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Abstract
This work presents the results from stability studies for several electrolytic conductivity 
(EC) reference materials submitted to repeated use conditions, as required by the last ver-
sion of the ISO 17034 standard. Eight batches of reference materials, composed of water or 
water/n-propanol and HCl or KCl (at different concentrations), were studied, with nominal 
EC values ranging from 5 to 12,825 µS·cm−1. The materials were submitted to a simula-
tion of repeated use, with the manipulation of bottles once a week and their storage under 
refrigeration with air gaps inside them. They were then analyzed once a month by the EC 
primary measurement method. The measurement results were evaluated to check for devia-
tions from conventional long-term stability monitoring and for variation trends using nor-
malized error and linear regression statistical tests. The results indicated that the repeated 
use simulation caused deviations in the EC for the 100 and 500 µS·cm−1 reference materi-
als and variation trends in the EC for the 5000 and 12,825 µS·cm−1 reference materials. 
From the results, the uncertainty related to stability monitoring under repeated use condi-
tions was calculated for each reference material.
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1  Introduction

Electrolytic conductivity (EC) is related to the total concentration of all ionized substances 
in a liquid sample. Its routine measurement is simple, fast, inexpensive, robust, and sensi-
tive, making it the most used parameter for assessing water purity. Pure water is of great 
importance in many fields, such as in pharmaceutical, chemical, metallurgical, biotech-
nology, and semiconductor industries; environmental and food safety; oceanographic and 
hydrological studies; power generation; and clinical laboratories, where it can be used as a 
solvent, reagent, cleaning material, and/or sterile medium [1–9].
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The so-called EC primary measurement method (ECPM), which has been established 
and accepted worldwide and has mainly been carried out at national metrology institutes, is 
based on resistance measurements between two circular platinum electrodes, usually at dif-
ferent alternating current (AC) frequencies and at 25 °C. The electrodes are within a cylin-
drical electrochemical cell (with an accurately determined diameter), and two distances 
between the electrodes are employed (with an accurately determined distance variation) so 
that the cell constant can be determined [10–12].

Routine EC measurements by essay laboratories are usually carried out using a com-
mercial meter and cell. In this case, traceability can be established by the use of Certified 
Reference Materials (CRM) for determining the cell constant so that the results obtained 
can be linked to those from the ECPM. The certification process of a reference material 
involves several studies to assess homogeneity and stability. Short-term and long-term sta-
bility studies, for instance, are usually carried out to evaluate the stability of the material 
under transportation and storage conditions, respectively. Since 2016, with the publica-
tion of the ISO 17034 standard, a new stability study is required to assess the stability of 
reference materials under repeated use conditions, where the subsampling of one unit of 
the material is allowed. As result, and when applicable, the uncertainty related to some 
observed instability must be estimated and incorporated to the final uncertainty of the 
CRM and/or some instruction of use must be given in the certificate of the material to 
avoid possible instability effects regarded to its repeated use [11, 13, 14]. Up to the present 
date, no published paper has reported results on the stability studies of EC reference mate-
rials under repeated use conditions.

Therefore, this work presents the results from the stability studies of several EC refer-
ence materials (ranging from 5 to 12,825 µS·cm‒1), under repeated use conditions, using 
the ECPM at the National Institute of Metrology, Quality and Technology (INMETRO), 
in Brazil. The results were statistically evaluated to check for some instability and the cor-
responding uncertainties were estimated.

2 � Experimental Section

2.1 � Samples

Eight batches of EC reference materials were studied. The materials were packed into 250 
mL borosilicate glass bottles, since the use of glass bottles did not affect significantly the 
long term stability of electrolytic conductivity reference materials, as was shown in a pre-
vious work [11]. Descriptions of the chemical composition of the materials are given in 
Table 1. As can be seen, most of the reference materials studied were composed of water 
and KCl, as suggested by IUPAC [15]. However, for the materials with low EC values 
(below 100 µS·cm‒1), two other chemical compositions were chosen to be evaluated, 
based on previous publications [10, 11, 16]: water and HCl was selected for the 25 and 50 
µS·cm‒1 reference materials, whereas water:1-propanol 70:30 (w:w) and KCl was selected 
for the 5·µS·cm‒1 reference material. In each case, the presence of HCl or 1-propanol was 
chosen to minimize carbon dioxide interference in the EC (by minimizing carbonic acid 
formation and ionization). Ultrapure water (provided by an Elga Purelab Option-Q water 
purifier), reagent grade 1-propanol (≥ 99.5%, Sigma-Aldrich), low impurity HCl solution 
(30%, Merck Suprapur®), and reagent grade KCl (≥ 99.0%, Sigma-Aldrich) were used in 
the preparation of the reference materials.
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2.2 � Instrumentation

