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Abstract: In clinical chemistry and medical diagnostics, the reliability of the results obtained by numerous test-
ing protocols has a major impact on the critical decision-making processes. Considerable efforts are made by
international institutes to promote and give guidance on measurement comparisons and metrological traceability
using appropriate certified reference materials. The concentration values or amount of substance contents are
usually assigned to chemical analytical results. In contrast, the most relevant quantity is the activity of ions in
clinical chemistry. Activity corresponds to the available biologically active part of these components in a mixture.
Many measurement methods and instruments currently in use do not differentiate between the total substance
concentration and its biologically active component. In physiological solutions, such as blood plasma, the chemi-
cal activity makes a clear difference between ion or substrate concentration. Ion selective electrodes (ISE) are
widely used to directly measure the activity of ions. Measurement by means of ion-selective electrodes is a
standard method in point of care testing units (POCT) for continuous monitoring for e.g. haemodialysis, cardiac
surgery and in intensive care units. A metrological approach to ISE potentiometric measurements is proposed, to
determine the activity with their uncertainty. A prerequisite is to develop an activity calibration scale for complex
electrolyte solutions with known and traceable ion activities.
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1. Introduction

Within the growing number of analytical
techniques and innovative tools that are
being developed nowadays, numerous
testing protocols are applied in clinical
chemistry and medical diagnostics. The
reliability of the results obtained has a ma-
jor impact on the critical decision-making
processes.[1]

For this purpose, considerable efforts
are carried out by international institutes
to promote and give guidance on measure-
ment comparisons and metrological trace-
ability using appropriate certified refer-
ence materials.[2] The legal requirements
for products manufactured and marketed
in Europe, stated in the ‘In Vitro Diagnos-

ticMedical Directive’ (98/79/EC), demand
that the traceability of values that are as-
signed to calibrators and control materials
must be assured with reference measure-
ment procedures and/or available reference
materials of a higher order.[3–5] The Joint
Committee for Traceability in Laboratory
Medicine (JCTLM), an assembly estab-
lished by the International Committee of
Weights and Measures (CIPM), the Inter-
national Federation for Clinical Chemistry
and Laboratory Medicine (IFCC), and the
International Laboratory Accreditation
Cooperation (ILAC), recommends spe-
cially qualified laboratories andmetrologi-
cal institutions to assign reference values
to standards. Accreditation in accordance
with ISO 17025 and ISO 15195 is manda-
tory for the non-metrological laboratories.
They disseminate the reference values fur-
ther in intercomparison campaigns to rou-
tine laboratories on an annual basis.[6]

By implementing the requirements of
specific international standards, laborato-
ries can validate their competence by as-
sessingthereliabilityofdiagnostic tests.[7–9]
These standards are defined by a quality
management system that includes the han-
dling and storage control of samples and
reference materials, the use of diagnostic
devices with approved repeatability, the
internal quality control and monitoring of
analytical procedures, the traceability of
experimental results including evaluation
of the measurement uncertainty.

The first step of method validation for
diagnostic measurement procedures is the
definition of the requirements for the in-
tended use, setting the aimed performance
characteristics. The factors to be consid-
ered for method validation include numer-
ous parameters such as identity, selectiv-
ity/specificity, limits of detection, linear
working range, precision, repeatability, in-
tra- and interlaboratory reproducibility and
uncertainty. An appropriate mathematical
model equation of the measurand has to
be set up with an equation formed by the
input parameters.An uncertainty budget of
all known influence parameters has to be
established including the possible contri-
butions such as the realisation and defini-
tion of the measurand, the corrections of
systematic influences and their uncertain-
ties, and all influences that are directly
or indirectly functionally related in the
model equation.[10] To each contribution
a standard uncertainty is assigned, either
by statistical means based on experimen-
tal data, called Ttype A evaluation, or by
scientific computation based on a chosen
distribution, called type B. The standard
uncertainties of significance are propa-
gated to form the combined uncertainty ucwith their sensitivity factors. The different
expressions of measurement uncertainties
are developed in the Guide to the Expres-
sion of Uncertainty in Measurement.[11]

