bottles
are leached with 2% nitric acid. Some omni
present contaminations (e.g. calcium and
sodium ions) might be found at very low
µg.L–1 levels, which is not typically a prob-
lem for 1g.L–1 standards. It should be kept
in mind that the impurities found in the fi-
nal calibration solution not only come from
leaching out of the container but also from
the starting material and the matrix (water,
acid and/or base).

HDPE bottles are known to lose solvent
through transpiration through the contain-
er wall. The rate and extent of loss depends
on temperature, thickness of the wall, its
shape and surface. Solvent is depleted
more rapidly when the surface-to-volume
ratio is high. Consequently, attention
should be paid to storage conditions when
small bottles are used. When HDPE bottles
are welded into aluminium-coated bags the
loss of solvent is reduced enormously. The
increase of analyte concentration in HDPE
bottles caused by solvent transpirations
was investigated comprehensively during
an EMPA study and is showed in Fig. 4.

There are several possibilities how to
deal with the fact that even with a multilay-
ered aluminium bag the analyte concentra-
tion in the HDPE bottle increases over time.

Every CRM bottle can have an indi-
vidual ‘temperature history’ during stor-
age at the warehouse of the CRM producer,
during transport and in the customer’s lab.
For the correct analyte concentration in
the CRM to be known one would need an
equation for the change of analyte concen-
tration depending on storage time and tem-
perature. Users would also have a lower
uncertainty at the beginning of the CRM
validity than at the end. For convenient
handling it is far too complicated to use an

equation describing the analyte concentra-
tion depending on time and temperature
with a variable uncertainty. This would
certainly not be appreciated by the users.

A more conservative but straightfor-
ward approach is to include the possible
solvent loss in the overall uncertainty. The
maximum increase of analyte concentra-
tion at the highest specified temperature
until the end of expiry (at 30°C, four years)
is taken as limit value. Assuming a rectan-
gular distribution this value is divided by
square root of three for the transformation
into the standard uncertainty for storage
condition. Following this procedure the
uncertainty contribution coming from stor-
age is a major part of the combined uncer-
tainty of 0.2% which is guaranteed for the
certified value over the entire shelf life of
four years.[14]

7. Conclusions

Certified Reference Materials are of
crucial importance for the realisation of
metrological concepts in practice. Due
to the nearly infinite number of different
analytical measurements (defined by ana-
lyte type, analyte concentration and matrix
composition) a huge number of commer-
cially available CRMs is needed to ensure
traceability of measurement results to
internationally accepted references. Not
only National Metrological Institutes but
also industrial laboratories are playing an
important role in the field of CRM produc-
tion and certification. With the build-up
of a double-accredited facility for CRM
production at Sigma-Aldrich Switzerland
it was demonstrated that highest metro-
logical requirements are completely rec-
oncilable with commercial aspects: with
the launch of the new TraceCERT® CRM

portfolio Sigma-Aldrich underpins its de-
clared intention to become a key players in
the field of CRM production and distribu-
tion.
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Fig. 4. Transpiration behaviour of aqueous calibration solutions in 100
mL HDPE bottles at different temperatures. 1: 30 °C/without Al-bag; 2:
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