
Accred Qual Assur (2007) 12:188–193
DOI 10.1007/s00769-006-0212-y

PRACTITIONER’S REPORT

The preparation, assay and certification of aqueous ethanol
reference solutions
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Abstract Internationally, certified ethanol reference materi-
als are required to calibrate breathalysers and blood-alcohol
measurement instruments. The CSIR National Metrology
Laboratory of South Africa provides certified aqueous
ethanol solutions with traceability to the SI. Ethanol solu-
tions in the concentration range 10 mg/100 g to 20 g/100 g
are prepared gravimetrically by mixing ethanol and reagent
quality water. To verify the concentration of the ethanol it
is oxidized to acetic acid with potassium dichromate in the
presence of sulphuric acid. The unreacted potassium dichro-
mate is back-titrated with sodium thiosulphate. The method
utilizes gravimetry and titrimetry, which are both primary
methods. This paper addresses aspects of ethanol-certified
reference materials that have not been previously published:
traceability, stability of unpreserved ethanol solutions, ho-
mogeneity, quality control measures and the effect of repro-
ducibility on the measurement uncertainty.
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Introduction

South Africa’s requirements

In South Africa, blood and urine samples have been anal-
ysed for ethanol content by headspace gas chromatography
for over 40 years [1]. Traditionally, the ethanol solutions used
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for the calibration of the gas chromatographs were prepared
by the analyst. The concentrations were verified in-house,
but in the field of forensic ethanol analyses, problems were
encountered when results obtained using in-house standards
were to be defended in court. In 1999, South African labora-
tories approached the CSIR National Metrology Laboratory
(CSIR NML) with a request to produce certified ethanol
reference materials (CRMs) in practical concentrations and
volumes.

Ethanol reference solutions are prepared, bottled and la-
belled according to the ISO guides [2–4] and the homogene-
ity and stability are established according to these guides.
The standard ISO [4, 5] and EURACHEM/ CITAC [6] guides
to the estimation of uncertainty are applied as well as the
guide to the use of validation data by Barwick and Ellison
[7].

This paper describes the procedures for preparation of the
ethanol solutions, verification of their concentrations, ho-
mogeneity and stability by primary titrimetry, calculation of
uncertainty, the establishment of traceability, and the quality
control measures applied to assure the quality of the CRMs.

Established ethanol assays

Barwick and Ellison [8] oxidised ethanol to acetic acid with
an excess of potassium dichromate in the presence of sul-
phuric acid and titrated the excess potassium dichromate
with ferrous ammonium sulphate. Vogel questioned the use
of ferrous ammonium sulphate for accurate work [9] because
the ferrous ion is easily oxidised, leading to errors if stringent
precautions are not taken. Van Gent [1] made an extensive
study of the use of sodium thiosulphate as a titrant. Vogel
[10] provided detailed instructions on titrations of potassium
dichromate with sodium thiosulphate. We employ dichro-
mate oxidation and thiosulphate titration.
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Procedures

Preparation of the ethanol solutions

High-purity ethanol was obtained from Merck Chemicals
(Uvasol) or Riedel-de Haën (Absolut puriss.). The purity was
verified by assay (see below). Initially, the water content was
verified by Karl Fischer titration, but following consistent
results over 3 years, the Karl Fischer titration is now only
done if the assay does not match the stated concentration.

Aqueous ethanol solutions are prepared by mixing mea-
sured weights of assayed ethanol and organic-free water
(18 M� · cm) from a Waters Milli-Q system). Solutions are
made in batches of 1, 2 or 5 l. Weighing both components
ensures that solutions are produced with accurately known
concentrations, but limits the maximum volume of a single
batch to what can be conveniently weighed in the laboratory.

Batches of solution are dispensed in 50-ml, 500-ml or
1-l portions in labelled bottles, according to ISO [2–4]. The
concentrations and homogeneity (see below) are then verified
by the oxidation/ back-titration method.

Assay and certification

The method of Van Gent [1] was adapted for automated titra-
tions using a Mettler-Toledo DL55 autotitrator with a com-
bined platinum ring electrode. Reagent and titrant concen-
trations were as follows: potassium dichromate 0.017 mol/l
(4.9071 g/kg), sodium thiosulphate 0.05 mol/l (12.4 g/l),
potassium iodate 0.017 mol/l (3.64 g/kg). Sample size is
adjusted according to ethanol concentration in order to con-
sume a volume of potassium dichromate solution that is
within the range of the autotitrator burette.

