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ABSTRACT 

A rapid visual complexometric titrimetric method 

for the determination of calcium in the presence of 

magnesium has been developed. The method is directly 

applicable to the analysis of natural waters.(Section I) 

The use of the anodic waves of complexones in 

inorganic polarographic analysis is described in 

Section II. A study of the fundamental polarographic 

behaviour of the complexone EGTA has been made. It is 

found to give a diffusion-controlled, one-step, 

two-electron, reversible anodic polarographic wave 

which is attributed to the formation of the mercury 

(II) complex. The half-wave potential of the wave is 

pH dependent and from thence the absence of other 

mercury complexes is indicated and the stability 

constant of the mercury (II) complex determined. 

Current-potential relationship of the wave fits in 

perfectly with theory. Analytical application is 

illustrated by the development of an indirect 

polarographic method and an amperometric titrimetric 

method again for the analysis of calcium in the 

presence of magnesium. Polarographic maxima of 

complexones and masking agents for magnesium in the 

presence of calcium has been dealt with in reasonable 

detail during the process. The concept of mixed 

titrants is also introduced. The application of a.c. 

polarography of complexones for analytical purposes 
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is found to be feasible especially for trace analysis. 

In Section III the development of a continuous 

polarographic analyser for the simultaneous analysis 

of both calciurA and magnesium employing complexor-►etric 

principles illustrate the concept of continuous 

analysis via coriplexometry using electrochemical 

sensors which provides a foundation for widespread 

applications. Finally the use of some electrochemical 

sensors other than the D.M.E, namely, a hanging 

mercury drop electrode, a tubular platinum electrode 

and a mercury-plated tubular platinum electrode, has 

boon investigated with special emphasis on the andoic 

oxidation of cociplexones. 
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INTRODUCTION 

An amazingly large number of chemical analyses 

are performed each year in our highly industrialised 

and developing society. 	Billions of such analyses 

are carried out each year in the United States alone 

to monitor industrial processes and their products, 

to aid in research efforts in most branches of science 

to ensure physical and social welfare of the people 

through clinical, pollution control, forensic, food 

and drug administrative control laboratories, etc. 

Amazingly too a large proportion of these analyses 

are still performed manually by skilled scientists 

and technicians. 	There is, however, a trend during 

the past few years towards automation of chemical 

analysis necessitated by shortage of skilled personnel, 

for example in the overloaded clinical laboratories 

and also in an effort to keep pace with the rapid 

increase in automation in industry which has occurred 

during the present decade. 

Studies on the applications of two very well-

known analytical principles, namely, complexometry 

and polarography (voltammetry) to continuous analysis 

have been dealt with in this thesis. 	The theory 



and advantages of these two principles as applied 

to continuous analysis will be discussed in the 

relevant sections.. 	For the moment, however, the 

relatively new term, continuous analysis, has to be 

defined. 	It is convenient to classify automated 

chemical analysis into two groups: 

1. Continuous (automated) analysis, and 

2. Repetitive (automated) analysis 

For the purposes of this thesis, the author has 

agreed with Blaedel in defining continuous analysis 

as that analytical procedure where sample processing, 

sensing and measurement are done as a steadily 

flowing stream. 	If the sample does not come in 

as a flowing stream (as from a chemical process 

stream) but as a batch it is converted to one by 

pumping, prior to analysis. 	Repetitive analysis 

on the other hand, has been defined to mean an analysis 

where the sample is processed and measured individually 

as a single batch whose identity is maintained 

throughout the processing and measurement.. 

Features of a continuous analysis system 

The features of a continuous analysis system can 

be seen in Figure 1. 
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Figure 1. 	Features of a continuous analysis system 

Those processes are discussed individually in the 

following sections. 

Sampling  

Continuous analysis is by definition a wet 

chemical analysis technique and can therefore handle 

liquid or gas samples only, even though some limited 

applications to solid samples have been reported 

and shall be described later. 	Basically therefore, 

all samples for continuous analysis must be in 

liquid or gaseous form, either on-stream as from 

process streams or in batches as for instance in 

the case of blood samples in clinical laboratories. 

Sampling from process streams is simply done by 

having plug-in points at various positions in the 

process system where analysis is desired; complete 

manifolds of continuous analytical units are then 

"plugged-in" at these points and electrically or 

electronically valving systems devised so that 

analysis is clone either continuously, or at 



predetermined intervals or whenever actuated by 

some external signal. 	On-stream sampling has the 

obvious advantage of minimising or totally eliminating 

handling of materials. 	This becomes important 

in sampling gas streams which is very difficult, 

or in handling materials which are liquids in the 

process streams but gases at room temperature or 

where materials are processed at high temperatures 

and solidify on sampling. 	Great ingenuity and 

skill are required for manual sampling of such 

materials as otherwise appreciably large errors 

can be introduced, as for example when fractionation 

of the samples takes place on vapourisation or 

solidification in the above cases. 	It becomes 

important again in the cases of materials which 

are very toxic, corrosive or otherwise dangerous 

to handle, and also in the cases of materials which 

cannot be exposed to oxygen, sunlight, etc. since 

an alteration of the sample composition can be 

affected. 	An even more obvious case is in physio-

logical studies where some analytical information 

on the state of a living organ is desired. 	An 

example will be in determining the "availability 

of materials" in blood streams. 	Any sampling out 

of the system will be either totally pointless, or 



very tedious procedures will have to be followed 

for meaningful results, and analysis in situ will 

be preferred. 	Muller2, as early as 1947, had 

suggested the possible use of a platinum micro- 

electrode as a voltammetric indicator electrode 

for such studies, since the limiting current found 

on the current-voltage curve obtained with such a 

"by-pass electrode" is a function of both the rate 

of flow and of the concentration of electroactive 

material. 

In the case of liquid batch samples, it is 

only necessary to pump the samples out from a series 

of sample cups and programming the sampling in such 

a way that a new sample is introduced, after every 

complete sequence of analytical operations has been 

performed on the previous sample. 

As already stated above, continuous analysis 

can handle only liquid or gaseous samples, and 

if the original material to be analysed exists in 

solid form, it will have to be made into a solution. 

Up to the present time this dissolution step has 

not been automated quite widely yet, thus for example, 

an analyst may be needed in an iron ore or steel 

analysis to weigh out and dissolve the sample. 

Since in continuous analysis, analysis frequencies 



Precision tests on such a technique 

satisfactory 

shows it to be very 

in copper3, and analysis of phosphorous 

in the region of 20 to 60 samples per hour are usual, 

the time-consuming dissolution step becomes the 

limiting factor as regards speed of analysis. 	As 

one can imagine, putting the solid dissolution step 

on a continuous basis is not an easy matter to 

accomplish, however, some steps have been taken 

towards this goal. 	Barabas3  has applied the technique 

of anodic dissolution from solid samples. 	It 

consists in applying a fixed current for a pre-set 

period of time to the solid sample in the form of 

a rod, which acts as an anode against an inert 

graphite cathode. 	As the current shuts off automatic- 

ally, at the end of the pre-set period, a solenoid 

valve located at the bottom of the electrolysis cell 

opens to release the liquid which descends by gravity 

into a sample cup placed on a rotating sampler plate. 

and of manganese, phosphorous and nitrogen in steels 4 

have been carried out by this technique. 	Docherty5  

has developed an automatic sampling technique for 

water-soluble compound fertilisers. 	A sample is 

obtained by passing a funnel ("Geco" sampler) rapidly 

through the fertiliser stream. 	The sample is rather 

large and is passed through a device ("Tyler" sample 



divider) which returns 15/16 the to the process 

and retains 1/16 for analysis. 	This sample is 

used to fill the hopper of an automatic dispensing 

balance (Hettler DNA 10 030) which weighs out about 

10 g. accurately and rejects the remainder; a smaller 

sample weight though desirable is impossible since 

each granule weighs about 20 mg. and grinding before 

weighing is also unsatisfactory because the product 

does not flow freely except in granular form. 	The 

10 g. sample is dissolved in 150 ml. of water in a 

high speed homogeniser (SolidPrep" unit) and passed 

to the analytical system. 	The range of applications 

of such dissolution techniques is obviously very 

limited yet, but nevertheless they are very welcome 

as pioneers in this field. 

Analytical Processing  

Analytical processing consists of preparing the 

sample for sensing and measurement. 	For example, 

a sample may have to be allowed to react with a 

colour-forming reagent, heated or allowed to stand 

to develop the colour in order to ready it for 

measurement in a spectrophotometer. 	Processing 

also includes separation or preconcentration steps 



which form an important part of the analytical 

method, especially in trace analysis. 	These steps 

separate the desired component from possible inter-

fering substances and concentrate it into a smaller 

Techniques such as the various forms of 

chromatography, electrophoresis, electrolytic 

separations, gas-liquid and liquid-liquid extractions, 

ion-exchange, etc. belong to this category. 

In order to enjoy full benefit from the speed 

with which the sensing and measurement step in a 

continuous analysis may be performed, it becomes 

necessary to put as many associated operations on 

a continuous basis. 	Nowadays, continuous processing 

units range from simple mixing coils, time-delay 

coils and heating baths to more sophisticated instru-

ments like digestion units for continuous Kjeldahl 

digestion. 	A wide variety of continuous separation 

and preconcentration units have also been manufactured 

or reported. 	A very good survey of these had been 

made by B/aedel . 	These include centrifuges, gas 

chromatographs and apparatus for ion-exchange, paper, 

and thin layer chromatography, dialysis, digestion; 

distillation, electrochromatography, paper electro-

phoresis, electrolysis, gas-liquid extraction, liquid- 
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liquid extraction, and filtration. 

Sensing and Neasurement  

Sensing and measurement are the heart of the 

analytical process, and consist of detecting a 

certain property in the processed sample which can 

be correlated with the composition of the components 

in the sample either qualitatively and/or quanti- 

tatively. 	A wide variety of properties - physical, 

chemical, biological etc. - that give such information 

has yielded to desperate efforts by analytical 

research chemists and today, sensors have been 

developed which measure properties ranging from 

magnetic properties to enzymic activity. 	In principle, 

all types of analytical sensing are applicable to 

continuous analysis. 	Some are however much more 

easily adapted than others, depending on whether 

the measured property is insignificantly or critically 

affected by the flowing state of the processed sample 

during measurement. 	This is the reason why optical 

sensors are in a much higher state of development 

than electrical sensors, since light absorption 

or emission (fluorescence) properties are hardly 

affected by a  dynamic measurement, whereas olectro- 
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chemical phenomena such as voltammetry are highly 

dependent on the mass transfer process (diffusion, 

electrical migration, convection, etc.) and therefore 

critically dependent on whether the measurement is 

made in a static or moving condition. 	Sensors 

suitable for continuous analysis reported in the 

literature had been surveyed by Blaedel et. al.
6 

Even though a wide range of sensors have been 

investigated, the actual widespread use and accept- 

ance has been the optical sensors. 	Such a large 

number of applications has been made in the field 

of visible spectrophotometry that a complete survey 

fluorimeters, for direct use in continuous analysis, 

have also been manufactured. 	Applications of 

continuous infrared and ultraviolet spectrophotometry 

and emission spectroscopy to the determination of 

specific substances are also numerous. 	As yet 

the application of newer analytical spectroscopic 

techniques as atomic absorption and atomic fluorescence 

spectrosco7:y to continuous analysis is still rather 

limited; however there is no reason why they should 

not develop rapidly in the near future as the process 



11 

of putting these techniques on a continuous basis 

should not involve much more than in flame photo- 

metry. 	Thus in one instance application of the 

technique of atomic fluorescence spectroscopy to 

automatic analysis had been reported by 71est.0  

Other types of continuous sensors reported 

include sensors based on radioactivity, thermal, 

physical and miScellaneous properties such as the 

paramagnetism of oxygen and mass spectrometry. 

Thermal sensors measure either the thermal conduct- 

ivity or the heat of reaction. 	Physical properties 

such as density, optical rotation, refractive index, 

etc. have also been used as continuous sensors. 

So far, only sensors other than electrical or 

electrochemical sensors have been described. 

Electrical or electrochemical sensors which have 

been applied to continuous analysis include ampero-

metric, conductometric, coulometric; coulometric 

titration, dielectric constant, galvanic, potentio-

metric, potentiometric titrations and voltammetric 

sensing. 	Detailed discussions on these shall be 

given in appropriate sections. 	(Sections 11 and III) 
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Display of analytical information  

Discussion under this section will also include 

computation steps as in integration of chromato- 

graphic peaks, computer interpretation etc. 	Work 

in these connections are the concern of electronic, 

computer and automation engineers, rather than for 

the chemist. 	However, in dealing with the rapid 

piling of data, as in continuous analysis, the 

analytical chemist has to utilise the above 

facilities in order to keep abreast with the 

accuracy, speed and convenience of operation which 

he has achieved in the sampling, processing and 

sensing/measurement steps. 

An understanding of the basic principle of 

display of analytical information may be facilitated 

by a schematic representation of general chemical 

instruentation (Figure 2).N11  

.1•91•Rote-14, 911,44 •45•0061.1.1.41•373C71,4 

Chemical/ 1 ' nput 	 Output 
c Modifi 	, ra row c er I LI cin,..JL,ce.r 

••••••••....-••••••... _ft...ftwo....r.... 1.1.4.111:0••••0/. 

Figure 2. Schematic of generalized 
chemical instrumentation 
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In instrumentation, a transducer, literally meaning 

to lead across, is a device which responds to a 

stimulus in one realm with a response in a different 

realm. 	Here transducers are classified relative 

to electrical and electronic) instru:aentation, 

as being input transducers if they respond electric-

ally to non-electrical stimuli, and output trans-

ducers if they produce a mechanical, optical, chemical, 

temperature or other non-electrical response when 

electrically stimulated. 	Modifiers perform tasks 

within a given realm. 	Amplifiers, filters and 

attenuators are examples of electronic modifiers. 

Typical optical modifiers will be prisms, lenses, 

mirrors and light filters. 	Thus to give a simple 

example, a potentiometric indicator electrode (input 

transducer) exhibits an electrical potential which 

is related to the activities of apropriate chemical 

species in the solution surrounding the electrode 

(chemical system). 	This electrical signal may 

then be amplified (modifier) and the amplified 

electrical signal is used to give a mechanical 

deflection of a meter ioutput transducer). 	The 

function of the display of analytical information 

starts after the input transducer or the modifier 
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step when an electrical signal becomes available. 

The display of analytical information can then be 

achieved by means of an output transducer which 

in the above case is the meter deflection. 	For 

continuous automated analysis however, the display- 

ing system has to be more elaborate. 	The following 

points are relevant. 	The display of analytical 

data should be 

(1) at a stage if at all possible where no 

further computation step is required, and can be 

interpreted as such. 

(2) in a form easily interpretable by the 

user of the analytical service. 

(3) in a form which can be easily co-ordinated 

with such modern aids as computers. 

To illustrate the first point, in a chromato-

graphic method, the display normally obtained will 

be the chromatographic peaks which need to be 

integrated (computing step) to be able to interpret 

in concentration terms. 	Uhere a non-linear 

dependence of response upon sample size is used 

for analysis, calibration with a single standard 

sample and direct readout cannot be achieved; 

calibration must then be made with several standard 
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samples and some computation steps and devices must 

again be used to correlate response into concentration. 

The second point will best be illustrated by 

a description of the Technicon AutoAnalyzer SMA-12 

data displaying system1.2 9 13 The SPUTA-12 is an 

AutoAnalyzer system which analyses for twelve 

components in a single blood serum sample and displays 

the results on a single recorder. The chart is 

perforated along its vertical axis at regular inter- 

vals to cover each group of twelve analyses. 	It 

is pre-calibrated in the terms of the tests - sodium 

from 110 to 160 milli-equivalents, potassium from 

0 to 10 milli-equivalents, total protein from 

0 to 10 milligrams, and so on. 	The area covering 

the normal values is shaded so that a glance at the 

chart tells whether a result falls within or close 

to the normal range. 	The chart, with the patient's 

name, ward number and date recorded on it, is merely 

torn off the roll and sent to the requesting clinician 

to be directly attached to the patient's chart. 

This kind of a displaying system is advantageous 

since the analytical laboratory does not have to 

read or manipulate (computations, data entry etc.) 

the results at all, but rather each clinician or 
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or other clients may read and interpret on their 

own vithout any possibility whatsoever of intro-

ducing transcriptive or clerical errors. 

The importance of the third and last point, 

naLlely, the easy adaptability of the data displayirlg 

system to coordinate with such modern aids as 

computers cannot be overemphasized. 	Here again, 

the advantage of speed achieved by continuous 

automated analysis must not be let down by the speed 

of communication and data processing. 	As mobile 

and field units provide dynamic analysis results 

continuously on air and water pollutants on a city-

wide or even country-wide scale, it is necessary 

to monitor all available information at a central 

control which will also process the results and 

provide for early warning alarms etc. 	Possibilities 

of analytical data recording systems for analog 

to digital conversions and then fed directly to 

computers as for process control or storage on 

punched or magnetic tape or punched cards are highly 

desirable. 
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Characteristics of a continuous analysis system 

The characteristics of a continuous analysis 

system shall be discussed in three sections: 

(I) Kinetic parameters 

(2) Typo of calibration 

(3) Sensitivity, errors and precision. 

Kinetic parameters in continuous analysis  

Unlike batch automated analysis, continuous 

analysis possesses kinetic para:►eters. 	Noise 

level and drift are associated with steady-state 

measurements, and in connection with this, Thiers 

and Oglesby
14 have made a study on the precision, 

accuracy and inherent error of automatic continuous 

flow methods. 	A very thorough 	pioneering study 

of the kinetic parameters associated with the 

transient state has also been made by Thiers and 

15 co-workers. 	The study includes time required 

to change from baseline steady state to sample 

steady state and vice versa, characteristics of 

this change, time interval between samples, ratio 

of sampling and washing time, fraction of steady 

state reached in any given sampling time and 
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interaction between samples. 	Some relevant portions 

of these will be described here since the authors 

have managed to produce and define a very useful 

parameter for continuous flow analysis, namely 

the half-wash time (111). 	This parameter, measure-
-2: 

ment of which can be made on any continuous-flow 

analytical system, can be used to express quanti-

tatively the characteristics of that system. 

Thus, improvements in methodology can be expressed 

as comparisons between 	before and after the 
2 

improvements. 	Comparisons between instruments 

performing the same determinations can similarly 

be made, and monitoring of one instrument over a 

period of time can be very conveniently done, all 

in terms of this parameter or its derivatives. 

This parameter in fact seems to provide an extremely 

sensitive indication of malfunction of continuous- 

flow analytical systems. 	In short, this term, 

half-wash time, provides a comparative, evaluative 

and descriptive parameter which continuous analytical 

systems are badly lacking. 

Nomenclature of the variables involved in 

continuous analysis will first be made, with the 

help of Figure 3. 



A 
Sample SS 

B 

b 

Time i 1111 t?, 

19 

Figure 3. Definition of variables 
in continuous analysis systeos 

It shows the recorder tracing which plots sensor 

response when a sample is aspirated for a considerable 

length of time. 	7.rhile a blank (or wash) solution 

is being aspirated, a reading corresponding to the 

"baseline steady state" is traced on the recorder. 

The sampler probe is next placed in the saople at the 

beginning of the period, named "sampling ti:_le" (ts). 
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The sensor does not observe this change for a period 

corresponding to the time required by the sample 

to traverse from the sampling point to the sensor. 

This is termed the "delay time" or "dead time" (td). 

At the end of t
d' the sensor response suddenly 

increases along a line called the "rise curve" and 

if the sampling time (ts) is sufficiently prolonged, 

a stable reading will be recorded at the "sample 

steady state". 	At the end of i
s 

the sampler probe 

transfers from the sample to the blank (or wash) 

solution and this forms the beginning of the period 

"washing time" (tw). 	After an interval corresponding 

to the delay time (td) the effect of this change 

will be observed by the sensor and the response 

decreases suddenly along the "fall curve" until, 

if t
w 
is long enough, the baseline steady state will 

again be reached. 	The sum of is 
and tw 

is the 

"time between successive samples" (tbs
) which deter- 

mines the "sample frequency" (fs) expressed in samples 

per hour. 

fs  = 3600/tbs  

when t
bs 

is expressed in seconds. 

The time required for the sensor to transit between 

the steady states corresponding to consecutive 

samples is termed the "transition time" (tt). It is 
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contributed to mainly by sensor holdup and by those 

factors which cause spreading of the interface 

between consecutive samples. 	The sum (t
d + tt) 

is the "readout time" which represents the minimum 

time that is required after sample introduction 

to obtain the analytical result. 	When i
s 
is so 

short that the response does not reach sample steady 

state, that "percentage of the sample steady state 

concentration" (% SS) reached during the given t
s 

may be expressed as the apparent concentration 

obtained at the peak, divided by the concentration 

of the sample steady state times 100. 	"Interaction" 

is caused by spreading and subsequent mixing of the 

interface between consecutive samples. 	It can 

be measured14 by running a sample of low concentration, 

a sample of high concentration, and then again the 

sample of low concentration (Figure 3B) under the 

conditions of ts
, t

w 
and tbs chosen for actual 

operation. 	A concentration error due to interaction 

between the high sample and the second low sample 

can then be observed, and "percentage interaction" 

(% I) is given by the difference of the apparent 

concentrations of the low sample, divided by the 

high concentration which caused this difference, 
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times 100. 	Interaction is decreased by having the 

sampler probe to be immersed in water whenever it 

is not in the sample. 

The most significant discovery by Thiers and 

co-workers15  was the observation that the transition 

between steady state conditions in continuous flow 

analysis follows kinetics which are approximately 

first order with respect to concentration. 

Analysis of the rise curves gives an expression, 

dc/dt = k(Css 	Ct) 

where Css = final steady state concentration 

Ct 
= apparent concentration at any given 

time t. 

k = a proportionality constant 

A typical first order kinetic relationship is 

obvious from the above expression and a plot of 

- log (css 	ct) vs time gives a linear plot. 

It can therefore be said that during the transient 

state in continuous-flow analysis, the apparent 

concentration follows kinetics which are first order 

with respect to the difference between the apparent 

concentration and the steady state concentration 

towards which it is proceeding. 	In the case of the 

fall curves, the change follows kinetics which are 
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first order with respect to the apparent concentration 

(Ct) itself since in this case the steady state 

concentration towards which the change is proceeding 

is zero. 	The slope of the straight line plots 

obtained gives the rates of the transition reaction 

and by analogy with the half-life concept in radio-

isotope usage, these slopes and rates were expressed 

in terms of "half-wash times" (ITO. 	A half-wash 

time is therefore defined as the time required to 

go from the apparent concentration represented by 

any point on the transition curve half-way (in 

concentration units) to the concentration at the 

steady state towards which the transition is heading. 

A number of interrelationships of various para-

meters in continuous analysis can be achieved with 

the half-wash time principle. 	For quantitative 

calculation of this sort, one need only refer to a 

generalized chart on semilogarithrnic paper of the 

concentrational distance from steady state remaining 

at any given time (expressed as a percentage of the 

original concentration distance) vs the time itself 

`expressed in units of half-wash time). 	Such 

chart is reproduced in Figure 4. 
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0 	5 	10 
Time W  Unit 

Figure 4. Generalized chart for calculation of 
interrelationships of various parameters 
in continuous analysis 

If one wants to determine the percentage of steady 

state concentration reached at any given sampling 

time (ts), one simply has to convert is 
into Vi  units 

by dividing by the latter and reading off on the 

chart the percentagesteady state which corresponds 

to that number of half-wash times. 	It has already 

been said that interaction may be decreased by 

aspirating water or other wash liquid whenever the 
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sample is not being aspirated. 	However, samples 

can be crowded together so closely by decreasing 

tbs (for reasons of time-economy etc.), that the 

small but significant apparent concentration by 

which the signal has failed to reach baseline steady 

state can add itself to the peak of the subsequent 

sample. 	This proves to be the source of interaction.14  

The extent of such an interaction can be calculated 

again by the half-wash time principle. 	The value 

of tbs is first converted again into Vi units by 2 

division by the latter. 	The number obtained is the 

effective number of half-wash times between samples 

and obviously if this number were one, 50% of the 

concentration of any given sample would appear as 

part of the following sample; if it were two 25%, 

three, 12.5% and so on, as read off from the chart 

(Figure 4). 	Calculation of the decrease in precision 

to be expected theoretically as a result of varia-

bility of sampling time (t s
)can also be made with 

the help of the half-wash time principle and Figure 4. 

An improperly made sampler will give varying values 

of is 
from sample to sample either in random or 

systematic manner. 	t may also vary as a function 

of the height of the surface of the sample in its cup. 
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If is 
is sufficiently long for the sample steady 

state to be reached, then variations in is 
have 

no effect whatsoever on the concentration read. 

However, by reference to Figure 4 it can be seen 

that if ts 
were only one Vi, where only 50c/0 of the 

2 
sample steady state is reached by the peak height, 

then a change of ± 0.1 W1  in is 
would cause a 

2 
± 6% error in the concentration observed. 	One can 

therefore calculate, for any measured timing error 

minimal values of ts 
required to keep the effect of 

these timing errors on the precision within any 

chosen limits. 

