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A continuous amperometric monitor for aqueous sulfite solu-

tions has been developed employing the electro-oxidation of sulfur (IV)

in 0. 1 M sulfuric acid at a glassy carbon test electrode. The monitor

employs a hydrodynamic flow cell, in which the solution stream

enters the cell through an orifice impinging on the test electrode,

and a potentiostat which gives a bipolar current readout, which is

positive or negative depending on whether the sample concentration

is greater than or less than a set-point concentration. A conventional

reference electrode is used in this system, rather than a bipolar

electrode, as has been used in some previously developed systems.

The sulfur (IV) system was studied voltammetrically both with

a rotating glassy carbon electrode, and with the flow cell. At a con-

stant test electrode potential of +1. 50 volts vs. SCE it was found that

the anodic limiting current was directly proportional to cell



concentration of S (IV), and that the bipolar current was directly

proportional to the deviation of that concentration from a set-point

concentration, if the temperature and all flow rates remained con-

stant. Significant errors were found to occur if temperature and flow

rates were not held constant.

In order to compensate for calibration changes caused by varia-

tions in temperature and flow rate, a pumping system involving two

pumps and a mixing chamber was developed which allowed a standard

addition procedure to be carried out with the flow cell. A standard

addition equation was developed in which all of the instrumental

parameters were eliminated, giving the concentration of a sample in

terms of the concentration of a standard solution and two measure-

ments of current. The standard addition procedure was evaluated

experimentally, and was found to be effective in compensating for

the calibration variations which occurred when the temperature and

flow rates were changed. In order to improve the accuracy of the

standard addition procedure, suggestions are made with regard to

reducing the response time of the system. The merits of using the

continuous monitor in the standard addition mode of operation are

compared with the merits of a direct bipolar concentration readout.
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A CONTINUOUS AMPEROMETRIC MONITOR FOR
AQUEOUS SULFITE SOLUTIONS USING

BIPOLAR CURRENT READOUT

I, INTRODUCTION

In many chemical manufacturing processes it is important to

monitor the composition of a process stream in order to maintain

adequate control. When discrete analyses are carried out on a per-

iodic basis, no information is obtained about the composition of the

process stream between analyses, and a continuous analyzer should

be employed. This analyzer could supply information to an operator,

or to an automatic control device. For convenience, especially in

an automatic control system, it would be advantageous to have a

continuous analyzer with a bipolar readout, that is, a readout which

is zero for a set-point concentration of the species of interest, and

positive or negative according to the deviation of the true concentra-

tion from the set-point concentration.

An example of a commercial chemical process to which such

a bipolar readout analyzer could be applied is the sulfurous acid

plant in a sulfite paper mill. Three texts on the subject of paper

making, by Hardman and Cole (9, p. 10-46), by Norris (17, p. 43-

57) and by Sindall, ( 21, p. 159-161), give background material on

the making of paper and the operation of a sulfurous acid plant.

Sulfur is burned in a furnace to form sulfur dioxide. The sulfur
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dioxide is dissolved in water in an absorption tower so as to form a

sulfurous acid solution. The concentration of sulfurous acid in the

cooking acid must be held at a set-point concentration, or the quality

of the pulp will suffer. The optimal concentration of sulfurous acid

is between four and six percent, depending on the type of paper to be

made. Normally the sulfurous acid concentration is determined

periodically by titration, and the operation of the acid plant is ad-

justed accordingly.

Development of a Continuous Analysis System

One electrochemical technique which can be adapted to continu-

ous analysis is voltammetry. A general definition of voltammetry has

been given by Adams as the measurement of current-voltage relation-

ships at an electrode immersed in a solution containing electroactive

species and operated under controlled mass transport (1, p. 5).

The electroactive species can be delivered to a test electrode by

three modes of mass transport: diffusion, convection, and migration

(23 , p. 687). In conventional voltammetry or polarography convec-

tion is eliminated by studying a quiescent solution. Migration is

eliminated by using a solution containing a large excess of an inert

electrolyte as well as the electroactive species. With both convection

and migration eliminated, the test electrode current (anodic or

cathodic depending on whether one is studying an oxidation or reduction



3

process), is limited by diffusion. In a current-voltage curve one

obtains the familiar diffusion current plateau at potentials sufficiently

anodic or cathodic to oxidize or reduce the electroactive species.

The diffusion limited current is normally on the order of micro-

amperes with a small test electrode placed in a quiescent solution.

If that same electrode is placed in a flowing stream of electroactive

species in background electrolyte, the current will be limited by

both diffusion and convection, and the current is on the order of

milliamperes. The limiting current at the test electrode is related

to the bulk concentration of electroactive species in the flowing

stream by the equation:

where

ilirn = k C

slim = limiting current,

k = the hydrodynamic proportionality constant,

and C = bulk concentration.

The hydrodynamic proportionality constant is dependent on the rate

at which the solution flows past the electrode, the geometry of the

cell, and the temperature (13). If these parameters remain constant,

the limiting current will be directly proportional to the concentration

of electroactive species. For continuous analysis of the composition

of a flowing stream a test electrode would be held at some constant
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potential, with respect to a reference electrode, at which the test

electrode current will be under diffusion-convection control, and

will be proportional to the concentration of electroactive species.

Such a system is a continuous amperometric monitor.

Continuous amperometric monitors which give a bipolar current

readout have been developed by McGee and Bleak (14), and by Kendall

(12 and 13). In both of these systems a "bipolar electrode" is used.

This bipolar electrode is essentially a massive non-polarizable refer-

ence half cell, capable of passing significant current in either direc-

tion without its potential greatly changing. The bipolar electrode sys-

tems of McGee and Bleak and of Kendall both function according to

essentially the same principle. Kendall's system will be described

here. It should be noted that all currents referred to in this thesis

are conventional current, or positive charge flow.

Figure 1. 1 is a schematic representation of Kendall's analyzer

(13). The system was used for the analysis of halogen solutions, such

as dissolved chlorine or iodine. The sample solution flows through

a three electrode flow cell with a platinum cathode and anode, and

a bipolar electrode which is a copper (II) copper half cell. The

cathode is the test electrode. The cathode is hard wired to ground,

and a constant current source supplies a set-point current, iset,

to the anode. The massive bipolar electrode is held at a virtual

ground by an operational amplifier operating in a current to voltage
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configuration. The operational amplifier will cause a positive or

negative bipolar current to flow through the bipolar electrode as

necessary so as to hold that electrode at the same potential as the

cathode. The bipolar electrode is so chosen that its half cell potential

is a potential at which the cathode will operate under diffusion-convec-

tion control. Due to its massiveness, the bipolar electrode will

maintain that potential even as it passes a positive or negative bipolar

current. The set-point current supplied to the anode is adjusted to

be equal to the diffusion-convection limited current at the cathode

for a set-point concentration of electroactive species (halogen).

For example, with the set-point halogen concentration in the cell,

the cathodic current will equal the anodic current, and the bipolar

current, iB, will be zero. If the halogen concentration is reduced

to a value less than the set-point concentration, the cathode can no

longer sustain a current of iset, and to avoid an excursion of the

potential Ecathode versus Ebipolar, a bipolar current must flow from

the anode to the bipolar electrode. If the halogen concentration is

increased to a value greater than the set-point concentration, the

diffusion convection limiting current for the cathode will be greater

than iset, and a bipolar current must flow from the bipolar electrode

to the cathode, enhancing iset, in order to maintain a zero potential

difference between the cathode and the bipolar electrode. The rela-

tionship between the cell currents and the halogen concentration can



be summarized by the equations:

and

where

iiB-slim set (1. 2)

iB = k (C-Cset) (1. 3)

iB is the bipolar current,

slim is the cathodic diffusion convection limited current,

iset is the set-point current,

C is the halogen concentration,

Cset is the set-point concentration,

7

and k is the hydrodynamic proportionality constant

Thus the bipolar current is proportional to the deviation of the halogen

concentration from the set-point concentration.

There are some complications associated with this system.

