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ABSTRACT

A rapid visual complexometric titrimetric method
for the determination of calcium in the presence of

magnesium has becn developed. The method is directly
applicable to the analysis of natural watcrs.(Section I)

The use of the anodic wawves of complexones in
inorganic polarographic analysis is described in
Scction 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
(IT) complex., The half-wave potential of the wave is
pH dependent and from thence the absence of other
mercury complexes is dindicated and the stability
constant of the mercury (II) complex determined.
Current-potential rclationship of the wave fits in
perfectly with theory., Analytical application is
illustrated by the devecloprnient of an indirect
polarographic method and an ampcecrometric titrimectric
method again for the analysis of calcium in the
presence of magnesium. Polarographic maxima of
complexones and masking agents for magnesium in the
pPrescnce of calcium has been dealt with in rcasonable
detail during the process. The concept of mixed
titrants is also introducced. The application of a.c.

polarography of complexones for analytical purposes
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is found to be fecasible especcially for trace analysis,
In Scection IIT the development of a continuous

polarographic analyser for the simultaneous analysis

of both calcium and magnesium employing complexometric
principles illustrate the concept of continuous
analysis via complexometry using electrochemical
sensors which provides a foundaticon for widespread
applications. Finally the use of some clectrochemical
sensors other than the D,M.,F, namely, a hanging
mercury drop electrode, a tubular platinum electrode
and a nercury-plated tubular platinum c¢lectrode, has
been investigated with special emphasis on the andoic

oxidation of conplexones,
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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
tc ensure physical and social welfare of the people
through c¢linical, 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 Blaedeli 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 fecatures of a continuous analysis system can

be seen in Figure 1.
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These processes are discussed individually in the

following sections.

Sampling

Continuous analysis is by definition aa wct

chemical analysis technique and can therefore handle

liguid 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 gascous form,

cither on~strcam as from

process streams or in batches as for instance in

the case of blood samples in clinical laboratories.

Sampling from process strecams is simply done by

having plug-in points at various positions in the

process system where analysis is desired;

complete

manifolds of continucus analytical units are then

"plugged~-in" at thesc points and clectrically or

electrconically valving systems devised so that

analysis dis «onc 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 thc 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 cascs of materials -which
cannot be exposed to oxygen, sunlight, ctc. 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, Mallerz, 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
"hy-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 cvery
complete sequence of analytical operations has been
performed on the previous sample.

As already stated above, continuous analysis
can handle only liquid or gascous 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 neecded in an iron ore or steel
analysis to weigh out and dissclve the sample.

Since in continuous analysis, analysis frequencies



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 agnalysis. As
one can imagine, putting the solid dissolution step
on a continuous basis is not an easy matter to
accomplish, however, somc steps have been taken

3

towards this goal, Barabas~ has applied the technique
of anodic dissolution from soclid 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, 2 solenoid
valve located at the bottom of the electrolysis ccll
opens to release the liquid which descends by gravity
into a sample cup placed on a rotating sampler plate.
Precision tests on such a technique shows it to be very
satisfactory and analysis of phosphorous in copperB,
and of manganese, phosphorous and nitrogen in steels’
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 strean. The sample is rather

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



divider) which returns 15/16 ths to the process

and retains 1/16 for analysis. This sample is

uscd to fill the hopper of an automatic dispensing
balance (lettler DWA 1C C30) which weighs out about
10 g. accuratcly and rcecjects 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 thc analytical systocm. The range of applications
of such dissolution techniques is obviously very
limited yet, but nevertheless they are very welcome

as pioncecrs in this field.

Analvtical Frocessing

Analytical processing consists of preparing the
sample for scnsing and mcasurement, 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
measuremnent in a spectrophotometer. Processing

also includes secparation 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
volume, Techniques such as the various forms of
chromatography, electrophoresis, elcectrolytic
scparations, gas-liquid and liquid-liquid extractions,
ion-exchange, etc., belong to this category,

In order to enjoy full benefit from the spced
with which thec 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-dclay
coils and heating baths to more scphisticated instru-
aents like digestion units for continuous Xjeldahl
digestion. A wide varicty of continuous separation
and preconcentration units have also been manufasctured
or reportea. A very good survey of these had been
made by Blaedel6. These include centrifuges, gas
chromatographs and apparatus for ion-exchange, paper,
and thin layer chromatczgraphy, dialysis, digestion;
distillation, electrochromatography, paper clectro-

Phorosis, electrolysis, gas-liquid extraction, liquid-



liguid extraction, and filtration.

Sensing and Mcasurement

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 cither qualitatively and/or quanti-
tatively. A wide varicty of properties - physical,
chemical, biclogical etc. - that give such information
has yielded to desperate efforts by analytical
research chemists and today, sensors have been
devcloped which measure properties ranging from
magnetic propertics to cenzymic activity. In principle,
all types of analytical sensing are applicable to
continuous analysis. Some are however nmuch more
ceasily adaptced than others, depending on whether
the measurcd property is insignificantly or critically
afrected by the flowing state of the processed sample
during .1casurement, This is the recason why optical
sensors are in a2 much higher state of development
than electrical sensors, since light absorption
or criission (fluorescence) propertics arc hardly

affected by n dynamic measurement, whereas clectro-
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chemical phenomena such as voltammetry are highly
dcpendent on the mass transfer process (diffusion,
electrical migration, convection, etc.) and therefore
critically dependent on whether the measurcment 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 beeon
investigated, the actual widespread usc 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
would be extremely difficult; some gencral articles
arc availablc??g Commeorcial flame photometers and
fluorimeters, for direct use in continuous analysis,
have also beeon manufactured. Applications of
continuous infrared and ultraviolet spectrophotometry
and cmission 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
spectroscory to continuous analysis is still rather

limited; however there is no reason why they should

not deveclop rapidly in the ncar future as the process
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of putting thesc techniques on a continuous basis
should not involve imich 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 West}O

Other types of continuous sensors reportecd
include sensors based on radioactivity, thermal,
physical and misccllancous properties such as the
paramnagnetism of oxygen and mass spectromotry.
Thermal sensors measure either the thcermal conduct-
ivity or the heat of recaction. Physical properties
such as density, optical rotation, refractive index,
e¢tec. have also been used as continuoué sensors.

So far, only sensors other than electrical or
clectrochemical sensors have been described.
Electrical or electrochemical sensors which have
been applicd to comntinuous analysis include ampero-
metric, conductometric, coulometrics; coulomctric
titration, diclectric constant, galvanic, potentio-
netrie, potentiometric titrations and voltaiametric
sensing. Dctailed discussions on these shall be

given in appropriate scctions. (Sections IT and III)
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Display of analytical information

Discussion undcer this section will also include
computation steps as in intecgraticn of chromato-
Hork

graphic peaks, counputer interpretation etc.

in these conncctions are the concern of electronic,
computer and automation enginecers, rather than for

the chenist. 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 kecp abreast with the
accuracy, spced and convenicnce of operation which

he has achieved in the sanpling, processing and
sonsing/measufcnent steps.,

An understanding of the basic principlce of
display of analytical information may be facilitated
by a schematic represcntation of general chemical

instruucntation (Figure 2)%1
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In instrumentation, a transducer, i1iterally meaning
to lecad across, is a device which responds to a
stimulus in one realm with a rosponse in a different
realmn. Here transducers are classified relative

to elcctrical |and electronic) instruaentation,

as being input transducers if they respond clectric-
2lly to non~elcctrical stimuli, and output trans-
ducers if they produce a mecchanical, optical, chomical,
tenperature or other non-electrical responsc when
electrically stimulated. Modifiers perform tasks
within a given recalm. Amiplifiers, filters and
attecnuators arce cxamples of electronic uwiodificrs,
Typical optical modifiers will be prisms, lcnscs,
mirrors and light filters. Thus to give a simple
example, a potentiomctric indicator clectrode {input
transducer) exhibits an clectrical potential which
is related to the activities of agpropriatce chemical
species in the solution surrounding the clectrode
(chemical systom). This clcctrical signal may

then be amplified (modifier) and the amplified
electrical signal is used to give a mechanical
deflection of a meter (output 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
achicved by mcans of an output transducer which

in thec above case is the meter deflection. For
continuous automated analysis howover, the display-
ing system has to be morc eleborate. The following
points are relevant. The display of analytical
data should be

(l) at a stage if at all possible where no
further computation step is required, and can be
interproeted as such.

(2) in & form casily interprctable by the
uscr of the analytical service.

(3) in a fora 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 stcpj to be able to interpret
in concentration terms. There a non-lincar
dependence of response upon sauple size is used
for analysis, calibration with a single standard
sample and dirceect rcadout cannot be achicved;

calibration nust then be madce with several standard
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samples and some conputation steps and devices must

again be used to corrclatc recsponse into concentration.
The sccond point will best be dillustrated by

a description of the Technicon AutoAnalyzer SHA-12

data displayving system].'z’l3 The SMA-12 is an

AutoAnalyzer system which analyses for twelve

components in a singlc blood serum samnple and displays

the results on a single rcecorder. The chart is

perforatced aleng its vertical axis at rcgular inter-

vals to cover each group of twelve analyscs. It

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

from 110 to 160 milli-ecquivalents, potassium from

C to 10 milli-equivalcents, total protein from

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

the normal values is shaded so that a glancc at the

chart tells whether a result falls within or close

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

name, ward numbcer and date rccorded on it, is merely

torn off the rell and sent to the requesting clinician

to be directly attached to the patient's chart.

This kind of a displaying systom 1s advantageous

since the analytical laboratory docs not have to

read or manipulate (computations, data entry etc.)

the results at all, but rather cach clinician or
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or other clients may recad and interprct on their
own without any possibility whatsocver of intro-
ducing transcriptive or clerical errors,.

The importance of thce third and 1last point,
namely, the casy adaptability of the data displaying
system to coordinate with such modern aids as
computers cannot be overcuphasized, Here again,
the advantage of speed achieved by continuous
autonated analysis must not be let down by the specd
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
te rionitor all n~vailable information at a central
control which will also process the results and
provide for early warning alarms ctc. Possibilities
of analytical data recording systems for analog
to digital conversions and then fed directly to
computecrs as for process ceontrol or storage on
punched or magnetic tape or punched cards arce highly

desirable.
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Charactcristics of a continuous analyvsis systen

The characteristics of a continuous analysis
system shall be discussed in three sections:

(1) ZXinctic parameters

(2) Type of calibration

{3) sSensitivity, crrors and procision.

Kinctic parametcers in continuous analysis

Unlike batch automated analysis, continuous
analysis possesscs kinetic paranmeters. Noise
level and drift are associated with stecady-statce
measurcuients, and in connection with this, Thiers
and Oglesbylh have made a study on the precision,
accuracy and inherent error of automatic continucus
flow methods, A very thorough and pionecering study
of the kinetic parameters associated with the
transient state has alsc 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 betwcen samples, ratic

of sampling and washing time, fraction of stecady

state reached in any given sampling time and
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intcraction betwoen 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, nauaely
the half-wash time (Wl). This paramcter, ncasurc-
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, improvecments in nethodology can be expressed
as comparisons betweoen U% before and aftor the
improvcouents. Comparisons betwecen instrunmcnts
performing the samc dceterminations 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 scems to provide an extreuely
sensitive indication of malfunction of continuous-
flow analytical systcms, In short, this term,
half-wash time, providcs a comparative, evaluative
and descriptive paramcter which continuous analytical
systems arc badly lacking.

Nomenclature of the variables invelved in
continuous analysis will first be made, with the

help of Figure 3.
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It shows the recorder tracing which plots sensor
response when a sanmple is aspirated for a considerable
length of time. Thile a blank {or wash) sclution ‘
is being aspirated, a rcading corresponding tc the
"baseline steady state" is traced on the recorder.

The sampler probe is next placed in the szaplc at the

beginning of the neriod, named "sammling tine™ (ts).



20

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 scnsor.
This is termed the "delay time" or "dead time" (td).
At the end of td, the sensor response suddenly
increases along a line called the "risec curve'' and
if the sampling time (ts) is sufficiently prolonged,
a stable rcading will boe recorded at the "samplc
steady state", At the end of ts the sampler probe
transfers from the sample to the blank {or Wash)
solution and this forms the beginning of the period
"washing tinc” (tw). After an intcrval corresponding
to the delay time (td) the effect of this change
will bec observed by the sensor and the response
decreasces suddenly along the "fall curve" until,
if tw is long enocugh, the baseline steady state will
again be reached. The sum of ts and tw is the
"time between successive samples™ (tbs) which deter-
mines the "sanmple frequency" (fs) expressed in samples
pcr hour.

£, = 3600/1;bs
when tbs is expressced in seconds.
The time required for the sensor to transit between

the steady states corresponding to consecutive

samples is termed thec "transition time" (tt). It is
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contributed to mainly by scnsor holdup and by those
factors which cause spreading of the intcecrface
between consecutive samples. The sum (td + tt)

is the "rcadout time" which represents the minimum
time that is required after sample introduction

to obtain the analytical result, When ts ié S0
short that the response does not reach samplc steady
state, that "percentage of the sample steady statce
concentration”" (% SS) reached during the given ts
aay be expressed as the apparent concentration
obtained at the peak, divided by the concentration

of the samplc steady statc times 100, "Interaction"
is caused by spreading and subsequent mixing of the
interface between consecutive samples., It can

be measuredla by running a sample of low concentration,
a samplce of high concentration, and then again the
sample of low concentration (Figure BB) ander the
conditions of ts’ tw and tbs chosen for actual
operation. A concentration corror duc to interaction
between the high sample and the sccond 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 decreascd by having the
sampler probe to be inmersed in water whenever it
is not in the sample.

The most significant discovery by Thicrs and

15

co-workers was the obscrvation that the transition
between steady state conditions in continuous flow
analysis follows kincetics which are approximately
first order with respect to concentration.

Analysis of the rise curves gives an expression,

de/dt = k(cSS - ct)

where CSS final steady state concentration

= apparent concentration at any given
time t.

k a proportionality constant

A typical first order kinetic relationship is
obvicus from the above expression and a plot of

- log (CSS - Ct) vs time gives a linear plot.

It can thercefore be said that during the transicnt
state in centinuous-flow analysis, the apparent
concentration follows kinctics which are first order
with respcct 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



23

first order with respect to the appnarent concentration
(Ct) itself since in this casc the steady state
concentration towards which the change is procceding
is zcro, The slope of the straight linc plots
obtained gives the rates of the transition reaction
and by analogy with the half-life concept in radio-
isotope usage, these slopes and ratcecs were expressod
in terms of "haif-wash times" (W%). A half-wash
time is therefore defined as the time required to
g0 from the apparent concentration represented by
any point on the transition curve half-way (in
concentration units) to thc concentration at the
steady state towards which the transition is heading.
A number of interrelationships of wvarious para-
meters in continuous analysis can be achieved with
the half-wash time principle. For quantitative
calculation of this sort, one need only razfer teo a
goneralized chart on semilogarithmic paper of the
conccentrational 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 a

chart is reproduced in Figure 4.