The above illustrations clarify the facts that 

the percentage of sample steady state reached and 

sample timing precision are affected by the value 

of is 
and not by tbs, whereas the percentage inter-

action is affected only by tbs  and not by is  and 

governing all these factors is the concept of half- 

wash time 1,1"1 ) • 
2 

Returning to the continuous analytical system 

as a whole, again, the kinetic characteristic of the 

system should be such that the half-wash time (t1) 2 
which governs the above-mentioned factors is kept to 

a minimum. 	This may be achieved by reducing holdup 
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at the sensor to a minimum and also by controlling 

those factors that cause interfacial mixing as the 

stream passes through the equipment. 	The first 

requirement is met by careful cell design and the 

considerations involved are quite obvious; inter-

facial mixing is governed by a variety of factors 

and is much less easy to control. 	Size and 

geometry of the processing units, sensor unit, and 

connecting lines, all have an effect and so does 

the presence of stagnant regions or traps in which 

the sample may be held by absorption, adsorption, 

chemical reaction (e.g. precipitation) etc. 	Laminar 

flow has a parabolic velocity profile in tubes and 

therefore cause interfacial mixing. 

A consideration of much less importance is the 

dead time or delay time (td). 	It affects the 

read-out time, but has no effect whatsoever on the 

sample frequency since at any instant, several 

samples can be passing consecutively through tie 

processing train, just so long as each sample flows 

long enough past the sensor to permit it to roach 

the steady state or a reproducible fraction of the 

steady state corresponding to that sample. 	td  may 

be minimized by reducing holdup in the processing 

units and flow system preceding the sensor. 
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Type of calibration  

Any form of dependence of the response upon 

sample size may be used for ordinary analytical 

work, provided proper standards are available for 

calibration. 	The calibration may be either a linear 

plot that passes through the origin or not, or it 

may be non-linear. 	In continuous analysis, however, 

calibration with a single standard and direct readout 

of unknown samples is required so that a straight line 

calibration plot that passes through the origin 

is necessary. 	Plots that are linear but do not 

pass through the origin may still be used after 

automatic correction of the blank. 	However, when 

a non-linear dependence of response upon sample 

size exists, calibration with a single standard and 

direct readout is no longer possible. 	Calibration 

must be made with several standards and either a 

working curve must be used (which considerably 

cuts down the efficiency of the method) or an 

appropriate computation device must be employed to 

convert the response into concentration in which 

case it becomes doubtful that the excercise is 

worthwhile at all. 	In practice therefore, a linear 

dependence of response upon sample size is desirable 

for continuous analysis. 
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Sensitivity, accuracy and precision  

In principle, only enough sample to fill the 

sensor would be needed for measurement, in continuous 

analysis; in practice, however, the sample has to 

flow long enough past the sensor to obtain a steady 

state response or a reproducible fraction of the 

steady state response. 	Only a fraction of the sample 

is therefore actually utilised for measurement and 

this waste of sample therefore corresponds to a 

loss of sensitivity. 	In order to reduce this 

wastefulness of sample and hence the decreased 

sensitivity, it is necessary to decrease ts 
(time 

in sample) to a minimum, due considerations being 

given to the response time of the sensor (that is, 

the minimum time required for the sensor to detect 

any changes in sample concentration), the accuracy 

with which % SS (the percentage of steady state 

reading) may be reproduced (page2.; ) in any given 

time t
s 
and the timing of sampling that can intro- 

duce errors if is 
is small (page 26 ) • 	It is in 

order to compensate for this waste of sample that 

continuous sensor units are designed for low hold-

up, and the sensors themselves are chosen to be of 

a high sensitivity type so that a large volume of 



by two factors, namely, interaction 

14 samples and drift. 

between adjacent 

(page21 ), The definition 
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sample of very low concentration may be used for 

flushing past the sensor while still conserving 

the absolute amount of sought-for substance needed 

for measurement. 

The accuracy and precision of continuous 

flow analytical methods are, in general, governed 

source (page  25) and quantitative measurement of 

interaction from first principles (page 21 ) and 

from the half-wash principle (Dage25.) have already 

been described. 	It has also been mentioned that 

interaction may be reduced by interposing water 

between samples. 	it is also obvious that the 

effect of interaction may be corrected by determining 

the percentage interaction which is then accounted 

for in the analytical result. 	Drift is a much more 

serious inherent problem in continuous analytical 

methods than in other analytical methods in general, 

since the precision of the former depends on the 

constancy of fractional completion of a reaction. 

The characteristic result of drift is that a given 

set of samples analyzed at one time will bear the 

same relationship to each other in their concentrations 
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as when analyzed at a different time, but the two 

sets of answers will be significantly different. 

Evaluation of drift may be made by including known 

drift-control standards at frequent intervals 

throughout the operation of the instrument. 	The 

apparent change in concentration of these standards 

is a measure of instrumental drift. 	A calibration 

curve constructed at any one time must therefore 

always be altered to account for the drift existing 

at that particular time. 	This is done by 

arbitrarily dividing the sample into groups of 

samples nearest to each drift-control standard. 

The height of the peak for the drift-control standard 

for a given group is taken as the elevation of 

the calibration curve at that concentration at 

that time, and the calibration curve as originally 

constructed is shifted upwards or downward (parallel 

to the original curve) so as to pass through the 

correct value for the drift control standard in 

question. 

A less obvious source of error in continuous 

analysis is the dependence of the analytical results 

on the depth of sample in the sample cups. 	Thiers  

and Oglesby14 have recommended to use approximately 
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similar volumes of samples in the sample cups for 

maximum precision and in amounts well in excess of 

the volume required. 'When smaller amounts must be 

used, the volumes employed for standards and samples 

become critical and should be identical. 	The effect 

of sample depth on the analytical result will be 

more pronounced if the time of sampling (ts) is 

small as has been discussed. 

Recent developments in continuous analysis  

An account of the recent developments in 

continuous analysis will be given here, but it shall, 

of necessity, be concerned only with those develop-

ments which involve the use or introduction of a 

principle new to continuous analysis either in 

instrumentation or in chemistry; other numerous 

works that concern with the improvements on existing 

principles shall however have to be omitted due to 

space limitations. 

Kinetic methods of analysis  

Kinetic method of analysis is one of the 

established analytical techniques where the concen-

tration of a desired component is measured using 

principles of chemical kinetics. 	Analytical 
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procedures based on the measurement of the rate 

of enzyme catalyzed reactions, for example, show 

great promise and are being developed rapidly. 

The concentration of a sought-for substance is 

fourad by moa.sureracnt of its initial rate of reaction 

with other reagents that are all at controlled 

concentrations. 	Under such conditions, the sought- 

for concentration is proportional to the initial 

reaction rate. 	It is quite obvious that the use 

of the principle of continuous analysis where the 

sample is analysed in a flowing condition is ideally 

suited for kinetic methods of analysis. Suitable 

sensors may be placed at appropriate points along 

the solution path which detect changes in concentra-

tion as the sample moves forward, that is, with time. 

This is proportional to the reaction rate and hence 

to the concentration of the desired component in 

the sample. 	Automation becomes very convenient 

and direct readout of the answer is readily achieved. 

Instrumentation for continuous analysis by measure-

ment of reaction rate has been designed in which 

the measure ent system employed is either differen-

tial filter photometryl6 or differential ampero- 

17 metry. 	In the latter case the instrument described 
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measures continuously the rate of a chemical reaction, 

provided it is accompanied by a change in concentration 

of an electroactive species. 	A sample stream and 

a reagent stream containing all substances necessary 

for the reaction are pumped, each at a constant rate 

and are mixed for reaction to begin. 	The resultant 

reacting stream flows through an induction delay 

line, to permit any induction periods to pass if 

such exists. 	The stream then flows through an 

upstream tubular platinum electrode, an inter-

electrode delay line, a downstream tubular platinum 

electrode, and finally to waste. 	The interelectrode 

delay line is chosen long enough to produce sufficient 

electroactive material for accurate measurement. 

The difference in concentration of electroactive 

substance at the two electrodes is found by a 

differential amperometric measurement at a fixed 

applied potential. 	Since the pumping rate is 

constant and since the electrodes are at a fixed 

distance apart on the reacting stream, the measured 

differential current is proportional to the difference 

in concentration of the electroactive substance 

at the two electrodes, and is therefore also 

proportional to the reaction rate. 	Sensors and 



35 

measuring devices used for such measurements should 

be of a high sensitivity type, so that reaction 

time required may be made short, and the reaction 

rate that is measured is then essentially an initial 

rate, which provides the best condition for linearity 

between the measured response and the sought-for 

concentration, which in turn permits direct readout 

of the result. 	Performance of the instrument 

was evaluated by analysing glucose by the well-known 

glucose oxidase method. 	In this method glucose 

is oxidised in the presence of air to gluconic 

acid and hydrogen peroxide, the reaction being 

catalyzed by the enzyme glucose oxidase. 	The 

hydrogen peroxide itself is not easily amenable 

for electrochemical detection, but in the presence 

of peroxidase, it reacts rapidly with ferrocyanide 

to produce ferricyanide which is amperometrically 

measured at the tubular platinum electrode. 	Linear 

calibration plots were obtained for concentrations 

of glucose from 0 to 100 ppm and the precision is 

high. 

Isotope derivative method of analysis  

The isotope derivative method is specifically 

for the determination of a substance in amounts too 
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small for use of conventional methods and in the 

presence of substances too similar for quantitative 

separation before measurement. 	The principle of 

the method is that the sought-for substance is 

labelled with a radioactive reagent to form a 

radio-derivative. 	The interferences also become 

labelled. 	Then a known amount of inactive carrier 

derivative of the sought-for substance is added, 

and the mixture is processed to recover the purified 

carrier free of excess reagent and radio-derivatives 

of the interfering compounds. 	leasurement of the 

yield and specific activity of the purified carrier 

then permit calculation of the sought-for substance 

in the original sample, providing that the derivative-

formation reaction has a reproducible yield and 

providing that the derivative does not decompose 

through the processing. 	This method, in spite of 

its great analytical potential, has not been widely 

accepted probably because the derivative forming 

reaction and purification steps usually involve 

much effort and time. 	This again is an ideal 

situation for introduction of continuous methodology. 

Thus Blaedel and Ivenson13 had presented a scheme 

for a continuous isotope derivative procedure for 
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amino acid determination. 	The sample containing 

alanine and other amino acids is pumped at a constant 

rate to merge with a stream of radio-Co(II) of known 

concentration, also pumped at constant rate. 	The 

Co(II) is in excess over the amino acids. 	The 

radio-Co(III)-amino acid complexes are formed as 

the mixed stream passes through an electrolytic 

oxidizing column. 	The stream is next merged with 

another pumped stream of inactive carrier Co(III)- 

alanine of known concentration. 	Thereafter, the 

stream is processed to recover the Co(III)-alanine 

complex in radiochemically pure form. 	The chemical 

concentration as well as the radioactivity of the 

purified stream are both measured simultaneously, 

and the outputs of the two sensors are fed into a 

ratio recorder whose output is proportional to the 

concentration of alanine in the original sample. 

Direct readout of the alanine content should be 

possible after calibration of the equipment with 

a standard alanine sample. 
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Sequential multiple analysis  

This development, in contrast to the former 

two, is on the instrumental side rather than on the 

chemical side of continuous analysis and as such 

only a brief account will be given. 	Sequential 

multiple analysis was first described by Skeggs19 

and his instrument was capable of performing eight 

tests simultaneously from a single serum sample and 

recording all eight tests sequentially on a single 

sheet of recorder•paper. 	This system was later 

enlarged to twelve tests12,13 by the Technicon 

(AutoAnalyzer) Corporation. 	The manner in which 

such a system works is a long story of ingenious 

manipulation of liquid streaols, instrument design 

and electronics which shall not be described; 	the 

achievement of the system however is tremendous 

and deserves recognition. 	The sequential multiple 

analysis instrument (SHA 12/60, Technicon Corporation) 

is capable of analyzing for twelve components in 

a single two-millilitre of untreated sample at a 

rate of sixty samples per hour. 	Readout time is 

only nine minutes and the data, in the form of a 

serum chemistry profile, is recorded on precalibrated 

charts which are directly dispatchable to the user 
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of the analytical service without any further 

computation or clerical steps. 	High accuracy 

is achieved by automatic blank correction and 

recording of results at steady-state levels. 

Advantages and disadvantages of continuous analysis  

The advantages of a continuous analysis system 

may be summarised as follows: 

(a) Ease of automation. 

Automation is relatively easy in continuous 

analysis, since the instrumental approach is such 

that a variation in signal is detected which can 

be conveniently amplified to actuate valves, 

compressors, pumps, heaters etc. in a chemical 

process system to regulate the conditions necessary 

for correct operation of the process. 

(b) 1Jseproducibility of "time". 

Another great advantage associated with 

continuous analysis is the accurate reproducibility 

of "time" which allows the use of slow reactions and 

processes without the necessity to bring them to 

completion. 	Such reactions and processes are not 

adaptable to manual techniques where accurate 

reproduction of "time" is difficult, and therefore 
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the reactions or processes involved must be made 

to go to completion which would take an unreasonably 

long time or may not even reach 100% completion at 

all. 	Hence many useful metastable processes such 

as hydrolysis, digestion, dialysis, solvent extraction 

etc. where 100% reaction rarely occurs within a 

reasonable period, are easily adaptable to continuous 

analysis. 

(c) Sample handling. 

All problems associated with the handling and 

transport of certain samples are eliminated in 

continuous analysis. 	Sampling of gas streams, 

handling of samples that can undergo change under 

the influence of air or sunlight, that are toxic, 

corrosive or otherwise dangerous or unpleasant are 

some of the problems that are easily overcome by 

continuous methodology. 

(d) Speed of analysis. 

The advantages of speed are quite obvious. 

Readout time in continuous analysis is usually in 

the order of a few minutes in contrast to several 

hours or even days by manual techniques. 	Considerable 

savings of money arc therefore involved in 

scale production lines when a faulty product or 
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process is detected by a rapid and dynamic analysis 

rather than a historic one. 	In the field of clinical 

analysis, also, such dynamic analyses allow diagnosis 

and treatment of cases on the basis of up-to-date 

analytical data rather than on analysis results of 

samples that existed in the patient some considerable 

length of time ago. 	The high frequency of analysis 

possible with continuous analysis also has many 

advantages. 	Frequent analysis allows production 

processes to operate closer to safety limits, and 

also has a tremendous impact in the field of preventive 

medicine. 

(e) Minimising error. 

The isolation from human intervention that 

characterises continuous analytical systems eliminates 

all sources of human errors. 	In principle, if a 

continuous analytical system can be made to indicate 

correctly for a standard, then it will indicate 

equally correctly for the sample. 

The only disadvantage inherent in continuous 

analytical systems is the fact that only a fraction 

of the sample introduced into the system is actually 

utilised for measurement, the remainder being merely 

necessary to flow past the sensor long enough for 
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the latter to reach a steady state or a reproducible 

fraction of the steady state. 	This waste of sample, 

therefore, corresponds to a loss of sensitivity. 

Complexonictry, polarography and continuous analysis  

In order to extend the applicability of continuous 

analysis to much wider fields, an attempt has been 

made in this thesis to employ the classical analytical 

techniques of complexonetry and polarography (voltam-

metry, in general), individually as well as in 

combination to continuous analysis systems. 	Such 

a course obviously holds many possibilities since 

the old and well-established method of complexometry 

is very versatile and still irreplaceable, and since 

the use of electrochemical sensors in continuous 

analysis, yet at an infant stage compared to other 

sensors such as optical sensors, offers all the 

advantages of electrochemical sensing, including the 

use of such latest developments in electroanalytical 

chemistry as cyclic and pulse techniques20 anodic 

and cathodic stripping analysis21 and so on, aimed 

at increasing sensitivity, selectivity etc. 
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COEILX01::jTRIC METHODS OF ANALYSIS 
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S:- CTION I 

INTODUCTION 

Complexometry may be defined as those analytical 

procedures employing a group of compounds, nacied by 

Schwarzenbach as complexones". These are aninopoly-

carbonylic acids, the most pro;ainent melnber of which 

is ethylenediaminetetraacetic acid (2DTA) 

	

t. 	

1 HOOC.CH2 1 HOOC.CH2 	CH
2
.COOH 

HOOC.CH2 

	2 	2- ‘. 
.CH .Y 

i 

CH
2
.COOH 

the anion of which can act as a quinque - or 

seXi-dentate ligan-:.1 by coordination 	a metal ion 

through its two nitroon atoms and three or four of 

the carbonylic acid groups, to for;:i an octahedral 

coplex which is greatly stabilised by the n.L‘Liber 

of five.-;Aembered chelatu ring it contains. This 

structure is also favourable to the preferred 

stereocheistry of Lost of the coz.,lon _letal ions. 

Even though certain a;qinopolycn.rbqKylic acids 

(including aDTA) had been narlted since the 1930's, 

and 	co:Iplexes of some of these acids 

characterized in the early 1940's, it was only in 

1945 that Schy::_rzenbach pointed out the analytical 

potentialitie of these "co.:iplexons" by reporting 
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the indirect deter.lination of ,aetal ions via the pH 

effects displayed on addition of an EDTA salt to the 

metal solution. Next he pointed out the use of metal 

sensitive indicators in analogy with acid-base indic-

ators, vhich initiated the development of a ,,hole 

series of mcAailochronic indicators arid comi,lexonetriC 

titrations. 

The proerties of .1)T- that make it such a 

successful reagent had been traced by 'lest22 to: 

(1) ForAation of 1:1 complexes with almost all 

cations under suitable pH conditions, in contrast to 

ligands which form multiple ce%nplexes with natal ions 

so that the stoichcionetry ef their reaction is 

difficult to control for titrifactric purposes. 

(2) 27Y2A also ferns complexes of high stability so 

that shar;) changes in -1214 values occur at end-points 

(3) The coiaplexes are so stable that the presence of 

Liany other complexing agents can be tolerated in 

solution without any adverse effects. 

(4) Since -2DTA is a tetrabasic acid possessing 

"strong" and "weak" protons, selectivity of reaction 

is yossible by pH control, and 

(5) E]:TA complexes are soluble so that co-precipita-

tion 1-rob1e.:Is do not arise and E"../TA is not a 

chrcmogenic reagent, although it does intensify pre-

existing colour. 

Complexemetry, apparently, is very unselective 
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in nature because of the high affinity of EDTA for 

:lost cations. However this is easily overcome by the 

use of "masking agents", this term has been defined 

by I.U.P.A.C. as "a substance preventing the reaction 

of one or :lore foreign substanclo in a determination 

by conversion into soluble complexes, different 

oxidation status or other unreactive forms". The 

analysis of very complex mixtures have been achieved 

by an ingenious use of these maskini5 agents and pH 

control; separation techniques such as solvent 

extraction, ion-exchange etc. may also be used for 

further selectivity even though it is rarely necessary. 

However 7;roble:.ls arise when it comes to the 

determination of a group of elements with very similar 

properties, such as those of the sane sub-group of 

the periodic table or the rare earths since, all the 

elei:,ents will react si:lilarly to any masking agent used 

or pH control. Such a situation is perfectly 

exemplified by the alkaline earth elements especially 

magnesium and calcium which occur so colosely in 

nature - either in the earth's crust, in natural 

eaters or the human body. The following chapter 

deals with this particular problem, that is, of 

IcIrcloping a method for iletermining calcium and 

magnesium in the presence of each other. The reasons 

for choosing this particular system are two-fold: 

(a) The deter-ination of calcium and .agnesiu;a in 

the presence of each other is basically an imiool:tant 
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analysis; the reasons for this are very obvious. 

(b) The work will fora the basis for subsequent 

studies since the saLle system (calciumtlagnesium) 

shall be erAployed in Section II (Use of cciaplexones in 

polaro,Tray-hic analysis) and Section III (Continuous 

analysis via ce,Iplexe;Aetry usinis electrochemical 

sensors), in which a very clear del-_Lonstration of the 

principles outlined in each is possible Tlith the 

calcium/magnesium system. 
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Si3CTION I 

CHAPTER I 

A CON7EXON:1;=C 	HOD  FOR THE DETZ:daNATION OF 

CALCIIII: AND ILIGirsIuu IN THE PITSENCE OF  

EACH OTHER 

1.1.1. RovieT- of  .,_rvious  1-7orks 

The r2etermin:Ition of calcium and ;Iagnesium in the 

prosencc, of each other had been a classic analytical 

problem since the beginning of chemistry, which 

anpeared to have been solved by various methods, but 

only with serious lilaitations. Before the discovery 

of comnlexemetric titrations, the commonest 'method 

involves separation of the calciuLA by precipitation 

as the oxalate 	either a 6-ravi,:Aetric or titri.letric 

follow-up. In addition to being time-consulting and 

tedi)us the accuracy of the method is seriously 

affected by problems of coDrecipitation. The speed 

of ::.nalysis was L;rcatly enhanced with the introduction 

of comolexietric titrations where physical separation 

of calciuri and magnesiu was no longer necessary. 

The co:1:::onust procedure involves titration c3 the 

sample first _or the su:1 of calciufa and lia6nesium 

with EDTA in an am,lonia buffer (pH 10) using Lsrio-

chrome Black T as indicator. "Next, in a second 

aliquot of the sai.,21e, 	-.mesium is - ,recipitated as 

the hydroxide at a pH of approxi;dately 13 and the 



calciu!1 0..1onc is thoD.. ti tratcd. viTi th J.~ifi'/~, us ing 

~uroxide DS indicator 23, 2'+, rfh c usc of other 

. . 'f 
d l GndvnntnC8 o f the uethod is t he c oprecipitation of 

c a lci1.1r"1 1,Tith t ho nclgnc;siur:! hydroxi cl o , eSjJG'cially n t 

high I4g : Ca ratios . Vari ou s p rocodaros had been 

propose d fo r e licinating t his s ource of error . Thus 

D. bacle ti tration p rocedure :~;Hiy b o u,sod in 1/lhich 2~_)TA 

is a ·:::;.dod in oxccss over t hG :-l jXlount of' calciuril p r e s e nt 

8.nd than ~(j:r E~ cipi ta,tin[; tho L1Clgnos iu~ :1 and b '~L ck-ti trati.."'1.C 

tho oxcess of ~DTA . Lott Qnd Uh cng25 reported 

do creasinG c~-prGcipitntion of calciu~ by the addition 

of po lyvinyl al c ohol. Burg and Connehan Y0port0d the 

"',... + . t ' t · 1 t 26 saue 0110 C u Wl naco y aco onG • 

probloF! CB,tlScd by t rio hydroxi.do pruci1)itntion i s the 

,~.:dsor-ption uf' thu i nd1. c rl t (.r • lh,;;lcher , Close and 

. T·T t 27 t '" d " ." . . t . 1 }I. O S S · ' ..... tile t ~' .. lS In ( to Ql ;::cnd here a ls o the 

~dd~tion s f po lyvinyl alcoho l or acot~ac 2 t onc serve s 

as a n of'f'ccti v o rc: ~Gdy25, 26 . is 

still c onsidered n po t ontial source of trouble, ~n 

spi to of these i r,lpr OVC::1ent s , and Ticho,clor o v :'l Clnd 

. 23 
Sl tnackovn a v oided this by ti tra ting c a lciur:1 at a 

h i gh pH c.:U1.d still IJrCycn t in.;' the el<1gnes iur.l p rGcipita -

tion by cOf:lp lexing 'pi t h tartrn.t 'c . H i gh r0sults fo r 

. 26 29 
cnlciu~ arc howeV0r ObtUlllGd ' ,indicating 

Ii. tur ning p o int in the history o f the titrin utric 
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analysis of calciu,-; 	r.-}ccured when 

30 . 	 Sehwarzonbach 	int,od1.1..c,:C. a nal/ cc.--.plexonc - cthylone 

t::thr)-N,N--tctra71.cGtic acid 

	

I HOOC.CH 	 2 .COOH 
N.? 	 / 
/e)11-.CH2.CH2.0.OH2.CH2.0.OH2.CH2  .N 

	

HOOC.CH 	 OH2 2.COOH 

was r.2porte4.1 to 	a ,-lifferenc,.... of 5.,3 in he 

lot; 1.  of ciciut_L .,t b. 	a  nd .e.F,Lnesiuzn 	K 
= 11.0, 

to K, = 5.2) i71 contr-st to only 2.0 Frith .1KiTA hc 

(log Ke,1  = 10.7, log 	= -.7). The first 

application cf 2GTA as a seloctiv 	 .ant far 

calciuu in the pr:2s&:nc-:, o :;a0nesiu hew:,.v,:r, came 

only twf. years later, in a :)a-)er by 3:;.eillt_!y31 in 1957. 

he use of ,k11-TA as a selective tltrnt was handieed 

by the lac3-: of a si,:silarly selective 

	

cilioy as able to cet ar:_.und 	eblc by the 

emploracnt of Totentiuctric end-point dotectin. A 

s%,:ries 6f paper:F., ton 	ln quick succession 

	

rei,orted indirect visnal 	dot,ction 

systLrls 	zinc s(:nsitised 	32 33 

34 
or PAN 29 

1-otho;As 	ic . 

