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Abstract

The definition of a “primary method of measurement” (1) has permitted a full consderation of the
definition of primary standards for pH, determined by a primary method (cell without transference,
Haned cdl), of the definition of secondary standards by secondary methods, and of the question
whether pH, as a conventional quantity, can be incorporated within the internationaly-accepted Sl
system of measurement. This approach has enabled resolution of the previous compromise IlUPAC
(1985) recommendations (2). Furthermore, incorporation of the uncertainties for the primary method,
and for al subsequent measurements, permits the uncertainties for al procedures to be linked to the
primary standards by an unbroken chain of comparisons. Thus a rationa choice can be made by the
andyst of the appropriate procedure to adopt to achieve the target uncertainty of sample pH.
Accordingly this document explains IUPAC recommended definitions, procedures and terminology
relaing to pH measurements in dilute agueous solutions in the temperature range 5-50 ° C. Details are
given of the primary and secondary methods for measuring pH and the rationale for the assgnment of
pH values with appropriate uncertainties to selected primary and secondary substances.
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Abbreviations used
BIPM Bureau International des Poid et Mesures, France
CRMs Certified Reference

EUROMET European Collaboration in Metrology (Measurement Standards)
NBS Nationa Bureau of Standards, USA, now NIST
NIST National Ingtitute of Science and Technology, USA
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NMIs National Metrological Institutes
PS Primary Standard

LJP Liquid Junction Potential

RLJP Residual Liquid Junction Potential
SS Secondary Standard

1 Introduction and Scope

1.1 pH, asingleion quantity.
The concept of pH is unique amongst the commonly encountered physicochemica quantities listed in
the lJUPAC Green Book (3) in that, in terms of its definition (4),

pH=-1g a,
it involves a single ion quantity, the activity of the hydrogen ion, which is immeasurable by any
thermodynamically valid method and requires a convention for its evauation.

1.2 Cédlswithout transference, Harned cdlls.

As will be shown in 8 4, primary pH standard values can be determined from electrochemica data
from the cell without transference using the hydrogen gas eectrode, known as the Harned cell.
These primary standards have good reproducibility and low uncertainty. Cells involving glass
electrodes and liquid junctions have considerably higher uncertainties as will be discussed later

(8 5.1, 10.1). Using evaluated uncertainties, it is possible to rank reference materials as primary or
secondary in terms of the methods used for assigning pH values to them. This ranking of primary
(PS) or secondary (SS) standards is consistent with the metrological requirement that measurements
are traceable with stated uncertainties to national, or international, standards by an unbroken chain of
comparisons each with its own stated uncertainty. The accepted definition of traceability isgivenin §
125, If the uncertainty of such measurements is caculated to include the hydrogen ion activity
convention 8 4.6), then the result can aso be traceable to the internationally accepted S system of
units.

1.3 Primary pH standards.

In § 4 of this document the procedure used to assign primary standard [pH(PS)] values to primary
standards is described. The only method that meets the stringent criteria of a primary method of
measurement for measuring pH is based on the Harned cell (Cel I). This method, extensively
developed by R.G. Bates (5) and collaborators at NBS (later NIST) is now adopted in nationa
metrological ingtitutes (NMIs) world-wide, and the procedure is approved in this document with dight
modifications (8 3.2) to comply with the requirements of a primary method.

1.4 Secondary standards derived from measurements on the Harned cell (Céll 1).
Vaues assigned by Harned cell measurements to substances that do not entirely fulfil the criteria for
primary standard status are secondary standards(SS) [with pH(SS) values] and are discussed in § 8.1.

1.5 Secondary standards derived from primary standards by measuring differences in pH.

Methods that can be used to obtain the difference in pH between buffer solutions are discussed in 8 8.2-
8.5 of these recommendations. These methods involve cells that are practicaly more convenient than
the Harned cell, but have grester uncertainties associated with the results. They enable the pH of other
buffers to be compared with primary standard buffers that have been measured with aHarned cell.  Itis
recommended that these are secondary methods and buffers measured in this way are secondary
standards (SS) [with pH(SS) vaues].

1.6 Traceability.
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This hierarchical approach to primary and secondary measurements facilitates the availability of
traceable buffers for laboratory cdibrations. Recommended procedures for carrying out these
cdibrations to achieve specified uncertainties are givenin 8§ 11.

1.7 Scope.

The recommendations in this Report relate to andytical laboratory determinations of pH of dilute
agueous solutions € 0.1 mol kg')  Systems including partialy agueous mixed solvents, biological
measurements, heavy water solvent, natural waters and high temperature measurements are excluded
from this Report.

1.8 Uncertainty estimates.
The Annex (8 13) includes typica uncertainty estimates for the use of the cdls and measurements
described.

2 Activity and the Definition of pH

2.1 Hydrogenion activity.

pH was origindly defined by Serensen in 1909 (6) in terms of the concentration of hydrogen ions (in
modern nomenclature) as pH = - Ig (c./c°) where ¢y, is the hydrogen ion concentration in mol dm’®,
andc® =1 mol dm®. Subsequently (4), it has been accepted that it is more satisfactory to define pH in
terms of the relative activity of hydrogen ionsin solution

pH =-Igay = -lg (myg, /nT) 1)

where ay isthe rdative (moldity basis) activity and g, is the mold activity coefficient of the hydrogen
ion H" a themoldity my , and n?f is the molality standard state exhibiting infinitely diluted behaviour.
The quantity pH is intended to be a measure of the activity of hydrogen ions in solution. However, snce
it is defined in terms of a quantity that cannot be measured by a thermodynamicaly vaid method,
egn.(1) can be only anctional definition of pH.

3 Traceability and Primary Methods of M easur ement

3.1 Rdationto S System.

Since pH is not measured in terms of a fundamenta (or base) unit of any measurement system, it has
become common practice to regard pH measurements as being tracegble to their definition. A more
satisfactory dternative is now available, since it has been accepted that measurements of chemical
properties can be incorporated within the internationaly-accepted SI system of measurement if they can
be traced to measurements made using a method that fulfils the definition of a “primary method of
measurement” (1).

3.2 Primary method of measurement.

The accepted definition of a primary method of measurement is given in 8§ 12.1. The essentid feature of
such a method is that it must operate according to a well-defined measurement equation in which dl of
the variables can be determined experimentdly in terms of Sl units. Any limitation in the determination
of the experimenta variables, or in the theory, must be included within the estimated uncertainty of the
method if traceability to the S is to be established. If a convention is used without an estimate of its
uncertainty, true tracesbility to Sl would not be established. In the following section, it is shown that the
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Harned cdl fulfils the definition of a primary method for the measurement of the acidity function,
p(anga), and subsequently of the pH of buffer solutions.

4 TheHarned cdl asa Primary Method for the Absolute M easurement of pH

4.1 TheHarned cell.
The cedll without transference defined by

Pt|H, | buffer S, CI' | AgCl | Ag Cdl
is known asthe Harned cdll (7). Chlorideions, in the form of potassum or sodium chloride, are added

in order to use the dlver-silver chloride dectrode . The application of the Nernst equation to the
spontaneous cell reaction:

YoH, + AgCl ® Ag(9)+H" +CI

yields the potentia difference E; (corrected to 1 atm (101.325 kPa) partia pressure of hydrogen gas,)
of thecdl as

Ei= E°—[(RT/F) In 10] Ig [(mygi/nf)(Myga/nf)] 2

which can be rearranged, sincea, = mygy/n to give the acidity function

P @n %) =-19 @ &) = E— E)Y[(RT/F) In 10] +Ig (mu/nf) (2)

where E° is the standard potentia difference of the cell, and hence of the silver-silver chloride electrode,
and gy isthe activity coefficient of the chloride ion.

Note: The sign of the standard electrode potential of an electrochemical reaction is that displayed on a high
impedance voltmeter when the lead attached to standard hydrogen electrode is connected to the minus pole of
the voltmeter.

The stepsin the use of the cdll are summarised in Figure 1 and described in the following paragraphs.
The standard potentid difference of the silver/silver chloride electrode, E°, is determined from a Harned
cell in which only HCI is present at a fixed moldity (eg. m= 0.01 mol kg"). The application of the
Nerngt equation to the HCI cell

Pt|H, |HCI (m)| AgCl | Ag Cdl la
gives
Eia = E°= [(2RT/F) In 10] Ig (Mia/n)(@a1) )
where E,, has been corrected to 1 atmosphere partial pressure of hydrogen gas (101.325 kPa) and guyc) IS

the mean ionic activity coefficient of HCI.

4.2 Activity coefficient of HCI.
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The values of the activity coefficient Qo) a molaity 0.01 mol kg and various temperatures are given
by Bates and Robinson (8). The standard potentia difference depends in some not entirely understood
way on the method of preparation of the eectrodes, but individua determinations of the activity
coefficient of HCl a 0.01 mol kg' are more uniform than values of E°.  Hence the practica
determination of the potentia difference of the cdll with HCl a 0.01 mol kg™ is recommended at 298.15
K at which the mean ionic activity coefficient is 0.904. Dickson (9) concluded that it is not necessary to
repeat the measurement of E° a other temperatures, but that it is satisfactory to correct published
smoothed values by the observed differencein E° a 298.15 K.

4.3 The acidity function.
In NMIs measurements of Cells| and la are often done smultaneoudy in athermostat bath.
Subtracting egn.(3) from (2) gives

DE = E - Ei=- [(RT/F) In 10][lg (mug/nf)(muga/n?) - Ig (Mia/nf) °d nal @

which is independent of the standard potentid difference.  Therefore, the subsequently caculated pH

does not depend on the standard potentia difference and hence does not depend on the assumption that
the standard potentia of the hydrogen electrode, E°w. 12 = O at all temperatures.  Therefore, the Harned
cdl can give an exact comparison between hydrogen ion activities at two different temperatures (in
contrast to statements found el sewhere, see for example (5)).

