Pure & Appl. Chem., Vol. 56, No. 5, pp. 567-594, 1984. 0033-4545/84 $3.00+0.00
Printed in Great Britain. Pergamon Press Ltd.
©1984 IUPAC

INTERNATIONAL UNION OF PURE
AND APPLIED CHEMISTRY

CLINICAL CHEMISTRY DIVISION

COMMISSION ON QUANTITIES AND UNITS IN
CLINICAL CHEMISTRY*

in conjunction with

INTERNATIONAL FEDERATION OF
CLINICAL CHEMISTRY

SCIENTIFIC COMMITTEE, ANALYTICAL SECTION
EXPERT PANEL ON pH AND BLOOD GASESYt

PHYSICOCHEMICAL QUANTITIES AND

UNITS IN CLINICAL CHEMISTRY WITH

SPECIAL EMPHASIS ON ACTIVITIES AND
ACTIVITY COEFFICIENTS

(Recommendations 1983)

Prepared for publication by
O. SIGGAARD-ANDERSEN!, R. A. DURST? and A. H. J. MAAS®

!University of Copenhagen Hospital, Herlev, Denmark
2National Bureau of Standards, Washington DC, USA
3University Hospital, Utrecht, Netherlands

*Membership of the Commission for 1979-83 was as follows:

Chairman: H. P. LEHMANN (USA); Titular Members: C. ONKELINX (Belgium);
J. C. RIGG (Netherlands); O. SIGGAARD-ANDERSEN (Denmark); B. F. VISSER
(Netherlands); R. ZENDER (Switzerland); Associate Members: L. F. BERTELLO
(Argentina); R. DYBKAER (Denmark); K. JORGENSEN (Denmark); P. METAIS
(France); National Representatives: D. J. CAMPBELL (Canada); D. STAMM (FRG);
B. BOUSQUET (France); A. DESYPRIS (Greece); N. MONTALBETTI (Italy);
T. HORIO (Japan); O. P. FOSS (Norway); C.-H. DE VERDIER (Sweden);
P. D. GRIFFITHS (UK); C. A. BURTIS (USA).

tMembership of the Expert Panel for 1979-83 was as follows:

Chairman: 1976-82 O. SIGGAARD-ANDERSEN (Denmark); 1982- A. H. J. MAAS
(Netherlands); Secretary: 1976-82 R. A. DURST (USA); 1982- H. F. WEISBERG
(USA); Members: R. W. BURNETT (USA); P. D. WIMBERLEY (Denmark);
W. G. ZIJLSTRA (Netherlands).



CONTENTS

1. Introduction
2. The extensive and the intensive chemical quantities
3. pH and the active substance concentration of hydrogen ions
4. The partial pressure of gases in solution
5. Osmolality and osmotic concentration
6. Appendices
6.1. List of quantities and units related to the chemical potential and the
cherical activity of solute and solvent in a solution, and the fugacity
of a component in a gas mixture
6.2. List of quantities expressing the stoichiometric concentration of
the components H*, CO,, Oz, and Ca?* in blood, plasma, or extracellular fluid
6.3. List of quantities related to the chemical activity of the components
H*, CO., 02, HCO3, Ca?*, Na*, K*, and H,0 in human blood plasma
6.4. Alphabetical index of symbols for kinds of quantities
7. References
1. INTRODUCTION

1.1. The TUPAC Commission on Quantities and Units in Clinical Chemistry has previously pub-
lished general recommendations on quantities and units in clinical chemistry (7.8, 7.9, 7.10).
The present document has been prepared in collaboration with the Expert Panel on pH and

Blood Gases of the International Federation of Clinical Chemistry.

1.2. The quantities mentioned in the subsequent paragraphs are all defined and described in
more detail in the Appendices. The list of quantities and units (6.1) has a similar format as
the authoritative documents, ISO-31, from Technical Committee 12 of the International Organi-
zation for Standardization (7.12). The purpose of this list is to make the explicit defini-
tions of the various kinds of activities and activity coefficients available to clinical che-
mists who are using ion-selective electrodes or certain other physico-chemical analytical
techniques.

1.3. The number of different kinds of quantities is very large. This is partly due to a con-
siderable redundancy among the different kinds of quantities, e.g. the similarity of the
quantities substance fraction, substance concentration, and molality, which lead, for instan-
ce, to three different activity scales and three different activity coefficients for solute B
in a solution.

Data reduction is essential in practical clinical work. It is therefore necessary to try to
reduce the number of different kinds of quantities that are employed in practical clinical
work as much as possible and to try to select those quantities that are of significant clini-
cal value.

So a selection has been made among the many alternative ways of indicating the chemical po-
tential of a component in a system (6.3) and those quantities preferred for clinical use have
been indicated by an asterisk. Other quantities listed in the Appendices (e.g. activity coef-
ficients, solubility coefficients, osmotic coefficients) are primarily of interest in the
clinical chemical laboratory for purposes of calculation.

2. THE EXTENSIVE AND THE INTENSIVE CHEMICAL QUANTITIES

2.1. The physico-chemical description of a component in a chemical system is based on two
quantities:

(1) An extensive quantity: the amount of substance of the component added or removed in the
process of formation of the system, positive when added, negative when removed. This
quantity is sometimes called the stoichiometric amount of substance of the component in
the system, symbol n.

(2) An intensive quantity: the chemical potential of the component in the system, symbol yu.

These chemical quantities are analogous to the spatial quantities, volume and pressure; the
thermal quantities, entropy and temperature; the electrical quantities, electric charge and
electric potential. The products of the extensive and the intensive quantities all represent
energy: chemical energy, spatial energy, thermal energy (heat), and electrical energy, re-
spectively.

2.2. The stoichiometric amount of substance of the component (B) in the system is usually
divided by the volume (V) of the system, providing the stoichiometric concentration (e¢) of
the component in the system:

eg = ng/l. m

568



Physicochemical quantities and units in clinical chemistry 569

The component added to the system may dissociate or react with other components to form a se-
ries of derived components and only a fraction of the original component may actually exist
in a free form in the system. It is therefore essential to distinguish between the stoichio-
metric concentration and the substance concentration of the free form of the component in the
system (see 2.3). Sometimes stoichiometric quantities are indicated by subscript (), e.g.
no,Bs Co,p: Concerning the general format for the symbols employed in the present document,
see¢ 6.1.1.2 and 6.4.