-16 fiu:,:co,Autlic35 'ffid 	e"'_:2. Dint detections 

have also boon r: _:ported. Tao disadv:Lnta,-e in all 



51 

these methods is that since the titration is carried 

out in the presence of unmasked magnesium, titration 

even with a fairly selective titrant is bound to give 

uneliable results especially at high rtagnesiu,T1 

concentrations. Y. different approach by Pribil37 is 

to ,Mask the calcium with a small measured excess of 

laITA and titrate the ,;.-atsnesiu.,11 with =A using 

Methyithymol Blue indicator. The calcium is determined 

by back-titrating the excess of „LGTA with calcium 

using a fluorescent indicator, fluorexone. The end 

points are. however, found to be poor. 

1.1.2 Principle 	the -)ronosed method 

The principle of the method involves an exchange 

reaction, 

Ca + MZ + nAr- MA
n 

CaZ 	(1) 

(charges omitted for silicity) ithere M represents a 

.etal ion to be displaced, such as Zn or Cd, Z 

represents L;GTA and. A is an auxiliary co,nlexing agent 

such as a:ALIonia which suppresses the apparent stability 

of HZ an (f. facilitates reaction towards the right. 

Solution conditions arc such that participation in the 

above exchange reaction by lagnesiurl is negligible; 

the latter is suitably masked and the liberated liAn  

titrated coi:plexouetrically to give the concentration 

of calciu al:inc in. the ,lixure. The concentcation 

of magnesium can be obtained by difference after 

det,r.Aining the total concentration of calcium and 
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magnesium in a separate aliquot by the usual EDTA 

titration. 

1.1.3. Theory 

Nagakawa and Tanaka3  ,39 derived the following 

relation for exchange reactions such as equation (1) 

[C t  = ( 4A1 - 1[4A • K2  [114  ) (l+ 1:14A4] 	1 )  

(2) 

 

 

rma4 3 

whore K1 is the equilibrium constant 
of the exchange 

reaction (1) and K2 that of the following reaction, 

MZ 4A = MA4 + Z 

i.e. 	
] 	KcaZ KMA4 

4Z.1 [Cakie 	KMZ 

and K2= 

yMy 

KMA C(H(Z)  

All terms have their usual meaning in couplexometry. 

In (2) the term EM:j t- Li4A41 K [A1 4 
 
may be neglected 

CMAk: 	 

4 
in comparison with b

1141 if K
2 [; is sufficiently low. 

Thus lea] t  = MA41 (1+ 	IMA4] 	1 	(3) 

'1A4.1 K1 
The second term in par:_mtheses of (3) may be neglected 

K1 A
4 is sufficiently high MA 41  or 

t - imA41 
is 

sufficiently low, and then 

t  = [MAO 	(4) 

In the range where (4) holds, therefore, calcium can he 

successfully determined by titration of MA4. A plot of 
[14#1t  againstiba a for various values of Kji-f& shows 
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that the hi, ;,tor the value of Kg is, the wider is 

the range where (4) holds, i.o. [Ca' is prodortional 

to 	 bi to a value of 1---A t  Lujt  siore close to unity 

Kg shol(_f be more than 10-  in ors or to ap,,ly 

to a point [:'Jai = D.5• t 	t 

The sa:Ae considerations for the case of ma,F;nesium 

yields: 

Likig] t  = LMA41 ( 1+ [MA 

t- [MAttj Kl [ 11- 
1 - J 

who.l 	is the 1:1aTnesiu exchance reaction similar 

plot of b;../1.0 	[Iii 

f-r varl as values of KIP4  

low vc-fl._J 

shows that for 

(<_, th.0 

amount 	liberatoj ) 	;I-le:slum is very snall 

ancl can be ie4locted. For a selective cetormination 

of calcitut in the yrese: c o 	. J11 S 
 

L  

shoulc: )o su.ficiently 	,,nd 	
4 

sufficiently lot!. Since Kg 114 = K CaZ P46Z 

a coc.:01elco?Le shoul‘', be chosen such that the di::ference 

in stabilities betweenits calcium and , 	slum 

eholate. is large. 
c 8 

Th/Ki44-_:JGT,r1 - (1 0-" ) is much 

r (104—  ) and one can creator than 

realise i4
4 	, -;her than 102  a.: 	less than 

10-3 
 

in an exchange equilibrium in which 

Dart is ipates 

sho-:,,,ld be 
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1.1.4 	ex:lerivionts  and studies 

1 ial  Cor.iv)letenoss and  ,ontan iy 	e xch ct 	of 	an :- e reaction -  

cczA1ctoness an spontaneity of the exchange 

reaction, 

Ca
2+ 

+ Zr-;-.:GTA
2 
 + + Zn(N71)t  

to,-ars the right hand side was tested by teasuring the 

\2+ concentration of liberated Zn(NH3)4, as (le-ten:lined 

by a coi-di)lexonetric titration: with A3-Th. The reaction 

1,as carried out in an aLuionia buffer of pH9.6-1  0.1 

and concentrations of asrionia in the ranc:e 0.1 to 0.5 F; 

a 510(/ excess of ' 	is eJaployed. Pecovery of 

an(NH3)4  is in all cases close to 160')J. 1-l1thin the 

limits of oxerii.iuntal error, and the exchange reaction 

is instananeous, 1005') recovery being attained at 

once without any further chance on allowingto stand 

10:,12.er. 

;b) :;election of titrants for 	,2+ lioerated 

Lx_the exchami . reaction 

The titrant f„ 3 N 2+ Yected for Zn(ldi) 	must satisfy 
1.1 

certain requireir.cnts, or examiae, it -lust not react 

or i-7teffe.7,:: wit any of Lhe cosaponents of the exchange 

‘+ reaction except Zn(Irrh„), 	Of the three 

titrants studied, naely IILITA, C: T.:. and ..,;GTA, _._J 1̀i 

and .)TA arc entirely unsatisfactory prcsu,:iably due to 

slow liand exchange with the exchange reaction 

co,Iponents such as tlie excess of 2i1-.1,'GT./,. or ....;a-G'PA 

and very high results and diffuse end 'ooints arc 

0 triinod. Titration 	;lowevor, ,ive3 
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excellent end points and accurate results. 

(c) Selection of indicator  

Only a few metallochromic indicators are available 

for the titration of zinc in ammoniacal solution at 

about pH 10; the most common are Eriochrome Black T, 

Pyrocatechol Violet and Zincon. Of these pyrocatechol 

violet is not very satisfactory since the colour 

change at the end point is from blue (metal-indicator 

colour) to violet (free indicator colour) which is 

not readily detectable. Zincon has been chosen in 

preference to Eriochrome Black T because of its 

higher selectivity. Zincon, the trivial name for 

042-(2-hydroxy-5-sulfophenylazo;-benzylidune 

hydrazinj-benzoic acid, was first introduced by 

Rush and YoeLto as a zinc reagent for photometric 

analysis. Kinnunen and Merikant4l showed that it is 

also an excellent indicator for the complexometric 

titration of zinc as it gives a sharp change from 

deep blue to orange-yellow. Zincon (the monosodium 

salt) has three acid hydrogens : a carboxylic hydrogen, 

a phenolic hydrogen and a secondary amine hydrogen and 

at pH10, the HIn3  is the dominant species33, 

In4-  H 	HIn3-  3 --- 2 v--  
Pink Yellow Orange-yellow Violet 

(d) Masking of magnesium  

The problem here is to find a masking agent for 

magnesium to mask it from being cotitrated even 

slightly with the zinc by EGTA. The reagent employed 

must not mask the zinc. 	The selection of 
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a n'a6kini.; aent for riagnesiuia is complicated by the 

fact t::-hat ;:ost of t i _econventional ..lasIlint; agents for 
magnesium also fori:t insoluble zinc salts. It is a 

vell-__nown fact that the all:aline earth metals can be 

mashed by fluoride ions when zinc, cadnium, nickel 

or cobalt are to be titratuti Jt2 The stability constants 

for the fluorides of manosium and zinc are 10 .19 

101.26 res-,ectively and the zinc salts are soluble. 

Fluoride ions therefore ay pear to be suitable. 

However, the 	of magnesium by as much as 

twenty times excess of fluoride in an ammonia buffer 

medium of about pH 10 was found to be incomplete and 

free inagnosium ions can be detected in the solution. 

It has been found that a 150 tiLies excess of fluoride 

ions would mask the maonesium coLapletely but such a 

high fluoride concentration is problematic as shall 

be obvious later. This difficulty was quite easily 

overcome, however, by carrying out the masking in a 

less polar medium by makini; the solution about 25% 

ethanolic since according to the Born equation, 

decreasing the dielectric constant, decreases the 

solvation energy and hence also the solubility. 

Some evidence of a slow interaction between the Ca-L'GTA 

present in the solution and fluoride ions is found, 

but this is solved by olitillisinG the concentration 

of fluoride as shall be described later. No such 

interaction with Zn-2GTA is however likely in view 

of the stability constants (2n-EGTA = 1014'5, 
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2n-21uoride complex = 101.26) and this is confirmed 

ex.ryerf,mcntally. It is also established that the 

prosoneki of up to 0.2]i fluoride ions and uo to /J)(;; 

ethanol in the solution does not affect the 

titration cf zinc with .LGTA, at least in so far as, 

the sharpness of the end point colour change and 

accuracy are concerned. 

1.1.5 ::)evelapment of the method 

Opti,tis-tion of conditions : 

(a) Composition and concentration of buffer 

Three amonia buffers were studied, na.luly 

a;inonia/a,.!moniugi chloride, am;loia/ammeniu-i nitrate 

and ammonia/ammonium acetate. ;s already stated 

above a slow interaction between the calcium 

complexonatc of ,sCrT,1 and fluoride ions exist in the 

solution. The interaction is a nucleophilic 

substitution reaction and the ultimate reaction may 

be written as, 

Ca-2.GTA + nF 	CaFn + 2GTA 

omitting charges for siplicity. The rate of this 

reaction is found to be de;,endent on the concentration 

of the fluoride ions and therefore rules out the 

Si
N 
	.echanism. The substitution possibly follows 

a "concerted" mechanism in between the two extrenes 

SN1 and SN
2. The reaction is probably similar to 

the substitution of Ni-iTA complex with cyanide 

ions in which a mechanism involving mixed nickel- 
43 

a':)TA-cyanide complexes had been shown to be very likely, 
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The Linetics of the substitution will be 

consikrably influenced by the presence of other 

co:;plexin,3 species in the solution. Of the anions 

of the three buffers studied, namely, chloride, 

nitrate and acetate, the acetate has the strongest 

coilplexing ability and can compete very favourably 

with the fluoride ions for the calcium. Storic 

factors also do not upset this consideration. The 

solution when swamped with acetate ions will 

therefore have the effect of forminc; a protective 

shield around the Ca-EGTA complex with acetate ions, 

thus hindering the approach of fluoride ions. 

This :1.-.ediction had actually been confirmed by 

experiments in which. it was found that in chloride 

and nitrate buffers, the concentration of fluoride 

ions that can be tolerated is extremely small. 

For example in an anirzonia/amilonium chloricIe medium 

when a solution containing 10 	of cloium 

(0.25 millimele), after being allowed to undergo the 

exchan,s-e reaction with zinc-iGTA complexonate is 

titrated with _:.;,'GTA in the presence of fluoride ions, 

it was found that only about 5 milligrards of fluoride 

(0.25 millimole) can be tolerated. At higner 

concentrations of fluoride, appreciable interaction 

between the calcium-iMTA coiAplexonate and fluoride 

ions occur, as detected by an early and drawn-out 

end point as yell as turbidity in the solution at 

high concentrations of calcium and fluoride. 
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Me situation is much improved in the case of 

the ammonia/ammonium acetate buffer, where for a 

similar titration of 10 milligrams of calcium, up to 

about 100 milligrams of fluoride can be easily 

tolerated. The end points are sharp and accurate 

indicating that interaction betweencalcium-EGTA 

co;:iplexonate and fluoride ions is negligible. The 

ammonia/alamonium acetate buffer system was therefore 

chosen. 

A comprolmiscQ had to be made in optimising; the 

concentration of buffer since for the exchange 

reaction a high ammonia concentration is preferred 

in order that Kt
ZnEGTA‹ Kt. . 	whereas for the Ca;:;GTA, 

titrati-)n a low a:11-Ania concentratin is preferred 

so that K'
ZniL'GTA /> KrAgEGTA wherein ' represents the 

apparent stability constants. Variation of the 

buffer concentration froill about 0.1 to 0.4 F am: Ionia 

shows the optimum am-Aonia concentration for exchange 

and titration to be in the range 0.2 to 0.3 F, i.e. 

3 to 5 ;,11. of ca. 3F N113/1F ITH4.00c.cH3  in 50 ml 

of solution. 

(b) Concentration of fluoride. 

linough fluoride ions must be present in 

solution to ensure complete masking_; of meJnesium, 

but at the same time they must not be present in 

suet an excess as to cause interaction with the 

calcium-complexonate even in an acetate buffer 

medium. Consideration was given to the use of ions 
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with high affinity for fluoride ions, to remove the 

excess of fluoride 	An element like boron may be 

used without itself introducing inte:cfcrence in the 

EGTA titration, however the idea was written off 

because of the co!apotition that would occur for the 

fluoride ions by the .-mcnosium ions on the ono hand 

and fluoride attracting boron on the other with 

hindering or possible prevention of the original 

uasking reaction. ;.cuilibriu:q. constants for the 

formation of aJJ'7 fron boric acid (H
3_)  
130,)'and fluoride 

ion is 1020.0  and of 110P2  iM 10P.9 	'It apocars 

best therefore to optirlise the concentration of 

fluoride used. For this reason the tolerable limits 

of fluoride concentrations were determined for various 

amounts of marnesiu and for various ratios of 

calciu,1 to mat;nesium in the sample. The results are 

1s1.1 given in Fii,;ur . in which the tolerable excess of 

fluoride (assuming formation) of hgF2  is plotted 

against the amount of _la:;nesium present. 
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Figure 1.1.1 	Permissible ranges of. fluoride 
for masking magnesium. The two curves give the 
upper and lower limits of fluoride for a given 
amount of magnesium. 
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The amount of calcium titrated is in all cases 4 

milligrams (0.1 uillimole) so that the graph represents 

molar ratios of calcium to magnesium from 10:1 to 

1:30. The two curves give the upper and lower limits 

of fluoride for a given amount of .:anesium; accurate 

results are obtained in the area inside the curves, 

nenativo and nositivo errors being; observed above 

and below the curves respectively. The range of 

concentration of fluoride that can be used without 

introduction of serious error, is thus quite wide at 

low magnesium concentrations, which gradually 

diminishes and disappears altogether at and beyond 

75 milligrams of magnesium (1:30 ‘iolar ratio of 

Ca:Mg if 4 milligram of calcium is being titrated). 

Beyond this point therefore the concentration of 

fluoride to be used must be carefully controlled. 

However the ratio of calcium to magnesium that will 

be encountered in practice will rarely be as low as 

this and the choice of the appropriate fluoride 

concentration is a fairly simple matter. 

(c) Concentration of Zn-D3TA 

Concentrations of Zn-EGTA from 20i) to 30U 

excess over the calcium present were tested and it was 

found that the exchan6.e is already complete at 20% 

excess and no side effects such as slow interaction 

with other s;'ecied and drawn-out end points are 

found to be introduced by the use of a very large 
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excess of the zinc coraplexonate. There is no 

limitation at all, therefore, to the amount of 

Zn-11;GTA used so long as it is 113N.,'s:1:nt in excess.. 

(d) pH of solution 

The pH of the solution should be such that the 

most stable Ca-iX+TA is fonried; and no precipitation 

of zinc occurs. Plic doen:ence elf the apparunt 

stability of Zn-GTA with p11 is immaterial since 

in any case it vill oc stronuly influenced by the 

auxiliary complexinc zvent, a;:lmenia. A search in 

the literature32  rovuals that the a ,parent stability 

constant of Ca-_2X=TA complexonate increases linearly 

with p11 from about pH 4 to '>'.5 when it levels off 

and a limiting value of 1011.0 is attained. The 

workin ph ra11.8e is found to be between 9.5 

and 10, below which the stability of Ca-2 TA 

decreases rapidly and above which zinc hydroxide 

starts to precirditate in weak amonia solutions. 

(0) Concentration of ethanol 

The concentration of ethanol employed has to be 

optimised since high ethanolic concentrations affect 

the colour system of the indicator. EtIzanolic 

content of a ) to 1100 has no effect but above this 

value, the colour of the free zincon indicator at 

pH ca. 10 in. an amoonia/atonium acetate buffer is 

pink instead of orane/yellow, which appears to be 

due to an effect on the acid dissociation of the 
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indicator. The recognition of end-point colour 

change is thus effected since the change from blue 

to orange/yellow is a better contrast than the 

change to pink. The masking of magnesium by fluoride 

in amounts as recommended earlier is found to be 

efficient in 15 to 40% ethanolic solutions, and an 

ethanol concentration of 25% is in general recommended. 

(f) Order of addition of reagents 

This follows the logical sequence of allowing 

the exchange reaction to take place first in the 

ammonia/ammonium acetate buffer medium and only then 

the laasking of magnesium by fluoride is carried out 

in a 25% ethanolic medituA4 The order can neither be 

reversed nor allowed to take place simultaneously 

such as by using a composite buffer containing all 

necessary reagents in one solution, since the 

calcium would then react with the fluoride first and 

kinetics of the exchange reaction will be jeopardized. 

(g) Tine of standing 

The exchange reaction has been shown to be 

instantaneous and complete and to be independent of 

time. The masking of magnesium by fluoride ions in 

a 25% ethanolic medium is likewise spontaneous and 

time independent. However, a slow process of interac- 

tion between the calcium-EGTA complexonate and fluoride 

ions exists in the solution and can introduce errors 

if allowed to take place long enough. Thus it was 
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found that accurate results (100% recovery of calcium) 

are obtainable up to a standing time after fluroide 

ion addition of five minutes; if allowed to stand for 

fifteen minutes only an 85% recovery is obtained 

and after twelve hours the recovery is 80%. The free 

EGTA complexone, produced by the interaction between 

the calcium-EGTA complexonate and fluoride ions, 

reacts with the zinc ammine liberated by the exchange 

reaction thus reducing the volume of EGTA titrant 

required. Hence the negative errors introduced with 

time. Titration of the solution should therefore 

start soon after (within two minutes) the addition 

of fluoride ions. 

(h) Primary standards 

Sihce the final step in the method is the 

titration of zinc with EGTA, the EGTA could have been 

standardised using a standard solution of zinc as the 

primary standard. However it is desirable that the 

sample and the standard go through the same reactions 

and steps in order that any errors may be compensated. 

1. standarl solution of calcium is therefore recommended 

as the primary standard. The standard calcium solution 

is allowed to undergo the same exchange reaction as 

the sample so that any error such as due to a slight 

difference from stoichimotric proportions of the 

zinc-EGTA complexonate arc eliminated. The titration 

is also carried out in a 25% ethanolic solution so 

that identical solution conditions, ionic strength 
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etc., are maintained and ala identical colour change 

shall be obtained as with the sample. 

1.1.6 Study of interferences 

At a pH of 10 where the analyses are performed 

many metal ions are precipitated. These include ions 

such as lead, bismuth, antimony, titanium, zirconium, 

thorium, rare earths, berylium, niobium, tantalum, 

gallium, indium etc, Fluoride ions would mask a number 

of elements such as selenium, tin, vanadium and 

tungsten in addition to some of those mentioned above. 

Most common masking agents may be employed so long as 

they do not mask the zinc. A study on the tolerance 

of some possible interfering ions without the use of 

any masking agents was made and the results are shown 

in Table 1. 

The most serious interference comes from the 

heavy metal ions, which are found to block the 

indicator as in the case of Eriochrome Black T even 

though it is less well-known. A rare hint of blockage 

of zincon indicator is given in a paper41 on a. back 

titration procedure for titration of these metals 

using zincon indicator even though these metal ions 

are known to give coloured complexes with zinconito 

1.1.7 Experimental 

(a) Reagent  and solutions: 

Ethyleneglycol bis (B-aminoethyl ether)-N,N,NIN"-

tetra-acetic acid 0.01M : Dissolve 7.6 grams of the 

acid in 10 ml of 4N sodium hydroxide and dilute to 
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Table 1 Summary of interference data. 

Foreign 
ion 	Interference, Remarks 

Fe3+ No interference up to 10 ppm 

Pb2+ 	- do - 

2+ 11n - do - 

1113+   - do - 

P03 	- do - 

SO4 	No interference yet up to 50,000 ppm. 

Cu2+ Blocks indicator above 0.5 ppm 

Co2+ Blcoks indicator above 1.0 ppn 

Ni2+  Blocks indicator above 2.0 ppm. 
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2 litres. Warm if necessary. Standardize with standard 

calcium solution (see l'rocedure). 

Calcium solutions (0.1M and 0.01M) : Dissolve 

5.0045 grams of pure calcium carbonate in hydrochloric 

acid and dilute the solution to 500 ml (0.1M). Prepare 

the 0.01M solution by dilution. Use analytical grade 

reagents. 

Magnesium solutions (0.1M and 0.011) i Dissolve 

12.325 grams of analytical reagent grade f,lagnesium 

sulphate heptahydrate, in distilled water and dilute 

to 500 ml (0.1M). Prepare the 0.011 solution by 

dilution. 

Ammonia/ammonium acetate buffer pH 10.3 : 

Dissolve 50.5 grams of ammonium acetate in 300 ml of 

water and add concentrated am. Sonia. Adjust the pH to 

exact value with ammonia and dilute to 500 ml. The 

composition of the buffer approximates 3.6F ammonia and 

1.3 F ammonium acetate. Use analytical grade reagents. 

Buffered Zn-EGTA complexonate  0.05 M  Prepare 

   

by mixing equivalent amounts (determined by titration 

using zincon as indicator) of 0.2 M zinc sulphate 

and 0.2 M EGTA and add. an  equal volume of buffer 

solution. The Zn-EGTA complex prepared without any 

buffer is unstable and the complex crystallizes out 

in a few hours. The solution is however, stabilised 

by the ammonia buffer. 

Ammonium fluoride 1.0M : Dissolve 16.52 grams 

of ammonium fluoride (analytical grade) in distilled 
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water and dilute to 500 m14 

Zincon indicator solution : Dissolve 0.013 gram 

of Zincon i.e. 01.2-(2-hydroxy-5-sulphophenylazo)-

benzylidene hydrazin0-benzoic acid in 0.5 ml of 4N 

sodium hydroxide, dilute to 10 ml, and store in a 

refrigerator. The solution is stable for approximately 

one week. 

(b) Procedure  

To 25-50 ml of the sample solution, containing 

4-12 mg of calcium and 0-15 mg of magnesium add 8 ml 

of the buffered zinc complex. Shake the solution and 

add 3.5 ml of 1M fluoride solution. (The volume of 

fluoride solution needed can also be found from Figure 

1 41 1 1 411. ) 41, 
	 Add enough absolute alcohol to give a 

25% v/v solution of it, and then 10 drops of indicator. 

About two minutes after the addition of the fluoride, 

titrate the solution with standard EGTA till the 

colour changes from deep blue to orange. 

The concentration of magnesium may be obtained 

by difference after determining the total concentration 

of calcium and magnesium by the usual EDTA titration 

using Eriochrome Black T indicator. 

(c) Standardization of EGTA solution  

To 25.00 ml of 0.01M calcium solution, add 30 ml 

of water and 8 ml of the buffered zinc complex. Shake 

the solution and add ethanol (to give 25% v/v) 

followed by 10 drops of Zincon indicator, Titrate 
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with EGTA from the blue to orange end-point. 

1.1.8 Results and discussion  

A representative selection of results obtained is 

shown in Table 2 

Table 2 

Calcium 
	Difference 	Mg : Ca 

Taken (mg) 	Found (mg) 

2.00 2.01 

4.1)1 4.10 

8.02 8.18 

12.02 12.17 

4.01 4.00 

4.01 4.10 

4.01 4.03 

4.01 3.98 

4.01 3.94 

4.01 3.93 

(mg) 

+0.01 

+0.09 

+0.16 

+0.15 

-0.01 

+0.09 

+0.02 

-0.03 

-0.07 

-0.08 

ratio 

1 : 1 

1 : 2 

1 : 

: 6 

1 :10 

1 : 2 

1 : 1 

2 : 1 

5 : 1 

10 : 1 

The above results show that the presence of 

magnesium in different amounts and in various 

concentration ratios to calcium, do not have any 

significant effect on the method. No methodical 

errors can be detected. The accuracy of the results 

obtained are good and the precision is also high. 

In Table 2 the results given are the mean value of 

from 3 to 9 determinations on each sample; the 

standard deviation ranges from about 1 to 5 parts 
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per thousand and the confidence interval at 95% 

confidence level amounts to plus or minus only a few 

hundreths of a milligram of the average values. 

The proposed method is of general 	Ilcability 

for the analysis of calcium and magnesiuL in any 

sample, provided that before the method is applied the 

sample is suitably processed so as to separate 

substances present in matrix quantities such as iron 

in steel and suitable masking agents incorporated to 

mask other possible interfering ions present in 

lesscx quantities. The method is especially suitable 

for the analysis of natural waters, since little or 

no pretreatment of the sample is necessary. Ions, 

other than calcium and magnesium, are present only in 

amounts which are well within the tolerance of the 

method as described in the study of interferences 

(Sectionl.1.6, Table 1). 

