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The theory and ways of applying a new electroanalytical detectior

method were developed. The method, called galvanovoltammetry,

consists of the measurement of current from the bipolar electrode of

a three electrode cell which consists of a working electrode and a

counter electrode, between which a constant current is applied, and

a bipolar electrode which forms a galvanic cell with the working

electrode. The theory was developed by interpreting 2 -V plots for

the three electrodes of a flow cell, which could be used as a galvano-

voltammetry cell. An equivalent model circuit for a galvanovoltam-

metry cell was proposed and used in discussions pertaining to the

theory of cell operation. The effects which various cell and sample

parameters have on the operation of a galvanovoltammetry cell were



investigated and the results utilized to discuss how parameter values

are chosen for any particular application.

The galvanovoltammetry method was then specifically applied

to the continuous analysis of a liquid stream for chlorine. A low

cost electronic instrument to automate the application, but which

may also, with certain modifications, be used with other electro-

analytical detectors, was designed and constructed with emphasis

on the use of recently developed integrated circuits.

Evaluation, over a period of time, of the complete automatic

continuous analyzer, consisting of the galvanovoltammetric detector

flow cell, a constant head type of flow system and the electronic

readout instrument, indicated an overall system accuracy and pre-

cision of about 1 1/2%.

Advantages of the galvanovoltammetry method are continuous

operation capability, possibility of relatively simple instrumentation,

convenient readout and reasonable response time. Disadvantages of

the method are dependence on sample flow rate and temperature.
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THE THEORY AND APPLICATION OF GALVANOVOLTAMMETRY.
DESIGN, CONSTRUCTION AND EVALUATION OF A CONTINUOUS

LIQUID STREAM ANALYZER EMPLOYING A GALVANO-
VOLTAMMETRIC DETECTOR AND LOW COST

AUTOMATIC DIGITAL CONCENTRATION
READOUT

I. INTRODUCTION

Frequently the successful operation of a chemical manufacturing

process depends on adequate analytical control, The more frequent

an analysis is made of each critical component in the process the

more frequent the adjustment of the pertinent parameters can be

made. The ultimate need in many of the modern chemical industry

processes then is for automatic analyzers which are capable of con-

tinuously indicating to an operator, or automatic control device, the

necessary process adjustments. An example of this need is found in

the bleaching of wood pulp by either C12, C102 or NaC10. It is

customary in the pulping industry today to roughly maintain an excess

of bleaching chemical in the bleach solution with only occasional

analysis of the residual bleaching chemical remaining after the bleach-

ing process. As a result of the latter practice an economically sig-

nificant loss of the bleaching agent and/or an undesirable accumula-

tion of improperly bleached pulp may occur before corrective

measures can be taken.

Also, with the increasing efforts in this country to stop water

pollution by enacting and enforcing stringent legislation, the need for
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continuous liquid stream analyzers has been intensified considerably,

Historical Background

Continuously analyzing liquid streams for electroactive species

can be effectively accomplished by several different types of electro-

analytical detection methods which provide a current output which is

directly proportional to concentration, Some of the electroanalytical

methods which have been utilized for continuous liquid stream analysis

are (a) Galvanometry, (b) Controlled Potential Derivative Coulometry,

(c) Derivative Secondary Coulometry, (d) Voltammetry and (e)

Voltammetry-Coulometry.

Galvanometry consists of measuring the current which results

when a spontaneous reaction occurs in an electrochemical cell. The

concentration of the reactive species is directly proportional to the

current, and is given by the following equation:

C nFfe
(1)

where: C = gram moles/liter, 2 = amperes, n = number of gram

equivalents/gram moles, F = Faraday, f = flow rate in liters/second

and e = reaction efficiency. Galvanometry has been used by V. F.

Felicetta and D. R. Kendall (13) for continuously analyzing liquid

streams for dissolved oxygen, using the Pb/(OH), HPbOz, 02/Ag

galvanic cell developed by P. Hersch (19), Guthke used galvanornetry
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for continuously analyzing an industrial process stream for chlorine

(16). Many applications of gaivanometry to the continuous analysis

of liquids and gases have been summarized recently by P. Hersch

(40, p. 209-242 of Vol. 3)

it is possible to determine the concentration of a particular

electroactive species by applying a controlled potential to a

working electrode, producing a current 2 . If the desired reaction is

the only reaction occurring at the working electrode and the reaction

efficiency is 1,0, then the concentration is given by:

nFf (2)

Although this latter electroanalytical method has been called controlled

potential coulometry it is, as pointed out by Eckfeldt and Shaffer (10),

more correctly termed--controlled potential derivative coulometry.

Eckfeldt (8, 10) has continuously analyzed liquid streams for I, 12

and 02 using controlled potential derivative coulometry. A serious

disadvantage of controlled potential derivative coulometry is the dif-

ficulty of completely reacting all of the electroactive species being

determined in a reasonably short time period, Although Eckfeldt (8),

using a very large working electrode and large electrode area
sample volume ratio,

was able to achieve a reaction efficiency of 1,0 he was limited to slow

sampling rates and/or low concentrations. This latter disadvantage

does not exist in the method which is described next,
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In secondary derivative coulometry, as used for continuous

analysis of liquid streams, a titrant is generated either directly in the

sample stream or in an electrolyte stream which is mixed with the

sample stream. The concentration of the titrant is continuously

monitored by some means of electroanalytical detection such as

potentiometry or amperometry. The detection signal is applied to

an electronic control system and, when the titrant is depleted by

reaction with the species sought, enough titrant will be generated to

re-establish the desired titrant concentration. The concentration is

again related to current by equation 2.

Eckfeldt and Kuczynski (9) have applied secondary derivative

coulometry to the continuous analysis of chlorine bleach solutions.

Takahashi and Sakurai (41) have applied secondary derivative coulo-

metry to the continuous microanalysis of iron in water while White,

Kesler and Hardacker (17) applied the method to the continuous

analysis of white and green kraft pulping liquors. The general use-

fulness of the secondary derivative coulometry method is attested to

further by the many publications concerning its use for continuous

gas analysis.

In voltammetric (this term is preferred to polarography, which

refers to the special case of voltammetry in unstirred solutions using

a dropping Hg electrode) continuous analysis methods a microelectrode

is usually used in place of the sizable working electrode employed in
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the above methods. Again, a potential is applied between the working

electrode and a counter electrode such that the desired reaction occurs

at the working electrode. The current obtained from a voltammetric

detection cell is proportional to concentration by the relationship:

2d = KC (3)

where 2d = current which occurs when the microelectrode is fully

concentration polarized, C = gram moles/liter and K is a constant

related to the rate of sample transport to the microelectrode. An

advantage of the voltammetric method is that the cell and instrumenta-

tion are relatively simple and trouble-free while the main disadvantage

is that the sensitivity is limited by the small currents obtainable from

the microelectrode.

The Czechoslovakian chemist J. V. A. Novak has published

several papers (35, 36, 37) describing continuous gas analyzers

utilizing the voltammetric technique in which a fairly large working

electrode of Pt, Hg or C is used to obtain improved sensitivity. In a

recent paper (35) Novak introduces the concept of voltammetry-

coulometry (he calls it polarography-coulometry) in which the working

electrode is made much larger than the usual voltammetric working

electrode. With such a working electrode a sizable current is obtained

which Novak has described as being partly voltammetric and partly

coulometric. The concentration in the sample stream is then said to



be related to cell current, 2 , by the equation:

nFf
(4)

6

Novak applied voltammetry-coulometry to the continuous

determination of SO2 in air. The method appears to have a sensitivity

comparable to that obtainable from the more complex secondary

derivative coulometry method and is claimed to be more accurate.

Purpose of This Research

The purpose of this research was decided upon after a prelimi-

nary investigation into a new method of electroanalytical detection,

The original impetus for the preliminary investigation was pro-

vided by an oral presentation made by J. McGee and T. Bleak (5).

McGee and Bleak described a detection cell for SO2 which employs

three electrodes. Their cell is shown in Figure 1. The cell has a

platinum wire anode, a platinum gauze cathode and a third electrode

of activated carbon. Figure 2 shows a schematic drawing of the

McGee-Bleak cell.

The cell electrolyte solution circulates past the anode, (A),

and cathode, (C), by virtue of the self-pumping action of the incoming

air sample. Passage of a constant current through the anode generates

a small amount of iodine in a neutral buffered electrolyte solution

containing iodide ions. Sulfur dioxide, entering the cell just before



Platinum anode

7

to pump

Platinuth cathode

Third electrode of activated carbon

Figure 1. McGee-Bleak detector cell.
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Note: Current flow = electron flow

Figure 2. McGee-Bleak detector cell schematic
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the anode, then reacts with the iodine as follows:

SO2 + 12 + 2H20 --> SO4 + 21 + 4H+

The remaining iodine is reduced at the cathode.

The third electrode, (B), of activated carbon is said to serve

as a reference to both the cathode and anode and consequently registers

any unbalance between 2A and /C The third electrode current,

is then said to be = A
- 2C and to be a faradaic expression of

the sulfur dioxide concentration.

The explicit functioning of the three electrode cell was not

explained in the McGee and Bleak presentation.

The preliminary investigation was performed to observe the

current flows to or from the electrodes, for different iodine concentra-

tions, of a three-electrode beaker cell which is of the same type as

the McGee-Bleak cell and to determine the general analytical useful-

ness of such a cell.

The preliminary investigation, which is fully described in the

next chapter of this thesis, indicated that a cell of this type, which

will hereafter be referred to as a galvanovoltammetry cell, for

reasons which will be related later, provides a potentially useful

means of continuously analyzing for electroactive species in liquid

streams.

The purpose of the research may be divided into three
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distinct objectives, as outlined below:

1. To determine the theory of operation of galvanovoltammetry

cells; to study cell parameters; and to discuss the ways in

which galvanovoltammetry can be used for continuously

analyzing liquid streams for electroactive species.

2. To construct and evaluate a galvanovoltammetry continuous

analyzer to be used in a specific application for the con-

tinuous analysis of a liquid stream for some electroactive

constituent.

3. To instrument the continuous analyzer with an automatic

digital readout system. The principle aim in this regard

will be, using recently developed solid state integrated

circuit devices, to provide a reasonably low cost device

which would be applicable to any continuous electroanalytical

detector where a current is produced which is directly

proportional to concentration.



II. GALVANOVOLTAMMETRY THEORY

Preliminary Investigation

Experimental

11

The preliminary investigation, based upon the work of McGee

and Bleak (5), consisted of an examination of current flows in a three

electrode electrochemical cell. The electrochemical cell and

associated circuitry used are shown in Figure 3.

This cell was of the same type employed by McGee and Bleak

in that (1) a constant current was applied between two Pt electrodes

situated in a neutral buffered electrolyte containing iodide, (2) a

third electrode which was common to one of the Pt electrodes, was

provided and (3) a reaction which was different from either reaction

occurring at the Pt electrodes could occur at the third electrode.

The cell had two 16 x 31 mm Pt flag electrodes situated in a

400 ml beaker containing a buffered electrolyte. The buffered electro-

lyte was prepared by dissolving 3 gram moles KBr, 10-3 gram moles

KI, .025 gram moles KH2PO4 and .025 gram moles Na2HPO4 in

enough distilled water to produce 1 liter of solution. A third electrode,

of Cu, was situated in a 400 ml beaker containing a saturated solution

of CuSO4 and connected to the beaker containing the Pt electrodes via

a massive conductive agar-salt bridge.
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Figure 3. Experimental 3-electrode electrochemical cell and associated circuitry.
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The procedure followed in the investigation was to add, by

means of a 10 ml microburet, small volumes of a standard 0.0483 M

12 solution to 300 mis of the buffered electrolyte to provide various 12

concentrations, in the range of 0 to 10-4 gram moles/liter, and then

to measure, for each 12 concentration, the cathodic current to the Pt

cathode and the current to, or from, the copper electrode while

passing a constant current of 0.33 ma into the cell. The currents

were measured within 1-2 minutes of initiating the input current.

The current (electron flow) to the Pt cathode and the current

to, or from, the Cu electrode were measured with Heath model EUW-

19B operational amplifiers stabilized with Heath model EUW-19A

chopper stabilizers. The operational amplifiers, with the feedback

configuration employed, function as current to voltage convertors,

(eo = -Rf in) and allow the observation of the electrode currents

without effecting the magnitude of the currents (31, p. 353). The

outputs of the operational amplifiers were attached to Bausch and

Lomb model V. 0. M. -5 recorders.

The input current, in milliamperes, to the Pt anode was

monitored with a Heath model EUW-18 laboratory meter, by dividing

the 0 to 1.5 scale reading by 1.5, while the input voltage was

monitored with a Gray Instrument Co. model E-3042 potentiometer.

In addition to the measurements obtained above the electro-

chemical potential existing between the Cu electrode and Pt electrodes
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was also measured, as follows: A potential measurement was made

of the Pt anode versus the Cu electrode for each 12 concentration

employed, by detaching the three electrode cell from the circuitry

shown in Figure 3 and observing the potential, with a Gray Instrument

Co. model E -3042 potentiometer,

Results and Discussion

The conventions used in this thesis to describe electrochemical

cell phenomena are set forth in Appendix I.

The results of observing the current flows, as well as cell

input voltages, are shown in Table 1 and Figure 4,

The galvanic potentials associated with the galvanic reaction

Cu + I2 21 + Cu+2,

are also recorded in Table 1 and plotted in Figure 4,

When a constant current is passed into the cell both the current

flow to the Pt cathode and current flow to, or from, the Cu electrode

varies directly with 12 concentration. This latter fact forms the basis

of analytical utility of this type of electrochemical cell. Also, it is

observed that when the 12 concentration in the cell is such that the

applied constant current develops an input voltage at the Pt anode,

with respect to the Pt cathode, that is equal to the galvanic potential

developed at the Pt anode, with respect to the Cu electrode, no
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current flows through the Cu electrode. This latter 12 concentration,

for an applied current of 0.33 ma, was observed to be 5.9 x 10-5 M.

Electrons are seen to flow into the Cu electrode for I2 concentrations

< 5.9 x 10-5 M and out of the Cu electrode for 12 concentrations >

5,9 x 10-5 M. Since the third electrode, (Cu), functions as either

a cathode or anode it will hereafter be termed the bipolar electrode.

Table 1. Variation of cathodic current, Cu electrode current, input
voltage and galvanic voltage with variation in 12 concentra-
tion for the three electrode beaker cell.

12 concentration
(gram moles/liter

x 106)

Cathodic
current

(ma)

Cu electrode
current

(ma)

Input
voltage

V
-.13(volts)

Galvanic
voltage

V
(volts )

4 0.05 0.28 0.460 0.298
8 0.07 0.26 0.456 0,286

12 0.10 0,23 0.442 0.290
16 0.12 0.20 0.429 0.294
20 0.15 0.18 0.413 0.296
24 0.17 0.16 0.400 0.297
28 0.20 0,14 0.389 0.299
32 0.22 0,12 0,376 0,301
44 0.28 0.05 0.342 0.307
47 0.29 0.03 0.339 0.303
51 0.30 0.02 0.327 0.304
55 0.32 0.01 0.321 0.305
59 0.35 0.07 0.308 0.306
6-i 0.39 -0.05 0.278 0.306
83 0.49 -0.14 0.230 0.308
91 0.53 -0.18 0.212 0.309

103 0.56 -0.22 0.194 0.310

Note: Input current = 0.33 ma.
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Electrode Current vs Electrode Potential
Plots of a Three Electrode Flow Cell

Toward meeting the first purpose of the research, that of deter-

mining fully the theory of galvanovoltammetry cell operation, and at

the same time to make the transition from a beaker cell to a cell to

be used for analyzing liquid streams, the electrode current-electrode

potential curves were obtained for the electrodes of a three electrode

flow cell. In the first experiment described below the electrode cur-

rent vs electrode potential plots for the cathode and anode were

obtained and in the second experiment the electrode current vs

electrode potential plot for the bipolar electrode was obtained.

Apparatus and Reagents for Obtaining the
Cathode and Anode 1-V Plots

A block diagram of the experimental apparatus for obtaining the

electrode current vs electrode potential of the cathode and anode of a

three electrode flow cell is shown in Figure 5.

The electrolyte reservoir consisted of a 40 liter carboy. The

constant flow device, shown in Figure 6, consisted of a constant head

device, that had been used in a Chemical Instrumentation course at

Oregon State University (14), connected to a Gilmont Instrument Co.

model M7100 micrometer capillary valve via a length of 3/16 inch

Tygon tubing containing a short length of capillary tubing.
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The constant flow device outlet was connected directly to a

generation cell, shown in Figure 7, in which I2 was generated in the

electrolyte stream. The electrolyte was prepared by dissolving

reagent grade KBr and KI in distilled water such that the final con-

centrations were 1 M and .002 M respectively,

The generation cell was constructed from a 25 x 100 mm rimmed

pyrex test tube. A 5 x 5 cm piece of 52 mesh platinum gauze (wire

diameter 01 cm) was employed as the anode. The anode was

wrapped around a sealed glass tube filled with sand and placed in the

bottom of the cell. This latter anode geometry was chosen so as to

cause a high proportion of the electrolyte to flow in the vicinity of the

working electrode thereby dispersing the generated 12 more evenly

throughout the electrolyte stream.

The cathode consisted of a 8 cm long spiraled length of platinum

wire situated inside a 10 mm ID pyrex tube whose end was sealed with

a frit. The cathode chamber was filled with a catholyte of 1 M KBr

and a means provided for the gradual replacement of the catholyte.

Fresh catholyte flowed by gravity into the cathode chamber through a

length of 1 mm capillary tubing, which was constricted, at a flow rate

of 0.1 ml/min.

The 12 was generated into the electrolyte stream, at the anode,

by passing a constant current, from the constant current source

described below, through the cell.
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The current source was designed within the criteria of

employing integrated circuits to provide economical, effective,

instrumentation. An integrated circuit operational amplifier,

Fairchild µA709 (IC31), with a constant voltage input and provision

for connecting the generation cell to the feedback loop was employed.

When connecting the generation cell to the feedback loop of the opera-

tional amplifier operated with input resistance Rin t.and constant input

voltage Ein a constant current, 'cell' will flow through the genera-

tion cell, as given by equation 5 (6, p. 63)

in

Zcell R.
in

(5)

The circuit used, which provides a constant current, which is

adjustable from 0-10 ma, is shown in Figure 8. The R67, C22 and

C23 are for the purposes of frequency compensation, while R65' Dll

and the D
9-D10

combination protect IC31 against an accidentally

shorted generation cell, incorrect power supply polarity and exces-

sive input voltage respectively (15, pp. 69-72). The R71, R73 and

R64 are used to provide a means of nulling out the operational

amplifier "offset" (15, pp. 19-20 and 64). The R
66-Q50

combination

are used to provide a constant input voltage to the operational

amplifier. As suggested by Todd (43) the 2N3638 diffused silicon

planer epitaxial pnp transistor was found usable as an inexpensive

temperature compensated voltage regulator diode. The R68, R69,
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R70, S
5

and R 74
provide a means of varying R. of equation 5. The

ranges of output currents obtainable by varying R74, for different

positions of S5, are given in Table 2.

Table 2. Ranges of output current from 0-10 ma
constant current source.

