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ABSTRACT

A GENERAL PURPOSE ELECTROANALYTICAL SYSTEM
BASED ON A MICROCOMPUTER CONTROLLED

COULOSTATIC GENERATOR

By

Spyros Emmanouel Hourdakis

A microcomputer controlled and operated electrochemi-
cal analysis system has been developed and, in its polaro-
graphic mode, it has been shown to be more sensitive than
polarography in the determination of cadmium. The system
consists of an electrochemical reaction cell, a digitally
controlled charge generator for adding charge to the work-
ing electrode, a voltage measurement system to monitor the
working electrode potential, and a multimicrocomputer system,
as the control logic, to control the operation of the charge
generator and the voltage measurement system. The cen-
tral part of the new electrochemical system is the charge
generator. ‘A new charge generator has been developed
which uses the charge injection technique to add charge
pulses into the electrochemical cell. The characteris-
tics of the charge generator were studied and its opera-
tion is discussed 1n detail.

The function of the charge generator is the injection






Spyros Emmanouel Hourdakis

of charges into the cell and the function of the voltage
measurement system is the monitoring of the potential of
the working electrode. The control logic determines how
these two simple functions are employed 1in any given
experiment. Using a computer instead of hardware logic
as the control logic, an extra flexibility is added to
the electrochemical system. The system can be operated
in many electrochemical polarization modes, where the charge,
current, or potential must be measured or controlled, without
modification of the instrument hardware. The multimicro-
computer system consists of three independent microcom-
puters and each one of them is responsible for a specific
task. One microcomputer coordinates the operation of the
other microcomputers so that the system works as one func-
tional unit. The advantages of the multimicrocomputer
system over the single microcomputer, for real-time control
of the instrument, are the speed, the modularity, and the
convenience of the programming of the system.

The electrochemical system was applied in the polaro-
graphic determination of cadmium. The sensitivity of the

system was limited to 0.5 uM cadmium.
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CHAPTER 1

INTRODUCTION

Polarography has been used as an analytical tech-
nique since Heyrovsky discovered that the current meas-
ured at a dropping mercury electrode (DME), which is main-
tained at a particular potential, is related to the con-
centration of the electroactive species present in the
solution in which the DME and the reference electrodes are
immersed. Even with the use of a three electrode system
(DME, a reference and counter electrode) which reduces
the error due to the IR drop in the cell, classical DC
polarography has a serious defect which sets a limit on
the sensitivity of this technique. The theory assumes
that the current in the cell is the diffusion controlled
Faradaic current. But the actual current that one meas-
ures contains contributions from a number of other sources.
The problem of distinguishing the current of interest
from the currents due to other phenomena is the problem
that the "modern" electroanalytical techniques try tc
solve (1, 2, 3, 4, 5, 6).

The result of the effort of the development of the
modern electroanalytical methods were new polarcgraphic
instrument designs which provide lower noise levels and

better performance. A basic element in the development



of the new polarographic instruments and new electro-
analytical techniques is the use of operational ampli-
fiers. The use of operational amplifiers in the develop-
ment of new polarographic instruments has been studied by
a number of workers and there are many articles, reviews,
and books on the theory and applications of operational
amplifiers in electrochemistry (7, 8, 9, 10, 11). Opera-
tional amplifier circuits can be used to generate a wide
variety of voltage signals and, as signal detectors, to
sample the output signals from an electrochemical experi-
ment and provide these signals in a form suitable for
measurement. Several instruments have been developed
which can perform a variety of electrochemical techni-
ques: linear sweep polarography, chronopotentiometry,
cyclic voltammetry, chronocamperometry, cyclic chrono-
amperometry, square wave voltammetry and polarography,
and pulse polarography (12, 13, 14, 15, 16, 17).

These instruments are generally developed around a
potentiostat (or galvanostat) which is a controller cir-
cuit that maintains the potential (or current) at the work-
ing electrode equal to some signal-generator potential,
which may be a constant voltage or a time varying signal.
In its fundamental operation the controller reacts to
the difference between the actual and the desired poten-
tials through a negative feedback circuit in such a way

as to reduce the difference to zero. 1In the potentiostat,



the electrochemical cell is part of a closed circuit in
which the current is continually controlled in order to
keep the potential difference between the working elec-
trode and the reference electrode equal to the desired

value.

A. Coulostatic Polarization Technique

In the early 1960's P. Delahay published a series of
papers in which he described the theory and applications
of a new method, the coulostatic polarization method
(18-23). The method was originally developed for studies
of adsorption phenomena and electrode processes, but it
proved useful for trace analysis as well.

The basic principle of the coulostatic method is the
very rapid addition of charge to the working electrode of
an electrochemical cell to bring its potential to a new
value at which there is a Faradaic current. The cell is
at open circult after the addition of the charge and the
Faradaic current is entirely supplied by discharge of the
double layer capacitance. The potential tends to change
toward its initial value as the double layer capacitance
i1s progressively discharged. The potential-time varia-
tion 1s measured after the addition of the charge and is
related to the concentration of the substances involved
in the electrode reaction. The double layer charging

current problem which limits the usefulness of most



polarographic methods in trace analysis is avoided in the
coulostatic technique. The voltage measurements are
made when no net current passes through the cell which
eliminates the effects of the solution resistance during
the measurements, and permits lower concentrations of
supporting electrolyte.

Despite the above characteristics and advantages
which make the coulostatic polarization technigue an
attractive technique for analytical applications, only
a small number of applications of this method have been
reported (21,23). This is due to the lack of selectivity
of this method and the relative inconvenience of the
hanging mercury drop electrode compared to the dropping
mercury electrode, and the difficult interpretation of
the data.

Recently a number of new coulostatic methods have
been developed which improve the selectivity of the
coulostatic method (24-28). These methods use a dropping
mercury electrode, and the potential decay curves are
measured and plotted as a function of the applied poten-
tial. This plot allows both quantitative and qualitative
analysis of mixtures of electroactive species.

The early instruments used for the coulostatic tech-
nique included a potentiometer with which the potential
of the working electrode was set at the foot of the cur-

rent - potential curve for the analyzed electroactive



species, a coulostat by which a known quantity of charge
was supplied to the cell and a circuit for sampling and
reading the cell voltage. The coulostat injects the
charge to the working electrode via a small capacitor
charged to a very high voltage (19,30,31). In a more
recent coulostatic instrument the potentiometer has been
replaced by a potentiostat and the small charging capaci-
tor by an operational amplifier circuit which acts as a
constant current source (28). This system works as fol-
lows: Towards the end of the drop life, when the change
of the area of the dropping mercury electrode is minimal,
the ramp voltage is disconnected from the cell and a
coulostatic pulse 1s applied to the system. This pulse

of charge changes the potential of the cell to a new value.
The cell potential is allowed to decay at open circuit for
a predetermined period of time. In the next step the same

procedure is repeated for a higher electrode potential.

B. A Microcomputer Controlled Coulostatic Generator

Although the potentiostat offers a very accurate way
of controlling the potential of a working electrode to
follow a number of different excitation forms, its electro-
analytical use has some limitations: A net current passes
through the cell, which requires the presence of rela-
tively high concentration of supporting electrolyte to

avoild IR drop errors in the controlled potential, and the



total current passing through the cell is the sum of the
Faradaic current and the double layer charging current which
limits the sensitivity to the Faradaic component.

