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ABSTRACT

The chemical aspects of the copper micronutrient requirement for algae
have been investigated. A reproducible copper requirement for Chlorells
vulgaris and Qocystis marssonii was demonstrated. Optimal growth was
observed a@bove 40 micrograms/l for Oocystis and 30/1 for Chlorella. A
study of the effects of EDTA on the toxicity of copper to Chlorella
showed that copper in chelated form was not toxic to these algae at
concentrations up to 46 mg/l copper. When only sufficient chelating
egent was present to keep the iron (III) in solution however, the toxic
effects of copper were evident at 7.00 mg/l of copper.

A second aspect of the project involved the development of a simple,
direct multiple standard addition method for the potentiometric analysis
of copper in water with a solid-state copper ion-selective electrode.

The technique is more sensitive than conventional atomic absorption
analysis, though not so rapid. Measurements are made in a complexing
antioxidant buffer medium containing acetate (to complex copper), fluoride
(to complex iron), and formaldehyde (to provide a reducing medium).

Keywords - Copper*, algal culture¥*, chelating agents¥*, electroanalysis,
potentiometry, eutrophication



3. Introduction and Objectives.

This research has had several objectives. One aspect of the
research is a continuation of research involving the application
of ion-selective electrodes to water analysis, which the principal
investigator has been conducting since 1968. Specifically, on
this project the copper electrode was used for very low level
copper analysis required for copper deficiency studies with algae.
A special standard addition technique was developed for use with
the copper ion-selective electrode enabling low level copper
analysis in natural waters and algal growth media.

A second aspect of the research involved a study of the copper
micronutrient requirement for algae and copper toxicity to algae.
Chemical aspects were emphasized.

A third aspect of the research had to do with the influence
of chelating agents on metal ion availability to algae. Particular
emphasis was put upon the influence of strong chelating agents on
the availability of copper to algae both below and above the opti-
mum levels of copper required for maximum algal growth. This kind
of study is needed because of the use, and proposed use, of strong
chelating agents as detergent phosphate substitutes. If these
substitutes are approved for wide scale use, it must be assumed
that until more adequate sewage treatment facilities are constructed
throughout the nation, the phosphate substitutes will become import-
ant pollutants in many natural waters.

4, Statement of Problem.

See pages which follow.
5. Method of Investigation.

See pages which follow.
6. Results.
See pages which follow.
7. Conclusions and Applications.

See pages which follow
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ABSTRACT

A reproducible copper requirement for Chlorella vulgaris

and Qocystis marssonii has been demonstrated by employing

a precipitate-free medium deficient in EDTA. Optimal growth
was observed above 40 pg/l Cu for Qocystis and 30 pg/l for
Chlorella. The EDTA medium employed simplifies the inter-
pretation of the effects of trace elements on algal growth.
By varying the chelate concentration in the medium at a
growth limiting concentration of copper, a dependence of the
two organisms on the free cupric ion concentration was also
demonstrated. An expression that allows the computation of
[Cu2+] from a consideration of the medium macrocomponents is
described. A study of the effects of EDTA on the toxicity

of copper demonstrated that chelated copper showed no toxic
effects at any environmentally realistic concentration (up to
46 mg/1 Cu). At reduced chelate concentrations, however,
toxic effects were evident. A simple, direct multiple stand-
ard addition method for the determination of trace levels of
copper in natural waters using a solid-state cupric ion elec-
trode is described., Sample pretreatment is not necessary.
Measurements as low as 1 pg/l Cu are conveniently made in a
0.0500 M complexing, antioxidant acetate buffer which elimin-
ates sample electrode interferences. A least-squares computer

program for accurate electrode calibration is also described.



SECTION I

THE RELATIONSHIP BETWEEN THE CHEMISTRY
OF COPPER AND ALGAL GROWTH



CHAPTER I
INTRODUCTION

The significance of trace-level substances in the
environment and in living organisms is a topic which is
now receiving increased attention. Much of the interest
in trace substances has been generated by a growing, genu-
ine concern over the chemical, biological, and physlological
gsignificance of "excesses" of these materials in the envir-
onment, The term "trace® is, however, a relative one. It
implies a relationship to the concentrations of the macro-
components in a given chemical system. Once the identity
of the major components in a system are known, it is often
possible to predict a deficiency or toxicity for the sub-
stances present at trace levels. The information may then
be used to establish criteria to suggest corrective action,
if necessary.

THE PROBLEM OF DETERMINING THE SIGNIFICANCE OF

TRACE METALS IN NATURAL WATERS

One of the characteristics of the role played by
physiologically active trace substances is their toxicity
when their concentrations exceed a certain value. The role
of trace substances such as trace elements in the metabolism
of organisms is still not well understood., Information
about the biological availability of trace elements is vir-

tually nonexistent. Biological and chemical data from



personnel concerned with environmental quality are, however,
slowly contributing to our knowledge in this area.

:Water analysis commonly reveals a number of elements
to be present at trace levels., A recent study has been
made of trace metals in waters of the United States [1].

The minimum, maximum, and mean observed levels of dissolved
trace elements as determined in this study are given in
Table I along with the number of positive occurrences and
the frequencies of detection for each element. Over 1500
samples were analyzed during a five-year period between 1962
and 1967. All analyses were performed using direct reading
emission spectrographic procedures with preconcentration

by evaporation, precipitation, or ion exchange. The per-
gistence of the common trace elements in widely varying
water types 1s certain evidence of their importance.

In 1962 the Public Health Service Drinking Water
Standards were revised in recognition of man's changing
environment and ;ts effect on water supplies [2]. A sum-
mary of the standards for soluble trace elements is given
in Table II. The standards were based upon the best and
latest information available at the time of their establish-
ment. In many instances absolute standards could not be es-
tablished for several reasons.

In determining water quality requirements it is essen-

tial to recognize that there are tolerable, favorable, and



SUMMARY OF TRACE ELEMENTS IN WATERS OF THE UNITED STATES [1]

TABLE I

No. of Positive Frequency Positiggssggsgs(gng)

Elements Occurrences Of Detection, % Min, Max, Mean
Zinc 1207 76«5 v 1183 64
Boron 1546 98,0  J 5000 101
Phosphorus 747 47.4 2 5040 120
Iron 1192 #2546 1 L4600 52
Molybdenum 516 32.7 2 1500 68
Mangsnese 810 51,4 0.3 3230 58
Aluminum” 456 31.2 1 2760 7h
Copper 1173 7h. 4 1 280 15
Barium 1568 99.4 2 340 43
Strontium 1571 99.6 3 5000 217

[1] 1,577 Samples (Oct.

+l,464 Aluminum Analyses

l, 1962 - Septn 30, 1967)¢



TABLE II

USPHS DRINKING WATER STANDARDS FOR SOLUBLE TRACE
ELEMENTS COMMONLY FOUND IN WATER

Max. Permissible

Metal Level (mg/1)
Arsenic 0,05
Barium 1.0
Cadmium 0.01
Chromium(VI) 0.05
Copper 1.0
Iron 0.3
Lead 0.05
Manganese 0.05
Silver 0.05

Zinc 5.0



essential levels of dissolved minerals as well as acute

and chronic levels. The fact that species in different
developmental stages may differ widely in their sensitivity
to various materials must be taken into consideration.
Differences in sensitivity are a function of age, sex,
health, and history. The young and the unborn seem partic-
ularly sensitive. Substances in suspension as well as in
solution may affect aquatic organisms directly or indirectly.
The problem is further complicated by the fact the "safe
level" depends upon other water quality characteristics.
After substances enter the environment they may be diluted
or concentrated by physical forces and may undergo chemical
changes that affect their biological availability. If they
are consumed by organisms they may be changed into mater-
ials that are more dangerous than the initial substances
consumed. One example is methylmercury which is produced

by anaerobic bacteria from inorganic mercury. At one time
inorganic mercury was thought to settle safely into bot-

tom sediments when discharged into water. However, it is
now known that anaerobic bacteria methylate mercury to a
soluble, and highly toxic form. Methylmercury is passed
through the food chain by algae and fish, eventually reaching
man, Interactions among organisms, plants, and water there-
fore preclude the establishment of a single set of universal

criteria for water quality. The problem is further complicated



by a lack of basic information concerning the availability
of nutrient and toxic substances to aguatic animal and plant
life.

Water quality standards are usually based upon guide-
lines for human health standards. The routine surveillance
of trace elements in water is concerned with those elements
found primarily in solution largely because suspended matter
is removed before the water is used for human consumption,
Although this approach is basically sound, neither does it
measure the total trace metal load in an aquatic system,
nor does it suggest the sultability of the water source
for purposes other than human consumption. Soluble trace
elements certainly contribute to the overall water quality
at thelr time of measurement, but it is the reservoir of
suspended trace elements that determines how long the
soluble trace elements may persist as conditions change.
Very little is known about the distribution of trace ele-
ments associated with suspended matter. Water quality
criteria are selected on the basis of the trace elements
in solution. The presence of trace elements in the sedi-
ment load is ignored. The question of the availability of
the various forms of the soluble trace element fraction as
nutrient and toxic substances is far from answered. The
effect of strong chelating agents on nutrient availability

is also largely unknown,



The appearance of strong chelating agents in indus-
trial wastes and the possible use of a strong chelating
agent nitrilotriacetic acid (NTA) as a phosphate substitute
in detergents has created considerable interest in synthetic
chelating agents and their effect on water quality. Because
of its concern with the effects of NTA in the aquatic envir-
onment, the Federal Government has banned the use of NTA
until completion of further testing. If NTA had proven safe,
an estimated 600 million pounds would have been used annually
in detergents by 1973 [3]. Other chelating agents (EDTA,
Deselex) are now finding limited use as detergent builders,

Essentially nothing is known about the relationship
between strong chelates and trace element availability in
aquatic ecosystems., The introduction of large quantities
of strong chelate may seriously alter the distribution of
the naturally occurring trace elements. They may solubilize
metals normally found assoclated with suspended matter and
enhance assimilation by aquatic organiems., The biodegrad-
ability and treatability of strong chelates in conventional
waste treatment processes is at this time questionable and
the accumulation of such substances in surface waters is a

definite possibility.
THE DETERMINATION OF TRACE ELEMENTS IN NATURAL WATERS

Natural water is a generally more dilute solution than



8
most solution chemists are accustomed to working with, Al-
though the general principles of solution chemistry are
applicable t¢ natural waters, factors other than the chem~
istry of a body of water contribute to its chemical compo-
sition, Natural water chemistry is the result of an
enormously complex series of chemical, physical, and
biological interactions. It therefore follows that some
understanding of these processes is needed before one can
act intelligently toward performing water analyses. A
complete analysis is a function of all the physical,
biological, and chemical factors that have contributed to
the sample taken for analysis.

Sampling is a vital part of determining water compo-
sition and is perhaps the major source of error in the
whole process of water analysis., Sampling problems are
not well enough recognized and some emphasis upon them
seems desirable. Natural waters are commonly poorly mixed,
Thermal stratification and the assocliated changes in water
composition are frequently observed effects. Trace elements
are often influenced by the presence of oxidizing or reduc-
ing conditions, with the reduced species usually increasing
in concentration with depth below the surface where bacterial
action reduces the level of dissolved oxygen. Trace elements
utilized by life forms in water are often considerably af-

fected. Single samples can only be assumed to represent the



spot within the body of water from which they came at the
time that they were taken.

The extent to which a small sample may be reliably
congsidered representative of a large volume of material
depends very much upon sampling technique. A sample com-
posed of several small samples taken from systematically
distributed points in a system is undoubtedly more repre-
gentative of the whole system than a sample collected from
a single point. Clearly the more portions taken, the more
nearly the sample represents the original, Yet while one
of the goals of water analysis may be to provide informa-
tion about the composition of a whole body of water, the
water within a certain region may be of greater interest.
Information about the variation in composition from place
to place or the variation in composition with time may be
required. Choosing and designing a sampling system that
will accomplish one or all of these goals requires con-
siderable thought. In short, the purpose underlying an
analytical study determines the sampling procedures that
will be required.

The examination of water for trace elements on site
is another important consideration in water analysis.
Certain properties of water, especially pH, are intimately
related to the enviromment of the body of water with which

they are associated. They are likely to be altered by

O
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storage. Under these circumstances a meaningful value

can be obtained only in the field. Changes in parameters
such as pH bring about other changes within the sample
taken for analysis. For most waters, gas dependent or
related equilibria are particularly sensitive to pH changes
caused by sample agitation. The precipitation of metal car-
bonates and hydroxides from CO2 containing samples is a
common problem in sampling natural waters for trace ele-
ments. Quite often the very insoluble metal carbonates and
hydroxides act as scavengers for other trace elements, copre-
cipitating trace elements even when their solubilities are
not exceeded, Determinations which can be made by potentio-
metric methods have been mentioned in literature as especi-
ally adaptable to field work [4]., On-site sensors for
continuous monitoring are also possible,

Suspended materials in natural waters may occur in a
wide range of particle sizes and in light of the earlier
discussion on the availibility of suspended ys. soluble
trace metals to biological systems it is frequently neces-
sary to distinguish between soluble and particulate species
in water., As the wide size range of particulate matter
may suggest, an exact definition of dissolved vs. particu-
late is not practical, The distinction is made using an
operational rather than an exact definition of the two

states, Where total and dissolved concentrations are to



i
be determined, the dissolved concentration is taken to be
the amount present after filtration through a membrane
filter with a nominal pore size of 0.45 microns. This
procedure does not give an exact separation of particles of
larger and smaller diameter than the nominal pore size due
to entrapment of smaller colloidal species as well as the
passage of larger species because of heterogeneity of pore
size in the filter. Obviously filtration should be carried
out as soon as possible after sample collection to minimize
changes from one state to another,

Recent advances in analytical instrumentation have
continued to decrease the minimum concentrations detectable
in a given medium. Consequently, concentration levels
formerly designated "undetectable" now fall well within
the detection 1limits for modern instrumental techniques.
Interest in the subject of trace elements has become inti-
mately related to the advances in instrumental methods of
analysis.

An adequate analytical procedure is the first require-
ment for the study of the effects of trace substances in
any system. The trace elements commonly found in natural
waters are found at concentrations less than 100 pg/l. Yet
the determination of constituents occurring to the extent
of 100 pg/l or less is as a rule difficult by the usual

methods of trace analysis without invoking some method of



12
sample pretreatment. Pretreatment is necessary to elimin-
ate interfering substances as well as to bring the element
studied into the proper concentration range for the tech-
nique chosen,

The most general methods of trace elemental analysis
that have appeared in the literature are distinguished by
their sensitivity and accuracy for a wide variety of samples.
The following techniques are commonly used for trace metal
determinations,

(1) UV - Visible Spectrophotometry

(2) Emission Spectrography

(3) Polarography and Voltammetry

(4) Anodic Stripping Voltammetry

(5) Neutron Activation Analysis

(6) Atomic Absorption Analysis
No individual technique is universally applicable to all
samples types and concentration ranges, but each is appli-
cable to a number of elements. The choice of any one
method, of course, depends upon the nature of the sample
matrix as well as the sensitivity and accuracy required.

Probably the most widely accepted technique for the
determination of metals is atomic absorption spectrophoto-
metry. The technique is quite selective, but again except
for a few metal ions such as Cd and Zn, conventional flame

atomic absorption cannot be successfully employed below



13
the 100 pg/l level. Sample preconcentration must be em-

ployed at precisely the level where contamination from
reagents and even laboratory water systems may have most
serious consequences. Reagent contamination is difficult
to detect when a sample preconcentration step is necessary.
Low levels of contamination must be inferred from a series
of standards and blanks run through the same preconcentra-
tion procedure as the samples taken for analysis. Sample
preconcentration at low levels may also modify the physical
and chemical characteristics of the species under consider-
ation.

Since trace metals in the aquatic environment are fre-
quently in the low pg/l range (1077 to 1077 M), one would
hope to find a suitable analytical procedure that could be
employed successfully for direct determinations on-site.
Yet strangely enough, none of the commonly used trace an-
alysis techniques is readily adaptable to on-site measure-
ments, The spectrophotometric techniques can be used on
site, but they lack the necessary sensitivity for measure-
ments to be made directly. Although neutron activation
offers the high sensitivity required, its use is restricted
by the requirement for available reactor facilities. Anodic
stripping voltammetry is also quite sensitive, but deposi-
tion times are quite dependent upon the sample matrix.

Methods for trace metal analysis in natural waters capable



14

of performing i

gsitu analysis on-site simply do not exist,

THE CONTROL OF ALGAL POPULATIONS

A large increase in population and the constant reuse
of water for industrial and domestic use in this country
have caused a nhumber of problems with nuisance organisms
in surface waters. Present methods of waste disposal have
become inadequate in some instances and are intensifying
the problem. As population and industrial demands increase,
ground water supplies have not been able to keep pace. More
and more cities and industrialized areas are turning to
lakes, streams, and reservoirs for potable water supplies,
While ground waters are relatively free of nuisance organ-
isms, surface waters may contain organisms that complicate
the development of suitable surface water supplies. Many
organisms become problems in surface water supplies when
they become overabundant, but among the most prevalent of
the nuisance organisms are the algae. Algae are normally
desirable inhabitants encountered in every water supply
exposed to sunlight. Excessive growths of algae, however,
commonly cause taste and odor problems, filter clogging,
and unsightly surface mats., Some forms of the blue-green
algae are capable of producing substances that are highly
toxic to other forms of aquatic life, higher animals, and

even man himself, An excessive growth of algae followed by



death and decay of the biomass consumes oxygen in water
resulting in the condition called "eutrophication".

The numbers and kinds of algae found in surface waters
depend upon environmental conditions. Industrial and domes-
tic sewage wastes have increased the productivity of these
waters by supplying nutrient materials for the growth of
algae and other microorganisms. With the continued dis-
charge of wastes and the associated increase in the produc-
tivity of surface waters, large "blooms" of algae have
become common-place,

A number of materials have been investigated as methods
of control or elimination of growths of algae, but copper
sulfate is probably the most widely used algal control agent
in the United States. Although it has been used for this
purpose since the turn of the century, the details of its
action in various types of water are still not fully known,
The popularity of CuSOu is undoubtedly due to its low cost
and high effectiveness, It is toxic to many algae at con-
centrations of 1 mg/l Cu or less while it is ordinarily
nonlethal to fish at these strengths. In highly alkaline
waters, however, it precipitates rapidly as CuCO3 and in
such instances is only effective for a short period of
time following application., Recent work has also shown
that organic matter present in bottom sediments as well as

the nature of clay materials present in colloidal suspen-
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sion determine the amount of copper removed from solution
by adsorption [5].

Algae are not all equally susceptible to copper and
this factor 1s often neglected in determining the concen-
tration applied. The dosage is usually determined by the
alkalinity of the water supply treated. If the bicarbonate
alkalinity is less than 50 mg/l, a rate of ca, 0.9 1lb/acre/
ft is applied. Above 50 mg/l the dosage is 5 1lbs/acre. In
waters with high alkalinity, penetration depth is relatively
unimportant since the rapid precipitation of the applied
copper makes it ineffective below the surface. The appli-
cation techniques for CuS0, are varied, but usually involves
dragging a bag of CuSOu'SHZO behind a boat. A zig-zag pat-
tern is followed from one side of the body of water to the
other until it is felt suitable application has been made.

The obviously crude application techniques and the
general lack of information concerning the fate of copper
in surface waters indicate that analysis of the water in
each individual application must be made to establish
whether optimum control rates have been reached and to
prevent further application when already dangerous levels
of copper are present. Copper sulfate has been observed to
sink immediately to the bottom when applied in crystalline
form where it is rapidly adsorbed by bottom muds [6]. After

combining with organic substances in these muds over many
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years of use, copper concentrations may be so high in
bottom sediments that sudden changes in water quality par-
ameters or rapid mixing may dissolve toxic quantities of
copper from bottom sediments. Contact of the sediment with
pollutant chelating agents could solubilize dangerous levels
of copper. The need for continued monitoring of copper

levels in such cases is also obvious,
STATEMENT OF THE PURPOSE OF THE STUDY

In the context of the previously presented arguments,
it became the purpose of this study (1) to investigate the
relationship between algal growth and trace levels of cupric
ion at nutrient and toxic concentrations for two representa-
tive organisms of the green algae, (2) to carry out these
investigations in a well-defined laboratory medium where the
concentration of soluble copper specles could be definitely
correlated to algal growth, (3) to study the influence of
strong chelates on the availability of soluble copper to
algal cells, (4) to investigate techniques of removing
trace levels of contaminant copper from reagents used in the
preparation of biological media, (5) to demonstrate the
suitability of the cupric ion-selective electrode to the
direct, on-site measurement of copper levels in natural waters,
and (6) to investigate the utility of the cupric ion electrode

as an aid in the preparation of metal-free reagents.,



CHAPTER II
THE ROLE OF ALGAE IN SURFACE WATERS

Because there exists a variety of aquatic environ-
ments that often differ markedly in chemical and physical
properties, it is not surprising that the many organisms
found within them also differ widely. Among these organisms
is a group known as the algae which often are the predominant
microorganisms in surface waters. The algae occupy a unique
position among the organisms of the aquatic world because
they are able to utilize light energy in the process of re-
ducing CO, to the oxidation state of cellular carbon. As
a result, the algae are an important link in the food chain
and are often called the primary producers in aquatic sys-
tems. Because the algae are the ultimate source of both
cellular carbon and chemical energy for other organisms in
aquatic systems, the biological activity of an aquatic eco-
system is very much dependent upon the rate of primary
production, The biological activity within the ecosystem is
in turn affected by the physical environment.

The energy found as organic matter in the primary pro-
ducers reaches the later stages of the food chain in several
ways. Some of the organic matter excreted in soluble form
or from decaying algal cells serves as nutrient material
for the growth of heterotrophic bacteria., The algae as

well as the bacteria may also be consumed directly and in
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this respect are a major source of food for the zooplankton
and young fish, A simplified food chain for a surface
aquatic zone can be represented as:

Primary Producers —> Zooplankton —> Larger Invertebrates

(Algae) % 'T

Bacteria

Larger Fish < Small Fish

The principle importance of algae is, therefore, their abil-
ity to give rise to large quantities of organic matter in
aquatic systems.,

In the process of producing cellular carbon with the
energy derived from photosynthetic processes, the algae
acquire reducing power by using water as an electron donor,
Oxygen is also produced from water as a by-product of the
photosynthetic light reactions during daylight hours. As
respiration is carried out by the nonphotosynthetic organ-
isms, carbon dioxide is released and oxygen is consumed
from the environment. For this reason, the levels of oxygen
and carbon dioxide in aquatic environments depend to a large
degree upon the relative rates of photosynthesis and respir-
ation being carried on collectively by the algae, bacteria,
and other organisms in the immediate area,

The algae make possible important chemical changes
through the release of oxygen and the consumption of carbon
dioxide during daylight hours. Oxygen is made available

for respiration carried on by all types of organisms from



fish to the smallest bacteria. The algae constitute the
primary source for the continuous daytime renewal of essen-
tial oxygen in lakes and reservoirs, Oxygeh release by
algae and oxygen uptake by aeration are the two primary
sources of oxygen in flowing surface waters. As algae
remove carbon dioxide from their surroundings they cause

an alteration of the pH in surface waters. The pH in such
a system will increase during daylight hours as a result of

the following reaction:

- hv e
Hco3 + H,0 —> CH,0 + 0, + OH (I-1)

At night when photosynthetic activity is at a minimum, the
reaction is reversed and the pH decreases.

Obviously, lakes and rivers normally contain many
genera of planktonic and benthic algae. Limited numbers
of algae are not troublesome, but rather a necessary link
in the aquatic food chain. Algae frequently do become a
problem in surface waters because of thelr capacity for
rather prolific growth under certain conditions. Algal
abundance varies with the degree of enrichment with algal
nutrients, the presence of toxic substances, temperature,
turbidity, and other parameters. Under conditions where the
proper nutrients are available, cell counts as high as
171,000 per ml have been recorded [7]. Such large quanti-
ties of algal material are the usual cause of difficulties

(eutrophication) in surface waters., The simple solution to
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the problems caused by excessive growths of algae would
seem to be to have the proper kind of algae present in the
appropriate amounts.

The abundance and types of algal flora in natural
waters are a function of levels and balances in available
nutrients, Yet all of the nutrients essential for optimal
algal growth are not known. Quantitative data are nearly
nonexistent. Some elements known to be important are ni-
trogen, magnesium, calcium, iron, silicon (for diatoms),
sulfate, oxygen, and carbon., In many systems, the abundance
of nitrogen and phosphorus determines algal production if
other conditions are favorable. The algae also require
trace levels of vitamins and a host of minor trace elements,
Not only are the various nutrients important, but their rela-
tive abundances can be of even greater importance, Limited
gtudies indicate that algae have phosphorus requirements
differing several-fold, usually somewhere between 0,01 and
0.05 mg/1 P, At these levels algal blooms may be expected
when all other required nutrients are available,

The nitrogen-phosphorus ratio is also of importance,
The ratio varies with water type, season, temperature, and
geological formation and may range from l:l or 2:1 to 100:1,
In natural waters the ratio is usually near 101l under

"normal" conditions. Another important factor in plant

growth is the availability of carbon dioxide and HCO3
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in a particular environment [8].