S5 Position
Current Range
(milliamperes)

Collector of Q50

junction of R68-R69

junction of R69-R70
lower end of R70

.71 to 10,00a

.35 to .71

.23 to .35

.17 to .23

aR74 = 700 ohms provided a ?cell 10.00 ma. The
value of R74 in this S5 position should not be made
lower than this.

The R72 was utilized as a current measuring resistor. The

value of this resistor was determined, prior to the construction of the

constant current source, by comparing the /R drop across it to the

drop across a standard General Radio Co. 100 ± .05% ohm resistor

while passing about 10 ma current through both resistors connected

in series. This latter voltage measurement was made with a Fair-

child model 7050 digital multimeter which is capable of measuring

1.000 volts with an accuracy of ± .001 volt (11). Since the value of

R72 was found to be 100.2 ± 0.1 ohms the cell current in milliamperes

is calculated by multiplying the voltage reading across R72 by the

factor 9.980.



25

The physical construction, parts list and balancing procedure

for the 0-10 ma constant current source are given in Appendix II.

The constant current source was evaluated, after construction,

by passing 10.00 ± .01 ma from it through a pair of 20 x 30 mm

platinum flag electrodes situated in a beaker which contained a

stirred solution of 1 M KI. The current was measured with the

Fairchild model 7050 digital multimeter. The result of this evalua-

tion, as shown in Table 3, indicates the current was constant to

within the accuracy of the measuring device.

Table 3. Evaluation of Constant Current Source.

Clock Timea

(hour:minute)
Measured Current

(ma)

19:05 10.00
19:20 10.00
19:47 10.00
19:48 10.01
20:23 10.01
20:26 10.01
20:51 10.00
21:15 10.00
21:40 10.00
21:41 Experiment terminated

aNo change in the measured current occurred between
the listed times.

Electrolyte containing certain amounts of generated 12 flowed

directly from the generation cell into the galvanovoltammetry detector

flow cell E. A cut away view of cell E is shown in Figure 9, while
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Figure 10 is a side view with the cell dimensions.

Flow cell E was constructed in the form of three concentric

cylinders. The inner cylindrical chamber contains the cathode and

anode and is the chamber through which the KBr-KI electrolyte,

containing I2, flows. The cathode was fabricated by wrapping a 4 by

5 cm piece of 52 mesh platinum gauze (wire diameter /ft./ .01 cm)

around a 16 mm 0. D. 5.5 cm long sealed pyrex tube which was made

flat on one end and then wrapping an approximately 2 by 2 cm piece

of 52 mesh platinum gauze around the lower flattened end of the com-

bined platinum-pyrex tube. A platinum wire was woven into the above

gauze prior to the cathode fabrication and this wire was, after insert-

ing the fabricated cathode into the cell, brought out through the lower

lucite plate for external connection. The anode was fabricated

similarly to the cathode except its length was only 2 cms. The spacing

between the flat ends of the cathode and anode was 1-2 mm while the

spacing between the wall of the chamber and the spacer tubes was

2-3 mm.

The outer cylindrical chamber of the cell contains the bipolar

electrode and bipolar electrolyte. The bipolar electrode was fabri-

cated by forming a cylinder from a 6 by 9 cm piece of electrolytic

grade Cu foil and attaching it to a Cu wire to provide an external con-

nection. The bipolar electrolyte desired was one which would (a)

provide a positive voltage for the galvanic cell; bipolar electrode/
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bipolar electrolyte//electrolyte containing iodine/Pt cathode, (b) not

precipitate CuI where the bipolar electrolyte and iodide containing

electrolyte contacted, (c) have a high conductivity and (d) contain a

high concentration of the reactive copper species.

A solution containing a mixture of complexed copper II species,

with an excess of sodium acetate for providing a high conductivity was

found to meet the above requirements. It was prepared as follows:

Weigh out 0.22 moles of ethylenediamine tetraacetic acid and dissolve

in 200-250 mis of dilute NaOH, Add about 600 mis of distilled water

and dissolve 3 moles of reagent grade NaC2H3O2 therein. Add and

dissolve 0.34 moles of Cu Clz. Adjust the pH to 6. 0 with concentrated

HC1 and dilute to 1 liter.

Means for the gradual replacement of the bipolar electrolyte

from the bipolar chamber was provided by allowing a stream of bipolar

electrolyte to flow, by gravity, from a reservoir, via a capillary

tube, through the chamber at a flow rate of , 0.5 ml/min.

To provide a very low resistance separation between the cathode

and bipolar electrode, as well as between the anode and bipolar elec-

trode, a pair of porous porcelain cylinders were fabricated and

inserted between the inner and bipolar chambers of the cell. A pair

of cylinders, rather than a single cylinder, was necessitated by the

porosity of the underfired porcelain cylinders. To maintain contact

between the bipolar and iodine containing electrolytes and prevent any
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intermixing of the two electrolytes, a stream of 1 M KBr flowed from

a reservoir, by gravity through a capillary tube up through the space

between the two porcelain cylinders (interchamber) at a flow rate of

- 1.0 mi./min.

The lucite to glass and glass to porous porcelain interfaces

were sealed with General Electric's "Clearseal" silicone sealant.

The porous porcelain cylinders were constructed as follows:

A slurry of 1:2 raw porcelain:water was mixed with charcoal particles

which will pass through a 60 mesh sieve, but be retained on an 80

mesh sieve. The amount of charcoal added was approximately 5%

by volume. The mixture was poured into a plaster of paris mold and

after a short interval, in which some of the porcelain-charcoal mix-

ture settles to the mold walls, the excess was poured out. After

partial drying the raw porcelain-charcoal cylinder was trimmed, an

opening bored in the top and then it was underfired in a muffle furnace,

The underfiring consists of placing the cylinders in a furnace which is

turned on, allowed to go to 1050°C, then turned off and allowed to go

to room temperature. The underfiring burns out the charcoal but does

not heat the cylinder enough to cause fusing of the porcelain.

The Ag/AgC1 reference electrode was prepared according to

Lingane (29) and was contacted to the electrolyte stream by enclosing

it in a large test tube which contained the KBr-KI electrolyte and which

was connected to the sample stream by glass tubing containing the
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KBr-KI electrolyte.

The digital voltmeters in Figure 5 (page 18) were Fairchild

model 7050, while R was a Heath model EUW-30 decade resistance,
y

Rx was a 1006 ± 1 ohm resistor, and the variable source of voltage,

V. , was a Heath model EUW-17 transistorized power supply,
in

Procedure for Obtaining the Cathode and Anode 2-V Plots

Using the flow/sample simulation system described above

cathode and anode 2-V plots were obtained for seven different 12 con-

centrations, within the range of 0 to 9.2 x 104 M.

Electrolyte flow was initiated and the sample flow rate was

determined initially, and also just prior to each change in the 12 con-

centration, by measuring, with a Standard Time Corp. type S-10

timer, the time required for the cell E effluent to fill a 25 ml

volumetric flask.

After determining the flow rate the amount of generating current

needed for each particular 12 concentration was calculated from

equation 1, on page 2 (the reaction efficiency, e, for generating low

concentrations of iodine was assumed to be one). The constant cur-

rent source was then connected to the generation cell and its current

output adjusted, with S5 and R74, to the desired value. The constant

current to the generation cell was continually monitored throughout

the experiment with a Fairchild model 7050 digital multimeter.
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While each solution, of a particular 12 concentration, flowed

through flow cell E various voltages were applied, by adjustment of

V. and/or Ry (see Figure 5 on page 18), between the anode and
lYl

cathode. For each applied voltage the cell current was obtained by

measuring the voltage drop, with the digital voltmeter across R.

The electrode potentials of the cathode and anode vs the Ag/AgC1

reference electrode were alternately measured, for each cell current,

with the digital voltmeter.

Apparatus and Reagents for Obtaining the Bipolar Z-V Plot

The same electrolyte flow and 12 generation systems and

reference electrode, described in Figures 5 through 8, were employed

for obtaining the bipolar current vs bipolar potential data, However,

the applied current and measuring circuitry employed was that shown

in Figure 11.

The bipolar current was measured with a current to voltage

convertor consisting of a Heath model EUW-19B operational

amplifier, stabilized by a model EUW-19A operational amplifier

chopper stabilizer, and booster amplifier whose output was attached

to a modified Heath model EUW-20A recorder. This latter modifica-

tion was made by inserting a 1 Meg - 100 K ohm voltage divider in

plug A of the recorder (18, p. 17) and calibrating the recorder, with

a Heath model EUA 20-12 MV test box, so that it provides a readout
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which is 110 of the input signal. The R and V, were the same asin

described above.

Procedure for Obtaining the Bipolar 2-V Plot

To obtain the bipolar current-bipolar potential plot 9.2 x 10-4

gram moles/liter of I2 was electrogenerated into the electrolyte

stream, by the procedure described above for obtaining the cathode

and anode l -V plots, and various voltages were applied between the

flow cell E anode and cathode by varying R and/or Vin.

The bipolar current, which resulted from each applied voltage,

was recorded and the bipolar potential existing for each bipolar cur-

rent obtained was measured vs the Ag/AgC1 reference electrode using

the Fairchild model 7050 digital multimeter.

The measured flow rate of the KBr-KI electrolyte stream

varied between 3.39 and 3.50 ml/min throughout the above two

experiments.

Interpretation of Experimental Electrode Current vs Electrode
Potential Plots and Discussion of the Theory of Cell Operation

The electrode current-electrode potential data obtained for the

cathode, anode and bipolar electrode of flow cell E are plotted in

Figure 12 (only a portion of the anode data are plotted).

Figure 12 indicates that the electrode current-electrode
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potential plot for the bipolar electrode is practically a vertical line

crossing the current axis at -.050 volts vs the Ag/AgC1 reference

electrode. This latter result clearly indicates that with the particular

bipolar system used, that of a large Cu electrode and a high con-

centration of complexed cupric species, essentially no concentration

polarization of the bipolar electrode occurs.

The electrode current-electrode potential curves for the

cathode have the appearance of the usual voltammetrogram where,

with increasing negative electrode potential, the electrode current

increases until a limiting current plateau is reached and does not

appreciably increase further until the electrode is negative enough to

cause some other reaction to occur, such as reduction of dissolved

oxygen or hydrogen ions.

The limiting current is therefore given by equation 3.

Zd =KC (3)

However, K is fundamentally different from the proportionality

constant obtained for ordinary voltammetry conducted in a quiescent

solution.. An investigation into the exact character of the particular

K for this type of cell, which will hereafter be symbolized by K', will

be described in a later section of this thesis.

When the KBr-KI electrolyte reaches the anode an excess of

1- is available and the anode current-anode potential plot shows only
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a slight concentration polarization and no limiting anodic current

plateaus are reached.

The data of Figure 12 is useful as a basis for the discussion of

the theory of galvanovoltammetry cell operation. To facilitate the

discussion and understanding of galvanovoltammetry flow cell opera-

tion equivalent model circuits will be introduced at the appropriate

places. The significance of the various symbols which will be used

in conjunction with the galvanovoltammetry flow cell equivalent model

circuits is given in Table 4. It is stressed that the equivalent model

circuits are not presented to provide an actual physical representation

of galvanovoltammetry cells but rather to provide models which are

equivalent to galvanovoltammetry cells and which assist in obtaining

an understanding of current flows in galvanovoltammetry cells.

In the discussion which follows, unless otherwise stated, all

experimental electrode potentials are those which the electrode

exhibits when measured with respect to a Ag /AgCI reference

electrode.

Figure 12 shows that for each I2 concentration employed there

can be a cathode potential just equal to (Eb) (-. 050 v), where the

symbol (Eb)i,o indicates the potential of the bipolar electrode when

no current flows through the electrode. Therefore, if the cathode
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Table 4. Significance of symbols used in galvanovoltammetry flow
cell equivalent model circuits.

Symbol Significance

T a
E

c

__L2r

T T Eb

Constant current source emitting electrons in the direction of the arrow.

Sample stream flow direction

Potential which would exist due to an electrochemical cell made up of the anode and
a normal hydrogen electrode, such potential being that of the anode with respect to
the normal hydrogen electrode.

Potential which would exist due to an electrochemical cell made up of the cathode
and a normal hydrogen electrode, such potential being that of the cathode with
respect to the normal hydrogen electrode.

Potential which would exist due to an electrochemical cell made up of the bipolar
electrode and a normal hydrogen electrode, such potential being that of the bipolar
electrode with respect to the normal hydrogen electrode.

A resistance between the anode and cathode which is equivalent to the resistance
which would be present between these two electrodes if electrolyte existed between
these two electrodes only.

A resistance between the bipolar electrode and cathode which is equivalent to the
resistance which would be present between these two electrodes if electrolyte
existed between these two electrodes only.

A resistance between the anode and bipolar electrode which is equivalent to the
resistance which would be present between these two electrodes if electrolyte existed
between these two electrodes only.

Electron flow from the constant current source.

Electron flow through the cathode.

Electron flow through the bipolar electrode.
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and bipolar electrodes are connected, at this latter potential, no cur-

rent should flow between them. Thus, for example, when an input

current of 2.75 ma is applied to flow cell E, with its cathode and

bipolar electrode connected (cell is operating as a galvanovoltam-

metry cell), through which KBr-KI electrolyte solution, containing

4.00 x 10-4 M I
2,

is flowing, at a rate of 3.4 ml/min, no bipolar

current would be expected to flow. This particular mode of galvano-

voltammetry cell operation will be termed CASE I.

An enlarged plot of that portion of Figure 12, which shows the

bipolar and cathode current-potential plots in the vicinity of (Eb)

is given in Figure 13. To illustrate the behavior of flow cell E when

its bipolar electrode and cathode are electrically connected there is

also drawn in Figure 13 a plot (heavy line) which represents the cur-

rent to or from the junction of the connected bipolar-cathode vs the

potential of the combined bipolar-cathode. This latter line is plotted

by linearly combining the current-potential plots of the bipolar and

cathode. In making this linear combination it will be assumed that

the "i.R drop in the cell between the cathode and bipolar is very small

and can be neglected. (The effect of an appreciable .R drop is

investigated in the next section of the thesis. )

The point (Eb0)0, in Figure 13, which can be thought of as a

"quiescent operating point" of the galvanovoltammetry cell, represents

the potential which would be measured between the combined
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bipolar-cathode and a Ag /AgCI reference electrode under the condi-

tion that 2. is flowing into the bipolar-cathode junction and the con-
in

centration of 12 entering the cell, C, is equal to Cx, where Cx = that

concentration of I2, which for the particular Zin employed, causes

an
b

= 0. Figure 13 indicates that for CASE I all of the current

flowing into the bipolar-cathode junction flows to the cathode with

none flowing to the bipolar electrode. This CASE I is also shown,

via the equivalent model circuit in Figure 14a.

Since the 2, = 2.75 ma represents a limiting current at thein

cathode the following algebraic representation is true:

CASE I: C = Cx

Zin = (i
c

)
d

= K'C, =02 0 (6)

For the example being discussed, C = Cx = 4.00 x 104 M,

(E
b
)

o
= (Ebc)o -.050 and the constant input current to the flow

z

cell E operated as a galvanovoltammetry cell is 2.75 ma.

If, under the stated conditions of cell operation, the 12 con-

centration flowing into the cell decreases below Cx, say to 1.35 x

10-4 M, then the enlarged plot of electrode current vs electrode

potential would appear as in Figure 15. Figure 15 indicates that the

new operating point, Ebc, is only a few millivolts negative from the

quiescent operating point (Ebc)o = -.050 v and that of the 2 in flowing

into the bipolar-cathode junction part proceeds to the cathode (7c)

and part to the bipolar electrode (7b). Thus, as the cathode becomes
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depleted of 12 and the potential of the cathode begins to shift to a

potential more negative than that existing at the bipolar electrode,

that portion of 2. which is in excess of the cathode limited current
in

(2 c)d, will flow to the bipolar electrode. Another way of describing

this latter phenomena is to say that by connecting the massive non-

polarizable bipolar half-cell to the cathode it limits the cathode to a

narrow potential range since the bipolar electrode is able to assimi-

late any excess current which comes into the combined bipolar-

cathode without appreciably changing its electrode potential. This

mode of galvanovoltammetry operation will be termed CASE II and

is further illustrated, with an equivalent model circuit, in Figure 14b,

Thus for:

CASE II: C < Cx

Zin (idd + 2b = K'C + 2b (7)

If, under the stated conditions of cell operation, the 12 con-

centration flowing into the cell increases above Cx, say to 5.60 x

104 M, then the enlarged plot of electrode current vs potential

would appear as in Figure 16. Figure 16 indicates that the Ebc,

or operating point, is now slightly positive from the quiescent opera-

ting point of -.050 v and that in addition to all ?in flowing to the

cathode a current, 2.

b/
is also flowing from the bipolar electrode to

the cathode. Thus, if so much 12 is present at the cathode that the
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cathode's potential begins to go more positive than the bipolar's

potential, electrons will flow from the bipolar electrode to the cathode,

This mode of galvanovoltammetry cell operation will be termed

CASE III and is illustrated, with an equivalent model circuit, in

Figure 14c.

CASE III: C > Cx

2. = (2
c

)
d

+ 2
b

= K' C + Zb (7)

(Note: For CASE III Z has a negative magnitude.)

Equations 6 and 7 indicate that either the ic or ib may be

monitored to detect the concentration of iodine flowing through the

galvanovoltammetry cell. It can be seen that in order for the equa-

tions to be valid two conditions must prevail, First, the bipolar

electrode must be sufficiently nonpolarizable that the potential of the

combined bipolar-cathode does not assume a value such that either

some reduction other than the one desired may occur at the cathode,

or the iodine does not become depleted at the cathode. Second, the

bipolar's current-potential plot must intersect that portion of the

cathode's current-potential plots, wherein the cathode current is

proportional to the concentration of the species sought. (Note: These

requirements of the bipolar system are discussed, in more detail, in

chapter III of this thesis. )

To name this type of electroanalytical detection the word

voltammetry was chosen as the base of the name because the
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functioning of the cell is dependent on the voltammetry relationship

expressed in equations 6 and 7. The prefix galvano- was used because

of the role which a galvanic cell plays in the operation of the cell.

Galvanovoltammetry is herein defined as the measurement of

the current, which is proportional to the concentration of the species

sought, flowing to or from the bipolar electrode or to the working

electrode in an electrochemical cell consisting of a working electrode

and counter electrode, between which a constant current is applied,

and a third electrode, called a bipolar electrode, which is common

to, and forms a galvanic cell with the working electrode.

Although the cell E experiments above and subsequent discus-

sion has concerned itself with the detection of an oxidant, it is con-

ceivable that exchanging the position of the cathode and anode by

reversing the polarity of the constant current source and by making

an appropriate change in the bipolar reaction one could have a

galvanovoltammetry cell in which the electroactive species being

detected is a reductant. The four possible equivalent model circuit

operational configurations for a galvanovoltammetry flow cell are

presented in Figure 17.

Comparison of Theoretical and Experimental
Current vs Concentration Plots

To compare theoretical and experimental values of 2b for cell

E (in particular when it is operated at an Z in = 2.75 ma and
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din

(a)

Rac

(c)

in

(b)

(d)

Working Counter Bipolar

Electrode Electrode Electrode

Circuit (a) Cathode Anode Cathode

Circuit (b) Cathode Anode Anode

Circuit (c) Anode Cathode Cathode

Circuit (d) Anode Cathode Anode

Note: Sample passes through flow cells from top to bottom of equivalent
circuit.