The quantity p(auth) = -lg (aua), on the left hand side of (2'), is caled the acidity function (5). To
obtain the quantity pH (according to egn. (1)), from the acidity function, it is necessary to evaluate Ig gy
by independent means. This is done in two geps: (i) the value of |g @1ay) a zero chloride molality,
lg (ang)°, is evaluated and (ii) a vaue for the activity of the chlorideion g, a zero chloride moldity
(sometimes referred to as the limiting or ‘trace’ activity coefficient (9)) is cdculated using the Bates-
Guggenheim convention (10). These two steps are described in the following paragraphs.

4.4 Extrapolation of acidity function to zero chloride moldity.
The vadue of Ig (aygy)° corresponding to zero chloride moldlity is determined by linear extrapolation of
measurements using Harned cells with at least three added moldlities of sodium or potassum chloride.

-lg @3) = - lg@3)°+ Sy (5

where S is an empirica, but temperature dependent, constant. The extrapolation is linear, which is
expected from Bronsted's observations (11) that specific ion interactions between oppositely charged
ions are dominant in mixed strong electrolyte systems at constant molality or ionic strength. However,
these acidity function measurements are made on mixtures of weak and strong electrolytes at constant
buffer moldity but not constant total moldity. It can be shown (12), that provided the change in ionic
srength on addition of chloride is less than 20%, the extragpolation will be linear without detectable
curvature. If the latter, less convenient method, of preparation of constant total moldity solutions is
used, Bates (5) has reported that, for equimold phosphate buffer, the two methods extrgpolate to the
same intercept. In an dternative procedure, often useful for partialy agueous mixed solvents where the
above extrapolation appears to be curved, multiple application of the Bates-Guggenheim convention to
each solution composition givesidentical results within the estimated uncertainty of the two intercepts.

4.5 Bates-Guggenheim convention.

The activity coefficient of chloride (like the activity coefficient of the hydrogen ion) is an immeasurable
quantity. However, in solutions of low ionic srength ( < 0.1 mol kg') it is possible to caculate the
activity coefficient of chloride ion usng Debye-Huickd theory. This is done by adopting the Bates-
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Guggenheim convention, which assumes the trace activity coefficient of the chloride ion ¢, is given by
the expression (10).

lgde =- AI*/(1+Bal”) ©)

where A is the Debye-Hicke temperature dependent constant (limiting dope), a is the mean distance of
closest approach of the ions (jon size parameter), Ba is set equd to 1.5 (mol kg') ™ at al temperatures in
the range 5-50°C, and | is the ionic strength of the buffer (which for its evaluation requires knowledge
of appropriate acid dissociation congants). Vaues of A as a function of temperature can be found in
Table A6 and of B, which is effectively unaffected by revison of dielectric constant data, in Bates (5).
When the numerica vaue of Ba = 1.5 (i.e without units) is introduced into egn. (6) it should be written
as

lgda =- A”*/([1+ 15 (/nf)*] (6)

The various sages in the assgnment of primary standard pH values are combined in egn. (7), which is
derived from egns. (2'), (5), (6')

PH(PS) = lim Mg e o { (E; = E°)/[(RT/F) In 10] + Ig (mg/mP)} - A1 /([1 + 1.5 (1/nP) ] (7
and the steps are are summarised schematicaly in Figure 1.

5 Sour ces of Uncertainty in the Use of the Harned cell

5.1 The potentia Primary Method and Uncertainty evaluation.

The presentation of the procedure in § 4 highlights the fact that assumptions based on eectrolyte
theories (7) are used at three points in the method:

(i) Debye-Hiickd theory isthe basis of the extrapolation procedure to calculate the value for the
standard potential of the slver/silver chloride electrode, even though it is a published value of
Gina > @ 9. m= 001 mal kg, that is recommended (8§ 4.2) to facilitate E° determination.

(i) Specific ion interaction theory is the basis for usng a linear extrapolation to zero chloride
(but the change in ionic strength produced by addition of chloride should be restricted to no
more than 20%).

(iif) Debye-Huckd theory is the bass for the Bates-Guggenheim convention used for the
calculation of the trace activity coefficient, gy°.

In the first two cases, the inadequacies of eectrolyte theories are sources of uncertainty that limit the
extent to which the measured pH is a true representation of 1g ay. In the third case, the use of equation
(6) or (7) is a convention since the value for Ba is not directly determinable experimentdly. Previous
recommendations have not included the uncertainty in Ba explicitly within the caculation of the
uncertainty of the measurement.

Since egn. (2) is derived from the Nernst equation applied to the thermodynamically well-behaved
platinum-hydrogen and slver-silver chloride electrodes, it is recommended that, when used to measure
—g(angy) in aqueous solutions, the Harned cell potentially meets the agreed definition of a primary
method for the measurement.  The word ‘potentially’ has been included to emphasise that the method
can only achieve primary status if it is operated with the highest metrologica qualities (see § 6.1-6.2).
Additionaly, if the Bates-Guggenheim convention is used for the calculation of 1g o, the Harned cell
potentially meets the agreed definition of a primary method for the measurement of pH subject to this
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convention if aredigtic estimate of its uncertainty isincluded. The uncertainty budget for the primary
method of measurement by the Harned cdll (Cdll 1) isgiven inthe Annex 8§ 13.

Note: The experimental uncertainty for atypical primary pH(PS) measurement is of the order of 0.004 (see Table
4).

5.2 Evduation of Uncertainty of Bates-Guggenheim convention.

In order for a measurement of pH made with a Harned cdll to be traceable to the S| system, an estimate
of the uncertainty of each step must be included in the result. Hence it is recommended that an estimate
of the uncertainty of 0.01 (95% confidence interval) in pH associated with the Bates-Guggenheim
convention is used. The extent to which the Bates-Guggenheim convention represents the “true” (but
immeasurable) activity coefficient of the chloride ion can be caculated by varying the coefficient Ba
between 1.0 and 2.0 (mol kg™)™ This corresponds to varying the ion-size parameter between 0.3 and
0.6 nm, yielding a range of + 0.012 (a | = 0.1 mol kg*) and + 0.007 (& | = 0.05 mol kg™) for g
cdculated usng equation (7). Hence an uncertainty of 0.01 should cover the full extent of variation.
This must be included in the uncertainty of pH values that are to be regarded astraceableto the SI.  pH
values stated without this contribution to their uncertainty cannot be considered to be traceable to the Sl.

5.3 Hydrogen ion concentration.

It is rardly required to caculate hydrogen ion concentration from measured pH. Should such a
caculation be required, the only consstent, logica way of doing it isto assume g4 = g andset the latter
to the gppropriate Bates-Guggenheim conventiona vaue. The uncertainties are then those derived from
the Bates-Guggenheim convention.

5.4 Possible future approaches.

Any model of eectrolyte solutions which takes into account both eectrogtatic and specific interactions
for individual solutions would be an improvement over use of the Bates-Guggenheim convention. It is
hardly reasonable that a fixed vaue of the ion-size parameter should be appropriate for a diversty of
selected buffer solutions. It is hoped that the Pitzer model of electrolytes (13), which uses a virid
equation gpproach, will provide such an improvement, but data in the literature are insufficiently
extensive to make these caculations at the present time. From limited work a 25 ° C done on phosphate
and carbonate buffers, it seems that changes to Bates-Guggenheim recommended vaues will be smdl
(14). tispossble that some anomalies attributed to liquid junction potentials may be resolved.

6 Primary Buffer Solutionsand Required Properties

6.1 Requisites for highest metrologica qudity.

In the previous sections, it has been shown that the Harned cdll provides a primary method for the
determination of pH. In order for a particular buffer solution to be considered a primary buffer solution,
it must be of the “highest metrological” qudlity (15) in accordance with the definition of a primary
sandard. It is recommended that it have the following attributes (16, 17; 5, p.95):

1. High buffer value in the range 0.016 — 0.07 (mol OH")/pH.

2. Smdl dilution value a half concentration (change in pH with change in buffer concentration)
in the range 0.01 — 0.20.

3. Small dependence of pH on temperature in the range 0.001 —0.01 K™

4. Low residua liquid junction potential <0.01in pH (see87).

5. lonic strength £ 0.1 mol kg* to permit applicability of Bates-Guggenheim convention.
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6. NMI certificate for specific batch.
7. Reproducible purity of preparation (lot to lot differences of DpH(PS) < 0.003).
8. Long term stability of stored solid material.

Values for the above and other important parameters for the selected primary buffer materials (see

§ 6.2) aregivenin Table 1.

Note: Thelong-term stability of the solid compounds (>5 years) is a requirement not met by borax (16). There
are also doubts about the extent of polyborate formation in 0.05 mol kg™ borax solutions and hence this
solution is not accorded primary status.

6.2 Primary standard buffers.

Since there can be dgnificant variations in the purity of samples of a buffer of the same nomina
chemica composition, it is essentid that the primary buffer materia used has been certified with vaues
that have been measured with Cel 1. The Harned cell has been used by many NMIs for accurate
measurements of the pH of buffer solutions. Comparisons of such measurements have been carried out
under EUROMET collaboration(18), which have demonstrated the high comparability of measurements
(0.005 in pH) in different laboratories of samples from the same batch of buffer material.  Typica
values of the pH(PS) of the 7 solutions from the 6 accepted primary standard reference buffers, which
meet the conditions stated in 8 6.1, arelisted in Table 2. These listed pH(PS) values have been derived
from certificates issued by NBS/NIST over the past 35 years.  Batch-to-baich variations in purity can
result in changes in the pH value of samples of at least 0.003. The typica vauesin Table 2 should not
be used in place of the certified value (from a Harned cell measurement) for a specific batch of buffer
material.