24

100

1O

DA GS

N
¢
¥

Z original $S value
20

] il 000
- O 5 | 1O
Time \"»%l, Units

¢

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

If one wants to determinc the percentage of steady

state concentration reached at any given sampling

time (ts), one simply has to convert t_ into U% units
by dividing by the latter and reading off on the
chart the percentagesteady stgte which corresponds

to that number of half—wgsh tines., It has alrcady

been said that intcraction may be decreascd by

aspirating water or other wash liquid whenever the
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sample is nct being aspirated. However, samples

can be crowded together so closcly by decrcasing

tbs (for roasons of time-economy etec.), that the

small but significant apparent concentration by

which the signal has failed to reach bascline stcady
state can add itsclf to the peak of the subscequent
sample, This proves to be the source of interaction;}l‘L
Thec extent of such an interaction can be calculated
again by the half-wash time principle. The value

of tbs is first converted again into W% units by
division by the latter. The number obtained is the
effective number of half-wash times beéetween 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 decreasce in precision
to bc expected theoretically as a resulf of varia-
bility of sampling time (ts) can also be made with
the help of the half-wash timc principle and Figurec 4,
An improperly made sampler will give varying valucs
of ts from sample to sanple either in random or

systematic mannecr. ts may also vary as a function

of the height of the surface of the sample in its cup.
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Iif ts is sufficiently iong for the sample steady
state to be recached, then variatiops in ts have
no effect whatsoever on the concentration read.
However, by reference to Figure L it can be seen

that if ts were only one VW3, where only 506 of the

(31

sample steady state is reached by the peak height,
then a change of o W% in ts would cause a
¥ 6% cerror in the concentration obserwved, Cnc can
thercefore calculate, for any measureced timing error,
minimal values of ts required to kecp the ceffcct 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 ts and not by t whercas the percentage inter-

bs’
action is affected only by tbs and not by ts and
governing all thesc factors is the concept of half-
wash time (W%).

keturning to the continuous analytical system
as a whole, again, the kinetic characteristic of the
system should be such that the half-wash tine (U%)

which governs the above-rientioned factors is kept to

a mindiruai. This may be achieved by reducing holdup
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at the scmsor to a minimum and also by controlling
those factors that cause interfacial mixing as the
strcamn passes through the equipment. The first
reguiremcent is met by careful ccll design and the
considerations involved are quite obvious; inter-
facial mixing is governed by a variety of factors
and is rmuch less easy to control. Size and
geometry of the processing units, sensor unit, and
connecting lines, all have an effect and so /loes
the presence of stagnant regions or traps in which
the sample may be held by avsorption, adsorption,
chemical reaction {c.g. precipitation) ctc. Laminar
flow has a parabolic velocity profile in tubes and
therefore causce interfacial mixing.

A consideration of much less importance is the
dead time or delay time {(t,). It affects the
read-out time, but has no c¢ffect whatsoever on the
sanple frequency since at any instant, several
samples can be passing consecutively through thce
processing train, just so long as cach sample flows
long e¢nough past the scnsor to permit it te rcach
the steady state or a reproducible fraction of the
steady state corresponding to that sample. td nay
b¢e minimized by reducing holdup in the processing

units and flow system preoceding the sensor.
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Type of calibration

Any form of dependence of the response upon

Sample size may be used for crdinary analytical

work, preovided proper standards are available Ffor
calibration. The calibration may be either a linear
plot that passes through the origin or not, or it

may be non-linecar. In continucus analysis, however,
calibration with a single standard and dircct rcadout
of unknown sanmples is required so that a straight linec
calibration plot that passes through the origin

is necessary. Plots that are linear but do not

pass through thc origin may still be used after
automatic correction of thc blank. However, when

a non-linear dependence of response upon sample

size exists, calibration with a single standard and
direct rcadout is no longer possible. Calibration
must be made with several standards and either a
working curve must be uscd (which considerably

cuts down the efficicncy of the method) or an
appropriate computation device must be employed tc
convert the response into concentration in which

casc it becomes doubtful that the cxcercise is
worthwhile at all, In practice there¢fore, a lincar
dependence of response upon sample size is desirable

for continuous analysis.
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Sensitivity, accuracy and prccision

In principle, only cnough 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 reprocducible fraction of the
steady statc response. Only a fraction of the sample
is therefore actually utilised for measurcment and
this waste of sample therefore corresponds to a
loss of sensitivity, In order to reduce this
wastefulness of samplc and hence the decreascd
sensitivity, it is necessary to decrease ts (time
in sample) to a minimum, due ccnsiderations being
given to the rcesponse 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 stcady state
reading) may be reproduced (pageg4 ) in any given
time ts and the timing of sampling that can intro-
duce errors if t_ is small (page 26 ). It is in
order to compensate for this wastc of sample that
continuous sensor units are designed for lew hold-
up, and the sensors themselves arc chosen to be of

a high sensitivity type so that a large volume of
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sample of very low concentration may be used for
flushing past the scensor while still conserving
the absolute amount of sought-for substance nceded
for measurenecent.

The accuracy and prceccision of continuous
flow analytical methods are, in general, governcd
by twe factors, namely, interaction betwecen adjacent
samples and drift* Tho definition (pageo1 ),

source (page 25L and quantitative mceasurement of

interaction from first principles {page 21 ) and

from the half-wash principle (pag625.) have alrecady
been described, It has also been mentioned that
interaction may be reduced by interposing water
between samples, it is also obvious that the
effeect of interaction may be corrected by determining
the percentage interaction which is thoen accounted
for in the analytical result. Drift is a much more
serious inhecrent problem in continuous analytical
methods than in other analytical methods in gencral,
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



31

as when analyzed at a different time, but the two
sets of answers will be significantly different.
Zvaluation 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 thereforc
always bec altered to account for the drift existing
at that particular time,. This is done by
arbitrarily dividing the sample into groups of
samples ncarest to each drift-control standard,
The height of the peak for the drift-control standard
for a given group is taken as the clevation 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 de;th of sample in the sanmple cups. Thicrs

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 wcll in excess cf
the volume required When smaller amounts must be
used, the volumes cmployed for standards and samples
become critical and should be identical, The cffect
of sample depth on thoe analytical result will be
more pronounced if the time of sampling (ts) is

small as has bcen discussed.

sfeecent developments in continuous analysis

An account of the recent develcopments in
continuous analysis will bc given here, but it shall,
of necessity, be concerned only with those develop-
ments which inveolve the use or introduction of a
principle new to continuous analysis either in
instrumcntation or in chenistry; other numerous
works that concern with the improvements on existing
principles shall however have to be omitted due to
spacce limitations.

Einetic methods of analysis

Kinetic method of analysis is onc of the
cstablished analytical techniques where the concen-
tration of a desired component is mecasured using

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

of cngyme catalyzod reactions, for example, show
great promise and are being developed rapidly.

The concentration of a sought-for substance is

found by mecasurencnt of dits dnitial rate of rcaction
with other rcagents 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 analyscd in a flowing condition is idideally
suited for kinetic wucthods of analysis, Suitable
scnsors 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, Autonaticn becomes very convonicnt

and direect readout of thc answer is readily achieved,
Instrumentation for continuous analysis by measurc-
ment of reaction ratc has been designed in which

the measure.ient system employed is either difforen-
tial filter photometry16 or differential ampcro-

metry%/ In the latter case the instrument described
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mcasures continuously the rate of a choemical reaction,
provided it is accompanied by a change in concentration
of an electroactive species, A sample stream and

a recagent stream containing all substances necessary
for the reaction arce pumped, each at a constant rate
and are mixed for rcaction to begin. The resultant
recacting strcam flows through an induction delay

linc, to permit any induction periods to pass if

such cxists, Thoe stream then flows through an
upstrecam tubular platinum clectrode, an inter-
electrode delay line, a downstream tubular platinum
electrode, and finally to waste. The interelectrode
delay line is chosen long enocugh to produce sufficient
elcocctroactive material for accurate measurement.

The difference in concentration of clectrocactive

substance at the twc ¢lcctrodes is found by a

differcential amperometric mecasurement at a fixed
applicd potential. Sincc the pumping rate is
constant and since the electrodes are at a fixed
distance apart on the recacting stream, the measured
differential current is proportional to the difference
in concentration of the clectroactive 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 roeguired may be made short, and the reaction
rate that is mecasured is then essentially an initial
rate, which provides the best condition for lincarity
between the measured response and the scught-for
concentration, which in turn permits direct readout
of the result, Performance of the instrument

was evaluated by analysing gluccsce by the well-known
glucose oxidasc method. In this method glucose

is oxidised in tho prescnce of air to gluconic

acid and hydrogen peroxide, the reaction bcing
catalyzcd by the enzyme glucose oxidasc. The
hydrogen peroxide itsclf is not easily amenable

for clectrochemical detection, but in the presence
of peroxidase, it reacts rapidly with ferrocyanide
to produce ferricyanide which is amperomectrically
neasured at the tubular platinuwa clectrode. Linear
calibration plots were obtained for concentrations
of glucose from O to 100 ppm and the precision is
high.

Isctope derivative method of analysis

The isotope derivative mcthod is specifically

for the detcermnination of a2 substance in amounts too
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small for usc of conventional methods and in the
prescnce of substances too similar for quantitative
separation before mcasurement. The principle of

the method is that the sought-for substance is
labelled with a2 radiocactive rcagent to form a
radio=-decrivative. The interferences also bccome
labelled. Then a known amount of inactive carrier
derivative of the sought-for substance is added,

and the mixturc is processed to recover the purified
carrier frece of excess rcagent and radio-derivatives
of th¢ interfering compounds. licasuremcnt of the
yvield and specific activity of the purified carrier
then periiit calculation of the sought-for substance
in thc original sample, providing that the derivative-
formation rcaction has a rcproducible yield and
providing that the derivative does not decompose
through the processing. This mcthod, in spite of
its great analytical potcntial, has not becn widely
accepted probably becausc the derivative forming
reaction and purification steps usually involve

much effort and timc. This again is an ideal
situation for introduction of continuous methodology.
Thus Blaedel and Evensonla had prcsented 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 nixed stream passes through an electrolytic
oxidizing colunn, The stream is next merged with
another pumped stream of inactive carrier Co{III)-
alanince of known concentration, Thereafter, the
stream is processed to recover the Co(III)-alanine
complex in radiochemically pure forn. The chemical
concentration as well as the radioactivity of the
purified stream are both measurcd 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.



Sequential multiple analysis

This deveclopment, 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 bc given. Sequcntial
rmultiple analysis was first described by Skeggsl9
and his instrument was capablc of performing eight
tests simultaneously from a single serum sample and
rccording all eight tests scequentially on a single
shect of recorder . paper. This system was later

12,13 by the Technicon

cnlarged to twelve tests
(AutoAnalyzer) Corporation. The manner in which
such a2 system works is a long story of ingenious
manipulation of liquid streams, instrument design

and clectronics which shall not be described; the
achieverient of the system however is tremendous

and descrves recognition. The scquential ocultiple
analysis instrument (SHA 12/60, Technicon Ccrporation)
is capable of analyzing for twelve components in

a single two-millilitre of untrecated sample at a

rate of sixty samples per hour. Recadout time is

enly ninc ninutes and the data, in the form of a

serun chemistry profile, is recordced 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 analvysis

The advantages of a continuous analysis system
may be surmmarised as follows:
(a) ZBase of automation.

Automation is relatively casy in continuocus
anilysis, since the instrumental approach is such
that a variation in signal is detccted which can
be conveniently amplified te actuate valves,
compressors, pumnps, heaters ctc. in a chemical
process system to regulatc the conditions necessary
for corrcct operation of the jprocess.

(b) Reproducibility of "time",.

Another great advantage associated with
continuous analysis is the accurate reprecducibility
of "time" which allows the usc of slow reactions and
processes without the necessity to bring them to
completion. Such reactions and processes arc 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 unrceascnably
long time or may net even reach 1C0U% completion at
all, Hence many useful mcectastable processes such

as hydrolysis, digestion, dialysis, sclvent extraction
etc. where 100% reaction rarely occurs within a
recasonable period, are easily adaptable to continuous
analysis.

(c) Sarmiple handling.

Ail problens associated with the handling and
transport of certain samples arc eliminated in
continuous analysis. Sampling of gas streams,
handling of samples that can undergo changce under
the influence of air or sunlight, that are toxic,
corrosive or cotherwisce dangerous or unplcasant arc
some of the problems that are easily overcome by
continuous mecthodology.

(d) Speecd of analysis.

The advantages of spced arc guite obvicus,
Readout time in continuous analysis is usually in
the order of a few minutes in contrast to scveral
hours or even days by manual techniques. Considerable
savings of moncey arc thercfore involved in large-

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 diagnocsis
and treatment of cases on the basis of up-to-date
analytical data rather than on analysis results of
samplcs that existed in the patient somc considerable
length of time ago,. The high frequency of analysis
possible with continuous analysis also has many
advantages., Frequent analysis allows production
processcs to owperate closer to safety limits, and

also has a trcemendous impact in the field of preventive
medicine.

(e) Minimising error.

The isolation from human intervention that
characterises continuous analytical systemns climinates
all sources of human c¢rrors. In principle, if a
continuous analytical system can be made to indicate
corrcctly for a standard, then it will indicate
c¢qually correctly for the sanple,

The only disadvantagce inherent in continuous
analytical systems is the fact that only a fraction
of the sample introduced into the system is actually
utilisced for measurement, the remainder being nerely

ncecessary to flow past the sensor lcocng enough for
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the lattcer to reach a steady state cr a reproducible
fraction of the stecady state, This waste of sample,

therefore, corresponds to a loss of scnsitivity.

Complexometry, polarography and continuocus analysis

In order to c¢xtend the applicability of continuous
analysis to much wider ficlds, an attempt has been
made in this thesis to cmploy the classical analytical
techniques of complexometry and polarography (voltam—
metry, in general), individually as well as in
combination to continuous analysis systens. Such
a course obviously holds many possibilities since
the old and well-cstablished wmethod of complexcmetry
is very versatile and still irreplaccable, and since
the use of elcctrochemical sensors in continuous
analysis, yet at an infant stage comparced to other
sensors such as optical sensors, offers all the
advantages of elcctrochemical scensing, including the
usc of such latest developments in electroanalytical
chemistry as cyeclic and pulse techniquesz,O anodic
and cathodic stripping analysile and sc on, aiined

at dincreasing scnsitivity, selectivity etc.
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SECTION I

COILTLoXO LUTRIC METHODS OF ANALYSIS
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S=ECTICH I

INTHRODUCTION

Complexometry may be defined as those analytical
proccdures employing a group of compounds, nanmed by
Schwarzenbach as "complexonces'". These are aminopoly-

carbonylic acids, the nost prouainent member of which

I |

is othylencdiaminetetraacetic acid (EDTA}

HOOC.CH, ;Hz.COOh
N \J
N CH,, . CH, X

HOOC.CH, CH,, . COOH

s e i i i Mﬂ

tho anion of which can act as é guingue = or
seMi-dentate ligand by coordination to a metal ion
through its two nitrqgen atosis and threc or four of
the carbonylic acid groups, *o forii an octahedral
cuplex whicn lg groatly stabilised by the nuaber

e

of five-memberced chelate ring it

M
L
=
[#2]

contaein

€]

stiructure is =lso favourable to the preforred
stcercochenistry of wsost of the coouaon setal ions.
iven though certain anidnopolyczrboxylic acids
(1ncl* ing ED?A) had béen nériutcd since the 1930's,
and actal conplexes of sone of theso acids
charactérizcd in theo 1y 1540's, it was only in
19435 that Schworzenb . ch pointced out the analytical

potentialities of these "complexones" By reporting

o
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the indirect deter:ination of uetal ions via the pH
ciffects displayed on addition of an EOTA salt to the
metal scluticn. Hext he pointed out the use of metal
sensitive indicators in analogy with acid-~base indic-
ators, which initiated thce development of & vhole
sorizs of metallochromic indicators and complexonetric
titrations,

The provertics of .IDT.. that malzc it such a
successful reagent had becn traced by ”estz2 to:
(1) Foraation of 1:1 conplexes with almost all
cations unucr sultavle pii conaitions, in contrast to
ligands wihich fero multiple complexes with :ctal ions
so that the steichceciometry of their rcaction is

difficult to control for titrianctric purposes,

[

{2) BO7A alsc forms complexes of Ligh stability so
that shars changes in pi values occur at cond-peints
{3) Thc coumplexes are so stable that the presence of
sany other complexing agents can be tolerated in
sclution without any adverse effects,

(4) since LDTA is a tetrabasic dcid possessing
"gtrong" and “Yweak® protons, sclectivity of rcaction
is possible by pH control, and

(5) BELTA complcxes arce soluble so that co-precipita-
tion proble.:s do not arisc and EUTA is not a
chromogenic rcagent, although it does intensify pre-
e¢xisting colour.

