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Introduction

The failure of electroanalytical chemistry
to apply extensively the prineiples of Faraday's
laws, has been due primerily to the lack of a
direct reading coulometer. The author has
investigated several methods of current integra-
tion and has concluded that & direct curreat
amplifier with a feedback capacitor shows best
promise as & coulometer.

During the years 1833 end 1834, Michael
Paraday published the results of an extended
series of investigations on the relationship
betwoen the quantity of electriclity passed through
& solution and the amount of metal or other
substance liberated at the electrodes. His
conclusions may be expressed in the form of the
two following rules:

I. The quantities of substances set free at
the electrodes are directly proportional
to the gqueantity of electriclity which
passes through the solution.

Il. The same quantity of electricity sets
free the same number of equivalents of
substences at the electrodes.

Apparently there are no exceptions to these
laws, They are independent of the concentration
of the eleetrolyte; they are valid at 2ll temperatures
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and for all solvents. Whenever experimental
results would seem to indicate an exception, one
finds thet an addition to the desired electro-
chemical change, something else has taken place.
Soms of the product mey have been lost mechanieally
or sonverted by secondary chemlcal chenges or

there might have been leakege in the electrical
system. Certeinly, if all surrent is asccounted
for, Paraday's laws always hold.

The quantity of electrieity required to
libersate one equivalent of any substance should,
according to the second law, be independent of
the nature of the substance; this guantity called

a Paraday, is equal to about 96,500 smpere-sesconds

or goulombs.
It is surprising that these prineiples,

having been well known for more than a century,
were not exploited by snalytical chemists until
recent years. Ssebelledy and Somogyl (12)

were the pioneers in this field and coined the
term “goulometrie analysis.” They deseribe the
method of determining the amount of & material
by measuring the guantity of uuouhur'mqutm
to affect its complete chemieal change in an
elsctrolysis cell. Lingene (6) makes the dis-
tinetion between "primery coulometric analysis®
and "secondery coulometric snalysis". In the
former, the substance being determined undergoes
reaction at one of the eleectrodes. In the latter,
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it resets in solution with another substance
generated by an electrode reaction.
The Applicability of the NMethod

‘the spplicability of the method was
demonstrated by the founding fathers of coulo~
metry - Szebelledy and Somogyli - in & series of
papers in the %, Anal, Chem. in 1938. Some of
the procedures which they developed are as
follows:

I. Determination of Hydroghlorie Aeid.

Potassium chloride is added to the hydroechlorie
acid solution end electrolysed, using 2 platinum
cathode and & silver snode. A silver coulometer
is used to measure the quantity of electriecity.
Ihe resction is considered complete when a
bromoeresol green indicstor changes from yellow
to yellow green at pH 3.0«5.4. The results of the
enalysis of 0.1 Normal hydrochlorie solution in
over thirty runs showed & precision of about
0.024. Stenderdisstion of the same solution by
ordinery chemicel methods was precise to 0.04%.

Iz, : t of “

Potassium bromide is sdded to the solution
and electrolysed between platinum electrodes.
when the reaction is complete, excess bromine
imparts & yellow color to the solution, the resction
is stopped end the excess bromine is titrated.
Again a silver coulometer can be used.
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I1T. peterminstion of lydraszine.

When & solution of hydraszine, potassium bromide
sand potessium ehloride is electrolyszed, hydrogen
18 evolved at the sathode and nitrogen 8t the anode.
When the resction is complete, bromine begins to
sollsct, "

Controlled potential coulometry was originated
in experiments by Hiekling (3), who demonstrated
that cupriec ion could be determined by messuring
the coulombs regquired for reduction to the metal
on the platinum cathode. The purpose, of course,
of the controlled cathode potentisl is to sccomplish
the separation of the copper from other cations
which are in the solution. Hickling also developed
the technique of oxidising lodide iom to iodine
coulometrically.

Lingane () introduced & method for successive
determination of the halide ions by econtrolled
~ potential eoulometrie snalysis.

The determining factor for the aecursey of
coulometrie work is the current efficiency(the
percentage of the total eurrent cerrisd by the
desired electrode resction) There must be either
negligible or possibly constant secondary (undesirable)
chemical resctions to get ecsurate results.

in all controlled potential snalysis, the
current approximetes an exponential decey aocording
to the following equation (ss demonstrated by
Lingens (8):
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where: I, the initlsl current
I, the current at time
k is & constant

The current approsches zero {(or background)
asymptotically and there is thus no time vhen the
resction is truly complete, yet the reaction will
approach suffieciently near completion that this
fact is of minor analytical importance.