Other alkaline earth metals (strontium and barium) 

if present, will be cotitrated with calcium, as with 

all other methods, since the ratio of the equilibrium 

constants of the calcium exchange reaction (I(lea)  to s'  

the interfering exchange reaction (K1 Sr or  K1Ba)  is 

not as favourable as with magnesium. Strontium and 

barium may be masked however with sulphate ions 

admittedly with the possible risk of loss of some 

calcium at high sulphate concentration. 

An aspect of the outcome of the proposed method 
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which had not been explored, is the possibility of 

removing the complex anions, Ca-EGTA2- and the excess 

. 
of Zn-EGTA2-  from the residual solution after the 

exchange reaction, by passing it through an anion 

exchange column, for example in the chloride form, so 

that the resulting solution only contains zinc, magnes-

ium and foreign cations which did not undergo the 

exchange reaction, Analysis may now be completed with 

less complications since no consider'tion need longer 

be given to the presence of the complex anions. For 

example, an analysis for both may be achieved by a 

simple pH control, i.e. titrating zinc at pH ca. 7 

and then titrating the magnesium in the same solution 

at pH ca. 10. Such a course would be impossible in 

the presence of complex anions since Ca-EGTA
2 
 is 

unstable at the low pH. A large number of other such 

possibilities exist. This approach would be 

advantageous in the analysis of complex samples where 

more manouvreability in manipulating solution 

conditions is desired; however it must be remembered 

that all this is achieved at the large expense of 

simplicity and speed of the method. 

1.1.9 Conclusion  

The proposed method offers a rapid, visual 

compleximetric procedure for the analysis of calcium 

in the presence of magnesium. All experimental 

parameters having been carefully evaluated and 

optimised, the recommended procedure is directly 
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applicable as a practical analytical method for the 

analysis J)f-• natural waters and other aqueous samples, 

and with modifications to other samples. There are 

at present only two principally different visual 

compleximetric methods, apart from the proposed 

method, for the determination of calcium and 

magnesium, attempting to use the cornplexono EGTA in 

order to avoid titration at a high pH where magnesium 

hydroxide is precipitated. In one, the calcium is 

masked by a measured slight excess of EGTA, after 

which the magnesium is titrated with CDTA. Calcium 

is then determined by back-titrating the excess of 

EGTA37. Even though sound in principle the end points 

are found to be poor. The second type of methods are 

characterized by the use of zinc-sensitised indirect 

indicators32Y
33 
. The advantage of the proposed 

method over these methods is that in indirect indicator 

methods, a more critical, if not unpractical control 

of some parameters is necessary. For example, the 

shape of the titration curves are dependent upon 

magnesium concentration and therefore in order that 

the end-point detected is the equivalence point in 

all cases, titrations to different colour changes for 

different solutions have been recommended. The 

concentration of zinc ion added is also to be 

controlled so that colour change should occur at the 

equivalence point. The critical concentration of 

zinc ions is again dependent on the magnesium 

concentration. 
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Assurance at two separate points in the proposed 

method, for non-interference by magnesium - viz, in 

the exchange reaction where reaction conditions are 

controlled so that participation by magnesium is 

negligible and in the subsequent titration where the 

magnesium is siutably masked - is also an added 

advantage. 
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SECTION II 

USE OF COMPLEXONES IN POLAROGRAPHIC ANALYSIS 
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SECTION II 

INTRODUCTION 

Polarography 

44 Polarography, invented in 1922 by Heyrovsky, 

is a controlled potential technique in which the 

electrolysis of an electroactive substance occurs 

at a dropping mercury electrode (DME), where the 

potential of the DME is constant or varied linearly 

with time; the electrolysis current is registered 

against the controlled potential of the JIiE (Current- 

potential curve). 	The DME has the advantage that 

contamination of the electrode surface by reaction 

products is avoided as the surface is constantly 

renewed; it also enables the attainment of high 

negative potentials due to the large overvoltage 

of hydrogen on mercury. 	The major disadvantage 

is the limited potential range on the positive 

side. 	To illustrate the principle of the method, 

suppose the potential applied to the DME in a 

polarographic cell containing an aqueous solution 

of IN potassium chloride is slowly scanned in the 

negative direction. 	At first, the cell current 

at OV vs. a saturated calomel electrode (SCE) is 

zero, then rises gradually due to trace impurities 
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and charging of the double-layer capacitance at 

the mercury-solution interface. 	This current 

is called the residual current (ir). 	No charge 

transfer occurs until a potential of -1.8V is 

reached when the cathodic reduction of the potassium 

ions occur and a large current flows. 	If the above 

solution also contains sonic cadmium, the cell current 

rises sharply from that produced by the supporting 

electrolyte when the reduction potential of cadmium 

ions is reached, 

Cd2++ Hg + 2e Fa Cd(Hg) 

As the current starts to rise, it is controlled by 

diffusion of the Cd2+ (or by the kinetics of the 

electron transfer reaction for irreversible processes) 

and eventually becomes limited by it. 	This limitation 

produces a current plateau which continues until 

the reduction potential of the supporting electro- 

lyte is again reached. 	The net current produced 

by the diffusion of the electroactive species in 

the plateau region is called the diffusion current 

(id ) and the ratio id:1r (signal : noise) determines 

the sensitivity of the technique. 	The potential 

of the DME where the diffusion current is half the 

limiting value is called the half-wave potential (EI) 
-2- 
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which is characteristic of the electroactive ion fOr 

a given supporting electrolyte. 	Other types of 

polarographic limiting currents exist but the most 

frequently encountered in analytical work is the 

diffusion current which is directly proportional 

to the concentration of the electroactive substance. 

A quantitative expression for this was derived by 

Ilkovic45 from a consideration of Faraday's Laws 

of electrolysis and Fick's Laws of diffusion: 
1-. 

id = 607nCD2m3t''' 

where n is the number of electrons transferred, 

C the concentration, D the diffusion coefficient, 

m the mercury flow rate and t the drop time. 	The 

Ilkovic equation assumes linear diffusion and 

curvature of the electrode was neglected; various  

corrections for spherical diffusion had been made 

but for most purposes the original Ilkovic equation 

was found to be adequate. 

rolarography has found wide applications in the 

fields of analytical chemistry, and kinetic and 

structural studies of organic compounds and inorganic 

complexes. 
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Complexones in polarographic analysis  

The use of complexones and complexomotry had 

been dealt with in Section I. 	The principles of 

complexometry and polarography may be used to 

advantage in combination. 	The comp/exonates of 

metal ions and the complexones themselves give 

polarographic waves and the use of such polarographic 

data had been reviewed 6 
 The various possibilities 

for the application of complexones in polarographic 

analysis may be classified into the following sub-

sections. 

(1) Utilisation of the chelation of complexones 

with metal ions to improve the resolution of 

polarographic waves. 

This can be further subdivided into two types: 

(a) Utilisation of the half-wave potential shift 

produced on chelation. 

The formation of stable metal chelates generally 

results in a shift of the polaroirraphic half-wave 

potentials of the corresponding metal ions to more 

negative values. 	The magnitude of this shift is 

related to the stability of the resulting chelate. 

It is this difference in the half-wave potential 

shifts that enables the interfering effect of one 



metal upon another to be overcome by producing 

sufficient separation between them. 	Thus for 

example Tl(I) and Pb(II) yield in acetate medium 

polarographic waves with practically identical 

half-wave potentials (-0.5v vs. SCE), but in the 
presence of EDTA the lead wave is shifted to -1.1V, 

whereas the thallium wave remains unaffected. 	Many 

such examples exist. 	Data on the E1 shift also 

facilitate studies of the structure and stabilities 

of the complex ions. 

(b) Utilisation of the wave shift and sometimes 

total suppression of the polarographic waves of 

metal complexonates due to adsorption phenomena 

at the DME. 

It is a well-known fact that surface-active 

agents not only function as maximum suppressors but 

in some cases also influence the wave of the chelate.7  

This influence may manifest itself in an apparent 

shift of the half-wave potential, or a decrease in 

wave height. 	Of the various theories that have 

been advanced to explain the action of these surface 

active agents, the theory according to which an 

adsorbed film of the surface active agent inhibits 

electron transfer seems to be most generally 
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applicable. 	Due to this inhibition the complexonate 

must cross an energy barrier before it can undergo 

the electrode reaction and hence the shift to more 

negative potentials for electrode reductions. 	Such 

wave shifts have boon used to advantage for analytical 

purposes. 	In one instance, the complexone EDTA 

has been used in conjunction with common surface 

active agents in the determination of trace amounts 

of thallium in the presence of copper and other 

metals Reilley et al47 have described an unusual 

effect of gelatin on the cathodic waves of certain 

metal comploxonates. 	They showed that a certain 

concentration of surface active agent will decrease 

and even obliterate the wave height for the reduction 

of bismuth-EDTA complexonate (electrochemical 

masking) without causing appreciable distortion 

of the reduction wave of the free metal ions. 

This has been used to advantage in the sequential 

amperometric titration of bismuth and lead; the 

latter has a half-wave potential more negative 

than that of the bismuth-EDTA complexonate. 	The 

bismuth can be titrated at -0.25V to a sharp 

amperometric end point in the presence of a minimal 

concentration of gelatin to suppress maxima. 	The 
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following titration of lead ion at -0.55V would 

not be as good since the diffusion current of lead 

is superimposed upon the large diffusion current of 

the bismuth-EDTA complexonate. 	However, by 

increasing the concentration of gelatin, the 

diffusion current due to bismuth-EDTA may be 

eliminated selectively and lead can be determined 

with greater sensitivity. 

(2) Utilisation of substitution reactions of 

complexones. 

lectrophilic substitution reactions such as, 

MY + M1 	MlY + M 

where N represents a polarographically active metal 

ion, N1 a polarographically inactive metal ion and 

Y a complexone, permit an indirect determination of 

metal ions that are polarographically inactive. 

The treatment of the equilibria of such substitution 

reactions had been dealt with in Section I, Chapter 1, 

and an application was made by Tanaka and Nakagawa39  

on the indirect pclarographic determination of 

calcium in the presence of magnesium by an exchange 

reaction similar to equation (1), Section 1.1.2. 

These substitution reactions may also be used for 

the polarographic determination of the stability 
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constants of the complexes. 

(3) Utilisation of the anodic waves of complexones. 

The anodic dissolution wave of mercury is 

shifted to a more negative potential if the solution 

contains a substance that forms simple or chelate 

complexes with mercury. 	For complexones of the 

EDTA type with four ionisable hydrogen atoms, the 

electrode reaction ziay be written as, 

Hg° 	HnY
(4—n)— 

 reA HgY
2- 

+ 	+ 2e 

where n is an integer which may vary from zero to 

four, depending on the pH of the solution. 	The 

resulting wave is traditionally considered the 

anodic wave of the complexone. 	As a result of the 

formation of the mercury (II)-EDTA complexonate, 

the concentration of free EDTA decreases at the 

electrode surface, and more EDTA is transported 

to the electrode by diffusion. 	The corresponding 

current is therefore defined by the Ilkovic equation 

i.e. id  QCC. 	In the presence of metal ions that 

form stable chelates with EDTA, the diffusion current 

is decreased in proportion to the total concentration 

of metal present. 	In other words, a monitoring 

of the anodic current of the complexones provides 

a convenient way of following reactions in 

complexometry. 
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Of the possible uses of the complexones in 

polarographic analysis, just outlined, it is obvious 

that the last-mentioned is the most suitable for 

widespread and general application. 	The entire 

field of complexometry has been made available for 

polarographic analysis. 	The conventional complexo-

metric principles of masking, pH control and selective 

titrants may be used to advantage in polarographic 

analysis. 	This approach also provides a means of 

automating analytical methods in comnlexometry by 

simply monitoring the on-stream anodic currents 

of the complexones. 	This aspect forms the basis 

of the work in Section III, but the present section 

is concerned with a fundamental study of the 

anodic polarographic behavious of the complexones, 

the use of the above-mentioned complexometric 

principles and their application to practical 

analysis. 
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SECTION II 

CHAPTER 1. 

POLAROGRAMIIC BEHAVIOUR. OF CONFLOXONES 

2.1.1. Introduction 

It has been stated earlier that the anodic 

dissolution wave of mercury is shifted to a more 

negative potential, if the solution contains a 

substance capable of forming stable complexes with 

mercury. 	This may be considered to be analogous 

to the shift to more positive values of the cathodic 

discharge potential due to reduction of the supporting 

electrolyte at the DME, when electro-reducible metal 

ions arc added to the solution. 	Polarograms derived 

in the latter process are called the cathodic 

polarographic waves of the metal ions, and by analogy 

the polarograms derived from the former process are 

termed the anodic polarographic waves of the complexing 

agents. 	The extent of the shift of the mercury 

dissolution potential is dependent upon the stability 

of the mercury complexes formed, and for this reason 

the complexones give well-defined anodic polarographic 

waves because of the very high stability of the 

mercury-complexonates formed. 
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A study of the polarographic behaviour of EDTA 

was first made by Natyska and Kossler"in 1951 and 

later by Gaffart, Michel and Duyckaerts.50  The 

results of the two groups of workers disagree 

significantly, and a few years later, a revised 

paper by Latyska and coworkers51 appeared in which 

a study of the polarographic behaviour of 1,2-

diaminocyclohexane-N,N1-tetraacetic acid (CDTA) 

was also included. 	The findings of these two 

groups of workers may be briefly summarised as 

follows: 

EDTA and CDTA give well-defined one-step anodic 

polarographic waves corresponding to two-electron 

oxidations with the formation of Hg(II) chelates. 

The waves are diffusion controlled. 	There is 

disagreement, howevdr, in the conclusion towards 

reversibility of the electrode reaction. 	Matyska51 

found complete reversibility of the EDTA wave, 

whereas Michel50 reported an appreciable difference 

between the half-wave potentials of the anodic EDTA 

wave and the cathodic Hg-EDTA wave. The CDTA wave 

51 was reported to be not fully reversible. 	From a 

study of the dependence of El.  with pH, stability 
2 

constants of the Hg chelates had been determined and 
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found to be 1022.15t0.05 by Michel et al50 and 

1021.6 by Natyska et a151 for EDTA, and 1024.3 

for CDTA51  in most of the pH range except in highly 

acidic and highly alkaline solutions where the 

hydrogen and hydroxo-complexes respectively would 

exist in appreciable quantities. 

In the present chapter a fundamental study 

of the polarographic behaviour of the complexone 

EGTA was made. 	Polarographic data of the complexone, 

hitherto unreported, will be described. 	Stability 

constants of the mercury-EGTA chelate at different 

pH had also been determined. 

Polarographic Behaviour of EGTA 

2.1.2. General polarographic behaviour  

EGTA gives a one-step polarographic anodic 

oxidation wave corresponding to the formation of 

mercury complexes. 	From a study of pH dependence 

of the waves, it is shown that the only dominating 

species produced is that corresponding to the formula 

2-  HgZ 	in the pH range 5.4 to 11.9, as shall be 

described in Sec. 2.1.6. 	The waves are found to 

be diffusion-controlled from a study of the 

dependence of limiting current on mercury reservoir 

height (Figure 2.1.1.), 



0 LOL .e.,•%:...14.V.-0. 1. A., kramajtV• 6r.  kg,iiIT.A.11,.... •,•--••••••^•04•Ta.I61.4 

M 

1/4N-1 

1 
Figure2.1.1.Dependenceofilim on h2  corr for a solu- 

tion of 1.82 x 10 4M EGTA in sodiuntetraborate buffer 
pH 8.36 and 0.5H KNO

3
. 

evidence for this is given later. A linear dependence 

of the diffusion current on concentration was also 

found and are described in the analytical applications 

in later chapters. 

2.1.3. Estimation of n  

The number of electrons (n) involved per molecule 

of the complexone in the electrode reaction was 

determined from diffusion current data by the relation, 

nu 
= Iu ns 

° 111/2 4  crn 

1 
Theshapeoftheilim.vs 

hcorr  
2 	plot also seems to 

indicate a slight kinetic influence on the wave; further 
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where I denotes the diffusion current constant, 

and the subscripts u and s denote the unknown and 

standard respectively. 	The above relation applies 

only if the diffusion coefficients of the unknown 

and standard are comparable. 	For this reason 

EDTA was chosen as the reference depolariser since 

the structure, and charge carried by the molecule 

which determines diffusion are similar to EGTA. 

The type of reaction which occurs at the electrode 

is also similar in that mercury-complexes are formed 

in both cases. 	From the value of I for EDTA of 

2.86 as determined by Michel et a150 and the author's 

value of I for EGTA of 2•90 (Table 2.1.1.), and 

49-51 since n = 2 is established for EDTA, 	the value 

of n for EGTA is found to be 2; hence the anodic 

wave observed for EGTA at the DME is due to a 

two-electron oxidation to form a Hg(II)-EGTA chelate. 

2.1.4. Reversibility of the electrode reaction  

The fully reversible nature of the electrode 

reaction was established from the fundamental 

criterion of reversibility, namely, the cathodic 

wave obtained with the oxidised form (Hg(II)-EGTA) 

and the anodic wave of the reduced form (EGTA) 

have the same half-wave potential. (Figure 2.1.2.) 
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Figure 241.2 	Manually plotted polaro;Trams of 
4.55x10-  M (a) Hg-EGTA (b) EGTA in ammonia/ammonium 
nitrate buffer pH 9.3. 
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Figure 2.1.3 	Logarithmic analysis of the 
rising portion of (a) cathodic wave of Hg-EGTA 
and (h) anodic wave of EGTA. Data from Fig. 2.1.?. 
Slopes= 29 mV/log unit. 
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Further evidence was provided by a logarithmic 

analysis of the rising portion of both the cathodic 

and anodic waves, as shown in Figure 2.1.3. 

Linear plots were obtained over the range of 

values of the log term from -1.0 to +1.0 (correspond-

ing to current values ranging from about 9 to 90% 

of the diffusion current), having the near theoretical 

slopes of 0•030v per unit log-term for a reversible 

two-electron reaction. 

2.1.5. Current-potential relationship  

Since EGTA undergoes the same type of anodic 

oxidation reaction at the DNB as EDTA, namely, the 

formation of Hg(II) chelates, the current-potential 

relationship will be expected to be similar to that 

for EDTA 9-51. 

At a potential positive enough to oxidise 

mercury, oxidation of the mercury to mercury (II) 

occurs, 

Hg a Hg
2+ + 2e 

In the presence of EGTA (H4Z), the Hg2.4" and EGTA 

react to form the complex HgZ2 , in a solution 

which is neither too acidic nor too alkaline, 

Hg2+ + Z
4- F4 HeZ2- 	(2) 

and hence the anodic oxidation potential of mercury 

is shifted to less positive values. 	The decrease 
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in concentration of Z4 at the electrode surface 

is counteracted by dissociation of the species 

H4Z,H3Z ,H2Z2 ,HZ3- and diffusion towards the 

electrode surface. 	The Nernst relationship for 

the reversible redox system (1) gives 

E = E 	+ RT In [!Ig21 o (3)  
e 	2F 

where E is the potential of the DME, E0  the standard 

potential of the Hg/Hg2+ couple, and the other 

terms have their usual meaning. 	The subscript 

nought denotes concentration at the electrode 

surface. 	The stability constant of the complex 

HgZ2  is defined by, 

LagZ -I 
KHgZ - fiia21V3 

The value of [ Z421 j may be easily computed from a 

knowledge of the dissociation constants (kk2'k3' 

	

k4) of EGTA. 	Thus if C represents the total 

concentration of the free complexone, then 

	

C = pH4 	+ f 113z1 + EH2Z2-j + [HZ3 1 + [Z4-] 

(.5) 

(4)  

and 
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where 

4 r ,72 P 4FI  + k 	3 1 H1 + k1k2 LITI + k1k2k3 [11 klk2k3k 

klk2k3k4 

A combination of equations (3), (4) and (6) gives 

E = E + RT In [HgZ2-rlo  P 

° 2F KHgZ Co 

Since the limiting current is diffusion-controlled, 

the following relation exists, 

i = a (C - Co) 
	

(8) 

where i is the current, a is a constant and C and 

Co are the bulk and surface concentrations of the 

free complexone. 	The limiting current at Co  = 0 

is given by 

id  = a C 
	

(9) 

and a combination of (8) and (9) gives, 

(id - i) = a Co 
	 (10) 

The sum of the concentrations of the total free 

complexone and the HgZ2 will be a constant and 

may be written as, 

[HgZ21+ C = constant 

Substitution in equation (8) gives, 

i = a ([-Hgelo - (12) 

(6)  

(7)  
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Since the concentration of HgZ2 is negligible in 

the bulk of the solution, equation (12) reduces to 

i = a LHgZ21 -o 

A solution of equations (7), (10) and (13) give 

the current-potential relation, 

(13) 

E = E + RT In I 	1  
2F 	KHgZ id - i 

and for i = lid, 

El  = Eo + 2•303 RT (log P - log IL_ 2 	 2F 

(14)  

(15)  

This equation predicts that the half-wave 

potential is independent of concentration but is 

however dependent on pH, since P is a function of 

pH (equation 6). 	It also permits a calculation of 

the stability constant KHgz  from pH and potential 

data. 	If species other than HgZ2- are present in 

dominating proportions, for example, hydrogen-

complexes at low pH and hydroxo-complexes at high 

pH, it will be evident by a failure of equation (16). 

These theoretical predictions are confirmed in the 

following sections. 
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2.1.6. Dependence on pH  

Table 2.1.1. summarises the results obtained 

on a study of the dependence of the EGTA waves on 

pH from pH 2.3 to 13.0. 	Constant ionic-strength 

buffers, maintained at an ionic-strength of 0.5, were 

used and potentials were measured using a three-

electrode system as described in the experimental 

section. 
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Table 2.1.1. Summary of data on the study of the 
dependence of the EGTA anodic wave on pH. 

T 	2 3 4 	1 	5 6 7 
pH L - 7; P El ,  

:a-  
MV vs EDE 

17,1-11,4   
2 	0  

Inv -vs SCE 

Log lin z  id 
uA/mM 

I 

2.30 - n.w. - - n.w. - 

3.34 - n.w. - - n . w . - 

4.35 - n.w. - - n.w. - 

5.43 7•45 +141.0 -464'1 23.46 4.47 2.69 

6.02 6.27 +119.5 -485.6 23.00 4.59 2.76 

6.35 5.61 +99- -505.9 23.06 4.76 2.86 

7.00 4.32 +52.3 -552.8 23.37 4.76 2.86 

7.45 3.43 +21.9 -583.2 23.54 4.88 2.93 

8.09 2.20 -8.1 -613.2 23.34 5.24 3.15 

8.36 1.72 -23.0 -628.1 23.39 5.26 3.16 

8.90 0.90 -51.2 -656.3 23.53  5.00 3.00 

9.28 0.49 -62.3 -667.4 23.50 4.95 2.97 

9.80 0.18 -68.7 -673.8 23.42 4.76 2.86 

10.05 0.11 -70.9 -676.0 23.42 4.78 2.87 

10.61 0.03 -77-4 -682.5 23.57 4'28 2.57 

11.10 0.01 -77.1 -682.2 23.54 4.52 2.71 

11.85 0.00 -77.5 -682.6 23.54 - - 

12.45 - n.w. - - n.w. 

12.95 - n.w. - - n.w. - 

. 



98 

Key to table: 

(1) Values of Log P in column 2 are computed from 

equation (6) using the dissociation constants for 

EGTA, kl  = 10
-2, k2  = 10-2.68 f k3 = 10

8.L5 and 

k4 = 10-9.46 

(2) The value of 2 1 o' 
the formal potential of the 

Hg/Hg
2+ couple, for computation in columns 4 and 5, 

is obtained by the relation 

El = E  0.029 log f
Hg

2+ 
0 

where fHg
2+ is the activity coefficient of Hg2+ 

and which is equal to 0'5 at an ionic strength of 

0.5 and for a charge of two.
52  Taking the value 

of Eo for the Hg/Hg
2+ couple as +0.854 V vs. Normal 

Hydrogen Electrode (NHE), the value of Eo
1  

is found 

to be +0.8451 V vs. NHE or +0.6051 V vs. SCE. 

(3) Values of Log mg2 are computed from equation (15). 

(4) The measured capillary characteristics of the 

DME are as follows: 
2 4. 

m = 1.468 mg/sec, t = 4.61 sec and 	= 1.665 

and the values of the diffusion current constants (I) 

in column (7) are computed using these values. 

(5) n.w. denotes no wave. 
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Discussion of results  

The small variation of the limiting currents with 

pH, is presumably due to the slight kinetic nature of 

the wave as indicated earlier. Figure 2.1.5 shows this 

variation together with the composition of the solution 

in terns of the percentages of various dissociated 

forms of EGTA at different pH values. 

The stability constant of the mercury-gGTA chelate 

HgZ2 had so far been determined only potentiometrically 

and the values of 1023.g0  at 20,C and 	= 01 

obtained by Schwarzenbach53, 1023.8 at 25C and 

= 0.1 obtained by Reilley31,54 and 1023.12 at 

20°C and F.= 0.1 obtained by Hackey et a155 all using 

potentiometric flercury electrodes agree well with 

the author's average value over the pH range 5.43 

to 11.85 of 1023'47  at 23°C and IA = 0.5 obtained 

polarcgraphi cally. 
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v, 
Figure 2.1.4 	(E1-E 0) vs Log P. Data from Table 2.1.1, Te  



• 

pH 

Figure 2.1.5 	Dependence of limiting current on pH (curve a) 
shown together with the composition of the solution in terms 
of the percentages of the various dissociated forms of EGTA 
(curves as indicated) at different pH values. Data from 
Table 2.1.1. 
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1 , A plot of (E1 	
.
o) 7 

gives a straight line having a slope of 28.9 my/unit 

of log P and an intercept on the log P axis of 

23.5 which is in perfect agreement with equation (15) 

which predicts a slope of 29 isv/unit of log P at 

23°C and an intercept of 22! .5 which is the average 

value of log KIlez  over the pH range 5.43 to 11.85. 