Under conditions where nitrogen-~phosphorus ratios are
optimal, the trace elements required as algal nutrients may
become growth limiting. This may be particularly true in
waters of high alkalinity where insoluble metal hydroxides
and carbonates are the major metal containing species, Pre-
cipitated trace elements are generally not available as algal

nutrients., Copper, zinc, and iron availability are affected.



CHAPTER III
REVIEW OF THE LITERATURE CONCERNING THE RELATIONSHIP
BETWEEN TRACE METALS, STRONG CHELATES AND ALGAL GROWTH
The trace element requirement of the algae has become

an important subject. The recognition that natural chelating
agents (generally fulvic acids, often called the "yellow"
or "humic" acids) as well as synthetic chelating agents from
domestic and industrial wastes are present in surface waters
has done much to clarify the relationship between nutrient
and toxic levels of the trace elements and algal growth.
The participation of many trace elements in metabolic func-
tions has been demonstrated, but unfortunately, often in a
manner where a quantitative estimate for a particular element
cannot be made. It is sometimes difficult to decide whether
the effects observed are due to changes in trace element
concentrations or to other changes within the culturing sys-
tem. An attempt to integrate information from widely diver-
gent fields of study is made here, but only a brief summary
of the more important publications on this subject can be

given,
TRACE ELEMENT DEFICIENCY STUDIES

Research in trace element nutrition is frequently con-
fused by the fact that the lack of any one of several trace

metals may produce very similar symptoms, usually retarded
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growth., Initial attempts at studying trace element deficien-
cies in algae were made in simple media sometimes without
adequate control of experimental variables. Early work was
further hampered by a lack of materials of suitable purity
for use in the preparation of nutrient media. Contamination
from culture containers and reagents has undoubtedly been the
most serious problem in both laboratory and field methods of
investigation of trace metal limiting systems. Recent im-
provements in reagents and purification procedures as well as
analytical methods for checking contamination should greatly
aid these studles in future years.

Of all the trace metals, copper 18 probably one of the
most extensively studied yet little is known about the algal
micronutrient requirement for it or the availability of the
various forms of copper found in natural waters to algal cells.
The literature concerning the algal micronutrient require-
ment for copper is limited to a single study in one paper [9].
The effects of the other required trace elements have been

gstudied to a similar extent.
MOLYBDENUM

Molybdenum is among the trace elements essential for
plant growth and has been demonstrated to be involved in
nitrogen fixation and nitrate reduction. Anabena has been

shown to require molybdenum when nitrate or nitrogen gas is
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used as a nitrogen source, but not when ammonia is used [10].
The necessity of molybdenum for all groups of algae has yet
to be demonstrated. In one of two of the most meaningful
papers concerning trace metal requirements for the algae,

Walker demonstrated that Chlorellas pyrenoidosa required

molybdenum when using nitrate, but not when ammonium ion or
urea was used as a nitrogen source [9]. Molybdenum is a
well-known cofactor of nitrate reductase where molybdenum
appears to undergo cyclic valence changes between Mo(V) and
Mo(VI) [11]. Goldman, suspecting that the very low concen-
trations of molybdenum found in natural waters might be of
biological importance, found that the phytoplankton community
in Castle Lake in Northern California responded to the addi-
tion of 50 pg/l Mo as sodium molybdate [12]. The distribu-
tion of molybdenum in the lake was followed colorimetrically.
Molybdenum was found to remain in solution for over a year,

through two periods of lake turnover.
VANADIUM

Vanadium has been shown by Arnon and Wessels to in-

crease the dry weight of Scenedesmus obligquus but the omis-~

sion of the element from the culture medium caused only a
slight decrease in chlorophyll content per cell [13]. Vana-
dium could not be replaced by molybdenum or a variety of

other elements. The response of laboratory cultures was
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greatest at 20 pg/l V. The vanadium requirement appeared to
be a thousand times greater than that for molybdenum. Gold-
man, in attempting to substitute vanadium for the molybdenum
deficiency in Castle Lake, was not able to achieve any change
in the phytoplankton community as a result of vanadium addi-
tion. Warburg found that vanadium stimulated CO2 uptake but
only at low light intensities [14]. Only V(V) proved effec-
tive as a source of the element. The necessity for vanadium
in media prepared for algal growth seems to merit further

investigation.
BORON

Boron has been reported necessary for the growth of
Nostoc muscorum with the minimum amount of boron required for
maximum growth about 9 x 1076 M [15,16]. Contradictory con-
clusions have been drawn about the necessity of boron for
Chlorella. Early work carried out in quartz containers
failed to demonstrate any boron deficiency, but McIlrath and
Skok found that boron-free cultures of Chlorella vulgaris
increased in cell number when boron was added., The optimum
concentration was 0.5 mg/1 B [17]. Bowen and co-workers in
a later study found that boron did not stimulate growth
significantly at any level between 10 pg/l and 100 mg/1 [18],
Fifty mg/l1 B was tolerated without affecting the growth rate.

Wetzel, however, found that in Borax Lake, California where
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the natural level of boron ranged from 440 to 850 mg/l1, some
increase in carbon assimilation could be obtained with boron
additions of 50 and 100 mg/l [19]. Goldman later pointed
out. that the stimulation maey have resulted from trace impur-
ities or pH changes induced when large amounts of the boron-
containing reagent were added [20]. Carefully controlled
studlies under conditions where boron containing glassware are
avoided will be needed to establish the necessity of this

element.
MANGANESE

Manganese has been demonstrated to be necessary for
the growth of Chlorella by several workers [9,21,22]. Walker
found 10~/ M to be sufficient for autotrophic growth of
Chlorella in an EDTA containing medium [9], but in later work
found that the Mn requirement under conditions of photoheter-
otrophic growth in the presence of EDTA was greatly enhanced.
In the absence of EDTA, 2.5 pg Mn were required per gram of
dried heterotrophically grown cells., It should be pointed
out that the formation of glucose (or urea) metal ion com-
plexes could have also enhanced the Mn requirement in absence
of EDTA, so that the quantitative Mn requirement given above
may apply only to the medium investigated. Later work con-
cluded that around 10~7 M was required for autotrophic growth,
although heterotrophic cultures showed deficiency symptoms
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only when the concentration of Mn fell below 1070 m [23].
Anacystis nidulans was apparently shown to give normal growth
in the absence of added Mn [24].

ZINC

Zinc at concentrations of 10 pg/l to 100 g/l has been
shown to be required by several algae in an EDTA medium,
Walker found that in a glucose-nitrate or urea-salts medium
void of EDTA, zinc concentrations below 100 pg/l caused a

marked decrease in growth for Chlorella pyrenoidosa [21]. A

higher rate of growth was obtained in the urea-containing
medium, but the point at which less than optimal growth was
observed remained essentlially the same. Photoheterotrophic
growth in the presence of EDTA greatly increased the zinc
requirement. Price and Vallee were able to show a zinc
requirement for Euglena gracilis grown heterotrophically in

a medium containing high concentrations of ammonium glutamate,
sucrose, and malic acid [25]. Cell yields were measured by

a turbidimetric procedure and trace metal salts were supplied
as ultrapure salts. The macrocomponents of the medium were
purified by extraction or ion exchange. The rate of growth
of the organism was independent of the concentration of zinc

6 to 3 x 1072 M Zn. The growth

in the culture medium from 10~
of the organism between 0 and 15 pg/i Zn was a linear function

of the concentration of the element.
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COBALT

Cobalt has been shown to be required for optimal growth
of a number of algae and is generally replaceable by vitamin
Bioe The element is a known constituent of the vitamin,
Holm-Hansen and co-workers have shown that cobalt is neces-
sary for optimal growth of several blue-green algae [26].
Benoit observed that oﬁly 2 to 13 per cent of the cobalt
present in pond water was tied up as the vitamin [27]. Gold-
man has found that eight out of ten lakes in New Zealand were
deficient in cobalt and addition of the element increased
photosynthetic carbon fixation [28]. In Castle Lake, where
a high natural concentration of cobalt exists, the addition
of 5 pg/1 Co(II) proved inhibiting to the phytoplankton

community.
IRON

The concentration of iron required for optimal growth
of the algae is open to some question. Walker found that

Chlorella pyrenoidosa grown photoheterotrophically in a

glucose containing medium required approximately 1 mg/l Fe
regardless of whether the iron was supplied as 1“e(CN)6"3 or
as the Fe(II)~EDTA complex [21]. Iron supplied as FeS0, was
found to be less efficient as an iron source in the absence
of EDTA with availability decreasing at higher pH values.
The pH dependence is probably due to the formation of
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insoluble Fe(III) hydroxide. In the presence of EDTA,

Fe(CN)6-3 and FeSO, were found to be equally effective as
iron sources., Other workers have reported that drastically
different concentratlons were required [29,30] for the same

organism.,
COPPER

The requirement of the algae for copper has been re-
ported only once in the literature, although it is known to
be involved in photosynthetic processes, Walker reported in
1953 that copper was essential for the growth of Chlorella

pyrenoidosa grown photoheterotrophically and that copper

concentrations less than 30 pg/l gave less than optimal

growth of the organism Lol Attempts to demonstrate a copper
deficiency with autotrophically grown cells failed, presumably
due to copper in either the reagents used to prepare the medium
or in the COz-AIR mixture used to aerate the cultures. It
should be noted, however, that a similar failure to show

copper deficiency in Euglena gracillis occurred with cells

grown heterotrophically [25]. Both studies were conducted in
Pyrex containers. It is this writer's experience that even
carefully cleaned Pyrex containers cannot be used for copper
deficiency studies in the low pg/l1 range (see Chapter VII),
Copper is particularly difficult to remove from distilled

water. In one study, Nicholas found 400 pg/i Cu in water
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removed from a tin-lined copper still after triple redistilla-
tion in Pyrex [31].

COPPER TOXICITY STUDIES

Because of the widespread interest in the use of copper
as an algicide in natural waters, the toxicity of copper to
the algae has been the subject of a number of studies. How-
ever, the availability and toxicity of the various forms of
copper remains obscure.

The growth of Chlorella pyrenoidosa has been studied in

a laboratory medium containing varying levels of copper [32].
A medium containing 250 mg/1 EDTA and 3 mg/l citric acid was
modified to exclude the two chelates since no influence of
copper could be demonstrated at copper concentrations found
in nature. Walker, however, had shown earlier that copper
was a required nutrient below approximately 30 pg/l Cu [9].
Neither the source of the reagents used to prepare the cul-
ture medium nor a reagent cleanup procedure were mentioned.
The medium without the chelating agents contained Fe(OH)3
which was held in suspension by a continuous air flow through
the cultures. The Fe(OH)3 bound copper so tightly, that
about 50 pg/i Cu was necessary to depress growth to the same
degree in high iron containing media as 1 pg/l Cu in a growth
medium containing 6 pg/l Fe., Additions of 1 and 5 pg/l Cu to

the non-chelating medium at pH 8 were found to extend the log
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phase to 24 and 48 hours, respectively, but the same rate of
growth as in the absence of added copper was sustained in the
log phase. The authors concluded that "it was possitble for
the culture to counteract the influence of copper after some
time"., The extention of the log phase is, however, normal
when the concentration of a medium component is changed, and
in light of previous studies, and data to be presented in
this study, it is unlikely that copper at these concentra-
tions is toxic to Chlorella. A similar experiment with the
diatom Nitzschia palea showed that copper at a concentration
of 12,5 pg/1 and an initial cell concentration of 107 organ-
iems/1 inhibited growth for four days, but copper additions
of 3.75 pg/1 and 6.25 pg/l were essentially without effect.

Hassal, in studying the effects of copper on the respir-

ation of Chlorella vulgaris, found that high concentrations

of copper caused no respiratory inhibition for several hours
in a pH 6,0, 10~ M phosphate buffer [33]. If the cultures
were shaken continuously in respirometer flasks, 0.1 M copper
gsulfate was not inhibitory for the short 7-20 hour periods of
exposure., When shaking was stopped, however, concentrations

of 2.0 x 10'4

M Cu decreased oxygen uptake by approximately a
factor of four over a period of four hours. The decreased
respiration was not closely related to the amount of copper
applied or to the amount present in the cells.

The search for new and more efficient algicides has
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been the subject of a number of papers. Palmer and Maloney
tested the effects of 76 potential algicides on algal cultures
grown in laboratory media [34]. six representative cultures
of algae were selected for their ability to produce rapid,
uniform growth under laboratory conditions. During 21 day
period of observation, the cell density in each flask was
compared to that in control flasks. Copper sulfate proved to
prevent growth or to greatly reduce growth in all six of the
algae tested at a concentration of 2 mg/1 CuSOu(anhyd.). The
medium used to test the effects of these materials contained
3 mg/l citric acid in addition to 3 mg/l ferric citrate at a

relatively high pH. It is interesting to note that Na,CuEDTA

2
applied at the rate of 2 mg/l caused no change in the rate of
growth in these experiments,
It was concluded in a recent study of the effects of
74 potential algicidal materials on mat producing blue-green
algae that copper is still the most suitable algicide for
controlling or suppressing the growth of these alage [35].
Hassal has reported that copper is highly toxic under
anaeroble conditions, but seldom reduces respiration for many
hours at much higher concentrations in aereated cultures [36].
This difference in toxicity cannot be explained in terms of
increased uptake. Comparison of copper uptake by dead and

living cells show that dead cells absorb copper rapidly, but

the total absorbed 1s the same as when copper kills the cells
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by prolonged anaerobic contact. Two-thirds of the copper
absorbed by living cells is retained after death, resisting
washing with Kzsob or distilled H20. In a later study,
Hassal noted that Chlorella vulgaris released k" upon uptake
of copper [37].

The sensitivity of algae towards copper prompted the
systematic investigation of the metal and nommetallic ion

tolerance of Chlorella vulgaris [38]. It was found that of

thirty metals, toxicity had a definite tendency to increase
with increasing atomic number. Cobalt, nickel, and copper
completely inhibited growth at very low concentrations ranging

from 4.2 x 10'6

to 2 x 1077 M. In view of their relatively
low atomic numbers, the toxicity was regarded as a specific
algotoxicity.

A survey of the toxicity of zinc, copper, and lead to
Chlorophyta taken from flowing waters and studied laboratory
conditione was made by Whitten [39]. Twenty populations each

of Stigeoclonium tenue and Cladophora glomerata were inves-

tigated to see if any variation in metal resistance could be
found in natural populations, All populations gave similar
results for copper and lead with a slight variation in resis-
tance to zinc.

Fitzgerald and Faust presented data from laboratory
studies that five sources of copper appeared to be equally

toxic to algae [40]. Microcystis aeruginosa and Chlorella
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pyrenoidosa were used as test organisms. The toxicity of
solutions of CuSOu and of a mixture of 1 part CuSOu and 2
parts citric acid to Chlorella were compared along with three
commercial algicides a chelate-free medium (Allen's medium).
Concentrations of 0.5 mg/l Cu or greater were toxic to
Chlorella after seven days contact time whether they were
supplied as copper sulfate or as the citric acid complex. In
a second medium (Gorham's medium) maintained at pH 7, analyses
of filtered and unfiltered samples at the start of a similar
test and after 12 days treatment revealed that only 8 per
cent of the copper from the CuSOu was soluble whereas 78 per
cent of the copper from the CuSOu-citric acid solution was in
a soluble form, Unfortunately, the total copper concentration
at which the analyses were carried out was not specified. The
two sources appeared to be equally toxic to an unidentified
Chlorophyte, indicating that either copper is toxic to algae
regardless of whether it is in a soluble or insoluble form
as the authors concluded or that the formation of insoluble
copper species is necessary for a toxic effect and that copper
added over and above the medium solubility has little effect,
The toxicity of copper sulfate to Chlorella was com-
pared in Allen's medium (no chelate), Allen's medium with iron
supplied as Fe(III) chelated with EDTA, and Gorham's medium
containing Fe(III) citrate and 1 mg/1 (3.4 x 10_6 M) EDTA.

The results of these tests are given in Table III, One mg/l



36

[o4] eousaszay UT USATH 3BY} WOIJ PO3BINOTED BIB(w

Ao-OH X 4°¢)
viaz'y 1/3u 1+
(W 40T x 8) (0T X T°€)
np /3w G°0 PTOY OTI3TD T/Fw 9+
(¢_0T * 8°T) (W ¢_0T ¥ 8°T)
0°HS -23BI3TO (IIT)od /9w 9 0°HG:93BA3TD (III)ed 1/3u g
(W ¢-0T ¥ 2°¢) Am-oa X 0°2) (W ¢0T X 8°T)
np 1/3um 0°2 0%Hz - vIazlen T/3u #°4 maomm T/3u ¢
(W o 0T X #) (W c_OT X 8°T)
np T/3w 52*0 £ 1004 T/3u ¢
T K3ToTXOf . [ °3eTeud | [(IITI)ad]
J0J peaatnbey
[(1II)nD]

8, WBYJIOH

8,Us TV
PRTITPON

8,UsTTY

TATDON

#»ZLVITHD J0 STHATT ONIXYVA HIIM ANV (III)®d 40 XTIddNS 40 SAOHIAW ONIXYVA
HIIM VITHYOTHO OL VIAINW TVIOIAIL¥Y NI (II)nD 40 XIIDIXOL 40 NOSI¥VJIWOD

ITITI dI4VL



37
CuS04-5H20 is toxic to Chlorella in Allen's medium after 5

days, whereas 2 mg/l are required in Gorham's medium, and
8 mg/l are required in Allen's medium with EDTA chelated iron.
The toxicity of CuSOu-5H20 to Microcystis aeruginosa

with four sources of iron are given in Table IV, Apparently
an excess of a very strong chelate over iron in the medium
decreases the toxlicity of copper. The authors also pre-
sented data that 4 and 8 mg/1 CuSO)*5H,0 (1 and 2 mg/1l Cu)

did not kill Chlorella pyrenocidosa but caused virtually com-

plete inhibition of growth after 14 days exposure. Subcul-
tures of the original treated cultures grew at copper con-
centrations of 6.1 mg/1l Cu.

Toth and Reimer investigated the behavior of copper in
ponds when applied as Cu804-5H20 [41]. Adsorption studies
with humic acid and the clay minerals Kaolinite, Illite,
and Montmorillonite showed that the amount of copper removed
from solution after application will largely be determined
by the suspended and bottom material., One gram additions
of each of the minerals and 0.25 grams of humic acid were
added to separate 100 ml volumes of copper sulfate solution
in the pH range 3 to 5, Complete adsorption of copper occur-
red at 2.0 mg/l added Cus0,*5H,0 (0.5 mg/1 Cu) in all systems,
This copper concentration represents 2 to 4 times the normal
application rate for algal control., High rates of removal

should be expected with sediments high in clays. The copper



TABLE IV

COMPARISON OF TOXICITY OF Cu(II) TO MICROCYSTIS AERUGINOSA IN GORHAM'S
MEDIUM WITH VARYING METHODS OF SUPPLYING Fe(1I1l) AND WITH VARYING LEVELS OF CHELATE*

[Cu(II] Required

[Fe(I11)] [ Chelate]] for Toxicity
3 mg/1 FeCl 6 mg/l Citric Acid 0.013 mg/1l Cu (2 x 1077 M)
(1.8 x 1075 M) (3.1 x 1072)
6 mg/1 Fe(III) Citrate5H,0 6 mg/l Citric Acid 0.013 mg/1 Cu (2 x 1077 M)
(1.8 x 1070 M) (3.1 x 1079)
3 mg/1 Fe(III) Citrate
(1.8 x 10—5)
6 mg/1 Fe(III) Citrate:5H,0 6 mg/l Citric Acid No Evidence of Toxicity at
(1.8 x 1072 M) (3.1 x 1077) 0.076 mg/1 Cu (1.2 x 10~ M)
3 mg/1 Fe(III) Citrate
(1.8 x 1077)
1 mg/1 H)EDTA (3.4 x 10'6)
3 mg/1 FeCl 6 mg/l Citric Acid No Evidence of Toxicity at
(1.8 x 1077 M) (3.1 x 10‘5) 0.076 mg/1 Cu (1.2 x 10'6 M)
7.4 mg/1 Na,EDTA«2H,0
-5
(2.0 x 107°)

*Data Calculated from that Given in Reference [40]

]9



39
was strongly sorbed and 2 washings with 1 N HC1l failed to

completely release the fixed copper.

In an earlier paper concerning the precise control of
algae in ponds, Toth and Reimer concluded that prior analysis
of the water in individual ponds would be necessary to estab-
lish optimum control rates for copper [42], Granulated cop-
per sulfate was applied to two ponds at total concentrations
of 0.250 mg/l Cu and to one at a total concentration of 0,187
mg/1l Cu. Soluble copper concentrations in the waters never
approached more than 50 per cent of that calculated from the
amount of copper applied and essentially no stratification
with depth was evident after 24 hours even though the copper
sulfate crystals were observed to sink to the bottom upon
application. Much of the copper apparently was sorbed by

bottom muds,



CHAPTER IV
TECHNIQUES AND TEST CONDITIONS CHOSEN FOR
THE STUDY OF ALGAL GROWTH
There are essentially two techniques for the study of
the effects of nutrient and toxic substances on microorgan-
isms in general use:

(1) a static test in which the test solution is not
chang?d during the period of exposure to the
organism,

(2) a flow-through test in which the test medium
and test materials are continually renewed
during the perlod of exposure,

Measurements made under flow-through test conditions are
generally thought to be more reliable because under static
conditions a significant fraction of the test material that
is present initially may be consumed by the organism under
study. The complicated work of building an elaborate supply
system and metering devices, however, limits the utility of
the flow-through system which may or may not represent con-
ditions in actual aquatic environments where in many cases
the concentration of certain nutrients or toxicants will not
be constant, but will vary with time. The increased likeli-
hood of trace contamination and the cost of maintaining

such a system in studying the effects of trace metals makes
the use of the flow-through test for the study of these

substances nearly prohibitive.

Conditions that simulate the flow-through test can,
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however, be approximated by the static test through the
control of experimental variables and the time at which growth
measurements are made. During the exponential growth phase,
the rate of growth reaches a constant value., Nearly all the
cells formed are viable, and consequently, cell mass and cell
number increase at the same rate. Generally, the rate of
microorganism growth is proportional to the concentration of
its least avallable nutrient when that nutrient is growth
limiting. Consequently, when exponential growth occurs, the
concentration of the growth limiting nutrient remains essen-
tially constant. The major disadvantage of the static test
can be overcome, therefore, by measuring the microorganism
growth in the late log phase where nutrient limited expo-
nential growth is occurring, but where a sufficient density
of organisms is not present to significantly reduce the
initial quantity of the test materlal introduced into the
medium or to produce metabolite waste products that would
limit growth.

Another advantage of the flow-through system is that
water soluble gas concentrations (C02, 0,5, etc.) and pH may
be maintained at constant values because of the continued
renewal of these materials as new medium is introduced.

These parameters may also be controlled quite well under
static conditions, especlally when autotrophic organisms are

studied, and the carbon source can be supplied as an air-
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carbon dloxide mixture. The COzlAIR”ratio can be used to
control the pH of the medium quite well, especially when
large population densities are not allowed., The general
tendency for the pH to rise as algal growth proceeds in
static systems is likewise lessened when results are inter-
preted early in the growth of the population.

Most of the studies concerned with the effects of trace
metal concentrations on algal growth have measured the con-
centrations of materials that elther increase or decrease
physiological processes rather than the concentrations that
cause a decreased rate of growth in the test population.,

Many of the measurements of cell growth are based upon chlo-
rophyll production, a parameter which in itself may be
strongly related to the concentration of the material under
study. Under conditions where measurements can be made in a
medium of low turbidity, and during or near the exponential
growth phase, a simple turbidity measurement is both an accu-
rate and rapid means of cell enumeration. A calibratioh
curve of the absorbance of the cell suspension ys. dry cell
weight per unit volume of medium and/or total cell count per
unit volume of medium can be prepared. The rapidity, repro-
ducibility, and precision with which turbidity measurements
can be made is an added feature of this technique. Since
growth measurement by turbidimetric techniques is nearly

independent of the physiology of the cell, 1t is ideal for
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the measurement of the growth rate when exponential growth is
occurring and nearly all cells are viable. If turbidimetric
measurements are made well into the statiomary phase, many
of the cells in the medium will be nonviable, but still cap-
able of scattering light. Total cell counts made under con-
ditions of exponential growth are, however, a close approxi-
mation of the viable cell count.

Although the results of toxicity studies usually are
reported as 96 hour median tolerance limits, ie., the con-
centration that kills 50 per cent of the test organisms
within the specified time span, the death point of algal cells
is difficult to determine except by subculturing. The mea-
surement of the death point is relatively unimportant if a
50 per cent reduction in the rate of growth is used as a
measure of the toxicity of the substance belng tested, A
growth rate assessment is also easier to evaluate and gener-
ally more reliable than subculturing to determine viable cell
count. The point at which a 50 per cent reduction in the
growth rate occurs is a useful quantity in evaluating growth
inhibition when copper 1s used to control algal populations

in natural waters.