The required attributes listed in § 6.1 effectively limit the range of primary buffers available to
between pH 3 and 10 (at 25 °C). Calcium hydroxide and potassium tetraoxalate have been excluded
because the contribution of hydroxyl or hydrogen ions to the ionic strength is significant. Also
excluded are the nitrogen bases of the type BH" (such as tris-hydroxymethyl aminomethane and
piperazine phosphate) and the zwitterionic buffers (e.g. HEPES and MOPS (19)). These do not
comply because either the Bates-Guggenheim convention is not applicable, or the liquid junction
potentials are high. This means the choice of primary standards is restricted to buffers derived from
oxy-carbon, -phosphorus, -boron and mono, di- and tri-protic carboxylic acids. In the future, other
buffer systems may fulfil the requirementslistedin § 6.1.

7 Condgency of Primary Buffer Solutions

7.1 Consstency and the liquid junction potentia
Primary methods of measurement are made with cells without transference as described in 8 1-6
(Cdl 1). Less complex, secondary methods use cells with transference, which contain liquid
junctions. A single liquid junction potentid is immeasurable, but differences in liquid junction
potential can be estimated. Liquid junction potentias vary with the composition of the solutions
forming the junction and the geometry of the junction.

Eqgn. (2) for Cdl | applied successively to two primary standard buffers, PS, PS, gives
DpH, = pH/(PS) - pH(PS) = limmyeo{ El(P§2)/k - |1E|(PS)/k} .
— Al ([1+ 15 (I/nf)"] - 1y /([1 + 15 (1 oynf) "]} )

where the lagt term is the ratio of trace chloride activity coefficients Ig[da/daml,
conventionaly evauated via B-G egn (6.
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Note 1: Since the convention may unevenly affect the g“c|(2) and d’g(l) estimations, DpH, differs from the true
value by the unknown {19[d’a /i) - All gy #(1+1.51 1)) - 12y */(1+1.5 2]} contribution.

A second method of comparison is by measurement of Cell 11 in which there is a sdt bridge with two
free diffuson liquid junctions

Pt|H;| PS!KC (33.5mol dm®) |PS; |H,| Pt Cdl Il
for which the spontaneous cell reaction isadilution,
H'(PS) ® H'(PS)

givesthe pH difference from Cell Il as

DpH) -pHi(PS) - pHu(PS) = Eik—[(E2- EvK] ©)

where the subscript Il is used to indicate that the pH difference between the same two buffer
solutions is now obtained from Cell I1. DpH,, differsfrom DpH, (and both differ from the true vaue
DpH,) sinceit depends on unknown quantity, the residual liquid junction potential, RLIP = (E; -
E1), whose exact value could be determined if the true DpH were known

Note 2: The subject of liquid junction effects in ion-selective electrode potentiometry has been comprehensively
reviewed (20). Harper (21) and Bagg (22) have made computer calculations of liquid junction potentials for simple
three ion junctions (such as HCI + KCI) the only ones for which mobility and activity coefficient data are available.
Breer, Ratkje and Olsen (23) have thoroughly examined the possible errors arising from the commonly made
approximations in calculating liquid junction potentials for three-ion junctions. They concluded that the assumption
of linear concentration profiles has |less severe consequences (~ 0.1 — 1.0 mV) than the other two assumptions of the
Henderson treatment, namely constant mobilities and neglect of activity coefficients, which can lead to errors of ~10
mV. Breer et al. concluded that their calculations supported an earlier statement (24) that in ion-selective electrode
potentiometry, the theoretical Nernst slope, even for dilute sample solutions, could never be attained because of
liquid junction effects.

Note 3: According to IUPAC recommendations on nomenclature and symbols (3), a single vertical bar ) is
used to represent a phase boundary, adashed vertical bar ( | ) represents a liquid-liquid junction between two
electrolyte solutions (across which a potential difference will occur), and a double dashed vertical bar ( | |

represents a similar liquid junction, in which the liquid junction potential is assumed to be effectively zero
(~1% of cell potential). Hence, the term in square brackets on the right hand side of egn, (9) is usually

ignored and the liquid junction represented by || . In the Annex, the symbol | is used because the error
associated with the liquid junction is included in the analyss.

Note 4: The polarity of Cell Il will be negative on the left, i.e. - ¢+, when pH(PS;) > pH(PS;). The liquid
junction potential E; of asingle liquid junction is defined as the difference of the potential of the solution of

interest, e.g. a buffer solution, minus the potential of the KCl solution, for instance in Cell 1l, Ej; = E(S;) -
E(KCI) and Ej, = E(S;) - E(KCI). It is negative when the solution of interest is an acid solution and positive

when it is an alkaline solution, provided E; is principally caused by the hydrogen, or hydroxyl, ion content of
the solution of interest (and only to a smaller degree by its alkali ions or anions). The residual liquid junction

potential, the difference E;(right) - E;(left), depends on the relative magnitudes of the individual E; values and
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has the opposite polarity to the potential difference E of the cell. Hence, in Cell Il the residual liquid junction
potential, Ej1(PSy) - Ej2(PS;), hasapolarity +¢- when pH(S) > pH(S,).

Notwithstanding the foregoing, comparison of pH,, vaues from the Cel 1l with two liquid junctions
(egn. 9) with the assigned pH, (PS) vaues for the same two primary buffers measured with Cdll | (egn.
8) makes an estimation of residua liquid junction potentids (RLJP) possible (5):

[PHI(PS) - pHi(PS)] - [(PHI(PS) - pHI(PS)] = (e - Bk =RLIP (10)

With the value of RLJP set equd to zero for equimola phosphate buffer (taken as PS) then [pH,(PS,) -
pH(PS)] is plotted againgt pH(PS). Results for free diffusion liquid junctions formed in a capillary
tube with cylindrica symmetry at 25°C are shown in Figure 2 (25, and references cited therein).

Note 5: For 0.05 mol kg™ tetraoxalate, the published values (26) for Cell Il with free diffusion junctions are
wrong (27, 28).

Vaues such as those shown in Figure 2 give an indication of the extent of possble systematic
uncertainties for primary standard buffers arising from three sources:

(i) experimenta uncertainties, including any variaions in the chemica purity of primary buffer materials
(or variations in the preparation of the solutions) if measurements of Cells | and Il were not made in the
same |laboratory at the same occasion.

(if) variation in resdud liquid junction potentials between primary buffers.

(iii) incongstencies resulting from the agpplication of the Bates-Guggenheim convention to chemically
different buffer solutions of ionic strengths less than 0.1 mol kg™,

It may be concluded from examination of the results in Figure 2, that a consistency no better than
0.01 can be ascribed to the primary pH standard solutions of Table 2 in the range 3-10 pH. This
vaue will be greater for less reproducibly formed liquid junctions than the free diffusion type with
cylindrical symmetry.

Note 6: Considering the conventional nature of egqn.(10), and that the irreproducibility of formation of
geometry-dependent devices exceeds possibl e bias between carefully formed junctions of known geometry, the
RLJP contribution, which is included in the difference between measured potential differences of cells with
transference, istreated asastatistical, and not asystematic error.

Note 7: Values of RLJP depend on the Bates-Guggenheim convention through the last term in egn. (8) and
would be different if another convention were chosen. This interdependence of the single ion activity
coefficient and the liquid junction potential may be emphasised by noting that it would be possible arbitrarily
to reduce RLJP values to zero for each buffer by adjusting the ion-size parameter in egn. (6).

7.2 Computational approach to consistency.

The consistency between conventionally assigned pH values can aso be assessed by a computational
approach. The pH values of standard buffer solutions have been calculated from literature values of
acid dissociation constants by an iterative process. The arbitrary extension of Bates-Guggenheim
convention for chloride ion, to al ions, leads to the calculation of ionic activity coefficients of al
ionic species, ionic strength, buffer capacity and calculated pH values. The consistency of these
values with primary pH values obtained using Cell 1 was 0.01 or lower between 10 and 40 °C (29,
30).

DRAFT, 6 July 2001



IUPAC WP pH Document 11

8 Secondary Standar ds and Secondary Methods of M easur ement

8.1 Secondary standards derived from Harned cell Measurements.

Substances that do not fulfil al the criteria for primary standards but to which pH vaues can be

assigned using Cell | are considered to be secondary standards. Reasons for their exclusion as

primary standardsinclude, inter alia:

(i) Difficulties in achieving consistent, suitable chemical quality (e.g. ethanoic acid isaliquid).

(i) High liquid junction potential, or inappropriateness of the Bates-Guggenheim convention
(e.g. other charge-type buffers)

Therefore, they do not comply with the stringent criterion for a primary measurement of being of the

highest metrological quality. Neverthdess, their pH(SS) values can be determined. Their

consistency with the primary standards should be checked with the method described in 8§ 7. The

primary and secondary standard materias should be accompanied by certificates from NMIsin order for

them to be described as certified reference materias (CRMs).  Some illustrative pH(SS) vaues for

secondary standard materids (5, 17, 25, 31, 32) are given in Table 3.

8.2 Secondary standards derived from primary standards.

In most gpplications, the use of a high-accuracy primary standard for pH measurements is not justified,
if a traceasble secondary standard of sufficient accuracy is available. Severd designs of cdls are
available for comparing the pH values of two buffer solutions. However, there is no primary method for
measuring the difference in pH between two buffer solutions for reasons given in 8 8.6. Such
measurements could involve either using a cell successively with two buffers, or a single measurement
with a cell containing two buffer solutions separated by one or two liquid junctions.

8.3 Secondary standards derived from primary standards of the same nomina composition using cells
without sat bridge.
The most direct way of comparing pH(PS) and pH(SS) is by means of the single junction Céell 111 (33).

Pt|H,|Buffer S, | | Buffer S|H,|Pt Cdl 111

The cdll reaction for the spontaneous dilution reaction is the same as for Cell 11 and the pH difference
is given by

PH(S,) - pH(S) = Bk (11)

The buffer solutions containing identical PJH, eectrodes with an identical hydrogen pressure are in
direct contact via a vertica sintered glass disk of a suitable porosity (40 um). The liquid junction
potentia formed between the two standards of nominally the same composition will be particularly small
and is estimated to be in the nV range. It will therefore be less than 10% of the potential difference
measured if the pH(S) values of the standard solutions are in therange 3 £ pH(S) £ 11 and the difference
in their pH(S) vaues is not larger than 0.02. Under these conditions, the liquid junction potentia is not
dominated by the hydrogen and hydroxyl ions but by the other ions (anions, adkai metd ions). The
proper functioning of the cell can be checked by measuring the potentia difference when both sides of
the cell contain the same solution.