In clinical chemistry, the term stoichiometric concentration is rarely employed. Instead, the
name of the component is modified to indicate inclusion of the various derived forms, e.g.
mixtures of a defined chemical component and its derivatives may be denoted by the plural
form of the name of the pure unchanged substance, or to indicate the sum of components speci-
fied in individual quantities the specification 'total' may be employed (7.9). Examples of
such quantity names are given in 6. 2.

2.3. The chemical potential of a component in a system is defined as the differential change
in internal energy (U) divided by the differential change in the stoichiometric amount of
substance of the component, maintaining other independent extensive variables constant, i.e.
volume (V), entropy (S), electric charge (@), and stoichiometric amount of other components
(C, D, etc.):

up = (ay/anB)V,S,Q,nC,"' @
The chemical potential is generally converted to an exponential function, the absolute chemi-
cal activity (A):

As = exp(up/(R-T)). ©)
Chemical activity can only be measured relative to a standard state, for example relative mo-
lal activity (am):

am, = As/Ag%, )]
where the standard reference system (°) based on molality is chosen so that yg®:mg® = mg® =
1 mol-kg'l. Concerning the different standard reference systems, see List 6.1 §§6.0-6.3.
The molal activity may be divided by the molal activity coefficient (y) to provide the mola-
lity of the component in the free unbound form:

mg = (ay,p/vp) Mg’ - (5)
Substance concentration is obtained by multiplying molality with the mass concentration of
water (szo):

¢ = MB*PH,O- (6)
The general practice in clinical chemistry is to report the substance concentration of the

(free) component rather than the chemical activity. Exceptions to this rule are the inten-
sive quantities related to the following components:

(1) hydrogen ions, where the intensive quantity is described in terms of pH;
(2) the blood gases (CO, and O,) which are described in terms of the partial pressure;
(3) water, which is described in terms of the osmolality or the osmotic concentration.

These and related quantities are listed in 6.4 and are discussed below.

3. pH AND THE ACTIVE SUBSTANCE CONCENTRATION OF HYDROGEN IONS

3.1. The quantity pH is defined as the negative decadic logarithm of the molal activity of
hydrogen ions:

pH = -lgam,u+ = -lg(yge-mg+/fgr®) = -(ug+s - up+®)/(R-T-1n10). M
The molal standard reference system is chosen so that yg4+® M+ = m+® =1 mol-kg=!. The de-

finition is based on molality rather than substance concentratlon (7.2).
pH is linearly related to the chemical potential of hydrogen ion (ug+).

3.2. Chemical potential or activity of Zons cannot be determined on a purely thermodynamic
basis. This is due to the fact that the effects of an ion cannot be separated from the ef-
fects of the accompanying counter-ion, or in other terms, the electro-chemical potential of
the ion cannot be separated into the chemical and the electrical component. Such a separation
must necessarily be based on a non-thermodynamic convention.

The present convention is based on the assumption that the molal activity coefficient of the
chloride ion in dilute aqueous solutions (I < 0,10 mol-kg=') can be estimated by means of the
Debye-Hilckel equation:

Slgyg = ag2-A-T°/(1 + &-B-T7), @)

where I is ionic strength, z is charge number of the ion, ¢ is ion size parameter, 4 and B
are temperature dependent constants.
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According to the Bates-Guggenheim convention &<B is taken to be 1,5 (mol-kg"l)_;2 at all
temperatures and for all compositions of the solutions (7.2).

3.3. The definitive method for pH measurement in dilute aqueous solutions is based on measu-
ring the electromotive force of a cell without a liquid-liquid junction (without transferen-
ce), Eq:
Ag
(s)

H, Pt (1

(s) with added C1~ (s)

AgCl ( dilute aqueous solution

(g)
101,325 kPa
The calculation function is:

pH = -(Bp + E{7)/(R-T-F'-1n10) + 1g(me1-/mo1-2) + 1gycr- (3)

where 7ic1-° = 1 mol-kg”!. E1f is the standard electrode potential of the Ag|AgCl half cell
(B3 = 0,21423 V at 37 °C). mc1- is measured and yecj- is calculated from Eqn. (2). C17 is
added in different amounts and the results are extrapolated linearly to zero molality of ad-
ded C1°.

The definitive method is employed for determining the pH in a series of primary aqueous cali-
bration solutions, e.g. the NBS-buffers (National Bureau of Standards, U.S.A.)(7.2, 7.7).

Note:

The standard electrode potential (Ee) of the Ag]AgCl half cell is defined as the potential of
the cell:

Pt Ha HC1 (aq) AgCl Ag (I1)
(s) (g, 101,325 kPa) azy = 1 (s) (s)
where Qs = (am,H+‘am,C1‘)% is the mean ionic activity which can be determined without any

convention for single ion activities. Hence E° is independent of such conventions and pH
(Eqn. 3) is dependent only on the convention for calculating Ye1- (3.2). values of E® have
been tabulated (7.3).

3.4. The reference method for inorganic aqueous solutions is based on a cell with a liquid-
liquid junction (III), measuring the cell potential with the unknown solution, E(X), and the
calibration solution, E(S):

Reference concentrated X H, Pt (I111)
electrode KC1 solution i (s1ln) (2) (s)
(m > 3,5 mol-kg™?) |,

The calculation function is:
pH(X) = pH(S) - (E(X) - E(S))/(R-T-F'-1n10), 4

where S is one of the calibration solutions mentioned in 3.3. This equation is generally cal-
led the 'operational' pH definition (7.21), but it should not be considered a pH definition
in the same sense as the definition given in 3.1.

The reference method is subject to a small variable bias due to a possible difference between
the 1liquid junction potential for the calibration solution and the unknown solution.

The hydrogen gas electrode is unsuitable for biological fluids where the reference method
must be based on the glass electrode. The reference method for pH measurement in blood will
be described in more detail in a subsequent document.