Metrological traceability of national
or international standard references relies
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in the experimental comparison of known
and unknown materials, each step charac-
terised with values for the measurand and
its uncertainties.[12] The measurement re-
sults of control materials can then be traced
back to a primary reference measurement
procedure and/or calibrator through an un-
broken chain of comparisons, all having
stated measurement uncertainties.[13] The
JCTLM has made the decision to develop
lists of higher order procedures and mate-
rials in a database for laboratory medicine
and in vitro diagnostics, in relation to the
requirements of the EU-IVD Directive.[14]
These materials and/or procedures are
prepared and evaluated by international
(BIPM, JRC, WHO, IFCC, NCCLS) or
national (PTB, SMU, METAS, NIST, etc.)
metrological institutions. The complexity
of the validation process requires an appro-
priate planning. Written documents speci-
fying the information obtained from differ-
ent sources should be prepared, including
a validation programme, the experiments
to be carried out, records of raw data and
their elaboration, evidence of comparison
with the requirements, and an approved
conformity statement.

A joint research project of the Euro-
pean Metrology Research Programme
(EMRP) was proposed to focus on trace-
able measurements for biospecies and ion
activity in clinical chemistry, under the
acronym Tracebioactivity. As part of this
project, the Federal Office of Metrology
(METAS, Switzerland) collaborates on
the metrological aspects of activity mea-
surement of essential ionic species and is
developing electrochemical methods and
infrastructure to set up traceable ion activ-
ity measurements.

2. Experimental

2.1 Reagents
The high purity salts (NaCl, KCl,

CaCl2.2H2O and MgCl2.6H2O) were
purchased from MV Laboratories Inc.,
Frenchtown, NJ, USA).Aqueous solutions
were prepared by gravimetry of the char-
acterised salts and dissolving them in ul-
trapure water from an ELGAPuralab-ultra
unit (Labtec, Wohlen, Switzerland).

The ion-selective membranes were
supplied from C-CIT GmbH (Wädenswil,
Switzerland), containing the following
selective ionophores: Sodium ionophore
X: 4-tert-butylcalix[4]arene-tetracetic
acid tetraethylester; potassium ionophore
I: valinomycin; chloride TDMACl: trido-
decylmethylammonium chloride; calcium
ionophore I (ETH 1001): diethyl-N,’-
[(4R,5R)-4,5-dimethyl-1,8-dioxo-3,6-di-
oxaoctamethylene]-bis(12-methylamino-
dodecanoate); magnesium ionophore VI
(ETH 5506): 1,3,5-tris[10-(1-adamantyl)-

7,9-dioxo-6,10-diazaundecyl]benzene
(Table 1).

2.2 Preparation of Mixed Electro-
lyte Reference Standards

A series of 13 electrolyte reference
standard solutions, each containing a dif-
ferent mixture of the Na+, K+, Mg2+, Ca2+
and Cl– ions in physiological concentra-
tions, was prepared according to Table
2.[15] The chloride salts were weighed
with high precision on a Mettler XP205
balance with a resolution of 10–5 g
(maximum load 220 g) and the aque-
ous solutions obtained were weighed
on a XP2004S balance (Mettler Toledo,
Greifensee, Switzerland) suitable for
higher loads (10–4 g resolution, maximum
load 2300 g). The weighing procedure was
followed by recording the display values
and the environmental data (ambient tem-
perature, air density, humidity) simultane-
ously through an ALMEMO 2890-9 data
logger (AHLBORN, Holzkirchen, Ger-
many) connected to a LabVIEW software
interface. The recorded data was then used
to perform a correction for the air buoy-
ancy by implementing the density of each
solution measured with a DMA 58 density
measuring device (PAAR, Graz, Austria).
A purity correction is also mandatory, this

way the exact masses and related molali-
ties could be calculated for the ionic con-
tent of the standard solutions.

2.3 Flow-through Device and
Potentiometric Ion-selective
Measuring System

The cell at METAS used for potentio-
metric measurements is symbolically rep-
resented as follows:[16]

Ag │AgCl(s) │ KCl 3M KCl
sample ││ membrane ││ internal filling
solution │AgCl(s) │Ag

The outer reference is a closed
Ag/AgCl gel-type electrode supplied by
C-CIT (Wädenswil, Switzerland). The gel
material is saturated with potassium chlo-
ride and protected with a 0.23 µm porosity
cellulosemembrane; the channel in contact
with the sample solution has an approxi-
mated diameter of 0.8 mm. With the inner
gel-type material, a drift of the potential is
observed depending on the exposure time
with the sample solutions, probably due to
polymer changes and/or depletion, as re-
ported in flow-through electrode setups.[17]

The working electrode is composed of
an ion-selective membrane and an inner
reference electrode of the Ag/AgCl-type.

