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A -B STRACT 

Direct potentiometric techniques are becoming an invaluable analytical 

resource in the clinical laboratory. One important aspect of their use 

is determining or monitoring the activities of ions present in 

physiological media such as blood, urine, cerebral fluid, serum etc. 

This work is based, mainly, on the measurement of the blood electrolytes 

sodium, potassium, calcium and pH. 

Various automatic, multi-electrolyte, direct potentiometric, 

ion-selective analysers are available. The problem, to date, has been 

twofold - firstly different instruments give different results with the 

same sample and secondly, direct potentiometry senses the activity of the 

free (hydrated) ions - an entity unfamiliar to clinicians who have been 

used to flame photometric concentrations. To resolve these problems it 

is necessary to establish an operational pION scale by international 

consensus. This study was aimed at contributing towards achieving this 

end. 

The first requirement for the establishment of a pION scale is a set of 

universally accepted standards. Multi-electrolyte calibration standards 

using "Good" buffers have been proposed. Analyte binding to these 

buffers have been evaluated using two non-linear least squares programs 

SCOGS2 and SUPERQUAD . Commercial and home made ion-selective 

electrodes and ion-selective field effect transistors were calibrated and 

tested in the calibration solutions by measuring transfer potentials. 

A flow through rig was set up using several different ion-selective 

electrodes from manufacturers' instruments but with a common reference 

electrode and this system was tested with the aqueous calibration 

solutions, plasma and serum. 

The second requirement for the establishment of a pION scale is, 

resolution of the problem of residual liquid junction potentials. There 

are two aspects of this problem. The first aspect is the variations 

arising from the difference between the 'junction' potential with the 
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calibration solution and the junction potential with plasma. The second 

aspect is the 'inter' instrument differences arising because of choice of 

ions in the salt bridge solutions and different liquid junction 

geometries. To minimise the first aspect, the ionic composition of the 

calibration solutions were formulated to reflect the ionic composition of 

plasma. Residual liquid junction potentials of the calibration solutions 

against the NBS blood phosphate buffer were determined. The second 

aspect has been discussed. 

Other aspects of standardisation such as sample pre-treatment and 

measurement protocol have been studied briefly. These include heparin 

binding and carbon-dioxide contamination. Reporting results in 

activities based on activity co-efficients calculated by Covington and 

Ferris (Pitzer and Hydration models) rather than the conventional flame 

photometric concentrations, has also been discussed. 
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CHAPTER ONE 

INTRODUCTION 



Imbalance of electrolytes in body fluids is indicative of various 

physiological disorders 
l. 

Monitoring of ions during surgery and 

intensive care is also very important. It is, therefore, necessary to 

evolve an accurate and reliable method of measuring electrolytes in body 

fluids. 

1.1 PREVIOUS METHODS OF ANALYSIS 

Tables 1.1(a-e) 2 
summarise methods used for analysing some of the 

principal ions in body fluids. The tables are self-explanatory. 

Mention must be made of another parameter used to indicate 

electrolyte imbalance, the anion gap. The anion gap is calculated 

as 

([Nä] + [K]) - ([C1] + [HC03]) _+ Anion gap - 1.1 

An increased anion gap may be indicative of decrease in unmeasured 

cations (calcium and magnesium, mainly) or an increase in 

unmeasured anions (mainly protein, phosphate, sulphate or organic 

acids). A decrease in the anion gap suggests the opposite 

possibility. 

1.2 DIRECT " POTENT IOIETRY 

In recent years, there has been considerable growth in the use of 

direct potentiometric ion-selective electrodes or ion-selective 

field effect transistors for clinical measurements. Direct 

potentiometry, as the name implies, determines the activity of an 

ion directly in the untreated sample. A calibration curve is 

prepared by plotting the mV output from two or more concentration 

or activity standards versus the negative logarithm of the 

concentration or activity. The electrodes are then placed in the 

sample and the mV reading of the sample is converted to the 

corresponding concentration or activity via the calibration curve. 

The technique is described, in detail, in Chapter 2. The accuracy 

of the method can be ± 1.0%. An error of l. OmV corresponds to 

approximately 4% relative error, in concentration with univalent 

ions and 8% for divalent ions. 
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The advantages of the direct potentiometric technique over the 

previous techniques are: - 

(1) Sample pre-treatment is not required. 

(2) Very small sample volumes are needed. 

(3) It can be adapted for use at the bedside. 

(4) The activity of the (hydrated) ion in their natural environment 

is measured. This is of particular significance in cases of 

hyperlipemia or hyperprotemia when flame photometers give 

erroneous value3 because of dilution of the samples. This is 

discussed further in Chapter 3. 

1.3 PRESE NT- STATE " OF- THE ART 

Various automatic, multi-electrolyte, direct potentiometric ion- 

selective analysers are available. The problem, to date, has been 

two-fold - firstly, different instruments give different results 

with the same sample and secondly, direct potentiometry senses the 

activity of the free (hydrated) ion - an entity unfamiliar to 

clinicians who have been used to flame photometric concentrations. 

These fundamental issues are in the process of being resolved by 

various international bodies such as the European Working Group on 

Ion-Selective Electrodes (EWGISE) of the International Federation 

of Clinical Chemistry (IFCC), the National Bureau of Standards 

(NBS) and the US National Committee for Clinical Laboratory 

Standards (NCCLS)4. 

The factors contributing to this confusion are: - 

(1) The problems in assigning activity co-efficients to ions in 

media of high ionic strength ( 0.1 mmol dm 
3). 

(2) Non-zero residual liquid junction potentials arising from 

choice of ions in salt bridge solutions and varying liquid 

junction geometries. 

(3) Use of different calibration solutions. 
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(4) The need for standardisation of other aspects of measurement 

such as levels of heparin to be used, sample collection and 

pre-treatment if required. 

(5) The need for the introduction of acceptable correction 

procedures which estimate the relative contribution of the 

various effects to the overall measurement of the effective 

analyte concentration. This procedure could be based on a 

universal factor and bring results to a common basis or a 

factor introduced by individual manufacturers to yield results 

that are the same for normal samples in different instruments. 

However, the problem of abnormal samples may still remain 

(Chapter 3, Table 3). 

1.4 AIMS OF THIS WORK 

This work is based, mainly, on the measurement of the blood 

elec trolyte s sodium, potassium, calcium and pH. The principal ions 

in blood plasma are shown in Table 1.28. The ionic strength of 

plasma is usually taken as 0.16 mol dm 
3. 

This refers to the 

water phase of plasma ignoring the protein zwitterions. 

The aim of this work was to contribute towards standardising blood 

electrolyte measurements. To achieve this, the following subjects 

were studied. 

In Chapter 2, the definitions and principles of ISEs and ISFETs are 

explained. The use of various electro-active materials for blood 

electrolyte measurements is discussed. 

Emphasis is given to situations arising in clinical applications, 

in Chapter 3. Topics such as Direct versus Indirect Potentiometry, 

plasma water versus plasma volume, activity versus concentration 

and selectivity requirements are discussed. Clinical analysers 

available in the market are described. 

In Chapter 4, the arguments for formulating a set of calibration 

solutions using the 'Good' buffers9,10 are presented. The 
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relative merits and demerits of activity standards versus 

concentration standards are reviewed. Activity co-efficients for 

the calibration solutions calculated by Ferrall, based on the 

hydration theory 
12,14, 

and the Pitzer15 equation are explained. 

In the experimental chapter, Chapter 5, tests on the performance of 

ion-selective devices used in this work are described. The devices 

were used either as dip-type sensors or incorporated in a 

flow-through system. They were calibrated to check their 

condition. Some p1l devices were tested for alkaline error. The 

performance of the electrodes was, finally, checked in the aqueous 

calibration solutions proposed and in plasma and serum. 

In Chapter 6, the evaluation of the dissociation constants and 
2+ 

formation constants (with Na, K+ and Ca) of the 'Good' buffers is 

described. Two non-linear least squares programs - SCOGS216 and 

SUPERQUAD17 were used. 

Other aspects of potentiometric measurements in blood, such as the 

residual liquid junction potential, effect of heparin and the 

effect of carbon dioxide on the calibration solutions are presented 

in Chapter 7. These topics need further investigations for a 

complete study. 

In the concluding chapter, Chapter 8, the contributions made in 

this study to the direct potentiometric analysis of electrolytes in 

blood is discussed. An outline of future research possibilities is 

given. 
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Table 1.1a Mcthals of calcium analysis 
Method Principle usage Comments 

1. f4atpnaonn by oxa" Ca + Oxalate -+ Ca oxalate (ppt) Historical Initial rtfnencc 
late and redo% tarauam Ca oxalate (ppi) + H1SO. - Oxalate + CaSOs meted 

KMn''O, + Oxalate ýaý. Mns'SO. 

2. Precipitation by col- Ca" + Chloramlate -"" Ca-chloramlate (ppi) Historical Labor intensive, im" 
orcd anions: spectro- 

nmecnc 
ý- Ca-chlorantlate (ppi) + EDTA ---. Ca EDTA precise, many other 

dyes available + Chloraniltc acid (purple) 
3. Titration of floorcs- Ca' + Calccin -. Ca"oalcom (fluorescent) Stat. or small Small sample size. 

cent Ca" complex EGTA + Ca<alcem -+ Ca' "EGTA + Calcein labs dedicated instrument 
(decreased fluorescence) 

4 SpMmphotometric 
measurement of G" 
complexes 

a. Direct C. ' "+ o-Crosolphthakm _Qffjý Most common Early adapted to a va- 
Red complex (520 nm) riety of automated 

b. Dialysis G" Complex + H' Dwl)- On Technicon 
insow ants; positive 

in recipient strum 
" 

AutoAnalyzef 
bias 
atomic 

us 
ahwrcomparedgo ion 

detected as in (a) G 

S. Flame emission' G" '-, Ca° HH Cal -. G° + Photon Historical Poor sensitivity 

6. Atomic absorption Ca'' k_. Can Reference Excellent accuracy and 
Photon + Cä - Cal method sensitivity 

7. Isotope-dilution mass Ca an d known amount of Ca isotope; isolate Definitive Available in reference 
spectrometry _ Ca ' and record ratio of two isotopes on method centers only 

mass spectrometer 

"Cc". C. kmm atom in eacned wie. Cd'. Calnum atom to pound state:. EGTA, ethylene ýlyed"ltNß-umnoeth}ktherW. N'. tevuceuc seid. ppt. 
ptetIpn. t. 

Table 1.16 Methods of sodium and potassium anahysic 
Method Type of analysis principle Uaape Commenu 

1. Flame atomic emis" Quantitation of mass Excited atom emits photon Serum, urine, Reference method 
sion spectroscopy concentration CSF, other as well as most 
(FASS) body fluids commonly 

used: dilution 
error possible 

2. Ion selective elec. Quanutauon of Ion-selective electrode Serum. urine, Dilution cunt 

Oode potentiometry chemical activity measures potentiometrie CSF possible by nr 
(1SEI change as function of dust proce- 

ion concentration dun: urine 
analysis may 
Nase limited 
linear range 

3. Atomic absorption Quamitation of mass Ground state atoms absorb All biological Highest sensitiv. 
concentration incident light from hol- fluids by. but not 

low cathode lamp useful for rou" 
line analysis 

Table 1. ic Methods of lithium analysis 

Method 
Type of 
analysts Principle Utate 

Flame emission Quanuu- Emission of light Senn, plasma 
spectroscopy tive at 670.8 nm 

by LJ° 
Atomic absorp- Quantita" Absorption of serum. plasma 

lion spec. tive light at 670.8 urine, red 
troscopy nm by Li* blood cells 
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Takle 1. ld Methods of chloride mcasurcmcnt 

Method Type of analyst. Principle Usage Common 

1. Mereuncdcrnc Quunnlatise, 2 CI- + Hg(SCN)t -. ligCl, +2 (SCN)' Serum. plasma. Most frequently 
thiocyanate end pant 3 (SCN)ý + Fe"'' -+ Fe(SCN)s (red) urine; manual. used. Fiad 

A.,,, 525 nm automated accuracy and 
precision 

2 Coulomctnc Quantitative Ii. AS' + Cl' - AgCI(1 I Serum, plasma. Reference 
Inratiun tration" end urine, fluids, method. 

point sweat; man. highly accu. 
ual. auto- rate 
mated 

3 Ion-selecuse Quantitative, Teý"AgCil fAgCI, Serum, plasma- Increasingly 
electrode putcntiumetnc n Reference Test solution electrode urine, fluids, used, good 

end point, or sweat; man- accuracy and 
kinetic ual, auto- precision 

mated 
4. Mercuric at- Quentitnnve li. 2 CI- + HS(NO, ), -" HgCI2 +2 (NO, )- Serum, plasma. Relatively un- 

trate tration Eaces Hg' '+ Diphenylcarbazone -. urine; manual common. 
Mercuric diphcnylcirbavone (blue) poor preci- 

5. Isotope dilu- Mass spectnn Dilution of stable isotope 'Cl °with "CI Research or ref- 
ston 

Definitive 
torn nteter evence labora. method 

tories 

Tuhlc 1. le AlcllukIs for analy k of magnesium 
Meth'd p. incipie Uaase Comments 

1. Precipitation by Mg" + Ammonium pho. phatc - Mg-ammonium phosphate (precipitate) Htatnncal One of tint meth ds of 
ammonium pM+s- analysis 
phatc with gravi. 
niettic 0n4v. i5 
With uthcequent I i. k-Subharow phosph, m, t amrty. n of precipitate Ih. u, ncal 

analysis fur 

phosphate 
2. Reaction with 

R-hydrnsyqumnline 
Mg' '+] no-ýý- \. ] nn, ntl-- 

ý_ý 
u-stF-o +2 Nit, 

-+2 11.. 0 
Historical Labor intensive; sup- 

planted by better 
/, nlcthn<it 

(precipitate) 
Alternate analyses 
a. Quantitation with Foltn's phenol reagent 
b. Blue-green color with ferric iron 
C. Bromnation and titration of excess bromate 

3. Titration of fluores- a. Mg" + Calcein -. Mg-calcein (fluorescent) Stat. or small laboratories Difficulty with fumes- 
cent complex cence background 

noise as well as 
quenching 

Is. Mg" + n. e'-Dihydmayazohcrocne -. Fluorescent complex Rarely used 

4. Flare emission Mg" _- `-" Mg 144 Mg* -. Photon + Mg" Historical Prxw sensitivity 
(370 nm. 383 nm) 

1. Calmagite 
(HI r... 

Mg" + Nn-N SO JI =% Complex at 332 tim (violet) 

Labs without ACA. or 
atomic Absorption 

Slight negative bias; 
positive shift caused 

I widely used; adapted by hpemia. 
ý 

to many auhmuled an- 
ý Z' alyren 

Clip 

6. Mclhyhhymol blue Mg" + Mcthylthymol blue -. Complex at 510 and 600 nm Du Pont ACA. mom Good correlation with 
commonly mporicd atomic absotVion 
method 

7. Titan yellow Mg" + 2NaOH + Titan yellow . 
PVV Mg(OH)t-Titan yellow (red lake) (colloidal Pq) Infrequently used Only one eighth sensi- 

tivity of Comagne 

I. Atomic absorption Mg.. Wei Mg Mg, Used in a number of rou- Excellent accuracy. 
tine Iabtlralorsea reference method 

9. Neulnm activation Uses magnesium Isotope °1Mg Definitive method 
14N11Pe dilulion 

ýý ý - +ý 

-9- 



Serum 

95% 
Species Mean Range 

Na`h' 144 138 - 151 

K+ 4.3 3.40 - 5.20 

Ca2+ 1.26 1.09 - 1.45 

Mg2+ 0.83 0.75 - 0.9 

C1- 106 101 - ill 

äC03 24.3 21.3 - 28.3 

Table 1.2 (after H. J. Marsoner)8 
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CHAPTER - TWO 

ION-SELECTIVE DEVICES APPLIED TO THE ANALYSIS OF BLOOD ELECTROLYTES 



INTRODUCTION 

In the clinical laboratory, today, ion selective electrodes are gradually 

replacing flame photometers in the analysis of blood electrolytes. 

Considerable research has also been done on the clinical applications of 

ion-selective field effect transistors. In this chapter the principles 

of ISE's AND ISFET's will be discussed. Various electro-active materials 

used for sensing ions of clinical importance will be considered. 

Clinical applications of these sensors will also be reviewed. 

2.1 THE ION-SELECTIVE-ELECTRODE-SYSTEM 

A conventional ion-selective assembly (FIG. 2.1) comprises 

(a) The ion-selective electrode (ISE) which responds more or less 

selectively to the activity of a particular ionic species in a 

mixture of electrolytes. The electroactive material is 

supported in an inert glass or teflon tube. The tube is 

fitted with an appropriate electrolyte solution (usually 

containing the chloride salt of the ionic species to which the 

ISE responds) and electrical contact is made via an inner 

reference electrode (usually Ag/AgCl). 

1' (b) External Reference-Electrode 
1,2 

This should provide a stable, reproducible and reversible 

potential against which variations in the potential of the 

ion-selective electrode can be measured. External reference 

electrodes are usually anion reversible, such as Ag/AgC1 for 

cells without liquid junction and calomel for cells with 

liquid junctions. 

(c) Voltmeter interfaced with an Operational Amplifier 

Ion-selective electrodes have high input impedance (> 101 n). 

An impedance buffer is, therefore, required to match the 

impedance of the electrode to the DVM. An operational 

1 3'4 
amplifier having an impedance of 10 may be used 
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2.2 NERNSTIAN RESPONSE OF ION-SELECTIVE ELECTRODES 

The potential difference E, detected by the measuring system is 

E= EASS + EIR + EER + ELJ + EINT + EEXT 

EIR and EER are of opposite sign and usually constant. By 

taking adequate precautions 
5, 

EW can be maintained constant. 

Equation 2.1 can then be written as 

i 
E= E0 + EASS + EINT + EEXT 

where EO = EIR + EER +EW 

In an ideal system, EASS is constant. EINT and EEXT, the two 

phase boundary (or Donnan) potentials are primarily dependent on 

the activity of the relevant ion in solution and on the 

temperature. EEXT is dependent on the ion activity of the 

analyte and follows the Nernst relationship. 

EEXT = CONSTANT 2.303RT log ai 
zF 

where R= gas constant 

T= temperature in Kelvin 

F- Faraday constant 

z 
,= 

charge of the relevant ion 

EINT is given by a similar Nernst relationship including the 

activity of the relevant ion in the electrodes inner filling 

- 2.1 

- 2.2 

- 2.3 

solution. The value of EINT is constant because the composition 

of the internal. f illing solution is constant. Applying these to 

equation 2.3 gives 

E- Eo ± 2.303 RT log ai 
zF 

(+ - cations) 
(- - anions) 

- 2.4 

where Eo a E0 + EASS + EINT 

This works out to be 

1mV~ xx 4% change in ai 

- 14 - 
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2.3 DEPARTURES FROM IDEAL-BEHAVIOUR 

In practice, the ideal behaviour of an ion selective electrode is 

limited by the following factors: - 

c 

2.3.1 Interferences from other ionic species present 

in the analyte: - 

The Nicolsky-Eisenman6 equation is an expression of the 

response of an ion-selective electrode to ions other than 

the primary ion. 

E- Eo + 2.303 RT log [ai+ * KiOT(aj)Zi/ZjJ 

Zf J *i 
where ai = activity of the primary ion 

a. activities of the interferents in the 
3 

analyte 

KPOT are weighting factors specifying the ion 
I. j 

selectivity of the electro-active 

material and are termed selectivity 

coefficients. 

K. 
POT 

. can be defined as a ratio between the activities 
13 

of the primary ion and the interferent ion that would give 

an identical electrode response when present' alone in a 

solution of the ion. Thus 

KPOT s at 
13 - 

a. 
3 Por zVzj 

Interferences can be neglected if the product Kid aj is 

below the limit of detection. Methods for evaluation 

!. T 
are discussed elsewhere. 

2.3.2 Limit of Detection 

For the sake of convenience, a practical limit of detection 

8 
has been recommended by I. U. P. A. C.. This may be taken as 

the activity (or concentration) of the primary ion 'A' at 

the point of intersection of the extrapolated illustration. 

- 2.6 

- 2.7 
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Response limits depend both on the properties of the 

electrode and the conditions of measurement, such as 

temperature, age and contamination of the electro-active 

material and a high concentration of analyte. The limit of 

detection determines the measuring range of each electrode. 

2.3.3 Response Time 

The response time of an ion-selective electrode and a 

reference electrode is the time taken for the transition of 

the emf of the cell from the initial value at t=0 to the 

final value at t -, goo. The steady state value as t-3oo has 

been defined as within lmV of the final value 
9 

or within 

90% (or 95%) of the final value 
10. 

Extensive discussions 

on response times can be found in references 9,10,11 and 

12. 

2.3.4 Liiuid Junction Potentials 

In equation 2.2, the liquid junction potential was assumed 

to be zero. In practical situations, liquid junction 

potentials are never non-existent. Various methods are used 

to reduce errors due to liquid junctions. These are 

discussed in greater detail in Section 7, Chapter 7.1.1. 

Ref. I gives an indepth discussion of the subject. 

2.4 EXPLANATION OF AN ISFET VIA AN ISE 

If the internal reference electrode and the reference solution in a 

conventional ion-selective electrode assembly are replaced by 
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direct contact to a conductor, the outcome is an "all solid state" 

device. This can be either coated wire electrodes, 
13,14 

Selectrodes 15 
which make use of a carbon rod contact or 

electrodes formed by depositing a metal contact on to a previously 

formed membrane 
16. 

Elimination of the conventional internal 

reference system offers the first step towards miniaturisation of 

the system. 

The next stage in this direction is deposition of the 

electro-active material directly on to a thick or thin film hybrid 

circuit substrate, on which metal contacts have previously been 

deposited. The electronics are also implemented on the same 

substrate and protected from the analyte by some form of 

encapsulation. These are termed 'hybrid micro-electronic sensors' 
17,18 

The ultimate stage in miniaturisation is deposition of the 

electro-active material on the insulator of an FET. The outcome is 

an ion-selective field-effect transistor. The process of 

miniaturisation has, thus, involved reduction in the size of the 

conductor between the electro-active material and the FET of the 

operational amplifier. Figure 2.2 illustrates the transition from 

an ISE to an ISFET. 

2.5 PRINCIPLE OF ION-SELECTIVE FIELD-EFFECT TRANSISTORS (ISFETS) 

The ISFET was evolved from the IGFET (Insulated Gate Field Effect 

Transistor) which in turn was conceived from the MIS 

(Metal-Insulator - Semi Conductor) system. (Fig. 2.3a, b and c). 

The theory and development of ISFETs are discussed extensively in 

references 19,20 and 21. A brief resume from these references 

will be given here. 

The bulk material of the IGFET is lightly doped p-type silicon. 

Heavily doped n-type silicon forms the source and the drain 

regions. Aluminium is generally used as the gate metal with Si02 

or an Si02/Si3N4 composite for the gate and field insulation. 
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The ISFET is similar, except the gate metal is replaced by a 

chemically sensitive layer, or, for pH measurements, the 

Si02/Si3N4 surface, known to be pH responsive, is exposed 

directly to the solution. The rest of the device is protected by a 

suitable encapsulant. 

2.5.1 The Inversion Layer and Threshold Voltage 

In a semi-conductor, if a gate voltage positive with respect 

to the bulk is applied, holes in the underlying p-type 

silicon are repelled and a region of space charge consisting 

of the ionised acceptor atoms which are fixed in the lattice 

is formed; the semi-conductor is depleted of positive 

holes. If the gate voltage, Vg, is increased sufficiently, 

the surface potential will deviate substantially from the 

bulk potential and the surface will contain an excess of 

mobile electrons; the surface is said to invert. The 

surface inversion layer is separated from the bulk by a 

,, 
depleted region which is essentially charge free. If a 

negative gate voltage is applied, holes accumulate at the 

surface. 

It is assumed that there exists a well defined threshold 

voltage VT at which the formation of the surface inversion 

layer begins suddenly as the gate voltage is increased. In 

practice, the transition is continuous, but the 

approximation is good if the gate voltage exceeds the 

threshold voltage by 0.5 V22. 

2.5.2 Depletion and Enhancement Modes 

Figures 2.4a and b show the n-channel enhancement mode. No 

channel exists and no conduction occurs until a positive 

voltage is applied to the gate. Then, the field induces an 

n-channel by repelling the holes of the p-type material. In 

the depletion mode, shown in figures 2.4c and d, a channel 

exists at 0 V. If the gate voltage is reduced below zero, 
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the channel can be reduced and completely cut off. If it is 

taken above zero, the channel is widened and conduction 

increases. The conductance is thus modulated by varying the 

gate voltage. 

In an ISFET device, the gate voltage is controlled by the 

reference electrode - analyte - electro-active material 

potentials. These are relatively small. It is therefore 

desirable to operate the ISFET in the depletion mode when 

Vg-=O. Conduction in the channel is enhanced when Vg >0 and 

depleted when Vg ( 0. 

2.5.3 Saturation and Unsaturation 

When the source and bulk of a semi-conductor are earthed and 

a positive bias is applied to the drain, a current flow is 

generated from the source to the drain. The relationship 

between the drain current ID and drain voltage VD, is 

linear according to Ohm's law. If Vg is maintained constant 

and VD is increased, the potential difference between the 

gate and the inversion layer decreases. The effect is more 

evident towards the positively biased drain. The ID Vs 

VD relationship starts to deviate from linearity. As VD 

is increased further, the potential difference decreases 

even further until it falls below the voltage required to 

maintain an inversion layer (VT). When this happens, the 

device is said to become "saturated". The drain voltage at 

which the channel just disappears at the drain end is 

denoted by VD(SAT). Current continues to flow beyond 

VD(T); but the conduction is due to electrons flowing 

down the inversion layer in the vicinity of the source to 

the depletion layer in the vicinity of the drain. The flow 

of current is now independent of VD because the conversion 

layer terminates before the drain. Figures 2.5a and b and 

figures 2.6 a and b illustrate these effects. 

The ISFET is operated in the unsaturated linear mode. 
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2.5.4 Modes of Operation 

The operating mechanism in the ISFET system is the 

modulation of drain-source current by changes in the 

activity of the sensed ions in the analyte. Thermo- dynamic 

20,22 
analysis of the electro-chemical system of an ISFET 

(Fg. 2.7) results in 

i VG- VContact + EI - Eref - 2.8 

Si02/ Electro- 

Si Si3N4 Active Analyte Ref. 
FIG. 2.7 

Material 

-Vi ------L------E ----------I-E --- V- GI ref Contact 

V/G = potential difference between the bulk of 

the semi-conductor and the gate 

material. This is analogous to the gate 

voltage in an IGFET. 

VContact = contact potential between the semi- 

conductor and reference electrode. 

EI = Electro-active material/analyte potential 

difference which is Nernstian. 

Eref = reference electrode potential. 

a. Constant Gate Voltage Mode (Fig. 2.8a) 

In this mode, all externally applied voltages are held 

constant and the change in drain current ,& ID which 

reflects the change in ionic activity, is measured. In 

the circuit: - 

VOUT = ID RSET - 2.9 

where RSET is a calibration resistor. 

b. Constant Drain Current Mode (Fig. 2.8b) 

If the drain current is maintained constant by means of 

an operational amplifier which directly controls the 

applied gate potential using a negative feedback loop, 
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the output voltage varies with changes in activity of 

the sensed ion in a Nernstian manner. The readout is 

directly in milli-volts. 

2.6 ELECTRO-ACTIVE MATERIALS FOR BIDOD ELECTROLYTES 

2.6.1 Classification 

The electro-active materials used can be categorised as: - 

Electro-active Materials 

Glass Ion-Exchangers and Insoluble Inorganic 
Neutral Carriers Salts 

Liquid Solid Homogenous Heterogeneous 
State State (e. g. single (active 
(the ion (the ionophore crystal LaF3) material 
exchanger is and plasticiser supported in 
dissolved in are dissolved an inert 

an organic in a solvent material e. g. 
solvent) and incorporated AgI in a 
e. g. calcium in an inert matrix silicone 
diakyl e. g. Valinomyin rubber matrix 
phosphate in in PVC) 
dioctyl 
phenyl- 
phosphate 

The mechanism of ion-exchange and electrical conductance 

differ in the various categories, but, essentially, all 

ion-selective devices are expected to respond to the 

appropriate ion in a Nernstian manner as described in 

Section 2.1 

2.6.2 Glass 

Electrode glasses usually have at least three constituents, 

Si02, R20 and MO (or M203) where R is an alkali 

metal and M, a bivalent or trivalent metal (from the rare 

earth group). 

X ray studies by Zachariasen 
23 

revealed that glass is 

comprised of irregular chains of silicon in tetrahedral 

co-ordination as an Si04 unit. Addition of an alkali 

oxide disrupts the silicon-oxide network. 
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R 
I 

-Si -O- Si - +RO -j - Si -O0- Si - 
II2I\/ I 

R 

The cations are held in the interstices of the Si04 

network by the anionic electro-static attraction of the 

oxygen atom (Fig. 2.9). 

" SO 0000 Cations 

Structure of %ihca glace (after Perle). 

Fig. 2.9 (after Perley) 
2.4 

By controlling the glass composition, increased. *., pH 

responsive or . 
increased alkali responsive glasses can be 

prepared. 

Hydration of the glass surface controls the magnitude of 

specificity of a glass electrode. If the surface 

hygroscopicity of the glass layer is destroyed, the pH 

response can drop from 59mV per decade to 22mV per 

decade24. Etching the glass surface with 1: 1 hydrofluoric 

acid restores its hygroscopicity. The role of this hydrated 

gel layer is not fully understood. One interpretation 

(Charles 25) is that the first stage is hydrolysis of the 

salt of a weak acid. 
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I 
(1) -S-o- Na +H->-S+Na+ OH 

The oxygen bridge in the silicate network is then broken by 

the 0H_ ion. 

(2) -Si -o- Si -+OH - -Si-OH+-Si0 - 1II1 
(3) -Si0 +H2O-j-Ski-Oil +Oil 

The first stage dominates at p11< 9 and the second stage at 

pH > 10 and on prolonged hydration. 

The anionic field strength of the silicate network is the 

principal factor in governing the sequence (and magnitude) 

of specificity of the electrode towards alkali metal cations 

and H+. If a lattice breaking alkali cation, M, exists in 

an alkali silicate glass, it would cause an increase of 

electron density on the neighbouring silicon by induction: - 

I-I1 ->- 0 -j- Si- 

The glass would then be less prone to attack by negative 

hydroxyl groups. This would thus reduce alkaline errors in 

high pH regions. If a triply charged ion such as Al 
3+ 

is 

introduced into the alkali silicate glass and as long as the 

M enters into +/Al3+ 
ratio exceeds 1, each A13+ 

tetrahederal co-ordination, restoring the silicate lattice 

and forcing one alkali cation from its "lattice breaking" 

position into an interestitial position. Eisenman26 

calculated electro-static forces of inter-action of Group IA 

cations and H+ in Si0- sites in alkali silicate glasses 

and (AIOSi) sites in alumino silicate glasses. He found 

that in the former the order of preference was 

H+ %% Li+ > Na+> K+> Rb+ > Cs+ 

For the alumino silicate glasses, the order was exactly 

reversed. 

Glasses can thus be optimised to act as pH sensors or alkali 

metal sensors. 
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The principal disadvantage of the glass electrode is a 

varying asymmetry potential which manifests itself as a time 

dependent drift. This effect can be eliminated by 

establishing the time dependence of the drift with the aid 

of a chart recorder and extrapolating the potential back to 

the point at which the composition was changed27. 

The alkaline error at pH>10 and acid error at pH<2 are other 

systematic errors that may hinder the performance of pH 

glass electrodes. Both types of error are time dependent. 

The alkaline error is temperature dependent, as well, and 

increases rapidly as the temperature rises above 30 °C. 

The alkaline error manifests itself as a positive departure 

from ideal behaviour and the acid error as a negative 

deviation. The origin of acid error is the penetration of 

small anions into the glass structure25. 

2.6.3 Organic Ion Exchangers and Neutral Carriers 

These electro-active materials bind ions selectively at 

oppositely charged sites or at neutral sites. The term 

"liquid ion exchangers" is used if the material is 

incorporated in solution in an organic solvent. It is more 

convenient to prepare a plastic membrane by incorporating 

the ion exchanger and plasticiser (mediator) in an inert 

matrix such as PVC with the aid of a solvent 

(tetrahydrofuran or cyclohexanone). The solvent is allowed 

to evaporate leaving behind a flexible membrane with the ion 

exchanger in a PVC matrix. 

2.6.4 Insoluble Inorganic Salts 

No electrodes of this category have been used in the work 

except Ag/AgCI as internal reference. However, since 

inorganic salt based electrodes are available for clinically 

relevant anions such as F and Cl, it was considered 

appropriate to include a short discussion. 
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The electro-active material can be in a homogeneous or 

heterogenous form. In the former, the material is pressed 

or cut into a disc shape. In the latter, the electro-active 

material is supported in a minimum quantity of inert matrix 

material (PVC, polythene, silicone rubber) so that there is 

maximum contact between the sensor and analyte. The inner 

reference electrode can be Ag/AgCl with an inner filling 

solution containing chloride ions and the ion to which the 

membrane responds or a solid state internal contact may be 

used. 

The third type of electrode in this category is based on 

electrodes of the second kind. A metal such as silver is 

coated with a metal salt by dipping in the molten salt or by 

electrolytic deposition e. g. Ag/AgCl, Ag/AgBr/Ag2S. The 

electrodes may not be ion-selective in the strictest sense 

in that they respond to redox potentials if the analyte 

comes into contact with the bare metal through the porous 

membrane. In solutions where the appropriate redox system 

is absent, they behave satisfactorily as ion- selective 

electrodes. 

2.7 pH SENSORS 

Most modern pH glasses are lithia glasses. A typical p11 glass 

composition can be 

68.7% Si02,14.3% Li20,7% BaO, 1-2% Cs20 and the rest 

La203. 

pH glass micro electrodes of the spear type (Hinke-type), internal 

capillary type (Khuri-type) and recessed tip type (Thomas-type) 

have been widely used in clinical studies28. Commercial 

instruments such as Radiometer ICA1, ORION SS-20, AVL 980 use pik 

glass membranes. In vivo use can, however, present problems such 

as contamination by proteins, high membrane resistances due to 

miniaturisation and possible hazards by breakage of the delicate 

membrane. 
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Despite the high selectivity of pH glass electrodes, therefore, the 

neutral carrier tri-n-dodecylamine29 (Fig. 2.10a) has been used 

by Schulthess et al. 
30 

and Ammann et a131. Initially, the 

membrane composition used was 

(1.0% Tri-n-dodecylamine, 0.6% KTpC1PB*, 65.6% DOS*, 32.8% PVC) 

*See Fig. 2.11a and b. 

