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ABSTRACT
The reaction between various forms of manganese dioxide and
halide ions has been investigated.

Analytical techniques for the

study of this heterogeneous liquid-solid reaction have been developed.
The appearance of the reaction products, 12 and Mn2+, was monitored in
the aqueous phase of the reaction mixture.
amperometry.

12 was monitored using

Mn 2+ was monitored by a novel application of flow

injection analysis.
A molecular mechanism was postulated which accounts for the
complex pH dependence of the reaction and the inhibition of the
reaction under conditions of lower hydrogen ion concentration.
The potential of the manganese dioxide-iodide reaction for the
metallurgical processing of ferromanganese nodules has been
demonstrated.

Studies show that there is a preferential dissolution

of the manganese portion of the nodules by the action of iodide in
acidic conditions.
The use of deconvolution techniques for obtaining information
from overlapping flow injection analysis peaks has been shown
feasible.

to -be

Deconvolution techniques allow an increase in the sampling

rate which will broaden the application of flow injection analysis in
kinetic studies.

x

CHAPTER 1
INTRODUCTION
Of the wide variety of chemical reactions that are known to
occur, perhaps the most elusive and intriguing are those reactions
which occur at the boundary between two phases.

Such heterogeneous

reactions dominate the fundamentals of such fields of study as
catalysis, aging and corrosion, geological genesis and erosion, and
mineral processing. ·The importance of these areas continues to
motivate the discovery of new techniques and the new application of·
existing techniques for the study of heterogenous reactions.
The reaction which has been the central focus of this work is
the reductive dissolution of manganese dioxide by halide ions.

This

reaction is of interest because manganese dioxide is one of the
principal components of deep-sea ferromanganese nodules.

Any

commercial processing of ferromanganese nodules will of necessity
begin with a reductive dissolution of the manganese dioxide portion of
the nodule matrix.

The understanding of the nature of such reactions

will eventually lead to the development of improved processing
technologies.
In the course of this work, it has been demonstrated that
direct probe electrochemical methods and flow injection analysis can
provide information on the kinetics of heterogenous, liquid-solid
1

2

reactions.

UBin~

these techniques, a better understanding of the

reaction between manganese dioxide and iodide ion has been achieved.
Ferromanganese Nodules and Their Processing
Since their discovery in 1873 during the voyage of the HMS
Challenger, 1872-1876, ferromanganese nodules were recognized for
their commercial possibilities (1).

Although the first interest was

in the manganese content of the nodules, the modern economic
importance of the nodules lies in the minor constituents of nickel,
cobalt, and copper and possibly vanadium and molybdenum
Numerous studies have been published concerning the origin of
the nodule constituents, but the manner in which the various metals
are accreted onto the nodules or incorporated in' the nodule matrices
is not fully understood.

Although these nodules occur in a variety of

morp,hologies, generally they consist of thick encrustations of
manganese and iron oxides around a solid nucleus.

These nuclei can be

any of a variety of solid objects, from pumice particles to fragments
of shark's teeth, and seem to perform no other function than to
provide a solid phase on which the iron and manganese oxides are
initially precipitated.

The thick crust, which eventually develops

around this nucleus, is composed primarily of non-crystalline,
amorphous oxides containing both iron and manganese.

Although

discrete crystalline structures with short range order that consist of
various forms of hydrated manganese dioxide can be identified, the
bulk of the nodules is composed of particles that are much too small
to yield crystallographic information.

The iron to manganese ratio

3

varies within an individual nodule and both iron-rich and manganeserich regions are present.

In general, the concentrations of iron and

manganese are inversely proportional to each other.
A variety of metals co-exist within the oxide matrices of the
ferromanganese nodules.

These minor constituents are believed to be

incorporated in the nodules either by absorption processes or by
lattice substitution.

The chemical composition of nodules varies from

one location to another.

The average chemical composition of Pacific

Ocean nodules is shown in Table 1.1.
Since the bulk of the nodule matrix exists as amorphous
material rather than as discrete minerals, physical separation
techniques such as flotation or magnetic separation are not applicable
as a pre-concentration step in the processing of deep-sea nodules.
Thus, the major processing techniques under investigation rely solely
on chemical treatment.

The various proposed processing schemes have

been reviewed by several authors (1,2,3).

One central theme of the

various processes is the recovery of Ni, Cu, Co, and perhaps Mn (the
metals of economic importance) with the concomitant rejection of the
large amounts of iron that are present in the nodules.
There are two reasons for the rejection of Fe in nodule
processing.

The first is the economic consideration that

ferromanganese nodules, with a low iron content, cannot compete with
the high grade, terrestrial iron ores.

The second consideration is

based on the chemistry of the separation of the Ni, Cu and Co.

In all

4

Table 1.1.

Average Composition of Pacific Ocean nodules.

Element

Mn

Fe

Si

A1

Na

Ca

Mg

Ni

% w/w

24

14

9.4

2.9

2.6

1.9

1.7

.99

Element

Cu

Co

Ba

Pb

Sr

Zr

V

Mo

%w/w

.53

.35

.18

.09

.081

.063

.054

.052

K

.18

Ti

.67
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of the proposed processing technologies, C,u, Ni, and Co are separated
from an aqueous solution using hydrometallurgical extraction.

The

aqueous solutions are either leach solutions or solutions obtained by
the partial dissolution of the nodules.

The solutions will contain

all of the metals liberated from the nodule matrix.

Ashbrook (4), in

a review of commercial chelating extractants, points out that the
general order of metal extraction by the available commercial
reagents, as a function of pH, is Fe(IIl) < Cu(I) < Ni(Il), Co(Il) <
Fe(II) < Mn(II).

Considering this extraction order, it can be seen

that the presence of Fe(III), especially in large amounts,
necessitates additional steps to remove the Fe before the separation
of the metals of interest is undertaken.

Since iron is not processed

as a product, these steps result in increased costs.

MIl(II), which

forms weaker complexes with such commercial extractants, does not
present any problems in the proposed hydrometallurgical process
schemes.
Based on

~hese

considerations, the optimal process for the

recovery of metals from ferromanganese nodules would be the
dissolution of the manganese portion of the nodules, thereby releasing
as much of the Cu, Ni, and Co as possible, under conditions where the
dissolution of the iron portion is minimized.

A class of reactions

which has the potential for achieving this goal is the reduction of
manganese dioxides by halide ions.

The motivating force in this work

was the possible use of this type of redox reaction in processing

6

ferromanganese nodules and the additional implications that these
reactions may have in the genesis of deep-sea nodules.
Although ferromanganese nodules are made up of a complex
chemical matrix, the dissolution of the nodules can be modeled with
the aid of the following simple reactions.
Mn02 + 4R+ + 2e- ---7 Mn 2+ + 2R 20
~ Fe 3 + + 2R 20

FeOOR

+ 3R+

FeOOR

+ 3R+ + e

~ Fe 2+ + 2H 20

The primary aim, then, in processing the nodules, is to supply
enough protons and electrons to cause the reduction reaction of the
Mn02 to proceed almost to completion and at the same time to prevent
either of the iron reactions from taking place to any appreciable
extent.

To achieve this goal, it is essential to understand the

kinetics of the various reactions that are involved.
There

aT.e

many reducing agents which have the appropriate

standard electrode potentials and, therefore, can supply the electrons
necessary for the Mn02 reduction.

The focus of this work has been in

the use of halide ions as reducing agents.

The interest in halide

ions stems from the economic consideration that the oxidized byproduct, the halogen, has more commercial value than the original
halide.

In most processing schemes proposed for use with

ferromanganese nodules, only the Ni, Cu and Co are recovered.
categorizes Mn02 as only a waste product.

This

The cost of the reducing

7

agent necessary for the dissolution of the Mn02 must, therefore, be
offset by the profits from the Ni, Cu and Co.

If a reagent, such as

halide ion, is used the manganese dioxide can be viewed as a reagent
in the generation of the halogen by-product.
In choosing which of the halogens to examine first, the
thermodynamics of the various halide-halogen reactions can provide
guidance.

Table 1.2 shows the standard oxidation potentials, EO, for

the various halide reactions (5).

Table 1.2.

Standard oxidation potentials, EO, for the halogens.

cC

-7

1/2C1 2 + e

-0.53

eV

-1.07

eV

-1.36

eV

The relative reactivity of the halide ions toward Mn02 can be
visualized by considering the following reaction.
placed in 100 ml of a solution containing 0.1 M KI.

8.7 mg of Mn02 are
The hydrogen ion

concentration is held constant using appropriate buffers.

If only

thermodynamic principles are considered the reaction will continue
until either all of the Mn02 is reacted or equilibrium is reached.
The percent of Mn02 reacted can be calculated using the equilibrium
constants for the

reacti~ns

of the halide ions with Mn02'

These

8

constants can be calculated from the EOcell values and the relation
for the reaction.

These thermodynamic constants are listed in Table 1.3.

Table 1.3.

Equilibrium constants for the reaction between Mn02 and
the halogens.

Halide ion

EOVcell

K
4.2xlO- S

Cl-

-0.129

Br-

0.143

6.3xl0 4

1-

0.694

3.2xl0 23

The percent of Mn02 reacted as a function of pH is shown in Figure
1.1. It can be seen from this example that the reaction of Mn02 with
Cl- and Br- become thermodynamically limited at much lower pH values
than does the reaction with 1-.

For this reason the reaction of Mn02

with 1- is the focus of this study.
Historical Mn02-I- Reaction
Although the oxidation of halide anions by Mn02 has long been
known (and even used for the commercial production of Br2 and 12)
(6,7) the reaction has not been extensively studied.

Laragne (8)

studied the reduction of Y-Mn02 with 1- in dimethylformamide and
acetic acid.

He found that a two step reaction occurred.
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dissolved when 8.7 mg of MnOZ are placed in 103 ml
of 0.1 M potassium halide.
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Mn02 + H+ + 1- --7 1/212 + MnOOH
MnOOH + 1- + 3H+ --7Mn2+ + 1/212 + 2H 20
Laragne followed the reaction by titrating the total 12 and Mn2+
formed in solution.
Moody (9) studied the oxidation of 1- by a variety of
oxidizing agents including manganese dioxide with emphasis on the
iodine products.

He showed that the reaction can occur in two

separate and consecutive steps.

The first being:

followed by

He suggests that any initial formation of 1+ would react with I

to

Ohashi (10,11,12) has presented the results of several studies
of the rection of Mn02 with 1-.

He reports that pH showed the most

marked influence on the reaction.
for H+ was 0.5.

At pH below 5 the reaction order

The reaction rate was practi~a11y independent of 1-

concentrations above O.lM, but decreased at concentrations below this
value.
extent.

At pH values above 5.5 the reaction proceeded to only a small
He postulated the formation of an insoluble layer on the

surface of the manganese dioxide.
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Beyond these few studies, little has been published concerning
the Mn02-I- reaction.

Some additional insight can be gained by

examining the reduction of manganese dioxide when it is used as an
electrode material in dry cell batteries.

In his review of the

subject, Kordesch (13) discusses the transformation of Mn02 to various
forms of lower oxides of manganese.

The particular form of the lower

oxide produced depends on the variety of manganese dioxide used.
These studies suggest that the reduction of Mn02 by 1- in an
aqueous solution may proceed through the formation of an intermediate
oxide or hydroxide of manganese (III).
Crystalline Modifications of

MnO~

The use of manganese dioxide as a model for the manganese
containing matrix of the ferromanganese nodules appears, at first
sight, to be a simple approach.

On closer examination, however, one

is immediately confronted with the fact that in this model, the entity
'~anganese

dioxide", does not exist as such.

In its place there are

numerous substances having the approximate formula Mn02' all of which
are referred to as manganese dioxide.

We have, therefore, not one

model, but a set of models expected to possess both similarities and
differences in their characteristics and chemical behavior. It is
necessary, for any useful interpretation of studies involving one of
these manganese dioxides, to specify the particular variety of
manganese dioxide used.

12
A wide variety of manganese oxides which contain manganese in
the +4 oxidation state are either known to exist in nature or can be
synthetically produced (1,13-16).

These range from refractory,

anhydrous phases to hydrated minerals.

Their composition is never

quite stoichiometric; there is always a small deficiency of oxygen
resulting in a lower average oxidation state of the Mn.

As this

average oxidation state of the manganese decreases there is an
increase of complexity of the crystal structure with the inclusion of
foreign cations and water molecules in the crystal lattice.
Pyrolusite: 13 -Mn02
Pyrolusite is the closest approximation to the elusive IMn02".
This manganese dioxide reaches the upper limit of oxidation with a
formula of Mn01.9S. It is highly crystalline and gives a large number
of sharp X-ray diffraction lines.

It has the rutile (Ti0 2 ) structure,

in which every metal atom is surrounded by six oxygen atoms located at
the vertices of a distorted octahedron with Mn at the center.
[Mn06] octahedra share edges to form single chains.

The

These chains are

then cross-linked with neighboring chains through sharing of corner
oxygen atoms of adjacent octahedra which results in the tetragonal
symmetry of pyrolusite (Figure 1.2).

I3-Mn02 can be synthesized by

gentle ignition of manganous nitrate or by hydrolysis of MnC14 (14).
Ransde11ite is a naturally occurring mineral of Mn02 (although
its occurrence is rare). It is composed of alternating double chains
of [Mn06] octahedra linked by sharing opposite edges.

Two such chains

are cross-linked by sharing edges with neighboring chains.

1'3
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Figure 1-2. Projection of the structure of a.
B-Hn0 2 , b. Ramsdellite, and c. y-Hn0 • Projection
2
is onco the (001) plane. (1)
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Y-Mn 02
The y-Mn02 group consists of irregular combinations of the
pyrolusite and ramsdellite units.

Alternating segments of the basic

single- and double-chain units occur at ranaom; no regular periodicity
or superstructure is apparent.

The group possesses the general

formula MnOl.9-l.96.xH20 where x represents approximately 4% combined
water.

The presence of the water imparts some ion-exchange properties

to this form.

The most common synthesis of Y-Mn02 is the

electrolytic oxidation of Mn 2+ in sulfuric acid.
a-Mn 02

Members of this group include both synthetic hydrates and
naturally occuring minerals.

The a-Mn02 varieties have the general

formula R2MnS016 • xH20 in which R may represent Mn+2, Ba+ 2 , K+, Na+
or other cations.

There is generally more than 6% water.

The crystal

structure forms a ring or frame structure based on the ramsdellite
double chain.

The octahedra of the double chains share corners with

adjacent double chains to give a three dimensional framework.

This

produces a large cavity which accomodates the H2 0 and the additional
cations.

These oxides have very pronounced ion exchange properties.

In order to maintain a charge balance in the structure, to accomodate
the additional cations, the linked octahedra must contain a proportion
of the manganese ions in the +11 and +111 oxidation states.
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Non-crystalline manganese dioxides
A wide variety of non-crystalline manganese dioxides have been
reported.

The lack of crystallographic data for these manganese

dioxides makes it difficult to either differentiate between them or to
assess their structural features.
based on the O:Mn ratio.

Two general groups can be separated

The 5-Mn02 or Birnessite group in which O:Mn

ratio is greater than 1.9; and themanganous-manganite group with a
O:Mn ratio of 1.7 to 1.9.
Crystals of some synthetic o-Mn02 have been deduced to have
structures similar to chalcophanite, ZnMn307.3H20.

The formulas for

theseO-Mn02 varieties are Na4Mn14027.9H20 and Mn70l3.5H20.

The

structure consists of sheets of water molecules and hydroxyl groups
located between sheets of edge-shared [Mn06] octahedra, separated by
approximately 7.2 A. One out of six octahedral sites is unoccupied and
contain Mn 2+ or Mn+ 3 ions.

These ions are coordinated to the oxygens

of both the [Mn06] layer and the (H20, OH) sheet.
The manganous-maganite has the general formula of
3Mn02.Mn(OH)2. xH20.

Its crystal structure is believed to consist of

sheets of [Mn06] octahedra which are separated by a 10 A space which
.
2+
.
.
conta1ns Mn
coord1nated w1th

°2-, OH-

and H20.

ZPC
The nature of the electrochemical double layer separating
metal oxides from aqueous solution has been studied for a number of
metal oxides.

These oxide-solution interfaces resemble the

interfaces at a polarized electrode (17).

Construction of reversible
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metal oxide electrodes is not always feasible.

In these cases, direct

measurement of the double layer parameters is not possible, but the
reversible interface model can be used.

The distinction between the

reversible interface, of metal oxides, and the polarizable interface,
of metal surfaces, is a function of the mechanism by which the
separation of char.ge originates.

For a polarizable interface, the

potential difference across the double layer is applied from an
external source.

The change in electrostatic potential across the

reversible interface results from the transfer of potential
determining ions across the solid-solution interface.
For metal oxides, it has been shown that hydrogen and hydroxyl
ions determine the sign and magnitude of the surface charge, and are,
therefore, the potential determining ions (17-22). As hydrogen and
hydroxyl ions adsorb on the metal oxide surface the amphoteric nature
of the metal oxide surface appears.

The equilibria at the surface can

be represented by

-

+

+

+

MO (surf) + H ~ MOH(surf) + H ~ MOH 2 (surf)
At low concentrations of hydrogen ion, the surface has a net
negative charge and at high concentrations of hydrogen ion, a net
positive surface charge exists on the surface.

There exists an

intermediate pH value at which the number of negative and positive
surface sites are equal.

At this point the net surface charge is zero

and the pH value is called the zero point of charge or ZPC.
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The ZPC for several manganese dioxides has been determined
(23) (Table 1.4).

The values range from 1.5 through 7.3.

The order

of decreasing ZPC values can be correlated with several other
parameters.

Fuerstenau (23) has shown that as the atomic packing in

the lattice decreases, the electrostatic field decreases, and the ZPC
values decrease.

This decrease in atomic packing represents an

opening up of the manganese dioxide stucture which results in the
inclusion of both water and foreign cations.

Therefore, as the ZPC

decreases, the ion exchange activity increases and the average
oxidation state of the manganese decreases.

All of these factors may

influence the reactions which occur at the manganese dioxide surface.

Table 1.4.

Characteristics of various manganese dioxides.
Mn02

ZPC

<5

1.5

Pronounced

2.0

Pronounced

a

4.6

Pronounced

y

5.5

Slight

B

7.3

Very Slight

Mn ++ -mangan1te
.

Ion Exchange Activity

Analytical Approach
A variety of reactions occur which involve both a solid and a
liquid phase.

These reactions are generally termed heterogeneous if

an important step within the reaction mechanism involves the transfer
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of material across the phase boundary or if the reaction itself
actually occurs at the interface (24).

Heterogeneous reactions can

therefore be grouped into three general categories.
In the first category are those reactions which occur within
the boundary interface.

The reactants are brought. from either or both

of the phases to the surface by forces varying from simple adsorption
to actual production of an intermediate on the solid surface.
Reactions of this type are encountered in catalytic processes.
The second category involves a final reaction step which
occurs homogeneously in the liquid phase; however, the rate limiting
step is the movement of intermediates from the solid phase across the
interface.

These reactions involve either the dissolution of the

solid phase or the transformation of the solid as material is removed
from it.

The products of the final reaction would generally remain in

the liquid phase.
In the third category, transformation of the solid phase
occurs as material from the liquid crosses the interface and reacts
with the solid.

The products of such reactions remain in the solid

phase either as solid solutions or as a new solid phase.

The reaction

rate is governed by the rate at which the reactants from the liquid
can crOSB the interface and move to the reactive regions of the solid.
For more complex reactions, mechanisms exist which combine
several of these reaction categories, either as sequential steps or as
competing mechanisms.

It is evident therefore, that the study of
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heterogeneous reactions will require the use of a variety of
analytical approaches.
There are two basic modes which can be used to follow
heterogeneous reactions.

The first is a batch reaction approach.

The

reaction is initiated and allowed to react until some predefined point
in the reaction is reached.

The reaction is then stopped and the

components of the two phases are analyzed.

The components of the

liquid phase can be determined by a variety of techniques that are
applicable to solutions.

The development in recent years of surface

spectoscopic techniques has enabled investigators to examine the
nature of the first few atomic layers of a solid (25).

Using these

techniques we can study the transformations which can occur in the
outer layers of the solid phase and identify surface sites which
differ chemically from those in the bulk of the solid.
This approach to studying the two phases of the chemical
reaction has two major limitations.

The batch mode of analysis

provides only one time point in the course of the chemical reaction.
To obtain detailed information on the reaction rates, several
experiments must be conducted.

The second limitation is that the

sample may undergo alteration before the analysis is conducted.

Such

alterations may be the results of chemical reactions which occur in
the interim between the stopping of the reaction being studied and the
performance of the analysis.

Short lived intermediates may continue

to react or products may be lost via other mechanisms.

In the case of

surface spectroscopies, the integrity of the surface may be lost by
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exposing it to the atmosphere or by placing it in a vacuum.

Such

limitations do not invalidate the usefulness of these analytical
approaches, but caution must always be applied to the interpretation
of the results.
The second mode used to examine heterogenous reactions is a
dynamic analysis.

In this approach the nature or the reaction mixture

is probed as the reaction is occurring.

The major advantage of this

approach is that several data points can be acquired during the course
of the reaction.

This can provide a great deal of information about

the kinetics of a reaction from a single experiment.

Most of the

dynamic methods available are sensitive to only the liquid phase of
the reaction mixture.

Caution must be used to ensure that the

analytical probe does not affect the reaction that is being
investigated.
In studying the reaction between Mn02 and 1-, a decision was
made to focus attention on the dynamic analysis of the reaction
products in the aqueous phase •. The results of these experiments would
later be correlated with batch experiments in which the solid Mn02
phase was examined. The previously published studies of the reduction
of manganese dioxide by iodide suggest that the reaction may occur in
a two step process.

The first being the reduction of manganese from

the +IV to the +111 state.

This reaction would be followed by

reduction to the +11 oxidation state.

The first reduction would

result in the formation of only 12 in solution, where the second
reduction would result in the formation of both 12 and Mn 2+.

It was
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. .
dec1ded
that dynam1c methods for the analysis of both 12 and Mn 2+ were

necessary to understand the reaction kinetics.
The concentration of the 12 formed in solution was monitored
amperometrically with the aid of a platinum indicator electrode at
which 12 was reduced to 1-.

The development of this method was based

on previous kinetic studies involving the amperometric determination
of Br2 (26).

This electrochemical technique is ideally suited for the

study of heterogeneous reactions.

The indicator electrode is a probe

that can be inserted directly into the two-phase reaction mixture.
Although the analysis does convert some of the 12 back to
1-, the minute currents produced, at the microelectrode, are
insignificant in relation to the total 12 present in solution.

The

response of the instrumentation used in the amperometric circuit was
0.4 seconds.

Compared to the total reaction time of several minutes,

the 12 concentration in solution could be monitored continuously by
this method.
Another approach to the dynamic analysis of a reaction is to
periodically remove a sample of the liquid phase.

The sample could be

subsequently analyzed to obtain the concentration of the desired
species.

The manual approach, however, is tedious, time-consuming and

yields very few data points during the initial stages of the reaction.
The recent development of flow injection analysis, FIA (27), provides
a possible alternative to the manual approach.
Flow injection analysis is a technique developed for the rapid
analysis of large numbers of samples.

The technique is based on the
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injection of small sample volumes, around 25 to 200 ul, into a
continuous flowing, non-segmented stream.

As the flowing stream moves

from the injection point to a flow-through detector, the sample is
mixed with appropriate reagents to form a species to which the
detector is sensitive.

Although a wide variety of detectors have been

used, the most common are spectrophotometric or electrochemical
detectors developed for liquid chromatography.

The width of the

sample peak, in time units, as it passes through the detector is
approximately 10 to 40 seconds.

This allows rapid sampling rates of

around 200 samples per hour.
The small volumes and rapid sampling rates makes FIA an
excellent choice for the automated, dynamic monitoring of kinetic
experiments.

The workers in the field of FIA have been concerned with

the large numbers of samples which occur in the areas of clinical
chemistry, agricultural control, or environmental sampling.

The

present work shows that FIA can be applied to kinetic studies and that
the flexibility and wide variety of chemical analyses that can be
performed with FIA make it a powerful tool for the kineticist.

CHAPTER 2
ANALYTICAL TECHNIQUES
Amperometric Determination of Iodine
The amperometric determination of iodine is based on the
meaurement of the diffusion limited current resulting from the
reduction of iodine at the surface of a polarized platinum electrode.
The electrode is polarized by imposing a sufficiently negative
potential between the platinum electrode and a calomel reference
electrode so that the concentration of the iodine at the platinum
electrode surface is nearly zero.