3.5. In order to standardise the method of reporting quantities in clinical chemistry it has
often been suggested that the substance concentration of hydrogen ion should be reported in-
stead of pH. However, in view of the international agreement concerning the pH scale and the
reference method for pH measurement (7.21) we recommend the continuing use of the quantity pH
also in clinical chemistry.

The 'substance concentration' of H' is often calculated as the antilogarithm of the negative
pH value, without taking the activity coefficient of the hydrogen ions into account. If a
quantity with the same unit (mol-17!) as substance concentration of H' is warranted, we re-
commend reporting the active substance concentration (&) of the hydrogen ions, calculated as:

-pH -
107P ’szo*'mH+e’ (5)

where my+® = 1 mol-kg™! and where szo* is the mass density of pure water (=0,993 kg-17! at
37 °C). For example, pH = 7,40 (as measured with a pH-electrode); the active substance con-
centration of hydrogen ion is then:

G+ = 107774%.(0,993 kge17!) -mol-kg™*= 39,81x107°x0,993 mol-1"* = 39,53 nmol.171.

For many practical purposes the mass density of pure water may be taken to be 1,00 kg-17! in
which case the following approximation applies:

107PH.5 .0, (6)
where &g+ = 1 mol-171.

EH+ =

&H-F =
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3.6. TFor clinical purposes the pH concept should not be generalized to other ions measured
by means of ion-selective electrodes (e.g. Na*, K", Ca?*) or to other components in general.

Ion-selective electrodes should be calibrated in a manner analogous to pH electrodes, i.e. on
the basis of molal activity (a,). However, for clinical purposes the results may be reported
as the 'substance concentration' of the ion, determined as the molal activity multiplied by
an appropriate constant depending upon the ion and the type of biological fluid under inve-
stigation. For example, for Ca?* in blood plasma:

- -1 ~ e
Ccaz+ = Gp,caz+ Yca2+ "PH,0'Mcaz+ @)
where 7, ,+® = 1 mol-kg™'. The appropriate constant is
-1 ~
Kcaz+ = Ycaz+ ‘PH,0'Ticaz+ (8)
where yc,2+ and pp,o should be the mean values for normal plasma (see List 6.3 §§ 7.2.1 and
8.1.8).

3.7. It has been suggested that the unit bel should be used for the pH quantity in order to
'flag' that the pH value represents the negative decadic logarithm of another quantity (7.16).
We recommend restricting the use of the bel (or decibel) to an amplitude or power level dif-
ference (7.12). The pH quantity is dimensionless and the value consequently is a pure number.
Example: pH = 7,40, not pH = 7,40 pH units, and not pH = 7,40 bel.

3.8. It has been claimed that the mean value of a series of pH values should be calculated
as the negative 1ogqrithm of the mean value of the corresponding hydrogen ion activities:
(pH) = -1g({£;107P52}/W). We recommend the use of the arithmetic mean of the pH values:
¢(pH) = (Z;pHz)/N. The arithmetic mean is directly proportional to the mean value of the che-
mical potentials and it represents the geometric mean of the corresponding chemical activi-

ties.

4. THE PARTIAL PRESSURE OF GASES IN SOLUTION

4.1. Partial pressure (p) of a component (B) in a gas mixture is defined as the substance
fraction (x) of the component times the pressure of the gas mixture:

pg = Tp°p- ™M
Partial pressure is a kind of quantity which strictly speaking only applies to a component in
a gas mixture. When applied to gases in liquid solution (sln) we recommend interpreting the
quantity as being equal to the partial pressure in an ideal gas mixture (g* ealy”jn equili-

brium with the solution, or alternatively, as being equal to the fugacity (p) in a real gas
mixture (g¥®21l) in equilibrium with the solution:

pp(sln) = pg(gideal) = py(greal). @
Fugacity (p) of a component in a gas mixture is defined as the fugacity coefficient (g) for
the component times the partial pressure:

P = gB'PB- 3)
Therefore the unit of fugacity is the same as the unit of pressure. For many gases (CO2, O,
N,, etc.) gg ~ 1 when p < 100 kPa.

4.2. The partial pressure (fugacity) of a solute (B) in a solution is directly proportional
to the rational chemical activity (a,) of the solute. This relationship is called Henry's law:
pp = ax,B/ax,éw- (4)

ax,g” is the rational solubility coefficient for infinite dilution, i.e. for pure solvent.
For the solvent (A) the relationship is called Raoult’s law, and the proportionality factor
is the fugacity of the pure solvent pp*:

Pa = ﬁA*‘aA- 5)

4.3. The substance concentration of the component in a solution can be derived from the par-
tial pressure by multiplication with the concentrational solubility coefficient (a,):

¢g = 0Og B'PB- (6)
For usual clinical chemical purposes we recommend to report the blood gases (CO, and 0;) in

terms of the partial pressure rather than the substance concentration because of the need for
comparison with or evaluation of the composition of the alveolar air.
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5. OSMOLALITY AND OSMOTIC CONCENTRATION

5.1. The chemical potential or the activity of water in an aqueous solution is determinative
for several 'colligative' properties: water vapour pressure, osmotic pressure, freezing point
depression, and boiling point elevation.

5.2. In clinical chemistry the activity (a) of the water is generally expressed in terms of
osmolality (#), which is defined as the quotient of negative natural logarithm of the ratio-
nal activity of water and molar mass (M) of water (=~ 0,018 kg-mol~!):

# = (-1nam,0)/Ma,o- m
The unit of osmolality is mol-kg™! (not 'osmol'-kg™!).
The osmotic concentration (&), formerly called the osmolarity, equals the osmolality times
the mass density (p) of water:

& = fepmo’. ) @

As py o* ~ 1 kg-17! the numerical value of osmotic concentration (in mole17!) practically
equals that of osmolality (in mol<kg™!).