Figure 17. Galvanovoltammetry flow cell equivalent circuits.
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f = 3.4 ml/min) the calculations and experiment described below were

performed.

The value of K' in the proposed galvanovoltammetry equation

(equation 7 on page 46) was calculated from equation 6, on page 41.

This calculated value, for the cell E operating conditions being con-

sidered, was 6.9 amperes liter gram-mole1 which could then be

substituted into equation 7 to predict 2 for any particular 12 con-

centration.

Six experimentally obtained values of 2b were obtained with a

chopper stabilized operational amplifier and recorder, as shown in

Figure 11 (page 33), and described on page 32 (except the

recorder used here was an unmodified one).

The procedure used was: While passing a sample containing

a given 12 concentration (the flow/sample simulation system and pro-

cedure used for obtaining the 12 concentration was the same as used

on page 31) through flow cell E, in Figure 11, an 2in of 2.75 ma was

input to the flow cell. The 2 was provided by R , a Heath model
in

EUW-30 decade resistance box, and V. a series of 1.5 volt dry
in

cells, as shown in Figure 11. The 2 was monitored by measuring
in

the a. R drop, with a Fairchild model 7050 digital multimeter, where
x

Rx was a 1006 ± 1 ohm resistor inserted in the Figure 11 input circuit

between R and point a.

An 2 was recorded after allowing enough time to obtain a
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steady reading. This procedure was followed for six different 12

concentrations.

The flow rate, measured by the procedure described on page

31, throughout the obtaining of the experimental values varied from

3.33 to 3.39 mls/nain,

5.

The predicted and experimental ? b
values are shown in Table

Table 5. Theoretical and Experimental values of 213

for various 12 concentrations.

12 (milliamperes)

(gram moles /liter x 104) Theoretical Experimental

0 2.75
0.69 Z. 27
1.45 1.75
4.02 -0.03
5.36 -0.90
7.15 -2.08

2.62
2.17
1.70
0

-0.88
-2.10

The agreement between the Theoretical and Experimental

values is within the error attributable to fluctuation in the flow rate.
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III. GALVANOVOLTAMMETRY FLOW CELL PARAMETERS

In order for a chemist to make effective use of a galvano-

voltammetry cell it is essential that an understanding of the effect of

the various cell parameters on cell operation be obtained. The per-

tinent cell parameters are orientation and spacing (interelectrode
electrode arearesistance) of all electrodes, size of electrodes, solution volume

ratio, composition and flow rate of bipolar and sample electrolytes,

and the magnitude of constant input current to be used.

The study of cell parameters will include an evaluation of K',

the specific voltammetry proportionality constant for the type of cell

investigated, which gives directly, the mathematical dependence of

cell current on some of the cell and sample parameters.

In this section of the thesis a study of the effect on galvano-

voltammetry cell operation caused by interelectrode resistances and

those parameters involved in K' is described and then a discussion is

made of how the parameters would be chosen for any particular

analysis of a liquid stream.

Effect of Interelectrode Resistances on
Galvanovoltammetry Cell Operation

The discussion of the previous section indicates that in order

for a galvanovoltammetry cell to function correctly the potential of
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the working electrode must be maintained within the range of values

in which the working electrode current is directly proportional to the

species sought. As will be shown below if appreciable IR drops

exist in a galvanovoltammetry cell the potential of the working

electrode may be outside the allowable range.

The algebraic derivation of an equation which indicates the effect

that the equivalent circuit resistances, Rab, Rac, and Rbc, have on

the potential of the working electrode and two experimental determina-

tions of the effect of large interelectrode resistances on cell operation

are described below.

Dependence of Working Electrode Potential on
Equivalent Circuit Resistances

The following derivation will be developed for the equivalent

circuit shown in Figure 18.

By Kirchoff's laws (31) equations 8 through 12 may be written:

din = + 2c b

c
2ac + 2bc

2 + 2
ab b bc

-Ec + ibc Rbc + Eb = 0

-Ec + 2ac Rac - 2ab Rab + Eb = 0

(8)

(9)

(10)

(12)
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Figure 18. Equivalent circuit used to derive equation 16.



where tab, lac and lbc denotes current flowing through Rab, Rac

and Rbc respectively.

Equation 13 below follows from equations 11 and 12.

?bc Rbc = ?ac Rac - lab Rab (13)

54

Solving equation 9 for
ac and substituting into equation 13 gives:

bc[ Rbc + Racj 2c Rac - 2
ab Rab

Substituting equation 10 into equation 14 gives:

bc[ Rbc + Rac + Rai)] is Rac - Rab
b

(14)

(15)

Solving equation 15 for 2
bc, substituting into equation 11 and

rearranging gives:

R R R Rac be ab beEc = Eb + ? c[R 1 2 bt R + R + R
I (16)

ab ac bc ab ac bc

As the magnitude of Eb (bipolar electrode potential) is essentially

constant, equation 16 indicates that for sufficiently large interelectrode

resistances and/or large cell currents an undesirable value of Ec

may result. Specific instances leading to an undesirable value of

E are:
c

(1) If all three interelectrode resistances are high.

(2) If Rab is low but Rac and Rbc are high.

(3) If Rac is low but Rab and Rbc are high.
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For the case of Rbc being low and both Rab and Rac being high

the value of Ec would not be expected to reach an undesirable value

unless the cell cur rents were very large.

Experiments performed to observe the two cases where Rac only

is low and where Rbc only is low are described below.

Effect of a Large Bipolar Electrode to Cathode and Bipolar
Electrode to Anode Resistance on the Operation of a
Galvanovoltammetry Cell

To show experimentally the effect of a large resistance between

both the bipolar electrode and cathode and bipolar electrode and anode

"b vs 12 concentration values were obtained for both cell E (Figure 9)

and a modified cell E, cell E-B. In cell E-B, as shown in Figure 19a,

the Rah and Rbc were purposely made fairly large by disconnecting the

flow cell E bipolar electrode and employing a bipolar electrode

located some distance from the cathode and anode.

The approximate resistances between the three electrodes of

both cells were measured with an Industrial Instruments Co. model

16B conductivity bridge using a 1000 Hz signal,

For both cells E and E-B the resistance between the cathode and

anode, measured in the presence of 1 M KBr- 2 x 10-3 M KI electro-

lyte in the cell's inner chamber and in the absence of bipolar and

interchamber electrolyte, was found to be less than 2 ohms. There-

fore, Rac was quite low for both cells.



56

i
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Bottom

3x3 cm rolled
Pt gauze anode

To drain

(b) Flow Cell E-A

Figure 19. Modifications of cell E.
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The resistances for cell E, from cathode to bipolar and from

anode to bipolar, measured with the KBr-KI electrolyte in the cell's

inner chamber, 1 M KBr in the interchamber and bipolar electrolyte

in the bipolar chamber, were found to both be less than 2 ohms, while

for cell E-B, also in the presence of the various electrolyte solutions,

these resistances were found to both be 2.1 x 103 ohms. Therefore,

for cell E, at least one of the equivalent resistances Rbc and Rab, is

quite low. The parallel combination of Rbc and Rab, for cell E-B,

is about three orders of magnitude greater than for cell E.

Experimental values of Z for 12 concentrations of 0, 6.35 x

10-5, 1.25 x 10-4 and 3.81 x 10-4 M were obtained for both cell E

and cell E-B. 'The flow and sample simulation systems used, and

procedure for providing the 12 concentrations, was the same as pre-

viously indicated on page 31.

The procedure for obtaining the 2
b

values was the same as

described on page 49 except that an 2. of 1.07 ma was employed. A
in

flow rate of 3.8 ml/min was employed for the experiment.

The 2b values obtained are listed in Table 6 and plotted in

Figure 20.

The 2
b

magnitudes obtained for cell E-B were much less,

except at the quiescent point (2b = 0), than obtained for cell E. Since

the voltammetry proportionality constant, K' of equation 7 (page 44)

was held constant during these experiments the differences in 2
b



0

0

Legend

O Cell E

O Cell E-B

1 1

0

0 10 20 30 40

5
Iodine Concentration (M x 10 )

Figure 20. Plot of /1., vs 12 concentration for
galvanovOltammetry flow cells E
and E-B.
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obtained for the two cells is due to the cathode potential of cell E-B,

Ec, becoming such that equation 7 is invalid--that is the 7 c
is not the

diffusion limited current, (2
c

)
d.

Table 6. Variation of ?b with 12 concentration in
galvanovoltammetry cells E and E-B.

12 b
concentration

Cell (gram moles/liter) (ma)

E-B
E-B
E-B
E-B

0
6.35 x 10-5
1.27 x 10_4
3.81 x 10-4

4

0
6.35 x 10-5
1.27 x 10-4
3.81 x 10-4

1.06
. 52

-2.10

.24

.21
0.03

- .36

The undesirable Ec is being caused by, as predictable from

equation 16, the large resistance between the cathode and bipolar

electrode and between the anode and bipolar electrode. Since for cell

E-B Rac Rbc or Rab and the maximum ?c expected is only a few

milliamperes equation 16 (page 54) can be closely approximated by

equation 17 below.

Rab Rbc
,

Ec Eb -
b

[ Rab + Rbc 1
(17)

Substituting the measured value of the resistance between the bipolar

electrode and cathode (or between the bipolar electrode and anode)
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for the total equivalent circuit resistance value for Rab and Rbc in

parallel and the value of the bipolar electrode potential vs the normal

hydrogen electrode into equation 17 gives:

Ec = E
b

-
b

[2.1 x1031 (18)

From Figure 12 (page 35) it is evident that the allowable range

of Ec is from about 0.12 to 0.55 volts (vs a normal hydrogen electrode).

Therefore if 2b becomes less than about -.18 ma or greater than

+0.02 ma an incorrect Ec will occur and cell E-B will not perform

properly as a galvanovoltammetry cell.

Effect of a Large Anode to Cathode and Anode to Bipolar
Electrode Resistance on the Operation of a
Galvanovoltammetry Cell

To show experimentally the effect of a large resistance between

both the anode and cathode and anode and bipolar electrode ?
b

vs 12

concentration values were obtained for both cell E and a modified cell

E, cell E-A.

Cell E--A, shown in Figure 19b on page 56, was made by dis-

connecting the cell E anode and connecting an anode which was situated

at a further distance from the cathode and bipolar electrode. The

approximate resistance existing, in the presence of the various

electrolytes described on pages 55 and 57, both from the anode to

cathode and anode to bipolar, of cell E-A, as measured by an
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Industrial Instrument Co. model 16B conductivity bridge, was 2,1 x

102 ohms, while the cathode to bipolar resistance was found to be less

than 2 ohms. Therefore, cell E-A equivalent resistance Rbc was low

while the parallel combination of equivalent resistances Rac and Rab

was about two orders of magnitude greater than Rbc.

The values of Zb for various 12 concentrations were obtained

for both cell E and E-A by the same procedure used in the last experi-

ment (see page 57) except that the 12 concentrations employed were

0, 6.00 x 10-5, 1.20 x 10-4 and 3.61 x 10-4 M, an Z = 0.88 main

and a flow rate of 3.9 ml/min was used. Table 7 indicates the results

of the second experiment on the effect of interelectrode resistances.

Table 7. Values of 2b for cells E and E-A
for various 12 concentrations.

Cell

12

concentration
moles/liter

lb
(ma)

E-A

0 0.87
6.00 x 10-5 O. 42
1. 20 x 10-4 0.01
3.61 x 10-4 -2.02

0 0. 88
6.00 x 10-5 O. 42
1. 20 x 10-4 0.00
3.61 x 10-4 -1.99

The results obtained above indicate that cell E-A is functioning

correctly as a galvanoyoltamrnetry cell. This result is again
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predictable from equation 16, Since Rbc is quite low (< 2 ohms) the

values inside the brackets of equation 16 will remain low and the value

of Ec will remain close to that of Eb.

To summarize, it can be stated that in the design of any galvano-

voltarnmetry detector cell the interelectrode resistances must be

such that Rbc' or alternately Rab and Rac' must be low enough that

an incorrect Ec cannot occur and also that the amount of 2c and ?

is limited to values which are not so high as to cause an incorrect

Ec to occur.

Evaluation of K'

b

The determination of the proportionality constant relating cur-

rent from a voltammetric electrode to the concentration of reactant

at the electrode, K, is of prime importance to the understanding of

the operation of any type of voltammetric cell, (Note: The symbols

K and K' are introduced on pages 5 and 36. The symbol K is a

general designation for the voltammetry proportionality constant

while K' is being used herein as a symbol for the specific type of

voltammetry known as hydrodynamic voltammetry. )

When the voltammetric electrode is one in which the reactant

is being transported by both diffusion and forced convection, as for

galvanovoltammetry, the theoretical determination of the pro-

portionality constant, K', is accomplished by means of hydrodynamic
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theory.

This approach to determining K', initiated by Levich (28),

involves solving the differential equation which equates the net rate

of mass transfer out of a volume element, due to diffusion to the

electrode, to the rate of mass transport into the volume element due

to convection. A value of K' for a flat plate electrode past which a

laminar flow of sample proceeded, and which was not located near

any other liquid-solid interface, was:

= 1/6
3v

2nFD2/3wy1/2v1/2 (19)

where n = number of electrons exchanged per mole of reactant

(equivalents mole)

F = Faraday (coulombs/equivalents)

D = Diffusion Coefficient (cm2/sec)

w = width of electrode (cm)

y = length of electrode (cm)

v flow velocity (cm/sec) = where f = flow rate
a

cm3/sec) and a = cross sectional area of electrode

chamber (cm2)

v = kinematic viscosity (cm
2/sec)

The value of K' obtained for some different types of electrode

geometries has been summarized recently by R. N. Adams (1, pp.

76-80).



64

In general, an exact solution of the hydrodynamic equations is

only feasible for a well defined electrode geometry and laminar flow,

In the cases where the K' could not be exactly calculated an empirical

approach, involving dimensionless numbers, has been found to be

useful (1, 2, 3). The parameters involved in hydrodynamic voltam-

metry are grouped into three dimensionless numbers which can be

related by equation 20:

(Nu) = B(Re)a(Pr)b (20)

The three dimensionless numbers are given below.

Nusselt number, Nu, is given by:

Nu
(idd
nFADc

where A = working electrode area (cm2)

and c = concentration (gram moles/cm3)

and is the ratio of the actual total mass transfer to the

working electrode to the mass transfer by diffusion.

Reynolds number, Re, is given by:

Re = =
v Va

(21)

(22)

and directly reflects the effect of sample velocity on cell current,

The Prandtl number, Pr, is given by:

Pr =
D

(23)
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Bircumshaw (3) describes the Prandtl number as being the ratio of the

fluid property governing the transfer of momentum by viscous effect

due to a velocity gradient to the fluid property governing mass-

transfer by molecular diffusion due to a concentration gradient.

Substituting equation 21, 22 and 23 into equation 20 and re-

arranging provides equation 24, the general hydrodynamic voltam-

metry equation:

(c)d = BnFw[
av(b-a)D(1-b)c

a

The value of K' is thus equal to:

(24)

av(b- a)D (1 - b)K' = BnFw[-fl] (25)
a

ampere cm3and has units of . (Note: A word of caution; when usinggram mole

K' in a relationship, such as equation 6 (( c)d = K'C), where C is

expressed in gram moles/liter then the units of K' must be changed

amperes liter liters
to gram mole by multiplication by the factor .001

3cm
The constants B, a andb of equations 20 and 24 are experimentally

determined descriptive numbers for a particular given hydrodynamic

voltammetry electrode/cell combination. The values of the constants

are, for the laminar flow/flat plate electrode: B = 2/3, a = 1/2 and

b = 1/3. In general, it has been found (except in pipes) that a = 1/2

for laminar flow and a=lf r completely turbulent flow, while b

varies from about 0. 3 to 0. 5 independently of the type of flow (3).
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To obtain B, a and b for the type of cell used in the above

investigations three experiments were performed, with flow cell F,

in which the variations of (2c
)d with sample flow rate, working

electrode length, and sample ratio were respectively examined.

The first experiment was carried out on both a gauze and foil type

cathode. Flow cell F, which has nearly identical measurements with

regard to the working electrode and working electrode cell geometry,

as does cell E, but which is easily disassembled, is shown in Figure

21.

The experimental values of B, a and b then allow the determina-

tion of the dependence of K', for cell E, on the parameters electrode

length, kinematic viscosity of sample, diffusion coefficient of the

reactive species and flow rate and to determine the type of flow that

exists at the working electrode.

Variation of Cell F (2c)d With Flow Rate

In the first experiment 1 M KBr + .002 M KI electrolyte into

which 2.45 x 10-4 moles/liter of 12 had been electro- generated was

passed through flow cell F and values of (i c)d were obtained for

different flow rates. The sample flow/generation system used and

procedure for providing the 12 concentration was the same as pre-

viously indicated on page 31 except that for flow rates below 2 ml/

min a constricted capillary tube was inserted between the micrometer
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valve and generation cell. The flow rate was measured by the pro-

cedure described on page 31. Figure 22 indicates the electronic cir-

cuirty employed in the experiment. While maintaining, by adjustment

of the power supply, a cathode potential of -.05 volt vs the Ag/AgCl

reference electrode, the (ic )d was determined, after waiting for a

steady value to be reached, by measuring the voltage dropped across

the 1001 ohm resistor.

The results of the experiment are given in Table 8 and a least

squares log-log plot of the data points is shown in Figure 23.

Table 8. Variation of (c)d with flow rate for gauze
and foil cathodes.

gauze cathode foil cathode

f (ic)d
(ml/min) (ma)

(ic),f1
(ml/min) (ma)

15.31 1.45 10.42 0.45
10.88 1.19 10.20 0.43
8.92 1.06 8.25 0.38
6.42 0.90 6.82 0.32
2.37 0.465 5.27 0.29
1.65 0.35 4.13 0.23
1.40 0.33
0.88 0.24

In order to find the value of " in equation 24 (page 65) log

(2 ) was plotted vs log f where f was, in this case, expressed in
cc

units of rnl/min. The slope of the plot if then equal to "a' .

The slope for the least squares regression plot was found to be
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0.64. Using the student t distribution the interval of "a" values

within which one is 95% confident the true value of "a" falls may be

calculated (44, p. 508). This latter calculation gives a 95% con-

fidence interval for "a" of 0,64 ± .03.

To determine whether a significantly different value for "a"

would be obtained for a smooth Pt foil cathode the experiment was

continued by repeating the above with a 4 x 4.8 cm, .004 cm thick,

Pt foil in the place of the gauze cathode in cell F.

The results obtained with the foil cathode are also given in

Table 8 and Figure 23. The value of "a" for the foil was 0.68 and

the 95% confidence interval was 0.68 ± .08.

These results indicate that the value of "a" is not significantly

different for the two types of electrodes. Since the value of "a" is

somewhat higher than the theoretical 0.50 for laminar flow it is

assumed that the presence of the electrode within the narrow space

between the cell and spacer walls causes some slight to moderate

flow turbulence. A similar upward deviation from 0.50 for "a" has

been attributed to slight turbulence by other investigators, as sum-

marized by Levich (27, pp. 304 and 341).