Co.rnplexomctj."y, {lpparently’ is very unsclective
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in nature bocause of the high affinity of EDTA for
most cations., Mowever this is casily overcome by the
use of "masking agoents™, this term has been defined
by T.U.P.4.C, as "a substancce preventing the reaction
of one cor .orc foreign suhstancsg in a determination
by conversion into soluble comnlexes, differcent
oxidation states ox other unrcactive formis". The
analysis of very conplex mixtures have been achicved
by an ingenious use of thiese maskinig agents and ph
control; separation technigques such as‘solvent
¢xtbraction, icn-exchange etcec. may also be uscd for
further sclectivity cven though it is rarely necessary.
However ;roble.cs arise when it coaecs te the
determination of a group of elements with very similar
pronerties, such as thosc of the samne sub=-group of
the periodic table or the rare cearths sincc, all the
eleuients will react sindilerly te any masking agent used
o1 pH control., Such o situation 1Is gerfectly
exemplifried by the alikaline earth clemoents especially
magnesiuwl and calcium vhidch occur so coloscly in
naturc - ocitner in thce carth's crust, in natural
vaters or the human body. he felliowing chapter
deals with this particulaxr problem, that is, of
developing a method for cetermining calcium and
magnesiwa in the prescnce of each other, e reasons
for chogsing this particular system are tuo-Lolid:
(a) Thce deteradination of calciunm and .angrnesiun in

thoe proescnece of cach other is basically an impoitant
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analysis; thie reasons for thnis arce very cobvious.

{b) The weork will foria the basis for subscquent
studies since the same systoem (calcium/i2agnesium)
shall be cmployced in Scction IX (Usc of complexoncs in
polarograyhic analysis; and Scction IIX (Continurus
analysis via couplexeonictry using c¢loctrochoumical
scnsors), in which a voery clecar deuonstration of the
principlcs outlined in ecach is possible with the

calciuwa/magnesiun systom.
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imitations, Before the discovery

the cowmoncest methnod

the calciwa by precipitation

celtiicr a graviactric er titriactric

In addition to being timc-consuning and

accuracy of the acthod is soeriously

vroblems of ccovrecipitation. The spceed

was greatly cnhzaneed with the introduction

titrations where physical scparation

mognesiwia was no longer nectssiAcy.

nrecoedurce invelves titration coi the

for the s of calciuws and nagnesiun

an cuiionic buffer {(pH 10) using Zrio-

Le'a}

T as inuwichtor, Woext, in a sccond

aicale, agnesium is arccipitatoed as

o pH of approxiveatcly 13 and the
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calcium alonc¢ is then titrated with £57) using

FA739 M APEN

23) 2!‘" Ve

murexide as indicator Tiic use of other

indicators haa also been supgestoed. faw obvious

o ¥ " - <
disadvantage of the method is the coprecipitaticn of
calciw with the magnesium hydroxide, espoecially at
high Mg ¢ Ca ratios. Various procedures had been
proposcd for eliminating this source of crror. Thus

a back titration procedure may be used in which JUTA

is aaded in exaess over the amcunt of calcium present

and then precipitating the magnesium and back-titrating

. N . 2
thie excess of 2DTA. Lottt and Chong 5 reported

decreasing ce-precipitation of calciwa by the addition

of nolyvinyl alcochel. 3Burg and Conaghan reported the

E

saiic effect with acetylacetone ., An additional
problceia causced by the hydroxide proecipitation is the
mdsorption of the indicatoer. Belcher, Clesc and

- LR7 ' . . . 5 . v e
West studicd th:is in detail ~nd here also the
addition of polyvinyl alcohol or acctylacutone scrves

- . 2 26 . . '

as an effective ro iedy 55 . The¢ precipitate is
still considered o potential source of trouble, in
spite of thoese improvements, and Tichomorova and

. 28 o sl Fnd : 5 B
Simackova avoidoed this by titrating calcium at a
high pdH and still preventing the magnesium prccipita-
tion by complexing with tartratce. ‘High results for

. v . - . - : S ;

calciumt arc howevcyr obtaincd , indicating

co-titration of .:agncsium,

A turning

point in the history of the titriuictric
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these methods is that since the titration is carried
out in the presence of unmasked magnesium, titration
even with o fairly sclective titrant is bound to give
un: ¢liable rosults especinlly at high rniagnesiua
concentrations. 4 differcnt approach by Pribil37 is
to .sask the calcium with a siall rnicasured excess of
=2GTA and titrete the wapnesium with COTA using
Methylthymol Blue indicater. The calecium is detcrmined
by back~titrating the excess of AGTA with calcium
using a fluorescent indicator, fluorexone., The cnd
peoints are however, found to be poor,

1.,1.2 Principle of the proposed nethod

The principle of the method involves an exchange
rcaction,
Ca + MZ + nA & MA + CaZ (1)
(charges cmitted for siﬂglicity) vhoere M represents a
etal ion to be displaced, such as Zn ovr ¢d, 2

represents SGTA and A is an auxiliary cowplexing agent

such as asmonia which suppressces thie apparvcent stability

o
O

of HMZ and facilitates senction wards thce right.

Solution conditions are such that participation in the
above exchange reaction by magnesiun is negligibles
the latter is suitably siasked and the liberated ﬁﬁn
titrated coiploxouetrically to givozthe conncentration

of calciwe alone in the aiixiaroe, The corncentration

1

of magnoesiun can be obtained by diffcrence after

deoteraining thoe total concentration of calcium and
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magnesium in a scparate aliquot by the usual EDTA
titration.

1.1.3. Thecory

Nagakawa and Tanaka

36,39

derived the following

relation for exchange reactions such as cquation (1)

[C%t = ( @U\LJ -E‘Q]Jr - Jx;& K [\J Y(1+ NIAZJ 1 )
fuay, ] [, 18] 70, '
(2)

is the cquilibrium ceonstant of the exchange

where Kl

rcaction (1) and K, that iof the following reacticn,

MZ + 4A = MAI} + Z

.
i.e. K lic az | !«—-MAZJ = Keaz Syab
A
lﬁZJ %bﬁ KMZ
and K2= iuAhJ Z] = KMA CKH(Z)
ﬁm 7
My

411 terms have their usual meaning in complexcmetry.
[ \‘; - l"
(2) the term tht—(ﬂﬁd]'hz {Al may be neglected
[Tid,]

l
in comparison with MA,|dif K @‘ is sufficicntly low.
L 2 3

M, -[ma,) | rAf“

The sccond tern in paruntheses of (3) may bc neglected

Thus {Ca]t = };MAAJ (1+ __,&i‘_l.l:bl———' 1 (3)

wrovided K A4 is sufficiently high or LMA

1 - - is
fir], - [piay,)

sufficiently low, and then
[cal, = [ma,]) (&)
In the range wherc (4) holds, therefore, calcium can be

succegssfully deternined by titration of MAA. A plot of
3 . A : \
EﬁAJ@;t agalnstlp@tAﬁ% for various values of hjﬁﬁ shows
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that the hiher the value of Kﬂgf‘ is, the widcr is
the range where (14) holds, i.c, [Ca] . is proporticnal
to [ﬁAb] to a value of LC%jt//E{Jt.ﬂorc clese to unity

$3

K{@ sholid be more than 107 in orver to ap,ly (&)

The same considerations for the casc of magresiun

[e]  =[ra] (14 [}uzgxlj . 1 )
[N~ [Py, ] X [a) L

wWihoLs 1 is the aagriesiuvis exchange reaction similar

co {1}, A plot oL uALj//[i a,oinst [;é]ﬁ//ﬁilt

B} l
tor various valuwes of Kﬁm shows that for
N = .
Ificden hi" Iove voloon o ii@! (< -2 T}, ©he

amicunt of Mi, liberated by sagnesiwn i wvery snall
anc can be neglected, Fow a2 sclective vetermination

of calciumn in the rosence of  a;mesiuvn, V.
- ’ iR ae
S

shionldd Do gn Ticiemntly dch and 1011 ashionld be
s Y = 1 _:‘)
sutificiently low. Since Kﬁ*u ?h = K -
‘\.'l ’Zl Ca 184

a conplexorie should Do chosen such that the dil'fercence

in stabilitics between ite calciwa and namesium
5.8
chelatens is large, ¥ cn S5 (10 ) is much
C a2 i ﬂg:.m:_;
-y
- - - ,\.:... =
reater than I, . .. /% oo, (10 and onc can
s *Cab‘,)'gix/ FE PSS )

. b ‘ 2 : b .
calise ﬂ@% hishey than 197 an. 1 q less than
T ) Bl
16 3 in an exchange cguilibrius: in which J33TA

part icipatoc,
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1.1.4 Creliminery oXooridcenus aind stuci

S

o

(g) Comnnicteness and svontancity of cxchanze rcaction

e copr letencess aivt spontaneity of the cxchange
reaction,
r

o
act + Zn-0GTATT 4+ s

-

tovrards the right hand side was tested by icasuring the
concentration of liberated Zn{Ni , us cetceriained

by a couniplexometric titration with .GTA, The reaction
was carriced out in an aruwaonia buffer of pH9.6i 0,1

and concentratiecns of awnonia in the range 0,1 to 0.5 Fj
a 50% excess of Zn-IGTA is omployed., FHecovery of

I is in all cansues closce to 100%. within the
limits of cxweriuental crror, and thoe exchange reaction
is instanoncous, 100% rccovery boing attained at

once without any furthor change on allewing: to stand

lonrer,

1 , . . . I N .
ib) “vlection of titrants Lor Anl{il ‘n)p liovcrated
AR 3/ b AR R CL

LY the cxchanse reaction

]

. } ;o wrrr ) 2
1w titrant scelected for Zn(ﬁhB)q+ mmast satisfy

certain reguireascents, Jor exampioe, it oviust not react

.

o interiese wilh: arny of the compononts of the exchange
] o far 2+ - I .
reaction excopt An(uH“)h itselt. U the turce
) 2

\ o«

titrants studiod, naely 204, COTY and ZGTA, .TA

¥

and CHNA arce ertircly unsatislactery nroswaably duce to

slow ligand cxchane wvith the exchan,e rcactiocn

el
co.iponents such as tlc oXcuss ol Zn-ZuTa or Ja-2S0TA
and very high results and diffusc ond poeoints arc

o fained, Titration  ith 2GT., however, . ives
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excellent end points and accurate results,

(c) Selection of indicator

Only a few metallochromic indicators arc available
for the titration of zinc in armmcniacal solution at
about pH 10; the most comton are Bricchrome Black T,
Pyrocatechol Violet and Zincon. Of these pyrocatechol

violet is not very satisfactory since the colour
changze at the end point is from bluc (metal-indicator
colour) to violet (frec indicator colour) which is
not readily detectable., Zincon has been choscn in
preference to Briochromce Black T because of its
higher selectivity, Zincon, the trivial name for
O-[Z—(2—hydroxy—S-sulfophenylazo}-benzyliduno
hydraziné}-benzoic acid, was first introduced by

Rush and YOOuO as a zinc reagent for photometric
analysis, Xinnunen and Merikanthl showed that it is
also an excellent indicato? for the complexometric
titration of zinc as it gives a sharp change fromn
decp blue to orange-yellow. Zincon (the monosodium
salt) has threc acid hydrogens : a carboxylic hydrogen,

a phenolic hydrogen and a secondary amine hydrogen and

at pH10, the HIn3~ is the dominant species33,
- 2. F Lo
—_— . ¥
HBIH = H2 In == HIn ‘_-"—'.._—.;_“ In
Pink Ycllow Orange-~yellow Viclet

(d) Masking of magnesium

The problem here is to find a nasking agent for
magnesium to mask it from being cotitrated even

slightly with the zinc by LGTA. The reagent enployed

mast not mask the zinc. The selcction of
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a maskzing agent for niagnesium is coumplicated by the
fact that ;.ost of the conventional ..asiin: agents for
magnesium also forst insoluble zinc salts., It is a
vell—-_mnowm fact that ithe alltaline carth metals can be
mas.ed by fluoricde ions syhen zinc, cadniun, nickel

. M2
or cobalt are to be titrated, The stability censtants

. 1 ~ - . ; Uel

for the fluoridoes of nagnesiugm and zinc are 107° 9,
1.26 . .. .

io resectively and the zinc salts arce soluble.

Pluceride ions thereforce a:pear to bhe suitable,
However, the sasiiing of magnesiwa by as much as
twenty times oxcess of fluoride in an amionia buffer
medium of avout pH 10 was found to be incompletce and
free magnesiuwm ions can be detcected in the solution,
It has becen found that a 150 timnes cxcess of fluoride
iens would mask thoe magnesiua coiapletely but such a
high fluoride concentration is problecniatic as shall
be obvious later. This Gifficulty was guite casily
overcore, however, by carrying out the nasking in a
less polar wedium by malking the solution about 254
cthanolic since accerding to the Born cquation,
decreasing the dielectric constant, decreascs the
solvation ecnergy and hence also the soludbility,
Sorie cvidence of a slow interaction between the Ca-.1GTA
present in the solution and fluoride ions is found,
but this is solved by outimising the concentration
of fluoride as shall be described later. No such
interaction with Zn-_IGTA is however likely din view

of the stability constants (Zn-EGTA = 1014-5

?
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: o 1.26, s et A .
Zn-iluoride coanlex = 107°77) and this is confirmed
experimentally. It is also cstablishea that the

nregsence of up to G,2H flueride icns and up to HO%
c¢thanol in the solution does not affect the
titration ¢f zinc with =2GTA, at least in so far as,
the sharpness of the cnd point colour change and

accuracy arce concerned,

L.1.5 ‘developnient of the :icthod

Optidis.tion of conditions :
(a) Composition and conccntration of buffcer

Three amsonia bulfers were studied, na.wcly
a;wonia/acimoniws chloride, astiovia/ammoniu~ nitrate
and amrmonia/aruioniun acctate. ..s alrcady stated
above a slow interaciion noetween the calciun
comiplexonate of LGTA and fluoride ions oxist in the
solution. Thoe interaction is a nueclecophiiic
substitution rvaction and the ultimate rcaction may
be written as,

Ca=-2GTA + nPf CaFn + DGTA

—
Ay
onitting charges for siuplicity. The ratce of this
recaction is found to boe dejendent on the concentration
of thc fluoride ions and thoercefore rules out the

S. 1 .cchanisii. The substitution jrossibly follows

N
a "concertod' jicchanisii in botween the two extrences

SNl and SN2' The reaction is probably similar to

the substitution of Ni-ZUTA conplex with cyanide

ions in which a mechanism involving tiixcd nichkel-

]

LidA~cyanide commloexes had been shiown to be very likely,
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“he liinctics of the substitution will be
considerably influcnced by the presence of other
conplexing species in the solution, UOFf vhe anions
of the throee buffers studied, narnely, chloride,
nitrate and acctate, the acctate has the strongest
coviplexing ability and can compete very Tavourably
witir the fluoride ions for the calcium., Steric
factors also do not upset this consideration. The
solution when swamped with acctate ions will
thercefore havoe the effeet of foruing a iprotcective
shiicld around thoe Ca-BGTA complex with acctate ions,
thus hindering the approach of fluoridce ions,

This —rediction had actually been confirmed by
exporinents in which it was found that in chloride
and nitrate buffers, the concentration of fluoride
ions that can bce toleratced is extroeacly small,

For cxamplc in an asintonia/assionium chloride rmedium
vhen a golution containing 10 .idlligroius of coloium
(0.25 millimole), af'ter being allowed to undergo the
cxchange rceaction with zinc-DGTA complexonate is

titrated with 2GTA in the nrescence of fluoride ions,

it was found that only about 5 milligraus of Tluoride
(0.25 millimole) can be tolerated, At higner
concentrations of fluoride, anpreciable interaction
between the calciun-IGTA complexonate and fluoride
ions occur, as detected by an carly and drawn-out

end point as vell as turbidity in the solution at

high concentrations of caleiuw and flucride.
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Tihe situation is auch inproved in the case of
the ammonia/amuionium acctatc buffer, where for a
similar titration of 10 miliigrams of calcium, up to
about 100 wuilligrams of fluoride can be casily
tolerated, Thoe ond points arce sharp and accuratc
indicating that intcraction between calcium-EGTA
complexonate and fluoride ions is negliible,  The
asmaonia/aimioniuwm acetate buffer system was thercfore
choscn,

A conmprosis¢® had to be made in optiwmising the
concentration of buffer since for the exchange

recaction a high ammonia concentration is proeferred

in order that X', | / K'., vhaerecas for the
ZnEGTA \ CalaTA, = °
titration a low anmenia concentratiin is preferred

\> o
ZnaGTA /7 g isGTA
apparent stability constants. Variation of the

EEa |

so that X! wherell'! represcents the

buffer concentration from about .1 to 0.4 F amionia
shows the optimum anionia concentration for exchange
and titration to be in the range 9.2 to 0.3 F, i.e.