Schulthess used the membrane in catheter electrodes of diameter 

about lmm. It operated for several hours without deterioration, in 

contact with blood. This was claimed to be a major advance over 

glass electrodes which deteriorate rapidly probably because of 

protein deposition. Also, the resistance is lowered. 

Ammann et al. 
32 in a later publication recommend the use of 

ETH469 (Fig. 2. llc) as the plasticiser which further improves the 

life time and stability of the electrodes. 

Membrane composition. 

(1.0% Tri-n-dodecylamine, 0.5% KTpCIPB, 65.6% F. T11469,32.9% PVC) 

In pH ISFETs, the bare gate, or a H+ responsive membrane cast 

over the bare gate, acts as a pH sensor. Schepel33 et al. have 

used catheter tip-mounted A1203 gate, pH responsive ISFET's in 

vivo in dogs. The p1l signal was comparable with conventional in 

vitro pH determinations of arterial blood samples. ISFET based pH 

sensors have been used by Kohama et al35. Ruzicka and 

Ramsing36 have incorporated these devices in a miniaturised flow 

injection analysis (FIA) system. In this laboratory, Sibbald et 

al. 
36 

have used bare gate ISFETs in a four function ISFET array. 

pH sensitive ISFETs have also been produced by deposition of 

electrode glasses on the gates by chemical vapour deposition (CVD) 

(Esashi and Matsuö 
7). 

Radio frequency sputtering techniques 

were used by various other workers among whom is Szonntagh38. 

Acceptable Nernstian slopes have been reported. No work with 

blood/serum has been done as yet. 
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2.8 SODIUM SENSORS 

Na glass sensors are made of either NAS(11-18) or 

LAS (10.4-22.6) glass compositions. The principal interferents 

for Na+ glass sensors are HKAg+ and NH4 +. 

Lesser interferents are Rb+, Cs+, Li+, Tl+, Ca2+ and 

Mg2+ which need to be present in large excess over the primary 

ion for significant interference. Of the blood electrolytes, 

therefore, only H+ and K+ need be considered. NAS11-18 

glasses have higher selectivity coefficients than LAS 10.4-22.6 

glasses; values of KNa/H 30-40 for NAS11-18 and 5-10 for 

LAS 10.4-22.6 
have been quoted39. It has also been claimed that 

sodium can be determined only in media with pH>(pNa + 3ý9,40 

For potassium interference the KNOCK values quoted are 

10-2 -5x 10-3 for NAS11-18 and 10-3 - 10-4 for 

LAS 10.4-22.6 NaS11-18 39 
glasses exhibit faster responses 

compared with LAS 10.4-22.6 glasses. 

Gotoh et al. 
41 

used an NAS11-18 glass electrode more than 

twenty years ago (1962) to measure Na+ activity in blood, in 

vivo. Moore and Wilson 
42 

determined sodium in human serum by 

sodium electrodes and flame photometry. Khuri et al. 
43,44 

used 

a glass micro-electrode, with 3M RbC1 instead of KC1 in the 

reference bridge, for in vitro determinations of Na+ activity in 

serum. RbCl was preferred because NAS 11-18 glass is less 

sensitive to Rb+ than to K+. Other work on Na+ activity in 

serum includes that by Jacobson45, Dahms46 et al., Miyada47 

et al. and Trutnovsky48. 

Use for routine work became popular, however, only after automatic 

analysers became commercially available such as the ORION model 

SS-30, TECHNICON Stat/ION, NOVA 1, and the CORNING 902. 

Neutral carriers used for Na+ ISE include monensin (Fig. 2.10b), 

ETH 1097 (Fig. 2.10c), ETH 227 (Fig. 2.10d) and ETH 237 (Fig. 

2.10e) . 
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ETH 109749 is reported to have poor selectivity over K+ but in 

view of the much higher concentration of Na+ in blood, this does 

not hinder its use. The long term stability is affected by 

potential drifts. Membrane composition recommended for blood is 50 

(2.4% ETH 1097,67.0% DBE*, 30.6% PVC) 

* Fig. 2.11d 

ETH 227 and ETH 23751 were found to compare well with glass 

electrodes. For blood/serum analysis, optimum membrane 

compositions reported are 

6 (1.0% ETH 227,66.0% DNA, 33.0% PVC) 

33 (1.2% ETH 227,66.3% ETH 469,32.5% PVC) 

52 (4.95% ETH 237,61.89% DOS*, 33.16% PVC) 

* DOS = Fig. 2.11b 

The antibiotic monensin52 has been used in liquid micro- 

electrodes of composition (10% monensin, 90% nitrobenzene). 

Na membranes (ETH 227) have been used on ISFETs by Sibbald et 

a1.53. The results, however, were not encouraging as neither 

stable response nor selectivity over potassium was found. 

Papacostas12 has also reported sub-Nernstian behaviour and poor 

selectivity over K+. Oesch54 et al. used this neutral carrier 

in ISFETs and reported usable response in the range 10-1 mol 

dm -3 -9x 10-4 mol dm -3. The sodium to potassium 

selectivity was of the order of 20 to 1. 

Matsuo and Esashi55 produced a Na+ ISFET by chemical vapour 

deposition of alumino silicates which gave responses of the order 

of 55mV/decade but showed poor selectivity. Harbinson56 reports 

an LAS, Na+ sensitive glass, deposited by RF sputtering. It 

showed a high selectivity over K+. 
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2.9 POTASSIUM SENSORS 

Glass electrodes useful for the determination of potassium are 

based on KAS20-05 or NAS27-04 glasses. These electrodes, 

however, do not differentiate well between univalent cations (e. g. 

POT 
KK/Na - 0.33-0.1). They are therefore unsuitable for use 

in blood/plasma/serum and will not be discussed further. 

Several K+ selective ionophores such as tetra-aryl borates and 

the crown compounds introduced by Pedersen57 are available, but 

for blood plasma and serum measurements; the antibiotic valinomycin 

(Fig. 2. llf) is favoured. In non-polar solvents, valinomycin has a 

high selectivity for 

K+ over Na+ and H+ (log KPOT -5.5, log KPOT _ _5.0)51 K/Na ' K/H 

It has a relatively low response time (< 1 min. ) 

and membrane resistances are less than 1OMfL. These factors make 

valinomycin attractive for blood serum measurements. Membrane 

compositions recommended are: - 

51 (2.7% Valinomycin, 67.2% DN1P*, 30.1% PVC) *Fig. 2.1le 

49 (1.3% Valinomycin, 68.3% ETH 469,30.9% PVC) 

58 (1.0% Valinomycin, 66.0% DOS, 33.0% PVC) 

Most clinical analysers use valinomycin-based membranes. 

Anderson used9the MICROLYTE and KNA1 analysers to examine 

factors influencing sodium and potassium results in whole blood, 

serum and plasma. Oswald et al. 
60 

have continuously monitored 

K+ activity during open heart surgery. Fogt et al. 
61 

monitored 

K+ in the whole blood of living dogs. Wuhrmann62 reported that 

valinomycin-based membranes gave results comparable with flame 

photometric measurements in plasma. Band and Treasure63, 

however, reported higher ISE readings compared with flame 

photometry. Linton and Band64 used a valinomycin based catheter 

electrode for in vivo monitoring of plasma K+ in humans and 

greyhounds. The results were compared with off-line, in vitro 

analysis and the differences were reported to be insignificant. 
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Micro-electrode membranes are usually based on potassium tetrakis 

(p-chloro-phenyl) borate (KTpC1PB, Fig. 2. lla) in 2-3 

dimethylnitrobenzeneS8. These have low electrical resistances 

and high selectivity over Na+. 

Among the crown ethers, the most successful contains dimethyl 

dibenzo-30 crown 10 (Fig. 2.10g) which, built into a PVC matrix has 

KKPOT - 
/Na -3-4x 10 3. 

This selectivity suffices for blood 

serum. However, compared with valinomycin, they have poor 

stability. 

Moss et al. 
65 

constructed a potassium sensitive ISFET by casting 

the membrane from THE solutions on the gate and used it to analyse 

K+ activity in horse serum. The device was found to operate 

satisfactorily in presence of proteins, but a negative drift due to 

protein deposition was observed following the serum analysis. 

Sibbald et al. 
36 

have used valinomycin-based ISFETs for the 

on-line measurement of blood K+ during massive blood transfusion 

and cardiac surgery. Harbinson56 sputtered NAS(27-4) glasses on 

to ISFErs to produce K+ sensitive devices. These gave a 

Nernstian response of 54mV/pK over the concentration range 10-1 

mol dm-3 to 6.8 x 10- 
4 -3 mol dm ; but selectivity over Na+ 

was poor. This makes them unacceptable for clinical applications. 

2.10 CALCIUM SENSORS 

Calcium sensors usable for blood electrolyte determinations are of 

two types - those based on calcium salts of diakylphosphates as the 

electro-active material dissolved in an alkylphosphonate or those 

incorporating a neutral ionophore. The first sensor of the former 

type was proposed by Ross66,67 in 1965. It comprised bis 

(di-n-decyl) phosphate (DDP; Fig. 2.10h) dissolved in di-n-octyl 

phenyl phosphonate (DOPP; Fig. 2. llf) in a liquid form on a 

Millipore filter. Electrodes based on this type of membrane showed 

a fair selectivity over other blood electrolytes but their life 

times were short, they were clumsy to handle and their potential 
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stability was poor. In addition, their response to hydrogen ions 

made the electrodes useful only above pit 6, while below pH 5, a 

characteristic "dip" appeared in the potential difference pit 

diagram68'69. Moody et al. 
75 improved on this situation by 

incorporating the ion-exchanger in a non-porous PVC membrane. This 

resulted in prolonged life times and reduced the awkwardness of 

electrode construction. A further improvement in selectivity over 

Na+ and H+ (which results in a shift of the "dips" in the 

potential difference vs pH curve towards the acid region) was 
71 

achieved by Ruzicka et al.. They modified the ion exchanger to 

di-(n-octylphenyl) phosphoric acid (HDOPP, Fig. 2.101). 

Neutral carrier ligands for calcium were introduced by Ammann et 

a1.58,51. Membranes based on ETH 1001 (Fig. 2.10j) were reported 

to be highly selective to calcium over Mg2+, 11 + 
and Zn 

2+ 
and 

selectivities over Na+ and K+ were adequate for blood 

electrolyte studies. Membrane compositions recommended are: - 

(1.0% ETH 1001,66.0% *oNOPE, 33.0% PVC) 

(3.4% ETH 1001,2.0% KTpC1B, 62.9% DOS, 31.7%, PVC) 

*oNOPE = ortho nitrophenyl octyl ether (Fig. 2. llg) 

Numerous work has been done with Ca2+ ISE's on whole blood, 

plasma and serum, some will be referred to here. Robertson72 

measured Ca2+ in plasma using spectrophotometry and 

potentiometry. Good agreement was reported between the two 

methods. Hattner et al. 
73 found Ca2+ISE measurements conformed 

with theoretical expectations. Raddle et al. studied the effects 

of exposure to air and addition of heparin on calcium ion activity 

in plasma74. Boinck et al. 
75 

compared four Ca2+ analysers 

(ICA1; Radiometer, ORION SS-20, Electrolyte Analyser 980; AVL, 

Microlyte; KONE) using whole blood. Larson et al. 
75 

used the 

Radiometer ICAI as a routine instrument for serum ionised calcium. 

Smith et al. 
75 

from serum measurements on the ICA., concluded 

that the instrument is a convenient and precise method of measuring 
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calcium. Brauuran et al. 
75 investigated the effects of heparin on 

blood and plasma and compared two analysers (Orion SS-20, ICAI). 

Measurements during open heart surgery were performed by Vogel75 

et al. Further references can be found in 75,76 and 77. 

ISFET systems incorporating Ca2+ membranes have been used for in 

vivo continuous monitoring of ionised calcium in dogs by McKinley 

et al. 
78. 

Sibbald et al. 
53 incorporated ETH 1001 as the 

Ca2+ sensor on the four function ISFET array used for the on-line 

measurement of blood 

2.11 OTHER CLINICALLY SIGNIFICANT IONS 

2.11.1 Lithium 

The monitoring of Li+ activity in blood is very important 

during the lithium therapy of patients with maniac 

depressive psychosis. Li+ assay is performed by flame 

photmer_ry or atomic absorption spectophotometry. This is 

because sodium levels in blood serum are typically over 1400 

times higher than lithium levels and lithium ISEs with 

POT L/Na 10 are yet to be synthesised K 

Recently, however, Metzger et al. 
80 

have reported a 

lipophilic neutral carrier (ETH 1810, Fig. 2.11k) with a 

selectivity coefficient of 5x 10-3. 

2.11.2 Magnesium 

Magnesium cannot be monitored, in serum, with ISE's because, 

so far, there is no electrode designed with sufficient 

2+ 
selectivity for Mg over Ca2. 

2.11.3 Chloride 

Solid state chloride electrodes based on AgCl or AgCl/Ag2S 

in the homogeneous or heterogeneous forms are not very 

suitable for serum Cl determinations. They are prone to 

protein interferences. Publications on work with serum 

. The based on these include Dahms'82 and Cammann 
83 81 
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latter excluded protein interferences by using Cuprophane 

dialysis membranes to prevent protein contact with the 

silver chloride sensor. The Technicon Stat/Lyte chloride 

sensor uses a dialysis membrane. 

Among sensors based on alkyl ammonium chlorides, which act 

as anion exchangers, methyltricapryl ammonium chloride 

sl ('Aliquat' 336, Fig. 2.10L) is widely used. The weakness 

with these sensors lies in insufficient selectivity over 

HCO3 and poor stability of potential measurements in 

blood serum. 

Recently, Oesch et al. 
84 

have prepared compounds of the 

type R3SnC1 as chloride sensors (where R= -C4H9). 

They claim the tributyl compound meets the selectivity 

requirements for clinical sensors, but it shows poor 

potential stability. 

Not much work has been done as yet on chloride sensitive 

ISFET's. Janata et al. 
20 

reported a chloride - ISFET 

based on AgC1. Harbinson56 used tri-octyl propyl ammonium 

chloride in 10% V/V n-decanol incorporated in PVC over an 

ISFET gate. In the clinical range, reasonable selectivities 

over bicarbonate and monohydrogen phosphate were reported 

and the chloride response was almost linear. 

2.11.4 Fluoride 

LaF3 single crystal doped with EuF2 is the most widely 

used form of electro-active material for fluoride 

ion-selective electrodes. These sensors are very specific, 

OH being the only ion causing any interference effects. 

Fluoride ion monitoring is desirable, in the clinical 

laboratory, for certain medical conditions such as fluoride 

metabolism in renal insufficiency etc. 
83 

Routine 

analysis, however, is not performed probably because of the 
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low levels of fluoride is plasma. Fuchs et al. 
85 

developed a method based on the single known addition method 

and the electrode slope by dilution method to overcome this 

difficulty. Work on plasma fluoride determinations has also 

been done by Cowell et al. 
86 

and Venkateswarlu87 

2.11.5 Bicarbonate 

The usual method for determining bicarbonate levels in 

plasma is measuring pH and pCO2 and using the Henderson- 

Hasselbalch equation. 

pH = 6.35 + log [HCO3]/[CO2]dissolved' 

The accuracy of these determinations is 

questionable 
51. Research into developing a satisfactory 

HCO3 electrode is being done. Among sensors proposed, 

membranes based on ethanolamine derivatives seem to be the 

most promising so far (e. g. ETH 595, Fig. 2.10m). 
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CHAPTER THREE 

In this chapter, additional considerations pertaining to the use of 

ion-selective devices in clinical media, particularly blood,. plasma and 

serum will be outlined. 

Ion-selective devices have been welcomed to the field of clinical 

analysis because of their relatively rapid response to the physio- 

logically important parameter - the activity of the ions. Moreover, 

ion-selective devices, particularly ISFET's' are easily miniaturised, 

economical to produce, compact and hence can be made into easily 

transportable units. " However, there are some sources of errors and 

complications, a few of which are yet to be resolved. 

3.1 Direct and Indirect Potentiometry 

Potentiometric measurements on undiluted samples give the activity 

of the ion. Such measurements are termed direct potentiometry. 

When measurements are made on diluted samples and the original 

sample concentration is calculated, the operation is termed 

indirect potentiometry. If a species is present in different 

physiochemical forms, the two modes of operation can give rise to 

results of very different magnitudes. Calcium is present in blood 

as ionised calcium and as complexed calcium. Direct potentiometry 

measures the ionised fraction. When the sample is diluted for 

indirect potentiometry, the complex calcium dissociates and the 

quantity measured tends towards the total calcium. A further 

consequence of dilution is a result of the relatively high 

concentration of inert ion used in the diluent to raise the ionic 

strength. The activity coefficients of the ions present in'the 

samples and calibrants are masked by this-and the outcome is a 

reduction in any differences between the calibrant and sample 

liquid junction potentials. 
18 

c 
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3.2 Plasma Water and Plasma Volume 
1,2,18 

Blood is a heterogeneous mixture of 

(a) Corpuscles, erythrocytes, leucocytes and platelets. 

(b) A complex phase comprising proteins, lipids and lipoproteins. 

(c) An aqueous phase called plasmatic water containing ions and 

small hydrophilic constituents such as glucose. 

In direct potentiometry, an ion-selective device measures the 

activity of the ion in the plasma water; the associated 

concentration units being moles per litre of water (mmol 

kg-1 plasma water). In flame photometry, it is the concentration 

of ions per volume of plasma that is determined (mmol 1-1 

plasma). One part of a standard is diluted with 199 parts of a 

diluent and this calibrating solution is presented to the flame 

photometry. The plasma sample is dilutt'd in the same way and 

presented to the flame photometer. In ineiir-ct p: atentinmetry, with 

instruments such as Technicon SMAC and the Beckman Astra, the 

sample and calibrating solutions are diluite, i i: z a similar manner to 

flame photometry. Ionic activity is detected in plasma water and 

volume of diluent, the associated units are mmol 1-1 plasma 

(solution). 

The differences in plasma water and plasma volume values have been 

studied particularly with reference to sodium measurements. The 

effect is relatively small for normal plasma samples, but for a 

sample with abnormal lipids or proteins it can be considerable. 

This is illustrated in Fig. 3.1. In terms of absolute values, the 

difference between plasma water and plasma volume values is 

approximately 7% 
(19-21). 

Fig. 3.2 shows the shift caused in the 

19 
calibration line for sodium, due to this effect. Apple et a1. 

have reported that the effect is p11 dependent; approximately 8% at 

pH 5-6 going to 3% at pH 8-9. This could be due to sodium'binding 

to proteins. Bicarbonate binding; 2.7% for sodium and 3.1% for 
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potassium at 25 mmol 1-1 bicarbonate concentration; reported by 

Coleman et al. 
22, 

could account for some of the discrepancy. 

(See Chapter 7). Apple et al. 
19 

also suggest that the effective 

water content is greater than the measured water content due to 

binding of water by proteins. 

In practical terms, in normal plasma samples, the difference 

between plasma water and plasma volume values, actually observed, 

for sodium and potassium measurements, is approximately 

2.5x18,23,24,25.. Czaban and Legg1 suggest that the discrepancy 

could be due to calibration errors. Waugh26 has proposed a 

, 
formula for expressing results obtained from indirect analysis 

(flame photometry or indirect potentiometry) in terms of plasma 

water. The formula proposed is 

Plasma water = 99.1 - 0.73 [PROTEINS] - 1.03 [LIPID] 3.1 

(ml/100ml serum) (g/100ml) (mg/100ml) 

Using this calculation, in normal plasma samples, the plasma water 

volume works out to be approximately 93%. (5.4% proteins, 0.6% 

lipids and 0.9% soluble salts and sugars in normal plasma). 

The percentage usually accepted for the volume occupied by proteins 

and lipids at normal plasma levels is seven. This value may have 

to be reconsidered in future, after further work is done in this 

field. 

3.3 Activities vs Concentrations 

At present, all knowledge of clinical diagnosis and therapy in 

electrolyte imbalance is based on flame photometric values i. e. 

concentrations per volume of plasma. Ion selective devices, in 

direct potentiometry, on the other hand, measure. activities in 

plasmatic water. Until clinicians become more adapted to 

activities rather than concentrations, this point will remain a 

matter of controversy. 
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Maas4 et al. have recommended that measured activities of 

Na+ and K+ should be multiplied by an appropriate constant to 

obtain values that are the same as flame photometry values with 

normal plasma. For sodium, this factor has been given as 1.25 mol 

dm 
3 (= mass concentration of water/activity coefficient = 

0.933/0.747). An example of the differences obtained by flame 

3 
photometry and direct ISE and the use of the factor 1.25 mol dm 

is shown in TABLE 3.15. Large differences are seen only in 

severe hyperlipemia (or hyper- and hypo-proteinemia) when there is 

a large change in the mass concentration of water. In such cases, 

s' 
the ISE values are the true values2. 

3.4 Selectivity 

The practical selectivity of an ion-selective device depends on two 

factors: - 

(a) the value of the selectivity coefficient for the interfering 

ion s. 

(b) the effective concentration of the interfering ion in the 

environsaent. 

Blood electrolytes do not cause mutual interferences at the 

concentrations in which they occur6. The minimum selectivity 

coefficient? permissible for physiological activity 

determinations can be written as - 

KP? 
T 

= a. low (P.. /100) 

(ajhigh) Zi/Zj 

where 

ai low = lowest value of the physiological activity range of 

the ion Izi to be measured. 

ai high = highest value of the physiological activity range of 

Zi 
the interferring ion J 

Pik percentage of maximum tolerated error caused by the 

ion J. 

- 3.2 
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In table 3.2, KP? T for the worst possible cases have been 

calculated setting Pik = 1%. 

Ion selective devices used in clinical work have selectivities that 

are sufficient to avoid corrections for interferring ions present 

within the physiological range. 

3.5 Liquid - Junction Potentials 

This topic will be discussed in detail in Chapter 7. Briefly, the 

aspects of liquid junction effects that have to be considered are 

erythrocyte effects, varying geometries of the liquid junction and 

varying compositions of bridge solutions and calibration solutions. 

3.6 Other Aspects 

(1) Since the slope of the electrode depends on temperature,. the 

measuring cell should be thermostated at 37 °C. 

(2) The high resistance of the ion-selective devices, particulirly 

micro-electrodes, requires that the cell is adequately 

shielded. 

(3) Pollution of the electro-active material by drugs, sterilising 

agents and protein deposits may occur. 

(4) If glass micro-electrodes are -used in vivo, breakage of the 

device is a potential hazard. 

(5) PVC membranes may lift off the devices and cause leakage 

problems. 

(6) In intracellular use, the tip potential? of micro-electrodes 

is a source of uncertainty. The tip potential depends on the 

tip diameter, type of glass used in the capillary and the 

concentration and composition of the solution in the capillary 

and sample. It can be minimised with a capillary having the 

largest tip diameter feasible and calibrating the electrode in 

a solution similar to the sample. 

(7) Streaming potentials? may change the liquid junction 

potentials by. variations in the flow rate of the sample. The 
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highest values of streaming potentials, in flow through 

systems, are predicted for the combination of small channel 

diamter, high flow velocity, low electrical conductivity of 

the sample and large distance between the ISE and reference 

17 
electrode. 

(8) In intracellular experiments, measurements in the vicinity of 

the ion-selective micro-electrode may not be representative of 

the entire cell because of heterogeneous distribution of ions 

caused by various factors such as piercing the cell and 

existence of unstirred layers. 

i9) Membrane electrodes may generate potentials due to pulsatile 

pressures, liquid junctions are also affected to some extent. 

(10) Differences in viscosities of the calibrant and sample may 

also contribute to error. 

(11) In in-vitro measurements; the sampling method is very. 

import ant. Sample pre-treatment should be standardised. 

Intermittent sampling could give rise to hystvrisis effects. 

R 
(12) Ex vivo, on-line monitoring of whole blood seems to. - 

circumvent some of the problets. Technical problems 

associated with in-vivo use are eliminated. Sterilization, 

encapsulation and breakage hazards are less severe. The need 

for a reference electrode - micro-electrode pair is eliminated. 

3.7 Some Clinical Instruments 

Tables 3.3a and b present details of some clinical analysers 

available. Important features of a few of these analysers will be 

discussed. 

3.7.1 Radiometer KNA 19 (Figs. 3.3 a-e) 

(1) The instrument may be used for sodium and potassium 

determinations in whole blood, plasma, serum or diluted 

urine. The sodium sensor is a glass membrane and a 

valinomycin inPVC membrane is used for potassium. The 

latter is covered by a cellophane membrane to protect is 

against protein contamination. 
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(2) The reference electrode is a calomel electrode. A 4.6 

mol dm 3 
sodium formate solution is used in the salt 

bridge. The liquid junction is open and static. These 

features will be discussed in detail in Chapter 7. 

(3) The activities of plasma water measured by the analyser 

are converted to concentration per volume of plasma 

using the equations: - 

cK+ Read ' 1.. 0074 cK+ Meas - 0.1612 

cNa+ Read 0.92981 cNa+ Meas + 5.385 

These linear functions compensate for protein content 

and for systematic measuring error due to carry over 

from calibration and rinse solutions. 

(4) Calibration solutions used are (concentrations in 

mmol/Kg): - 

CAL 1-4.0 KC1,153.0 NaCl, 4.6 TRIS, Germicide 

and NaHCO3 

CAL 2- 81.0 KC1,40.5 NaCl, 12.1 CaC12,4.6 TRIS 

(5) The sample handling time in the plasma mode is one 

minute. Sample volume is 125, U. 1. -'Measurements are 

performed at 37 0C. 

(6) Samples can be received from capillaries, test tubes or 

syringes. For whole blood and plasma samples in 

syringes or test tubes, addition of lithium or sodium 

based heparin in concentrations not greater than 10 

IU/ml is recommended. 

Capillaries are available which are specially coated 

with lithium based heparin so that the concentration in 

blood becomes 50 IU/ml. 

(7) Status and Sensitivity 

These are an indication of the electrodes condition. 

The STATUS is the voltage (A) actually measured by the 

- 3.3 

- 3.4 
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KNA1 when the solution CAL1 is introduced compared to 

the actual calibration line permanently stored in the 

computer memory. 

STATUS = CCAL* 10A/61.54 

A= 61.54 log STATUS - 3.5 

CCAL 

where CCAL a concentration of sodium/potassium in CL1. 

The measured mV difference between CAL1 and CAL2 divided 

by the theoretical mV difference gives the sensitivity 

of the electrode. 

3.7.2 
10Radiometer 

ICAI (Figs. 3.4-, -a-c) 

(1) This instrument is used for ionised calcium and pH 

measurements in whole blood, plasma and serum. The 

concentration of ionised calcium increases with a 

decrease in pH because the calcium binding capacity 

of plasma proteins decrease when pH decreases. A 

simultaneous pH and ionised calcium read out is, 

therefore, desirable. 

(2) The calcium SELECTRODE is a PVC membrane containing 

DOPP covered by a cellophane membrane to protect it 

against protein contamination. The pH sensor is a 

glass membrane. The reference electrode unit is 

similar to that of the KNA1. 

(3) Calibration solutions are (concentrations in 

mmol/kg). 

CAL 1-1.4 CaC12,106 NaCl, 83.7 TES 

pH- 7.381 10.010 
at 37 °C. 

CAL 2-2.8 CaC12,102.2 NaCl, 107.9 BES 

pH a 6.840 1 0.010 at 37 °C. 

(4) The Radiometer anticoagulant for calcium 

measurements in sodium heparinate with calcium 
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chloride added to prevent errors due to calcium 

binding by heparin (more details are given in 

Chapter 7). 

(5) The corrected concentration of calcium at pH 7.4 may 

be calculated using - 

cCa2+ (7.4) - cCaMeas (1-0.53 (7.4-pHmeas)] - 3.6 

(6) The sensitivity and status tests are similar to that 

for the KNA1. 

The principles of operation of both the KNAI and ICA1 

are the same (Fig. 3.5). When the 'READY' lamp is lit, 

the measuring chambers are filled with rinse solution. 

The sample can be introduced through the inlet flap. It 

passes through the heat exchanger and reaches the first 

sample sensor SSl. The 'READY' lamp goes out and the 

'BUSY' lamp lights. The rinse solution is transported 

out and the sample goes to the measuring unit where it 

remains for 35s to allow equilibration. Enough sample 

is allowed to enter so that the leading edge of the 

flowing sample passes through SS2. Approximately one 

minute after the inlet flap is closed, the liquid 

junction is established. Both the salt bridge and rinse 

solutions are preheated to 37 °C before entering the 

measuring chamber. After the measurements are made, the 

results are fed into the computer and displayed. The 

rinse programme starts again, automatically. 

3.7.3 11AVL 982 (Figs. 3.6 a-c) 

(1) The AVL 982 Electrolyte Analyser can measure sodium and 

potassium ions in blood, plasma and serum by direct 

potentiometry and in urine after dilution. 

(2) The electro-active material for sodium is a sodium 

sensitive glass capillary and for potassium it is a PVC 

based valinomycin membrane. 
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(3) The calibration solutions are (concentrations in 

mmol dm-3). 

STANDARD A- 150 NaCl, 5KC1, I CaC12,1.5 

Triethanolamine, in distilled water; pH is adjusted with 

HC1 to 7.45. 

STANDARD B- 50 NaCl, 1.8 KC1,10 CaCl2,10 Mg (CH 
3000)2, 

1.5 Triethanolamine in distilled water; pH adjusted'to 

7.45 with HC1. 

(4) The reference electrode is a calomel with 1.2 mol dm 
3 

KC1 as the filling solution. The junction is open and 

static. 

(5) The results are displayed in mol dm 
3. 

There is 

provision for 'flame correction' values. Details of the 

method used were not available. 

3.7.4 12Ektachem (400) Kodak-(Figs. 3.7, a-c) 

The KODAK analyser has four discrete, dry, thin-film, 

disposable I. S. E 'slides' for the analysis of sodium, 

potassium, chloride and carbon dioxide. The sample (10,91) 

and reference fluid (10/41) are applied simultaneously 

through the drop holes. A stable liquid junction is formed 

across a cellulose acetate strip. After three minutes, the 

potential difference between the two half cells is 

measured. The results are corrected for about 6% difference 

with flame photometer values and are reported as mmol dm 
3 

of normal serum. 'Serum based' calibration solutions are 

used, the commercial formulation is not specified. 

3.7.5 
13Corning Analysers (Fig. 3.8, a and b) 

Figures 3.6 a and b show the designs of the electrodes and 

electrode block of the WRNING 614 and 634 analysers used in 

this work. A TRIS buffer is used for the calibration 

solutions. The mode of operation and exact formulations of 

the calibrants and correction algorithms were not available. 
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3.7.6 14Beckman 
Astra (Automated Stat) 

Routine Analyser System) 8 (Fig. 3.9 a-e) 

The Beckman sodium/potassium electrodes are used in other 

Beckman systems besides the Astra 8, namely the Electrolyte 

2 Analyser and the Electrolyte 4 Analyser. The sodium 

potassium module described here is used as an optional 

sub-system operating in conjunction with the Beckman 

Astra T8. Salient features are - 

(1) The electro-active material in the sodium ISE is a glass 

membrane, valinomycin in PVC is used in the potassium 

ISE. 

(2) Sodium and potassium measurements are carried out by 

indirect potentiometry. 50/21 of sample are used per 

determination and 1.3 ml of. constant ionic strength 

buffer is used to dilute the sample. The composition of 

the buffer and calibration solutions are not specified. 

(3) Levels of heparin recommended for plasma/blood are 

sodium heparin 30 IU/ml or lithium heparin 35 IU/ml or 

ammonium heparin 30 IU/ml. 

(4) Liquid junction effects are cancelled out by 

simultaneous measurements with two ISEs in conjunction 

with a calomel reference electrode. 
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Table 3.1 

Calculated Examples 

Specimen Flame ISE Difference 

mmol%1 mmol%kg 
aNa ^amoi/l CtNa 

mm 1l1Na 

Normal plasma Na 
Y-O. 74T 
p-0.933'kg/I 
I-0.160 mol/kg 

HypernatremLa Na 
Y-0.737 
p-0.933 kg/1 
1-0.190 m01/kg 

1.25 

140 150 112 140 0.0 

1.25 

170 182.2 134.3 167.7 "2.3 

1.25 

Hyponatremta Ha 110 117.9 89.6 111.9 -1.9 
if-0.760 
p-0.933 kg/1 
I-0.130 mol/kg 

1.25 

Hyperltpemta Ha 120 150 112 140 -20.0 
Y-0.747 
p-0.800 kg/1 
I-0.160 cool/kg 

(after A. 'H. J. Maas et al. 
5) 
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TABLE 3.3a DIRECT POTENTIOMETRIC SODIUM/POTASSIUM ISE ANALYSERS16 

MANUFACTURER/ SENSING ELECTRODE REFERENCE ELECTRODE/ CALIBRANT 
INSTRUMENT SYSTEM JUNCTION SYSTEM 

AVL 980 K- VAL OPEN STATIC 3 CALOMEL TRIETHANOLAMINE 
Na - GLASS 1.2 M KC1 

CORNING M902 K- VAL MEMBRANE ] Ag/AgC1 TRIS 
Na - GLASS 4M KC1 ] 

IL 502 K- VAL OPEN STATIC Aa/AaCI ACETATE Na - GLASS 3M KCL ] 
KONE MICROLYTE K- VAL PASSIVE, POROUS PLUG ] Ag/AgCI TRIS/ACETATE Na - NEUTRAL CARRIER 3M KC1 ] 

NOVA 1 K- VAL OPEN FLOWING Ag/AgC1 ACETATE Na - GLASS 2M KC1 ] 

ORION SS30 K- VAL OPEN FLOWING ] Ag/AgCI PHOSPHATE Na - GLASS 2M KC1 ] 

ORION 1020 K- VAL MEMBRANE Ag/AgC1 PHOSPHATE Na - GLASS 2M KC1 3 

RADIOMETER KNA I K- VAL OPEN STATIC ] CALOMEL IRIS Na - GLASS 4.6M Na FORMATE ] 

VA1. " VALINOMYCIN PVC POTASSIUM ELECTRODE" 

TABLE '3", 3b IONISED CALCIUM". ZSE ANALYSERS 
16 

'g MANUFACTURER/ 'SENS"ING ELECTRODE 
INSTRUMENT SYSTEM 

KONE MICROLYTE Na] ALL NEUTRAL K] CARRIERS/PVC Ca] 

REFERENCE ELECTRODE/ CALIBRANT 
JUNCTION SYSTEM 

PASSIVE, POROUS PLUG) Ag/AgCI TRIS/ 
3M KC1 ] ACETATE 

NOVA 2 Ca - LIQUID ION EXCHANGER OPEN FLOWING 
Ca=*ALKYLPHOSPHATE/PVC 2M KC1 

ORION SS20 Ca - LIQUID ION EXCHANGER OPEN FLOWING 
Ca=* ALKYLPHOSPHATE/PVC 2M KC1 

RADIOMETER ICA 1 Ca - Ca=' BIS (OI-N-OCTYPHENYL) OPEN STATIC 
PHOSPHATE/PVC 20: 

pH - GLASS (OR 4.6M Na FORMATE) 

Tables 3.3a and b 
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Effect of dilution on normal and abnormal sera. 