The ECPM was carried out using the EC primary measurement system (ECPS) from 
INMETRO. This system uses a cylindrical electrochemical cell (about 5 cm diameter) 
made of a ceramic material. The cell contains two platinum electrodes, one at each side of 
the cylinder. The cell is placed vertically at a metallic holder inside a polystyrene closed 
box with three heat exchangers (Bürklin) at its bottom, through which water from a ther-
mostatic bath (Fluke/Hart Scientific 7011) flows. The platinum electrode at the upper side 
of the cell can be electronically moved along the cylindrical body (a movable electrode). In 
addition, the system also contains the following equipment: a thermometric bridge (Fluke/
Hart Scientific 1590) connected to a Pt-100 sensor; an inductance, capacitance, and resist-
ance (LCR) meter (Agilent 4284A); a direct current (DC) servo motor (Physik Instrumente 
M-227.25) connected to an electronic controller (Physik Instrumente C-863); a linear dis-
placement measurement system (Heidenhain CT250); and a microcomputer with an USB/
GPIB interface (Agilent 82357B), running homemade software (written in Visual Basic 
Community 2018) for equipment control, data acquisition, and calculations. More detailed 
descriptions of the ECPS can be found in previous works [10, 11]. The thermometric 
bridge with sensor, the LCR meter, the linear displacement measurement system, and the 
cell diameter, all of which can affect the EC determination, were previously calibrated at 
INMETRO.

2.3 � Repeated Use Simulation

For each EC reference material, six closed bottles were opened, and half of their contents 
were transferred to six empty bottles. Then, the six pairs of bottles (with about 125 mL 
of liquid on each) were closed and placed into a refrigerator at 4 °C (as recommended 
in the certificates of these reference materials after opening a bottle). This was done to 
simulate the storage of opened bottles by the user of the reference material, with a given air 
gap inside them. Once a week, each pair of bottles was removed from the refrigerator and 
opened, and all of their content was sequentially transferred from one bottle to the other for 
about one minute. They were then closed again (keeping about 125 mL of liquid in each) 

Table 1   Descriptions of the 
chemical composition of the EC 
reference materials studied

a Calculated using the masses of solute and solvent from the prepara-
tion of the reference materials

Nominal EC
(µS·cm‒1)

Solvent Solute Molalitya

(mol·kg‒1)

5 Water:1-propanol 
70:30 (w:w)

KCl 3.35340 × 10‒5

25 Water HCl 5.87670 × 10‒5

50 Water HCl 1.17884 × 10‒4

100 Water KCl 6.80610 × 10‒4

500 Water KCl 3.47176 × 10‒3

1408 Water KCl 1.00000 × 10‒2

5000 Water KCl 3.71429 × 10‒2

12,825 Water KCl 1.00000 × 10‒1
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and placed back in the refrigerator. This was done to simulate the use of one subsample of 
the material once a week by the user of the reference material. Once a month, one pair of 
bottles was removed from the refrigerator and opened, and all of the content was placed 
into only one of the bottles, which was then analyzed by the ECPM. At the end of six 
months, six measurements were carried out by the ECPM, and no bottle remained in the 
refrigerator (classical stability study design). The measurement results were compared to 
those from conventional long-term stability monitoring (from closed bottles) of the same 
reference materials.

2.4 � EC Determination

For each determination by the ECPM, the electrochemical cell was first filled with about 
150 mL of the sample solution and the sample temperature was monitored until it stabi-
lized (between 24.98 and 25.02 °C). Then, measurements of temperature and resistance 
were acquired, using 10 different AC frequency values and two positions of the movable 
Pt electrode (with a displacement of 0.02 m), resulting in one measurement cycle. The 
AC frequency values employed were dependent on the reference material analyzed (fre-
quencies where the reactance values are closer to zero), ranging from 60 to 8,000 Hz to 
100–20,000 Hz. For each position of the movable Pt electrode, the resistance of the sample 
was calculated by the linear extrapolation of the resistance for the inverse of the AC fre-
quency equal to zero. Then, one EC value (κ) was calculated according to Eq. 1.

where Δl is the displacement of the movable Pt electrode, RU is the resistance of the 
sample at the upper electrode position, RL is the resistance of the sample at the lower elec-
trode position, D is the cell diameter, TM is the temperature measured, TR is the reference 
temperature (25 °C in this case), and α is a coefficient related to EC variation as a function 
of the temperature, which depends on the TR and the chemical composition of the refer-
ence material. At least 12 measurement cycles were carried out for each EC determination. 
More details on the ECPM can be found in previous works [1, 10–12].