Table 1. Selected ionophores in ion-selective membranes

Ionophore Name Reference Abbreviation

Potassium ionophore I Valinomycin Fluka 60403 K+ (I)

Sodium ionophore X – Fluka 71747 Na+ (X)

Chloride TDMACl TDMACl Fluka 91661 TDMACl

Calcium ionophore I ETH1001 Fluka 21192 Ca2+ (I)

Magnesium ionophore VI ETH5506 Fluka 63112 Mg2+ (VI)

Table 2. Composition of the mixed electrolyte standard solutions

Molality m / (mmol.kg–1)

Solution Na+ K+ Cl– Ca2+ Mg2+ I

1 129.67 4.62 136.7 0.72 0.48 136.8

2 140.07 3.68 147.7 1.20 0.77 148.4

3 149.92 2.74 158.1 1.69 1.04 159.4

4 134.93 3.23 140.5 0.67 0.52 140.6

5 135.92 3.32 141.9 0.77 0.57 142.1

6 136.95 3.40 143.3 0.86 0.62 143.6

7 137.92 3.49 144.7 0.96 0.67 145.1

8 138.81 3.58 145.9 1.06 0.71 146.5

9 139.91 3.67 147.4 1.16 0.76 148.1

10 139.62 3.74 147.5 1.25 0.80 148.2

11 141.90 3.87 150.2 1.35 0.86 151.1

12 142.91 3.96 151.7 1.45 0.95 152.7

13 144.91 4.22 154.7 1.64 1.14 156.1
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ion in the complex electrolyte sample solu-
tion needs to be known. This value origi-
nates from the introduction of the electro-
lyte molality in the Pitzer model, and is
related to the masses of the components.
Secondly, the electromotive force has to be
measured for each standard solution and
with each ion-selective sensor. These two
components of the activity scale have to be
determined with their corresponding com-
bined measurement uncertainty to achieve
comprehensive analytical assays.

3.2 Mass of Pure Electrolyte
Components Forming the Mixture

The preparation of the standard solu-
tions containing the electrolytes Na+, K+,
Cl-, Ca2+ and Mg2+ involves the develop-
ment of a standardised weighing procedure
that yields the lowest uncertainty through

The internal filling electrolyte solutions
used were 0.1 M NaCl, 0.1 M KCl, 0.1 M
CaCl2 or 0.1 MMgCl2 (0.2 M NaCl for the
chloride electrode) saturated with Ag+ in
accordance with the detected ion species.

Prior to the experiments, the dry liquid
membranes were conditioned for 24 hours
in a 0.1 M chloride salt solution of the se-
lected ion.

The automated potentiometric flow
system designed and built at METAS, de-
picted in Fig. 1, is an improved version of
previously described work.[2] The electric
valve drives K-6 (KNAUER, Berlin, Ger-
many) have been adapted and allow us to
perform runs of up to 18 solutions sequen-
tially with three switchable valve blocks
of six entries. AMETAS calibrated poten-
tiometer with six measurement channels
(C-CIT) allows us to perform multichan-
nel detections with PFA flow modules in
which the membranes are clamped and up
to six working electrodes (in our experi-
ments four electrodes were connected).Air
temperature, air pressure and air humidity
were measured with an ALMEMO 2890-
9 data logger (AHLBORN, Holzkirchen,
Germany) connected toMETAS calibrated
sensors. A flow controller measures the
liquid flow of the system (Sensirion CMO-
Sens ASL 1600-20 liquid flow sensor) and
in order to prevent the loss of standards
or samples by system failure, a max-flow
controller (INETRONIC, Zollbrück, Swit-
zerland) is connected at the end of the sys-
tem to supervise the total flow volume. A
bar code reader (Metrologic Instruments
Inc., Suzhou, China) coupled with a clas-
sification system for chemical compounds
and solutions is prepared for sample and
standards identification. The potentiomet-
ric measurements and environmental data
acquisition are performed using a versa-
tile LabVIEW software (Heinz Herren,
ISET, Laupen, Switzerland) and measure-
ments are stored using a SQLite database
engine.