The classical spproach to the evaluation of
the integral [idt has slways been & chemical
coulometer. This is undeniably & very scourate
and precise method; however, to use & silver
coulometer to determine copper would merely
substitute the operetion of washing, drying, and
welghing the silver deposited in the coulometer
for the very same opersations on the copper deposited
in the electrolysis cell. Another example has
been the use of a titration coulometer %o determine
the quantity of a substance which eould have been
umm in the first place. A gas-liberation type
coulometer, while very accurate when proian pre~
cautions ere taken, is limited to micro-techniques
and leaves much to be desired in the way of convenience.
Turning to electronics, we find no partisular problem
where constant current methods ere appllieable but,
in the ecase of controlled potentianl coulometry,
the current must be free to vary. =Several approaches
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to the problem are reported in the literature,.
The more sipnifiecant attacks sre the following:

1.

2.

3.

ko

A ball and dise integrator controlled

by the pen-drive mechenism of an ordinary
recording fnmumhr. Its preeision
and sccursey was reported to be better
than 1% (7).

Thyretron relaxstion oselllator. The
number of discharges through the thyretron
over a period of time is proportional to
the coulombs through & resistor. Accourate
to within 1% as echecked sgainst & copper
wolght coulometer (5).

4 low-inertie integrating wotor (10).

The sngular veloeity of the srmsture is &
measure of the current supplied to 1%,
Hense the number of revolutions is e
measure of the quantity of slsctrieity.

A& low inertls motor, with very low friction
end 2 smell time constant within its
recommended range, is reproducible to
eround 0.1%.

Meites (9) reported & more accurate, but
relatively complex, instrument for in-
tegration of current in controlled poteatial
analysis, It was essentially & veloelity
servo system.
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5. A precision coulometrie integrator
has been designed by Booman (1). A modified
"uiller" integrator wes used., This was very
similar to the set-up studied by the author.
It differed in the use of & high-galn D.C.
amplifier with an input resistor and & "feedback”
resiator. This indifxeutanu results in the
amplification of the original ilnput signal., The
gein is approximately the ratio of the "feed-back”
resistance over the input resistance. This extends
the appllicablility of the instrument down into the
very low current renge. The standard deviation was
loess than 0.057 over the range of 10 miero-amps
through 100 milli-amps.

The first three systems, while easily
applicable %o techniques involving limited ecurrent
variation, are not well adapted to ascurete inte~

gratlon over as wide a range &s is encountered in
| controlled potential analysis.

Heitos velosity serve system does possess
the desired characteristies snd sceouraey. However,
becsuse of its relative complexity and high ocost,
it was not given further study.

gareful consideration of all fasctors led the
suthor to press in the direction of cireultry
employing & high-gein D.C. smplifier with a
fesd~baek capacitor. Although this ecircuit has
been used 83 & basiec component of many analog



8

scomputors, no refersnce of its application to
electrosnalytical chemistry was to be found in
the iiterature mﬁil' the work of Boomen in
Pebrusry 1957. An interesting parallel exists
between the results of Dr. Roomen and of the
suthor. ;



ESNTMI Inmmre pox (4) (11)

integration in its simplest sense ia & process
of eccumulation. Any system which will receive, store
end indicate the amount of some physiecal guentity
may be used as en integrator. Lxamples ere chemieal
coulometers, watt-hour meters, wheel and dise '
integrators. |

For the integration of a variable I with
respect to another independeant variable t, the
following relationship is used. (f19.1)

Q= fiidt

A eapaeitor will store & quantity of eleetrieity
and indicate the smount by the voltage scross its
plates. Thus for & pure capecitance (fig.2)

Q= /% / L de

By using & eircult as shown in Figure 3 &
current approximately proportional to ei will
charge the capsclitor. ¢ must be kept small enough
to avoid effecting the oharging current beyond the
allowable degree of approximetion, A problem arises
if the time interval of the integration is too
greet. The condenser voltage will build up to a
point where it will seriously reduce the eurrent flow,
thereby introducing considerable error into the
proportionslity relation between ol and i. (Pig.}y)

Integration is made wore accurate and practical
by the use of a high-gain negative feed-back computing
amplifier. The cirecuit is shown in figure 5.

omm
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6= = 'Lﬁ%s

Yhence
’°=§’an" at

%We see this is the seme relstionship as for an
ordinery capasitor cireuit except the time constant
of the integreting unlt ls effectively incressed
by & fector of A times. This mesns thet we msy
1nugmsu for & periocd of A times &s long with
similer error, or for the same period with the
error decreased by & feetor of sprroximetsly