Two further important observations obtainable from Figure 23

are that the type of flow is apparently constant over the flow rate

range investigated and the current obtained from a 4 x 4.8 cm 52 mesh

Pt gauze electrode is significantly greater than that obtainable from



a 4 x 4.8 cm Pt foil electrode,

Variation of Cell F ( ''c)d With Working Electrode Length

The second experiment utilized the same procedure as the first

experiment except instead of varying the flow rate, the length of the

electrode was varied and a value for (2c) d
obtained for each electrode

length. The cathode's length was varied by cutting the gauze with a

paper cutter. Considerable care was taken to replace the top of the

cathode in the same position in the cell for each measurement.

The results of the second experiment are shown in Table 9 and

Figure 24, To normalize the data to a flow rate of 10.85 ml/min and

determine graphically the value of "a" from the second experiment

log (c)d was plotted vs log (1f.85)

Table 9. Variation of (? c)d
with cathode

length.

Cathode length
(cm)

ic)d
(ma)

Flow rate
(ml/min)

3, 5 2.07 10. 64
3, 0 1.92 10.61
2,4 1.54 10.24
2.0 1.50 10.45
1.6 1.29 10.38
1,3 1,07 10. 36
1.0 O. 94 10.85
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Figure 24. Least squares plot of log ( c)d vs log 10.85
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The value of "a" obtained from Figure 24 was 0. 64. The 95%

confidence interval calculated for "a" was 0.64 ± 0.02.

Variation of Cell F (
c

)
d

With the Sample's Ratio

The third experiment utilized the sample flow system shown in

Figure 25 to provide a flow of sample, at 25°C, to the generation cell

of Figure 7 (page 21), Using the Figure 8 (page 23) constant current

source a concentration of 3.45 x 10-4 gram moles/liter of iodine was

generated into the electrolyte stream, by the procedure described on

page 31. The sample stream then flowed through a mixing coil con-

sisting of 5 mm 0. D. pyrex tubing wound in an 8 turn, 4 cm diameter

coil, and into flow cell F where the (2c )d was measured as above for

the first and second experiments.

Five different samples containing 0.1 M KI and various con-

centrations of sucrose were prepared. The kinematic viscosity of

solutions of the above composition and the Diffusion Coefficient of

13- in solutions of the above composition has been obtained by J. D.

Newson (34). The kinematic viscosities of the solutions prepared

herein were measured, in a 25°C constant temperature water bath,

with an Ostwald viscometer tube.

The essential properties of the five samples are summarized

in Table 10.
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Table 10. Properties of samples for third experiment.

Sample
number

Literature values (34)
Measured kinematic Kinematic Diffusion Coefficient

viscosity viscosity for 13
Sucrose

2
concentration

2 2
C111 Cm

ra122- X 102) (cm2x 102) (- x 105)
(gram M/L) sec sec sec

1 0 89 87 1. 13

2 , 25 1.06 1.08 . 89

3 .50 1.40 1, 36 .69
4 . 75 1.81 1.79 51

5 1,00 2.44 2.45 38

In the performance of the third experiment each sample was

temperature equilibrated to 25°C for about an hour before flowing it

through cell F.

The results of the third experiment are shown in Table 11, To

find B and b it is convenient to rewrite equation 20 (page 64) in the

form of equation 26.

log Nu
a

= log B + b log Pr
Re

Table 11. Results of the third experiment.

(26)

Sample
number

Flow rate
(m1/ min)

(7 )c d
ma Nu

a
b

(Re)
. 64

Nu

log Pr
log

(Re)0.
64

1 3.61 0, 98 211 8. 79 1, 380 2, 89

2 3. 12 0, 79 216 6.98 1, 491 3.08

3 2, 54 0. 625 220 5, 28 1. 620 3. 29

4 4. 87 0.76 362 6,71 1. 721 3. S4

S 4. 40 0, 65 415 5. 15 1. 907 3. 81

a ( c )dY 2Nu = - A = 9, 9 cm, y = 1.6 cm, c 45 x 10 gram moles/cm
nFADc

-7

Re = a = Cross-sectional area of cathode chamber = 0. 37 cm
2

,
ay
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A plot of log Nu vs log Pr, shown in Figure 26, then provides
Rea

a means of graphically finding B and b.

The value of b was found to be 0.56 and the 95% confidence

interval was found to be 0.56 ± 0.06.

The value of B was found to be 0.62 and the 95% confidence

interval was found to be 0.62 ± 0.26.

Discussion of Results

From the results obtained for the three experiments, equation

20 can now be written in an explicit form for cell F as below:

Nu = (0.621 0.26)(Re)
(0.641 . 02) (Pr) (0.561 . 06) (27)

The transformation of equation 27 into voltammetry equation

form gives:

(`c)d (0. 62±0.26)nFwDN
(0.64-1. 02)[

av
O. 56±. 06)c (28)

so that the value of K1, the hydrodynamic voltammetry proportionality

constant, is:

(. 441.06) -. 081.06) (. 641.02)
K' nFw(. 621.26)D { (29)

which indicates the dependence of current, at the cathode of cell F

(which is similar to galvanovoltammetry cell E) on the parameters of

flow rate, electrode width and length, cross-sectional area of cathode
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chamber, viscosity of the sample and Diffusion Coefficient of the

reactant species.

The degree of dependence of (2c)d upon the temperature of the

(-0.08±. 06) DO' 44±. 06)sample, due to changes in v which occur with

temperature change, will be investigated in a later section of the

thesis.

From the data obtained in this section of the thesis, coupled

with published investigations about voltammetry, it is possible to

discuss how one would choose the cell and sample parameters for any

particular application of galvanovoltammetry to analyzing a liquid

stream.

Choosing_Cell and Sample Parameter Values
for a Galvanovoltammetry Application

When choosing the parameter values of a galvanovoltammetry

cell for some particular application one must observe the inter-

electrode resistance requirements described above.

The interelectrode spacing between either the bipolar and

cathode, or both the anode and cathode, and anode and bipolar must

be narrow enough and/or of a large enough cross-sectional area that,

for the electrolytes being employed the interelectrode resistances are

below the values which would cause an incorrect Ec. The close

proximity concentric cylinder type of electrode spacing and orientation
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used in flow cell E was found to be an effective way of meeting the

interelectrode resistances requirement.

The relative orientation of the cathode and anode will depend

on the type of species being sought. When analyzing for an oxidant

the cathode must be placed at the end of the cell into which the sample

stream enters and when analyzing for a reductant the anode must be

so placed.

The size of the working electrode will depend on the sensitivity

desired. When analyzing for low concentrations of an electroactive

specie a large working electrode should be used to obtain a large

sensitivity. It should be noted that (zc)d is not dependent on electrode

area but rather is proportional to (w) (y)
a, where a = 0. 5 (for laminar

flow), so that when a high sensitivity is required a wide short

electrode is significantly more effective than a long narrow electrode.

However, in cases where a high sensitivity is not required, such as in

the analysis of some industrial process streams, containing a

moderate or high concentration of the electroactive specie sought, it

is more desirable to use a smaller working electrode so that the

amount of applied constant current necessary to reach an (zdd will

be of a moderate value easily supplied by integrated circuits and,

more importantly, so that the current demands on the bipolar

electrode will be lessened.

A. gauze working electrode is preferred over a foil type since it
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has been shown that the current obtainable from a gauze is consider-

ably greater and thereby to obtain a certain given cell current a

smaller electrode may be utilized.

A large working electrode area
solution volume

ratio is, as recognized by

other investigators (8), necessary in applications requiring high

sensitivity since it provides a more efficient contacting of the electro-

active species to the electrode surface. Thus, for this reason, and

also because (ic)d is proportional to
1

0; 64
a small cross-sectional

(a)

area, a, for the working electrode chamber may be desirable. How-

ever, the value of a must be changed with caution since a change in a

may change the type of flow at the working elect rode thereby changing

the value of "a" in equation 20. Reduction of a in an attempt to create

a high degree of turbulence at the working electrode, thereby

increasing "a" could possibly be beneficial in applications requiring

high sensitivity, However, assurance would have to be obtained with

such an reduction that the degree of turbulence obtained was without

fluctuation. Also a disadvantage, which would occur if "a" were

increased, is the increased dependence of (2c)d on the sample flow

rate.

The counter electrode must be large enough that polarization,

to the extent that a shift in electrode potential to a value where an

undesirable reaction, such as oxidation of water to give oxygen,

doesn't occur.
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The bipolar electrode and associated electrolyte are chosen so

as to form a usable galvanic cell with the cathode (or anode--in the

case of detecting a reductant). A usable galvanic cell is one in which

the bipolar electrode potential falls in that range of cathode (or anode)

potentials wherein the cathode (or anode) current flowing is the

limiting current. In Figure 12 (page 35), the usable range of bipolar

electrode potential for cell E, when analyzing for 12, is seen to be

from .25 to -.10 v vs a Ag/AgC1 reference electrode. However, the

most desirable potential for the bipolar electrode would be in the

middle of the usable range since, as can be seen from equation 16

(page 54), this allows a greater latitude in the values of the inter-

electrode resistances.

Since current may be drawn from, as well as passed into, the

bipolar electrode, it is essential that this electrode, in the cases

where the electrode material is oxidized and subsequently dissolved,

be large enough to support, over a period of time, all of the current

flowing from the electrode and that the bipolar reactant(s) in the

bipolar electrolyte also be copious enough to support, over a period

of time the bipolar currents. The size of the electrode and concentra

tio.n of the reactants should be large enough, and the reaction suf-

ficiently reversible, that concentration polarization does not occur to

the extent that in the case of electron flow to the bipolar electrode,

the potential of the combined bipolar-cathode becomes so negative that
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an interfering reduction may occur at the cathode or, in the case of

electron flow from the bipolar electrode, the potential of the combined

bipolar-cathode becomes so positive that the oxidant at the cathode is

not depleted. If either case is allowed to occur neither 7.c nor ?
b

will be proportional to oxidant concentration. Further, the bipolar

electrode material should be such that it does not become passivated

after a period of use.

The bipolar electrolyte should have an electrolyte concentration

which is sufficient to meet the interelectrode resistance requirement.

Whether or not the bipolar electrolyte will need agitation and/or

replenishment will depend on how great a current demand is going to

be made on the bipolar electrode and for how long. It should be pos-

sible, for certain types of galvanovoltammetry applications, to

design the bipolar electrode and/or electrolyte so that neither agita-

tion nor replenishment of the bipolar electrolyte is required. That

is, if the working electrode is chosen so that excessive currents are

not required of the bipolar electrode and if over a period of time

approximately equal amounts of positive and negative Zb flow through

the bipolar electrode-such that neither the bipolar half-cell oxidant nor

reductant becomes depleted, then the need for bipolar electrolyte

agitation or replenishment is eliminated. This elimination of the

bipolar half-cell oxidant or reductant depletion is discussed in the

next chapter on applications.
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The flow rate of the sample electrolyte should be high enough

to obtain the desired sensitivity and also high enough to realize

desirable analyzer response characteristics, but not so high that an

undesirably large amount of ?b will have to flow. The sample stream

will need enough electrolyte to maintain sufficiently low inter-

electrode resistances, and when necessary, suppress the contribution

of migration current (32, p. 110). Also, it must contain enough

excess of an appropriate electro- oxidizable species that the anode is

never forced, while passing the constant input current, into an

oxidation which forms a solid or gas in the flow cell. If the sample

stream does not originally fulfill these latter requirements, an

appropriate electrolyte stream will have to be added to the sample

stream prior to its entering the detector cell.

It may also be desirable, in the case of highly viscous sample

streams, to add an inert diluting electrolyte to the sample before

passing it through a galvanovoltammetry cell. Such an operation

would be desirable if the decrease in v, increase in D and increase in

obtainable f would be more significant than the decrease in C.

The magnitude of the input current to be used will depend upon

the concentration of the electroactive species in the sample and the

particular type of application. This point will be discussed further in

the next chapter on applications.
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IV. APPLYING GALVANOVOLTAMMETRY

The ways in which galvanovoltammetry may be directly applied

to the determination of an electroactive species in a liquid stream can

tae divided into three methods depending upon the type of employed.
in

The first of these three methods may be considered to be one in which

an ?. -5-- 0 would be employed. Such an Z in
would be appropriate if the

species sought was expected to vary unpredictably in concentration

from zero to some higher value, as for example when analyzing for

some pollutant. In this first method 2b .0 and the three-electrode

cell degenerates into the two electrode detection cell of ordinary

galvanometry such as described by Novak (35).

The second of the three direct methods of applying galvano-

voltammetry may be considered to be one in which an 2, is employed
in

which causes Zb 0 for some expected concentration Cexp. Such

an 2. would be useful if the concentration of the species sought could
in

vary from zero to some higher value but would have the highest

probability of varying from somewhat below Cexp to somewhat above

C , as for example when monitoring an industrial process stream.
exp

In this second method, assuming the species sought is an oxidant,

.2,(C C )
o exp true

The third of the three direct methods of applying galvano-

vtry may employed
Zn
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such that 2b 0 for a maximum concentration Cmax (or by similar

consideration for a minimum concentration C ). Such an 2, would
min in

be useful, for example when monitoring an industrial plating, or other

chemical process, bath wherein the concentration of the species

sought is expected to vary from C to some value less than Cmax

but to have the highest probability of being at or near Cmax. In this

third direct method, assuming the species sought is an oxidant,

.
b

(C C truemax
An important point to mention, in conjunction with the second

method above, is that it should be possible to design a galvano-

voltammetry detection flow cell which could operate for very long

continuous periods without requiring attention. That is, if when

employing the second method above, one uses a bipolar half cell in

which the oxidant and reductant in the bipolar half reaction,

ne + oxidant ---> reductant

are formed, in a useful reducible and oxidizable physical form

respectively (such as a soluble ionic species and a solid metal plated

onto the bipolar electrode), then, since over a period of time,

approximately equal amounts of both oxidation and reduction would be

occurring at the bipolar electrode, it is conceivable that the cell

could operate for very long continuous periods without significantly

depleting either the bipolar oxidant or reductant.
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In instances where the species sought will not itself react at a

working electrode with sufficient rapidity the species might be

indirectly dete-rminable by reacting it with a known amount of a

secondary electroactive species which is capable of being rapidly

reacted at the working electrode. Thus, the indirect determination

of a reductant by the use of galvanovoltammetry might be accomplished

by reacting the reductant (such as S-2) with a secondary oxidant

(such as I 2) and measuring the increase in ? b
due to the decrease in

the oxidant concentration coming to the working electrode (cathode).

Also, the indirect determination of an oxidant could conceivably be

accomplished, by the use of galvanovoltammetry, by reacting the

oxidant (such as 03) with a secondary reductant (such as I) and

measuring the decrease in reductant at the working electrode (anode).

Although in this work the interest is centered on continuous

analysis it is worth while to mention the possible use of galvano-

voltammetry for the automatic repetitive analysis of discrete

samples. It is felt possible that by automatically passing each dis-

crete sample through a galvanovoltammetry cell, and recording the

bipolar currents, many analyses, which are now performed by either

constant current coulometry or controlled potential coulometry, could

be performed with much greater speed and with simpler instrumenta-

tion.

To meet the second and third purposes of the research
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galvanovoltammetry will be directly applied, as per the second direct

method described above, to the analysis of a spent chlorine bleaching

s olution.



89

V. APPLICATION OF GALVANOVOLTAMMETRY TO THE
CONTINUOUS ANALYSIS OF A LIQUID

STREAM FOR CHLORINE

Statement of Application Problem

The analytical problem chosen, for applying the galvano-

voltammetry method, is that of continuously determining the residual

C12 concentration in a spent bleaching liquor such as would exist near

the end of a pulp bleaching stage. The residual chlorine concentration

in this case could be 0.001 N (39, pp. 56-58), and this concentration

was chosen as the desired operating point and the expected operating

range of the detector was chosen to be 0 to 0.002 N C12.

Having chosen this particular application it is then possible to

use equation 28 (see page 77) to estimate the cell parameters and flow

rate to be used. Similarly, if the application had been to determine

the chlorine concentration at the start of a pulp bleaching stage

05 N) o in drinking water (^'1 ppm) equation 28 would be used to

choose desirable cell and flow rate parameters.

Analyzer Flow System and Sample Simulation

The entire flow system, and sample simulation system to be

used for the application is shown in a block diagram in Figure 27.

To provide a constant sample flow rate the constant head device and
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capillary tubing depicted in Figure 25 (page 75) was utilized. The

electrolyte to be employed was pumped up to the constant head device

with a Masterflex variable flow pump (available rom Cole-Parmer

Co. , 7425 No. Oak Park Ave, , Chicago, Illinois, catalog No. 7545-

13), Since the rate of flow through the capillary tubing at the outlet

of the constant head device is viscosity dependent, and therefore

temperature dependent, it was found desirable to pass the sample

stream through glass coils, situated in a 25°C constant temperature

bath, both before entering the constant head device and before

entering the capillary tubing.

Both coils consisted of 4 mm 0. D. glass tubing wound in coils

of 3.8 cm diameter. Coil #1 was 80 turns and coil #2 was 10 turns.

The capillary tubing consisted of 1 to 2 mm capillary tubing con-

stricted by heating and pulling. The flow rate of the system was

varied by using different constricted capillary tubes. After the liquid

stream passes through the capillary tube and the generation cell it

passes through a mixing coil, consisting of 23 turns of 4 mm 0. D.

glass tubing wound with a 3.8 cm diameter, and then into the galvano-

voltammetric detector cell.

Initial filling of the system was accomplished by back flushing

with a Beckman model 746 metering pump.

The outlet of the flow system was a 6 mm 0. D. J-tube. This

type of outlet was found to prevent the variation in flow rate which
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occurred with a straight tube outlet, when each drop fell from the

outlet,

A Gilmont No, 2 Flowmeter (available from Cole-Parmer Co. )

was employed to provide a continuous approximate indication of the

flow rate.

To evaluate the ability of the flow system to maintain a constant

flow through the entire generation cell-detector cell system the flow

system was put into operation and the flow rate monitored by col-

lecting the effluent in weighing bottles for known time intervals, and

weighing. The time intervals were measured with a Standard Time

Corp. , type S-10 timer.

The results shown in Table 12, for an eight hour operating

period indicate that the flow rate remained constant to within about

1%.

To simulate a chlorine containing liquid stream chlorine was

electrogenerated, with a constant current source, into the electrolyte

as it flowed through the generation cell. The generation cell

employed was that described in Figure 7, page 21, except for a

change in the size of the generation electrode, as indicated below.

The constant current source employed was either the 0-10

milliampere source of Figure 8 (page 23) or an 11-200 milliampere

constant current source whose design and construction is described

in Appendix Ill. Essentially the 11-200 milliampere constant current
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source is designed similarly to the 0-10 milliampere constant

current source except that the operational amplifier drives a power

transistor, which allows higher currents to travel through the

generation cell, located in the operational amplifier feedback loop.

Table 12. Evaluation of analyzer flow system flow
constancy.