Serum with 
Aqueaus Normal a ný o- 

Calibrant Serum Lipids/Proteins 

Plasma water volume (pul) 100 99.5 95 

Lipid/protein volume (*ul) 0 0.5 5 

100 100 100 

Total sample volume yul) 

Diluent volume Sul) 19,900 19,900 19,900 

Total diluted volume yul) 20,000 20,000 20,000 

Dilution ratios 1: 200 1: 201 1: 210 

Direct Potentiometry 

Results 
Normal sample Anal sis Na - 140 mmol 1-1 
Na = 140 mmol 1-1 K-4 mmol 1-1 
K= 4mmol 1-1 

Dilution Aspiration+ Calculations Results 
11: 200 Measurement x 200 Na - 139.3 mmol 1- 

K=3.98 mmol 1-1 

Flame Photometry 

'Plasma water dilution rate 1: 201 
:. Conc. in diluted plasma water 

Na = 140 = 0.6965 mmol 1-1 Na : (0.6965 mmol 1-1) (200) - 139.3 mmol 1-1 
201 

K-4-0.0199 mmol 1-1 K: (0.0199 mmol 1-1) (200) - 3.98 mmol 1-1 
201 

CONTO. - 
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Direct Potentiometry 

Lipaemic sample 
Na = 140 mmol 1-1 
K= 4mmol 1-1 

I Analysis 
Results 
Na - 140 mmol 1-1 
K-4 mmol 1-1 

Dilution Aspiration+ Calculations Results 
1: 200 Measurement x 200 Na - 133.3 mmol 1-1 

K-3.80 mmol 1-1 
Flame Photometry 

Plasma water dilution -1: 210 
Conc. in diluted plasma water 

Na = 140 = 0.6667 mmol 1-1 Na : (0.6667 mmol 1-1) (200) s 133.3 mmol 1-1 
210 

K-4-0.0190 mmol 1-1 K: (0.0190 mmol 1-1) (200) - 3.80 mmol 1-1 
210 

Fig. 3.1 (after D. C. Cowell et al.; ref. 18) 

4_. 
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J 
W 
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SODIUM 

TOTAL PLASMA 

(mMol/L ) 

} 

PLASMA WATER 

(mMol/L H2O) 

7% 
: ý---; % SHIFT 

120 130 140 150 160 170 180 
log CNa+ (mMoi/L) 

Fig. 3.2 (Ref. 1) 
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Fig. 3.3a 
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Wet Section and Measuring Chambers. 

(A) Thermostattad section (with the cover raaoved). 
(! ) Measuring Unit. 
(C) K1702 Sealed Calomel Reference Electrode. 
(D) P2211)& SLLLClRODC 0. 

(s) P2111K SLI. LCTRODE . 
(P) Bolder for the three electrode leads. 
(C) Receptacle for 121111E plug. 
(n) Receptacle for K1702 plug. 
(I) Receptacle for P2211)1" plug. 
(J) Salt Bridge Solution Pump. 
(K) Pump Tubing with connectors (512-091) 
(L) Beat Exhanger for 54512 and 23641 Solutions (behind partition). 
(M) Main Pulp. 
(N) Main Pump Tubing with connectors (S42-091). 
(0) Neat Exchanger for Sample. 
(P) EMPTY button. If pressed with closed inlet flap, MAI empties the 

measuring cha&bers In order to allow for exchange of electrodes. if 
pressed with open Inlet flap, Aül 1s ready for a special protein 
remover prograsmia. 

Fig. 3.3b 
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Electrode plug 

Mercury 

, O-ring 

Fig. 3.3c 
(F2311 K, K+ electrode) 

FChloride - ion- containing 
O-ring buffer solution 

I r-Air bubble r-0-ring 

Calomel powder LSdver wire coated 
Solid KCl with AgCI 

LPlastic 

jacket 
Saturated KCl solution No-sensitive membrane 
Cotton wool 

Fig. 3.3e 
(K1702 Calomel reference electrode) 

-VIVA-L \V 

_"ý- 'Saturated KCl solution 
Protecting sheath 

Fig. 3.3d 
(F2211 Na Na+ electrode) 
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ACTUAL Ca" ACTUAL pH Ca" at pH 74 

PO'ANER 
0 . ßa 

ICA1 IONIZED CALCIUM ANALYZER 

f 

ASPIRATE READY BUSY TEMP. 

0OO"O6a 

Fig. 3.4a 

FChloriCe - son- containing 
0-ring buffer solution - 

f-Air bubble r-0-ring rLend 

LSdver wire coated 
L with AgCI 

Plastic jacket Fig. 3.4b 
pH sensitive (G2701 Glass electrode) glass membrane 

internal silver electrode Silver 

Fig. 3.4c 
(F2111 Ca Ca2+ electrode) 
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Salt-Bridge 
pump 

Waste 
valve 

Flow ii I 
selector Salt-Bridge 

SS1 solution 
Heat 
exchanger 

1 

Na 

u1 

1702 
L Call and 

t 
Rinse 

Main 
SS2 pump 

Heat 
exchanger Waste 

Fig. 3.5 
(mode of operation of Radiometer KNA1 + ICA1) 
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printer with lid YES, NO key 

die 
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bottle of the Reference Electrolyte Solution 
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ýýý 

ýý ti 

w_ 
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electrode 
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support 

sample sensor 
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Reference electrode 
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Fig. 3.6 (AVL 982) 

right support 
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PAPER BRIDGE 

.ý 

i 
I 

t 
f 

1 

Reference or Sample Fluid EDGE FLUID 
.' '" 

CONTAINMENT SEALS (2) I 

DROP HOLES Ion'Selecirve Membrane VENT HOLES 

_..... _ _.. _�_, 
Vahnomyun 

flelorcncr layer 
COVER KCI in Gelatin 

Silver Chloride Layer 
-FI-I'ver 

Layer 
`ý ý/ Support Layer 

.., 
`ý' 

. ý; s .. 
`ý 

`, 
I 

J1 

Yi1! ® 
i_ 

SPACER 
ION-SELECTIVE -%' 
ELECTRODE BASE 
MEMBRANE 

ELECTRICAL ION-SELECTIVE 

CONTACT AREA 
ELECTRODE 

_ __, _ _ 
12 REQUIRED) 

Reference or Sample fluid 

Buffer Layer 
Butler at pH e4 

Emulsion in Polymer 

lon"Stilective Membrane 
Membrane Solvents 

Ouaternary Salt 

. in Vinyl Resin 

Relerence Layer 
NaCI/KCI in Gelatin 

Silver Chloride Layer 

Silver Layer 

Support Layer 

ION-SELECTIVE ELECTRODE (K") 

Reference or Sample Fluid 

Protective Layer 
Silver Chloride Layer 
Silver Layer 
Support Layer 

ION-SELECTIVE ELECTRODE (CI-) 

ION-SELECTIVE ELECTRODE (COjt) 

Reference or Sample Fluid 

Figs. 3.7 
Ektachem (400) Kodak 

Ion selective membrane 

Reference layer 

AgC1 

Ag 

Methyl Monesin 

NaC] in gelatin 

ýJ 

ION-SELECTIVE ELECTRODE, Na 



Corning 
Analysers 

S. Refereie electrode fill solution. 
1. Na+/K+ electrode fill solution. 6. Nation inner. 
2. Silver chloride coated silver wire. 7. Reference membrane. 
3. Potassium sensitive P. Y. C. wembrant 
4. Sodium sensitive glass capillary. 
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STIRRER 

1 

SODIUM 
RETAINING ELECTRODE 
NU7 

QUAD-RING , 

REFERENCE 
ELECTRODE 

QUAD-R 

POTASSIUM 

RETAINING 
ELECTRODE 

NUT 
RETAINING 
NUT 

0 

DISK OPERATED SYSTEM (DOS) 
CABINET (2 disk drives-Mt, M2) SAMPLE 

. Pl. V 

REFERENCE 
ELECTRODE' 

OUr AD"RING 
SODIUM 
ELECTRODE 

RETAINING ELECTROLYTE 2 
NUT FLOW CELL 

(lee side view) 

ALSO A SODIUM ELECTRODE 

Sodium Electrode Exploded View Showing 
Installation with Electrolyte 2 Analyzer. 

0 
Exact placement of modules is 

directed by chemistry module 

-_ý 

configuration chosen 

7 jýr"'u! I"r"tn!! n; r. "q 44('b, Haan %l. wlulr. u, on 
ASTRA r S. -f- to, %an. j, l.. 4 sa ('nnrl,: rlm. "nf 

O 

Fig. 3.9 (Beckman) 
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CHAPTER FOUR 
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ri1ADT1 D tATTD 

(CALIBRATION SOLUTIONS) 

4.1 IN TROD UCT ION 

Direct potentionmetYy seems to be the logical, °ultimate choice for 

the analysis of electrolytes in blood. The problem now, is the 

establishment of a universally recognised calibration convention to 

eliminate biases observed among different direct potentiometric 

analysers. 

The chaotic situation arising from manufacturers producing specific 

standards and conversion factors adapted to their particular 

instruments has been reported by several workers. Truchaud 

et al. 
1 

studied 24 ISE instruments of ten different brands. They 

concluded that while most ISE instruments met the modern clinical 

laboratory requirements, instrumental internal corrections gave 

rise to differences even when a common reference solution (bovine 

serum) was used. Boinck2 et al. compared four calcium analysers 

and showed that while satisfactory results were obtained when the 

manufacturers' specific standard solutions were used with their 

particular instruments, discrepancies as large as 20% were observed 

when the calibration solutions were interchanged. A common 

calibration solution also gave diverse results. This problem has 

also been discussed by Russell3, Bowers4, Covington et al. 

and Czaban and Legg 
6. 

The primary causes of these discrepancies seem to be: 

(1) Widely variant calibration solutions 

(2) Different residual liquid junction potentials due to: 

(a) ' different geometries 

(b) different electrolyte compositions 

(3) If whole blood or plasma is used, various sources and levels 

of heparin used affect the measurements. 
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To introduce inter-laboratory compatibility, there is need for: 

(1) Well defined calibration solutions. 

(2) Standardisation of the electro-chemical cell with its 

ISEs/ISFETs, reference electrodes and liquid junctions. 

(3) Exploratory studies to judge the repeatability of measurements. 

In this chapter, the first aspect of these problems; establishing a 

satisfactory calibration solution, will be discussed. 

To date, several proposals for suitable calibration solutions have 

been made. Mohan and Bates 7 
suggested several synthetic 

electrolyte mixtures simulating serum at ionic strengths ranging 

from 120-200 mmol-l-1 and using TRIS as the p! 1 buffer. TRIS, 

however, has disadvantages as a biological-buffer because of its 

reactivity as a primary amine, its appreciable solubility in 

organic solvents and its limited buffer capacity in the pH range 

7.0-7.4 because of its high pK value. 

Osswald and Wuhrman8 proposed, two multi-electrolyte standard 

solutions at pH 7.385 and 6.839 (37 °C). The ionic strength of 

both solutions was made up to 160 mmol 1-1 using magnesium 

chloride and sulphate, and sodium azide was added to inhibit 

biological growth and to stabilise the solutions. The Good9,10 

buffer, TES was used as a pH buffer substance. ISE manufacturers 

supply their own calibration solutions, several of which use Good 

buffers to fix the pH. Serum based" calibration solutions or 

aqueous solutions with human serum protein added12 have been 

suggested, but the financial viability and adequate screening 

procedures for such solutions do not justify their use. 

4.2 CALIBRATION PROCEDURES 

ISE and ISFET devices measure the activity or concentration of an 

ion relative to that of the same species in a reference 

(calibration) solution of known or assigned activity or 

concentration. A typical electro-chemical cell representation is: - 

- 80 - 



Calibration Solution 
ISE or Salt Bridge Reference Electrode 

Plasma 

11 1 

The double line denotes a liquid/liquid junction potential 

(E. ). 

Ecell Eleft - Fright ' EISE - (E 
ref 

+ Ej) - 4.1 

EISE EISE +S log a-4.3 

where EISE standard electrode potential 

Ss2.303 nF, 
the slope factor 

as the activity of the ion being measured 

EISE M EISE +S log C+S log 'f - 4.4 

where a= Cl, C and l being the concentration and activity 

coefficient of the ion, respectively. 

.. Ecell EISE +S log C+S log %- Erf - Ei .-4.5 

The difference in cell potential between a plasma sample (p) and a 

calibration solution (c) can be expressed as 

E (p-c) -S log +S log -DES (p-c) - 4.6 
c 

The ion selective device can be calibrated either with solutions of 

known concentration or activity. 

Concentration standards are relatively easy to prepare. Error may 

rise due to mismatch of slope in an aqueous calibrant and a plasma 

matrix or by differences in liquid junction potentials and activity 

coefficients between sample and calibrant. Czaban and Legg6 have 

shown that slope errors between a plasma and an aqueous matrix, for 

sodium measurements, are negligible over the entire physiological 

range. By maintaining ionic strengths constant and by devising 

calibration solutions with ionic concentrations that resemble those 

in plasma, errors due to activity coefficients and liquid junctions 

can be minimised. The ionic activity which the electrode senses is 
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then proportional to the ionic concentration and ideally, equation 

4.6 can be written as: 

Cp - Cc explo{AE-} 4.7 

Preparation of an activity standard requires a knowledge of the- 

activity coefficients of the ions involved. Single ion activities 

can be defined on an operational basis only, through the use of 

arbitrary assumptions. In clinical media where the ionic strength 

is greater than 0.1, the theory involved becomes complex. Some of 

these theories are discussed in Section 4.8. A major source of 

error, in activity standards, is the residual liquid junction 

potential. If calibration and sample solutions are well matched 

this error is reduced and the equation involved can be written as: 

ap sa 
(ic) 

exp 
CCE (p-c) 

- 4.8 
c(Tp) , Of 

I- 

4.3 CRITERIA FOR BLOOD ELECTROLYTE CALIBRATION SOLUTIONS 

The criteria for devising the calibration solutions for blood 

electrolytes'were: - 

(1) The calibration solutions should have compositions closely 

paralleling the composition of blood serum to compensate for 

liquid junction and ionic strength effects. r' 

(2) Multi-purpose standards for ions detectable by ISE and ISFET s 

are preferable, in view of future multi-function analysers. At 

present, calibration solutions proposed tend to be for sodium 

plus potassium and calcium plus pH, separately. 

(3) Variation of ionic concentrations between calibration 

solutions should reflect the normal range of ions in blood, i 

but, at the same time, the millivolt swing should be adequate 

for reliable measurements. Table 4.1 shows the normal range 

of ions measured in this work and the millivolt swing at 

37 °C. 

4.4 CONSEQUENCES OF THE CHOSEN CRITERIA 

(1) A constant ionic strength of 160 mmol dm 3 
was chosen. 
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(2) Zwitterionic Good buffers (see next section) were used. 

(3) Calibration solutions were devised so that one had ionic 

concentrations at the centre of the normal range and one upper 

and lower slope solutions, not necessarily the same solutions 

for each ion due to restricted degrees of freedom of choice. 

(4) If necessary, additional calibration solutions for extreme 

conditions such as hypernatremia requiring 200 mmol dm -3 

sodium may be provided. 

(5) The binding of metal ions to the chosen buffers were 

determined so that corrections could be made to obtain free 

ion concentrations in the calibration solutions. 

(6) Residual liquid junction potentials of the calibration 

solutions against blood pH phosphate solutions should be 

determined. 

(7) Materials that are readily available and did not require 

tedious preparation were used. Thus, Good buffers whose 

sodium forms are commercially available were used. Volumetric 

standard solutions of calcium chloride were used avoiding the 

need for calcium carbonate dissolved in HCl. 

(8) The addition of ions not normally present in blood to make up 

the ionic strength was avoided. 

4.5 THE GOOD BUFFERS 

Until 1966, when the Good buffers 9'10 
were introduced, substances 

suitable for use as buffers in the physiologically important pH 

range 6-8 were inadequate. The NBS phosphate buffer has poor 

buffering capacity above pH 7.5 and it forms complexes with most 

polyvalent cations. A mixture of 1: 3 TRIS: TRIS HCl (tris 

(hydroxymethyl) amino methane) has a pH of 7.382 at 37 °C 13" 

It has been a major biological buffer but its reactivity as a 

primary amine and its poor buffer capacity below pH 7.5 are 

drawbacks. 

t 
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The Good buffers, used in this work, ` are zwitterionic amino 

sulphonic acids. These buffers were especially designed for use as 

suitable biological buffers. The criteria9 that make these 

buffers desirable as blood buffers are: - 

(1) Their pKa's are between 6 and 8. 

(2) They pass through biological membranes with difficulty (low 

membrane penetration). 

(3) Salt effects are minimal i. e. the buffers are not adversely 

affected by salts. 

(4) Complexation with cations is low and if complexes are formed 

they are soluble. 

(5) There is minimum influence of buffer concentration, 

temperature, and ionic composition of the medium on the 

dissociation of the buffers. 

(6) The buffers are stable. 

(7) They are easy to prepare the purify. 

Of the range of buffers, the four used in this work are shown in 

Table 4.2 (I, II, III and IV). 

Buffers from another range proposed by Ferguson13 were also tried 

at one stage. This range was synthesized to extend the range of 

biological buffers available, particularly buffers having increased 

water solubility and slightly lower pICa values. They are amino 

hydroxy alkene sulphonic acid zwitterions and can be represented by 

the general formulae - 

OH 

B-1N 
- (CH2)n - CH - CH2 SO3H 

or 

OH 

R-N- (CH2)n - CH - CH2 S03H 

where A and B are a hydrogen atom, an aliphatic, cyclo- aliphatic 

or hydroxy aliphatic group. 

nis1 or 2. 
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RaN- is a cyclic radical comprising one or two ring nitrogen 

atoms, zero or one ring oxygen atoms, the remainder of the ring 

being carbon atoms and water soluble salts of acids. 

The buffers tried are shown in Table 4.2, V and VI. After initial 

studies, these buffers were not used in further work because they 

are relatively more expensive and did not appear to have any 

special advantage over the Good buffers. 

4.6 INITIAL STUDIES 

4.6.1 Preparation of the solutions - the various permutations of 

calibration solutions studied initially are given in Table 

4.3. Solutions 8 and 9 were used only for residual liquid 

junction potential studies (Chapter 7). 

The materials used were - 

NaC1 - Analytical grade, BDH (Analar Grade) 

KC1 - Analytical grade, BDH (Analer Grade) 

CaCl 2- Stock solution (1 mol dm 3, 
BDH Volumetric 

standard solutions) 

Buffers - Sigma and Research Organic Inc. and their sodium 

salts 

Water - Distilled and CO2 free 

NaCl and KC1 were dried before use. 

The buffers and their sodium salts were recrystallised from 

80% alcohol and dried at 80 °C for five hours in a vacuum 

oven. 

CaC12 solution was assayed by EDTA titrations and the 

percentage purity found to be 99.8!: 0.1. 

4.6.2 Tests in ISE/Flame Photometer Analysers 

Solutions 1,3,4,5,6 and 7 were tested in various ISE 

analysers and by flame photometry. The results are shown in 

Table 4.4. The flame photometer, AVL, ASTRA and Radiometer 

ICA1 values were obtained from Dr. A. B. T. J. Boink 

(Department of Cardiac Surgery and Cardiology, State 

University Hospital, Utrecht, The Netherlands). 
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The instruments were calibrated with solutions supplied by 

the manufacturers. This could be one of the reasons for the 

variability in the results. Different liquid junction 

geometries and compositions of the electrolyte are other 

probable causes. 

4.6.3 Comparative Tests in ISE s and ISFET s 

Various ISE and ISFET devices were transferred between 

solutions 1,2 and 3. Theoretical potential differences at 

37°C were calculated using the formula 

- 4.9 EaS log 

where Ss slope at 37 °C (61.54 mV, monovalent; 30.77 

divalent) and C1 and C2 are the concentrations of the 

appropriate ions in the solutions between which the device 

is transferred. Comparisons between these theoretical 

differences, and actual differences were made. 

The transfers were performed in a thermostated glass 

beaker. The reference electrode in all cases was a Russell 

pH Ltd. Type CRR calomel electrode. The electrodes were 

connected to a Sinclair Multimeter DM450, via a buffer 

amplifier. Electrode drifts were followed on a LINSEIS; 

0480L, Y/T chart recorder and readings were taken after 

equilibrium. The chart recorder was fitted with a capacitor 

and resistance in series to reduce noise due to external 

interference. All solutions were stirred with a magnetic 

stirrer. 

The various ISE and ISFET devices used were: - 

Russell pH Ltd. (Glass) pH 

Bare-gate ISFET 

Na+ Orion Research Inc. Type 9411A (ISE1) Kent EIL Ltd. 

(ISE2) 
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ISFET; electro-active material : commercially 

available CORNING ELECIRO ACTIVE 

K+ Corning Medical (from 902 KF analyser 

electro-active analyser) 

ISFET; electro-active material: valinomycin 

Ca 
2+ Radiometer AG (ISEI) 

Corning; electro-active material based on ETH ligand 

1001 (ISE2) 

ISFET; electro-active material : commercially 

available PYE (Philips) 

Table 4.5 shows the differences between theoretical and 

actual values for transfer of the devices between 

solutions. This presents a comparison of ISEs with ISFETs. 

There is also a possibility of complexing of ions by the 

Good buffers. At this stage, it was thought that further 

investigations were necessary. 

4.7 THE CALIBRATION SOLUTIONS PROPOSED 

A significant aspect related to the amount of buffer material which 

should be used to set and maintain the pH of the calibration 

solutions had, hitherto, been neglected; the possible binding 

effects of the buffers. In the calibration solutions finally 

proposed, a low concentration of buffers was chosen to minimise 

these effects. 

Table 4.6 shows the composition of the calibration solutions. The 

solutions have to be related to an activity or concentration 

scale. This is done through a series of intermediate reference 

solutions which are related to the calibration solutions in that 

they are not buffered. The intermediate reference solutions are 

related again to primary reference solutions of single 

electrolytes, only. For all these primary reference solutions, 

mean activities are known and by convention, single ion activities 
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can be assigned by experiments on cells without liquid junctions. 

Based on theories of mixed electrolytes, the mean activities for 

the reference solutions and by convention single ion activities can 

be assigned. 

4.8 ACTIVITY - COEFFICIENT CALCULATIONS 

4.8.1. Introduction 

The partial molal free energy or the chemical potential of 

an ion of species 'i' in an electrolyte may be written as 

a(Tn 
OG1 ýi 

1nj , ns T, p-4.10 

where 'j' refers to all ionic species other than i and 's' 

to the solvent. Equation 4.10, however, has no true meaning 

because ions of a single species 'i' cannot be added to the 

solution. Also, the equation ignores the fact that addition 

of ions of one species only will build up a charge in the 

solution. The consequence is that experimental methods of 

measuring the chemical potential lead to values for an 

electrically neutral assemblage of ions, or else to 

differences between the chemical potentials of electrically 

equivalent amounts of ions of the same sign. Theoretical 

treatments, on the other hand, can lead to calculated values 

for the chemical potentials of single ionic species. 

4.8.2 Relation of Activities and Activity Coefficients to the 

Chemical Potential 

The activity ai of the ionic species 'i' is related to the 

chemical potential as 

/Ui -/U. *+ RT 1nai/o - 4.11 
2. i 

where the subscript 'o' denotes an arbitrarily chosen 

standard state for the component 1. If the standard 

activity ai is chosen as unity then 

/ui -14 i+ RT In ai. -4.12 
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Activities are related to concentrations by ai .Yi mi 

on the molal scale where Ji is the molal activity 

coefficient and mi the molality of the solution. Thus 

equation 4.12 can be written as 

#i 
-1! i + RT In mi + RT InYi 

RT lnIi represents the non-ideal part of the chemical 

potential;, U + RTln mi being the ideal value. 

On the molar scale the equivalent expression is 

PisU+ RT1nCi + RTlnfi 

where 'fi' is the molar activity coefficient and 

'Ci' the concentration in molarity. 'fi' and 'Wi' are 

related by the equation 

öi aCd fi 
mi o 

where do - density of the pure solvent. 

The chemical potential of a salt is expressed as a sum of 

- 4.13 

- 4.14 

- 4.15 

the. chemical potentials of its ions and a corresponding mean 

z+ =- 
activity. For a salt of stoichiometry My+ AA 

Ps- v, µ; + v_/_ 

vý 
-IAo RT1n 

(a+ 
av 

lö +RT1n ºnr+ m_) + RT1n (Y+ +' V_ý 
- 4.16 

The mean molality and mean activity coefficients are defined 

as - 
ly 

m; ' (m+ +m v" 

1/2J 

where 2)", v+ + IJ- 
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so equation 4.16 becomes 

/l .=/, I + 21 aT in Cm t 1): t) - 4.19 

4.8.3 Osmotic Coefficient of Solvents 

From the Gibbs-Duhem equation, written in terms of the 

chemical potential for a binary solute-solvent solution. 

nidX -0-4.20- 

d# '- dfl. - 4.21 

where 's' refers to solvent and 'j' to solute species, it 

can be seen that non-ideality with respect to solute 

behaviour is reflected in solvent properties. 

For the solvent s, 

+ RT leas ß(ä ss 
s 

where the standard state is, by convention the pure solvent 

at the same temperature and pressure as the solution. Hence 

the activity of the pure solvent is unity. In dilute 

solutions of electrolytes, the activity and even the 

activity coefficient of the solvent are very little 

different from unity, so that reporting of solvent 

properties in these terms requires a large number of 

significant figures. To overcome this problem and to 

simplify calculations 
14, 

the osmotic coefficient was 

introduced. This is defined by 

-10001n as/AMs mý) - 4.22 

is used. ms is the molar mass of solvent, as the 

activity of the solvent, and 
ý`. 21 To. the summation of 

the product of the number of moles and molality of all the 

solute species present in solution. The mean activity 

coefficient of the solute is related to the osmotic 

coefficient of the solvent by the equation 
M 0 

-l+m 
f 

mdlnýt - 4.23 

t° 
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4.8.4 Theoretical Treatments of Activity - Coefficient 

Calculations used in this Work 

In this section, the theoretical treatments of activity 

coefficient calculations of relevance in this work will be 

outlined, briefly: 

(a) Debve-Huckel Treatment 

Debye and Huckel15 considered the effects of long 

range interionic forces tending to orient the ions in an 

ordered structure and kinetic collisions tending to 

destroy this order, in proposing their theory applicable 

to dilute solutions. The Poisson equation 

v2'= -4irN'r/6 , where tN is the electric potential 

at a distance r, calculated from the Boltzmann equation 

applied to the distribution of cations and anions was 

used. This model gave the expression 

lnJ} _ -AI Z*Z_j 1+81i'h - 4.24 

where 'a' is the distance of closest approach of ions, 

A= (2'IYN/1000) e3/2.303k3/2 ( Ttjz 
(1.8246 x 106)/(F, T) 3/2 

and 

B= (87 Ne2/1000k)'2 (T)%2 

(50.29 x 108)/(ST)'(2 

(6 - dielectric constant of the solvent and 

Ta absolute temperature). 

Equation 4.24 often holds up to an ionic strength of I,: i 

0.1. The term -A`Z. * Z_1Y gives the effect of the long 

range Coulomb forces, while the denominator (1 + Ba IYL) 

accounts for short range inter-actions between ions 

represented as rigid spheres of equal radii. Short 

range interactions between ions and solvent molecules 

and interactions arising between ions which, in a real 

C 
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situation, cannot be represented as rigid spheres, are 

more pronounced at higher concentrations. An empirical 

term + CI was added to equation 4.24 to allow for these 

effects. Davies16 uses a value of C-0.11. z. lfor 

aqueous solutions at 25 °C. 

(b) Hydration Model 

Stokes and Robinson17 pointed out that the activity 

coefficient predicted by the Debye-Huckel treatment is 

actually the mean ionic activity coefficient of the 

hydrated ions whereas in computing activity coefficients 

from experimental data the concentration of the solution 

is expressed in terms of number of moles of anhydrous 

solute. In the molarity scale this does not affect the 

figure expressing the concentration of the-solution but 

in the molality and mole fraction scales the figure will 

be different if the solute is considered as a solvated 

species. The chemical potentials of the solvated and 

unsolvated species will differ as well. But the total 

free energy of a fixed amount of solution is obviously 

fixed regardless of the method for expressing its 

composition. Stokes and Robinson considered two 

equivalent states of the solution; one of the unsolvated 

ions + Ssolvent molecules and the other of solvated 

ions; h moles of solvent combined with D moles of ions 

leaving (S-h) free solvent molecules. The result 

expressing the activity coefficient of the ions for 

these two equivalent systems for an aqueous solution of 

a single electrolyte is 

In IZ 
+Z-I lnfDH - h/v lnaw - In [ 1+0.018 (2)-h)m] - 4.25 

where 

h number of moles of water bound to one mole of 

electrolyte, irrespective of how it is 

distributed among cations and ions. 
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aw - activity of water 

fDH - Debye Nuckel expression for hydrated ions. 

For the calculation of single ions activity coefficients 

in a mixture of electrolytes; the following expressions 

can be used18 for a cation C. 

In öt - Z+ 1nfDH - h6 In aw - In [1+0.018 (1-hi)mi] 

and for an anion A. 
2 

ln'- _= lnfDH - hA In aw - In [1+0.018(1-hi)mij 

where he and hA are the hydration numbers of the 

cation and anion respectively and mi and hi are the 

molality and hydration number of each ion in the 

solution. 

By combining equations 4.26 and 4.27, the mean activity 

- 4.26 

- 4.27 

coefficient can be expressed as 

ln' ± -IZ; Z_) In fDH -h In aw - In [1+0.018f'(1-hi)mi] - 4.28 
v 

since 

1)1n6t -1)n In %++2A In -6 _ 

and 

h= Vch. +VA hA 

where vc and vA are the number of moles of cations 

and anions per mole of electrolyte. 

Bates, Staples and Robinson19 calculated activity 

coefficients of alkali and alkaline earth chlorides, 

taking the hydration number of the chloride ion as zero, 

using the expressions - 

In'6 
M+ - In S± 

- h/2 lnaw - 4.29 

In tCl_ ° In ö± + h/2 lnaw - 4.30 

In ý 
Met ° 21n j± - h/3 lnaw + In [1+0.018(3-h)m] - 4.31 

21n1(C1_ - lntf± + h/3 lnaw - In [1+0.018 (3-h)m] - 4.32 

(c) Pitzer Model 

Pitzer's specific inter-action model was developed from 

Bronsted20 and Guggenheim21 postulates. Bronsted 
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proposed that there were two types of interactions one 

the non-specific inter-actions of ions due to long range 

coulombic forces and the second due to specific, 

interactions between oppositely charged ions at short 

ranges. Guggenheim used these principles in conjunction 

with those of Debye-Huckel. However, neither of these 

theories was satisfactory. 

Pitzer22-25 has developed a specific interaction model 

which includes short range interactions between ions of 

like charge as well as opposite charge. Ternary 

interactions are also considered. The model has been 

extended to mixed electrolyte solutions as well. 

The equation for the calculation of the mean activity 

coefficient of a single electrolyte M is 

lnj 
MX s 

IZMZXIf'( 
+m (2Vmt', c. /, ) Bý, 

IX j 

(VC-4.33 

where 

m is the molality of the electrolyte 

Vm and VX are number of ions of M and X per molecule. 

ZM and zx are the respective electric charges. 

2)is the total number of ions per molecule. 

f'ý is the modified Debye-Huckel term giving long range 

coulombic interactions given by 

Of =- Af (II/2/(1 + bIA) + 2/b In (1 + bIk')] - 4.34 

B 2pß + 2ý /dzI(1-(1+dIý'-ýfý"C'I) exp (-c(I )I - 4.35 

C =3/2C - 4.36 
Mx MX 

I is the molal ionic strength. AO is the Debye Huckel 

coefficient for the osmotic function AO -(2 . 303/3) Ay 

0.392 at 25°C for water, b and 4A are two adjustable 

parameters and the values b-1.2 andot - 2.0 were 

selected for all 1: 1,1: 2 and 2: 1 electrolytes26. The 

two parameters P(0) and A (1) 
define the second 
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t virial coefficient whereas CO defines the third virial 

coefficient; this is usually very small. These values 

have been tabulated for strong electrolytes in reference 

23. 

The mean activity coefficient of the solute MX in a 

mixture of electrolytes is given by: - 

1n7mx: I zmz jf r+(2 i/v)? a[Bma+(Fmz)Cma+(vxI v) zal+ 

(2vx/v) 
c[Bcx+(FAZ)Ccz+(v 

ivx)OmxI+ 

cPa cma{lzmZxlBca+y 
1[2iZmcca+ya 

m 
)+Vx"c l)+ 

ca ax 
1 mcac, [ (vx/v)Ic 

I 
+Izazxl 8cc> >+ 

2cc cx 

I IS 
Imama" 

[ (vm/V)$maa'+ IZaZxl B'aa'l 4.37 

where 

B of +2# 
)[ 1-(1+eI'L)exp(-eI") J 4.38 

C =CF /2Iz z 11 4.39 
mx ax mx 

il 

B' : (2fi) /a2I2) [-1+(1+QI+1/2d2I)exp(-&I y')J 4.40 

Indices C and C' cover all the cations while a and a' 

cover all anions. Parameters .& and I arise from 

additional combinations of the individual second and 

third virial coefficients. They have been tabulated in 

reference 24. The terms including e-1 are omitted since 

they involve triply or higher charged ions. 

The equations for calculating the activity coefficients 

of single ions is given by 

2 
ln7m zmf7+2ämaCBma+CEmzCma]+2cmc9mc+ca mcma[Z2aca+Zmcca+ýmca]+ 

1/2EEmnn, Cz28' , +I 
m] 

as 
aa asv 

for a cation M-1.11 

t 
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The corresponding expression for an anion X is obtained 

by interchanging X for M, a for c and c for a throughout. 