Although the bipolar electrode may be able to maintain a sufficiently

constant potential even when passing current, cur-rent paths through

the cell may exhibit high resistances, and the potential of the cathode

may be offset from that of the bipolar electrode by the amount of the

R drop in the cell (13). A limitation of the system is that it must

be designed for the analysis of a particular electroactive species. A

bipolar electrode must be chosen which has a potential appropriate

for diffusion-convection control of the test electrode current for the

electroactive species of interest. Another limitation of the system

is that no provision is made to correct for drifts in calibration which
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may occur due to shifts in temperature and/or flow rates.

In order to correct these problems an electronic potentiostat

with bipolar current readout can be constructed which uses a conven-

tional saturated calomel reference electrode. Such a device is

described in chapter II. With this system no cur; ent flaws through

the reference electrode, and the bipolar current loop is in the exter-

nal circuitry rather than in the cell. This allows true potentiostatic

control over the test electrode, without cell resistance in the bipolar

current (feedback) path. Also, the test electrode potential can be

set at any desired value, without changing reference electrodes. A

standard addition calibration procedure, also described in chapter II,

has been designed to correct for calibration drift due to changes in

temperature and flow rate.

The Sulfur (IV) System

The composition of an aqueous sulfur dioxide or sulfite solution

is dependent upon the pH of the solution. If sulfur dioxide is dis-

solved in water it hydrolyzes to sulfurous acid, H2S03, although the

existence of molecular sulfurous acid is considered doubtful (18,

p. 10-181. The relevant equilibria are (4):

SO2(aq) + H20 H+ + HSO
3

K
1

= 1.72x10 -2

HS03 H+ + SO
3

K2 = 6. 24x10 -8
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All solutions of the sulfur (IV) system are mixtures of sulfite ion,

bisulfite ion, and sulfurous acid or aqueous sulfur dioxide. From

the ionization constants calculations can be carried out to show that

the sulfite ion will predominate in basic solutions. In slightly acidic

solutions the bisulfite ions will predominate, and in a solution made

strongly acidic, sulfurous acid, or aqueous sulfur dioxide, will

predominate. All standard and sample solutions used for this thesis

are sodium sulfite dissolved in basic solution, and the sulfur (IV)

species present is sulfite ion. Before entering the electrochemical

cell, however, the sulfite standard and sample solutions are mixed

with 0. 1 M sulfuric acid, and the equilibrium is shifted so that aqueous

sulfur dioxide predominates.

Analysis of Sulfite or Aqueous Sulfur Dioxide
Solutions by Electrochemical Oxidation

Voltammetric studies of aqueous sulfur dioxide wexe carried

out by Seo and Sawyer at both gold and platinum test electrodes in

0. 1 M sulfuric acid (19 and 20). To obtain reproducible results at

either of these electrodes a preconditioning "activation" step was

required. At both electrodes two voltammetric waves were observed

in the anodic scan. Seo and Sawyer concluded that the oxidation of

aqueous sulfur dioxide at platinum and gold electrodes occurs by

two mechanisms. The first wave was attributed to a pure electron
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transfer process since it occurred at a potential less positive than

that required for oxide formation. The second wave occurred at a

more positive potential, in the oxide formation region, and was

attributed to a chemical reaction between the anodically formed oxide

on the surface of the electrode and the sulfite species. Similar re-

sults were obtained by Comtat and Mahenc (7 ). A study by Wiesener

concluded that for metal electrodes and for metal oxide catalyzed

carbon electrodes the two mechanisms suggested by Seo and Sawyer

occur. For uncatalyzed carbon electrodes only the direct electron

transfer mechanism (first wave) was found to occur (25).

A study of the anodic oxidation of the sulfite-aqueous sulfur

dioxide system was carried out by Warden using a glassy carbon

electrode (24). Cyclic fast scan polarograms exhibited a single

anodic oxidation wave, and no cathodic wave on the reverse scan.

It was concluded that only a direct charge transfer mechanism oc-

curred, and that the charge transfer was totally irreversible. A

study of the effect of pH on the voltammetric wave was carried out

by means of stationary electrode polarography with sulfite samples

in Britton and Robinson buffer solutions) of various pH values. It

was found that the half peak potential of the anodic wave was a func-

tion of pH. As the pH increased, the half peak potential became less

1 The Britton and Robinson buffer system has a pH range from
1. 8 to 12. 0, and consists of a mixture of phosphoric, boric, and
acetic acids to which appropriate amounts of sodium hydroxide are
added.
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anodic, indicating that the oxidation became easier. At pH's above

seven the half peak potential no longer shifted. Warden proposed that

the species which underwent electron transfer was actually sulfite ion.

Warden proposed the following mechanism:
k

SO 2(acTiHS03 SO3

kb
SO3 + 2 e\ H2OH

SO4 + 2H +.

The preceding chemical reaction would explain the dependence of

the half wave potential on pH.

Warden found that the peak currents obtained with the glassy

carbon electrode were quite reproducible after an initial "aging"

period, during which fairly rapid shifts of the wave occurred. The

peak current was found to be directly proportional to the concentration

of S (IV) species in solution at all pH's for the concentration range

0. 5 to 6 millimolar. It was suggested that the glassy carbon electrode

would give more reproducible analytical results for the S (IV) system

than gold or platinum. Preliminary studies were carried out in the

present investigation with rotating electrodes of gold, platinum, and

glassy carbon. Due to the difficulty of obtaining a reproducible surfaf:

on gold or platinum, glassy carbon indeed was found to give the best

analytical results for S (IV).
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Sulfuric acid solutions of concentrations in the range 0. 1 to

0. 5 M have been used as the supporting electrolyte in much of the

previous work with the electrochemical oxidation of aqueous sulfur

dioxide (19, 20, 25 and 7 ). It was found in this study that 0. 1 M

sulfuric acid worked well as a supporting electrolyte for the deter-

mination of sulfite species from 1 to 10 mM. Sulfuric acid has a

larger usable anodic potential range than most of the other common

mineral acids (16), and is the least expensive. It is desirable to

use an inexpensive and easily prepared supporting electrolyte for a

continuous monitor which may consume large quantities of it.

Intent of Research

The intent of this research is to construct and evaluate a contin-

uous amperometric monitor for aqueous sulfite solutions. To this

end the following steps are to be carried out.

First, an electronic potentiostat is to be developed which is

capable of giving a bipolar current readout. This circuit is to employ

a conventional reference electrode rather than a bipolar electrode.

No current is to be drawn through the reference electrode.

Second, a hydrodynamic flow cell is to be developed employing

a glassy carbon test electrode under diffusion-convection current

control.

Third, a pumping and mixing system is to be developed which
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will mix sulfite sample solution with a sulfuric acid electrolyte

solution and pump the resulting solution through the cell at a constant

rate. This system is to be so designed that it will allow a standard

addition calibration to be performed in the flowing stream.

Finally, the overall system is to be evaluated in a simulated

continuous analysis situation.
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II. EXPERIMENTAL

Reagents

Sulfuric Acid Supporting Electrolyte

A 0. 10 M sulfuric acid solution was made up by diluting 55. 7 ml

of concentrated sulfuric acid with a measured 10. 0 liters of distilled

water in a three gallon carboy.

Sodium Sulfite Solutions

All sample and standard sodium sulfite solutions were stabilized

by the methods explained in Appendix I. A fresh standard solution of

approximately 0. 1 M sulfite concentration was made for each day's

run by dissolving 6.30 grams of anhydrous sodium sulfite (ACS reagent

grade) in deaerated distilled water to which 1 ml of 6 M sodium

hydroxide and 20 ml reagent grade isopropanol had been added. This

solution was diluted to mark in a 500 ml volumetric flask. For an

11 hour continuous run a 0. 05 M sodium sulfite sample solution was

made by diluting the same quantities of sodium sulfite, sodium

hydroxide and isopropanol to mark in a one liter volumetric flask.

Other samples were made by appropriate dilutions of the sulfite

standard solution while maintaining the concentrations of sodium

hydroxide and isopropanol. The exact sulfite concentrations of all

sample and standard solutions were determined initially and after



every two hours by the iodometric procedure of Appendix II.