Time after start of
experiment

(hours:minutes)
Flow rate

(grams/minute)

0 5.549
0:04 5.551
0:34 5.545
0:38 5.554
1:00 5.554
1:04 5.547
1:33 5.535
3:03 5.546
3:07 5.550
3:31 5.530
3:50 5,531
3:54 5.524
4:08 5.525
4:33 5.529
4:47 5,528
5:00 5.522
5:38 5.515
6:00 5,517
6:40 5.514
6:44 5.529
6:58 5.515
7:02 5.514
7:20 5.512
7:43 5.495
7:51 5.500
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Since it was desired that the sample have approximately the same

acidity as in the actual spent pulp bleaching liquor a small amount of

HC1 was included in the electrolyte (39). The electrolyte composition,

however, was largely dictated by the need to obtain a 100% current

efficiency in the generation cell for the electrogeneration of 0.002 N

C12*

To assist in obtaining a 100% current efficiency the generation

cell was modified by increasing the area of the gauze electrode from

25 cm2 to 37 cm 2.

To determine the current efficiency for generating 0.002 N C12

the calculated constant current was passed into the generation cell and

the sample stream collected, for a known time period, in 50 ml of

1 N 1-IC1 contained in a 500 ml Erlenmeyer flask. The collected

sample was then titrated, using a 10 ml microburet, via the following

procedure: Add 10 mis of ---10% KI to the collected sample, swirl

once and then add 45 mis of 1 N sodium acetate. Immediately and

rapidly titrate with 0.0526 N sodium thiosulfate, adding starch

indicator just before the endpoint. Run a blank titration by treating

a 50 ml portion of 1 N HC1 as above.

The sodium thiosulfate titrant was standardized by adding a

10 ml aliquot of a solution containing 0.3514 milliequivalents of KI0
3

to 50 ml of 1 N HC1 and treating as above.

The current efficiency obtained for various electrolytes is
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given in Table 13 and the final electrolyte chosen for use was 0.05 M

HC1 + 3.0 M NaCl.

Table 13. Current efficiency of modified generation cell for
generating 0.002 N C12.

Electrolyte composition
% current
efficiency

Mean % current
efficiency

0.1 M HCI 74.5, 74. 3 74. 4

0.1 M HC1 + 1 M NaC1 90.5, 90.3 90. 4

0.05 M HC1 + 2.5 M NaC1 98.5, 98.6, 98. 6
98.4, 98. 8

0.05 M HC1 + 3.0 M NaC1 100.1, 99. 6, 99.9
99. 6, 100. 1

Design of the Galvanovoltammetric Detector Cell (Cell G)

The galvanovoltammetry cell to be used for detecting the chlorine

was designed in concentric cylinder form similar to that used for cell

E. The design chosen is shown in Figure 28. The partition between

the sample stream chamber and bipolar chamber is composed of

unfired Vycor, brand 7930, tubing (Corning Glass Works, Corning,

New York, 14830). This latter material, commonly referred to as

"thirsty glass" has the property of being just porous enough to suck

up and contain an electrolyte solution but not so porous as to allow

more than a very small amount of diffusion through the glass. It is

therefore useful for providing low resistance bridges between electro-

chemical half cells,
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Electrode Stability

All three electrodes were constructed of 52 mesh platinum

gauze. Since the possibility exists that the platinum anode may be

dissolved, due to the reaction

Pt + 4C1-->2e + PtC1 42 (E° = . 73)

an experiment was performed to determine the extent to which this

reaction occurs in the electrolyte chosen when generating chlorine

at the anode by the reaction

2C1---> 2e + C12 (E° = 1.36).

The experiment was performed by passing, for a period of

67.5 hours, 100 ma from the 11-200 ma constant current source

(described in Appendix III) through two tared platinum flag electrodes

placed in a beaker containing the electrolyte, 3 M NaCI + .05 M HC1.

The electrolyte was stirred vigorously during the experiment. Table

14, indicating the results of this experiment, shows that for the 0.3

Faraday of charge passed out of the anode only 0.3 mg of Pt dis-

solved. This amount is too small to cause a problem in the operation

of cell G.

Bipolar System

The bipolar electrochemical half-cell required for the applica-

tion was one whose reduction potential was less positive than the
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reduction potential (including overvoltage, To for chlorine and more

positive than the reduction potential (including overvoltage, ri) for

dissolved oxygen. The potential necessary, at 25°C, for the

reaction, C12 + 2e ---> 2C1
2

, to occur is given by

E = E°

2

, 0 59
[a

Cl
log

2 PC1
2

fC1
2

where = the partial pressure of C12,

11
(30)

fC12 = the activity coefficient for C12 and a Cl = the

Cl- activity.

Table 14. Results of experiment to determine the extent
of electrolysis of a platinum anode in a solu-
tion containing 3 M NaC1 and .0 5 M HC1.

Cathode Anode

Weight before
experiment (gms. ) 3.6562 0. 68 52

Weight after
experiment (gms. ) 3.6568 0. 68 49

Weight change (gms. ) + .0006 - .0003

A value of pC1, in the sample electrolyte when
2

[C12] = 5 x 10-4 M (the desired operating concentration in the

application), can be estimated by extrapolating between the Bunsen

absorption coefficient for C12 in water and in 0.1 N HC1 (33), and then

solving for k, Henry's law constant, from the relation, given by



McDougall (30, P. 240), between the Bunsen absorption coefficient

and Henry's law constant. The value of p,i is then obtained from
2

Henry's law,

p
C12

= k X
C12

(31)
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where X
C12

= mole fraction of C12, Using an extrapolated Bunsen

absorption coefficient of 1.8 a pc, = .006 atmospheres is obtained
2

by the above procedure. Assuming that fc12 = 1, aci- = gram

moles Cr/liter = 3 and that is negligible a value of E, in equation

30, of 1.27 volts is obtained. The potential necessary for the reac-

tion, 02 + 2e + 2H+ > H202, to occur on a bright platinum electrode

has been experimentally determined by Kolthoff and Lingane (21, p.

442) to be about 0.0 volts.

Thus the reduction potential of the bipolar reaction should lie

within the middle of the 1.27 to 0 volt range, that is within about 0. 9

to 0.3 volts. However, if other oxidants are present in the sample

stream which would be reduced at some potential more positive than

0.0 volts, then the bipolar reaction potential would have to be more

positive than the potential at which the interfering reduction occurs.

For the purpose of applying galvanovoltammetry herein it will be

assumed that an interfering oxidant is not present in the sample.

To eliminate concentration polarization at the bipolar electrode,

without resorting to agitating the bipolar electrolyte or electrode, the
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bipolar electrode was made large, a reversible bipolar electro-

chemical reaction was chosen and bipolar reactants were chosen

which were stable over a period of time and which were soluble

enough that the bipolar electrolyte could be prepared with a suf-

ficiently high concentration of the reactants. The system Pt/

ferricyanide, ferrocyanide satisfies the above criteria and was chosen

as the bipolar electrochemical half-cell to be employed in cell G.

The bipolar electrolyte was prepared as follows: Dissolve

17.8 grams of reagent grade (Baker and Adamson Code 2111)

potassium ferrocyanide and 13.8 grams of reagent grade (Mallinckrodt

Code 6912) potassium ferricyanide in 80 mis of distilled water.

Further dissolve in this solution 0.1 gram of reagent grade sodium

hydroxide (Mallinckrodt Code 7708) and 12. 6 grams of reagent grade

sodium chloride (Mallinckrodt Code 7581).

This preparation provides '100 ml of bipolar electrolyte con-

taining 0. 42 M K4Fe(CN)6, 0. 42 M K3Fe(CN)6, 2.16 M NaC1 and

.02 M NaOH.

The NaOH is included to lessen the slow decomposition of the

ferrocyanide ion by the following reaction (22),

Fe (CN)6
-4 + H20 ---->Fe(CN)5

-3
+ CN

while the NaC1 is included to lower the solution's resistance.

To further insure that concentration polarization does not
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occur at the bipolar electrode a low maximum bipolar current of 2 ma

was chosen as the basis for the estimation of other cell parameters

as discussed below,

Choice of Other Cell Parameters

Having chosen the maximum 2b which will flow for the applica-

tion of interest it is possible by means of equation 32, given below,

to choose the cell parameters of electrode width, electrode length,

working electrode flow chamber cross-sectional area and sample

flow rate. Equation 32 can be written by rearranging equation 7

(from page 44), rearranging equation 28 (from page 77) and substitut-

ing it into the rearranged equation 7,

in
= (2c)

d
+

2b
( 7 )

64±. 02) v (0 56± 06)
( ic)d = (0. 62±0. 26)nrwD[fi. ] (0. c (28)

CL V

44v-. 08r LE 0, 64c
? - O. 62 nFw D0

b in a
(32)

Assuming a value of 10-
. 08

cm
2/sec for D, and that v = 1.4

(the sample electrolyte, of 0.05 M HCl + 3.0 M NaCi, was found, via

an Ostwald viscometer to have a kinematic viscosity, at 25°C of

1, 23 x 10-2 cm2/sec) equations 33 and 34 can be written

.

b 2in
0, 62[2] [9. 65x104]

w[i05] 0, 44[1 Al rfil 0.64c
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? 2 - [1,06 x 10 3
]

_fx 0, 64
c

b in a

102

(34)

Assuming the maximum expected change in chlorine concentra-

tion, of 5 x 10-7 gram moles/cm3, causes a 2 ma change in 2

equations 35 and 36 may be written:

from which:

2 x 10-3 = [1,06 x 103] [5 x 10-7]
ix 0. 64

(35)

3,8 wr_fy ]0,64
I a.

(36)

Equation 36 can then be used to choose any particular set of

values of the flow rate, f; electrode length, y; electrode width, w

and working electrode chamber cross-sectional area, a.

A low value of a and/or a high value for f would allow the use

of a moderately sized cathode so that the detector cell working

electrode could have a reasonably short response time. The space

between the 13 mm 0. D. thirsty glass and a 11 mm 0, D. glass spacer

tube was chosen to hold the cathode of cell G, which provides a low

value of a of about 0.1 cm2.

A cathode of 3.1 cm width and 1,0 cm length was chosen for

cell G. Solution of equation 36 then indicates that the required

f =1=0.14 cm
3/sec =I' 8. 4 mi./min.

The size of the anode, which was folded over in the bottom of
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the sample stream chamber was 3.0 cm x 1.0 cm and the size of the

bipolar electrode was 12.0 cm x 3.5 cm.

Determination of Galvanovoltammetric
Cell G Characteristics

Interelectrode Resistances

The approximate resistances existing between the electrodes of

cell G, in the presence of the bipolar electrolyte and sample stream

electrolyte were measured with an Industrial Instruments Co. model

16B conductivity bridge. The resistances between the bipolar elec-

trode and anode, bipolar electrode and cathode and between the

cathode and anode were found to be 14, 9 and 28 ohms respectively,

It can be shown by appropriate calculations, using equation 16

(see page 54), that these values are well within the maximum tolerable

interelectrode resistances for a galvanovoltammetric cell which is

expected to have a maximum 213 and 2c of only several milliamperes.

Electrode Current vs Electrode Potential Plot

The electrode current vs electrode potential plots for the three

electrodes were obtained for cell G in the same manner as previously

described for the three electrodes of cell E except that the sample

flow system used for obtaining the cell G plots was that described in

Figure 27, on page 90. The range of concentrations of C12' which
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was flowed through cell G, was 0 to 1.33 x 10-3 N.

The measured flow rate throughout determination of the above

plots varied between 8,56 and 8.68 mls/min.

The electrode current vs electrode potential plots obtained are

shown in Figure 29. Only the anode current vs anode potential

curves for C12 concentrations of 0.36 x 10-3 N and 1.33 x 103 N

were obtained.

Figure 29 indicates the reversible non-polarized nature of the

bipolar electrochemical half-cell and that it's electrode current-

electrode potential plot fulfills the requirement of intersecting the

current limited plateaus of the cathode electrode current-electrode

potential plots.

Calibration

Using the sample flow/simulation system described in Figure

27 on page 90, the galvanovoltammetric detector cell G was calibrated

over the C12 concentration range of 0 to 2.05 x 103 N. The pro-

cedure for producing the C12 concentrations was the same as pre-

viously described (for obtaining 12 concentrations) on page 31,

The circuitry used to obtain the calibration is indicated in

Figure 30. The R , R , V. and digital voltmeter are the same as
x y in

described for Figure 5 (see pages 18 and 31) and the ?b measuring

system, is the same as described for Figure 11 (see pages 32 through
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34) except that the feedback resistor of the ?la to voltage convertor

was 1000 ohms.

The procedure for obtaining the 2b values, for ten different

C12 samples, was the same as described in the second and third

paragraphs on page 49 for 12 samples except that the Zin employed

here was 1. 68 ma.

The flow rate, measured by the procedure described on page

31, was 9. 5 ml/min.

The calibration plot obtained is shown in Figure 31 and indicates

the correct functioning of galvanovoltammetric detector cell G over

the entire C12 concentration range of interest.

Effect of Sample Flow Rate on Cell G ?la

Since it is of interest to determine if the 2 from galvano-

voltammetry cell G can be expressed by equation 28, as obtained

with cell F and given on page 77, an experiment was performed to

determine the effect of flow rate on (ic)d, and therefore, from

equation 7 (page 44), on ? b' of cell G.

The experimental circuitry and procedure for the experiment

was similar to that described on pages 66 and 68, and shown in

Figure 22, except the cathode was maintained at a potential of 0. 38

volts vs the Ag/AgC1 reference electrode to obtain the values of
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(idd, and the flow/sample simulation system was that of Figure 27

on page 90.

The results of this experiment are shown in Figure 32 in the

form of a log (2dd vs log f least squares regression plot. As pre-

viously shown, the slope of such a plot gives the value of "a" of

equation 20 (page 64) and equation 24 (page 65). The 95% confidence

interval for "a" found for cell G was 0.54 f .04.

To determine if "a" for cells F and G are statistically different,

at the 95% confidence level, a test of the hypothesis: (Halcell F

("a")'cell G' was made using the student t distribution and the formula

for comparison of means of two sets of independent observations (44,

p. 263). The result of this test was that one cannot, with 95% con-

fidence, reject the hypothesis. However, when performing the

statistical test at the lower confidence level of 70%, one is able to

reject the hypothesis and therefore one can say, with a 70% chance

of being correct, that the value of "a" is different for cells F and G.

This experimental result provides some indication that even

for galvanovoltammetric detector cells of the same type there is

likely to be differences in the value of "a", of equation 20, which

may be due to the effect of different working electrode and working

electrode chamber dimensions on the type of flow occurring in the

chamber.
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Effect of Sample Temperature on Cell G ?
b

To determine the change in (2c )d (and therefore the change in 2

to be expected from equation 7, page 44) of cell G with variation in

the temperature of the sample an experiment was performed in which

the (2c )d was measured for four different sample temperatures. The

temperature of the sample was varied by changing the temperature

of the constant temperature water bath. The temperature of the

sample was measured at the outlet of the flow system.

The circuitry and procedure employed to measure (2 c)d was that

shown in Figure 22, on page 69, and described on page 68, except that

a cathode potential of 0.38 volts vs the Ag/AgC1 reference electrode

was maintained and the sample flow/simulation system was that

described in Figure 27, page 90.

The (?
c
)d necessary to cause a cathode potential of 0.38 volts

vs the Ag/AgC1 was measured, as a Cl concentration of 5 x 10-4 N

passed through the cell. The procedure for producing the C12 con-

centration was the same as previously described (for obtaining the

12 concentration) on page 31.

The results of the experiment are given in Table 15 and plotted

10. 40 0. 54
in Figure 33. By plotting [ ( )d] ] the various (jc)d

obtained are adjusted to that which would have been obtained at a

flow rate of 10.40 ml /min,
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Table 15. Change in (?dd for cell G with sample
temperature.

Sample (5c)d
temperature Flow rate

(°C) (ml/min) (ma)

21.0
25. 0
29.8
33. 3

9.93
10, 41
11.06
11. 48

0,825
0.89
0.95
1.00

The temperature coefficient found for cell G of about +1. 0%/°C

indicates the strong advisability of bringing the sample to some

chosen temperature before passing it into the detector cell.

Analyzer Response Characteristics

In the evaluation of any continuous analysis system it is

important to determine how the system responds to changes in the

concentration of the species being detected. One method of obtaining

such an evaluation is to, while recording the detector's output, make

a step change in the concentration of the specie sought. A "transition

curve" is thus obtained which reveals the overall effect that various

delays in the system have on the response of the analyzer's detector.

Three important observations obtainable from a transition curve

are (1) the delay time, td, which is the time required for the

detector to begin to respond to the concentration change, (2) the

transition time, t , which is the time required for the detector, once
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it has begun to respond to the concentration change, to reach the final

value indicative of the new concentration and (3) its general shape,

and, if possible mathematical representation.

Blaine (4, pp. 43-54), has obtained experimental evidence that

the transition curve of a continuous liquid stream analyzer, caused

by transferring a concentration change into a fluid volume, is

analogous to the charging curve of a capacitor being charged through

a resistor (RC network). More specifically, his work indicated that

the transition curve for such a continuous analyzer is analogous to

that of n number of series connected modified operational amplifier

integrators. The modified operational amplifier integrators (4, p.

49) provide the same response that a series of RC networks would if

each RC network did not perturb ("load") previous RC networks in the

series. Blaine found that the response for his continuous colorimetric

analyzer system could be well characterized by the above type of

electrical RC network analog where n = 2.

In order to determine, for the continuous analyzer described in

this thesis, the td, tt and if the transition curve can be represented

by the above type of n RC networks analog, the experiment, described

below, was performed.
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Experimental

The sample input system shown in Figure 34 was attached to the

input of the variable flow pump of the analyzer (see Figure 27 on

page 90) and used to determine the response of cell G to a step input

change in C12 concentration. The C12 solution was prepared by

adding five ml of commercial NaC1O bleach solution to four liters of

sample electrolyte. The chlorine concentration was determined by

the thiosulfate titration method previously described on page 94.

The analyzer, using the Figure 30 circuitry (page 106), was

operated at a f = 8.3 ml /min and tin = 1.50 ma with the C12 sample

entering the system. Then after obtaining a steady recorder 2b

indication a quick twist of the three-way stopcock was performed to

provide a step input change from 9.2 x 10-4 to 0 N CI
2

and the

"transition curve" of cell G and the flow system (the generation cell

and mixing coil was removed for this experiment) was recorded.

Results and Discussion

The transition curve obtained is shown in Figure 35. The dashed

line indicates the readout expected for the actual concentration while

the solid line indicates the actual readout obtained.

To determine if the transition curve obtained could be

characterized by a two or three modified operational amplifier
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Figure 34. Sample input system used for response
characteristics experiments.
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integrator (RC network) response a number of simulated transition

curves were obtained via the continuous analysis response simulator

described in Figure 20 of reference (4). This simulator consists of

two (or three) cascaded RC-operational amplifier networks having

time constants T1, T2 (and T3) respectively (a time constant T is

equal to the RC product of an integrator). The operational amplifiers

employed were Heath model EUW-19B stabilized by Heath model

EUW-19A chopper stabilizers. The simulated transition curves were

obtained by inputing 150 my into the simulator with a millivolt source

box and recording the output of the simulator with a Heath model

EUW-20A recorder.

It was not possible to completely simulate the transition curve

actually obtained for the galvanovoltammetric continuous analyzer.

However a simulated transition curve which was found to, in part,

describe the analyzer transition curve was obtainable and is shown in

Figure 36. The time constants employed in obtaining the simulated

transition curve were, in seconds, T1 = 14, T2 = 18 and T3 = 52,

The first ninety seconds of the analyzer transition curve are well

described by the three-RC operational amplifier network simulated

transition curve. However, after the initial ninety seconds the

analyzer transition curve rises more slowly than that expected of a

three-RC network type of response.