5.3. The osmolality is generally calculated on the basis of measurement of the freezing
point depression (ATgyg) divided by the molal freezing point depression constant (Keyg),
which is 1,855 K-kg-mol~! for aqueous solutions:

o= ATfus/Kfus‘ (3)

It is generally tacitly assumed that the osmolality at the temperature of freezing (of plasma
or urine) equals the value at 37 °C. In order to obtain the true osmolality at 37 °C it is
necessary to calculate the value on the basis of vapour pressure (pm,o) measured at 37 °c:

A = (-1npn,o/pu,0*})/Ma,0, 4)
where pHZO* is the vapour pressure of pure water.

5.4. The reason for using the osmolality in clinical chemistry is that this quantity can be
directly compared to the sum of molalities of the solutes (mgolutes), the ratio between the
two quantities being the molal osmotic coefficient (¢,,), which is generally close to unity
for biological fluids:

M= $p*Msolutes- (5)
In other words, for many practical purposes the osmolality may be adequately estimated on the
basis of measurements of the molalities of the principal solutes in a solution.
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6. APPENDICES

6.1. List of quantities and units related to the chemical potential and the chemical activity
of solute and solvent in a solution, and the fugacity of a component in a gas mixture.
The 1list contains the following columns:

6.1.1. Quantity

6.1.1.1. DName: the names refer to the kind of quantity. The full designation of a quantity
also requires a specification of the system, and often the component, e.g. volume of a given
system, mass concentration of a given component in a given system. A few alternative names are
given, e.g. electric charge = quantity of electricity (§ 2.6). Parenthesis indicates a part

of the name, which may be omitted if no ambiguity is introduced.

6.1.1.2. Symbol and definition: the symbols refer to 'kind of quantity' and should be itali-
cized. An alphabetical index of the symbols is given in 6.4. As far as possible the symbols
are consistent with previous recommendations. For system and component the symbols are always
printed in Roman type.

The general format for the symbol of a quantity when the 'kind of quantity' (general symbol @)
and the system (general symbol X) both need specification is either @X or @(X). The format @*
is employed when X is a standard reference system (®), pure substance (*), or a solution of
infinite dilution (*) (7.6, 7.21). The format @(X) is employed in the present document in
other cases. Often specification of the system (X) may be omitted without introducing ambi-
guity.

Many kinds of quantities need specification of a given component, e.g. partial pressure (p)
of a component (B). Generally the component is indicated by a subscript, e.g. pg, and this
format is employed in the present document. However, in clinical chemistry the symbol may of-
ten be printed on the line without introducing ambiguity, e.g. pCO,, pOas, eH", cHCO3.

Notice that the word mixture is used when the components are all treated in the same way. The
word solution is used when, for convenience, one of the components (A) which is called the
solvent (and may itself be a mixture) is treated differently from the other components (B, C,
D, etc.) which are called solutes (7.21).

The SI (Systéme International d'Unités) defines a set of base units corresponding to a set of
base kinds of quantities which are exclusively defined in terms of a reference method of mea-
surement (§§ 1.1-1.6). All other quantities are considered derived quantities which can be de-
fined by means of an algebraic equation containing only base quantities in addition to the
quantity being defined.

An attempt has been made to order the quantities so that all definitions are based on previous
quantities in the List. The equations are written in terms of the above mentioned symbols. All
the definitions in the List are consistent with definitions given in the references although
sometimes slightly reformulated.

6.1.2. SI unit

6.1.2.1. Name: only SI units are given in this column. When no unit is given, this indicates
that the value of the quantity is a pure number (i.e. quantities of dimension one = 'dimen-
sionless' quantities). Sometimes the number 1 is considered the unit of 'dimensionless' quan-
tities.

6.1.2.2. Symbol: the symbol for the SI unit is given and derived units are defined in terms of
the SI base units.

6.1.3. Remarks

This colum contains various important equations which are not considered to be definitions
but which can be derived from previous definitions (with the exception of the equations for
du (§ 2.1) and Kg¢ye (§ 8.6). Cross references to other paragraphs of the List 6.1 are indica-
ted by the symbol §. The values of various constants were obtained from Ref. 7.21.

In the present international document we prefer the decimal comma as recommended for all lan-
guages by ISO (7.12) although the decimal point is generally used in English texts.

6.1.4. References

The references given in the different paragraphs of the List indicate where the given quantity
has been previously mentioned. The numbers indicate the appropriate paragraph in the referen-
ce. The absence of references in several paragraphs indicates that those quantities have not
yet been defined or mentioned by ISO (7.12), IUPAC (7.21), or IFCC (7.8).
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6.1. List of quantities and units. For explanation of the columns, see text section 6. 1.
6.1 Quantity Unit
§ Name Symbol and definition Name Symbol
1.0 number of entities N
1.1 length l metre m
1.2 mass m kilogram kg
1.3 time t second s
1.4 electric current I ampere A
1.5 thermodynamic temperature T kelvin K
1.6 amount of substance n mole mol
2.1 energy E = m-c? joule J
=m2.kg-s~?
2.2 entropy s = [rl.qu joule J-K!
dv=0, d@=0, dng=0 per =m?.kg-s~2.K"!
kelvin
2.3 Celsius temperature 0=T-T, degree °c
T, = 273,15 K Celsius
2.4 volume v=1® cubic m®
metre,
litre 1
=d]n3
2.4. (partial) molar volume Vg = (BV/BnB)T . liﬁre 1.mol-!
of component B 2Ps7Cs per
mole
2.5 = -(3U P
pressure p (3u/a3m) 5,0,n5 pascal =J?m"3
=m~!.kg.s”
2.6  electric charge; Q= [r.dt coulomb  C
quantity of electricity =s:A
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Remarks References

ISO 31 TIUPAC  CQuCC
Manual EPQUCC
(7.12) (7.21) (7.8)

1. Base quantity. 8-2.1 2.3.05
1. Base quantity and SI base unit. 1-3.1 2.1.01 4.1
1. Base quantity and SI base unit. 3-1.1 2.2.01 4.4

2. In the present text m indicates mass,
whereas m is molality (§ 3.3)

1. Base quantity and SI base unit. 1-6.1  2.1.12 4.23
1. Base quantity and SI base unit. 5-1.1  2.6.05
1. Base quantity and SI base unit. 4-1.1  2.4.01 4.18

1. Base quantity and SI b§se unit. o 8-3.1 2.3.06 4.6
2. Ng/ng = L = (602,2045 = 0 0031)X10 mol ,
where L is the Avogadro constant.