4.8.5 Calculations of Activity Coefficient of the 

Proposed Calibration Solutions 

The mean and single ion activity coefficients of NaCl, KC1 

and CaC12 in solutions 1.1-1.3 and 2.1-2.5 were calculated 

by Isabel M. Ferra26 using both the Stokes and Robinson's 

hydration theory and the Pitzer equations. The values 

obtained are shown in Tables 4.7a - c. 
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Table 4.6 

(Concentration are in mmol dm 3) 

INTERMEDIATE REFERENCE 
PRIMARY SOLUTION SOLUTION 

1.1 160 NaCl 2.1 159.6 NaCl 
0.1 KC1 
0.1 CaC12 

1.2 160 KC1 2.2 130.0 NaCl 
9.0 KC1 
7.0 CaC12 

1.3 160/3 CaC12 2.3 145.0 NaCl 
9.0 KC1 
2.0 CaC12 

2.4 154.75 NaCl 
3.0 KC1 
0.75 CaC12 

2.5 151.75 NaCl 
4.6 KC1 
1.25 CaC12 

WORKING SOLUTION 

3.1 - 3.5H 
Contains 5 Na HEPES 
4.06 HEPES with 
NaCl reduced by 5 
pH 7.40 

3.1 - 3.5M 
contains 5 NaMOPS 
6.73 MOPS with 
NaCl reduced by 5 
pH - 6.86 

3.1 - 3.5T 
Contains 5 NaTES 
4.78 TES with 
NaCl reduced by 5 
pH - 7.20 

To calibrate for sodium requires 3.1,3.2,3.3 

To calibrate for potassium/calcium requires 3.3,3.4 and 3.5 

To calibrate for pH requires any combination of H, T and M 
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Table 4.7a - Mean and Single Ion Activity Co-efficients for NaCl (a -3 97A°) 

Pitzer Formula Hydration Model 
Solution Y+ )' Na 7 C1 -'± Y Na 'ß'Cl ? i± YNa Y cl 

1.1 0.7461 0.7461 0.7461 0.7442 0.7512 0.7372 -0.0019 0.0051 -0.0089 
2.1 0.7461 0.7460 0.7461 0.7442 0.7512 0.7372 -0.0019 0.0052 -0.0089 
2.2 0.7470 0.7431 0.7509 0.7439 0.7504 0.7375 '-0.0031 0.0073 -0.0134 
2.3 0.7460 0.7453 0.7469 0.7440 0.7508 0.7372 -0.0C20 0.0055 -0.0097 
2.4 0.7461 0.7457 0.7464 0.7441 0.7510 0.7372 -0.0020 0.0053 -0.0092 
2.5 0.7461 0.7455 0.7467 0.7441 0.7510 0.7372 -0.0020 0.0055 -0.0095 

Table 4.7b - Mean and Single Ion Activity Co-efficients for KC1 (a = 3.63Ao) 

Pitzer Formula Hydration Model 
Solution ? i+ ? iK id 7lt iK 2'dl Dý± 2rK ? 'cl 

1.2 0.7326 0.7326 0.7326 0.7307 0.7344 0.7270 -0.0019 0.0018 -0.0056 
2.1 0.7374 0.7288 0.7461 0.7341 0.7378 0.7304 -0.0033 0.0090 -0.0157 
2.2 0.7388 0.7266 0.7509 0.7341 0.7375 0.7306 -0.0047 0.0109 -0.0203 
2.3 0.7376 0.7284 0.7469 0.7340 0.7376 0.7303 -0.0036 0.0092 -0.0166 
2.4 0.7375 0.7287 0.7464 0.7341 0.7378 0.7304 -0.0034 0.0091 -0.0160 
2.5 0.7376 0.7286 0.7467 0.7340 0.7377 0.7304 -0.0036 0.0091 -0.0163 

Table 4.7c - Mean and Single Ion Activity Co-efficients for NaCl (a - 4.73A°) 

Pitzer Formula Hydration Model 
Solution ?l± lCa Cl Y'tr± -KCa Cl 717lt rCa 7jC1 

1.3 0.5717 0.2984 0.7913 0.5702 0.3255 0.7681 -0.0015 0.0271 -0.0232 
2.1 0.5770 0.3450 0.7461 0.5743 0.3355 0.7514 -0.0027 0.0095 -0.0053 
2.2 0.5755 0.3381 0.7509 0.5736 0.3341 0.7517 -0.0019 0.0040 -0.0008 
2.3 0.5762 0.3430 0.7469 0.5740 0.3351 0.7514 -0.0022 0.0079 -0.0045 
2.4 0.5767 0.3441 0.7464 0.5742 0.3354 0.7514 -0.0025 0.0087 -0.0050 

2.5 0.5766 0.3438 0.7467 0.5742 0.3353 0.7514 -0.0024 0.0085 -0.0047 
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CHAPTER-FIVE 

EXPERIMENTAL 

INTRODUCTION 

The ion-selective devices in this work were used either as dip-type 

sensors or were incorporated in a flow-through system. The devices were 

subjected to various tests. They were calibrated either by a constant 

dilution technique or by serial dilution. Their performance was 

l6 
stringently tested using transfer potentials-19. The alkaline error 

of pH sensitive devices was checked. The performance of the devices, 

incorporated in a flow-through rig, in presence of plasma and serum was 

also tested. These experiments are described in this chapter. 

5.1 CALIBRATION OF ION-SELECTIVE DEVICES USED IN THIS WORK 

5.1.1 Ion-Selective Electrodes Used 

The ion-selective electrodes used were: - 

Table 5.1 

Electro-Active 
Make Material Type 

Sodium 
AVL U5833 345) Glass Flow-through 
CORNING Glass Flow-through 

BECKMAN (668295) Glass Flow-through 
RUSSELL (944119) Glass Dip-Type 
CORNING (003070082) Glass Dip-Type 

EIL (1048-4) Glass Dip-Type 
PYE'(PHILIPS) ETH 227 Dip-Type 

Potassium 
AVL (B7568355) Valinomycin Flow-through 
ODRNING Valinomycin Flow-through 
PYE (PHILIPS 15561-K) Valinomycin Dip-Type 
HOME MADE ISE Valinomycin Dip-Type 

Calcium 
ML-(C4070385) Flow-through 
CORNING ETH 1001 Flow-through 
RADIOMETER ETH 1001 Dip-Type 

PYE (PHILIPS) ETH 1001 Dip-Type 

H 
CORNING Glass Flow-through 
RADIOMETER Glass Dip-Type 

RUSSELL Glass Dip-Type 
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5.1.2 Ion Selective Field Effect Transistors Used 

The following devices designed by Doctor A. Sibbald were 

used: - 

2 
Eµ145 These are similar to the Utah UU03 devices. The 

chip size is 1.25mm x 2.00mm. They are comprised of 

two ISFET's and two IGFET's, each with channels of 

dimensions 20, u mx 400, u m. Each IGFET/ISFET pair 

share a common drain connection (fig. 5.1a). 

Eµ146 The chip and channel dimensions are similar to the 

E/t 145 device. Each device comprises three ISFET's 

and one IGFET with folded gates. A common drain 

connection for all devices minimises the number of 

lead out wires (fig. 5.1b). 

The semi-conductor devices were used as dip-type sensors. 

They were stuck on to p. c. b. 's of dimensions 0.9 x 10cm by a 

thermally cured expoxy (EPOTEK, H54, Alpha Metals Limited). 

The p. c. b. 's have an array of nine conducting tracks 

attached to a 10 way 2.5mm pitch edge connector. The 

devices were bonded to the conducting tracks with an 

ultrasonic wire bonder (Kulficker and Soffa) using 25µ m 

gold wire. The sensors were then encapsulated so that only 

the gates of the devices were exposed to the analyte. 

EPOTEK H54 was used as the encapsulant. It was applied with 

a syringe and syringe needle and cured at 95 °C for 60 

minutes. The temperature was subsequently raised to 

115 °C for 30 minutes. The devices were allowed to cool 

slowly. The gates were cleaned ultrasonically in 5% 

Decon-90 (60 s), distilled water (60 s) and finally in 

iso-propyl alcohol (120s). Electra-active membrane 

material, dissolved in THF, was deposited on the gates by 

syringe. Three layers were deposited with an interval of 
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about two hours between each deposition to allow for 

evaporation of THF. Fig. 5.2 shows a dip-type sensor. 

The devices were operated in the constant current mode with 

the drain current maintained at 100/JA. 

All devices were conditioned in 10-3 mol dm -3 solutions 

of the appropriate chloride salts for at least 24h. 

5.1.3. Methods of Calibration 

The ISE s and ISFET-s were calibrated either by a constant 

dilution technique introduced by Horvai et al. 
3 

or by 

serial dilution. 

In the constant dilution technique, Co, the concentration 

of an ion A in a constant volume, stirred, flow-through 

cell, is diluted by a diluent not containing the ion A. The 

concentration of A in the cell is given by: - 

C= Co e -V/Vr 
- 5.1 

or C= Co e -wt/Vr 
- 5.2 

or t= Vr In (C/Ca)/-w - 5.3 

where 

V= constant volume of the cell. 
r 

V volume of solution passing through the cell. 

w flow rate (in minutes). 

t= time elapsed from the beginning of the dilution 

period (in minutes). 

If an electrode sensitive to A is immersed in the cell or 

placed in its outlet flow, the potential of the electrode 

with respect to a reference electrode will change 

continuously with 'V' or 't'. The variation of potential 

with 't' can be monitored on a Y/t recorder and the 

calibration curve is simply obtained by rescaling the t axis 

as log c equivalent to 

1 min. = hVr/2.303W mm' 
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5.1.4 Experimental 

In this work, the constant volume cell shown in fig. 5.3b 

was used for macro electrodes. It was made from a water 

jacketed glass tube with B19 ground glass joint. Drilled 

PTFE stoppers were used for fitting the electrodes. The 

electrodes were sealed in position with paraffin wax. 

The micro electrodes in flow-through systems were placed in 

the outlet of the constant volume cell. 

The ISE and reference electrodes were connected to a digital 

multimeter (SINCLAIR) via a buffer amplifier. A flat-bed 

LINSEIS chart recorder, provided with back off facilities, 

was used for monitoring potential difference changes. A 

suitable capacitance was connected across the input of the 

chart recorder to smooth out residual noise. To further 

minimise electrical interferences, the constant volume cell 

and reference cell were placed in a Faraday cage. The 

reference electrode was a porous plug, saturated calomel 

electrode (RUSSELL pH PLC). (Fig. 5.3a). 

5.1.5 Results and Discussions 

The calibration curves for various ISE s are shown in Figs. 

5.4-5.19. The clinical ranges are shown in shaded boxes. 

The ISE s showed reasonable responses in the clinical 

range. Fig. 5.4, the AVL calcium calibration curve shows a 

curvature when the calibration is performed with 10-1 

mol dm 
3 

CaCl2 solutions but the curvature disappears 

when a 0.15 mol dm 
3 

NaCl background is used. The CORNING 

sodium electrode (fig. 5.12) was unstable beyond 10-3 mol 

dm-3 , but operable in the clinical range. 

Calibration curves for K+, Ca 
2+ 

and pH responsive 

ISFET's are shown in figs. 5.20-5.22. The sodium devices 

showed very poor response. The ETH 227 sensor (PYE, 

PHILIPS) was used. The results were not reproducible. 
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Figs. 5.23 - 5.25 show the results obtained when a triple 

function ISFET was calibrated. This device was prepared 

using an E, U/146 chip which has three ISFET gates (figs. 

lb). Each gate was isolated from its neighbour by bridges 

of epoxy (EPOTEK, H54, Alpha Metals Limited) applied 

carefully using a syringe. Commercially available PYE 

(PHILIPS) electro-active potassium and calcium sensors were 

deposited on two gates in the method described in section 

5.1.2. The third gate was left bare to function as a pH 

sensor. The device was conditioned in a solution containing 

10-3 mol d m3 each of NaCl, KC1 and HC1. Fig. 5.23 is 

the pH calibration curve (K and Ca constant) obtained using 

buffer solutions B4' B5' B6' B7 and B9 (Table 5.2) 

devised by Covington and Ferra. 
4 

These buffers are 

explained in section 5.2.2. A slope of 46 mV per decade was 

obtained at 19 °C. Fig. 5.24 is the calibration curve for 

calcium. This was obtained by serial dilution of a 10-1 

mol dm; 
-3 

solution of CaCl2 (made from BDH Analar 

lmol dm 
3 

volumetric solution) in a background of 10 

mol dm 
3 

KC1 and 0.14 mol dm 
3 

NaCl. pH was maintained 

constant using B7. A slope of 24 mV per decade was 

obtained at 19 °C. Fig. 5.25 is the calibration curve for 

potassium, obtained similarly using a 10-1 mol dm-3 KC1 

solution in a background of 10-4 mol dm 
3 

CaCl 2 and 

0.14 mol dm 
3 

NaCl. The slope obtained was 43.8 mV per 

decade at 19 °C. The slopes obtained were low, but the 

experiment showed that such devices are feasible. 
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5.2 COMPARATIVE-STUDY- OF-THE ALKALINE-ERROR- OF -A-pH-GLASS ELECTRODE, 

A UU03 (UTAH) ISFET AND A EU/145 ISFET 

5.2.1 Method 

The sodium error (which is positive i. e. falls below the 

ideal Nernstian behaviour) was investigated using tests 

devised by Covington and Ferra. 
4 

An indirect comparison 

of the potentials of the pH devices with those of a hydrogen 

electrode are made using Ag/AgCl reference electrodes 

without liquid junctions. Specially prepared buffer 

solutions (listed in table 5.2) were used. The pH response 

was studied by using alkali - metal ion free buffers and the 

alkaline error by adding alkali ions to the buffers. 

The principle is simple. For an ideal pH responsive device, 

the emf of the cell 

Pt, H21solution IpH responsive device (I) 

should be constant and independent of the composition of 

solutions. Departure from ideal behaviour can be seen by 

differences between emf values obtained with two different 

solutions. 

The cells G and H, corresponding to the cell I, in which an 

identical reference solution R is used, are set up: - 

pH responsive device ISolution RIAgCl/Ag (G) 

Pt, H21Solution R, AgCl/Ag (H) 

Then, 

ER=ER - ER 
IHG 

where 

EI = emf of CELL I 

EH s emf of CELL H 

EG = emf of CELL G 

- 5. u 
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If the solution R is replaced by another solution T, then 

Ei 
T° 

ET - ET - 5.5 

and 

dE EI Ei 

_ (EH - EG) ( ERE 

_ (EH - EH) - (EE - EG) 

. iE is thus a measure of the error of the pH responsive 

device and can be obtained by subtracting the difference 

between the two values obtained from Cell G from the 

corresponding two values for Cell H. 

5.2.2 Experimental 

The buffer solutions listed on Table 5.2 were prepared in 

double distilled water purged with nitrogen to remove 

dissolved carbon dioxide. Buffers having pH values> 7 were 

stored under nitrogen. The solutions are designated B. 

indicating pH lies between i and (i + 1). Buffer solutions 

containing sodium ions are written as B1Naj (j - pNa). 

The reference solution is chosen to be a neutral pH buffer, 

pH 6.58, designated as B6. 

The reagents used were: - 

(a) Hydrochloric Acid - stock solution of 1 mol dm 3 

prepared from CVS-BDH ampoules 

(b) BIS-TRIS - 2,2 Bis (Hydroxy ethyl) imino tris (hydroxy 

methyl) methane, (MW-209.25), BDH Analar 

(c) TRIS - Tris (hy droxymethyl) amino ethane (MW 121.05) 

BDH, Analar 

(d) Sodium Perchlorate NaC104. H20, BDH Analar 

- 5.6 
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(e) Tetramethyl Ammonium Hydroxide (TMAH) BDH, available as 

25% ± 1.5% W/W aqueous solution. TMAH is prone to 

carbon-dioxide contamination. To determine the exact 

molarity of the solutions used, they were titrated 

against 10-1 mol dm 
3 

hydrochloric acid. The 

determined molarity was then divided by its assumed 

molarity (25% = 2.792 mol dm 
3) 

and this factor was 

used to adjust the weights given in Table 5.2. 

(f) Sodium Hydroxide -4 mol dm 3 
and 1 mol dm 

3 
AVL-BDH 

analytical volumetric solutions. 

(g) Succinic acid - BDH Analar, dried at 80 °C. 

(h) Sodium chloride - BDH Analar dried at 110 °C. 

(i) Ethanolamine - BDH Analar. 

The ion-selective devices and Ag/AgCl reference electrode 

were transferred between the reference solution B6 and the 

buffer solutions. They were allowed to come to equilibrium 

at 25 °C in thermostated beakers before voltage readings 

were taken on a Hewlett Packard 9815A micro-computer which 

was programmed to print the average of ten voltage readings 

every two minutes. 

5.2.3 Results and Discussion 

The results are tabulated in Tables 5.3 and 5.4 and plotted 

in Fig. 5.29. pH responsive FETs with inorganic thin film 

gates have been widely studied. Originally, an Si02 gate 

dielectric was used which was assumed to behave in a manner 

similar to the glass electrode. 
6 (Figs. 2.2 and 2.3; 

Chapter 2). The devices were originally reported as sodium 
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responsive sensors and were subsequently found to exhibit a 

pH response as well. However, the practical value of a pH 

ISFET with an Si02 gate is doubtful. Their response is 

poor compared to glass electrodes, they exhibit considerable 

alkaline error and have limited lift times 
7,8 

A response 

of 47mV/pH at pH 7.5 and 10-2 mol dm 3 NaCl and 37mV/pH 

at pH 7.5 and 10-1 mol dm-3 NaCl was reported by 

Schenck8. Sub-Nernstian response was assumed to be due to 

gradual hydration of the Si02 layer which would affect its 

insulating properties and/or to the existence of pinholes in 

the SiO 2 gate dielectric causing leakage currents. 
6,7,9 

Considerable improvement is achieved when a silicon nitride 

layer is deposited over the oxide film. Silicon nitride 

masks the diffusion of impurity ions such as sodium. 
29 

The silicon nitride layers are generally deposited by a 

vapour deposition process in which NH3 is reacted with 

either SiH4 or SiC14 in the temperature range 700 0 
- 

1000 °C. Auger-Ar+ sputtering studies of Si3 N4 

10,11,12 
and ESCA-Ar + 

sputtering studies 
12 indicate 

the presence of a spontaneously formed thin film ( 401) of 

silicon oxynitride [Si3N4(0)] at the surface of the 

Si3N4 film which might cause pH sensitivity exhibited by 

Si3N4 gate dielectrics. Responses comparable to the 

glass electrode, between 50-60 mV/pH have been reported from 

different laboratories. 
2 

In this work, the sensitivity and alkaline error of an Ep145 

and a UU03 ISFET device were compared with a Russell glass 

electrode in the pH range 12-14. The results are tabulated 

in Tables 5.3 and 5.4 and plotted in Figs. 5.29 and 5.30. 

From these results it is evident that the order of closeness 

to the theoretical response is 
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E, 9145 > Uü03 ) Russell Glass Electrode. 

The response with the ISFET devices was unexpectedly good. 

A possible explanation for this behaviour is the condition 

of deposition of the Si3N4 film- Stein and Wells13 and 

Vlasöv' et al. 
14 have reported that charge trapping can 

occur in the Si02/Si3N4 interface resulting in 

chemically bound H to N and Si. With increase in deposition 

temperature (> 800 °C) there is a decrease in Si-H 

bonding. Thus there is more complete Si-N bonding resulting 

in a decrease in available H -bonding sites. In the Ey145 

chips, the deposition temperature was 800 oCl 
whereas in 

the UU03 chips it was 900 0C. 15 
This could be one of 

the reasons for the improved response of the Ep145 chip. 

Another possibility is the etching of the gel layer on the 

[Si3N4(0)] film by the highly alkaline tetramethyl 

ammonium hydroxide solutions used. This could result in a 

continuous renewal of the surface layer responsible for pH 

response. The results observed could therefore be merely an 

outcome of a continuous etching process. More work should 

be done in this field to clarify the results. 
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5.3 TESTS-OF-THE PERFORMANCE-OF-ION-SELECTIVE"DEVICES- IN THE-PROPOSED 

CALIBRATION SOLUTIONS USING TRANSFER POTENTIALS 

5.3.1 Introduction 

Some of the ion-selective devices used in this work were 

subjected to a stringent test in the calibration solutions 

based on a method adopted by Covington and prue16-18 for 

glass electrodes and later extended by Briggs and Lilley to 

calcium electrodes. 
19 

The measuring system of an I. S. E. may be represented as 

AgIAgClfXCln(mr)1lXCln(mX)IAgC1IAg 

I. S. E. 

where mr and mX are the molalities of the aqueous 

solution of the chloride salt of X (- K, Na or Ca) in the 

I. S. E. and the beaker, respectively. 11 represents the 

electroactive membrane. If m> mX then the observed 

cell potential is 

EM 'E- En = 
RT ln{ a(Xn+)R/a(Xn+)X }+ Ea - 5,7 

where E and EMR are potentials on either side of the 

membrane and Ea is the asymmetry potential. The response 

of the Ag/AgC1 electrodes to the Cl ion gives a potential 

difference EE given by 

EE c EEX - EER 
nF 
RT 

ln a(Cl) Cl) 

where EEX and EER are the potentials from the Ag AgCl 

electrodes in Mn (mx) and Mn (mr) respectively. 

The overall cell potential is 

t/{a(Xf+)X (Cl- n E- EM + ER e In [ia(Xn+)R a(Cl )RJJJ )X r]+ Ea -5.9 

If the I. S. E. is transferred to a second solution, the 

J 

difference between the second cell potential E2 and the 

first E, is referred to as the transfer potential ET and 

is given by 

ET = E2 - El - RT/nf ln[ a(Xn+)la(C1 )i} 
li 

a(X'+)2 a(C1 )2 }] 
{ 

k log [{a(Xn+)l/a(Xn+)21 f 
a(C1_) /a(C1_111 

JJJ 
)2J n] 

- 5.10 

where k- slope of the electrode. 
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In terms of molality and activity co-efficients the equation 

becomes 

ET =k log[{m(Xx+)ly(X'+)1 /m(Xn+)2'Y (Xn+)2} { 
m(C1)1'Y(C1 )l/ 

m(C1 )2I'(C1 )2rn] - 5.1 

5.3.2 Experimental 

Transfer studies were carried out by transferring the I. S. E. 

and Ag/AgCl reference electrode between the primary 

calibration solutions (1. X) intermediate (2. X) and working 

solutions (3. X). 

Silver - silver chloride electrodes were freshly 

prepared according to the method described by 

Bates20. The electrode base was a B-19 cone 

sealed with 10 cm of Pt-wire. A helix was formed 

on the wire using a syringe needle (Fig. 5.24). 

Silver oxide was prepared by the dropwise 

addition of sodium hydroxide to a vigorously 

stirred silver nitrate solution. The precipitate 

was washed several times with distilled water 

to ensure complete removal of soluble 

electrolytes. A thick paste of silver oxide was 

applied to the platinum helix and allowed to dry 

partially before being reduced in a furnace at 
Fig. 5.24 

450 °C. Subsequent layers of silver oxide were 

added until a smooth sphere was formed. The electrodes were 

electrolysed in 1 mol 1-1 HCl for 45 minutes at a current 

of 5mA electrode. Silver formed the positive electrode and 

a Pt-wire the negative electrode. The Ag/AgCI electrodes 

were placed in a 0.05 mol 1-1 solution of HC1, overnight. 

Electrodes with bias potentials greater than 100AAV were 

rejected. 
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Measurements were made in blackened, thermostated beakers at 

37 °C under a blanket of nitrogen. The dip-type ion 

selective electrodes, after calibration, were transferred, 

with the Ag/AgCl reference electrode between the primary 

solutions and the intermediate and working solutions. The 

electrodes were washed with distilled water and solution in 

which they were immersed prior to each transfer. They were 

connected to a digital multimeter (SINCLAIR) via a buffer 

amplifier. A flat bed LINSEIS chart recorder, provided with 

back-off facilities, was used for monitoring potential 

difference changes. A suitable capacitance was connected 

across the input of the chart recorder to smooth out 

residual noise. 

Transfer studies were also carried out in a flow-through 

system similar to the one illustrated in Photograph 5.1. A 

Beckman sodium electrode AVL 982 sodium potassium and 

calcium electrodes and CORNING 614/634 sodium, potassium, 

calcium and pH electrodes (described in Chapter 3) were 

inter-connected by P. V. C. tubing. A special clamp was made 

to hold the CORNING electrodes together. All the electrodes 

were connected to a multiple switch. An Ag/AgCl reference 

electrode was used in the reference cell. Solution was 

drawn through the system at a suitable rate using a 

peristaltic pump. It was essential to ensure that the 

system was free from air bubbles prior to measurement. 

Measurements were carried out at ambient temperature in a 

manner similar to that described previously. 

Theoretical transfer potentials were calculated using 

activity co-efficients obtained both by the Pitzer and 

Hydration models in the equation 
YZ- 

CCli) (ýClx/ ipi ET (ENX E1. X) 
RT/ZFI (' MX/CMl) (Ymx/ 

(See Chapter Four). 
5.12 
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These were compared with the experimental transfer 

potentials. 

5.3.3 Results and Discussions 

Tables 5.5a-5.5c compare the experimental and theoretical 

transfer potentials. In the last column, ET(3. X)-ET(2. X) 

was calculated to ascertain whether any systematic trend 

between solutions containing the buffers (the working 

solutions) and solutions without the buffers (the 

intermediate reference solutions) could be detected. The 

mean results of these electrode tests are summarised in 

Table 5.6. ET(exp-Th) should be zero if the activity 

co-efficients are correct. Non-zero values of ET (3. X) - 

ET(2. X) shows any medium effect of the buffer addition. 

In Tables 5.7a-5.7c, the transfer potentials were converted 

to concentrations using 

Antilog A ET (k/z) = Cexp/MTh - 5.13 

where 4 ET is the difference between the experimental and 

theoretical transfer potentials, k is the slope, z the 

charge of the ion, C 
exp 

the experimental concentration and 

CTh the calculated concentration. The concentration 

differences were compared using 

((C 
N. X) exp 

(C 
N. X)Th]/ 

(CN. 
X)Th x 100 - 5.14 

It should be noted that the A ET values are well within 

1 mV which in concentration norms is equivalent to l 4% for 

univalent and± 8% for divalent ions. 

In Table 5.8, data from experiments using the proposed 

calibration solutions, performed by Dr. D. C. Cowell21 were 

converted to values comparable to those obtained by equation 

5.14 and tabulated. For the flame photometry and indirect 

I. S. E. systems, Dr. Cowell used his own standards for 

calibrating the instruments. He did not specify their 

composition. The IL502 values were expressed twice, the 
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"flame equivalent" value has a -7% correction applied to the 

"plasma water" (P. W. ) value by the instrument. The 23/39 

instrument was designed by'Dr. Cowell using valinomycin and 

Simon's sodium sensor. The results of Dr. Cowell's 

experiments and the experiments performed in this laboratory 

seem to indicate that the concentration differences obtained 

reflect the condition of the electroactive material, the 

environment in which the measurements are performed and the 

method of calculation used. These results stress the need 

for standardising the methods of measurement of ions in 

solution. 

5.4 MEASUREMENT OF CALCIUM, SODIUM, POTASSIUM AND pH IN PLASMA AND SERUM 

5.4.1 Method 

Calcium, sodium, potassium and pH in plasma and serum were 

determined in the flow-through system described in Section 

5.3.2 and shown in Photograph 5.1. The reference electrode 

in this experiment was a single ceramic plug KC1 electrode. 

The reference cell contained the experimental fluid. The 

electrodes were calibrated using working standards that were 

appropriate to the ion measured. This is explained in Table 

4.6, Chapter Four. All measurements were carried out at 

ambient temperature. 

Sodium and potassium were also determined on three 

commercial instruments (Radiometer KNA1, IL502 and Beckman 

Astra 8), calibrated with the manufacturer's standards. The 

results were expressed as mmol dm 
3 

plasma water. For the 

Astra and KNA1, this involved correction of the results 

using the mass concentration of water (kg water dm -3 

plasma) in the samples. Dr. C. T. G. Flear (Department of 

Clinical Biochemistry and Metabolic Medicine, University of 

Newcastle Upon Tyne) conducted this portion of the work. 

- 121 - 



Blood plasma samples from six healthy volunteers, after 

addition of 15IU of heparin per ml of whole blood and 

centrifugation were separated into three portions. 

Portion I- 25 mmol dm of dried NaCl was added. -3 

Portion II - 25 mmol dm -3 of dried NaHCO3 was added. 

Portion III - left unadulterated. 

These were analysed. Two serum samples were also analysed. 

5.4.2 Results and Discussion 

The concentrations of sodium, potassium and calcium and the 

pH of the six plasma samples and two serum samples analysed 

in the flow-through system are tabulated in Table 5.9. The 

concentrations were calculated using the formula -" 

ESample - EStandard 32 k log CSample /CStandard - 5.15 

where k is the theoretical slope at ambient temperature. 

The activities were calculated using 

ESample - EStandard k log aSample/aStandard - 5.16 

where a= C-y, -i' being the ion activity co-efficients. 

These are tabulated in Table 5.10. 

In Table 5.9, the figures in parenthesis in I and II 

represent the under or over estimation of the measured ion 

calculated using the expression 

P =( 
EE )x 100 - 5.17 

where P= percentage under or over estimation 

M= measured concentration 

E= expected concentration 

For Serum (IV), the figures in parenthesis indicate the 

percentage difference between the serum and plasma 

concentrations of the ions. 

The following observations can be made from the experiments. 

(1) There is a reasonably good agreement between the I. S. E. 

values in the flow system. This could be because the 
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electrodes were calibrated with the same calibration 

solutions and a common reference electrode was used. 

(2) For Plasma + 25 mmol dm 
3 

NaCl (I), there is an over- 

estimation of Na+ by approximately 4% and of K+ and 

Ca 
2+ 

by 5% and 15% respectively. This could be due to 

the activity co-efficient effect of the media which is 

dependent on the ionic strength : at a higher ionic 

strength the activity co-efficient (C3O, a(-), 1) decreases 

giving higher concentrations. This effect is probably 

compensated, to some extent, by the opposing liquid 

junction effect. 
22 

(3) For Plasma and 25 mmol dm -3 NaHCO3, III, there is an 

under-estimation of Na+ by approximately 26% and of 

Ca 
2+ by approximately 12%. 

The effect of bicarbonate on the measurement of sodium and 

potassium by direct potentiometry has been studied by 

several workers (23-28). There is a controversy over the 

interpretation of the bicarbonate induced decrease in 

concentrations observed. Some authors ascribe the decrease 

to liquid-junction potential and activity co-efficient 

effects and others to ion-pair formation. There is no report 

on the effect of bicarbonate on calcium measurements. In 

this study, no attempt was made at distinguishing liquid 

junction potential, activity co-efficient and ion-pair 

formation effects. It is, therefore, not possible to 

analyse the contribution of each effect to the observed 

under-estimation. 

(4) For Serum (IV), K+ concentrations are about 3.5% and 

Ca2+ concentrations about 12% higher than the 

corresponding plasma values. This is probably due to 

heparin binding (see Chapter, 7, Section 7.2). 
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(5) The pH Values are about 1.0 higher than expected. This 

could be due to the loss of CO2 from the samples. 

Dr. C. T. G. Flear's comments on the analysis with the 

commercial instruments Radiometer KNA1, IL502 and Beckman 

Astra 8, were: - 

(i) Systematic differences exist between commercial 

instruments 

(ii) Increased NaCl causes over-estimation of Na by 

approximately 30% and of K by approximately 6% on 

the IL502, over-estimation of Na by approximately 6% 

on the KNAI and Astra. 

(iii) Increased NaHCO3 causes under-estimation of the 

expected increase in Na by approximately 39% (11502) 

and 11% (KNA1). 

In Figs. 5.26,5.27 and 5.28, the effects of the addition of 

NaCl and NaHCO3 to Plasma and the serum concentrations of 

the relevant ions are illustrated. AE- E(X) - E(S) values 

(where E(S) is the potential of the standard with lowest 

concentration of the relevant ion and E(X) is the potential 

of the solution) are plotted against log [M] values (where 

[M] is the concentration of K, Na or Ca). These figures 

clearly illustrate the similarity of results obtained with 

the Corning and AVL electrodes. The bicarbonate and heparin 

effects discussed in points (3) and (4) on the previous page 

are also evident. 
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TABLE S 



Buffer 

(1) B4 

(2) B5 

(3) B6 

(4) B7 

(5) Bg 

(6) B12 

(7) B13 

(8) B14 

(9) B12NaO 

(10) B13NaO 

(11) B14NaO 

Table 5.2 

Components 

4.724 of succinic acid 
5.844g NaCl 
20 ml lmol dm-3 NaOH 

4.724g succinic acid 
5.844g NaCl 
60 ml lmol dm-3 NaOH 

20.924 g Bis Tris 
50 ml lmol dm -3 HC1 

18.171g Tris 
100 ml lmol dm -3 HCl 

3.054g ethanol amine 
30 ml lmol dm -3 HCl 

100 ml lmol dm-3 HCl 
* 54.7g 25% T. M. A. H. 

100 ml lmol dm-3 HC1 
*105.73g 25% T. M. A. H. 

100 ml lmol dm-3 HC1 
*328. lg 25% T. M. A. H. 

30 ml lmol dm-3 NaOH 
20 ml lmol dm-3 HCl 
23.877g NaC104 

25 ml lmol dm-3 HC1 
75 ml lmol dm-3 NaOH 

50 ml lmol dm -3 HM 
125 ml 4mol dm -3 Na0}i 

Volume 

1 litre 

1 litre 

1 litre 

1 litre 

1 litre 

1 litre 

1 litre 

1 litre 

200 ml 

250 ml 

500 ml 
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9 

Table 5.3 

Errors for the pH sensitive devices transferred between sodium free buffers. 
Readings were taken as B6 + B12, B6 + B13 and B6 3 B14, at 25°C. 

Buffers 
Egi/mV (EBi-EB6)/mV 

(EBi-EB6)H 
11 E 

E U/145 UU03 Glass E/1/145 UU03 Glass EU/145 UU03 Glass 

B6 1953.6 50.2 -34.8 
339.2 334.8 335.0 *340.8 1.6 6.0 5.8 

B12 2292.8 385.0 300.2 

B6 1954.0 41.4 -34.1 
378.9 374.2 368.9 +381.2 2.3 7.0 12.3 

B13 2332.9 430.2 334.8 

B6 1953.5 41.5 -34.5 
426.9 414.1 414.7 *434.5 7.6 20.4 19.8 

B14 2380.4 455.6 380.2 

* Reference 4 
+ Reference 5 

(Egi - EB6)H are the emf differences for a perfect glass electrode 
i. e. a S. H. E. 
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9 

Table 5.4 

Alkaline errors for the pH sensitive devices studied. Readings were taken as: 
B6 ý B12 ') B12NaO, B6 3 B13 ý B13NaO, B6 -> B14 - B14Na0; at 25°C. 