1/A.
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Experimentsl fesults

1. in elestroniec soulometer patierned after
Kramer's (5) eireuit (¥ig.6) was constructed,
The eireuit is basieally & thyratron relaxetion
sseillator, modified by a frequenecy eontrol.
The totel number of discharges through the
thyratron is & messure of the quantity of slectrieity
pessed through the reference resistor. The
eounts per coulomb should be constant over the
input rangs. This constent is & function of the
linearity of the amplifier, the reproducibility
is dependent upon the guelity of the thyratron.
The instrument was studied by supplying a
constent input voltege and recording the number
of counts per &%ﬁnft of time. Hence the quentity
of eleetrieity pessed through the resistor wee
direetly proportional to the voltege input. The
pelationsbip of the sounts per winute to the input
voltage should be & straight iine. The setual
pesults strayed as much 88 5 per cent {though in
a reproducible mepner). At times the instrument
would refuse to function at counting retes below
about LO counts /minute. The resulting operating
input renge wes oaly from ebout 1 volt to 15 volts.,
This would be a vange of 0.100 amps %o 1.5 amps
for a 10 ohm reference resistance. Because the
apparatus did not funetion over the desired renge
nor with desired eccureey the suthor sbendoned the
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thyretron relexstion eseilletor at turned his
attention to the nmﬁWt&m of & D.Cs amplifier
and feed-baek cepseitor arrangement,
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II. It was found that the bulld up rate of the
integrator was inversely related to the capaeitance
of the feed-back capuseitor, the resistance of the
out-put eireuit, snd the velus of input resistor.
The relation of the eapscitor is explained in the
theoretieal treatment. The input resistor by a
simple Chms-law relationship fer parailel eircuits
lowers the current to the amplifier for a given
eell ecurrent, This results in a lower current
through snother resistor within the emplifier
whieh therefore results in & lower el signal to
the integrating mechanisms. The explanstion of
the function of the output resistor 1s that the
emplifier is connected as & current amplifier
thus &n ineresse of resistance in the output
dmuit requires an inereese of the output poteatial
to maintein the eurrent amplificeation. Henoe the
-voltoge emplification 1s a functlon of the output
resistor.

For lower valuss of ecapaeitance, lnput
resistanes or oubput resistange rsdio wave
plekup end espseitor charge decay were major
problems., The sppllestion of the imtegrator to
enslytical chemistry requires messurements of
relstively lerge gquentities of eleetrieity. o
inerease the number of coulombs repressnted by
full scale deflsstion of the ocutput meter either
the espacitence or the inpul resistance musi be
ineressed. 7The sensitivity of the integrator
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decrenses with inereasing input resistance and
unacoounted for effecis cause & bﬁiuvup of the
cutput whieh is not an scecurate messure of the
input eoulembs. A capacltor of the necessary

renge for our applictation would resuli-in & package
of mnmenageable 4 slze snd eonsiderable expense, '
For seeurate integreticn the capacltor must heve
very low lesksge end very low dielectric sbesorption.
A B0 wmfd oll filled eapecitor was declded upon as

¢ compromiss between size, relisbilitly of integra-
tien and cost.

For even the slowest pracilesl build-up rate
the number of coulombs represented by full asecale
deflection was still too low for epplication to
electrosnalyticel chemistry. This problem wes
resolved by the introduction of a D' irsenvel
relay to the output eireult in series with the

‘#illew-meter. The relay was connected to trigger

2 seeond relsy When & curreant of more than 1

me flowed through i1ts soll. This second reley

in m triggers en eleetro-mechenieal ecounter and
sipultaneously discharges the feed-back capscitor.
¥ith the espacitor discharged the integretor begins
enother cycle. The tetal pumber of coulombs is
determined from the number of e¢yeles recorded on the
counter and the residusl reading on the millismmeter,



20

slibration
I. The integrator was checked against a copper
welght coulometer.with the following reasults for

15 oyeles.
Current %t of Copper Coulombs from coulonhé .
{amperes) {Crems appper soulometer -
1.0 0.1066 323.3 | 21.55
1.0 0.106}4 ) 323.0 21.53
1.0 0.1067 3839 21.59
0.5 0106} 323.0 21.53
0,030 to 1.40 0.1061 321.1 21447
0.030 to 1.40 0.1061 321.1 21.47
‘ AV2MALY V 9
STANDARD DEVIATION 0.06

1I. A constant current of 20 milliamperes was
supplied to the integrator for one cyele with a resulting
time interval of 425 ssconds or 21.3 coulombs/count.
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g&gﬁuﬂaﬁgg
The results in the table indleates excellient
agrecmsnt over the whole renge studied. It is
quite probable that the spparstus would funetion
well 8t both higher snd lower currents-then were
studied.
Possibls ifmprovements would ineclude:
{1) 4 resistor with better heat dissipation
for higher current spplicebility.
{2) A more dependeble elasctromechanical
eounter.
{3) The celibration of the coulombs/ecount
ey & funetion of By lesding te the use of a
veriable resistor ss & renge switoh,
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