This imposed potential is in the

mass-trans fer-controlled region of the current vs potential diagram
for the 1--1 2 system.

In this region the current measured is

proportional to the rate of diffusion of iodine from the bulk solution
to the surface of the electrode (28).

The diffusion limited current is

given by
.
1lim

nFADC bulk

o

where n is the number of electrons transferred,

F is the Faraday

constant, A is the area of the electrode, D is the diffusion constant
for iodine, 'C bulk is the bulk concentration of iodine, and
thickness of the diffusion layer.

is the

If the solution and electrode are

maintained in a static state the diffusion limited current decreases
24
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with time as the diffusion layer

incr~ases.

This time dependence is

effectively eliminated by rotation of the electrode.

This rotation of

the electrode creates a constant diffusion layer thickness and the
electrode current becomes a function of only the bulk concentration.
The current measured at the rotating platinum electrode is
converted to concentration values for iodine in the bulk solution with
the use of a calibration function.

This calibration function is

experimentally determined by measuring the amperometric current
developed by various concentrations of iodine.

A most convenient

method for determining the calibration function is to measure the
amperometric current in a solution in which iodine is generatea
coulometrically.

The resulting slope of the current vs time curve (in

units of amps/sec) when divided by the generation rate (in
equivalents/sec) gives the relation between amperometric current and
iodine concentration.
The electrochemical cell used is shown in Figure 2.1.
central compartment was 4.5 cm in diameter and 14 cm deep.

The

It was

connected to two smaller compartments through side arms sealed by
porous glass frits.

The side compartments contained the reference

electrodes for the amperometric and coulometric circuits.
The reference electrode for the amperometric experiment was a
saturated calomel electrode.

Ths surface area of this electrode was

large in comparison to the total current density of the amperometric
measurements.

This condition was necessary to ensure that the current
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was controlled only by the diffusion of iodine at the platinum
electrode.
The counter electrode for the coulometric experiment was a
silver wire immersed in a solution of 0.1 M HC104.

The half-reaction

occurring at this electrode was the reduction of hydrogen ions to
hydrogen gas.

Both side arms contained salt bridges consisting of

agar gels saturated with KCl.

The generation electrode for the

coulometric system was a platinum flag with a surface area of 1 cm 2•
The instrumentation used in the amperometric measurements
underwent several changes during the course of this work.

Initially

a Sargent-Welch Model XV polarograph was used to control the applied
potential and record the amperometric current.

This instrument was

awkward to use and was replaced with a system centered around the LSI
11/02 microcomputer used for data collection and experimental control.
In this system the potential applied across the electrochemical cell
was provided by a 12 bit digital to analog converter (Data Translation
DT278l) with a range of +5V.

The amperometric current was measured

using a Kiethly 480 picoammeter.

This ammeter provided a BCD output

which was used in acquisition of the data by the microcomputer.
The major change in the amperometric i.nstrumentation was in
the geometry of the platinum electrode.

Initially a rotating wire was

used as the indicating electrode in the amperometric measurements.
When such an electrode is rotated nt a constant speed in a quiet
solution the solution is effectively swept past the electrode at a
constant rate.

This causes the diffusion layer to maintain a constant
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thickness.

When such an electrode is used in a solution that is not

quiet, but is in motion due to magnetic stirring, the fluctuations in
motion create fluctuations in the diffusion layer thickness and
therefore create fluctuations or noise in the amperometric current
measured.
To overcome this noise problem the electrode geometry was
changed from a rotating wire to a rotating disk.

In a qualitative

explanation, the rotating disk drags the solution at its surface along
with it and, due to centrifugal force, flings the solution outward
from the center of the disk.

The solution at the disk surface is

replenished by a flow normal to the surface.

As the rotation speed is

increased the flow to the surface is also increased.

At low rotation

speeds the diffusion layer at this electrode is still influenced by
other sources of motion in the solution.

As the rotation speed is

increased the convection caused by the disk dominates and therefore is
not sensitive to fluctuations from other convective forces such as
magnetic stirring.
To examine this effect the amperometric current was monitored
as a function of rotation speed using a rotating disk electrode as the
indicating electrode.

The solution was also being mixed by a magnetic

stirrer at a speed such that a vortex appeared.

The signal to noise

ratios were calculated and plotted against electrode rotation speed
(Fig. 2.2 and 2.3).

I t can be seen that at speeds above 5000 rpm the

signal is virtually independent of the motion created by the magnetic
stirring.

The rotation electrode used is a Pine Inst. Model MSR.
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RPH~

Figure 2-2. Recorder output from an RDE for
a constant concentration of 1 • Rotation rate
2
of the RDE increases from 0 to 6000 rpm in
1000 rpm increments.
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To calibrate the amperometric measurements, coulometric
generation of iodine was used.

A Sargent-Welch constant current

generator was used to pass known amounts of current through the
electrochemical cell.

The constant current generator was first

calibrated by measuring the voltage drop across a known resistance and
the current calculated using Ohm's law.
Across the constant current generator was placed a Heath
Decade Resistance Model EV-30A.
4 to 20 0 , were used.

Various settings of resistance, from

The resistance value was measured with a

Keithly 191 Digital Multimeter.

The voltage drop across the

resistance was measured with an Orion 811 meter.

The average current

for each setting of the Constant Current generator was calculated
(Table 2.1).

Table 2.1. Calibration of constant current generator.

MUltiplier Setting

Current
mAmps

Equivalents/sec

0.005

4.8

4.97 x 10-8

0.01

9.7

1.01 x 10- 7

0.02

19.3

2.00 x 10- 7

0.05

48.3

5.01 x 10- 7

0.1

96.6

1.00 x 10-6

0.2

193.3

2.00 x 10-6
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The next step was to determine the efficiency of the
coulometric generation.

This was done by conducting a coulometric

titration of As(III) with 12 using the amperometric determination of
12 to determine the end point.

A standard As(III) solution was

prepared by dis"solving 215.57 mg of As 20 3 in a concentrated NaOH
solution.

The solution was then neutralized and diluted to 500 ml

total volume.

5 ml of the As(III) standard was added to 100 ml of H20

and 10 ml of 1.0 M KI.

The As(III) was titrated by the coulometric

generation of 1 2 • The endpoint was determined by fitting a linear
least squares line to the amperometric signal beyond the endpoint.
For a set of four replicates an average value of 43.535 p-equivalents
with a standard deviation of 2.6 ppt was obtained.
favorably with the true value of 43.584 uEq.

This compares

The generation

efficiency for the production of 12 is therefore 100%.
Differential Pulse Amperometry for the Determination of Mn 2+
The use of differential pulse amperometry was examined as a
method of monitoring the Mn(II) formed in solution.

Differential

pulse amperometry is an extension of differential pulse voltammetry.
In differential pulse voltametry a small amplitude voltage pulse, in
addition to the linearly increasing dc ramp normally used for dc
voltammetry, is applied to the electrochemical cell.

The current is

sampled just before the pulse application and at the end of the pulse.
The difference between these two currents results in the analytical
signal.

This voltammogram recorded in this manner is a

peak~shaped
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incremental derivative of a conventional dc voltammogram.

The

pea~

height of the voltammogram is proportional to the concentration of the
electroactive species.
The differential pulse amperometry experiment is performed in
a similar fashion.

The applied potential, however, is held at the

peak maximum of the differential pulse voltammogram.

The change in

concentration of the electroactive species with time may be observed by
recording the change in current,

i, as a function of time.

For the determination of Mn(II) the half reaction used is the
reduction of Mn 2+ to Mno.
·2+

Mn

+ 2e

-

~

Mn

-l.029V

Half-wave potentials for this reduction have been reported from -1.6
to -1.7 V (29).

These very negative half-wave potentials limit the

choice of electrode material and the conditions in which the reaction
can be measured.

Even in basic solutions the Pt electrode is limited

to.-l volt. The Hg electrode is limited to -1 volt in acidic media (1
M H2 S04) but can be extended to -2 volts in basic media (1 M NaOH)
(28). Since the reaction between Mn02 and 1- occurs under acidic
conditions it was necessary to remove samples from the reaction vessel
and adjust their pH before electrochemical analysis.
A flow through electrochemical cell was designed for the
continuous monitoring of a sample stream which was withdrawn from the
reaction vessel (Figure 2.4).

The characteristics of Mn(II) reduction

were examined in this cell while solutions of known composition were
circulated through the cells.

Calomel
Reference
Elec trode

Pt Wire
Counter
Electrode

~

t

9 mm 0.0.

Flow

t

6 mm 0.0.

Hg

t

Pool

Electrode

Figure 2-4.

Flow cell for differential pulse amperometry of Mn.

w
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A differential pulse vo1tammetry experiment was performed to
determine the voltage corresponding to the peak maximum of the
vo1tammogram.

A supporting electrolyte of O.lM sodium citrate and

O.lM KI was used.

The peak maximum for Mn(II) was found to be at

-1.58 volts vs the SCE.

A set of standard calibration curves were

constructed for the differential pulse amperometric determination of
Mn(II).

100 m1 of the supporting electrolyte was circulated through

the flow cell.

To this was added 200

~1

increments of a 0.1 M

solution of MnC1 2• A pump speed of approximately 10 m1 per minute was
used.

The resulting calibration curve is shown in Figure 2.5.
Although the calibration results were acceptable, the length

of time for the electrode to reach the new response level after the
addition of each Mn 2+ spike appeared to be a problem.

After each

addition it required several minutes for the current response of the
electrode to again reach a steady value.

This suggests that the

signal from the electrode represents the change in concentration
convoluted with a response function of the flow cell.

To examine the

utility of the flow cell for monitoring the change in Mn 2+
concentration an experiment was conducted in which the concentration
of Mn 2+ was changed in a dynamic manner.

In this experiment a sample

stream was withdrawn from a beaker containing the supporting
electrolyte and passed through the flow cell.

The Mn2+ concentration

in the beaker was increased by the continuous addition of a standard
Mn 2+ solution.

The differential pulse amperometric signal and the Mn

concentration in the beaker are shown in Figure 2.6.

Even though the
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response of the flow cell shows a sensitivity to the change in Mn
concentration it would be necessary to deconvolute the response
function of the flow cell from the amperometric signal to obtain the
concentration of Mn in a dynamic experiment.
At this point experiments using the flow cell and differential
pulse amperometry were abandoned in favor of the use of FIA; however,
the gathering of background information on deconvolution and the
formulation of ideas on its utility were not lost.

These concepts

resurfaced during the study of overlapping FIA peaks and appear in
Chapter 6.
Flow Injection Analysis
Flow Injection Analysis (FLA) is a recently introduced
technique in the field of analytical chemistry.

The details of the

technique have been the subject of several reviews and a comprehensive
textbook (27,30,31,32).
FIA is based on the introduction of a liquid sample into a
moving, non-segmented carrier stream.

This sample forms a zone within

the carrier stream which is then transported to a detector which is
sensitive to some physical parameter of the sample or the product·of a
reaction between the sample and components of the carrier stream.

The

simplest FIA system consists of a pump, used to move the carrier
stream, an injection valve to introduce the sample in a reproducible
manner, a reaction coil to mix the sample with the carrier stream, and
a flow-through detector.

Such a system is depicted in Fgure 2.7a.

If

Injection
Valve
Detector
Carrie r
Mixing

Coils

Pumps

Carrier

Reagents

Figure 2-7.

Flow injection analysis designs.
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the characteristics of the sample and reagents, such as refractive
index or viscosity, differ drastically it is better to inject the
sample into an inert carrier and then blend the carrier stream with a
reagent stream (Figure 2.7b).

If reagents are not stable in contact

with one another or when the chemistry of the analysis dictates that
sequential addition of reagents is required, additional reagent
streams can be blended with the sample on its way to the detector.
Sample sizes used in FIA range from 1 to 200 pl with the
typical size being 25 pl.

The samples are introduced as discrete

plugs using injection valves of the type used in liquid
chromatography.
2.0 ml/min.

The flow rates used typically range from 0.5 to

The most common pumping systems are multi-channel

peristaltic pumps.

The tubing used for the connection of the various

components and for construction of the reaction coils is generally
0.5 mm I.D. tubing.

A variety of detectors developed for HPLC are

used in FIA systems.

These flow-through detectors provide internal

volumes of less than 20 pl.

These small volume and dimensions make

FIA a microchemical technique capable of handling several hundred
samples per hour.

The technique also requires a minimum reagent

consumption, generally no more than half a ml of reagent per analysis.
To monitor the concentration of Mn 2+ in the aqueous phase of
the Mn02-I- reaction mixture, we developed an FIA method based on the
absorbance of the complex formed between Mn 2+ and formaldoxime.

The

fundamentals of our procedure were developed from the work by Gine
(33) in using FIA to monitor Mn 2+ in natural waters; however,
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significant limitations of the equipment available resulted in major
alterations in the method.

The chemistry of the analysis is described

in detail by Sandell (34).

In basic solutions, Mn 2+ is oxidized to

Mn3 + by the presence of dissolved 02.

The Mn3+ then complexes with

formaldoxine to produce an absorbing species which is measured
spectrophotometrically at 455 nm.

Although Fe interferes with the

analysis, Fe(II) can be masked with cyanide and Fe(III) can be reduced
by ascorbic acid to Fe(II).

In the chemical systems which we studied

it was not necessary to be concerned with the Fe interference;
however, when this technique is extended to study ferromanganese
nodules it will be necessary to consider the presence of Fe.
The limitations encountered in implementing this FIA system
were associated with the available equipment.

The peristaltic pumps

used were Masterflex pumps, model 7014, from Cole-Parmer.

The flow

rate range obtainable with these pumps is from 2 to 20 ml/min.

This

is considerably higher than the flow rates normally used in FIA.

The

second limitation encountered was the size of available
spectrophotometric flow cells.

The smallest flow cell available had

an internal volume of 0.21 mI.

It was found necessary to increase

sample volume and reagent concentrations if a sampling rate of around
200 samples/hr was to be achieved with this equipment.
As was described earlier there are two approaches to the FIA
experiment.

This first is the injection of the sample into a carrier

stream containing reagents and the second is the injection of the
sample into an inert carrier followed by the blending of the carrier

with a reagent stream.

Although these two experiments seem similar,

the effect of dilution and sample dispersion on the final peak height
is dramatically different in the two experiments.
As the sample in an FIA experiment moves from the point of
injection through the reaction coil, and to the detector it is di1uteq
by the components of the carrier stream and any additional reagent
streams.

To quantitate this dilution or dispersion a parameter terme4

the dispersion, D, has been defined as the ratio of concentrations
before and after the dispersion process has taken place in the
of fluid that yields the analytical readout (27).

e1emen~

D~

This dispersion,

can be determined by the ratio of the concentration of the undiluted
sample, Co, and the concentration of the dispersed sample at the peak
maximum, Cmax •

D=~

C max

In the first type of FIA experiment, described above, the
dispersion produces two very important, and opposing, effects.
dispersion dilutes the sample and thereby decreases the sensitivity
and gives a high detection limit.

On the other hand, dispersion

results from the mixing of the reagents in the carrier with the
sample, and without this mixing the species which is monitored is
never produced.

Maximum sensitivity, therefore, is achieved when the.

dispersion is chosen as to carefully balance these two effects.

To

exemplify this balance, examine the case where the dispersion is

D~ll

Although there is no loss of sensitivity by dilution at the center

o~

43

the sample zone, there is no sensitivity because there is no reagent
at the center of the zone.

The results of such an experiment are

shown in Figure 2.8.
In the second type of FIA experiment, dispersion results from
not only the spreading of the sample zone in the moving stream, but
from the dilution that occurs when the carrier and reagent streams are
blended.

In this experiment the reagent is introduced throughout the

sample zone, including the center, .at the point of blending of the two
streams.

The experiment does not rely on the dispersion of the sample

zone to move reagent to its center.
It was found necessary to use the second type of FIA
experiment for the analysis of Mn 2+.

The difference in refractive

index and the low absorbance of the forma1doxime solution at the
monitored wavelength resulted in negative peaks when a blank solution
was injected into a carrier made up of the reagents.

Gine (33) also

found it necessary to resort to this type of procedure to obtain
useful results. Maximum sensitivity should therefore be obtained when
the dilution resulting from the sample zone dispersion is decreased to
zero and the dilution resulting from stream blending is minimized.
As pointed out by Ruzicka (27), the first rule of FIA is that
IIchanging the injected sample volume is a powerful way to change
dispersion. 1I

A variety of sample volumes were investigated, resulting

in the choice of a 0.33 m1 volume.

This result is not surprising

since considerable dispersion occurs in the large volume (0.21 m1) of

Reagent

Sample
~eaction

Product

Figure 2-8.

FIA composition profiles.

Dispersion of 1.0.

.p..
.p..
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the

spectrophotometric cell.

A sample volume of slightly larger

dimensions is necessary therefore to overcome this dispersion.
The next task was to determine the concentrations of reagents
necessary to achieve adequate sensitivity~
depicted in Figure 2.9.

The concentration of NaOH was maintained

constant at a value of 3.0 M.
varied from 1.0 M to 3.0 M.
in Figure 2.10.

The FIA system used is

The concentration of forma1doxime was
The results of this experiment are shown

These results indicate that to achieve maximum

sensitivity and linearity even higher concentrations of forma1doxime
should be used.

To conserve reagents, however, the concentration was

not increased.

It was felt that at the 3.0 M level there was adequate

sensitivity for our purposes.
Since maximum sensitivity is obtained by minimizing the
dilution that occurs in the blending of the carrier and reagent
streams, the flow rate ratio of the carrier/reagent should be
maximized.

The lower limit of the pumps is 1.8 m1/min so the reagent

stream could not be pumped any slower than this.

The effect of

carrier flow rate on the peak height, width and reproducibility was
examined.

The concentrations of the reagents, NaOH and forma1doxime,

were 4.1 M.

Several replicates of a 1x10- 3 M Mn 2+ sample were

injected into the FIA system at carrier flow rates varying from 1.8
m1/min to 12.3 m1/min.

The results of this experiment are shown in

Figure 2.11.
As expected, increasing the flow rate increased the
sensitivity of the measurement and decreased the residence time of the

:,6
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Figure 2-10. Calibration for flow injection analysis
of Mn. Concentrations of formaldoxime are (a) 1.0 M,
(b) 2.0 M, and (c) 3.0 M. Detector response is given
in arbitrary units.
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Figure 2-11. Effect of flow rate of carrier stream.
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sample in the detector.

Based on this data alone, one should continue

to increase flow rate to gain both sensitivity and sampling speed.

In

Figure 2.12., however, is shown the standard deviation of peak height
vs flow rate.

It can be seen that, due to the pUlsing nature of

peristaltic pumps, the reproducibility of mixing the two streams
decreases as the difference in pumping rates increases.

This

consideration resulted in the choice of a flow rate of 6 m1/min for
the carrier stream while the reagents were pumped at 1.8 m1/min.
The final parameter to be chosen in .the FIA system was the
length of the mixing coils.

The length of the mixing coil for the

mixing of the NaOH and forma1doxime is of little importanc·e, although
it should be long enough to ensure thorough mixing.
5 m in length was chosen.

A coil that was

The performances of reaction coils that

were 4 m and 1 m long were compared.

Although the 1 m coil gave

slightly faster sampling rates, 160 samp1es/hr vs 120 samp1es/hr, the
response using the 1 m coil was only 92% of the response using the 4 m
coil.

In addition, the 4 m coil showed no noise while the 1 m coil

showed a signal to noise ratio of 100.
coil was used.

Based on these results a 4 m

The diameter of all tubing was 0.8 mm.

It was discovered that an interference for 12 existed in the
determination of Mn 2+.

Fortunately this interference could be

eliminated by the addition of hydroxYlamine hydrochloride to the
forma1doxime.

Since the forma1doxime was made by the reaction of

formaldehyde with hydroxylamine hydrochloride, an excess of the
hydroxylamine hydrochloride was used in its preparation.

The
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hydroxylamine hydrochloride reduces the 12 to 1- thereby removing the
interference.
Based on the previous experiments, a method for the analysis
of Mn 2+ using F1A was established.
Figure 2.13.

The FIA system used is depicted in

The concentration of NaOH was 6M.

The formaldoxime-

hydroxylamine Hel solution was prepared by reacting 160 g of
hydroxylamine Hel with 70 ml of 30% formaldehyde and diluting to a
total volume of 500 ml.

The F1A system was interfaced with a

microcomputer system to provide both experimental control and data
collection.
A and B.

The details of that interface are discussed in Appendices

What I would like to discuss here is the development of the

data analysis method used to determine peak height of the FIA signal.
The simple approach of using the highest data value occurring during
the production of the output peak was rejected for there is no
assurance that the exact peak maximum was digitized.

Of even greater

concern is that this simple method provides no mechanism for noise
rejection.

Three more involved methods are described and compared.

The first method is a

thr~e

point averaging method.

This

approach is only slightly more complex than the single point approach.
The largest data value occurring within the output peak is averaged
with its two nearest neighbors.

This method does provide for noise

rejection but always results in a somewhat depressed value.
The second method is a much more refined calculational
approach.

The method is to fit the entire data from the peak with a

descriptive function.

The maximum value of the function is then used

ml/min
O.33ml

l6

Carrier

NaOH

1.8

Formaldoxime

1.

Figure 2-13.

Final FIA configuration.

V1
N
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as the peak maximum.

This method provides very high noise rejection

and sensitivity to the actual peak maximum; however, it is laden with
computational overhead.
Two functions were examined for use as the descriptive
function.

The first is a function used by Chesler and Cram (3S) to

fit chromatographic peak profiles.

It consists of a Gaussian

convoluted with an exponential tail.
Y(t)

= C1

{exp -[(t-C 4 )2/ 2CS] +

[1 - O.S(l - tan h (C 2 (t - C3 )))] x
C6 exp [-0.SC 7 {[(t - C8 )2]1/2 +
(t - C8 )}]}

The second is a tank-in-series model used by Ruzicka (27).

In this

model, the FIA peak is treated as the outlet profile of a plug
injection into a series of equal volume tanks through which a carrier
fluid is flowing, and results in the equation

1

e

-TIT

(N-l)l
where N is the number of tanks and T is the average residence time of
an element of fluid in anyone tank.

The tank-in-series provides a

much superior fit to the FIA peak profile than does the Chesler-Cram
function.

With small numbers for N, the tank-in-series results in a

very sharp rising edge where the Chesler-Cram function is always
limited to a Gaussian front.

The tank-in-series function was fit to
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the FIA peaks using a grid search approach.

This method minimized the

X2 statistic for the good mass fit by adjusting the values of Nand T.
The third approach was a digital averaging of the incoming
signal from the spectrophotometer. This was achieved by performing
mUltiple AID conversions of the signal.

This approach was possible

since the AID conversion rate was 25 Khz and the sampling interval was
1 sec.
used.

Following this digital averaging, the three point average was
This approach provides good noise rejection.

It is not as

sensitive to the peak height maximum as the curve fit, but its
computational overhead is much lower.
All three methods are compared in Table 2.2.

At the higher

concentration of Mn, all three methods provide a reasonably good
standard deviation; however, the values for the three-point average
and digital averaging average are slightly lower than the curve fit.
At the lower Mn concentrations the curve fit and digital averaging
both out perform the three point average.

Due to the simpler

computational approach of the three point average, this me thud was
chosen for use in all of the FIA determinations of Mn 2+ in the
following chapter.
In the previous section we discussed the use of peak height as
the analytical measurement in FlA.

There appears to be indecision by

workers in the area as to whether peak height or peak area should be
used.

Ruzicka, in his text, prefers the use of peak height; however,

he does not discuss the basis of his preference.
literature both peak height and area are used.

In the published
As recently as
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Table 2.2.

Comparison of methods for peak height determination.

Method

[Mn]

3 point average

lxlO- 3
lxlO- 4

Curve fit

Digital Averaging

lxlO- 3
lxlO-4
lxlO- 3
lxlO- 4

Response

% Response
Standard
Deviation

234

6.2

32

21.0

243

5.0

33

3.0

238

5.2

34

2.9
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November 1982 (36), articles suggest that both measurements are
equally valid.
A set of experiments were designed to examine the choice
between peak height and peak arca.
Figure 2.7a.

The FIA system used is shown in

Two chemical systems were chosen.

formation of the iron thiocyanate complex.