On the other hand, the traditional coulostatic tech-
nique has the disadvantages that the potential of the
working electrode is not constant during the whole time
of the experiment, and in most cases the measured varia-
tions of the electrode potential are larger than the
desired resolution.

Also, the time required for a measurable potential var-
iation is not constant. Despite these limitations, the
coulostatic technique has a number of advantages: The
potential of the working electrode is measured when no
current is passing through the cell; the current is not
measured but determined by the controlled addition of
charge; the charge is quantized, i.e., digital; and the
double layer capacitance of the working electrode is
accessible in real time and in real systems.

The charge injection technigue, which is used in the
coulostatic method to change the potential of the work-
ing electrode to a desired value, can be used as well to
maintain the electrode potential at a desired value. In
this way the charge injection technique combines the ad-
vantages of the coulostat and the potentiostat.

The idea of controlling the potential of the working

electrode by injection of charges has been used by



Goldsworthy and Clem to develop the so called "Bipolar
Digipotentiograter" (29). This system uses the charge
injection technique to maintain a control potential and
simultaneously serves as a current-to-digital converter.
The system applies small pulses of constant coulombic
content to the working electrode as often as necessary
to keep its potential at a desired value. The construc-
tion and operation of the bipolar digipotentiogrator

is based on dedicated hardwired logic.

Instead of the dedicated hardwired logic, a micro-
computer can be used to control and operate a coulostatic
generator which uses the charge injection method to con-
trol the potential of the working electrode. Such a
coulostatic generator i1s the heart of the electroanalytical
system described in this thesis.

Computers have been used in the development of modern
automated instruments in order to increase the efficiency
and the flexibility of the instruments. The dedicated
computer, i.e., the computer which is directly inter-
faced to the instrument and to the experiment, operates
the instrument, collects data, performs data analysis,
and makes decisions regarding the course of the experi-
ment. Minicomputers have been used extensively, during
the past years, as dedicated computers to develop new
instruments and new analytical techniques. The mini-

computer with its powerful library, its fast response



time, and its ability to manipulate large amounts of
data, 1s almost ideal for automation and on-line use.
The disadvantage of the use of the minicomputer as a
dedicated computer is its cost.

Some years ago the microprocessor, a single integrated
circuit chip containing at least 75% of the power of
the central processor part of a computer, appeared on the
market. The microprocessor can be used, with the aid of
some support chips (memory, counters, input-output reg-
isters, buffers), to build a microcomputer as part of any
instrument. The dedicated computer used in this system is
a multimicrocomputer system that has been developed in
our laboratory and which substitutes for the minicomputer
in the control and the operation of the instrument.

Figure 1 shows a block diagram of the system which
consists of: an electrochemical reaction cell with work-
ing, reference, and counter electrodes, a pulse generator
for adding charge to the cell, a voltage measurement
system to monitor the working electrode potential, a
microcomputer to control the operation of the system,
and a device for operator-system communication.

The basic principle of the operation of this system,
when controlling the potential of a dropping mercury
electrode, 1s the rapid addition of charge to the working
electrode to bring its potential to a desired value and

to control the electrode potential at this value. The
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instrument monitors the electrode potential between the
addition of charges. If there is a deviation of the
electrode from the desired potential, the computer com-
mands the pulse generator to add more charge to the elec-
trode to restore its potential to the desired value. 1In
the next drop a new series of charge pulses 1s added to
the working electrode to bring its potential to a new,
higher, value. The same procedure is repeated until the
end of the scan (desired range of controlled potentials).

The pulse generator and the voltage measurement system
can perform only two very simple operations on the elec-
trochemical cell: add charge to the working electrode,
and measure the potential of the working electrode. The
use of the microcomputer as the control element of the
operation of the system gives an extra dimension of flex-
ibility in the system which i1s not found in conventicnal
instruments. The operator has the ability, by programm-
ing, to determine how the simple operations of the pulse
generator and the voltage measurement system are to be
used in order to perform an experiment, and he can program
the system to produce and apply any complex potential
waveform to the electrochemical cell. This flexibility
of the system permits the operator to choose and apply
the electrochemical technique which gives the best

response for the investigated chemical system.
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CHAPTER 2

OPERATION OF THE COULOSTATIC GENERATOR

A. Introduction

The interface between a dropping mercury electrode
(DME) and an aqueous solution of an electrolyte, behaves
like an electrical capacitor in that it is capable of
storing electric charge. If the so called double layer
capacitor is in an open circult and no electric charge
is added to 1t, the potential across the capacitor will
remain constant and equal to the potential of zero charge
(PZC). 1In the presence of electroactive species in the
solution, the potential across the interface will be
equal to a value at which no Faradaic reaction will
occur (or the Faradaic current will be equal and opposite
to the charging current). If an electric charge is
injected to the double layer capacitor,the potential
across the interface will change by a value AE = q/Cdz
where AE = El - EPZC (the difference between the potential
of zero charge and the new potential), q is the amount
of charge injected to the double layer and Cdl is the
double layer capacitance. In an open circuit, the potential
of the double layer capacitor will not remain constant

but it will tend to return to an equilibrium value.

13
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There are two processes by which the potential
across the electrode-solution interface will be changed:
the double layer capacitance changes as the area of the
DME changes, and the double layer capacitor is dis-
charged by any electrochemical reaction taking place
across the interface.

In order to keep the potential of the electrode
constant some charge must be added to the double layer
capacitor to compensate for the effect of the growth of
the drop and the discharge due to the Faradaic reaction
(qtotal = qcharging + qFaradaic)‘ The total charge can
be positive or negative. For reductions, the Faradalc
"charge" is negative but the '"charging" charge can be
either positive or negative depending upon which side of
the electrocapillary maximum (PZC) the desired potential
lies.

A coulostatic generator able to inject charge pulses
to the working electrode in order to maintain its potential
equal to a desired value is shown in Figure 2. The coulos-
tatic generator consists of a Digital-to-Analog Converter
(DAC), an inverter (Al), a set of FET switches SWl, Sw2,
SWi, a set of small capacitors Cl, C2, CI, an operational
amplifier (A2) to provide the necessary charge pulses to
the cell, and a microcomputer to control and operate the
DAC and the switches. The voltage measurement system,

which is used to monitor the potential of the reference
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electrode with respect to the working electrode, is

shown in the same block diagram. The voltage measurement
system 1is controlled by a different microcomputer, the
coordinator, which is connected with the slave microcom-
puter through the common bus, and which coordinates the
operation of the system.

The cell used throughout this study was a three elec-
trode cell with a dropping mercury electrode (DME) as a
working electrode, a cylinder of platinum gauze for the
counter electrode, and a saturated calomel electrode (SCE)
as a reference electrode. The DME was made from a 6 to
12 second capillary and the height of the mercury was
adjusted to give a 9.0 second drop time. The cell also
includes a glass bubbler through which nitrogen was passed
to expel the oxygen from the solution. During an experi-
ment, the bubbler was raised above the solution so the
nitrogen continued to flow over the top of the solution.
The nitrogen was bubbled through the 250 ml gas washing
bottles containing vanadous chloride solution and heavily
amalgamated zinc, and through distilled water before it
entered the cell.