2.4 Activity Calculation in Mixed
Electrolytes

The semi-empirical ion-interaction
approach for pure and mixed electrolytes
used in our work was mainly developed
by Pitzer and co-workers.[18,19] Pitzer’s
semi-empirical theory is able to describe
the non-ideal behaviour of the electrolytes
up to high ionic strengths in very good
agreement with experimental results. The
single ion activities of the physiological
solutions were calculated using the soft-
ware PHREEQC version 2.12.1 (David
Parkhurst, U.S. Geological Survey) from
their gravimetric-related data shown in Ta-
ble 3 using theMac Innes convention.[20–23]
The Mac Innes convention asserts the
equality of the activity coefficients of po-

tassium and chloride in a pure aqueous
solution of potassium chloride of any con-
centration or content;[24] the activity coef-
ficients of these ions are then assumed to
take the same values also in other mixtures
of electrolytes of the same ionic strength.
The software PHREEQC gives the mean
activity coefficient for each ion species and
the corresponding single ion activity is cal-
culated using the relation ai= γi.mi.

3. Method to Measure Ion Activities
in Complex Electrolyte Mixtures

3.1 Preparation of Standards and
Potentiometric Measurements

To create the activity scale for specific
ions, two interdependent elements are nec-
essary: Firstly the activity of the desired

WE
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WE
3
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peristaltic
pump

mass
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liquid
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liquid flow
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Fig. 1. Schematic view of the automated potentiometric flow system at METAS. Three valves
connected each with six sample bottles are piloted by a valve controller. The work electrodes
(WE) and reference electrode (RE) are connected to a potentiometer and the data acquisition is
performed with a computer equipped with a LabVIEW software. The liquid is pumped through
the fluidic system and measured with a mass flow meter. The flow is supervised by a total flow
counter to prevent wasting of standard solution in case of system failure. A total volume of 2 mL
is used per cycle of measurement for the 13 standards.

Table 3. Activities of the ionic content in the standard solutions

Activity a / (mmol.kg–1)

Solution Na+ K+ Cl– Ca2+ Mg2+

1 99.7 3.48 101.8 0.250 0.170

2 107.2 2.75 109.2 0.408 0.267

3 114.3 2.04 115.9 0.563 0.357

4 103.5 2.43 104.4 0.232 0.184

5 104.3 2.49 105.2 0.263 0.200

6 105.1 2.55 106.2 0.296 0.218

7 105.6 2.62 107.2 0.328 0.233

8 106.3 2.68 107.9 0.359 0.247

9 107.1 2.75 109.0 0.394 0.265

10 106.9 2.80 109.1 0.423 0.279

11 108.4 2.90 110.8 0.455 0.297

12 109.2 2.95 111.7 0.490 0.328

13 110.4 3.14 113.6 0.549 0.393
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the chain of calculations for the determina-
tion of the mass and molality.

The combined uncertainty given with a
mass determination incorporates influence
factors that originate from the physical
and technical specifications of the balance
(repeatability, nonlinearity, sensitivity tol-
erance, and temperature coefficient of the
sensitivity) and the effect of air buoyancy.

As described by Reichmuth et al., the
value and the combined standard uncer-
tainty of mass determination is expressed
in Eqns (1) and (2) where ms is the massof the sample, u(ms) the combined uncer-tainty of the mass, Bu is the air buoyancy
correction factor, u(Bu) its corresponding
uncertainty, ws is the weighing value dis-played by the balance and u(ws) the stand-ard uncertainty of this value.[25]

(2)

(1)

3.3 Potentiometric Measurements
The challenge is to develop ameasuring

system that will be able to acquire an EMF
signal that, combined with the ion activities,
will give a slope as close as possible to the
expected ideal Nernstian sensitivity values
described for ion-selective electrodes.[26]
Membranes for the sensors are chosen
according to their least interference. The
relationship between the potential E of a
measuring electrode circuit and the activity
ai of an ionic species to which it responds isin general mainly governed by the Nernst
equation (Eqn. (3))

(3)

where E0 is the standard potential, R is
the gas constant, F is the Faraday con-
stant, T is the temperature in Kelvin, z is
the number of elementary charges of the
ion i to be sensed and the unit molality m0

(1 mol.kg–1) creates a pure number as the
argument for the logarithm function. Apart
from the fixed charge number z, the factor
before the logarithm in this equation de-
pends only on the temperature T. The term
2.303. (R.T/(z.F)) is called the slope factor or
Nernst sensitivity, and expresses the theoret-
ical change of the potentialE of a measuring
electrode for a tenfold change in the activity
ai of the sensed ion. Thus for monovalent (z= 1) and divalent ions (z = 2), at T = 298.15
K, the calculated Nernst selectivities are re-
spectively 59.2 mV and 29.6 mV.