The first was the

In this experiment samples

containing iron(III) were injected into a carrier stream containing
sodium thiocyanate.
at 480 nm.

The absorbance of the iron complex was measured

The second chemical system was the ,formation of molybdenum

blue by the reaction of phosphate, molybdate and ascorbic acid.
Samples containing phosphate were injected into a carrier containing
molybdate and ascorbic acid.

The absorbance of the product was

measured at 660 nm.
These two reactions were chosen because of their widely
differing reaction rates.

The iron-thiocyanate complexation is

essentially instantaneous whereas the formation of the molybdenum blue
requires 5 to 10 minutes to reach full color development.

This

difference in reaction rate may be significant in the FIA experiment.
The iron thiocyanate reaction should reach completion during the time
required to travel from injection point to detector (providing that
sufficient mixing of reagent and sample occurs).

On the other hand

the molybdenum blue production never reaches completion and in the
edges of the sample zone the degree of completion should be greater
due to a higher concentration of reagent and longer reaction time.
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Both reactions were examined at flow rates which produced
differing degrees of dispersion.

Flow rates of 1.35 m1/min and

10.87 m1/min were used giving dispersion values of 2.3 and 4.3.

These

dispersion values fall into the categories defined by Ruzicka of
limited dispersion (D

=

1 to 3) and medium dispersion (D

=3

to 10).

The iron thiocyanate complex was studied by injecting samples of from
2x10- 4 to 5x10- 4 M Fe(N0 3 )3 into a carrier stream of 10- 2M KSCN in 5%
w/w HN0 3 •

The molybdenum blue reaction was studied by injecting

samples of from 0.328x10-3 to 2.46x10- 3 M KH2 p0 4 into a carrier stream
consisting of an equal mixture of two solutions; the first is 0.005 M
ammonium heptamo1ybdate in 0.4 M HN0 3 ; and the second is 0.7% (w/v)
ascorbic acid with 1% (v/v) glycerine.

Measurements of peak height

and peak area were made using a Hewlett-Packard 3390A integrator.

The

relative standard deviations for measurement of both peak height and
area are shown in Figure 2.14.
Measurement of peak area is an attempt to measure the total
amount of a sample in the sample zone, rather than simply the
concentration of the sample at any given point in that zone.

Given

that the total amount of a sample, Q is the integral

Q=

fc .

dv

where C is the concentration of the sample in each volume element, dv,
and a and b represent the beginning. and end of the sample zone.

The

area of the recorded peak is determined by integrating the measured
absorbance, A, with respect to time, t.
P

=}A

dt
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Using Beer's Law, A

= EbC,

and the assumption that dv and dt can be

related by the flow rate, f.

V

f.T

The recorded peak area can be related to the total amount of the
sample by
,2

Q

1

Ad,

,1

P
Ebf

Ebf

This validity of this relationship is limited by the assumption that
the flow rate is constant.
At the lower experimental flow rates (and lower pump rotation
speeds) there is significant pulsation of the carrier stream.

This

pulsation results in a wide variation of the residence time for each
volume element of the sample in the detector.

Since measurement of

peak height and its relation to sample concentration are independent
of flow rate, the difference in relative standard deviation for the
measurement of peak height and area is a result of the variance in
flow rate due to pulsation.

At this speed, peak height would provide

a·better analytical measurement than peak area.
At the higher experimental flow rate (the faster pump
rotation) the variance in flow rate affects the determination of peak
area to a lesser extent.

For the fast kinetics of the iron
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thiocyanate complex., peak height still provides a slightly more
reproducible measurement.

For the slow kinetics of the molybdenum

blue formation, the reaction rate considerations described previously
overcome the variance in flow rate.

Comparison of the relative

standard deviations suggest that peak area may prove to be the better
measurement in this case.
The conclusion drawn from these experiments is that unless a
case can be made based on factors such as kinetics, the use of peak
height is superior to peak area in the analysis of FIA data.
Furthermore, when considerable pulsation or variance in flow rate is
present measurement of peak height is always the better approach.
These conclusions agree with those found by Bakalyar and Henry in
their work with HPLC analysis.

They showed that for chromatographic

analysis variations in flow rate affect peak area more than peak
height.

CHAPTER 3
STUDIES OF THE MANGANESE DIOXIDE IODIDE REACTION
The reaction between Mn02 and 1- was studied using various
types of Mn02 which were either readily available or simple to
prepare.

The types used were

~Mn02'

O-Mn02 and S-Mno2.

Chronologically these studies paralleled the method developments
described in the previous chapter; therefore, the early studies
provide less detailed and accurate results.

In the last study (using

S-Mn02) the dependence of the reaction on both H+ and 1- was
determined, and provided some information about the reaction
mechanism.
Mn02 from" Beacon Industries -- a-Mn0 2
In the initial experiments that were conducted the reaction of
a manganese dioxide manufactured by Beacon Industries was examined.
The major purpose of this set of experiments was to examine the
general characteristics of the Mn02-I

reaction.

The characteristics

of primary importance were:
1)

The pH dependence of the reaction.

Determination of the pH

range in which the reaction proceeds at a reasonable speed.
2)

The compatibility of buffer components and concentrations.

3)

The applicability of the analytical method for the

determination of the products that are formed by various initial
concentrations of iodide ion and known amounts of Mn02.
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Since the particular type of this commercially produced
manganese dioxide was unknown, the ZPC and the average oxidation state
of the Mn were determined to aid in its identification.
for the measurement of ZPC were used.

Two methods

The first method is a surface

titration described by Parks and DeBruyn (17).
determination of coa.gulation rates (23).

The second method is a

The average oxidation state

was determined iodometrically.
The surface charge titration is based on the calculation of
the exces~ of H+ present in a solution in which the Mn02 is suspended.
The solution is initially brought to a pH value which is lower than
the ZPC by the addition of a strong acid.

The pH is then adjusted by

the addition of small aliquots of a strong base.

The excess H+ is

calculated using

where CB and CA are the initial concentrations of strong base and
strong acid added to the mixture.

A negative value for [H+] excess

results when H+ has adsorbed on the surface of the manganese dioxide
creating an excess of positive surface charge.

A positive value for

[H+]excess results when either H+ desorbs from the surface or OHadsorbs ov the surfaces, both processes creating an excess of negative
surface charge.

The pH value where [H+]excess assumes a value of zero

represents the condition where the number of negative and positive
surface sites are equal.
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The Beacon Industries manganese dioxide was prepared for the
determination of ZPC by the following method.
1.

Five grams of Mn02 was placed in 50 ml of 0.2 M HCl.

2.

The mixture was centrifuged and the solution decanted.

3.

The Mn02 was then washed six times with 50 ml of 0.2 M NaCl.

4.

The Mn02 was finally washed with H20 until the conductance of
of the decanted wash solution fell below 1 x 10- 5 v. The Mn02
was then suspended in a total volume of 250 ml with H20.

The ZPC was determined by the following method.
1.

1.87 ml of 0.17 M HCI was aded to a mixture of 25 ml of the
prepared Mn02 suspension.

To this was added 20 ml of H20 and

5 ml of 0.2M NaN0 3 •
2.

Approximately 0.5 ml increments of 0.01 M NaOH were added.
The pH was measured using an Orion 811 pH meter.

This meter

signals when the rate of change in potential is less than
50 uv/sec.

This signal was used to determine the time at

which a pH reading was made.
3.

The [H+] excess was calculated and plotted vs pH.
The results of this experiment show that the ZPC is located at

a pH value of 3.7 (Figure 3.1).
The second method used for determination of ZPC is a
coagulation rate determination.

This method is based on the

electrostatic repulsion of particles with like charge which prevents
the coagulation of particles into larger aggregates.

The presence of

surface charge inhibits the formation of such aggregates and thereby
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reduces the sedimentation rate of the particles.

The pH at which the

highest sedimentation rate is observed therefore, corresponds to the

zPC.

The following procedure was used to determine the ZPC.

1.

25 ml of the prepared Mn02 suspension was added to 20 ml of
H20 and 5 ml of 0.2M NaN03 •

2.

The pH of the suspension was adjusted to a value of 2.8 with

HCI.
3.

An aliquot was placed in a cuvet for a Bausch and Lomb
Spectronic 20 and shaken to disperse the suspension.

The time

required to obtain a value of 70% T was measured.
4.

The pH of the suspension was adjusted by the addition of NaOH.

5.

Steps 3 and 4 were repeated as necessary.

This method gave a value of pH 3.75 for the ZPC.

This closely agrees

with the value determined by surface titration (Figure 3.2).
The average oxidation state of the Mn was determined by the
ratio of the amount of iodine produced to the amount of manganese
present when the Mn02 was completely reacted with 1- in an acidic
solution.

The 12 produced was determined by an amperometeric method.

The percent Mn in the sample was determined by AA.

The results

obtained show that the average oxidation state of the Mn is 3.6.
The experimental values for ZPC of pH 3.7 and average
oxidation state of 3.6 suggest that the Beacon Mn02 is a-Mn02.
Fuerstenau reports for a-Mn02 a ZPC of pH 4.5.

The general formula

for a-Mn02 is R2MnS016 where R represents a monovalent cation.
formula yields an average oxidation state of 3.75 for Mo.

This
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A set of experiments was performed in which the Beacon Mno 2
was allowed to react with I- (for a time period of 10 min) in a
solution containing .1 M Nai and 0.05M KH 2 Po4.

The pH of the buffer

solution was adjusted to values from 2.8 to 5.5 by the addition of
either HCl or NaOH.
Mno 2 •

To 100 ml of this solution was added 0.03 g of

The formation of r 3 - was monitored amperometrically using a

Sargent-Welch model XV polarograph.
rotating Pt microelectrode.

The indicating electrode was a

The pH of the buffer was measured before

and after the experiment.
Examination of the initial reaction rates showed that the rate
decreased rapidly as the pH was increased toward a value of 4.

When

the pH was above 4 the rea'c tion was quite slow, reaching less than 2%
completion during the 10 min experiment (Figure 3.3).
The results of these experiments also showed that there was a
significant shift in pH as the reaction occurred.

The pH changed as

much as 1.5 pH units during the course of the experiment.

This shift

indicates that the buffer capacity was insufficient to maintain proper
control of pH.

KH 2 Po4 had been chosen initially as the buffer

component since the first two pKa's of phosphoric acid, 2.1 and 7.2,
provide buffer regions through much of the acidic range of pH 1 to
pH 7.

These initial results suggest that the interesting region for

the Mn0 2-1- reaction occurs from pH 3 to pH 5; the region in which the
phosphate buffers have the least buffer capacity.

With these

considerations in mind, the buffer system was changed to an acetic
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acid-acetate buffer.

The buffer capacity was increased by keeping the

total acetate, HOAc and OAc-, equal to 0.6 M.
A second set of experiments were conducted to examine the
Beacon Mn02 reaction.
1.

The procedure was as follows:

Acetic acid-acetate buffers with pH values of from 2.5 to 5.S
were prepared by mixing appropriate volumes of 1.0 M acetic
acid and 1.0 M sodium acetate.

2.

150 ml of the buffer was placed in the reaction vessel.

0.03g

of Beacon Mn02 was added to the buffer and allowed to
equilibrate for 30 minutes.
3.

The reaction was then initiated by the addition of 15 ml of
1.0 M KI.

The reaction was monitored for 10 minutes by the amperometric analysis
of the 13

produced.

Keithly picoammeter.

The amperometric measurements were made using a
The indicating electrode was a rotating Pt

microelectrode.
The results of these experiments are shown in Figure 3.4.
Visual inspection yields several points of interest.

At lower values

of pH the reaction goes to completion during the 10 min
window.

experiment~l

As the Mn02 is consumed the reaction ra.te decreases.

Even at

the higher pH values the reaction reaches a degree of completion of
30% or better.

At the end of the experimental window the reaction

rates at the higher values of pH are still significant, suggesting
that the reaction will go to completion if the'time is extended.
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Examination of the initial reaction rates yields a pseudo reaction
order with respect to H+ of 0.52 (Fig. 3.5).

o-Mn 02
The second type of manganeRe dioxide examined was o-Mn02.
This manganese dioxide was prepared by the method described by Murray
(38).

The procedure followed was:
1.

23 g of NaMn04 and 9 ml of 50% NaOH were dissolved in 500 ml
of H20.

2.

A solution of MnC12 was made by dissolving 21 g of MnC12.4H20
in 100 ml of H20.

This solution was added dropwise to the

Mn04- solution while the entire solution was well mixed with a
magnetic stirrer.
3.

The product was washed with deionized water until the
conductance of the wash water was less than 2xlO- 5 mhos.

The product was left suspended in a total of 1.0 1 of water.

The

particle size ranged from fine particles which would settle out of
suspension in several minutes to colloidal particles which remain in
suspension.
The ZPC was determined using te sedimentation method described
in the previous section.
1.9.

The ZPC was found to be at a pH value of

This is within the range of ZPC values reported in the

literature for o-Mn02 (Table 3.1).
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Table 3.1.

pH for zero point of charge for o-Mn02'
Method

Reference

ZPC

Fuerstenau (23)

Coagulation

1.5

Morgan & Stum (39)

Titration

2.8

Gray et ale

Coagulation

3.3

Titration

3.6

Titration

2.25

(40)

»

Murray

(38)

The reaction between o-Mn02 and 1- was examined in the
following experiment.

1.

A buffer solution was prepared by adjusting the pH of a 0.1 M
KHP solution with the addition of either 0.1 M HCl or 0.1 M
NaOH.

2.

The pH range studied was from 2.9 to 5.5

100 ml of this buffer was placed in the reaction vessel.

To

this was added 1.0 ml of the o-Mn0 2 suspension.

3.

The reaction was initiated by the addition of 5 ml of 1.0 M
K1.

4.

The production of 12 was monitored amperometrically using a
rotating disk electrode and a Keithly picoammeter.

The

reaction was monitored for 500 sec.
5.

Oxalic acid was then added to ensure complete reduction of the
Mn02'

The concentration of Mn 2+ in 'the final solution was

determined by AA.
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The results of these experiments are shown in Figure 3.6.

The amount

of Mn02 added ranged from 6.3 mg to 7.3 mg with a mean and S.D. of 7.0
and 0.36, respectively •. The presence of the colloidal particles
results in a rapid initial reaction.
determine initial rates was made.

For this reason, no attempt to

Except for the initial portion of

the reaction, the characteristics of the results are very similar to
those of the Beacon Mn02'
Comparison of the 12 produced at the completion of the
reaction for pH 2.94 and pH 3.98 with the amount of Mn determined by
AA gives a I:Mn ratio of 1.9.

This would correspond to an average

oxidation state for Mn of 3.8 or a formula of Mn01.9'

This agrees

with the formula given by Fuerstenau for e-Mn02'
S-Mn 02

The third type of manganese dioxide studied was S-Mn02'

This

manganese dioxide was obtained from J. T. Baker Chemical Co. as
reagent grade Mn02'

This Mn02 is the most crystalline of the

manganese dioxides studied.

It is dark grey to black in color and has

a defined shape with lustrous, flat surfaces.

The particle size is

much larger than the two previous manganese dioxides.
size distribution is given in Figure 3.7.

The particle

The ZPC of this Mn02 is

reported as 7.3 by Fuestenau (23).
The initial experiments performed were designed to discover
the effect of soaking the S-Mn02 in the reaction buffer before the
reaction with 1- was performed.

The procedure used was:
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1.

A phthalate buffer

~ith

a pH value of 4.9 was prepared by

mixing 0.1 M KHP and 0.1 M NaOH.
2.

100 ml of the buffer and 1.0 g of 8-Mn02 were placed in the
reaction vessel.

The mixture was allowed to soak for the

desired length of time.

During this time the mixture was

stirred using a magnetic stirrer.
3.

After the desired time, 5 ml of 2.0 M Kl was added to initiate
the experiment.

The 12 was monitored amperometrically.

The results of this experiment are shown in Figu!e 3.8.

Initial

evaluation suggested that there was a significant dependence of the
reaction raate on the length of soaking.

To confirm this conclusion a

second set of experiments was conducted.

In these experiments the

Mn02 was soaked in screw-capped test tubes which were agitated on a
mechanical shaker.

The results of these experiments showed no

dependence on the soaking time.

Analysis of both experiments show

that it was the mechanical breakdown of the Mn02' that provided an
increased surface area, that resulted in the increase in reaction
rate.
Several methods of stirring the reaction mixture were
considered.

The action of the rotating disk electrode alone was shown

to deposit the manganese dioxide particles along the outer edges of
the bottom of the reaction vessel.

There was insufficient room in the

reaction vessel for the addition of a paddle stirrer.

The use of

ultrasonic vibration was investigated by placing the reaction vessel
in a sonic cleaning bath.

Although this approach gave excellent
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dispersion of the Mn02 particles, the decrease in particle size, as
shown by the increase in reaction rate, was even more dramatic than
that seen with magnetic stirring.
The purpose of the stirring of the reaction mixture is to
ensure that the reaction is not limited by the movement of the
reactants in solution to the surface of the Mn02'

An approach which

will achieve this same goal is to place the Mn02 particles in a
rection column through which the solution is pumped.

This reaction

column approach is easily implemented by placing the column in line
with the sampling loop for the FIA system (Figure 3.9; see also Chapter
2).

The reaction vessel then serves as the reservoir for the aqueous

reaction components.

The column used was 6 mm o.d. glass tubing,

14 cm in lengtb..
The primary consideration for such a reaction column is that
the rate of movement of solution through the column must be large in
comparison to the rate of reaction.
15 ml/min were examined.

Pumping rates of from.4 ml/min to

There was no measurable change in reaction

rate observed over this range of flow rates.
The dependence on pH and iodide concentration of the reaction
between 13 -Mn02 and iodide was determined.

The concentrations of

iodide used were 0.095 M, 0.152 M and 0.190 M.
were 3.6, 4.0 and 4.5.

The values of pH used

The initial rate for 3 replicates of all 9

combinations of iodide concentration and pH were determined.
reaction was carried out according to the following method:

The

Carrier
Aqueous
Reagents

Injection Valve

~

Glass Tubing
with

~ln02

Bypass
Loop

To FIA

Figure 3-9.

Fluid flow through the injection valve and reaction column.
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1.

Buffers at the various pH values were made by adding 0.2 M Hel
or 0.2 M NaOH to a solution of 0.2 M KHP.

2.

100 ml of buffer ·and 5 m1 of 4.0 M, 3.2 M or 2.0 M KI were
placed in the reaction vessel.

3.

1.0 g of S-Mn02 was placed in the reactor column.

4.

The reaction was initiated by the start of the circulating
pump for the reaction coil-sample loop stream.
The 12 produced was monitored in the reaction vessel using a

rotating disk electrode and a Keithly picoammeter.
monitored using the F1A system.

The Mn 2+ was

0.33 m1 samples of the aqueous phase

of the reaction mixture were injected at 40 sec. intervals.

Flow

rates used were 1.8 ml/min for the formaldoxime and NaOa streams and
6.2 ml/min for the carrier stream and the reaction column-sample loop
circulating pump.
Figure 3.10 shows the typical results obtained from this
series of experiments.

The reaction was initiated 40 sec past the

start of data collection.

The rate of reaction is linear with respect

to time for the length of the experiment.

The rate of production of

both Mn2+ and 12 are equal within experimental error.

Over the range

of concentration of 1- and H+ studied the reaction possessed these
same general characteristics; the only variance being the change in
reaction rate.
The reaction rates were determined by a linear least squares
fit to the values of 12 concentration from 100 to 1000 seconds.

The

results of these detedrminations are shown in Table 3.2 and Figure
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3.11. The reaction rate law for the manganese dioxide halide reaction
should probably take the form of

R

where [r-] and [H+] represent the molar concentrations of iodide and
hydrogen ion respectively, and SMn02 represents the number of active
sites on the surface of the manganese dioxide.

The dependence of the

reaction on r- and H+ were determined by two methods (41).

The

dependence on Mn02 was not attempted and therefore the amount of Mn02
was held constant in all experiments.
The first method consists of isolating either [H+] or [1-] by
holding all other reactants at constant concentrations.

The extent of

reaction during the experiments was small enough such that no
appreciable change in reactant concentrations occurs; therefore, the
.
reaction could be treated as being dependent only on e1ther
H+ or 1- .

By defining an experimental constant, k', as

k'

k

SMn02

a [r-]b

The rate equation can be rewritten as

R =. k'[H]C
or
log R

log k' + clog [H+].
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Figure 3-11. Reaction rate for S-Mn02.
(a) 0.19 M, (b) 0.15 M, and (c) 0.09 U.

r- concentrations are
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Linear least squares of the log R vs log[H+] data yields the order of
the reaction with respect to H+ (for the given experimental
conditions).

Similar treatment of the rate equation using the

experimental constant

yields the order of the reaction with respect to iodide.

The results

of these analyses are shown in Figure 3.12 and 3.13.
The application of this method of analysis yields a well
behaved set of parallel lines for both H+ and 1-.

The average slope

yields an order for H+ dependence of 0.91 and an order for rdependence of 1.54.

There appears to be no interdependence between H+

and 1- in the reaction.
The second method of analysis is to consider the entire data
set and fit a rate equation for both H+ and 1- simultaneously.

The

limitation that the dependence on Mn02 is not considered still
applies.

The experimental constant, k', is defined as

and a rate equation of the form

is fit to the data using a least squares grid search method (42).

86

0~------------------------------~

Q)

+.J

~

co

-1

o

.-I

-2~--~--------~--~~--~--~----~

. -4.6

-4.4.

-4.2

-4.0

-3.8

-3.6

Figure 3-12. Reaction rates as a function of hydrogen ion.
Iodide ion concentrations are (a) 0.19, (b) 0.15, and (c) 0.09.