Buffers 
EBi/EBiNaO (EBiNaO-EBi) 

(EBiNaO-EB1)H 
AE 

E, u/145 UU03 Glass EA/145 UU03 Glass EA/145 UU03 Glas., 

B12 2292.8 345.4 301.0 
-3.8 -5.4 -8.6 * -3.0 -0.8 -2.4 -5.6 

B12NaO 2289.0 340.0 292.4 

B13 2332.9 371.5 333.6 
-6.1 -7.2 -7.5 + -6.2 -0.1 -1.0 -1.3 

B13NaO 2326.8 364.3 326.1 

B14 2380.4 415.0 376.2 

-19.1 -20.7 -20.6 *-17.5 +1.6 +3.2 +3.1 

B14NaO 2361.3 394.3 355.6 

* Reference 4 
+ Reference 5 

(EgiNaO - Egi)H are the emf differences for an S. H. E. 
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TABLE 5.6 

Mean Results of Electode Tests 

Electrode ET (exp - TO ET(3. X)-ET(2. X) 
PIT HYD 

Ca (RAD)D -0.41 +0.12 +0.05 
Ca (PYE)D -0.04 +0.49 +0.01 

Ca (AVL)F -0.04 +0.47 -0.22 
Ca (CORN)F -0.12 +0.39 -0.07 

K (VAL)D -0.55 -0.44 -0.45 
K (PYE)D -0.03 +0.08 -0.11 

K (AVL)F -0.21 -0.10 -0.67 
K (CORN)F -0.37 -0.26 -0.84 

Na (CORN)D +0.30 +0.34 +0.11 
Na (EIL)D +0.12 +0.15 -0.10 
Na (RUS)D +0.04 +0.04 -0.01 

Na (AVL)F +0.01 +0.04 -0.21 
Na (CORN)F -0.04 -0.01 -0.08 
Na (BEcK)F -0.23 -0.20 -0.23 

D Dip type 
F= flow-through 
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FIGURES 



E, (A, 145 ISFET I. C. CHIP 

1. ISFET A source 

2. Common Drain A 

3. IGFET A gate 

4. IGFET A source 

. 
5. Bulk connection 

6. IGFET B source 

7. IGFET B gate 

8. Common Drain B 

9. ISFET B source 

Fig. 5.1a 

E, « 146 ISFET I. C. CHIP 

1. ISFET A source 

2. ISFET B source 

3. ISFET C source 

u. I(FET source 

5. Bulk Connection 

6. IGFET gate 

7. Common Drain 

Fig. 5.1b 
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1. N. C. 

2. Channel 1 
3. Channel 2 
4. Channel 3 
5. MOS-S 
6. Bulk 
7. MOSG 
8. + Vdd 

N. C. 
10. 

a 

Eä146 Dip Type ISFET 

Fig. 5.2 

N. C. = Not connected 
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INITIAL 
SOLUTION 

Fig. 5.3a 

REFER(CE 

WASTE - <- 

Fig. 5.3b 

F-CQltSTAM1 VOLUME CELL 

*-DILUENT 

DILUENT CONSTANT 
SOLUTION VOLUME 

CE WITH 
ISE/ CHEM fET 

-1 42 - 



X24 1 I i Wi ' 11 III I ! \I 

I II I I ' j ! ý ýlil 

Iý 
ý. 

I I, 

Ö 
° I 

Iý' 
!. 

I. 
II i I 

j 

1 
ý 

- 771 7 
LI 

1 ° j ýI j cif 'I 
5 ) jv 

1e I"I 
1 -'Z oN 2 

3 i 4 
= 

i 2 I 3 
. .ii Il, i" I - _ 

7717 I 
_ 5 

,I 
! 

, li p ID I 

- 
I 

71 _ I 

4 

3'1 
I ! I d L 10 

, 1, I ITT T 
!.! 
1 

I 

I 
I!, I 

ýIý 
I 

., 
I 

i 2 

Ij 
li 

.I 
I ! II ' ill 

- 

I 

-7-71 E- 
" -i ' 

I' iýý - I 

2 g ' II 
ilw IvW- I ! I 

r n{ fa 

i Iy 2 

iilý I! '. I 1I , 1 4 

T 
i T i ýii ' 

IiýI 
tý 

ý ýý" 

l I I 

il T, El j I 
! _i. 

Zl I I 

1 

13 

ä 
Y 
r 

U') 

LL 

zr 

U- 

- 143 - 



ng 
s 

r 
ul A ö 

Jl' 

LL 
Ili 

N 

3? 

üE° !n 

a0 

1 

1 . 

l}I 

41 - 77 IT ý 1 71 
l l I11 

Y- ý_ T . r1c T 'Tt-' T T" I -t rý 

'I', ill \ ! 
1 

r M 

Tl ' i 

1ý 

I j 
! ýI 

I. I jlt ' 
T. 
'0 

l 
I 

I 
4 -T I 

I 
. 

,. 1 

ICI 
I'll 

III 

; il 

I 

,1 
T 

I 

I 
I 

IIj 
cý ý 

\1 

r üj öI ; gi 
t 

p III 
I 

I' ýýI , 
' 

.I __ 

12 
77 I I 

v ý; 
a 
ºý l 

ty Ud 

tÖ 

II I! 

.. 
°' ý'' 

I I 
Qý 

i# 1NU 
3 

i 

+ý 
. 

h7; -1 J-1 
(4 

91' 1 äo 
! 

^ 
! 

IT Z I 
i li Iý 

TI' ! ! ! I I 

! !7 . ! 

7 
1 

Ln 
LL- 

iP 

Lt 

- 144 - 



I 
1 I 

4i .. - I---- 
j---- - a 

2 

23ý I 
ý ý 

I 
22 

211 

1 i 
ý v ýJI 

ý lt 

20 

4 fl 

T T 
u 

b 

ho7 

15 . 
I 4N 

14 

, 
13 Iýý 

II I ý I tt 

T 2 r 

3 y -'v _ 10 

I ooir 
tý 

Y Z ý J 

,a to 
ti - i 

71 24; 
77 

zä l 

!I I 

F T 
T. 

Jil l 11 
I I .. 

il i 

I 

I 'i I 

,I 

I 
I III 

III 

l17 7 E I 
I 

T I, "" 

C- 

LL 

CC) 

1ý 

- 144_) - 



. I. .I ý I 

23 

j 11 il 
l:! 

l 
71 

I 
I' 22 M 

, 
T II I 

I 
I 

' 
III TS 

1 2 li . 

II I Ili 
I '. I 

". 
I'ý II', 

' 

I 
120' 

' Illi 
I I il'i lil 

II il 

1-7 

1sl 
j' 1 7 

18, 

1T 
1 ý 

d' IW 
!ýN uü 

oz ; Is 
` 

3I 

0 7 
- - -- 

151 Iii 
ýn 
Y 

JNtJ 4 - _I I 

ý "ý r 

idr £'' I ýý II 

14 
I I mÖ 

0<J 
g 

'' r 
. W 

I W ýý Q '. 

ý' I II 
,� 

l ýý 

16 I'' lilt i' I; f ' 
Ali eI 

ý 
I 

i 
1'j 

! I 
I 

'15l 

ýI ý 
.t I I I 

ý' 
ý 

l ! ý .I 
14' 

I I I li i 
INV' 

1 
, 

. 

- 
o 

iI 
l r 

jj I, II I II I I rT 1I li I i 
17 117 

13 

v 
I l II j 

I 
j i p I, 

ý! ý II I ý 
12 

1 III I ý_ __I I 16 

ýI ý I I ýI '1 II}a tl 
I Ii 

i . 
t ! I. 

ill I II I ýmý II- I t I ý 15 
10 I w in 

I 
I ' 

W I 
tl 

li I ' 
. 
} ii ja I I I 

8 ' a ýý 
_ ý II 

' 
Ilj I 

öýr rt I I 

, 
jº 711- Id !8 gI 

71 
1 

I! I, 
I 

ýý u= 

Q 

lý 
l1- 

- 146 - 



I, I II I 
1121 

v 
11 

9' 9 S 
J 

1 
8' a ö7 

2 

I O 'ý 

ill 
III I I 

I 
ý ýýI 

5: 

a I 2 iI . 1 , III i S 
p fh 

- 77 
23 

T T T 
4 ! I 

1I ý 
, 

1 
2 

71 

1 1 1 11 

. 1 1 

111 7 
! I 4 ý ! 
2tl I u -ý ' 

1 u 3 
I 

ý N 
<j -- ý I 

20;! 
I ! I 

1 . t ý I II 

8 
ý ü 3- 

in 1 f 

f I LS . 

19 ý fý ! 1 
I I I I . 

I ýI u 
I i. III ý! 

l I H 

ý 
T ! 

f 

4 18ý I 
I ! II H I I I It 

M 

(V 

- 147 - 



I It I j it 
I 

j II' j 
II i 

III 
i ! ; III 

I i ; I I i \ !I 
.I ; I 

f 

II, !, 1 I Il i ýt I I, i II 
15 

10' 
III ! II 

FT 

19 ý I I 
! 

I ý 
I. ! ýi I I II I II III I 11' 1 

J 
ý 

Ili 

U 
ý 

13 

NN ! --Tl 1-1 
itc 

1 6 N3n ýI 11 i 
ill 

11 
v ,or 

- T T 6 oA 
ý. 

4 III II II 1 

I I i. 
- 

I II 

I II ! III ý I' 
I ýI I, ; II 

I 
3 

;I III 
I , I I , 

ý___ ! 10 
ý 

I ý ý 
I 

V ' 
ý 

II 
Y 

I 

I 

III' 

I! 
! 

11 I ill 
I I! I 'ý 

T3 

13 

i 

08 

7 

r, is 

b 

ÄI 
:s 

;I 

4 

-3 
0 

- 148 



ti 

ýn 

ü.. 

i 
i 

23 

J. 
:1 

I9 

ri 

18 

.D 

U- 

- 149 - 



3----- I-I- 6- 
-L -- -- ---f --- 

10 
I" 

23 
-3- 

wS4 
I4 

22 
- -I 

s `ý--- -"1 ---- - 

21 
-. _-__- 

LL U)J 
ý1 

_j Id ' LL ýF, ýI. 

20 

oýVý .1c Z IJ 
O 

19 
j- -578 tC 

1% 
1J-- Il 

16 

15 
F-ý -1 I-- 

-- ttI d- S- 89' tJ 

12 
r----1 -- ý'- 

10 _-- 

9 
79 4 

UI_ 
({ 

_-L-i - 

iIn4 

_ 
8- 

--- -- d `" 'r- -- --- - ---- 

1-1 

1- 
--ýT---i- 'o ý; 

>i 

? 1- 

I. - 
7W 

v1 
` .. - --- --- - ý. - -9 

-- 
r1w-7s, go 

66 aa 
-- ----.. -- ; -- -- - -- - --- 

- --- --- -r- -- --20 .. 6 

--_. 
s 

- 150 - 



cd U 
rl 

r4 
U 

y) 
Cd 

>Z 0 

LL 
S 

0) 

-c U 
Ll- 

0 

Q) 0) 
C 
0 
Q_ 
0) 

Q) 120-0 

to M -44, a) C\j t-- ! '? CO to to 

All/6A _ 151- 

. --i 1 

N 

cn I 

ý" 

Un 
1 

C53 
co 

0 
N 

LL 

+ 

0 



a, 

as a 

U 

C 

e-I 
0 

as 

U 
uo 
Co N 
NN 

a) 
as 
os 
1-4 a) H 

f- 
w 
L. L.. 

I 
a 

Ö 

Ur-" 

W 
H 

n+ (f) 11 

wc p 

r. 
E 

v 

CL 
0 0 C, 

Lr) 

m 
C) Ln %-j 
WN C) 

CC) 

- 152 - 

. -. t 

N 
1 

m 

v 

to 

Jc? 
u) 
r- c" 

r-i 

O 
U 
u 

01 
O 

.... ,.. S'iJ sa`r S!. _ , 'iTý.. 'c Y r. -ý_. J ý'ý ""... Y r....... 
.. 

ý.. 
...... 1ý ý.. 

.. 1 
. _. _ ..... ..... ... -. 



.ý.. - ý 

'00 

MN 
u-sN 

11 if 
a 
0 
V1 H ýr i 

to i 

w:: 
k 1 C: ) 

U -o 
W 
H 

1ý 

0 0- N 
"O 

CD > 
uJ 

.. rit- (0 
o-w 

co 
1 

N 

O rL. 

1 

co i 

W 
CM cm 

rn 
° 

rn 
°° 

E 

a, J9 
0 
to 

- 153 - 



>O 
EO 

%D rn 

a) 
as 
OE 

O 
NH 

f- 
L LJ 
L 
E 
cu 

U 
w 

w 
U co 

Lw 
w 
n 
i nn- 
f-- 

t 
t 
t 
t 
t 
t 
t 
t 
t 

". 

' 
". 

r . 
r ,. r 

r 
r 

t 
i 
t 
t 
t 
t 
t 
t 
t 

1 
t 

' 
' 

t' 
t' 

t. 

.r 
.r 

t 

r 
t 
r 
t 
i 
r 
t 

s 
... 

v 

N I 

cm 
M 
(V 

= CO 

[s. 

n' t 

a, 

rn 
C) C3 C) C) C3 CD Comi L-j %-j 

Lr) O L! 7 O Ll tf O 
'" mNNI I 

N 
N 

j 

_l 1 
Ö V1 

- 154+- 



U 
EO 

rn 
N- 

11 11 

C, aa OE 
ri N 
Ca E- 

F--' 
LU 
L 
E 
Q1 

S 
U 

z `. ) 
ýw 

U 
z 
:: Dw 
L 
w J 
n 
H 

7 
E 

v 

./ I 
/ 

/ 
"/ 

'}' 
"/ 

/ 

"/ 
"/ 
"i 
"/ 
"/ 
"/ 
"/ 
"/ 
"/ 
,/ 
./ / 

+f 
/ 

/ 

"/ / 
/ 

/ 
/ 

,/ 
I 

I: t 1. 

CD Ö CD Ö 
U i Ui 

N ý-+ - 

=D ME: 
N j 

c2- 
Ö V 1 Ci- 

C3 0 Ln 

... 

N 

na 
QN 

. 07 
O -a 

.ýw 

v t 

J1) 
0 
0 

- 155 - 



E 

ao 
u 

M G' 
4 

if 11 
a) 
as 
OE 

.4N C/3 E- 

F-- 
w 
LJ__ 
E 
cu 

U 
LLI 

w Cl 
U cO 
z ow 

w 
0 
ry 
ý-- 

E 

I 
I 
I' 
I' 
t' 
I' 

1 
1 

"" 1, 

1. 

1. 
1. 
t. 
1. 
I. 
t. 
I. 
I. 
1. 
1. 

I. 
I. 

1" 
1. 
I. 
I. 
1. 
I. 

. 

T 

, 

1. 
1. 

t. 
1. 
t. 

TT ý 

C) C) ö C3 

U- ) U) 
N ý- I 

i N = V 

O V 

N 

uM UN 

l 0 

v 
i 

t t iLn 

O O O 
In 
1 r+ 

- 156 - 



7 

6 

5 

4 
W 

3 

2 

0 

o CORNING 

v AVL 

93 

4 

®2 

1=3.2,2=3.3,3=3.4, 

4=PLASMA, 5=SERUM, 

6=PLASMA+NACL 

7=PLASMA+NAHC03 

2.12 2.14 2.16 2.18 2.20 2.22 2.24 2.26 

LOG [NA] 

PLASMAIV SODIUM 

FIG. 5.26 

- 157 - 



W 

28 

26 

24 

22 

20 

18 

16 

a CORNING 92 
V AVL 

4ý6 

1=3.5,2=3.3,3=3.4, 
4=PLASMA, 5=SERUM, 
6=PLASMA+NACL 
7=PLASMA+NAHCO3 

3 
0.40 0.45 0.50 0.55 0.60 0.65 0.70 0.75 0.80 0.85 0.90 0.95 

LOG [K] 
PLASMAIV POTASSIUM 

14 

12 

10 

8 

6 

4 

2 

0 

FIG. 5.27 

- 158 - 



12 

10 

w 

6 

4 

2 

o CORNING 

AVL 

6 
ýO 

V0 
5 

V4 

V° 70 

V 1 
0 

v2 
0 

1=3.5,2=3.3,3=3.4, 

4=PLASMA, 5=SERUM, 

6=PLASMA+NACL 

7=PLASMA+NAHCO3 

-0.15 -0.10 -0.05 0.00 0.05 010 015 0.20 0.25 0.30 

LOG [CA] 

PLASMAIV CALCIUM 
FIG. 5.28 

- 159 - 



440 

420 

400 

'. o CD 
W 

1 380 
m 

W 

360 

340 

TRANSFERS 

H-ERRORS 

FIG. 5.29 

- 160 - 

0 1.2 3 



20 

18 

16 

14 

Co 12 W 
1 

Z 10 

W8 
1 

6 

4 

2 

0 

ALKALINE ERRORS 

FIG. 5.30 

- 161 - 

0123 

TRANSFERS 



i 

PHOTOGRAPH 5.1 

Corning Nodule 

- 162 - 



REFERENCES 



CHAPTER FIVE 

REFERENCES 

1. Sibbald, A., PhD. Thesis, University of Newcastle Upon Tyne (1982). 

2. Janata, J. and Huber, R. J., in "I. S. E. 's in Analytical Chemistry" 
Vol. 2, Chap.. 3, ed. H. Freiser, Plenum, N. Y. and London (1980). 

3. Horvai, G., Toth, K., and Pungor, E., Anal. Chim. Acta., 82,45 (1976) 

4. Covington, A. K., Ferra, M. I. A., Anal. Chem. 49,1363 (1977). 

5. Rebelo, M. J. F., Ph. D. Thesis, University of Newcastle-Upon-Tyne, 184 
(1981). 

6. Bergveld, P., IEEE Trans. on Biomed. Eng., BME 19,5,342-351 (1972). 

7. Schenck, J. F., "Workshop on Theory, Design and Biomedical 
Applications of Solid State Chemical Devices" ed. Chung, Fleming, Ko, 
Neumann, CRC Press, Cleveland, Ohio (1978). 

8. Schenck, J. F., J. Coll. INt. Sci., 61,569 (1977). 

9. Esashi, M., and Matsuo, T., Proc. of the 6th Conference on Solid 
State Devices, Tokyo (1974) J. Jpn. Soc. Appli. Phys., 44,339 (1975). 

10. Johannessen, J. S., Spuer, W. E. and Strausser, Y. E., Thin Solid Films, 
32,311 (1976). 

11. Maguiri, H. G., and Augustus P. D., J. Electroclem Soc., 110,791 
(1972). 

12. "Ion Selective Electrodes in Analytical Chemistry, Vol. 2, ed. 
Fruser, H., Plenum Press, N. Y. (1980). 

13. Stein, H. J., and Wells V. A., J. Electrochem, Soc. Extended Abstracts 
(ABS N0113), 77-1,303-305 (1977). 

14. Vlasov Y. G., Bratov, A. V., and Letavin, V. P., 3rd Symposium on 
I. S. E. 's, Matra Fired, ed. Pungor, E. and Buzas, I., 387-397, 

Elsevier (1981) 

15. Personal Communication (Janata, J. to Sibbald, A. ). 

16. Covington, A. K., Prue, J. E., J. Chem. Soc. 3696 (1955). 

17. Covington, A. K., J. Chem. Soc., 4441 (1960). 

18. Covington, A. K., J. Chem. Soc., 4906 (1965). 

19. Briggs, C. C., Lilley, T. H., J. Chem. Thermodynamics, 6,599-607 
(1974). 

20. Bates, R. G., "Determination of pH - Theory and Practice", Wiley and 
Sons, N. Y. (1973). 

21. Private Communication, Cowell, D. C., Royal Liverpool Hospital to 
Covington, A. K., Oct. (1984). 

- 163 - 



22. Czaban, J. D. and Legg, K. D., "Proceedings of the Workshop on Direct 
Potentiometric Measurements in Blood"; ed. Koch, W. F., Gaithersburg, 
63 (1983). 

23. Coleman, R. L., and Young, C. C., Clin. Chem., 27 (1937-1939) (1981). 

24. Covington, A. K., Flear, C. T. G. and Lockie, R. in "Ionised Calcium, 
Sodium and Potassium by I. S. E. 's", 5, ed. A. H. J. Maas et al., Private 
Press, Copenhagen (1984). 

25. Czaban, J. D., Cormier, A. D., Legg, K. D., Clin. Chem., 28,1703-1705 
(1982). 

26. Czaban, J. D., Cormier, A. D., Legg, K. D., Clin. Chem., 28,1936-1945 
(1982). 

27. Wimberley, P. D., Siggard-Andersen, 0., Fogh-Andersen, N., Boink, 
A. B. T. J., Scand J. Clin. Lab. Invest. 43/165 (1983). 

28. Boink, A. B. T. J., Bijster, P., Vink, K. L. J. and Maas, A. H. J., Clin. 
Chem., 31,523-526 (1985). 

29. Deal, B. E., MacKenna, E. L., and Castro, P. L., J. Electrochem. Soc. 
997 (1969). 

- 164 - 



CHAPTER SIX 

EVALUATION OF THE DISSOCIATION CONSTANTS AND FORMATION CONSTANTS 
OF THE "GOOD" BUFFERS USED 



6.1 INTRODUCTION 

The acid dissociation constants and the complexation properties of 

the'Good' buffers were evaluated by computer controlled, pH glass 

electrode, alkalimetric, titrations at 37 °C. A knowledge of the 

percentage metal binding to the buffers can be used to add 

additional quantities of salts, or to introduce a correction 

factor, to compensate for the decrease of metal ion concentration, 

if any, resulting from complexation. 

Dissociation constants for the 'Good' buffers, in aqueous media, 

were evaluated, initially, by N. E. Good et al. 
1 

using a 

Radiometer automatic titrator - titrigraph. Subsequently, R. G. 

Bates and co-workers 
23 

and R. N. Roy et al. 
4, 

used cells 

without liquid junction, of the type 

Pt; H2 (g, 1 atm)IZ±(mI), NaZ (m2), NaBr (m3)1AgBr/Ag 

where Z± represents the zwitterionic buffer and NaZ its sodium 

salt, to calculate conventional paH values of a few 'Good' 

buffers. This latter method is similar to the procedure on which 

the NBS pH scale is based, the only difference being the use of an 

Ag/AgBr electrode instead of an Ag/AgCl electrode because of the 

lower solubility of AgBr in amine bases. The pertinent values at 

37 0C 
are shown in TABLE 6.11. 

N. E. Good et al. 
1 

deduced approximate values for metal buffer 

binding at 20°C by the displacement of the pH titration curve in 

the presence of an equivalent of the chloride of the metal. They 

assumed that the amine nitrogen of the buffer forms a co-ordinate 

bond with the metal. The equations used were: - 

[A] - [N] + [Nii+] + [NM+l - 6.1 

where (A] a total buffer concentration 

[N] = concentration of free amine 

[NH+] = concentration of protonated amine 
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[NM+] = concentration of metal buffer complex 

IMI = [M2+] + [NM+] - 6.2 

Ka = [N] [H+]/[NH+] - 6.3 

KM = [NM+]/[N] [M2+] - 6.4 

KM = [A] - Ka[NH+]/[H+] - [NH+] 

(Ka[NH+]/[H+])([M] - [A] + Ka[NH+]/[H+] + [NH+] - 6.5 

Initially, all the buffer is protonated, therefore half is 

protonated at the mid-point of the titration curve i. e. (NH+] 

(A]/2. 

In the experiments, equivalent concentrations of buffer and metal 

ion were taken, so [A] = [M]. For the mid-point of the titration 

curve, equation 6.5 can, therefore, be written as 

KM = 2([H+]/Ka-1)/[A](Ka/[H+] + 1) - 6.6 

[H +I, Ka and [A] are provided by the titrations curves in 

presence and absence of the metal; KM can, thus, be obtained. 

For the buffers investigated in this work, negligible calcium 

1 binding was reported . However, these data are not reliable; to 

quote N. E. Good "The scope and accuracy of these data are not such 

at to commend our work to physical chemists". 
l 

More recently, the complexation properties of a few "Good" buffers 

were investigated by G. N. Bowers and co-workers. 
6,7,8 

It was 

reported 
8 

that calcium binding increased in the order 

HEPES ( TES < BES 

Only the data for the calcium binding of HEPES are available in 

detail 6,7. 
Initially, this was reported as 1.4% for 10 rnmol/1 

HEPES 
6 

at a total ionic strength of 160 mmol/1 and pH 7.39. 

Measurements were done with calcium ion-selective electrode 

analysers ICA1 (Radiometer) and a NOVAS (NOVA, Biomedical). 

In a later publication 
7, 

the 1.4% decrease attributed to Ca2+ 

ion association was reported as a combination of two effects - the 

calcium + HEPES association and a change in residual liquid 
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junction potential due to differences in mobilities between the 

HEPES test solution and the manufacturer's calibrating solutions. 

The experiments were repeated using cells with calcium and sodium 

ion-selective electrodes connected to a common reference electrode 

so as to avoid the effects of liquid junction. The calcium 

concentrations were obtained from differences in emfs between 

solutions containing HEPES and calcium ions (B) and solutions 

containing calcium ions alone (A), at a total ionic strength of 303 

mmol/l, T= 37 0C and pH = 7.4. 

'LE = (ECa2+ - ENa+)B - (ECa2+ - ENa+)A 

The association constant K(1: 1) was calculated from the equation. 

K(1: 1) _ [Ca-HEPES] = 10LE/k 1 

[Ca2+] [HEPES] [HEPES] 

These results are shown in Table 6.1. 

TABLE 6.1 
Cat+] =1 mmol/1 

Solution [HEPES] QE 
% Ca2+ K(1: 1) 

mmol/ 1 bound mmo l/ 1 

A0 0 0 - 

B 137 1.07±0.16 7.7±1.1 0.61±0.09 

C 274 2.27±0.25 15.6±1.6 . 0.68±0.08 

D 548 4.98±0.25 31.1±1.3 0.82±0.05 

In calculating K(1: 1) the activity coefficients have not been taken 

into account. These could be significant at such high ionic 

strengths. 

G. N. Bowers and co-workers 
7 

also measured the decrease in Ca 
2+ 

ions on the Radiometer ICA1 and the NOVA 8 Ca 
2+ 

analyzers using 

reference solutions containing 1 and 110 mmol/l HEPES and Ca2+ at 

0.50,1.25 and 2.00 mmol/l. The instruments were calibrated with 

the manufacturer's calibrating solutions. Their results for 

[1.25 mmol/l Ca2+ + 110 nunol/1 HEPES] - [1.25 umnol/1 Ca 
2+ 

+1 mmol/1 HEPES] are summarised in Table 6.2. 
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TABLE 6.2 

% difference Radiometer NOVA 8 

1. Observed 10.6 11.1 

2. a* Calculated due 6.2 6.2 
to binding 

3. b* Calculated due 5.0 6.5 
too Ej 

4. 2+3 11.2 12.7 

5. c* Discrepancy (4.1) 0.6 1.6 

a* - using K(1: 1) = 0.6 

b* -A Ej, the residual liquid junction potential, between the 

manufacturer's calibrating solutions and the solutions used, 

were calculated using the Henderson equation. It is known 

that Henderson's equation yields higher values of AE 
j 

than 

23,24 
values '24 . To quote from 23, "Useful accuracy 

is obtained only in dilute solutions, where the assumption 

6.2 

of ideal behaviour is approximately satisfied". 

c* - These were attributed to the manufacturer's calibration 

solutions being adjusted, presumably, to account for 

complexation and liquid junction effects. 

MATERIALS AND WT1 D 

6.2.1 Reagents 

MOPS, TES, BES and HEPES, obtained from Sigma Chemical Co., 

were recrystallised from 80% ethanol and dried overnight in 

a vacuum oven (TN40 °C), over phosphorus pentoxide. NaCl, 

KC1, LiCI and KNO3, obtained from BDH (Analer Grade), were 

also dried in the vacuum oven. All the chemicals were 

stored in desiccators over phosphorus pentoxide. Volumetric 

standard solutions of 1 mol dm-3 CaCl2, obtained from 

BDH, were assayed by EDTA titrations 
(9) 

; the percentage 

purity was found to be 99.8 ± 0.1. KOH and NaOH and HCl 

solutions were prepared from BDH ampoules ('CONVOL' 

concentrate). The NBS standards, IOiPh (0.05 moldm 
3) 

and 
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RH2P04 (0.008695 moldm 
3) 

+ Na2HPO4 

3 (0.03043 moldm ), with pH(s) of 4.028 and 7.385 at 37 

°C, 
respectively, were prepared from BDH samples as 

recommended (10). These were used for calibrating the glass 

electrode. 

6.2.2 Apparatus and Instrumentation 

The titration system used is shown in Fig. 6.1. The 

titration cell was a double walled beaker, thermostated at 

37 °C. It was fitted with a Teflon cap with five 

apertures for the glass electrode, reference electrode, 

burette tube, thermometer and nitrogen bubbler. The 

stirring was by a magnetic stirrer. An automatic burette 

(Mettler DV 11) was used. The emf was measured with a 

Radiometer glass electrode (type 202C) in conjunction with a 

Russell (type CRR) calomel reference electrode. 

A Rockwell, AIM65 microprocessor via a serial interface was 

used for recording data and controlling the burette. The 

input - output from the CPU was through a VIA (Versatile 

Interface Adaptor) which contained two 16 bit counters and 

two 8 bit bi-directional input/output ports connected as 

shown in Appendix 6.1. The burette functions (volume 

increments, total volume delivered and time interval allowed 

for equilibration between each reading) and data acquisition 

were controlled by the use of BASIC and ASSEMBLER software 

stored on a cassette tape. The data output was displayed on 

the integral 20 digit alpha-numeric display, printed on the 

thermal printer and simultaneously transferred via a second 

serial interface to the MTS (Michigan Terminal System) 

mainframe. These data were, subsequently, analysed by two 

non-linear least squares programs SCOGS 2(10,11) and 

SUPERQUAD 
12). 

The BASIC and ASSEMBLER programs are 
( 

listed in Appendices 6.2 and 6.3. 
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6.2.3 Titration-Procedure 

The titrand was solutions of HEPES, MOPS, BES and TES 

protonated with HC1 in a background of 0.15 mol dm 
3 

KNO3, KC1, NaCl or LiCl, for the determination of 

dissociation constants. For evaluating the formation 

constants, metal ion (Ca2+/K+): Buffer were taken in the 

ratios 1: 1 or 1: 2 in the same ionic strength backgrounds. 

The titrant was 1 mol dm -3 or 0.5 mol dm -3 KOH (NaOH for 

K+ association determinations). The titrant was added in 

0.02 or 0.05 ml increments. After each addition, 2 to 3 

minutes were allowed for equilibration before the readings 

were taken. 

The pH glass electrode was calibrated with the NBS phthalate 

and phosphate buffers before each titration. 

6.3 THE PRINCIPLE OF NON-LINEAR LEAST SQUARES 
13,14,15,16,17 

If there are 'n' experimental observations Y1, Y2 ... Yn, 

each having an associated random error el, e2 ... en and each 

depending non-linearly on a set of m 4. n parameters, then: 

Y. = fi (xl, x2 .... xm) + ei - 
6.9 

If the initial estimates of the parameters x1, x2 ... xm are 

xl 
°, 

x2 
° 

... xm 
°, then the observations Y. can be 

expanded using the Taylor Series. Neglecting terms higher than the 

first order, equation (6.9) can be written as: 

yi fi (xi, x2 
° 

... x, 
°ý) +bx/ö 

xl-xi) 
+ (bfi/bxm)° (xm x, °, ý) + ei - 6.10 

m 
ooo (df/Sx. ) Ax. + e. 

or Yi-fi (x' x2 ... xm) _ j=1 
i]031 

or Afi= 51 (Sfi/Sxi)oAxi t ei - 
6.11 

The problem is thus reduced to a linear form. To write equation 

(6.11) in matrix notation, let 
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F = vector containing bfi terms 

E = vector containing e. terms 
i 

A = matrix containing the terms (- ) 
o Sxj 

X = matrix containing Ax terms t 

F= AX+E - 6.12 

If a vector X represents the 'best fit' values of X, then a vector 

of residuals V can be defined as: 

V=F- AX 6.13 

The quantity to be minimised is the sum of the square of the 

residuals S: 

S= VTV - 6.14 

where VT is the transpose of V 

If the variances of the residuals are not equal 

S= vTwv - 6.15 

where W is a weighting matrix; usually a diagonal matrix with the 

variances ( 621 ) as diagonal element 

Substituting (6.13) in (6.14) and noting that 

(AX)T = ATX-T 

S= FTWF + XT AT WAX - 2XTATWF - 6.16 

To minimise S, (6.16) is differentiated with respect to each of the 

parameters 
IC in turn and equated to zero. 

&s = 2(bx T) (AT WAX - ATWF) =0-6.17 

ATWAX = ATWF - 6.18 

Or X= (AIWA)-1 ATWF - 6.19 

X obtained from equation (6.19) gives the least squares estimates 

of-the parameters in one iteration, which produces a lower sum of 

squares of the residuals. This is used as initial estimates for 

the next calculation. This iterative procedure continues until the 

process converges in a finite number of iterations to specified 

convergence limits. The variance of the parameters is given 

by 
(14) 

2. VT WV 6-6.20 (n-m) 
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where (n - m) is the number of degrees of freedom of 6 Z; 

n= number of observations; 

m= number of parameters to be determined. 

In the Gauls-Newton method of minimisation of a non-linear 

function, the function is expanded as a Taylor series and truncated 

at the first order term. In the Newton-Raphson approach, the 

second derivatives are taken into account to improve convergence 

properties. 

To protect against divergence and to accelerate convergence, 

several non-linear least squares programs, including SUPERQJAD, use 

the Marquardt technique 
(18). 

To explain this briefly, a concept 

of the steepest descent method of minimisation is needed. The 

parameters are improved from the current trial values by 

adjustments in proportion to the derivatives at the particular 

point, along a descent line. This method converges rapidly, 

initially. However, when the minimum is approached, derivatives 

have smaller magnitudes and convergence becomes very slow. The 

Marquardt algorithm uses the steepest descent algorithm away from 

the minimum while the Gauss-Newton iteration is used as the minimum 

is approached. 

6.4 APPLICATION TO THE REFINEMENT OF STABILITY CONSTANTS 

6.4.1 General 

The formation constant can be represented by the equation 
h_ Pmlh m Ll Hhl/[Ml`° ILJ1 AH 6.21 

Where m and 1 are positive integers or zero and h is 

positive for protonated species, negative for hydroxo 

complexes or zero. 

[MmL1Hh] is the concentration of the complex species 

[M] and [L] are concentrations of the uncomplexed reactant 

species. 