CHAPTER V

A PRECIPITATE-FREE ALGAL GROWTH MEDIUM AND AN EXPRESSION FOR

THE COMPUTATION OF TRACE ELEMENT SPECIES THEREIN

It seems that many earlier studies concerning the trace
element nutrition of the algae were complicated by the lack
of a suitable growth medium that would enable investigators
to compute, within reasonable accuracy, the concentrations
of the various trace element species found in solution,
Most laboratory media are simply poorly defined chemically in
terms of their trace element content. Prepared media that
are not precipitate-free are probably the most difficult to
handle mathematically. The introduction of the so0lid phase
raises the question of whether certain equilibria are ever
established. The "availability" of the metal hydroxides,
carbonates, and phosphates to algal cells is currently open
to question. Adsorption and coprecipitation phenomena which
can occur in such systems leads to additional complications
that defy simple chemical definition., To the author's know-
ledge, no attempt has been made to prepare a complete algal
growth medium that was both suitable for growth and at the
same time chemically well defined. Combining the information
derived from observations made in simple, defined systems
will allow a more meaningful interpretation of the complex
interactions that occur in environmental systems.

An EDTA medium was chosen for use in this study to
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facilitate the calculation of equilibrium concentrations of
Cu2+. The trace element composition of the medium is similar
to that used by Walker [9J. The presence of the strong com-
plexing agent prevented the formation of insoluble zinc and
iron species which are probably not available for algal up-
take. The addition of EDTA to the culture medium also allows
the maintenance of comparatively large reservoirs of trace
elements that can support rapid growth. Extended periods of
rapid growth can be effected without requiring replacement
of the medium components. The fraction of the total con-
centration of any one trace element that is depleted by
cellular uptake in a properly designed medium will, therefore,
be insignificant for short periods of growth. This means that
the initial concentration of a trace component in the medium
nmay be used to calculate the species present after algal
growth has occurred.

The composition of the medium used in this study is
given in Tables V and VI. The medium contains only enough
chelating agent (EDTA) to keep the trace elements Cu, Fe, Zn,
Mo, Ca, and Mn in solution, The medium contains a total
chelatable trace metal ion concentration of 1,00 x 1073 M
and has a pH of 7.0 in equilibrium with air. In such a sys-
tem, all the trace metal species more strongly complexed

2

than Mg * by EDTA have their free concentrations determined

vy [Mg?*|/[Mg-EDTA?~ ], If the pH is within an acceptable



TABLE V

CONTRIBUTION FROM MACRONUTRIENT, pH ADJUSTING, AND VITAMIN SOLUTIONS
TO MEDIUM USED FOR ALGAL GROWTH AT A CONSTANT CONCENTRATION OF EDTA

From Macronutrient Solution:

Salt Molarity (x 10°) mg/1 Ion Weighing Form Wt., Salt (mg/1)

KN .00 1 NO.~ 100
0, 10.0 391 No, KNO, 000
Mgso,, 5.32 129 mg?* MgS0,, « 7H,0 1311
KH,PO,, 1.50 5 KH, PO, 204
285 PO,
K,HPO,, 1.50 K,HPO,, 261
From KOH Solution:

Salt Molarity (x 10°) mg/1 Ion Weighine Form Wt. Salt (me/1)

KOH 2.6 i KOH

From Vitamin Solution:
Vitamin mg/l

Thiamine+«HC1 200

Biotin 10

B 1.0

12

o



TABLE VI

CONTRIBUTION FROM TRACE ELEMENT SOLUTION TO MEDIUM USED FOR ALGAL
GROWTH AT A CONSTANT CONCENTRATION OF EDTA

Component Molarity §x103) mg/1 Ion Weighing Form Wt, Salt (mg/1)
Na,EDTA«2H,,0 1.50 558 Na,EDTA - 2H,0 558
3+
ca?t 0.399 16.0 caco, 40.0
zn?* 0.331 21.6 ZnS0,, + 7H,0 95,2
Mn?* 0.091 5,0 MnSO, *H,0 15.0
6+
Mo 0.0042 0.40 NaZMooh-ZHZO 1.0
g3+ 0.092 1.00 H,BO, 5,70

Total Chelatable Trace Metals = 1,00 x 103 M

Lty
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range (to be discussed later), the equilibrium [Cu2+J can be
expressed in terms of the formal concentration of EDTA, CY'
and Cu(II), C,,» expressed in moles/1iter. The formation
constant expression for the CuYz- complex can be written in

the following manner if it is assumed that essentially all

the copper in solution is present as cuy?",
2+ CCu
[cu®™] = (1-2)
[Y“‘] K
f,Cu

18, the formation constant of the

where Kf,Cu = 6.3 x 10
Cu(II)-EDTA complex [43].

The formal concentration of Mg(II), C, , is such that

Mg
only a fraction of this ion is complexed. Using the same
reasoning as above, the [Mng'] and [Mgz+] are given by the

following:
2-7 _
[MgY ] . CY i CTM (1'3)

[Mg?*] = ¢, + ¢

g ¥ Cpy - C

where CTM is the total chelatable trace metal concentration.
Substituting these values into the formation constant
expression for the Mg-EDTA complex, the concentration of

free chelate can be expressed in the following manner:

C, - C
[¥*] = Lo M (I-5)
(Cyg + Cmy = Cy) K mg

where K = 1,0 x 109, the formation constant of the Mg(II)-

f,Mg
EDTA complex [43]., By inserting equation I-5 into equation I-2
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and rearranging, the final expression for free cupric ion

becomes
K C + C - C
2+ .M Mg TM X
[Cu*"] = K—J—g'x x C (I-6)
£,Cu Cy = Cpy Cu

= (Term 1) x (Term 2) x (Term 3)

The effect of adding complexing agent under these con-
ditions is to lower the concentration of free Cu2+. A simi-
lar expression could be derived to describe the distribution
of the other chelated trace metal species in the medium and
their dependence on the concentration of chelate present. If
the formal concentration of EDTA is varied from 1.1 x 1072 M
to 5.1 x 107> M, with Cyg = 5432 1077 M and Cpy = 1.00 x 107
M, Term 2 ranges from 52,2 to 0.30 which corresponds to a
177-fold change in [Cu2+]. The [Cu2+] is quite low (5 x 10717
M even at a formal concentration of 1,10 x 107> M EDTA).
Equation I-6 is accurate to within 1 per cent in the pH range
from 6 to roughly 12. The lower pH limit is due to the disso-
ciation of the Mng- complex and the upper limit to the pre-
cipitation of Cu(OH)z.



CHAPTER VI
REAGENT PURIFICATION METHODS

A copper analysis of the reagent-grade materials to be
used in the preparation of the growth medium for this study
showed that at the concentrations necessary for algal growth,
a significant amount of cul?t (5.3 pg/l) entered the growth
medium as a reagent contaminant (Table VII), The analyses
for contaminant copper were performed on concentrated solu-
tions of each reagent against freshly prepared standards
using a Perkin-Elmer Model 403 Atomic Absorption Spectro-
photometer equipped with a three slot burner head. Reagent-
grade materials typically contain lO"3 to 10'“ per cent
copper. For a single reagent, a large variation in copper
content was noted in freshly opened bottles from several
manufacturers. Therefore, the reagents chosen for the pre-
paration of the growth medium were carefully selected for
their low copper content.

Since it was desired to study total Cu(II) concentra-
tions as low as 1 pg/l, prior purification of the reagents
used for the medium preparation was necessary. For purifi-
cation purposes, the medium components were separated into a
trace element solution and a macronutrient solution. A con-
trolled potential electrolysis procedure was used on a 0,200 M
solution of NazEDTA since it was found that this component was

the major source of copper in the trace element solution.



TABLE VII

CONTRIBUTION OF EACH MEDIUM COMPONENT TO Cu2+ CONTAMINATION IN THE FINAL
GROWTH MEDIUM AS DETERMINED BY ATOMIC ABSORPTION ANALYSIS

Cu2+ Contamination Due to

Medium Grams Cu Per Gram of Rea6 Medium Component in Growth
Component gent-Grade Material (x 10°) Medium (pg/1)

Prace Element Solution (EDTA) e 1.2

Macronutrient Solution —_— 3.6

KZHPou 3.6 0.7

KNO3 1.8 1.7

MgS0), * 7H,0 0.93 0.6

KH2P04 2.5 0.6

KOH 3.0 0.5

159
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Typically, the level of copper in the 0.200 M Na,EDTA solu-

2
tion after electrolysis was 1 pg/i. The potential controlling
apparatus was a simple electronic potentiostat, the design

and principles of which are described elsewhere [44,45], A
circuit diagram is given in Figure 1., Approximately 24 hours
were allowed for complete Cu2+ removal, Removal of dissolved
oxygen was accomplished by bubbling tank nitrogen through the
cell solution for 30 minutes prior to and during the electrol-
ysis period, The nitrogen was first passed through a solu-
tion of Na2803 and then through a column of deionized water
containing a mixed bed ion-exchange resin, The anode compart-
ment was filled with 0,200 M NazEDTA.

A three electrode system was used to control the cathode
potential at -0,500 volts vs. an Orion Model 90-02 double
junction reference electrode (Orion Research, Inc., Cambridge,
Mass.). The potential of this electrode is +5 mV ys. SCE
when the Orion electrode inner chamber is filled with Orion
90-00-02 filling solution, and the outer chamber is filled
with 10 per cent KNOB. The use of a double junction refer-
ence electrode in this manner reduces the contamination of
the cell solution due to flow of the filling solution from
the reference electrode. The potential drift of the refer-
ence electrode was found to be ca. #0.3 mV and non-cumulative
over the 24 hour period during which drift measurements were

made. The advantages of the double junction reference
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electrode over the conventional glass frit, agar plug refer-
ence electrode under these conditions make it very attractive
for use in other electrochemical techniques. An Orion Model
94-29A solid-state cupric ion activity electrode was used to
follow the decrease in total copper during the electrolysis
by measuring the potential of this electrode ys. the Orion
reference electrode. A 25 ml mercury pool cathode was em-
ployed, and the mercury solution interface was continually
renewed by means of a magnetically driven Teflon stirring
bar. Approximately 300 ml of EDTA solution were treated each
time. A typical curve showing the removal of copper is given
in Pigure 2,

It was found that a solvent extraction procedure was
both a convenient and rapid means of removing contaminant
copper from the macronutrients portion of the growth medium.
The selection of an extraction system to be used in conjunc-
tion with biological media, however, involves the considera-
tion of several factors in addition to those normally consid-
ered in selecting a good extraction system. The two most
important of these are (1) the solubility of the extracting
solvent and (2) the solubility of the extracting reagent in
the aqueous solution to be treated. In light of these two
factors, a number of the more commonly used extraction systems
are not suitable for use in biological systems. For example,

the very efficient extraction of trace metals into ketone
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solvents with ammonium pyrrolidinecarbodithioate that is
commonly used in atomic absorption analyses cannot be used
since both the reagent and solvents are moderately soluble in
water.

An extraction system that meets the solubility criteria
is 0,01 per cent dithizone in CClu. In addition, it was
found that the cupric ion electrode was useful in monitoring
copper levels during dithizone extractions, Not only did the
cupric ion electrode offer greater sensitivity than most
other methods, but it also allowed continuous monitoring
during the copper removal process, A plot of electrode poten-
tial ys. time elapsed during the extraction of cu®” from a
tenfold concentrate of the macronutrients component of the
algal growth medium is given in Figure 3, Approximately
400 ml of aqueous solution were treated with 25 ml of 0,01
per cent dithizone in cCl, in a four neck, 500 ml boiling
flask with an over head glass stirrer to continually renew
the aqueous-organic interface, A Teflon stopcock assembly
was installed in the bottom of the flask to provide for the
removal of the organic phase. Typically, two hours were
allowed for complete extraction. The pH of the tenfold
concentrate of the macronutrients solution is 7.21, and at
this pH, dithizone is slightly soluble in the aqueous phase,
In order to ensure that only a very small amount of the

dithizone remained in the macronutrients solution, the rea-
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gent was re-extracted from the aqueous phase with 25 ml of

redistilled CClu after the completion of each extraction.



CHAPTER VII
EXPERIMENTAL

The purpose of this investigation was to demonstrate
the effect of cupric ion on the growth of two typical plank-
tonic algae. Unialgal cultures of the two algae, Qocystis

marssonll and Chlorella vulgaris, were obtained from the

Starr collection of algae at Indiana University, Bloomington,

The culture numbers are LB287 and LB398, respectively.
PREPARATION OF THE GROWTH MEDIUM

Two liter batches of a tenfold concentrate of the trace
element solution were prepared from the appropriate reagent-

grade materials and electrochemically-treated 0.200 M Na,EDTA.

2
The individual components were added to the solution in the
order they are given in Table VI. After the addition of

Fe(SOu) and CaCOB, the suspended material was allowed to

dissolvz before additional material was added. Dissolution
sometimes required as long as two hours at room temperature,
but could be speeded up by warming.

The macronutrients solution was also prepared at a con-
centration ten times that in the final growth medium. The
solution was prepared by adding the reagents with rapid stir-
ring in the order they are given in Table V to approximately
300 ml of deionized, distilled water contained in a 500 ml

volumetric flask. The resulting solution was then diluted to
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approximately 200 ml of 1,00 x 1072 M KNO,, Ten ml of the

3.
resulting suspension were added to the culture medium just
before dilution to final volume. Typical inocula were such
that the absorbance of the final medium was the same as an

uninoculated blank,
EVALUATION OF ALGAL GROWTH

The absorbance of the cell suspension was employed as
a medsure of cell yield. Both Oocystis and Chlorella are
unicellular, nonfilamentous green algae which form homogen-
eous suspensions, thus permitting a turbidimetric determin-
ation of growth., The absorbance of an algal suspension is
a function of both light scattering and absorption due to
the cell pigments. For this reason, the absorbances of the
cell suspension were measured at 560 nm where a minimum in
the chlorophyll absorption spectrum exists for both organisms
studied., It was felt that this approach would minimize the
influence of the cell pigments on the measuring technique
as the level of copper was varied. It was assumed that cell
size remained essentially constant, and checks of the average
cell size at widely varying copper levels proved to be nearly
identical. The relationship between the dry weight of algal
cells and absorbance was determined by diluting 1, 2, 3, 4,
5, 6, 7, 8, 9, and 10 ml aliquots of the appropriate cell

suspension to volume with fresh medium in a 10 ml volumetric
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the mark. Stirring is necessary to prevent the precipitation
of Mgz(P°4)3' This solution was prepared fresh for each
run and treated as described in the previous section.

A 6.50 x 10_2

M KOH solution for pH adjustment was pre-
pared from previously standardized ca. 0.8 M ultrapure KOH
(Ventron Corp., Beverly, Mass.). The 0.8 M solution was
prepared by dissolving a ca. 10 gram stick of the solid 75
per cent ultrapure KOH in 200 ml of delonized, distilled
water. A vitamin solution was prepared at a concentration
500 times that required in the final medium. A stock 3000
mg/1l Cu solution was prepared from anhydrous CuSOu in 0,01 N
HZSOM' The required standard copper solutions were prepared
from the stock Cusou solution by dilution. The appropriate
volumes of the KOH, vitamin, trace element, and copper solu-
tions were then used to prepare the final growth medium, All
reagents were stored in new polyethylene bottles that were

cleaned initially with HNOB—stou cleaning solution and treated
prior to filling with 0,05 M NazEDTA in 3 M NH3 for 3-4 days.

SOURCE OF INOCULA

Inoculum celle were maintained in copper deficient media,
Approximately 15 ml of the appropriate exponentially growing
cell suspenion were centrifuged and washed with a 15 ml por-
tion of 1.00 x 1072 M Na,EDTA. After two additional washings

in 1.00 x 10'3 M KNOB. the washed cells were suspended in
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flask. The absorbances of the suspensions were measured at
560 nm using a Spectronic 20 colorimeter. The dry cell weight
was determined by vacuum filtering 25 ml aliquots of cell
suspension through 47 mm, 0.45 p GA-6 Metricel filters (Milli-
pore Corp., Bedford, Mass.). Two superimposed filters, matched
in weight to within 0.1 mg, were assembled in a Pyrex filter
holder. Twenty-five ml aliquots of sample were passed through
both filters while carefully avoiding contact of the cell
suspension with the walls of the filter holder. Both filters
were, therefore, subjected to the same fluid flow, but the
cell suspension was retained on the upper filter. After dry-
ing both filters, the weight of the lower filter was sub-
tracted from that of the test filter to determine the weight
of the collected cells, Triplicate analyses were made for
both dry weight determinations., The linear relationship
between absorbance and dry cell weight for each organism is
shown in Figures 4 and 5. A similar plot of absorbance vs.
number of cells/ml was also prepared for Chlorella. The plot
was linear with a zero intercept. An absorbance of 0.400

6

represents 8.80 x 10~ cells/ml.

CULTURE CONDITIONS

Cultures were grown for 4 days in exactly 250 ml of media
contained in new 500 ml polyethylene wash bottles treated as

described previously. Attempts to demonstrate copper deficien-
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cies in new Pyrex flasks treated in the same manner as polyeth-
ylene ware usually gave erratic results, presumably due to
copper contamination from the glass, All operations were
carried out at room temperature (25-27° C). The growing cul-
tures were agitated continuously by means of a slow-speed
shaker plate. Four 40 watt Gro-Lux fluorescent lamps provided
overhead illumination through a plastic light diffusing panel
attached to the lamp fixture. Light intensity measurements
showed, however, that only a fraction of the area under the
lamps received the same intensity of illumination. Due to the
high nutrient to cell ratio in the medium, cultures containing
optimal quantities of copper for growth show a strong depen-
dence on light intensity. Consequently, cell culturing was
confined to the area receiving the same intensity of illumin-
ation,

A CO,-AIR mixture bubbled through the cultures via a

Pyrex manifold served as both a carbon source and a means of
pPH control, The gas mixture was hydrated and washed by bub-
bling through a gas mixing chamber filled with deionigzed,
distilled water. Two additional washings were accomplished
by bubbling the gas mixture through water containing a mixed
bed ion exchange resin. Gas delivery to each chamber was
accomplished through medium porosity gas filter candles. Gas
flow rates were measured by calibrated flow meters that could

be switched in or out of the delivery system by means of
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three-way Teflon stopcocks. The air supplied was enriched to
nearly 4 per cent 602 by supplying 100 per cent 002 to the
mixing chamber at a rate of 20 ml/min and air at the rate of
500 ml/min., After equilibration with the gas mixture, the
initial medium pH is approximately 6.1 and at the end of 96
hours of optimal growth is 6.3, The pH of the medium in
equilibrium with air is 7.0.



CHAPTER VIII
RESULTS AND DISCUSSION

A reproducible copper requirement for both Chlorella
vulgaris and Qocystis marssonii was demonstrated by employing
the previously described medium at an EDTA concentration of
1.50 x 1073 M. Figures 6 and 7 are cell yield curves obtained
by adding varying amounts of copper to the copper deficient
medium while keeping the concentration of the complexing
agent constant. Maximum growth is observed above 40 pg/i Cu
for Qocystis and 30 pg/l Cu for Chlorella. The minimum level
of total copper for maximum growth of Chlorella is virtually

identical to that obtained by Walker for Chlorella pyrenoidosa

in a similar medium, but under conditions of photoheterotro-
phic rather than photoautotrophic growth [9]. The curves were
taken from earlier work completed at a total Mg(II) concentra-
tion of 2.60 x 10'3 M rather than 5.32 x 10-3 M., From these
two studies and the earlier work by Walker it may be concluded
that there is probably a reproducible micronutrient require-
ment for copper for the green algae. It is also likely that
the variation in copper requirement within this grouping is
small, Additional evidence for a copper requirement by Chlo-
rella is given in Figure 8 where the growth of the organism

is measured as a function of time. An early portion of the
log phase is shown at copper concentrations of 20 and 60 pg/l.

At both concentrations, the log absorbance ys. time curve is
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linear but the slope of the curve at 20 pg/l Cu is less than
that at the optimal level of 60 pg/l. Growth relationships
of this type are typical of those obtained for microorganisms
in media containing a constant, but growth limiting concen-
tration of nutrient. The data presented in Figure 8 were
taken at a slightly lower light intensity than normal with a
second experimental set up, and hence the maximum rate of
growth presented is lower than that normally achieved,

Experiments of this nature are quite useful for discern-
ing whether a particular trace metal is required for growth,
but they do not generally establish a quantitative basis for
a required trace element., Although the particular type of
medium employed in this study in light of the mathematical
development developed in Chapter V of this section gives the
experimenter a high degree of confidence that the observa-
tions made are a result of a deficiency of the trace element
studied, there are several copper species present in solution
and any one or all could be "available" for use by algal cells.
Increasing the total copper level in the medium increases both

2- and Cu2+.

the level of CuEDTA
Additional evidence about the availability of the copper
species in solution may be obtained by varying the chelate
concentration in the medium. Since a level of 40 pg/l total
Cu(II) is the minimum required by Oocystis for optimal growth

at a total EDTA concentration of 1.50 x lO"3 M, one might
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expect from a consideration of Figure 6 and equation I-6,
that an increase in the total concentration of EDTA at a
constant total concentration of 40 pg/l Cu or less would
cause a corresponding decrease in the rate of algal growth,

P

While the level of total copper and hence CuEDTA remains

essentially constant under such conditions, the level of Cu2+
in the medium decreases considerably. A growth dependence
of this nature would indicate the CuEDTA®™ is generally
unavailable for use by the organisms being studied and allow
one to estimate the Cu2+ concentration required to support
optimal growth.

In focusing attention on the copper species in solution
it must be pointed out that as the EDTA concentration is
increased, the free concentrations of all the chelated trace
elements in the medium decrease, as does the free Cuz+ concen-
tration., If the other chelated trace elements are present in
sufficient quantity, however, the decrease in concentration
of these species will not be sufficient to bring about a defi-
ciency of the other trace elements in the medium. It is im-
portant to note that the concentration of total copper chosen
is nearly growth limiting before the EDTA level is increased.
When all the chelatable trace elements are present in suf-
ficient quantity, increasing the level of chelate at a higher
(say greater than 200 pg/l) copper level should have no effect

on the growth of the organism. Furthermore, increasing the
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total copper concentration at high concentrations of chelate
and a growth limiting Cu2+ concentration should also increase

2+

the rate of growth if only Cu™ 1is growth limiting.

The relationship between the concentration of Cu2+ and
the level of EDTA in the medium is shown in Figure 9 where

Term 2 from equation I-6 is plotted ys. the total concentra-
tion of EDTA at two total concentrations of Mg(II). In both

2+

cases there is a general decrease in free Cu”~ with increas-

ing EDTA. In varying the chelate concentration from 1.50 to

2+ concentration decreases

2,50 x 107> M EDTA, the free Cu
from 4 to 6 fold depending upon the level of Mg(II) chosen,
The values of Term 2 for two concentrations of Mg(II) at
several total concentrations of EDTA are given in Table VIII,
Apparently, there is a dependence on the free Cu2+ level
for the two algae studled as is shown in Figures 10 and 11
where the absorbance of the algal suspensions are plotted vs.
the [Cu2+] calculated from equation I-6. The total concen-
tration of EDTA was varied from 1.50 to 2.50 x 1072 M in the

Chlorella study and from 1.50 to 3.1l0 x 10™2 M in the Qocystis
2+

16

study at a total copper concentration of 30 pg/i. A free Cu

16 4 for Chlorella and 1.6 x 10~

concentration above 1.2 x 10~
M for Qocystis produces optimal growth. The effect was demon-
strated to be a function of copper by increasing the free
copper level at high concentrations of chelate. Cell sus-

pensions prepared by employing high total concentrations of
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TABLE VIII 75

VALUES OF TERM 2 IN EXPRESSION FOR THE FREE CONCENTRATION
OF COPPER IN ALGAL MEDIUM AT VARYING LEVELS OF EDTA AND
TWO FORMAL CONCENTRATIONS OF Mg(II)*

CEDTA x 103 Term 2 at Term 2 at
(Moles/1) Gy, = 5.32 x 1077 M Gy, = 2.60 x 107 M

1.10 52.2 25.0
1.20 25.5 12,0
1.30 16.7 7.67
1.40 12.3 5.50
1.50 9.64 4,20
1.60 7.87 3.33
1.70 6.60 2471
1.80 5.65 2,25
1.90 k.91 1.89
2,00 b, 32 1,60
2.10 3.84 1.36
2,20 3.43 1.17
2.30 3.09 1.00
2.40 2.80 0.86
2.50 2.55 0.73
3.00 1.66 0.30
3.50 1.13 0.04
4,00 .77 e
L, 50 0.52 e
5.00 0.33 I

#Cry = 1,00 x 1073 M
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both Cu(II) and EDTA but with free cupric ion concentrations
corresponding to those in Figures 10 and 11 showed increased
growth.