An explicit explanation of the type of transition curve obtained
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for the galva.novoltammetric continuous analyzer cannot be made from

this brief investigation. However, a number of useful observations

and comments concerning the response characteristics of the galvano-

voltammetric continuous analyzer can be made.

(1) A td = 3.6 minutes and a tt = 9.8 minutes is observed

when operating the analyzer system at a flow rate of 8.3 ml/min.

Excluding the delay time, the analyzer reaches 75% of the correct

response in 2.2 minutes, 90% in 4.8 minutes and 100% in 9.8 minutes.

(2) In addition to the possibility of one or more RC type delays

occurring in the flow system there is also, for the continuous system

being investigated herein, the possibility of a delay at the working

electrode due to the time required to develop a new diffusion layer.

The actual transition curve obtained suggests three RC-type delays

occurring in the system along with other type(s) of delay.

(3) The relatively large volume of the constant head device

and the poor mixing occurring therein may contribute significantly to

t t . To investigate this possibility another transition curve was

obtained, by the procedure described above, for the analyzer system

without the 6 mm glass beads in the constant head device (see Figure

25, page 75). This transition curve, shown in Figure 37, was dif-

ferent from the original transition curve in that the final portion of

the curve rises even more slowly, finally reaching the correct

response in about 16 minutes after the detector begins to respond to
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the step concentration change. From this result it appears that the

constant head device is the major contribution to the analyzer tt.
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VI. DESIGN AND EVALUATION OF A LOW COST AUTOMATIC
DIGITAL CONCENTRATION READOUT INSTRUMENT

General Design Criteria

In general, a concentration readout instrument which is

accurate and precise to within 2 parts per thousand, capable of con-

tinuous operation, and low in cost (about $500.00 for materials and

labor) is desired.

The instrument is to be designed so that the difference between

the actual sample stream concentration and the desired sample stream

concentration will be directly and digitally indicated.

Although the instrument to be designed herein is designed

specifically for use with galvanovoltammetry detector cell G, for the

analysis of a liquid stream containing 0-.002 N C12, by certain

modification in the design it can be used for other types of electro-

analytical detectors, wherein a current is produced which is pro-

portional to concentration.

A block diagram, indicating the design chosen, is shown in

Figure 38. The current from the bipolar electrode is converted to a

signal voltage, such voltage being positive regardless of the bipolar

current polarity, and directly proportional to the magnitude of the

current. This signal voltage is then converted to pulses by the

analog to digital convertor with the number of pulses per unit time



bipolar
current
from cell
(Input)

to 2. cell
in

Polarity
Light

Circuit

Current to
Absolute
Voltage

Converter

Counting
Interval
Circuit

Analog to
Digital

Converter

Constant
Current
Source

Gate

6> Control
Circuit

Counting
Decades

"Clear"

Power
Supply

Pulse

"Print Command"

Pulse

Figure 38. Block diagram of read-out instrument.

> to printer



125

being directly proportional to the signal voltage. The pulses are

gated for a certain counting time interval, which is determined by the

counting interval circuit, to decades which count the pulses. At the

end of the counting time interval the total count is displayed and

remains displayed until a later time at which a clear pulse clears the

decades in preparation for the next count. The clear pulse and also

a "print command" pulse are provided at appropriate times in the

counting cycle, by a control circuit.

When the input current is such that the species concentration

in the sample stream is below the desired concentration the polarity

light circuit causes the display of a minus (-) sign.

Provision is made to attach a digital printer for printing each

individual count, including the indication, if present, of the minus (-)

sign. In addition to the above functions the instrument also supplies

the constant input current to the galvanovoltammetric detector cell.

Current to Absolute Voltage Convertor
and Polarity Light Circuits

Three integrated circuit operational amplifiers were utilized

to convert the galvanovoltammetry cell current to an absolute voltage.

The circuit design adopted is shown in. Figure 39.

The first operational amplifier, IC1, is a conventional current

to voltage convertor. The IC2 and IC3 are used in a circuit published
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by Philbrick Research, Inc. (38, p. 59), to convert the voltage output

from IC1, which may be either positive or negative, to a positive

voltage of equal magnitude for inputing to the analog to digital

convertor.

The relationship between the output voltage of IC3, eo, and

given, assuming°13)cell is iven assuminR42 R43 R44 R45 = 2 R40, by

equation 37:

e = R
22

(2
b

) cell (37)

In order to obtain good accuracy with this circuit it is necessary

to, in addition to nulling out the offset of the operational amplifiers

with R60, R61 and R62, closely match the resistors R42, R43, R44,

R45 and 2 R40. This matching was performed by measuring each

resistor with a Fairchild model 7050 digital multimeter and if neces-

sary adding, in parallel, trimmer resistors until the resistances

were exactly 9.99 ± .01 x 103 ohms.

It was, in addition, desired to provide a visual indication of

when the species concentration in the sample stream had fallen below

the desired concentration. The fact that the voltage at the output of

IC2 is more positive than---'0. 6 volt for a positive Zb (species con-

centration is below desired concentration) and below--, 0. 6 volt for a

negative 2b (species concentration is above desired concentration)

was utilized in obtaining the desired visual indication. The output
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of IC2 was connected to the base of Q1, a npn silicon transistor,

whose collector was then connected through a 3 volt lamp to the +3.6

volt power supply.

It was found that injecting as little as +41..t,a into the inverting

input of IC1 would cause Q1 to conduct turning on lamp L1.

The circuit used to evaluate the performance of the current to

absolute voltage convertor and polarity light circuit is shown in

Figure 40. A calibration was obtained by injecting various currents

into IC1 and measuring the output voltage of IC3. The circuit was

then allowed to operate continuously for 61 hours at +3.00 ma input,

after which a second calibration was obtained, The two calibrations,

which were exactly identical, are shown in Table 16.

Table 16. Calibration of current to absolute voltage convertor with
polarity light circuit attached.

Input current (ma) Output voltage (volts) Volts/ma ratio
- 0. 10 .21 2. 1
- 0. 50 1.01 2.02
-1.00 2.01 2,01
- 2.00 4.01 2.00
-3,00 6. 00 2.00
-4. 00 8.00 2.00
-5.00 10.00 2.00
+4. 65 9. 29 2.00
+4.00 7.99 2.00
+3.00 5.99 2.00
+2, 00 3.99 2.00
+1.00 1.99 1.99
+0. 50 . 99 1.98
+0.10 .19 1.9

Note: Value of R22 for this evaluation was 2,000 ohms. The accuracy
of setting the input current is ±, 01 ma and of measuring the out-
put voltage is ±.01 volts.
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The circuit performed well, and it is of particular significance

that the offset voltages of the integrated circuit operational amplifiers

were found to still be zero after 61 hours of operation.

Analog to Digital Convertor

An inexpensive analog to digital convertor circuit, which would

allow the obtaining of concentration readouts to within several parts

per thousand within a time interval of about a second was desired.

Giles (15) has described an analog to digital convertor con-

sisting of a matched transistor preamplifier, and an integrated cir-

cuit operational amplifier integrator (Fairchild p.A702) which would

probably fill the above requirement. The circuit design employed

herein utilizes the basic method of analog to digital conversion,

employed in Giles' circuit, but involves certain major changes.

Circuit Description

The final circuit chosen is shown in Figure 41,

The Fairchild p. A 7 3 9 dual integrated circuit operational amplifier

provided an economical means of obtaining the analog to digital con-

version. The device's slew rate is adequate and also it's voltage

gain is such that preamplification is unnecessary (12).

The basic circuit operation is well described in reference 14,

however, a few needed additional comments are made below.
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Certain external resistors and capacitors must be added to the

µA739 device to provide for frequency compensation. The C
1

was

found to be necessary to prevent the high gain amplifier from breaking

into oscillation due to the positive feedback of high frequency transient

pulses. The R10 and C7 were necessary to obtain linearity over the

range of analog to digital conversion being employed. Although there

are many additional types of frequency compensation possible with

the y.A739 (7), inclusion of other frequency compensation components

was found to be unnecessary and, in some cases, even undesirable.

It was found that in order to obtain an adequate precision the

reference voltage for the comparator should be stabilized. This

stabilization was accomplished by R
9

and Q3 where Q3 acts like a

temperature compensated Zener diode (43).

To provide pulses of positive magnitude to a gate circuit the

output of the analog to digital circuit was differentiated and fed to an

integrated circuit monostable multivibrator, (IC6), (26).

Circuit Evaluation

The apparatus depicted in Figure 42 was used to evaluate the

precision and linearity of the analog to digital convertor in the range

of 0-2.000 volts input.

Initially, while employing an input voltage of 1.000±. 001 the

R63 was adjusted to produce 500 pulses/second at the output. Then
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one second counts were obtained with other input voltages.

The results of this experiment, shown in Table 17, indicate a

mean absolute standard deviation of less than one pulse/second and a

mean absolute deviation from linearity of,-, 0.6 pulse/second.

Table 17. Evaluation of Analog to Digital Circuit.

Mean Relative
Input count standard

voltage Number of (pulses deviation
(volts) observations s ec of count

Absolute
standard
deviation
ipulses

sec

Absolute
deviation
of mean

count from
linearity
(pulses)

sec

1.000 10 500 .001 0.5 0

0.800 13 401 .002 0.8 1

0.600 19 300 .000 0.1 0

0.400 43 201 .011 2.1 1

0.200 51 101 .009 0.9 1

0.100 26 50 .015 0.7 0

0.050 21 25 .020 0.5 0

0.010 33 4 .2 0.7 -1
1.000 24 501 .001 0.3 1

1.200 37 601 .001 0.8 1

1.400 45 700 .002 1.2 0

1.600 42 798 .001 0.7 -2
1.800 44 899 .001 0.9 -1
2.000 64 1000 .002 1.7 0

Counting Interval and Gate Circuits

A relatively economical means of obtaining a precise counting

interval is that of dividing the power line frequency until a pulse of the

desired width is obtained. This method has recently been described

by Steinbach (42).
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The complete, final counting interval and gate circuits are

shown in Figure 43 while Figure 44 shows waveforms from these cir-

cuits which are pertinent to the discussion below.

The 60 Hz power line signal is converted to a square wave by a

IlL914 squaring circuit. The frequency of the square wave is then

divided nine times by nine JK flip-flops (IC13 through IC16 plus IC11)

to produce the waveforms at point A and B as shown in Figure 44. The

operation of a JK flip-flop is described in reference 23.

To obtain a counting interval of 2.133 seconds and a delay

interval between counting intervals of 6.400 seconds the signal at

point A is applied to the switching transistor Q6 and the signal at

point B is applied to the switching transistor Q7. Since Q6 may only

conduct, and thus cause a drop in the point C voltage, when the base

of both Q6 and Q7 is positive the desired counting interval and delay

between counting intervals is obtained at point C.

By connecting the emitter of the gate transistor, Q5, to point

C the pulses from the analog to digital circuit, being applied to the

base of Q5, will only cause a pulse output at the Q5 collector during

the 2.133 seconds in which the Q5 emitter is near zero volts.

The point C signal is also used for control of the counting

decades and printer, as will be discussed next.
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Control Circuit

The control circuit functions are to provide a pulse to command

a printer to print each count after it has been obtained and to provide

a pulse to clear the decades prior to each new count.

The control circuit chosen employs three µL914 integrated cir-

cuit monostable multivibrators and is drawn in Figure 45, Figure 46

shows some waveforms pertinent to the discussion below,

At the end of each counting interval a positive spike resulting

from the differentiation, by C11 and R52, of waveform C, initiates

in the IC7 monostable multivibrator a 6.1 second positive pulse

(waveform F). During this 6. 1 seconds the count remains on display

on the decades for visual observation,

By inverting the point F signal with transistor Q8 and then,

differentiating it with C3-R48, a positive spike occurs at pin 1 of IC8

which causes the monostable multivibrator to produce a positive pulse

at point G. This "clear pulse, " which occurs just 0.3 second before

the initiation of the next counting interval, is then fed to the decade

counters "reset" terminal and returns all decade counters to a "0"

reading.

The complete timing cycle for one count, then, is:

0 to 2.133 seconds Counting interval

2.133 to 8,233 seconds Count display interval
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8. 233 to 8, 533 seconds Dead time

8.533 seconds End of cycle -

beginning of next

counting interval

The signal at point F is also differentiated directly and used

to cause the IC
9

monostable multivibrator to produce a pulse at point

H. This latter pulse occurs immediately after the end of the counting

interval and is utilized as a command pulse to make a printer print

the output of the decade counters.

Counting Decades

A series of papers (23, 24, 25) has appeared during the past

two years describing the use of low cost integrated circuits for the

construction of inexpensive counting units. Lancaster (25) described

a biquinary decimal counter, in which the input pulses are first

divided by two and then by five. The hardware requirements for

encoding and decoding are fewer in number than for a divide by ten

counter and consequently the technique has become a popular one.

Although Lancaster's basic idea of biquinary counting was

utilized in the counting decade designed herein, a number of modifica-

tions of Lancaster's circuit were found to be desirable. The final

counting decade design utilized in the readout instrument is shown in

Figure 47. A discussion of the modifications from Lancaster's
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circuit and of the counter's encoding and decoding are given below.

Circuit Modifications

Three volt miniature lamps were used in the decade counter

constructed herein. The use of the smaller lamps was more economi-

cal, considerably lessened the current demand on the power supply

and allowed for a compact vertical in-line readout design (see page

196 of Appendix IV). Individual 2N5129 drive transistors were used

for each lamp.

Since it was planned to eventually use a Hewlett-Packard model

562A digital recorder to evaluate the continuous analyzer it was neces-

sary to completely redesign the encoding circuitry of the integrated

circuit counters so that their binary coded decimal outputs would

conform to the input requirements of this printer (20).

Encoding

To produce the desired binary code at the outputs of the four

integrated circuit JK flip-flops certain interconnections between a

number of NOR gates and some of the various inputs and outputs of

the JK flip-flops are necessary. These interconnections constitute

the encoding circuitry. The encoding circuitry used in Lancaster's

decade counter and in the counter designed herein (Figure 47) is given

in Figure 48.



(a) Lancaster's encoding circuit

Input

C 1

S

T B
C

S

T C
C

S Q
T D
C

A

Q output of JK flip-flopNumber of
input pulses

0 0 0 0 0

1 1 0 0 0

2 0 1 0 0

3 1 1 0 0

4 0 1 1 0

5 1 1 1 0

6 0 1 0 1

7 1 1 0 1

8 0 1 1 1

9 1 1 1 1

10 0 0 0 0

(b) Figure 47 encoding circuit

Number of
input pulses A

Q output of JK flip-flop
D

0 0 0

1 1 0
2 0 1

3 1 1

4 0 1 1 0

5 1 1 1 0

6 0 0 1 1

7 1 0 1 1

8 0 1 1 1

9 1 1 1 1

10 0 0 0 0

Figure 48. Encoding circuit and JK flip-flop outputs of Lancaster's and Figure 47 decade counters.
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The operation of a JK flip-flop is described in reference (23).

A NOR gate produces a logic "1" at its output only if a logic "0" is

present at both of its inputs. For other logic inputs the output of the

NOR gate is a logic "0".

By attaching the output of the NOR gates to various set (S) and

clear (C) inputs of the JK flip-flops the desired outputs can be

obtained. The BCD output of the two encoding circuits is also shown

in Figure 48. The output of the Lancaster decade counter is a 122' 4

BCD and the output of the encoding circuit designed for the readout

instrument is a 1224 BCD which is compatible with the input require-

ments of the Hewlett Packard model 562A digital recorder,

Decoding

The 1224 BCD output within the decade counter (Figures 47 and

48b) must be decoded so that the correct lamp is lit for each number

of input pulses. The decoding is provided by Q10, Qii and NOR

gates 1 through 6. The NOR gate 1 will output either a logic "0"

for an even number of input pulses or a logic "1" for an odd number

of input pulses (see Figure 47 and the Table in Figure 48b) which will

respectively enable either Q10 to conduct, thus activating the EVEN

bus in Figure 48 or enable Q11 to conduct (shutting off Q10), thus

activating the ODD bus in Figure 48, This activation of the EVEN or

ODD bus plus a logic "1" at one of the five lamp driver inputs, a, b,
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c, d or e of Figure 47, will determine which lamp becomes lit. For

example: the NOR gate 2 output, attached to point a, will only output

a logic "1" when the Q output of binaries B and C output a logic "0".

This latter state only occurs, as seen from the Figure 48b table when

the first or tenth pulse, in any series of ten input pulses, enters the

counter (or in the cleared state before any pulses arrive). There--

fore in this case, and only in this case, will lamp L1 (if EVEN bus

is activated) or lamp L2 (if ODD bus is activated) light. By similar

reasoning the understanding of the remaining decoding circuitry can

be obtained.

Overflow Digit Circuit

In addition to fabricating three of the Figure 47 counters to

register ones, tens and hundreds the overflow digit circuit, shown in

Figure 49, was built to register a thousand. Thus, the counters were

capable of registering up to 1999 pulses during the counting interval.

Constant Current Source

It was desired to utilize an integrated circuit operational

amplifier to provide an adjustable constant input current to the

galvanovoltammetry cell. Since the bipolar electrode is held at a

"virtual ground" by operational amplifier IC1, (see Figure 39 on

page 126), the working electrode of the galvanovoltammetric cell is
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Figure 49. Overflow digit circuit.
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to be grounded, in the constant current circuit, thus effectively placing

the two electrodes at a common ground potential.

The configuration chosen was that of a current injector such as

shown in Figure 50 (6, p. 64). The cell current,

equation 38, which is derived in the appendix.

2 iscell'

-e2`1.3
r r

1 r2r4] - r
2r 4Ein

2 cell r1r3r4

given by

(38)

In the actual circuit utilized r
2

is made equal to r
3

so that

equation 38 simplifies to equation 39.

E
r 1 1

E.

2cell -e21. r4 rl rl
(39)

In order to make ?cell a constant current independent of e
2

it is necessary to make r1 equal to r4.
To change the value of 2cell'

and maintain r
1

= r4, the r
1

and r
4

would have to be changed

simultaneously. However, if the e2 term is much smaller than the

Ein term, in equation 39, 2cell is closely approximated by equation

40 and only r1 need be varied to vary

2 cell

cell`

in

rl (40)

To minimize the e
2

term, in equation 39, r
4

is made equal to

the anticipated value of r1. For the specific application of galvano-

voltammetry made in this thesis the 7cell (ii.n) anticipated was
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Figure 50. Operational amplifier current injector.
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6 volts, a
in

r
4

of 4.7 K ohms was chosen.

The actual integrated circuit operational amplifier current

injector circuit used is shown in Figure 51. The R11 -Q2 combination

provided a constant Ein and R8 was utilized as a current monitoring

resistor. Throughout the subsequent use of the Figure 51 circuit no

variation, with time, in the 2
cell

(2. ), measured across R8, with a
in

Fairchild model 70 50 digital voltmeter, could be detected.