Electronic Instrumentation

Equipment

15

In the preliminary work of this project some voltammetric

scanning work was carried out in order to determine the best elec-

trode material and the best operating cell potential. All voltammetric

scanning was done with the Heath Polarographic Unit consisting of:

Heath Operational Amplifier Module (EUW-19B); Heath Chopper

Stabilizer Module (EUA-19-4); and the Heath Polarographic Module

(EUA-19-2). Current voltage curves were recorded directly on a

Varian X-Y plotter (Model F-80). Temperature control was main-

tained with a Blue M Microtrol constant temperature bath.

The circuit of Figure 2.1 was designed to perform amperometric

experiments with a bipolar current readout. The circuit was con-

structed using the versatile McKee-Pederson Operational Amplifier

Manifold (MPI 1036), which had positions for eight modules. Refer-

ring to the circuit diagram, amplifier one was a McKee-Pederson

Chopper Stabilized Operational Amplifier (MPI 1031), and amplifier

two was a McKee Pederson Operational Amplifier (MPI 1006 B).

The power supply used was a Spar Electronics Model 1500, and the

Voltage Reference Source was a Heath Model EUW-16. The feedback
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resistance for amplifier two , Rf, was set with a Heath Decade

Resistance Box (Model EUW -30), The resistor Rset was a 0. 1%

10,000 ohm precision resistor. Eout was recorded with a Heath

Model EUW-20A Chart Recorder. The recorder was used at 10 my

full scale sensitivity with a one to one hundred voltage divider in

order to have, in effect, a 1 volt full scale sensitivity. The potential

was monitored with a Fairchild Model 7050 DigitalEtest vs. ref
Voltmeter.

Operation of the Potentiostat with
Bipolar Current Readout

Figure 2.2 shows a hypothetical set of current-voltage curves

obtained by voltammetric scanning for an anodic process in which the

current is under diffusion or, in the case of a hydrodynamic flow cell,

diffusion-convection control. In the region between test electrode

potentials el and e2, the diffusion-convection plateau, the test elec-

trode current is proportional to the concentration of electroactive

species. It is desirable to hold the test electrode at some potential

near the middle of this plateau.

At a potential chosen near the middle of the diffusion-convection

plateau, one can define the current for a set-point concentration

(C set, solid curve in Figure 2. 2) to correspond to a zero bipolar

current. If icell is the cell current corresponding to a given cell
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concentration Ccell and iset is the cell current corresponding to a

set-point concentration in the cell, C set, one can define the bipolar

current, iB by the equation:

iB = icell iset

Since the cell is operating under diffusion-convection control:

and

cell = k Ccell + fires

iset = k Cset +
fires

19

(2. 1)

(2. 2)

(2. 3)

where k is the hydrodynamic proportionality constant and i isres
the residual current. Combining Equation (2. 1) with Equations (2. 2)

and (2. 3) one obtains:

iB k(Ccell Cset) (2. 4)

Note that the residual current cancels out in this expression. Thus

the bipolar current, iB, is proportional to the deviation of the concen-

tration of electroactive species in the cell from a chosen set-point

concentration.

Referring to the schematic of the potentiostat with bipolar

current readout, Figure 2. 1, amplifier one holds point A (the test

electrode), at a virtual ground. Since the power supply sets a con-

stant potential Eset across the resistor Rset' a constant current

iset(=Eset /Rset) will flow through Rset to point A. For an anodic

process Eset is made positive so that conventional current flows
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toward point A. The cell current (icell) would be equal to iset except

when a bipolar current (iB) flows so as to partially divert or to en-

hance iset. The bipolar current is defined by Equation (2. 1) so that

iB is positive when enhancing iset, and is negative when diverting

part of iset from the cell.

The inverting input of amplifier two is connected to point A,

a virtual ground. The non-inverting input of amplifier two is at a

potential e, which is given by the expression:

e = Ebias - Etest vs. ref (Z. 5)

The output of amplifier two is given by

Eout = A (e) (2. 6)

where A is the open loop gain of amplifier two. Writing a Kirchoff

voltage equation for the feedback loop of amplifier two:

Eout - ) ( R ) = 0= 0 (2. 7)

thus

A/ (e) - (i
B

) (R f
) = 0 (2. 8)

or:
-(iB) (R f)

(2. 9)e

Since A is very large, e will be close to zero. The MPI 1006 B

operational amplifier has an open loop gain greater than 105 051.

Since e is approximately zero, Etest vs. ref must be essentially
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equal to Ebias, and potentiostatic control of the test electrode is

maintained.

In operation, one sets Ebias to be equal to the desired potential

for the test electrode (in the middle of the diffusion-convection plateau

in the current voltage curves). With a sample concentration in the

cell equal to Cset, one sets the current iset so that the bipolar current

is zero, that is, iset = icell for that concentration. If the cell concen-

tration then falls to a value less than the chosen Cset' the cell will

no longer be able to sustain a current of iset, and the excess current

must be diverted as a negative bipolar current so as to maintain

Etest vs. ref = Ebias' If the cell concentration increases to a value

greater than Cset, a positive bipolar current must enhance iset,
again in order to maintain Etest vs. ref = Ebias.

The bipolar current is monitored by recording E
out (= Rf- iB)

with the chart recorder. The recorder is zeroed in the center so

that its scale is from -0. 5 volts to +0. 5 volts. With Rf equal to

1000 ohms the recorder scale is ±0. 500 mA. If Rf = 2000 ohms the

scale is +0. 250 mA.

Testing of the Potentios tat

In order to test the circuit of Figure 2. 1 a resistive simulated

cell was substituted for the electrochemical cell. The simulated cell

is represented in Figure 2. 3. A Heath Decade Resistance Box
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(EUW-30, lgo precision resistors) was used to set the resistance

between the test and reference electrode connections. TheRcell

potential drop across Rcell' the current iset' the potential Ebias'

and the potential Eout were all monitored with digital multimeters.

In addition, Eout was monitored with the Heath chart recorder.

With Rcell set at 1500 ohms, Ebias was set at +1. 500 volts

and iset was set at 1. 000 mA (Eset = 10.00 volts and Rset = 10, 000

ohms). Etest vs. ref was measured to be +1. 500 volts, hence

= 1. 000 mA. The values of the potential e and of Eout (henceicell

iB), were found to be zero, as they should have been. The circuit

was left under these conditions for 70 minutes while the recorder

monitored i
B.

The current iB remained constant at zero within 0. 005

mA.

To test the calibration in terms of iB' and to see that

remained equal to Ebias' Rcell was varied fromEtest vs. ref
3000 ohms to 1000 ohms. With 1. 500 volts across R cell this corres-

ponded to icell values from +0. 500 mA to +1. 500 mA respectively,

and iB values from -0. 500 mA to +0. 500 mA respectively, in ac-

cordance with the equation iB = icell - iset. Experimentally

Etest vs. ref was found to remain constant within ±1 my, and the

measured values of iB (calculated from Eout) and of icell deviated

from the predicted values by only 0. 5 percent.

The simulated cell was strictly a resistive device. The real
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electrochemical cell was more complex, possessing substantial cell

capacitance. When the electrochemical cell was first used with the

circuit an oscillation of approximately one KHz was observed. The

oscillation could be attributed to the phase shifts caused by the

capacitance of the cell, and was stopped by the addition of a capaci-

tor from Eout to ground. Although the circuit would function with

smaller capacitors, a 1000 pi capacitor was selected to completely

eliminate the oscillation. The capacitor had no adverse effect on

the performance of the circuit except a negligible slowing of its

response. The McKee-Pederson amplifiers have an output impedance

of about 70 ohms (15). The time constant resulting from the capaci-

tor was thus (70 ohms)(10 -3 fd) = 0. 07 second, which was not signifi-

cant compared with the balance time of the Heath recorder, 0.1

second/inch (11).