The operation of the pulse generator is as follows:
the slave microcomputer loads the DAC with a 10 bit word.
The selected output voltage of the DAC, Vj,~, 1s connected
through the inverter Al and switch SW1l to capacitor C1,

or through any switch SWI to the corresponding capacitor
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CI. This produces a precise charge q = CI Vpac which is
stored in the selected capacitor. In order to inject

the charge to the cell, the slave microcomputer switches
the appropriate switch to position 3. The operational
amplifier, A2, senses a difference in the voltage between
the positive and negative input and through the negative
feedback, which contains the counter and the working
electrode, tries to eliminate this difference by forcing
an opposite charge through the counter electrode. The
result of this operation of the amplifier is that the
charge stored in the charging capacitor is quickly trans-
ferred to the working electrode of the electrochemical
cell. The amount of charge that the pulse generator
injects to the cell depends on the selected output voltage
of the DAC and on the selected charging capacitor. In-
verter Al provides the same output voltage but opposite in
sign from the DAC, i.e., -Vp,-. So in order to inject
charge of identical magnitude but opposite sign, the
slave microcomputer does not have to load the DAC with

a different word but it simply selects the appropriate
switch. The design details of the electronic components
of the pulse generator and the voltage measurement system
are given in Chapter 4. In the present form the coulos-
tatic generator uses two charging capacitors Cl and C2
with capacitance 0.001 uF and 0.01 uF respectively.

Capacitor C2 is used to inject negative charge to the
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cell and capacitor Cl is used to inject positive charge.

The pulse generator injects charge to the cell and
the voltage measurement system monitors the potential of
the working electrode. The control logic determines how
these two simple operations must be used in order to
control the potential of the working electrode at a desired
value. A multimicrocomputer system was used as the con-
trol logic. The multimicrocomputer system was developed
jointly with James E. Hornshuh (32) and Erik M. Carlson
(33) and was used for real-time control of the pulse
generator and the voltage measurement system. Details of
the computer architecture and its operation are given in
Chapter 5.

Since all the instrument control and the data ac-
gquisition functions are under computer control, an operat-
ing software system was developed which was based on the
use of the CONVERS-M software system (33). CONVERS-M
is a new dynamic programming technique which allows the
operator to create his own commands, and which is designed
to operate in the multimicrocomputer system. The new
commands are subroutines written in assembly language.
Once these subroutlines have been written and entered in
the system software library they can be called up and
executed in one of two ways: the name of the subroutine
can be entered at the terminal for immediate execution or

the subroutine name can be included 1n another software
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routine as a line of code. Thus the operator can create
his own specific subroutines to operate and control his
instrument and use these subroutines as a line of code in
a more sophilsticated routine to perform an experiment.
Each microcomputer has its own subroutine library and it
operates independently from the other microcomputers of
the system. The coordinator coordinates the operation of
the slaves and regulates when and which subroutine must
be executed in each slave so that the total operation of
the system becomes a unified function. This programming
technique allows the maximum operating speed of the
system since a number of different tasks can be performed
at the same time. Appendix A includes listings of the
basic programs used during this work. Appendix A also
includes the name and the function of the subroutines
used during this work. For the purpose of the discussion
in this chapter we can consider the multimicrocomputer
system as a unified operational unit and that the execu-
tion of any program is the continuous execution of instruc-
tions.

In order to understand the operation of the coulostatic
generator and to study its characteristics, two cases will
be examined: the potential of the DME 1s constant, and

the potential of the DME 1s a function of time.
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B. Constant Electrode Potential

Although the coulostatic generator has the ability to
control the electrode potential at positive and negative
values versus the SCE, only the negative values will be
examined.

The flow chart of the program used to maintain the
potential of the DME at a constant value is shown in
Figures 3 and 4. The program starts with an initial
dialog to obtain the values of the run parameters. The
program displays the name of the parameters and thelr
default values on the CRT. The operator can change the
value of any parameter by entering the name of the param-
eter and its new value. The computer checks the validity
of each entry and updates the CRT display. If an illegal
parameter or value is entered, the computer ignores the
last entry and reads out a question mark and waits for a
new entry. A new value for any parameter becomes the
new default value.

The significance and the legal values for the run

parameters are as follow:

VPULSE : It determines the output voltage of the DAC,
and the voltage at which the charging capacitor
will be charged. VPULSE can be varied from

-5 mV to -2500 mV.
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It determines the potential of the DME vs
S.C.E. at which the working electrode must be
kept. VCELL can be varied from 0 mV to -2500
mV vs S.C.E.

For each VCELL the computer assigns two new
values to it. VMAX = VCELL + DVCELL and VMIN
= VCELL - DVCELL. VMAX and VMIN are the per-
missible limits between which the electrode
potential must lie. DVCELL can be varied

from 2 mV to 2500 mV.

It determines the time, after the beginning

of the drop, at which the system will start

to control the electrode potential. 1Its

value can be from 0 msec to 36000 msec. It
has been observed that the control of the
electrode potential very early in the drop
life i1s not accurate. The rate at which the
double layer capacitance of the DME is changing,
at the early 1life of the drop, is very big and
the coulostatic generator cannot control the
electrode potential accurately during that
period. Some time after the beginning of the
drop the rate at which the double layer capacil-
tance is changing is much smaller and the con-
trol of the electrode potential becomes more

accurate. 100 msec has been found to be the
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minimum value of TEXP for consistently accurate
control of the electrode potential.

After TEXP msec from the beginning of the

new drop the coulostatic generator will start
monitoring the electrode potential, and will

try to bring it to VCELL by injecting charge

to the working electrode. Each value of the
electrode potential that the computer measures
will be stored in the memory and it can be
plotted on the CRT. After the electrode
potential reaches the desired value, the computer
continues to monitor the electrode potential

and injects, if it is necessary, more charge

to the working electrode to maintain its po-
tential constant. From that time until the

end of the drop, the computer stores and plots
only the nth measured electrode potential

value. So a 200 value for the DELAY parameter
means that after the electrode potential reaches
the desired value only the 200th measured value

will be stored and plotted.

A special character (#C) terminates the dialog and

the computer starts the experiment.

In order to coordinate the operation of the coulostatic

generator with the beginning of a new drop and to measure

the exact time of the drop life, a software drop fall
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detector was used to detect the drop fall. The basic
principle of the software drop fall detector is that at
the instant of the drop fall there is a sudden and large
change in the electrode potential, which is due to the
fact that the drop carries away all the charge that has
been stored in the double layer capacitor. If the measure-
ment of the electrode potential was made prior to any
addition of charge, the potential of the new drop will

be more positive than the previous one. If the measure-
ment was made after the addition of the charge pulse, the
potential of the new drop will be more negative or more
positive since the double layer capacitance of the new
drop is much smaller than the double layer capacitance of
the previous drop. Two new values (VEXT1, VEXT2) must be
assigned to each electrode potential to be used as "out-
of-control" limits so that the program can detect the drop
fall. The inltial dialog assigns these two values to each
VCELL. The value #100 mV has been found to be the best
value to define VEXT1l, and VEXT2 (VEXT1 = VCELL + 100

mV, VEXT2 = VCELL - 100 mV).