3 to 5 a1, of ca, 3F NHB/IF NHLL.OOC.CH in 50 .l

3
of sclution,
{b) Concentration of fluoride.

Enough fluoride ions must be present in
sclution to cnsurc corplete masking of magsnesium,
but at the samie time they must not be prescent in
such an cxcess as to causce interaction with the
calecium~complexonate ¢ven in an acctate buffer

moediun, Consideration was given to the use of ions
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with high affinity for fluowride iomns, to romove the
cxecess of fluoride An c¢lement lilke beoron may be

used without itscelf introducing inter{cerence in the
EGTA titration, however the idea was written off
because of the competition that would occur for the

fluoride iocns by the aarmesium ions on the once hand

o

nd fluoride attracting boron on thoe other with
hindering or possibic prevention of the original

masiiing reaction., guilibriunm constants for the

formation of BY from boric acid (HBBon)'and fluoride
¢ 2

. . 20,0 : . . 3 .

ion is 10777 and of thz i€ 10 -9 It aypacars

best therofore to optinisc tiie concentbtiration of
fluoride ﬁsed. Tor this roason the tolerable limits
of fluoride concoentrations woere dotormained for various
anounts of nagnesiuws and feor various ratios of

calciwa to magnesiuam in the sample The roesults are
siven in itd “u}é 1n whiclh the tolaerable cxcess of

fluoride (assuming formation)of ligF, is plotted

2

aoainst the amount of ragaesiwa 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 cascs 4
milligrams (0.1 millimole) so that the graph represents
molzr ratios of calcium to magnesiwa from 1001 to
1:3C., The two curves give thoe upper and lower limits
of fluoride for a given amocunt of agnesiumy accurate
results are obtained in the arca inside the curves,
nerative and rositive errorse being observed above
and below the curves respectively, The range of
concentration of fluoride that can be used without
introduction of scrious error, is thus quite wide at
low magnesium concentrations, which gradually
diminishes and disappears altoguether at and beyond
75 milligrams of magnesium (1:30 1olar ratio of
Catliyg if 4 wmilligram of calcium is being titrated),
Beyond this point thercelore the concentration of
fluoride to be used mmust be carefuily controlled,
However the ratio of calciwu 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-IGTA

Concentrations of Zn-BECGTA Trom 20% to 300%
exceess over the calciun proéont were tested and it was
found that the exchange is alveady conplete ot 20%
cxcess and no gide elffects such as slow dinteraction
with other srecied and drawn-cut cnd points are

Tfound to be introduced by the use of a very large
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excess of the zinc complexcnate, Thiere is no
limitation at all, therefore, to the aticunt of
Zn-sGTA used so leng as it is present in eXcoss.
(a¢) pH of solution

The pH of the solution should be such that the
rmost stable Ca-LGTA is foruaed; and no wprccipitation
of zinc occurs. Thue de en.cnece =i the apparent
stability of Zn-BydT. with pll is inmaterial since
in any case it will Lo sgsirongly influcencoed by the
auxiliary couplexing ajoent, amuonia, i scarch in
the 1itoratured? | L

e literature reveals that the a parent stability

constant of Ca-4GTA complexenate increascs lincarly
with pH frow about pH 4 to “.5 whon it icvels of
and a limiting valuc of lOll'O is attainced., The
optinus working pif range is found to be between 9.5
and 10, bolow which the stability of Ca-23714
decrvasces raypidly and a2bove whiclhh zinc hydroxide
starts to nrecipgitate in weak awgionia sclutions.
{(¢) Concentration f cthanol

The concentration of ¢thanol cuployved has to be
cptiuwisced since high cthanclic concentrations arfiect
the colour systen of the indicator. Stiuanolic
content of up to 40% has no cffect but above this
vailue, the colcur of the free gincon indicator at
PH ca. 10 in an anmonia/adi:onium acetate buffer is
nink instead of orangc/yollow, which appears to bo

duiie to an effcect 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
tc orange/yellow is a better contrast than the
changc to pink. The masking of magnesium by fluoride
in amounts as recommended earlier is found to be
cfficient in 15 to 40% cthanolic solutions, and an
cthanol concentration of 25% is in general rccormended.
(f) Order of addition of reagents

This follows the logical sequence of allowing
the exchange reaction to take place first in the
annmonia/ammonium acctate buffer medium and only then
the wasking of magnesium by fluoride is carried out
in a 25% ethanolic mediuw.a, The order can neither be
reverscd nor allowed to take place sinmultancously
such as by using a composite buffer containing all
necessary reagents in one soclution, since the
calcium would then react with the fluoride first and
kinetics of the exchange reaction will be jeopardized,
(g) Time of standing

The e¢xchange reaction has becn shown to be
instantaneous and complete and to be indepeondent of
timie, The masking of agnesium by fluoride iomns in
a 25% ethanolic medium is likewise spontaneous and
time independent. However, a slow process of interac-
tion between the calciun-EGTA complexonate and fluoride
ions cxists in the solution and can introduce errors

if allowed to take placc long enough. Thus it was
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found that accurate results (100% rccovery 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% rccovery is obtained
and after twelve hours the rccovery is 80%. The free

BEGTA complexone, produced by the interaction between

the calcium-~-EGTA complexonate and fluoride ions,
rcacts 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,
A ostandlard solutiocn of calciun is therefore reconmmended
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 stoichimetric proportions of the
zinc-BGTA complexonate arc celiminated, The titration
is also carried out in a 25% cthanolic solution so

that identical solution conditions, ionic strcngth
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etc,, are maintained and san 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, beryliun, niobiuam, tantalum,
gallium, indium etc, Fluoride ions would mask a number
of elements such as selcnium, tin, wvanadium and
tungsten in addition to séme of those mentioned above.
Most common masking agents may be employed so long as
they do not mask the zinec., A study on the tolerance
of some possible interfering ions without the use of
any masking agents was nade and the results are shown
in Tablc 1,

The most serious interference comes from the
heavy nctal ions, which are found to block the
indicator as in the casce of Eriochrome Black T even
though it is less well~-known. A rare hint of blockage
of zincon indicator is given in a paperhl 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 zincon -,

1.1,7 Experimental

(2) Recagent and solutions:

Ethyleneglycol bis (B-aminocthyl ether)~N,N,N!N'-

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 Sumnary of interfercnce data.

Foreign

ion Interference, Remnarks
F63+ No interference up to 10 ppm
Pb2+ - do =
24
Mn - do -
A]_3+ - do -
Pog‘ - do -
SOi_ No interfercence yet up to 50,000 ppi,
Cu2+ Blocks indicator above O0+3 ppm
Co?* Blcoks indicator above 1.0 ppm

Ni2+ Blocks indicator above 2.0 ppm.
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2 litres., Warm if nccessary. Standardize with standard
calcium solution (see i'rocedure).

Calcium solutions (0,1 and 0,01M) : Dissolve

5.0045 grams of pure calcium carbonate in hydrochloric
acid and dilute the solution to 500 ml (9.1M). FPrepare
the 0,01M solution by dilution. Usec analytical grade
reagents,

Magnesium solutions (0.1M and 0,01li) i Dissolve

12.325 grams of analytical reagent grade magnesium
sulphate heptahydrate, in distilled water and dilute
to 500 ml1 (0.1M)., Prepare the 0,01M 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 amionia, Adjust the pH to
exact value with ariaonia and dilute to 500 ml, The
composition of the buffer approximates 3.6F amionia and
1.3 F ammonium acetate, Use analytical grade reagents.

Buffered Zn-3ZGTA complexonate 0.05 M ; Preparc

by mixing equivalent anounts (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 fcw hours, The solution is however, stabiliscd
by the ammonia buffer,

Ammonium fluoride 1.0M ¢ Dissolve 186,52 grams

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

Zincon indicator solution : Dissolve 0,013 gram

of Zincon i.e. O.[2—(2—hydroxy—5—sulphophenylazo)—
benzylidene hydraziné]-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
onc week.

(b) Procedure
To 25~50 ml of the sample solution, containing

4-12 mg of calcium and o0-15 mg of magnesium add 8 ml
of the buffercd zinc conplex. Shake the solution and
add 3.5 ml of 1M fluoride sclution. (The volume of
fluoride solution needed can also be found from Figure
1.1.,1.), 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 nagnesiwi 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 calciuwa scolution, add 30 ml
of water and 8 ml of the buffered =zinc complex. Shake
the solution amd add cthanol (to give 25% v/v)

followed by 10 drops of Zincon indicator, Titrate
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with AGTA from thce blue to orange end-pointﬂ

1.1.8 Results and discussion

A representative sclection of results obtained is

shown in Table 2

Tablc 2

Calcium Differcence Mg ¢ Ca

Taken (mg) Found (mg) (mg) ratio
2,00 2,01 +0.01 1 : 1
h,o1 h,10 +0,09 1: 2
38.02 8,18 +0.16 1 : 4
12,02 12.17 +0,15 1: 6
4,01 4,00 -0.01 1 :10
4,01 4,10 +0.,09 1 : 2
4,01 4.03 +0,02 1 : 1
4,01 3.98 -0.03 2 : 1
4,01 3.94 -0.07 5 ¢ 1
4,01 3.93 -0.08 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 effcct on the method. No methodical
errors can be detccted. The accuracy of the results
obtained are good and the precisioh is also high.

In Table 2 the results given are thc mcan value of
from 3 to 9 deteriiinations on epch 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 amounta to plus or minus only a few
hundreths of a milligrain of the average values.

The proposed mcthod is of gceneral -~ Licabhility
for the analysis of calcium and magnesiw: 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 stcel and suitable masking agents incorporated to
mask other possible interfering ions present in
lesser quantities, The method is especially suitable
for the analysis of natural waters, since little or

no pretreatment of the sample is necessary. Tons,
other than calcium and magnesium, are present only in
amounts which are well within the tclerance of the
method as described in the study of interferecnces
(sectionl.1.6, Table 1).

Other alkaline carth metals (strontiwa 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 (cha) to
the interfering exchange reaction (KlSr or KlBa) is
not as favourable as with magnesiuwm. Strontiw: and
barium may be masked however with sulphate ions
admittediy with the possible risk of loss of some

calciwm 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
renoving the complex anions, Ca-EGTAZ_ and the excess
of Zn—EGTAZ- from the residual solution after the
exchange reaction, by passing it through an anion
exchange column, for examplce in the chloride form, so

that the resulting solution only contains zinc, magnes-—

iun and foreign cations which did not undergo the

c¢xchange rceaction, Analysis may now be completed with
less complications since no considerstion 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, di.e. titrating zinc at pH ca. 7

and then titrating the magnesium in the same soclution

at pH ca. 10. Such a course would be impcssible in
the presence of complex anions since Ca—EGTsz is
unstable at the low pH, A large number of other such
possibilities cexist. This approach would be
advantagcous in the analysis of complex samples where
more manouvreability in manipulating solution
conditions is desired; however it must be renombered
that all this is achicved at the large expense of
simplicity and spced of the method.

1.1.9 Conclusion

The proposed method offers a rapid, visual

comiplexinietric procedure for the analysis of calcium

in the presence of wagnesium,. All experimental
parancters having been carefully evaluated and

optimised, the recommended procedure is dircectly
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applicable as a practical analytical method for the
analysis of natural waters and other aqueous samples,
and with modifications toc ofther samples. There arc
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 complexonc EGTA in
prder to avoid titration at a high pH where magnesium
hydroxide is precipitated. 1In 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 cend points
are found to be poor, The second type of methods are
characterized by the use of zinc-scnsitised indirect
indicator532'33, The advantage of the proposed

method over these methods is that in indirect indicator
methods, a more critical, if not unpractical control
of some paramctcers is necessary. For cexample, the
shape of the titration curves are dependent upon
magneésium concentration and therceforc in order that
the end-point detected is the equivalence point in

all cases, titrations to different colour changes for
different solutions have becn rcecommended., The
concentration of zinc ion added is also to be
controlled so that colour change should occur at the
cquivalcence point, The critical concentration of

Zzinc ions is again dcependent on the magnesium

concentration,
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Assurance at two separate points in the proposed
method, for non-interfcrence by magnesium ~ viz, in
the exchange rcaction where reaction conditions are
controlled so that participation by magnesium is
ncegligible 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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2CTION IX

INTRODUCTION

Polarographyv

Polarography, invented in 1922 by Heyrovsky?4

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 wvaried linearly
with time; the clectrolysis current is registered
against the controlled potential of the LiiE (Current-
potential curve). The DME has the advantage that
contarniination 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 IM 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



77

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 some cadmium, the cell current
rises sharply from that produced by the supporting
electrolyte when the reduction potential of cadmium
ions is reached,

ca®*. Hg + 2e = 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 ecventually 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 elcecctroactive species in
the plateau region is called the diffusion current

(id) and the ratio i (signal : noise) determines

a*tr
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 (E;)
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 encountercd 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
Ilkovicas from a consideration of Faraday's Laws
of electrolysis and Fick's Laws of diffusion:
i 2 1

iy = 607nCDZm3t®
where n is the number of elcctrons transferred,
C the concentration, D the diffusion coefficient,
m the mercury flow rate and t the drop time. The
Tlkovic 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.

I"olarography 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 polarocgraphic analysis

The use of complexones and complexometry had
been dealt with in Scction I. The principles of
conplexometry and polarography may be used to
advantage 1n combination. The complexonates of
metal ions and the complexones themselves give
polarographic waves and the use of such polarographic
data had becen roviewod?6 The various possibilities
for thé 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
pelarographic waves.

This can be further subdivided into twc 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 polarographic half-wave
potentials of the corresponding metal ions to more
ncgative values, The magnitude of this shift is
related to the stability of the resulting chelate.
It is this diffcerence in the half-wave potential

shifts that cnables the interfering coffect of one



metal upon another to be overcome by producing
sufficient separation bectween them. Thus for
example T1(XI) and Pb(II) yield in acetate nedium
polarographic waves with practically identical
half-wave potentials (-0.5V vs SCE), but in the
prescnce of EDTA the lead wave is shifted to -1.1V,
whereas the thallium wave remains unaffected, Many
such examples exist, Data on the E% shift also
facilitate studices of the structure and stabilities
of the complex ions.