Design and Construction of the Flow Cell

In a preliminary study voltammetric work was done with solu-

tions of one to ten mM sodium sulfite in 0.1 M sulfuric acid. Rotat-

ing test electrodes of three materials were used: gold, platinum,

and glassy carbon. Only the rotating glassy carbon electrode pro-

duced current-voltage curves with reproducible diffusion-convection

plateaus. On this basis, the decision was made to build a flow cell

with a glassy carbon test electrode under diffusion-convection current
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control. It was also decided that the linear flow velocity of solution

past the test electrode in the flow cell should be comparable to the

linear velocity at which the surface of the rotating electrode passes

through the solution in the stationary cell. The rotating glassy carbon

electrode was a 0.1 28 inch diameter glassy carbon rod radially

mounted on an acrylic shaft rotating at 600 RPM. The sides of this

electrode were insulated, leaving only a 0.1 28 inch diameter disk

electrode surface at the end. From the radius of rotation (0. 762 cm),

and the rate of rotation it can be calculated that the electrode surface

travels through the solution with a linear velocity of about 2800 cm/

min. In order to achieve high flow velocities without resorting to

pumping large volumes of solution, a narrow inlet orifice impinging

directly on the test electrode was employed. For a 1. 0 mm orifice

a flow rate of 22 ml/min would provide about a 2800 cm/min linear

flow velocity past the electrode surface.

In order to obtain a flow cell of reproducible geometry a

machined plastic structure was chosen. Figure 2. 4 shows the cell

and reference electrode assembly. The body of the cell was machined

on a lathe from a 1. 75 inch diameter Delrin rod (2. 00 inches in

length). The body was drilled along its axis with a 29/64 inch bit

and tapped fora x 20 threads. The internal bore was turned outward

to 39/64 inch on the lathe to allow clearance around the electrode

assembly. The side of the cell body was drilled and tapped for the
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outlet tube (1, x 20 threads).

The inlet tube, outlet tube and the test electrode holder were

all machined from 0. 75 inch Teflon rod. The inlet tube, which was

threaded into the bottom of the cell, was drilled with a number 57

drill bit to obtain a 1. 09 mm diameter orifice impinging on the test

electrode. The test electrode, a 0. 128 inch diameter glassy carbon

rod, was pressed into a 0. 125 inch hole drilled into the center of the

electrode holder. Since Teflon is moderately flexible, this method

gives a tight seal around the electrode surface. The surface of the

electrode was thus the end of the glassy carbon rod, a disk with a

diameter of 0.1 28 inch or 0. 325 cm, and a geometric area of 0. 0830

cm2
. Electrical connection to the test electrode was made by means

of a mercury contact. The electrode holder was turned down to 0. 375

inch in the section extending into the cell, and was threaded on a

shoulder with x 20 threads. Since the pitch of these threads was

0. 050 inch, the gap between the test electrode surface and the inlet

orifice could be accurately adjusted by simply screwing the electrode

holder inward until it touched the inlet tube, then backing off a known

number of turns. The normal gap used was 0. 050 inch (one full turn).

The outlet tube, threaded into the side of the cell, contained the

platinum guaze auxiliary electrode.

After insertion in the electrode holder, the surface of the glassy

carbon electrode was polished with successively finer grades of
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silicon carbide paper (wet), finishing with 600 mesh, to get a very

smooth finish. After polishing, the electrode surface was conditioned

by making several voltammetric scans from zero volts to +1. 9 volts.

vs. SCE with a solution 5 mM in sulfite and 0.1 M in sulfuric acid

flowing through the cell. This was repeated until the current-voltage

curves had a reproducible plateau (usually after about six scans).

No other preconditioning was required.

The reference electrode was located in a separate chamber so

that it would not be in a current path between the test and auxiliary

electrodes. A "tee" fitting with -t- inch pipe thread was threaded into

al inch '10" ring compression fitting. Both fittings were made by

Fast and Tite Products, Kent, Ohio. A saturated calomel reference

electrode (A. H Thomas) with a half inch diameter was held in the

"0" ring fitting. The reference electrode "tee" assembly was con-

nected to the inlet of the flow cell with Tygon tubing. The sample and

electrolyte solution was pumped first through the reference electrode

holder, then through the cell inlet orifice impinging on the test elec-

trode, and out through the outlet tube past the auxiliary electrode.

Pumping and Mixing System

Equipment

Before the sulfite sample stream was introduced to the ampero-

metric flow cell it had to be mixed with the supporting electrolyte.
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The metering rate had to be reasonably stable so that the concentra-

tion of the sulfite sample could be related to the concentration of

sulfite diluted in the electrolyte which flowed through the cell. The

initial voltammetric study with the rotating glassy carbon electrode

indicated a good linear relationship between anodic limiting current

(at +1. 50 volts vs. SCE) and sulfite concentration for the range one

to ten millirnolar sulfite in 0. 1 M sulfuric acid, If a sulfite sample

stream of 0. 010 M to 0.100 M concentration was metered at a one

to ten dilution ratio into a 0.1 M sulfuric acid stream, the result

would be sulfite concentrations in the desired range. A flow system

was needed which would mix sample with electrolyte at an appropriate

dilution ratio and then pump the resulting solution through the flow

cell. In addition, the system needed to be so designed as to allow a

standard addition calibration to be carried out in the flowing stream.

To fulfill these requirements, the flow system diagrammed in

Figure 2. 5 was developed. Two peristaltic pumps were used a

Durrum Model 12 AP 12 channel metering pump (Durrum Instrument

Corp. , Palo Alto, Ca. ), and a Cole Parmer Instrument Model 7020

V-13 Masterflex rotary peristaltic pump (Cole Parmer Instrument

Co. , Chicago). Both of these pumps work on a positive displacement

principle by squeezing Tygon tubing. They gave accurate and stable

flow rates, subject to change, however, due to tubing wear over a

period of hours. Both pumps had variable speed motors, and tubing
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wear was substantially reduced at lower speeds. The Durrum pump

was used with 1 /1 6 inch Tygon tubing. With this tubing and with the

motor at half speed, each channel could be set to pump about 1. 0

ml/min. The Cole Parmer pump was equipped with 1/32 inch Tygon

tubing, and was designed to operate at 1. 8 to 36 ml/min. The pump

was operated at 20 ml/min, where tubing wear was reasonably low.

Additional details with regard to these pumps may be found in the

respective instruction manuals (5 and 8).

Referring to Figure 2. 5, two channels of the Durrum pump

were used to pump sulfite solution into a mixing chamber. This

mixing chamber consisted of a 25 ml bottle sealed at the top with a

rubber stopper, and is shown in detail in Figure 2. 6. The bottle

contained a magnetic stirring bar which mixed the incoming sulfite

solution and 0.1 M sulfuric acid solution. The Cole Parmer pump

was used to pump the mixed sample and electrolyte solution from the

mixing chamber to the flow cell at approximately 20 ml/min. Since

each channel of the Durrum pump delivered approximately 1. 0 ml/

min, and the mixing chamber was sealed, the requisite amount of

0.1 M sulfuric acid, approximately 18 ml/min, necessarily was

drawn into the chamber to replace the outflow.

In order to control the temperature of the solution entering the

cell, a set of glass coils (2 mm glass tubing, 36 turns of 2 cm radius)

was placed between the Cole Parmer pump and the flow cell. These
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coils were placed in the Blue M Microtrol constant temperature bath.

The outflow from the flow cell went to the constant head device and

thermometer holder shown in Figure 2.7. The constant head device

helped stabilize the flow rate through the cell, and the thermometer

indicated the temperature of the solution leaving the cell. Another

thermometer measured the temperature of the constant temperature

bath. The temperature of the solution as it passes through the cell

must be between the temperatures indicated by the two thermometers.

Generally the two thermometers agreed within 0. 5°C or better.

Standard Addition Operations

The flow system of Figure 2. 5 is designed to permit a standard

addition calibration in a continuously flowing system when used with

the bipolar readout potentiostat circuit described previously. Channel

one of the Durrum pump always pumps sulfite sample solution to the

mixing chamber. Channel two can be made to pump sulfite sample or

standard solution, or distilled water, depending on the positions of the

two three-way valves. The normal condition is when both channels

are used to pump sample solution. Under this condition one initiates

a standard addition calibration by setting set so that iB = 0, as shown

in Figure 2. 8. After setting zero bipolar current, channel two is

switched to perform a water addition, in effect a dilution. The reduc-

tion of the sulfite concentration in the cell results in a reduced icell
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and a negative bipolar current, which shall be called i
B.