Furthermore, an increase in the concentration of chelate
from 1.50 to 2.50 x lO_3 M at a much higher level of total
copper causes no decrease in the rate of growth as is shown
in Figure 12,

The role of natural and synthetic chelating agents
found in aquatic systems is apparently quite important. In
light of the very low copper levels required for optimal
growth, it is possible that much of the difference between
the so called "available concentrations" of the trace ele-
ments and their total concentrations may be explained by
the presence of chelating agents. The data presented also
suggest that the stimulatory effect of chelates on algal
growth when added to natural waters is due to the creation
of a reservoir of soluble trace metal species which allows
the rapid replacement of the fraction of the element depleted
by biological uptake. In addition, studies designed to
illustrate the required levels of trace elements to algae must
necessarily include the addition of a strong chelate so that
the very low concentrations required can be studied in terms
of much higher total levels of the medium components,

A study of the effects of EDTA on the toxicity of copper

to Chlorella led to the collection of some rather surprising
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data, Initially it was felt that a study similar to that con-
ducted at deficient levels of copper might lead to some insight
into the effects of the free copper fraction on the toxicity
of copper, As the level of copper was increased, however, it
was found that in the presence of EDTA sufficient to chelate
any added copper, the rate of growth of Chlorella was unaf-
fected by the concentration of total copper from 30 to 12,000
pe/l (1.89 x 10'4
12,000 pg/1 Cu the total chelatable trace element concentra-

M) Cu as is shown in Figures 13 and 14, At

tion is 1,19 x 107> M while the EDTA level is 1,50 x 107> M.
Figure 15 is a plot of the rate of growth of Chlorella in the
log phase showing again that the rate of growth at 240 and
12,000 pg/l Cu was indeed ldentical, An additional run where
copper concentrations up to 46,000 pg/l Cu were employed
showed no toxic effects. In all cases, the medium was precip-
itate-free. From the above studies it is apparent that in the
presence of EDTA, concentrations of copper that are normally
growth inhibiting to algae have no effect on the rate of
growth of Chlorella.

Since chelated copper was non-toxic at any environment-
ally realistic concentration, an additional study was under-
taken in which the level of EDTA in the medium was reduced to
exactly the total concentration of Fe(III). A 1.79 x 1072 M
(1000 mg/1l Fe) stock Fe(III)EDTA solution was prepared by

equilibrating 3.33 g of NazEDTA-ZHZO. 1.85 g Fez(Sou)B. and
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8.8 ml of 2,00 N KOH in ca. 450 ml of deionized, distilled
water. Warming is necessary. A final pH readjustment of pH
6 was made with 2,00 N KOH and the mixture was allowed to
re-equilibrate overnight., After dilution to the mark in a
500 ml volumetric flask, the suspension was filtered through
a 0.45 p Millipore filter and stored in a polyethylene bottle.
The trace element solution was prepared as before except

Fe(III)EDTA was substituted for the Fez(SOu) and Na,EDTA.2H,0

3
normally added. The growth medium was prepared as before
except that the pH adjusting solution was omitted. The medium
prepared at the reduced EDTA level is slightly turbid (ca.

88 per cent transmittance at 560 nm) and has a pH of 6.4 in
equilibrium with air. Carbon dioxide supplied at the rate

of 4 ml/min at an air flow rate of 500 ml/min produced an
initial medium pH of 6.1, the same as that employed at higher
EDTA levels in earlier work., Figures 16 and 17 show that
total copper concentrations from 60 to 7000 pg/l exhibited
little or no toxlic effect in this medium, but at approximately
7000 pg/l the abrupt onset of copper toxicity was observed.

A determination of the solubility of copper in this medium was
made by atomic absorption analysis. After 24 hours of equili-
bration at pH 6.1, a 50 ml portion of medium containing 12.0
mg/1 total copper was filtered through a 0.45 p Millipore
filter and quickly acidified with 0.1 ml of concentrated

HNOB. Subsequent analysis by atomic absorption revealed the
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solubility of copper at pH 6.1 was approximately 7100 pg/1,
almost exactly the concentration at which the onset of
copper toxicity occurred. Although it is far from firmly
established, the correlation between the toxicity of copper
to Chlorella and the formation of insoluble copper species
would seem to indicate a possible relationship between the
two phenomenhon., A further study of this aspect 1s to be
made in the near futrue, It is also apparent that careful
attention must be paid to the techniques and growth media
employed when studies of trace element deficiencies and

toxicities are to be directly compared.



CHAPTER IX
CONCLUSION AND SUMMARY - PART I

A reproducible copper requirement for Chlorella vulgaris

and Oocystis marsgonil has been demonstrated by employing a

medium deficient in EDTA. " 6ptimal growth was observed above
40 pg/1l Cu for Oocystis and 30 pg/l Cu for Chlorella, Below
these levels, the rate of exponential growth was demonstrated
to be copper limited. By varying the chelate concentration
in the growth medium at a growth limiting concentration of
copper, a dependence of the growth of the two organisms on

the free copper concentration was also demonstrated. Free
2+ -16

Cu concentrations above 1,2 x 10 M for Chlorella and
1.6 x 10-16 M for Qocystis produced optimal growth. The

effect was demonstrated to be a function of free copper by
increasing the free copper level at high concentrations of
chelate,

A study of the effects of EDTA on the toxicity of copper
to Chlorella showed that copper in chelated form was non-
toxic to Chlorella at any concentration investigated (up to
46 mg/l Cu)., At a reduced chelate concentration equal to
exactly the concentration of Fe(III) in the medium, however,
the toxic effects of copper were evident at 7.00 mg/l Cu.
The solubility of copper under the conditions the experi-
ment was run correlated well with the onset of toxicity,

suggesting a relationship between the two phenomena,
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The EDTA-deficient medium employed in this study en-
ables simplifying the interpretation of the effects of trace
elements on microorganism growth since the study of trace
elements is often complicated by the medium employed, Com-
plete culture media prepared in the absence of complexing
agents necessarily contain insoluble forms of at least some
of the required trace elements. In precipitate~free media
containing chelating agents, the details of interrelated
metal-chelate equilibria can be computed and understood.

This lends strong credence to the bellef that the physical
aymptoms developed as a particular trace element is elimin-
ated from the medium are indeed a result of the deficient
element and not due to other changes occurring within the
system. The assumption has to be made that the presence of
the chelating agent in the medium does not enhance the require-
ment for the trace elements, but in light of the very small
concentrations required, this is unlikely., Precipitate-free
media are also advantageous for the study of non-ionic toxic
substances since the adsorption of these materials on insol-
uble matter may very well affect their availability.

The investigation of each trace element required for
algal growth is an individual problem in itself due to the
varying levels of most of the trace elements in the materials
normally used for medium preparation., The demonstration that

some of the more esoteric trace elements are required by the
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algae is difficult since the addition of trace quantities of
these materials as contaminants is difficult to avoid, Per-
haps the only way to show such requirements is to employ
media prepared from all ultrapure materials, To the authors's
knowledge such a study has never been undertaken, although
ultrapure trace element sources have been employed in several

studies,



SECTION II

A DIRECT METHOD FOR THE DETERMINATION OF COPPER
IN NATURAL WATERS USING THE CUPRIC ION-SELECTIVE
ELECTRODE AND A MULTIPLE STANDARD ADDITION TECHNIQUE



CHAPTER I
ION-SELECTIVE ELECTRODES - INTRODUCTION

Although ion-selective electrodes are useful for a
number of somewhat specialized applications, they have not
come into general use in routine analytical work. This is
largely due to the fact that these devices are not specific
sensors and are usually subject to a number of interferences,
Among the most selective of the group are the fluoride ion,
cupric ion, and ammonia electrodes. Because of interfer-
ence problems, the application of ion-selective electrodes
to real samples where the exact nature of the sample matrix
is not known has met with only limited success, Early
work in this field was further complicated by the lack of a
suitable reference electrode that was usable in a wide
variety of samples. Over-~zealous claims concerning the
capability of these devices have discouraged extensive
study of their applications in medicine, biology, environ-
mental studies, and related fields.

The solid-state cupric ion electrode is among the most
selective of the ion-selective electrodes and can be used
to measure cupric ion levels of less than 1 pg/l under the
proper conditions., Only silver ion, mercuric ion, ferric
ion, and high levels of cadmium are serious interferences.
In Section I it was demonstrated that at very low levels

(20 to 40 pg/l Cu) copper is a required algal nutrient and
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that at moderately higher levels it is toxic to the same
organisms. As a result, copper is often applied to surface
waters as copper sulfate to control algal populations.
Soluble copper concentrations of 2000 pg/l or less are
usually the maximum safe levels for fish, so the range over
which the level of soluble copper may be used as an algi-
cide in aquatic systems is quite narrow. Since a variable
fraction of the copper applied to an aquatic system remains
in solution, a routine analytical procedure adaptable to
the on-site measurement of soluble copper would be of in-
terest to persons concerned with water quality. The avail-
ability of the solid-state cupric ion-selective electrode
makes the feasibility of such a technique an attractive
possibility. This section describes a technique for the
determination of copper in natural waters as well as a
wide variety of electrolyte materials. Measurements of
total copper at concentrations of less than 1 pg/l are
easily made in a complexing antioxidant buffer (CAOB).

Sample preconcentration or pretreatment is not necessary.

THE CUPRIC ION-SELECTIVE ELECTRODE

The sensing element of the cupric ion electrode is a
mixture of cupric and silver sulfides, The level of free
cupric ion in solution is determined by its effect on a low
level of sulfide released by the electrode sensing element

which in turn affects the free silver activity at the elec-
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trode surface. Any metal ion which forms a more insoluble
sulfide than cupric ion acts as a possible electrode inter-
ference by changing the free sulfide activity in equilibrium
with the electrode sensing element. Therefore, ionic mater-
ials such as Hg(II) and Ag(I) must either be absent from
the samples to be measured or present at very low levels,
Ferric ion levels greater than one-tenth the expected cupric
ion level also interfere.

In the absence of interfering substances, the cupric
ion electrode responds to cupric ion activity. The electrode
develops a potential proportional to the logarithm of the
activity of free cupric ion in solution. At 25° C, it ex-
hibits typical Nernstian response; approximately 29,6 mV for
each ten-fold change in cupric ion activity. The electrode
response is described by a modified form of the Nernst equa-
tions

E=E, + 23008 145 4

a2 {TT-1)

wheres E = the observed electrode potential,
E_ = a "constant" term which is due to internal fill-

¢ ing solutions, liquid junction potentials and
the reference electrode used.

2;1%%—32 = the Nernst factor (29.6 mV at 25° ¢).

acu2+ = the cupric ion activity in the sample.
The free cupric ion concentration and the cupric ion

activity are related by a parameter called the single ion
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activity coefficient (f). The activity coefficient is a
variable quantity and depends upon the total ionic strength
of the sample (p) in a manner predicted by the extended form

of the Debye-Huckel equationt

) A Ziz P%
log £y = perete—e (I1-2)
1+ 8B p2
where

In equation II-2, Zi is the charge on the ion i, A and B are
constants, and g is the "ion-size parameter" which is the
same order of magnitude as the ionic diameter of the ion in
question. Values of g may be found tabulated in the litera-
ture [47]. In the expression for the ionic strength, C; and
Zi are the molarity and charge of each ionic species in
solution. A summation is made for all ionic species present.
The Debye-Huckel equation actually gives an activity coeffic-
ient on the mole fraction scale, but for dilute solutions the
difference between the two scales is negligible. Equation
II-2 may be used to accurately predict the relationship be-
tween activity and concentration-up to ionic strengths of ca,
0.1 molar. At concentrations above 0.1 M, the single ion
activity coefficient depends on the ilonic composition of the
solution and cannot be reliably predicted. Since f is a
function of ionic strength, electrode measurements made at

constant ionic strength may be correlated directly with stand-



ards of known concentration.
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CHAPTER II
THE THEORY OF STANDARD ADDITION FOR MEASUREMENTS MADE
WITH ION-SELECTIVE ELECTRODES

There are three basic measuring techniques commonly
used in conjunction with ion-selective electrodes:

(1) Direct Potentioﬁe%ry

(2) Potentiometric Titrimetry

(3) Standard Addition
Probably the most commonly used measuring technique of the
three is direct potentiometry. In this technique a calibra-
tion curve (a plot of E vs, log concentration) is prepared
using a medium as similar as possible to the sample medium,
In order to overcome effects caused by variations in total
ionic strength, the ionic strength of both sample and stand-
ard solutions are adjusted by adding a high level of nonin-
terfering electrolyte. In this method, sample concentrations
are determined by relating measured electrode potentials to a
previously prepared calibration curve.

Cation measurements by direct potentiometry are espe-
cially difficult to make in samples where the exact nature
of the sample matrix is unknown. For cation measurements
made in samples containing complexing anions, electrode
potentials are related to a calibration curve prepared in
a medium in which non-complexing anions are substituted for

the complexing anions found in the sample., Cation measurements
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made at or near neutral pH values with cations that form very
insoluble hydroxides pose a special problem unless a com-
plexing agent is employed to keep the measured ions in
solution, When stable metal-hydroxide complexes are formed,
a gultable buffer must be .employed to decrease the elec-
trode pH dependence. This is especlially important in samples
containing carbon dioxide where stirring may cause large
changes in pH.

Direct potentiometric measurements with ion-selective
electrodes are further complicated by long term potential
drift which is a problem inherent in these devices. While
the electrode sensitivity to the sensed ion remains constant,
with time there is a great tendency for changes to occur in
the "constant" term in the Nernst-like equation describing
the response of these devices. As a consequence, day-to-day
changes in the measured potentials for identical standard
solutions as high as + 10 mV and typically + 5 mV are common
for divalent electrodes even when precise temperature con-
trol is employed. Changes in liquid-junction potentials
with sample manipulation further decrease precision.

Ion-gelective electrodes are not inherently precise
measuring devices. Because they respond to concentration
changes 1n a logarithmic manner, a small uncertainty in
potential measurement is magnified into a comparatively

large uncertainty in concentration. A potential measure-
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ment made with an uncertainty of only 2 mV causes a relative
concentration uncertainty of 8 per cent for a monovalent ion
and 16 per cent for a divalent ion., For this reason fre-
quent electrode recalibration is always necessary when direct
potentiometry is employed with ion-selective electrodes.

Since ion-selective electrodes are not perfectly selec-
tive, they may also respond to other substances in solution
as well as to the ion of interest. Direct potentiometric
methods give no indication that interfering ions which are
contributing to the measured electrode potential may be
present. Measurements made under these conditions obviously
lead to incorrectly determined concentrations,

In contrast to direct potentiometric methods, potentio-
metric titrations offer high accuracy and precision. Be-
cause the change in electrode potential with volume of stand-
ard solution added rather than the absolute value of the
electrode potential is of interest in this technique, any
uncertainty ln the measured electrode potential is minimized.
As a result, the precision and accuracy of a potentiometric
titration often approaches that of the volumetric equipment
employed. The endpoint of the titration reaction is sig-
naled by a potential "break". Since the sharpness of the
potential break is determined by the degree of reaction com-
pleteness, potentiometric titrations are not generally em-

ployed to determine trace quantities and only rarely are they
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applied to solutions more dilute than 0.001 M,

An additional restriction that severly limits the
application of titration prcedures to real samples is the
requirement that the titrant react only with the material to
be titrated. It is often.the presence or absence of side
reactions that determines the suitability of a titration
procedure for a given analytical purpose. Titrimetric
methods with lon-selective electrodes are relatively time
consuming, although this disadvantage sometimes is overcome
by using automated techniques.

The problems associated with potentiometric measure-
ments made with ion-selective electrodes can be minimized
by employing the technique of standard addition, Standard
addition is a quite convenient method for the total concen-
tration of individual substances even in very complex systems,
The technique allows trace level determinations to be made
in systems where many materials exist at high concentrations
and in most instances can be used in the presence of com-
plexing agents.

The technique of standard addition involves observing
the change in electrode potential developed in a known vol-
ume of sample (Vo) upon the addition of a small volume of
standard solution (VS) containing a known total concentra-
tion of the ion being measured (Cs). The original sample

concentration is then calculated from the observed change in
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electrode potential., No calibration curve is required and
only a knowledge of the electrode sensitivity to the material
of interest is necessary. Since the technique requires only
the addition of a standard solution, it is applicable to all
concentration ranges overkyqich the electrode employed is
responsive. When standard addition is used for trace analy-
sis, sample contamination is minimized because the electrodes
need not be moved from solution to solution.

The successful standard addition step is normally com-
pleted in a manner so that:

(1) The addition of standard solution causes an insig-
nificant change in the original sample volume.

(2) The addition of standard solution causes an
insignificant change in ionic strength.

(3) The fraction of electroactive ion that is com-
plexed remains unchanged as the addition of
standard is made.

(4) Electrode interferences are not present in
amounts that will affect electrode response.

(5) The electrode employed responds in a Nernstian
manner in the concentration region where measure-
ments are being made.

Restriction three is the most serious limitation to the stand-
ard addition technique. In samples containing complexing
agents, only the free metal ion fraction is sensed by an ion-
selective electrode. The fraction of metal ion M that is

uncomplexed in the presence of the complexing species X, Y,

cese 18 given Dby:
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g =[1+ By,xCx * B ¢, + B C3x +oue
(II-4)
+B) O + Bz’yczy + B, 00 T
where C + Cy are the concentrations of free ligands X and Y.
The B terms are the over—all‘formation constants for the

p

series of complexes MXl, MXZ’ MXB' see and MYl, MYZ’ MY3'
<o+« « Since f can only be kept constant by keeping the free
concentration of ligands essentially unchanged, the concen-
tration of ligands present must be in large excess of M so
that the amount of ligand consumed by the addition of a
standard solution of M will be small in comparison to the
total free ligand concentration in the sample. This diffi-
culty can be overcome experimentally by purposely adding a
large excess of a strong complexing agent to the samples to
be analyzed assuming that the activity of the sought-for
ion is not lowered below the limit of electrode response,

The first step in employing the standard addition
technique with a cation-selective electrode is to measure the
initial electrode potential in a sample before the addition

of standard. The electrode response to the initial free

concentration ([M]) of the ion being measured is:

E, = E, + S log [u] (II-5)
where Eo = the measured initial electrode potential.
E, = the portion of the total potential due to

references and internal solutions.

S = an experimentally determined electrode sensi-



102
tivity to the ion M; or the Nernst factor,
2.303 RT/ZF where R and F are constants, T
is the temperature in degrees Kelvin, and Z
is the charge on the ion M,

The above expression may be related to the total ini-
tial concentration of M through equation II-4., Because the
free concentration of M can ;lways be expressed as some
fraction of the total soluble concentration of M, equation

II-5 can be rewritten asi

E,=E  +S log ¢6c° (11-6)

where Co is the initial total (free + complexed) concentra-
tion of M.

The next step is to add a small known volume of stand-
ard M solution. The final total concentration of M is then
the sum of the initial concentration and the change in con-
centration induced through the addition of standard, ie.,

cf = AC + Co (I1-7)

The final electrode potential isi
Ep = E, + S log #,Cs (1I-8)
On taking the difference between the initial and final poten-
tials, the Ec term subtracts out, and
_ PsCe

E=E,-E =S5 log 75, (II-9)
If the fraction of the total concentration of M which is free
is not changed by the addition of standard, then g, = g, and

equation II-9 becomes:
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Ce
AE = S log | g~ (II-10)
o)
Substituting the value of Cf from equation II-7 and dividing

equation II-10 by S yields:

AE = 105 |4C 4+ 1 (II-11)
S G,

Letting Z = antilog‘%? and taking antilogarithms, equation
II-11 becomes:

z -1=4¢C (II-12)

The change in concentration induced by the addition of stand-
ard is related to the concentration of standard by:

V.G
AC = 2B (II-13)
v, F Vv,

where Cs ie the concentration of the standard solution, Vs
is the volume of standard added, and Vs is the initial volume
of sample,

Equation II-13 may be simplified if the volume of
standard added is kept small in comparison to the initial

volume of sample:

AC = — (II-14)

This requirement is easily met in applying standard
addition to trace analysie where microliter additions of
standard are conveniently made., Substituting the above ex-

pression into equation II-12 yields a function suitable for
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the calculation of the original concentration (GO) in the

sample

vV (II-15)

The above expression may be solved directly for C0 from
the observed AE induced through a single addition of standard.
Under such conditions, however, a standard addition analysis
yields no more information about electrode interferences
than does direct potentiometry. An alternate procedure is
to perform a series of additions and prepare a plot of Z - 1
vs. V . Some information about electrode interferences (see
Chapter III, this section) as well as a substantial improve-
ment in precision may be obtained by performing a series of
additions, A plot of Z - 1 vs. V, will, therefore, be linear
with a zero intercept if the analysis is carried out success-
fully. The slope of the resulting curve is then used to
calculate the original sample concentration., The value of Z
is calculated from the over-all change in potential at each
point plotted, ie.,lkEi = Ei - Eo not Ei - Ei-l' The pre-
cision to which C0 can be determined depends directly upon
how well the values of C, Vs' VO,ZXE. and S are known. The
concentration and volume of standard as well as the initial
volume of sample are easily determined. The greatest dif-
ficulty lies in determining accurate values of AE and S. As

a consequence, AE valueg are usually made as large as possible,
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but not so large as to affect the sample matrix. A reason-
able compromise is to induce a potential change corresponding
to an approximate 50 to 100 per cent change in the original
sample concentration. The relationship between the change
in electrode potential and per cent change in total concen-

tration at 25° C is given in Table IX.
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TABLE IX
THE RELATIONSHIP BETWEEN THE CHANGE IN ELECTRODE
POTENTIAL AND PER CENT CHANGE IN TOTAL CONCENTR%TION
INDUCED AS A RESULT OF STANDARD ADDITION AT 25 C#*

% Change

AEpivalent(mv) ‘AEﬁonovalent(mV) In Concentration

0.5 1.0 k.o

1.0 2.0 Bel

Lo 3.0 12.4

2.0 k.o 16.6

2.5 5.0 21,5

3.0 6.0 26,13

3.5 7.0 31.3

h.o 8.0 36,5

bh,5 9.0 42,0

5.0 10.0 47,6

7.5 15.0 79.3

10.0 20.0 117.8

25.0 50.0 600.0
*Calculated froms % Change in C =‘%§-100 = (2 - 1)+100,

assuming theoretical slope of 59,16 mV for a monovalent
electrode and 29.58 mV for a divalent electrode at 25° ¢



CHAPTER III

THE DETECTION OF ELECTRODE INTERFERENCES BY MEANS OF

THE MULTIPLE ADDITION TECHNIQUE

In the presence of interfering substances, the response

of the liquid ion exchanggr_(NOB-, 0104_, etc.) and glass
electrodes (H+, Na+, K+, Ca2+, etc.) is described by a modi-

fied form of equation II-1 [48

<
i

B
E=E, +5 log (a + K;a; ) (I1-16)

where a is the activity of the primary ion the electrode is
designed to measure, ay is the activity of the interfering
ion, Ki is the "selectivity constant" for the interfering
ion, 24 is the charge on the interfering ion, and Z is the
charge on the primary electroactive ion. The other terms
have been described previously. For two ions of the same
charge, if Ki were exactly 1, the electrode would respond as
well to the interfering ion as it does to the primary ion.
Under these conditions if a = a;, half of the electrode
response is determined by each ion. However, it is found
experimentally that the selectivity constant is not a true
constant and varies to a certain extent if the concentra-
tion of the primary ion is varied widely [49]. In spite of
this, selectivity constants are extremely useful in deciding
whether a given glass or ligquid ilon exchange membrane elec-

trode can be used for a particular application. For small
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changes in the concentration of primary ion, Ki is approxi-
mately constant and equation II-16 describes the response of
these devices quite well,

From a practical analytical standpoint it is not as
important to know the nature of electrode interferences as
it is to be able to detect them during routine analyses.
Assuming the response of a liquid exchanger or glass elec-
trode in a sample containing an interfering ion i can be
related with fair accuracy to equation II-16, the presence
of the interfering ion cannot usually be detected when
multiple standard addition is employed. Consider a cell
containing an electroactive ion and a single interfering
ion where multiple standard addition is to be employed at
constant ionic strength. The initial cell potential is
described by

E, =E, + S log (co + K,C.) (II-17)

If a volume of standard VS is added which is negligible in
comparison to the sample volume Vo' Ci remains essential
constant and the final potential is described by a similar
expressions

Ef = Ec + S log (Cf + Kici) (II-18)

Subtracting equation II-17 from equation II-18, dividing by

S, and substituting equation II-7 for Cf yields:

AC + C_ + K.C,
A
5 = log [ TR {] (II-19)
0 s Qi
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Taking antilogs and rearranging gives the following expres-
gions

AC Co *+ K€y AC

Z = - =
CO + Kici Co + Kici C0 + Kici

+ 1 (II-20)

or

AC Co

= — oV
Co + Kici VO(C0 + KiCi) s

(II-21)

Interferences of this type will, therefore, yield multiple
addition plots which are linear and have a zero y-intercept.
Except for a high apparent concentration of anlyte, such a
plot will appear normal in all respects. Under these condi-
tions, electrode interferences cannot be detected by multiple
addition techniques in samples of varying composition. In
some cases Ki may vary with Cf to such an extent that multi-
ple addition plots are non-linear. When non-linear plots are
observed, interferences should be suspected.

The multiple addition technique should be a valuable
tool in evaluating the effects of interfering substances in
model systems where the concentration of interfering ion is
known. A single slope measurement yields the value of Ki
which may be determined under conditions very similar to
those to be expected in actual samples,

With solid-state electrodes, interferences are quite
different and usually involved surface reactions that convert

one of the components of the sensing element to a second
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substance. As a result, the sensitivity of the electrode to
the ion being measured changes. An overriding characteristic
of interferences at solid-state electrodes is its abrupt
onset when the ratio of interfering ion to the activity of
the primary ion exceeds a critical value that is sometimes
predictable from solubility considerations. Below the pre-
dicted value, no interference occurs, while above this value,
the electrode response to the primary ion may be impaired.
This behavior is to be contrasted with the behavior of
liquid and glass membrane electrodes that show a gradual
increase in the level of interference with increasing con-
centration of interfering ion. Because interferences at
solid-state electrodes occur abruptly at discrete levels, a
multiple addition plot will be non-linear in the presence of
these substances., Therefore, electrode interferences can
be detected easily when multiple standard addition is em-
ployed.