8.4 Secondary standards derived from primary standards using cells with sdt bridge.

The cell that includes a hydrogen eectrode (corrected to 1 atm. (101.325 kPa) partid pressure of
hydrogen) and a reference dectrode, the filling solution of which is a saturated or high concentration of
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the aimost equitransferent electrolyte, potassum chloride, hence minimising the liquid junction potentid,
is.

Ag|AgCl |KCI ((3 3.5moal dm'3) | buffer S |H, | Pt cdl v
Note 1: Other electrolytes, e.g. rubidium or cesium chloride, are more equitransferent (34).

Note 2: Cell 1V iswritten in the direction: reference | indicator

(i) for conformity of treatment of all hydrogen ion-responsive electrodes and ion-selective el ectrodes with various
choices of reference electrode, and partly,

(ii) for the practical reason that pH meters usually have one low impedance socket for the reference electrode,
assumed negative, and a high impedance terminal with adifferent plug, usually for a glass electrode.

With this convention, whatever the form of hydrogen ion-responsive electrode used (e.g. glass or quinhydrone), or
whatever the reference electrode, the potential of the hydrogen-ion responsive electrode always decreases
(becomes more negative) with increasing pH (see Figure 3).

This convention was used in the 1985 document (2) and is also consistent with the treatment of ion-selective
electrodes (35). In effect, it focuses attention on the indicator electrode, for which the potential is then given by
the Nernst equation for the single electrode potential, written as a reduction process, in accord with the Stockholm
convention (36):

For Ox + ne ® Red, E =E°—(k/In) Ig [ared]/[Eox]
(whereaisactivity), or, for the hydrogen gas electrode at 1 atm. partial pressure of hydrogen gas:

H*+e ® %H, E=E°+klgay, =E° - kpH

The equation for Cell 1V istherefore:

pH(S) = -[E(S) - En® + Ejlk (12

inwhich Ey, © isthe standard potential, which includes the term Igag/m?, and E istheliquid junction potential.
Note 3: Mercury- mercury(l) chloride (calomel) and thallium amalgam-thallium (1) chloride reference electrodes
are alternative choicesto the silver-silver chloride electrodein Cell V.

The consecutive use of two such cells containing buffers S and $ gives the pH difference of the
solutions

PH(S,) - pH(S) = [Ev(S)-Ev(S)] K - [E2 -Ex]/ k (13)
in which the second term is the residud liquid junction potential (RLJP), (see 8 7.1).

Note 4: Experimentally, a three-limb electrode vessel allowing simultaneous measurement of two Cell || may be
used (25) with the advantage that the stability with time of the electrodes and of the liquid junctions can be checked.
The measurement of cells of type |1, which has a salt bridge with two liquid junctions, has been discussed in§ 7.

Cdls Il and IV may dso be used to measure the value of secondary buffer standards that are not
compatible with the slver/slver chloride dectrode used in Cell I. Since the liquid junction potentids in
Cdls |l and IV are minimised by the use of an equitrandferent salt, these cells are auitable for use with
secondary buffers that have a different concentration and/or an ionic strength greater than the limit ( £
0.1 mol kg™") imposed by the Bates-Guggenheim convention. They may, however, dso be used for
comparing solutions of the same nomina composition.

8.5 Secondary standards from glass electrode cells.
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M easurements cannot be made with a hydrogen eectrodein Cdl 1V, for example, if the buffer is reduced
by hydrogen gas a the platinum (or pdladium-coated platinum) eectrode. Cdl V involving a glass
electrode and glver-silver chloride reference eectrode may be used instead in consecutive
measurements, with two buffers PS,, SS, (see §11.3 for details).

8.6 Secondary methods.

The equations given for Cells Il to V show that these cannot be considered primary (ratio) methods
for measuring pH difference (1), (see also 8§ 12.1) because the cdll reactions involve transference, or
the irreversible inter-diffusion of ions, and hence a liquid junction potential contribution to the measured
potentid difference.  The vaue of this potentid difference depends on the ion condituents, their
concentrations and the geometry of the liquid junction between the solutions. Hence, the measurement
equations contain terms that, although small, are not quantifiable and the methods are secondary not

primary.

9 Consistency of Secondary Standard Buffer Solutions established with respect to
Primary Standards.

9. 1 Summary of procedures for establishing secondary standards.

The following procedures may be distinguished for establishing secondary standards (SS) with respect to
primary standards:

® For SS of the same nominal composition as PS use Cdl 111 or Cdl 11

(i) For SS of different composition use Cdl 1V or Cdl |1

(ii1) For SS not compatible with platinum hydrogen electrode use Cell V (see § 11.1).

Although any of Cdls Il to V could be used for certification of secondary standards with stated
uncertainty, employing different procedures would lead to inconsstencies. It would be difficult to define
specific terminology to distinguish each of these procedures or to define any rigorous hierarchy for them.
Hence, the methods should include estimates of the typical uncertainty for each. The choice between
methods should be made according to the uncertainty required for the gpplication (see § 10and Table 4).

9.2 Secondary standard eval uation from primary standards of same composition.

It is strongly recommended that the preferred method for assgning secondary standards should be
procedure (i) in which measurements are made with respect to the primary buffer of nomindly the same
chemica compostion. All secondary standards should be accompanied by a certificate relating to that
particular batch of reference materid as significant batch to batch variations are likely to occur. Some
secondary standards are disseminated in solution form.  The uncertainty of the pH vaues of such
solutions may be larger than those for materia disseminated in solid form.

9.3 Secondary standard evaluation when there is no primary standard of the same composition.

It may sometimes be necessary to set up a secondary standard when there is no primary standard of the
same chemical composition available. 1t will therefore be necessary to use either Cell 11, 1V or V, and a
primary or secondary standard buffer of different chemica composition. Buffers measured in this way
will have a different status from those measured with respect to primary standards because they are not
directly traceable to a primary standard of the same chemica composition. This different status should be
reflected in the, usualy larger, uncertainty quoted for such abuffer. Since this situation will only occur
for buffers when a primary standard is not available, no specid nomenclature is recommended to
distinguish the different routes to secondary standards. Secondary buffers of a compostion different
from those of primary standards can aso be derived from measurements on Cdll I, provided the buffer is
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compatible with Cell 1. However, the uncertainty of such standards should reflect the limitations of the
secondary standard (see Table 4).

10. Target Uncertaintiesfor the M easurement of Secondary Buffer Solutions.

10.1 Uncertainties of secondary standards derived from primary standards.

Cdls Il to IV ( and occasiondly Cell V) are used to measure secondary standards with respect to
primary standards. In each case, the limitations associated with the measurement method will result
in a greater uncertainty for the secondary standard than the primary standard from which it was
derived.

Target uncertainties are lisged in Table 4. However, these uncertainties do not take into account the
uncertainty contribution arising from the adoption of the Bates-Guggenheim convention to achieve
tracesbility to Sl units.

10.2 Uncertainty evauation (37).
Summaries of typica uncertainty calculationsfor Cdls| - V are given in the Annex (8§ 13).

11. Calibration of pH Meter-Electrode Assemblies and Target Uncertainties
for Unknowns.

11.1 Glass electrode célls.
Practical pH measurements are carried out by means of Cell V

reference electrode| KCI (c 2 3.5mol dm®) ! solution(pH(S) or pH(X)) | glass electrode (V)

These cells often use glass electrodes in the form of single probes or combination eectrodes (glass
and reference electrodes fashioned into a single probe, a so-called ‘ combination electrode’).

The potentia difference, E,, expressed in terms of the potentials of the glass and reference
electrodes, Ey. and E,, and the liquid junction potentia, E; (see 8§ 7), is given by

EV = Eglass - Eref + E| (14)

Various random and systematic effects must be noted when using these cells for pH measurements:

(1) Glass éectrodes may exhibit a dope of the E vs. pH function smaller than the theoretical value [k
= (RT/F)In 10], often called a sub-Nerngtian response or  practica dope k', which is experimentally
determinable. A theoretica explanation for the sub-Nernstian response of pH glass electrodes in
terms of the dissociation of functiona groups &t the glass surface has been given (38).

(i) The response of the glass electrode may vary with time, history of use, and memory effects. It is
recommended that the response time and the drift of the electrodes be taken into account (39).

(iil) Egass IS strongly temperature dependent as to a lesser extent are E¢ and E; Cdibrations and
measurements, should therefore be carried out under temperature controlled conditions.

(iv) Liquid junction potentias, E;, vary with the composition of the solutions forming the junction,
e.g. with pH (see Figure 2). Hence they will differ if one solution (pH(S) or pH(X)) in Cel(V) is
replaced by another. They are aso affected by the geometry of the liquid junction device. Hence
they may be different if afree-diffusion type junction, such as that used to measure the RLJIP
(see 87), isreplaced by another type, such as a deeve, ceramic diaphragm, fibre or platinum
junction (39, 40).
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(V) Liquid junction devices, particularly some commercial designs, may suffer from memory and
clogging effects.

(Vi) E; may be subject to hydrodynamic effects e.g. stirring.

Since these effects introduce errors of unknown magnitude, the measurement of an unknown sample
requires a suitable calibration procedure. Three procedures are in common use based on calibrations
a one point (one point calibration), two points (two-point calibration or bracketing) and a series of
points (multi-point calibration).

11.2 Target uncertainties for unknowns.

Uncertainties in pH(X) are obtained, as shown below, by several procedures involving different
numbers of experiments. Numerica vaues of these uncertainties obtained from the different cdibration
procedures are therefore not directly comparable. It is therefore not possible at the present time to make
a universa recommendation of the best procedure to adopt for al applications. Hence, the target
uncertainty for the unknown is given which the operator of a pH meter electrode assembly may
reasonably seek to achieve. Vaues are given for each of the three techniques (see Table 4) but the
uncertainties attainable experimentally are criticaly dependent on the factors listed in § 11.1 above, on
the qudity of the electrodes and on the experimental technique for changing solutions.