A,, is the measured proton activity. 
h 

- 172 - 



For each experimental point of the titration curve, the 

following mass balance equations are valid: 

3Q 
TM ° [M] +m ß 

m1h 
[M]m[L]1[H]h 

i 
TL = [L] +ýslßmlh [M]m[L]1[H]h 

- 6.22 

- 6.23 

TH - [H] hZ hß m1h 
[MImELI1EHIh + AH/f-KW/AH) - 6.2k 

where TM, TL and TH are the analytical concentrations 

of metal, ligand and proton respectively and are known from 

the quantities used to make up the test solutions. f is the 

activity coefficient for H+ and KW the dissociation 

constant of water AH is obtained from the potentiometric 

titrations. 

The unknown parameters are [M] and [L] for each point and 

the stability constant Pmlh' 

From equations 6.22 and 6.23, [M] and [L] can be calculated 

by the Newton-Raphson method. P 
mlh 

is estimated. The 

calculated titration volume or the calculated emf, 

YCalc' can be obtained from 
a 

YCalc - EQ 
nLJ h=1r mlh 

(MJm(LJl(HJh + AH")"- VA 
H) 

+ EX - 6.25 

where EQ is the equivalence point volume/emf. 

n1 is the number of protons of the ligand that can be 

titrated. 

Ex is the volume/emf corresponding to the excess of strong 

acid. 

The error square sum is thus given by: 

Si = (YeK - YCa1c)2 6.26 

YeK is the experimentally observed volume/emf. To 
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obtain the 'best' fit, the minimum of the error square sum 

is sought by solving 

ýSi/blogßmlh =0 (SLOGS) or (bSi/ bßmlh 0 (SUPERQUAD). 

The correction vector X thus obtained is used to estimate 

the new values of the formation constants which are better 

approximations to the final value and are used for the next 

refinement cycle. The iterative procedure continues until 

the best values of ß are obtained. 

6.4.2 Applied to Good Buffers 

The 'Good' buffers used, MOPS, TES, BES and HEPES are 

zwitterionic. They were considered as LH ± in the 

unprotonated form (h 1), the equilibrium is therefore: 

+_+ -- 
LH2 

+H' 
LHH 

+L 

Considering equation 6.21 and noting that m=0,1 -1 and 

h-1 or 2, the formation constants can be written as: 

Ka 
[LH±] (a ß): L+ H+ = LH± - 6.27 

a2 [L]AH+ 0,1,1 
, 

K 
[L l (-ß KxK): LH± + HLH+ 6.28 

a1 [LH-]AH+ O, 1,2 a1 a2 2 

Metal complexes of the 1: 1 type were formed with the 

zwitterionic and protonated forms of the buffers. The 

corresponding formation constants are therefore given by the 

equations: 

LH± +M ý-" 1LH± 

KNLH± [MLH±]/[M] [LH+] - 6.29 

x 
1,1,1 

Ka2 M Ht 
- 6.30 

Mi +M= ILH2 

KICH+ - [MLHg1/[M] [LH J-6.31 

2 

ý 
P1,1,2 Ka1 < KMLH2 - 6.32 

6.5 SCOGS ̀ 2 AND SUPERQUAD 

SCOGS 2 
(11) 

is the latest version of the program "Stability 

Constants of General Species". In a critical examination of the 

(19) 
numerical manipulation of titration data, Field and McBryde 
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state that "experience with simulated titration data has revealed 

that the SCOGS program consistently achieves good recovery of the 

starting equilibrium constants and also the smallest values of 

standard deviations in pM and pL. In view of this performance, the 

authors, Field and McBryde, have come to place most reliance on 

this program to indicate 'correct' equilibrium constants, derived 

from real titrations .... 
". A typical input data file for a SCOGS 

2 evaluation of formation constants is shown in Appendix 6.4. 

SUPERQUAD 
(12) 

is a recent program. It was designed as an 
(22) 

improvement to a previous program, MINIQUAD , thus it 

SUPERsedes miniQUAD. A typical input data file for SUPERQUAD is 

shown in Appendix 6.5. 

The following is a comparison of the two programs. 

SCOGS 2 SUPER¢JAD 

1. The residual minimised is 

the titre volume. 

2. Since the experimental 

error in titre volume is 

similar over all points, 

no weighting of the 

readings has been applied. 

1. The residual minimised is pH/emf. 

This means that the pH/emf is the 

dependent variable, whereas the 

titre volume is the independent 

variable and so is presumed error 

free. The pH/emf are assumed to 

have a Gaussian distribution of 

errors. 

2. Since electrode readings near the 

end point are more error prone, 

because of larger values of 

dpH/dV, a weight is assigned to 

each titration point, inversely 

proportional to the variance at 

that point. 
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SCOGS 2- -SUPERQUAD 

3. The residuals are minimised 3. The Gauss-Newton method of 

using the Newton-Raphson 

method 

4. The refinement parameter is 

log A 

5. Allows for variations in 

minimisation protected against 

divergence by the Marquardt 

(Fletcher) algorithm is used. 

4. Aj is preferred as the refinement 

parameter 
(21) 

5. Activity coefficients have been 

ionic strength by inputing ignored. 

the mean activity 

coefficient of H+ and 

0H (f). 

6. Liquid junction effects have 

been ignored. 

7. Numerical derivatives are 

used. 

8. There is no provision for 

impure substances. 

6. Liquid junction potentials were 

accounted for in earlier versions 

of the program, but were found to 

be of limited utility. 

7. This program uses implicit 

(analytical) differentiation. 

The advantage of analytical 

derivatives is higher speed of 

calculation and better 

(20,33) 
convergence 

8. There is provision for treating 

data relating to substances which 

are not available in a high state 

of purity, by treating the 

corresponding parameters as 

variables. 

9. The diagnostics generated 

are, for each experimental 

9. The diagnostics available are 

relative errors, sums of squares, 
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SCOGS 2 SUPERQUAD 

point, the residual sample standard deviation, 

(volume of titrant added: standard deviations of each 

calculated - experimental), 

the total concentration of 

each metal and ligand, the 

concentrations of each free 

metal and ligand and 

the concentrations of each 

complex species. Finally, 

the standard deviation and 

a scatter plot are printed. 

constant, y2 statistics, plots 

of residuals and species 

distributions. ý2 is a 

goodness of fit statistic. The 

residuals have a Gaussian 

distribution and are divided into 

eight classes defined by the 

limits -o(, -1.156, -0.6756, 

-0.3196,0.0 +0.3196, +0.6756, 

+ 1.15 6 ando( . The degrees of 

freedom (k) are (n-1) `6 . 

is defined as 

`Y m kS2/62 

where S2 sum of the squares 

of residuals and 62 

variance. Values of'' 
2 for 

various confidence intervals can 

10. SCOGS 2 does not have any 

automatic model selection for 

different species and each 

model must be independently 

tested by the user 
33 

be found in tables. For k-6 

and for 95% confidence x+24 12.60. 

In SUPERQUAD, the best model is 

taken as the one with the lowest 

sample standard deviation and no 

ill defined formation constants 

(i. e. positive values with 

standard deviations less than 33% 

of their value). If after 

refinement a formation constant 
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---------------------------------------- --------------------------------- 

.. ----------SLOGS-2.. --... .. ----------SUPERQUAD................. 

is found to be ill-defined, a new 

model is automatically generated 

from which the ill-defined 

species is rejected. Negative 

constants are rejected at the end 

of the refinement. Each 

successive model uses as initial 

estimates the best constants 

stored for the previous model 

before a new refinement is 

33 
started 

6.6 RESULTS AND DISCUSSIONS 

The titrations were performed with 0.5 mol dm-3/1.0 mol dm -3 

base in 0.15 mol dm -3 KNO3, KC1, NaCl on LiCl as supporting 

electrolyte. A saturated calomel electrode was used as the 

reference electrode. The correct equation for pH measurements in 

such a system would be 

p[H] ° pH - log F-6.33 

where (H] ° concentration of hydrogen ions 

and 

log Fa log f- &Ej + &pH - 
6.34 

f= activity coefficient of hydrogen ions 

p. Ej = residual liquid junction potential 

& PH a small systematic errors which may arise 

Neither SCOGS2 nor SUPERQUAD offer any means of corrections for 

liquid junction effects. P. Gans 
12 

states such corrections are 

negligble in pH range 3- 11. In SCOGS2 there is provision for 

activity coefficient corrections. This will be discussed in the 

next paragraph. 
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It is normally possible to calculate the free hydrogen ion 

concentration by titrating the standardised acid in the appropriate 

background. If V0 ml of acid of concentration 

Co mol dm 3 is titrated with Vt ml of base of concentration 

Ht mol dm , the charge balance at any point of titration will -3 

be 

[H+] + [B+] _ [Ä] + [OH-] -6-35 

substituting [OH-], (A-] and B+ by their actual values and 

making VTOT = V0 + V. gives 

[H+] + (HtVt/VTOT) = (C0 V0/VTOT) + (KW/[H+]) -6-36 

Rearrangement gives 

[H+] calc =ý(C0V0 - HtVt) + [(C0V0 - HtVt)2 + 4K. VTO] /2VTOT - 6.37 

The program MINIGLASS 
30 

has this provision. In this situation, 

however, the ligand is zwitterionic and is a source of protons, 

hence this procedure cannot be adopted. To find an alternative, 

initially, a value of f=0.81 which was used by previous 

workers 
25,26, for 0.15 mot dm -3 KNO3 background, was tried. 

This was found to cause a systematic error in the acidic regions 

(FIG 6.11 a and b). Subsequently, the variation of the standard 

deviations obtained with values of f, 0.75 4f 41.00 were examined 

in the various backgrounds (FIG. 6.12). The minimum was found to 

be towards f=1. This value was, therefore, used in the analysis 

of data. It seems logical to assume that the activity coefficient 

(and liquid junction) effects are probably negligible in this 

system. A similar procedure was adopted by Childs and Perrin 26 

for metal ion-amino acid systems. The uncertainty in the value of 

f seems to affect pKal and log ß 
M112L+ values in the acid region. 

The dissociation constants and formation (binding) constants 

evaluated at 37° C for MOPS, TES, BES and HEPES are given in 

detail in Tables 6.3 - 6.10. A summary of the results, together 

with other published values, is given in Table 6.11. 
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First derivative plots of the titrations were plotted using the 

GIDST facilities of MTS. The programs used for calculating the 

first derivatives and plotting the graphs are listed in Appendices 

6.6 and 6.7 respectively. Some first derivative plots are shown in 

FIGS. 6.2 - 6.10. These show clearly that there is one predominant 

equivalence point in both the pH titrations in absence of a metal 

ion and in presence of a metal ion thus supporting the conclusions 

that follow. 

Both SCOGS2 and SUPERQUAD give excellent agreement in the values of 

dissociation and binding constants. The models seem to be fulfil 

the criteria for acceptability with both programs (SCOCS: G (3x 10-3) 

(SUPERQUAD: yp( 12.6, GL 3, SD of formation constant < 33% of its value) 

Examination of the data for dissociation constants does not seem to 

reveal any obvious media trends. This can probably be attributed 

to the fact that K+ binding is negligble. Na+ and Li+ 

binding are probably negligible as well. Also, liquid junction 

effects must be minimal in the pH regions of interest. The pKa2 

values are comparable with the values obtained by Bates 
2,3 

(Table 6.11) Except for HEPES (pKal - 3.09) the pKal values 

are found from the region pH <. 2, which is too low for them to be 

meaningful. 

The formation constant data support only 1: 1 models; the 1: 2 or 2: 1 

models were rejected as excessive by SUPERQUAD. The percentage of 

metal iron bound to the buffer was calculated using the KMH± 

constants. The KH+ constants were ignored because, as seen by 
2 

the points D in the plots in FIG. 6.13, they are not of interest in 

the pH range of physiological interest 

The mass balance equation is 

TM = [M] + (MLH± ]- 

where TM total metal concentration 

[M] concentration of uncomplexed metal 

[ILH± ] concentration of the MLH ± 
species. 

If o` = fraction of free ion, then 
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o(- = 

or aC = 

but 
H± _ 

therefore 

M- a 

TM [M] + [rq x'l 

([M] + [MLH±] / [M])-1 

(1 + [MLH±1 /[M])-l 
[MLH±]/[M] [LH±] 

= (1 + KMLH± (LH* ])-1 

% of metal bound = 100 (1 -K) 

The percentage of calcium bound versus ligand concentration is 

plotted in FIG. 6.14. The order of binding was 

MOPS < HEPES ( TES 4, BES 

The percentage of potassium bound was too low to give meaningful 

plots. The order of binding is the same. From the point of view 

of calcium and potassium complexation, therefore, it appears that 

MOPS is the preferable of the four buffers. 

The binding of sodium to HEPES was investigated in this laboratory 

by a project student32. His results are reproduced here: 

Temp. = 37 °C. 
Conc of HEPES = 0.02 mol dm -3 
Conc of SODIUM = 0.02 mol dm -3 
Conc of HC1 = 0.02 mol dm -3 
Conc of KOH = 0.05 mol dm -3 
Initial Volume = 50 ml 

SCOGS2 

Log$NaL 6.0249 S. d. - 4.093 x 10-3 in ml titrant 

Log, 6NaL2 = 8.8983 

SUPERQUAD 

Logß NaL ° 6.02305, S. d. a 9.97 x 10-4 2.8.79 

Logg NaL2 
8.89704, S. d. - 9.35 x 10-4 

Thus 

--MLH = log~ NaL - log K(HL) m -1.3 (approx. ) 

showing that no complexation occurs. 

The binding of sodium to TES, BES and MOPS has not been 

investigated. 

- 
6.39 

6.40 

- 
6.41 
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6.7 FUTURE-WORK 

Programs such as ESTA 27 
and MIQW 

28, 
allow for liquid 

junction potential corrections. In ESTA, this is done using 
i 

LJ LJ Wo 
_ 

6.12 EK = EK - Ei 

where EKJ0 is the liquid junction potential, calculated from 

Henderson equation 
29, between the bridge solution and a test 

solution containing the bridge ions only at pH -7 and at the 

reference ionic strength. 
i 

EK is the liquid junction potential between the actual 

solution and the bridge solution. This results in EK values 

tending to zero as the pH tends to 7. Hence, in the pH region of 

interest, liquid junction effects will be small. 

ESTA also allows for activity coefficient corrections using the 

Davies extension of the Debye-Huckel formula and for electrode 

selectivity corrections. It also provides for interconversion of 

data into input files for other programs such as MINIQUAD, 

SUPERQUAD, SCOGS2 etc., making intercomparisons easier. Another 

facility provided by this program is that plots of the formation 

and of the deprotonation functions can be obtained. This gives 

useful information on the nature of the main species. This is well 

illustrated by Casassas et al. in reference 34. It would be of 

interest to analyse the present data using ESTA. 

The program STBLTY (Avdeef), has provisions for corrections of 
31 

dilution effects introduced by the addition of titrant and for 

changes in ionic strength due to the presence of species other than 

the supporting electrolyte. The Davies modified Debye-iiuckel 

equation is used for the latter. The present data could be 

analysed using this program as well. 

A further possibility of extending this work is to evaluate the 

binding constants using metal ion selective electrodes and ion 

selective field effect transistors instead of the conventional 

glass electrode. 
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Table 6.3 
DISOCIATION CONSTANTS OF MOPS (CONC IN MOL/L) 

II NO I I SCOGS I SUPERQUAD 
II QF I I 1 - 1 

[MOPS] I[HCL] I[KOH] I MEDIA I PTSI pKal I pKa2 I(1E-03)ICHI I SICMAI (1E-03) I 

SIGMA II I pkal pka2 I 
I -I I I II 

" 
i S. D. I 

i 

. 02 
I 
I . 04 

I 
11.00 

iI 
I . 15KC1 1 

i 
551 

I 
1.1901 

I 
6.9711 1.0 

iI 
118.51 

I 
1.0 1 

I 
0.6 1 

i 
0.7 I 

. 01 
I 
I . 02 

I 
1 1.00 

II 
I . 15KNO31 

I 
281 

I 
1.1041 

I 
6.9911 1.4 

II 
15.11 

I 
1.4 1 

I 
2.1 1 

I 
3.5 I 

. 01 
I 

I 
I . 02 

I 
11.00 

II 
I . 15KN031 

I 
271 

I 
1.0041 

I 
7.0021 1.0 

II 
12.31 

I 
1.0 1 

I 
1.6 1 

I 
2.7 I 

. 01 
I 
I . 02 

I 
11.00 

II 
I . 15KN031 

I 
281 

I 
I 

I 
I 

II 
II 

I 
I 

I 
I 

I 
I 

. 01 I 
. 02 11.00 I 

. 15KN031 271 1.0561 6.9961 4.8 112.61 4.7 I 5.41 9.0 I 

. 02 
I 
I 

. 02 
I 
11.00 

II 
I . 15KN031 

I 
301 

I 
0.9981 

I 
7.0001 1.4 

II 
111.11 

I 
1.3 1 

I 
0.9 1 

I 
1.9 I 

I 

. 02 
I 
I . 04 

I 
10.50 

II 
I . 15KN031 

I 
541 

I 
1.2501 

I 
6.9761 1.0 

II 
110.91 

I 
1.0 1 

I 
0.3 1 

I 
0.4 I 

I 
. 01 

I 
I 

. 02 
I 
11.00 

II 
I 

. 15NaCll 
I 

261 
I 

1.0051 
I 

6.9991 1.0 
II 
19.11 

I 
1.5 1 

I 
2.3 1 

I 
4.7 I 

I 

. 02 
I 
I . 04 

I 
10.50 

II 
I . 15NOCII 

I 
891 

I 
1.0001 

I 
7.0001 1.1 

II 
111.41 

I 
1.1 1 

I 
0.3 1 

I 
0.4 

. 02 
I 
I . 04 

I 
11.00 

II 
I . 15LiCII 

I 
541 

I 
1.0021 

I 
7.0011 1.2 

II 
12.01 

I 
1.4 1 

I 
0.8 1 

I 
1.9 I 

. 01 
I 
I . 04 

I 
11.00 

II 
I . 15LiCII 

I 
521 

I 
1.0011 

I 
6.9971 0.9 

II 
14.31 

II 

I 
1.0 1 

I 

I 
0.6 1 

I 
0.8 I 

. 02 I 
. 04 11.00 

II 
I . 15LiCIl 

I 
541 

I 
I 

I 
I II I 

I 
I 

I 

. 02 I 
. 04 11.00 1 

. 15LiCIl 521 1.0011 6.9991 1.2 110.21 1.2 1 0.5 1 0.7 
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Table 6.4 

DISOCIATION CONSTANTS OF TES (CONC IN MOL/L) 

I NOI I 
I OF 

I [TES] 

I 
1 

I[HCL] 

I 
I 

I[KOH] 

I 
I 

I MEDIA I 

II 
I 

PTSI 
I 

pKal I 

i 
I 

. 01 
I 
I . 02 

I 
11.00 

I 
II 
I 

. 15KCI 1 

ýi I 
301 

I 
1.6201 

I 

. 01 
I 
I . 02 

I 
11.00 

II 
I . 15KCI 1 

I 
291 

I 
1.7111 

. 02 
I 
I . 02 

I 
11.00 

II 
I . 15KCI 1 

I 
361 

I 
1.5991 

I 
. 01 

I 
I . 02 

I 
11.00 

I1 
I . 15KN031 

1 
301 

I 
1.6261 

I 
I . 005 

I 
I . 01 

I 
11.00 

II 
I 

. 15KNO31 
I 

151 1.6371 
I 
I . 005 

I 
I . 02 

I 
11.00 

II 
I . 15NcCII 

I 
621 

I 
1.7071 

I 
I . 01 

I 
I . 02 

I 
11.00 

II 
I . 15NOCIl 

I 
371 

I 
1.6191 

I 
I . 01 

I 
I . 02 

I 
11.00 

II 
I . 15NoCIl 

I 
301 

I 
1.6331 

I 
I . 02 

I 
I . 02 

I 
11.00 

II 
I . 15LiCII 

I 
371 

I 
1.6201 

I 
I . 01 

I 
I . 02 

I 
11.00 

II 
1 . 15LiCIl 

I 
301 

I 
1.6211 

I I 
I . 01 

I 
I . 02 

I 
11.00 

II 
I . 15KC1 1 

I 
301 I 

. 01 I 
. 02 11.00 I . 15KCI 1 291 1.6631 

I 
I . 01 

I 
I . 02 

I 
11.00 

II 
I . 15NaCIl 

I 
371 I 

I . 01 1 
. 02 11.00 1 . 15NoCIl 301 1.6251 

SCOCS I SUPEROUAD 
II 

pKo2 I(1E-03)ICHI ISIGMAI (1E-03) 
PKa1 PKa2 

S. D. IIiS. D. 

7.2731 0.9 111.11 1.4 2.6 12.1 I 

IIII 
7.2631 0.8 19.91 1.4 12.6 12.1 I 

IIIII 
7.2701 0.6 16.71 0.7 10.5 10.4 I 

IIIIII 
7.2641 0.8 110.01 1.1 12.1 11.7 

IIIIII 
7.2531 0.8 121.81 2.4 110.0 113.8 I 

IIIIII 
7.2601 0.6 14.31 0.7 12.2 11.9 I 

IIIIII 
7.2691 0.8 114.71 0.9 11.6 11.2 I 

IIIIII 
7.2621 0.9 114.31 0.9 11.6 11.3 I 

IIIIII 
7.2731 0.6 13.41 0.7 10.6 10.4 I 

IIIII 
7.2701 0.6 15.21 0.9 11.7 11.3 I 

IIIIII 
IIIIII 

7.2681 8.1 114.61 8.1 110.5 18.4 I 

IIIIII 
IIIIII 

7.2661 1.5 113.41 1.6 11.9 11.5 1 
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Table 6.5 

DISOCIATION CONSTANTS OF BES (CONC IN AML/L) 

i I I II NoI I I SCOGS I SUPERQUAD I 
II OF I I I I I 

[6E5] I[HCL] I[KOH] I MEDIA I PTSI pKal I pKa2 I(1E-03)ICHI I SIGMAI (1E-03) 

i i I II -I 
I pI1 pKo2 

. 01 I 
. 02 10.50 I 

. 15KCI 1 601 0.8801 7.0101 0.5 18.81 0.5 1 0.6 10.3 I 

. 02 
I 

I 
I 

. 02 
I 
10.50 

II 
I 

. 15KC1 1 
I 

791 
I 

0.8901 
I 

7.0001 0.6 
II 
110.81 

I 
0.6 1 

I 
0.4 1 

I 
0.1 I 

. 01 
I 
I . 02 

I 
10.50 

II 
I . 15KN031 

I 
581 

I 
0.9711 

I 
7.0091 0.7 

II 
110.41 

I 
0.7 1 

I 
0.7 1 0.4 I 

. 01 
I 
I . 02 

I 
10.50 

II 
I . 15KNO31 

I 
751 

I 
0.9201 

I 
7.0101 0.6 

II 
13.81 

I 
0.6 1 

I 
0.3 1 

I 
0.1 I 

I 
. 01 

I 
I 

. 02 
I 
10.50 

Ii 
I 

. 15NoCII 
I 

581 
I 

0.9101 
I 

7.0111 0.5 
II 
18.21 

I 
0.5 1 

I 
0.6 1 

I 
0.3 I 

. 02 I 
. 02 

I 
10.50 

I1 
I 

. 15NoCII 
1 

751 
I 

0.9631 
I 

7.0101 0.5 
II 
19.81 

I 
0.5 1 

I 
0.3 1 

I 
0.1 I 

. 02 I 
. 02 

I 
10.50 

II 
I . 15NcCIl 

I 
731 

I 
0.9651 

I 
7.0131 0.5 

II 
15.61 

I 

I 
0.5 1 

I 

I 
0.3 1 

I 

I 
0.1 I 

. 02 
I 
I . 02 

I 
10.50 

II 
I . 15NaCIl 

I 
751 

I 
I 

I 
I 

I 
II I I 

I 
I 

. 02 I 
. 02 10.50 I 

. 15NaCIl 731 0.9641 7.0121 1.1 110.31 1.1 1 0.4 1 0.1 I 

. 01 
I 
I . 02 

I 
10.50 

II 
I . 15LiCIl 

I 
601 

I 
0.9701 

I 
7.0111 0.5 

II 
18.81 

I 
0.5 1 

I 
0.5 1 

I 
0.3 I 

. 02 I 
. 02 10.50 

II 
1 . 15LIC11 

II 
7510.980 1 

I 
7.0091 0.5 

1I 
14.51 

I 
0.6 1 

I 
0.3 1 

I 
0.1 1 
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Table 6.6 

DISOCIATION CONSTANTS OF HEPES (CONC IN MOL/L) 

II N01 I I SCOGS SUPERQUAD I 

II QFI I 1 - 1 1 
(HEPES]I[HCL] I[KOH] I MEDIA I PTSI pKal I pKa2 I (1E-03)ICHI I SIGMAI (IE-03) I 

I p Ißt pKa2 I 

. 02 
I 

I 
. 02 I1 I 

. 15KCI 1 401 3.0301 7.4261 1.9 15.61 2.0 1 1.0 1 1.0 I 

. 02 
I 
I . 04 

I 
I1 

II 
I . 15KCI 1 

I 
471 

I 
3.2391 

I 
7.4251 2.4 

II 
14.91 

I 
2.5 1 

I 
1.0 1 

I 
2.0 I 

. 01 
I 
I . 02 

I 
I1 

II 
I . 15KN031 

I 
231 

I 
3.1471 

I 
7.4351 3.2 

II 
13.81 

I 
3.0 1 

I 
5.0 1 

I 
6.0 I 

. 02 I . 04 I1 
II 
I . 15KN031 

I 
411 

I 
I 

I 
I 

II 
II 

I 
I 

I 
I 

I 
1 

. 02 I 
. 04 I1 I 

. 15KNO31 291 3.1791 7.4031 5.6 15.71 7.7 1 3.0 1 3.0 I 

. 02 I 
. 04 I1 

II 
I 

. 15KN031 
I 

411 
I 

3.1691 
I 

7.4021 3.4 
II 
13.41 

I 
11.5 1 

I 
1.9 1 

I 
2.5 I 

I 

. 02 
I 
I . 04 

I 
I1 

II 
I . 15KN031 

I 
291 

I 
3.1941 

I 
7.4071 3.3 

II 
13.61 

I 
7.7 1 

I 
2.7 1 

I 
3.6 I 

. 02 I 
. 02 I1 

II 
I . 15KN031 

I 
371 

I 
2.8411 

I 
7.4201 0.9 

II 
11.71 

I 
0.9 1 

I 
0.5 1 

1 
0.6 I 

. 01 I 
. 01 I 

. 50 
II 
I . 15KNO31 

I 
281 

I 
3.1061 

I 
7.4231 2.1 

II 
18.61 

I 
2.2 1 

I 
1.0 1 

I 
1.0 I 

I 

. 02 
I 
I . 02 

I. 
I 

. 55 
II 
I . 15NaCIl 

I 
291 

I 
3.1251 

I 
7.4161 2.0 

II 
14.41 

I 
2.0 1 

I 

I 
0.7 1 

I 
0.9 I 

I I 

. 01 
I 
I . 02 

I 
I . 55 

II 
I . 15NoCIl 

I 
231 

I 
3.0781 

I 
7.4201 2.2 

II 
15.21 2.4 1 2.0 1 3.0 I 

. 02 I 
. 02 I 

. 55 
II 
I . 15LiCIl 

I 
651 

I 
2.9231 

I 
7.4191 2.1 

II 
15.31 

I 
2.0 1 

I 

I 
0.5 1 

I 

I 
0.6 1 

I 
. 01 I 

. 02 
I 
1 

. 55 
II 
1 

. 15LiCIl 
I 

491 
I 

3.0411 
I 

7.4121 2.2 
II 
111.21 2.2 1 2.0 1 2.0 1 
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Table 6.7 

CALCIUM BINDING CONSTANTS OF MOPS (GONG IN MOL/L) T-37 C 

[MOPS] I [M] I[HCI]I[KOH]I MEDIA I NO I LOG I LOG ISCOGS I SUPEROUAD 

I I II I KmhII Kmh21 +I I I 
I OF II I S. D ICHI I SIGMA I S. D. 
I II I(1E-031 I I (1E-03) 
I PTSI 'I III Ilog log 

I IBmhl BmhZil 

II 

. 02 I 
. 02 

I 

. 02 

I 
11.0 

II 
I. 15KC1 1 39 

II 
1-0.481 1.23 

III 
I 0.58112.11 

I 
0.7 

' 

I 
163.4 
I 

3.6 I 
I 

. 02 I 
. 01 

I 
I . 02 

I 
11.0 

II 
I. 15KC1 1 37 

II 
I-0.441 1.24 

II 
I 0.491 9.11 0.6 176.2 

I 
5.2 I 

I 

. 02 I 
. 02 

I 

. 02 
I 
11.0 

II 
I. 15KN03I 37 

II 
I-0.441 1.24 

III 
I 0.61113.81 

I 
0.7 

I 
159.6 
I 

I 
3.6 I 

I 

. 02 I 
. 02 

I 
I 

. 02 
I 
11.0 

II 
I. 15KN03I 37 

II 
I-0.451 1.22 

II 
I 0.771 6.01 
1II 

0.8 164.2 
I 

4.0 I 
I I 

. 02 I 
. 02 

I 

. 02 
I 
11.0 

II 
I. 15KN03I 37 

II 
II III I I 

. 02 I 
. 02 I 

. 02 11.0 I. 15KN031 37 I-0.451 1.23 I 0.751 8.01 
I 

0.9 145.8 
I 

2.9 I 
I I 

. 02 I 
. 01 

I 
I 

. 02 
I 
11.0 

II 
I. 15KNO3I 35 

II 
I-0.351 1.20 

II 
I 0.45I14.6I 

I 
0.5 167.1 

I 
5.2 ý 

I I 

. 02 I 
. 02 

I 
I 

. 02 
I 
11.0 

II 
I. 15NoCJI 38 

II 
I-0.361 1.25 

II 
I 0.60116.71 

I 
0.6 138.9 

I 
2.9 I 

I 

. 02 I 
. 02 

I 
I 

. 02 
I 
11.0 

II 
I. 15NoCII 39 

II 
I-0.511 

I 
1.24 

II 
I 0.67116.21 
III 

0.7 166.5 
I 

3.5 I 
I 

. 02 I 
. 02 

I 
I 

. 02 
I 
11.0 

II 
I. 15NaCII 38 

I 
II III I I 

. 02 I 
. 02 I 

. 02 11.0 I. 15NOCII 39 I-0.431 1.25 I 0.69116.61 
II 

0.7 138.0 
I 

2.4 I 

. 02 I 
. 01 

I 
I 

. 02 
I 
11.0 

II 
I. 15NoCII 37 

II 
I-0.391 1.24 

I 
I 0.711 9.61 

I 
0.9 1134.8 

I 
8.4 ý 

I I 

. 02 I 02 
I 
I 

. 02 
I 
11.0 

II 
I. 15L1CII 38 

II 
I-0.401 1.23 

II 
I 0.921 9.21 

I 
1.0 174.1 

I 
5.0 I 

I 

. 02 I 
. 01 

I 
I 

. 02 
I 
11.0 

II 
I. 15LiCII 

I 
38 

- 

II 
I-0.431 
II 

1.22 
II 
I 0.771 4.31 
I I-I 

0.9 1148.3 
( 

8.5 I 
I 

II II 
POTASSIUM 

IIII 
BINDING CONSTANTS OF MOPS 

III 
III 
III 

I 
I 
I 

I 
I II I 

[NaOH]I I II 
II 

III 
I (I 

I 
I 

I 
I 

. 02 I . 02 I . 02 I . 50 
I 

I. 15NoCII 
_ 

75 I-1.341 0.20 
- 

I 0.5 I11.1I 
I 

0.5 1 123 
I 

- 
7.9 I 

I II 

. 02 I 
. 02 

I 
I . 02 

I 
I 

. 50 
II 
I. 15NaCII 74 

II 
I-1.331 0.13 

II 
I 0.7 13.41 

II 
0.7 I"ex 1 

I 
1.7 I 

I II 

. 01 1 
. 01 

I 
1 

. 01 
I 
1 

. 50 
II 
I. 15NQGII 39 

II 
I-1.351 0.13 

I 
I 0.6 16.41 0.6 Ilex 108.71 

"ex=excessive 
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Table 6.8 

CALCIUM BINDING CONSTANTS OF TES (CONC IN MOL/L) T-37 C 

[TES] I [M] I[HCI]I[KOH]I MEDIA I NO I LOG ISCOGS I SUPERQUAD 

I I Inht I I--I I 
OF II S. D ICHI I SIGMA I S. D 

II (1E-031 I I(1E-031 
I PTSI I II I log 

iI II I, I 
I Knh1 I 

. 02 
I 
I 

. 02 
I 
I 

. 02 
i 
1 0.5 

II 
I. 15KCI 1 75 

II 
10.141 0.6 

II 
15.51 0.6 

I 
13.3 

. 02 I 
I 

. 02 
I 
I . 02 

I 
10.5 

II 
1.15KC1 1 73 

I1 
10.141 0.7 

II 
19.11 0.7 

I 
13.9 

I 

. 02 I . 02 
I 
I . 02 

I 
1 0.5 

II 
1.15KC1 1 75 

II 
II 

II 
II 

I 
I 

. 02 I 
. 02 I 

. 02 10.5 1.15KC1 1 73 10.141 0.6 15.41 0.6 12.6 

. 02 I 
. 01 

I 
I 

. 02 
I 
10.5 

1I 
1.15KC1 1 69 

II 
10.151 0.6 

II 
16.31 0.6 

I1 
16.8 I 

. 02 I 
. 02 I 

. 02 
1 
10.5 

Ii 
1.15KN031 74 

II 
10.141 0.6 

II 
15.81 0.6 

II 
13.5 

. 02 I 
. 01 

I 
I 

. 02 
I 
10.5 

II 
1.15KN031 ' 72 

II 
10.141 0.6 

II 
16.21 0.6 

II 
16.9 I 

II 
. 02 I 

. 02 
I 
I . 02 

I 
10.5 

II 
1.15NOCII 72 

II 
10.151 0.7 

II 
114.41 0.7 14.1 I 

I I 

. 02 I . 01 
I 
I . 02 

I 
10.5 

II 
I. 15NOCII 72 

II 
10.141 0.6 

II 
18.71 0.6 16.4 I 

I1 

. 02 I 
. 02 

I 
I . 02 

I 
10.5 

II 
I. 15LiCII 74 

II 
10.141 0.6 

II 
14.31 0.6 1 

1 
3.4 

1 
. 02 I 

. 01 
I 
I 

. 02 

i 

I 
10.5 

I 

II 
1.15LiCII 

II 
72 

II 
10.131 

II 
0.5 

II 
18.21 

I-I 
0.5 1 

I 
5.8 I 

I II 
I POTASSIUM 

IIII 
BINDING CONSTANTS OF TES 

II 
II 

I 
I I 

II I 
[NaOH]I I 

I 
II 
II 

II 
II 

I I 
I 
i 

I 
I 

. 02 I 
. 02 I 

. 02 I 
. 50 

i 
1.15NOCII 75 1-0.681 0.6 __ 16.81 0.6 1 22.5 I 

. 01 1 
. 01 

I 
1 . 01 

I 
1 . 50 

II 
1.15NaCII 39 

II 
1-0.681 

I 
0.4 1 

I 
14.51 

I 
0.5 1 

1 
114.61 
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Table 6.9 

CALCIUM BINDING CONSTANTS OF BES (CONC IN MOL/L) T-37. C 

I [BES] I [M] I[HCI]I[KOH]I MEDIA I NO I LOG I LOG ISCOGS I SUPEROUAD 

II I BmhII Bmh21+I II I 
II OF II I S. D ICHI I SIGMA IS . D. 
II II I(1E-0 3I I I (1E-03) 
II PT SI I I II Ilog log 

i Ii I 
I 

II 
IBmhl 
I 

Bmh2II 

i 
I 

. 02 
I 
I 

. 02 
I 
I 

. 02 
III 
10.501.15KN03I 77 

iI 
10.231 0.65 

i 
I 0.7 

II 
19.31 0.7 

I 
14.2 4.4 I 

I 
. 01 

I 
I . 01 

I 
I . 01 

III 
10.50I. 15KNO31 40 

II 
10.241 0.63 

I 
I 0.4 

II 
14.81 0.4 

I 
114.1 25.71 

I 
I 

. 02 
I 
I 

. 02 
I 
I 

. 02 
iiI 
10.50I. 15KCI 1 78 

iI 
10.231 0.66 

I 
I 0.5 

II 
16.31 0.5 

I 
13.0 

I 
3.121 

I 
I 

. 02 
I 
I 

. 01 
I 
I 

. 02 
III 
10.50I. 15KCI 1 40 

II 
10.251 0.63 

I 
I 0.5 

II 
18.41 0.5 

I 
116.9 

1 
31.71 

I 
I 

. 01 
I 
I 

. 01 
I 
I 

. 01 
III 
10.501.15NoCII 39 

II 
10.241 0.60 

I 
I 0.4 

II 
16.71 

I 
0.5 

I 
114.8 

1 

I 
29.21 

I I 
I . 01 

I 
I . 01 

I 
I . 01 

III 
10.501.15NaCiI 40 

II 
10.241 0.53 

1 
I 0.4 

I 
18.01 0.4 114.8 33.91 

I 
I . 02 I 

I 

. 02 
I 
I . 02 

II1 
10.501.15NaCII 75 

II 
10.231 0.66 

I 
I 0.6 

II 
15.81 0.6 

I 
13.8 

I 

I 
3.91 

1 1 

. 01 I . 01 
I 
I . 01 

III 
10.501.15LiCII 40 

II 
10.261 0.68 

I 
I 0.5 

II 
14.81 

II 
0.5 117.2 

I 
28.41 

I II 
I . 02 I . 02 

I 
I . 02 

III 
10.501.15LiCII 78 

II 
10.241 0.68 

I 
I 1.0 

I 
19.21 
II 

1.0 15.9 
I 

6.11 
I I 

I . 01 I . 01 
I 
I . 01 

III 
10.501.15NoCII 39 

II 
II I II I I 

. 01 I 
. 01 I 

. 01 10.501.15NaCll 40 10.241 0.57 I 0.4 13.31 0.5 110.5 22.01 

II IIIIII 
I POTASSIUM BINDING CONSTANTS OF BES 

I 
I 

I 

Ii 
II 

II 

I 
I 

I 

I 

I II I 
[NOOH]I I II I 

I 
II 
iI 

I 
I 

I 
I 

. 02 I . 02 I 
. 02 

i 
I . 50 I. 15NoCII - 74 

iI 
I-0.171 0.06 I 0.5 117.21 

I 
0.5 17.8 

I 
12.81 

I I 

. 02 I . 02 
I 
I . 02 

I1I 
I . 50 I. 15NaCII 74 

II 
1-0.181 0.07 

I 
I 0.6 

I 
16.01 

I1 
0.6 19.2 

I 
13.91 

I I 
I . 01 1 . 01 

I 
1 . 01 

1II 
1 . 50 1.15NOCIl 37 

II 
1-0.171 0.16 

I 
1 0.5 18.21 0.4 1 47.3 99.91 
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Table 6.10 

CALCIUM BINDING CONSTANTS OF HEPES (CONC IN MOL/L) 1=37°C 

[HEPES]) [M] I[HCI]I[KOH]I MEDIA I NO I LOG I LOG ISCOGS I SUPERQUAD 

I I I II I Kmhl Kmh21+I II I 
I OF II I S. D ICHI I SIGMA I S. D. 