The DFDF program is a similar subroutine to the
program described in Figure 3. The only difference is
that DFDF does not store or plot the measured values of
the electrode potential.

After the detection of the drop fall and the beginning

of the new drop, the computer starts two real-time clocks.
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Clock 1 measures the time of the drop life. Clock 2
measures the delay time of the drop life. When t = TEXP,
Clock 2 sets a flag to indicate that the delay time has
elapsed and that the operation of the control system must
start. The rest of the program controls the addition of
charge pulses to the cell, stores the measured values in
the memory and plots these values on the CRT. When the
drop falls, the program stops the clocks, reads and stores
in memory the time of the drop life, and returns to the
calling program.

The drop time and the number of points that have been
acquired can be displayed on the CRT by entering the name
of the subroutine WRITEl in the keyboard. Also the operator
can store the acquired data on a floppy disk by entering
the name of the subroutine SAVEl in the keyboard. Prior
to storing the data on disc, SAVEl allows the operator to
write in the file name and any file header text from the
keyboard. Although the acquired electrode potential
information can be processed locally by the micro, stored
information is usually transmitted to the minicomputer
for final processing. The communication link between the
microcomputer and the minicomputer allows bidirectional
transfer of information between the two computers. De-
tails of the communication link architecture and its
operation are given in Chapter 6.

The final processing of the data is performed on the
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minicomputer to take advantage of the computational
ability of the minicomputer and to use the mini's peri-
pherals and especially its graphical capabilities. All
the data plots included in this thesis have been created
using an extremely powerful plotting program (MULPLT)
written by T. V. Atkinson (34).

A typical plot of the electrode potential versus time
obtained with the program described in this section is
shown in Figure 5. The run parameters for this plot are:
VPULSE = =300 mV, VCELL = 0 mV, DVCELL = 4 mV, TEXP =
100 msec and DELAY = 200. The number of points are 200
and the drop time is 8406 msec. The data were obtained

from a solution of 1 x 10"3 M cg®t

in 0.1 M KC1l. Oxygen
was expelled from the solution by passing nitrogen through
the solution for 5 minutes. The first measured value of
the electrode potential was more negative than VCELL so
the pulse generator started injecting positive pulses to
the working electrode in order to bring its potentilal
between VMAX and VMIN. 110 pulses have been added to

the cell to bring the electrode potential to the desired
value. After that point (B) one point every 200 measure-
ments was stored in the memory and plotted on the CRT
until the end of the drop (C). The total number of points
is 34910 and the time of the experiment is 8306 msec.

This corresponds to an data acquisition rate of ~U.2 kHz

(v238 usec/point period). VCELL was reached in 26 msec
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Figure 5. The electrode potential as a function of time.
Controlled potential = 0 mV.
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and for the rest of the drop life, 8280 msec, the potential
remained constant between 0 mV and -5 mV.

Figure 6 shows a plot of the electrode potential
versus time obtained with the same program and using the
same solution. The run parameters are: VPULSE = -300 mV,
UCELL = -1500 mV, DVCELL = 4 mV, TEXP = 100 msec, DELAY
= 200. The number of points are 22622 and the drop time
is 7354 msec. The data acquisition rate is ~3.1 kHz
(v321 psec)/point period). The difference in the data
acquisition rates is due to the fact that in the first
case (Figure 5) the coulostatic generator was injecting
positive pulses only. In the second case (Figure 6),
the coulostatic generator probably had to give both
positive and negative pulses in order to keep the elec-
trode potential constant after point B. VCELL was reached
in 7 msec and for the rest of the drop life (7247 usec)
the electrode potential remained constant at -1500% 10
mv.

In the early part of the plot shown in Figure 6 a
small curvature is observed. 1In order to observe the
electrode potential variations at the initial part of
this plot, and to understand the cause of the curvature,

a new scan was made using the same solution and the same
program but with different values of the run parameters.
The run parameters are: VPULSE = -1500 mV, VCELL = -1500

mV, DVCELL = 4 mV, TEXP = 3000 msec, DELAY = 200. The
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result is shown in Figure 7, plot I. The beginning of the
experiment was moved to a different period of the drop
life (TEXP = 3000 msec), at which time the double layer
capacitance of the working electrode 1s larger and the
rate of change of the double layer capacitance is

smaller. The value of VPULSE had to be increased to

-1500 mV in order to have a good control of the electrode
potential. The presence of some electroactive species in
the solution 1is obvious from this plot (1 x 1073 ca®* in
this case). The shape of this plot can be explained as
follows: Prior to any addition of charge, the electrode
potential is at some equilibrium value at which no Faradaic
reaction occurs. After the addition of one charge pulse,
the electrode potential is moved to a new value. Initially,
all the charge injected to the working electrode per pulse
is used to charge the double layer capacitor and change
its potential to a new value. After a certain value of
the electrode potential, a Faradaic reaction (the reduction
of catt) starts. After that electrode potential, the
charge that is injected to the DME is used not only to
charge the double layer capacitor but also to supply the
necessary Faradaic current for the reduction. The change
of the electrode potential per charge addition is smaller
now. As the electrode potential moves to more negative
values, the Faradalc reaction rate increases until it

reaches its diffusion limited value (point B). After
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that point, the "Faradaic charge", the charge that must
be added to the cell in order to keep the Faradaic reac-
tion at 1ts diffusion limited value, is constant, so the
effect of the "Faradaic charge" on the potential variation
after the addition of each pulse is constant. The addi-
tional charge, also constant, charges the double layer
capacitor along the almost linear transition from point
B to point C.

The potential variation, as a function of time, in
a blank solution containing the supporting electrolyte
only (0.1 M KCl), is shown in Figure 7, Plot II. The run
parameters for Plot II are the same as in Plot I.

The above method is a form of chronopotentiommetry on
a DME. Although the electrode area is changing with
time, the above method can be used in a manner similar to

chronopotentiommetry for analysis.

C. Electrode Potential as a Function of Time

In the previous section, the method of controlling the
potential of the DME at a fixed, constant value was dis-
cussed, and some examples of the operation of the coulos-
tatic generator were given. In this section, the discus-
sion will be extended to more complex potential excitation
waveforms.

A number of different potential excitation forms have

been used in electrochemistry in order to perturb the
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equilibrium of chemical system. The response of the
chemical system to these voltage waveforms has been used
for quantitative and qualitative analysis. In the conven-
tional electrochemical system, the potential excitation
waveform 1s generated by dedicated hardwired logic. To
change the excitation waveform, some changes must be

made to the hardware logic of the system. The data ac-
quisition system 1s also controlled by dedicated hardwired
logic in the conventional electrochemical systems, and in
order to change 1t, some changes must be made to the hard-
ware logic of the system. In the automated electrochemical
system, in which the operation of the system is under com-
puter control, the potential excitation waveforms are
generated by the software logic. The same hardware logic
is used to generate any potential excitation waveform
simply by changing the control program. The same flexi-
bility is offered for data acquisition in the auto-

mated electrochemical systems. The same hardware logic
can be used in different ways, determined by the software
logic. The coulostatic generator described here offers
this flexibility.