0--------------------------------~

Q)

+.J

~

co
o

-I

c

.-I

~~~~~~~~~~~~~~~~rM~

-1.05 -1.00 -0.95 -0.90 -0.85 -0.80 -0.75 -0.70
log [1-]
Figure 3-13. Reaction rates as a function of iodide ion.
pH values are (a) 3.6, (b) 4.0 and (c) 4.5.

87
In the least squares method the optimum values of the
exponents in the rate equation are obtained by minimizing the
stastic with respect to each of the exponents.

2

There are a number of

ways of finding this minimum value.

The method employed here is the

grid search method.

2 is minimized with respect to

In this method

each exponent separately.

With successive interations of locating the

local minimum for each exponent in turn, the absolute minimum may be
located with any desired precision.
The procedure of the grid search is as follows:
1.

One exponent, aj' is

incremente~

by a quantity

~aj

where the

sign of ~aj is chosen such that X2 decreases.

2.

The exponent is repeatedly incremented by the same amount
until

3.

x2

~aj

starts to increase.

The local minimum for that exponent is located by fitting a
parabola to the last three sets of values for aj and X2•

4.

X2 is minimized for each exponent in turn by repeating steps
1 to 3.

5.

The above procedure of steps 1 to 4 is repeated until the last
iteration yields a negligibly small decrease in X2.

The implementation of this method in FORTRAN is given in Appendix B.
The results of the simultaneous fitting gives reaction orders
of 1.55 and 1.01 for iodide and H+, respectively.

The value for the

.
t a 1 cons t an t ·1S 4.2 x 10 4 mo1es2sec/ueq 12 and is valid for
exper1men
this set of experimental conditions only. The X2 value for the fit is
1.02 x 10 -3 •

The results of the simultaneous fit are in agreement
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with the results found by isolating the 1- and H+.

The reaction order

for H+ of 1.0 for this type of Mn02 differs significantly from value
of 0.5 which was determined for Beacon Mn02 and reported by Ohashi.
The reaction between S-Mn02 and 1- was examined at longer
periods of time from

the initialization of the reaction.

In each

experiment the concentrations of Mn 2+ and 12 were observed during a 20
minute time window.

The amount of Mn02 used was varied to ensure that

the products were within the range of the analytical method.
In the first set of these experiments the reaction rate at a
pH value of 4.0 was examined.

100 m1 of a 0.2 M KHP solution and 5 m1

of a 2.0 M KI solution were placed in the reaction vessel.
Mn02 was placed in the reaction column.

0.5 g of

The concentrations of the

reaction products were monitored (during a 20 min. experimental
window) starting at 40 min. after the reaction was initiated.

The

results of the experiment are shown in Figure 3.14.
At 40 min the reaction rate has decreased dramatically from
the initial rate.

At 60 min the reaction appears to have stopped.

Experimental windows starting 60 minutes and 3 hours showed constant
concentrations of 12 and Mn 2+ •

In all experiments the concentations

of 12 and Mn2+ paralleled each other.
The second set of experiments examined the reaction at a pH of
3.4.

A buffer solution was prepared by mixing 0.2 M KHP and 0.2 M

He1.

100 m1 of this buffer and 5 m1 of 2 M KI were placed in the

reaction vessel.

0.2 g of Mn02 was placed in the reaction column.

The concentrations of 12 and Mn 2 + after 40 minutes are shown in
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Figure 3-14. Reaction of S-Mn02 with I at pH 4.0.
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Experimental windows after 1 hr and 2 hr show that the

reaction is continuing to occur.
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CHAPTER 4
DISSOLUTION OF FERROMANGANESE NODULES
The reductive dissolution of ferromanganese nodules with both
Br- and 1- was examined.

The ferromanganese nodules used in these

studies were obtained from the Hawaii Institute of Geophysics,
University of Hawaii.

They were collected at a depth of 5000 m, at

140 0 30' W; 90 N by the research vessel Valdivia in 1976.

The

concentrations of the Fe, Mn, Cu, N~ and Co were determined by
dissolving replicate samples in a minimum concentration of HCl.

The

solutions were analyzed by atomic absorption spectrophotometry (Table
4.1).

Table 4.1.

Composition of Valdivia nodules.

% w/w

Element

23.5

Mn
Fe

7.37

Cu

0.67

Ni

1.00

Co

0.23
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Dissolution Using BrPrior to any studies of the various manganese dioxides,
experiments using ferromanganese nodules were conducted.

Initial

experiments using Br- to dissolve the nodule matrix showed no
appreciable dissolution at hydrogen ion concentrations below
1.OxlO -3 M.

To examine the pH dependence, the following experiments

were performed.
1.

H2S0 4 solutions were prepared with molarities of 0.2, 0.1,
0.08, 0.06, 0.04 and 0.02.

2.

To 50 ml of each of these solutions was added 0.1 g of
nodules (ground to less than 100 mesh) and 0.5 g of NaBr.

3.

The mixture was allowed to react for 24 hours.

At the end of

this time the pH of the solution was measured using a
calibrated glass-calomel electrode pair.

The concentrations

of Mn 2+ and Fe 3 + in solution were determined using atomic
absorption spectrophotometry.
The percent manganese and iron dissolved are shown in Figure 4.1 as a
function of final pH.
Manganese and iron are both dissolved from the nodule matrix
to the same extent.

The high hydrogen ion concentrations necessary to

reduce the Mn02 with Br- result in extensive dissolution of the iron
portion of the nodule matrix.

It is evident that reduction with Br-

does not provide any descrimination between the manganese and iron;
and, therefore, is unsuitable for use in nodule processing.

The

t00T-----=====--:::~~
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Figure 4-1. Di~solution of Mn and Fe from ferromanganese
nodules using Br- as the reducing agent. Squares represent
Fe and diamonds represent Mn.
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results of this experiment caused the focus of the study to fall
entirely on the reduction of Mn02 with I-.
Dissolution Using IFollowing the studies involving the various pure manganese
dioxides, attention was again focused on ferromanganese nodules.

The

dissolution of the nodule matrix using I- as the reducing agent was
examined at pH values of 4, 4.5 and 5.

The experiments were performed

as follows.
1.

Buffers were made by adding 0.2 M HCl to a solution of 0.2 M
KHP to obtain the desired pH.

2.

To 200 m1 of the buffer, 10 m1 of a 2.0 M KI solution was
added.

3.

40 m1 of the buffer-KI solution and 0.06 g of nodule (less
than 100 mesh) were placed in a screw-cap test tube.

The test

tube was placed in a mechanical shaker for 4 hours.
4.

The solution was separated from the solid by filtration and
the composition of the solution determined by atomic
absorption.

The results of this experiment are shown in Figure 4.2.
It can be seen that there is a definite preference for the
dissolution of the manganese portion of the nodule matrix.

The

incomplete dissolution of the manganese may be due to either the
presence of manganese compounds which are not soluble under the given
conditions, or manganese oxides which are beneath the layers of iron
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97
oxides and hydroxides and do not contact the solution.
dissolution of the manganese oxide

matri~

More complete

might be accomplished by

additional particle size reduction.
The minor elements all show a higher concentration in the
aqueous solution than manganese.

This may result from the leachin& of

these metals from undissolved portions of the nodule matrix.

The more

rapid decrease, as a function of pH, for cobalt may be accounted for
by the higher association of cobalt with the iron portion of the
nodule whereas cooper and nickel, as almost always, are associated with
the manganese matrix (43).

CHAPTER 5
CONCLUSIONS AND FUTURE WORK
The Reaction between Manganese Dioxide and Iodide Ions:
Review of Results
In Chapter 3 it was shown that the reaction between a-Mn02 and
iodide ions occurs at significant rates between pH 4.0 and 5.3.

At pH

values less than 4, the reaction is quite rapid, and goes to
completion within five to six minutes under the experimental
conditions used.

The reaction at pH values of 4 and 4.5 goes to

completion within the ten minute experimental window.

Although the

reaction at pH 5.3 only reaches 30% completion during the experiment,
there is no evidence that the reaction will stop prior to completion.
A reaction order of 0.5 was determined for hydrogen ion using the
initial reaction rates.
For y-Mn02' no attempt was made to determine the reaction
order for hydrogen ion.

Visual inspection shows that the reaction of

o-Mn02 is similar to a-Mn02'

At pH values less than 4.3 the reaction

was complete within 5 minutes.

At pH values greater than 4.8, the

reaction does not go to completion during the 10 minute experimental
window; however, there is no evidence that the reaction stops before
it goes to completion.
The reaction of 6-Mn02 was studied in greater detail.

Both

the iodide and Mn(II) products were monitored during the reaction.
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Under all conditions the molar concentrations of the two products were
equal during the entire experiment.

The reaction was markedly slower

with S-Mn02 than with either a- or <S-Mn 2; the amont of solid

~-Mn02

used had to be increased a hundredfold over the amount of B-Mn02 used
to bring the product concentrations into the range of the analytical
method.

Reaction orders of 1.6 for iodide and 1.0 for hydrogen ion

were determined over the range of pH 3.5 to 4.5 and iodide ion
concentration of 0.2 M to 0.1 M.

Under the conditions used, the

reaction never reached a degree of completion of greater than 0.5%
within a 20 minute experimental window.

At pH 4.0, it was shown that

the reaction stopped after approximately 60 minutes, reaching only 1%
completion.

At pH 3.5 the reaction was shown to be continuing after 2

hours.
Using these results and the results of
reaction mechanism can be postulated for the

pr~vious

~Mn02

studies a

reduction.

Sufficient information is not yet available to suggest reaction
mechanisms for the other forms of manganese dioxide.
Proposed Reaction Mechanism
At the onset of this study, it was theorized that the
reaction between manganese dioxide and iodide ions may proceed in two
separate steps.

Each step would involve the transfer of a single

electron from an iodide ion to the solid manganese dioxide phase.

The

manganese would undergo two successive reductions, from the Mn(IV) to
the Mn(III) oxidatiDn state followed by reduction to the Mn(II) state.
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Possible reaction pathways could proceed through any of the Mn(III)
oxides or hydroxides.
Hn02 +

I

+ H+

Two examples are shown below.
4

MnOOH + 1- + 3H+ ~

MnOOH + 1/212
Mn 2+ + 1/212 + 2H 20

and
Mn0 2

+ 1- + H+ ~

1/2Mn203 + 1- + 3H+

1/2Mn 20 3 + 1/212 + 1/2H20
-7

Mn 2+ + 1/212 + 3/2H20

Previous work on the reduction of manganese dioxide supported
this theory.

In studies using manganese dioxide in the cathode of an

electrochemical cell, the manganese has been shown to undergo a
similar two step reaction.

Kordesch, in his review of manganese

dioxide batteries, states that the various forms of manganese dioxide
go through different intermediates in the course of the reduction.
When B-Mn02 is reduced, the formation of Y-MnOOH is observed.
Reduction of Y-Mn02 proceeds through the formation of ct-MnOOH.

The

reduction of ct-Mn02 yields a complex, heterogeneous phase containing
Mn(IlI).
This formation of an intermediate is also supported by the
work of Larange.

In his studies of the reduction of y-Mn02 by iodide

ions in dimethyl formam ide and acetic acid he showed that the
appearance of Mn 2+ and io~ine occurred at different rates.

He

concludes that the reaction occurs through the MnOOH inte'rmediate.
In the work done by Ohashi et al., the reduction of manganese
dioxide by iodide ions was shown to have a strong pH dependence.

At
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pH values greater than 5.5, he found that the reaction went through an
initial period in which the reductive dissolution of manganese dioxide.
occurred.

This period was followed by inhibition of the reaction.

He

suggested that an insoluble reaction product formed a surface layer
which stopped the reaction.

This surface layer could be a Mn(I1I)

oxide or hydroxide.
The results of our work, however, do not provide support for
the formation of a Mn(1II) surface layer.

In the studies with a-Mn02'

in which both the iodine and Mn 2+ concentrations were followed, there
is no evidece for the production of iodine without the release of Mn2+
into solution.

Under all conditions studied the concentrations of

both of these reaction products increased at the same rate.

This

suggests that either the Mn(1V) is reduced completely to Mn(11) or
that the Mn(1I1) intermediate is a short lived species. There are two
mechanisms which could account for this observation.
The first is the occurrence of two successive and rapid
reactions in which two iodide ions transfer an electron to a surface
manganese atom.

The resulting iodine free radicals combine to form 12

and the Mn(II) is hydrated and migrates into solution.
would be a surface intermediate having a high

reactivi~y

The Mn(111)
towards

iodide ions.
The second mechanism is based on the study by Moody of the
oxidation of iodide ions.

Of the several solid oxidants examined in

his study, manganese dioxide was included.

Moody found that with an

excess of manganese dioxide, iodide is first oxidized to 12. This
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reaction is followed by the oxidation of r 2 to r+, in the form of
rCI-. " He states that, initially, any formation of r+ would result in
the reaction

and would not be observed.

His work clearly shows that Mn02 is

capable of oxidizing iodide to the r+ state.

The reaction beteween

Mn02 and iodide ions could follow the mechanism shown below.
Mn(rV) + r- ~
r+ + r

~ r

Mn(rr) + r+
2

Since in both proposed mechanisms the intermediate, r+ or
Mn(rrr), is assumed to be reactive and short lived it would be
difficult to distinguish between the two reaction pathways.

The

results of both mechanisms can be represented by:

Since the reaction between the iodide ions and manganese
dioxide occurs at the phase boundary, the characteristics of the
hydrated surface layer of the manganese dioxide must be included in
any proposed reaction mechanism.

As was discussed in Chapter r

regarding the ZPC, when a met"al oxide is placed in an aqueous
environment the surface metal atoms will complete their coordination
sphere and balance excess charge by the adsorption of hydroxyl groups
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or

w~ter

molecules.

The surface oxide atoms will similarly adsorb

hydrogen ions to form surface hydroxyl groups.

This hydrated surface

will then undergo adsorption of hydroxide and hydrogen ions and
desorption of hydrogen ions until the equilibrium surface charge is
obtained

(see Figure 5.1).
As iodide ions approach the surface -OH and -OH2+ groups, the

iodide ion can donate electrons to the surface of the metal oxide.
The resulting 1+ species rapidly reacts with additional iodide ions to
form the 13 species.

The oxygen surface group leaves as OH- of H2 0

and the manganese is reduced to the Mn(II) state.

The final step in

the reaction would be the desorption of the Mn 2+ ions from the
surface

(see Figure 5.2).
This mechanism is consistent with the experimental results

that the rate of the appearance of Mn 2+ and 12 are equal under all
experimental conditions.

It also aids in explaining why the reaction

stops under certain conditions.
As was discussed previously, the reaction between S-Mn02 and
iodide ions shows not only a pH dependence of the reaction rate, but
also a pH dependence on whether the reaction proceeds toward
equilibrium or is .inhibited and reaches a

'~on-equilibrium"

state.

Under the experimental conditions studied, one would expect the
reaction to proceed until all of the manganese dioxide is consumed as
long as the pH is maintained at a value of less than 6.

The reaction

with S-Mn02' however, reaches a stage in which the reaction is
severely inhibited at around pH 4.
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Manganese dioxide is known to act as a cation exchange medium.
The adsorption of cations has been found to be strongly dependent on
pH as hydrogen ions are released as the metal cations become adsorbed.
The adsorption does not occur in the diffuse portion of the surface
double layer, but instead the metal ions become specifically attached
to the surface.
The final step in the proposed mechanism can be evaluated
using this ion exchange characteristic of manganese dioxide.

During

the initial stage of the reaction the Mn 2 + concentration is small.
This results in a driving force for the desportion of Mn 2+ formed on
the manganese dioxide surface.

As the reaction proceeds, the Mn 2+

concentration increases and reduces the driving force for desorption.
If the Mn 2+ will no longer desorb but remains on the surface.

The

point at which this phenomenon occurs is dependent not on the Mn 2+
concentration alone, but on the ratio of the concentrations of Mn 2+
and H+.

This leads to the conclusion that as the pH of the experiment

is increased, the concentration of Mn 2+ required to inhibit the
reaction is decreased.
The cation exchange view of the reaction inhibition is
consistent with the results of this study and the results presented by
Ohashi.

In our study we observed that the reaction stopped at a pH of

4.0 after 40 minutes.

Although we stated that Mn 2+ and 12 appeared at

the same rate, there is enough experimental error to account for a
thin surface coverage of Mn 2+.

Ohashi reports the reaction having a

dramatic decrease in rate between pH 5.0 and 5.5.

He reports that
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above pH 5.5 the reaction proceeds initially and then reaches a stage
where the reaction stops.

He also reports that the addition of Mn2+

inhibits the reaction rate.

The difference in the pH at which

inhibition occurs cannot be resolved since the form of manganese
dioxide and the experimental conditions used by Ohashi are not known.
In our studies of a-Mn02 and &-Mn02 the reaction was not
observed to stop at pR values less than pH S.O.

This may be due to

differences in the strength of interaction between the various forms
of manganese dioxide and the adsorbed Mn 2 +.

Although the more

hydrated forms of manganese dioxide show an increase over S-Mn02 in
ion exchange capacity, the factor which controls the inhibition of
the reaction is the strength of the ion exchange interaction.
Fuerstenau et ala have shown that the electrostatic field strength of
various manganese dioxides has the order S > y > a >

o.

As the field

strength increases, the strength of the ion exchange interaction
should also increase.

This is consistent with the finding that the S-

Mn02 reaction with iodide becomes inhibited at lower values of pH.
The exact role that the surface adsorbed Mn 2+ could play in
the inhibition is not known.
provide a barrier to
Mn(IV).

t~e

The presence of the Mn 2 + layer could

electron transfer from the iodide ions to the

The adsorbed Mn 2+ results in fewer -OR and -OH 2+ groups on

the surface.

These groups would easily move from the surface to

solution as electron transfer occurred.

The surface oxygens

coordinated to the Mn2+, rather than H+, may be more resistant to
leaving the surface.

Another explanation is based on the surface

·

concentrat~on
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2
0 f Mn 2+ • The adsorbed Mn + can be considered to exist

in the very small volume of the solid-solution interface.

In this

small volume, the effective concentration of Mn 2+ at the surface is
very large.

This may result in the rate of the reverse reaction being

2
2
12 + Mn + + 20 -

~

MnOZ + 2I-

being equal to the forward reaction, and thereby reaching a pseudoequilibrium condition at the surface.
Band Theory
Another approach to examining the manganese dioxide-iodide
reaction is to relate the energy levels of the electrons in the metal
oxide to the redox potentials of the aqueous ions.

To do this we

shall follow the approach used by Morrison.
The band model of solids is derived from the atomic energy
levels.

Pauli's exclusion principle states that the energy levels of

identical overlapping orbitals cannot be equal; therefore, the
discrete energy levels of the atoms forming the solid are broadened as
their orbitals overlap.
levels.

These broadened orbitals form bands of energy

Thee orbitals occupied by the valence electrons form the

valence band, while the band associated with the first excited state
is the conduction band.
Between the valence and conduction bands is a region called