2.5 � Data Evaluation

The results from stability monitoring under repeated use conditions (SMRU) were evalu-
ated in two different ways, for each reference material: (1) a direct comparison of each 
data point from SMRU to all the data from conventional long-term stability monitoring 
(LTSM), using the normalized error statistical test [17, 18], and (2) a linear regression sta-
tistical test [13, 19] for the data from SMRU to check for variation trends.
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3 � Results and Discussion

3.1 � EC Determination

The data from a series of measurement cycles for one EC determination are given in Fig. 1 
for the 50 and 5000 µS·cm‒1 reference materials. As can be observed, the EC results along 
the measurement cycles (and along time) were quite stable for the 5000 µS·cm‒1 reference 
material; however, similar data for the 50 µS·cm‒1 reference material showed a continuous 
decrease along the measurement cycles. The chemical composition of the 50 µS·cm‒1 refer-
ence material suggests an explanation. As this material was composed of water and HCl, 
the H+ ions bind to the ceramic material on the internal surface of the electrochemical cell, 
causing a decrease in the EC along the measurements cycles for every EC determination. 
The same occurred for the 25 µS·cm‒1 reference material, which was also composed of an 
HCl solution. Therefore, for the reference materials with KCl (see Table 1), the final EC 
result was calculated using the average of the EC values from all cycles. For the reference 
materials with HCl, the final EC result was calculated using a linear extrapolation of the 
EC values for the time when the electrochemical cell was filled.

Fig. 1   Data from a series of 
measurement cycles, with 
expanded uncertainties (k = 2), 
for one EC determination for 
the reference materials of a 50 
µS·cm‒1 and b 5000 µS·cm‒1
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Fig. 2   EC results from stability monitoring under repeated use conditions (in red) compared to those from 
long-term stability monitoring (in black), with expanded uncertainties (k = 2), for the reference materials of 
a 5 µS·cm‒1, b 25 µS·cm‒1, c 50 µS·cm‒1, d 100 µS·cm‒1, e 500 µS·cm‒1, f 1408 µS·cm‒1, g 5000 µS·cm‒1, 
and h 12,825 µS·cm‒1 (Color figure online)
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3.2 � Stability Monitoring Under Repeated Use Conditions

The EC results from SMRU for all reference materials studied are shown in Fig. 2, together 
with those from LTSM for the same batch of each reference material. The zero time in this 
figure represents the day when the bottles from the repeated use conditions were opened 
(see Sect. 2.3). As the time period from LTSM embraces all the time from SMRU, some 
data from LTSM (taken before SMRU) had negative time values in the figure. The results 
from the linear regression statistical tests (applied only to the data from SMRU) are given 
in Table 2.

The data from SMRU for each reference material show that all the six data points from 
the 100 µS·cm‒1 reference material and the last three data points from the 500·µS cm‒1 
reference material were significantly higher than those from LTSM of these materials. 
This was confirmed by the results from the normalized error statistical tests, which were 
all higher than 1 for the comparisons among each of these nine data points and all the 
data from LTSM of the same reference material. That is, for these reference materials, the 
repeated use simulation, which involved opening and manipulating the bottles, caused a 
deviation in the EC results in relation to the closed bottles. These EC increases, in this 
case, are probably related to some carbon dioxide input and dissolution after opening the 
bottles (considering the carbon dioxide was not fully equilibrated between the air and the 
materials when they were prepared and bottled). For the other reference materials, all the 
data points from SMRU were statistically similar to at least one data point from LTSM of 
the same reference material (normalized errors lower than 1). That is, for these reference 
materials, every single result from SMRU, when analyzed apart from the other results, 
could be from a closed bottle. This behavior is related to the solvent or solute (for the 5, 
25, and 50 µS·cm‒1 reference materials), where the carbonic acid formation and ionization 
is minimized, or to the higher KCl concentrations (for the 1408, 5000, and 12,825 µS·cm‒1 
reference materials), where the effect of carbon dioxide dissolution on the EC would be 
relatively lower.

When evaluating all the data from SMRU together for each reference material using 
linear regression statistical tests (Table 2), a significant increasing trend in the data can be 
observed for the 500, 5000, and 12,825 µS·cm‒1 reference materials, since |b| was higher 

Table 2   Statistics from linear 
regression tests for assessing 
the stability of the reference 
materials

a Slope from linear regression
b Uncertainty associated with the slope
c Tabled Student’s t for n − 2 degrees of freedom and a 95% confidence 
level

Nominal EC
(µS·cm‒1)

ba ub
b ttab

c
u
b
× t

tab

5 8.56 × 10−7 1.77 × 10−4 2.776 4.93 × 10−4

25 2.51 × 10−3 1.68 × 10−3 2.776 4.66 × 10−3

50 6.44 × 10−4 1.00 × 10−3 2.776 2.78 × 10−3

100 − 6.76 × 10−4 1.07 × 10−3 2.776 2.97 × 10−3

500 1.26 × 10−2 3.29 × 10−3 2.776 9.12 × 10−3

1408 1.04 × 10−2 5.94 × 10−3 2.776 1.65 × 10−2

5000 5.87 × 10−2 1.10 × 10−2 3.182 3.49 × 10−2

12,825 9.32 × 10−2 1.17 × 10−2 3.182 3.71 × 10−2
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than 
(

u
b
× t

tab

)