In order to illustrate the method used to generate
and apply, to the electrochemical cell, any potential
excitation waveform, one example will be studied, i.e.,
the generation of a ramp.

Figures 8, 9 and 10 show the flow chart of the program
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Figure 10. Flow chart of the program SCANV. Third part.
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used to generate and apply a ramp to the electrochemical

cell.

The program starts with an initial dialog to obtain

the values of the run parameters. This initial dialog

is similar to the initial dialog described in Section B

and the same discussion applies to it. The significance

and the legal values for the run parameters are as follows:

VPULSE

Again VPULSE determines the output voltage

of the DAC. TIts value can be varied from

-5 mV to -2500 mV. VPULSE determines the
amount of charge that the pulse generator
injects to the cell per charge pulse. For
negative pulses q_ = VPULSE x 0.001 uF and
for positive pulses q, = VPULSE x 0.001 wF.
The amount of charge that the pulse generator
must inject to the cell per pulse in order

to keep the electrode potential constant de-
pends on the concentration of the supporting
electrolyte, the concentration of the
electroactive species, the desired electrode
potential, and the time of the experiment.

In order to find the optimum value for
VPULSE the operator can run the program
described in Section B and observe the effect
of VPULSE on the accuracy of the potential
control for the particular potential range

of interest and solution. Once the optimum
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value for VPULSE has been found it can be
used from then on for all solutions of
similar composition.

VINITIAL : Determines the starting value of the ramp.
Its value can be from 0 mV to -2500 mV.

VFINAL : Determines the final value of the ramp.
Its value can be from 0 mV to -2500 mV.

DVSTEP : It determines the difference of the elec-
trode potential between drops. Its value
can be from 2 mV to 2500 mV.

TEXP : It has the same significance as in Section

B.

The initial dialog calculates VMAX, VMIN, VEXT1,
and VEXT2 for the first value of the electrode potential
(VINITIAL). To calculate VMAX and VMIN the value 4 mV
is used, and for VEXT1l, VEXT2, the value 100 mV is used.
To start the experiment, a special character must be
entered from the keyboard (4C). After the detection of
the drop fall, the computer starts the two real-time clocks
and clears the two 16-bit software counters; COUNTER 1,
and COUNTER 2. After TEXP has elapsed, the computer
measures the electrode potential and if it is not equal
to VINITIAL it asks the pulse generator to inject posi-
tive or negative pulses in order to bring the electrode
potential to VINITIAL. When the electrode potential

reaches the desired value, the computer stores this first
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"good" value and continues to control the addition of the
charge pulses in order to maintain the electrode potential
constant. Each measured potential value that is not beyond
the two extreme values VEXT1 and VEXT2, is added to a 32-
bit software buffer and the number of measurements is
increased by one. When the program detects the drop fall,
it stops the clocks and stores the drop time. Then it
resets and restarts the clocks. In the few following steps
the program stores some information concerning this drop.
In the following steps the program calculates the potential
which the next drop must be and checks this value to

see if this is the end of the scan. If VNEXT < VFINAL

the program stores VNEXT and calculates the new values

for VMAX, VMIN, VEXT1l, VEXT2, and jumps to the TEXP

timing loop. If VNEXT > VFINAL the program stores the
number of drops (M) and returns to the calling program.
After the end of the scan the operator can store the
acquired data on a floppy disk by entering the name of

the subroutine SAVEZ2 in the keyboard. The stored informa-
tion is transmitted to the minicomputer for final processing
and final plotting. A listing of the programs used in the
minicomputer for data processing is given in Appendix B.
The stored information includes: the number of drops (M),
the first "good" and the last "good" electrode potential
values for each drop, the sum of all "good" values and

the number of measurements (N) for each drop, the
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theoretical value of the electrode potential for each
drop, and the drop time for each drop.

Figure 11 shows three software generated ramps. 1In
this figure the calculated values of the electrode poten-
tial are plotted as a function of time. The run parameters
for Plot 1 are: VPULSE = -200 mV, VINITIAL = 0 mV, VFINAL
= -1000 mV, DVSTEP = 100 mV, and TEXP = 100 msec. For
plot 2 and plot 3 the run parameters are the same as be-
fore except DVSTEP which has the value 50 mV and 10 mV
respectively. The sweep speed for ramp 1 is 0.656 V/min,
for ramp 2 is 0.342 V/min and for ramp 3 is 0.0728 V/min.

Figure 12 and 13 show the agreement between the theo-
retical ramp, generated by the program, and the actual
ramp applied to the cell by the system. In these plots
the average values of the electrode potential have been
plotted against the calculated potential values. The
data were obtained from a solution of 1 x 1073 M ca?t
in 0.1 M KCl. Nitrogen was passed through the solution
for 5 minutes before the experiment. For the plot in
Figure 12 the run parameters are VPULSE = -300 mV, VINITIAL
= 0 mV, VFINAL = -1000 mV, DVSTEP = 50 mV, and TEXP =
100 msec. For the plot in Figure 13 the run parameters
are: VPULSE = -300 mV, VINITIAL = 0 mV, VFINAL = -1000

mV, DVSTEP = 10 mV, and TEXP = 100 msec.
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Figure 12. The actual ramp applied to the cell as a func-
tion of the theoretical ramp. DVSTEP = 50 mV.
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D. Effect of the Supporting Electrolyte

In the two previous sections the methods used to
generate simple and complex potential excitation forms
were discussed, the effects of the run parameters were
studied and some examples of the data obtained from real
solution were given. All these test solutions contained
0.1 M KC1 as supporting electrolyte. 1In this section,
the effect of the supporting electrolyte on the perform-
ance of the coulostatic generator will be discussed.

Since the electrochemical cell is in an open circuit
and all potential measurements are made when no. net cur-
rent is passing through the cell, the performance of the
coulostatic generator should not be affected by the con-
centration of the supporting electrolyte. A set of solu-
tions with different concentrafionscﬂ‘supporting electrolyte
were prepared and the test programs described in Section
B and Section C were used to observe the performance of the
coulostatic generator. The data obtained from these
tests indicate that the characteristics of the coulostatic
generator are not affected by the concentration of the
supporting electrolyte. Concentrations as low as 0.001 M
KC1l may be used with no appreciable effect.

Figures 14 and 15 show the electrode potential varia-
tions as a function of time. These data were obtained
from a solution of 1 x 10'“ M Cd2+ in 0.0001 M KC1 as

supporting electrolyte using the test program CELLTS
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(Section B). The run parameters for the plot in Figure
14 are: VPULSE = -250 mV, VCELL = 0 mV, DVCELL = 4 mV,
TEXP = 100 msec, DELAY = 200. The total number of points
are 37275 and the drop time is 8998 msec. The run param-
eters for the plot in Figure 15 are: VPULSE = -250 mV,
VCELL = 0 mV, DVCELL = 4 mV, TEXP = 100 msec, DELAY = 200.
The total number of points are 29223 and the drop time is
7896 msec. The time that the system needs to establish

a good control over the electrode potential is about 397
msec (Point C). After that point and until the end of
the drop (7399 msec) the system controls the potential

at a constant value within %10 mV.