1. This definition (the Einstein equation) is the fundamental 4-19.1 2.4.07
relationship between the base quantity mass and the derived
quantity energy. ¢ is the speed of light in vacuo (in this
paragraph only). On the basis of this equation it is pos-
sible to derive the following equatlogs or spec1g1 fonns
of energy: potential energy dEpot = F (where
force), and kingtic energy dEkin = B dp (where 3 1s velo-
city and p = m-v is momentum).

2. U is the preferred symbol for internal energy.

3. dU = -p-dV + T-dS + ¢-dQ + Z(up-dno,B)

(for derivation see textbooks of physical chemistry).

4-17.1 2.4.06

1.1°C=1K. 4-2.1  2.4.02 4.19
2. Alternative symbol: t.
1. The definition applies for a cube. 1-5.1  2.1.11 4.3

2. In the present context the litre is employed as the unit
for volume.

3. The capital L has been adopted by CGPM as an alternative
symbol for litre to avoid confusion with the number 1.

1. The molar volume of a pure substance A is: Vg = V/n. 8-6.1 1.4
2. For an ideal gas: Vp = R-T/p.
Vm ~ (22 413,83 * 0,70)x10° m®-mol~! for T = 273,15 K
and p = 101, 325 kPa.
3. The rmolar gas constant is 8-35.1
R~ (8,314 41 * 0,000 26)-J-K~!-mo1~!}
4. V = 3(Vg-ng).

1. Pressure is often defined as the force perpendicular to a 3-13.1 2.2.19 4,21
surface divided by the area of that surface. This may give
the erroneous implication that pressure is a vector.
2. The non SI unit of pressure, mmHg = Torr (=0,1333 kPa), is
still widely employed in the clinical literature especial-
ly for blood pressure.
3. Alternative symbol: P.

1. The elementary charge is 5-2.1 2.6.02
e ~ (160,218 92 * 0,000 46)x10" 2! C.

2. The Faraday constant is
F=e-L ~ (96 484,56 * 0,27)-C-mol~}.
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6.1 Quantity Unit
§ Name Symbol and definition Name Symbol
2.6.1 charge number 2g = Qp/e
of component B
2.7 electric potential; ¢ = (BU/BQ)V S.n volt \
electromotive force 22>7'B =J.c™!
=n?2 .kg.s'3 AL
2.8 Gibbs energy G =U+pV-T-3 joule J
=m?.kg.s"?2
2.9.1 (absolute) chemical potential ug = (BU/BnB)V 5,0 - - joule Jemol™!
of component B 2R e per =m? .kg-s~2.mol"?
mole
2.9.2 (absolute) electrochemical fig = (BU/BnB)V Sompen - - joule Jemol~!
potential 20 0C per =m?.kg-s~2-mol ™}
of component B mole
2.9.3 (practical) chemical potential Y = Ug - ug® joule Jemol”?
of component B per =m?.kg.s"2.mol"!
mole
2.10 absolute activity Ag = exp(ug/(R-T))
of component B
3.0  molar mass M =m/n kilogram  kg-mol~!
per
mole
3.1 mass concentration Pg = mB/V kilogram kg-17!
of component B per =10%.m~% kg
litre
3.1.1 (mass) density p = m/V kilogram kg-17!
per =10%.m~3.kg
litre
3.2 (amount-of-)substance fraction; =g = ng/(ngtnct +-+)
mole fraction
of component B
3.2.1 saturation fraction sg = ng/ng(sat)
of component B
3.3 molality mg = ng/my mole mol -kg™!
of solute B per
kilogram
3.4 (amount-of-)substance ey = nB/V mole mol.17}
concentration per
of component B litre
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Remarks References

1S0 TUPAC cquce
Manual  EPQUCC
(7.12) (7.21) (7.9

1. @g is the charge of one B elementary entity 8-41.1 2.7.02 4.4
(molecule, ion).

1. ¢ is preferred for inner electric potential. 5-6.1 2.6.07
Other symbols: V (in the present context V = volume),
E (preferred for electromotive force).

1. dG = V-dp - S-dT + ¢-dQ + Z(up-dng). 4-19.4 2.4.12
1. Only differences in ug can be measured (§2.9.3). 8-17.1 2.4.25
2. ug = (aG/anB)p’T’Q,nB’... A.TA

This equation 1s often preferred as the definition.

3. Notice: zp#0 = d@+0. Hence ug cannot be measured for an
ion unless a non-thermodynamic convention is adopted
(see Section 3.2).

4. pg is proportional to the electric potential (E) of an
ideal electrode for component B: Aup = zp-F-AE

1. Notice that @ is not constant. 2.7.05

2. Only differences in {iz can be measured.

3. fig = ug + 2p-F-o.

4. See also introductory section 3.2.

1. The symbol ¥ is tentative. Ref. 7.15

2. The standard reference system (®) may be indicated by
subscript (compare relative activity): Y, (§6.1.1),
Uy, (§6.1.2), Ym,p (§6.2), Ye,p (§6.3), ¥p,s (§6.4).

3. Yg = R-T-1nag (where qg is relative activity).

1. Only the relative Ap can be measured 8-18.1 2.
(§§ 6.1.1,6.1.2, 6.2, 6.3, 6.4). A.

1. The name 'dalton' is sometimes used as unofficial unit:

1 dalton = 1 g-mol~'.

8-11.2 2.3.12 4.8

1. The mass density of the solvent A equals the mass con- 8-11.1
centration of A in pure A: p(A) = pa*.

8-15.1 2.3.07 4.13

1. (sat) indicates the system saturated with B at constant
T9 E, nC)':" . .

2. Capital S is used as the symbol of saturation fraction
in the physiological literature.

-

. A is the solvent. 8-16.1 2.3.10 4.12
2. In the present text the m is preferred as the symbol for

molality whereas m indicates mass. The symbol b is fa-

voured by ISO/TC 12 as an alternative symbol. In clini-

cal chemistry the symbol b is employed for catalytic ac-

tivity concentration.
3. mp = zp/(xp-Mp).