This experimental confirmation of the validity of 

equation (15) also shows that within the range of 

pH studied, the only complex existing in considerable 

proportion is that corresponding to the formula 

HgZ
2- as was assumed in the derivation of equation (15). 

The presence of other mercury complex species, in 

appreciable proportions, particularly hydrogen 

complexes at low pH (high log P) and hydroxo 

complexes at high pH (low log P) would have 

been obvious by a deviation of the experimental 

points from the straight line at high and low log P 

values. 	The facts that this is not the case and 

that no polarographic anodic waves of EGTA are 

obtainable below pH 5.4 and above pH 11.85 show that 

complex species of the type HgHZ and Hg(OH)Z3-

are not formed by the electrode process in contrast 

to EDTA.9  

against log P (Figure 2.1.4) 



103 

2.1.7 Experimental 

Constant ionic-strength  buffers  

The pH dependence studies in section2.1.6 are 

made using buffers maintained at a constant ionic-

strength of 0.5 (KNO
3
). Constant ionic-strength 

licIlvaine buffers as recommended by Elving56  for 

polarographic work are used in the pH range 2.4 to 7.4, 

and alkaline buffers due to Bates and 3ower57  arc used 

in the pH range 8.0 to 13.0. The compositions are 

given in Table 2.1.2. 

The preparation of EGTA has been described 

oreviously (Section I, Chapter 1). The :2;GTA solution 

is standardized for the purpose of calculating diffusion 

current constants by titrating against a standard zinc 

solution at pH 9 (amionia buffer) using zincon as 

indicator. 
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Table 2.1.2. Composition :Ind pH values of buffers 
maintained at an ionic strength of 0.5. 

pH Na2HPO4  
M 

Citric acid 
M 

Ionic-strength of 
buffer system, H 

A, KNO.1  to produce 
ionic-gtrength of0.5 

2.4 0.012 0.094 0.025 0.475 
3.4 0.057 0.071 0.112 0.388 

4.4 0.088 0.056 0.190 0.310 
5.4 0.112 0.044 0.302 0.198 

6.0 0.126 0.037 0.344 0.156 

6•4 0.139 0.031 0.371 0.129 

7.0 0.165 0.018 0.427 0.073 

7.4 0.182 0.009 0.488 0.012 

Na2B407 
M 

HC1 

M 

Ionic-strength of 
buffer system, H 

H, KNO„ to produce 
ionic-gtrength 4..4'0.5 

8.0 0.0125 0.0205 - 0.5 

8.4 0.0125 0.0166 - 0.5 

9.0 
4 

0.0125 0.0046 - 0.5 

Na2B407 NaOH Ionic-strength of 
buffer system, M 

M, KNO, to produce 
ionic-gtrength of 0.5 

M m 

9.4 0.0125 0.006o - 0.5 

10.0 0.0125 0.0183 - 0.5 

10.4 0.0125 0.0221 - 0.5 

Na2HP04 
M 

NaOH 

m 

Ionic-strength of 
buffer system, M 

M, KNO, to produce 
ionic-gtrength of-0.5 

11.0 0.025 0.0041 - 0.5 

11.4 0.025 0.0091 - 0.5 

12.0 0.025 0.0269 - 0.5 

- NaOH Ionic-strength of M, KNO 	to produce 
H buffer system, M ionic- trength of 0. 

12.4 - 0.0324 0.0324 0.4676 

13.0 - 0.1320 0.1320 0.3680 

_ 
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Apparatus  

A System Heyrovsky polarograph type LP 55A 

(Czechoslovakia) was used. 	Photographic recording 

provided with the polarograph, however, was not 

utilised; instead a Servoscribe recorder (Smiths 

Industries Ltd.) was attached for recording polaro- 

grams. 	A 5 ml capacity Kalousek cell with a 

saturated calomel reference electrode was employed. 

l'olarograms are recorded using the conventional 

two-electrode system. 	Capillary characteristics 

has been given earlier (Table 2.1.1). 

For accurate measurements of the potential 

of the DME, such as for constructing manual 

polarograms for log-plots etc., and for measuring 

half-wave potentials, a three-electrode system 

was employed. 	The potential of the DME was 

measured under zero current conditions using an 

auxiliary reference SCE using a Hewlett-Packard 

Digital Voltmeter type 3439 A. 

pH measurements were made with a Pye pH meter 

Pye and Co., Ltd., Cambridge). 
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2.1.8. Conclusion  

The complexone EGTA undergoes a reversible 

two-electron oxidation at the DME giving rise to 

a one-step, diffusion-controlled anodic polaro- 

graphic wave. 	Experimental results obtained on 

a study of the variation with pH of the half-wave 

potentials of the waves fit in perfectly with 

theory and it has also been shown that within the 

pH range where anodic polarographic waves for 

LGTA are obtainable (i.e. pH 5.43 to 11.85), 

the only complex formed predominantly by the 

electrode reaction is that corresponding to the 

formula HgZ2-. 	The stability constant of HgZ2  

has also been determined polarographically and found 

to be 1023.47 (t = 23°C, u = 0.5). 	It has also 

been shown indirectly that hydrogen and hydroxo 

complexes of the type HgHZ-  and Hg(OH)Z3-  are 

not formed by the electrode reaction in contrast 

to EDTA which form these complexes at low and high 

pH respectively. 

The diffusion current constant for the anodic 

waves of EGTA has been determined. 
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SECTION II 

CHAPTER 2 

ANALYTICAL APPLICATIONS OF D.C. POLAROGRAPHY OF  

COMPLEXONES; AN INDIRECT D.C. POLAROGRAPHIC METHOD  

AND AN AMPEROMETRIC TITRIMETRIC METHOD FOR THE  

DETERMINATION OF CALCIUM AND MAGNESIUM IN THE  

PRESENCE OF EACH OTHER. 

2.2.1. Introduction  

An introduction to the problem of the analysis 

of calcium and magnesium in the presence of each 

other including a literature survey of the complexo-

metric titrimetric methods employing visual, as well 

as instrumental end-point detection techniques had 

been given in Section I, Chapter 1. 	The direct 

polarographic determination of the alkaline-earth 

metal ions in aqueous solution had been shown to be 

seriously interfered by maxima, hydrolytic reactions, 
1 

catalytic hydrogen waves etc.; studies in non- 

aqueous solvent systems such as N,N-dimethylacetamide 

indicate some possible analytical applicationsP 

However, for the most general application it is obvious 

that indirect polarographic methods must be resorted 

to. 	Thus indirect polarographic methods of the 

displacement type in which the alkaline earth metal 
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ions undergo an electrophilic substitution reaction 

with the complexonates of polarographically active 

metals, have been reported?9'59  The liberated 

electroactive metal ion is 

earth metal concentration. 

the anodic currents due to 

a measure of the alkaline 

In only one instance, 

electro-oxidation of the 

free complexones at a stationary mercury electrode 

was used to detect the end-point of the complexo- 

metric titrations of the alkaline earth metals with 

the complexones 

In the present chapter the anodic polarographic 

waves of the complexones have been employed in the 

development of an indirect d.c. polarographic method 

and an amperometric method for the analysis of 

calcium and magnesium in the presence of each other. 

The methods provide a clear illustration of the 

combination of complexometric and polarographic 

principles to advantage. 

2.2.2. Principles of the methods  

The proportional decrease in the anodic current 

of a known concentration of complexone with added 

metal ion forms the basis of the polarographic 

method. 	By the use of selective complexones, 

namely, EGTA for reacting with calcium, an analysis 

for the latter in the presence of magnesium is 
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achieved. 	Magnesium concentration is obtained by 

difference after a similar determination of the sum 

of calcium and magnesium using ETJTA. 	Similarly 

in the amperometric method, calcium is determined 

by a selective titration with EGTA and magnesium 

by difference after titration for the sum with EDTA. 

The end-point in both cases is marked by the 

appearance of an anodic current due to the presence 

of the complexones. 

The above principles, however, are not easily 

realised in practice since the stability of the 

magnesium-EGTA chelate (K = 105.2) is not sufficiently 

low to be free of interference especially in methods 

where an excess of the complexone has to be present. 

The search for a suitable masking agent, conventional 

or otherwise, for masking the magnesium in the presence  

of calcium, therefore forms a relatively large portion 

of the work in this chapter. 

2.2.3. Optimum conditic.ns  

(a) Solution pH 

The pH at which the analysis 1."8- to be performed 

must be such that the reaction of the metal ions 

with the complexones is spontaneous and complete; 

the metal complexonates must not dissociate 

appreciably as to give rise to kinetic currents and 
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no precipitation of the metal ions must occur. 

In order to choose a pH that will satisfy 

the above requirements, a plot of the logarithm 

of the conditional stability constants of the 

various chelates concerned against pH was constructed, 

and shown in Figure 2.2.1. 	The conditional stability 

constant was calculated using the oquation6  

K.14y  154Y 
crfilz7 

(i) 

where Kmy  is the absolute stability constant, and 

Dcm  and 4K. are the so-called alpha-coefficients or 

"side-reaction" coefficients. 	Since in this 

particular case, the alkaline earth metals do not 

form hydrogen or hydroxo-complexes,cKM may be 

neglected whilst oKy, a pH dependent function, is 

calculated from the equation6l  

Y(11) = 1  + 	[111 K.- . 	(2) j=1 	njy 

using the values according to Schwarzenbach53 of 

log K1  = 10426, log K2  = 16.42, log K3  = 19.09, 

log K4  = 21.09 for EDTA and log K1  = 9.43, log K2  = 

18.28, log K3  = 20.96 and log K4  = 22.96 for EGTA. 



Ca EGTA 

10 

5 

I 

6 10 12 14 
pH 

Figure 2.2.1 	Variation of the conditional stability 
constants of the calcium and magnesium chelates of 
EDTA and EGTA with pH. 
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Figure 2.2.1 shows that the conditional 

stability constants of the chelates increase with 

increasing pH and attains a limiting value at and 

above pH 10. 	A solution pH of around 10, therefore 

seems appropriate since below pH 10 the stability 

decreases rapidly and kinetic currents will be 

observed at sufficiently low pH as was reported 

by Michel62 at pH 6.4; at pH values higher than 

10, magnesium would start to precipitate. 	That 

kinetic currents due to dissociation of the metal-

chelates in the vicinity of the DME are absent at 

pH ca 10 had been confirmed by experiments in which 

anodic currents of the solutions of complexones 

containing an excess of the alkaline earth metal 

ions were measured and found to be non-existent. 

(b) Buffer composition and concentration. 

The choice of buffer composition is only limited 

by the fact that anion components of the buffers 

that strongly complex with mercury shift the anodic 

dissolution potential of mercury towards less 

positive potentials. 	Consequently the anodic 

waves of the complexones will be less well-defined. 

Thus it was found that both EDTA and EGTA do not 

give any anodic wave at all in buffers containing 
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acetate ions which strongly complex with the mercury. 

Ammonia/ammonium nitrate buffer has therefore been 

used throughout this work because of the non- 

complexing property of the nitrate ion. 	Even in 

this case a very high concentration of ammonia is 

to be avoided for the same reasons. 	The optimisation 

of the concentration of buffer is complicated by 

the fact that it has an important effect on the 

suppression of maxima observed in the anodic waves 

of the coriplexones as discussed in section (c). 

Triethanolamine buffer may be used interchangeably 

with the ammonia buffer and has the advantage of 

masking certain interfering ions, but has the 

disadvantage of low conductivity. 

(c) Polarographic maxima. 

Both the EDTA and EGTA anodic waves had been 

found to exhibit polarographic maxima. The maxima 

always occur on the rising portion of the polaro-

graphic waves, are rather acute and fall abruptly 

and discontinuously from the maximum current to the 

limiting value. 	No maxima occur, however, on the 

anodic waves of both the complexones when the 

concentration of the depolariser is less than 

5 x 10-4M at a drop time of around 4 seconds; neither 
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are maxima observed in concentrated solutions of 

supporting electrolyte and the dependence of the 

height of the maximum with concentration of buffer, 

as shown in Figure 2.2.2 agrees well qualitatively 

with the theory by Popova and Kryukova63 that for 

maxima of the first kind there exists an empirical 

relation for the optimum conductivity k
opt of the 

electrolyte at which the maximum attains its 

highest value: 

kopt = 1.5 c 

and with the conductivity increasing above the 

optimal value, the maximum current decreases: 

max = Kk-b  

where c is the depolariser concentration in gram 

equivalents per litre, k is expressed in ohm cm-1, 

K is a constant and b varies between 0.6 and 0.7. 

All the above observations lead to the conclusion 

that the observed maxima are of the first kind. 

The dependence of maxima on drop-time and mercury 

flow-rate cannot yet be expressed by simple relation-

ships and experiments had been performed in order to 

facilitate choice of optimum conditions and the results 

are shown in Figure 2.2.3 and Figure 2.2.4. 



0 

E 

4 
Conc. of buffer 

x X 0.22M NH3/0.06M NH4NO3  

Figure 2,2.2 	Variation of the height of the 
maximum on the anodic wave of 1,92 mil EDTA with 
electrolyte concentration. 
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Figure 2.2.3 	Effect of height of mercury head on 
the maximum of the anodic wave of 1.92 mM EDTA in 
0.22M ammonia/0.06M ammonium nitrate. 
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Figure 2.2.4 	Effect of drop--time on the maximum 
of the anodic wave of 1.92 mM EDTA in 0.22M ammonia/ 
0.06)1 ammonium nitrate. 
(a) imax (b) id (c) 1max-id (d)  imax/id 
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The figures show a considerable influence of the 

height of the mercury head and the drop time on the 

maxima; the maxima decreasing with decreasing height 

of the mercury head or increasing drop time. 	A 

long drop-time together with the use of an appropriate 

surface active agent could therefore be used for 

suppression of the observed maxima; a drop-time 

of around 4-5 seconds (in the region of rapidly 

decreasing maximum in Figure 2.2.4) is considered 

optimum. 	Even though longer drop-times would still 

lessen the maxima, uncertainties in the diffusion 

phenomena at too high drop-times advise against this. 

The use of high concentrations of buffer to suppress 

maxima (Figure 2.2.2) is also inadvisable for the 

obvious reason that high concentration of impurities 

may accompany the high concentration of buffer. 

The examination of the effect of different types 

of maximum suppressors on the observed maxima show that 

the maxima can be suppressed to varying degrees of 

perfection or complexity by all types of suppressors 

studied as summarised in Table 2.2.1. 
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Table 2.2.1. Effect of different maximum. suppressors 
on the anodic waves of EDTA and EGTA. 

Substance Type Effective* 
Concentration 

Maximum Sunpression  
Remarks 

Triton X-100 Neutral ().001-0.002 Yes. 	Complications 
at rising portion 
above 0.002% 

Methyl red Zwitterion >0.004 Yes. 

Cetavalon Cationic ca0.01 Yes. 	Can be used 
in a wide range of 
concentration with- 
out complication. 

Sodium lauryl- 
sulphate 

Anionic ca0.002 Yes. 	Potential shift 
at high concentration 
to positive values. 

Iodide Anionic ca0.001 - do - 

4  Information here has been largely generalized. 
Applies generally to concentration of complcxones 
in the vicinity of 2 x 10 M, at a drop-time of 
4 seconds. 

In conclusion to this section it may be general-

ized and said that maxima may be avoided when 

concentrations of complexones less than or equal to 

5 x 10-4M are employed. 	If higher concentrations 

are to be used, the observed maxima may be suppressed 

with the maximum suppressors as described. 	Optimum 

drop-time is around 4 seconds and the optimum 

concentration of buffer has been found from 
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Figure 2.2._ 	Anodic d. c. polarograms of ca. 1 iM FDTA in 0.22M ammonia/0.06i4 
ammonium nitrate, 0.602% Triton X-100 containing (1) 0 (2) 0.2 (3) 0.4 (4) 0.6 
(5) 0.8 (6) 1.0 mm (Ca+Mg) in .a 1:1 ratio,. 33 mV/columnl 'all curves start 4t 
-0.3V Vs SCE,' sens.=1/10 (9.3 1.1.A: f.s.d.). 
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considerations of buffering capacity, shape and 

definition of polarographic waves, and maxima to be 

ca 0.22M NH3/0.06M NH4NO3. 

(d) Masking agents for magnesium in the presence 

of calcium. 

Linear calibration plots for EDTA and EGTA were 

obtained within .the normal polarographic working 

range of 0 to 2 x 10-3M. 	Calibration for the 

analysis of the sum of calcium and magnesium by 

measuring the decrease in the height of the anodic 

waves of EDTA also presents no problem, as can be 

seen in Figure 2.2.5 and Figure 2.2.6. 

0 	04 	08 
Conc. riiM 

Figure 2.2.6. Calibration curve for the analysis of 
(Ca + Mg). The blank solution is ca 	EDTA in 
0.2N NH

3
/0.05M NH

4
NO
3
. 
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However, considerable errors are involved in the 

calibration plots for analysis of calcium alone, in 

the presence of magnesium, by measuring the decrease 

in anodic currents of li;GTA as can be seen by the 

large deviation of the experimental curve (b) from 

the theoretical curve (a) in Figure 2.2.9. 	This 

is caused by reaction between magnesium and the 

excess of EGTA present, in spite of the low stability- 

constant of Mg-EGTA (105.2). 	It therefore becomes 

essential to mask the magnesium, in order to remove 

this interference. 

However, for very obvious reasons it is quite 

improbable yet to find a ligand that would react 

exclusively with magnesium in the presence of calcium. 

But when the calcium is to be subsequently reacted 

with EGTA after the masking of magnesium, as in this 

particular case, the problem becomes simpler. 

Ligands can be found which combine with magnesium 

forming complexes of stability greater than 105.2 

(tho stability-constant of Mg-EGTA). 	These ligands 

will certainly also react with the calcium; however, 

a further specification that the ligands should form 

complexes with calcium having stability constants 

less than 1011.0 (the stability-constant of Ca-EGTA), 
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can be added so that, even though both calcium and 

magnesium are masked by the added ligand, subsequent 

addition of GTA to the masked solution will cause 

the calcium-ligand complex to be demasked and 

titrated whilst the magnesium-ligand complex remains 

intact. 	Table 2.2.2 gives a list of some ligands 

that meet the above-mentioned requirements obtained 

from a survey of the literature 4,65  

Consideration was given to the following three 

points in deciding on the suitability of a substance 

as a masking agent for the present purpose: 

(1) Masking efficiency 

(ii) Non-interference in polarographic measurements, and 

(iii) Commercial availability. 

According to the theory of masking just outlined, 

log IL,g  and log KCa values in Table 2.2.2 provide a 
  

an approximate measure of masking efficiency; high 

values of (leg- 5.2) and (11.0 - log iug 	 KCa)  

indicating high masking efficiency and vice versa. 

Point (ii) is less easy to predict since interference 

in polarographic measurements can take different 

forms. 	Interference can occur in the form of 

polarographic waves of the substances used for 

masking, either before or after the waves of the 

complexones, the former affecting sensitivity and 
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Table 2.2.2. Some possible masking agents for 
magnesium in the presence of calcium, for subsequent 
titration with EGTA. 

No. Ligand Log K Ca Log K._ mg 

1.  Disodium-l,2-dihydroxyhenzene-3,5- 
disulphonate (Tiron) 

5.80 6.86 

2.  Tripolyphosphoric acid 4.95 5.80 
3.  Nitrilotriacetic acid 	(NTA) 6.41 5.41 
4.  Aminomethylphosphonic acid-N,N- 

diacetic acid  
7.18 6.28 

5.  B-Aminoethylphosphonic acid diacetic 5.44 6.33 

6.  
acil 

1 N,N -Ethylenebis-N,N -(2-0-hydro- 
xyphenyl) glycine 

7.20 8.00 

7.  N,N-Dihydroxyethylethylene diamine 
diacetic acid 	(HEDDA 

)etraacetic 

4.80 5.70 

8.  Trimethylene diamine 
acid 

7.12 6.02 

9.'N,N,N1 N1-totrakis-(phosphono- 5-50 6.4o 
.methyl -1,2-cyclohexane diamine 
(CDTHP 

lO.\trans-Piperazine-2,3-dicarboxylic 
acid 

<1 5.80 

11.  N-2-Phosphoethyl imino diacetic 5.44 6.33 
'acid 

12.  N-(2-Hydroxy-5-nitrobenzy1)-imino 
diacetic acid 

6.44 6.85 

13.,N-(2-Hydroxybenzyl) imino diacetic 
acid 

6.74 7.28 

14.  4-(p-Arsonophenylazo)-3-hydroxy- 
naphthalene-2,7-disulphonic acid 

5.50 5.90 

15.  Eriochrome Black A 5.25 7.20 
16.  Eriochrome Black B 5.70 7.40 
17.  Erlochrome Black T 5.40 7.00 
18..Erlochrome Black R 5.58 7.64 

The stability constants quoted are for a ionic 
strength of 0.1 and temperature of 20-25°0. 
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the latter affecting the definition of the shape 

of waves of the complexones. 	Interference can also 

occur by the adsorption of the substances used for 

masking, on the surface of the DME, such as is possible 

with large dye stuff molecules like the Eriochrome 

Black compounds (Nos. 15-18, Table 2.2.2). 

The validity of the theory was established 

experimentally and the results are shown in 

Figure 2.2.7 and Figure 2.2.8. 

The diffusion current due to a certain 

concentration of EGTA is decreased on addition of 

magnesium and this decrease is a measure of 

interference. 	Figure 2.2.7 shows the efficiency 

of masking of three potential masking agents studied, 

as measured by the efficiency of attainment of the 

diffusion current to the original value with 

increasing concentration of masking agent. 

Figure 2.2.8 shows that due to the second specifi-

cation in the selection of masking agents, namely, 

that log Kca  should be less than 11'0, the presence 

of the masking agents does not prevent or hinder 

reaction between the calcium and EGTA. Any such 

prevention or hindrance would be indicated by an 

inclination of the experimental lines towards the 

broken horizontal line in Figure 2.2.8, which is 
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Figure 2.2.7 	Masking of magnesium against reaction 
with EGTA. Wave heights of 0.6 mM EGTA in 0.15M 
ammonia/0.04M ammonium nitrate in the presence of 
0.25 mM magnesium, plotted against concentration 
of different masking agents (a) sodium tripolyphos-
phate (b) Eriochrome Black T (c) tiron. Broken line 
represents wave height in the absence of magnesium. 
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Figure 2.2.8 	Non-interference of masking agents 
for magnesium on reaction between calcium and 
EGTA. Wave heights of 0.6 mM EGTA in 0.15M ammonia/ 
0.04M ammonium nitrate in the presence of different 
masking agents; (a) sodium tripolyphosphate (b) 
Eriochrome Black T (c) tiron. Solution also 
contains 0.2 mM calcium. Broken line represents 
wave height in the absence of calcium. 
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found not to be the case. 	A study of Figure 2.2.7 

shows the sodium tripolyphosphate to have the highest 

masking efficiency. 	Substances like nitrilotriacetic 

acid (NTA) in Table 2.2.2 were found to be unsuitable 

since the polarographic wave for NTA which immediately 

follows the EGTA wave badly influences the latter. 

Sodium tripolyphosphate was thus chosen as the most 

suitable masking agent for magnesium, on grounds of 

masking efficiency, non-interference in polarographic 

measurements and commercial availability. 	The 

overall effect of the use of sodium tripolyphosphate 

as a masking agent is shown in Figure 2.2.9. 

The diffusion current vs. concentration of 

calcium plot is highly displaced from the theoretical 

curve in the absence of any masking agent, whereas 

in the presence of sodium tripolyphosphate the 

experimental and theoretical curves almost coincide. 

2.2.4. Results and discussion  

(a) Indirect polarographic method. 

The determination of the total concentration 

of alkaline earth metals by indirect d.c. polaro-

graphy of E)TA is quite straightforward and presents 

no problems as was stated earlier and shown in 

Figure 2.2.6. 	A similar determination for calcium 
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Figure 2.2.9 	Overall effect of the use of masking agent. 
Wave heights of 0.6 mM EGTA in 0.152 ammonia/0.04M ammonium. 
nitrate plotted against calcium concentration. Solutions 
also contain 0.25 mM magnesium; (a) theoretical (b) with-
out any masking agent (c) in the presence of 2 mM sodium 
tripolyphosphate. 
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alone in the mixture using EGTA was interfered by 

the presence of magnesium which had been shown to 

be solved by using sodium tripolyphosphate as a 

masking agent. 	An evaluation of this second 

procedure is given in Figure 2.2.10 in which plots 

of (lblank - id) vs. concentration of calcium in 

the presence of different concentrations of magnesium 

are shown to be almost coincident with each other 

and with the plot for the case where no magnesium 

is present. 	Figure 2.2.11 shows a set of polaro-

grams for one of the cases of Figure 2.2.10. 