In order to obtain the overal uncertainty of the measurement, uncertainties of the respective pH(PS) or
pH(SS) vaues must be taken into account (see Table 4). Target uncertainties given below, and in Table
4, refer to cdibrations performed by the use of standard buffer solutions with an uncertainty U(pH(PS))
o;elé(pH(SS)) [J0.01. The overdl uncertainty becomes higher if sandards with higher uncertainties are
used.

11.3 One-point calibration

A single point caibration is insufficient to determine both dope and (one) point parameters. The
theoretical value for the sope can be assumed but the practical dope may be up to 5% lower.
Alternatively, a value for the practica dope can be assumed from the manufacturer’s prior
caibration. The one-point calibration therefore yidds only an estimate of pH(X). Since both
parameters may change with age of the electrodes, this is not a reliable procedure. Based on a
measurement for which DpH = [pH(X) - pH(S)| = 5, the expanded uncertainty would be U = 05 in
pH(X) for k’ = 0.9, but assumed theoretical, or U= 0.3 in pH(X) for DpH = |pH(X) -pH(S)| = 3
(see Table 4). This approach could be satisfactory for certain applications.  The uncertainty will
decrease with decreasing difference pH(X) — pH(S) and be smaller if k’ is known from prior
caibration.

11.4 Two-point cdibration [target uncertainty, U(pH(X)) = 0.02- 0.03 a 25 °C]
In the mgjority of practical applications, glass electrodes cells (Cell V) are calibrated by two-point
calibration, or bracketing, procedure using two standard buffer solutions, with pH values pH(S1) and

PH(Sp), bracketing the unknown pH(X). Bracketing is often taken to mean that the pH(S, and

pH(S;) buffers selected should be those that are immediately above and below pH(X). This may not
be appropriate in all situations and choice of a wider range may be better.

If the respective potential differences measured areEy (S,), Ev (S;) and E, (X), the pH vaue of the
unknown, pH(X), is obtained from egn.(15)

pH(X) = pH(S) - [Ev (X) - Ev (SYIK’ (15

where the practical slope factor (K) is given by
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k' =[Ev (S)—Ev (S)V[PH(S) - pH(S)] (16)

An example is given in the Annex 8 13.

11.5 Multi-point calibration [target uncertainty: U(pH(X))= 0.01 - 0.03 a 25 °C].
Multi-point calibration is carried out using up to five standard buffers (39, 40). The use of more than
five points does not yield any significant improvement in the statistical information obtainable.

The cadlibration function of cell (V) is given by egn.(17)
Ev (9 =E" K pH(S) 17)

whereEy (S) is the measured potentia difference when the solution of pH(S) in Cdl V is a primary
or secondary standard buffer. The intercept, or ‘standard potentid’, Ey° and k', the practical dope
are determined by linear regression of egn. (17) (39- 41).

pH(X) of an unknown solution is then obtained from the potentia difference, Ey (X), by
pH(X) = [EB/* - Ev (X)I/K’ (18)

Additional quantities obtainable from the regresson procedure applied to egn. (17) are the
uncertainties u(k’) and u(E,°) (40).  Multi-point cdibration is recommended when minimum
uncertainty and maximum consistency are required over a wide range of pH(X) values. This applies,
however, only to that range of pH vaues in which the calibration function is truly linear. In non-
linear regions of the cdibration function, the two-point method has clear advantages provided that
pH(S,) and pH(S;) are sdlected to be as close to pH(X) as possible..

Details of the uncertainty computations for the multi-point caibration have been given (40) and an
example is given in the Annex. The wncertainties are recommended as a means of checking the
performance characteristics of pH meter-electrode assemblies (40). By careful selection of
electrodes for multi-point calibration, uncertainties of the unknown pH(X) can be kept as low as
U(pH(X)) = 0.01.

In modern microprocessor pH meters, potential differences are often transformed automatically into
pH values. Details of the caculations involved in such transformations, including the uncertainties,
are available (41).

12 GLOSSARY (2,15, 44)

12.1 Primary Method of Measurement

A primary method of measurement is a method having the highest metrologica qualities, whose
operation can be completely described and understood, for which a complete uncertainty statement
can be written down in terms of Sl units.

A primary direct method measures the value of an unknown without reference to a standard of the
same quantity.

A primary ratio method measures the value of a ratio of an unknown to a standard of the same
quantity; its operation must be completely described by a measurement equation.

12.2 Primary standard
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Standard that is designated or widely acknowledged as having the highest metrological qualities and
whose value is accepted without reference to other standards of the same quantity.

12.3 Secondary standard
Standard whose value is assigned by comparison with a primary standard of the same quantity.

12.4 Traceability

Property of the result of a measurement or the vaue of a standard whereby it can be related to stated
references, usually national or international standards, through an unbroken chain of comparisons al
having stated uncertainties.  The concept is often expressed by the adjective traceable. The
unbroken chain of comparisonsis caled atraceability chain.

12.5 Primary pH Standards.

Aqueous solutions of selected reference buffer solutions to which pH(PS) values have been assigned
over the temperature range 0 — 50 °C from measurements on cells without transference, called
Harned cdlls, by use of the Bates-Guggenheim Convention.

12.6 Bates-Guggenheim Convention

A convention based on a form of the Debye-Hiickel equation which approximates the logarithm of
the single ion activity coefficient of chloride and uses a fixed value of 1.5 for the product Ba in the
denominator at all temperatures in the range 0-50 ° C (see egns. (4), (5)) and ionic strength of the
buffer < 0.1 mol kg™

12.7 Secondary pH Standards
Values may be assigned to secondary standard pH(SS) solutions at each temperature:

(i) with reference to [pH(PS)] values of a primary standard of the same nominal composition by
Cdl 111.

(i) with reference to [pH(PS)] values of a primary standard of different composition by Cells|l,
IVorV.

(iii) by use of Cdl I.
Note: Thisis an exception to the usua definition, see § 12.3).

12.8 pH glass electrode.

Hydrogen-ion responsive electrode usualy consisting of a bulb, or other suitable form, of specia
glass attached to a stem of high resistance glass complete with internal reference electrode and
internal filling solution system. Other geometrical forms may be appropriate for special applications
e.g. capillary electrode for measurement of blood pH.

12.9 Glass electrode error

Deviation of a glass dectrode from the hydrogen-ion response function. An example often
encountered is the error due to sodium ions at akaline pH values, which by convention is regarded
as positive.

12.10 Hydrogen gas €electrode.

A thin foil of platinum electrolytically coated with a finely divided deposit of platinum or (in the
case of a reducible substance) palladium metal, which catalyses the electrode reaction: H + e ®
YH, in solutions saturated with hydrogen gas. It is customary to correct measured values to
standard 1 atm (101.325 kPa) partial pressure of hydrogen gas.

12.11 Reference el ectrode.
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Externa eectrode system which comprises an inner element, usualy silver-silver chloride, mercury-
mercury(l) chloride (calomel) or thalium amalgam-thallium(l) chloride, a chamber containing the
appropriate filling solution (see 12.14) and a device for forming a liquid junction, e.g. capillary,
ceramic plug, frit or ground glass eeve.

12.12 Liquid junction.

Any junction between two electrolyte solutions of different composition. Across such a junction
there arises a potential difference, called the liquid junction potentia. In cells 1, IV, V, the junction
is between the pH standard or unknown solution and the filling solution, or the bridge solution, (g.v.)
of the reference electrode.

12.13 Residual liquid junction potential (RLJP) error.
Error arising from breakdown in the assumption that the liquid junction potentials cancel in cell 11
when solution X is substituted for solution Sin the Cell V.

12.14 Filling solution (of areference electrode)

Solution containing the anion to which the reference electrode of cells IV and V is reversible, eg.
chloride for silver-silver chloride electrode. In the absence of a bridge solution (g.v.), a high
concentration of filling solution comprising almost equitransferent cations and anions is employed as
a means of maintaining the liquid junction potentia small and approximately constant on
substitution of unknown solution for standard solution(s),

12.15 Bridge (or salt bridge) solution (of a double junction reference el ectrode)

Solution of high concentration of inert sat, preferably comprising cations and anions of equa
mobility, optionally interposed between the reference electrode filling and both the unknown and
standard solution, when the test solution and filling solution are chemically incompatible. This
procedure introduces into the cell a second liquid junction formed, usudly, in a smilar way to the
first.

12.16 Calibration

Set of operations that establish, under specified conditions, the relationship between values of
quantities indicated by a measuring instrument, or measuring system, or values represented by a
material measure or a reference materia, and the corresponding values realised by standards.

12.17 Uncertainty (of a measurement)
Parameter, associated with the result of a measurement, that characterises the dispersion of the
values that could reasonably be attributed to the measurand.

12.18 Standard uncertainty, u,
Uncertainty of the result of a measurement expressed as a standard deviation.

12.19 Combined standard uncertainty, u(y)

Standard uncertainty of the result of a measurement when that result is obtained from the values of a
number of other quantities, equal to the positive square root of a sum of terms, the terms being the
variances, or covariances of these other quantities, weighted according to how the measurement
result varies with changes in these quantities.

12.20 Expanded uncertainty, U.

Quantity defining an interval about the result of a measurement that may be expected to encompass a
large fraction of the distribution of values that could reasonably be attributed to the measurand.
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Note 1. The fraction may be viewed as the coverage probability or level of confidence of the interval.

Note 2. To associate a specific level of confidence with the interval defined by the expanded uncertainty
requires explicit or implicit assumptions regarding the probability distribution characterised by the
measurement result and its combined standard uncertainty. The level of confidence that may be attributed to
thisinterval can be known only to the extent to which such assumptions may be justified.