the band gap.

For a perfect crystal there are no allowed energy

levels for electrons in the band gap region.

Imperfections in the

crystal can provide localized energy levels within the band gap.
The band model can be represented diagramatically in Figure
5.3.

The key parameters are the energy at the bottom of the
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Figure 5-3. Band model for electron energies in
a semi-conductor. Ec is the bottom of the
conductance band. Ev is the top of the valence
band and Eg is the band gap.

110

conduction band and the energy at the top of the valence band.

The

vertical line represents the surface of the solid that separates the
metal oxide phase on the left from the solution on the right.
The Fermi energy and the Fermi distribution function describe
the distribution of electrons among the available energy levels in a
solid.

To a first approximation, all energy levels below the Fermi

energy are occupied, and all higher levels are unoccupied.
Chemically, the Fermi energy is the electrochemical potential of
electrons in the solid.

At equilibrium, all electronically conducting

materials in contact have the same electrochemical potential and the
same Fermi eneregy.
As previously discussed, metal oxides in contact with an
aqueous solution adsorb hydrogen and hydroxide ions.

These surface

adsorbed ions create an imbalance in the charge at the solid-solution
interface.

This imbalance creates three double layer regions:

the

space charge region, the Helmholtz region, and the Gouy region.
The Hemholtz region is a direct result of the adsorbed ions.
These ions can be considered to form a plane of charge along the
surface of the solid.

The excess charge on this plane is compensated

for by the attraction of ions in solution of opposite charge that are
located at the distance of closest approach.

For a metal oxide,

both the magnitude and sign of the excess surface charge is dependent
on the adsorbed H+ a n d OH- ions.

Since the adsorption of these ions

is dependent on the relation between the pH of the aqueous solution

III

and the ZPC of the metal oxide, it follows that the potential
difference across the Helmholtz region is related to these parameters.

qVb

= 2.3

k T (pHzpc - pH)

Where q is the charge on an electron, k is the Bo1tzman constant, and
T is the absolute temperature.
The potential change across the
diffuse double layer regions:

He1mholt~

region creates two

the space charge region in the solid

and the Gouy region in the solution.

The excess surface charge on the

solid either attracts or repels electrons in the bulk.

A positive

surface charge creating a lower electron energy band at the surface,
and a negative charge creating a higher band energy.

This leads to a

bending of the electronic bands in the space charge region of the
solid.

The ions of opposite charge to the excess surface charge which

form the second plane of the Helmholtz double layer also attract ions
from solution.

T~ese

ions are of the same charge as the solid surface

and form the diffuse Gouy layer.

The various double layers are

depicted in Figure 5.4.
In relating the energy levels of a solid to the redox
potentials in solution, one must use the same reference point for both
phases.

The common reference point in the chemical physics of

surfaces is the energy of an electron at infinity, Ee.
this reference is set at zero.
the standard hydrogen electrode.

The value of

In e1ectrochemisry the usual zero is
The difference in the two references
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can be extrapolated using various empirical models.

This results in

the value of Ee being between 4.5 eV and 4.7 eV above the energy of
the standard hydrogen reference electrode.
Following the method of Butler and Ginley, the band energies
of

~Mn02

can be placed on the hydrogen reference scale.

In this

method the energy of the conduction band at the surface, Ecs, is
calculated using the relation
Ecs

Ee - qVb - x

where x is the electron affinity.

If the pH is chosen at the ZPC, the

Helmholtz potential is zero and a reference, Ecs, is obtained.

o
Ecs

Ee - x

The value of X can be evaluated from the equation
x =

X - 1/2 eq

where X is the electronegativity of the solid.

Sanderson showed that

the electronegativity of a compound is the geometric mean of the
component atoms.

The electronegativity of an atom can be calculated

from the atomic electron affinity, A, and the first ionization energy,

I.
X
Therefore,

for S-Mn02.

1/2 (A + I)
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Using values of A and I for manganese of 0.0 and 7.43,
respectively, and of 1.462 and 13.614 for oxygen, a value for X of
5.955 is calculated for S-Mn02'

Using the baud gap of 0.25 eV for

this form of manganese dioxide and an Ee value of 4.7 eV, the surface
conduction band, Ecs, of S-Mn02 lies at -1.13 eV from the standard
hydrogen electrode.

An energy level diagram for

~Mn02

in contact with a solution

of pH 7.2 (the ZPC) is shown in Figure 5.5.

As the pH is changed the

value of Ecs will vary according to
Ecs
Figure 5.6

o

Ecs - 2.3 k T (pHzpc - pH)

shows the energy diagram for a solution at pH 4.0.

It can be seen from these energy diagrams that as the pH
decreases, the halide-halogen potentials become increasingly greater
than the surface conduction band value.

As the hydrogen ion

concentratiou increases the ability for electrons to move from the
halides into the conduction band of the manganese dioxide solid
becomes more pronounced.

One must keep in mind that the EO values are

for the hypothetical 1 molar standard state for the aqueous species,
and not for the actual experimental concentrations.

Also note that

the atomic electron affinity of manganese is not a well determined
value; therefore, the actual band energies may be greater than the
values calculated.
Since the experimental conditions of this study are at pH
valueD less than the ZPC for S-Mn02' the surface energy levels of the
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conduction band are lower than those of the bulk solid.

Once an

electron is transferred from the halide ion into the surface
conduction band of the solid it must have sufficient energy to move
across the potential gradient if the electron is to migrate into the
bulk of the solid.

If the electrons remain at the surface, the

complete reduction of Mn(IV) to Mn(II) will occur.
Future Directions
Surface Spectroscopies
The heterogeneous nature of the reaction between manganese
dioxide and halide ions adds a high level of scientific intrigue to
the study of the reaction.

In this study we have attempted to gain

knowledge of the activity within the interface between the solid and
solution by analyzing the changes in the bulk solution which result
from this activity.

The next obvious step is to examine changes which

occur in the solid phase.

Surface spectroscopic methods, such as

x-

ray photoelectron spectroscopy (XPS) and Auger spectroscopy, possess
the potential to examine the first few atomic layers of the solid
surface and may give information about chemical changes which occur in
this region.
Several studies have been conducted using XPS to examine the
oxidation state of manganese in a variety of manganese oxides.
Unfortunately, the chemical shift of the core electrons is too small
to provide clear differentiation between the Mn(II) and Mn(III)
states.

For the Mn 2p 1/2 and 2p 3/2 electrons the binding energies
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for Mn (II) are 652.3 :!:.. .2 and 640.6 :!:.. .2.

For Mn(III) the binding

energies are 653.3 .±. .2 and 641.8 .±. .1. The full width at half maximum
for these peaks are 3 to 3.5 ev wide. With this large peak width and
small binding energy difference Mn(II) and Mn(III) cannot easily be
differentiated.

XPS is more likely useful in studying the chemical

nature of the surface oxygens.

Studies have shown that the various

forms of oxygen on the sufrace of metal oxides can be differentiated.
These forms include molecular oxygen, lattice oxygen atoms, hydroxyl
groups and adsorbed water
The use of Auger spectroscopy may yield more useful
information about the manganese.

Auger transitions which involve

valence electrons may be more sensitive to oxidation states than the
chemical shifts of XPS.
Additional Studies of the Bulk Solution
The bulk solution methods used in this study can be
further utilized to study additional aspects of the manganese dioxidehalide reactions.

The various forms of manganese dioxide ·can be

examined, monitoring both the Mn 2+ and 12 products. Since many of
these forms are available in smaller particle size ranges than

~Mn02'

improvements in the reaction column and pumping systems must be made.
With S-Mn02' glass wool plugs were sufficient to retain the particles
in the reaction column and ensure that the particles were not
introduced into the FIA system.

With finer particle sizes a porous

frit or similar filter will be necessary.

This will increase the

pressure drop across the column and place more stringent requirements

119
on the circulating pump.

High flow rates must be maintained to

prevent the limitation that is imposed by the reaction rate.

This

will also allow the study of particle size effects on the reaction
rate of S-Mn02.
If the postulation that Mu 2+ adsorbed on the manganese dioxide
surface plays an important role in the reaction mechanism is correct,
variations in the Mn 2+ concentration should affect the rate. Studies
in which Mn 2+ is either added to the aqueous phase or removed from
the aqueous phase during the reaction could confirm this postulation.
The bulk solution techniques could be expanded to monitor the
rate of dissolution of various oxides and hydroxides of iron.
Information on these reactions would prove useful in developing an
improved processing approach for the ferromanganese nodules.

Both FIA

and amperometric methods could provide information on the oxidation
state of the iron following dissolution.
Improvements in the Application of FIA
The interference of 12 inthe determination of Mn by FIA was
discussed in Chapter 2.

Detailed studies of the nature of the

interference could yield an improved method for the analysis.

In the

formaldoxime method the Mn 2+ is oxidized to Mn 3+ which then complexes
with the formaldoxime to give a species with an absorbance in the
visible region of the spectrum.

It is assumed that the 12 interferes

by preventing the oxidation from occurring.

In the current method

excess hydroxylamine hydrochloride is added to reduce the 12 back to
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1-.

Other methods may exist which would utilize less expensive

reagents.

Oxidizing agents could be addd to ensure the complete

oxidation of Mn 2 + to Mn 3 +. Another approach could be a packed bed
electrode in which the 12 is reduced completely to 1-.

An additional improvement would be the implementation of the
merging zones approach to FIA.

In this method the reagents are

injected into a carrier stream rather than pumped continuously.
greatly reduces the consumption of the

reage~ts

This

and would allow the

FIA monitoring of reaction kinetics to be sensibly extended to greater
lengths of time.
Ferromanganese Nodules
In Chapter 4 the results of studies of the reaction between
ferromanganese nodules and iodide were discussed. These experiments
were batch experiments, giving only information about the degree of
dissolution at the end of the experiment.

It would be useful to

expand the continuous monitoring methods so they can be utilized in
studying the nodule dissolution.

One approach would be the

implementation of a parallel FIA system in which iron and manganese
are monitored in separate channels.

Such a system could provide a

greater amount of information on the nodule dissolution which could be
used to refine a processing method for selective dissolution of the
manganese portions of the nodules.
Other experiments on the nodule-iodide reaction could be
aimed at understanding why the dissolution of the manganese is not
complete.

If Mn 2 + ions affect the surface of the nodules in the same
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manner in which they affect the manganese dioxide, it may be necessary
to either remove the Mn 2+ from solution or decrease the nodule:aqueous
volume ratio.

On the other hand, if the remaining manganese is buried

beneath a layer of iron rich material, additional dissolution could be
achieved by greater particle size reduction.

Surface analysis methods

should readily differentiate between these two situations.

CHAPTER 6
DECONVOLUTION OF FIA SIGNALS
Since its introduction in the early 1970s, Flow Injection
Analysis (FIA) has drawn much attention from the analytical chemistry
community (27,30-32).

Although the principles of detection utilized

are by no means new, FIA provides a rapid method for the analysis of
large numbers of samples.

FIA therefore is an important analytical

technique that requires small sample volumes and gives a high sample
throughput in a mechanically simple system.

At present the literature

contains only implementations of FIA in which the sampling ·rate is
limited by the complete passage of an individual sample injection
through the detector.

It is the intention of this work to show that

sampling rates greater than those just described can be used.
Rapid sequential sampling in FIA is achieved by the successive
injection of the samples into a flowing carrier stream.

The injection

rate combined with the sample concentrations can be considered as the
input function for the system.

As these narrow sample plugs flow

toward the detector, they are blended with the necessary reagents and
passed through various mixing devices.
broadening of the sample plugs.

These operations cause

This broadening can be considered the

response function of the FIA system and the detector response can
therefore be represented as the convolution of the input function with
the response function.
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The convolution can be expressed as the time-averaged or
integrated product of two signals as a function of their relative
displacement.

Mathematically, convolution can be expressed by

con (-r)

lim
T~co

1
2T

r

a(E) b(-E

± -r)d E

-T

where conab(-r) is the convolution of the input function, a(t), and the
response function, b(t), and -r is the relative displacement (53)
(Figure 6.1).
The sampling rate is governed by the requirement that
successive samples do not mix with one another during their path to
the detector (54).

Although this requirement limits the sampling rate

to the inverse of the response function baseline width, it provides an
output which can easily be analyzed.

If the

~roadening

or response

function could be removed or deconvo1uted from the output, the
injection rate would then be governed by the ability to inject
discrete samples.

This increased freedom should allow a significant

increase in sampling rates but would require a more complex analysis
of the output to obtain useful analytical data.
The use of convolution and correlation techniques to remove
either the input or the response function from an output has been
applied to a variety of analytical techniques.

In spectroscopy the

effect of slit width can be removed from the output to provide more
accurate line shapes (53).

In correlation chromatography the input

function is removed from the output to provide the response function
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b

c

Figure 6-1. Convolution of FIA input function.
(a) FIA input function. (b) Response function.
(c) Convolution of a and b giving the FIA output
function.
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which represents the normal chromatogram (55,56).

Also in

chromatography, the broadening. due to extra co lumn effects has been
separated from the broadening by the column itself (57).

In chemical

engineering and reactor design, the input is removed from the output
of a continuosuly flowing reactor to provide information on the
residence time of material in the individual reactor components (58).
Mathematical approaches for solving sample overlap situations
in segmented flow analysis have been discussed in the literature
(59,60).

Both of these methods rely on mathematical descriptions of

the flow conditions of the continuous flow analysis.

By using an

experimentally determined response function the need for a descriptive
function is eliminated.

In addition, the information from each point

of a peak is utilized in the calculations.
One must consider the meaning of sample throughput in terms of
a particulr application to decide whether an actual increase will be
realized by this proposed method.

If throughput is defined as the

time between introduction of the sample and obtaining an analytical
result, then the additional computations needed to deconvolute the
response function from the output may not result in an increase in
throughput.

On the other hand, if throughput is defined as the time

between sample introduction and the collection of the necessary output
data from which the analytical result can be later calculated, then an
increase in throughput will be obtained.
For example, if one is using FIA to monitor a kinetic
experiment, the data collection could' occur during the experiment,
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while data analysis could be carried out after the experiment is
completed.

In such a situation the ability to increase the sampling

rate, using the approach described here, could indeed be beneficial.
The increased sampling rate would provide a more detailed description
of the reaction being studied.
Theoretical Section
To study the feasibility of removing the response function
from the output, a set of synthetic data was developed.

A

mathematical function describing the peak profile was used to
represent the response function of the system.

The function used was

the tanks-in-series model described by Rujicka (27).

This model

assumes that the concentration vs time profile of a plug injection in
an FIA instrument is similar to the profile of a plug injection
flowing through a series of equal volume, well stirred tanks.

The

concentration at the outlet, Ct , for a time t is given as a function
of the numbers of tanks, N, and the average residence time of the
analyte in a tank, T.

c

1.

(~)N-1 --,--:1",--_
T T
(N-1)!

e

-e/T

The model parameters used for our synthetic data were a series
of 3 tanks with a residence time of 10 seconds.

Values representing

analyte concentrations were calculated at I sec intervals.

Synthetic

output data sets were generated by convoluting this model responsse
function with input functions representing two discrete injection
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points of equal analyte concentration.

The 50 sec separation between

injection points was chosen to give convolution results with
significant overlap between adjacent output peaks.
was the effect of random noise in the data.

Of primary concern

Various ratios of signal

to noise were created by adding random fluctuations to the calculated

SiN ratios from 20 to 2000 were studied (Figure 6.2).

values.

Two methods of removing the response function from the output
were examined.

The first being a Fourier transform deconvolution

and the second an iterative convolution-curve fitting approach.
As described by Horlick and Hieftje (53), convolution of two
signals can be achieved by first performing a Fourier transformation
CFT) on both signals, mUltiplying their Fourier transforms, and then
performing an inverese FT on the product.

This can be shown

diagramatically in Figure 6.3 where the symbol

n*n

represents a

convolution and the symbols " .. " and" t" represent FT and inverse
FT.

Fourier transform deconvolution is a Fourier space division

operation which attempts to remove the response function from the
output (Figure 6.4).

Convolution
Input

*

Response

Convolution Results

FT of input

x

FT of response

FT of product

Figure 6.3.
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a

b

c

Figure 6-2. Synthetic data set. (a) Input function.
(b) Response function. lcl Convolution of a and b
giving synthetic FIA data. Cd) Synthetic FIA data with
random noise added to give a signal to noise ratio of 20.
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Output

Response

FT of output

x

Deconvolution Results

1
FT of response

FT of quotient

Figure 6.4.

It is important to caution that the convolution operation is
not, in general, reversible.

Therefore the deconvolution results are

not equal to the input; however, the deconvolution results are a good
approximation for the input.
literature (61,62).

This point has been discussed in the

Ideally the FT deconvolution when applied to our

synthetic data would return an input function containing two injection
points of equal intensity.

The effect of SIN ratio was examined by

comparing the relative difference between the height of the input
function at the two injection points after deconvolution.