(b) Utilisation of the wave shift and sometimes
total suppression of the polarographic waves of
netal complexonates due to adsorption phenomena

at the DHE.

It is a well-known fact that surface-active
agents not only function as maximum suppressors but
in somc 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 surfacce active agent inhibits

electron transfer scems to be most gcenerally
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applicable, ue 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 been used to advantage for analytical
purposes, In one instance, the complexone EDTA

has been used in conjunction with cosmon surface
active agents in the determination of trace amounts
of thallium in the prescnce of copper and other
metalsl.‘8 Reilley et alLl7 have described an unusual
effect of gelatin on the cathodic waves of certain
metal complexonates. They showed that a certain
concentration of surface active agent will decreasc
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 frce metal ions,

This has becn uscd to advantage in the sequential
amperometric titration of bismuth and lead; the
latter has o half-wave potential nore negative
than that of the bismuth-EDTA complexonate. The
bismuth can be titrated at -0.25V to a sharp
amperomctric 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 sincec the diffusion current of lcad
is superimpcsed upon the large diffusion current of
the bismuth-EZDTA complexonate., However, by
increasing thc concentration of gelatin, the
diffusion currcnt due to bismuth-ZDTA may be
elinminatced selectively and lead can be determined
with greater sensitivity.
(2) Utilisation of substitution reactions of
complexones.

Zlectrophilic substitution rcactions such as,

MY + MY &= MY + M

where M represents a polarographically active metal
ion, Ml a polarographically inactive metal ion and
Y a complexone, permit an indirect deternination 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 Naka;awaBg
on the indirect pclarographic determination of
calcium in the presence of magnesium by an exchange
reaction similar to equation (1), Scction 1.1.2.

These substitution reactions may also be used for

the polarcographic determination of the stability
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constants of the complexes,

(3) Utilisation of the anodic waves of complexones.
The anodic dissvlution 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 atcms, the

electrode reaction may be writton as,

I ol - -
(5=m)- a gey2= L opE' 4 20

Hg® + H_ Y
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
clectrode surface, and more LHTA is transported
to the electrode by diffusion. The corresponding
currcent is thercfore defined by the Ilkovic equation
i.c. idCE C. In the presence of mctal 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

complexonetry,
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Of the possible uses of the complexones in
polarographic analysis, just outlined, it is obwvious
that the last-mentioned is the most suitable for
widesprcecad and general application. The entire
field of complexomectry has been made available for
polarographic analysis. The conventional complexo-
nmetric principles of masking, pH control and sclective
titrants may be used to advantage in polarcgraphic
analysis, This approach also provides a means of
automating analytical methods in complexometry by
simply monitoring the on-strcam anodic currents
of the complexones. This aspect forms the basis
of the work in Secticn III, but the present section
is concerned with a fundamental study of the
anodic polarographic bechavious of the complexones,
the use of the above-~mentioned complexometric
principles and their application to practical

analysis.
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w2

ECTION IX

CHAPTER 1.

POLAROGRATHIC BEHAVIOUR OF COMP'LEXONES

2.1.1. Introduction

It has becen stated earlier that the anodic
dissolution wave of mercury is shifted to a more
negative potential, if the sclution 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 netal
ions arc added to the solution, Polarogramns derived
in the latter process are called the cathodic
polarographic waves of the metal ions, and by analogy
the polarocgraas derived from the former process are
termed the anodic polarographic waves of the conplexing
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 polarcographic behaviour of EDTA
was first made by latyska and Kgssler49in 1951 and
later by Gaffart, Michel and Duyckaerts?O The
results of the two groups of workers disggree
significantly, and a few years later, a revised

51

paper by HMatyska and coworkers appeared in which

a study of the polarographic behaviour of 1,2-
diaminocyclohexane—N,Nl-tetraacetic acid (CDTA)

was alsc 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, howewvdr, in the conclusion towards
reversibility of the electrode rceaction. MatyskaSl
found complete reversibility of the EDTA wave,
vhereas Michel50 reported an appreciable difference
between the half-wave potentials of the anodic EDTA
wave and the cathodic Hg-i£DTA wave, The CDTA wave
was reported to be not fully reversible?l From a

study of the dependence of E; with pH, stability
2

constants of the Hg chelates had been determined and
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found to be 1022,15io_05 by Michel et alSG and
1021'6 by Matyska ct al51 for ¥DTA, and 10124‘3
for CDTA51 in most of the pH range except in highly
acidic and highly alkaline solutions where the
hvdrogen and hyvdroxo-complexes respectively would
exist in apprceiable quantities.

In the present chapter a fundamental study
of the polarographic behaviour of the complexonec
EGTA was made., Polarographic data of the complexone,
hitherto unreported, will be described. Stability

constants of the mercury-£GTA chelate at different

PH had alsc been determined,

Polarographic Behavicur of EGTA

2.1.2. General polarocographic behaviour

EGTA gives a2 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
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-contrclled from a study of the

dependence of limiting current on mercury reservoir

height (Figure 2.1.1.),
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Figure 2,1.,1., Dependence of i,. on h? for a solu-
lim corr

tion of 1.82 x 10'4M BGTA in sodium tetraborate buffer
pH 8.36 and 0,5H KNOB.

r
The shape of the i 2

vs h

1inm corr plot also secms to

iqdicate 2 slight kinctic influence on the wave; further
evidence for this is given later, A linear depeqdence
of the diffusion currcnt on concentration was also

found and are described in the analytical applications
in later chapters.,

2.,1.3. Estimation o¢f n

The number of elcctrons (n) involved per nmolecule
of the complexonc in the electrode reaction was

determined from diffusion current data by the rclation,
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where I denotes the diffusion current constant,

and thce subscoripts u and s denote the unknown and
standard respectively. The above relation applices
only if the diffusion coefficients of the unknown
and standard are comparable. For this reason
ENTA 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

50

2:86 as determined by Michel et al and the author's
value of I for EGTA of 290 (Table 2.1.1.), and

. . . Lo-51
since n = 2 is established for EDTA, the wvalue
of n for OGTA is found to be 2; hence the ancdic
wave observed for BEGTA at the DME is due to a

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

2.1.4, Reversibility of the electrode reacticn

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)-BEGTA)
and the anodic wave of the reduced form (EGTA)

have the same half-wave potential, (Figure 2.1.2.)
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Figure 2n1.2 Manually plotted polarozgrams of
h,55x107 "M (a) Hg=EGTA (b) EGTA in ammonia/awmonium
nitrate buffer pH 9.3.
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~EmV vs. SCE

E mvvs SCE

i

Figure 2,1.3 Logarithmic analysis of the

rising portion of (a) cathodic wave of Hg-EGTA
and (b) anodic wave of EGTA. Data from Fig, 2.1.2,
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 anocdic 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°030y per unit log-term for a reversible
two-electron reaction.

2.,1.5, Currecnt-potential relationship

Since EGTA undergoes the same type of anodic
oxidation reacticon at the DME as EDTA, namely, the
formation of Hg(II) chelates, the current-potential
relationship will be expected to be similar to that
for EpTAYI L

At a peotential positive enough to oxidjise
mercury, oxidation of the mercury to mercury (11)
occurs,

Hg == Hg2+ + 2e (1)

In the prescnce of EGTA (H,Z), the He>* and BGTA
react te form the complex Hng—, in a sclution
which is neither too aeidic nor too alkaline,

ng+ + Zh- = HgZz— (2)
and hence the anodic coxidation potential of mercury

is shiftcd to less positive values. The decrease
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b —

in concentration of Z at the electrode surface
is counteracted by dissociation of the species

2-

H),Z,H,2",H,2°7,HZ7” and diffusion towards the

3
electrode surface. The Nernst relationship for
the reversible redox system (1) gives

E=E + RT 1n [ng-j (3)
O ——— O
2F

where ¥ is the potential of the DME, Eo 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
HzZ?~ is defined by,

K, - |22 (%)

"]

The value of {éuii may be easily computed from a
knowledge of the dissociation constants (kl’kz’kB’
kh) of EGTA. Thus if C reprcsents the total

concentration of the free complexone, then

[Hltz] * E{BZ_] + [szz"] + [Hz3"] . [Zu_]

i (5)
PLZL"]

C

and C

]



g4

where

P =[H+}h + ky [H+]3 + Kok, (1 Jz + kykyky f*] Kk Kok,

K4k, (6)

k

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

2-] .
E =E_ +RT In ez of (7)
© 2F
l'HgZ Co

Since the limiting current is diffusion-controllcd,
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 (&) and (9) gives,

(id - i) = a C, (10)
The sum of the concentrations of the total free
complexone and the ngz— will be a constant and
may be written as,

[ngz-_‘+ C = constant (11)

Substitution in equation (&) gives,

i = a([i{gzz_jo - [__ngzi‘) (12)
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Since the concentration of HgZz- is negligible in

the bulk of the solution, equation (12) reduces to
i = a Lngzﬂo (13)

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

the current-potential relation,

E=E +RT 1In _ I i (14)
° ZF K i, - 1
HgZ ~d
and for i = %id,
By = By + 2-333 RT (log P - log Ky ;) (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 HgZZ- 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 eguation (16).
These theoretical predictions are confirmed in the

following sections.



96

2.1.6. Dependence on pH

Table 2.1.1l, 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 ionie-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.

!

L 2 ' 3 | 4 .5 IS 7
pH | Log P By E%—T; LogKy i id T
mv v8 CE {mv vs SCE uA/mh
2.30 - n.w. - - n.w. -
3. 34 - n.w. - - ln.ow. -
4,35 - n.w. - - n.W. -
5413 745 | 4+141.0| 4641 | 2346 |[Leby 2-69>>
6.02 627 | +119+5| ~485+6 | 2306 | L+59 2+76
6+35 5°61 | +99-2| ~505+9 | 23-06 | 476 2.86
7+00 4.32 | +52.3| -552-8| 2337 |4-76 2.86
745 343 +21.9| -583.2 | 2354 | 4.88 293
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+90 090 | -51.2| -656-3 | 2353 |5.00 3+00
9.28 0.49 -62+3 | =667.4 | 23.50 {4.95 297
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, A -
12.95 - n.w. - - N.we -
!
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Key to table:

(l) vValues of Log P in column 2 are computed from

equation (6) using the dissociation constants for

2 -2.68
L]

BGTA, k, = 10 7, k, = 10

L a=BL5
2 k, = 16

3

and

(2) The value of Ei, the formal potential of the
2
Hg/Hg ' couple, for computation in columns 4 and 5,
is obtained by the relation
1

B = 1 . 2
o o + 0+029 log ng +

where ng2+ 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?2 Taking the wvalue
of E_ for the Hg/Hg2+ couple as +0°854 V vs. Normal
Ilydrogen Electrode (NHE), the value of Ei is found
to be 408451 V vs. NHE or +0-6051 V vs. SCE.
(3) Values of Log KHgZ are computed from equation (15).
(h) The measured capillary characteristics of the
DME are as follows:

m = 1468 mg/sec, t = 4+61 sec and m%i;t = 1665
and the wvalues 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 rcesults

The small variation of the limiting currents with
pH, is presumably duc to the slight kinetic nature of

the wave as indicated carlier, PFigure 2.1.5 shows this

variation together with the composition of the solution
in terms of the percentages of various dissociated
Torms of ©wGTA at different pH values.

The stability constant of the mercury-gGTA chelate

HgZZ— had soc far been determined only POtentiometrically

23.20

and the wvalues of 10 at ZOQC and po= 01

53 19238

obtaincd by Schwarzenbach”-, at 250C and
p = 0.1 obtained by reilley3ts 3% Lna 1023-12 L4
155

26°¢ and p= 0.1 obtaincd by lMackey et a all using

potentiometric uercury clectrodes agrec well with
the author's average value over the pH range 5.43
to 11.85 of 1023'47 at 23°c and po= 0.5 obtained

pPolarcgrapuically.
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Figure 2,1,k (EA’EO) vs Log P. Data from Table 2.,1.1,
2
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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.

un

v



102

A plot of (E% - E;) against log T (Figure 2.1.4)
gives a straight line having a slope of 289 mv/unit
of log P and an intercept on the log P axis of
23+5 which is in perfect agreément with equation (15)
which predicts a slope of 29 mv/unit of log P at
230C and an intercept of 2%« which is the ave}age
value of log KHgZ over the pH range 543 to 11.85.
This experimental confirmation of the wvalidity of
equation (15) also shows that within the range of
pH studied, the only complex existing in considerable
proportion is that corresjponding to the formula
HgZz— as was assumed in the derivation of egquation (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 (1ow 1log 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 1185 show that
complex species of the type HgHZ™ and Hg(OH)ZB—
are not formed by the electrode process in contrast

to EDTA?9
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2.1.7 Experimental

Constant ionic-strength buffers

The pH dependence studies in scction2.1.6 are
made using buffers maintained at a constant ionic-
strength of 0.5 (KNOB). Constant dionic-strcngth

56 for

licIlvaine buffers as rccommended by Elving
pelarcegraphic work arc used in the pH range 2.4 to 7.4,
and alkalince buffers duc to Bates and 30wer57 are uscd
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
previously (Section I, Chaptecr l). The GTa solution
is standardized for the purpose of calculating diffusion
current constants by titrating against a standard zinc
solution at pH 9 (ammonia buffer) using =zincon as

indicator,



Table 2.1.2,
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Composition and pH values of buffers

maintained at an ionic strength of 0.5,

pH NaZHPDu Citric acideonic-strength of wi, KNO, to produce
15 M buffer system, M ionic—gtrength of 05
24| 0.012 0.+094 0.025 0-475
F.4| 0.057 0-071 0.112 0+388
h.4} 0.088 0.056 0.190 0+310
5+4{ 0.112 0.0LY 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 0009 0-488 0.012
Nath07 HC1 Ionic-strength of |M, .’t_‘INOg to produce
M M puffer system, M |ionic-8trength of &5
8.0 0.0125 0.0205 - O«)
8.4| 0.0125 0.0166 - 0.5
9.0| 0.0125 0.0046 - 0.5
N823407 NaOH Tonic-strength of M, KNO, to produce
M M buffer system, M |ionic-Strength of 05
9«4| 0-.0125 0+ 0060 - 0.5
10.0] ©.0125 0.0183 - 0.5
104} 0.0125 0-0221 - 0+5
NaZHPOL NaOH Ionic-strength of|M, KNOQ to produce
M M buffer system, M | ionic-sStrength of &5
11-0| 0.025 0.0041 - 0.5
11.4} 0-025 0.0091 - 0.5
12+.0{ ©.025 0+0269 - 0-5
- NaOH Ionic-strength of} M, KNO, to produce
M buffer systen, M ionic-gtrength of 0.5
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; dinstead a Servoscribe recorder (Smiths
Industries Ltd.) was attached for recording polaro-
grams, A 5 ml capacity Kalousck cell with a
saturated calomel reference electrode was employed.
i'olarograms are recorded using the conventional
two-electrode systen. 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

(v.G. 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 risc 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
©GTA are obtainable (i.e. pH 5:43 to 11.85),
the only complex formed predominantly by the
clectrode reaction is that corresponding to the
formula HgZ2~. The stability constant of HgZ>
has also been determined polarographically and found
to be 1023°%7 (¢ = 23°%, u = 0.5). It has also
been shown indirectly that hydrogen and hydroxo
complcexes of the type HgHZ™ and Hg(OH)ZB— are
not formed by the elecectrode reaction in contrast
to EDTA which form these complexes at low and high
pH respectively.