For each set of assays, a set of 12 potassium dichromate
blanks, covering the expected dichromate consumption for
the samples, is run and used to calculate h (Eq. (2) below).
Figure 1 represents a flowchart of the procedure.

Homogeneity

After the batches are bottled and sealed, at least four dif-
ferent bottles are sampled to provide eight aliquots. To be
considered homogeneous, the relative standard deviation of
the eight titrimetric results must be less than the repeatability
uncertainty for the measurements. The repeatability uncer-
tainty limits for homogeneity (Table 2) were established as
the mean within-run repeatability for ten batches.

Verified concentration

At least four bottles from different places in the batch are
sampled to provide eight aliquots, and assayed according to
the oxidation/ back-titration method.

Place 4.9071 g 
K2Cr2O7 in a 

container1 and weigh 
to 4 decimal places

Weigh empty 
container. Calculate 

concentration of 
K2Cr2O7 solution

Pipette 10.00 ml 
K2Cr2O7 solution into 
a weighed vessel. Re-
weigh to 4 decimal 
places #

Fill flask2 to mark 
with deionised water. 
Record air and water 

temperature

Empty K2Cr2O7 into a 
calibrated 1000.00 ml 

volumetric flask2

Calculate 
concentration of 
K2Cr2O7 solution

Add 50 ml 0.2 mol/l 
H2SO4 and 2 g KI

Titrate with 0.05 mol/l 
Na2S2O3 solution

Calculate the  
Na2S2O3concentration

Prepare  0.05 mol/l 
Na2S2O3solution

Place 0.3638 g KIO3

in a container3
 and 

weigh to 4 decimal 
places

Fill flask4 to mark 
with deionised water. 
Record air and water 

temperature

Pipette 10.00 ml 0.017 
mol/l KIO3 solution 

into a weighed vessel. 
Re-weigh to 4 decimal 

places #

Weigh empty  
container3 . Calculate 

the KIO3

concentration

Add 50 ml 0.2 mol/l 
H2SO4 and 2 g KI

Empty KIO3 into a 
calibrated 100.00 ml 

volumetric flask4

Calculate 
concentrations of the 

ethanol solutions

Weigh a clean vessel 
and lid to 4 decimal 

places

Prepare 12 blanks for 
each run and 8 

replicate ethanol 
samples of each 
concentration

Pipette in 10.00 ml 
K2Cr2O7 solution. Re-
weigh to 4 decimal 

places

Pipette in 10 ml cold  
concentrated H2SO4

Allow to cool to room 
temperature and 

weigh

Pipette in 2 ml to 10 
ml aqueous ethanol 

solution and re-weigh

Allow to react at room 
temperature overnight

Place in autotitrator 
carousel and add 50 
ml deionised water

Add 2 g KI

# These steps are not strictly necessary but are included for quality control

Fig. 1 Flowchart of the assay procedure for aqueous ethanol reference
materials

Certification

The mean of the verification assay results may not differ
from the gravimetric concentration by more than the rela-
tive expanded uncertainty for that concentration as listed in
Table 2. For example, if a solution was gravimetrically pre-
pared to be 175.78 mg/100 g, the mean of the titrimet-
ric results must lie between 174.02 and 177.54 mg/100 g.
The certified concentration (in g/100 g) is the mean of the
prepared concentration and the eight titrimetric results. If
the mean of the eight results is 176.6 mg/100 g (0.47%
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Table 1 Replicate analyses in procedure

Procedure Replicates

Blank K2Cr2O7 solutions 12
Sample solutions 8
Verification [K2Cr2O7] 4
Standardisation Na2S2O3 4

Table 2 Homogeneity limits and relative reported uncertainties of
certified aqueous ethanol solutions (k = 2)

Concentration of
ethanol solution

Homogeneity limit
(% RSD)

Reported relative expanded
uncertainty (%)

10 mg/100 g 4.0 4.0
18 to 49 mg/100 g 1.5 2.5
50 to 59 mg/100 g 0.8 1.3
60 to 500 mg/100 g 0.7 1.0
1 to 20 g/100 g 0.7 1.2

higher than prepared), then the certified concentration will
be 176.2 mg/100 g ± 1.8 mg/100 g. If both the verification
and the homogeneity assays conform to the set requirements
the batch can be certified.

Stability

Eight aliquots of each batch are tested for stability at inter-
vals of 5 months. The whole range of solutions has remained
stable over a period of at least 18 months when stored be-
tween 4 and 10◦C. Solutions stored at 20◦C were found to
be stable over a period of at least 12 months. Figure 2 is
a summary of stability tests on a solution stored between
4 and 10◦C over a period of 23 months. The initial certi-
fication period was 8 months from date of preparation, but
enough data is now available over the whole concentration
range that the certification period could be increased to 12
months.