Power Supply

The power supply chosen, for providing the needed +15, -15,

-7 and +3.6 volts, is shown in Figure 52. This power supply also

provides an input, via the R 13-C12 circuit, for the counting interval

circuit,

Instrument Construction

The various circuits described above, except for the power

supply, were constructed on phenolic perforated circuit board or 9n

printed circuit boards. The circuit boards and power supply were

mounted on a Bud 7" x 11" x 2" chassis base and various control parts

(switches, potentiometers) were mounted on a Bud 7 1/2" x 13 1/4"

x 9" cabinet which housed the chassis base. The layout of the parts

on the circuit boards and the layout of the circuit boards and other
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parts on the chassis base and cabinet is shown in Appendix IV.

Instrument Evaluation

To evaluate the readout instrument its short-term and long-

term precision and calibration linearity were determined. Also, the

effect that variation in the power line voltage has on the instrument's

response was investigated.

Experimental

The readout instrument was turned on and a current of 10.00

ma was fed into the instrument's input (shown in Figures 38 and 39 on

pages 124 and 126). The 10.00 ma was provided by the circuit shown

in Figure 53. Throughout this experiment the input current was main-

tained at 10.00 ma, as determined by measuring the ZR drop across

the 1000 ohm resistor with the Fairchild model 7050 digital multi-

meter, by adjusting the 10 turn 0-1000 ohm Helipot potentiometer.

The instrument's calibration control, R63 of the analog to digital

convertor (see Figure 41 on page 131), was then set to a value which

provided a mean reading of 1010 counts on the counting decade's

readout, The setting of R63 was held constant throughout the experi-

ment. (Note: The value of R22 in Figure 39, page 126, was 100

ohms for this experiment. )

After setting the calibration control the instrument was
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operated continuously for 175 hours. During this operating period

instrument readings, occurring every 8. 533 seconds, were printed

with a modified Hewlett-Packard model 562A digital recorder. The

modification of the digital recorder including a pulse amplifier, used

between the readout instrument and digital recorder, is described

in Appendix V.

For the purpose of determining the short-term precision

instrument readings were arbitrarily collected in groups of 440

readings (a group was thus collected in each short-term period of

62.6 minutes) and the relative standard deviation of the readings was

calculated for each group of 440 readings. One hundred and sixty-

five such groups were obtained, To determine a long-term precision

the relative standard deviation was calculated from all the readings

that were obtained over a total period of 172 hours.

To determine the calibration linearity and calibration precision

of the readout instrument eight calibrations were obtained throughout

the 175 hours operating period. The individual calibrations were

spaced about one day apart. Each calibration was obtained by the

following procedure: With the instrument's calibration control, R63,

still set as above ten readings were collected with the modified model

562A digital recorder for each of the following input currents (in ma):

12.00, 10.00, 8.00, 6.00, 4,00, 2.00, 1.00, 0,25, -0.25, -1.00,

-2,00, -4.00, -6.00, -8.00 and -10.00. The input current was
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provided by the Figure 53 circuit, in which the current could be pro-

vided to within .01 ma. The absolute standard deviation (S ,yi x

see note at end of Table 20 on page 159) for each calibration was

calculated as was the mean deviation of the mean reading, for each

input current, from the reading expected for a linear calibration.

The reading expected for a linear calibration was calculated,

for each input current, from the counts/input current ratio obtained

in the middle of the positive input current range (that is, from the

counts/input current ratio obtained for a +6.00 ma input current).

Results and Discussion

The short-term precisions found are listed in Table 18. The

mean value calculated from Table 18 is 0.8 ppt.

The frequency distribution of all the readings obtained for the

172 hour period is given in Table 19. The long term precision of the

instrument's reading was found to be 2.1 parts per thousand relative

standard deviation.

The eight calibrations obtained are listed in Table 20.

The calibrations obtained throughout the operating period were

not significantly different, with the mean absolute value of Syi x

indicating that the mean deviation from calibration linearity was

about two counts.
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Table 18. Precision of readings obtained with readout instrument for
short-term operating periods of 62.6 minutes (parts per
thousand standard relative deviation),

1. 1 0,6 0.8 O. 8 0.8 0.7 0.6 0,7
0.7 0.8 0.8 0,7 0.6 1 . 0 0,6 0.7
0.6 1.0 1.2 0.8 0.6 1.0 0.9 0,8
1.0 1.6 0.7 0,7 0.8 1 . 0 1 . 2 0.6
0.6 0.9 0.9 0.7 1 . 0 1 . 0 1 . 1 0,9
0.5 0.8 0.7 0,8 0.7 0.8 0.7 1.0
0.8 0.8 1.1 0.8 0.8 0.7 1.0 1.5
1,7 0.6 0.6 0,7 0,6 0.6 0.9 1.1
1.0 0.8 0.9 0.7 0.8 0.7 1 . 6 0,8
1.1 0.7 0,6 0.7 0.7 0.7 1 . 3 1 . 4

0.9 1 . 2 0.6 0.6 0.8 0.7 1,2 1 . 1

0.6 0.7 1 . 1 0.7 0,6 0,7 0.8 0,9
0,9 1.0 1,2 0.8 0.7 0.6 1 . 1 0.8
0.8 1,1 1.2 0.5 0.6 0.6 1 . 2 0.7
0.6 0.7 0.9 0.8 1.1 0.6 1 . 3 0.8
0.7 0.6 0.7 0,9 1.0 1,0 1.0 0,8
0.8 0.7 0.8 0,9 1 . 2 0.7 0.7 0.6
0.8 0.8 0.6 0.8 0.8 1.0 0.7 0,8
1 . 1 1.2 0.6 0.8 0.9 0,9 1 . 0

0,9 0.7 0.7 0.6 0.7 1,0 0.8
0.9 1.1 0.9 0,6 0.8 0,8 1 . 3

Notes: Input current to the readout instrument = 10.00 ma, R63 is
set so the mean reading is 1010. Four hundred and forty
readings are obtained during a short-term operating period.

Effect of Power Line Voltage on the Readout
Instrument's Response

To determine if fluctuation in the power line voltage effects

the response of the instrument the instrument's power cord was con-

nected to a Heath model IP-22 isolation transformer and the power

voltage purposely varied while applying 10,00 ma to the instrument's

input with the Figure 53 circuit. Ten readings were collected for
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each of three different power voltages.

Table 19, Collection of readout instrument readings
for 172 hours.

Reading Number of times reading occurred

1002 12

1003 222
1004 945
1005 1442
1006 4677
1007 7732
1008 10717
1009 12564
1010 13266
1011 10666
1012 6357
1013 2511
1014 794
1015 192
1016 32

Total 72129

Also during this experiment the voltage at the emitter of Q3

of the analog to digital convertor (see Figure 41 on page 131) was

monitored with a Fairchild model 7050 digital multimeter. This

latter voltage, which is applied to the comparator (IC5), is a factor

in the analog to digital conversion rate (see equation 22 on page 163

of reference 15). Any change in the Q voltage, due to a
3

change in the -7 volt power supply, would therefore change the

instrument's response to a given input current.

The mean instrument reading obtained for the different power



Table 20: Calibration data.

Calibration
number

Mean reading and absolute deviation from mean reading expected (relative to +6.00 ma)
for the following input currents (in milliamperes)

+12.00 +10,00 +8.00 +6.00 +4.00 +2.00 +1.00 +0.25

1 1202 +2 1002 +2 801 +1 600 0 399 -1 197 -3 97 -3 21 -4

2 1201 +1 1001 +1 801 +1 600 0 398 -2 197 -3 97 -3 21 -4

3 1208 +1 1007 +1 805 0 603.5 0 401 -1 199 -2 97 -4 21 -4

4 1211 -1 1010 +2 807 0 605 0 402 -1 199 -3 98 -3 20 -5

5 1214 +2 1011 -1 809 +1 606 0 402 -2 199 -3 97 -4 21 -4

6 1212 +2 1010 +2 807 0 605 0 402 -1 199 -3 97 -4 21 -4

7 1213 +1 1011 +1 808 0 606 0 403 -1 199 -3 98 -3 21 -4

8 1213 +1 1011 +1 808 0 606 0 403 -1 199 -3 98 -3 21 -4

Mean absolute deviation of mean reading
from reading expected (counts)

+1 +1 0 0 -1 -3 -4

Calibration Mean reading and absolute deviation from mean reading expected (relative to +6.00 ma)

number for the following input currents (in milliamperes)

Absolute
standard
deviation
(SY/X)a

-0.25 -1.00 -2.00 -4.00 -6.00 -8.00 -10.00 (counts)

1 -23 -2 -98 -2 -199 -1 -400 0 -600 0 -801 -1 -1001 +1 2.0

2 -22 -3 -98 _2 -198. 5 -1.5 -399 -1 -600 0 -801 -1 -1001 +1 2.3

3 -23 -2 -98 -3 -200 -1 -402 0 -603 0. 5 -805 0 -1006 0 2.0

4 -22 -3 -99 -2 -200 -2 -403 0 -606 1 -1013 +1 2, 3

5 -22.5 -2, 5 -99 -2 -200 -2 -403 -1 -606 0 -808 0 -1011 -.1 2. 3

6 -22 -3 -99 -2 -201 -1 -403 0 -605 0 -808 -1 -1010 -2 2. 3

7 -22 -3 -99 -2 -200 -2 -403 -1 -606 0 -809 -1 -1011 -1 2.1

8 -22 -3 -99 -2 -201 -1 -404 0 -606 0 -808 0 -1010 -2 2.1

Mean absolute deviation of mean reading
from reading expected (courts)

Mean Absolute
Standard Deviation

-3 -2 -1 0 0 -1 0 2.2 counts
aSy/, is the square root of the sum of the squares of the deviation of the readings from the best calibration line divided by the degrees of freedom

(reference 44, p. 502),
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voltages as well as the voltages observed at the Q3 emitter are shown

in Table 21, These results indicate that changes in power line voltage

adversely effect the instrument's response. A significant portion of

the change in the instrument's response, with change in power voltage,

can be seen to be due to change in the Q3 emitter voltage.

Table 21. Variation of instrument readings and Q3 emitter voltage
with power voltage.

Power voltage
(volts)

Mean reading Relative standard Voltage at
obtained deviation of emitter of
(counts) readings Q3 (volts)

116.5 1014 .001 -6.78
122.5 1004 <.001 -6.83
128.0 997 .001 -6.86

Note: Input current to the instrument was 10.00 ± .01 ma.

It is likely, from the results in Table 21, that a significant por-

tion of the variation observed in the instrument's response, in the

above instrument evaluation, is due to variation in the power line

voltage and if the instrument is going to be operated from a badly

fluctuating power line voltage, regulation circuits should be added

to the instrument's power supply.
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VII. EVALUATION OF THE AUTOMATIC GALVANO-
VOLTAMMETRIC CONTINUOUS ANALYSIS

SYSTEM

The flow system described in Figure 27 (page 90), the galvano-

voltammetric detector flow cell of Figure 28 (page 96), and the readout

instrument described above taken together comprise the complete

automatic continous analysis system which is evaluated below.

The evaluation was performed in 12 separate operating periods,

in nine of which the system's precision was determined and in three

of which the system's accuracy was measured.

System Precision

The continuous analyzer system's precision was evaluated by

the following procedure: The analyzer's flow system was started and,

with a volumetric flask and timer, the exact flow rate (the constricted

flow capillary used was one which provided a sample flow rate of

about 8.3 ml/min) measured. Then 1.00 x 103 N C12 was electro-

generated into the liquid stream by connecting the 11-200 ma constant

current source (Appendix III) to the generation cell, and appropriately

adjusting its output current (similarly to the procedure described on

page 31).

The readout instrument's calibration control, R63, (see Figure

41 on page 131) was set so that, for the sample flow rate being used,
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about 1000 counts would be obtained whenever the C12 concentration

differed from the desired concentration (1,00 x 10-3N) by +1000

microequivalents/liter.

The instrument was then connected to the detector cell and after

a 10-12 minute interval the instrument was turned on and "z. was fedin

into the detector cell. The magnitude of Zin was varied until an 2b

operated at its quiescent point for a C12 concentration of 1.00 x 10-3 N.

The C12 concentration was then changed to, and maintained at, one of

the nine concentrations listed in Table 22. The C12 concentrations

were obtained by appropriate adjustment of the 11-200 ma constant

current source, or by removing the 11-200 ma constant source,

connecting the 0-10 ma constant current source (Figure 8 on page 23)

to the generation cell and appropriately adjusting its output current,

readout of zero was obtained indicating that the detector cell was

Table 22. Chlorine concentrations used in analyzer evaluation and
error expected in Chlorine concentrations used in analyzer
evaluation.

Chlorine concentration
(gram equivalents/liter x 103)

Relative error expected in
chlorine concentration

(per cent)

0

, 25
, 50
,75

1.00
1.25
1.50
1.75
2.00

% Mean relative error

0.3
0,2
0,2
0,7
0,6
0,5
0, 4
0.4
0,4
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After the detector cell's 2
b

had reached a steady value instru-

ment readings were collected with the modified Hewlett-Packard

model 562A digital recorder for from two to five hours. The

modification of the digital recorder including a pulse amplifier used

between the readout instrument and digital recorder is described in

Appendix V, To be sure that the flow rate did not change more than

-'-'1% it was monitored throughout each of the nine operating periods

by noting the time required to fill a 25 ml volumetric flask. A dif-

ferent Cl
2

concentrations, from the list in Table 22, was used in

each of the nine operating periods.

Assuming that the flow rate can be measured to within ± 0.01

ml/min and noting that the output current of constant current sources

#1 and #2 can be set to within ± .01 ma and ± 0,1 ma respectively

the relative error in each generated C12 concentration may be cal-

culated. These calculated expected errors are shown in Table 22.

The results of the above experiments are shown in Table 23

and indicate a mean relative standard deviation for the continuous

analyzer system of 1, 4%.

System Accuracy

The accuracy of the galvanovoltammetric automatic continuous

analysis system was determined by the following calibration pro-

cedure: Similarly to the precision determination above, a flow rate
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Table 23, Precision of galvanovoltammetric automatic continuous
analysis system.

Absolute
standard

Relative %a
standard
deviation
of readings

N C12 Operating # of Mean deviation (based on
x 103- period Readings reading of readings chlorine
(eq/1) (hrs) Obtained (counts) (counts) concentration)

0 3.5 1472 -1015 2

0.25 2.3 992 740 6 2.4
0.50 2.7 1128 - 512 2 0.4
0,75 2,5 1042 225 13 1. 9
1.00 2.4 1019 3 18 1.8
1,25 4.9 2066 280 19 1, 4
1.50 4.0 1680 538 14 O. 9

1,75 2,9 1239 784 17 0. 9
2. 00 2. 5 1054 1021 28 1, 4

Mean = 1.4

Note:
a The % relative standard deviation, based on chlorine con-

centration, was calculated from the formula:

where

C - C
o

tea] X - X
% o- 100

= relative standard deviationr

a
= absolute standard deviation (counts)

Co = quiescent point C12 concentration
(1000 microequivalents/liter)

C = sample concentration (micro-
equivalents/liter)

Xo = mean instrument reading for a C12
concentration of Co (counts)

X = mean instrument reading for a C12
concentration of C (counts)
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was obtained and a 1.00 x 10-3 N C12 concentration was established
O

in the sample stream. Then, as above, the amount of F. necessary
in

to produce an ?b = 0 was fed into the detector cell. Then the C12 con-

centration was reduced to zero and after a 10-12 minute interval the

calibration control, R63, adjusted until an instrument reading of

-1000 was obtained. After the setting of R63 the C12 concentration

was varied, in turn, approximately to the nine concentrations listed

in Table 22. A number of instrument readings (40 to 100) were col-

lected, as above, with the modified Hewlett-Packard model 562A

digital recorder, for each concentration and the mean reading cal-

culated and compared to the reading expected for a linear system

response to C12 concentration.

The results of three separate such calibrations, performed on

three separate days, are shown in Table 24. The mean relative %

deviation of the instrument's mean reading from the expected reading,

based on C12 concentration, obtained for the three calibrations was

1. 7, 1. 5 and 1. 7.
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Table 24. Tabulation of calibration data,
Calibration #1

Length of operating period = 4 hr, 16 min.

N Cl2

x 103

Reading
expected
(counts)

Mean
reading
found

(counts)
aError

(counts)

Relative % deviation of
mean reading from
expected reading

(based on C12
concentration)b

0 -1000 -1000
0.250 - 750 - 764 -.14 5.6
0,503 - 497 - 483 +14 2.8
0.150 - 250 - 252 - 2 0.8
0.999 - 1 16 +17 1.7
1.254 254 268 +14 1.1
1,507 507 503 - 4 0.3
1,752 752 737 -15 0.9
1.995 995 988 - 7 0.4

Mean 1.7

Calibration #2

Length of operating period = 3 hr. 38 min,

Mean
Relative % deviation of

mean reading from

N Cl.
Reading reading a expected readings
expected found Error (based on C12

x 10 (counts) (counts) (counts) concentrationb

0 -1000 -1000
0.250 - 750 - 761 -11 4.4
0.500 - 500 - 509 9 1.8
0.748 - 252 - 251 + 1 0.1
1.003 3 8 + 5 0.5
1.252 252 277 +25 2.0
1.502 502 524 +22 1.5
1.750 750 750 0 0

1.997 997 990 - 7 0.4
Mean 1.5
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Table 24. (Continued)

Calibration #3

Length of operating period = 2 hr. 34 min,

N C12

x 103

Mean
Reading reading

expected found
(counts) (counts)

Relative % deviation of
mean reading from

a expected reading
Error (based on C12

b
(counts) concentration)

0 -1000 -1000
0.250 - 750 - 746 -14 5.6

0.500 - 500 - 515 -15 3.0
0.749 - 251 - 262 -11 1.5
1,005 5 - 10 -15 1.5
1.249 249 242 - 7 0.6

1.580 580 584 + 4 0.3
1.746 746 761 +15 0.9
2.013 1013 1011 - 2 0.1

Mean 1,7

Notes: a Error = Mean reading found - Reading expected

b The relative deviation based on C12 concentration, of the
mean reading from the expected reading, was calculated
by the formula:

(error
Co - C

-
%d =

0 100r C

where %dr = % relative deviation and the other symbols are
given in the note of Table 23.
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VIII. SUMMARY AND CONCLUSIONS

The theory and ways in which galvanovoltammetry may be

applied to the continuous analysis of electroactive species has been

developed, The general characteristics of galvanovoltammetry

detector flow cells have been demonstrated and the factors involved

in choosing cell and sample stream parameters for any particular

applications have been considered.

With the information obtained above a practical application of

the second direct galvanovoltammetric detection method, as described

on page 85, to the continuous analysis of C12 in a liquid stream was

made. This application was made with an automatic continuous

analyzer system which consisted of the detector cell of Figure 28

(page 96), the flow system of Figure 27 (page 90) and the electronic

readout instrument described in chapter V of this thesis.

The obtainable precision and accuracy of the galvanovoltam-

metry system (1.5% herein) is limited mainly by the need for a

constant sample flow rate and temperature. Although the flow system

used for the continuous analyzer was an economical one and functioned

adequately, it possessed certain undesirable characteristics. The

flow rate was not sufficiently constant for a very accurate analysis

to be obtained and it is believed the volume of the constant head

device contributed significantly to the response time of the system.