Figure 16 shows the agreement between the theoretical
ramp, generated by the program SCANV (Section C) and the
actual ramp that the system applied to three different
solutions. The run parameters for the three plots shown
in Figure 16 are: VPULSE = -300 mV, VINITIAL = - mV,

VFINAL = -1500 mV, DVSTEP

50 mV, TEXP = 100 msec. The

solution used contained 1 x 10~% M cat

y 2+

in 0.1 M KC1

(Plot 1), 1 x 107" M cd

M

in 0.001 M KCl1 (Plot 2), and
1 x 100" M Cd2+ in 0.0001 M KC1 (Plot 3). Plot 2 and Plot
3 have been shifted by 100 mV and 200 mV respectively in

order to be plotted in the same figure.
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The actual ramp applied to the cell as a func-
tion of the theoretical ramp for three different
solutions of KC1l as supporting electrolyte

(Plot 1 0.1 M KC1l, Plot 2 0.001 M KC1l, Plot

3, 0.0001 M KC1).
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E. Implementation of the Coulostatic Generator in the

Basic Polarization Technigues

In the previous sections the operation and the
characteristics of the coulostatic generator were dis-
cussed. Also in Section B, the software drop fall detector
used to synchronize the system with the beginning of the
drop was discussed. The software drop fall detector does
not require any extra hardware logic and so it is not
critical in its adjustment. The flexibility of the system
to generate different potential excitation waveforms was
illustrated in Section C. The real flexibility that the
system offers can be seen by its ability to perform a wide
range of electrochemical experiments where the current or
the potential must be measured or controlled. Since the
operation of the system is under computer control, and
the operating program determines the type of the experi-
ment that the system will perform, the operator can choose
almost any polarization technique to work with in order to

obtain the best response of the studied chemical system.

l. Controlled Potential Experiments

One of the obvious applications of the coulostatic
generator is in experiments involving control of the elec-
trode potential while measuring the resultant current.

The current needed to maintaln the potential constant at
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a particular value can be calculated directly from the
charge content of the pulses and the number of pulses used
during a specific time. In addition, information regarding
the differential double layer capacitance can be obtained
by measuring the potential immediately before and after
the addition of a charge pulse. Once the differential
double layer capacitance has been calculated in the par-
ticular potential range of interest, the system can be
used to produce potential step functions. A large charg-
ing capacitor can be used to rapidly change the potential
to a new value, and then smaller charge pulses can be

used to maintain the potential constant. Since the large
pulse 1s used to change the double layer capacitor to the
new potential value, the number of the smaller pulses,
used to maintain the potential constant, give the inte-
gral of the Faradaic current. This provides a very

effective way to compensate the charging current effects.

2. Controlled Current Experiments

The coulostatic generator can be used as a current
source for controlled current experiments in which a
constant current 1s passed between the working and the
counter electrode, and the potential of the working elec-
trode is measured as a function of time. By injecting
charge pulses at constant time intervals to the cell, the

coulostatic generator acts as a current source. The
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average current supplied by the coulostatic generator is
controlled by the charge content and the rate at which
the pulses are applied. Different current densities can
be obtained under software control simply by changing
these time parameters. In addition, rapid current steps
or complex current waveforms can be created simply by
programming changes. Agaln the differential double layer
capacitance can be calculated from the potential measure-

ments immediately before and after the addition of charge.
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CHAPTER 3

POLAROGRAPHIC MEASUREMENTS USING THE

MICROCOMPUTER CONTROLLED COULOSTATIC GENERATOR

A. Introduction

The operation and the characteristics of the coulo-
static generator, and its possible implementation in the
basic polarization techniques have been described in
Chapter 2. In this chapter the application of the coulo-
static generator in polarography will be discussed.

In 1920 Jaroslav Heyrovsky used a dropping mercury
electrode to observe the current-voltage curves obtained
from an electrochemical cell, and he set the basis for a
new electrochemical technique, named polarography. The
basic principle of polarography 1s the application of a
potential excitation signal to the cell, and the display
of the resulting current as a function of the applied
potential. The current-voltage curves can be used for
both quantitative and qualitative analysis, and polaro-
graphy has been used not only for the determination of
inorganic ions but for organic substances as well. It can
also be applied to solutions in some nonaqueous solvents.
Polarography is probably the oldest instrumental method
of analysis which is still under development, and as a

classical method of analysis it has been described in many

54
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books (35-38).

When a potential sufficient to reduce the surface con-
centration of the electroactive species to less than 1%
of the bulk concentration is applied to the DME, the rate
of the electrode reaction becomes diffusion controlled.
Passage of current requires material to be transported
to the electrode surface as well as away from 1t. Starting
from Fick's second law of diffusion, a relationship can
be developed to describe the diffusion limited current as
a function of the concentration and the diffusion of the
electrocactive species. According to Fick's second law

of diffusion, (38)

dC(x,t) _ DA°C(x,t) (1)
3t = T2

where D represents the diffusion coefficient, C the con-
centration of the electroactive speclies at distance x
from the electrode surface, and t the amount of time that
the concentration gradient has existed. Equation 1 can

be solved to give a relationship for the concentration in

terms of the parameters x and t:

C(x,t) = OorT (or7z773) (2)

By taking the derivative of Equation (2), the concen-

tration gradlient at the electrode surface can be found:
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C
= (3)
—o | FI72p172.172

ac
(& _
This gradient produces a flux of material crossing
the electrode boundary which can be expressed in terms of

the electrode current, 1i:

[
1

nFAD (%%) (h)

where n 1s the number of electrons involved in the reac-
tion, F the faraday, and A the area of the electrode.
When Equation (3) is substituted into this relation, an
expression for the semi-infinite linear diffusion current

is obtained:

. - nFacpl/2 (5)
n172t1/2
(Cottrel Equation)

The above diffusion current equation can be extended
to include the dropping mercury electrode by approprilate
substitution for the area of the electrcde. The area of
the DME as a function of the experimental parameters is

given by Equation (6):

A = (un)l/3 32/3 m2/3 t2/3 d-2/3 (6)

where m is the mass flow rate of mercury from the orifice
of the capillary, t the 1life of the drop, and d the density

of the mercury under the experimental conditions.
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By substituting Equation (6) to Equation (5) the cal-
culated diffusion current for the dropping mercury elec-
trode 1s obtained:

. _ 1/2_2/3,.1/6
(1t)calc. = 464 nCD m t (7)

Experimental tests indicate that the constant in
Equation (7) 1s too small by a factor of V¥7/3. This cor-
rection factor is due to the fact that the growth of the
mercury drop happens in the solution away from the capillary
orifice. Thus the correct diffusion current expression

for a dropping mercury electrode is:
i+ = 706 ncpY/2m2/3¢1/6 (8)

which gives the current at any time up to the 1life time

of the drop. If the drop time, t 1s substituted, the

ds
Ilkovic equation is obtained:

14 = 706 ncpl/2p2/3,1/6 (9)

For reversible reactions the applied potential is
related to the polarographic current by the Nernst equa-
tion:

i.-1

d (10)

E=E T

0.059
1/2 + n log
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where 1 i1s the current at a particular applied potential.
The half wave potential, El/2’ is defined as the potential
at which the current is equal to id/2 and it is also
related to the standard electrode potential, E°, of the

electroactive species according to:

1/2
- 0.059 oXx
red

where Eref is the potential of the reference electrode

and Dox and Dred are the diffusion coefficients of the
oxidized and reduced species respectively. Because El/2
is directly related to the standard reduction potential of
the redox couple, it is useful for qualitative analysis of
electroactive species.