I II I(IE-0 31 I I (1E-03) 
I PT SI I I II - Ilog log 
I II I II IBmhl Bmh21I 

I 
. 02 I 

I 
. 02 

I 
I . 02 

I 
I . 55 

II 
I. 15KN03I 66 

II 
10.091 1.48 

I 
I 1.3 

II 
I10.4I 1.4 

i 
114.4 1.7 I 

I 
. 02 I 

I 
. 02 

I 
I . 02 

I 
I . 55 

II 
I. 15KNO3I 66 

II 
10.101 1.34 

i 
I 1.2 

II 
13.31 1.2 

I 
111.7 1.5 I 

I 
. 01 

I 
. 01 

i 
. 02 

I 
I 

. 55 
iI 
I. 15KNO3I 44 

II 
10.071 1.16 

I 
I 1.7 

II 
16.91 1.8 

I 
1116.9 12.71 

I 
. 02 I 

i 
. 02 

I 
I 

. 02 
I 
I1 

II 
I. 15KC1 1 35 

II 
10.091 1.17 

I 
I 1.7 

II 
17.71 1.9 

I 
149.9 7.51 

I 
. 02 I 

I 
. 01 

I 
. 02 

I 
I 

. 50 
II 
I. 15KCI 1 73 

II 
10.111 1.17 

I 
I 1.3 

1I 
16.91 1.3 

I 
121.2 

I 
3.31 

I 
. 02 I 

. 02 
I 
I 

. 02 
I 
I 

. 50 
Ii 
I. 15NoCII 35 

II 
10.051 1.21 I 

I 
3.8 

II 
14.51 3.8 

I 
156.1 

I 
7.31 

. 02 I 

i 
. 01 

I 
. 02 

' 

I 
I . 50 

II 
I. 15NOCII 35 

II 
10.091 

I 
1.18 I 1.0 

I1 
16.81 1.1 

I 
127.8 

I 
3.91 

I 

. 02 I . 02 
I 
I . 02 

I 
I . 50 

II 
I. 15LiCII 38 

II 
10.081 

I 
1.18 I 0.9 

II 
18.71 0.9 

I 
111.0 

I 
1.71 

. 02 I 

I 
. 01 

I 
I . 02 

I 
I . 50 

II 
I. 15LiCII 36 

II 
10.081 

I 
1.18 I 
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Fig. 6.3 
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Fig. 6.9 
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Fig. 6.11a 

f=1.00 

TITRATION TITLE 

NUMBER 

1 . 02moPS,. 02CoCI2,. 02HCI/1KOH 1.. 15KN03 

COMPOSITION OF SOLUTIONS USED IN EACH TITRATION 

TITRATION METAL 1 METAL 2 LIGAND 1 LIGAND 2 ACID BASE INITIAL PH 

NUMBER MULES PER LITER VOLUME CORRECTION 

1 2.0000E-02 0.0 2.0000E-02 0.0 001.000000 50.000 00 

BURETTE CORRECTION FACTOR : 1.00000 

1 METAL IONS 1 LIGANDS 6 COMPLEXES 

2M 

Mt M2 L1 L: H LOG BETA 

1 1 0 0 0 -1 -11.5700 

2 1 0 0 0 -. -24.1700 

3 0 0 1 01 7.0000 

4 0 0 1 0 0 0000 

5 1 0 1 01 6 7100 

6 1 0 1 02 9 2400 

-PKW--13 620 F- 1.00 

NUMBER OF PARAMETERS 6 TOTAL NUMBER OF READINGS 37 

STANDARD DEVIATION IN ML TITRANT WITH THE INPUT CONSTANTS : 7.579E-04 

STANDARD DEVIATION IN ML TITRANT : 6.117E-04 

5101016.5806 4- 0 0340 SHIFT--0.1294 

6101029.2393 +- 0 0031 SHIFT-0.0007 

I CYCLES CALCULATED 

STANDARD DEVIATrJN IN ML *ITRANT :6 086E-04 

S101016.5576 +- 0.0453 SHIFT-0 0230 

610109 2393 +- ? u03ß SHIFT-0 0000 

2 CYCLES CALCULATED 

STANDARD DEVIATION IN ML TI"RANT :6 086E-04 

5101016.5570 +- 0.0478 SHIFT-0 0006 

6101029.2393 + 0.0030 SHIFT- 0 0000 

3 CYCLES CALCULATED 

STD DEV. - 0.00061 

NO. OF 

POINTS 

37 

................ ........ +(t0)... . +(20) ..... +(30) .... +( 

1.50E-83+ + + + 

1.40E-03# + + + 

1.30E-93+ + + + 

1.20E-03+ + + + 

1.10E-03+ + + + 

1.00E-03+ "+ +" + 

9 00E-04+ +" + "+ 

8.00E-04+ "+ "+ + 

7.00E-04+ " +" +" + 

6.00E-04+ + 

5.00E-04+ + + 

4.00E-04+ " + + + 

300E-04+ + + + 

2.80E-04+ + + "+ 

1.00E-04+ +" +"" +. 

0.0 +"..:. .... +....... .. +..... .... +. "..... 

-1.00E-04+ + "" + "+ 

-2.00E-04+ +" + 00 

-3.00E-04+ " + + """. 

-4.00E-94+ " " +" +" + 

-5.00E-04+ + "+ + 

-6.00E-04+ + + + 

-7.00E-04+ + + + 

-8 00E-04+ + + 4 

-9.00E- 4+ + + + 

-t . 00E-03# + + + 

-1.10E-03+ + + + 

-1.20E-03+ + + + 

-1.30E-03+ + + + 

-1.40E-03, + " + 

-1.50E-03+ "+ 

.................... .... +(10). f(: 0I . "(301. +( 
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Fig. 6.11(b) 

f=0.81 
TITRATION TITLE 

NU. BER 

1 . 02IOPS.. 02CoCI2,. 02HCI/1KOH I- 15KN03 

COMPOSITION OF SOLUTIONS USED IN EACH TITRATION 

TITRATION FETAL I METAL 2 LIGAND I LIGAND 2 ACID BASE INITIAL PH 

MAGER I. IDLES PER LITER VOLUME CORRECTION 

I 2.0000E-02 0.0 2 0000E-02 0.0 0.0 1.000000 50.000 0.0 

BJRETTE CORRECTION FACTOR : 1.00000 

I 
1 METAL IONS 1U GANDS 6 CCLIPLEXES i CONTO. 

2M 

M1 M2 L1 L2 H LOG. BETA 

I 1 0 0 0 -1 -11.5700 
2 1 0 0 0 -2 -24 1700 

3 0 0 1 01 7.0000 

4 0 0 1 0 8 0000 

5 1 0 1 01 6.7100 

6 1 0 1 0 92400 

-'--l3.620 F- 0 81 

P*) ER Of PARAMETERS 6 TOTAL NUMBER OF READINGS 37 

NO. OF 

POINTS 

37 

6t010i6.5000 . :S0 17 SHIFT-0.4800 

3 CYCLES CALCULATED 

EXTREKE OVERSHIFT. CONSTANT NO. e SM, FT(I)......... 

ST1. UDARD DEv1*TICN IN ML TITPMIT 6 811E-02 

101016.3670 4- 5 3: 96 SHIFT. 0.0082 

6101025.3200 +-: 38 3167 SHIFT-0 98tH) 

99 CYCLES CALCULATED 

STD. DEV. - 0.06811 

E. TREW OVERSHIFT. CONSTANT NO. 6 SHIFT(I)- -2.164 .................. ..... +(10). ,... +(20)..... +(30)..... +( 

t. 92E-01+ + + + 

STANDARD DEVIATION IN ML TITRANT WITH THE INPUT CONSTANTS - 8.641E-02 1.79E-01+ + + + 

1.66E-01+ + + + 

1.54E-e1+ + + + 
STANDARD DEVIATION IN ML TITRANT 7 016E-02 1.41E-01+ + + + 

1.28E-01+ '+ + + 

S10I016.5793 +- 3 8991 SHIFT-""0.1307 1.15E-01+ + + a 

6101028.2600 +- 0.3516 SHIFT--0 9800 1.02E-01+ + 

I CYCLES CALCULATED 8.96E-02+ + + + 

7.68E-02+ + + + 

6.40E-02+ + + + 

E. TREME OVERSHIFT, CONSTANT NO 6 SHIFT(t)- -14 799 5.12E-02+ " + + 

3.84E-O. ^4 + + f 

STANDARD DEVIATION IN M. TITRAN' 6 834E-0: 2.56E-02+ + + + 

1.28E-02+ f " + 

5101016 55 45 +- 5 1044 SHIFT--i" 0198 004. ". +...... "" "...... 

6101027.2830 +- 2 6885 SHIFT--0 98UC -1.28E-02+ + " "" .. """""" 

2 CYCLES CALCULATED -2.56E-02+ " ". " 

-3.84E-0: " + .. + " 

-5.12E-02+ + ". " + 

EATREME OVERSHIFT, CONSTANT NO. 6 SHIFT(I)--135.689 -6.40E-02+ +" + + 

-7.68E-02+ f"" + + 

STANDARD DEVIATION IN ML TITRANT : 6.814E-02 -8. %E-02+ + + 

-1.02E-01+ ". + " + 

3701016.5588 +- 5.3241 SHIFT-0.0007 -t"1SE-0I+ "+ + " 

-1.26E-0t+ " + f 

-t. ý1E-01f "" + + + 

COMO -t. S4E-0t+ . + 

-1.66E-0t+. + f 

-1.79E-01+ + + " 
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BITS 

PINS 

BCD of BCD of 
Digit Digit 
Position Polarity 

PORT A 
01234567,.. r. 

Burette Counter 
I Contrpl NC L, 

AIM 65 Block Diagram 

Appendix 6.1 
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Appendix 6.2 

10 REM "CALIBRATION 
OF ELECTRODES" 
20 PRINT "PUT ELECT 
RODES IN BUFFER 1" 
30 INPUT P1 
40 PRINT "PH(1)=", P1 
50 POKE 5,31 
60 POKE 4,0 
70 W=USR(0) 
80 E1=0 
85 GOSUB 585 
90 FOR N=1 TO 5 
100 POKE 4,27 
110 W=USR(0) 
120 EO=W/10 
130 E1=E1+E0 
140 NEXT N 
150 E1=E1/5 
155 PRINT "E1=", El 
160 PRINT "PUT ELEC 
TRODES IN BUFFER 2" 
170 INPUT P2 
180 PRINT "PH2=", P2 
190 E2=0 
200 GOSUB 585 
210 FOR N=1 TO 5 
220 POKE 4,27 
230 W=USR(O) 
240 E3=W/10 
250 E2=E2+E3 
250 PRINT "E2=", E2 
300 K=-(E2-E1)/(P2-P1) 
310 PRINT "SLOPE K=", K 
320 REM.. TITRATION. 
321 PRINT "SET UP EXPT" 
323 PRINT "PH OF S=" 
324 INPUT PS 
325 PRINT "E OF S=" 
326 INPUT ES 
327 PRINT "SLOPE=" 
328 INPUT KS 
330 PRINT "VOL", TAB 
(5), "EMF", TAB(10), "PH" 
340 DIM A(200,3) 
350 G1=O 
355 V0=0 
360 G2=0 
370 I=1 
375 GOSUB 480 
380 I=I+1 
390 POKE 4,197 

Basic Program 

Remarks 

Entry Points from Basic to M/C 

FORMAT POKE 4 
POKE 5 
W_USR( ) 

1. Initialisation POKE 4,0 
POKE 5,31 
W_USR(O) 

2. A. D. C. POKE 4,27 
POKE 5,31 
W=USR(O) 

3. Counter POKE 4,187 
POKE 5,31 
W: USR(0)(-ve because 

counts down) 

4. Burette on POKE 4,197 
POKE 5,31 
W=USR(0) 

5. Burette off POKE 4,203 
POKE 5,31 
W=USR(0) 

6. Time Delay POKE 4,236 
(IS) POKE 5,31 

W=USR(0) 

10,000 pulses 
Vol of Burette ý1V 
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400 W=USR(O) 
410 POKE 4,187 
420 G=-USR(0) 
430 G1=G 
440 IF G1-G2<25 THEN GOTO 420 
450 G2=G1 
460 POKE 4,203 
470 W=USR(O) 
475 GOSUB 585 
476 GOSUB 480 
477 GOTO 550 
480 Z=G2/500 
481 A(I, 1)=INT(Z*10n3+. 5)/10n3 
490 POKE 4,27 
500 W=USR(0) 
510 Q=W/18 
511 A(1,2)=INT(Q+10n3+. 5/10n3 
520 Y=((ES-8)/KS)+PS 
525 A(I, 3)=INT (Y*10n4+5)/10n4 
526 L=1 
530 PRINT A(I, 1), TA 
B(5), A(I, 2), TAB(18); 
A(I, 3) 
540 RETURN 
542 STOP 
550 IF (A(I, 1)-V0)< (5m1 burette) 
5 THEN GOTO 380 
560 PRINT "REFILL BURETTE" 
570 INPUT A 
580 IF A=O THEN GOTO 390 
581 GOTO 590 
585 FOR M=1 TO 30 - Time delay (30s) 
586 POKE 4,236 
587 W=USR(0) 
588 NEXT X 
589 RETURN 
590 STOP 
600 FOR I=1 TO L- Sends data to MTS 
610 Th=STR9(A(I, 1)) 
620 S9=STR3(A(I, 3)) 
630 Uk=" 11, 
640 VI=T3+US+S3 
650 P=LEN(vl) 
660 POKE 4,209 
670 FOR J=1 TO P 
680 POKE 256, ASC(MID 3 (V9, J, 1)) 
690 W=USR(0) 
700 NEXT J 
710 POKE 256,13 
720 W=USR(0) 
730 POKE 4,216 
740 W=USR(0) 
750 NEXT 1 
760 END 
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Appendix 6.3 
Assembler Program 
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Appendix 6.4 
. Input File for SCOGS 

1ý SCOGSH ý -- ------ --. _ý~ 
2 1 
3 1.16 
4 1pýý-11.57 2 
5 1.0,0,0e- -24.17 6 1#0,1,0,1,6.6 
7 1,0,1,0,2,9.24 
8 0,0,1,0,1,7-00 
9 0.0.1.0.28.00 

10 2,0 
11 1 
12 . 02MOPS,. 02HCL,. 02Ca/1KOH 
13 . 02,0,. 02,0.0.0.1.50.0 
14 0.0 1.7844 
15 . 05 832 1 

.1 
. 0 

17 1 . 25 8857 
1 . 19 . 25 1.9144 

20 9 9 1 
21 . 35 . 7 

2 
22 2.0148 4 . 5 
24 .5 436 2 
2 5 . 55 . 11 
26 .62.195 27 . 52 3222 . 7 
29 . 75 2.4025 

0 2 311 . 85 . 6292 

9 3. 083 33 
11 . 5 

34 1.0 4.4802 
35 1.05 5.7328 
36 1.1 6.0471 
37 1.15 6.2477 
38 1.2 6.4015 
39 1.25 6.5242 
40 1.3 6.6348 
41 1.35 6.7329 
42 1.4 6.8273 
43 1.45 6.9146 
44 1.5 7.0035 
45 1.55 7.0891 
46 1.6 7.1795 
47 1.65 7.2707 
48 1.7 7.3699 
49 1.75 7.4802 
50 1.8 7.6061 
51 1.85 7.7578 
52 1.9 -7.9628 
53 -13.62,0.81 2,3,4 54 
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Appendix 6.5 
Input File for SUPERQUAD 

CALCIUM HEPES TITRATIONS(. 02HEPES,. 02Ca,. 02HC1/. 55KOH, IaI. 15KN03) 
100 005 30 
CALCIUM 
HEPES 
PROTON 

37.00000 

-11.57 10 -1 0 
-24.17 10 -2 0 

7.8 1111 
11.6 1121 
7.42 0110 

10.420 0120 
-13.62 00 -1 0 

111.0000 0.00000 00 
2 1.0000 0.00000 00 
3 2.0000 -0.55000 00 

50.00000 -. 001 

300.00003 0 

0 

. 05 

.1 

. 15 

.2 

. 25 

.3 

. 35 

.4 

. 45 

.5 

. 55 

.6 

. 65 

.7 

. 75 

.8 

. 85 

.9 

. 95 
1.00 
1.05 
1.1 
1.15 
1.2 
1.25 
1.3 
1.35 
1.4 
1.45 
1.5 
1.55 
1.6 
1.65 
1.7 
1.75 

2.4545 

2.4939 
2.5314 
2.5731 
2.6128 

2.6524 

2.6933 
2.7331 

2.7723 
2.8146 
2.8553 
2.8969 

2.9375 
2.977 
3.0185 
3.0612 
3.1029 
3.1449 
3.1873 
3.2312 

3.2751 

3.3203 
3.3678 

3.414 
3.4654 

3.5179 
3.5713 
3.6328 
3.6974 

3.7649 
3.8462 
3.9335 
4.0380 
4.163 
4.327 

4.579 

CONTO - 

1.8 5.0127 
1.85 5.7156 
1.9 6.1022 
1.95 6.3211 
2.00 6.472 
2.05 6.5996 
2.1 6.6909 
2.15 6.7767 
2.2 6.8571 
2.25 6.9261 
2.3 6.9851 
2.35 7.0452 
2.4 7.103 
2.45 7.1586 
2.5 7.2079 
2.55 7.2588 
2.6 7.3081 
2.65 7.3535 
2.7 7.4025 
2.75 7.4537 
2.8 7.5003 
2.85 7.5485 
2.9 7.5968 
2.95 7.6473 
3.00 7.6982 
3.05 7.7533 
3.1 7.8072 
3.15 7.8686 
3.2 7.9265 
3.25 7.9943 
blank 

« 

line 

CANTO - 
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Appendix-6.6 

Program for Calculating the First Derivative 

1 
2 
3 4 
6 
7 
8 
9 

10 
11 
12 
13 
33 
34 

DIMENSION X(2: C)tY(250), oA(250)tB(253)tC(25C)tD(250) NX=44 
DO 2 I=1. NX 
READ(5., *) X(I)tY(I) 

2 CONTINUE 
Nm=N. X-1 
DO 4 I=1 ., Nld 
E=X(1+1)-X(I) 
A(I)=X(I)+E/2 
b(I)=(Y(I+1)-Y(I))/E 
WRITE(6., * ) X(I), B(I) 

4 CONTINUE 
STOP - 

ý_.. _ _ 
E14D 
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2 

4 

2 

DIMENSION X(250), Y(250), A(250), B(250), C(250), D(250) 
NX=39 
DO 2 I=1, NX 
READ(5, *) X(I), Y(I) 
CONTINUE 
NM=NX-1 
DO 4 I=1, NM 
E=X(I+1)-X(I) 
A(I)=X(I)+E/2 
B(I)=(Y(I+1)-Y(I))/E 
WRITE(6, * ) X(I), B(I) 
CONTINUE 
STOP 
END 
DIMENSION X(250), Y(250) 
NX=75 
DO 2 I=1, NX 
READ(5, *) X(I), Y(I) 
CONTINUE 
CALL PAPER(1) 
CALL PSPACE (0.2,0.75,0.25,0.95) 
CALL BORDER 
CALL MAP(0.0,4.0,0.0,30.0) 
CALL CTRSET(4) 
CALL PTPLOT(X, Y, 1,37,54) 
CALL CTRSET(1) 
CALL CTRSET(4) 
CALL PTPLOT(X, Y, 38,75,51) 
CALL CTRSET(Z) 
CALL AXES 
CALL PLOTCS(I. 45; 3.0, 'VOLUME', 6) 
CALL CTRORI(1.0) 
CALL PLOTCS(-0.5, I2.0, 'dpH/dV', 6) 
CALL CI'RORI(0.0) 
CALL CTRMAG(25) 
CALL THICK (2) 
CALL PLOTCS(-0.70, -5.0, 'CAI. CIUM TITRATIONS OF MOPS', 26) 
CALL PIATCS(I. O; 7.5; I=. 15LiC1', 9) 
CALL CTRMAG(12) 
CALL TIIICK(1) 
CALL PLOTCS(2.5,30.0, ' -. 02MOPS,. 02HC1', 19) 
CALL PLOTCS(2.5,28.5, '. 02Ca, I. OKOI I'. 12) 
CALL PLOTCS(2.5,27.0, ' -. 02MOPS.. 021IC1', 19) 
CALL PLOTCS(2.5,25.5, '. O I Ca, 1.0K0I 1'. 12) 
CALL FRAME 
CALL GREND 
STOP 
ENI) 

Appendix 6.7 

Ghost Program for Plotting First Derivatives 
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CHAPTER SEVEN 

Other Aspects of Potentiometric Measurements in Blood: 

(1) Liquid Junction Effects 

(2) Heparin Binding of Electrolytes 

(3) Carbon Dioxide Contamination of the Calibration Solutions 

7.1 LIQUID JUNCTION POTENTIALS AND RESIDUAL LIQUID JUNCTION POTENTIALS 

7.1.1 Introduction 

Liquid junction potentials arise when two electrolyte 

solutions of different compositions are brought into 

contact. The ions diffuse at different rates resulting in a 

potential difference between the two solutions. In the cell 

HgIHg2Cl2IKC1 
11 

Test Solution, XII. S. E. 

the double line represents the liquid - liquid junction 

between the test solution X and and bridge solution KC1 and 

Ejx the corresponding liquid junction potential. This 

individual liquid junction potential cannot be determined. 

However, if a similar cell represented by 

HgIHg2Cl21KCl11 Standard Solution, SII. S. E. 

is set up, where Eis is the liquid junction potential 

between KC1 and a standard solution, the residual liquid 

junction potential (Ejx - Eis) can be experimentally 

detezmined. 

7.1.2 Liquid Junction Potentials in Direct Potentiometric 

Measurements in Blood 

Liquid junction potentials are a significant source of error 

in blood electrolyte measurements and cause considerable 

variation in measurements with instruments from different 

manufacturers. 
1,2,3,4 The various aspects of liquid 

junction that cause these discrepancies are: 
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1. Liquid Junction Configuration: - 

Reference to Tables 3.3a and b (Chapter 3) shows the 

various designs of liquid junctions used by 

manufacturers. The criterion for choosing a particular 

geometry should be the establishment of a well defined 

reproducable liquid junction, ensuring emf stability. 

A constrained diffusion junction based upon a porous 

plug is unsuitable because it is highly susceptible to 

protein precipitation in the plug. 
5 

If a membrane is 

used instead of a porous plug and provided the salt 

bridge solution is renewed between each sample, a 

satisfactory junction is established. If, however, the 

bridge solution is not renewed, there may be a 'memory 

effect' in the liquid junction. 1 
Flowing liquid 

junctions fulfill the requirement of renewal between 

each sample, but they are less stable than the open 

static junctions. 6 
Open free diffusion functions are 

reproducible and static during measurements but are 

difficult to incorporate in commercial analysers. 

2. Residual Liquid Junction Potentials: - 

Residual liquid junction potential arises because of 

mismatch of the calibration solution and the sample. 

The error can be minimised by matching the ionic 

composition of the calibration solution and the sample. 

In the measurement of plasma, however, the solution is 

not so simple because the protein and bicarbonate anions 

present in plasma have much lower mobilities compared 

with the chloride anion from the potassium chloride 

bridge solution. The error can be reduced by optimising 

the calibration solutions so that the residual liquid 

junction potential difference at the salt bridge/ 
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calibration solution and the salt bridge/plasma 

interfaces is minimised. 
33 

Alternatively, it is 

possible to calculate the residual liquid junction 

potential and introduce a correction factor. The 

residual liquid junction potential is, most commonly, 

calculated by the Henderson equation 
7: 

- 

22 Eý={-Ez u (C -C'. )/1: z 
2 (CI -C") }. {RT/F1nEz u cl /Z uc} 

nnnnnnnnnnnnnnnn 

Zn = charge of the nth species 

Un = mobility of the nth species 

C= concentration or activity of the 
th 

n 

. species in the sample solution 

Cu = concentration or activity of the nth 
n 

species in the bridge solution 

Henderson's equation was derived for a "continuous 

linear mixture" junction with solutions of constant 

mobility and activity coefficients. Since plasma 

differs widely in ionic strength and composition from 

saturated KC1, the conditions of constant ionic mobility 

and activity coefficients will be invalid. The equation 

is, therefore, only a rough estimate of E3 
2,4 

Hefter2'8 has proposed the use of a constant ionic 

medium salt bridge (0.168 mol dm 3 NaCl) with low 

leakage plugs (vycor) to circumvent the problem of 

calculating liquid junction potential in this manner. 

Sena et a1 suggest that, although the Henderson 9 

equation may not be vigorously correct for determining 

the absolute value of Ej, it is a fairly reliable 

estimate of the relative differences in E1.. 

Christiansen' has claimed that by incorporating an 

220 "rA1 



anion of low single ion conductance, such as the HEPES 

anion ( Ao = 33 S. Cm 
2 
mol-1) in calibration 

solutions instead of phosphate buffers, it is possible to 

obtain solutions of the same calculated liquid junction 

potential as that of normal plasma. 

3. The Erythrocyte Effect 

The presence of erythrocytes in whole blood results in a 

liquid junction potential at the. salt bridge/sample 

interface which is different from that or the corresponding 

plasma sample10,11. Siggaard-Andersen et al. 
11 

explains 

the effect as crenation of the red cells caused by the 

concentrated salt solution which results in precipitation 

of proteins of the cell membrane and exposure of the 

precipitated hemoglobin. The hemoglobin acts as a 

poly-electrolyte ion exchanger which affects the diffusion 

of the ions. In the case of KC1, the Cl is bound more 

strongly than K+ creating a positive diffusion potential 

while in the case of NaCl, Na+ is bound more strongly 

causing a negative diffusion potential. The bias depends 

on the type of liquid junction used and the concentration 

of the electrolytes 
11,34 

Methods suggested for compensating this effect are (a) 

using a 4mol dm 
3 

sodium formate salt bridge solution 
12 

(b) using a dynamic flowing junction 
13 (c) using a 

mixture of salts of opposite effects (i. e. with biases of 

opposite signs) 
11 (d) by interposing a bridge of plasma 

14 
originating from the blood sample being measured " 

4. The Liquid Junction Temperature 

Siggaard-Andersen6 has shown that the pH of plasma is 

0.01 too high if the temperature of the liquid junction is 

100 C lower than that of the electrode. This is due to 

differences 'in ion activity and ion mobility at different 
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temperatures. To avoid this effect, the whole measuring 

system should be theimostated at 37 0C 14 

7.1.3 Determiantion of- Residual Liquid- Junction Potentials of 

some 'Good' Buffers 

(a) Method 

Experiments were carried out to determine the presence 

of any appreciable residual liquid junction potential 

between NBS 1: 1 phosphate buffer and the calibration 

solutions used initially (Table 4.3, Chapter 4). The 

15 
method used was similar to that used by Rebelo , 

Emf measurements were made on the operational cell 

represented by 

PtT H2JStandard (S)If 3.5 mol dm-3KC1 
11 

Calibration 
J- 

I 
Soln x) 

The pH of (x) is given by 

pH(x) = pH(S) - [(EX-Eg)/k + (EJX - EJS)/kJ 

where pH(x) = pH of the Calibration Solution 

pH(S) = pH of the 1: 1 NBS phosphate buffer 

33 (0.025 mol dm KH2PO4+ + 0.025 mol dm 

Na2HPO4 

pH - 6.841 at 37 0 C) 

k= Nernstian slope - 61.54 mV at 37 °C 

The term within the square brackets is the emf of the 

cell and includes the residual liquid junction 

potential term &E 
jM 

(Ejx - Eis/k 

Emf measurements were also made in cells without liquid 

junctions represented by 

Pt)'H21Calibration Solution (X)IAgClIAg -II 

From the emf of this cell and using the Nernst equation, 

E E° -k log aHaC1 7.2 

or (E - E°)/k a -log mH1H ß°C1IC1 7.3 
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(a = activity term, m= concentration terms, 

= activity coefficient terms) 

or (E - E°)/k + log mCl log f11x 'H 'Cl 

(-a -1 Cl) - 7.4 

where P (a H Ycl) 
is the acidity functionl6 

(E° for the Ag/Agcl electrodes at 37 °C is 214.2 

mV 
18) 

PaH values can be obtained by the expression 

PaH = Pia H Cl 
"+ log I Cl - 7.5 

The single ion activity coefficient for the chloride 

ion was calculated using the Pitzer equation 
31 

(Chapter 4). 

In Y= -0.36208 + 2.56061iCa + 0.471361in. 

+0.3502892mK - 1.4952833mCamC1 

0.2448407 mNam Cl - 0.1978044 memCl 

-0.015mCamK - 0.0018mNaiK - 7.6 

For solutions which do not contain the chloride ion, 

values of paH -61 Cl are obtained at various chloride 

concentrations and the value of the function at zero 

chloride concentration is obtained by extrapolation. 

The operational cell, 
15,17 

shown in Fig. 7.1 was used 

with hydrogen electrodes for determining pH values. 

The liquid junctions were formed within the capillary 

tubes. The cell was cleaned with CC141 chromic acid 

and distilled water and dried in an oven. A light film 

of grease was applied to the top and bottom of the Y 

tap. Arm 1 was filled with 3.5 mmol dm -3 KC1 

solution and the tap was carefully rotated to allow 
/ 

solution half way up the capillary tubes. Arms 2 and 3 

were filled with the phosphate standard and Good buffer 

respectively. These solutions were then slowly forced 

into the capillaries with the aid of a syringe fitted 

with a needle (the point of the needle was flattened). 



Great care was taken to avoid the two solutions from 

mixing thereby destroying the liquid junction. 

Freshly plated hydrogen electrodes were made from 

previously used ones. The base of these electrodes is 

a1 cm2 plate of Pt-foil spot welded on to 10cm of 

S. W. G. 26 Pt wire and sealed into a B. 19 cone (Fig. 

7.2). These were cleansed in 50% aqua-regia to remove 

the Pt-black surface, then washed in concentrated 

nitric acid and distilled water. They were then 

platinised using chloroplatinic acid at a current of 

10 mA per electrode for 3 minutes. Hydrogen was 

supplied at a steady rate through needle valves 

(Edwards High Vaccuum Limited) and copper tubing. 