Note 3. Expanded uncertainty is sometimes termed overall uncertainty.

12.22 Coverage factor (k)

Numerical factor used as a multiplier of the combined standard uncertainty in order to obtain an
expanded uncertainty

Note: A coverage factor, K, istypically in the range 2 to 3. The value 2 is used throughout in the Annex.

13. ANNEX- M easurement uncertainty

Examples are given of uncertainty budgets for pH measurements at the primary, secondary and working
level. The cdculations are done in accordance with published procedures (15, 37).

When a measurement (y) results from the values of a number of other quantities, y = f (X, X, ... X)), the
combined standard uncertainty of the measurement is obtained from the square root of the expression

wt)=8 G w(x) a1

where :;i is called the sengitivity coefficient (G).
X
The uncertainty stated is the expanded uncertainty, U, obtained by multiplying the standard
uncertainty, u.(y), by an appropriate coverage factor k . When the result has a large number of
degrees of freedom, the use of avalue for k = 2 leads to approximately 95% confidence that the true
valueliesintherange = U.
The following sections give illustrative examples of the uncertainty calculations for Cells| —V.
After the assessment of uncertainties, there should be a regppraisal of experimenta design factors and
datistica treatment of the data, with due regard for economic factors before the adoption of more

elaborate procedures.

A1 Uncertainty budget for the primary method of measurement using Cell I.
Experimental details have been published (42-45).

A 1.1 Measurement Equations
The primary method for the determination of pH(PS) values consists of the following steps (8 4.1):

1. Determination of the standard potentia of the AgJAgCI eectrode from the acid-filled cell
(Cdl 1)

E°= Ea+ KIg (Mue /nf)+ 2K 1g ghar + (K72) 19 (0°/p) (A2) cf. (3)

whereE .= E. + (k/2) Ig (p°/p), k = RT/F In 10 and p is the partial pressure of hydrogen in Cell 1a
and p° the standard pressure.

2. Determination of the acidity function, p(a,g), in buffer-filled cdl (Cell I)

-19(an@u) = (BsE’)k +Ig (ma /nf) + (12) Ig (p°/p) (A3) cf. (2)
whereE, = E, + k/2) Ig (p°/p)
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and p isthe partia pressure of hydrogenin Cell | and p° the standard pressure.

3. Extrapolation of the acidity function to zero chloride concentration

lg(ang) = - 19(anga)°’ + Sy (A4) cf. (5)

4. pH Determination

PH(PS) = - Ig (a18)° +19 g+° (A5)

where lg g° is cdculated from the Bates-Guggenheim convention (see egn. 6). Values of the
Debye-Huickd limiting law slope for 0 to 50 °C are given in Table A6 (46).

A 1.2 Uncertainty Budget
Example: PS = 0.025 mol kg* disodium hydrogen phosphate + 0.025 mol kg™* potassium dihydrogen
phosphate.

Table Ala. Caculation of standard uncertainty of the standard potentia of the silver-silver chloride
electrode (E°) from measurementsin mye = 0.01 mol kg'l.

Quantity Estimate Standard Sensitivity Uncertainty

Xi uncertainty coefficient contribution
u (x) lci | ui (¥)

E/V 0.464 2 10° 1 2x10°

T/K 298.15 8 10° 8.1 10° 6.7 10°

Mo / mol kg™ 0.01 1 10° 5.14 5.1 10°

Puz | kPa 101.000 0.003 1.3 107 4.2 107

DAg/AQC) V| 310° 35 10° 1 3.5 10°

Bias potential

e 0.9042 9.3 10° 0.0568 52°10°

u(E% =65 10° V
Note: The uncertainty of method used for the determination of hydrochloric acid concentration is critical.
The uncertainty quoted hereisfor potentiometric silver chloride titration. The uncertainty for coulometry
isabout ten times lower.

Table Alb. Caculation of the standard uncertainty of the acidity function Ig (aygy) for my = 0.005
mol kg*

Quantity Estimate Standard Sengitivity | Uncertainty

Xi uncertainty coefficient contribution
ux) lci | uiy)

E/V 0.770 2 10° 16.9 3.4 10*

E° IV 0222 6.5 10° 16.9 11" 10°

T/K 298.15 8 10° 0.031 2.5 10

my / mol kg™ 0.005 2.2 :10° 86.86 1.9 10*

P2 kPa 101.000 0.003 2.2 10° 7 10°

DAAg/AGCH V| 310° 35x10° 16.9 5.9 10*

DRAFT, 6 July 2001




IUPAC WP pH Document 21

uc(lg(angy)) = 0.0013

Note: If, asisusual practicein some NMIs (42-44), acid and buffer cells are measured at the same time, then
the pressure measuring instrument uncertainty quoted above (0.003 kPa) cancels but there remains the
possibility of amuch smaller bubbler depth variation between cells.

The standard uncertainty due to the extrapolation to zero added chloride concentration (8 4.4)
depends in detail on the number of data points available and the concentration range.  Consequently,
it is not discussed in detail here. This calculation may increase the expanded uncertainty (of the
acidity function at zero concentration) to U(k = 2) = 0.004.

As discussed in 8 5.2), the uncertainty due to the use of the Bates-Guggenheim convention includes
two components:

(i) The uncertainty of the convention itself, and this is estimated to be approximately 0.01. This
contribution to the uncertainty is required if the result is to be tracesble to Sl, but will not be
included in the uncertainty of “conventiona” pH values.

(ii) The contribution to the uncertainty from the value of the ionic strength should be calculated for
each individua case.

The typical uncertainty for Cel | is between U(k = 2) = 0.003 and U(k = 2) = 0.004.

A 2 Uncertainty Budget for Secondary pH Buffer using Cell 11

Pt H|S | KCl (2 35mol dm®) | S|H,|Pt Cel Il
where § and S; are different buffers.

A 2.1 Measurement Equations

1. Determination of pH(S;)

pHI(S) - pHI(S) = Bk - (B2 - Ep)k (AB) cf (9)

2. Theoretical Sope, k = (RT/F)In 10.

A2.3 Uncertainty Budget

Table A2

S1 = Primary buffer, pH(PS) = 4.005, u(pH) = 0.003; S2 = Secondary pH buffer, pH(SS) = 6.86
Free diffusion junctions with cylindrical symmetry formed in vertical tubes were used (25).

Quantity Estimate x; Standard Sensitivity Uncertainty
uncertainty  |coefficient contribution
u(x) |ci | uy:)

pH (S) 4.005 0.003 1 0.003

E IV 0.2 1 10° 16.9 1.7 10"

(E2—E1) IV 3.5 10* 3.5 10* 16.9 6 10°

T/K 298.15 0.1 1.2 10° 1.2 10°

U.(PH(S,)) = 0.007

Note: The error in E); is estimated as the scatter from 3 measurements. The RLJP contribution is estimated
from Figure 2 as 0.006 in pH; it is the principal contribution to the uncertainty.
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ThereforeU(k = 2), pH(S;) = 0.014
A3 Uncertainty Budget for Secondary pH Buffer using Cell 11

Pt|H,[Buffer S, | Buffer Sj|H,|Pt (i
A3.1 Measurement equations.

(1) pH(S) —pH(S) = (Ew + Bk
(2 k = (RT/F)In 10

(A7) f. (11)

For experimental details see (33), (38), (16)

Table A3

S, = Primary Standard (PS) and S, = Secondary Standard (SS) are of the same nomina composition.
Example: 0.025 mol kg* disodium hydrogen phosphate + 0.025 mol kg' potassium dihydrogen
phosphate, PS, = 6.865, u(pH) = 0.002.

pH (S;) Determination

Quantity Estimate Standard Sensitivity Uncertainty

X; uncertainty coefficient contribution
u(x) lci | ui (Y)

pH (PS) 6.865 2 10° 1 2 10°

(E(S)-E(S)) IV 1 10* 1 10° 16.9 16.9 10°

(Ea(S)-Eq(S))NV |1 10° 1 10° 16.9 1.7 10°

E IV 10° 1 10° 16.9 16.9 10°

T/K 298.15 2 10° 5 10° 1 10°®

Us(pH (&)) = 0.002

ThereforeU(k = 2), pH(S;) = 0.004.
The uncertainty is no more than that of the primary standard PS.

Note: Eg(S)-Eiq (S1)) is the difference in cell potential when both compartments are filled with solution
made up from the same sample of buffer material. The estimate of E; comes from the observations made of
the result of perturbing the pH of samples by small additions of strong acid or alkali, and supported by
Henderson equation considerations, that E; contributes about 10% to the total cell potential (33).

A4 Uncertainty Budget for Secondary pH Buffer using Cell IV
AgJAgCl |KCI (335mol dm®) | Buffer S, or S|H, | Pt Cdl v
A4.1 Measurement Equations

1. Determination of pH(S;)

PH(S) - PHIV(S) = - [Ewv (S~ Ev(S)IK - (B - Bk

2. Theoretica Sope, k = (RT/F)In 10

(A8) cf. (13)
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A4.2 Uncertainty Budget

Table A4

Example from work of Paabo and Bates (5) supplemented by private communication from Bates to
Covington. S =0.05 equimola phosphate; S = 0.05 mol kg-1 potassium hydrogen phthalate.

KCl = 3.5 mol dm®.

S, = Primary Buffer PS pH =6.86, u(pH) = 0.003, Secondary Buffer S, = 4.01.