Relative difference

Height 1 - Height 2
(Height 1 + Height 2)/2

These results are shown in Table 6.1.
As a comparison to FT deconvolution, an iteration convolutioncurve fitting approach was examined.

In this method a trial input

function as convoluted with the response function.

Since the timing
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Figure 6-5. Effect of signal to noise ratio on
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of two overlapping peaks by (a) Fourier transform
deconvolution and (b) convolution curve fitting.
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Table 6.1.

Effect of SIN ratio on FT deconvolution.

SIN

% Relative Difference

20

19.1

100

3.8

200

1.9

2000

0.2

of the 2 injection points were known, the only variable parameters in"
the trial input function were the concentrations of the injections.
The convolution results were then compared with the data and the
goodness of fit was evaluated using the chi squared stastic.

The

parameters of the trial input function were then iteratively adjusted
until a minimum value for chi squared was obtained (42).

Again the

signal to noise ratio was examined by comparing the relative
difference in intensity of the injection points in the final trial
input (Table 6.2, Figure '6.6).
The results of the synthetic data study suggests that although
FT deconvolution may provide better results at high SIN ratios, the
convolution-curve-fit approach is much less sensitive to noise and
provides acceptable results in high noise environments.

Since the

measured SIN in our experimental configuration is less than 200, the
convolution-curve fit aproach was used to examine actual FLA
experimental data.

Figure 6-6. Results of convolution curve fitting for overlapping
peaks with a S/N of 20.

1-"

w
N
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Table 6.2.

Effect of SIN on convolution-curve fit.

SIN

% Relative Difference

20

1.6

100

1.5

200

1.5

2000

1.5

Experimental Section
To examine the experimental practicality of overlapping peaks
in FIA a simple single line manifold experiment was performed.

To

even further simplify the experiment a chromophore (Mn04-) was used as
the sample thus removing the need for a reaction between sample and
carrier.

A Cole-Palmer masterf1ex peristaltic pump

pump the carrier stream.

~7014

was used to

The sample was injected using an A1tex

pneumatic injection valve with a 80 u1 sample loop.

Mixing coils

(although not needed to produce the chromophore) were added to provide
the dispersion normally encountered in FIA experiments.
was 3 m in length and 0.8 mm in diameter.

The detector was a Gilford

240 UV vis spectrophotometer with a NSG Precision Cells
through cuvet.

The coil used

~513

flow

The cuvet was a cylindrical chamber of 0.08 m1

capacity, 3 mm in diameter and 1 cm in length.

The flow rate was 3.8

m1 per min.

Reagent grade KMn04

The Mn04- was monitored at 525 nm.

was used to prepare all Mn04- solutions.
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Data collection and analysis were performed using a Digital
Equipment Corp. LSI 11/02 processor with 32 killowords of memory.

The

analog output voltage from the Gilford spectrophotometer was converted
to digital values by a Data Translation 2781 analog I/O system set at
+1.0 V full scale.

The DT 2781 utilizes a 12 bit A/D converter with

the 12th bit a sign bit.

The D/A converter of the DT 2781 was used to

open or close a switch which in turn actuated a Sargent Welch lab
relay.

The Sargent Welch lab relay controlled the compressed air

solenoid valve which actuated the Altex injection valve.
Results
A set of experiments was performed in which a series of
injections were made using a sampling rate which resulted in
overlapping peaks.

Mn04- was used as the chromophore, it was injected

into a carrier of distilled water, and monitored at 525 nm.

The

concentration of Mn04- was constant for all samples in the series.
Using the sample volume, flow rate and mixing coils described in the
experimental section, the time between the first appearance of a peak
and the return to within 1% of peak height of baseline was measured at
25 seconds.
chosen.

Considering this, a sampling rate of 10 seconds was

This rate provides overlap of peaks such that the peak height

at the maximum contains contributions from more than one peak.

The

overlap is, however, not so severe that the peaks are not visually
separated.

The output from the series of injections was then

deconvoluted using the convolution-curve fitting method.

To perform

the deconvolution a response function for the system ,was needed.

A
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single injection of a solution of KMn04 was made and the resulting
output was used as the response function.

Exa~ples

of the output data

for this set of experiments are shown in Figure 6.7.
One noticeable effect is the role of the carrier solution.
During this set of experiments it was quite evident that the
deconvolutiuu results biased the fit of the first peak.

The first

peak was always found to be the lowest value of the series and added
significantly to the S.D. of the experient.

When the carrier

solution ~as changed fiom distilled water to a KCl solution a
significant reduction in the S.D. was seen.
the KCl was less than

th~

When the concentration of

KMn04' the first peak was still biased low.

However, when the concentration of the KCI was slightly greater than
the KMn04, the bias of the first peak is removed (Table 6.3).
To examine more completely the usefulness of the deconvolution
approach to FIA, a set of experiments in which a series of alternating
low U.99xlO- 3 . M) and high O.98xlO- 3M) concentrat ion pairs were
injected.

Again, a solution of KMn04 was used as the sample and the

carrier stream was 2.29xI0- 3 M KCl.

The response function was

determined by injecting a single peak of the high concentration KMn04.
The results of these experiments are shown below (Figure 6.8,
Table 6.4).

The results show an average peak height for the l.99x 10-

3 M Mn04 - of 0.52 and for the 3.98xlO-3 M KMn04 1.03.

The ratio of

1.98 between the two heights is very close to the expected value of
2.00.
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a

b

Figure 6-7. Multiple overlapping FIA peaks. (a)cOutputfrorn
six overlapping injections. (b) Response function obtained
by single injections.
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Table 6.3.

Run

:(j

1

1
2
3
4

Data for mUltiple overlapping FIA peaks.

.98
.99
.95
.94

2

1.02
1.03
.99
.99

Peak Heights
3
4

1.05
1.03
1.04
1.01

1.05
1.02
1.00
1.02

5

1.04
1.05
1.03
1.03

6

1.02
1.00
1.05
1.04

Average Re1. S.D.
KMn04:3.98x10 -3 M, Carrier H2O

- - - - - - - - - - - ------1
2
3
4

.95
.97
.96
.97

.98
.98
.98
.97

1.02
.98
1.00
1.02

1.00
.99
.99
1.01

1.01
1.01
.99
1.00

1.02
1.00
.99
1.00

KMno4:3.98x10-3, Carrier 2.29x10- 3 KC1

- ---- --- - -- - - - -- -- - - 1.00
.97
.97
.96

1.01
1.03
1.03
1.02

1.09
1.07
1.07
1.02

1.04
1.06
1.06
1.02

3.0

1.05
1.06
1.07
1.05

2.5
1.6
1.5
2.0
1.9

-----1.06
1.09
1.08
1.07

Average Rel. S.D.
KMno4:1.99x10-3, Carrier H2O

2.5
2.2
3.7
3.6

-----

Average Re1. S.D.

1
2
3
4

% Relative
S.D.

2.8
4.1
3.9
3.5
3.6
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a

b

Figure 6-8. Multiple FIA peaks with varying concentrations.
(a) Output from overlapping injections with varying
concentrations. (b) Response function.

139

The final experiment performed was to vary the sampling rate
and examine its effect on the system.
was chosen as a maximum.

A "sampling rate of 30 seconds

This rate results in well separated peaks

and should provide the minimum S.D. for a series of injections.

The

rate was decreased until, at 7 seconds, the S.D. started to increase
rapidly (Figure 6.9).

Visually one can still discern the presence of

the individual peaks; however, the amount of information contained in
the data points is too small to permit mathematical deconvolution.
this situation could perhaps be improved by increasing the data
collection rate of the AID converter.

(The AID rate is currently

limited by software and timing considerations, not the AID conversion
rate itself.)
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APPENDIX A

LSI 11/02 SYSTEM
System Description
A microcomputer system based on the Digital Equipment
Corporation LSI 11/02 processor was used for experimental control,
data collection, and calculations for the flow injection analysis and
amperometric analysis system. The particular processor used is a KD11HA.

The KEV 11 extended arithmetic chip was installed to provide a

complete set of commands compatible with the PDP-11 series of mini
computers.

A MSV 11-DD memory board supplies a complete complement of

32K words of RAM memory.
Mass storage is provided by a Data Systems Design 210 floppy
disk subsystem.

This subsystem is plug compatible with the DEC RXV 11

floppy disk system and is software compatible with DEC disk operating
systems.

The DSD-2l0 includes two disk drives, each disk capable of

storing 256K bytes of information.

The DSD-210 interface board

includes a firmware bootstrap program located at memory address
173000.
A DLV 11-J provides communication to several serial
input/output devices.
serial line unit.

Te DLV 11-J is a four channel asynchronous

This interface transmits and receives data over

Electronics Industry Association (EIA) "data leads only" lines which
do not use control lines.
RS-232C standards.

Data communication is compatible with EIA

Each channel may be configured independently for
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baud rates from 150 to 38,400 bits per second.

Channel 3 is

configured as a dedicated console device interface.

The Tektronix

4025 Graphics Terminal is connected to this channel and is operated at
1200 baud.

A Texas Instruments 810 printer provides hard copy output

for the system.
1200 baud.

The TI-8l0 is connected to channel 0 and operates at

Graphics hard copy is provided by a Tektronics 4662

Interactive Digital Plotter connected to channel 1 and operates at 300
baud.
Serial communication cables were constructed for connection of
the various devices to the DLV ll-J.

The TI-8l0 requires a positive

EIA level at pins 6 and 8 to be provided from the computer interface.
Since the DLV ll-J does not provide control signals, pins 6 and 8 of
the TI-8l0 were held at +12 volts by connection to pin 9 of the TI810.

The DLV ll-J requires pins 7 and 9 to be interconnected.

remaining pin connections are shown in Table A.l.
a male 23 pin connector.
female connectors.

The TI-8l0 requires

The Tektronix terminal and plotter require

All pin connections are the same for both male and

female cables.

Table A.l.

Serial cable pin connections.
DLV ll-J

The

RS 232C

Signal

pin 3

pin 3

Received Data

pin 8

pin 2

Transmit Data

pin 2

pin 7

Signal Ground
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Figure A.1.

9

7

5

3

1

10

8

6

4

2

Pin numbering for DLV 11-J connector. -- Component side
of board is up.
System Software

The microcomputer system described above was operated under
DEC's Real Time 11 (RT11) operating system, version 3.B.

The majority

of the operating system was usesd without modification; however,
changes to the line printer handler, LP, and the LINK program were
necessary.
As described earlier, the DLV 11J has no provision for control
signals.

The TI-S10 is capable of 150 characters per second; however,

this does not include the time necessary for page ejection.

With the

printer operating at 1200 baud the print buffer of the TI-S10, 256
characters, is overrun during the page ejection opereation resulting
in loss of information.

The degree of information loss is dependent

on the length of the previous page.

To overcome this. situation, two

modifications were made to the LP handler to allow user controlled
slowdown of the printer interface.

These consist of sending fill

characters, ASCII null characters, after the occurrence of a line feed
or a form feed in the printer output.

The number of fill characters,

and therefore the amount of delay, can be specified by the user.
commands to alter the number of fill characters are

The

;LP EDIT LEVEL 0
.TITLE LP
V03.02
.IDENT
IV03.021
RT-ll LINE PRINTER (LP/LSll) HANDLER
MODIFIED 17/FEB/81 FOR TI 810 AT 176504, 304
. MCALL
.DRBEG,.FORK,.DREND,.DRAST,.DRFIN,.QELDF
.IIF NDF MMGST, MMGST=O
.IIF NDF ERLSG, ERLSG=O
.IIF NDF TIMSIT, TIMSIT=O
. C!ELDF
;CHANGED CSR AND VEC TO FIT CHANNEL 0 OF A DLV l1-J
.IIF NDF LPSCSR, LPSCSR=176504
.IIF NDF LPSVEC. LPSVEC=304
LPDSIZ
= 0
.IIF NDF LPSTS,LPSTS = 20003
HDERR = 1
V.MAX = 500
CR
= 15
LF
L
= 1'-'
FF
= 14
HT
= 11
.IIF NDF LP.CSZ, LP.CSZ=220.
COLSIZ
== LP.CSZ
SET OPTIONS TABLE. THE FOLLOWING NON-DEC OPTIONS
WERE ADDED 17/FEB/81:
.SET LP FILL=N (ADDS N FILL CHARACTERS AFTER LF. DEFAULT N=O)
ADDED TIME DELAY FOLLOWING FORM FEED
I-'

-l'-l'-

. ASECT
= 400

. WORD
. RAD50
.WORD

::::0 •

IWIDTH /
<O.WIDTH-400>/2+40000

Nap

I
.RAD50 leR
<O.CR-400>/2+100000
. WORD
NOP
.RAD50 IFORMO I
• WORD
(0. FORMO-400>/2+100000
BM!
LPERR-ERROPT+ .
. RAD50 IHANG I
• WORD
(O.HANG-400>/2+100000
• WORD
40
.RAD50 ILC
I
.WORD
(0. LC-400>/2+100000
BNE
IGNORE-CTROPT+ .
. RAD50 ICTRL I
.WORD
<0.CTRL-400>/2+100000
BEQ
TABSET-TABOPT+ .
. RAD50 ITAB
I
• WORD
<0.TAB-400>/2+100000
.WORD 10 .
. RAD50 IFILL /
.WORD (0.FILL-400>/2+40000
.WORD 10.
.RAD50 IEJECT I
.WORD (0.EJEC-400>/2+40000

; ADDED

f-'
.pLn

o
O.WIDTH:MOV
MOV
CMP
RTS
O.CR: MOV
BEQ
MOV
RTS
O. FORMO: MOV
BEQ
MOV
RTS
O.HANG:
BMI
MOV
RTS
O.LC: CLR
NOP
MOV
RTS
O.CTRL:
BNE
MOV
RT:=:
O.TAB:
BEQ
MOV
RTS PC
O.FILL: MOV

RO,COLCNT
RO,RSTC+2
RO,R3
PC
(PC)+,R3
RSTC-CROPT+.
R3,CROPT
PC
(PC)+,R3
BLKO-FFOPT+.
R3,FFOPT
PC
MOV
(PC)+,R3
RET-ERROPT+.
R3,ERROPT
PC
~
R~

R3,LCOPT
PC
MOV
(PC)+,R3
PCI-CTROPT+.
R3,CTROPT
PC
MOV
(PC)+,R3
HDWTAB-TABOPT+.
R3,TABOPT
RO,FILCNT

;MOVE NUMBER OF FILL CHARACTERS TO FILCNT
f-'
~

0\

RTS
O. E.JEC:
RTS
.DRBEG
MOV

AR
BCC
OCQ

RET:

BIS
RTS

.ENABL
.IF EQ MMG$T
.IFTF
.DRAST
MOV
TST
LPS: . WORD
ERROPT:
TSTB
BPL
CLR
• FORK
ffiT

PC
MOV
RO,EJCNT
PC
LP, LP$VEC, LPDSIZ, LPSTS
LPCQE,R4
6(R4)
LPERR
LPDONE
#100,@(PS
PC
LSB

;MOVE NUMBER OF EJECT CHARACTERS TO EJCNT

LP,4,LPDONE
LPCQE,R4
@(PC)+
LP$C!=;R
BMI
RET
@LPS
RET
@LP:3
LPFBLK
<R4)

FFOPT:
BEG.!
LPNEXT:
T!3TB
BPL
RET
(PC)+
ASLB
TABFLG:
• WCmD
TAB
BNE
DIT (PC)+

BLKO
@LPS
(I

DECREMENT THE NEXT WORD WHICH CONTAINS THE #
i-'
.p..
-.....J

FILFLG:
; OF FILL CHARACTERS STILL TO OUTPUT.
.WORD 0
IF PLUS GO TO ROUTINE TO OUTPUT A FILL CHAR.
BPL FILL
DEC (PC)+
DECREMENT THE NEXT WORD WHICH CONTAINS THE #
E~FLG:
.WORD 0
OF EJECT CHARACTERS STILL TO OUTPUT.
IF PLUS GO TO ROUTINE TO OUTPPUT A NULL CHAR.
BPL FILL2
6(R4)
IGNORE:
TST
BEQ
LPDONE
.IFT
CLR FILFLG
ASSUME NOT LF, NO FILL
MOVB
@4(R4),R5
INC
4(R4)
.IFF
~SR
PC,@$GTBYT
MOV
(SP)+,R5
.IFTF
6(R4)
INC
#177600,R5
BIC
#40,R5
CMPB
BHI
CHRTST
#140,R5
CMPB
.BHIS
PCHAR
(PC)+,R5
ruB
LCOPT:
40
DEC
(PC)+
PCHAR:
COLCNT:
.WORD
COLSIZ
BLT
IGNORE
(PC)+
ASLB
TABCNT:
.WORD
1
BEQ
RSTTAB
R5,@(PC)+
PCI:
MOVB
I-'
.p-

co

DEC
BR
8LKI): INC
MOV

8R
LPERR:
.ENDC
. DSA8L
LPDONE:
CLR
.DRFIN
LPFBLK:
.DREND
.END

CC)LCNT
HDWTA8
@R4
#FF,R5
RSTC
BIS

#HDERR,@-(R4)

LS8
CLR
@LPS
LPFBLK+2
LP
1),(1,0,1)
.WORD
LP

;0

LPB:

. WORD
BR
CHRTST:
TABOPT:
CMPB
BEQ
CMPB
CROPT:
CMPB
C:TROPT:
RSTC: MOV
RSTTAB:
CMPB
BEQ
BR
FILCNT:
FILSET:
BR
FILL: CLR R5
BR PCI
EJCNT:
FILST2:
BR
FILL2:
BR PCI
TABSET:
TAB: MOV
BR
HDWTAB:
BEQ

LP$CSR+2
LPNEXT
CMPB
#HT,R5
BEQ
TABSET
#LF,R5
FILSET
;NEXT CHARACTER IS LF, SET FILL COUNT
#CR,R5
NOP
R5,#FF
BNE
IGNORE
#COLSIZ,COLCNT
MOV
#1,TABCNT
R5,#FF
;NEXT CHARACTER IS FF, SET EJECT FILL COUNT.
FILST2
PCI
o
FILL COUNT - OBTAINED FROM ~SET LP FILL =~
MOV FILCNT,FILFLG
; SET FILL COUNT
RSTC
;PUT NUL IN R5 SO PCI CAN OUTPUT IT TO PRINTER.
;EJECT FILL COUNT - OBTAINED FROM ~SET LP EJECT ='
o
MOV EJCNT,EJFLG
; SET EJECT COUNT
PCI
CLR R5
;PUT NUL IN R5 SO PCI CAN OUTPUT IT TO PRINTER.
MOV
#40,R5
PCHAR
ASLB
RSTTAB

TABCNT,TABFLG
TABCNT
......

.po.
-0
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.SET LP FILL n
for fill characters following a line feed and

.SET LP EJECT n
for fill characters following a form feed where n represents the
number of characters.
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The &econd modification was to the LINK program.

Normally the

linker looks at the system device, SY:, when attempting to locate the
default system library, SYSLIB.OBJ.

Using single density floppy disks

for mass storage, there is not enough room to fit the necessary system
programs and SYSLIB.OBJ on the same floppy disk.

It was necessary to

change the default device which the linker uses to locate SYSLIB.OBJ
from SY: to DK:.

DK: can then be assigned to DXl: allowing sufficient

room for SYSLIB and user written programs on DXl:
This modification was done according to the procedure
described in the RTII Systems Generation Manual, Section 2.4.13.
procedure is given below.
user.

The

All Characters underlined are input by the

CR represents a carriage return •
• RUN PATCH CR
*LINK.SAV/O CR
*1:7270/ 75250

~

(DK:) CR

*E. CR
Using this modification and assigning DK: to DXl:, all of the default
output files from the editor, FORTRAN compiler and LINK are located on
DXl: •

Tektronix I/O Routines
Input and output for the Tektronix 4662 plotter are handled
through FORTRAN callable MACRO subroutines.
written to use channel 1 of the DLV-llJ.

The subroutines are

This choice of channel can

be easily altered by changing the address of the control status
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registers and buffer registers in the first portion of the
subroutines.

These subroutines were designed to be used with the

Tektronix Terminal Control System which is a library of FORTRAN
subroutines which aid in the output of graphical information.

.TITLE ADEIN
INPUTS CHARACTERS FROM GRAPHICS TERMINAL TO
PLOT-I0 PACKAGE.
USAGE CALL ADEIN(NCHAR,IARRAY)
NCHAR -- NUMBER OF CHARACTERS TO BE RECEIVED
IARRAY -- DESTINATION OF CHARACTERS
.GLOBL ADEIN
STAT=176510
; INPUT CSR OF #[ - DLV-IIJ
IN=176512
; INPUT REGISTER
NCHAR=RO
BUFPNT=Rl
ADEIN:
MOV
(R5)+,RO
@(R5)+,NCHAR
;GET NUMBER OF CHARACTERS
MOV
(R5)+,BUFPNT
MOV
1$:
DEC
NCHAR
;CHECK IF ALL CHARACTERS INPUT.
BLT
DONE
@#STAT
;CLEAR CSR.
CLR
2$:
#200,@#STAT
;WAIT TO RECEIVE CHARACTER
CMPB
2$
BNE
MOV
@#IN,(BUFPNT)+ ;MOVE CHARACTER TO PARAMETER LIST
1$
;LOOP BACK FOR NEXT CHARACTER.
BR
DONE: Rn::
.END

PC

i-'
\.Jl
W

;THIS SUBROUTINE HANDLES THE ENTIRE OUTPUT OF THE PLOT PACKAGE.
USAGE: CALL ADEOUT(NCHAR7IARRAY)
NCHAR -- NUMBER OF CHARACTERS
I~RRAY -- CHARACTERS TO BE OUTPUT
.TITLE ADEOUT
.GLOBL ADEOUT
NCHAR=RO
BUFPNT=Rl
STAT IS THE STATUS REGISTER ADDRESS7
AND OUT IS THE OUTPUT REGISTER ADDRESS. THESE
ADDRESS MUST BE SET TO THE CORRECT ADDRESS FOR THE
USER DEVICE.
STAT=171:.514
OUT=176516
ADEOUT:
CLR
@#STAT
MOV
@2(R5)7NCHAR
4(R5)7BUFPNT;
MOV
2$:
#2007@#STAT
CMPB
2$
BNE
NCHAR
DEC
BLT
EXIT
(BUFPNT)+7@#OUT
MOV
2$
BR
EX I T: RT:::;
PC
.END

; ::::T ATU::;; REG.

;OUTPUT REG.
;RUN IN THE NON-INTERRUPT MODE.
;GET THE CHARACTER COUNT.
;AND THE POINTER TO THE BUFFER.
;DISPLAY READY?
;NO - LOOP BACK TO 2$
;DECREMENT CHARACTER COUNT
;IF NO MORE CHARACTERS EXIT.
;OUTPUT THE CHARACTER.
;LOOP BACK FOR NEXT CHARACTER.

i-'
lJ1

"'"
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Text Editor
A text editor system utilizing the flexibility of DEC's TECO
editing language and the power of the Tektronix 4025 terminal was
developed.

The 4025 possesses the capability to perform text editing

upon information stored in the terminal memory.
fully documented in the 4025 User's Manual.

This capability is

In addition to this, the

programmable key feature of the 4025 is utilized to provide single key
stroke editing commands.
To understand the power of this combination, we will first
discuss the TECO editor.
structure.
editor.

TECO is a "pipeline" editor with a page

Both an input file and output file are maintained by the

The input file contains the old informatin which is to be

changed, while the output file contains the results of the current
editing session.

Text is read from the input file into the memory of

the LSI 11/02 one page at a time.

While in the LSI 11 memory the

contents of the text page can be altered using the various TECO
commands.

After all changes are made, the page is written to the

output file.

Once a page has been written to the output file, it

cannot be accessed" again during the current editing session.

The

various pages of a file are edited by sequentially moving them from
the input file to the LSI 11 memory, editing the page, and then
writing it to the output file.
To use the editing capability of the 4025, the text page is
not altered in the LSI 11 memory, but is transferred to the memory of
the 4025 for editing.

After editing the page on the 4025, the
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contents of the LSI 11 memory are erased and replaced with the text
page as it appears in the 4025 memory.

The editing process is shown

in Figure A.2.

TECO Commands
Input
File

LSI 11
Memory

)

1

)

4025 Commands

4025