Following

the water addition a standard addition is performed by switching

channel two to the standard solution. This results in a positive

bipolar current, iB'// Figure 2. 8 shows a simulated readout in terms

of bipolar current for this set of steps. The values of iB and iB'1/

along with the known concentration of the standard solution, can be

used to calculate the concentration of the sample solution with the

equation to be developed momentarily. Should the bipolar current,

for sample in both channels, drift from zero, the standard addition

process can be repeated.

Standard Addition Relationships

The definitions of pertinent symbols and quantities for the

standard addition relationships are listed in Table 2.1. The bipolar

current, iB, has been defined previously in terms of Ccell and Cset

by equation (2. 4).

iB k(Ccell Cset) (2. 4)

Both Ccell and Cset are concentrations of sulfite in the solution diluted

with electrolyte which passes through the cell. Ccell and Cset can be

evaluated in terms of the concentrations of undiluted sample and

standard, Cx and Cs, using the dilution factors (flow rate ratios) for

channels one and two of the Durrum pump, a and p, respectively.

When both channels one and two are pumping sample:
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Table 2. 1 Definitions of Symbols for Standard Addition Relationships.

C = Sulfite concentration of undiluted sample
x

C = Sulfite concentration of undiluted standard
s

Cce11 = Concentration of sulfite after dilution with
sulfuric acid electrolyte

Cset = Cell concentration corresponding to iB = 0

F
1

= Flow rate, channel 1

F2 = Flow rate, channel 2

Fo = Flow rate, output from mixing chamber

F
a = F1 = dilution factor for channel 1

0

F2
= - dilution factor for channel 2

o

k = Hydrodynamic proportionality constant

iB = Bipolar current



Ccell = (a+p)Cx

Under this condition iB is set equal to zero so that Ccell = Cset,

and:

Cset = (a+(3)Cx.

When channel one pumps sample and channel two pumps water:

Ccell = (a)Cx.
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(2. 10)

(2. 11)

(2.12)

When channel one pumps sample and channel two pumps standard:

Ccell = (a)Cx + (p)Cs

For a water addition one can substitute Equations (2. 1 2) and

(2. 11) into Equation (2. 4) to get:

. / = k [(a)Cx-(a+(3)Cx1 = kp [-Cx1

For a standard addition one substitutes Equations (2. 13 and

(2. 11) into Equation (2. 4) to get:
//iB = k [(a)Cx+(p)Cs-(a+p)Cx] = k(3 [C -c

s x

(2. 13)

(2. 14)

(2. 15)

We now have two equations with independent unknowns (C andx

k (3), and the unknown k p can be eliminated by combining Equations

(2. 14) and (2.15):

Rearranging:

iB kp [Cs -C
x]

./1B kp [-cx]

/
ts

Cx (Cs ). / .1B - 1B

(2. 16)

(2. 17)
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The concentration of the standard is periodically determined by

titration, and is quite stable over periods of 24 hours or more. Thus

one can determine Cx from iB and i
B.

Experimental Procedure

Preliminary Study With the Rotating
Glassy Carbon Electrode

A preliminary Study of the sulfite-aqueous sulfur dioxide system

was carried out using a rotating glassy carbon electrode, rotated at

600 RPM, in the test electrode compartment of a glass three electrode

'11-I" cell. The test electrode compartment was filled with a pipetted

50 ml of deaerated 0. 1 M sulfuric acid and covered with a plastic cap

through which the rotating electrode shaft projected. Appropriate

amounts of 0.1 M sodium sulfite sample solution were introduced to

the cell in order to obtain sulfur (IV) concentrations from 1 to 10 mM

in the cell. Using the Heath Polarographic Unit current voltage

curves were obtained at several temperatures for anodic scans at

0. 2 volts per minute from zero volts vs. SCE to the potential at

which solvent breakdown (oxygen evolution) began.

Evaluation of the Continuous Sulfite Monitor

In all phases of this set of experiments the temperature of the

solution in the cell was controlled and measured as described
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previously in this chapter. The sulfite standard and sample solutions

were made up and standardized as described in Appendices I and II.

The actual flow rates of the two channels of the Durrum pump were

determined by weighing to the nearest 0. 01 gram the amount of water

drawn in five minutes out of a weighing bottle and into the mixing sys-

tem. The flow rate of the Cole Parmer pump was determined by

weighing the outflow of the system for a two minute period. From

these flow rates, a and p were calculated.

On completion of the flow cell and pumping system, a set of

conventional voltammetric current-voltage curves and a calibration

curve were obtained for flowing solution streams of one to ten milli-

molar sulfite in 0.1 M sulfuric acid at 25°C. The flow cell was used

with the Heath Polarographic Unit for this part of the experiment.

Sample sodium sulfite solutions from 0. 01 M to 0. 10 M were made

by dilution of the 0.10 M sulfite standard solution. Each of the sample

solutions in its turn was mixed with the 0. 1 M sulfuric acid solution,

and the resulting solution was pumped through the cell. The actual

cell concentration of sulfite was calculated using the dilution factors,

Anodic scans from zero to +1. 9 volts vs. SCE were made at 0. 2 volt

per minute. After recording the current-voltage curves the Heath

unit was set at a constant test electrode potential of -Fl. 50 volts vs.

SCE, and anodic current was recorded for each concentration of

sulfite.
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The rest of the experimental work was done with the bipolar

current readout potentiostat circuit described earlier. First, a

calibration curve in terms of bipolar current versus cell concentra-

tion of sulfur (IV) was obtained at a constant temperature of 25°C.

The effect of temperature on the bipolar current for a fixed sulfite

concentration was determined by varying the temperature of the flow-

ing stream from 13°C to 40°C while recording the bipolar current for

5. 61 mM S(IV). The bipolar current was set to be zero at room tem-

perature, 23°C. Temperature changes were accomplished by rapidly

draining the temperature bath and replacing the water with preheated

or precooled water at the new temperature.

Since the flow rate of the Cole Parmer peristaltic pump tends

to change as the tubing in the pump wears, the effect of changes in

this flow rate was studied. A 0. 0493 M sulfite sample solution was

pumped into the mixing chamber at a constant rate of 2.1 ml/mir.

With a Cole Parmer pump flow rate of 20. 0 ml/min, the bipolar cur-

rent was set equal to zero. The Cole Parmer flow rate was then

varied from 16. 5 to 23. 5 ml/min, resulting in a change in dilution

factors. The resulting bipolar current was monitored.

The gap between the inlet orifice in the flow cell and the test

electrode, normally set at 0. 050 inch, was varied from 0. 025 inch to

0. 075 inch. There was no effect on the bipolar current within that

range.
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In the final work of this project the effectiveness of the standard

addition calibration procedure was tested. A constant temperature of

25°C was set. The flow rates were set to be constant at 1. 0 ml per

minute for each channel of the Durrum pump and 21 ml per minute for

the Cole Parmer pump. With these parameters fixed, samples in the

concentration range 0. 0250 M to 0. 0750 M sodium sulfite were deter-

mined by standard addition. (The concentrations of sulfite in the cell,

of course, are diluted with sulfuric acid electrolyte to the one to ten

millimolar range).