N

. cp = Mg-pp- 8-13.1  2.3.11  4.11

CB = MB*PA-
3. The symbol [B] is often employed for eg.
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6.1 Quantity Unit
§ Name Symbol and definition Name Symbol
3.5 jonic strength I = }-3(zg”mg) nole mol-kg™!
per
kilogram
3.6 partial pressure pg = Zp°P pascal Pa
of component B =m~!.kg.s™?
4.0.1 activity coefficient fa = a/zy)/1im(A,/x,)
of solvent A a1

or of component A
(in a mixture)

4.0.2 rational activity coefficient fz,g = (Ag/zg)/lim(Ag/xg)
of solute B ! 21

4.1 molal activity coefficient vg = (Ag/mg)/1im(Ag/mg)
of solute B 3™

4.2 (substance)concentrational Yyp = (AB/eB)/lim()\B/cB)
activity coefficient L™
of solute B

4.3 fugacity coefficient gg = (AB/pB)/lim(g)\B/pB)
of component B p >

(in a gas mixture)
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6.1

Remarks References

IS0 31 IUPAC

cQuee

Manual EPQUCC

(7.12) (7.21)

(7.8)

3.5

3.6

4.0.1

4.0.2

4.1

4.2

4.3

1.
2.

. Ap/xp may be interpreted as an ‘'absolute' activity coeffi- 8-22.1

. Sometimes ionic strength is calculated from substance con- 8-45.1 2.4.29

centration (symbol I,). It is preferable, however, always
to define ionic strength on the basis of molality.

. Partial pressure applies to a component in a gas mixture; 8-19.1 A.I.5

when applied to gases in liquid solution the quantity
strictly speaking applies to a hypothetical ideal gas
phase in equilibrium with the liquid. The name (gas)
tension has been suggested for this kind of quantity, and
also the name vapour pressure. See also introductory
section 4.1.

. The capital P is used as the symbol of partial pressure in

the physiological literature.

2.3
cient while fa is a relative activity coefficient. A simi- A.1.
lar remark applies in §§ 4.0.2, 4.1, 4.2, and 4.3. A.I

. fa-= (XA/AA*)/xA

4@¥Uh = fp* = 1 (where * indicates pure substance).

%A]in x,B

tion).

= fr,s = 1 (where ® indicates infinite dilu- A.T. 1

géﬂﬁﬁ = wa = 1 (where ® indicates infinite dilution). 8-24.1 2.
A A.

. YB/f&, = Za-
. For ions in dilute aqueous solutions y is a function of T

and the hydration number % according to.the Debye-Hiickel
theory and the Stokes-Robinson hydration theory (7.4, 7.20):

Inyg = -(In10) -2g2+4-T#/(1+4-B-TY?)
+ hB'MH o - 1n(1+MH o-ZOnB'(1-hB))),
where A and B are temperature dependent constants:
= 0,5215 (mol-kg™")~* and B = 3,305 mn™! - (mol-kg™')" -2,
a is the ion size parameter (a length) # is the osmolallty
(88.1). hcy- = 0 by the Bates-Staples-Robinson convention

(7.4).

. A strong electrolyte B dissociating in solution into cat-

ions C and anions D according to

B > ve+C + vp+D, Z.e. Ag = Ag"Cedp'P

is described in terms of 'mean ionic' quantities, indica-
ted by subscript %, e.g.

Mg = (AcVCA VD)1/(VC*VD) (§2.10)

m*B = ( C\)C D\)D)1/(\)C+VD) (53.3)

Ye8 = (v
msp = (mcvc_mDvD)1/(vC+vD) (§5.1)
Gam 5 = (G o Coa 5°2) /(") (56.1)

Analogous def1n1t10ns and equations apply for z,g, fr+B,
agss (§§ 3.2, 4.0.2, 6.0.2) and c:p, Yips c‘B, Qoep
(§§ 3.4, 4.2, 5.2, 6.2).

VC.YDVD)1/(VC+VD) (54.1)

2;53 yg = yg_ = 1 (where ¥ indicates infinite dilution). 2.4.33

YB/yB = pa/Pa*-

lim gg = 1. A.1.6
p»ogB

4.22
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6.1 Quantity Unit
§ Name Symbol and definition Name Symbol
5.1 active molality My = Yg'mp mole mol -kg™?
of solute B per
kilogram
5.2 active (substance) concentration &g = ypecp mole mol.17}
of solute B per =10%.m~3 -mol
litre
5.3 fugacity; Pp = 9p'Pp pascal Pa
active partial pressure =m~!.kg-s™!

of component B
(in a gas mixture)

6.0.1 (relative) activity ap = AA/AA
of solvent A °_ 4
or af a component a “a
(in a mixture)

6.0.2 (relative) rational activity L AB/ABe

of solute B

6.1 (relative) molal activity L XB/ABS
of solute B ~ e _

6.1.1 hydrogen ion exponent; pH = -1g ay .+

pH '

6.2 (relative) (substance-) a, = AB/XBe
concentrational activity %° 21 mol-17}
of solute B °B