action terms (short-distance interaction),
temperature and pressure.[32]

This model mainly consists of a virial
equation, the Pitzer parameters are fitted to
real measurements. These equations can ad-
equately express the thermodynamic proper-
ties of the concentrated electrolyte solution
over a wide range of concentrations and
temperatures.[33] The Pitzer model, based on
a virial expansion, is reduced to a modified
form of the Debye-Hückel formula at low
ionic strength.[20,34] This virial expansion in-
volves summations over all possible binary
and ternary short-range interaction terms, as
well as mixing terms.

The equations of Pitzer were derived
from the following virial expansion of the
excess Gibbs free energyGex that is the dif-
ference between molal Gibbs free energy
and the molal Gibbs free energy of an ideal
solution system in which no interactions
between ions are postulated (Eqn. (6)).
The symbols in Eqn. (6) are: mw = mass (inkg) of solvent water; mi, mj,… = molalities
of the subscripted solutes; λij (Im) = binary
interaction coefficients; µijk = ternary inter-
actions coefficients.

The factors λij(Im) (Eqn. 6b) and µijk(Eqn. 6c) represent the effects of short-
range forces between two ions (λij) andthree (µijk) ions. The λij depend on the ion-ic strength Im, but the µijk are independentof it. Both the λij and µijk are symmetric,for example λij = λji and µijk = µikj = µjik. Forthe interaction between ions and neutral
molecules, these coefficients are gener-
ally assumed to be constant at a given
temperature and independent of the ionic
strength Im.Inpractice the termsΘij andΨijk aremost-ly neglected as their contribution is small.

Starting from Eqns (6a, 6b, 6c), the ex-
pressions for the activity coefficient γi ofthe ith species are obtained by evaluation of
the following partial derivative (Eqn. (7))

In the presence of other ionic species
j, most polymeric membranes incorporat-
ing ionophores for mono- and divalent ions
have shown a behaviour that can be ex-
pressed by an extended form of the Nernst
equation, the Nikolskij-Eisenman equation
(Eqn. (4)).[27,28]

(4)

where EI0 sums up all constant potential dif-ferences in the circuit, EJ is the liquid junc-tion potential between the reference electro-
lyte and the sample or standard solution.[29]

In our model, Eqn. (4) is also extended
by a dynamic term κ, that represents the
response of the ion-selective membrane
in function of time, and a drift term D as
shown in Eqn. (5):

(5)

The combined uncertainty is dominat-
ed by the uncertainties in EJ and κ, whereas
the uncertainties resulting from the ion ac-
tivity coefficients are comparatively small
in Eqn. (5).[2] The uncertainty in EJ is gen-erally considered as a major source of bias
in ISE measurements, whereas the uncer-
tainty of the dynamic term is usually not
considered.[30,31]

3.4 The Pitzer Semi-empirical Ion
Interaction Model

The Pitzer model describes the ionic
activities as a function of solution ionic
strength (long-distance interaction), inter-

(11) (6)

(11a) (6a)

(6b)

(6c)

Debye-Hückel term
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where f 8 is defined in Eqn. (7a) and AΦ andA8 in Enq. (7b) Aγ = 0.5108 kg1/2.mol-1/2
at 298.15K, andAΦ=0.392 kg1/2.mol-1/2De-bye–Hückel parameters; b = 1.2 kg1/2.mol-1/2
constant equal for all electroly-
tes.[35–37]

The other constants and variables are
NA:Avogadro constant, dw: density (kg.m-3)
of solvent water at temperature T, e: charge
of electron, ε0: electric permittivity of
vacuum, εw: dielectric constant of water at
temperature T, k: Boltzmann constant, T:
absolute temperature.

The cation–anion interaction coeffi-
cients (Eqns 7c, 7d, 7e) used to describe
the non-ideal behaviour and the triple ion
interaction coefficients are given, with
Gij

(0), Gij(1), Gij(2), α1, α2 andCijφ from literature
tables or from the Pitzer database.[38]

The parameters Gij
(0), Gij

(1) and Gij
(2) are

specific for each electrolyte. They are
obtained through fitting of isothermal or
isobaric thermodynamic data available for
aqueous solutions of the considered elec-
trolyte. The coefficient Gij

(2) is needed only
for two-two (e.g.Mg2+ SO4

2-) or higher va-
lence electrolytes, in which the formation

however circumstances where the activity
and the concentration are significantly dif-
ferent from each other, and, an approxima-
tion with concentrations is not appropriate
where activities are required.