In order to test the stability of the system, and the effectiveness

of the standard addition procedure in compensating for changes in flow

rates and temperature, an 11 hour continuous run was made. During

this run a 0. 0493 M sulfite solution was determined by repeated

standard additions. The temperature and the flow rates of both pumps

were systematically varied. Standard addition measurements were

made under these deliberately adverse conditions, and the accuracies

of these measurements were determined.
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III. EXPERIMENTAL RESULTS AND DISCUSSION

Preliminary Study With the Rotating Glassy Carbon Electrode

Anodic voltammetric scans of 0. 2 volts per minute were carried

out with the rotating glassy carbon electrode at several temperatures

in solutions of varying concentrations of sulfur (IV) in 0.1 M sulfuric

acid. The results of this study are summarized in Table 3.1. As the

temperature was increased the overvoltage for oxygen evolution was

apparently reduced, and solvent breakdown occurred at less anodic

potentials. The half wave potential for the oxidation of sulfur (IV)

species was not affected significantly by the temperature, and it was

clear that, while there was a diffusion-convection current plateau at

all temperatures from 0°C to 65°C, that plateau became narrower as

the temperature was increased. With a test electrode potential of

+1. 50 volts vs. SCE it was found that the anodic limiting current,

(corrected for residual current), was directly proportional to

the sulfur (IV) concentration from 0 to 10 mM at any given temperature

from 0oC to 45oC. The limiting current, and thus the hydrodynamic

proportionality constant, were quite dependent upon temperature. For

temperatures near 25°C the temperature coefficient was 2.1 x 10

mA deg-1 mM-1.

-3



Table 3. 1. Summary of Results with Rotating Glassy Carbon Electrode,

Temperature

(°C)

Concentration
of S (IV)

(mM)

El. /2

(V vs. SCE)

Potential of
Solvent Breakdown

(V vs. SCE)

ilim
(at +1, 50 V)

(mA)

0 3. 55 1. 12 1. 95 to 2. 00 0. 070
6. 84 1. 15 O. 125

12. 7 1. 14 O. 210

25 3. 69 1. 07 1. 75 to 1. 80 0. 310
7. 11 1. 10 O. 550

10. 3 1. 13 0.760

45 3. 66 1. 15 1. 65 to 1. 70 0. 465
7. 04 1. 14 O. 785

10. 2 1. 13 1. 10

65 3. 55 1. 10 1. 48 to 1. 53 O. 45
6. 84 1. 10 O. 87
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Achievement of Diffusion Convection Control
With the Flow Cell

The flow cell described in the previous chapter was designed sc

that mass transfer of S (IV) species to the test electrode would be con-

trolled by both diffusion and convection. When the rate of flow of

sample solution through the cell is constant there should be a diffusion-

convection plateau in an anodic current-voltage curve where the limit-

ing current is proportional to the concentration of S (IV) species in the

cell. Figure 3.1 shows a set of current-voltage curves obtained with

the flow cell. The potential of the glassy carbon electrode was

scanned anodically at 0. 2 volt per minute in solutions of sulfur (IV)

in 0.1 M sulfuric acid at a constant temperature of 25°C. Cell con-

centrations of 0 to 7. 05 mM in S (IV) were obtained by metering 2.10

ml/min of 0 to 0. 0705 M sodium sulfite into the mixing chamber while

a total flow of sample and electrolyte of 21. 0 ml/min was pumped

through the cell, giving a dilution factor of 0.100. The current-

voltage curves of Figure 3. 1 have a diffusion-convection plateau for

the oxidation of sulfur (IV), but it is apparent that the reaction is

highly irreversible. The half wave potential is about +1.19 volts vs.

SCE for each curve, and solvent breakdown occurs at potentials more

anodic anodic than +1. 7 volts vs. SCE. Due to the irreversibility of

the oxidation reaction the current-voltage curves do not level off into

a plateau until potentials more anodic than about +1. 35 volts vs. SCE
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are reached. One criterion for the reversibility of a voltammetric

wave is that, for the wave to be considered reversible, E3/4 El /4

should not exceed 56/n my, (23 my for n = 2), (10, p. 25). For the

voltammetric curves of Figure 3.1, E3/4 -E1 /4 is about 170 my. In

order to use the electrooxidation of S (IV) analytically it is necessary

to operate at a test electrode potential sufficiently anodic that the

electrochemical rate constants are large, so that the degree of rever-

sibility will have little effect, but less anodic than the potential at

which solvent breakdown begins. A test electrode potential of +1. 50

volts vs. SCE was chosen.

In order to obtain a calibration curve in terms of anodic limiting

current versus cell concentration of S (IV), known sulfite sample solu-

tions in the concentration range 0 to 0.10 M were mixed with 0.1 M

sulfuric acid at the same one to ten dilution ratio used in obtaining

the current-voltage curves. Figure 3. 2 is a calibration curve for

the flow cell operated at 25°C with Etest = +1. 50 volts vs. SCE and

with a range of cell concentrations from 0 to 10 mM in S (IV). A least

squares fit to a straight line was carried out on the data points of

Figure 3. 2, and the slope, the hydrodynamic proportionality constant,

was found to be 0. 0522 mA/mM with a standard error of ±0. 0019 mA/

mM. The correlation coefficient was 0. 997. Thus, at constant tem-

perature and flow rate, a calibration curve with good linearity between

anodic limiting current and S (IV) concentration was obtained.
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Figure 3. 3 is a calibration curve in terms of bipolar current

versus cell concentration of S (IV) at 25oC and a test electrode poten-

tial of +1. 50 volts vs. SCE. The mixing system and flow cell were

set up as they were for the calibration curve in terms of anodic

limiting current. In this case the bipolar potentiostat was used with

iset = 0.311 mA so that the bipolar current would be zero for a cell

concentration of 4. 97 mM S (IV). A least squares fit of these data

produced a slope of 0. 0528 mA/mM with a standard error of ±0. 0022

mA/mM, and a correlation coefficient of 0. 998. Figures 3. 2 and 3. 3

have essentially the same slope, and differ only in that the bipolar

current curve is offset in its y axis intercept by the amount of iset.

As long as temperature and flow rates are kept constant, the bipolar

current readout could be used as a direct indication of the deviation

of a sample concentration from a set-point concentration.

Temperature and Flow Dependence of the Bipolar Current

Under conditions of constant temperature and flow rate the bi-

polar current is directly proportional to C cell-C set. If the tempera-

ture of the solution in the cell is varied, however, the hydrodynamic

proportionality constant will vary, thus causing a change in bipolar

current. Figure 3. 4 shows the temperature dependence of the bipolar

current (Etest = +1. 50 volts vs. SCE) for a cell concentration of 5. 61

mM S (IV) in 0. 1 M sulfuric acid. The flow rate through the cell was
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constant at 21. 0 ml/min. The value of iset was set at 0. 304 mA to get

iB = 0 at a temperature of 23°C. At temperatures between 20 and

25oC the temperature coefficient was 2. 5 x 10-3 mA deg-1 mM-1,

very close to the same as the coefficient found with the rotating elec-

trode. For a cell concentration of 5. 61 mM S (IV), a one degree

temperature change would result in a change in bipolar current of

(5. 61 mM)(1. 0°C)(2. 5x10-3 mA deg-1 mM-1) = 0. 014 mA,

corresponding to an apparent change of concentration of:

(0. 014 mA) 0. 27 mM.
(5. 28x10

-2 mA/mM)

This corresponds to a 4.7 percent error in apparent concentration per

degree. In order to determine sulfur (IV) concentration accurately,

the temperature must be accurately controlled, or there must be

compensation for changes in temperature.

In order to maintain a constant dilution ratio (sample solution to

electrolyte) for the pumping and mixing system described in chapter II

it is necessary that all flow rates remain stable. The flow rates of

the two channels of the Durrum pump, which pumped sample and

standard sulfite solutions into the rnixing chamber, remained very

constant over long periods of time. The flow rate of the Cole Partner

pump, which pumped mixed sulfite solution in electrolyte through the

flow cell, was found to vary significantly after periods of a few hours
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due to the effects of tubing wear. This flow rate would change by as

much as a milliliter per minute in an hour after ten hours of wear.

Figure 3. 5 is a plot of bipolar current versus the flow rate of the

Cole Parmer pump (from 16. 5 to 23. 5 ml/min) at a constant tempera-

ture of 25°C. The flow rates of the Durrum pump were kept constant,

delivering a total of 2. 10 ml/min of 0. 0493 M sulfite to the mixing

chamber. The test electrode potential was +1. 50 volts vs. SCE and

iset was set at 0. 295 mA so that the bipolar current would be zero for

a flow rate of 20 ml/min, at which rate the cell concentration was

5. 18 mM S (IV). It is apparent from Figure 3. 5 that the bipolar cur-

rent, at constant temperature, has a linear dependence on the flow

rate of the Cole Parmer pump, since the factor of sample dilution is

changed by this flow rate. The coefficient of flow dependence was

found to be -6. 0 x 10-3 mA m1-1 min under the conditions given for

Figure 3. 5. A one ml per minute decrease in flow rate would result

in an apparent change in S (IV) concentration of:

(-6. Ox10-3 mA m1-1 min)(1. 0 ml min-1)
- O. 11 mM.