6.3 (relative) baric activity a, g = AB/XBS
of component B Prle

(in gas mixture) pg = 101,325 kPa
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6.1 Remarks References
IS0 31 TUPAC  CQUCC
Manual EPQUCC
(7.12) (7.21) (7.8)
5.1 . The symbol m was chosen in analogy with the symbol p for
fugacity (§5.3).
. Sometimes this quantity is called the molal activity, but
it should be distinguished from relative molal activity
(§6. 1) which is dimensionless.
. lim g = mg.
xA—>1
5.2 . The symbol & was chosen in analogy with the symbol p for
fugacity (§5.3).
. Sometimes this quantity is called the concentrational acti-
vity, but it should be distinguished from relative concen-
trational activity (§6.2) which is dimensionless.
3. lim &g = cp.
a1
4. cp/mg = pp*.
5.3 . The symbol p is preferred in this context. An alternative 8.20.1 2.4.27
symbol is f. A.1.6
. Fugacity is defined for a component in a gas mixture. When
applied to gases in liquid solution the quantity strictly
speaking refers to a hypothetical gas phase in equilibrium
with the liquid. It follows that the partial pressure (§3.6)
and the fugacity of a component in a solution are identical.
See also introductory section 4.1.
. lim pg = pg.
pio P = PB
6.0.1 A = Aa/Ap*. 2.4.30
A.I.8
an = fa%p-
6.0.2 1. ap g = fy, B Tp- A.T.12
. ax,B/fﬁB = MA'
6.1 - @y g = Mg/ 8-23.1 A.1.12
. This is the activity generally employed in clinical chemi-
stry for an ion in solution when using ion-selective elec-
trodes.
. For a strong electrolyte B, the standard reference system
is defined by m+Be-1 mol . kg“(see §4 1 remark 4).
It follows that
- - Vc+Vp)
m,B = 9m,c C’am,D P = amiB( b
(from §§ 6.1, , 4.1).
Analogouseremarks apply in §6.0.2 (f&tB 'x+B = 1) and
§6.2 (63 = 1 mol- 1-Y).
6.1.1 1. Sometimes pH is considered the name of the quantity 10
rather than the symbol.
. The reference method for pH measurement is based on the
use of a hydrogen-ion-responsive electrode, a reference
electrode, and a bridge solution of concentrated KC1 of a
molality not less than 3,5 mol-kg~'. Reference solutions
with known pH have been descrlbed See also introductory
section 3.
6.2 . a, g = 3/35°. 8-23.1 A.1.12
_x /x ©
6.3 ay g = Pp/Py

. Fugacity, pg, is used more generally than relative baric

activity, a,,B
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6.1 Quantity Unit
§ Name Symbol and definition Name Symbol
7.0 rational solubility coefficient oy g = xp/Ds reci- Pa~!
of solute B procal =m-kg~!.s?
pascal
7.1 molal solubility coefficient Oy 5 = mp/Py mole mol-k%'l Pa”!
of solute B ! per =m-kg~T.s%.mol
kilogram
pascal
7.2 (substance-)concentrational 0y p = cp/Bp mole mol-1"!.pa~!
solubility coefficient ! per =10%.m~2.kg™?
of solute B litre .s%.mol
pascal
8.1 osmolality i = (-lnap)/My mole mol -kg™*
(of a solution) per
kilogram
8.2 molal osmotic coefficient by = fi/Zgmp
(of a solution)
8.3 osmotic concentration é = (-Inayp) /Vp* mole mol.17}
(of a solution) per =10%3.m~3 -mol
litre
8.4 concentrational osmotic ¢c =g/ PENN
coefficient
(of a solution)
8.5 freezing point depression Moo = Teus  ~ Trus kelvin K
(of a solution)
8.6 molal freezing point Keus = ATfus/r’r‘l kilogram kg-K-mol~!
depression constant kelvin
(of a solution) per
mole
8.7 concentrational freezing point Keus,o = Mgys/e litre 1-Kemol™}
depression constant kelvin =10"%.m3.K
(of a solution) per -mol~!
mole
8.8 osmotic pressure U pascal Pa
(of a solution) I =-[ valedy, =m~!.kg.s™?
up*
9.1 buffer capacity B = (ngs+/ algam,H+) mole mol

(for hydrogen ion)
(in a solution)
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Remarks References
ISO 31 IUPAC CQUCC
Manual EPQUCC
(7.12) (7.21) (7.8)

wWN =

WN = wN =

HWN =
. .o .

BN -
e e e e

. Integration, assuming Vj

oo Y . PO . .
- Oz,B = Og,B /fz,B> where ay p refers to infinite dilution.
. Og,8" = ay B/Dp-

. For the solvent A: ay a = ay,a*/fa, where ay * = 1/B,*.
. qW,B = dm,Bm/YB.
. %,B = ﬁB/ﬁB'

_ o

« Og,B T C¢,B /yg-
© _ o~ s

. Qg = 3g/bg-

. Mp is molar mass of the solvent A.
- The unit is not 'osmol’- -kg™!
. Da = pa*-exp(-m-Mp), where pA* is vapour pressure

(fugacity) of pure solvent.

. Igng is the molality of all the solutes. 8-24.2 A.1.13
. Igng = (1 - xA)/(xA'MA)
. lim ¢, = ¢,

xa+1

Va* is molar volume of pure solvent A.
The unit is not 'osmol'-17!.

. & = fepp*.

Currently called 'osmolarity' because 'molarity' was for-
merly used for substance concentration.

Tpep is the substance concentration of all solutes.
Tpep = ea- (1 - xA)/xA

1 =
xigh¢c ¢c”

¢c = ¢m'pA*/pA

. Teus” is the freezing point of pure solvent.

. It can be shown that Kg,g is related to the specific

enthalpy of melting, AH,, and the freezing point, Tgyg,
of the solvent: Kgyg = "7 Teus?/ My, .

. For aqueous solutions: Kgus = 1,855 kg-K- mol-?

- Kgus,e = Keus/Pa*-

. I is that pressure difference between the solution and 8-26.1

the pure solvent (A) which provides the same chemical po-
tential of the solvent in the solution and in the pure
solvent.

Vp* = constant, gives the
-(up - Wa*)/Vp* = R-T-2

van't Hoff equation: 1

. nyg+ is amount of substance of added H* (stoichiometric

amount of H"). In order to maintain electroneutrality, H
must be added together with an indifferent anion (e.g. C17)
or in exchange for a cation (e.g. Na*).

. Other 1ndependent variables are constant, usually T, p,

ng,***. Occasionally ug rather than ng is considered the
1ndependent variable, e.g. pco, rather than ncg,. This
must be clearly specified, because the value of’B will be
different when either ng or ug is constant.