4.1 Potentiometric Signal and
Activity Scale
4.1.1 Potentiometric Signal

The electrochemical response of our
ISE flow system for the K+ selective mem-
brane is shown in Fig. 2. In this figure, the
EMF measurement signal of a sequence of
the 13 standard solutions listed in Table 2
is represented versus the measuring time.
Each solution is pumped into the system
during 90 seconds at a gradual flow rate
reaching a maximum of 0.1 mL.min–1, and
the signal is measured in steady state dur-
ing an hour. In Fig. 2a, the sequence of
injection is written above the x axis, and
the signal corresponding to each of the
standard solutions is depicted. In this ex-
ample, only one sequence cycle is shown,
however we routinely perform five cycles
of measurements in a row, to favour the
signal stabilisation over a long period of
time. Fig. 2b shows a focus on the signal
corresponding to solution 1, between hour
1 and hour 2: The signal stabilises in only
a few minutes, and the subsequent poten-
tial drift during an hour of acquisition is
estimated to 40 ƫV. A major contribution
to this drift is the slow variation of the
liquid junction potentials at the external
reference electrode. With a closer view
at the last minutes of the acquisition (Fig.
2c), where the signal is the most stable, the
noise observed is about 10 ƫV.

4.1.2 Determination of the Nernst
Sensitivity

On the example showed in section
4.1.1, we have performed identical EMF
measurements for all the membranes in
Table 2. The 13 mixed electrolyte stand-
ard solutions each containing the five ions
were pumped sequentially into the system
for 1 h potentiometric measurements, and
runs of five cycles were performed to as-
sess the system stability. For each cycle
of the standard solutions, the EMF values
obtained with the ion-selective electrodes
were collected and plotted versus the loga-
rithm of the corresponding ion activity
(log(ai/m0)) shown in Table 3.

As seen in Fig. 3a and Fig. 3b, the
membranes selective to the monovalent
ions of sodium (ionophore X) and potas-
sium (ionophore I) yielded slopes of 61.9
resp. 57.2 mV per decade at t = 19.5 ⁰C.
These values are satisfyingly close to the
Nernstian behaviour expected of 58.4 mV,
showing a successful discrimination of
the interfering ions present in the stand-
ard solutions. The s values in the graph-
ics are calculated using the linear fitting

(7)

(7a)

(7b)

(7c)

(7d)

(12e) (7e)

of electrostatic ion pairs is important. For
solutions containing at least a univalent ion,
α1= 1.2 kg1/2.mol-1/2 and α2= 0 kg1/2.mol-1/2,but for two-two electrolytes at 25 ºC, α1= 1.4 kg1/2.mol-1/2 and α2= 1.2 kg1/2.mol-1/2.These values are often assumed to be in-
dependent of the temperature T and the
pressure p.[39]

4. Results: Chemical Ion Activity
Measurements in Mixed Electrolyte
Solutions

In chemical thermodynamics, the ac-
tivity a represents the effective concentra-
tion or molality of a species in a mixture.
The activity of an ion is greatly influenced
by other constituents of the mixture. The
difference between activity and other sam-
ple composition measurements is caused
by the interaction between the molecules
in non-ideal gases or solutions, either to at-
tract or to repel each other. In practice, con-
centrations are often used instead of activi-
ties, that should be used to define equilib-
rium constants or reaction rates. There are
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tool of software Origin Pro 8 (OriginLab
Corporation, Northampton, U.S.A.), repre-
senting the fitted standard deviation of the
experimental linear slope values. In Fig.
3c, the slope of –46.2 mV obtained for the
chloride ISE (TDMACl), although differ-
ent from the expected value –58.4 mV at
19.5 °C clearly allows the detection of the
selected ion from the interfering ions as
well.