169

The electronic readout instrument provided a current to con-

centration indication convertor which was, over a long time period,

accurate and precise to within two counts. The extensive use of

integrated circuits produced an instrument which is low in cost and

yet effectively provides the necessary function, The instrument's

material cost (see Appendix IV) is about $180, 00 while the labor cost

is estimated at $300-350. 00. Two possible improvements in the

instrument which could be made are (1) the addition of regulation to

the power supply and (2) making the current injector circuit more

versatile by employing two 10-turn potentiometers, in tandem, for

R
39

and R59 + R12 (see Figure 51 on page 151).

The advantages and disadvantages of the second direct galvano-

voltammetry method of detecting the concentration of electroactive

species are listed below:

Advantages

1. Continuous operation capability. Due to the design of the

bipolar electrochemical half-cell the galvanovoltammetry detection

cell may be operated for long periods of time with little or no

attention.

2. Relatively simple instrumentation possible. It is possible

to operate the detector with only two operational amplifiers (one as

a constant current source and one as an output current to voltage

convertor) and a voltmeter. The maintenance of a constant working
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electrode potential via a complicated electronic feedback system is

not necessary.

3. Convenient readout. The method provides a readout which

is particularly convenient for chemical process streams because it

provides a direct indication of the magnitude and direction of any

deviation from a predetermined desired concentration.

4. Reasonable response time. Because it is not necessary to

react all of the species being sought, as is necessary for example for

controlled potential coulometry, a fast flow rate may be employed

resulting in a faster system response.

Disadvantages

1. Flow rate dependence. The detector current is dependent

on the sample flow rate (ibct f1/2) and means must be provided to

maintain a constant flow rate, This is, however, not completely a

disadvantage. The use of a constant flow rate relieves one of the

need to react all the species and allows the detector current to be

given by an hydrodynamic voltammetry type of equation, such as

equation 28 on page 77. Therefore the use of a constant flow rate is

responsible for the fourth advantage listed above.

2. Temperature dependence, The temperature dependence of

galvanovoltammetry (+ 1. 0 %/° C) is large enough to cause considerable

error in the method if steps are not taken to maintain the sample

stream and detector cell at a constant temperature.
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APPENDIX I

Conventions Used to Describe Cell Phenomena

In this thesis electrode function will not be described by

assigning an algebraic sign to the electrode. Rather, the electrode

will be designated as being either a cathode (function = reduction) or

an anode (function = oxidation), One exception to the latter is the use

of the term "bipolar" as explained on page 16.

In this thesis the terms "current" and "electron flow" are

synonymous and are used interchangeably. When, while plotting or

discussing electrochemical cell data, it becomes necessary to indicate

the direction of electron flow the following convention is used.

Electron flow into an electrode from the external circuit will be con-

sidered to have a positive magnitude and electron flow from an

electrode into the external circuit will be considered to have a nega-

tive magnitude. Therefore, when indicating current magnitude, it is

also necessary to indicate to, or from, which electrode the current

is flowing. Electron flow from the constant current source to the

working electrode (2, will always be considered to have a positive
in

magnitude,
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APPENDIX II

Parts List, Construction and Balancing of the 0-10 ma
Constant Current Source

Table 25. Parts list of the 0-10 ma constant current source.

Designation Value or Type

(See note at end of Table 27 for symbol designation)

D9' D10 3.9 v. Zener diode
Dll 1N63

S3 DPST

S4 SPST

S5 SP 4 position

C22 200 pf ceramic

C23 .0047 p,F paper

R64 47 composition

R65 150 composition

R66 560 composition

R67 1.5 K composition

R68, R69,
R70

10 K composition

R71 470 K composition

R72 100.2 ± 0.1 metal film

R73 0-100 K carbon potentiometer

R74 0-10 K 10 turn potentiometer

Q5
0

2N3638 (pnp)

IC31 p.A.709 operational amplifier

Note: All fixed resistors are 1/2 watt.
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Construction

The operational amplifier and a number of the other components

were mounted on a printed circuit board which is shown, in actual

size, in Figure 54. The circuit board and other components were

mounted in a Bud 4" x 4" x 2" utility cabinet. The layout of the parts

in the cabinet is shown in Figure 55.

Balancing Procedure

Place a 100 ohm resistor between the anode jack and ground.

Place a shorting bar between the anode and cathode jacks. Turn on

the circuit with S3 (leave S4 off) and adjust R73 until the output of IC31'

as measured at the "Balance check" jack is zero.
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Figure 54. Printed circuit board for 0-10 ma constant
current source.
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Figure 55. Layout of 0-10 ma constant
current source components.
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APPENDIX III

Parts List, Schematic Diagram, Construction and Balancing
Procedure for the 11-200 ma Constant Current Source

Table 26. Parts list of the 11-200 ma constant current source.

Designation Value or Type

(See note at end of Table 27 for symbol designation)

D12 3,3 v, 1 watt zener diode

R75 10.02 ± .01 1/2 watt metal film

R76 50 10 watt composition

R77 100 2 watt composition

R78 150 2 watt composition

100 1 watt compositionR79, R80

R81 0-100 10 turn potentiometer

R82 0-10 K 1 turn carbon
potentiometer

S6 DPST

S7 SPST

S8 SPDT

S9 SP 3 position

Q51 T1P47 (npn) power transistor

IC32 p.A741 operational amplifier

Construction

The 11-200 ma constant current source was housed in a Bud

4" x 5" x 3" utility cabinet. The layout of some of the circuit com-

ponents is shown in actual size in Figure 57, while the schematic
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diagram is given in Figure 56,

Balancing Procedure

To balance the operational amplifier open S7 and S6, place

10 K resistors from the cathode jack to ground and from the cathode

jack to the balance check jack. Close S6 and adjust R82 until the

voltage at the balance check jack is zero.
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a 11-16 ma
b 16-32 ma
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Figure 56. 11-200 ma constant current source.
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APPENDIX IV

Parts List and Layout of Readout Instrument

Table 27. Parts list for readout instrument.

Designation Value or Type Manufacturer Cost

(See note at end of table for symbol designation)

POWER SUPPLY

T
1

13 v dual secondary, transistor
power Knight 5.72

T2 6.3 v filament Knight 2.10

D1, D2, D3 942 bridge rectifier Motorola 7.05

D4, D5, D6 1N4001 Motorola 1.35

C14, C15 150 1.1,F, 25 v electrolytic Sprague 1.74

C 16
250 p,F, 25 v electrolytic Sprague 1.02

C18, C19 500 p,F, 25 v electrolytic Sprague 2.76

's-20' C21C20,
18,000 µF, 10 v electrolytic Sprague 5,14

C12 1 p,F, 50 v electrolytic Sprague 0.54

R13 470 composition IRC 0.04

R54, R58 47, 1 w composition IRC 0.12

R55 220, 1 w composition IRC 0.06

R56 330, 1 w composition IRC 0.06

R57 470, 1 w composition IRC 0.06

F
1

1/4 amp Buss 0.07

F2 3/4 amp Buss 0.07

S
1

SPST toggle Cut ler-
Hammer 0,79

Sub-total 28.69
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Table 27. (Continued)

Designation Value or Type Manufacturer Cost

CURRENT TO ABSOLUTE VOLTAGE CONVERTOR

(Circuit Card #1)

D7, D8 1 N463 G. E. 1.08

R22 500, 1% metal film IRC 0.44

R40 5 K, 1% metal film IRC 0.44

R42, R43,
R44' R45 10 K, 1% metal film IRC 2.05

R62, R60,

R61 0-10 K 1 turn carbonpot. IRC 1. 17

IC1, IC2, IC3 p.A741 operational amp. Fairchild 14,55

Q1 npn silicon ? 0.60

Sub-total 25.84

ANALOG TO DIGITAL CONVERTOR

(Circuit Card #2)

C
1

10 pf ceramic Sprague 0.15

C2 200 pf ceramic Sprague 0.15

C4, C5 .0022 p,F paper Sprague 0.36

C7 .001 1.1F paper Sprague 0.18

C8 .047 p.F paper-mylar CDE 0.36

R7 39 composition IRC 0.04

R10 150 composition IRC 0.04

R14 470 composition IRC 0.04

R23 1 K composition IRC 0.04

R26' R27 1.5 K composition IRC 0.08

R28 1.8 K composition IRC 0,04

R29 2.2 K composition IRC 0.04

R31 3.9 K composition IRC 0,04
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Table 27. (Continued)

Designation Value or Type Manufacturer Cost

ANALOG TO DIGITAL CONVERTOR - continued

(Circuit Card #2)

R46 10 K composition IRC 0.04

R63 0-10 K 10 turn pot. Helipot 10.00

IC5 p.A739 dual oper. amp. Fairchild 4.85

IC6 µL914 dual gate Fairchild 0.80

Q3 2N5142 pnp Fairchild 0.23

Q4 2N5129 npn Fairchild 0.13

Sub-total 17.61

COUNTING INTERVAL AND GATE CIRCUIT

(Circuit Card #3)

R1 10 composition IRC 0.04

R9 100 composition IRC 0.04

R33' R34

R35, R36 4.7 K composition IRC 0.16

IC10 µL914 dual gate Fair child 0.80

IC11 µL923 J-K flip flop Fairchild 1.50

IC13' IC14'
IC15' IC16 MC790P dual J-K flip-flop Motorola 8.00

Q5' Q6' Q7 2N5129 npn Fair child 0.39

Sub-total 10.93
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Table 27. (Continued)

Designation Value or Type Manufacturer Cost

CONTROL CIRCUIT

(Circuit Card #4)

C3' C6 .0022 p.F paper Sprague 0.36

0.1 [IF paper Sprague 0.54
C9, C10, C11

C13 10 p,F, 15 v electrolytic Sprague 0.54

C17 390 i,,t,F, 6 v electrolytic Sprague 1.02

R15 470 composition IRC 0.04

R32, R37, R38 4.7 K composition IRC 0.12

R47 12 K composition IRC 0.04

R48 through

R53 15 K composition IRC 0.24

IC7, IC8, IC9 µL914 dual gate Fairchild 2.40

Q8 2N5129 npn Fairchild 0.13

Sub-total 5.43

CONSTANT CURRENT SOURCE

(Circuit Card #5)

R.8 100 metal film IRC 0.44

R11 220 composition IRC 0.04

R12 2.7 K composition IRC 0.04

R24, R25 1 K 1% metal film IRC 0.88

R39 4,7 K composition IRC 0.04

R59 0-5 K 10 turn pot, Helipot 10.00

IC4 1,,,A741 operational amp. Fairchild 4.85

Q2 2N5142 pnp Fairchild 0.23

Sub-total 16.52
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Table 27, (Continued)

Designation Value or Type Manufacturer Cost

OVERFLOW DIGIT, POLARITY LAMP, CIRCUITS

(Circuit Card #6)

R2, R3 18 composition IRC 0,08

Q9 2N5129 npn Fairchild 0.13

IC12 1.1.L923 J-K flip-flop Fairchild 1,50

L31, L32 3 v grain of wheat Aristocrat 0,30

Sub-total 2,01

THREE DECADE COUNTERS

R6' R4, R5 18 composition IRC 0.12

R16 through

R18 470 composition IRC 0.12

IC17 through

IC23 MC790P dual J-K flip-flop Motorola 12.00

IC24 through

IC30 MC724P quad gate Motorola 6.42

Q10 through

Q46 2N5129 npn Fairchild 4.68

L
1

through

L30 3 v grain of wheat Aristocrat 4,50
IN.M1 pIICIM.

Sub -total 27.84
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Parts Manufacturer Cost

MISCELLANEOUS PARTS

1 7 1/2" x 13 1/4" x 9" cabinet Bud 6.40

1 7" x 11" x 2" chassis base Bud 2.00

11 8 pin I. C. sockets Cinch-Jones 3.19

16 14 pin I. C. sockets Alcon 4,32

Perforated phenolic circuit board Keystone 1.30

Printed circuit boards and chemicals Kepco 1,75

9 12 pin circuit board connectors Elco 21.33

2 fuse holders Littlefuse 0.80

1 20 pin jack Amphenol 3.49

4 jacks Johns on 0.60

1 BCN connector Kings 0.84

wire, terminal strips, hardward 0.30

Sub-total 46.24

Grand total 181.11

Note: Fixed resistors are 1/2 watt unless otherwise stated.
Symbol designation:

T = transformer, D = diode or bridge rectifier,
C = capacitor, R = resistor, F = fuse,
S = switch, IC = integrated circuit,
Q = transiStor and L = lamp.

The layout and connector pin assignment of the six perforated

circuit boards are shown in Figures 58 through 63 and for the counting

decade printed circuit boards, in Figure 64.

The layout of the circuit boards and other parts above the instru-

ment chassis and on the front panel is shown in Figures 65 and 66.
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1

.1.41

R62

8 7

Connector pin assignment
1 - ground
2 - n. c.
3 - n. c.
4 = n. c.
5 -n.c.
6 - n. c.
7 = n. c.
8 - output to polarity light on circuit board #6
9 - output to Analog to Digital Convertor on

circuit board #2
10 - input from galvanovoltammetric detector cell
11 - -15 v from power supply
12 - +15 v from power supply

Figure 58. Connector pin assignment and component layout
of circuit board #1, current to absolute voltage
convertor.
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28

R10

46

R14 R23

R29 1111

1_.

R7 le 1.1 R27 11,

C5

26

Connector pin assignment
1 - ground
2 +3.6 v
3 - ground
4 - -7 v
5 n. c.
6 - output to circuit board #3
7 - input from R63
8 - n. c.
9 - n, c.

10 - n. c.
11 - -15 v
12 - +15 v

Figure 59. Connector pin assignment and component layout
for circuit board #2, analog to digital convertor.
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IC15 IC16

IC14 IC13

R

R
9

34

R35

k

36

6

Connector pin assignment
1 - ground
2 - +3.6v
3 n. c.
4 - n. c.
5 n. c.
6 - 60 Hz input from C12 of power supply
7 - n. c.
8 - output to circuit board #4, control circuit
9 - output to counting decades

10 - n. c.
11 -n. c.
12 - input from circuit board #2, analog to digital convertor

Figure 60. Connector pin assignment and component layout
of circuit board #3, counting interval and gate
circuit.
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R

C
10

R49
0-1

11-6

48 .--1 C3

R37

R52

R
53

R

R

C

32

C9

47

C17

Connector pin assignment
1 - ground
2 - n. c.
3 - n. c.
4- n. c.
5 - output of "print command pulse" to printer
6 -n. C.
7 - input from circuit board #3, counting interval and gate circuit
8 -n.c.
9 - n, c.

10 - output of "clear pulse" to counting decades
11 - n. c.
12 - +3. 6 v

Figure 61. Connector pin assignment and component layout
of circuit board #4, control circuit.
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Connector pin assignment
2 - ground
3 - from current control, R59
4 - to current monitoring jack
5 - to current monitoring jack
6 - current output to anode jack
7 - current output to cathode jack
8 - n. c.
9 - to current control R

10- n. c.
1 1 - - 1 v
12 - +15 v

59

Figure 62. Connector pin assignment and component layout
for circuit board #5, constant current source.
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R3
2

31

32

Connector pin assignment
1 - ground
2 - n. c.
3 - input from Q1 and output of polarity

light signal to printer
4- n. c,
5 -n.c.
6 output of overflow digit to printer
7 - n. c.
8- n. c.
9 - input from "hundreds" decade

10 - input for clear pulse
11 - +3. 6 v
12 - +3. 6 v

Figure 63. Connector pin assignment and component layout
for circuit board #6, overflow digit and polarity
light circuit.
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C25
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0Q15
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O 917

01°01918
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O 19
O Q20

O Q21

Top

Bottom

Connector pin assignment

1 - output of binary B
2 - output of binary D
3 - output of binary A
4 - ground
5 - input
6 - +3.6 v

7 - clear pulse input
8 - output of binary A
9 - output of binary B

10 - output of binary C
11 - ground
12 - 4-3.6 v

Front

12

11

10

9

8

7

6

5

4

3

2

1

Figure 64. Printed circuit pattern, connector pin assignment
and component layout of counting decades.
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Figure 65. Front panel of readout instrument.
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APPENDIX V

Pulse Amplifier and Modification of Hewlett-Packard
Model 562A Digital Recorder

Pulse Amplifier

Since the Hewlett-Packard model 562A digital recorder requires

at least a 4 volt difference between the "0" and "1" input levels (19)

the volt output of the integrated circuit counting decade has to be

amplified. A simple pulse amplifier used to amplify the outputs of

the individual binaries from the three counting decades and the over-

flow digit circuit and also the "print command" signal is shown in

Figure 67a. A simple pulse amplifier used to amplify the polarity

light signal is shown in Figure 67b.

The pulse amplifiers were constructed on a 5" x 4" piece of

fiberglass circuit board and housed in a Bud 5" x 4" x 3" minibox.

The pin assignments for the readout instrument to pulse

amplifier connector and pulse amplifier to printer connector are

shown in Table 28.

Printer Modification

The internal circuitry of the model 562A printer requires that

- and + reference voltages be input to the counter to establish the
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proper voltage levels to distinguish a "0" state from a "1" state.

As described on page 1.2-9 of the operating manual (19), these

reference voltages may be provided internally. Thus a + 2 v (-)

reference level was provided by placing an 18 K - 2.7 K voltage

divider from the +16 volt printer power supply to ground and a

+12 v (+) reference level was provided by placing a 4.7 K - 15 K

voltage divider from the +16 volt printer power supply to ground.

Table 28. Pin assignments for printer and pulse amplifier connectors.

Signal

Pin # on
readout instrument
to pulse amplifier

connectora

Pin # on pulse
amplifier

printer connector

Decade 1, binary A D 1

E 2
J 26
L 27

Decade 2, binary A P 3

B 4
28

D h 29
Decade 3, binary A y 5

a 6

C k 30
D t 31

Decade 4, binary A q 7

Print command U 29
Polarity light A 9 and 35
Ground R 50

aThe actual connector used was a Bendix 20-41.
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APPENDIX VI

Derivation of Equation 38

Assuming an ideal operational amplifier in the Figure 50 cir-

cuit no current will flow into either the (-) or (+) input of the amplifier

and el will equal e
2

(6), From the ideality assumption above and

Kirchoff's and Ohm's laws six descriptive equations may be written:

el - Ein = r
1 in

eo - el = r
2

Zin

eo e
2

= r3 20

20 24 4- 2cell

e2 = 14r4

el _ e
2

From equations 6, 1 and 5:

Ein + r
1

= 24 r
4

Solving equation 4 for 24 and substituting into equation 7:

Ein + r
1

tin = r4 - r 4 cell

which rearranges to:

(7)

(8)

Ein r
1 in

-?cell r
4

+ r
4

20 (9)



Solving equation 3 for Z and substituting into equation 9:

Ein rl iin eo-e2
- ?cell + -r4 r4 r3

Substituting equation 1 and 6 into equation 10:

e2 eo -el

?cell r
4

r
3

Substituting equation 2 into equation 11:

e2 v
); 2 in

cell r
4 r3

Solving equation 1 for 2. and substituting into equation 12:
in

e
2

r2 e1 - r2 E in
=2cell r

4
r3r1
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(10)

(12)

(13)

Substituting equation 6 into equation 13, combining fractions and

rearranging:

-e2[r3r1 -r2r4] r2r4Ein
;cell

r1r3r4

which is equation 38 of this thesis.

(14)