The response of the mixed cupric-silver sulfide mem-
brane electrode to cupric ion is dependent upon the presence
of CuS at the electrode surface and the establishment of an
equilibrium with Cuz+ in the sample solution. The sample

et level controls the activity of Ag+ which is sensed at

Cu
the electrode surface through the intermediate Sz' species
released by the electrode [50 ]t

=F

cu®t + Ag,S —>  CuS + 2Ag” (1I-22)
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In order for an interfering ion to displace copper from the
above equilibrium, the ion activity ratio in solution must
exceed the value given by the solubility products of the
copper and the interfering metal sulfides. The calculation
of electrode interference leyels based upon solubility con-
siderations may be too conservative in some cases, especially
in solutions containing very low concentrations of inter-
fering ion. An interfering ion reaching the CuS - Agzs mem-
brane surface will react to convert a small amount of CuS
to the corresponding more insoluble sulfide, Uatil the
entire electrode sensing surface is converted, the electrode
will continue to respond to the sample cupric ion activity.

Strong complexing agents and oxidizing agents may also
cause measurement problems with the cupric ion electrode.
Complexing agents interfere by causing the electrode to give
erroneously high values of analyte., Oxidizing agents may
cause electrode instability by oxidizing the low level of
sulfide in equilibrium with the electrode sensing element.



CHAPTER IV
CHOICE OF BUFFER

The complexing antioxidant buffer (CAOB) chosen for
use in this study was designed to effectively reduce elec-
trode interferences from f;ffic ion and oxidizing agents
and at the same time permit rapid and reliable low level
copper measurements to be made. The formation of insoluble
cupric hydroxides, carbonates, and phosphates greatly limits
the pH range over which reliable cupric ion measurements can
be made successfully. Low level measurements are usually
restricted to systems yielding pH values of approximately 7
or less,

The choice of a buffering medium for cupric ion mea-
surements also involves a number of considerations other

than the desired pH. They include the following:

(1) Chemicel compatibility with the electrode mea-
suring system,

(2) Buffering capacity against the addition of both
acid and base.

(3) A moderate complexing ability to decomplex Cu2+
from low levels of complexing materials found in
natural water samples., (Low levels of complexing
agents may cause non-linear multiple addition
plots if the fraction of ion complexed changes
upon the addition of standard.)

(4) The ability to prevent the precipitation of
Fe(OH) ,*X H,O0 from ground water samples. (The
precip%tati%n of this material coats the copper
elggtrode sensing element and causes the loss of
Cu 5;0? water samples through coprecipitation
of Cu .
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(5) The avallability of buffer matexjals of ultrapure

quality to prevent low level Cu contamination
from the buffer components themselves.

A buffer material that would seem to fulfill all of the
above requirements is disodium ethylenediaminetetraacetic
acid (NazEDTA). Unfortunately, at very low levels of Cu2+,
the cupric ion electrode does not function properly in this
medium., The effect of EDTA is to increase the lower limit
of detection of the electrode and high values for the sample
copper level are reported. A multiple addition plot for the
determination of copper in a 1.00 x 1073 u Na,EDTA solution
is given in Figure 18, An atomic absorption analysis of a
similar, but more concentrated EDTA solution reveals that
the more dilute solution contains less that 1 pg/l total
copper while the multiple addition plot indicates that over
2 mg/1 total copper is present. A similar, although less
marked effect, is observed in acidic solutions. Multiple
addition plots for background copper in 0,100 N and 0.,0100 N
ultrapure acetic acid solutions is given in Figure 19. The
level of copper in the 0,100 N solution is less than 1 pg/l.

A phosphate buffer system was also investigated. The
response of the cupric ion electrode at pH 7.0 in phosphate
buffer was satisfactory for the measurement of low copper
levels in synthetic samples containing copper only. The

precipitation of metal phosphates from water samples, however,

was an annoying problem. Further investigation of this buffer
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system was discontinued,

The complexing antioxidant buffer solution finally
chosen for use in this study is a pH 4.8 ultrapure acetate
buffer containing sodium fluoride and formaldehyde. Total
copper measurements were easily made in this system down to
levels as low as 1 pg/l Cu. A stock CAOB solution, 0,100 F

2 F in NaF, and 2.0 x 10”2 F in

in total acetate, 2.0 x 10~
formaldehyde was used for the analysis of all water samples.,
Samples were analyzed by mixing equal amounts of the CAOB
golution and sample. Acetate ion present in the CAOB solu-
tion serves to decomplex copper from the weak complexing
materials normally found in natural water samples. The
formation constant for 1il copper acetate is 106'3 [51].
Sodium fluoride was added to the buffer mixture to prevent
the precipitation of Fe(OH)B-X H,0 from ground water samples
3+

and to decrease Fe” electrode interference through complex-
ation. Ferric ion interference is a two-fold problem. If
the ferric ion level is comparable to the concentration of
cupric ion in the sample, conversion of the electrode sensing
element surface to FeS2 is possible. A more serious problem
occurs because Feo' is also a moderately strong oxidizing
agent. Ferric ion and other oxidizing agents interfere with
electrode measurements made in water samples presumably

through the oxidation of intermediate sulfide at the elec-

trode surface., The rapid oxidation of ge- by Fe ot even in
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dilute solution is a well known reaction [52]. Severe elec-
trode instability was noted when low level Cu2+ measurements
were attempted in the presence of oxidizing agents., It was
found that formaldehyde at concentrations comparable to
that used in the CAOB solution was capable of stabilizing
the cupric ion electrode when measurements were made in the
presence of oxidizing agents., Hydroxylamine hydrochloride
and ascorbic acid were also investigated for use as an anti-
oxidants but both materials were capable of rapidly reducing
even low levels of Cu?t., It was found that 1 x 1072 M for-
maldehyde solutions show no tendency to reduce Cu2+ under
these conditions.

The use of ascorbic acid as an antioxidant in low level
sulfide measurements is well established [53]. Antioxidants
have not been used, however, in connection with low level

Cu2+ measurements made at high levels of Fe(III) and other

oxidizing agents.



CHAPTER V
A LEAST-SQUARES ELECTRODE CALIBRATION TECHNIQUE

It was noted in Chapter II of this section, that the
parameter most difficult to determine in the employment of
the standard addition technique with electrode measurements
is 8, the slope of a plot of E ys. log ion concentration,
While many lon-selective electrodes are perfectly Nerstian in
response, some of these devices exhibit response slopes as
much as 2 or 3 millivolte less than the theoretical value
for S. DMuch of the apparent deviation from theoretical
responge observed with these devices, however, is attribut-
able to liquid junction potentials developed at the reference
electrode employed [54]. Nevertheless, once the response of
an electrode pair is determined, it remains constant so that
the frequent redetermination of S is not necessary. The
electrode response to the ion of interest must be evaluated
to the highest degree of precision possible (ie. + 0.1 mV)
8ince standard addition techniques are strongly dependent
upon the value of this parameter (see equation II-11).

Once the data points are positioned on an electrode
calibration plot, there are three choices one can make as to
how to find the "best" line through those points. As a first
attempt, one can simply follow the usual technique of posi-
tioning an eye-estimated best line through the plotted points.
Positioning the best line by this technique is very much
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dependent upon the observer and is subject to personal bias.
A second approach is to draw a line with the theoretical
Nernst slope through the data points., There is, however, no
experimental justification for such a procedure since a 1 or
2 mV adjustment in the slope of a line drawn through typical
data can be made without making the line look any more or
less correct. Furthermore, many electrode systems do not
give theoretical Nernstian response due to a number of fac-
tors such as liquid junction potentials. A third method,
and most likely the best, is to determine the slope of the
best line mathematically by the method of least-squares.
Using this technique removes the tendency for personal bias
and allows a statistical error treatment of the experimental
data to be made. It is possible to report slopes to a pre-
cision of + 0.1 mV with justification.

To accomplish this task, a FORTRAN IV least-squares
computer plotting program was written for the IBM 360 Model
65 computer system., The program calculates the activity or
concentration of the solution resulting from the addition
of concentrated electrolyte to a known initial volume of
solution at a selected temperature. Data to be entered into
the program are normally taken by adding a series of volumes
of successively more concentrated standard solutions to a
single known volume of sample. The volumes of each standard

added are selected to give approximately equal spacing of
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the resulting data points on a logarithmic plot. A 10 ml
digital piston driven buret (DIGIPET) was found convenient
for making additions to an initial 100 ml volume of solution.
In cases where the maintenance of a constant ionic strength
background is necessary, material used to adjust the ionic
strength can be added to the titrant solutions. The prepar-
ation of calibration curves in this manner avoids the neces-
sity of moving the electrodes from solution to solution and
lessens the chance of contamination when low level measure-
ments are made.

Ion-selective electrodes have a lower concentration
limit below which their response becomes non-Nernstian,
Because of this factor, a provision for the automatic selec-
tion of the first data point representing the lowest concen-
tration considered to be part of the linear calibration
curve is included as part of the program for the data reduc-
tion process., Only thoee data points that are considered
part of the linear calibration curve are considered for
least-squares analysis. The selection of the lower limit is
based upon the computation of the average slope between each
data point and the standard deviation of the computed slopes
from the average. Points yielding between point slopes more
than one standard deviation from the average are rejected.
The entire computational process is repeated until no further

points are rejected during an iteration. Automatic selection
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of the first data point can be overridden by specifying the
subscript on the first data pair to be taken for least-squares
analysis. The values for the slope and intercept of the com-
puted least-squares equation are printed giving the constant
term in equation II-5 and the slope of the line through the
data points, respectively. All computations are carried out
in double precision arithmetic.

In order to plot the data and least-squares line accur-
ately, a CalComp off-line pen plotting subroutine is included.
Plots may also be made on the line printer. The choice of
either type of plot or complete plot suppression may be select-
ed by changing a single input parameter.

Program usage is limited to 50 data points at a time and
the program recycles for multiple runs, Reading of input data
is stopped by reading a 999 trailer card. The entire program
is written from the standpoint of flexibility and simplicity
for the user. The choice of either the concentration or ac-
tivity mode and the implementation or deletion of many compu-
tational steps can be readily and easily accomplished. When
the concentration mode is used, the computed concentrations
are printed in both moles/l1 and mg/l of the ion sensed by
the electrode.

When identical determinations are made, the input data
for a given run may be simplified by using the information

entered in the previous data set. In this case, all data
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cards may be omitted except for the first two data cards and
the cards for the new titrant volumes and the corresponding
electrode potentials,

The least-squares subroutines give an accuracy of
approximately 13 decimal digits when well-behaved synthetic
data are entered. The least-squares matrix equations are
solved by Gaussian elimination. Roundoff error is decreased
by partial pivoting. The solution to the matrix equations is
further improved by the Gauss-Seidel iterative technique if
necessary [55]. In addition, the average error of estimate
and standard error of estimate are computed. The standard
error of estimate (SEy) is the root mean-square of the Y
deviations about the computed curve and, in this case, is

an estimate of the precision to which S had been determined:

(Y. = Y )2

SE,” = 1 Nl'eSt (II-204)

where N = the number of data pairs. The correlation coeffi-
cient (r), the degree of relationship between the x and y
variables is also computed:

2 = Egglainedrvgr;gtiog in Y
Total variation in Y

(II-25)

Correlation coefficients in excess of 0.999 are typical with

calibration curves prepared for the cupric ion electrode.
The cupric ilon electrode was evaluated using the pro-

gram in the region from 18 pg/l to 23 mg/l Cu at constant

ionic strength vs. an Orion #90-02-00 double junction refer-
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ence electrode with 10 per cent KNO3 in the outer chamber,
Typical results for a single run are 29,6 mV with a standard
error of estimate of + 0.1 mV. The average value of S for
4 runs is 29.6 mV with an average deviation of + 0.3 mV.

A complete program listing and sample output follow.
The variable names used in the program, their meanings, and
their positions on the required data cards are given at the
beginning of the listing. Additional information regarding
the operation of the program is given at the beginning of

each subroutine.
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RELIDUALS.
(ENCS IN COL 2C)
NCLSC:ITF NCLSE=1,s NO LEAST SQUARES ANALYSIS IS
PERFORMED AND CANLY TYHE CATA VALUES ARE FLCTTEC.
(ENCS IN COL 4C)
IN THIS MCDE, PLOTTING ON THE PRINTER WILL BE DELETED.
IPLCT:IF IPLCT=C NC PLCTTIANG IS CCNE
1 DATA IS PLOTTED ON THE LINE PRINTER
2 A CALCOMP PLOT IS MADE OF THE DATA
3 PLCTYS ARE MACE CMN BCTH THE LINE
PRINTER AND THE CALCOMP PLCTTER,
(ENCS IN COL 5C)
IFIRST=C IF ALTCMATIC SELECTICN CF THE FIRST CATA PAIR LYINC
IN THE LINEAR PCRTICN OF THE CCMPLTEC LEAST-SCUARES
CURVE IS DESIREC.
CTHERWISE:
= THE SUBSCRIPT CN THE FIRST CATA FAIR TC BE USEC FCR
LEAST-SQUARES CCMPLTATION,
LERCS IN CCL 6&C)
THIRD PATA CARD: (DATA PULNCHEC wITH CECIMAL FT.)
AP=THE 10N-SIZE PARAMETER [N THE EDHLL TIMES 1C*%x8,
(CCLS 1-10C)

slialcvieiatalatatatiriciiinstiatitatatatfatata il e d €

& VEHLIN=THE INITIAL VCLLME OF THE SCLUTICN TC whICH

(: THE TITRANT SOLLTICNS ARE ACCED.

C (CCLS 11-20)

i NDFACTR=A VLLLNME CCRRECTICN FACTCR WHICH ALLCwS TFHE

c TITRATION TN BE PERFORMED AT ONE TENMP. T AND THE
G TITRANT TO BE ACCED AT ROOM TEMP.

C CFACTR=DH2C(AMBIENT CEC C)/CH20(T CEG C)

C {CALS. 21-2C)

C ATERM=THE A CCNSTANT IN THE ECHLL ON THE MOLARITY

C SCALE AT THE TEMPERATURE THE CATA ARE TAKEN.

C (GELS: 31=4€)

G BTERM=TFHE B CONSTANT IN THE EDHLL ON THE MOLARITY SCALE
o TIMES 10**-08 AT THE TEMF., THE CATA ARE TAKEN.

C (CLLS 41-5C)

G FWTION=THE FORMULA WEIGHT OF THE ICN TC WHICH

C THE ELECTRCCE IS RESPONSIVE.

C {CCLS 51<=6C)

G FOURTE CATA CARC: (ALL CATA PULNCHED w/C CECIMAL FT.)

C NCPTS({1)=THE NUMBER OF CAYA POINTS TAKEN USING THE

G FIRST TITRANT SCLLTICN,

G (ENDS IN COL 1C)

(4 .

C .

G -

G NOPTS(NTRNTS)=THE NUMBER OF DATA PCINTS TAKEN USING THE
o LAST TITRANT SCLUTICNK.

G (ENDS IN CCL NTRATS x 10)

G FIFTH CATA CARC (OMIT IF NOACT=1) (PUNCHED w/C CECIMAL PT.)
C IPCS=THE CHARCE ON THE PCSITIVE ICN GF THE SALT LSED.

C (ENDS IN CCL 10D

~-

INEG=THE CHARGE ON THE NEGATIVE ICN CF THE SALT LSEC.
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(ENDS IN CCL 2C)
NP IONS=THE NUMBER OF MCLES GF PGSITIVE ICNS PRCCLCED/
FORMLLA WwT. SALT.
(ENDS IN CCL 3CY. .
NNTONS=THE NUMBER OF MGLES OF NEGATIVE [CN PRCCUCED/
FCRMULA WT. SALT.
(ENCS IN CCL 4C)
ITERM=NORMALLY, THE Z TERM IN THE EODHLL SCULAREC,IE,
THE CHARGE ON THE ELECTROACTIVE ION SQUARED.
[F HCwEVERy A CATICN ANC AN ANICN RESPCASIVE
ELECTRODE ARE LSED SIMULLTANECLSLY THIS TERW
BECCMES 1Z(+)%Z(-)] whHICF IS NUMERICALLY=
|IPCS*INEG| WHICH ARE DESCRIPEC PRELCw.
(ENDS IN COL =0Q)
SIXTH LATA CARC: (CMIT IF NCACT=1) (PUNCHED WITH DECIMAL PT.)
DH2C=THt CENSITY CF WATER AT THE TEMP.THE CATA WERE TAKEN,
(cces 1-16)
CSOLN=THE CENSITY OF THE SCLUTION WHEN CONC.=C.1lVM,
(CCLS 11-20)
WSOLLT=THE FCRMLLA wT. CF THF SCLUTE ACCEC.
(COLS 21-13C)
SEVENTH TC SEVENTH+NTRNTS CATA CARC: (CNE VALUE/CARLC)
CONC(T)=THE CCNCENTRATICN CF THE I°TH TITRANT SCLUTICN USEC.
(BEEGINS IN CCL Ly IN THE FURNM X XXXE-YY)
SUCCFELCING CATA CARDS: (CNE VBLUFE/CARC PUNCHEL wlITF LCECIMAL PT.)
VULACD(1)=THF BLRET REACING IN MILLILITERS AFTER THE ACCITICN
OF TITRANY CCRRESPCACING TQO XMVCLT(I).
(CcLs 1-10)
DATA CARDS FCLLCWING VCLALCC(I) CARCS: (PUNCHEL wWwITH LCECIMAL PT.)
AMVOLT(I)=THE POTENTIAL REACINGS IN MILLIVCLTS CCR-
RESPONCINGC TO THE ABOVE VALUES CF VCLACD(I).
(CCLS 1-1C)

REACINC [S STOPPED BY READING A 659 TRAILER CARD,SC THE LAST
CARC IN THE CATA DECK MUST FAVE 999 PUNCHEC IN CCLS 1-3,

LI R R R R R R R R R R R R R AR R R R A A R R R R R A RS RS RIS R R T

IMPLICIT RFAL%®E (A-H,C-2)

CIMENSICN CUIC) o XUSC)eY{EC) NCPTS(5),YESTI(5C)

CINMENSICN STRNTH(5C),SLOPE(SC)PPM(5C)

DINMENSICN XMVCLT(50) ,VCLACL(SC) o ACTVTY(50) 4 ACCNC(50),C0NCI(5)
CIMENSION XARRAY(52) »YARRAY(S52)4YV(52)4ACTCCF(SC)oXLCACF(50)
REAL #*4 XARRAY,YARRAY,YV,CS(10),FACTER/C.T75CC/

COMMCN ADATE,SALT,RFRNC,NCLSG.NCACT

EQUIVALENCE (ACTVTY,ACCNC ), (Y xMVCLT)

INTEZER YES/*YES '/ ,SAME,SALT{S),ADATE(Z2) ,RFRNC(5) yZTERNM

LR s i s R e e S R R R AR AR R R R RS SRR R AR AR R RN N
CATA NINES/ 'S99 '/ ,KEY/C/
RS R RS EER RS R E R R R R RS RS R R AL R R A R R R R R AL R RN Y

FURMAT (*LRUN'y [345Xy2A4//)
FURMAT(®Y THE FCLLCWING CATA WERE TAKEN USING ',584/
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1'OREFERENCE ELECTRCODE= '45A44/7/)

43 FORMAT(® INITIAL VOLUME=® ;F6.24*ML® ,SX,*'NUNBER CF CATA PCINTS= ',
11277)

44 FORMAT(®'O*, 10X, *TITRANTY v, 11,5%, *CONCENTRATION=",1PD10.,3/
110X, *BURET VCLUNMES' y3X,*ELECTRCCE PCTENTIAL(MV))

45 FORMATI12X4F7.3,12X,F7,1)

99 FORMAT(S5110/3F10,0)

10C FCRMAT(6110)

101 FORMAT(eF1C.C)

102 FORMATIFL0.0)

1C2 FURMAT(C9.3)

109 FURMAT({2A4,1X%X,5A4,5A4,A)

200 FORMAT(10X, *CONCENTRATION 95X o *ACTIVITY COEFFe*3SXy*ACTIVITY®7X,?*
IPCTENTLIAL (MV.)')

201 FORMAT(EX 1PDL1Te895XsCPFLCeS595Xy1FL17.89y5X,0PF1C.5)

202 FORMAT(7X,'"CCNCENTRATION{PPN) *43X,*CCACENTRATICN(NOLES/L) Y,
14X, PCTENTIAL(NVL)")

203 FORMATI(EX,)1PLC17.896XsDL7.8,10X4CFF1045)

902 FORMAT(*OEVALUATING'yI24* TERMS IN PCLYNCMIAL LEAST SCULARES EQULATI
1CNY)

504 FORMAT(1X,*THE MEAN SCLARE CEVIATICN FRCM THE CCMNPUTELC CURVE IS?*,
1FIC.5¢/ 11Xy *THE STANDARD CEVIATICN [S*4F1C.547/)

L4993 FCRMAT (' THE FOLLOWINCG VALUES WERE USED TO CETERMINE THE POINTS
1CHCSEN FCR THE LEAST SCUBARES LINE'//13X,*SLCPE®,1CX,'LCG ACIIVITY?
Lo3Xy 'POTENTIAL (MV,) ' /1CX,"BETWEEN PTS. V)

1494 FORMAT (* THE FCLLOWINC VALUES WERE LSED TO CETERMINE THE PCINTS
LCHCSEN FCR THE LEAST SCULARES LINE®*//13X,"SLCPE'413X,*'LCG CGNC. "',
13X, *POTENTIAL (MV.)*/1CXy*BETWEEN PTS.')