The diffusion current constant for the anodic

waves of IDGTA has been determinede.
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SECTION II
CHAPTER 2

ANALYTICAL APFLICATIONS OF D.C, FOLAROGRAFHY OF
COMPLEXONES; AN INDIR#CT D.C. POLAROGRAPHIC METHOD

AND AN AMPEROMETRIC TITRIMETRIC METHOD FOR THE

DETERMINATION OF CALCIUM AND MAGNESIUM IN THE

PRESENCE OF #ACH 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 conplexo-
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 interferedlby maxima, hydrolytic reactions,
catalytic hydrogen wgves etc.; studies in non-
aqueous solvent systems such as N,N-dimethylacetamide
indicate some possible analytical applications?8
However, for the nost general application it is obwvious
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 a measure of the alkaline
carth metal concentration. In only one instance,

the anodic currents due to 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
60

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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achievcd, Magnesium concentration is obtained by

difference after a similar determination of the sum
of calcium and magnesium using EDTA. 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, arec not easily
realised in practice since the stability of the
magnesium-EGTA chelate (XK = 105.2) is not sufficiently
low toc be free of interference cespecially in methcds
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 conditicns

(a) Solution pH
The pH at which the analysis is to be performed

must be such that the reaction of the metal ions
with the complexones is spontaneocus and complete;
the metal complexonates must not dissociate

appreciably as to give rise to kinetiec 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 censtants of the
variocus chelates concerned against pH was constructed,

and shown in Figure 2,2.1. The conditional stability

constant (KéY) was calculated using the equation6l

Sty 9

where KMY is the absolute stability constant, and

Nh and «% 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, oL may be

M

neglected whilst a pH dependent function, is

Y,

caleulated from the equationél

P _ 4 r.ad
v() =1+ F [ K, (2)
using the values according to Schwarzenbachs3 of

log K 1026, log K 1642, log K 19.09,

1 2: 3::
log Kh = 2109 for EDTA and log K, = 9.43, log K2 =

18.28, log K3 = 20+96 and log K4 = 22486 for EGTA.
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CaEGTA
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4 6 8 10 12 14
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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
decrcases rapidly and kinetic currents will be
observed at sufficiently low pH as was reported
by Iviichelé2 at pH 6+4; at pH values higher than
10, magnesium would start to precipitate. That
kincetic currents due to disscciation of the metal-
chelates in the wvicinity of the DME arc 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-cxistent.

(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
dissoclution potential of mercury towards less
positive potentials, Consequently the anodic
waves of the complcxones 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. Bven in
this case a very high concentration of ammonia is

te 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 complexones 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.

{¢) Polarcgraphic 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 discontinuocusly from the maximum current to the
limiting wvalue. Ne¢ 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 obscrved in concentrated solutions of
supporting electrolyte and the dependence of the
height of the maximum with ccncentration of buffer,
as shown in Pigure 2.,2.2 agrees well qualitatively
with the thecory by Popova and Kryukova63 that for
maxima of the first kind there exists an empirical
relation for the optimum conductivity kopt of the
clectrolyte at which the maximum attains its

highest value:

and with the conductivity increasing above the

optimal value, the maximum current decreases:

i = Kk~P
max

where ¢ is the depolariscr concentration in gram

equivalents per litre, k is expressed in ohm"lcm‘l,

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 cannct yet be expressed by simple relation-
ships and experiments had been performed in order to
facilitate choice of optimwa conditions and the results

are shown in Figure 2.2.3 and Figure 2.2.4,
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Figure 2,2,2 Variation of the height of the
maximum on the anodic wave of 1,92 mM EDTA with
electrolyte concentration,
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Figure 2,2, 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/
0,06M ammonium nitrate.
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The figures shaw a considerable influence of the
height of the mercury head and the drop time cn 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 toc suppress
maxima (Pigure 2,2.2) is also inadvisable for the
obviocus 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 summarieed in Table 2.,2.1.
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. Effect of different maximum suppressors
on the anodic waves of EDTA and IGTA.

Maximum Suppression

Substance Type Effective¥®
Concentration Remarks

Triton X-100 | Neutral 0«001-0+002 |[Yes. Complications
at rising portion
above 0.002%

Methyl red [Zwitteriom{ >>0.004 Yes.

Cetavalon Cationic €a0.01 Yes. Can be used
in a wide range of
concentration with-
out complication,

Sodium lauryl- snionic ca0.002 Yes. . Potentia% shift

sulphate at high concentration
to positive values.

Iodide Anionic ca0+ 001 - do -

* Information here has been largely gencralized.

Applices generally to concggtration of
in the vicinity of 2 x 10 ‘M, at a drop~time of

4 seconds.

complecxones

In conclusion to this section it may be general-

ized and said that maxima may be avoeoided when

concentrations of complexones less than or equal tcoc

5 x lO*hM are

are to be used,

ernployed,

If higher concentrations

the observed maxima may be suppressed

with the maximum suppressors as described. Optimum

drop-time is arcund 4 seconds and the optimum

concentration of buffer has becn found from
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considerations of buffering capacity, shape and

definition of polarographic waves, and maxima teo be
ca 0.22M NH3/0-06M NHANOB.
(d) Masking agents for magnesium in the presence

of calcium,

Linear calibration plots for EDTA and EGTA were
obtained within the normal polarcgraphiec werking
range of O to 2 x 1073, Calibration for the
analysis of the sum of calciwn and magnesium by
measuring the decrcase in the height of the anodic

waves of EDTA alsc presents nc problem, as can be

seen in Figure 2.2.5 and Figure 2.2,6.

(5F

Q
8

Decr in wave ht - cm.

O 6’4 — 08
O - . A _ .
- Conc. mv

Figure 2,2.6., Calibration curve for the_analysis of
(Ca + Mg). The blank solution is ca 10 JH EDTA in
0«2 NH3/0-05M NHhNOB.
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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 ancdic currents of ZGTA as can be seen by the
large deviation of the experimental curve (b) from
the theorctical 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 bocomes
essential to mask the magnesium, in order to remove
this interference.

However, for very obvious reascons it is quite
improbable yet to find a ligand that would react
cexclusively with magnesium in the prescence of calcium,
But when the calcium is to be subsequently reacted
with EGTA after the masking of magnesium, as in this
particular casc, the problem becomes simpler.

Ligands can be found which combine with magnesium
forming complexes of stability greater than 105'2
(the 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 1071°° (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, subscquent
arlddition of ZGTA 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 mect the above-mentioned requircments obtained
from a survey of the literature?u’65

Consideration was given to the following three

peoints in deciding on the suitability of a substance

as a masking agent for the present purpose:

(i) HMasking efficiency-

(ii) Non-interference in poclarographic measurements, and
(iii) Commercial availability.

According tc the theory of masking just outlined,

log KMg and log K, values in Table 2.2,2 grovide

Ca
an approximate measure of masking efficiency; high
values of (log K.Mg -~ 5¢2) and (11-0 - log KCa)
indicating hipgh wasking 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
pelarographic 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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titraticn with EGTA.

Some possible masking agents for
for subsequent

No. Ligand Log KCa Log KMg
l.}Disodium-1,2-dihydroxyhenzene-3, 5~ 5+.80 686
disulphonate (Tiron
2.1 Tripolyphosphoric acid L.o5 5.80
3.{Nitrilotriacetic acid (NTA) 6.41 | 541
4.1 Aminomethylphosphonic acid-N,N- 718 6.28
diacetic acid
5.} B~Anincethylphosphonic acid diacetid 5.44 6-33.
aci
6.|N,N -Ethylenebis-N,N -(2 O-hydro- 7:20 | 8.00
xyphenyl glycine
7.|N,N-Dihydroxyethylethylene diamine 4.80 5.70
diaccetic acid (HEDDA .
8.|Trimethylene diamine tetraacetic 7e12 6+02
acid
9.|N,N, N1 Nl-tctrakis—(phosphono- 5+50 640
methyl)-1,2-cyclohexane diamine
(C‘)TMP}
10,1 trans-Piperazine-2,3-dicarboxylic .<JL 5280
acid L
ll.iN-z-Phosphoethyl imino diacetic 5ol 6.33
acid
12.|N~(2-Hydroxy-5~-nitrobenzyl)~imino 6.4l 685
diacetic acid
13.[N-(2-Hydroxybenzyl) imino diacetic 6+74 7428
acid
14, 4~(p-Arsonocphenylazo)-3-hydroxy- 5«50 5.90
naphthalene~-2,7-disulphonic acid
15. | Eriochrome Black A 525 7+20
16.| Eriochrome Black B 5.70 740
17.| Briochrome Black T 5.40 700
18. 5458 764

rEriochrome Black R

The stability constants quoted are for an ionic
strength of 0+1 and temperature of 20- 25 C.
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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 »f the DME, such as is possible
with large dye stuff molecules like the Eriochrome
Black compounds {Nos. 15-18, Table 2,2.2).

The wvalidity 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 decrcased on addition of
magnesium and this decrease is a measure of
interference, FPigure 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 XK should be less than 11¢0, the presence

Ca
of the masking agents does not prevent or hinder
rcaction between the calcium and EGTA. Any such
prevention or hindrance would be indicated by an

inclination of the experimental lines towards the

broken horizontal linc 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/
0.04%M ammonium nitrate in the presence of different
masking agentsi (a) sodium tripolyphosphate (b)
Eriochrome Black T (¢) tiron. Solution also
contains 0,2 mM calcium. Broken line represents
wave height in the ahsence 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 ERNTA is quite straightforward and presents
no problems as was stated earlier and shown in

Figurc 2.2.6. A similar determination for calcium
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Wave ht.

O | o2 04
| [Ca] mM

Figure 2,2.9 Overall effect of the use of masking agent.
Wave heights of 0.6 mM EGTA in 0O,15M ammonia/0.0hM 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 (iblank - 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 magnesiun
is present. Pigure 2.2.11 shows a set of polaro-~
grams for one of the cases of Figure 2.2,10.

Table 2.2.3 givers 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 (mil) Found (mp)
- 0+ 50 i 0+49
- 0. 50 0.49
- . 50 « 50
P 80§0 ';9
- 080 0-79
- 0.80 079
Magnesium Calcium
present
(mM) Present (mm) Found (&)
0+50 0-50 0+48
0+50 0+ 50 0:50
0-50 0+ 50 0.50
1-0¢C 0-50 0.50
1+00 0-50 0-51
]_-OO 0050 0.50
3188 0-50 0.51
2+00 0350 0«50
0+50 Ge52
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Eigure 2.2.10 Evaluation of the method.
Decrease in wave heights of EGTA plotted against
calecium concentration. Solutions also contain

la) 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 lO—BM 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 magnesiun,
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 magnes1un
by the amperometric titrimetric method.

e o e . -~

% Mg:Ca ! Calcium

i Molar - - - - —

¢ ratio | Present (mg) ; Found (mg)
};... T SO _.%

; 3:1 0-080 L 0.079

¢ 31 0- 080 . 0.078

;o 1:1 ' 0-401 : 0.401

I S 0-401 L 0.408
Po1:1 i 0.401 ; 0+403
{o1:2 | 0+080 . 0-079

g 1:2 i 0-080 0.080 i

f
T o (s g A B BT (N B Ptk R AP A I i e o TR kb R R o SV TR

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.
Ainother disadvantage for not masking the magnesium

is that a successive titration first for calcium

with EGTA and then for nagnesium 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 3§

(a) 0:0.002 {(b) 0.001:0,002 (c) 0.006:0.002 (d) 0,010:0,002,
‘applied potential= OV vs SCE.
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the second titration undergoes a nucleophiliec chelate
exchange reaction with the magnesium-£GTA, 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 calé¢ium 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 =ca2x10M
.5
Imdt 3 x 2

since the diffusion current constant for both
complexones is approximately 3 and a value of 2

for m%tt 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 modificed 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 calcium and magnesium using £GTA 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 EDPTA (first wave) decreases whereas that due
to EGTA (second wave) remains constant, as expected
from the stability constants 1087 and 10%°2 for
nagnesium-EDTA and magnesium-EGTA chelates respectively.
A similar increase in the concentration of calcium
decreases both waves simultaneously, corresponding

10.7 Oll-O

to the stability constants 10 and 1 Tor

calciumn-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 dsc. polarograms of the mixed
titrant (EDTA+EGTA, 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 (#) 0.4 (5) 0.5 mM magnesium. The first
C. 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 calecium and magnesium
are then read off from the calibration curves,

An added advantage is that since an excess
of EDTA is always present, no problcm 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 = 12965 mg/sec (at OV)
and t = 4«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 O+¢1M stock solution of the masking

agent (sodium tripolyphosphate) was prepared. The
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ammonia buffer used approximates the composition
3+6M NH,/1+0M NH,NOq (pH 9-8).

Procedures

(2) 1Indirect d.c. polarographic method.

(i) Determination of total calcium and magnesium.
Prepare in 2 volumetric flask a solution

containing 1+0 x 107JM ZDTA in 0-22M NH,/0+06M

NHhNO and 0-002% Triton X-100, and also containing

3
the sample which when made up to volume will have
a concentration of calcium and magnesium enough to
decreasc 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 ZDTA 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 1°0 x 10‘3M SGTA in 0.22M NH3/0-06}4NHhN03,
0.001% Triton X-10C and 2.5 to 10+0 x 10~ M 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
EZGTA may be varied to suit the concentration of
sought-for substance present in the sample.

(b) Amperomctric 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 NHhNOB) 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
EDTA as the titrant. The applied potential OV wvs,
SCE lics also on the limiting current plateau of
the =ZDTA anodic wave,

If the sample contains a high concentration of
magnesium, incorporate a suitable concentration of
masking agent (25 to 10 x 1073 M sodium tripoly-
phosphate) in procedure (i). The same applies
if after procedure (i) a successive titration in
the same solution for magnoesium with ZDTA is to be
performed. (2xplanations 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

CHAFTER 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 tface analysis will be demonstrated by the
analysis of calcium in the presence of magnesium
using a method similar to that developed earlier
(Section IT, Chapter 2).

A.C. polarography consists essentially of
superimposing a small alternating voltage on a
linearly increasing d.c. potential applied to a
DME, and plotting the alternating current produced

against the d.c. potential. At potentials



145

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 potential,(ﬁis) 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.

2.3.2. General a.c, polarographic 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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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).

Figure 2,.3.1
All polarograms start at -0.4V 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 clectrode reaction
theory predicts that the summit potentials (Es) in
the a.c. waves be equal to their corresponding
d.c. half-wave potentials (E%) 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 experimentai 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.) Es (a.c.)ZXEs/z Relative a.c.
= peak height

EDTA ~0+083 -0:093 30 3.3
EGTA -0.010 -0.003 - Lo
CDTA ~0+110 -0.100 117 2.3

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

The experimental observations on the dependence of
the a.c. peak heights Q&is) on concentration of
depolariser, shown in Figure 2.3.2, also contradicts

with the simple electrode reaction theory that they

be linecar.
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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.=1/30) in 0,3M
ammonia/0O.1M ammonium nitrate.
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The experimental observations are found to be

best interprcted by means of a theory which takes

into account the adsorption of the depolariser§6

The difference between E; and Es is given by this
2

theoxry as,

1
2

Ey -~ E_ = RT 1n bo + RT 1n d (1)
2 S F e o
npf R nk

vhere bR and b0 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

4Ni = KaBC (2)
S 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 depolariser molecules

in the adsorbed state and
B = b b
O R (3)
b0 + bR
BEquation (2) predicts a non-linear relationship

between peak height and concentration. However,



151

at low concentrations (l;>ZBC), the peak height
is a linecar function of concentration, i.e.