Presaturators filled with the solution in the cell, 

were used to saturate the hydrogen gas with water 

vapour. 

PaH values were obtained using the Harned cell shown 

in Fig. 7.3 in conjunction with a hydrogen electrode 

and a silver/silver chloride electrode (Section 5.3.2, 

Chapter 5). The dimension of the capillary was 0.5 

mm. This construction is necessary to prevent silver 

ions reaching the hydrogen electrode and being 

reduced. An inverted test tube was placed over the 

hydrogen waste tube to prevent solution contamination 

by atmospheric oxygen or carbon dioxide. 

The temperature, in the cells, was maintained at 370 C 

in a well-lagged water bath with a Techne (Type TU8) 

temperature control unit. The emf of the cells was 

read on a Data Precision 3500 DVM, connected to a 

Hewlett Packard HP-9815A microcomputer programmed to 

read the average of five emf values every five minutes. 
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(b) Results and Discussion 

The results are shown. in Table 7.1a and b. The 

operational pH values were obtained using equation 

7.1. The Harned cell, paH values were obtained using 

equations 7.4,7.5 and 7.6. 

From the residual liquid junction potential values, it 

is apparent that the solutions with added ions have a 

lower error than those with only the buffer. The 

highest error observed with the former is +0.008 pH 

which is equivalent to -0.5 mV decade -1; a small 

error well within the limits of experimental 

precision. The error would be reduced even further if 

the ionic strength of the phosphate standard (0.1 mol 

dm 3) 
was matched with that of the experimental 

solution (0.16 mol dm-3). 

Further work using plasma and the calibration solutions 

is required for a thorough investigation of residual 

liquid junction errors and means of reducing any 

significant error. 

7.2 EFFECT OF HEPARIN 

7.2.1. Introduction 

When whole blood or plasma is analysed, heparin is often used 

as an anticoagulant. Heparin is a polyelectrolyte of repeating 

disaccharide units (Fig. 7.4). Since its discovery in 1916 by 

McLean19, neither its role in whole blood not its mechanism 

20 
as a potent anticoagulant is fully understood. When it is 

brought into contact with solutions containing counter ions 

there is a competition for the binding sites. The most 

satisfactory theoretical framework to analyse the interactions 

of single micro ions (inorganic ions, as opposed to macro ions 

such as proteins) with heparin seems to be Manning's 

condensation theory 
22. 

An alternative approach is a site 

binding theory involving chemical equilibrium 
21,23,24 

r- ;, 



Herwats et al. 
21 

and Delville and Lazlo23 have applied both 

these approaches to study the interaction between micro ions 

and heparin and have arrived at similar conclusions using 

either theory. The complexing aptitude of heparin towards 

various cations seems to depend on the valence of the ion and 

follows the sequence 

Ca 
2+ 

> Mg 
2+ > K+> Na+ > Li+ 

Analysis of the distribution of counter ions, surrounding 

heparin, in a mixed counter ion system such as the 

physiological environment is yet to be performed. 13brink et 

al. 
25 

have studied the sedimentation and diffusion 

coefficients of heparin sulphate from human aorta in buffers of 

physiological ionic strength containing either NaCl or 

CaC12. The results indicate that-the molecule contracts in 

the presence of calcium, presumably due to an increased binding 

of counter ions. In the physiological ratio of Na: Ca, however, 

the polysaccharide sedimented as the sodium salt due to the low 

calcium concentration. Lages and Stivala26 have also 

indicated that calcium at low concentrations does not cause any 

major changes in heparin configuration. 

The interference from heparin in the measurement of sodium, 

potassium and calcium has been reported by several workers. 

Brauman27 et al. tested the effect of two different kinds of 

heparin at the recommended concentration of 1 ml of blood to 

10/t1 of heparin from either Radiometer (8 IU heparin) or Roche 

(50 IU heparin). The latter showed an average of 3.2% lower 

calcium results. Mann and Green28 noticed an interference 

from heparin in commercial heparinised tubes in the measurement 

of plasma sodium by I. S. E's They studied the effect by adding 

increasing quantities of mucus heparin to serum to produce a 

range of lithium heparin from 100 to 1000 IU/ml. Sodium and 
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potassium were determined. These results are shown as Fig. 

7.5. They also studied the effect of small sample volumes 

collected in large sized commercial heparinised tubes and 

concluded that this caused the lowering of sodium values. They 

recommend the use of 2ml size pre-heparinised tubes. 

Narayanan29 examined the effect of two concentrations of 

heparin salts (sodium, lithium and ammonium heparin) on sodium 

and potassium measurements by indirect and direct 

potentiometry. The levels of heparin used were 14.3 IU/ml and 

28.6 IU/ml representing the level of heparin in fully filled 

and half filled VACUTAINER Brand Tubes. He concludes that 

although some statistically significant differences were seen 

at the higher concentration level, these differences are not 

clinically significant. Another aspect of variations that may 

be caused by non-standard addition of heparin is the fact that 

heparin from various origins differ in concentrations and 

anticoagulant activity30. To avoid such variations, the use 

of heparinised tubes and syringes should be standardised. 

7.2.2 Experimental 

A few preliminary experiments were performed to investigate the 

effect of Na-Heparin on potassium and calcium devices. The 

heparin used was PULARIN containing 0.15% w/v chlorocreosol as 

preservative (DUNCAN FLOCKHART and Co. ). Pularin is supplied 

in 5 ml vials; 5 mis being equivalent to 125000 IU of heparin 

(1 mg = 155 IU). 

The K devices used were 

1. An E/ 145 FET with a potassium sensitive electroactive 

membrane. The mix was 
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300 mg DL-n-Butyl Phthalate 

5 mg Valinomycin 

165 mg PVC 

0.5 mg. Tetra-phenyl-borate 

dissolved in 5 ml THF. 

2. A CORNING 902 electrode. 

3. A PHILIPS (PYE) electrode. 

The calcium devices were: - 

1. Radiometer 

2. CORNING 903 

3. E1-J- 145 with a PHILIPS (PYE) electroactive membrane. 

Fig. 7.6 shows the results of adding various concentrations of 

heparin to a 10-3 mol dm -3 KC1 solution using a E,, U 145 

device. There appears to be a rapid change initially, 

gradually falling off at about 641U/ml. 

Fig. 7.7 shows the calibration curves for an E, /A 145 device 

with 0,2,20 and 200 IU/ml of heparin. The average slopes/ 

decade were 

0 IU/ml - 58.3 mV 

2 IU/ml - 59.5 mV 

20 IU/ml 61.3 mV 

200 IU/ml 62.7 mV 

Figs. 7.8 - 7.11 show the results of titrating 10-3 mol dm 3 

KC1/CaC12 with Heparin. The titrations were peformed at 

ambient temperature. Pularin was diluted 50 times and 

appropriate volumes added with a burette. In Figs. 7.8 and 

7.10 (E-E0) values are plotted against the heparin 

concentration. In Figs. 7.9 and 7.11 dE/dV values are plotted 

against heparin concentrations. Fig. 7.12 was plotted to 

compare the effects of heparin on K and Ca devices. As 

expected, the effect is far greater on Ca devices than on K 
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devices. Even small concentrations of heparin seem to cause 

significant changes. This could cause a problem when multi- 

functioned sensors are used. For measuring individual ions a 

Ca-, K-or Na-titrated heparin, as appropriate, can be used. It 

is necessary to agree on the use of a particular make of 

heparin, evaluate the percentage binding for each ion and 

introduce arithmetical corrections if necessary. 

7.3 A Preliminary Study of the Effect of Carbon Dioxide on Aqueous 

Solutions of some GOOD buffers 

Carbon dioxide dissolves in aqeueous solutions and is present as 

COL (aq) , H,, CO3, HOC2O6 , HCO3 or CO3 depending on the pH 

of the solution32. The species distribution curve is shown in Fig. 

7.17. The species H3C206 (HC03 H+, HCO3) was reported at 

pH 6-8. 

Titrations were carried out with the automatic titrator apparatus 

described in Chapter 6 Section 6.2.2, to investigate the effect of 

dissolution of Co2 in the buffer solutions. A solution of carbon 

dioxide was prepared in a Sparklets (BOC) cylinder. This was diluted 

with degassed water in the proportion 1: 1. To 10 ml of this solution 

30 ml of 0.05 mol dm 
3 

Ba (OH) 
2 was titrated with 0.05 mol dm 

3 

HC1 using phenolphthalirl as indicator. The concentration of CO2 in 

the solution was thus calculated. Titrations of the buffers with this 

solution were then performed with the automatic titrator. The buffers 

were prepared as follows: - 

-3 1. HEPES : 0.025 mol dm pH - 7.4 at 37 oC 

Na HEPES : 0.0306 mol dm 3 

2. TES : 0.025 mol dm -3 pH - 7.2 at 37 °C 

NaTES : 0.0274 mol dm 73 
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3. MOPS : 0.025 mol dm 73 pH - 6.8 at 37 0C 

NaMOPS : 0.0186 mol dm 
3 

4. BES : 0.025 mol dm3 pH - 6.8 at 37 0C 

NaBES : 0.0199 mol dm 3 

The titre values are shown in Appendix 7.1. The results are plotted 

out in Figs. 7.13,7.14 7.15 and 7.16. HEPES appears to be the most 

affected by CO2 showing a change of 0.07 pH per 1.0 mmol dm 
3 

of 

titrant. An attempt was made at analysing the data using 

SUPERQUAD35. This was unsuccessful, however, possibly due to ill- 

defined pKs. 

It would seem, from this preliminary investigation, that the buffering 

capacity of the Good buffers is sufficient for buffering against 

contamination from atmospheric carbon dioxide. This titration seems 

unsatisfactory for quantitative results as it involves a weak acid. A 

possible means of carrying out more satisfactory investigations is, 

perhaps, to tonometer the buffer solutions with varying concentrations 

of CO2 and then measure the pH change. 
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APPENDIX 



HEPES/C02 TITRATIONS 

0.0 7.442500 
0.4859096 7.399800 0.8098494E-02 7.455600 
0.4940082 7.396500 

0.1619698E-01 7.452300 
0.5021065 7.403100 

0.2429548E-01 7.445700 
0.5102050 7.396500 

0.3239397E-01 7.447400 
0.516402 39800 

0.4049248E-01 7.439200 
1 0.534500 9 7.391600 

0.4859097E-01 7.447400 
0.5345007 7 7.389900 

0.5668944E-01 7.429300 
0.5425990 7.393200 

0.6478792E-01 7.439200 
0.5506975 7.394800 

0.7288641E-01 7.444100 
0.5587960 7.385000 

0.8098495E-01 7.432600 
0.5668947 7.393200 

0.8908343E-01 7.442500 
0.5749932 7.401400 

0.9718186E-01 7.427700 
0.5830915 7.391600 

0.1052804 7.432600 
0.5911900 7.388300 

0.1133788 7.435900 
0.5992886 7.404700 

0.1214774 7.437500 
0.6073871 7.386600 

0.1295759 7.431000 
0.6154857 7.389900 

0.1376743 7.437500 
0.6235840 7.378400 

0.1457729 7.440800 
0.6316826 7.386600 

0.1538713 7.426000 
0.6397804 7.380100 

0.1619699 7.424400 
0.6478797 7.380100 

0.1700684 7.426000 
0.6559782 7.380100 

0.1781668 7.422800 
0.6640760 7.389900 

0.1862654 7.424400 
0.6721746 7.388300 

0.1943638 7.424400 
0.6802731 7.383400 

0.2024624 7.416200 
0.6883717 7.381700 

0.2105609 7.419500 
0.6964703 7.385000 

0.2186593 7.429300 
0.7045686 7.3834p0 

0.2267579 7.419500 
0.7126671 7,383400 

0.2348563 7.429300 
0.7207657 7.380100 

0.2429549 7.422800 
0.7288642 7.381700 

0.2510533 7.421100 
0.7369627 7.385000 

0.2591516 7.421100 
0.7450613 7.381700 

0.2672502 7.422800 
0.7531598 7.380100 

0.2753487 7.427700 
0.7612584 7.378400 

0.2834473 7.416200 
0.7693569 7.376800 

0.2915459 7.411300 
0.7774555 7.373500 

0.2996442 7.406300 
0.7855538 7.376800 

0.3077427 7.414500 0.7936524 7.366900 
0.3158413 7.414500 

0.8017504 7.376800 
0.3239398 7.399800 

0.8098494 7.371900 
0.3320381 7.416200 

0.8179480 7.381700 
0.3401366 7.412900 
0.3482352 7.414500 
0.3563336 7.419500 

0.3644321 7.408000 

0.3725306 7.412900 
0.3806292 7.414500 
0.3887277 7.422800 
0.3968260 7.414500 
0.4049246 7.394800 
0.4130231 7.406300 
0.4211217 7.393200 
0.4292203 7.404700 
0.4373186 7.411300 
0.4454171 7.403100 

0.4535156 7.406300 

0.4616142 7.404700 
0.4697127 7.401400 
0.4778110 7.403100 
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TES/C02 TITRATIONS 
0.0 7.263500 0.4413090 7.281600 

0.7355150E-02 7.294700 0.4486641 , 7.284800 

0.1471030E-01 7.281600 0.4560193 7.289800 

0.2206545E-01 7.288100 0.4633746 7.289800 

0.2942061E-01 7.291400 0.4707298 7.288100 

0.3677576E-01 7.284800 0.4780849 , 
7.288100 

0.4413091E-01 7.284800 0.4854400 7.288100 
0.5148606E-01 7.301300 0.4927951 7.289800 

0.5884121E-01 7.289800 0.5001502 7.284800 

0.6619632E-01 7.289800 0.5075054 7.298000 

0.7355148E-01 7.289800 0.5148607 7.284800 

0.8090663E-01 7.276600 0.5222158 7.289800 

0.8826178E-01 7.306200 0.5295709 7.284800 

0.9561694E-01 7.299600 0.5369261 7.286500 

0.1029721 7.299600 0.5442812 7.293100 

0.1103272 7.293100 0.5516363 7.289800 

0.1176824 7.294700 0.5589917 7.284800 

0.1250376 7.279900 0.5663468 7.284800 

0.1323927 7.294700 0.5737019 7.286500 

0.1397479 7.283200 0.5810570 7.278300 

0.1471030 7.293100 0.5884121 7.276600 

0.1544582 7.289800 0.5957673 7,283200 

0.1618133 7.299600 0.6031224 7.278300 

0.1691685 7.294700 0.6104775 7.273400 

0.1765236 7.299600 0.6178328 7.270100 

0.1838788 7.301300 0.6251880 7.271700 

0.1912339 7.284800 0.6325428 7.273400 

0.1985891 7.293100 0.6398980 7.276600 

0.2059442 7.302900 0.6472533 7.281600 

0.2132994 7.316000 0.6546080 7.273400 

0.2206545 7.293100 0.6619633 7.278300 

0.2280097 7.307800 0.6693187 -7.279900 
0.2353649 7.291400 0.6766738 7.266800 

0.2427200 7.298000 0.6840287 7.271700 

0.2500750 7.298000 0.6913838 7.271700 

0.2574303 7.298000 0.6987392 7.275000 

0.2647855 7.284800 0.7060945 7.275000 

0.2721406 7.307800 0,7134492 7.268400 

0.2794957 7.296300 0.7208045 7.270100 

0.2868508 7.299600 0.7281599 7.270100 

0.2942060 7.291400 0.7355150 7.265100 

0.3015611 7.291400 0.7428703 . 7.273400 

0.3089164 7.293100 0.7502250 7.270100 

0.3162715 7.291400 0.7502250 7.268400 

0.3236266 7.298000 0.7575803 7.268400 

0.3309818 7.278300 
0.3383369 7.293100 
0.3456920 7.283200 

0.3530471 7.283200 
0.3604022 7.307800 
0.3677576 7.279900 
0.3751127 7.296300 
0.3824679 7.293100 
0.3898230 7.293100 
0.3971781 7.284800 
0.4045332 7.294700 
0.4118885 7.286500 
0.4192437 7.293100 
0.4265988 7.288100 
0.4339539 7.298000 
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MOPS/CO TITRATIONS 
0.0 2 

6.848100 
0.7355150E-02 6.854700 
0.1471030E-01 6.856300 
0.2206545E-01 6.856300 
0.2942061E-01 6.858000 
0.3677576E-01 6.856300 
0.4413091E-01 6.856300 
0.5148606E-01 6.854700 
0.5884121E-01 6.862900 
0.6619632E-01 6.862900 
0.7355148E-01 6.858000 
0.8090663E-01 6.859600 
0.8826178E-01 6.861200 
0.9561694E-01 6.861200 
0.1029721 6.862900 
0.1103272 6.856300 
0.1176824 6.859600 
0.1250376 6.859600 
0.1323927 6.858000 
0.1397479 6.856300 
0.1471030 6.858000 
0.1544582 6.858000 
0.1618133 6.859600 
0.1691685 6.859600 
0.1765236 6.854700 
0.1838788 6.858000 
0.1912339 6.854700 
0.1985891 6.854700 
0.2059442 6.854700 
0.2132994 6.856300 
0.2206545 6.856300 
0.2280097 6.856300 
0.2353649 6.851400 
0.2427200 6.858000 
0.2500750 6.843200 
0.2574303 6.866200 
0.2647855 6.851400 
0.2721406 6.841500 
0.2794957 6.853000 
0.2868508 6.849700 
0.2942060 6.851400 
0.3015611 6.846500 
0.3089164 6.846500 
0.3162715 6.861200 
0.3236266 6.858000 
0.3309818 6.854700 
0.3383369 6.853000 
0.3456920 6.838300 
0.3530471 6.849700 
0.3604022 6.841500 
0.3677576 6.844800 
0.3751127 6.848100 
0.3824679 6.843200 
0.3898230 6.844800 
0.3971781 6.849700 
0.4045332 6.849700 
0.4118885 6.848100 
0.4192437 6.843200 
0.4265988 6.841500 
0.4339539 6.851400 

Appendix 7.1c 

0.4413090 6.849700' 
0.4486641 6.841500 

0.4560193 6.841500 

0.4633746 6.838300 

0.4707298 6.843200`"' 

0.4780849 6.843200 

0.4854400 6.841500, 
0.4927951 6.843200 

0.5001502 6.835000 

0.5075054" 6.844800 

0.5148607 6.839900: 

0.5222158 6.835000' 

0.5295709 6.835000 

0.5369261 6.843200 

0.5442812 6.843200`- 

0.5516363 6.838300. == 

0.5589917 6.838300' 

0.5663468 6.836600- 

0.5737019 6.826800 

0.5810570 6.839900 

0.5884121 6.838300 

0.5957673 6.833300 

0.6031224 6.835000 

0.6104775 6.835000 

0.6178328 6.833300 

0.6251880 6.828400 

0.6325428 6.833300 

0.6398980 6.831700 

0.6472533 6.830000" 

0.6546080 6.823500" 

0.6619633 6.831700' 

0.6693187 6.823500 

0.6766738 6.839900, ' 
0.6840287 6.830000 ' 
0.6913838 6.833300"'-' 

0.6987392 6.835000 

0.7060945 6.830000 

0.7134492 6.828400 

0.7208045 6.826800 

0.7281599 6.833300, --, 
0.7355150 6.825100', 

0.7428703 6.830000-` "° 
0.7502250 6.825100""-"' 

0.7575803 6.825100 

0.7649357 6.830000" 
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BES/CO TITRATIONS 
2 

0.0 6.858900 0.4339539 6.855700 
0.0 6.858900 0.4413090 6.837600 
0.7355150E-02 6.857300 0.4486641 6.847500 
0.1471030E-01 6.855700 0.4560193 6.850700 
0.2206545E-01 6.867100 0.4633746 6.852400 
0.2942061E-01 6.867100 0.4707298 6.858900 
0.3677576E-01 6.860600 0.4780849 6.842600 
0.4413091E-01 6.857300 0.4854400 6.849100 
0.5148606E-01 6.862200 0.4927951 6.844200 
0.5884121E-01 6.858900 0.5001502 6.849100 
0.6619632E-01 6.855700 0.5075054 6.849100 

0.7355148E-01 6.858900 0.5148607 6.847500 
0.8090663E-01 6.858900 0.5222158 6.844200 
0.8826178E-01 6.867100 0.5295709 6.847500 
0.9561694E-01 6.870400 0.5369261 6.842600 

0.1029721 6.860600 0.5442812 6.847500 

0.1103272 6.862200 0.5516363 6.840900 

0.1176824 6.852400 0.5589917 6.857300 

0.1250376 6.857300 0.5663468 6.837600 

0.1323927 6.860600 0.5737019 6.840900 

0.1397479 6.858900 0.5810570 6.832700 

0.1471030 6.857300 0.5884121 6.842600 

0.1544582 6.857300 0.5957673 6.845800 

0.1618133 6.870400 0.6031224 6.847500 

0.1691685 6.857300 0.6104775 6.847500 

0.1765236 6.862200 0.6178328 6.845800 

0.1838788 6.855700 0.6251880 6.840900 

0.1912339 6.854000 0.6325428 6.840900 

0.1985891 6.852400 0.6398980 6.842600 

0.2059442 6.855700 0.6472533 6.844200 

0.2132994 6.855700 0.6546080 6.845800 

0.2206545 6.849100 0.6619633 6.842600 

0.2280097 6.850700 0.6693187 6.844200 

0.2353649 6.852400 0.6766738 6.849100 

0.2427200 6.854000 0.6840287 6.849700 

0.2500750 6.847500 0.6913838 6.849700 

0.2574303 6.855700 0.6987392 6.850100 

0.2647855 6.847500 0.7060945 6.849700 

0.2721406 6.845800 0.7060945 6.850100 

0.2794957 6.849100 0.7134492 6.844200 

0.2868508 6.850700 0.7208045 6.845800 

0.2942060 6.855700 0.7281599 6.845800 

0.3015611 6.850700 0.7355150 6.844200 

0.3089164 6.860600 0.7428703 6.849700 

0.3162715 6.855700 0.7502250 6.844200 

0.3236266 6.849100 
0.3309818 6.852400 
0.3383369 6.845800 
0.3456920 6.850700 
0.3530471 6.850700 
0.3604022 6.844200 
0.3677576 6.845800 
0.3751127 6.850700 
0.3824679 6.850700 
0.3898230 6.850700 
0.3971781 6.850700 
0.4045332 6.849100 
0.4118885 6.852400 
0.4192437 6.849100 
0.4265988 6.849100 

Appendix 7.1d 
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CHAPTER EIGHT 

CONCLUSIONS 



C-0 N-C L-U-S-I-O-N 

In this concluding chapter, the aims of the work, achievement of the aims 

and possibilities for future research will be discussed. 

8.1 REVIEW OF THE MAIN AIMS OF THIS WORK 

The main objectives of this work were: - 

(1) To contribute towards the establishment of a universally 

recognised operational pION scale for blood electrolytes related 

to the operational pH scale - 

pION(X) = p(ION)S - (E 
x- 

ES)k - 8.1 

where 

pION(X) = negative logarithm of the ionic activity or 

concentration in the sample 

pION(S) = negative logarithm of the ionic activity or 

concentration in the standard 

EM = potential of the cell containing the sample 

E(S) = potential of the cell containing the standard 

k- electrode slope at 37 °C 

This requires - 

(a) An established set of standards 

(b) Elimination of or correction for the residual liquid 

junction potential 

(c) Standardisation of sample collection and pre-treatment 

(d) Standardisation of a measurement protocol - temperature 

control, flushing the electrode system, sequence of 

calibration and measurement. 

(2) To test the performance of a varied range of ion selective 

devices as ideal tools for the direct potentiometric analysis, of 

blood electrolytes. 
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8.2 ACHIEVEMENT-OF THE AIMS 

8.2.1 Calibration Solutions 

.. ýy. ý ý-ý.. 

Multi-electrolyte calibration solutions were proposed with a 

view to future multi-electrolyte analysis. (Present day, 

commercial analysers are Na+/K+ analysers or Cat+/pH 

analysers). These standards appear to be a convenient basis 

for the establishment of universally accepted standards. Some 

important features and controversial aspects are: 

(i) The standards were formulated to reflect the range of 

ionic concentrations of Na, K+ 
2+ 

, Ca and of pH 
+ 

in normal blood. Ideally, the concentrations of the 

calibration solutions should provide a span of at 

least 5mV1. The lowest span is approximately 3mV 

for sodium (Table 4.1, Chapter 4). If the performance 

of the ion-selective device is Nernstian, a span of 

3mV appears to be adequate to obtain a calibration 

line. This is illustrated in Fig. 5.26, Chapter 5. 

(ii) There is no doubt that the "Good" buffers are the 

ideal physiological buffers. The dissociation 

constants and the binding constants of HEPES, MOPS, 

TES AND BES were evaluated using carefully monitored 

titration procedures and two well-established 

non-linear least squares programs SCOGS23 and 

SUPERQUAD4. There was excellent agreement in the 

results using both programs. The dissociation 

constants are close to the physiological pH range and 

the binding of the buffers to calcium, sodium and 

potassium was very low. (Chapter 6). Low 

concentrations of the buffers were used because it was 

considered sufficient for buffering against 

atmospheric carbon dioxide contaminations. 
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(iii) Concentration standards seem to be more practical in 

the present circumstances. Diagnosis is based on the 

concept of concentrations in mmol dm 
3. 

Moreover 

concentration standards require only that the activity 

co-efficients of the ions in the calibration solution 

and the sample be well matched. Activity standards, 

on the other hand, require accurate calculations of 

the activity co-efficient of the ions in the 

calibration solution so that their activities can be 

defined. Theoretical calculations based on the Pitzer 

equation and the Hydration model have been used by 

Covington and Ferra5. These were used in the 

calculation of activities. It is not simple to verify 

the accuracy of one method over the other. Reference 

to Tables 5.7 a-c, indicate that calculations based on 

the Pitzer equation give lower values of the 

percentage concentration differences compared with 

calculations based on the Hydration theory. The mean 

values of the percentage concentration differences 

calculated from Tables 5.7 a-c are: 

PIT HYD 

Ca 
2+ 

-1.2 +2.8 

K+ -1.2 -0.8 

Na+ +0.1 +0.2 

(iv) The composition of the calibration solutions were 

formulated also, to overcome the selectivity 

limitations of most ISE's by meeting the requirement: 

Kg CjZi/Zj . 0.01 - 
Ci 

where K.. is the selectivity co-efficient, C is the 

concentration (mmols dm 
3), 

Z is the valency of the 

ion, 'i' is the sensor ion and 'j' is the interferring 
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ion. The error arising in potential difference from 

the presence of interferring ions will then not exceed 

0.3mV for Na+ and K+ ISE's and 0.13mV for Ca 2+ 

ISE's. This is calculated as follows: - 

Without any interfering ions 

E=E°+k log Ci 

In the presence of interfering ions 
z 

iz E= E° +k log [Ci + Kid Cj 
/ 3] 

A-B gives 

Antilog AE = 1+fKIj C, Z1/=j 

k C" i 
i. e. AE <(log 1.01) xk 

0.13 for Ca 2+ (k- 30mV per decade) 

0.25 for K+ and Na+ (k'60mV per decade) 

A 

B 

- 8.2 

- 8.3 

8.2.2 Residual Liquid Junction Potentials 

The second criteria to be considered is the residual liquid 

junction potential. It is impossible to eliminate completely 

the residual liquid junction potential i. e. the difference 

between the junction potential with the calibration solution 

and the junction potential with plasma. Bias can be minimised 

by matching the ionic composition of the calibration solutions 

as closely as possible to the ionic composition of plasma; the 

calibrations solutions proposed were formulated to reflect the 

ionic composition of plasma. Results from the determination 

of the residual liquid junction potentials of the initial 

calibration solutions against the NBS blood phosphate buffer 

are encouraging (Table 7.1, Chapter 7). Further work is 

required in this field, particularly in determining the 

residual liquid junction potentials of the calibration 

solutions against plasma. 

- 258 - 
°y 4., 

V rela, ý_ 
.... r.... F. ý ... ... .. r.. 



International consensus on the geometry of the liquid junction 

is yet to be achieved. It would appear that a free diffusion 

junction would be most suitable. Boink et al. 
1 

suggest a 

free diffusion type junction arranged in such a way that a 

higher density salt bridge solution is below the test solution 

and a capillary tube less than 0.4mm in diameter dips at least 

5mm into the salt bridge solution with a distance of at least 

10mm to the calomel reference electrode to avoid 

contamination. In the flow through system (Chapter 5, 

photograph 5.1) a porous, ceramic plug constrained diffusion 

junction was used with serum and plasma sample. There was no 

evidence of noisy signals or drift of electrode potentials 

attributable to the reference electrode system, leading to the 

conclusion that these junctions are suitable for serum/plasma 

samples. No work with whole blood samples was done, so the 

effect of erythrocytes has not been studied. Methods 

suggested for eliminating or compensating for this effect 

include changing the potassium chloride salt bridge solution 

to 4 mol dm 
3 

sodium formate salt bridge6, using a dynamic 

flowing junctions or avoiding the presence of erythrocytes 

by interposing a bridge of plasma originating from the blood 

sample being measured'. 

8.2.3 Other Aspects 

It is very important that the level and source of heparin to 

be used in measurements with plasma and whole blood is 

standardised. Significant changes were observed even with 

small levels of heparin, particularly in calcium measurements 

(Fig. 7.12, Chapter 7). For measuring individual ions, a Ca, 

K or Na titrated heparin may be used to circumvent the 

problem. For multi-functional analysers, however, it will be 

essential to agree on a particular make of heparin, to 

evaluate the percentage binding for each ion and introduce a 

correction factor. 
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Reference to Table 5.9 in Chapter 5, shows that the pH values 

obtained for the plasma and serum samples were very high. 

This could be due to loss of CO2 absorbed by plastic 

tubing. 
8 

To avoid pH changes anaerobic sampling is 

recommended. 
8 

Recommendations for specimen collection and processing for 

quality control purposes and a protocol for sample measurement 

have been made by the European Working Group on Ion Selective 

Electrodes (EWGISE) and can be found in references 1,8 and 9. 

8.2.4 Performance of the Ion-Selective Devices Used 

In Table 8.1, the sensitivity of the electrodes used in this 

work were calculated using 

S= (k/ko) -1 

where S= sensitivity 

k= practical slope of the electrode 

° k= ideal slope of the electrode 

For an ideal electrode k/ko =1 

The slopes of the electrodes were taken from the calibration 

curves in Figs. 5.4 - 5.22, Chapter 5. The sensitivities of 

most devices are within +0.02 and -0.06. The exceptions are 

the sodium devices using the neutral carrLer ETH 227 and a pH 

FET. 

In Chapter 3, Section 3.4 and Table 3.2, the selectivity of 

the ion selective devices used in the measurement of blood 

electrolytes was discussed. Selectivity co-efficients were 

not determined because blood electrolytes do not cause mutual 

interferencell. However, it has been reported by Vadgamal2 

et al. that calcium ISE's show an increased sensitivity 

towards sodium and magnesium upon ageing. It would be 

worthwhile, therefore, to check the selectivities of the 

devices prior to use. 
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Evaluation of the transfer potentials of various ion selective 

electrodes was a sensitive test of the devices. Most 

electrodes deviated less than 0.5mV from the theoretical 

transfer potentials which is within the experimental error. 

It was observed that when activity co-efficients were 

calculated using the Hydration theory, higher (i. e. more 

positive) values were obtained for the transfer potentials 

ET (exp-Th) than if the Pitzer model was used. This is not 

sufficient, however, to establish the superiority of one 

theory over the other as the differences did not necessarily 

imply that the theoretical values obtained by a particular 

method of calculation were closer to the experimental values 

(ref. Table 5.6, Chapter 5). 

The ISE's incorporated in the flow-through rig (photograph 

5.1, Chapter 5) were stable and their response was 

satisfactory in presence of plasma and serum. The calomel 

electrode in the reference cell with a porous ceramic plug was 

also stable indicating that the plug was not contaminated 

during the period of contact with plasma/serum. Only the pH 

values with the pH Corning ISE showed unusal values. This is 

probably because special precautions were not taken to avoid 

loss of CO2 from the samples. 

8.3 FUTURE WORK 

There is scope for future work in the following areas: - 

(1) The calibration standards can be extended to include other ions 

of clinical importance (e. g. HC03). Special standards 

could be introduced for "abnormal" plasma samples. 

(2) ISE's of other makes, ISE's for sensing clinically relevant ions 

other than Na, K; Ca 
and H and ISFET's could be incorporated 

in the flow-through system. The system could be adapted for 

analysis with whole blood, a suitable liquid junction would have 
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to be used and the effect of whole blood on the response of the 

electro-active materials could be tested. The system should be 

thermostated at 37 °C. 

(3) Inter-laboratory tests should be carried out using calibration 

standards supplied from a single source, to minimise variations 

that could arise from the preparation of solutions. 

(4) The percentage binding of sodium, potassium and calcium to a 

particular source of heparin must be evaluated. 

From this study, it is apparent that direct potentiometry using ISE's 

and ISFET is well suited for clinical analysis. The problems of 

standardisation, precision and reproducibility of results can be 

resolved by using the suggested calibration solutions and by reaching 

an international consensus on the design of the liquid junction and 

composition of the salt bridge solution. 
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TABLE 8.1 

Ion Selective Device 

AVL Calcium (F) 

AVL Sodium (F) 

AVL Potassium (F) 

Beckman Sodium (F) 

Corning Potassium (F) 

Corn Calcium (F) 

Corn Calcium (F) 

Corn pH (F) 

Corn Sodium (D) 

Pye Sodium (D) 

Pye Potassium (D) 

Pye Calcium (D) 

EIL Sodium (D) 

Russell Sodium (D) 

Homemade Potassium (D) 

Radiometer Calcium (D) 

Potassium FET (D) 

Calcium FET (D) 

pH FET (D) 

Sensitivit 
S= k/ko - 1) (egm. 8.2) 

- 0.059 

-0 042 

+ 0.009 

+ 0.021 

+0.009 

-0.048 

-0.132 

-0.016 

-0.020 

-0.005 

+0.007 

-0.037 

-0.016 

-0.088 

-0.033 

+0.039 

-0.030 

-0.027 

-0.085 

(F) = flow through 

(D) = dip type 
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"I know a planet where there is a certain redfaced 

gentleman. He has never smelt a flower. He has 

never looked at a star. He has never loved and has 

never done anything in his life but add up figures. 

And all day, he says over and over, just like you: 

"I am busy with matters of consequence! " And that 

makes him swell up with pride. But he is not a man - 
he is a mushroom! " 

- Antoine De Saint - Exupery 

in 

"The Little Prince" 