28x10-2 1mA mM )

A 0. 11 mM change in apparent concentration represents a 2. 1 percent

error if the original cell concentration was 5. 18 mM.
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Figure 3. 5. Dependence of bipolar current on Cole Parmer pump flow rate. A
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Experimental Evaluation of the Standard Addition Procedure

From the results presented up to this point it is apparent that

either anodic limiting current or bipolar current can be directly re-

lated to the concentration of electroactive species, (sulfur IV), in the

flow cell if the temperature and flow rates are constant. If the flow

rates are accurately known and remain constant the cell concentration

of S (IV) could be related to the concentration of the original sample,

before dilution with electrolyte, by calculating the appropriate dilution

ratios. In a system where temperature and flow rate changes may be

expected, it is important to correct for such changes. Although it

should be possible to compensate for such changes electronically, the

compensation would become quite complex. Since the changes in tem-

perature and flow rates may be expected to occur over relatively long

periods, the resultant changes in calibration can be compensated for

by means of a standard addition determination procedure, assuming

that the standard addition procedure is carried out quickly enough that

any changes in calibration during the procedure are insignificant. In

the standard addition method developed in the present study the con-

centration of the original undiluted sample, (which could be from a

continuous process stream), is compared against the concentration

of a standard solution. Since the dilution factors, flow rates, and the

hydrodynamic proportionality constant all cancel out of equation 2. 17,
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1(C s),x iB s

it is not necessary to know any of these parameters, or the actual

cell concentrations.

The results obtained in the standard addition determination of

sodium sulfite samples in the concentration range 0. 0250 to 0. 0749 M

are presented in Table 3. 2. These results were obtained at a constant

temperature of 25 o C and at constant flow rates of 0. 98 and 1. 02 ml/

min of sample for channels one and two, respectively, of the Durrum

pump, and 20. 2 ml/min of mixed sample and electrolyte for the Cole

Parmer pump. Using the standard addition procedure with a 0. 0999 M

sulfite standard solution it was possible to determine these samples to

within two percent. Actual concentrations were determined by titra-

tion.

Table 3. 2. Standard Addition Results Obtained at Constant Tempera-
ture and Flow Rates.

.ii
1B

1B Sample Concentration (M) Error
(mA) (mA) Calculated Actual (Percent)

-0. 108 +0. 112 0. 0490 O. 0500 1. 9

-0. 145 +0. 0500 0. 0744 0. 0749 0. 8

-0. 0590 +0. 172 0. 0255 0. 0250 2. 0
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In order to test the effectiveness of the entire system, used in

the standard addition mode, in compensating for calibration changes

caused by variations in temperature and flow rate, and the ability of

the system to function over long periods of time, an 11 hour run

was carried out. During this run, deliberate changes were made in

the flow rates of both pumps, (by changing the motor speeds), and in

the temperature. During this continuous run several determinations

were made of the sample solution, under differelat flow rate and

temperature conditions, by standard additions with a 0. 0989 M sodium

sulfite standard solution. The results of this run are presented in

Table 3.3. In spite of any instrumental drift which may have occurred

over the 11 hour time span, and in spite of the deliberate changes in

flow rate (by as much as 14 percent) and in temperature (from 12 to

33
oC), most of the determinations were accurate to within better than

two percent.

The standard addition calibration procedure was effective in

compensating for calibration variations caused by changes in flow

rates and in temperature in the continuous analysis system. The

assumption has been made, however, that calibration changes would

be insignificant during the time period of the standard addition pro-

cedure. In practice, the standard addition calibration should be

carried out quickly enough that its time duration is insignificant com-

pared to the time period over which instrumental parameters such as



Table 3. 3. Standard Addition Results from 11 Hour Run.

Temp. Flow Rates: (ml/min) iB iB Sulfite Concentration (M) ErrorDurrum Cole
(°C) Chan. 1 Chan. 2 Parmer (mA) (mA) Calculated Actual (Percent)

25

25

25

12

33

25

25

1. 01 1. 09 21. 3 -0. 117 +0. 114 0. 0500 0. 0493 1.4

1. 15 1. 28 21. 3 -0. 129 +0. 139 0. 0476 0. 0493 3. 4

0. 87 0. 93 21. 3 -0. 107 +0. 102 0. 0505 0. 0493 2. 4

1. 01 1. 09 21. 3 -0. 0723 +0. 0703 O. 0501 0. 0493 1. 6

1. 01 1. 09 21. 3 -0. 173 +0. 180 0. 0484 0. 0493 1. 8

I. 01 1.09 19. 5 -0. 113 +0. 113 0.0495 0.0493 0.4

1. 01 1. 09 21.3 -0. 105 +0. 110 0.0484 0.0493 1. 8



59

temperature and flow rates change. The system used in this study

was a prototype constructed from available equipment in order to

demonstrate the feasibility of a continuous analysis standard addition

system. Due to the rather large dead volumes of the pumping system

and of the mixing chamber, the response time of the system to a step

change such as a water or standard addition was on the order of sev-

eral minutes. Since there are two such step changes in each standard

addition determination, the whole process was found to take a mini-

mum of 15 minutes. It is probable that the observed errors for the

standard addition procedure are, at least in part, due to this long

response time. Since a one degree temperature change can result in

close to a five percent error in apparent concentration it clearly

would be desirable to reduce the response time of the system to on

the order of one minute.

Part of the dead volume problem is caused by the fact that the

Durrum pump uses 1/16 inch Tygon tubing to feed sample to the

mixing chamber. The combination of a low flow rate and a relatively

large volume per unit length of tubing increases the response time.

The Cole Parmer company makes a pumping system which has two

drive shafts, one a direct drive, and the other a gear reduction drive

(6, p. 261). This pump could be set up with one high speed channel

to pump electrolyte and two low speed channels to pump sample and/

or standard. All channels would use 1/32 inch Tygon tubing, and the
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dead volume of the system would be substantially reduced. This pump,

incorporated with a smaller volume mixing system, and valves of

smaller volume, would provide a much shorter response time. An

additional advantage to using a single multichannel pump is that it

would eliminate the problem of synchronizing the motors of two pumps.

When it is necessary to monitor the composition of a process

stream which should remain at a set-point concentration one of two

approaches is normally followed. The concentration of the process

stream may be determined by discrete analyses on a periodic basis

in time, (for example, every hour), or it may be determined with a

continuous analyzer which is periodically calibrated. In the case of

discrete analysis, the concentration is determined with good confi-

dence in the result only at the time of an individual analysis. No

information is obtained between analyses. In the case of a conven-

tional continuous analyzer, there is no information about the calibra-

tion of the instrument between periodic calibrations. When the readout

of the instrument eventually indicates a variation in concentration to

a value outside acceptable limits, there may have been a real change

in concentration, or there may simply have been a change in the cali-

bration of the instrument. With the standard addition calibration

procedure developed in this study it is possible to determine the con-

centration of a sample stream by comparison to the concentration of

a standard solution whenever the bipolar current readout deviates
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outside a predetermined limit. At the conclusion of a standard addi-

tion cycle the bipolar current has been set at zero. As long as the

bipolar current remains zero, it is unlikely that the sample concen-

tration has changed from the last determined value. When the bipolar

current deviates from zero, a new standard addition determination can

be made. It should be possible to automate this process by means of

a small computer or microprocessor with appropriate input-output

devices.
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IV. SUMMARY AND CONCLUSIONS

A continuous amperometric monitor for aqueous sulfite solu-

tions has been developed employing the electro-oxidation of sulfur (IV)

in 0.1 M sulfuric acid at a glassy carbon test electrode. In the course

of the development of this system an electronic potentiostat has been

developed which yields a bipolar current readout without employing a

bipolar electrode. A conventional reference electrode is used,

through which no current is drawn. The bipolar current flows through

a loop in the circuitry external to the cell, thus avoiding problems

associated with having the i R drop of the cell in the bipolar current

loop. The system is more versatile because it is not necessary to

develop a bipolar electrode for every electroactive species to be

measured.