Ai_ = KaBC for 1)>2BC (4)
which can be clearly seen in Figure 2.3.2 for both
complexonesi 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 recaches a limiting value equgl to Ka.
Calculations of the adsorption coefficients bO
and bR 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 E% and E_ (equation (1)) .

The summit potential for EDTA is found to be
entirely independent of concentration (2 x 10~ to
10‘3M) whereas that for EGTA varies slightly

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

concentration range 6 x 1079 to lO-BM.
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The last column in Table 2,3.1 gives a rough
measure of the reversibility of the electrode rcactions.
Thus a very small value for CDTA indicates that the
electrode reaction is not fully reversible which is
in agrecment with d.c, polarographic data in which
a dif ference of about 60 mV was found between the
half-wave potentials of the anodic wave of CDTA and
cathodic wave of Hg-—CDTA?l The large value for
BEGTA indicates a fully reversible nature of the
clectrode reaction supporting the d.c. polardgraphic
evidence described in Section II, Chapter 1. An
intermediate value for EDTA scems to indicate an
intermediate degree of reversibility between EGTA
and CDTA perhaps corresponding to a disagreemcnt
in the d.c. polarocgraphic studies where Matyska
et al51 reported full rceversibility of the vDTA wave

50

whereas lMichel et al reported a differcence 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 gquantitative form, the relatively simple

equipment uscd (sece 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 morc clearly in
Figure 2.3.3 which shows the usefulness of the
a.c. polarographic tcchnique for analytical purposes
in the range 1070 to 2 x lo-uhdfor IDTA and 2 x 1077
to lO—ablfor BEGTA. 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 EDTIi. 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 l}?ZBC 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 parame ters as the nature of the
supporting electrolyte and pH of the solution etec,
No gencralizations 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 depolariser
in the a.c. polarography of some complexones:

(a) EDTA (sens.=1/50) (b) EGTA (sens.=1/30) in ©.3M
ammonia/0,.1M ammonium nitrate, ’



155

The summit potentials are totally unaffected
and peak heights are¢ only diminished by an
insignificant amount when a.c¢. polarcgraphic
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
oxXygen.

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 thc method.

2.3.4. Experimental

Preparation of scolutions 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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FPigure 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 0.3M 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. Polarcgraph 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 recadily wvaried 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 = 14965 mg/scc. and t = 4¢1 sec,

5 ml aliquots of the solutions are used for
polarographic measurements in a Kalousek cell.

2.3.5. Conclusiocn

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 becen given and demonstrated

by a trace analysis of calcium in the presence of

magne sium,
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SECTION IIT

CONTINUOUS ANALYSIS VIA COMPLEXOMETRY USING

ELECTROCHIIIICAL SENSORS
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SECTION IIX
INTRODUCTION

The principle of "continuous analysis" has been
introduced extensively at the beginning of the
thesis. This final section deals with the appli-
cation of electrochemical sensors for continucus
analysis using complexometric principles. It must
be admitted here that even though a rather broad
term "clectrochemical 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

67

polarographic analyser appeared in the literature

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

M111 ex 68

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

77478 por higher sensitivity.

and mercury pool electrodes
Bxperimental set-~ups for adaptation of the technique
of continuous polarcgraphic sensing to ion-cxchange

79-32

separations] gas analysis by gas--chromatcgraphys3
had been described, and continuous polarographic
analysers for specific purposes such as for dissolved
oxygen?h_76’84’85 oxygen in blood in vivo%é oxygen
in gases?7’87 uranium§8’89c<—amino acids%o sulphur

92

: 91 .. 92
dioxides" i3+ 54 FeB+, carbon monoxide?

cyanide?3s93 mercury77 and hydrogen sulphide?3
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
develcped. 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 like X -amino

92

2cids?? and carbon monoxide?? 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 pelarographic 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 elcectroinactive
substances since it only involves measurement of
anodic waves of complexones, and is also equally
applicable to metals as wcll as non-metals in view
of the large number of indirect complexometric
methods for non-mctals, 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 DME is
described, again with an emphasis on the use of

complexometric principles.
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SECTION IIX

CHAPTER 1
APFLICATION CF COMPLEXOMETRIC PRINCIPLES IN
CONTINUOUS POLAROGRAPHIC AMNALYSIS. 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
L

an AutoAnalyzer rccommended method for calcium)
for example, the absorbance of a coloured calecium
complex is measured compensating for any interference
by magnesium by cmpirical additions of magnesium
to the standard. Most magnesium methods are based
upon the deveclopment of a colourcd 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 clecar perspex (3" x 29 x 1") so that the
functioning of the DME, 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 (4mm), nitrogen exit (4mm) and
mercury collection pool (4mm) arc drilled to a
depth at which the drill point Jjust cnters 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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The solution stream flows from right to left in
in the cell, as shown in the diagram, so that bubblcs
of gas (nitrogen) are removed before the solution
reaches the DME; +the cell is slightly tilted
dowvnwards (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
thiree 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 électrode wvithout any "holding" of
the sample, The DIME is positioned so that the
mercury drops fall from a position level with the
top wall of the axial hole; any positioning above
thiis level would introduce a stagnant roegion. The
mercury collection pool, for the same reason, has
not been placed directly beneath the DME since a
stagnant rcegion would have appeared in the small
volume between the bottom wall of the axial hole and
the mercury meniscus. Turbulence around the
clcectreode, 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 scgmenting
gas for officient wmixing and pumping and as a de-
oxygenating gas, also scrves to separate consecutive
samples, It is therefore desirable that the removal
of nitrogen bubbles from the solution strcam be done
as close to the DMi as possible in order to avoid
lateral inter-sample mixing. Exit of gas however
is found to causc considerable turbulence around the
clectrode and a compromising optimum distance of
about 6mm between the DME and nitrogen exit have

becen obtained by rcepeated experimentation at
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diffcecrent gas flow rates.

The process of nitroé%en gas removal is
acconmplished by pumping tﬁé soJution out of the
cell at a rate smaller than that at the cell
entrance. The nitrogen gas, together with some
solution, is thercby cfficiently removed,

Calomel reference electrodes are normally usced
and are connected to the solution stream wvia an
inverted T-piece at the exit end of the cell.

A potassium nitratc-~saturated agar plug contact

or for long term purposcs a fritted glass contact
may be used in the vertical arm of the T-piecce.
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
clectrolyte solution in static condition.

Figurc 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 NH3/0-06MNHyNO3 containing
no ZDTA to onc containing 5 x lO-hDI 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 reversc direction the current fell to the stecady
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 use¢ful flow-rates.

3.1.3. Polarographic behaviour unique to a flowing

system.

Electrochemical phenomena occurring on the surface
of an electrode immersed in a2 solution is governed by
two factors, namely the velocity of mass transfer to
the electrode and the velocity of the clectrode
processes proper; the former therefore accounts for
the diffcrence in polarographic behaviour between
measurements made in a static and a flowing systen,
Somec understanding of the transport of matter in
stirred solutions {convective diffusion) began with
the qualitative Nernst diffusion layer concept
followed nuch later by quantitative hydrodynamic
theory for calculation of the convective diffusion
to and hence the current at a rotating disc electrode
by Levich?5 Similar treatments for other solid
electrode configurations have also been rcported
sincey for example, a micro-conical electrode by

96

Jordan,; a spherical electrode by Strafclda and
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97

Kimla and a tubular electrode by Blaedcl and

Kiattd8

Convective diffusion to a liquid electrode was
studied by Kolthoff99 who derived an equation for

the current at a rotated DME:

i

) 1 1 1
t° o+ 103D2(mt)5 + 7450’ (mt)* (1)

roj=
eofro
Bof

i = 230nCD @
where u denotes the speed of the solution at the
electrode surface and all other terms have their
usual meaning. When C is expressed in millimolar
units and u_ in cn/sec., the value of i is obtained
in uA. The first two terms in equation (1) i.e.
the terms indecpoendont of solution speed constitute

less than 10% of the total current, and therefore

for large values of u_, equation (l) simplifies to,

= O

1
2

1
i = 1714nCD u, (mt)?

it

(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 strecam,
attempts will be made to interpret data obtained with
such a system, using the theoretical treatment of

the closely related casce 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 u 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 2 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 eclectrode surface, as had been c¢xperimentally

shown?g
In accordance with equation (1) it was found that

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

and u% (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 Vependence 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 (l).

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.j} and in fact even
for theoretical studies, it now secms 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 nost
prarameters, the linear dependence of the current on
ué had not and cannot be confirmed since the speed
of the solution at the mercury surface (uo) 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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aﬁproximately constant up to quite high flow rates?9
but at extr¥emely 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 peakL-Shaped?2 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 ié mecasured 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 elcctroactive
ions with well-defined and simple polarographic
behaviour, it is simply necessary to measure their
limiting currents as a dircct measure of their
concentration,

Figure 3.1.6 shows some polarograms of complex~
ones mecasured in a flowing stream; the reproducibil-
ity and the regularities of the drops can be noticed
and the waves are well-suited for analytical
measurentents., 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 subscquently 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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- Pigure 3.1.6 ‘Anodic d.c. "polarograms of 0.5 mM
.(a) EDTA and (b) EGTA in 0.2M ammomia/0.2M ammonium

nltrate obtalned 1n a flow1ng stream (O 6 ml/mln.).‘
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electrolytes a potential of OV vs, SCE is found to
lie more or less on the limiting current platean

of most complexones, and is therefore convenient

in that no potential source is nccessary 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 elcectrode and this is achieved by adjusting
the concentration of depolariser (potassium chloride)
in the reference electrode, A "shift" of as much
as about 100 mv 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
cmployed were therefore deaerated by bubbling nitrogen

gas in the reagent bottles beforc 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 wvolume (l-2nﬂ) 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 PFigure 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 pulticomponent solution containe
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
S0 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+.1lmm in thickness, along
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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 strecam 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 rcaction
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 (caleium +
magnesium) samples using the continuous polarographic
analyscr system just described. EDTA was used as
the complexometric reagént and the analysis was
performed at pH 9.5-10 in an ammonia/ammonium nitrate
buffer. Calibration of the instrument was domne with
a single standard sample after which unknown concent-
rations are read out. A brief procedure is given below.

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

Sample Present Found
(millimolar) (millimolar)
Ca 0400 0-410
Ca 0+ 600 0-599
Ca 0+800 0.814
Ca 1000 1016
Ca 1-400 1.386
Mg 0+ 400 0.403
Mg 0+ 600 0610
Mg 0800 0.812
Mg 1.000 1006
Mg 1200 1-210
Ca + Mg 0.200 0'198
Ca + Mg 0,400 0'2405
Ca + Mg 0+ 600 0601
Ca + Mg 0800 0'814
Ca + Mg 1.000 1.015
Ca + Mg 1400 1376
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Procedure

The flow plan is as given in Figure 3,1.7.
The reagent consists of a solution of 10_314 EDTA
in O*4L4 M ammonia/0¢12 M ammonium nitrate. Both the
reagent and sample arc 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 continuocus 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 iomns 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



187

and in the second reaction (with EGTA) a masking
agent, sodium tripolyphosphate (ref. Section II,
Chapter 2), is prescnt to eliminate any intcrfercnce
by magunesium, The limiting anodiec currents of both
complexones are measured at the same 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 systcm would normally be necessary.

But this is avoided by introducing a valving technique
which makes it possible to present the two systoms
(one for analysis of the sum of calcium and magnecsium
using EDTA, and the other for the analysis of calcium
alone in the sample using EGTA) alternately to a
single sensing and rcecording systen, This is
achieved by using a cam-controlled tap system to
control the EDTA, EGTA, distilled water and sample
lines (Figurec 3.1.8). The buffer and nitrogen gas

strecams are allowed to flow uninterrupted wherecas
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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 T, (EDTA), T, (distilled water) open and
taps T2 (BEGTA), T3 (sample) close simultancously,

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

opens simultancously while taps T, (EDTA) and T2

1
(EGTA) remain as in (4),
(iii) Taps T, (EGTA), T, (distilled water) open and

taps T, (EDTA), T, (sample) closc simultaneously,

3
and finally

(iv) Tap T, (distilled water) closcs, tap T3 (sample)
opens simultaneously while taps T, (EGTA) and T,
(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 rccorder 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 trlpolyphosphate present as masking
agent, Sens.=3 uA f,s.d.
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concentration of EDTA due to reaction with calcium
and magnesium in the sample when the distilled water
is replaced by the sample in operation (ii), the
decrease in curraent from (i) to (ii) being proportional
to the total concentration of calcium and magnesiumn,
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 arrangcment 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 are shown in Figure 3.1.10 where the
zig-zag curves show the variation of the experimental
points about their mean value (straight horizontal
1ines). The upper curve represents the concentration
of total calcium and magnesium whilst the lower
curve represcnts the concentration of éalcium 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 prescnt 1-40mM 1.10mM ’
Average current decrease 147 uA 0.87 uA ’
Std. deviation (conc.) 0.020mM 1.4% | 0.027 mM 2.5%
Std. deviation (current) |[0.02ua 1-.4% | 0-02ua 2+5% ?
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Figure 3.1.10 Reproducibility of the continuous
polarographic analyser,
ta) (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 factors
such as the degree of synchronisation achieved of
the cams, the magnitude of the current decrease, ctc,
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
mecasurements 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 liguid and gas
streams, Standard AutoAnalyzer pump tubing,
transmission tubing, connectors, helical coils, etc.,
are used for construction of the flow systen, The

manifold is constructed from 4" aluminium plate on
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which a flow~system as given in Figurc 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 punp. 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
(1) 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 (Cl) are provided on the
heads of the push rods for smooth responsc¢ with the
cams. Cams (H) control the flow of EDTA and EGTA
and have two "dwéll" 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



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 stcel 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 900 mitre gears into a 3-speed constant mesh
gear box and then via a sliding dog clutch on to
the cam shaft at (X). Speeds of %, 4 and 1/16
revolutions per minute of the cams arec 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 ITI (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 dircctly 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

4k seconds at cam-specd settings 4+ 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 calecium 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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O°6GDINH3/O.1851NHAN03. The concentration of both
EDTA and EGTA is 1¢50 millimolar, the latter also
containing ca he5 millimolar sodium tripolyphosphate
as masking agent. Samples containing up to about
leh 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 1line,

(2) Adjust cams so that they are in the start position,
that is, ready to follow operation (i) 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 cenable the analyser to
attain analysing conditions (i.e. to fill up solution
lines with appropriate reagents)‘before actual analysis,
Interpose standard samples amcngst 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, punp and recorder
simultaneously and a continuous record of the complete
analysis of caleium 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 recpeatable.

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 magnesiun.

Sample (ca+Mg) Ca
No. Pres- Found Pres- Found
ent mM ent mM
mte 1 2 3 y | mi 1 2 3 4
1.|0.70] - |0.73]/0.69| . |0+60| -~ |0<60|0.60! -
2,]10.80]076/0:.82[0.82| =~ |0+60{0.60/0:59!0.60; -~
3.1G¢90{088]0.94[0:94} ~ |0.60]0:62/0.61{060{ =
4,11.00{101/1-03{1-06] ~ |0.60{0463|0:61{0:59|
5.11¢10({1¢09| 1412 |1¢14] ~ |0+60{0¢57|062|0+58| -
6.11+430[132[ 126|126 = |0:60{056]0+63{0.60| -
Z7ol1401140[ 1401144} 1.40|0+80{0.78]0.78{0.81|0.76
8.1140) ~ |1.40]1.44{1.40]085| = |0.86]0.85|0.86
9.11+40[1.40{1+40}1+41]1-40{0.90|0+88]0+88|0.90{0.88
10,1401 1+40] 140{21-41}1+40{1.00}1-00/0-99}100/0.98

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 expectoed with more accurate
current measurcment,

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 complexometric 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 rotatcd DME
to the case of a DME in a flowing stream has becen
successful and thereforc suggests a similar linec
of trcecatment 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 becn experimentally proved, Limitations
in making a corrclation between the two cases have

been discussed.
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SECTION IIT

CHAPTER 2

INVESTIGATION OF SOME CONTINUOUS YLECTROCHEMICAL SENSORS
OTHER THAN THE DME

3.2.1 Introduction

As with voltammetry in stationary solutions, the
development of scensors other than the DME for
continuous voltammetric sensing is carried out for two
main reasons, namcely to increase the sensitivity and to
expand the usable potential range especcially in the
positive region over the DME. An additional factor in
the case of continuous sensing is to find a gcometrical
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-
nercury type sclid electrode, namcly, 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 e¢lectrode (HMDE)

A HMDE whilst preserving most of the merits of
the DME offers new possibilities from both the thcoreti-
cal and practical points of vicw. 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 pecint 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 Bl 5-03 Mctrohm Inverse
Polarography equipment (Mctrohm Ltd., Switzerland).