Quantity Estimate Standard Sensitivity Uncertainty
Xi uncertainty  |coefficient Contribution
u(x) Ici | u(y)
pH(S)) 6.86 0.003 1 0.003
DE /V 0.2 2.5 10* 16.9 4 10°
(B:-E) NV 3.5 10* 3.5 10" 16.9 6 10°
T/K 298.15 0.1 1.78 107 1.78 10™

u.(pH(S2) = 0.008
Note: The estimate of the error in DE;y comes from an investigation of severa 3.5 mol dni® KCl calomel
electrodesin phosphate solutions. RLJP contribution for free diffusion junctionsis estimated from Figure 2 as
0.006 in pH.
ThereforeU(k = 2), pH(S;) = 0.016.
A5 Uncertainty budget for unknown pH(X) buffer determination using Cell V

Ag|AgCl |KCI (33.5moal dm®) | Buffer pH(S) or pH(X) | glass electrode Cdl v
A5.1 Measurement Equations. 2-point calibration (bracketing).
1. Determination of the practical sope (K')

k' = [(Ev(S2) — EW(SD)/[PH(S2) — pH(SD)] ((A9) cf. (16)
2. Measurement of unknown solution (X)

PH(X) = pH(S)) - [Ev(X) -Bu(S)IK — (B2 —B1)K (A10) cp(15)
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A5.2 Uncertainty Budget.
Example of two-point calibration (bracketing) with a pH combination electrode (47).

Table ASa

Primary Buffers PS, pH = 7.4, u(pH) = 0.003; PS, = 4.01, u(pH) = 0.003.

Practical Slope (k') Determination

Quantity Edtimate Standard Sensitivity Uncertainty
X uncertainty  |coefficient contribution
u(x) lci | u(y:)
DE/V 0.2 5 10* 295 10" 1.5 10*
T/K 298.15 0.1 1.98 10* 1.98 10°
(E:-E) NV |6 10* 6 10" 295 10" 1.8 10"
DpH 3.39 424 10° |175 10” 740 10°
u(k’) =2.3 10°
Table A5b pH(X) Determination
Quantity Estimate Standard Senditivity  |Uncertainty
X uncertainty coefficient  |[contribution
u(x) Ci u(y)
pH (S) 7.4 0.003 1 0.003
DE /V 0.03 1.40° 107 16.95 2.37 10
(E:-B) NV 6.00" 10 6.00" 10" 16.95 1.01° 10
k' 0.059 2.3 10* 9.01 2.1 10°

ug(pH(X) = 1.06" 10°

Note: The estimated error in DE comes from replicates. The RLJP is estimated as 0.6 mV.
ThereforeU(k = 2), pH(X) = 0.021
Ab5.2 Measurement equations for multi-point calibration:

Ev (S =E/S—K pH(S) (A1) cf. (17)
pH(X) = [B° - By (X)]K (A12) cf. (18)
Uncertainty budget:
Example: Standard buffers pH(S,) = 3.557, pH( S ) =4.008, pH( S) =6.865, pH(S,) = 7.416,
pPH(S;) =9.182; pH(X) was a‘ready to use’ buffer solution with a nomina pH of 7.

A combination electrode with capillary liquid junction was used. For experimental details see (41);
and for details of the calculations see (45).
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Table A5c

Quantity Estimate Standard Sengitivity Uncertainty
X; uncertainty coefficient contribution

u(x) Ici | ui ()

E° IV -0.427 5 10* 16.96 0.0085

T/ K 298.15 0.058 1.98 10™* 1.15 10®°

EX) IV 0.016 2 10* 16.9 0.0034

kK IV 0.059 0.076" 10° 67.6 0.0051

U(pH(X)) = 0.005

Note: Thereisno explicit RLJP error assessment as it is assessed statistically by regression analysis.
The uncertainty iswill be different arising from the RLJPs if an alternative selection of the 5 standard buffers
were used. The uncertainty attained will be dependent on the design and quality of the commercial electrodes

sel ected.

ThereforeU(k = 2) pH(X) = 0.01

25

Table A6. Vaues of the relative permittivity of water (46) and the Debye-Hiicke limiting law dope for
activity coefficientsasIg gin egn. (6). Vaues are for 100. 000 kPa but the difference from 101.325 kPa
(Lam.) isnegligible.

Temp. °C Relative A

Permltthlty rnorl/2 kgl/z
0 87.90 0.4904
5 85.90 0.4941
10 83.96 0.4978
15 82.06 0.5017
20 80.20 0.5058
25 78.38 0.5100
30 76.60 0.5145
35 74.86 0.5192
40 73.17 0.5241
45 71.50 0.5292
50 69.88 0.5345

14. Summary of Recommendations

IUPAC recommended definitions, procedures and terminology are described relating to pH
measurementsiin dilute agueous solutions in the temperature range 0 -50 °C.

The recent definition of primary method of measurement permits the definition of primary
standards for pH, determined by a primary method (cell without transference, called the Harned
cell) and of secondary standards for pH.
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15.

AN

No oA~

8.
0.
10.
11.
12

pH is a conventional quantity and values are based on the Bates-Guggenheim convention. The
assigned uncertainty of the Bates-Guggenheim convention is 0.01 in pH. By accepting this
value, pH becomes traceable to the internationally accepted SI system of measurement.

The required attributes (listed in 8 6.1) for primary standard materids effectively limit the number
of primary substancesto 6, from which 7 primary standards are defined in the range pH 3 - 10 (at 25
°C). Vauesof pH(PS) from 0-50 °C are given in Table 2.

Methods that can be used to obtain the difference in pH between buffer solutions are discussed in
88. These methods include the use of cells with transference that are practically more convenient
to use than the Harned cell, but have greater uncertainties associated with the results.

Incorporation of the uncertainties for the primary method, and for all subsequent measurements,
permits the uncertainties for al procedures to be linked to the primary standards by an unbroken
chain of comparisons. Despite its conventiona basis the definition of pH, the establishment pH
standards and the procedures for pH determination are sdf consistent within the confidence
limits determined by the uncertainty budgets.

Comparison of vaues from the cell with liquid junction with the assgned pH (PS) vaues of the
same primary buffers measured with Cell 1 makes the estimation of vaues of the residud liquid
junction potentids (RLJP) possible (87), and the consstency of the 7 primary standards can be
estimated.

The Annex (813) to this document of recommendations includes typical uncertainty estimates
for the5 cdlsand measurements described, which are summarised in Table 4.

The hierarchical approach to primary and secondary measurements facilitates the availability of
recommended procedures for carrying out for laboratory calibrations with tracegble buffers grouped
to achieve specified target uncertainties of unknowns (8 11). The three calibration procedures in
common use, one-point, two-point (bracketing), and multi-point, are described in terms of target
uncertainties.

REFERENCES

BIPM, Com. Cons. Quantité de Matiere 4 (1998).

A.K.Covington, R.G.Bates and R.A.Durst, Pure Appl. Chem 57 (1985) 531.

Quantities, Unitsand Symbolsin Physical Chemistry (IUPAC), Blackwell Scientific
Publications 1993 ( currently under revision).

SP.L.Sarensen and K.L.Linderstrem-Lang, Comp. Rend. Trav. Lab. Carlsberg, 15 (1924) 6.
R.G.Bates, Determination of pH, Wiley, New York, 1973.

S.P.L.Sgrensen, Comp. Rend.Trav. Lab. Carlsberg, 8 (1909) 1.

H.S.Harned and B.B. Owen, The Physical Chemistry of Electrolytic Solutions, Ch 14, Reinhold,
New York, 1958.

R.G. Batesand R.A. Robinson, J. Soln. Chem 9 (1980) 455.

A.G. Dickson, J. Chem. Thermodyn. 19 (1987) 993.

R.G. Bates and E.A. Guggenheim, Pure Appl. Chem. 1 (1960) 163.

JN. Bronsted, J. Amer. Chem. Soc. 42 (1920) 761; 44 (1922) 877, 938; 45 (1923) 2898.
A.K. Covington, in preparation.

DRAFT, 6 July 2001



IUPAC WP pH Document 27

13. K.S. Pitzer, inK.S. Pitzer (ed.), Activity Coefficientsin Electrolyte Solutions, 2. Edn., CRC
Press, Boca Raton, FL, 1991, p. 91.
14. AK. Covingtonand M.I.A. Ferra, J. Soln. Chem 23 (1994) 1.
15. International Vocabulary of Basic and General Termsin Metrology (VIM), Beuth Verlag,
Berlin, 2nd. Edn. 1994.
16. R. Naumann, Ch. Alexander-Weber, F.G.K. Baucke, Fresenius J. Anal Chem 349 (1994)
603.
17. R.G. Bates J. Res. NBS Phys. and Chem 66A, 2 (1962) 179.
18. P. Spitzer, Metrologia 33 (1996) 95; 34 (1997) 375.
19. N.E. Good et d., Biochem. J. 5 (1966) 467.
20. A.K. Covington and M.J.F. Rebelo, lon-Selective Electrode Rev. 5 (1983) 93.
21. H.W. Harper, J. Phys. Chem 89 (1985) 1659.
22. J. Bagg, Electrochim. Acta 35 (1990) 361, 367; 37 (1991) 719.
23. J. Breer, SK. Ratkje and G-F. Olsen, Z. Phys. Chem 174 (1991) 179.
24 A K. Covington, Anal. Chim. Acta 127 (1981) 1.
25. A.K. Covington and M.J.F Rebelo, Anal. Chim Acta. 200 (1987) 245
26. D.JAlner, JJ. Greczek and A.G. Smeeth, J. Chem. Soc A (1967) 1205
27. F.G.K. Baucke, Electrochim. Acta 24 (1979) 95.
28. A. K. Clark and A.K. Covington, unpublished.
29. M.J.G.H.M. Lito, M.F.G.F.C. Camoes, M.l.A. Ferraand A.K. Covington, Anal.Chim.Acta
239 (1990) 129.
30. M.F.G.F.C. Camoes, M.J.G.H.M. Lito, M.I.A. Ferraand A.K. Covington, Pure Appl. Chem
69 (1997) 1325.
31. A.K. Covington and J. Cairns, J. Soln. Chem 9 (1980) 517.
32. H.B. Hetzer, R.A. Robinson and R.G. Bates, Anal. Chem 40 (1968) 634.
33. F.G.K. Baucke, Electroanal. Chem 368 (1994) 67.
34. P.R. Mussini, A. Gdli, and S. Rondinini, J. Appl. Electrochem 20 (1990) 651; C. Buizza,
P.R. Mussini,,T. Mussini, and S. Rondinini, J. Appl. Electrochem. 26 (1996) 337.
35. R.P. Buck and E. Lindner, Pure Appl. Chem 66 (1994) 2527.
36. J. Christensen, J. Amer. Chem. Soc., 82 (1960) 5517.
37. Guide to the Expression of Uncertainty (GUM), BIPM, IEC, IFCC, ISO, IUPAC, IUPAP,
OIML 1993.
38. F.G.K. Baucke, Anal. Chem, 66 (1994) 4519.
39. F.G.K. Baucke, R. Naumann, C. Alexander-Weber, Anal. Chem 65 (1993) 3244.
40. R. Naumann, F.G.K. Baucke, and P. Spitzer, in P. Spitzer (ed.), PTB-Report W-68,
Physikalisch-Technische Bundesanstalt, Braunschweig, 1997, pp.38-51.
41. S. Ebd in P. Spitzer (ed.), PTB-Report W-68, Physikalisch-Technische Bundesanstalt,
Braunschweig, 1997, pp. 57-73.
42. H.B. Kristensen, A. Salomon, G. Kokholm, Anal. Chem. 63 (1991) 885.
43. P. Spitzer, R. Eberhadt, 1. Schmidt,. U. Sudmeier, Fresenius J. Anal. Chem356 (1996) 178.
44. Y. Ch. Wu, W.F. Koch, R.A. Durst, NBS Special Publication, Washington 1988, 260, p. 53.
45. BSI/ISO 11095 Linear calibration using reference materials (1996).
46. D.A. Archer and P. Wang, J. Phys. Chem. Reference Data 19 (1990) 371.
47. A.K. Covington, R. Kataky and R.A. Lampitt, in preparation.