~lemory

Figure A.2.

)

Altered
LSI 11
Memory

~

Output
File

I

Altered
4025
Memory

Movement of information through the editor.

There are two routes for moving a page of text through this
editing system.

One performs the editing within the LSI 11 memory

using TECO commands, while the other performs the editing within the
memory of the 4025.

These two methods can be mixed during any editing

session, thus providing the power of complex TECD operations and the
ease of the 4025 editing.
the TECD User's Guide.

The TECO editor is discussed in detail in

The remainder of this section will be on the

use of the 4025-TECO combination.
Each step of the editing process can be performed using single
key-stroke commands from the 4025. The file E4025.1st contains the
information to set up the function keys of te 4025 to perform these
editing commands.

This file should be typed out during the boot-up of
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the system by placing the command
TYPE 34025.LST
in the STARTS.CMD file.

Old File --- R TECO
EB
This key executes TECO and gives the TECO command to edit a file with
a backup file.

TECO now waits for the user to enter the name of an

existing file, FILE.EXT, which is to be edited.

After entering the

file name and extent ion, press the escape key twice.
file as the input file and creates an output file.

TECO opens this
After editing is

complete the output file will be named FILE.EXT and the input file
will be renamed FILE.BAK.

Any existing files with the name FILE.BAK

will be deleted.

Create file -- R TEeo
EW
This command is similar to Old File, except a previous file does not
exist.

TECO opens an output file with the file name entered by the

user.
Next Page -- P
This command writes the contents of the LSI 11 memory to the
output file and reads the next page from the input file to the LSI 11
memory.

When used following Old File, it silmply reads te first page
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from the input into the LSI 11 memory.

This key should not be used

with the Create File key since no file exists to be read.
Transfer Page -- HT
wor 30 H
This command transfers the entire page from the LSI 11 memory to the
workspace of the 4025.
Edit -- wor k
dli
jum
dli
This command sets up the 4025 keyboard so that editing of the 4025
workspace memory can be done.

The 4025 editing functions can now

alter the contents 9f the page as it appears in the 4025 memory.
that only the 4025 memory is altered.
original form in the LSI 11 memory.

Note

The page still exists in its
The changes made in the 4025

memory are not made until the command Send Page is used.
Send Page -- mon h k
HK

I send
This command erases the LSI 11 memory, and then transfers the 4025
memory to the empty memory of the LSI 11.

At this point TECO thinks

that the user is typing in·the information as an insert command.

This

step may be sensitive to the length of the page and the baud rate.

1200 baud, pages shou Id be kept to les s than 10"0 lines.
Stop -- EX
The Stop command executes the TECO EX command.

It ends the editing

At
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session and closes any files that TECO has opened.
Insert Page -- PW
HI<

This command inserts an entirely new page between two existing pages
of the text.

It writes the content of the current LSI 11 memory to

the output file and then erases the LSI 11 memory.

Transfer Page and

Edit should be used following Insert Page.
Analog Input/Output
Analog I/O is provided by a Data Translations Inc. DT2781
analog I/O system and a Keithley Instruments Inc. 480 Digital
Picoammeter.

The DT2781 provides an analog to digital converter and a

digital to analog converter, allowing both the input and output of
voltage signals for the microcomputer system.

The Keithley 480

provides for the input of analog signals in the current domain.
The DT2781 provides two D/A converters with selectable range
of 0-10 v., +/- 10 v. and +/- 5v. Dl.lring this study the ranges were
chosen as +/- 10 v. for D/A channel A and +/- 5 v. for D/A channel B.
The MACRO-II subroutine PUTDAC provides control of the D/A converters.
This subroutine is FORTRAN callable. The usage of the subroutine is
CALL PUTDAC(IDAC,IOUT)
where IDAC is the channel number and lOUT is the value to be written
to the output register.
11 bits plus a sign bit.

lOUT is a 12 bit two's complement number with
The value of lOUT for a desired output

voltage may be determined using

·TITLE

ROUTINE TO PUT VALUE TO DAC

.GLOBL PUTDAC
USAGE: CALL PUTDAC(IDAC,IOUT)
IDAC = 0 -- DAC A
1 -- DAC B
lOUT
2~S COMPLEMENT, 11 BITS PLUS SIGN BIT
PUTDAC: MOV
MOV
MOV
ADD
ADD

(R5)-1--, RO
#170404,Rl
@(R5)+,R2
R2,Rl
R2,Rl

MOV

@(

FiT:::;

PC

R5 ) +, (R 1. )

;MOVE ADDRESS OF DAC A TO Rl
;MOVE IDAC TO R2
;ADD IDAC TO ADDRESS TWICE
;IF IDAC IS 0, NOTHING CHANGES
;IF IDAC IS 1,THE ADDRESS IN Rl IS DAC B
;MOVE lOUT TO OUTPUT REGISTER

.END

.~

I-'
0\

o

161
lOUT = Volt * 2048
Range
where volt is the desired output voltage and range is the DIA voltage
range.
The DT2781 also provides a AID converter for voltage input.
The AID provides a 12 bit conversion.

Bipolar conversion was chosen

for the AID, giving 11 bits plus a sign bit.

The input range is

variable and may be selected by the choice of an external resistor and
capacitor pair.

The values for this pair are given in the DT2781

manual (page 3-3).

+1-

1 volt.

during this study the AID range was selected as

Input to the AID converter is provided tbrough a

programmable multiplexor.

The mUltiplexor can be selected for 16

single-ended channels (all with a common ground) or 8 differential
input channels.

The differential input mode was used during this

study. Control of the AID converter is provided through the FORTRAN
callable MACRO-ll subroutine GETADC.

The usage of this subroutine is

CALL GETADC(ICHNL,IN)
where ICHNL is the channel number for the mUltiplexor (0 to 7) and IN
is the 12 bit (11 bits plus a sign bit) conversion result.

GETADC

provides a timing loop between loading the multiplexor address and
initiating the conversion.

A shorter version of GETADC is found in

the routine GADC. This routine performs the same operations as GETADC
but without the timing loop.
Current measurements are obtained using the Keithley 480

.TITLE

GET VALUE FROM ADC

.GLOBL GETADC
USAGE: CALL GETADC(ICHNL,IN)
ICHNL
CHANNEL # FROM 0 TO 7
IN -- 11 BIT 2'S COMPLEMENT WITH BIT 12 AS SIGN BIT
GETADC:
MOV
~R

2$:
4$:

MOVB
MOV
SOB
INCB
TSTB
BPL
MOV

RE

MOV
(RS)+,RO
#170400,Rl
;LOAD ADDRESS OF ADC
(Rl)
;CLEAR CSR OF ADC
@(RS)+,I(Rl)
;LOAD MULTIPLEXOR ADDRESS.
#600,RO
;WAIT FOR NOISE FROM ADDRESS
RO,2$
;LOAD TO SETTLE.
(Rl )
;TRIGGER CONVERSION
(Rl>
;WAIT FOR DONE
4$
2(Rl),@(R5)+
;MOVE INPUT TO IN
PC

.END

f-'
0\
N

.TITLE

GET VALUE FROM ADC

.GLOBL

GADC

GADC: MOV
MOV
CLRB
MOVe
INCB
4$:
TST8
BPL
MOV
RTS
.END

(R5)+,RO
#170400,Rl

;LOAD ADDRESS OF ADC

(Rl>

@(R5)+,l(Rl)
;LOAD MULTIPLEXOR ADD~ESS
(Rl)
;TRIGGER CONVERSION
(Rl)
;WAIT FOR DONE
4$
2(Rl),@(F6)+
;MOVE CONVERSION RESULTS TO ARGUMENTS
PC

t-'

'"

w
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picoammeter with the optional BCD output.

The ammeter provides input

ranges of 1 nanoamp to 1 miliamp with a conversion time of 0.4
seconds.

The conversion results are available as a four digit BCD

number.

Input to the LSI 11 of the BCD results is achieved using a

DEC DRV 11 parallel interface. The cable connections between the
ammeter BCD output and the DRVl1 are shown in Table A.3.
Communication with the ammeter utilizes bits 0 and 15 of the Control
Status Register and bits 0 through 15 of the Input Register.
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Table A.3.

Cable connections for the Keithley 480 picoammeter.

------------------------_ .. _--------------------------------Ammeter BCD Output
Pin No.

Description

DRV 11 Interface
Pin No.

Description

3

Hold

K

CSR bit 0

4

Busy

S

CSR bit lt

9

2

LL

INI

10

1

TT

INa

BB

IN3

H

IN2

HH

INS

KK

IN4

CC

IN7

11

8

12

4

13

2

14

1

15

8

)
)
)
)
)
)
)
)
)
)
)
)

Digit No. 1

Digit No.2

)

16

4

)

EE

IN6

17

2

W

INI0

18

1

)
)
)
)
)
)
)

Y

IN9

U

IN12

V

IN11

P

IN13

Digit No.3

19

4

20

8

22

1

23

Over range

N

IN14

24

Sign

M

INls

21

Common

T

Common

Digit No. 4

166
The FORTRAN callable MACRO 11 subroutin RDAM is u'sed to access the
ammeter data. The usage of the subroutine is
CALL RDAM(IERR,JERR,IS,I,J,K,L)
where IERR is set if te ammeter is busy, JERR is set if the ammeter
has over ranged, IS is the sign (O-positive), and I,J,K,L are the
digits with I being the least significant.
Injection Valve Control
Control of the A1tex injection valve was accomplished using a
Sargent Laboratory Relay and a Magnecraft Wl17 reed switch.

The

Sargent Laboratory Relay controls 110 V AC power to the soinoid which
actuates the Altex valve.

When the inputs of the relay are shorted

the relay turns on the 110 V AC power.
power is turned off.

When the inputs are open the

The state of the inputs are controlled by the

Magnecraft Wl17 reed switch.

This switch is normally open.

It is

held closed when a current of 800 microamps is passed through the
control inputs.
+10 V output.

This current is supplied by the D/A converter with a

.TITLE RDAM
ROUTINE TO READ KEITHLY 480 AMMETER
USAGE: CALL RDAM(IERR,JERR,IS,I,J,K,L)
IERR -- SET IF AMMETER IS BUSY
JERR -- SET IF OVERRANGE
IS ---- SIGN BIT
I -- LEAST SIGNIFICANT DIGIT
J -----------

K ----------L -- MOST SIGNIFICANT DIGIT
.GLOBL
ROAM: MOV
~V

TST
BMI
MOV
RTS
1$:

MClV
MOV
MCN

MOV
BIT
BEG!

2$:

RDAM
(R5)+,RO
#It.7770, R1
(Rt)

;PUT CSR ADDRESS IN R1
;TEST FOR BUSY

1$

#ERR,@(R5)+
PC

;SET BUSY ERROR
; RETURN

#ZER(), @(R5)+
#0, (R1)
4(Rl),R2
#1,(R1)

;CLEAR BUSY ERROR
;HOLD AMMETER OUTPUT
;MOVE DATA TO R2
;CLEAR CSR OF HOLD
;CHECK OVERRANGE BIT

MCN

#40000,R2
2$
#ERR,@(R5)+

RTS

pc:

;SET OVERRANGE ERROR
; RETURN

MOV

#ZERO,@(R5>+

;CLEAR OVERRANGE ERROR

i-'
0\
-...J

4$:

BIT
BEe!
MOV
BR
MOV

#100000,R2
4$
#ZERO,@(R5}+
5$
#ERR,@(R5}+

; CHECK :::;IGN BIT

SEPARATE BCD CODE FOR FIRST THREE DIGITS
5$:
:~:$:

MOV
MOV
BIC
MOV
ASH
DEC
BNE

#COUNT,CTR
R2,R3
#177760,R3
R3,@(RS)+
#-4,R2

crn

3$
S~PARATE

4TH DIGIT - THIS DIGIT'IS EITHER 0 OR 1

#-1,R2
R2,R3
#177776,R3
R3,@(R5)+

; :::;HIFT ONE BIT

MOV
BIC
MOV
RTS

PC

; RETURN

ERR
ZERO
COUNT
.WORD

=1
=0
=3
0

~H

CTR:

;SET UP COUNTER
;MOVE DATA TO R3
;MASK FIRST 4 BITS
;MOVE RESULT TO PARAMETER LIST
;SHIFT DATA TO RIGHT 4 BITS
;DECREMENT COUNTER
;BRANCH TO 3$ IF NOT ZERO

.END

;MASK LAST BIT
;MOVE RESULT TO PARAMETER LIST

I-'
0'\

co
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Table A.4.

Device Addresses of the LSI 11/02 Q-Bus.

Address

Device

Register

167770
72
73

Ammeter
DRV 11

CSR
Out Buffer
In Buffer

170400
02
03
04

DT2781

CSR

173000

Firmware Bootstrap
(on DSD 210 interface
board)
.

Starting Address

176500
02
04
06

Line Printer
DLV 11-J Channel 0

RCSR
RBUF
XCSR.
XBUF

176510
12
14
16

Plotter
DLV 11-J Channel 1

RCSR
RBUF
XCSR
SBUF

176520
22
24
26

(Unused)
DLV 11-J Channel 2

RCSR
RBUF
XCSR
SBUF

177560
62
64
66

Console Terminal
DLV 11-J Channel

RCSR
RBUF
XCSR
XBUF

AID Buffer
D/A A Buffer
D/A B Buffer

APPENDIX B

A series of programs were developed to assist in studying the
manganee dioxide-iodide reaction.

These programs provide experimental

control and data acquisition for the various steps in monitoring the
reaction products during the kinetic experiments.

The programs are

linked together through common data files to form a

syste~

for

calibrating the analytical methods and collecting kinetic data.

The

first two programs produce data files· which contain calibration
information on the the analytical methods.

The third program. provides

a file containing the raw experimental results.
uses the files written by the first

~hree

The final program

programs to produce an

output file which contains the kinetic data in units of microequivalents per liter.

The first three programs may be executed in

any order; however, they must all be executed prior to the execution
of the fourth program.

INJCAL

--7

INJCAL. DAT

I2CAL

~

I2CAL.DAT

MNI2

~

raw data file

Figure B.l.

ADJUST

/

Program system.

170

1

plot of
data

~

f ina 1
data
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A description of each program is given followed by a listing
of the· program.

the programs include subroutines for either Bevington

(42) or the Tektronics Terminal Control library.

When these

subroutines were used without modification they are not included in
the listing.
I2CAL I2CAL provides for calibration of the amperometric
determination of iodine using the Sargent Welch constant current
generator.

The program asks for the length of the calibration

experiment, the multiplier setting of the generator and the total
volume of solution in the cell.

When data collection is initiated the

routine collects ammeter readings every second for the length of the
calibration experiment.

A linear least squares fit is performed

giving a slope of equivalents per ammeter units.

The output file

consists of the y-intercept, slope and correlation coefficient of the
least squares fit.
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r PROGRAM TO CALIBRATE 12 DETECTOR

C
C
DIMENSION YI2(1200),X(1200),SIGMAY(1200)
DATA KNUM,IBELL/35,7/
r SET DAC A TO 0 V.
CALL PUTDAC(O,O)
C
C
ENTER PARAMETERS
C

900
901

902

TYPE 900
FORMAT(' ENTER
ACCEPT 901,TOT
FORMAT(Fl0.0)
TOT=TOT*60.
ITOT=TOT
TYPE 902
FORMAT(' ENTER
ACCEPT 901,SET
IF(SET.EQ .• 01)
IF(SET.EQ •• 02)
IF(SET.EQ .• 05)
IF(SET.EQ .• 1)
!F(SET.EQ •. 2)

LENGTH OF EXP. IN MIN.')

MULTIPLIER SETTING')
DELX=1.005*10.**(-7)
DELX=2.00*10.**(-7)
DELX=5.005*10.**(-7)
DELX=1.001*10.**(-6)
DELX=2.003*10.**(-6)

C

C
C

904
994
905
906
C
C
C
C

ADJUST DELX FOR 100 ML OF SAMPLE
TYPE 904
FORMAT(' ENTER TOTAL VOLUME IN ML')
ACCEPT 994,VOLTOT
FORMAT(Fl0.0)
DELX=DELX/(VOLTOT/l000.)
TYPE 905
FORMAT(' ENTER MAX 12 FOR PLOT')
ACCEPT 906,IMAX
FORMAT(I5)
OUTPUT 0.3 VOLTS AT THE DAC USED TO CONTROL
THE POTENTIAL AT THE Pt ELECTRODE
IOUT=.3/5.*2048.
CALL PUTDAC(O,IOUT)

C
C
C
907

SET UP GRAPHICS WORK SPACE
TYPE 907,KNUM,KNUM,KNUM
FORMAT(1X,A1,'WOR 30 H'/lX,A1,~GRAPHIC 1,30'/
1 1X,Al,'LINE P')
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PDELX=640./FLOAT(ITOT)
PDELY=419./FLOAT(IMAX)

C
TYPE 910
910
911

100
r
C
r

FORMAT(~ PRESS CR TO START~)
ACCEPT 911,IDUM
FORMAT(I5)
START=SECNDS(O.)
CI2=0.
1=1
ISEC=SECNDS(START)
IF(ISEC.LT.I) GO TO 100

READ AMMETER
CALL AMPS(IVAL)
YI2(I)=IVAL
CI2=CI2+DELX
X(I)=CI2

r
C
r
920
C
C
r

925

c
C
C
C

930

200
210

RING BELL AFTER 30 SECONDS
IF(I.EQ.30) TYPE 920,IBELL
FORMAT(1X,Al)
PLOT DATA ON SCREEN
IPX=FLOAT(I)*PDELX
IPY=YI2(I)*PDELY
TYPE 925,KNUM,IPX,IPY
FORMAT(lX,Al,~VEC 0 0 ~,I5.1X.I5)
1=1+1
IF(I.LE.ITOT) GO TO 100
USE LINEAR LEAST SQUARES TO CALCULATE SLOPE
LINFIT FROM BEVINGTON
CALL LINFIT(X.YI2,SIGMAY.ITOT,0.A.SIGMAA.
1 SLOPE.SIGMAB.R)
TYPE 930.A.SLOPE.R
FORMAT(~ INTERCEPT = ~.E12.51
1
~ SLOPE
= ~.E1~.51
2
. ~ R
= ~.E12.5)
DO 200 I=ITOT.l.-1
IPY2=(A+SLOPE*X(I»*PDELY
IF(IPY2.LT.420) GO TO 210
CONTINUE
IPX2=FLOAT(I)*PDELX
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935

IPX=PDELX
IPY=(A+SLOPE*DELX)*PDELY
TYPE 935, KNUM, KNUM, IPX, IPY,IPX2,IPY2
FORMAT(lX,Al,~LINE l~/lX,Al,'VEC ',4(lX,I5»

C
C
OPEN(UNIT=1,NAME=~I2CAL.DAT~,TYPE='NEW')

940

WRITE(1,940) A,SLOPE,R
FORMAT(3(2X,E12.5»
CLOSE(UNIT=l)
STOP
END
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SUBROUTINE AMPS(IVAL)
DATA KNUM/:~:5/
CALL RDAM(IERR,JERR,IS.I,J,K,L)
IF(IERR.EQ.l) GO TO 10
IF(JERR.EQ.l) GO TO 900
IVAL=I+I0*J+I00*K+I000*L
IF(IS.EQ.l)IVAL=-IVAL
RETURN
TYPE 910,KNUM,KNUM
FORMAT(IX,Al,~MON H~/~ OVERRANGE ON

10

900
910
1

lX.Al.~WOR

IVAL=9999
RETURN
END

H~)

AMMETER~/
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INJCAL INJCAL is used in the calibration of the manganeseforma1doxime FIA system.

The program allows the user to use up to 10

standards with up to 5 re1icates of each standard.
of each standard is input by the user.

The concentration

The user also inputs the

lengths of time for the collection of baseline and peak data. For each
standard, the program controls the injection of the replicates,
determines each peak height, and calculates the average peak height.
Two choices for finding peak heights are provided.

One being a simple

3 point average of the maximum data value with its 2 neighbors.

The

other being a curve fit method using the tanks-in-series model.

The

curve fit method can be implemented by changing the two comment
statements 1ab1ed "eFIT" to executable statements.
INJCAL then performs a nonlinear least squares fit of the
calibration data to a power series, including each additional term
until the user is satisfied with the fit.
INJCAL is named INJCAL.DAT.

The output file written by

This file contains the number of terms in

the fitted power series, the constant term, and the coefficients of
the power series.

The file also contains the concentrations of the

standards, the average peak height, and the standard deviations of the
replicates.
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C
C PROGRAM TO DEVELOP F.I. CALIBRATION CURVE FOR MN
C
C J. DYKE
1982

r
J

DIMENSION CONCMN(10),RESPON(5,10),SIGMA(10)
DIMENSION A(10)
DIMENSION S(5).TOTAL(10),AVER(10),SD(10)
DIMENSION VMIN(10).VMAX(10)
DATA S/O.,O.,O.,O.,O.I
DATA ICHAR/351

C
C
C
C

900
901
899
903
904
1
C

INITIALIZE PLOT 10 PACKAGE AND
CLOSE SWITCH ON INJECTION VALVE RELAY
CALL INITT(30)
CALL PUTDAC(1,0)
TYPE 900
FORMAT(~ ENTER NO. OF CONC.
, NO. OF SAMPLES PER
ACCEPT 901iNPTS,NTIMES
FORMAT(215)
TYPE 899
FORMAT(~ ENTER SECONDS FOR BASE AND PEAK~)
ACCEPT 901, IBASE, IPKW
TYPE 903
FORMAT(~ ENTER [MNJ
ONE VALUE PER LINE~)
ACCEPT 904, (CONCMN(I),I=l,NPTS)
FORMAT(EI2.5)
DO 1 I=I,NTIMES
S(I)=I.
SET UP GRAPHICS
ENTER LARGEST RAW AID VALUE EXPECTED

C

C
C

TYPE 920
920
921
910

FORMAT(~ ENTER MAX FOR
ACCEPT 921,IMAX
FORMAT(I5)
TYPE 910, ICHAR, ICHAR
FORMAT(1X,Al,~WORK

GRAPHICS~)

20~/1X.Al,~GRAPHIC

IDELX=640./(IPKW*NTIMES)

C
DO 10 I=l,NPTS

C
C
C

LOOP ON NUMBER OF STANDARDS
11=1

C

1,20~)

CONC.~)
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905

-

TYPE 905,CONCMN(I)
FORMAT(' [MNJ = ',E12.5,' -- PRESS CR WHEN READY')
ACCEPT 901,IDUM
DO 5 J=l,NTIMES

,~.

C
C
C

CFIT
5
10

c

C
C

800
801
110
C
C
C

911
C
C
C

1001
1002
1003

C

COLLECT IBASE SECONDS OF BASELINE DATA THEN
IPKW SECONDS OF PEAK DATA
CALL COLLEC(BASE,IBASE)
CALL PEAKCIPKW,PKH,IDELX,II,IMAX)
RESPON(J,I)=PKH-BASE
RESPON(J,I)=PKH
CONTINUE
CONTINUE
TALLY IS FROM DEC'S SCIENTIFIC SUBROUTINE PKG.
CALL TALLYCRESPON,S,TOTAL,AVER,SD,VMIN,VMAX,5,10,IER)
TYPE 800
FORMAT~2X,'[MnJ
',2X,'RESPONSE
12X,'STD.DEV
')
TYPE 801, (CONCMN(I),AVER(I),SD(I),I=l,NPTS)
FORMAT(3(2X,E12.S»
MODE=l
DO 110 I=l,NPTS
IF(SD(I).EQ.O.) MODE=O
PLACE HOST IN MONITOR AREA OF 4025
TYPE 911,ICHAR
FORMAT(lX,Al,'MON H')
DO NONLINEAR FIT
CALL FIT(CONCMN,AVER,SD,NPTS,AO,A,NCOEF,MODE)
OPENCUNIT=l,NAME='INJCAL.DAT',TYPE='NEW')
WRITE(1,1001)NCOEF
FORMAT(lX,I5)
WRITE(1,1002) AO,(A(I),I=l,NCOEF)
FORMAT(S(2X,E12.5»
WRITE(1,1001) NPTS
WRITE(1,1003) (CONCMN(I),AVER(I),SD(I),I=l,NPTS)
FORMAT(3(2XX,E12.5»
CLOSE(UNIT=l)
CALL FINITT(1023,780)
STOP
END
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c
c
c

c
c
c

c
c
c

SUBROUTINE TALLY(A.S.TOTAL,AVER.SD.VMIN.VMAX.NO.
1 NV,IER)
DIMENSION A(I),S(I).TOTAL(I).AVER(I).SD(I).
1 VMIN(I),VMAX(l)
CLEAR OUTPUT VECTORS AND INITIALIZE VMIN.VMAX
IER=O
DO 1 K=l.NV
TOTAL(K)=O.O
AVER(K)=O.O
SD(K)=O.O
VMIN(K)=1.0E37
1 VMAX(K)=-1.0E37
TEST SUBSET VECTOR
SCNT=O.O
DO 7 J=l.NO
IJ=J-NO
IF(S(J» 2.7.2
2 SCNT=SCNT+l.0
CALCULATE TOTAL. MINIMA, MAXIMA

~
~

4
5
6

7

DO 6 I=I,NV
IJ=IJ+NO
X=A(IJ)
TOTAL(I)=TOTAL(I)+X
IF(X-VMIN(I» 3,4,4
VMIN(I)=X
IF(X-VMAX(I» 6,6,5
VMAX(I)=X
SD(I)=SD(I)+X*X
CONTINUE

C

C
C

CALCULATE MEANS AND STANDARD DEVIATIONS
IF (SCNT)8,8,9
8 IER=1

GO TO 15
9 DO 10 I=I,NV
10 AVER(I)=TOTAL(I)/SCNT
IF (SCNT-I.O) 13,11,13
11 IER=2
DO 12 I=l,NV
12 8D(I)=0.0
GO TO 15
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13 DO 14 I=1,NV
14 SD(I)=SQRT(ABS«SD(I)-TOTAL(I)*TOTAL(I)/SCNT)I
1 (SeNT-I.O»)
15 RETURN
END
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SUBROUTINE COLLEC(VALUE,ITIME)

C
C
C

,-

COLLECTS BASE LINE DATA FOR ITIME SECONDS RETURNS AVERAGE IN VALUE

~

1

SECOLD=O.
JVAL=O
START=SECNDS(O. )
SEC=SECNDS(START)
IF(SEC.GT.SECOLD) GO TO 100

GO TO 1
100

CALL GETADC(l,IVAL)
JVAL=JVAL+IVAL
SECOLD=SEC
-IF(SEC.LT.FLOAT(ITIME» GO TO 1
VALUE=FLOAT(JVAL/ITIME)
RETURN
END

18~

999

5

SUBROUTINE PEAK(IPKW,PKH,IDELX,II,IMAX)
DIMEN::;ION K(200)
DIMENSION·X(120),Y(120),SIGMAY(120),A(5),DELTAA(5)
DIMENSION SIGMAA(5),YFIT(120)
DATA DELTAA/1.,5.,5.,5.,5.1
DATA A/I0.,2.,15.,70.,1000.1
DATA ICHAR/351
TYPE 999, ICHAR
FORMAT(lX,A1,'WOR H')
IOLDX=II
IOLDY=O
DO 5 1=1,200
K(I )=0
MAKE INdECTION

C
C

1

CALL PUTDAC(1,2000)
:3ECOLD=O.
START=SECNDS(O.)
SEC=SECNDS(START)
ISEC=SEC
IF(SEC~LE.SECOLD) GO TO 1
AFTER 10 SECONDS - CLOSE VALVE

C
C

IF(SEC.GT.I0.) CALL PUTDAC(l,O)
C

GET VALUE AND PLOT IT ON SCREEN

C
C

901

CALL GETADC(l,K(ISEC»
IPLOT=(FLOAT(KCISEC»/FLOAT(IMAX»*280.
TYPE 901, ICHAR,IOLDX,IOLDY,II,IPLOT
FORMAT(1X,Al,'VEC ',4(I5,lX»
IOLDX=II