B. Determination of ca°t

In order to use the coulostatic generator in the

polarographic determination of Cd2+

in a solution, the
program described in Figures 17, 18, and 19 was used.
This program was used to generate and apply a ramp to the
cell and to measure the resulting current as a function
of the electrode potential.

The program starts with an initial dialog, similar to
that described in Chapter 2, Section C to obtain the values

of the run parameters. The significance and the legal

values for the parameters VPULSE, VINITIAL, VFINAL, and
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INITIAL DIALOG

VPULSE,VINITIAL,VFINAL
DVSTEP,DELAY

l

LOAD DAC

DFDF

TART CLOCK2
CLEAR N,M,P

DELAY

MEASURE

VCELL

YIC¥MIN VI>VMAX
61IVE ONE CHECK GIVE ONE ]
- PULSE 4\\\\\\\ + PULSE
VMAX>VIDVHIN
START
cLoCK2
Figure 17. Flow chart of the program POLARl. First part.
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®

CALCULATE
YNEXT

VHAX,VMIN

VEXT1,VEXT2

VNEXTCVFIN

RESET N,P ><:)
M=M+1 2

l

STORE M

RETURN

Figure 19. Flow chart of the program POLARl1. Third part.
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DVSTEP are the same as in SCANV program (Chapter 2C).

The parameter DELAY has the same significance as the
parameter TEXP in the SCANV program and it indicates the
delay time between the beginning of the drop and the
beginning of the experiment. A 16 bit software counter
has been added in this program which measures the number
of negative pulses that the system injects to the cell
in order to keep the electrode potential constant.

After the detection of the drop fall, the computer
starts CLOCK2. After DELAY has elapsed, the computer
measures the electrode potential and if it is not equal
to the desired value, the computer asks the pulse generator
to inject positive or negative pulses in order to bring
the electrode potential to the controlled value. When the
electrode potential reaches the desired value, the computer
starts CLOCK1l and continues to control the addition of
charge pulses in order to maintain the electrode potential
constant. Each measured potential value that is not beyond
the two extreme values VEXT1 and VEXT2 is added to a 32-
bit software buffer and the number of measurements (N)
1s increased by one. After every injection of a negative
pulse to the cell, the tally of the number of negative
pulses (P) is increased by one. When the program detects
the drop fall, it stops the clocks and stores the time that
has been elapsed from the moment that the electrode poten-

tial reaches the desired value until the end of the drop.
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Immediately after that,the program resets and restarts
the clocks. In the following steps the program stores
some information (N, P, Vtotal, Vcalcul.) concerning this
particular drop and calculates the potential at which the
next drop must be. If VNEXT < VFINAL, the program stores
VNEXT, calculates the new values for VMAX, VMIN, VEXT1,
VEXT2 and jumps to the DELAY timing loop. If VNEXT > VFINAL,
the program stores the number of drops (M) and returns
to the calling program. By entering the name of the sub-
routine SAVE2 in the keyboard, the operator can store the
acquired data on a floppy disk. The stored information is
transmitted to the minicomputer for final processing and
final plotting.

The current which the system provides to the cell in
order to keep the electrode potential constant can be

calculated from the equation

C2'VPULSE'P

where C2 is the value of the charging capacitor, VPULSE
is the charging voltage and P is the number of the negative
pulses injected to the cell during time t. The quantity
Vtotal and the number of points (N) can be used to calcu-
late the average electrode potential of each drop.

The plot of the calculated current versus the average

electrode potential should look like a smooth polarogram.
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Figures 20, 21, and 22 show the polarograms obtained from

2+

different solutions of Cd in 0.1 M KC1l as supporting

electrolyte. The run parameters for these polarograms
are: VPULSE = -300 mV, VINITIAL = 0 mV, VFINAL = -1500
mV, DVSTEP = 50 mV, DELAY = 100 msec. Table 1 contains

2t 2nd the diffusion

a listing of the concentrations of Cd
limited current corresponding to each polarogram. Figure
23 shows a plot of the measured diffusion limited current

2+

as a function of the concentration of Cd in the solution.

The working curve has a slope of 4.6 x 103 and an inter-

2

cept of 2.314 x 107, and as it can be seen, it does not

deviate from linearity in the studied range of concentra-

2+ (1 x 1073 Mto5 x 10°° 2%,

tions of Cd M Cd Figure 24
shows a plot of log Id versus log C.

The accuracy of the classical polarographic method
is of the order of 1 percent in the concentration range

from 10'2 down to about 10‘“

molar, and of the order of

5 percent between 10“” and 10_5 molar. The lower detec-
tion limit of the classical polarographic method is in the
neighborhood of 10'6 molar (35). One of the main factors
which determines the accuracy and sets the detection
limits in the conventional DC polarography is the charg-
ing current. The charging current 1s part of the measured
current in the electrochemical cell and it is used to charge

the double layer capaclitor of the working electrode to the

controlled potential. In order to improve the accuracy
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5 x 100 ca?t 1n 0.1 M KC1 solution (2),

1 x 10”2 cd®t in 0.1 M KC1 solution (3).
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Table 1. Diffusion limited current at various concentra-

tion, of Cd2+ in 0.1 M KC1l as supporting electro-
lyte.
Cd2+ Concentration Id Figure
M pA
1x1073 4.60 20-3
5x10'u 2.40 20-2
1x10‘” 0.47 21-3
5x107°2 0.27 21-2
1x107° 0.05 22-3
'leo"6 0.027 22-2
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Figure 23. The working curve for Cd2+ determination.
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Figure 24. Plot of Log Id versus Log C for Cd2+ determina-
tion.
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and the detection limits of the polarographic method, the
charging current must be reduced or eliminated from the
current measurements.

The DC capacitance current is given by

Lo = amy (&t (m)
where q(m) is the surface charge density and k is a con-
stant. The ratio of the Faradaic current to the DC capaci-
tance current is directly proportional to the drop time t
at which the current measurement is made. Thus, in order
to have the maximum sensitivity, i1t 1s desirable to control
the electrode potentlal at the desired value late at the
drop life.

The electrochemical system described here provides
an easy way to do so. The operator has the abllity to
choose any time of the drop life to start controlling the
electrode potential and to measure the resulting current.

Figure 25 shows the polarograms of a solution contain-
ing only the supporting electrolyte, 0.1 M KCl, obtained
at two different periods of the drop life. In the first
case (Plot 1) the experiment started after 100 msec from
the beginning of each drop (DELAY = 100 msec) and in the
second case (Plot 2) the experiment started after 5000
msec from the beginning of each drop. There stilll 1s some
amount of charging current after 5000 msec from the beginn-

ing of the drop but compared to the first case there is a
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Figure 25.