DRAFT, 6 July 2001



Table 1 Summary of Useful Properties of somePrimaryand Secondary Standard Buffer Substances and Solutions (5)

Substance Molecular Molality/| Molar mass/| Density/| Molarity | Mass/g Dilution | Buffer pH Temperature
formula mol kg? | g mol |gdm® |at20°C/ | tomake value | value(b) | coefficient
mol dm®| 1 dn? DpHy, | /mol OH /K1t
dnm®

potassium tetraoxal ate KH3C408.2H20 | 0.1 254.191 1.0091 0.09875 [ 25.101

potassium tetraoxal ate KH3C40g 2H>0 [ 0.05 254.191 1.0032 | 0.04965 | 12.620 0.186 0.070 0.001

potassium hydrogen KHC4H4O% 0.0341 | 188.18 1.0036 | 0.034 6.4 0.049 0.027 -0.0014

tartrate (sat at 25 °C)

potassium dihydrogen KH, CsHs507 0.05 230.22 1.0029 0.04958 | 11.41 0.024 0.034 -0.022

citrate

Potassium hydrogen KHGCgH4O4 0.05 204.44 1.0017 | 0.04958 | 10.12 0.052 0.016 0.00012

phthalate

disodium hydrogen NagHPO4 0.025 141.958 1.0038 | 0.02492 | 3.5379 0.080 0.029 -0.0028

orthophosphate +

potassium dihydrogen KH2PO4 0.025 136.085 3.3912

orthophosphate

disodium hydrogen NagHPO4 0.03043 | 141.959 1.0020 | 0.08665 | 4.302 0.07 0.016 - 0.0028

orthophosphate +

potassium dihydrogen KH2PO4 0.00869 | 136.085 0.03032 | 1.179

orthophosphate

disodium tetraborate NapB407.10H»>0O| 0.05 381.367 1.0075 | 0.04985 | 19.012

disodium tetrabor ate NapB407.10H20O| 0.01 381.367 1.0001 | 0.00998 | 3.806 0.01 0.020 -0.0082

sodium hydrogen NaHCO; 0.025 84.01 1.0013 | 0.02492 | 2.092 0.079 0.029 -0.0096

carbonate +

sodium carbonate Na,COs 0.025 105.99 2.640

calcium hydroxide (satat | Ca(OH), 0.0203 | 74.09 0.9991 | 0.02025 | 1.5 -0.28 0.09 -0.033

25°Q)
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Table 2 Typical Values of pH(PS) for Primary Standards at 0 - 50 °C (see § 6.2).

Primary Standards (PS)

Sat. potassium hydrogen
tartrate (at 25 deg C)

0.05 mol kg™ potassium
dihydrogen citrate

0.05 mol kg™* potassium
hydrogen phthal ate

0.025 mol kg™ disodium
hydrogen phosphate +
0.025 mol kg™ potassium
dihydrogen phosphate

0.03043 mol kg™ disodium
hydrogen phosphate +
0.008695 mol kg™ potassium
dihydrogen phosphate

0.01 mol kg™* disodium
tetraborate

0.025 mol kg™ sodium
hydrogen carbonate +
0.025 mol kg™ sodium
carbonate

3.863

4.000

6.984

7.534

9.464

10.317

3.840

3.998

6.951

7.500

9.395

10.245

10

3.820

3.997

6.923

7.472

9.332

10.179

15

3.802

3.998

6.900

7.448

9.276

10.118

20

3.788

4.000

6.881

7.429

9.225

10.062

Temp./ °C

25

3.557

3.776

4.005

6.865

7.413

9.180

10.012

3.552

3.766

4.011

6.853

7.400

9.139

9.966

3.549

3.759

4.018

6.844

7.389

9.102

9.926
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3.548

3.756

4.022

6.841

7.386

9.088

9.910

3.547

3.754

4.027

6.838

7.380

9.068

9.889

3.549

3.749

4.050

6.833

7.367

9.011

9.828



Table 3 Values of pH(SS) of some Secondary Standards from Harned Cell | measurements

Temp. /°C
Secondary Standards 0 5 10 15 20 25 30 37 40 50
0.05 mal kg'l potassium 1.67 1.67 1.67 167 1.68 1.68 168 1.69 169 171
tetraoxalate® (5, 17)
0.05 mol kg™ sodium hydrogen 347 347 348 348 349 350 352 353 356
diglycolate” (31)
0.1 mol dm? ethanoic acid 4.68 4.67 467 4.66 4.66 465 465 466 466 4.68
+ 0.1 mol dn® sodium ethanoate
(25)
001 mol dni® ethanoic acid 474 4.73 473 472 4.72 472 472 473 4T3 AT5
+ 0.1 mol dn® sodium ethanoate
(25
002 mol kg™ piperazine 6.58 6.51 6.45 6.39 6.34 629 624 616 614 6.06
phosphate® (32)
0.05 mal kg'1 tris hydrochloride 8.47 8.30 814 7.99 7.84 770 756 738 731 7.07
+0.01667 mol kg™ tris® (5)
0.05 mal kg'l disodium 9.51 9.43 936 930 9.25 919 915 909 907 901
tetraborate
Saturated (at 25 °C) calcium 1342 1321 1300 1281 1263 1245 1229 1207 1198 11.71
hydroxide (5)

& potassium trihydrogen dioxal ate (K HzC4Og)

P sodium hydrogen 2,2' oxydiethanoate

¢ 2-amino-2-(hydroxymethyl)-1,3 propanediol or
tris(hydroxymethyl)aminomethane
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Table4. Summary of Recommended Target Uncertainties

Primary Standards

Uncertainty of PS measured (by an NMI) with Harned Cell |
Repeatability of PS measured (by an NMI) with Harned Cell |
Reproducibility of measurements in comparisons with Harned Cell |
Typica variations between batches of primary standard buffers

Secondary Standards

Value of SS compared with same PS material with Cell 111
Value of SS measured in Harned Cell |

Vaue of SSlabelled againgt different PS with Cdl 11 or IV
Value of SS ( not compatible with Pt|H, ) measured with Cell V

Electrode Calibration

Multi-point (5 point) calibration
Cadlibration (2 point) by bracketing
Cdlibration (1 point), DpH = 3 and assumed dope

Note: None of the above include the uncertainty associated with the Bates-Guggenheim

U(E)H)

0.004
0.0015
0.003
0.003

0.004

0.01
0.015
0.02

0.01-0.03
0.02 - 0.03
0.3

convention so the results cannot be considered to be traceable to Sl (see 8 5.2).

Comments

EUROMET comparisons

increase in uncertainty is
negligible relative to PS used
e.g. biological buffers

example based on phthalate
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Fig. 1Operation of theHarned Cell asa Primary Method for the
M easurement of Absolute pH

H=-lga Notional

Either,
Literature value for g, nci,

at e.g. Mya = 0.01 mol kg*
or,

by extrapolation based on

Debye-Huickel Theory

Fill Harned Cdl with HCI,
a eg. myg = 0.01 mol kg™
Measure EOC| IAGC! |Ag

Fill Harned Cell with buffer
a the known ionic strength
Measure p(a9o)
for at least 3 molalities of
added chloride

Determine p(apga)°
by extrapolation

Bates-Guggenheim

Caculate pH
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Figure2. Some values of residual liquid junction potentialsin terms of pH with reference to the value for 0.025
mol kg™ Na,HPO, + 0.025 mol kg™ K H,PO, (0.025 phosphate buffer) taken as zero (25).
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k = - (RT/F)in 10

EH'H,, P)

pH

Hgure 3. Schematic plot of the variation with pH of the potentid difference (——) for
the odl with liquid junction

“Ag|AgCl |[KC H (buffer S) |H, |Pt™ Cdl IV

illugtrating the choice of sign convention.

The effect of liquid junction potentid isindicated (—-—) with its variation of pH asgiven
by the Henderson equation (sse eg. ref. 5). The goproximate lineerityin the middle

pH region should benoted.  The line has been exaggerated in its deviation from the
Nerngt line since atherwise it would be indisinguishable fromit.

For the cdomd dectrode HgHg , GLIKCl or the thellium amagamithdlium(l) chloride
dectrode H[TI(HQ)[TICIKCI, or any other congtant potentia reference dectrode, the
diagramisthesame
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