Table 2.2.3 give's-  some representative results on 

the analysis of synthetic samples treated as unknowns. 

Table 2.2.3. Some representative results on the 
analysis of synthetic samples treated as unknowns, 
by the indirect d.c. polarographic method. 

- 
_ 
- 
- 
- 
- 
- 

_ 	- 
Ca + Mg 

present (mm) L 	Found 	(mini) 	
• 

0.50 
0.50 

8'. 50  80 
0.80 
0.80 

i 

0.49 
0.49 
0.50 
0.79 
0.79 
0.79  

Magnesium 

( rnM ) 

Calcium 
present  

Present (mM) Found (ml'4) 

0.50 
0.50 	, 
0.50 
1.oc 
1.00 
1.00 
2.00 
2.00 
2.00 

0.50 
0.50 
0.50 
0.50 
0.50 
0.50 
0-50 
0.50 
0.50 

. 

o.48 
0.50 
0.50 
0.50 
0.51 
0.50 
0.51 
0.50 
0.52 

_. 
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Figure 2.2.10 Evaluation of the method. 
Decrease in wave heights of EGTA plotted against 
calcium concentration. Solutions also contain 
(a) 0 mM (straight line) (b•) 1 mM (unshaded 
circles) and (c) 2 mM (shaded circles) of 
magnesium. 2.5 mM sodium tripolyphosphate used 
as masking agent. 
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The concentration of the complexones used in both 

cases in the above table was 1.0 x 10-3M and in all 

the analyses above the decrease in diffusion current 

due to addition of the metal ions amounts to at 

least 50% of the original diffusion current. 	Larger 

errors accompany a lesser decrease in diffusion current 

due to uncertainties in the measurement of wave 

height and should be avoided. 

(b) Amperometric titrimetric method. 

For analysis of calcium alone in samples 

containing not very high concentrations of magnesium, 

the use of masking agents for magnesium was not found 

to be necessary in the titrimetric method, since 

any reaction between magnesium and EGTA after the 

calcium equivalence point merely decreases the slope 

of the portion of the titration curve after the 

equivalence point without appreciably affecting 

the position of the end-point on the volume axis. 

Results obtained without the use of any masking 

agent are thus shown in Table 2.2.4. 
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Table 2.2.4. Some representative results on the 
determination of calcium in the presence of magnesium 
by the amperometric titrimetric method. 

Mg:Ca 
Molar 
ratio 

7 Calcium 

Present (mg) 	Found (mg) 

3:1 0.080 0.079 
3:1 0.080 0.078 
1:1 0.401 0.401 
1:1 
1:1 1 

1 
0.401 
0.401 

1 0.408 
o•4o3 

1:2 0.080 0.079 
1:2 0.080 0.080 

At high concentrations of magnesium exceeding a 

3:1 ratio of magnesium to calcium, the increasing 

broadness of the curvatures at the end-point 

accompanying the decreasing slope of that portion 

of the titration curve after the equivalence point 

causes a large negative error to be incurred, if 

the magnesium is allowed to react with the excess 

of EGTA, unmasked. 	This may be seen in the titration 

curve for a magnesium to calcium ratio of 5:1 in 

Figure 2.2.12 as compared with those of 0:1 to 3:1. 

Another disadvantage for not masking the magnesium 

is that a successive titration first for calcium 

with EGTA and then for magnesium in the same solution 

with EDTA cannot be performed. The added EDTA in 
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Figure 2.2.12 	Amperometric titration curves of solutions 
containing increasing ratios of magnesium:calcium ; 
(a) 0:0.002 (b) 0.001:0.002 (c) 0.006:0.002 0) 0.010:0.002. 
Applied potential= OV vs SCE. 
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the second titration undergoes a nucleophilic chelate 

exchange reaction with the magnesium-EGTA, liberating 

free EGTA. 	The initial portion before the equivalence 

point of the second titration curve is therefore 

not horizontal since EGTA also gives an anodic current 

at the applied potential for EDTA. 	The diffusion 

current therefore continues to rise with a relatively 

large slope with the consequence that the second 

end-point is obscure. 

In cases where large concentrations of magnesium 

are involved or where analyses for both calcium and 

magnesium in the same aliquot of sample is required, 

therefore, sodium tripolyphosphate or other masking 

agents as described in section 2.2.3 (d) must be 

employed. 

In both methods ions which precipitate at or 

above pH ca 10 do not interfere as discussed in 

Section I, Chapter 1. 	Those masking agents which 

give anodic waves at potentials close to those of 

the complexones cannot be used but otherwise most 

conventional masking agents as well as those listed 

in Table 2.2.2 may be used. 	It is extremely difficult 

to quote an absolute sensitivity figure for the 

methods without involving instrumental sensitivity 
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parameters. 	However, some idea on the sensitivity 

of the polarographic method may be obtained by an 

empirical calculation if one assumes that 0.1 micro-

ampere is a reasonable lower limit of measuring 

diffusion currents: 

C = i 	= 0.1  = ca 2 x 10-5m 

T:1-7 	3 x 2 

since the diffusion current constant for both 

complexones is approximately 3 and a value of 2 
2  

for m3tb roughly corresponds to the normal capillary 

characteristics of t = ca 4 sec. and m = ca 2 mg/sec. 

This sensitivity figure applies to a normal d.c. 

polarographic procedure and will increase if, for 

routine analysis modified techniques such as fast 

linear sweep cathode ray polarography or oscillo-

polarography etc. are employed to which the method 

should be equally applicable. 

Preliminary investigations showed that the 

methods are applicable without any modification to 

the analysis of calcium and magnesium in sugar samples 

(crude syrup before crystallization). 	Direct  

analysis on blood serum however caused problems 

due to the high surface active properties of the 

samples and the latter must therefore be treated 

before analysis. 
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Mixed titrants  

Preliminary investigations on an interesting 

use of a bi-component titrant consisting of two 

complexones in admixture had been made. 	Even  

though initiated purely out of curiosity, it had 

been found that such usage could simplify analytical 

procedures as will be shown, again, for the analysis 

of cracium and magnesium using EGTA and EDTA. 

A special advantage in this particular case is that 

no masking of magnesium is necessary as will be shown 

later. 	Figure 2.2.13 shows the polarograms of a 

1:1 mixture of EDTA and EGTA with increasing 

concentration of magnesium. 	The diffusion current 

due to EDTA (first wave) decreases whereas that due 

to EGTA (second wave) remains constant, as expected 

from the stability constants 108.7  and 105.2  for 

magnesium-EDTA and magnesium-EGTA chelates respectively. 

A similar increase in the concentration of calcium 

decreases both waves simultaneously, corresponding 

to the stability constants 1010.7 and 101110 for 

calcium-EDTA and calcium-EGTA chelates respectively. 

Thus if one has two calibration curves, namely, 

total diffusion current of EDTA and EGTA vs. metal 

ion concentration (calcium or magnesium or their 
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'Figure 2.2.13 	Anodic d.-c. polarograms of the mixed 
titrant (EDTA+BOTA, 0.5 mM with respect to each) in 
0.3M ammonia/0.1M ammonium nitrate containing (1) 0.1 
(2) 0.2 (3) 0.3 (4) 0.4 (5) 0.5 mM magnesium. The first 
wave is EDTA and the second one EGTA. 33 mV/column, all 
curves start at -0.3V vs SCE, sens.=1/7 (6.5 uA f.s.d.) 
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mixture) and diffusion current of EGTA alone vs. 

calcium concentration it is obvious that for the 

determination of both calcium and magnesium in a 

mixture, all that one needs is a single polarogram 

of a solution of the mixed titrant containing the 

sample (calcium + magnesium). 	Concentrations of 

calcium alone and of total calcium and magnesium 

are then read off from the calibration curves. 

An added advantage is that since an excess 

of EDTA is always present, no problem of the 

interfering reaction between magnesium and EGTA 

exists and therefore no question of masking of 

magnesium arises. 

2.2.5. Experimental  

The apparatus used have been described earlier 

(Section II, Chapter 1). 	The DME had the following 

capillary characteristics: m = 1.965 mg/sec (at OV) 

and t = 44'1 sec (at OV). 

The preparation and standardization of EGTA 

as well as solutions of calcium and magnesium have 

been described earlier. 	EDTA was prepared from 

its disodium salt and similarly standardized. 	An 

approximately 0.1M stock solution of the masking 

agent (sodium tripolyphosphate) was prepared. The 
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ammonia buffer used approximates the composition 

3.6M NH3/1.0M NH4NO3  (pH 9.8), 

Procedures  

(a) Indirect d.c. polarographic method. 

(i) Determination of total calcium and magnesium. 

Prepare in a volumetric flask a solution 

containing 1.0 x 10-3M EDTA in 0-22M NH
3
/0.061 

NH4NO3 and 0.002% Triton X-100, and also containing 

the sample which when made up to volume will have 

a concentration of calcium and magnesium enough to 

decrease the anodic diffusion current of EDTA by at 

least 50%. 	Record a polarogram, measure the anodic 

diffusion current and read off concentration of total 

calcium and magnesium from a calibration curve 

constructed under similar conditions using standard 

solutions of calcium or magnesium. 	The concentration 

of 2DTA may be varied to suit the concentration of 

sought-for substances present in the samples. 

(ii) Determination of calcium alone in the presence 

of magnesium. 

Prepare in a volumetric flask, a solution 

containing l•O x 10-3M ,MTA in 0.22M NH3/0.06MNH4NO3, 

0.001% Triton X-100 and 2.5 to 10.0 x 10-3M sodium 

tripolyphosphate and also containing the sample which 
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when made up to volume will have a concentration 

of calcium enough to decrease the anodic diffusion 

current of EGTA by at least 50%. 	Record a 

polarogram, measure the anodic diffusion current 

and read off concentration of calcium from a 

calibration curve constructed under similar conditions 

using standard solutions of calcium alone in the 

absence of any magnesium. 	The concentration of 

EGTA may be varied to suit the concentration of 

sought-for substance present in the sample. 

(b) Amperometric titrimetric method. 

(i) Determination of calcium alone in the presence 

of magnesium. 

Titrate a solution of the sample in ammonia 

buffer (ca 0.22M NH3/0•06M NH4NO3) and 0.001% 

Triton X-100 against a standard solution of EGTA. 

Detect the end-point amperometrically by applying to 

the DME a potential of OV vs. SCE which lies on the 

limiting current plateau of the EGTA anodic wave. 

The anodic current increases linearly from zero 

beyond the end-point. 	The concentration of the 

EGTA titrant has to be adjusted to suit the amount 

of sought-for substance present so that a large 

increase in volume is not incurred during the titration. 
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(ii) Determination of total calcium and magnesium. 

The procedure is the same as above but using 

ET)TA as the titrant. 	The applied potential OV vs. 

SCE lies also on the limiting current plateau of 

the EDTA Anodic wave. 

If the sample contains a high concentration of 

magnesium, incorporate a suitable concentration of 

masking agent (2.5 to 10 x 10-3M sodium tripoly- 

phosphate) in procedure (1). 	The same applies 

if after procedure (i) a successive titration in 

the same solution for magnesium with 1,DTA is to be 

performed. (Explanations have been given in 

section 2.2.4). 

2.2.6. Conclusion  

The advantageous combination of complexometric 

principles (such as the use of selective titrants, 

masking agents etc.) with the technique of d.c. 

polarography has been demonstrated by the development 

of practical analytical methods for the important 

determination of calcium and magnesium in the 

presence of each other. 

The concept of mixed titrants is introduced 

and an interesting use of the same is also 

described. 
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SECTION II 

CHAPTER 3 

ANALYTICAL APPLICATIONS OF A.C. POLAROGRAPHY OF 

COMPLEXONES. 

2.3.1. Introduction 

Alternating current (a.c.) polarography of 

complexones has until now evaded investigation. 

In the present chapter will be described a study 

on the a.c. polarography of EDTA and related compounds 

with a view to analytical applications, especially 

in trace analysis, even though one may remember 

that a.c. polarography is basically not a trace 

technique; it is supposedly less sensitive than 

its d.c. counterpart. 	Potentials of the technique 

for trace analysis will be demonstrated by the 

analysis of calcium in the presence of magnesium 

using a method similar to that developed earlier 

(Section II, Chapter 2). 

A.C. polarography consists essentially of 

superimposing a small alternating voltage on a 

linearly increasing d.c. potential applied to a 

DNE, and plotting the alternating current produced 

against the d.c. potential. 	At potentials 
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corresponding to the foot of a d.c. polarographic 

wave, the alternating current is entirely due to 

charging and discharging of the double layer and 

is therefore relatively small. 	The same processes 

are responsible for the alternating current at 

potentials corresponding to the plateau of the d.c. 

wave since the electroactive species is consumed 

as fast as it reaches the electrode surface at any 

time during the alternating voltage cycle. 	At 

potentials corresponding to the rising portion of 

the d.c. wave, however, the effect of a super-

posed sinusoidal alternating voltage is to produce 

periodic concentration changes of the oxidized and 

reduced forms at the interface. 	These concentration 

changes are accompanied by periodic diffusion 

processes and the flow of alternating current 

(faraidic alternating current). 	The greatest 

variations of the composition of the layer of 

solution around the drop occur at the half-wave 

potential and a maximum alternating current is 

thus observed at that potential. 	The "a.c. 

polarographic wave" thus obtained is peak shaped. 

The maximum alternating current obtained is a 

function of the reversibility of the electrode 
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reaction. 	Very little or no concentration changes 

of the oxidized and reduced forms can occur if the 

half-reaction is irreversible and hence the 

alternating current at the peak is much smaller 

than for reversible reactions. 	This aspect of 

the technique permits a study of the rates of 

fast electron-transfer processes. 	A linear 

relationship between the peak height (alternating 

current at summit potentia1,6is
) and concentration 

under favourable conditions also permits analytical 

applications. 

The most important advantages of the technique 

in analytical work over its d.c. counterpart are 

the possibility of working in the presence of air, 

low temperature coefficient, better resolution 

of closely-spaced waves and non-interference by 

huge waves preceding the one under investigation. 

A comprehensive treatment of the technique is 

given in a monograph by Breyer and Bauer
66 

 

2.3.2. General a.c. polarograyhic behaviour of 

EDTA and related compounds. 

Figure 2.3.1 shows the a.c. polarographic 

waves of EDTA and two related compounds, EGTA 

and CDTA. 	The experimental observations of 
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Figure 2.3.1 	A.C. polarograms of some complexones. 0.5mM of (a) EDTA 
(b.) EGTA (c) CDTA in ammonia buffer (0.3M ammonia/ 0.1M ammonium nitrate). 
All polarograms start at --o./tv vs SCE. 
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the a.c. waves do not agree with the theoretical 

treatment assuming simple electrode reactions. 

For example, whereas the simple electrode reaction 

theory predicts that the summit potentials (Es) in 

the a.c. waves be equal to their corresponding 

d.c. half-wave potentials (E1) and that the width 

of the a.c. waves at half-height be equal to 

90.5/n where n = 2 in this particular .case, none 

of these come true in the experimental results 

given in Table 2.3.1. 

Table 2.3.1. Some a.c. polarographic data of 
complexones (from Figure 2.3.1) 

Complexone Ei (d.c. 
2 

(a.c.) 2 
* 

Relative 	a.c. 
peak height 

EDTA 
EGTA 
CDTA 

-0.083 
-0.010 
-0.110 

-0.093 
-0.003 
-0.100 

GO 
- 

117 

3.3 
4.7 
2.3 

* Relative to d.c. wave height i.e. a.c. peak height/ 
d.c. wave height. 

The experimental observations on the dependence of 

the a.c. peak heights (41is) on concentration of 

depolariser, shown in Figure 2.3.2, also contradicts 

with the simple electrode reaction theory that they 

be linear. 
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Figure 2.3.2 	Dependence of alternating current 
at summit potential on concentration of depolariser- 
in the a.c. polarography of some complexones: 
(a) EDTA (sens.=1/50) (b.) EGTA (sens.=1/3°) in- 0.3M 
ammonia/0.1M ammonium nitrate. 
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The experimental observations are found to be 

best interpreted by means of a theory which takes 

into account the adsorption of the depolariser66  

The difference between E1 and Es is given by this 2 

theory as, 

E1 	E = RT In bo + RT In d2  
2 

s  nF bR nF 
(1) 

where bR and bo are the Langmuir adsorption co-

efficients and d is the ratio of the diffusion 

coefficients of the reduced and oxidized species. 

The shape of the concentration dependence curve is 

also satisfactorily explained by the equation 

Zis = 	KaBC 	
(2) 

1 + 2BC 

where K is a factor that includes a number of 

parameters such as the number of electrons trans-

ferred per molecule, the amplitude and frequency 

of the alternating voltage, etc., a is a parameter 

that depends on the size of the depolarises molecules 

in the adsorbed state and 

B = bobR (3) 

 

bo + bR 

Equation (2) predicts a non-linear relationship 

between peak height and concentration. 	However, 
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at low concentrations (14213C), the peak height 

is a linear function of concentration, i.e. 

nis = KaBC for 1>>2BC 
	

(It) 

which can be clearly seen in Figure 2.3.2 for both 

comploxones; the slope of the straight line 

(= KaB) will be larger than that for an unadsorbed 

species (= K) i.e. higher sensitivity, since in the 

case of adsorption there will be a surface excess 

of the depolarizer. 	At higher concentrations 

the peak height becomes increasingly independent 

of concentration as in Figure 2.3.2 and ultimately 

at very high concentrations (2BC>>1), the peak 

height reaches a limiting value equgl to 1Ka. 

Calculations of the adsorption coefficients bo  

and b
R should in principle be possible since from 

the shape of the curves in Figure 2.3.2 one can 

easily obtain the value of B (using equation (2) ) 

and the ratio bo/bR may be computed from the 

separation between El  and Es (equation (1)) . 2 

The summit potential for EDTA is found to be 

entirely independent of concentration (2 x 10-5 
 
to 

10-3M) whereas that for EGTA varies slightly 

between -0.007 to +0.013V vs. SCE in the 

concentration range 6 x 10-5  to 10-3M. 
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The last column in Table 2.3.1 gives a rough 

measure of the reversibility of the electrode reactions. 

Thus a very small value for CDTA indicates that the 

electrode reaction is not fully reversible which is 

in agreement with d.c. polarographic data in which 

a difference of about 60 mV was found between the 

half-wave potentials of the anodic wave of CDTA and 

cathodic wave of Hg-CDTA51. 	The large value for 

EGTA indicates a fully reversible nature of the 

electrode reaction supporting the d.c. polarographic 

evidence described in Section II, Chapter 1. 	An 

intermediate value for EDTA seems to indicate an 

intermediate degree of reversibility between EGTA 

and CDTA perhaps corresponding to a disagreement 

in the d.c. polarographic studies where Matyska 

et al5/ reported full reversibility of the EDTA wave 

whereas Michel et a150 reported a difference of about 

25 mV between the half-wave potentials of the anodic 

and cathodic steps. 	Even though these qualitative 

observations on electron transfer rates are desirable 

in a more quantitative form, the relatively simple 

equipment used (see Experimental) do not permit such 

a study to be made. 
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2.3.3. Analytical applications  

Although the general shape of the concentration 

dependence curves are curved, it has been shown 

by theory (equation (4) ) and by experiment (Figure 

2.3.2) that at low concentrations the dependence 

is linear. 	This can be seen more clearly in 

Figure 2.3.3 which shows the usefulness of the 

a.c. polarographic technique for analytical purposes 

in the range 10-5 to 2 x 10-4 M for EDTA and 2 x 10-5 

to 10 4 NI for EGTA. 	Even though due to its higher 

adsorption the EGTA gives a higher a.c. polarographic 

response than EDTA (significance of B in equation (4)), 

the concentration range where a linear relationship 

exists is less for EGTA than for EDTA. 	This is 

also easily explained by means of equation (4) since 

B being large for EGTA the concentration (C) must 

be kept low enough so that the condition 1)2BC is 

maintained. 	It must be borne in mind however that 

the strength of adsorption and hence the sensitivity 

and range of analytical utility depends markedly on 

such experimental parameters as the nature of the 

supporting electrolyte and pH of the solution etc. 

No generalizations can be made and separate studies 

must be made experimentally for each particular case. 
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Figure 2.3.3 	Dependence of alternating current 
at summit potential on concentration of depolarises 
in the a.c. polarography of some complexones: 
(a) EDTA (sens.=1/50) (b) EGTA (sens.=1/30) in 0.3M 
ammonia/0.1M ammonium nitrate. 
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The summit potentials are totally unaffected 

and peak heights are only diminished by an 

insignificant amount when a. • polarographic 

measurements of the complexones are made in the 

presence of air. 	The technique is therefore 

suitable with large electrodes used for higher 

sensitivity, where the utility is limited to a large 

degree by interference due to slight traces of 

oxygen. 

A practical application of the a.c. polarography 

of complexones for trace analysis is illustrated 

by the analysis of from 0.2 to 1.0 ppm calcium 

in the presence of magnesium by an indirect method 

similar to that developed in Section I, Chapter 2. 

An evaluation of the method is given in Figure 2.3.4 

where the closeness of the experimental points 

(shaded circles) to the calibration curve illustrates 

the accuracy of the method. 

2.3.4. Experimental  

Preparation of solutions had been described 

earlier. 

The equipment used was a Cambridge General 

Purpose Polarograph in conjunction with a Cambridge 

"Univector" A.C. :Polarograph Unit (Cambridge 
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Figure 2.3.4 	Dependence of decrease_ in a,c. on 
concentration.Unshaded and shaded circles represent 
concentrations of calcium in the absence and 
presence (0.1 mM) of magnesium respectively. Reagent 
solution consists of 0.05 mM EGTA in 0.9M ammonia/ 
0.1M ammonium nitrate and 0..2 mM sodium tripoly-
phosphate. 
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Instruments Co. Ltd.); a'Servoscribe recorder (Smiths 

Industries Ltd.) was used for recording polarograms. 

The Univector A.C. Polarograph Unit contains a phase-

sensitive base-current suppression circuit and is 

therefore quite sensitive for analytical work. 	The 

amplitude and frequency of the alternating voltage 

however cannot be readily varied and is therefore not 

suitable for rate studies. 	The amplitude is 

ca 25mV and frequency ca 35 c.p.s. 

The DME had the following capillary character- 

istics under open circuit conditions: 

m = 1.965 mg/sec. and t = 4.1 sec. 

5 ml aliquots of the solutions are used for 

polarographic measurements in a Kalousek cell. 

2.3.5. Conclusion  

Attempts had been made to explain the observed 

a.c. polarographic behaviour of the complexones using 

existing theory. 	The most satisfactory interpretation 

of experimental data was achieved by means of the 

theory which takes into account the adsorption of 

depolariser. 	Qualitative a.c. polarographic data 

had been shown to support the d.c. polarographic 

evidence on the question of the reversibility of the 

anodic oxidation of the three complexones EDTA, EGTA 

and CDTA. 	Analytical potentials of the a.c. polaro- 
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graphy of complexones had been given and demonstrated 

by a trace analysis of calcium in the presence of 

magnesium. 
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SECTION III 

CONTINUOUS ANALYSIS VIA COMPLEXOMETRY USING 

ELECTROCHE1IICAL SENSORS 
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SECTION III 

INTRODUCTION 

The principle of "continuous analysis" hasp been 

introduced extensively at the beginning of the 

thesis. 	This final section deals with the appli- 

cation of electrochemical sensors for continuous 

analysis using complexometric principles. 	It must 

be admitted here that even though a rather broad 

term "electrochemical sensors" has been used, only 

voltammetric sensors are the real concern of the 

thesis; the generalised term being used simply 

because the electrodes and electrode configurations 

that will be described would also be applicable 

to other types of electrochemical phenomena other 

than voltammetry, such as potentiometry or coulometry. 

The idea of using voltammetric electrodes for 

continuous analytical sensing was conceived quite 

early in the century and a report on the first 

polarographic analyser67 appeared in the literature 

as early as 1933, followed in 1947 by a paper by 

Willer"  on a study of the platinum micro "by-pass" 

electrode where he pointed out the analytical 

possibilities. 	Later publications on the subject 

dealt with the design of polarographic flow-through 
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cells69-72 and the use of special electrodes such 

as a shielded DME73 to ensure non-empirical diffusion 

conditions, a rapidly dropping DME74 to desensitise 

against agitation or sample flow, a wide-bore DME75'76  

to extend the period of reproducibility of results 

and mercury pool electrodes77'78 for higher sensitivity. 

Experimental set-ups for adaptation of the technique 

of continuous polarographic sensing to ion-exchange 

separations79-82  gas analysis by gas-chromatography83  

had been described, and continuous polarographic 

analysers for specific purposes such as for dissolved 

74-76,84,85 oxygen 	oxygen in blood in vivo86 oxygen 

in gases?7'87  uranium8,8,89CK-amino acids90  sulphur 

dioxide9,1  Ti3+ and Fe3+,92  carbon monoxide, 2  
cyanide?3'93 mercury77  and hydrogen sulphide 

had been developed. 