A flow cell has been constructed in which a stream of sample

diluted in electrolyte enters the cell through an orifice impinging

on a glassy carbon disk test electrode. The cell was designed in

order to achieve diffusion-convection current control similar to that

observed with a conventional "rotating wire" type electrode.

Voltammetric studies both with a rotating glassy carbon elec-

trode and with the flow cell indicated that sulfur (IV) could be oxidized

at the glassy carbon electrode, and that a diffusion-convection plateau

in the current-voltage curves could be achieved, but that the reaction
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was highly irreversible. By operating at a sufficiently anodic test

electrode potential, a driving force could be applied which would

cause the electrochemical rate constants to be large, thus making

the degree of reversibility unimportant.

At a constant test electrode potential of +1. 50 volts vs. SCE

it was found that the anodic limiting current was directly proportional

to cell concentration of S (IV), and that the bipolar current was directly

proportional to the deviation of that concentration from a set-point

concentration, if the temperature and all flow rates remained con-

stant. Significant errors were found to occur if temperature and flow

rates were not held constant.

Since temperature and flow rate variations are often a problem

with continuous analysis systems, a pumping system involving two

pumps and a mixing chamber was developed which allowed a standard

addition procedure to be carried out with the flow cell. The standard

addition relationships involve flow rates instead of volumes as in the

normal spiking method. The equation developed eliminates the vari-

ous instrumental parameters and gives the concentration of a sample

in terms of the concentration of a standard solution and two current

measurements. The standard addition procedure was evaluated exper-

imentally, and was found to be effective in compensating for calibra-

tion variations caused by changes in temperature and flow rate. In

order to improve the accuracy of the standard addition determinations
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it was recommended that the response time of the flow system be

reduced by eliminating as much of the dead volume as possible.

It is apparent that the aqueous sulfite monitor which has been

developed could be used in either of two modes. The monitor could

be calibrated to give direct bipolar concentration readout, in which

case the temperature and flow rates would have to be very accurately

controlled, or the standard addition procedure could be employed.

The advantages of each mode of operation should be considered.

Advantages of Standard Addition Mode:

1. Temperature and flow rate compensation: The system can be

operated in the standard addition mode without having to accur-

ately control or electronically compensate for temperature and

flow rates.

2. Direct comparison of sample concentration to a standard: In

the standard addition mode it is not necessary to depend upon

an instrumental calibration which may have been performed

hours before the measurement. A set of measurements of

current are taken in a short period of time, while the calibra-

tion remains constant, and are used in order to calculate the

concentration of the sample in terms of the known concentration

of a standard solution.
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Advantages of Direct Bipolar Readout:

1. Simplicity of readout: If temperature and flow rates are accur-

ately controlled it would be possible to have a direct concentra-

tion readout in terms of deviation from a set-point concentration.

2. Simplicity of instrumentation: If direct bipolar readout is used,

the need for an extra pumping channel, set of valves and the

instrumentation to run them is eliminated. This advantage may

be negated by the need for additional equipment to control the

temperature and the flow rates.
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APPENDIX I

Stabilization of Sulfite Solutions

It is difficult to obtain a sulfite or sulfurous acid solution which

has a stable composition since such a solution is subject to volatiliza-

tion of sulfur dioxide as well as to air oxidation of sulfite.

One can prevent the volatilization of sulfur dioxide by making

the solution basic. The following equilibria exist in aqueous sulfite

solutions (4):

SO
2

+ H2 SO3 K
1

= 1. 72x10 -2

HSO3 + SO3 K2 = 6. 24x10 -8

In acid media a large fraction of the sulfur (IV) exists as aqueous

sulfur dioxide, and volatilization of sulfur dioxide is a problem. In

basic media the equilibrium shifts in favor of sulfite and bisulfite

ions, and volatilization is not a problem. Thus the sulfite samples

and standards were made 0. 01 M in sodium hydroxide to prevent loss

of sulfur dioxide, and were kept in sealed containers.

To prevent air oxidation of sulfite the samples and standards

were made up in distilled water which had been previously deaerated

with nitrogen for one hour. Considerable care was used to avoid

introducing air to the sulfite solutions, but still the sulfite concen-

tration diminished a few percent after several hours. A study by
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Burroughs and Sparks indicated that air oxidation of sulfite is en-

hanced in basic media (3).

A study by Alyea and BackstrOm (2) showed that the addition

of small amounts of isopropanol to sodium sulfite solutions inhibits

the air oxidation of the sulfite. Burroughs and Sparks also used this

technique. The sodium sulfite solutions in the present study were

made both 0.01 M in sodium hydroxide and 0. 52 M in isopropanol

(4% by volume) in nitrogen deaerated water. A study of the stability

of sulfite samples made in this manner showed that the sulfite con-

centration after one day was 99.6 percent of the original concentra-

tion. After two days the concentration had fallen to 98. 6 percent,

and after five days the concentration was 97. 4 percent of the original

concentration. Voltammetric waves obtained at the glassy carbon

electrode with the flow cell were unchanged by the presence of the

isopropanol.
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APPENDIX II

Analysis of Sulfite Solutions

Ref: Skoog, D. A. , and West, D. M. , Fundamentals of Analytical
Chemistry, Holt, Rinehart and Winston, N. Y. , 1963, pp. 485-
492.

Schroeter, L. C. Sulfur Dioxide, Pergamon Press, N. Y.
1966, pp. 169-171.

Reagents: 0. 1010 M sodium thiosulfate (standardized).

0. 02669 M potassium bi-iodate.

Potassium iodide, reagent grade.

Concentrated sulfuric acid, reagent grade.

Starch indicator solution.

The sodium thiosulfate solution and the starch indicator solution

were made up according to the procedure of Skoog and West. The

potassium bi-iodate solution was prepared from 99. 97% assay potas-

sium bi-iodate "Standard of reference for iodometry, " (G. Frederick

Smith Co. , Columbus, Ohio). A 0. 02669 M solution of the bi-iodate

was made by dissolving 10. 4120 grams KH (103)2 in distilled water

and diluting to mark in a one liter volumetric flask. The sodium

thiosulfate solution was standardized against the bi-iodate solution

according to the iodometric procedure of Skoog and West.

Procedure:

About 2. 1 g of potassium iodide (an excess) are roughly weighed
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and dissolved in about 50 ml of distilled water in a 250 ml erlenmeyer

flask containing a magnetic stirring bar. While stirring, 2 ml of

concentrated sulfuric acid is added, followed by a pipetted 25 ml of

the 0. 02669 M potassium bi-iodate solution. (The solution immediate-

ly turns brown with the formation of iodine. ) The appropriate aliquot

(10 to 25 ml) of sulfite solution is immediately pipetted into the flask,

reacting with part of the iodine. The excess iodine is titrated with

the standardized thiosulfate solution until the color of the sample

solution is a faint yellow. At this point 5 ml of the starch indicator

solution is added, and the solution is titrated until there is a color

change from violet to colorless.

Reactions Involved:

KH(I0
3

)2 210
3

+
+ K

+
+ H

103 + 51 + 6H+
2

+ 3H 20

HSO
3

+ 12 + H2O 21 + SO4 + 3H+

I2(xs) + 2S203 + S406

Calculation Formulae:

Total moles 12 produced

(6 moles I2)
= (volume KH (I0 3)2 solution) (0. 02669M) (1 mole KH(I0 3)2)
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Excess moles 12

(1 mole I2)
= (volume S2032- titrant) (0. 1010 M)

(2 moles 52032 -

Moles 12 consumed by sulfite

= moles I - moles I2(total) 2(xs)

Sulfite Concentration, (M)

(1 mole HSO
3

) [moles I
2(tota1)

- moles I
2(xs)

]

(1 mole I2) (volume of sample aliquot)