It consists of a displacemcnt piston which projects
into the mercury-reservoir space via a rubber seal and
is actuated by a prccision micrometer screw, The
mercury droplet size can be adjusted by means of the

engraved scale on the micrometer head,

The cell usced is cxactly the same as the
polarcgraphic flow-through cell described in the
previous chapter., The peristallic pump, polarograph
and recorder used has been described previcusly,.
(Section III, Chapter 1)

Results

The complexones give normal S~shaped voltaumctrie
curves with a liniting current plateau. At flow rates
of 0.42 m1l/m (6 erm/m) the current recordings are
coiapletely noise-~frece with minimum damping used and
measurenent of current is easicr 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 wuA for the limiting
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currcnt and 0,003 - 04004 V for the half-wave

potentials arc obtained from five different veltammet-
ric curves each of ca. 5 x lO—hM solutions of the
complexones (EDTA and EGTA) in an ammonia buffer pid 95.
The flow rate is 0.42 ml/m (6 cm/n1) and drop-size

0.66 rm diameter. The results are obtained with a single
flercury drop, without renewal between the individual
measurements. This indcpendence on the history of the
drop is due to the socluble nature of the electrode
reaction products which are swept clean by the

flowing streamn,

The ratce of increasc of the liniting current
(ilim) with increasing surface arca (A) of the
riercury drop is found to be nuch higher than that of
the residual current (ir) resulting in a nct increase
in sensitivity. The ratio iliz-:l/ir increasecs from
20 to 50 with the inecrcasce in surface arca of the
drop from ca. 0.5 to 3 mm2 when a solution of J.O-'3 M
EDTA in ammonia buffer is measurcd at a flov-rate of
0.42 nl/n (6 cm/i1). The half-wave potential rcmains
unaffceccted, the shape of the wave is not altcred and
no increasc of noisce in the recordings are observed
within the range studied. A plot of ilim Vs AB/h
gives a straight line passing through the origin in

95

accordance with Levich's equation for the current
at a liquid drop where mass transfer is by convective

diffusion.
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The re lation between the limiting current and
concentration is found to be lincar for the conplexones

%o 1073M).

in the concentration range studied (10~
Practical analyses had becn perforaed with

sucess on the determination of mcetal ions.

Conclusion

On the basis of the above experiments it can be
stated that the HIMDE is suitable for continuous
voltarmetric sensing when the celectrode reaction
products are soluble and do not contaminate or
dissolve in :1ercury. The situation is therefcre
ideal when anodic currcnts due to anodic oxidation of
complexones are measured, Incrcascd scensitivity is
obtainable by incrcasing the size of the drop
without the introduction of ill-effects such as noisec,
At constant flow-ratc the limiting current is
Proportional to concentration; the limiting currents
are vory reproduciﬁle and the clectrode shows no

"memory" effect for the case of the complexones,

3.2.3 Tubular platinum eclectrode (T E)

Even though the use of a platinum micro "by-pass"
elcetrode for continuous analysis was suggested as
early as 19&768, the TPE through which a solution
flows was introduced for analytical purposes only in
1963 by Blaedel and his coworkerst00, The TPE has

the advantages of being well suited geometrically

for continuous clectrochemical measurenents in
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flowing strcams and of high sensitivity. From Levich's
theoretical analysis of convective diffusion to the
surface of a tubelol which gives the total flux (J),
as, J= 2.01f% cn?/3x2/3x 2/3\/'(1)/3 (1)
Blacdel et al :erived the following equation for the
limiting current (i) at a tubular e¢lectrode,

i = 5.2% x 107 acp?/3 x 2/ V;/B (2)

There R and X are the radius and length of the
tubular electrode, and VO and V.f arc the linear and

volume flow-rates respecctively; all other terms have
their usual meaning in voltammetry. They proved this
equation using a ferrocyanide/ferricyanide system. In
a latcr paper, again by Blacde19§ an equation for the
current-potential relationship for reversible charge
transfer processes at the TPR is presented, again
proving it with the ferrocyanide ferricyanide systens.

In this chapter the anodic and cathodic potential
limits of a TPE in different supporting electrolytes
over a wide pH range arc defined and usable potential
ranges indicated. A study of the anodic oxidation of
complexones at the TPZ in a flowing stream is also
presented,

Experincntal

The cell assembly is similar to the one for a
rercury-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.



208

The tubular slectrodo used is a platinum cylinder
1.5 cm long cut from seaudless platinua tubing
(1.0 mam i.d). The cutting is done carcefully sc that
a si#icoth ending is obtained otherwisc turbulent flow
will be introduced.

The apparatus uscd has been describoed earlier
(scction IIX, Chapter 1).

General clectrode treatiient consists of an
occasional cleaning of the clectrode first in
alcoholic caustic potash to rceuove greasy substances,
then in hot cleaning mixture (sulphuric acid + sodihm
dichremate) and then in hot nitric acid and finally
in distilled water. Irmediately before every
measurenent, the electrode is proetrecated by repeated
successive anodisation and cathodisation at +2 and
-2V respectively while a solution of 0.1HM perchloric
acid is pumped through., After a final anodisation
step the current is allowed to decay to a small value
at the cathodic dissolution potential of the platinum
oxides (ca. -0.1 V vs SCEZ). The clcctrode is now
ready for usec. The clectrode is stored in OF nitric
acid whenever not in usec.

All solutions arc thoroughly deaerated by
bubbling through nitrogen in the rcoa _ent bottles
before measurenment,.

Results and discussion

(a) Useful potential range

The range of potentials accessible 1o the
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electrode is limited by the nature of the ions present
in the supporting clectrode and on the pH of the
solution, PFigurec 3.2.1 shows sowme residual current
curves at the TIE in differcnt supporting clectrolytes
over a wide pH rangce. he curves arc obtainced by an
anodic and a cathodic scan both from the potential of
zero current after the current has becn 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 regicn, whercas quite low

residual currents and morce or less flat basc lines

should wermit anodic .ieasurenments to be madce, The
cathodic and anodic discharge potentials and thc
uscful anodic potential ranges for the different
supporting clcctrolytes at different pi values may
be sceen from the figure.
(b) Anedic oxidation of complexones at a TPE
The anodic voltammetric behaviour of complexones
at a rotating platinum clectrode (RPL) was studied
by Vydra and Stuliklo2 wvho alsc applied the principle
for bianpcrometric indication in cheloaetric titrat%gﬁs.
Anodic voltammctry of complcxones at a TP¥Y was
studied with a view to possible application in
continuocus analysis using complcexometric principles

(Scetion III, Chapter 1.



Figure 3.2,1 Some residual current curves at a TPE: (4) 0.2M perchloric acid
{b) 2.0F acetic acid/0.2F sodium acetate (c) O. 5M potassium nitrate (d) 0.2M
sodium tetraborate (e) 0,2M sodium hydroxide.

!
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Figure 3.2.2. (a) shows the voltaniograinis of the
complexones 1BGT.\ and CDTA. EDTA gives an ill-defined
wave, Even though a high sensitivity is achicved the
currcnts arce found to be very nmucn time derendent as
shown in Figure 3.2.2. (b) and therefore
irreproducible, This dependence on timce is probably
Jdue to the accunulative adsorption on the electrode
surface, of the wvarious clectrode rcaction products
which consist mainly of diffcerent amines and
formaldchyde (dccarboxylation products of thec
complexones) and their condensation products.

Conclusion

Although a sensitive voltaunetric responsc is
obtained with a TPE to the anodic oxidation of
different complexones, the observed voltamaetric
behavicur is not suitable for analytical applications,
In principlc, the T5'E has becen shown te be suitable
for use in the anodic region over a wvide pH range.

3.2.4 Mercury-plated tubular platinwi elcctrode (MTPE)

b

The first and only repcrt on the usc of a HMTPE
as a voltammetric sensor appearcd in late 1967 in a
paper by 0lson and Oosterlinglou who studicd the
effect of mercury-film thickness wn cathodic
reductions of some nectal ions and also showed a linear
dependence of the diffusion limited currents on
concentration of metal ionms. 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-linited current values was not reported by
the authors. It is obvious that the electrode will
not be suitable for clectrode rcactions which yield
insuluble rcaction products and which are cither
adscrbed or dissolved in the ircrcury filia, such as in
the cathodic reduction of metal ions to the metals.
Long-term mcasurcnonts without occcasional surface
rencwval or reconditioning by stripping ctc. would
give erratic results and therefore unsuitable for
continuous analysis whoere lon;-term mcasurement is
one of the principle objects.

If complexones show a suitable volteaiuetric
response at the MTPL, this serious limitation of
the electrode may be solved in many cases by the usc
of analytical sethods employing complexometric
reagents in which the cuncentration of the sought-for
substancc is obtained indircctly from the conccntration
of the complexoncs which may be easily monitorced with
the MTrE.

A ccll-design suitable for a convenicnt mercury
plating process as well as for continuous analysis
is proescnted and an cvaluation of the clectrode for
indirect complexometric analysis is given.

Experimental

The tubular electrede used is a picce of
P»latinwa cylinder 3mm i.d. and 10 mm long cut from

a length of scamnless platinuwa tubing., The cell is
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designed to provide for independent pumping of the
solution and mercury strcecams and also to provide for
both forward and backward puaping of the mercury

strea:1 which are neccessary in the plating process,

The cell assembly for the MTP.. is shown in Pigure 3.2.3.
The tubular electrode is mounted in an upright position
and is connccted at both ends to plastic nipplce conncec—

tors via tight-fitting polythene slcoves. The upper

nipplce connector fits in a rubber stopner at the lower
end of a 15 mm i.«,., glass tubing provided with a side
arir which jgoes to waste. The glass tube forms the
reference celectrode compartment and a saturated
potassiun chloride salt-bridgce with sintered-glass
scparation is inserted. The lowcr nipple connector
fromnn the eclecctrode is connected by mcans 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 cther arm connects to the solution line from the
peristaltic pump and is provided with a screv-or
pinch-clip.

Of threc methods available for plating the
platinunm surface with mercury, nanely electroplating,
abrasion and wetting, the wetting method described
by inkel®5 hag been uscd. For a successful
application of the method a clean surface frece from
any surface oxides is nccessary, The clcctrode is

first degreased in alcoholic caustic pctash, then
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From peristaltic pump

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

¥ perchloric acid is pumped through the cell at a
rate of 0.32 ml/m while the clectrode is cathodised
to the point of vigorous hydrogen evolution for about
15 minutes by applying a potcntial of -3 to -4V wvs

a SCE (or a large TPE). Then the pumping of the
solution is stopped, the screw-clip closed and very
bure high-grade mercury is introduced to make

contact with the entire inner surface of the tubular
electrode by raisinyg the mercury reservoir, whilst
the large negative notential is still maintained,
Such stationary contact is maintaincd for a period

of 15-30 minutecs and then a forward 2nd backwardmotion:
of the mercury in the tubular electrode is applied for
a few times, again using the mercury reservoir for
pumping. The nmercury is then brought back to the
junction level. The process rniay be repeated as often
as necessary. The eletrode is filled with mercury
wvhenever not in usece.

The efficicncy of the coating is tested by
running a current-potential curve for a solution of
deacrated 0,14 sodium sulphite at 0.32 ml/m. The
nlating is considered adcquate if the residual current
is only abecut 1.0 uA at a potential of -1.0 V vs SCi,

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 arc thoroughly dcecacrated before and
during sicasurement 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 -~ dium salt
of anthraquinone-2-sulphonic acid in 2N socliun
hydroxide and containing granulated zinc | before
bubblin;; through the reagent solutions via very
efficient gas dispersers,

The apparatus used has been described in the
prcevious chapter.

Results and discussiocn

The cecll described provides a very convenicnt
means cf plating mercury on the tubular platinum
clectrode. The rapid and simple procedure for
plating is also very reliable and efficient in spite
of the largce surfacce arca and the peculiar geometrical
configuration of the platinum basec,

The main problemn associated with the use of the
MTPE is found to be the large rcesidual currents which
result frowm the reduction 92f slight traces of oxygen
at the mercury surface., Tven after the most thorough
deacration using "dcoxygenated" nitrogen a residual
current as high as 8uiA is obtained for a solution

of 0,11 perchloric acid flowing at 0.32 ml/i.
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Trace conccentrations of oxygen present in the
solution is sufiicient te produce large currents at

the large surface arca of the elcectrode. This

suggcests the use of the clectrode as a continuous
vbltammetric sensor for trace aznalysis cf oxygen, It
is howevier a disadvantage in the measurement of other
substances and for this reason oven an officiency
tost for mercury plating has to be made wvith a
solution of sodium sulphite (which reduces any
oxXygen present) instecad of using the conventional
clectrolytes such as potassium nitratce or perchlorate.
Anodic voltammetric waves are obtained for the
complexones EDPA and EGTS in an aitaonia/anmoniun
nitratc buffer pH 9.5 which may be attributed, as
with a DI, to the foramation of mercury (II)
complexonates. The waves are rcasonably well-defined
on the platecau but arc slightly clongated presumably
due to sone influence of the large cathodic residual
currcnt (reduction of oxygen). Reproducibility of
the waves as well as the limiting currents have been
invcstigated and a standard deviation of 0.001V in
the apparcent half-wave potontials and of 0.006 uA
(1.4%) in the limiting currents arc found for a
solution of 10™%4 zpTA in C.3M amnmonia/0.1l aitaonium
nitrate at a flow-rate cof 0.32 ml/m., Sensitivities
of the ordcer of 56.5 uf per millimolar are achicved

for the complexones,
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Dependence of limiting current on cencentration of
the complexones is found to be linear in the
concentration rangce studied (2 to 10 x lO_SM); the
limiting current of a fixed concentration of complexone
is also found to decrcase lincarly with increasing
concentration of added metal ion and therefore well
suited Tor complcexometric analysis withh comntinuous
veltammetric scnsing, The liniting currcnts in these
experiments arce measured from zero current since a
suitablc residual-current base-line dooes not coxist,

Conclusion

The usc of a MTPE for continous voltammetric
scnsing proves to be a feasible proposition. Being

a large celcecctrode, high sensitivity is naturally

achiecved; 1dits advantagces over other large nmercury-
type clecctrodes such as a mercury-pool electrode is
its didcal geonmctrical configuration analysis,
preciscly reproducible surfacce area and resistance
to vibrations ctc. (Tho surface of a mercury pool
is affected even by changes in potontial). The
preparation of the celectrode has also beoen shown

to be a simple process.

Anodic veltaunietric behaviour of complexoncs
at the LiTi.s is Tound to be feasible fur analytical
applications, for which nurpose a morce rigorously
designed assecubly for cxclusion of oxygen from the

system is found to be necessary.
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