Whilst reports on the performance of the 

individual analysers had been encouraging, it is 

obvious that a major draw-back in the development 

of the technique of continuous polarographic analysis 

as a whole, is the inflexibility of the analysers 

developed. 	The lack of a common underlying 

"principle" in the latter inhibits growth of the 

range of applications. 	For example, in the analysers 
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given above, although measurement of well-defined 

limiting currents at appropriate applied potentials 

provide a simple answer for electroactive species, 

it is much less so with substances liked(-amino 

acids" and carbon monoxide92  where the chemistry 

involved is complex, and even more important is 

the lack of a foundation for wide application. 	In 

the carbon monoxide analyser, for instance, an 

equivalent amount of iodine set free by passing the 

gas containing carbon monoxide over heated iodine 

pentoxide is continuously oxidised to iodate by a 

dilute alkaline solution of hypobromite, excess 

hypobromite being continuously reduced by sodium 

sulphite. 	The cathodic current due to iodate is 

proportional to the concentration of carbon monoxide. 

The method, though ingenious, simply lacks a 

foundation for general application. 

In this last section of the thesis, the 

"principle" of complexometry is introduced to the 

technique of continuous polarographic analysis. 

This provides an underlying principle with which 

wide applications are possible and in theory 

virtually all methods of complexometric analysis are 

made available to be put on a continuous basis with 
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polarographic sensing. 	This technique of 

"complexometric continuous-polarographic-analysis" 

as it might logically be termed, is equally useful 

for electroactive as well as electroinactive 

substances since it only involves measurement of 

anodic waves of complexones, and is also equally 

applicable to metals as well as non-metals in view 

of the large number of indirect complexometric 

methods for non-metals. 	Selectivity is also 

improved since the selectivity provided by 

complexometry by the use of selective complexones, 

masking agents and choice of pH supplements that 

already provided by polarography. 	In the 

first chapter of this section the design and 

development of a continuous polarographic analyser 

for the simultaneous determination of calcium and 

magnesium, using complexometric principles are 

described and in the second and last chapter an 

investigation on the use of some continuous 

electrochemical sensors other than the DID; is 

described, again with an emphasis on the use of 

complexometric principles. 
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SECTION III 

CHAPTER 1 

APPLICATION OF COMPLEXOMETRIC PRINCIPLES IN 

CONTINUOUS POLAROGRAPHIC ANALYSIS. A CONTINUOUS 

POLAROGRAPHIC ANALYSER FOR SIMULTANEOUS ANALYSIS 

OF CALCIUM AND MAGNESIUM. 

3.1.1. Introduction  

Continuous automated methods for the analysis 

of calcium and magnesium have been surprisingly 

rare in spite of the obviously large demand for 

such analytical methods. 	Colorimetric (absorpt- 

iometric) sensing is employed in all cases. 	In 

an AutoAnalyzer recommended method for calcium?4  

for example, the absorbance of a coloured calcium 

complex is measured compensating for any interference 

by magnesium by empirical additions of magnesium 

to the standard. 	Most magnesium methods are based 

upon the development of a coloured complex between 

magnesium hydroxide and a "lake" forming reagent. 

The development of a continuous polarographic 

analyser for the simultaneous analysis of calcium 

and magnesium is described in the present chapter; 

together with it the design and characteristics of 
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a general purpose polarographic flow-through cell 

is presented and polarographic behaviour unique to 

measurements in a flowing stream are discussed. 

3.1.2. 	Polarographic flow-through cell. 

A cross-sectional diagram of the cell is shown 

in Figure 3.1.1. 	It is constructed from a block 

of clear perspex (3" x 2" x 1") so that the 

functioning of the DNE, the process of nitrogen gas 

removal, solution passage, etc., can be easily 

observed. 	The axial 3mm hole for the solution 

stream is first drilled on a lathe and then the 

passages for the DME (4 mm), nitrogen exit (4mm) and 

mercury collection pool (4mm) are drilled to a 

depth at which the drill point just enters the axial 

hole. 	The outside ends of the holes are enlarged 

to a diameter of 7mm to a depth of approximately 

lcm so that tight-fitting polythene tubing (or other 

suitable material) sleeves can be push-fitted into 

the holes. 	The drilled holes are then examined 

to ensure freedom from any irregularities; the axial 

hole for the solution stream especially should be 

smooth and free from rough spots or traps which 

might hold gas bubbles or mercury drops. 	They would 

also cause turbulence in the solution stream. 
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• Figure 3.1.1 	Polarographic flow-through cell. 
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The solution stream flows from right to left in 

in the cell, as shown in the diagram, so that bubbles 

of gas (nitrogen) are removed before the solution 

reaches the DNE; the cell is slightly tilted 

downwards (a few degrees from the horizontal) so 

that mercury drops roll down the slope to be 

collected in the mercury pool downstream. 	The 

mercury pool is connected via polythene tubing to 

a huge mercury reservoir the height of which is 

adjusted so that the level of the mercury pool is 

a few millimetres below the solution stream. 	The 

mercury pool level remains practically constant for 

long periods of time because of the large surface 

area of the levelling reservoir. 

Four important factors have been given the 

utmost consideration in the design of the cell, 

namely, low sample hold-up, absence of stagnant 

regions, elimination of inter-sample mixing and 

finally the avoidance of turbulence. 	The first 

three ensure a fast response of the cell to changes 

in sample composition and the last factor prevents 

the introduction of uncertain diffusion characteristics. 

Sample hold-up is absolutely nil in the cell 

described since the sample solution is merely 
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pumped past the electrode without any "holding" of 

the sample. 	The DME is positioned so that the 

mercury drops fall from a position level with the 

top wall of the axial hole; any positioning above 

this level would introduce a stagnant region- 	The 

mercury collection pool, for the same reason, has 

not been placed directly beneath the DME since a 

stagnant region would have appeared in the small 

volume between the bottom wall of the axial hole and 

the mercury meniscus. 	Turbulence around the 

electrode, caused by the vibrating mercury meniscus 

(due to the pulsating action of the peristaltic 

pump, etc.) is, at the same time, eliminated. 

The nitrogen gas bubbles, used as a segmenting 

gas for efficient mixing and pumping and as a de-

oxygenating gas, also serves to separate consecutive 

samples. 	It is therefore desirable that the removal 

of nitrogen bubbles from the solution stream be done 

as close to the DM-if; as possible in order to avoid 

lateral inter-sample mixing. 	Exit of gas however 

is found to cause considerable turbulence around the 

electrode and a compromising optimum distance of 

about 6mm between the DME and nitrogen exit have 

been obtained by repeated experimentation at 
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different gas flow rates. 

The process of nitrogen gas removal is 

accomplished by pumping the solution out of the 

cell at a rate smaller than that at the cell 

entrance. 	The nitrogen gas, together with some 

solution, is thereby efficiently removed. 

Calomel reference electrodes are normally used 

and are connected to the solution stream via an 

inverted T-piece at the exit end of the cell. 

A potassium nitrate-saturated agar plug contact 

or for long term purposes a fritted glass contact 

may be used in the vertical arm of the T-piece. 

The apparent resistance of the cell, measured with 

a Phillips Conductivity Bridge (PR 9500/01), using 

a SCE and a potassium nitrate-saturated agar plug 

contact is ca 4K in a 0.1M perchloric acid 

electrolyte solution in static condition. 

Figure 3.1.2 shows the cell response to abrupt 

changes in sample concentration. 	Calculation from 

data similar to Figure 3.1.2 showed that on changing 

the solution from 0.22M NH
3
/0.06M NH

Y
NO
3 containing 

no EDTA to one containing 5 x 10-4M EDTA, the current 

rose to 95% and 100% of the steady state value in 

one and two minutes respectively. 	On changing in 
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the reverse direction the current fell to the steady 

state value in one minute. 	Evidence on the lack 

of any appreciable turbulence is given by a minimal 

fluctuation in the steady state current of only about 

2% at analytically useful flow-rates. 

3.1.3. Polarographic behaviour unique to a flowing  

system. 

Electrochemical phenomena occurring on the surface 

of an electrode immersed in a solution is governed by 

two factors, namely the velocity of mass transfer to 

the electrode and the velocity of the electrode 

processes proper; the former therefore accounts for 

the difference in polarographic behaviour between 

measurements made in a static and a flowing system. 

Some understanding of the transport of matter in 

stirred solutions (convective diffusion) began with 

the qualitative Nernst diffusion layer concept 

followed much later by quantitative hydrodynamic 

theory for calculation of the convective diffusion 

to and hence the current at a rotating disc electrode 

by Levichr Similar treatments for other solid 

electrode configurations have also been reported 

since; for example, a micro-conical electrode by 

96 Jordan, a spherical electrode by Strafelda and 
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Kimla97 and a tubular electrode by Blaedel and 

98 Klatt. 

Convective diffusion to a liquid electrode was 

studied by Kolthoff99 who derived an equation for 

the current at a rotated DME: 

1-  2 	 1; 
i = 230nCD2  1m 3t' + 103D2  (mt )3  + 7 • 45 11 2  (mt )7/1 	(1) 

where uo denotes the speed of the solution at the 

electrode surface and all other terms have their 

usual meaning. 	Vhen C is expressed in millimolar 

units and uo in cm/sec., the value of i is obtained 

in uA. 	The first two terms in equation (1) i.e. 

the terms independent of solution speed constitute 

less than 10% of the total current, and therefore 

for large values of uo, equation (1) simplifies to, 

1 1 
I = 1714nCD2uo2(mt)2 
	

( 2 ) 

In both the original and simplified forms, the 

limiting current is proportional to the concentration. 

In the absence of a specific theoretical 

treatment for the case of a DME in a flowing stream, 

attempts will be made to interpret data obtained with 

such a system, using the theoretical treatment of 

the closely related case of a rotated DME bearing in 
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mind the limitations arising from such a correlation. 

For example, whereas it was assumed with justification 

that the speed uo  of the solution at the electrode 

surface of a rotated DME is uniform over the whole 

electrode surface, it cannot be justified for a DME 

in a flowing stream where the solution speed at the 

surface will vary depending on whether that particular 

surface is directly confronting the solution stream 

or is sheltered by the other half of the mercury drop 

from the solution stream. 	Experimental parameters 

such as the direction of solution flow with respect 

to mercury flow, i.e. whether the solution flows in 

a direction perpendicular or parallel to the direction 

of mercury flow and if parallel whether it is in 

the same or opposite directions as the mercury flow, 

will have an effect on the convective mass transfer 

to the electrode surface, as had been experimentally 

shown.69  

In accordance with equation (1) it was found that 

the current is a linear function of C (Figure 3.1.3) 
, 

and u2  (Figure 3.1.4), and in accordance with the 

simplified equation (2), the current is practically 

independent of the height of the mercury head (h) 

(Figure 3.1.5) the slight increase in current with 
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Figure 3.1.3 	Dependence of limiting current on 
depolariser concentration in a flowing stream. 0.5 to 
1.0 mM EDTA in 0.18M ammonia/0.05M ammonium• nitrate, 
flow rate= 1.2 ml/min. 
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Figure 3.1.4 	Dependence of limiting current on 
solution flow-rate. Solution stream consists of 1.67 
mM cadmium in 0.1M potassium chloride. 
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Figure 3.1.5 	Dependence of limiting current on 
height .of mercury head. Solution stream consists of 
0.5 mM EDTA in 0.22M ammonia/0.06M ammonium nitrate. 
Applied potential= OV vs SCE, flow rate= 0.6 ml/min. 
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h being the small influence of the h dependent first 

term in equation (1). 

These results indicate the rather large extent 

to which the theory of a rotated DME can be applied 

to the case of a DME in a flowing stream and there-

fore suggest a similar line of treatment for the 

latter taking into account, if need be, the 

differences between the two cases as outlined earlier. 

Due to its simpler instrumental set-up, the DME 

in a flowing stream has an advantage over the rotated 

DME for analytical purposes, etc.; and in fact even 

for theoretical studies, it now seems that the DME 

in a flowing stream would be a better system to study 

since in equation (1) whilst the validity of the 

equation had been checked experimentally for most 

parameters, the linear dependence of the current on 

u2  had not and cannot be confirmed since the speed 

of the solution at the mercury surface (u0) is 

different from the speed of rotation of the electrode 

(u) and is therefore unknown. 	This is fortunately 

not so in the case of the DME in a flowing stream 

and therefore makes experimental verification feasible, 

as in Figure 3.1.4. 

The values of m and t have been shown to remain 
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69 approximately constant up to quite high flow rates, 

but at extremely high flow rates (greater than 

20 cm/sec.) the natural dropping of the mercury is 

disturbed and both m and t decrease with increasing 

flow rates, thus contributing to a decrease in 

current. 	A plot of limiting current vs. flow 

rate extended over extremely high values therefore 

is peakshaped.72 
	

Equation (1) or a similar treat-

ment for the specific case of a DME in a flowing 

stream will not account for this behaviour and would 

be rather complicated, if not impossible, to do so. 

The region where the natural dropping of the mercury 

is disturbed, however, occurs at such flow rates 

far beyond the range useful for analytical and 

theoretical purposes that the phenomenon is of no 

disadvantage whatsoever. 	Even a current value 

measured at such high flow-rates would be totally 

meaningless due to the enormous turbulence present. 

3.1.4. A simple continuous polarographic analyser  

for metal ion analysis. 

The principle of the analyser is to follow the 

concentration of metal ions by measuring the decrease 

in the anodic limiting current of an appropriate 

complexone, due to a decrease in the concentration of 
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the latter through reaction with the metal ions. 

The limiting current is measured at a fixed 

applied potential. 

The method is specially suited for electro- 

inactive metal ions or those which are electroactive 

but their electrochemical behaviour is unsuitable 

for analytical measurements. 	For electroactive 

ions with well-defined and simple polarographic 

behaviour, it is simply necessary to measure their 

limiting currents as a direct measure of their 

concentration. 

Figure 3.1.6 shows some polarograms of complex-

ones measured in a flowing stream; the reproducibil-

ity and the regularities of the drops can be noticed 

and the waves are well-suited for analytical 

measurements. 	Since the limiting current is 

linearly related to sample size at constant flow-

rate and since the plot passes through the origin 

(Figure 3.1.3), calibration of the analyser may be 

achieved with a single standard sample and unknown 

samples may subsequently be read out directly. 

A potential lying on the limiting current 

plateau of the anodic wave is applied to the DME and 

in the pH 8-10 region and in most supporting 
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Figure 3.1.6 	Anodic d. c.. polarogram'S of 0.5 mM 
.(a) EI)TA and (b) EGTA in 0.2M ammonzia/0.2M ammonium 
nitrate obtained in a f1owing stream (0.6 



181 

electrolytes a potential of OV vs. SCE is found to 

lie more or less on the limiting current plateau 

of most complexones, and is therefore convenient 

in that no potential source is necessary and one 

simply shorts the DME and the reference electrode 

through a current recorder. 	Even if OV lies on 

the rising portion of the waves it can be "shifted" 

on to the plateau by changing the potential of the 

reference electrode and this is achieved by adjusting 

the concentration of depolariser (potassium chloride) 

in the reference electrode. 	A "shift" of as much 

as about 100 my can be achieved in this way since 

OV vs. a 0.1N calomel electrode (0.1NCE) is equal 

to +0.092V vs. SCE. 

Deoxygenation of the solutions before polaro-

graphic measurements was found to be necessary even 

though in principle measurements of anodic limiting 

currents from the zero current value should not be 

affected by cathodic currents due to reduction of 

oxygen. 	However, the presence of cathodic currents 

in the polarograms had been found to distort the 

anodic waves of the complexones. 	All solutions 

employed were therefore deaerated by bubbling nitrogen 

gas in the reagent bottles before and during the 
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analysis. 	Deaeration of samples in the sample cups 

however was not found to be essential since only a 

small volume (1-2 ml) is employed and the oxygen 

present was insufficient to produce the above effect. 

An equilibration with nitrogen in the mixing and 

reaction coil also removes most of the traces of 

oxygen present. 

A flow diagram for a simple continuous polaro- 

graphic analyser is given in Figure 3.1.7. 	It 

simply consists of two solution lines, one for the 

sample from an automatic sampler and the other for 

the reagent, which are pumped to merge into a single 

stream and this is met and segmented by a stream 

of nitrogen gas before entering the horizontally 

placed helical coil for mixing and reaction. 	The 

reagent normally is a multicomponent solution contain-

ing the appropriate complexone in an appropriate 

buffer (supporting electrolyte) and also containing 

masking agents etc. if necessary, all under optimum 

conditions of concentration, pH, ionic strength and 

so on. 	The solutions may also be pumped separately 

if necessary. 

'When a liquid flows inside a tube, there exists 

a quiescent layer 0.05-0.1= in thickness, along 
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Figure 3.1.7 	Schematic of a simple continuous polarographic,analyser. 
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the walls of the tube which is an obvious disad- 

vantage for continuous analysis. 	This layer persists 

even upon vigourous agitation or rapid turbulent 

flow and can come to equilibrium with the rest of 

the stream only by a very slow diffusion process. 

The introduction of a gas bubble (gas segmentation) 

brings into play a surface tension force on the 

walls of the tube and the quiescent liquid layer 

is swept clean as the bubble moves forward. 	Another 

function of gas segmentation is to separate the 

liquid stream into tiny aliquots so that thorough 

mixing and reaction is achieved by repeated inver-

sions in the helical coil (mixing and reaction coil). 

Gas segmentation also helps to keep consecutive 

samples separate during sample change over, in 

addition to removing traces of oxygen in the solution 

stream when nitrogen or any other inert gas is used 

for segmentation. 

The solution, after thorough mixing and reaction 

in the helical coil, then enters the polarographic 

flow-through cell where the gas is first removed 

before the limiting current is measured at the DME 

to which an appropriate potential is applied (if 

necessary) from an external potential source. 	The 
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solution is then pumped back to waste. 	A continuous 

record of limiting current is made on a suitably 

damped current recorder. 

Table 3.1.1 shows some representative results 

on the analysis of calcium, magnesium and (calcium + 

magnesium) samples using the continuous polarographic 

analyser system just described. 	EDTA was used as 

the complexometric reagent and the analysis was 

performed at pH 9.5-10 in an ammonia/ammonium nitrate 

buffer. 	Calibration of the instrument was done with 

a single standard sample after which unknown concent- 

rations are read out. 	A brief procedure is given below. 

Table 3.1.1. Some representative results obtained with 
the simple continuous polarographic analyser system. 

Sample Present 
(millimolar) 

Found 
(millimolar) 

Ca 0.400 omitio 
Ca 0.600 0.599 
Ca 0.800 0.814 
Ca 1.000 1.016 
Ca 1.400 1.386 
mg o-400 0.403 
Mg 0.60o 0.610 
Mg 0.800 0.812 
Mg 1.000 1.006 
Mg 1.200 .1.210 

Ca + Mg 0.200 0.198 
Ca + Mg 0.400 0.405 
Ca + Mg 0.600 0.601 
Ca + Mg 0.800 0.814 
Ca + Mg 1.000 1.015 
Ca + Mg 14400 1.376 
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Procedure  

The flow plan is as given in Figure 3.1.7. 

The reagent consists of a solution of 10-3 M EDTA 

in 0.44 M ammonia/O.12 M ammonium nitrate. 	Both the 

reagent and sample are diluted twice at the DME. 

The applied potential to the DME is OV vs. SCE 

and analysis is performed at the rate of twenty 

samples per hour since the transition time (for 

100% transition) is ca 2 minutes. 	A standard 

sample is interposed among the unknown samples for 

calibration of each type of sample. 

3.1.5. A continuous polarographic analyser for 

simultaneous analysis of calcium and magnesium. 

The principle of the analyser is to follow the 

concentration of the sum of calcium and magnesium by 

measuring the decrease in the anodic limiting current 

of EDTA due to a decrease in concentration of the 

latter through reaction with the metal ions and to 

follow the concentration of calcium alone in the 

sample by measuring the decrease in the anodic 

limiting current of EGTA due to a decrease in 

concentration of EGTA through reaction with calcium 

alone in the sample. 	The reactions are carried out 

at pH 9.5-10 in an ammonia/ammonium nitrate buffer 
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and in the second reaction (with EGTA) a masking 

agent, sodium tripolyphosphate (ref. Section II, 

Chapter 2), is present to eliminate any interference 

by magnesium. 	The limiting anodic currents of both 

complexones are measured at the sane fixed applied 

potential which lies on the limiting current plateau 

of both the waves. 

A scheme of the continuous polarographic analyser 

is given in Figure 3.1.8. 	The fundamental principles 

of this analyser are the same as the simple continuous 

polarographic analyser described earlier. 	However, 

in this case, since a simultaneous analysis for two 

components in the sample is required, a dual sensing 

and recording system would normally be necessary. 

But this is avoided by introducing a valving technique 

which makes it possible to present the two systems 

(one for analysis of the sum of calcium and magnesium 

using EDTA, and the other for the analysis of calcium 

alone in the sample using EGTA) alternately to a 

single sensing and recording system. 	This is 

achieved by using a cam-controlled tap system to 

control the EDTA, EGTA, distilled water and sample 

lines (Figure 3.1.8). 	The buffer and nitrogen gas 

streams are allowed to flow uninterrupted whereas 
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the cams are cut and programmed so that four 

operations are performed per complete revolution 

of the cams, namely, 

(i) Taps T1  (EDTA), T4  (distilled water) open and 

taps T2  (EGTA), T3  (sample) close simultaneously, 

(ii) Tap T4  (distilled water) closes, tap T3  (sample) 

opens simultaneously while taps T1 (EDTA) and T2 

(EGTA) remain as in (i), 

(iii) Taps T2  (EGTA), T4  (distilled water) open and 

taps T1 (EDTA), T3 
(sample) close simultaneously, 

and finally 

(iv) Tap T4  (distilled water) closes, tap T3  (sample) 

opens simultaneously while taps T2 (EGTA) and T1 

(EDTA) remain as in (iii). 

The sequence occurs in the order given and is repeated 

after every complete revolution of the cams. 

Figure 3.1.9 is an actual recorder tracing 

obtained as a result of the four operations. 	The 

limiting currents are numbered to correspond to the 

operations just described so that the rise from zero 

current value to limiting current (i) corresponds 

to introduction of EDTA and distilled water into 

the system by means of operation (i). 	The fall in 

current to (ii) corresponds to a decrease in 
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Figure 3.1.9 	Recorder tracing obtained from the continuous 
polarographic analyser (i) ca. 0.5 mM EDTA (ii) i + sample 
(0.25 mM Ca + 0.15. mM, Mg) (iii) ca. 0.5 mM EGTA (iv) iii. + 
sample. 1..25 mM sodium tripolyphosphate present as masking 
agent. Sens.=3 uA f.s.d. 
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concentration of EDTA duo to reaction with calcium 

and magnesium in the sample when the distilled water 

is replaced by the sample in operation (ii), the 

decrease in current from (i) to (ii) being proportional 

to the total concentration of calcium and magnesium. 

The introduction of EGTA (plus sodium tripolyphos-

phate as masking agent) and distilled water into 

the system by means of operation (iii) causes a 

rise in limiting current from (ii) to (iii); 	the 

following fall in current from (iii) to (iv) 

corresponds to a decrease in concentration of EGTA 

due to reaction with calcium alone in the sample, 

when distilled water is replaced by the sample in 

operation (iv). 	The decrease in current from (iii) 

to (iv) is proportional to the concentration of 

calcium alone in the sample (ref. Section II, 

Chapter 2). 

The instrumental arrangement is also such that 

the automatic sampler is made to change samples at 

the end of every complete revolution of the cams, 

as described in the "Experimental" section. 	In 

Figure 3.1.9 however, the recording had been repeated 

with the same sample in order to show the repro-

ducibility of the analyser. 
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Reproducibility of the analyser over a long 

period of time was tested by repeated analysis of 

a single sample containing 1.1 millimolar calcium 

and 0.3 millimolar magnesium, the analyser being 

set to analyse at the rate of 8 minutes per analysis 

for a period of approximately 3 hours. 	The results 

obtained gre shown in Figure 3.1.10 where the 

zig-zag curves show the variation of the experimental 

points about their mean value (straight horizontal 

lines). 	The upper curve represents the concentration 

of total calcium and magnesium whilst the lower 

curve represents the concentration of calcium alone 

in the sample. 	Corresponding current scales are 

also given on the graph. 	Data obtained by a 

statistical analysis of the figures is given in 

Table 3.1.2. 

Table 3.1.2. Precision of the analyser over long 
periods of time. 

Ca+Mg Ca 

No. of analyses 20 20 
Concentration present 1•40mM 1.10mM 
Average current decrease 1.47uA 0.87uA 
Std. deviation (conc.) 0.020nliq1.4 0.027mM 2.5% 
Std. deviation (current) 0.02uA 	1.4% 0-02uA 	2.5c)6 
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Figure 3.1.10.  Reproducibility of the continuous 
polarographic. analyser, 
(a) (Ca+Mg) and (b) Mg. 
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The transition time varies slightly between 

1.0 and 1.5 minutes depending on a number of fqctors 

such as the degree of synchronisation achieved of 

the cams, the magnitude of the current decrease, etc. 

Analysis may therefore be performed at the rate of 

8 minutes per analysis amounting to 2 minutes per 

operation for the four operations needed for the 

analysis. 

Experimental  

Instrumentation: 

A description of the polarographic flow-through 

cell has been given earlier. 	A System Heyrovsky 

Polarograph type LP 55A (Czechoslovakia) is used 

as a source of applied potential and current 

measurements are made with a Servoscribe recorder 

(Smiths Industries Ltd.) which is damped by means 

of a 2000uF capacitor connected in parallel. 