. dnge = -dnpage;  -lg ap,p+ = PH; B = (npase/3PH) -

(Cont.)
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UNITS IN CLINICAL CHEMISTRY

6.1 Quantity Unit
§ Name Symbol and definition Name Symbol
9.1
(cont.)
9.2  buffer value; 8 = B/V mole mol.17!
volumic buffer capacity per =10-%.m™%-mol
(for hydrogen ion) litre
(in a solution)
9.3.1 (partial) molar buffer capacity By p = (3B/dng)
of solute B
9.3.2 (partial) specific buffer B, g = (0B/ompg) mole mol -kg™!
capacity ’ per
of solute B kilogram

10.1  stoichiometric number
of component B
(in a chemical reaction)

10.2  equilibrium constant
(for a chemical reaction)

10.3.1 molal equilibrium product
(for a chemical reaction)

10.3.2 concentrational
equilibrium product
(for a chemical reaction)

10.3.3 baric equilibrium product
(for a chemical reaction)

VB
V,
K, = Tg(ag)™®
R, =T (mg)"B
K, =Tg(cp)"®
V.
Kp = nB(pB) B

(mol-kg‘l)zvB
(mol-l'l)zvB

(Pa)*VB
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6.1 Remarks References
IS0 IUPAC  CQuCC
§ Manual EPQUCC
(7.12) (7.21) (7.8)
9.1 4. The quantity has been defined for H" only, although similar
(cont.) quantities would apply for other components.
9.2 1. For V constant: B = (3co,u+/91gay,n+) = (9Cpase/dPH).
2. Donald D. Van Slyke first defined this quantity. The name

9.3.1 1.
2.
3
4.
9.3.2 1.
2.
3
4.
10.1 1
2.
3.
4
10.2 1
2
3
4
10.3.1 1.
10.3.2
10.3.3

'slyke' is sometlmes used as an unofficial unit:
1 slyke = 1 mol-17!

Other indevendent variables are constant.
Bn,B = (33/300 B)-

. For a H b1nd1ng group at pH = pK,: Bpy,s = 0,576.

8 = Ip(Bm,B"cB) -

mg is mass of added B.
Other independent variables are constant.

. By,B = (38/303).

B = Zg(By,B*PB) -

. Base quantity (=~ number of entities, §1.0).

0 = Iz(vg'B) symbolizes a chemical reaction,
vg < 0 for reactants, vg > 0 for products.

. Equilibrium of a chemical reaction is characterized by:

0 = Zp(vg-up) or 0 =Tr(Ag)"B

. The chemical reaction is 0 = Zg(vg-B).
. ap refers to the equilibrium system.
. The value of K, depends on the choice of activity scale

(choice of standard reference system), e.g. for solutes
ax,B> 9m,B> OT dc,B-

. 8G° = Tp(vgeup®) = -Ig(vg:(ug - ug®)) = -R-T-1nk,

where AG,® is called the molar standard Gibbs energy
of reaction.

Often hybrid equilibrium products are employed for practi-
cal purposes, e.g. calculation of CHCos from pH and Pco,*

Reaction: CO, + H,0 = H* + HCO3.
_ 10-PH

Knybria = 107% +eycos/Peo, ,

Ky = am, u+*ap, 5cos/ (@m, co, *an,0).

The relationship between the two is:

o

Knybria = K&'“m,coz *a1,0° Pu,0/ YHCO3 -
Ky and op,co, are temperature dependent constants.
aH o varies with the total concentration of solutes.

o varies primarily with the concentration of macromole-
cu ies (e.g. proteins and lipids).
Yucos varies with the ionic composition of the solution
(ionic strength).
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6.4. Alphabetical index of symbols of kinds of quantities.

Symbols of physical or chemical quantities should be single letters of the Latin or
Greek alphabet printed in sloping type (7.21). Unfortunately Greek letters of sloping
type are unavailable for common typewriters. In the present document, Greek letters,
although printed in upright type, generally represent physical quantities, with the
following exceptions (which should always be printed in upright type): A = difference,
U = prefix micro (not to be confused with U = chemical potential), II = product (not to
be confused with II = osmotic pressure), I = sum.

References are given to the paragraphs of List 6.1 for definitions and remarks.

Symbol Name Cf. 6.1 °§
a relative activity 6.0.1
a, concentrational relative activity 6.2
ay molal relative activity 6.1
ap baric relative activity 6.3
a, rational relative activity 6.0.2
B buffer capacity 9.1
B, molar buffer capacity 9.3
By specific buffer capacity 9.4
(b) (molality) 3.3
I amount-of-substance concentration 3.4
é active substance concentration 5.2
e osmotic concentration 8.3
E energy 2.1
E electromotive force 2.7
F Faraday constant (Remark 2) 2.6
f activity coefficient v 4.0.1
€3] (fugacity) 5.3
fz rational activity coefficient 4.0.2
G Gibbs energy 2.8
h hydration number (Remark 3) 4.1
g fugacity coefficient 4.3
I electric current 1.4
I ionic strength 3.5
K, equilibrium constant 10.2
K, concentrational equilibrium product 10.3.2
Keus molal freezing point depression constant 8.6
Keus,c concentrational freezing point depression constant 8.7
K, molal equilibrium product 10.3.1
K, baric equilibrium product 10.3.3
L Avogadro constant (Remark 2) 1.6
1 length 1.1
M molar mass 3.0
m mass 1.2
m molality 3.3
m active molality 5.1
il osmolality 8.1
N number of entities 1.0
n amount of substance 1.6
P pressure 2.5
p partial pressure 3.6
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fugacity

electric charge

molar gas constant

entropy

saturation fraction

thermodynamic temperature

freezing point depression

time

internal energy

volume

(electric potential)

molar volume (Remark 1)
substance fraction

concentrational activity coefficient
charge number

concentrational solubility coefficient
molal solubility coefficient
rational solubility coefficient
buffer value

molal activity coefficient

Celsius temperature

absolute activity

absolute chemical potential
electrochemical potential
stoichiometric number

osmotic pressure

mass concentration

mass density

electric potential

concentrational osmotic coefficient
molal osmotic coefficient

practical chemical potential
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7.1
7.2
7.8
7.4
7.5

7.6

7.7
7.8
7.9

7.10

7.12

7.13

7.14

7.15
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