To establish the ruggedness of the CRMs to environmental
abuse during transport, solutions over the whole concentra-
tion range were placed in a non-air-conditioned vehicle that
was used for commuting during the South African summer.
A calibrated temperature- and humidity-logging device was
kept with the solutions. The temperature cycled from 13 to
43◦C and the relative humidity ranged from 15 to 80%. After
2 weeks, the solutions were assayed. There was no detectable
change in concentration.

Distribution

The reference material is distributed in volumes from 50 to
1,000 ml, depending on the application.

Quality control

Quality-control procedures are crucial to the validity of the
procedure. This aspect has not been addressed in previous
publications.

Potassium dichromate is often used as a primary standard
in titrimetry. It is obtainable at high purities and when dried,
solutions of accurately known concentration can be prepared.
Nevertheless, the concentration of the potassium dichromate
is verified by titration against a standard sodium thiosulphate
solution every time it is used. If the gravimetric concentration
differs from the titrated concentration by more than 0.3%
relative, then the titration is repeated. If the concentration of
the potassium dichromate cannot be verified, a fresh solution
is prepared.

The concentration of the 0.05 mol/l sodium thiosulphate
solution need not be known to calculate the concentration
of the aqueous ethanol solutions (Eq. (1) below). How-
ever, in order to verify the potassium dichromate concentra-
tion, the sodium thiosulphate solution is standardised against
0.017 mol/l potassium iodate.

The back-titration is validated using blanks containing
weights of potassium dichromate corresponding to the ex-
pected quantity of potassium dichromate left in the samples
after oxidation.

All quality-control checks and sample assays are repli-
cated as shown in Table 1.

Uncertainty

The uncertainty was treated according to ISO GUM [5] and
CITAC/EURACHEM [6].

The ethanol concentration is calculated from:

[EtOH] =
(

100 · A

4.2565 · B

)
·
(

C −
(

D

h

))
[g/100 g] (1)

h =
∑n

b=1
Eb
FEb

n
[ml/g] (2)

where A is the concentration of the potassium dichromate
solution (g/kg), B is the weight of the ethanol sample aliquot
(g), C is the weight of the potassium dichromate solution
added to the sample (g), D is the sodium thiosulphate titre for
the sample (ml), h is the blank value for the analytical batch
(that is, the average of the ratio of the sodium thiosulphate
titre to the weight of the potassium dichromate titrated), Eb

is the sodium thiosulphate titre for the blank (ml), FEb is the
weight of the potassium dichromate used for the blank (g)
and n is the number of blank determinations made.
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Stability of ethanol solutions 
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Fig. 2 Results of titrimetric
analyses of a certified ethanol
solution for stability over a
period of 23 months

  mg Ethanol/ 100 g  

[K2Cr2O7]
Weight K2Cr2O7

solution used
PrecisionTitre Na2S2O3

Conversion factor
Weight of ethanol

Solution used

Extent of 
oxidation

Blank (h)

Weight of K2Cr2O7

precision

Weight of ethanol
precision

Oxidation precision

[K2Cr2O7] precision

Blank precision

Titre precision

Titre volume

Temperature

Titration end point
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solution used

Weight of flask
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Fig. 3 Cause-and-effect diagram for the certification of aqueous ethanol solutions

The cause-and-effect diagram is given in Fig. 3.
In order to estimate reproducibility uncertainty, selected

batches of aqueous ethanol covering the whole concen-
tration range were analysed at least six times by dif-
ferent analysts and using different batches of reagents
over at least 7 months. The expanded uncertainty quoted
on the CSIR NML certificates includes reproducibility
contributions.

Although the gravimetric (prepared) concentrations of the
solutions are used to calculate the certified concentration, the
uncertainty of the gravimetric preparation is not included
in the cause-and-effect diagram because the contribution of
the gravimetric preparation can be shown to be negligible
(Fig. 4).

Table 2 lists the relative expanded uncertainties for the
whole concentration range. The assay of solutions containing
more than 500 mg/100 g ethanol includes a dilution step,
which results in a slightly increased relative uncertainty.