Polarogram of 0.1 KC1l solution of two different
periods of the drop life: DELAY = 100 msec (1),
DELAY = 5000 msec (2). The current at the init-
ial part of the polarograms is equal to zero
because the program is written so that only

the negative charge pulses are counted.
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drastic improvement in the base line.

When the potential of the working electrode is sudden-
ly stepped from one initial value to a new value, sev-
eral components of the measured current must be con-
sidered (4). First there is the pulse Faradaic current
which is proportional to the concentration of the electro-
active species. Second there is the pulse capacitance
current required to change the electrode double layer to
the new potential. To optimize the sensitivity, the ratio
of the Faradaic current to the sum of all other currents
must be maximized.

The pulse Faradaic current is given by

2

D 1/2 P,$ -PA
1 = nFAC(=%) ( 5 ) (14)
§+P, 6 +PA+PA5
where
E.+E
_ 1 "2 _ nF
and
' F
(E,-E{)Em
8§ = exp (__E_El_ﬁz) (16)
El and E2 are the potentials between which the potential

is stepped. As the pulse potential becomes more negative
than E1/2’ P, approaches zero, so the limiting current ob-

tained is the Cotrell current (Equation 5).






e
The pulse capacitance current 1s given by

) (17)

¢

i = (AE/r)exp(—t/er1

where t is the time after the step application, is the

Ca1
capacitance of the electrode double layer and r is the solu-
tion resistance. Since the pulse capacitance current de-
cays more rapidly than the pulse faradaic current, the ratio
of the two currents continues to 1ncrease as the current
measurement is delayed after the step application.

The total faradaic current, after the application of
a potential step to the drop is equal to

t t

_ S
g = b7 ipp ¢+ ftp ipcr (18)

L}

The limiting pulse faradaic current (iPF) is given by Equa-
tion (5) and it is a current spike decaying with time to a
diffusion limiting value. The DC faradaic current (iDCF)
is given by Equation (9). The average current after the ap-
plication of the potential step until the end of the drop

is equal to

14 t

& L 1a1=T = nFacpl/2n=1/2 1 p7li-1/24¢
a° £ o
1/2.2/3 _1__ ,a
+ 706nCD™ “m I3
(Tq=T2) 'm,
pl/64mp (19)
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where t1 is the time required for the pulse faradaic cur-
rent to reach the diffusion limited value, T2 is the drop
time corresponding to tl and Td is the end of the drop.

If the potential step 1s applied at two different periods
of the drop 1life, the ratio of the two average currents will

be equal to

1 _
nFAchl/2 1/2 g. It 1/2
1 o]
t'
1 [o]
1/2_2/3 1 T 1/6
+ 706nCD m JarT aT
(Td-T2) T2
/2. 2/3 1 Ta ,1/6 (20)
1
+ 706nCD m J T at'!
(TE-T3) T

By substituting Equation (6) into Equation (20), the ratio

becomes
12/3 L e-12g0 + J T 1 p'd q1/647
1t % 3 (T4-T,) T,
m2/3 1 1 c12g0 T 1 Ta 1640,
ST B 3 Me=T3) 14
(21)

or
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2/3 =1/2 6
T]. X2th "’JQ%XT

v2/3 "'1/2 7
T1 X 2 X tl + Jg X

1/6
(Ty-T5)
a""2 (22)

oy | %

x (1 -11)%/6

Tland Ti corresponds to the drop time of which the potential

step is applied. For t, = 0.554 sec, ti = 0.007 sec, T1

= 5 sec, T, = 5.55U sec, T{ = 0.1 sec, T, = 0.107 sec, and
Td = 9 sec the ratio of the two average currents is equal
to 1.35. This indicates that the sensitivity increases
as the pulse step is applied later in the drop life.

Figure 26 shows the polarogram of a solution of 5 x 10"6
M Cd2+ in 0.1 M KCl1l obtained with different run parameters.
In the same figure the polarograms of the blank solution
are shown. For plots 1 and 2 the run parameters are:
VPULSE = -300 mV, VINITIAL = 0 mV, VFINAL = 01500 mV,
VSTEP = 500 mV, DELAY = 100 msec. For plots 3 and 4 the
run parameters are: VPULSE = -300 mV, VINITIAL = -500 mV,
VFINAL = -900 mV, VSTEP = 20 mV, DELAY = 5000 msec. Plots
3 and 4 have been shifted by 0.2 units in order to be
plotted in the same figure with Plots 1 and 2. The charg-
ing current has been removed from the polarographic wave
of Cd2+. Also the diffusion limiting current has been
increased so that the accuracy and the detection limits
have been improved (Plot 3 and 4).
A new working curve for the determination of Cd2+

was obtalned using DELAY = 5000 msec. Figure 27 shows the
polarograms of a 1 x 1072 M ca®t (4), 5 x 10_6 M ca°t (3),
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Figure 26.

Polarogram of a 5 x 10~0 M ca?* in 0.1 M kC1
solution at different periods of the drop life,
and the corresponding polarogram of a blank
solution. DELAY = 100 msec (1,2), DELAY =

5000 msec (3,4).
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Figure 27.

Polarogram of a 0.1 M KC1l solution (1),

1 x 10°% M ca®* 1n 0.1 M KC1 solution (2),
5 x 10°° M ca®* in 0.1 M KC1 solution (3),
1 x 1072 M ca°t in 0.1 M KC1 solution (4).
DELAY = 5000 msec.
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6 2+

and 1 x 107~ M Cd (2) solution in 0.1 M KCl. The polaro-

gram of the blank solution is also shown in the same figure

(Plot 1). Figure 28 shows the polarogram of a 5 x 10-7

M calt

(2) in 0.1 M KC1l solution, and the polarogram of the
blank solution (1). The run parameters for the above
polarograms are: VPULSE = -300 mV, VINITIAL = -500 mV,
VFINAL = -900 mV, VSTEP = 20 mV and DELAY = 5000 msec.
Table 2 contains a listing of the concentrations of Cd2+
and the corresponding diffusion limited current. Figure

29 shows a plot of the diffusion limited current as a func-
tion of the concentration of cd2* in the solution. The
working curve has a slope of 8.9 x 103 and an intercept of
b

-8.9 x 10~ Figure 30 shows a plot of log Id versus log

C.

C. Selectivity

According to Equation 10 the plot of the electrode
potential versus log [(14-1)/i] should give a straight line
with slope equal to 0.059/n at 25°C, and the potential
where the log term becomes zero should be the half-wave
potential. 1In order to verify these predictions, two
polarograms of a 1 x lO'Ll M Cd2+ in 0.1 M KC1l solution were
taken with different run parameters. Figure 31 shows these
two polarograms. Table 3 contains a listing of the elec-
trode potentials and the corresponding log [(id-i)/i]

values. A plot of the log term versus the electrode
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Figure 28. Polarogram of a 0.1 M KCl solution (1) and a
5 x 10-7 M Ca®" in 0.1 M KC1 solution (2)

DELAY 