KK=0
8 READ(5,1C5) ACATE,SALT,RFRAC,ySAME

IF(ACATEL1).EQaNINFS) GC TC 611
KK=KK+]1
WRITE(GH y41) KKZADATE
WRITFlE,42) SALTLRFRNC
IF(SAME.EQ.YES) GO TO 9
REAGC{Sy1CCINTRANTSyNOOACT , IR¢NOLSCo TPLCT,IFIRST
READ(S,y1CL)AP g VCLIN,DFACTR ,ATERN ¢BTERNMFWTICA
READ(S, 1CCIINOPTS{U)yJ=1,NTRNTS)
[F{(NCACT.ECs1) CC TO 14
READ(5+6G) I[FOS,INEGyNPICNS NNICNS,ZTERNM,CH2C yCSCLNyWSCLUT
ANICNS=NP ICNS+NNTONS
XICNS=NICNS
XNIONS=ANICAS
XPIONS=NPIONS
ENEG=INEG
EPCS=IPCS

14 NACD=C
CO 334 J=1,NTRNTS
NACC=NACC#NOPTS(J)

334 CONTINLE
READ(5,1C3) (COCNCUKI) 4KI=L,NTRATS)

9 WRITE(Ey43) VOLIN,NACD

READ(9,1C2) (VOLACC(IK),IK=1,NACLC)
READ(5,1C2) { XMVCLT(JK) yJK=14NACC)
ANN=1
NUNMBER=0
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CO 34€¢ [=1,NTRNTS
NUNBER=NUNMBER+NCPTS (1)
WRITE(6,44) [,CONCHLI)

CO 345 K=NN,NLMBER

WRITH(6445) VOLACD(K )y XMVYOLT(K)
CONTINLF

NN=NUMHBER ¢ ]

CUNT INUE

WRITE(6,41) KK,ACATE
[FINOACT.EC.1) GC YO 8C
WRITE(6,2C0)

cCC 1C @2

WRITE(€,2C2)

MT=0

TFMMOLS=0

VOLUME=VCLIN

CO 2 L=1,NTRATS

AN=MT +]

MT=NCPTS(L)+NMT

CO 1 I=NN,VMT

IF(I.EC.NN) CO TO 10
VOLUNME=VOLLME+VCLACD(I)=-VCLACC(I-1)
TMMOL S=TMMOL S+ (VCLADDIT ) =VCLACCUTI=-1))%CCANC (L)
ACONC(E)=TMMULS/ZIVOLLMEXCFACTR)
LFINCACT .t} CC TO Al

Gu T 1y

VO UME = VOLUMO «vELADILET)
TMMOLS=TVMNULS+VOLALDLT)*CONCIL)
ACCNC (LT )=TVMMLLS/(VULUME®CFACTRY)
[FINOACTLEC. 1) GC TO 81

13/75€/37

15 STRNTH{I)=5.0D-01*(EPOS*#2*ACUNCUTI )= XPIONS+ENEG**2#ACONC (] ) *

-~
]

¢
€
G

1€

81

1

2
(
C
C

IXNTANS)

XLCACF(I)=(-ATERM®DFLCAT(ZTERM)®CSCRT(STRANTH (L))} )/ (1. 0CO+PTERM*AP

12CSCRT{STRNTH(L)))

ACTCCF(T)=CEXP12.3025855C93¢XLGACF(I}))

THE NEXT STATEMENTS CCRRECTY THF ACTIVITY CCEFFICIENT ON THE MOLE
FRACTION SCALE TO THE MOLARITY SCALE LSING THE AFFRCXIMATICA

THAT THE CENSITY OF THE SCLLTION AT ANY CONCENTRATICN ABOVE

CoCl MCLAR IS ECLAL TO T+E CENSITY CF THE SCLUTICN AT 0.1 MULAR

IF(STRNTH(I).LE.CaC1l) GO TC 1€

ACTCCF(I)=ACTCCF(I)*(DF20/(CSCLN+1.,0C-C3*ACCNC(T)*{XIONS*1.2C20C1-

1wSCLLT}))

ACTVTYLL)=ACTCUF(I)*ACONC(1)
WRITE(&9201)ACCNCUT) 4 ACTCOQF(T )y ACTVTY UL} o XMVOLT(T)
GC TC 1

PPMIT)=ACONC(I)*FWTION®*1,CCC3

WRITE(6,203) PPM(T),ACONCI(IT )y XMVOLTI(T)

CUNTIALE

CUNTINLE

HECIN LEAST SCLARES PROGRA¥ HERE FCR THE ECN. Y=C{1)+C(2)X WhERE

X=+¢LCGUACTIVITY),C(2)=SLCPE CF THE LEAST SCUARES CLRVE,

Cl1)=CUNSTANT,
IFI(NCLSQ.EC.1) GO TO 8en8
WRITF(6,41) KK,ACATE
[FINOACT.EC. 1) GC TO 5
WRITE(€Ey14G63)
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GO 70 ¢

WRITE(641494)

CONT INUE

DG 12 I=1,NACC

X(I)=DLOGICLACTVTY({I))

CCATINUE

DETERMINE FIRST PUINTS TC BE TAKEMN FCR LEAST-SCUARES ANALYSIS.
NUMBER=IFIRST

IF{IFIRST.NE.C} GO TO 13

CALL SRCH(XeYyNALCDy,NUMBER,SLOPE}

V=2

WRITE(6,41) KKoACATE

WRITC(6,302) ¥

CALL SUBLSCUXyYsMoNUMBERSNALD 41 +CoCCEFF,STCEST,AVEESTySTCCEV,YEST)
CONT INUE

PLCTTING RCUTINES BPECIN FERE

IF{LPLCT.EC.C) GC TC 8

CO 600 I=1,NACD

XARRAY (I)=xX(1)

YARRAY{I)=Y(I)

IF(NOLSQ.EC.1) GC TO €CE

CO 601 I=1,NACC

YVII)=Cl1)4C(2)eXARRAY(])

CALL CALREG(XARRAY,YARRAY,YVyNACC,ALNPER,KEY4FACTER)
IFINCLSC.EC.1) GO TO 8

IF(IFfLCTL.EC.2) CGC TO B

O 75 [=1,M

CS(r)=CctI

CCAT INUE

CALL REGPLT(XARRAY,YARRAY ,NADC,ANUNMRER,CS,¥,0)
GO T0O ¢

IF(KEY.EC.1) CALL CALENC

WRITL(643333)

FURMAT(®*1*)

sTCP

ENC
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SUBRCULTINE CALREG (X,Y,YESTNUMBER,BECIN,KEY,FACTER)

(RS E AR R R R R 22 R R R R R R R RS S22 R R RS R RS2SR SRR T

PURPCSE:
SUBROUTINE TC PLOT A SCATTER CIAGRAM ANC A REGRESSIUON LINE FCR
UP TO SC XY CATA PAIRS.

ARARAREREBXER G RRERER BRI R IR RN H AR AR TR IR RIS H AR A IR RN N A8
CESCRIPTICN CF VARIABLES:

Xy Yy YESTyNUMBERyBEGIN - SEE SLBRCLTINE PRTREG.
KEY = A VARIABLE THAT SICGNALS WHEN THE PROPER CALCOMP
INITIALIZATICN +AS BEEN ACCCMPLISKEC. )
FACTER = A PARAMETER THAT ALLCWS ACJLSTMENT CF THE SIZE CF THE
CALCOMP PLOT MADE.

LR R R R R R R R AR R R R R R R R R R R RN R R E S R R R R R

THIS SUPRCUTINE HAS HEEN MOCIFIEC HCR USE IN PRUGRAM (GRALLE AND
THE VARTARLES ACATEZTITLELZTTITLE2,NCLSCy ANEC NCACT ARE A RESULT
CF THAT MOCIFICATION.

THIS SUBRCUTINE USES SUBROUTINE CALCOM WHICH PERFURMS THFE
NECESSARY CALCCMP INITIALIZATICN. IT IS PECULIBR TU THE UNIV.
CF MO. COMPUTING CENTER.

TO USE THIS SUBRCUTINE AT ANOTHER INSTALLATICN THE STANDARD
CALCCMP INITIALIZATICN SULBRCUTINES SHCULC BE SUBSTITUTEC.

THIS SURROUTINE ALSO RECUIRES CALCOMP FINALIZATICN THRCUGH THE
LSE CF SULHERCLTINE CALENC, ALSC PECULIAR TO THE LNIV. OF MG,
COMPUTING CENTER.

(AL LR R R R R R R 2 R R AR R R RN R AR R R R R R R R RSS2 2 R T

SUBROULTINE CALREG( XY, YEST,NLMBER,BEGIN,KEY,FACTER)
CIVENSION X(52),Y(52),YEST(E2)
INTEGER BEGINSTITLEL(S) TITLE2(5),ACATE(2)
COVMON ADATE,.TITLEL,TITLEZ,NOLSC4NCACT
[+ SUBROUTINE HAS NOT BEEN CALLEC BEFORE(KEY-~=1), DC
CALCCMP INITIALIZATICN,.
[FIKEY.[Q.1) GC TO 6C8
CALL CALCOM (L1éF MIKE SMITH 012 )
CALL FACTCR(FACTER)
CALL PLOT (C.Cylal3333,-2)
KEY=1
CC TCO 6CY
608 CALL PLOT(C.Cyl.B8y—-3)
609 CALL SCALE(XyBaCyNUMBER,1)
CALL SCALE(Y,11.0,NUMBER, 1)
IF(NCACT.EC. 1) GC TO 6C3
CALL AXIS({CeCoCaCyl3H-LOG ACTIVITY4~1348e04CeCoX(NUNBER+L),
* X (NUMBER+2))
GO0 TC 6C4
603 CALL AXIS({CaCyCoeCo18H-LOG CCNCENTRATICN y~1848.0,C.0 s X{NUNRER+]L1),
* X (NUMRER+2))
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CALL AXIS(C.CyeCeCy23HPOTENTIAL IN MILLIVOLTS423411.C490.0,
* Y (NUMBER+L), Y{NUMBER+2))

IF(NOLSC.EC.1) GC TO 605

YESTINUMBER+1)=Y(NUMBER®])

YESTINUMBER+2)=Y(NUMBER+2Z)

NUMBER=THE ANLNBER CF DATA PCINTS, BEGIN=TFE SUBSCRIPT ON THE
FIRST LFAST SQULARES DATA PAIR

LEFT=NUMBER—-EEGIN+1

CALL LINE(X(BEGIN)oYEST(BEGIN)sLEFT,41,C,0)

CALL LINE(X,YyALMRER,1 ,;=1,C)

CALL SYMBOL(145910a759Ce2l9sADATE,CoC,y8)

CALL SYNBCL(145¢102540621321FPLCT OF POTENTIAL VSesCaCy21)
IFINGACT.EC.1) GC TC 6C6

CALL SYMBOL(1a5+9e799042141€6H-LCG ACTIVITY CF30.Col6)

CALL SYMBCLI(125+942540621yTITLEL,CeC,20)

CALL SYMRCLI1.5,847540.21,11HREFERENCE: ,0.0,411)

CALL SYMHOL(SS54¢55Ge9sCuacleyTITLEZ4CaC,20)

GC TC LY

CALL SYMBCLULe% 3947540421 421H=-LCC CCNCENTRATICN CF,0.0,21)
CALL SYMBOL(1e5¢6425+Co21411TLFL1,C.C42C)

CALL SYMBOL(1a%¢BaT540.21y 1 IHRCFERENCES: 20.Cyhll)

CALL SYMBOL (4999, ,999.,0421,TIILE2,C.C,420)

CALL PLOTILYCy=20a04=2)

RETURN

ENC
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SUBROUTINE SRCF (XY NACC,BEGIN,SLOPE)
R LR R R R S L A R R R L R RN

PURPCSE:
SUHROLTINE TC CHCCSE THE FIRST CATA POINYS TC BE USED
FOR LEAST-SQUARES ANALYSIS.

A2 R 22 SRS R RER RS SRR R AR AR R R RS R RERRAREREAERERREE

SUBROUTINE SRCF (XyYNACC.BEGIN,SLGPE)
IMPLICIT REAL*8 (A-H,0-2)

DIMENSICN SLCPE(5C) 4X{5C),Y(5C)
INTEGER BEGIN

CETERMINE SLCPES BETWEEN PTS ANC PRINT OUT
BEGIN=1

SUM=C,.CDCC

SUMSC=C.CLCCC

WRITE(6,1492) X(1)eY(1)
FORMAT(3CX,F1Ce5y5X4F1C.5)

EQ 1 I=2,NACC

IM1=1~1
SLCPELIML)=(Y(I)=-Y(IML))/Z{X(L)=X(IML1))
SUM=SUM+SLOPE(IM])
SUNSC=SUMSQ+SLCPE(IM]L)*SLOPE(IM])
WRITE CLT SLCPES AND CATA PCENTS
WRITE(6,14G65) SLCPE(INMI) o X(I),Y(])
FORMAT (10X, F105/30X,F1Ce545X,F1C.5)
CUNTINLE

WRITE(E,4651)

4951 FORMAT(*1ITERATION FOR THE FIRST CATA POINT TO BE TAKEN FCR LEAST-

®*SCUARES ANALYSIS®//* AVERAGE SLCFE®,5X,*STANCARC CEVIATION®,S5X,
%% PTS REJECTED®*y2X'N PTS KEPT®)

FIND THE AVERAGE SLOPE

RACC=CFLOAT(NACC-1)

IF(BEGIN.EQ.NACD) RETLRA

AVE=SUM/RALD

FIND STC CEV CF SLCPES

STUDEV=DSCRT(DABS( (SUMSC-(SLM*SUN)/RACC)/ (RALCC-1.C)))
KEY=0

J=BECIN+]

DU 2 I=J,NADD

IMl=[-1

STCTST=1.0%STCCEV
IF(DABS{SLCPE(INL)-AVE)LE.STLTST) CC TO 3
SUM=SUM=-SLUPE(INM])

SUMSQ=SUMSQ-SLOPE( IM1)#SLCPE(IM])
BECIN=BEGIN+1

KEY=KEY+1

GO TQO 2

IFIKEY.EC.C) GC TO &

[=NACD-BEGIN+1

RACD=DFLOAT(I=1)

K=REGIN-1

WRITE(649514) AVE,STCCEV K,

9914 FORMATUIXGFLCo59GXKoFLlCaCyg1l5Xg12413X,412)
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GO TC 5
CONTINLE
GO 1O o
IF(BEGINSEC.Ll) WRITE(6,5149)

FORMAT(*CALL CATA PCINTS INCLLCEC IN LEAST-SCUARES CCMPUTATICN®)
RETURN

ENC
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SUBRCLTINE SLELSQ(X,Ys¥,EEGIN,NUMBER, IR, CoCCEFF, STCEST,AVEEST, SLSQ
STODEV,YEST) SLSQ
SLSC
AR A RS R R R R R R e R R R R A R R R R A R R R R R R R AR R R RS S22 222 2 2 0 AN IRY¢]
SLSQ
PURPNSE ¢ SLSC
SLSC
UTILIZATICN CF THE LEAST SQUARES METHCD FOR® THE SLSQ
CURVE FITTING CF DATA PAIRS (X(I),Y(I)) FCR ECUATICAS SLSG
CF THE FORM Y = ACL1)+A(2)X4A{ 3)X#R24A(4) X%®34,,  +A(N)XEE(N=-]1) SLSC
FOR V=2 TC 10. SLSQ
AN RXARYAKAKEXEERERAREEPAIR IR RIS DI ARSI B I IR R NN SN S F Dk 2N 49925 SO
SLSC
CESCRIPTICN CF VARIABLES: SLSQ
SLSQ
X{I)=THE INDEPENDENT VARI[ABLE SLSG
Y{1)=Trt CEPENCENT VARIABLE SLSG
M=THF DESIREC NULMBER CF TERNS FCR THE LEAST SCUARES SLSQ
EQUATIONIM=2 TC 1C.) SLSC
LECIN=TFE SUESCRIPT ON THE FIRST CATA PAIR TC BE TAKEN FCR SLSG
LEAST SCULARES ANALYSIS sLse
NUMACR=THE # CF DATA PAIRS SLSG
[R-1F IR=1, AN ERROR ANALYSIS [S CCNE ON THE RESICLALS SLSQ
C=THE ARRAY CF CCNSTANTS wi ICH AFPEAR IN THE COMPLTEC KEQN. SLE¢
(RETURNEDR) SLSa
COtFF=THE COEFFICIENY OF CCRRELATICN (RETULRANEC) SLSG
STLEST=THF STANCARC ERRCR CF ESTIMATE FCUR THE SLS¢
CCMPLTEL EQUATICN. (RETURNEC) SLSC
=SSQRTOCYESTOE)=YUI))/(NULVMBER-BEGIN+1))} (RETLRAEL} SLSse@
STCDEV=THE STANCARC CEVIATICN OF THE Y-VALUES FRCM €L &8O
THEIR PMEAN. (RETLRANEL) SLSu
AVEEST=IHE AVERAGE CRROR CF ESTIMATE (RETLRAEC) SL St
SLEQ
ADDITICNAL SURCLTINES RECLIREC: CVER,CAUSS,CCFR SLSQ
SLSC
AR AR R R R RN P A L AR E A R AR AR R RS R R AR ARSI SR RS2 22T Y IYH
SLSO
SUBROLTINE SLBLSGUX,YyNMBEGINNUMRER,IRGCoCCEFFoSTLCEST4AVEEST, SLSG

STODEV, YEST) SLSe 3

REAL%E X(5C)sY(50) yA(20410)B(L1N),C(L1C),C(LC,10},PL10),YEST(50) SLSG
REAL#8 COFMFSTDEST,AVFEST,STCCEV,AFASS({10,1C) SLSC
INTECER HEGIN SLSC
BECIN SULMMATICN FCR FRCCUCTS TC EE INSERTEL INTO THE NURMAL EQNS. SLSQ
IF(NULMBERLEQ.HBEGIN) GC TC 934 SLSC
N=M-1 SLSC
AX2=N+N SL S0
DN LC J=14NX2 SLSY
PLJ)=0.C SLSC
CO 10 I=eFGIN,ANUMBER SL St
PCJY=PLd)ex()*®y SLSG
SET UP COEFFICIENT MATRIX SLSC
LC 30 [=1,4¥ SL SE
DL 3C J=1,¥ SLSe
K=l+J-2 SLSC
IF (K) 29429,28 Sl &6
All,J)=PLK} SLSG

250

290

440
470
48C
450
500
51C
52C
530
540
S5EC
56N
9TC
SHC



G LEVEL 20 SUBL SC CATE = 72211 13/56/37

GO TC 30 SLSC 59¢C

29 Ally1)=NLVBER-BEGIA+] SLSC 6CC

3C CONTINUE SLSC 610

6 FORM THE RIGHT~HANC SIDE MATRIX SLSC 620
Bll)=C.C SLSC 63¢C

CO 15 [=BEGIN,NLMBER SLSC 640

15 BOLYy=8(1)+v (1) SLSC 650

DC 22 [=24¥ SLEQ 6¢C
Hil)=C.C SLSQ 610

CGC 22 J=UEGIN,NUMBER SLSC 6RO

22 BUL)=B(1) ey {J)exX(J)xx({[~1) SLSC 69¢C

c SAVE MATRIX A BY SETTING ECLAL TC APASS SLSQ 7¢O
CO 22 I=14M SLSC 710

CO 23 K=1,¥ SLEC 72¢C

22 APASS(I4K)=A[I,K) SLSe T3C

G SOLVE THE MATRIX EQUATION BY I[NVERTING MATRIX A. SLSC T40
I[=1 SLEC 75C

18 CALL CVER{APASS,CyNM,K,yI) SLSU TeC

C MATRIX D IS INVERSE OF MATRIX A SLsSe 770
IF(K.ECa1l) RETURN SLSC 7ec

DG 55 I=1,¥ SLSQ 7sC
ctn=0.c SLSQ 8CO

CO 54 J=1,¥ SLSC 810

54 CLIN=C(I)+C(1,J)%B(J) SLSGC 82C

55 CONTINLE SLSC 830

G WRITF OUT THE COEFFICIENTS CF THE EQLATION SLSC R40
€0C WRITE(6,49C2) SLsQ 85C
502 FORMAT(//' THE FCLLOWING VALUFS ARE THE CCEF. CF THE CCMPUTEC EQUASLSG 860
ITICN®/* T+EY ARE PRINTED IN ASCENDING CRDER'/ SLSC 870
2'0BY CIRECT SCLUTICN®) SL €C° BEC

DO 9CC [=14M SLSC 890

900 WRITE(€s9C1) I,C(1) SLSC 900
901 FORMAT(1X,*C('y[2,%)= ',1PLC15.8) SLSC 9lcC

C IMPRCVE INITIAL ESTIMATE UF SCLLTICN PY GAUSS-SEICEL SLSW 92¢C
C ITERATIVE METHOLC SLSC 930
CALL GAUSSI(A,EB4CyMy10]) SLSO 94C

c [F 1IR=1, CCMFLTE THE MEAMN SCUARF ERRCR SLSG SEC
IF(IR.NE.,1) GU) TO €88 SLSE 960

CALL CCRR(MyNUMBER,BECINyXyYyCoYESToCCEFFoSTDESTySTLECEVLAVEEST) SLESC 97C
WRITE(649C4) CCEFF,STDEST,AVELST,STLCEV SLSG GeC

904 FURMAT(*OTHE CCRRELATION CCEFFICIENT= ' ,FB.5/ SLSC 1390
*V1QTHE STANCARC ECRRCR OF ESTIMATF= *,1P013,5/ SL SELCCC
®YCTHE AVERAGE ERROR CF ESTIMATE= ',L13.5/ sLseicic
#10THE STANDARD DEVIATICN CF THE AVERACE ESTINATE= ',L13.5) SLSGq1020

GO TC 8Aa8 SLSR103C

934 WRITE (6,4935) SLSQLICA4C
G35 FORMAT(*CONLY CNE POINT TAKEN FCR LEAST SCLARES ANALYSIS'/ SLSC1050D
1* NO LEAST SCUARES ANALYSIS WILL €E PERFORMED') SLECLOGO

488 RETURN SLSQIC?C

ENC sLscloen
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2C MAIN CATE = 72211

SUBROLTINE OVER{A4DyFoNCINV,IFRINT)

13/56/37

QVER
CVER

(RS RS R R R R R R R 2R R R R RS AR R R 2R RN R P22 R 22 R 2 oAt

PURPOSE :

OVER
CVER

SUBROUTINE TC CCMPUTE THE INVERSE OF AN M#*M SCLARE MATRIX BY CVER
GAUSSIAN ELININATICN. RCUNCCFF ERRCR IS CECREASEC BY PARTIAL CVER

PIVOTING.

CESCRIPTICN CF PARAMETERS:

A = THE V=M MATRIX TC BE IMNVERTECL.
D = THE COMPLTED M#*F INVFRSE CF MATRIX A (RETLRNED)
poo= THE NUMBER OF RCwWS & COLUMNS [N MATRICES A & D.

CVER
CVER
OVER
OVER
CVER
CVER

NCINV= A VALLE CF 1 IS RETLRNEC FCR NCINV IF INVERSICN CANNCT OVER

HE CCMPLETED. (A SINGLLAR MATRIX IS EMCCUNTEREL)

{SINCULAR MATRIX = CNE wWITh A ZERO OR NEAR-ZERO
CTAGCNAL FELENENT)

CVER
OVER
OVER

[PRINT-1F [PRINT EQULALS 1, THE INVERTED VATRIX [S PRINTEC IN CVER

RCW MAJNR CRLCER.

(JVER
OVER

(22 EERAARAR AR ERRR SRR RS R R AR AR R ERRRRRARR SRR AR TNAN

SUHROLTINE CVERUAZCoVMoNCINVLIFRINT)

MATRIX INVERSICN By ELININATICN wITH FARTIAL FPIVCTING
CRIGINAL MATKRIX=A, INVERSL MATRIX=D

REAL*E A(IC,1C}sCI110,10)

COLALE PRECTSIUN EPS,ATMPDTNELAMAX CIVyANMLLT
EPS=1.CC-12

NCINvV=C

CUNSTRLCT IDENTITY MATRIX E(l,J)=1

L& I=1,M

CC 9 J=l,V

TF{I-J) 44344

CllyJd)=1.C

(ST DU 1

DT, d1=CaC

CUNTINUE

CONT INUE

LOCATE MAXINMLM NMAGNITUCE A(I1,k)} CN CR BELOW MAIN CIAGONAL
CO 45 K=1,V

IF (K-M) 12,30,3C

IMAX =K

AMAX=DABS{A(K K))

KP1=K+¢1

CC 2C 1=KP1,¥

[FCAMAX=DABS{ALL KI}) 1542C,2C

IMAX =1

AVAX=DABS(A(T.x))

CONTINLE

INTERCHFANCE ROWS IMAX AND K [F [MAX -~= TC K
TFLIMAX=K) 25530,2%

DO 29 J=1,M

ATMP=A{IMAX,J)

ALIMAX yJ)=ALK,J)

A{KyJ)=ATNMP

CTMP=C( IMAX, J)

CVER
CVFR
CVER
CVER
OVER
OVER
CVER
CVER
OVER
CVER
CVER
UVER
CVER
(OVCR
OVER
CVER
CVER
OVER
CVER
CVER
GVER
CVER
CVER
CVER
CVER
CVER
UVER
OVER
CVER
OVER
OVER
CVER
OVER
OVER
CVER

240
290
2EC
210
280
250
300
310
32¢C
32Q
340
A5¢€
JeC
370
3eC
3qC
4C0
41C
42¢C
410
440
4¢C
460
470
44C
490
S00
51¢C
520
%30
54C
5EC
560
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29

30
C

35
G

Je
C

35

42

45

99
93

110
113
12¢C

20 CVER DATE = 172211 13/56/317
DIIMAX,J)=D(K,J) OVER
C(KyJ)=DTNMP CVER
CONTINUE OVER
TEST FCR SINGULAR MATRIX OVER
IF (DABS(A(K,K))=EPS) 92,653,385 CVER
CONT INUE CVER
DIVIDE PIVCT RCw BY ITS MAIN CIAGCNAL ELEMENT OVER
CIV=A(KK) CVER
CO 38 U=1,M CVER
AlKyJ)=A(KyJ)/CIV OVER
C(KyJ1=D{KyJ}/DIV CVER
REPLACE EACH ROW BY LINEAR COMBINATICN WITH PIVICT RCW CVER
CO 43 I=1,V OVER
AMLLT=A(T1,4K) (IVER
IF (I-K) 3G,43,39 CVER
DC 42 J=1,¥ OVER
AlToJd)=ACTJ)=AMLLT®A(K,J) OVER
CllyJI=C(TyJ)-AMLLT*D(K4J) CVER
COAT INUF CVER
CONTINLE OVER
IF(IPRINT.NE.1) GO TO SS CVER
WRITF(6,12C) OVER
WRITELEZLLC) (L CUI o) oIzl oMY yd=leV) OVER
RETURN CVER
WRITE(64113) K CVFR
NOINV=1 OVER
RETURHN CVER
FORMAT (2X41PC15.8) CVER
FURMAT(®' SINGULAR MATRIX FCR K =',12,* INVERSION NQT COMPLETED'/) OVER
FORMAT(* ELENMENTS CF INVERSE IN RCh-MAJCR CRCER'//) CVER
ENC CVER

51C
580
59C
6CC
610
620
63C
640
650
6eC
670
680
66C
7Co
710
72C
730
740
15C
760
770
780
16C
800
g1c
fac
830
e€4cC
85C
AEO
g1c



G LEVEL

afslaliaolciaiaalal al e atpigEaiastigkalztafclglialiofctalvilgipigEalis ot el ol gl sl a8 50 ok ol ]

2C FAIN CATE = 72211 13/56/137
SUEROUT INE GAUSS (AsBoXKyNyITMAX) GALS
GALS
AR BIAIRAAIID BRI AR AR I TN E NI RN G AR RE RN R R ARB DI I RN I A4 2CAUS
GALS
PURPCSE: GALS