The two ISE used for calcium (iono-
phore I) and magnesium (ionophore VI)
yielded slopes of 26.4 mV resp. 25.1 mV,
values that are certainly lower than the ide-
al expected 29.6 mV. The Ca2+ ions present
in the mixture interfere with the Mg/Ca
selective electrode signal, but the mem-
brane discrimination is high enough for
this influence to be neglected. The slopes
obtained are the result of measuring lower
activity values for the electrolytes Ca2+ and
Mg2+ in the standard solution mixture (Ta-
ble 3). In consequence, the (log(ai/m0)) in
Fig. 3d and Fig. 3e is slightly shifted to
the non-linear domain of the activity scale,
resulting in a lower slope. This effect being

inherent to the activity scale of the target
analyte, and in this case not related to the
membrane or ionophore properties, the ob-
tained values are suitable for a correct ISE
detection of divalent ions.

4.1.3 Determination of the Ion Activity
in Test Solutions

An experiment was performed to deter-
mine the potassium activity in three mixed
electrolyte test solutions by calibration
with three reference standard solutions,
using the K+-selective membrane con-
taining potassium ionophore I. At first, a
three-point calibration curve was obtained
as described earlier in this work, using
minimum and maximum reference solu-
tion concentrations bracketing those of the
samples. The slope obtained is 56.34 mV
(s = 0.005 mV) and the intercept of 137.49
mV (s = 0.013 mV) (Fig. 4). The depicted
analysis function of E versus (log(ai/m0))
(Eqn. (8), Fig. 4, full line) is given with the
confidence interval of 95% (dotted lines),
and the unknown potassium activity of the
test samples can be mathematically deter-

mined, as well as their respective uncer-
tainties.

(13) (8)

The results obtained from Fig. 4 for the
three samples are shown in Table 4, where
the normally unknown values for the mo-
lality and the activity of K+ (calculated
according to the Pitzer model) are shown.
With the EMF values obtained experi-
mentally, the logarithm of the K+ activity
is traced back with its related uncertainty.
The results obtained are consistent, since
the experimentally determined activity is
comparable to the values determined with
the model.

5. Conclusions

Based on metrological principles an
ion-selective measurement procedure for
the determination of the chemical activity
of ions in mixed electrolyte solutions has
been proposed. The traceability of the re-
sults is achieved by a chain of comparisons
of all parameters involved. A convention
for their activities similar to measurements
in pH has been adopted.[40] The ion activ-
ity approach of Pitzer is fully suitable to
measure activities in complex electrolyte
mixtures. The most relevant steps involved
have been carefully studied to set the best
conditions and therefore achieving the
lowest possible uncertainties, resulting in
the smallest impact on the combined un-
certainty.

Building the activity scale involves
the collection of two main data flows: On
one hand the determination of the activity
of the electrolyte solutions is performed,
where the influence parameters that are
taken into account are the gravimetric da-
ta, the hardware specifications, the purity
factors and the air buoyancy. On the other
hand the acquisition of the potentiometric
signal must be set up, where the contribu-
tions of the ion-selective membrane, the
diffusion potential, the inner electrolyte
and the measuring device have a consid-
erable influence on the potential stability,
drift and signal noise.

The results presented in this work dem-
onstrate the validity of the method for the
determination of ion activity by potentiom-
etry with traceable data. For 13 standard
reference solutions each containing five
ions of interest, namely Na+, K+, Ca2+, Mg2+
and Cl_, the Nernst sensitivities were suc-
cessfully evaluated with a selection of ion-
selective membranes. The results achieved
are close to the expected calculated values.
The corresponding activity scales were
plotted and an assay was performed to de-

Fig. 2. Potentiometric measurements of standard solution sequences using the ion-selective
membrane for K+ (ionophore I). Fig. 2a shows the evolution of the potentiometric signal during
one hour steady state measurement for each solution. Fig. 2b shows the signal drift of 40 µV
during the measurement of solution. Fig. 2c shows the signal noise of 10 µV in the last minutes
of measurement of solution 1.
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termine the activity of unknown test sam-
ple solutions with a three point calibration
curve. The analysis function used to trace
these values back gave satisfying results
with relative uncertainties in the percent
range for the activities.
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Table 4. Determination of the potassium activity in three test samples with a three point calibration
curve

Sample K+ molality
/(mmol.

kg-1)

Activity
(Pitzer)
/(mmol.

kg-1)

EMF
/mV

log(aK+)
exp.

u(log(a)) Activity a
(exp).
/(mmol.

kg–1)

u(a)
/(mmol.

kg–1)

1 3.23 2.427 –10.030 –2.618 0.007 2.410 0.041

2 3.58 2.678 –7.408 –2.572 0.007 2.679 0.044

3 3.96 2.954 –5.018 –2.529 0.007 2.958 0.049