IOLDY=IPLOT
II=II+IDELX
SECOLD=SEC
IF(ISEC.LT.IpKW) GO TO 1

c

CHOSE PEAK PROCESSOR BY "GO TO 100"

C

C

CFIT
c

GO TO 100
SIMPLE 3 POINT AVERAGE OF LARGEST VALUE
IN PEAK WITH IS TWO NEIGHBORS
KMAX IS MAXIMUM VALUE, dMAX IS INDEX OF KMAX

C

c

C
C

KMAX=O
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DO 20 I=l,IPKW
IF(K(I).LT.KMAX) GO TO 20
KMAX=K(I)
JMAX=I
CONTINUE
PKH=FLOAT(K(JMAX)+K(JMAX+l)+K(JMAX-l»/3.
GO TO 200

20

C
CURVE FIT METHOD - USING TANKS-IN-SERIES

C
100
C
C
C

CONTINUE
PLOT OUT RAW DATA
DO 115 I=l,IPKW
X(I)=I
Y(I)=K(I)
CONTINUE
CALL DRAW(X,Y,O,IPKW)
1=0
CONTINUE
1=1+1

115
120

C
C
C

DO NONLINEAR LEAST SQUARES AND PLOT FIT
1

CALL GRIDLS(X,Y,SIGMAY,IPKW,5,0,A,DELTAA,
SIGMAA.YFIT,CHISQR)
CALL DRAW(X,YFIT,l,IPKW)

C
C
C
C
30

997
200
998

CONTINUE UNTIL 30 FITS OR CHISQUARED
IS LESS THAN 20
IF(I.GT.20) GO TO 30
IF(CHISQR.GT.20.) GO TO 120
CONTINUE
IT=(A(1)-1)*A(2)+A(3)
PKH=FUNCTN(X.IT.A)-A(4)
TYPE 997,PKH,A
FORMAT(6(2X.E12.5»
CONTINUE
TYPE 998, ICHAR
FORMAT(lX,Al,'MON H')
RETURN
~D
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SUBROUTINE FIT(X.Y.SIGMAY.NPTS.AO.A.NTERMS.MODE)
C
r

r

PERFORMES.LINEAR MULTIPLE REGRESSION
DIMENSION X(20),Y(20),SIGMAY(20),YFIT(100),XFIT(100)
DIMENSION M(10),A(10),SIGMAA(10),R(10)
INEXT=l

C
C
C

2
1
C
910
C
C
C

50

C

SET UP M AS COEFFICIENTS OF POWER SERIES
DO 2 1=1,10
M(I)=I
CONTINUE
FORMAT(I5)
KTERM=O
NTERMS=l
REGRESS ACTUALLY DOES REGRESSION
CALL REGRES(X,Y,SIGMAY,NPTS,NTERMS,M,MODE,YFIT.AO,A,
1 SIGMAO,SIGMAA,R,RMUL,CHISQR,FTEST)

~

I

C
C
r

C

-

I

PLOT RAW DATA
CALL DRAW(X,Y.O,NPTS)
SET UP PLOT OF FITTED FUNCTION BY CALCULATING
100 POINTS IN X RANGE

~

880
800

810

DELX=(X(NPTS)-X(1»/I00.
XX=X(l)-DELX
DO 880 1=1,100
XX=XX+DELX
XFIT(I)=XX
YFIT(I)=AO
DO 885 J=l,NTERMS
YFIT(I)=YFIT(I)+FCTN(XFIT,I,J,M)*A(J)
CONTINUE
CONTINUE
CALL DRAW(XFIT.YFIT,1,100)
TYPE 800,NTERMS,RMUL,CHISQR,FTEST
FORMAT(2X,'NUMBER OF TERMS ',I2~5X,
l ' MULTIPLE REGRESSION COEFF. ',F12.5,
2 12X,'CHI SQUARED ',E12.5,'
FTEST ',E12.5)
TYPE 810.AO
FORMAT(' CONSTANT TERM ',F12.5)
DO 100 I=l,NTERMS

185

820
100
C
C
C

TYPE 820,I,A(I)~R(I)
FORMAT(2X,'TERM ',12,'
CONTINUE

COEFF. ',F12.5,'

R ',F12.5)

IF(NTERMS.EQ.l) GO TO 200
C
840
850
200
860

290
291
300
870

FCHI=(CHIOLD-CHISQR)/CHISQR
TYPE 840,FCHI
FORMAT(' FCHI ',E12.5)
TYPE 850
FORMAT(' NEXT ORDER?
0 = YES, 1 = NO')
ACCEPT 910,INEXT
IF(INEXT.EQ.l) GO TO 300
CHIOLD=CHISQR
NTERMS=NTERMS+l
TYPE 860
FORMAT(' READY?')
ACCEPT 910,INEXT
IF(NPTS-NTERMS-l.EQ.O)GO TO 290
GO TO 50
TYPE 291
FORMAT(' CANNOT INCREASE ORDER - TOO FEW POINTS')
CONTINUE
TYPE 870
FORMAT(' ANOTHER FIT? O=YES; I=NO')
ACCEPT 910,INEXT
IF(INEXT.EQ.O) GO TO 1
RETURN
END
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SUBROUTINE DRAW(X,Y,MODE,NPTS)
C

c

DIMENSION X(l),Y(l)

IF(MODE.EQ.l) GO TO 100
C FIND MAX AND MIN
XMAX = O.
XMIN = 9999.
YMAX = O.
YMIN = 9999.
DO 10 I=l,NPTS
IF(X(I).GT.XMAX)XMAX=X(I)
IF(X(I).LT.XMIN)XMIN=X(I)
IF(Y(I).GT.YMAX)YMAX=Y(I)
IF(Y(I).LT.YMIN)YMIN=Y(I)
10
CONTINUE
XMIN=XMIN-.l*XMAX
XMAX=XMAX+.l*XMAX
YMIN=YMIN-YMA~*.l

100

140
150
200

c
c
c

C

YMAX=YMAX+.l*YMAX
CONTINUE
IMOV=O
DO 200 I=l,NPTS
IOUT=O
IF(X(I).LT.XMIN.OR.X(I).GT.XMAX) IOUT=l
IF(Y(I).LT.YMIN.OR.Y~I).GT.YMAX)
IOUT=l
IF(IOUT.EQ.l) GO TO 150
XX=(X(I)-XMIN)/(XMAX-XMIN)*1024.
IX=IFIX(XX)
YY=(Y(I)-YMIN)/(YMAX-YMIN)*780.
IY=IFIX(YY)
IF(IMOV.EQ.l) GO TO 140
CALL MOVABS(IX,IY)
IMOV=l
GO TO 200
CALL DRWABS(IX,IY)
GO TO 200
IMOV=O
CONTINUE
RETURN
END
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SUBROUTINE REGRES(X,Y,SIGMAY,NPTS,NTERMS,M,MODE,
1 YFIT,AO,A,SIGMAO,SIGMAA,R,RMUL,CHISQR,FTEST)
DOUBLE PRECISION ARRAY,SUM,YMEAN,SIGMA,CHISQ
DOUBLE PRECISION XMEAN,SIGMAX
DIMENSION X(1),Y(1),SIGMAY(1},MC1),YFITC1),A(1),
1 SIGMAA(1),RC1)
DIMENSION WEIGHTCI00),XMEANCI0),SIGMAX(10),
1 ARRAYCI0,10)
C
r
C

11

17
21

28
C
C
C
30
31
32

37
39
41
44

50
51

INITIALIZE SUMS AND ARRAYS
SUM = O.
YMEAN = O.
SIGMA = O.
CHISQ = O.
RMUL = O.
DO 17 I=l,NPTS
YFIT(I)=O.
DO 28 J=l,NTERMS
XMEAN(J)=O.
SIGMAX(J)=O.
R(J)=O.
A(J)=O.
SIGMAA(J)=O.
DO 28 K=I,NTERMS
ARRAY(J,K)=O.
ACCUMULATE WEIGHTED SUMS
DO 50 I=l,NPTS
IFCMODE) 32.37,39
IF(YCI» 35.37.33
WEIGHT(I)=I./Y(I)
GO TO 41
WEIGHT(I)=I./(-Y(I»
GO TO 41
WEIGHTCI)=I.
GO TO 41
WEIGHT(I)=I./SIGMAY(I)**2
SUM=SUM+WEIGHT(I)
YMEAN=YMEAN+WEIGHT(I)*Y(I)
DO 44 J=I,NTERMS
XMEAN(J)=XMEAN(J)+WEIGHT(I)*FCTN(X.I.J,M)
CONTINUE
YMEAN=YMEAN/SUM
DO 53 J=I,NTERMS
XMEAN(J)=XMEAN(J)/SUM
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57
C
C
C
61

67
71
72
74

78

C
C
81
91

r
C

C
101
102
104
105
106
107
108
111

FNPTS=NPTS
WMEAN=SUM/FNPTS
DO 57 I=l,NPTS
WEIGHT(I)=WEIGHT(I)/WMEAN
ACCUMULATE MACTICES R AND ARRAY
DO 67 I=l.NPTS
SIGMA=SIGMA+WEIGHT(I)*(Y(I)-YMEAN)**2
DO 67 J=l.NTERMS
SIGMAX(J)=SIGMAX(J)+WEIGHT(I)*(FCTN(X,I.J.M)
1 -XMEAN(J»**2
R(J)=R(J)+WEIGHT(I)*(FCTN(X.I.J.M)-XMEAN(J»*
1 (Y(I)-YMEAN)
DO 67 K=l.J
ARRAY(J,K)=ARRAY(J,K)+WEIGHT(I)*(FCTN(X,I,J,M)-XMEAN(J»*
1
(FCTN(X,I,K,M)-XMEAN(K»
FREE1=NPTS-l
SIGMA=DSQRT(SIGMA/FREE1)
DO 78 J=l,NTERMS
SIGMAX(J)=DSQRT(SIGMAX(J)/FREE1)
Rej)=R(J)/(FREE1*SIGMAX(J)*SIGMA)
DO 78 K=l,J
ARRAyeJ.K)=ARRAY(J.K)/(FREE1*SIGMAXeJ)*SIGMAX(K»
ARRAY(K,J)=ARRAY(J,K)
INVERT SYMMETRIC MATRIX
CALL MATINV(ARRAY,NTERMS,DET)
IF(DET)101,91,101
AO=O.
SIGMAO=O.
RMUL=O.
CHISQR=O.
FTEST=O.
GO TO 150
CALCULATE COEFFICIENTS, FIT, AND CHI SQUARE
AO=YMEAN
DO 108 J=I.NTERMS
DO 104 K=l,NTERMS
A(J)=A(J)+RCK)*ARRAYeJ,K)
A(J)=A(J)*SIGMA/SIGMAX(J)
AO=AO-A(J)*XMEANeJ)
DO 108 I=l,NPTS
YFIT(I)=YFIT(I)+A(J)*FCTNeX,I,J,M)
DO 113 I=l,NPTS
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113
115
C
C
C

121
122
124
131
132

136
141
145
146
150

YFIT(I)=YFIT(I)+AO
CHISQ=CHISQ+WEIGHT(I)*(Y(I)-YFIT(I»**2
FREEN=NPTS-NTERMS-l
CHISQR=CHISQ*WMEAN/FREEN
CALCULATE UNCERTAINTIES
IF(MODE) 122,124,122
VARNCE=1./WMEAN
GO TO 131
VARNCE=CHISQR
DO 133 J=I,NTERMS
SIGMAA(J)=ARRAY(J, J)*VARNCEI (FREE1*SIGMAX(J)**2)
SIGMAA(J)=SQRT(SIGMAA(J»
RMUL=RMUL+A(J)*R(J)*SIGMAX(J)/SIGMA
FREEJ=NTERMS
FTEST=(RMUL/FREEJ)/«I.-RMUL)/FREEN)
RMUL=SQRT(RMUL)
SIGMAO=VARNCE/FNPTS
DO 145 J=l,NTERMS
DO 145 K=I,NTERMS
SIGMAO=SIGMAO+VARNCE*XMEAN(J)*XMEAN(K)*ARRAY(J,K)I
1
(FREE1*SIGMAX(J)*SIGMAX(K»
SIGMAO=SQRT(SIGMAO)
RETURN
END
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SUBROUTINE MATINV(ARRAY,NORDER,DET)
r
r

10
11

c

C
C
21
23
24
30
C
C
C
31
32
41
43
50
51
53
60

DOUBLE PRECISION ARRAY,AMAX,SAVE
DIMENSION ARRAY(10,10),IK(10),JK(10)
DET=l.
DO 100 K=I,NORDER
FIND LARGEST ELEMENT ARRAY(I,J) IN REST OF MAXTRIX
AMAX=O.
DO 30 I=K,NORDER
DO 30 J=K,NORDER
IF(DABS(AMAX)-DABS(ARRAY(I,J») 24,24,30
AMAX=ARRAY(I,J)
IK(K)=I
JK(K)=J
CONTINUE
INTERCHANGE ROWS AND COLUMNS
IF(AMAX)41,32,41
DET=O.
GO TO 140
I=IK(K)
IF(I-K)21,51,43
DO 50 J=I,NORDER
SAVE=ARRAY(K,J)
ARRAY(K,J)=ARRAY(I,J)
ARRAY(I,J)=-SAVE
J=JK(K)
IF(J-K) 21,61,53
DO 60 I=I,NORDER
SAVE=ARRAY(I,K)
ARRAY(I,K)=ARRAY(I,J)
ARRAY(I,J)=-SAVE

C

C
r
61

ACCUMULATE ELEMENTS OF INVERSE MATRIX

J

63
70
71
74
75

DO 70 I=I,NORDER
IF(I-K) 63,70,63
ARRAY(I,K)=-ARRAY(I,K)/AMAX
CONTINUE
DO 80 I=I,NORDER
DO 80 J=I,NORDER
IF(I-K) 74,80,74
IF(J-K)75,80,75
ARRAY(IrJ)=ARRAY(I,J)+ARRAY(I,K)*ARRAY(K,J)
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80
81
83
90
100
C
C
r
101

105
110
111
113
120
130
140

CONTINUE
DO 90 J=l,NORDER
IF(J-K) 83,90,83
ARRAY(K,J)=ARRAY(K,J)/AMAX
CONTINUE
ARRAY(K,K)=l./AMAX
DET=DET*AMAX
RESTORE ORDERING OF MATRIX
DO 130 L=l,NORDER
K=NORDER-L+l
J=IKCK)
IFCJ-K)111,111,105
DO 110 I=l,NORDER
SAVE=ARRAYCI,K)
ARRAYCI,K)=-ARRAYCI,J)
ARRAYCI,J)=SAVE
I=JKCK)
IFCI-K) 130,130,113
DO 120 J=l,NORDER
SAVE=ARRAY(K,J)
ARRAYCK,J)=-ARRAYCt,J)
ARRAY(I,J)=SAVE
CONTINUE
RETURN
END
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FUNCTION FCTN(X,I,J,JTERMS)
r THIS IS A POWER SERIES FUNCITON TO BE USED WITH REGRES

C
C
1

DIMENSION X(l),JTERMS(l)
JEXP=JTERMSeJ)
FCTN=X(I}**JEXP
RETURN
END
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13
20

25

27
29
30
31
40
C

c

FUNCTION FCHISQ(Y,SIGMAY,NPTS,NFREE,MODE,YFIT)
DOUBLE PRECISION CHISQ,WEIGHT
DIMENSION Y(1),SIGMAY(1),YFIT(1)
CHISQ=O.
IF(NFR~E) 13,13,20
FCHISQ=O.
GO TO 40
DO 30 I=1,NPTS
IF(MODE) 22,27.29
IF(Y(I» 25,27,23
WEIGHT=l./Y(I)
GO TO 30
WEIGHT=l./Y(I)
GO TO 30
WEIGHT=1.
GO TO 30
WEIGHT=1./SIGMAY(I)**2
CHISQ=CHISQ+WEIGHT*(Y(I)-YFIT(I»**2
FREE=NFREE
FCHISQ=CHISQ/FREE
RETURN
END
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20
22

41

43
51
54

61
64

71
81

C

SUBROUTINE GRIDLS(X,Y,SIGMAY,NPTS,NTERMS,MODE,
1 A,DELTAA,SIGMAA,YFIT,CHISQR)
DIMENSION X(I),Y(I),SIGMAY(I),A(l),DELTAA(I)
DIMENSION YFIT(I),SIGMAA(I)
NFREE=NPTS-NTERMS
FREE=NFREE
CHISQR=O.
IF(NFREE)100.100.20
DO 90 JJ=I,NTERMS
J=NTERMS-JJ+l
DO 22 I=I.NPTS
YFIT(I)=FUNCTN(X.I.A)
CHISQ1=FCHISQ(Y,SIGMAY,NPTS,NFREE,MODE,YFIT)
FN=O.
DELTA=DELTAA(J)
IZER=O
A(J)=A(J)+DELTA
IZER=IZER+l
IF(IZER.GT.5) GO TO 90
DO 43 I=I,NPTS
YFIT(I)=FUNCTN(X.I,A)
CHISQ2=FCHISQ(Y,SIGMAY,NPTS, NFREE. MODE.YFIT)
IF(CHISQI-CHISQ2) 51.41.61
DELTA=-DELTA
A(J)=A(J)+DELTA
DO 54 I=I,NPTS
YFIT(I)=FUNCTN(X.I.A)
SAVE=CHISQl
CHISQ1=CHISQ2
CHISQ2=SAVE
FN=FN+l.
A(J)=A(J)+DELTA
DO 64 I=I.NPTS
YFIT(I)=FUNCTN(X.I.A)
CHISQ3=FCHISQ(Y.SIGMAY.NPTS.NFREE.MODE.YFIT)
IF(FN.GT.5.) GO TO 81
IF(CHISQ3-CHISQ2) 71.81.81
CHISQ1=CHISQ2
CHISQ2=CHISQ3
GO TO 61
IF«CHISQ3-CHISQ2).EQ.0.) GO TO 90
IF«CHISQ3-2.*CHISQ2+CHISQ1).EQ.0.) GO TO 90
DELTA=DELTA*(I./(I.+(CHISQI-CHISQ2)/
1 (CHISQ3-CHISQ2»+O.5)
A(J)=A(J)-DELTA
SIGMAA(J)=DELTAA(J)*SQRT(2./(FREE*(CHISQ3-2.*
1 CHISQ2+CHISQ1»)
IF(J.NE.l) DELTAA(J)=DELTAA(J)*FN/3.
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90
92
100

CONTINUE
DO 92 I=l,NPTS
YFIT(I)=FUNCTN(X,I,A)
CHISQR=FCHISQ(Y,SIGMAY,NPTS,NFREE,MODE,YFIT)
RETURN
END

C
C
FUNCTION FUNCTN(X,I,A)
C DEFINITION OF A
C
A(l)
NO. OF TANKS
C
A(2)
RESIDENCE TIME IN TANK
C
A(3)
STARTING POINT
A(4)
BASE LINE
C
r
A(5)
SCALER
r
DIMENSION A(l),X(l)
II=A(3)
IF(II.LT.I) GO TO 5
FUNCTN=A(4)
RETURN
5
CONTINUE
N=A(1)-1.
Zl=l.
DO 10 J=1,N
10
Zl=Z1*J
Z1=1./Zl
T=I-A(3)
Z2=EXP(-1*T/A(2»
Z3=(1./A(2»*(T/A(2»**N
FUNCTN=(Z1*Z2*Z3)*A(5)+A(4)
r
TYPE 999,Z1,Z2,Z3,A(4)
999
FORMAT( / Z /,4(2X,E12.5»
RETURN
END
J
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MNI2 MNI2 performs data acquisition and experimental control during
the actual kinetic experiments.

The program begins by asking the

use for information about the experiment to be performed.
timing values are requested and are

~ritical

Three

to the experiment. The

length of the experiment includes the time for both the baseline
determination and the monitoring of the manganese and iodine.

The

next value asked for is the manganese sampling rate. This value is
used for both the interval between injections for the FIA system and
for the length of time that baseline data is collected.
value is the time for the first manganese sample.

The third

This is the time

delay for beginning the FIA injections after the start of the chemical
reaction.
Execution of the program begins with the injection of a blank
sample into the FIA system.

for one length of the manganese sampling

interval, baseline information is collected.

At the end of the

baseline period the program rings the console bell twice.

This

signals the user to initiate the chemical reaction. Monitoring to the
iodine begins immediately following the second bell.

Monitoring of

the manganese is delayed until the titme for the first injection
(input by the user) has passed.
MNI2 writes an output data file containing the raw data values
from the AID convertor and the ammeter.

The first line of the file

contains the total experiment time, manganese sampling interval, and
the delay for the first manganese sample.

Following these are the AID

197
values for the FIA detector signal at one second intervals.
followed by the ammeter signals at one second intervals.

These are
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C PROGRAM COLLECT KINETIC DATA FOR THE
C REDUCTION OF MN02 BY IODIDE
r
C APRIL 1982
C
DIMENSION MN(2000),I2(2000)
DIMENSION IFILE(S)
,,,
DATA IFILE/~DX~,'I:',' ' , ' , ,
'I
DATA KNUM/35/
C
C
INITIALIZE DACS
C
CALL PUTDAC(O,O)
CALL PUTDAC(I,O)
C
C
ENTER DATA
C
TYPE·890
890
FORMAT(' ENTER FILE NAME')
ACCEPT 895,(IFILE(I),I=3,7)
895
FORMAT(5A2)
TYPE 900
900
FORMAT(' ENTER PARAMETERS FOR EXPERIMENT'//
1 ' LENGTH IN MIN.')
ACCEPT 901,TOTSEC
901
FORMAT(Fl0.0)
TOTSEC=TOTSEC*60.
ITOT=IFIX(TOTSEC)
TYPE 902
902
FORMAT(' MAXIMUM VALUES FOR MN AND 12 FOR GRAPHICS')
ACCEPT 903,MAXMN,MAXI2
903
FORMAT(2I5)
TYPE 904
FORMAT(' MN SAMPLING RATE IN SEC.')
904
ACCEPT 903,MNRATE
TYPE 905
905
FORMAT(~ TIME FOR 1ST MN SAMPLE IN SEC.')
ACCEPT 903,IFIRST
C
SET DAC A TO 0.3 VOLTS
C
ASSUME 5 VOLT RANGE
C
C
IDACA=0.3/5.*2048.
C
C
SET UP GRAPHICS ON 4025
C
640 PTS WIDE; 280 PTS HI
TYPE 906,KNUM,KNUM,KNUM
906
FORMAT(IX,Al,'WOR 20 H'/IX,Al,'GRAPHIC 1,20'1
~
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1 lX,Al,'LINE P')
DELX=640.ITOTSEC
DELYMN=280./FLOATCMAXMN)
DELYI2=280./FLOATCMAXI2)
C
C
r

INITIALIZE CONSTANTS
INJECT=IFIRST+MNRATE
IBELL=MNRATE-l
IOFF=10
X=l.-DELX

C
C
C
910
r
C
C
C

100

WAIT FOR CR TO START EXP.
ACCEPT 910,IDUM
FORMATCI5)
SET TIMER;
INJECT MN BACKGROUND SAMPLE
ISEC=l
CALL PUTDAC(1,2000)
START=SECNDS(O.)
CONTINUE
JSEC=SECNDS(START)
IF(JSEC.LT.ISEC) GO TO 100

C
C
C

COLLECT DATA
CALL GETADCC1,MNCJSEC»
CALL AMPS(I2(JSEC»

C
C
C

110

120

CHECK ACTION CONDITIONS
IFCJSEC.NE.IBELL) GO TO 110
CALL BELL
IFCIBELL.NE.MNRATE) IBELL=IBELL+1
CONTINUE
IF(JSEC.NE.INJECT) GO TO 120
CALL PUTDAC(1,2000)
INJECT=INJECT+MNRATE
IOFF=JSEC+l0
CONTINUE
IF(JSEC.EQ.IOFF) CALL PUTDAC(1.0)

C
C
C

PLOT DATA
X=X+DELX

200

920

c

IX=X
IYMN=MN(JSEC)*DELYMN
IF(IYMN.GT.280) IYMN=O
IYI2=I2(JSEC)*DELYI2
IF(IYI2.GT.280) IYI2=0
TYPE 920,KNUM,IX,IYMN,IX,IYI2
FORMAT(lX,Al,'VEC 0,0 ',4(I3,lX»
ISEC=ISEC+l
IF(ISEC.LE.ITOT) GO TO 100

C
C
930
935

EXPERIMENT IS OVER NOW
OPEN(UNIT=l,NAME=IFILE,TYPE='NEW')
WRITE(1,930)ITOT,MNRATE,IFIRST
FORMAT(315)
WRITE(1,935)(MN(I),I=1,ITOT)
FORMAT(1015)
WRITE(1.935)(I2(I),I=1,ITOT)
CLOSE(UNIT=l)
STOP
~D
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10

900
910

SUBROUTINE AMPS(IVAL)
DATA KNUM/35/
CALL RDAM(IERR,JERR,IS,I,J,K,L)
IF(IERR.EQ.1) GO TO 10
IF(JERR.EQ.1) GO TO 900
IVAL=I+10*J+100*K+1000*L
IF(IS.EQ.1) IVAL=-IVAL
RETURN
TYPE 910,KNUM,KNUM
FORMAT(1X,A1,'MON H'/'
1 1X,A1,'WOR H~)
IVAL=9999
RETURN
~D

C
C

OVERRANGE ON

AMMETER~/
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900

'=;IIRROUT I NE BELL
DATA IBELL/7/
TYPE 900,IBELL
FORMAT(lX,Al)
RETURN
END
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ADJUST ADJUST uses the two calibration data files to calculate the
concentrations of iodine and manganese from the raw data file produced
by MNI2.

The program starts by averaging the ammeter signal during

the baseline peiod.

It then subtracts this value from the ammeter

values during the chemical reaction.

The ammeter values are then

converted to iodine concentrations using the slope value from the
I2CAL.DAT file.
Two options for handling the mangaese baseline are available.
The first is to assume that the blank injection did not produce a
significant FIA signal.

In this case the baseline value is set to O.

The second option allows for the determination of a peak height for
the manganese blank injection.

This peak height is converted to a

manganese blank concentration.

The program then calculates peak

heights for the samples injected during the chemical reaction.

These

peak heights are converted to manganese concentrations using the
nonlinear calibration data.

The value of the manganese blank is then

subtracted from the manganese concentration for each sample.
values of

~odine

The

concentration and manganese concentration are written

to the file that contained the raw data.
plotted by the Tektronix plotter.

These values are also
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C PROGRAM TO ADJUST RAW DATA FOR MN AND 12
r USING CALIBRATION FILES
C

c

DIMENSION X(2000),Y(2000),MN(2000),I2(2000)
DIMENSION IFILE(S),A(10),M(10)
DATA M/1,2,3,4,S,6,7,8,9,10/
DATA IFILE/'DX','1:',' ' , ' "
',' ','

C
C
C

900
901
902
903

'/

INITIALIZE PLOT-10
CALL INITT(30)
TYPE 900
FORMAT(' ENTER FILE NAME FOR DATA FILE')
ACCEPT 901, (IFILE(I),I=3,7)
FORMAT(SA2)
OPEN(UNIT=I,NAME='INJCAL.DAT',TYPE='OLD')
READ(1,902) NCOEFF
FORMAT(1X,IS)
READ(1,908)AO, (A(I),I=1,NCOEFF)
FORMAT(S(2X,E12.S»
CLOSE(UNIT=1)
OPEN(UNIT=1,NAME='I2CAL.DAT',TYPE='OLD')
READ(1,903)ADUM,SLOPE
CLOSE(UNIT=1)

C

OPEN(UNIT=1,NAME=IFILE,TYPE='OLD')
r
C
C
C

C
C

904

C
C
C

10

ITOT - TOTAL TIME IN SECONDS
MNRATE - SAMPLING RATE FOR FIA SYSTEM
IFIRST - DELAY TIME FROM 1- INJECTION
FIRST MN SAMPLE
READ(1,904)ITOT,MNRATE,IFIRST
FORMAT(10IS)
READ(I,904)(MN(I),I=1,ITOT)
READ(1,904)(I2(I),I=1,ITOT)
CLOSE (UNIT=1)
OPEN(UNIT=1,NAME=IFILE,TYPE='NEW',
1 FORM='UNFORMATTED')
FIND BASELINE FOR 12
BASE=O.
DO 10 I=1,MNRATE
BASE=BASE+I2(I)
CONTINUE
BASE=BASE/MNRATE

T~
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ADJUST 12 VALUES
REPORT THEM AS MICRO-EQUIVALENTS

C
r
C
C
20
C
C

C960
C
C
r

DO 20 I=l,ITOT
Y(I+l)=(FLOAT(I2(I»-BASE)/SLOPE*10.**6
MAKE SURE THE CONC. IS GT 0
IF(Y1I+l).LT.0.) Y(I+l)=O.
X(I+l)=I
CONTINUE
STORE THE NUMBER OF POINTS IN THE FIRST
POSITION OF THE ARRAY - FOR PLOT ROUTINE
X(l)=ITOT
Y(l)=ITOT
CALL DISPLY(X,Y)
WRITE(l) Y(l)
WRITE(l) (Y(f),I=2,ITOT+l)
FORMAT(S(1X,E12.5»
FIND BASE PEAK FOR MN
TYPE 910

910
911
912
913
949

C
C
C
C
948

40
50
C

FORMAT(~ ENTER APPROX DELAY FOR MN PEAK~)
ACCEPT 911,IDELAY
FORMAT(I5)
TYPE 912
FORMAT(~ ENTER ACCURACY
AS %
OF Y VALUE THAT'
1 'EST. CAN BE OFF')
ACCEPT 913,ACC
FORMAT(Fl0.0)
TYPE 949
FORMAT(~ FOR INITIAL MN -- 0 = FLAT BASE; 1 = PEAK ')

CHOOSE WHETHER TO FIT A PEAK OR A FLAT BASE
FOR INITIAL MN CONC. BEFORE REACTION STARTS
ACCEPT 948,INIT
FORMAT(I5)
IF(INIT.EQ.O) GO TO 40
ISTART=IDELAY+1
CALL PEAK(MN(ISTART),MNRATE,IBASE)
GO TO 50
CONTINUE
XX=O.
GO TO 55
YY=IBASE
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r
C

55
1999

FINDX FITS NONLINEAR CALIBRATION FOR MN
CALL FINDX(YY,AO,A,M,ACC,NCOEFF,XX)
BASE=XX
TYPE 1999,BASE
FORMAT(' BASE ',E12.5)

C

C

ANALYZE PEAKS

C

1998
100

C

NPEAKS=(ITOT-MNRATE-IFIRST)/MNRATE
ISTART=IFIRST+IDELAY
DO 100 I=l,NPEAKS
ISTART=ISTART+MNRATE
CALL PEAK(MN(ISTART),MNRATE,IPKH)
X(I+l)=IFIRST+MNRATE*I
YY=IPKH
IFCYY.LT.O.> YY=O.
CALL FINDXCYY,AO,A,M,ACC,NCOEFF,XX)
TYPE 1998,NPEAKS,I,YY,XX
FORMAT(2X,I5,2X,I5,2X,EI2.5,2X,EI2.5)
Y(I+l)=(XX-BASE)*2.*10.**6
CONTINUE
X(l)=NPEAKS
Y(1)=NPEAKS
CALL PLOT(X,Y)
WRITE(l) X(1)
WRITE(1)(XCI),Y(I),I=2,NPEAKS+1)
CLOSE(UNIT=1)
FINIAIZE PLOT-l0 -- WILL NOT RERURN FROM FINITT
CALL FINITT(1,1)
END
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SUBROUTINE PEAK(IARRAY,LENGTH,IVAL)
DIMENSION IARRAY(l)
IBASE=O
C
C
C
C

50

USE FIRST 10 POINTS FOR BASELINE
OF CURRENT PEAK
DO 50 1=1,10
IBASE=IBASE+IARRAY(I)
IBASE=IBASE/l0
IMAX=IARRAY(ll)

r

C

c

100
C
C
C

FIND MAXIMUM VALUE OF PEAK
DO 100 I=ll,LENGTH
IF(IARRAY(I).LT.IMAX) GO TO 100
IMAX=IARRAY(I)
JMAX=I
CONTINUE
AVERAGE MAX WITH ITS 2 NEIGHBORS
IVAL=(IMAX+IARRAY(JMAX-l)+IARRAY(JMAX+l»/3
IVAL=IVAL-IBASE
RETURN
END
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C

10

15
20
999

900

80

40

SUBROUTINE FINDX(Y,AO,A,M,ACC,NTERMS,X)
DIMENSION A(l),M(l)
SEARCH FOR LARGEST COEFFICIENT A
AMAX=A(l)
IMAX=1
DO 10 I=2,NTERMS
IF(ACI).LT.AMAX)GO TO 10
AMAX=A(I)
IMAX=I
CONTINUE
XLOG=CALOG10(Y-AO)-ALOG10CACIMAX»)/FLOATCM(IMAX»
X=10.**XLOG
XLO=O.
XHI=X*2.
XMAX=XHI
YY~AO

ICOUNT=O
DO 20 I=l,NTERMS
YY=YY+ACI)*X**MCI)
TYPE 999,Y,YY,X.XLO,XHI,XMAX
FORMAT(2X,6(2X,F6.3»
IF(ABSCYY-Y).LT.ACC) RETURN
ICOUNT=ICOUNT+l
IFCICOUNT.LT.l00) GO TO 25
TYPE 900
FORMAT(' MORE THAN 100 ITTERATIONS !!!! !')
RETURN
CONTINUE
IFCYY.LT.Y) GO TO 80
GO TO 40
XLO=X
X=(XHI+XLO)/2
IF(XMAX-XLO.GT.ACC) GO TO 15
XMAX=XMAX*2
XHI=XMAX
GO TO 15
XHI=X
X=(XHI+XLO)/2
GO TO 15
END
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C PROGRAM TO DETERMIN THE REACTION ORDER OF THE REACTION
r
C
C
C
DIMENSION XI(10),XH(10),X(10),R(10),SIGMAR(10),A(3)
DIMENSION DELTAA(10),SIGMAA(10),YFIT(10)
TYPE 900
900
FORMAT(' ENTER NUMBER OF POINTS - MAX 10')
ACCEPT 901,NPTS
901
FORMAT(I5)
TYPE 902
902
FORMAT(' ENTER DATA - [IJ,PH,RATE')
DO 10 I=l,NPTS
ACCEPT 903,XI(I),PH,R(I)
903
FORMAT(3F12.5)
C
CONVERT PH TO HYDROGEN ION CONC.
XH(I)=10.0**(-PH)
10
CONTINUE

C
C
C
C
C
C
C
905

906
20
C

USER MUST ENTER ESTIMATES FOR THE RATE CONSTANT
AND THE EXPONENTS --- ALSO A DELTA FOR EACH.
THE DELTAS ARE USED TO VARY THE ESTIMATES
AS THE FIT IS MADE. SEE BEVINGTON ON USE OF
GRIDLS.
TYPE 905
FORMAT(' ENTER ESTIMATES FOR PARAMETERS AND DELTA ' /
1 ' IN THE ORDER K,A,B FOR THE EQUATION ' /
2 ' R = K * [IJ**A * [HJ**B ' /
3 ' WHERE K = CONSTANT * [MNJ**C')
DO 20 1=1,3
ACCEPT 906,A(I),DELTAA(I)
FORMAT(2F12.5)
CONTINUE
IPASS=O
IPASS=IPASS+l

100
C
C
C

GRIDLS IMPROVES THE ESTIMATES ONE AT A TIME
1

910
911

CALL GRIDLS~X,R,SIGMAR,NPTS,3,0,A,DELTAA,SIGMAA,
YFIT,CHISQR,XI.XH)
TYPE 910, IPASS,CHISQR
FORMAT(' FOR PASS ',15,' CHISQR IS ',EI2.5)
DO 110 1=1,3
TYPE 911,I,A(I),DELTAA(I)
FORMAT(' FOR PARAMETER ',12,' A IS ',EI2.5,2X,E12.5)
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110

CONTINUE
TYPE 912

912

FORMAT(~ NEXT PASS ???~)
ACCEPT 913,IDUM
FORMAT(Al)
IF(IDUM.NE.~N') GO TO 100
STOP
END
FUNCTION FUNCTN(X,I,A,XH,XI)

913

C
C
r
C

FUNCTION USED BY GRIDLS -- TAKES FORM OF RATE
EQUATION
DIMENSION X(l),A(l),XH(l),XI(l)
Y=A(1)*(XI(I)**A(2»*(XH(I)**A(3»
FUNCTN=Y
RETURN
E~
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