SUBROLTINE TC SOLVE THE A®N MATRIX ECUATICN AX=8 BY THE GAUSS- CAUS
SEICEL ITERATIVE METHOD. COLLMN MATRIX B IS INFLT INTC CCLUMN GALS
N+1 CF THE N*N+1 AUGMENTED MATRIX A, AN INITIAL ESTIMATE OF GALS
THE SOLLTION MATRIX X IS SULPPLIED FITHER AS A ZERC MATRIX, AN GALS
ARBITRARY ESTIMATE, OR BETVTTER AS THE APPRCXIMATE SOLUTICA GALS
OBTAINEC BY A DIRECT METHOC (SUCF AS THE GAUSS-JORDAN METHOL). GALS
THE MAXINMLM NULMBER CF ITERATICANS USEC TC INFRCVE THE SOLUTICN GALS
MAY BE SPECIFIED. NORMALLY ONE CR TwWC ITERATICNS WILL SUFFICE.CALS
WHEN THE ANUNMBER OF LEACING ZEROS IN THE ERROR CCMPONENT €PS GALS

APPRCACHES THE AUMRER CF CECIMAL PLACES CARRIEC IN THE GALS
COMPUTATIONS, THEN TKE IMPROVEMENT BY FLRTHULR ITERATICN IS GAUS
NEGLICIELE. AT THIS PCINT THE SYSTEM IS CCNSIDERED IO HAVE GALS
CCNVERGED CN THE '*EXACT' SCLUTION. CALS
GALS

SEFAADFA I IR RN R RRRELE BRI IR NI I RN IR IS NI IO IR RSP P PGSk kA ENKRGALS
GALS

CESCRIPTICN CF PARAMETERS GAUS
A = N#N +1 AUGMENTEC MATRIX WHERE COLUMN B IS READ INTN GALS
COLLFMN N SO THAT A(I,N#L) = B(I). GALS

B = THF CULLMN (RIGHT-HAND SICE MAITRIX)} CF LEACTF N, CAUS

XK = THE SOLUTICN MATRIK, ANC THE INITLAL CSTIVMATE CF Tihit GALS
TRLE SCLLTICAN., IF XK(1) IS SET EQUAL TQ 9.99NG2 YhiN THE GALS

INITIAL ESTINMATE CF XK{I) LSEC IS ZERC. GALS

N = Tkt NUMEER OF EQUATICNS. THF NULMBER CF ELENMENTS IN MATRIX GALS

P ¢ THE CIMENSICNS CF MATRIX A. (MAY VALLE = 1C) GALS

[TMAX = THE ANULMBER CF I[TERATICAS ALLCWFL TC CETATN THE TRUE CAUS
SCLLTION TO MATRIX X. GALS

EPS = CCNVERCENCE CRITERIA, NCRMALLY ARCUT 1C*%-12. GALS
CauS

IR EER SRR AR AR E R R R R R R R R s 2 2 R R R R R R A R L R R RO IR
GALS

REFERENCE CALS
MCCALLA3T.Ray *INTRODLCTION TC NULMERICAL METHCCS & FCRIRAN CAaLS
PRCGRANMNMING'y PP, 176-18%, JOFN WILEY & SCNSy INCey NEWw YORK. GALS
CALS

IR R R SRR AL E R R AR AR AR SRR R R R R AR AR R R R AR Rl TN I
GALS

SUBRCLTINE GAUSS(A,BoXKyN, TTMAX) GALS
IMPLICIT REAL%*E (A-H,C-7)} CALS
LIMENSICN A(10411)oXK(1C)oXKPI(1C),B(1C) GALS
CATA EPS/1.0C-8/ GALS
NP1=H+1 cays
SET MATRIX B=N+1TH COL OF VATRIX A GALS
CC % I=1,N GALS
A(T NPL)=BLI) CAUS
[F XK({1) IS NOT €9G. SET xK{l)= TC ZERC CALS
IF(XK{l)eNEa9.99C02) GO IC 1 GALS
DC 2C 1=1.N cAaLS
XK{l)=0.0CCC CALS
K=1 GALS

DIVIRE TTH CELATICN BY CIAGCNAL TERM A(I,1) CALS

310G
320
330
40
350
e
371C
3R0
36C
4CC
41C
42C
43C
44C
4590
4¢€C
470
48R0
4SC
SCC
plo
hw2(
920
54
990
56C
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2L

22

24

ac

40

50
51

572

b b)
g
11C
114
120

20 GAUSS DATE = 72211

CC 15 I=1,N

DIv=ALL,1)

CC 1C J=1,NP1

All,J)=A(1,J)/C1V

CONTINLE

CALCULATE (K+1)ST ITERATES XKPI1(I) CF VARIAHLE XK(1}
CC 30 I=1,N

XKPLOL)=ALI,APL)

CO 25 J=1,4N

[F(J=-1) 22425424
XKPLET)=XKP1{I)=ALT,J)*XKPL(J)

GO TO 25
XKPLUT)I=XKPL(I)=AlLT,J)*XK{J)
CONTINLE

CONTINLE

WRITE OUT SOLLTICN Xx({1I)
WRITE(G6,412C) K

WRITE(E,11C) (1o XKPL(I)ol=1,4N)
TEST CONVERGENCE OF ITERATION

CC 4C I=1,N
IFIDABSIXKPI(T)=XK({I))=-EFS) 4C,44C,50
CONT INUE

co 7C 99

IF CCAVERGENCE,RETLRN, CTFHERRWISE,
REPLACF KTH ITERATES BY K+1 ITERATES
IF(K-ITVMAX) 51,55495

K=K# 1

CO 52 [=1,4N

XK(T)=XKPL(I])

GG TC 21

WRITFLE,L117) TTMAX

RETURN

FORMAT(IX4*C(*4I2,')= "4 1PLLIS.R)

FURMAT('CFAILLRF TO CPANVERGE AFTER *,012,* ITERATICAS®)

FORMAT (PO ITERATICN *,12)
ENC

13/56/37

GALS
GALS
GALS
GALS
CALS
CALS
GALS
GALS
GAUS
GALS
GALS
GaUS
GALS
GALS
CAUS
GALS
GALS
Ccays
GALS
GALS
CALS
GALS
GALS
CALS
GALS
GALS
GALS
GAUS
GALS
GALS
GAUS
GALS
GALS
GALS
GALS
GALS

571¢
5EC
590
6CC
61C
620
63C
64C
650
6€n
61C
680
690
1CcC
710
720
73
740
750
71¢C
710
780
790
8CcC
Al10
gzc
gicC
840
asC
BEC
870
gec
HGC
9CC
My
S2C
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2¢ MA IN DATE = 72211 13/56/37

SURRCLTINE CCRR(MyNUMBERyPEGINyX Vo CoYEST,CCEFF,STLEST,STCODEV, CGORR
AVEEST) CORR

CCRR

SRERYPA RN EI RN IR R R RN AN G AR IR F S DA F O kIR AN A AR Ak ke k& (JRR
CORR

PURPOSE 2 CCHR
SUBRCUTINE TC CCMPUTE THE COEFFICIENT NOF CORRELATION, STANDARC CCRR
ERRCR CF ESTIMATE, ANC BAVERACE ERRCR OF ESTIMATE FOR CORR
APPROXIMATING POLYNCMIAL EXPRESSICANS CF THE FCRWM: CCRR
CCRR

YEST = C(1) + CU2)X + C{3)Xx**%2 ¢+ ... + C(M)X¥*¥(M-1), CORR
CCRR

ERGAIIIIARSAY RN N LR ADEIFR PRI I LA DI P NI RA MRS Fr Rk DRk ke urkukXkCCRR
CORR

DESCRIPTICN CF PARAMETERS: CORR
M = THE NUMBER OF TERMS IN THE PCLYNCMIAL LSEC YO ESTVIMATE YCCRR
NUMBER=THE NLMBER CF X,Y CATA PAIRS CCRR
BEGIN =THE SULRSCRIPT CN THE FIRST X,Y CATA PAIR USEC IN THE CORR
COMPLTATION OF YEST, CCRR

XeY = THE XeY CATA PAIRS FOR WhICF YEST HAS BEEN COMPLTED. CURR

c = THE VECTCR OF ¥ CCEFFICIENTS CCMPUTEC TC ESTIMATE Y. CORR
YEST = THE PNLYNOMIAL ESTIMATE FCR Y CCMPLTED FRCM X & C. CCRR
CCEFF= THE CCEFF CF CCRRELATICN OF Y ON X (RETLRNED) CORR
SYCEST=THE STANCARD ERRCR CF ESTIMATE. (RETURNEFL) CORR
STCLUEV=THE STANCARD DEVIATION CF THE Y VALLES FRCM THE CCRR
AVERACGE Y. (RETURNELC) CCRR
AVEFST=THF AVFRAGE FRRLR Qf FSTIMATE, (RETURNEL) CARR
CCRR

X PR R R R R RN N ERRRNNNR AR RS RERRA RS REREANARR AR RRRRRERE R AR RS AR D TONRN IS
CORR

SURROUTINE CORR(MyNUNBERyBEGIN g X oY o C o YI SToCCEFF 4 STCEST oSTCLEV, CLRR
& AVEEST) CCRR
[MPLICIT REAL*Y (A=H,(=7) CORR
CIMENSION X(ECH, YOSC),, YEST(ED),C(1C) CCRR
INTEGER BEGIN CCRR
CUMPUTE THE SUM CF SCUARES (F RESTLUBLS(YEST-Y(I)) ANL YESTC(I) CCRR
SURSU=C.C CCRR
RESIEC=0.0 CCRR
N=F-1 CCRR
CU 932 [=BEGIN,NULMBER CCRR
YEST(1)=C(M) CCRR
CC 9C3 J=1,N CCRR
YEST(L)=YEST(I)#X(1) + Cl¥-J) CORR
CIHF=CAHSIYEST(L)=-Y(I)) CCRK
RCSIC=RESIC + LIFF CURR
SGRSD=SCRSD + CIFF*DIFF CORR
CCMPUTE THC SQULARE OF THE STD ERRCR CF ESYIMATE(STCEST) CCRR
RAUMBR=NUMBER-BEGIN®1 CCRR
STOFSF=SCRSND/RNLMAR CORR
YSUM=0.C CCRK
YSCR=0.0 CCRR
CCMPUTE THE SGQUARE CF STC CEV CF AVE Y BY CCCING METHUD CCRR
Cit 1222 [=HEGIN,NUMBER CCRR
YSUM=YSU¥ ¢+ Y(I) CCRR
YSCR=YSCR + YU[)*Y () CCRR
STCNEV=(YSCR-YSULMERYSLVM/RALVMER} /RALFMER CCRR



G LEVEL

C

20 CORR DATE = 72211 13/75¢737

CCFMPUTE THE CCEFF CF CCRRELATICN(COEFF)
COEFF=1.C~STDEST/STDDEV

COEFF=CSQRTICCEFF)

CCMPUTE THE STC ERRCR CF ESTIMATE, STCCEV,
STCDEV=NSQRT{STDDEV)

STCEST=CSQRTISTCEST)

AVEEST=RESIC/RALVMARR

RETURN

ENE

CORR
CCRR
CCRR
ANC AVE ERR OF ESTIMATECORR
CCRR
CCRR
CORR
CCRR
CCRR

570
580
560
6CC
61C
620
63C
640
650
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2C MAIN CATE = 72211 13/56/37
RPLT
AR R R R E R L R R R R R A L R R R R R A R R E L R R R AR R R ERTREAR 2 I-1 -1}
RPLT
SUBROUTINE REGPLT(XyY¢NPTS,BEGINsCyN,IPRINT) RPLT
RPLT
LERER LSS R RIS RS R A R 2 R R R R LA R S R R R R R R RS R R R T-T- 1N ¢
CESCRIPTION OF PARAMETERS: RPLT
RPLY
XyY = THE DATA SET FCR WFICh THE REGRESSICN LINE IS TO BE PLCTTELC RPLT
NPTS = THE NLMBER OF POINTS PER ARRAY RPLT
BEGIN = THE SUESCRIPT ON THE FIRST X,Y DATA PAIR RPLT
LSED FCR LEAST-SCUARES ANALYSIS RPLTY
C = THE COEFFICIENTS IN THE LEAST-SCLARES PCLYNCMIAL, RPLT
N = THE NUMBER CF TERMS IN THE LEAST-SQUARES POLYNCMIAL. RPLT
[XLNTH = THE NUMBER CF CHARACTERS [N THE TITLE FCR THE X AXIS RPLT
XTITL = THE TITLE FOR THE x AXIS RPLT
IYLNTF = THE NUFMBER CF CHARACTERS IN THE TITLE FCR THE Y AXIS RPLT
YTITL = THE TITLE FCR ThHE Y AXIS RPLT
SYMBUL = SYMBOLS FCR PLCTTING CLRVES RPLT
SYMROL(1) IS FOR REGRESSION LINE RPLT
SYMBCL(2) IS FCR CAT 2 PCINTS RPLY
IPRINT - [F IPRINT FQUALS 1 THEN THE Xx,Y CATA SET IS PRINTEL RPLT
BEFCRE PLONTTING IS PERFCRMED. RPLT
RPLT

THE X ARRAY MLST BE IN ASCENDING CROER BEFCRE PLCTTING IS CONE, RPLI
IF THE RANGE OF VALUES TO BE PLCTYEC IS SUCH THAT AN F6.2 FORMAT RPLT

IS NCT SUITAELE FOR THE Y AXIS, CHANGE THF EXPRESSION [N PARENS  RPLT
FRCM STATENENT 3Cl TC (LX,1PES.2). RPLT
IF THE X ARRAY CHANGES SIGN, THE STEP TC INCREASE THE SIZE CF RPLT
XFIRST SHCLLC BE OMITTEC. RPLT

RPLT
LA EEE R ERRRER AR RS R SR R R AR R R R R R RS R 22 R RS2 22 R SRR ) 2RI

RPLT
SURROLTINE REGFLY{X,Y4NPTS,BECINyCyhy [PRINT) RPLT
CIMENSICN X{52),Y(52),C(1C),YPR{11) RPLT
INTEGER REGIN RPLT
INTEGER®2 SYMHL1,SYMBL2,CLT(LC2) 4BLANK/® '/ ,ASTER/*#% ¢/ ROLT
LOGICAL*1 XTITLE(48) YTETLE(4€E) 2 JUNKI1CO)/1CCHY */ RPLT
CCMPLEX#16 XTITL(3),YTITL(2) RPLT
EQUIVALENCE (XTITL,XTITLE) (YTITL,YTITLE) RPLT

RPLI
2R SR EREREERRRARERE SRS RERR AR R RS RS AR SR RS R R R LI R R R R RTINS

RPLT
DATA SYMBLL/'® */,SYNBL2/'X '/ RALT
CATA IXLNTHoXTITL/29,°LOG CCNCENTRATIC'y "N CR ACTIVITY®/ RPLT
CATA TYLNTH,¥YTITL/23,"ELECTRCCE FCTENT", *IAL(MV)/ apLl

RPLT
I EEEE R ERE R R R RN SRS R R RN RARR RN AR R RS2SRSS R RS2 R R R R 2 R L 0 000

RPLI
FIND THE LARGEST ARD SMALLEST VALLE CF Y IN THE Y ARRAY RPLT
YMAX=Y(1) RPLT
YNIN=Y (1) RPLT
DO 11 I=14NPTS RPLT
IFIYMAX=Y(I)) 12,1€,13 RPLT
YMAX=Y (1) RPLT

GC TC 1C RPLT

16C
2C0
210
22C
230
240
2EC
260
270

400

430
44C
45C
460
417C
48C
490
5CC
51C
52C
53C
54C



G LEVEL 2C REGPLT CATE = 72211 13756737
13 IF(YMIN=Y(I)) 10,1014 RPLT 550
14 YMIN=YLI) RPLT 5¢C
1C CONTINLE RPLT 570
L1 CONTINUE RPLT 580
C SCALE THE X ARRAY RPLT 56C
XSCALE=(X{(NPTS)-X(1))/49.C RPLT 600
c SCALE THE Y ARAAY RPLT 610
DELTAY=YNAX-YMIN RPLT 62¢C
KK=C RPLT 630
IF(DELTAY-1.C) €C0,6CC,yeC2 RPLT 640
600 KK=KK+1 RPLT 65C
R=1C.**[KK=-1) RPLT €€C
YFAC=DFLTAY#*E RPLT 670
[FIYFAC.LT.1.0) GO TC €0C RPLT 68C
GU TC €C1 RPLT €SC
602 KK=KK+1 RPL1 7C0
C=0e12%(KK=-1) RPLT 710
YFAC=DELTAY*H RPLT 72C
IF(YFAC.GT.1C.C) GC TC €C2 RPLT 720
601 CONTINUE RPLT 740
IF(YFAC.GT.8.) GC TL 65C RPLT 78C
IF(YFAC.NT.5.) GC 10O €51 RPLT 760
IF(YFAC.CT.2.) GO TO 652 RPLY 770
IFIYFACL.CTale) CC TU 654 RPLT 78C
CELTAY=1.C RPLT 760
GC TO €53 RPLT BCO
65C CELTAY=1C.C RPLY €1C
GU TO 651 RPLT 820
651 CELTAY=8.C RPLT R30
GC TC 653 RPLT 84C
€52 DELTAY=5.C RPLT 85C
GO TO €52 RPLT 860
654 CELTAY=2.0 RPLT E7C
¢57 CONTINLE RPLT #8C
IF (IPRINT.NE.1) GCTD €SS RPLT 890
WRITF(6,201) RPLT 9CC
2C1 FURMAT(® ',17X,"XARRAY®,15X,* YARRAY® /) RPLT G1C
WRITE(E42C2)(X(T)oYII)oI=1,NPTS) RPLT 920
203 FORMATI(S5X,1PE20.By5XsE20.R8) RPLT 93C
65% YSCALE=DELTAY/(R%10.0%%2) RPILT G4C
C CENTER AND PRINT TITLF FCR Yy AX[S RPILT 369
NSKIP=(100-IYLANTH)/2 ROLT Y&C
WRITE(GLICC) (JUNKLET) o I=1oNSKIP) o (YTITLE(TI)}y I=1y IYLNTH) RPLT S7C
1CC FORMAT(*1',1¢eX,1C0ALZ/) RPLT 9HO
C PRINT SCALE FOR Y AXIS RPLT 990
YPR{1)=YNIN RPLTLICCC
CO 9C K=1,1C RPLT1010
90 YPR{K+1)=YPR(K)+YSCALE*1C.C RPLTL1020
WRITE(6,3C1) YPR RPLTICAC
3CL FORMATI*C?yBX,y11(3X,F7.2)) RPLTLO40
WRITE(f,2C2) RPLTL0S0
302 FORMAT(IEX,!., . . . . RPLTLCEC
1 . . . . ') RPLTLIOT0
WRITE(E,2C7) RPLTL0AN
307 FORMAT(1T7X," AR SAREEXIAPI LRSI E AR NI NNANARA RSNV R RN VRN R SRR xwa ke dkRPLTLICSC
SRR s A S RS AR R R R R R R R R AR R LA RPLTL11CC



C LEVEL

(o

145

199

160

165
150

1¢0C
175
1¢01
17¢
1e¢

9979

2C REGPLY DATE = 72211

FIND THE X VARIABLES ANC CENTER THE TITLE FCR THE X AXIS
NSKIP=(SC-IXLNTH) /2

LAST=NSKIP+IXLNTH

THE FCLLOWING STEP INSURES THAT XPR WILL EXCEED X{L)
BY(O.CL8 CF Xx(1))

SIGN=-1,.C

IF{X{1)sGTa0.0) SIGN=-SICN
XFIRST=X(1)+1.COE-04*X(L)*SIGN

J=THE # OF CCLS PRINTED, L=SUBSCRIPT CN DATA PAIR UNCER
CONSICERATICN FCR PRINTINC

J=1

L=1

K=0

GUTLL1C2)=ASTER

NM1=H-1

UP=4-1

XPR=XFIRST+LUPeXSCALF
XCALC=X(1)+LP*XSCALE

CO 159 I=1,1C1

CUT(T)=BLANK

[FILLLT.BEGIN) GC TO 165

CALCULATE THE POINT ON REGRESSICN LINE
YEST=C(N}

U L6C T=1,AM1

YEST=YEST#XCALC+C{N-~T)
JT={YEST-YNIN)/YSCALE+]l.C
CUT{JT)=SYMBLI

[F{X{L}=-XPR) 15C,15C,17C
JT=(Y{L)-YVMIN)/YSCALE+1.C
CLTLJT)=SYNHL?

L=L+1

PRINT THE LINE

[F{J-LaLTASKIP) GC TC 179
IF{J.GI1.LAST) GCTQ 175

K=K+1

WRITE(6,1CCOY XTITLE(K) XCALC,CUT
FORMAT(AaX ALy 1 X, 1PELCs3o1X,%%*,1C2A1)
GCTO 17¢

WRITF{6,1CC1) XCALC,CUTY

FURMAT(S5Xo1X, 1PELCa341X,%#%,1C2A1)
J=Jd+1

TF{J-5C) 145,145,186

WRITE(E,3C7)

WRITF(£,96%)

FORMAT (*1 %)

RE TURN

ENT.

13756737

RPLTLL1C
RPLTI112C
RPLT1130
RPLTI14C
RPLT115C
RPLTL160
RPLT117¢
RPLTL1EC
RPLT11S0
RPLT12CC
RPLT121C
RPLTL1220
RPLT1230
RPLT124C
RPLT125C
RPLT1260
RPLTL27C
RPLTL275
RPLTL1280
RPLTL2Y0Q
RPLT1300
RPLTL310O
RPLTL32C
RPLTL32C
RPLTL1340
RPLTL3SC
RPLTL3€C
RPLT1370
RPLT138C
RPLTL3SC
RELT14CO
RPLTL410
RPLT142C
RPLT1420
RPLTL440
RPLT1450
RPLT L1460
RPLT1470
RPLTL4EC
RPLTL4SC
RPLTL1S00
RPLTLSIC
RPLTL52C
RPLTLS30
RPLTL154C
RPLTLSSC
RPLTL560



RUN 1 11/21/170

THE FOLLOWING DATA WERE TAKEN LSING CCPPER SULFATE

REFFERENCE ELECTROCE= ORION

INITIAL VOLLME=101.CCML NUMBER CF DATA FCINTS= 10
TITRANT 1 CCNCENTRATICN= 4,721C-C5
BLRET VOLULMES ELECTRCDE FCTENTIAL(MNMV)
0.600 -104
1.100 5.1
2.CCC 12.2
3.2CC 17.4
5.C00 23l
«3CC 29.8
TITRANT 2 CONCENTRATICN= 4.,721C-C4
BURET VOLUMES ELECTRODE POTENTIALI(NMV)
C«600 36.4
1.3CC 41.5
2.6006 47.5
4,600 54.0
g.CCC 6C.9
TITRANT 3 CONCENTRATICN= 4,721C-C3
BURET VULUNMES ELECTROCE POTENTIALI(NV)
C.500 66.0
l.4CC 12.6
2.700 , 1841
5.000 84,6

g.7CC 90.1



RUN

1

117217170

CONCENTRATION(PPM)

1.77149C20C-02
3.23182737D0-02
5.€247C563D-C2
9.212202380-02
1.414363870-01
2.21192353D-C1
3.6C318877D0-C1
5.777T044160-01
GS.1648¢261D-C1
l.43CC7C0IC CC
2.25810380C CO
3.52114¢57°C CC
5.76941€43C CC
4.75€67412C 00
1.442957710C C1
2.2€814563Ch C1

CCNCENTRATICN(NMCLES/L)

2.1€766213D-C7
5.08628795C~-07
9.1€665029C~C7
1.44G827260-C¢
2.2269%8679C-C¢E
3.58502287C-06
E.l4cEE444D-CE
9.09198011C-C¢
1.44709830C-05
2.25CEELTIN=CE
3.5538303%L~C5
5.54256621L-05
G.C8CCEF920-CH
1.40961192C-04
2.270943830(-C4
3.59C58278C-C4

FCTENTIAL(NMV.)

-1l.4CCCC
5+1LECCC
12.,2C000
17.4CCCC
22.1C0CC
26.8C000
2¢.4CCCC
41 «BCECE
47.9CQ00
S4.CCECTC
€¢Ca9C06Ce
¢€.CLCCC
12.6CCCC
18,1CCCC
f4,6CCCC
9C.10000



RUN 1 11/21/70

THE FCLLCWING VALUES WERE USEC TO CETERMINE THE POINTS CHCSEN FCR THE LEAST SCLARES LINE

SLOPE LCG CCNC. FCTENTIAL (MV,)
HETWEEN PTS.