 . This was already expected for the 500 µS·cm‒1 reference material, since 
the previous evaluation indicated that the first half of the data were similar to those from 
LTSM, whereas the last half were higher than those. For the 5000 and 12,825 µS·cm‒1 ref-
erence materials, the results indicated that they were also affected by opening and manipu-
lating the bottles, but at a relatively slower rate than the 100 and 500 µS·cm‒1 reference 
materials. The explanation here is probably the same as above; that is, some carbon dioxide 
input and dissolution must be occurring after opening of the bottles.

When the results from SMRU for all electrolytic conductivity reference materials com-
posed of KCl aqueous solutions are analyzed, from the lowest (100 µS·cm‒1) to the highest 
concentration (12,825 µS·cm‒1), a transition can be observed from a deviation in the results 
(compared to those from LTSM) to a trend in the results along time (indicated by the linear 
regression statistical tests). However, and surprisingly, the results from the 1408 µS·cm‒1 
reference material showed no deviation or trend and thus there was no additional informa-
tion or data to support any possible explanation of that.

From the results discussed above, it was possible to calculate an uncertainty value 
related to SMRU for each reference material studied. The results are shown in Table  3. 
For the 100 and 500 µS·cm‒1 reference materials, where a significant deviation was found 
between at least some results from SMRU and those from LTSM, the uncertainty value 
was calculated as the difference between the average of the deviating results and the aver-
age of the LTSM results, divided by the square root of three. For the 5000 and 12,825 
µS·cm‒1 reference materials, where a significantly increasing trend was found in the results 
from SMRU, the uncertainty value was calculated using the slope from the linear regres-
sion of these results, multiplied by 90 and divided by the square root of three. The 90, in 
this case, is related to the number of days each bottle will last considering its use once a 
week by the user (which was simulated in the repeated use conditions) and a consumption 
of about 20 mL with each use. Alternatively, an uncertainty value of zero could also be 
attributed in this case, with a limitation in the expiration time of the materials after their 
opening, according to the slope from SMRU and the final uncertainty of the materials. And 
finally, for the 5, 25, 50 and 1408 µS·cm‒1 reference materials, where no deviation and no 
trend was found in the results from SMRU, the uncertainty value was calculated using the 
slope uncertainty multiplied by 180. The 180, in this case, is related to the time interval 

Table 3   Uncertainty results 
related to stability monitoring 
under repeated use conditions

a 
(

ub × 180
)

b 
�

(Average of deviating results) − (average of LTSM results)
�

∕

√

3
c (b×90)∕

√

3

Nominal EC
(µS·cm‒1)

Uncertainty source Uncer-
tainty 
(k = 1)

5 Slope uncertainty (no trend)a 0.032
25 Slope uncertainty (no trend) 0.31
50 Slope uncertainty (no trend) 0.19
100 Deviation (from closed bottles)b 0.50
500 Deviation (from closed bottles) 1.3
1408 Slope uncertainty (no trend) 1.1
5000 Slope (variation trend)c 3.1
12,825 Slope (variation trend) 4.9
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between measurements used in LTSM. Alternatively, an uncertainty value of zero could 
also be attributed in this case, but informing users of any significant deviation (from the 
certified values) found in the future results from LTSM.

4 � Conclusions

Stability studies were successfully carried out for eight batches of EC reference materials 
(with values from 5 to 12,825 µS·cm‒1), submitted to repeated use conditions, using the 
primary measurement method. The manipulation of bottles once a week and their storage 
under refrigeration with air gaps inside them were shown to be effective in simulating the 
repeated use conditions by a common user of the reference materials. The use of the pri-
mary measurement method was chosen to allow the detection of possible small trends in 
the measurement data over time, which could not be sensed with analytical methods having 
less precision.

The results from the studies showed that, except for the 1408 µS·cm‒1 reference mate-
rial, all the materials composed of only water and KCl were affected by the repeated use 
simulation, resulting in deviations (compared to the closed bottles) or increasing trends in 
the EC results, which were probably related to some carbon dioxide input and dissolution. 
On the other hand, all materials containing HCl or 1-propanol have not been affected by 
the repeated use simulation, since these reagents minimized the carbon dioxide interfer-
ence in the EC. The deviations or trends observed could be quantified and used to calculate 
the values of a new uncertainty source, related to stability monitoring under repeated use 
conditions. This new uncertainty source will be used in the uncertainty calculation for new 
batches of these reference materials, increasing the reliability of their certified values.
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