Traceability

The question of traceability of aqueous ethanol solutions has
not been addressed in previous publications. The CSIR NML
aqueous ethanol certified reference material is traceable to
the kilogram since all reagents are weighed on calibrated
balances. The CRMs are also traceable to the mole since
the assay is a primary method with known reaction mecha-
nisms. The CSIR NML CRMs are traceable to CRMs from
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Relative contributions to uncertainty

u(Precision)

u([K2Cr2O7])

u(Conversion factor)

u(f ox)

u(f imp)

u(Blank)

u(Titre volume)

u(Gravimetric preparation)

u(Long-term precision)

where: 
The long-term precision is represented by eleven analyses by different analysts using 
different batches of reagents, over thirteen months (between-run precision or 
reproducibility).  
u(Precision) is the precision for the analysis of eight aliquots by a single analyst on 
one day (within-run precision or repeatability). 
u(f imp) and u(f ox) represent the uncertainties of the impurities in the ethanol and 
the extent of the ethanol oxidation, respectively. 

Fig. 4 Comparison of relative
contributions to the uncertainty
budget
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Fig. 5 Results of titrimetric
analyses of ethanol CRM
LGC5401 from October 2002 to
January 2006 by different
analysts. The dotted horizontal
lines indicate the uncertainty
limits set by LGC, while the
solid horizontal lines indicate
the CSIR NML tolerance of
± 1% for this concentration

a National Metrology Institute: Laboratory of the Govern-
ment Chemist (LGC), UK., which are used to verify method
performance (Fig. 5). A traceability chart is given in Fig. 6.

Discussion and conclusions

Barwick and Ellison [8] discussed the analysis of a sin-
gle batch of aqueous ethanol. They used four potassium
dichromate blanks that consumed 88 ml of titrant, while
their samples consumed 31 ml. In our hands, assaying sam-
ples with different ethanol concentrations at one time, it

was found that four blanks gave reproducibilities that varied
beyond our control limits. Analysing 12 blanks with end-
points over the whole expected sample endpoint range, gives
day-to-day reproducibility within the control limits listed in
Table 2.

A detailed study of a repeatability uncertainty budget
was made by Barwick and Ellison [8], who reported an
expanded uncertainty for ethanol concentration of 0.28%
relative (coverage factor, k = 2) at an ethanol concentra-
tion of 80 mg/100 ml. Reproducibility (between-run) effects
were not included in their study. At the CSIR NML, the
relative standard deviations of the repeatability range from
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(Primary method)

Kilogram
(SI unit)

Mole
(SI unit)

ERM – AC409a
ERM – AC401b
ERM – AC402a
ERM – AC403a

Reference material
NML-ORG-001

Calibrated balances
(CSIR NML)

→++ 4272252 SO8HOCr2KOHH3C

O11H)(SO2CrSO2KCOOHCH3 2342423 +++

Fig. 6 Traceability chart for
aqueous ethanol solutions
prepared at the CSIR National
metrology Laboratory, South
Africa

0.27 to 0.63%, but when the reproducibility uncertainty is
included the relative expanded uncertainty increases to 1.1%
(k = 2). From Figs. 2 and 5 it is evident that the within-run
repeatability is not robust, and will underestimate the overall
uncertainty of the certified property value.

Primary methods, such as gravimetry and titrimetry used
in this procedure, are especially important in the produc-
tion of certified reference materials. Because small (1–5 L)
batches are prepared the ethanol solutions can be prepared
gravimetrically, with lower uncertainties than volumetry. The
titrimetric assays are then a verification of the concentra-
tion. Because the assay is a primary method, impurities in
the reagents or samples will cause erroneous results. The
quality-control procedures detect such errors in the analyti-
cal process.

Many certified ethanol reference materials contain mer-
cury (II) chloride as a preservative, but no data have been
published on the stability of unpreserved ethanol solutions.
To avoid possible environmental issues and toxic hazards,
no preservative is added to CSIR NML ethanol reference
materials. Despite the lack of preservative, the CRMs are
certified as stable for 12 months when stored between 4
and 10◦C.

The aqueous ethanol certified reference solutions pre-
pared at the CSIR NML fill several needs for South African
laboratories, especially those laboratories concerned with
the analysis of ethanol in blood and urine. At present, eight
different concentrations are routinely prepared for the cal-
ibration of gas chromatographs. These provide the widest
range available from NMIs to date. The solutions have been
used for the calibration of breath-alcohol instruments by the

so-called wet method. The South African wine industry has
used CSIR NML ethanol CRMs to verify methods for es-
timating ethanol content by measuring the density of wine
distillates, and interest is being shown in their application
to ethanol measurements in wine by infra-red spectrometry.
The ethanol CRMs have also been used as proficiency testing
samples.
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