~6.55471 -l.4CCCC
24.89378

-6,26360 5.1CCCC
27.75326

-6.,03777 12.2CCCC
26.11891

-5.826¢8 17.4CCCC
3C.58237

-5.,65230 23.1(CCC
32.35943

-5.44551 ZC.8CCCC
20,21955

~5.21163 36.4CCCC
29 .94959

-5.04134 41.5(CCC
31.7¢83 '

-4,82650 471.9CCCC
31.8C196

“4.64769 54.,0CCCC
34,78058

-4.44520 €C.90CCC
264422493

~4,25¢29 €6.0CCCC
3C. 78670

~4,041491 72.6CCCC
28475425

~3.85(60 78.1CCCC
31.38477

-3.64379 g4.6CCCC
¢1.64355

~3,444H4 sC.l1CCCC



ITERATICN FCR THE FIRST DATA PCINT TC BE TAKEN FCR LEAST-SCUARES ANALYSIS

AVERAGE SLCPE STANDARD CEVIATICN # PI1S REJECTEC # PTS KEPT
29.544936 2.72244 1 15



RUN 1 11721770

EVALUATING 2 TERMS IN PCLYNCMIAL LEAST SCLARES gcCUATICAN
ELENMENTS CF INVERSE IN ROW-MAJCR GRCER

2.15C231G7) CC
4,29925588C-01
4,2G925588C-01
8.87114458L-C2

THE FCLLCWING VALUES ARE THE CCEF. CF ThE COMPUTED EQUATION
THEY ARE PRINTED IN ASCENDING CRODER

BY CIRECT SULUTION

Cl 1)= 1.94707996C 02

Cl 2)= 3.0276C41CC C1

ITERATICN 1

Cl 1)= 1.941707906C 02

Ct 2)= 3.C270C41CC Cl1

THE CURRELATIUN COEFFICIENT= C(C.SGSt4

THE STANCARC ERRCR CF ESTIMATE= 4.,€271740-C1
THE AVERAGE ERRCR CF ESTIMATE= 3.68935(L-01

FTEE STANDARD DEVIATICN OF THE AVERAGE ESTINATE= 2.62501C C1



100.00

1 11/21/70
g PLOGT OF POTENTIAL VS.
Ly -L0G CONCENTRATION OF
s COPPER SULFATE
& REFERENCE: ORIOGN
=%
gas.so -6.20 -5.80 -4.20 -3.80

-5.40 -5.00 -4.60
-LOG CONCENTRATION

1
~3.40



DO ZOm=APD-2MOROO ONF

LK N S 1 Na B

~€.555E
-6.491E
-6 .‘ZBE
~€.364E
~€.3C1E
-6.237€
-6.1T4E
-6.11CE
-6.047TE
-5.984€
-5.920E
-5.857E
~5.7S23E
-5.730E
-5.666E
-5.603€
~5.53SE
-S.4T6E
~5.412¢€
=54 34SE
-5.285€
-5.222¢
-5.158E
-~5.095E
-5.032€
-4.968E
-4.9C5E
-4 .841E
-6.T78E
~4.T14E
-%.651€E
~4.587E
-4.524E
-4,46CE
-4.3917E
-§.333¢
-4.27CE
~4.,206E
-4.143E
~4.08CE
-4.016E
-3.953€
~3.889¢
-2.826E
~-2.T6¢E
-2.699E
-2.635E
~2.572€
-2.5CE€E
=2.445F

-1l

cc
cC
00
00
cC
cc
00
0o
€0
cC
a0
oo
co
cc
oo
g0
co
ce
00
co

.CC

00
oo
cC
00
co
€0
[+[4]
00
ce
cc
co
00
co
cc
00
00
cc
00
ao
ac
oo
oo
cc
cc
00
(J]¢]
ce
cc
00

ELECTRODE PCTENTIAL(MV)

4C 8.60 18.60 28.60 28.€0 48 .60 58.60 68.6C 78.60 88.60

98.60
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CHAPTER VI
EXPERIMENTAL

After choosing a suitable buffer system, the feasibil-
ity of using the cupric ion-selective electrode for direct
total soluble copper measurements in natural waters was
investigated. The multiple standard addition technique de-
scribed previously was used for all measurements. Direct
potentiomety was abandoned at this point largely because of
the difficulty with which interfering substances are detected
by the technique.

Trace metal analysis at the low ppb level places extreme
demands upon reagent quality. It was found that ordinary
reagent grade materials are not suitable buffer materials for
low level copper measurements since they invariably contain

1073 to 107%

per cent of the common trace elements., Conse-~
quently, ultrapure or specially treated materials are required
for all measurements. Extreme care must also be taken to
avoid sample contamination due to the adsorption of copper on
container walls., Chromic acid cleaning solutions and metal
stirrers must be avoided. All of the necessary reagents

described below were stored in new, carefully cleaned poly-

ethylene bottles.
APPARATUS

All measurements were made in a jacketted Pyrex cell
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thermostatted at 25.00 + 0.050 C by means of water circulated
through the cell jacket from a constant temperature bath. A
diagram of the cell is given in Figure 20, The cell was
fitted with a Teflon cover to prevent the introduction of
foreign materials during analysis and to aid in temperature
control., A cell with the dimensions indicated was found con-
venient for sample volumes from 50 to 100 ml., The drain and
stopcock assembly at the bottom of the cell was included to
allow thorough, one-way flushing of the cell between samples.
A small amount of methylene blue chloride was added to the
circulating water to eliminate the slight response of the
cupric electrode to ambient light levels. Uniform stirring
was accomplished by means of a spiral shaped glass stirrer
driven by a HI-TORQUE lab stirrer operating at approximately
260 rpm. A motor driven overhead stirrer of this type results
in significantly more stable electrode potentials than does
the typical magnetically driven stirring bar, An Orion 94-29A
solid-state Cupric Ion Electrode and an Orion 90-02 double
junction reference electrode were used for all measurements,
Ten per cent KNO3 was used in the outer chamber of the refer-
ence electrode. This electrode combination is a remarkably
stable system when used with the stirring apparatus described.
Once electrode equilibration was achieved, the measured elec-
trode potential for the system was stable to within + 0.1 mV

2

often for periods of hours at trace Cu ¥ levels,



154

10 cm

COOLANT -
INLET
7O JACKET | S go———=—c -
\ :3 cm
/
6 mm OD —
I |
5 cm L

FIGURE 20. JACKETED PYREX CELL USED FOR CUPRIC ION MEASUREMENTS
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Electrode potentials were measured with an Orion Model
801 digital pH meter. A Texas Instruments Servoriter II
recorder was connected to the recorder output terminals of
the Orion meter and adjusted so that a meter reading of 200
mV gave a full scale defection. A chart speed of 20 em/hr
was employed. The use of a recorder was found necessary in
order to discern the slow potential drift that occurs as the
cupric ion electrode equilibrates in samples containing very
low levels of copper.

Additions of standard copper solution were made with a
Hamilton 50 pl gas-tight syringe equipped with a Chaney adap-
ter and a pipet delivery needle. A syringe delivery device,
however, is not recommended because of the necessity of
frequent recalibration. A piston driven microburet or Eppen-

dorf pipet should prove superior.
CLEANING OF GLASSWARE

The glassware used in this study was cleaned with a
31l (viv) mixture of concentrated H2S04 and HNO3 acids. The
acid mixture was found to be a satisfactory substitute for
chromic acid cleaning solution. The rinsing of the cell,
electrodes, and glassware between runs was accomplished with
a solution of 1.0 x 1072 M Na,EDTA which was followed by a

thorough rinsing with deionized distilled water.

STANDARD Cu(II) SOLUTION



156
A stock 3000 mg/l Cu2+ solution was prepared by care-
fully dissolving 7.5359 g of anhydrous CuSO, in ca. 500 ml
deionized distilled water acidified with 0.10 ml of concen-
trated stou and diluting to volume in a 1 liter volumetric
flask., Standard Cu2+ solutions were prepared daily by

making appropriate dilutions of the above solution.,
COMPLEXING ANTIOXIDANT BUFFER (CAOB)

A 0,10 M complexing antioxidant buffer of pH 5.0 was
prepared by mixing 100.0 ml of 1.00 N Aristar acetic acid
(Gallard-Schlesinger, Inc.), 63.5 ml of 1.00 N ultrapure
KOH (Alfa Inorganics), 0.84 g of ultrapure NaF (Alfa Inor-
ganics), and 2.0 ml of 1.0 M formaldehyde solution (Matheson
Coleman and Bell). The resulting mixture was diluted to
volume in a 1 liter volumetric flask., Buffer solutions pre-

pared as described are typically 1 pg/l in copper.
PROCEDURE FOR WATER ANALYSIS

Natural water samples were analyzed by adding 50.00 ml
of sample to 50.00 ml of CAOB. The initial electrode poten-
tial and the potentials after each of 3 additions of standard

Cu2+

solution were recorded. A plot of Z - 1 vs. Vs (see
Chapter II, this section) was prepared and the concentration
of copper in the diluted sample was determined from the slope

of the resulting linear plot. The original sample concentra-
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tion is twice the value determined because of dilution., The

+
gsolution were

concentration and volume of the standard Cu2
chosen such that the initial AE for the first addition of
standard corresponded to an approximate doubling of the in-
itial copper concentration. At the 30 pg/l Cu level ca. 20
minutes are required for the initial electrode equilibration.
Equilibration times between additions at this level are typi-
cally 10 minutes. Initial electrode equilibration times
varied from less than one minute at 1 mg/1 Cu to as long as
one hour around 1 pg/l Cu. A recorder trace for the multiple
addition analysis of 9.0 and 900 pg/l Cu samples is given
in Figure 21.

Water samples taken for analysis were collected with a
100 ml plastic syringe and expelled into a clean polyethy-
lene bottle through a plastic 25 mm Swinnex filter unit
containing a 0.22 p Millipore filter. A 75 ml aliquot of
the filtrate was then transferred to a 180 ml polyethylene
bottle containing exactly 75 ml of CAOB for storage. A 100
ml aliquot of the resulting solution was then used for an-
alysis. Samples that are to be stored for extended periods
of time may be filtered, acidified with 0.10 ml of concentra-
ted HN03/75 ml of sample, and stored in polyethylene bottles.



180

170

160

130

120

ECu vs8. ORION DOUBLE JUNCTION REF (mV)

110

T 1 T I | 1 1 | |
1 1 C, = 900 pe/1 Cu
C, = 3000 mg/1 Cu
~ T V, = 100.00 ml .
C_. = 9.0 pg/1 Cu
C. = 30.0 mg/1 Cu l
' 100,00 ml ‘ "
' 30.0 pl -
| 1 1 | | | | 1 |
0 0.2 0.4 0.6 0.8 10 1.2 1.4 1.6 1.8 2.0

ELAPSED TIME (HRS.)
FIGURE 21, TIME RESPONSE FOR THE ANALYSIS OF 9.0 AND 900 pg/l Cu2+ IN CAOB BY
MULTIPLE STANDARD ADDITION. ADDITION OF STANDARD MARKED BY ARROWS.

8ST



CHAPTER VII
RESULTS AND DISCUSSION

In performing trace analysis using standard addition
techniques and the cupric ion electrode, it is desirable to
know (1) an accurate value of S, the electrode slope sensi-
tivity to copper for use in calculating Z, (2) the level of
copper contamination in the reagents used for analysis, and
(3) the nature of the electrode response to Cu2+ changes down
to the level of contaminant copper in the reagents employed.
All these parameters may be determined by means of a tech-
nique that will be termed "addition-calibration". After
measuring the initial electrode potential in the buffer medium
to be tested, a single standard addition step is performed
approximately doubling the original copper concentration. A
calibration curve of E vs. log concentration is then prepared

2+ solution 100

through a series of additions of standard Cu
times more concentrated than that used for the single addition
step. Then, using the value of S determined from the calibra-
tion curve, the apparent concentration of copper corresponding
to the initial electrode potential is computed from equation
II-15. If the addition point lies on an extension of the
calibration curve, the electrode responds in a Nernstian man-
ner down to the copper contamination level calculated, The

method 1is unique in that it gives the background copper level

and validates the electrode response slope in the medium where
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measurements are to be made. The value of S is determined
near the detection limit rather than at a higher level of
analyte where extrapolation into the region of interest is
necessary. All operations must be carried out at constant
ionic strength. An improved. value for S may be determined
if the entire data set is fed into the electrode calibration
program described in Chapter V of this section.

An addition-calibration plot is given in Figure 22 for
the CAOB solution. The background level of 1.2 pg/l Cu is
typical for CAOB solutions prepared from ultrapure materials.,
The copper electrode response in the CAOB solution is Nern-
stian to the background copper level, The value of S deter-
mined by least-squares analysis is 29,7 mV with a standard
error of estimate of 0.1 mV. The copper contamination level
in the CAOB solution as determined by multiple standard addi-
tion is given in Figure 23. The results for triplicate an-
alyses at this level were 1,15, 1.32, and 1.21 pg/l Cu.

In order to ensure that copper could be successfully
determined at varying levels and in order to estimate the
precision with which trace level copper measurements could
be made in the CAOB solution, triplicate analyses of 0.050 M
CAOB solution spiked with copper were run. The values of
copper found were corrected for 1.6 pg/l Cu contamination in
the CAOB as determined by triplicate multiple addition an-

alyses. Copper samples spiked at the levels of 9.0, 27.0,
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FIGURE 22, THE DETERMINATION OF THE BACKGROUND LEVEL OF Cu

IN CAOB SOLUTION AT pH 5.0.
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FOR 3 REFLICATE:
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s
FIGURE 23, THE DETERMINATION OF Cu IN 0,050 M CAOB SOLUTION BY
MULTIPLE STANDARD ADDITION AT pH 5.0, VO = 100,00 ml,
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90.0, and 900 pg/l were prepared by adding 30.0 pl of 30.00,
90,00, 300,0, and 3000, mg/l standard copper solutions to
100,00 ml volumes of CAOB solution. The results of this study
are given in Table X. The average per cent deviation over
the entire range investigated was 0.9. The precision estimates
given here represent values determined under optimal condi-
tions where precise temperature control was employed.

A considerable increase in precision is observed when
multiple rather than single standard addition is employed in
low level copper analyses. This effect is shown in Table XI.
Identical samples of splked 0.050 M CAOB solution were an-
alyzed for copper by both single and multiple standard addi-
tion in the range from 9.0 to 90.0 pg/l Cu. The multiple
~addition analysis was carried out in each case with three
additions of standard. The known amounts of copper were
added to 100.00 ml of CAOB solution as 30,0 pl volumes of the
appropriate standard copper solutions as described previously.
The improvement in precision in the range investigated when
multiple addition 1s employed is over 100 per cent.

The results from a typical copper determination made on
a natural water sample are given in Figure 24, Multiple stand-
ard addition was employed, and the linearity of the multiple
addition plot illustrates the effectiveness of the buffer
system in decomplexing copper from ligands normally found in

water samples, The water sample is University tap water., The



TABLE X

RESULTS FOR TRIPLICATE ANALYSIS OF Cu SPIKED 0,050 ¥ CAOB SOLUTION
BY MULTIFLE ADDITION AT VARYING LEVELS OF Cu(II)¥

Sample (pg/1) Cu Ave. (pg/1)
Number Spike Total (pg/1) Cu Found Cu_Found % Deviation
1 2 3
1 9.0 8.0 10.2 8.5 8.9 i
2 27«0 26,2 28.0 25.9 26,7 Lel
3 90.0 ok .2 92.6 86.2 91.0 1.1
L 900.0 901. 901. 901, 901. Q1

*Corrected for 1.6 pg/l Cu Contamination in CAOB

19T
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TABLE XI

COMPARISON OF PRECISION FOR SINGLE VS. MULTIPLE STANDARD
ADDITION IN Cu SPIKED 0.050 M CAOB SOLUTION AT LOW Cu LEVELS*

Single Addition Multiple Addition
Sample pg/l Cu pg/1l Cu peg/1 Cu

Number _Added Found % Deviation _Found % Deviation
) § 9.0 10.8 20,0 9.8 8.9
2 18.0 18.9 5.0 18.0 0.0
3 27.0 25.5 5.6 26.7 1.1
L 36.0 36.4 1.1 38.6 7.8
5 90.0 79.6 11.6 88.2 2.0

Ave., % Dev, = 8.7 Ave. % Dev, = 4,0

*Corrected for 1.2 pg/i Cu Contamination in CAOB
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FIGURE 24, THE DETERMINATION OF Cu IN UNIVERSITY

TAP H,0 BY MULTIPLE STANDARD ADDITION.
ml BUFFER + 50,00 ml SAMPLE.

Vo = 50,00
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composition of the sample matrix is given in Table XII, Water
samples from a variety of sources were analyzed using the
multiple addition technique and no difficulties were encoun-
tered. There is, however, the possibility of precipitating
CaF2 from hard waters extremely high in Ca2+ when the F~ con-
taining CAOB solution and sample are mixed., In cases where
samples of this nature are encountered, precipitation can be
prevented by reducing the formal concentration of F~ in the
CAOB solution.

The loss of copper from untreated water samples was
especially evident for ground water samples, Up to 90 per
cent losses of copper from untreated water samples stored
overnight in polyethylene bottles was observed. A multiple
standard addition plot for a sample of University tap water
taken at the same time as the sample analyzed in Figure 24
is shown in Figure 25. The level of copper in the sample
was reduced from 36.4 pg/l to 3.3 pg/l after storage of the
untreated sample for 17 hours.

The recovery of known amounts of copper from natural
water samples and one tap water sample (sample # 4) was also
investigated. The water samples analyzed contained from 3.3
to 46,8 pg/l Cu. After the copper level in the original
filtered water sample was determined, an identical 50,00 ml
sample was filtered and mixed with 50.00 ml of CAOB solution,

Thirty microliters of a 60,00 mg/l Cu solution were then
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TABLE XII

COMPOSITION OF UNIVERSITY TAP WATER¥*

Component

Ca2+

Mg2+

HCO

SJ.O2
Mn
in

#Sources

Concentration
(mg/1)

59.2
27.2
46.5

5.6

1643
3574

0.3

0.0

32.9

1,2

0.02
<0.1

8.0

pH = 7.2

Department of Public Health and
Welfare of Missouri, Division of
Health, Environmental Services
Laboratory



16

12

Copp = 30.00 mg/1 Cu

Coy = 33 pg/1l Cu

F I W | [
0 20 40 60 80 100 20

vy (pl)
FIGURE 25, THE DETERﬁINATION OF Cu IN A H,0 SAMPLE
BY MULTIPLE STANDARD ADDITION AFTER STORAGE FOR 17
HRS W/0 TREATMENT. V, = 50,00 ml H,0 + 50,00 ml
SAMPIE,

691



170
added to the sample-buffer mixture and the sample was analyzed
for copper by multiple standard addition. The spike added
corresponds to 9.0 pg/l additional copper in the original sam-
ple. The recovery data for six samples are given in Table
XIII. The average per cent recovery is 102.9 with a standard

deviation of 7.5 per cent.
INTERFERENCE STUDY

The influence of foreign ions was studied by adding a
known quantity of the respective ion to 100 ml aliquots of
0.050 M CAOB solution spiked with 90.0 pg/l1 Cu. The result-
ing mixture was analyzed for copper by multiple standard
addition., A total concentration ratio of foreign cation to
copper of approximately 100 was established by adding a
9.0 mg/l spike of foreign ion to the copper containing CAOB
solution that was pre-equilibrated with the electrode mea-
suring system at 25,00° ¢, Higher ratios of cationic
interferences were not investigated because of the posslble
interference from contaminant copper in the reagent grade
metal ion salts used to prepare the foreign ion standard
golutions., Ferric ilon salts are especially high in copper
and often contain as much as 1072 per cent contaminant copper,
Foreign ion solutions were prepared in 0.0l N sulfuric or
nitric acid. The acidified Fe(II) solution was stabilized

by preparation in the presence of iron wire and was used as



TABLE XIII
RECOVERY STUDY FOR KNOWN AMOUNTS OF Cu IN CAOB SOLUTION ADDED TO FILTERED WATER SAMPLES

pe/1 Cu Found pg/l Cu Theoretical pg/l Cu pg/l Cu Found -% Recovery

Sample # In Sample _Added After Addition of Spike In Spike Of Spike
1. 16.3 9.0 25.3 10.2 113.3
2 32.6 9.0 L1,6 8.8 97.8
3 L6,.8 9.0 55.8 9.9 110.0
4 36.4 9.0 k5.4 9.2 102.2
5 3.3 9.0 12.3 8.4 93e3
6 16.3 9.0 25.3 9.1 101.1

Average % Recovery: 102.9

Standard Deviation: Y5

T4T
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rapidly as possible.

Chloride and bromide ion interferences were investi-
gated at concentrations of 0.010 M by adding 1.00 ml of the
appropriate 1.00 M standard solution to exactly 100 ml of
CAOB spiked with 90.0 pg/l Cu. The apparent copper concen-
tration determined by multiple addition was corrected for
the 1 per cent volume change.

The results of the interference study are shown in
Table XIV. Only Fe(III) and Cd(II) seem to affect the elec-
trode in the CAOB solution at concentrations approximately
100 times the level of copper, The multiple addition plots
for the Cd(II) and Fe(III) studies were, however, linear and
the apparent copper concentration determined in each case
agreed with the amount added within experimental error. The
+0.9 mV shift in electrode potential observed upon the addi-
tion of 9.0 mg/1 Fe(III) to the CAOB solution corresponds to
a possible change in the total copper concentration of 6.6
pg/l Cu. An analysis of the 3000 mg/l Fe(III) stock solu-
tion by atomic absorption showed the solution to contain
1.1 mg/1 Cu which corresponds to an additional 3.3 pg/l Cu
contributed to the CAOB solution from the stock Fe(III) solu-
tion. The average value for triplicate determinations of
copper in this solution was 97.1 pg/l Cu. Subtracting the
3.3 pg/1 Cu contamination from the Fe(III) solution leaves
a deviation of 4,2 per cent from the level of copper known

to be present, which is within experimental error.
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TABLE XIV
EFFECT OF FOREIGN IONS
The following materials had no observable effect at the
concentrations indicated on the equilibrated copper elec-

trode system in CAOB spiked with 90.0 pg/l Cu. A normal
multiple addition plot was obtained in all ceses,

Possible Concentration
Added As Interference moles/1 mg/1

NaCl c1” 1.0 x 10~2 355

NaBr Br~ 1.0 x 1072 799
FeSO), + 7,0 Fe’t 1.6 x 107% 9.0
NiCl,+6H,0 Ni2+ 1.5 x 107% 9.0
Co(NO;) ,6H,0 co2t 1.5 x 107% 9.0
ZnS0, » 7H,0 zn2¥ 1.4 x 107% 9.0
Pb(NO,), pp2t 4.3 x 1075 9.0

The following materials caused the listed changes in elec-
trode potential under the conditions given above. A nor-
mal addition plot was obtained in both cases.

Possible Concentration
Added As Interference E(mV) moles/1 me /1
cacl, ca?t 0.4 8.0 x 1077 9.0
Fe(N03)2-9H20 FeB+ +0.0% 1.6 x 10-1+ 9.0

#See Text



CHAPTER VIII
CONCLUSION AND SUMMARY - PART II

A simple, direct multiple standard addition method has
been developed for the determination of copper in natural
waters at trace levels using an Orion solid-state cupric
ion electrode. While the technique is not as rapid as the
commonly used flame atomic absorption technique, it does
possess superior sensitivity. The adaptability of potentio-
metric devices to on-site measurements should make the
technique quite useful to those concerned with water quality
and the control of algal populations in natural waters.

Sample pretreatment (ie., digestion, separation, etc.)
is not necessary. Measurements are made in a 0.05 M com-
plexing antioxidant acetate buffer (CAOB) containing sodium
fluoride and formaldehyde. The buffer solution contains NaF
to complex Fe(III) which decreases electrode interference
from Fe3t and to prevent the precipitation of Fe(OH)B-X H,0
from ground water samples. The formaldehyde in the buffer
solution provides a reducing medium to prevent electrode
interference from oxidizing agents. Acetate ion in the buffer
system serves to decomplex copper from mild complexing agents
found in natural water samples. The large excess of acetate
over copper in the sample-buffer mixture allows the fraction
of copper that is complexed in the medium to remain constant

as the addition of copper standard is made.
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Triplicate analyses of 0,050 M CAOB solution spiked
with copper at the levels of 9.0, 27.0, 90.0, and 900 pg/1
were carried out to estimate the precision with which trace
copper measurements could be made using multiple standard
addition. The average per cent deviation in the range in-
vestigated was 0.9 when precise temperature control was
employed. A considerable improvement in precision was
observed when multiple rather than single standard addition
was employed.

The recovery of known amounts of copper from previously
analyzed water samples was also investigated. The average
per cent recovery for 9.0 pg/l additions of copper to the
sample in the CAOB solution was 102,9 with a standard devia-
tion of 7.5 per cent.

An interference study was made for several foreign
jons. It was found that Fe(II), Ni(II), Co(II), Zn(II), and
Pb(II) at concentrations approximately 100 times the level
of copper and 0.01 M Cl  and Br had no effect on the elec-
trode system in the CAOB solution. Only Fe(III) and Cd(II)
seemed to affect the electrode in the CAOB solution at con-
centrations 100 times the level of copper. The multiple
addition plots prepared in the presence of either ion, how-
ever, were linear and the apparent copper concentration
determined in each case agreed with the amount added within

experimental error.,
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An "addition-calibration" method which combines a stand-
ard addition step with a calibration curve for the determina-
tion of S, the electrode slope sensitivity, was developed.
The technique also yields information about the linearity of
the E vs. log concentration plot near the background contam-
ination level in the medium in which sample measurements are
to be made.

A computer program was written in order to determine
the least-squares line through experimental data for plots of
E vs. log concentration or activity. A provision was made
for accurately plotting the experimental data and the comput-
ed least-squares line through the data points using a CalComp
plotter, The program was used to evaluate the response of
the cupric ion electrode in the CAOB solution used for copper
determinations in natural waters. The average slope sensi-
tivity of the cupric ion electrode vs. a double junction
reference electrode the CAOB solution was determined to be
the theoretical 29,6 mV at 25.00o C with an average deviation

of + 0.3 mV,
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