A 15-channel peristaltic pump (Technicon AutoAnalyzer 

Proportioning Pump, Technicon Instruments Corp., 

Chauncey, New York) is used to pump liquid and gas 

streams. 	Standard AutoAnalyzer pump tubing, 

transmission tubing, connectors, helical coils, etc., 

are used for construction of the flow system. 	The 

manifold is constructed from in aluminium plate on 
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which a flow-system as given in Figure 3.1.8 is 

set up; the manifold is fitted on the pump so that 

the pump tubings are sandwiched between the platen 

and pump rollers. 

Cam-controlled tap assembly  

The cam-controlled tap assembly, shown in 

Figure 3.1.11, is constructed on the manifold plate 

at the input end of the peristaltic pump. 	Simply, 

it consists of a series of cams (G,H) which control 

the push rods (C) which in turn act on elastic 

tubings placed in the grooves (I) and therefore 

control the flow of solution streams. 

The mounting (A) and base plate (B) of the cam 

assembly are constructed of aluminium. 	The grooves 

(I) are of 5/16" diameter and 3/16" diameter mild 

steel push rods (C) work inside steel sheaths (D) 

and are fitted with springs (J) for rebounding action. 

Hardened steel rollers (C1) are provided on the 

heads of the push rods for smooth response with the 

cams. 	Cams (H) control the flow of EDTA and EGTA 

and have two "dwdll" positions, a "rise" and a 

"fall" each; cams (G) controlling the flow of 

distilled water and sample have four "dwell" 

positions, two "rises" and two "falls" each. 	The 



Figure 3.1.11 	Cam-controlled tap system. 
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positions of the cams are adjustable and are 

synchronised to perform the four operations already 

described. 	The cams constructed of brass are 

mounted on a silver steel shaft (F). 

Power for driving the cams is taken from the 

peristaltic pump motor itself since the two are to 

work in close conjunction. 	The drive is taken from 

the universal joint clutch of the peristaltic pump 

through 90°  mitre gears into a 3-speed constant mesh 

gear box and then via a sliding dog clutch on to 

the cam shaft at (K). 	Speeds of *, i and 1/16 

revolutions per minute of the cams are available 

from the gear box, providing analysing rates of 4, 

8 and 16 minutes per sample respectively. 

Synchronisation of operations with sampler  

An AutoAnalyzer Sampler II (Technicon Instruments 

Corp., Chauncey, New York) is modified so that the 

cams which control the sampling and washing times 

of the sampler are totally dispensed with and 

electrical connections from the microswitch activated 

by these cams are directly connected to a microswitch 

at the cam-controlled tap system. 	An additional cam 

is mounted at (L) on the cam-shaft of the cam 

assembly so that at every complete revolution of the 
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tap controlling cams, i.e. after every complete 

analysis, the microswitch is switched on and activ-

ates the sampler to change over to the next sample. 

The time that the cam presses on the microswitch 

determines the time that the sampler probe remains 

out of the sample and is kept to a minimum (2 and 

4 seconds at cam-speed settings * and * respectively). 

One notable problem in connection with sample 

change-over is the fact that after sample change-over 

the new sample has to displace the previous sample 

in the length of tubing from the sampler probe up 

to the connection with the pump tubing. 	This can 

contribute considerably to the lengthening of the 

attainment of steady state (transition time) and 

is avoided by reducing the volume of such trapped 

sample by using very fine capillary tubing (0.005-

0.015" i.d.) for that section. 

The instrument is now ready for continuous 

automatic polarographic analysis of calcium and 

magnesium simultaneously. 

Procedure  

The flow-plan and instrumental arrangement are 

as described and as shown in Figure 3.1.8. 	The 

buffer solution is an ammonia buffer of composition 
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0.66 M NH3/0.18M NH4NO3. 	The concentration of both 

EDTA and EGTA is 1.50 millimolar, the latter also 

containing ca 4.5 millimolar sodium tripolyphosphate 

as masking agent. 	Samples containing up to about 

1.4 millimolar total calcium and magnesium may there-

fore be analysed using this system. 	Proceed as 

follows: 

(1) Fill entire system with distilled water by 

pumping in the latter through all the lines except 

the nitrogen line. 

(2) Adjust cams so that they are in the start position, 

that is, ready to follow operation (0 described 

earlier. 

(3) Place 2-3 ml each of the samples in sample cups 

and arrange the cups on the sampler plate. 	Use 

distilled water or some known samples in the first 

one or two sample cups to enable the analyser to 

attain analysing conditions (i.e. to fill up solution 

lines with appropriate reagents) before actual analysis. 

Interpose standard samples amongst the unknowns at 

appropriate intervals. 

(4) Deoxygenate all solutions, except the samples, 

by bubbling nitrogen into the reagent bottles. 

Connect reagent bottles to appropriate solution lines. 
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(5) Adjust the following instrumental settings: 

Applied potential = OV vs. NCE (or other experiment-

ally determined value). 

Cam-speed = * rev./min. 

Chart-speed = 2 mm/min. 

Sensitivity as determined experimentally. 

The DME used has the following capillary character- 

istics: m = 1.38 mg/ sec. and t = 5.07 sec. under 

open circuit condition. 

(6) Switch on the sampler, pump and recorder 

simultaneously and a continuous record of the complete 

analysis of calcium and magnesium in all samples 

will be obtained at a rate of 8 minutes per sample. 

Performance of the analyser  

Table 3.1.3 gives some typical results obtained 

with the analyser. 

Repeatability of the analytical results had 

been thoroughly tested; for example in one instance 

as illustrated by samples 7-10 in Table 3.1.3 the 

four repetitions of the analyses were carried out 

on three different occasions on three separate days. 

The results are found to be entirely repeatable. 

The results in Table 3.1.3 also give an indication 

of the accuracy of the analyser; but it must be 
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Table 3.1.3. Some typical results obtained with the 
continuous polarographic analyser for the simultaneous 
analysis of calcium and magnesium. 

Sample 
No. 

(Ca+Mg) Ca 
Pres- 
ent 
mM 

Found 
mM 

Pres- 
ent 

4 I1 1 

Found 
mM 

1 2 3 2 3 4 

1.  0.70 - 0.73 0.69 _ 0.60 - 0.60 0.60 - 
2.  0.80 0.76 0.82 0.82 - 0.6o 0.60 0.59 0.60 - 
3.,0.90 0.88 0.94 0.94 - 0.60 0.62 0.61 0.60 - 
4.  1.00 1.01 1.03 1.06 _ 0.60 0.63 0.61 0.59 - 
5.  1.10 1.09 1.12 1.14 - 0.60 0.57 0.62 0.58 - 
6.  1.30 1.32 1.26 1.26 - 0.60 0.56 o•63 0.60 _ 
7.  1.40 1.40 1.40 1.44 1.40 0.80 0.78 0.78 0.81 0.76 
8.  1.40 - 1.40 1.44 1.40 0.85 - 0.86 0.85 0.86 
9.  1.40 1.40 1.40 1.41 1.40 0.90 0.88 0.88 0.90 0.88 

lo. 1.40 1.40 1.40 1.41 1.40 1.00 1.00 0.99 1.00 0.98 

mentioned in all fairness that a maximum error of 

0.04mM in the table corresponds to an error in current 

measurement of only about 0.05uA and therefore more 

accurate results are to be expected with more accurate 

current measurement. 

3.1.6. Conclusion  

The development of a simple continuous polaro-

graphic analyser for metal ions, and a more complicated 

one for simultaneous automatic analysis of calcium 

and magnesium both employing coruplexormetric principles, 
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illustrates the feasibility of the application of 

complexometric principles to continuous polaro-

graphic analysis providing the latter with a firm 

foundation for wide applications. 

Attempted application of Kolthoff's equation 

on the limiting current obtained at a rotated DME 

to the case of a DME in a flowing stream has been 

successful and therefore suggests a similar line 

of treatment for the latter. 	Dependence of the 

limiting current at a DME in a flowing stream on 

concentration and square root of the solution speed 

and virtual independence on the height of the mercury 

head have been experimentally proved. 	Limitations 

in making a correlation between the two cases have 

been discussed. 
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SECTION III 

CHAPTER 2 

INVESTIGATION OF SOME CONTINUOUS ELECTROCHEMICAL SENSORS  

OTHER THAN THE DME  

3.2.1 Introduction 

As with voltammetry in stationary solutions, the 

development of sensors other than the DME for 

continuous voltammetric sensing is carried out for two 

main reasons, namely to increase the sensitivity and to 

expand the usable potential range especially in the 

positive region over the DME. An additional factor in 

the case of continuous sensing is to find a geometrical 

configuration of the electrode more suitable for 

continuous analysis. 

With these in mind, the present chapter describes 

an investigation of two mercury-type electrodes - a 

hanging mercury-drop electrode (HMDE) and a mercury-

plated tubular platinum electrode (MTPE) - and a non-

mercury type solid electrode, namely, a tubular 

platinum electrode (TPE), as continuous voltammetric 

sensors with an emphasis on the monitoring of the 

anodic oxidation of complexones. 

3.2.2. Hanging mercury-drop electrode (HMDE)  

A HMDE whilst preserving most of the merits of 

the DME offers new possibilities from both the theoreti- 

cal and practical points of view. Elimination of 

capillary noise and decrease of charging current 

compared with a DME are some of the advantages in the 
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latter point of view. Its analytical use in the field 

of stripping voltammetry is very well known. The use 

of a HMDE for continuous sensing however has never been 

reported. 

Experimental 

The HMDE used is an E410 Microfeed Device which 

is an integral part of the BM 5-03 Metrohm Inverse 

Polarography equipment (Metrohm Ltd., Switzerland). 

It consists of a displacement piston which projects 

into the mercury-reservoir space via a rubber seal and 

is actuated by a precision micrometer screw. The 

mercury droplet size can be adjusted by means of the 

engraved scale on the micrometer head. 

The cell used is exactly the same as the 

polarographic flow-through cell described in the 

previous chapter. The peristallic pump, polarograph 

and recorder used has been described previously. 

(Section III, Chapter 1) 

Results  

The complexones give normal S-shaped voltammetric 

curves with a limiting current plateau. At flow rates 

of 0.42 ml/m (6 cm/rn) the current recordings are 

completely noise-free with minimum damping used and 

measurement of current is easier due to absence of 

current oscillations. The reproducibility of the 

limiting current and of the half-wave potential 

has been investigated for the complexones and 

standard deviations of 0.01-0.03 uA for the limiting 
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current and 0.003 - Ov004 V for the half-wave 

potentials are obtained from five different voltammet-

ric curves each of ca. 5 x l0-4M solutions of the 

complexones (EDTA and EGTA) in an ammonia buffer pH 9.5. 

The flow rate is 0.42 ml/cam (6 cm/m) and drop-size 

0.66 mm diameter. The results are obtained with a single 

mercury drop, without renewal between the individual 

measurements. This independence on the history of the 

drop is due to the soluble nature of the electrode 

reaction products which are swept clean by the 

slowing stream. 

The rate of increase of the limiting current 

(slim, with increasing surface area (A) of the 

mercury drop is found to be much higher than that of 

the residual current (ir) resulting in a net increase 

in sensitivity. The ratio i  lim/ r increases from 

20 to 50 with the increase in surface area of the 

drop from ca. 0.5 to 3 mug when a solution of 10-3 M 

EDTA in ammonia buffer is measured at a flow-rate of 

0.42 nl/m (6 cm/m). The half-wave potential remains 

unaffected, the shape of the wave is not altered and 

no increase of noise in the recordings are observed 

within the range studied. A plot of 11im vs A3/4 

gives a straight line passing through the origin in 

accordance with Levich's equation" for the current 

at a liquid drop where mass transfer is by convective 

diffusion. 
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The relation between the limiting current and 

concentration is found to be linear for the complexones 

in the concentration range studied (10-4  to 10-31). 

Practical analyses had been performed with 

sucess on the determination of metal ions. 

Conclusion  

On the basis of the above experiments it can be 

stated that the HI'IDE is suitable for continuous 

voltanmetric sensing when the electrode reaction 

products are soluble and do not contaminate or 

dissolve in nercury. The situation is therefore 

ideal when anodic currents due to anodic oxidation of 

complexones are measured. Increased sensitivity is 

obtainable by increasing the size of the drop 

without the introduction of ill-effects such as noise. 

At constant flow-rate the limiting current is 

proportional to concentration; the limiting currents 

are very reproducible and the electrode shows no 

"memory" effect for the case of the complexones. 

3.2.3 Tubular platinum electrode (ITE)  

Even though the use of a platinum micro "by-pass" 

electrode for continuous analysis was suggested as 

early as 194768, the TPE through which a solution 

flows was introduced for analytical purposes only in 

1963 by Blaedel and his coworkers100  . The TPE has 

the advantages of being well suited geometrically 

for continuous electrochemical measurements in 
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flowing streams and of high sensitivity. From Levich's 

theoretical analysis of convective diffusion to the 

surface of a tube101 which gives the total flux 

_2/3.2/3 2/3  1/3 as, J= 2.01/TCDR 	X 	Vo 	(1) 

Blaedel et al derived the following equation for the 

limiting current (i) at a tubular electrode, 

i = 5.24 x 105  neD2/3  X 2/3  V1/3 	(2) 

There .1-t and X are the radius and length of the 

tubular electrode, and Vo and Vf  are the linear and 

volume flow-rates respectively; all other terms have 

their usual meaning in voltammetry. They proved this 

equation using a ferrocyanide/ferricyanide system. In 

a later paper, again by Blaedel98  , an equation for the 

current-potential relationship for reversible charge 

transfer processes at the TPE is presented, again 

proving it with the forrocyanide ferricyanide system. 

In this chapter the anodic and cathodic potential 

limits of a TPE in different supporting electrolytes 

over a wide pH range are defined and usable potential 

ranges indicated. A study of the anodic oxidation of 

complexones at the TPE in a flowing stream is also 

presented. 

Experimental  

The cell assembly is similar to the one for a 

mercury-plated tubular platinum electrode (Figure 

3.2.3) except that the tubular electrode is directly 

connected to the solution line from the pump and the 

mercury-containing unit is dispensed with altogether. 

(J), 



208 

The tubular .eloctroao used is a platinum cylinder 

1.5 cm long cut from seaualess platinum tubing 

(1.0 mm i.d). The cutting is clone carefully so that 

a smooth ending is obtained otherwise turbulent flow 

will be introduced. 

The apparatus used has been described earlier 

(3ect1on III, Chapter 1). 

General electrode treatment consists of an 

occasional cleaning of the electrode first in 

alcoholic caustic potash to remove greasy substances, 

then in hot cleaning mixture (sulphuric acid + sodium 

dichromate) and then in hot nitric acid and finally 

in distilled water. Immediately before every 

measurement, the electrode is pretreated by repeated 

successive anodisation and cathodisation at +2 and 

-2V respectively while a solution of 0.1M perchloric 

acid is pumped thr..]:ugh. After a final anodisation 

stop the current is allowed to decay to a small value 

at the cathodic dissolution potential of the platinum 

oxides (ca. -0.1 V vs SCE). The electrode is now 

ready for use. The electrode is stored in 3F nitric 

acid whenever not in use. 

All solutions are thoroughly deaerated by 

bubbling through nitrogen in the reajent bottles 

before measurement. 

Results and discussion  

(a) Useful potential range 

The range of potentials accessible to the 
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electrode is limited by the nature of the ions present 

in the supporting electrode and on the pH of the 

solution. Figure 3.2.1 shows some residual current 

curves at the 	in different supporting electrolytes 

over a wide pH range. The curves are obtained by an 

anodic and a cathodic scan both from the potential of 

zero current after the current has been allowed to 

decay to a constant value at the potentials of oxides 

formation and dissolution respectively. 

Figure 3.2.1 shows that practically no use can 

be made of the cathodic region, whereas quite low 

residual currents and more or less flat base lines 

should permit anodic easurements to be made, The 

cathodic and anodic discharge potentials and the 

useful anodic potential ranges for the different 

supporting electrolytes at different pH values may 

be seen from the figure. 

(b) Anodic oxidation of complexones at a TPE 

The anodic volta;ametric behaviour of complexones 

at a rotating platinum electrode (RP) was studied 

by Vydra and Stulik102 who also applied the principle 

for biamperometric indication in chelo,aetric titratig2s. 

Anodic voltammetry of conplexones at a TPE was 

studied with a view to possible application in 

continuous analysis using complexometric principles 

(Section III, Chapter 1). 



20T 
Figure 3.2.1 	Some residual current curves at a. TPE: (a) 0.2M perchloric acid 
(b) 2.0F acetic acid/0.2F sodium acetate (c) 0.5M potassium nitrate (d) 0.2M 
sodium tetraborate (e) 0.2M sodium hydroxide. 
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Figure 3.2.2. (a) shows the volta- iaograms of the 

complexones EGTA and CDTA. EDTA gives an ill-defined 

wave. Even though a high sensitivity is achieved the 

currents are found to be very muc21 time dependent as 

shown in Figure 3.2.2. (b) and therefore 

irreproducible. This dependence on time is probably 

due to the accumulative adsorption on the electrode 

surface, of the various electrode reaction products 

which consist mainly of different amines and 

formaldehyde (docarboxylation products of the 

complexones) and their condensation products. 

Conclusion  

Although a sensitive voltallimetric response is 

obtained with a TP2 to the anodic oxidation of 

different complexones, the observed voltam'Aetric 

behaviour is not suitable for analytical applications. 

In principle, the TYE has been shown to be suitable 

for use in the anodic region over a vide pH range. 

3.2.4 Mercury-plated tubular platinum electrode (MTPE)  

The first and only report on the use of a i4TPi 

as a voltammetric sensor appeared in late 1967 in a 

paper by Olson and 0esterlingl04 who studied the 

effect of mercury-film thickness :,x1 cathodic 

reductions of some metal ions and also showed a linear 

dependence of the diffusion limited currents on 

concentration of metal ions. A study on the 

reproducibility of the voltammograms as well as the 
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Figure 3.2.2 	Some voltammograms of complexones in 
0.2M perchloric acid at a TPE shown together with the 
curves of supporting electrolytes alone. Lower graph 
shows the time dependence of limiting currents. 
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diffusion-lLaited current values was not reported by 

the authors. It is obvious that the electrode will 

not be suitable for electrode reactions which yield 

insoluble reaction products and which are either 

adsorbed or dissolved in the mercury film, such as in 

the cathodic reduction of metal ions to the metals. 

Long-term measureclent5 without occasional surface 

renewal or reconditioning by stripping etc. would 

give erratic results and therefore unsuitable for 

continuous analysis whore long-term measurement is 

one of the principle objects. 

If complexones show a suitable voltaimietric 

response at the MTP2, this serious limitation of 

the electrode may be solved in many cases by the use 

of analytical methods employing complexometric 

reagents in which the concentration of the sought-for 

substance is obtained indirectly from the concentration 

of the

me 

 complexones which may be easily monitored with 

the M=1-E. 

A cell-design suitable for a convenient mercury 

plating process as well as for continuous analysis 

is presented and an evaluation of the electrode for 

indirect complexometric analysis is given. 

Experimental  

The tubular electrode used is a piece of 

platinum cylinder 3mm i.d. and 10 mm long cut from 

a length of seamless platinum tubing. The cell is 
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designed to provide for independent pumping of the 

solution and mercury streams and also to provide for 

both forward and backward pumping of the mercury 

stream which are necessary in the plating process. 

The cell assembly for the MTP.: is shown in Figure 3.2.3. 

The tubular electrode is mounted in an upright position 

and is connected at both ends to plastic nipple connec- 

tors via tight-fitting polythene sleeves. The upper 

nipple connector fits in a rubber stopper at the lower 

end of a 15 mm i.:.. glass tubing provided with a side 

arm which goes to waste. The glass tube forms the 

reference electrode compartment and a saturated 

potassium chloride salt-bridge with sintere.J-glass 

separation is inserted. The lower nipple connector 

from the electrode is connected by means of a tight-

fitting polythene sleeve to an h-shaped glass tube, 

one arm of which is filled with mercury connected via 

polythene tubing to an external levelling reservoir. 

The other arm connects to the solution line from the 

peristaltic pump and is provided with a screw-or 

pinch-clip. 

Of three methods available for plating the 

platinum surface with mercury, namely electroplating, 

abrasion and wetting, the wetting method described 

by  _ ilke105 has been used. For a successful 

application of the method a clean surface free from 

any surface oxides is necessary. The electrode is 

first degreased in alcoholic caustic potash, then 
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Figure 3.2.3 
	

Cell assembly for MTPE. 
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cleaned in hot nitric acid and finally rinsed with 

distilled water. It is then fitted in the cell 

assembly as shown in Figure 3.2.3. A solution of 

1M perchloric acid is pumped through the cell at a 

rate of 0.32 ml/m while the electrode is cathodised 

to the point of vigorous hydrogen evolution for about 

15 minutes by applying a potontial of -3 to -4-v-  vs 

a SCE (or a large TPE). Then the pumping of the 

solution is stopped, the screw-clip closed. and very 

pure high-grade mercury is introduced to make 

contact with the entire inner surface of the tubular 

electrode by raisin; the mercury reservoir, whilst 

the large negative potential is still maintained. 

Such stationary contact is maintained for a period 

of 15-30 minutes and then a forward and backwardmotion: 

of the mercury in the tubular electrode is applied for 

a few times, again using the mercury reservoir for 

pumping. The mercury is then brought back to the 

junction level. The process may be repeated as often 

as necessary. The elctrode is filled with mercury 

whenever not in use. 

The efficiency of the coating is tested by 

running a current-potential curve for a solution of 

deaerated 0.114 sodium sulphite at 0.32 ml/m. The 

plating is considered adequate if the residual current 

is only about 1.0 uA at a potential of -1.0 V vs SC.1_,;, 

and if the anodic and cathodic discharge potentials 
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are in the region of +0.1 V and -2.0 V vs SCE 

respectively. 

All solutions are thoroughly deaerated before and 

during :neasurement using deoxyenated nitrogen. The 

"oxygen-free" nitrogen (British Oxygen Ltd.,) is 

first bubbled through a train of four gas washing 

bottles containing a 2% solution of the 	ium salt 

of anthraquinone-2-sulphonic acid in 2N solium 

hydroxide and containing granulated zinc, bef-ro 

bubbling through the reagent solutions via very 

efficient gas dispersers. 

The apparatus used has been described in the 

previous chapter. 

Results and discussion  

The cell described provides a very convenient 

Lleans cf plating mercury on the tubular platinum 

electrode. The rapid and simple procedure for 

plating is also very reliable and efficient in spite 

of the largo surface area and the peculiar geometrical 

configuration of the platinum base. 

The main problem associated with the use of the 

MTPE is found to be the large residual currents which 

result from the reduction of slight traces of oxygen 

at the mercury surface. Even after the most thorough 

deaeration using "deoxygenated" nitrogen a residual 

current as high as 8uA is obtained for a solution 

of o.ln perchloric acid flowing at 0.32 ml/m. 
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Trace concentrations of oxygen present in the 

solution is sufficient to produce large currents at 

the large surface area of the electrode. This 

suggests the use of the electrode as a continuous 

voltammetric sensor for trace analysis of oxygen. It 

is however a disadvantage in the Lleasurement of other 

substances and for this reason ovc,n an efficiency 

test for mercury plating has to be made with a 

solution of sodium sulphite (which reduces any 

oxygen present) instead of using the conventional 

electrolytes such as potassium nitrate or perchlorate. 

Anodic voltammetric waves are obtained for the 

complexones EDTA and EGTIL in an ammonia/ammonium 

nitrate buffer pH 9.5 which may be attributed, as 

with a DUE, to the foriAation of mercury (II) 

complexonates. The waves are reasonably well-defined 

on the plateau but are slightly elongated presumably 

due to some influence of the large cathodic residual 

current (reduction of oxygen). Reproducibility of 

the waves as well as the limiting currents have been 

investigated and a standard deviation of 0.001V in 

the apparent half-wave potentials and of 0.0G uA 

(1.4%) in the limiting currents are found for a 

solution of 10
4M EDTA in 0.314 ammonia/0.1M am:aonium 

nitrate at a flow-rate of 0.32 ml/m. Sensitivities 

of the order of 56.5 uA per millimolar are achieved 

for the complexones. 



219 

Dependence of limiting current on concentration of 

the complexones is found to be linear in the 

concentration range studied (2 to 10 x 10-5M); the 

limiting current of a fixed concentration of complexone 

is also found to decrease linearly with increasing 

concentration of added metal ion and therefore well 

suited for complexometric analysis with continuous 

voltammetric sensing. The limiting currents in these 

experiments are measured from zero current since a 

suitable residual-current base-line does not exist. 

Conclusion  

The use of a NTPE for continous voltamcietric 

sensing proves to be a feasible proposition. Being 

a large electrode, high sensitivity is naturally 

achieved; its advantages over other large mercury-

type electrodes such as a mercury-pool electrode is 

its ideal geometrical configuration analysis, 

precisely reproducible surface area and resistance 

to vibrations etc. (The surface of a mercury pool 

is affected even by changes in potential). The 

preparation of the electrode has also been shown 

to be a simple process. 

Anodic voltamrietric behaviour of complexones 

at the LIT-  is found to be feasible for analytical 

applications, for which pur,-Jose a more rigorously 

designed assembly for exclusion of oxygen from the 

system is found to be necessary. 
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