& e i)

A
“lon ey

Ce Berkeley Laboratory University of California/Berkeley

LBL-7895

G S
CorMERTS BECTION

TWO-WEEK LOAN COPY

This is a Library Circulating Copy
which: may be borrowed for two weeks. |
For a personal retention copy, call
Tech. Info. Division, Ext. 6782

of Lead in Saline Environments

Investigations on the Use of Anodic
Stripping Voltammetry for the Analyses

August 1978

C. I

)
/

Prepared for the U.S. Department of Energy under Contract No. W-7405-ENG-48

C68.L-1dT

LD




LEGAL NOTICE

\ThIS report was prepared as: an account of work sponsored by the
: Unlted States Government, Neither- the United States nor the Depart-
ment of Energy, nor-any. of their’ employees nor any: of their con-.
. _tractors subcontractors, or thelr employees, makes any warranty,
;’express of |mp||ed or assumes -any legal llablllty or: responsibility for
the accuracy, completeness or-usefulness of any information, appa-
ratus, product or process ‘disclosed, or represents that its use would

.not rnfnnge prlvately owned rlghts

LRy



Investigations on the use of Anodic Stripping Voltammetry
for the Analyses of Lead in Saline Environments

By
Charles Whipple Case

A.B. (San Francisco State University) 1973
M.A. (University of California) 1974

DISSERTATION

Submitted in partial satisfaction of the requirements for the degree of
DOCTOR OF PHILOSOPHY

in

Engineering

in the
GRADUATE DIVISIONM
of the

UNIVERSITY OF CALIFORNIA, BERKELEY

Committee in Charge

Approved:

L I R R R I I B I R I R B A I R R I R B S S SR S Y






ABSTRACT

Investigations on the Use of Anodic Stripping Voltammetry
for the Analyses of Lead in Saline Environments

By

Charles W. Case

This research modifies the anodic stripping voltammetry (ASV)
analytic method in order to acquire data for lead from amBient sear
water conditions, and develops a chemical model which uses these data
to identify inorganic lead species for saline environments.

These modifications are made: (a) the nitrogen purge is eliminated
in order to maintain both the pH of the water samples and ambient con-
ditions for the lead species; (b) electrodes are constructed using a
simplified process; and (c) an inexpensive portable instrument, which
is easily moved and repaired, is assembled with standard laboratory
components. This simple instrumentation and methodology allow ASV
techniques to be used for trace element analysis on shipboard or in
remote locations. By changing the analysis controls, including the
nitrogen purge, the data refleﬁt ambient sea water conditions rather
than conditions which have been altered for analysis.

Laboratory and field samples were analyzed for lead partitioning
in: (a) KCl electrolyte solutions; (b) I.A.P.S.0. Standard Sea Water;
{c) sea water samples from Quatsino Sound, British Columbia; (d) a
series of sea water samples from San Francisco Bay; and (e) sea water

samples from the Gulf of Mexico.
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The electrochemical traits of the lead species and the ASV oxidation
potential expression, which are developed in detail, are the fundamental
constituents of the chemical model. The model uses the data from the
analyses to provide the mass balance relationships for lead partitioned

among the major anions in sea water. Theoretically these partitions, or

_species of lead, in order of dominance include Pb++, Pbcog, PbSOZ,
PbSOZ+, pbC1™, PboH, Pbc13, PbCLZ, PbClZ, Pb(OH)g, Pb(OH) 5, and Pb(OH)Z.

The laboratory analyses of KC1 electrolyte and Standard Sea Water
give the foilowing results. The modified ASV method and chemical model
provide information on ambient labile and non-labile inorganic lead
complexes in these saiine solutions down to the parts-per-billion level.
No purge and the simple electrodes cause some erratic behavior and
spurious potentials, but the data are feproducible. In addition to
Pb++, the most dominant measured lead species in order include PbCO?,
PbSOZ, PbC1+, and Pb(NOs)g from the lead additions solution. These
results agree with recent theoretical chemical models but in a few cases
disagree with other laboratory analyses, probably because of the change
in the purge.

The analyses of the field samples give the following results.
Samples were taken from the partially anoxic basin in Quatsino Sound,
British Columbia with one successful analysis which is for somewhat
normal dissolved oxygen conditions. Data show that lead is partitioned
among Pb++, Pb(OH)g, PbCO?, and pbsoz. The analyses with purge for the
San Francisco Bay water partitions lead among Pb++, pbcog, PbSOZ, PbC1+,
and PbOH'. With successive lead additions Pb(NO,); is decidedly the

dominant species. These results agree with other recent chemical



models cited in the thesis. The samples from the Gulf of Mexico contain
lead at the parts-per-trillion level which is below the level of detection

for this method.
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CHAPTER I

INTRODUCTION



"The sea never changes and its works, for all the talk of men, are
wrapped in mystery." .

Joseph Conrad, 1902, Typhoon !

Engineering Background

Present social and legal interests in the environment require the
engineer to investigate more precisely the effects of human activities
on the environment (National Academy of Sciences, 1971, p.2). In the
marine environment in particular these efforts are hampered by the lack
of information on existing or background conditions with which human
contributions can be compared. Thus an important task in ocean engine-
ering is to develop instruments and methods which can be used to pro-
vide background data sufficiently precise to detect the contributions
of human activities (National Academy of Sciences, 1975, p.3; 1976,
p-39). One problem of great environmental significance, but also of
great analytical difficulty, is the detection and identification of
the ambient species of trace elements, especially metals, in sea water
(Hume, 1975; Goldberg, 1965).

The engineer can apply these species data to a wide variety of
oceanic environmental problems such as: (a) contamination of sea water
from ocean dumping of wastes (National Academy of Sciences, 1975, p.228);
(b) contamination of sea water from industrial and municipal wastewaters »
(Young and others; 1972, p.22; Chow and others, 1973, p.551); (c) effects
of aerial fallout (Young and others, 1972, p.35; Goldberg, 1972,p.3);

(d) the solubility and kinetics of trace elements in sea water (Chow and



Patterson, 1962, p.263; Garrels and Christ, 1965); and (e) the toxic
effects of the trace element species (Handbook of Geochemistry, p.82-L-4).
To obtain data for solutions to these problems, the engineer must develop
and use analytical methods which will: (a) be rugged and dependable

for shipboafd and in situ use (Riley, 1965, p.296; Hume, 1975); (b)
measure trace elements in concentrations as low, or lower than, parts

per billion (ppb); (c) make a distinction between the chemical species

for each trace element; and (d) determine as nearly as possible the
ambient species (National Academy of Sciences, 1971, p.83). Factors

which make such an analysis difficult include contamination of the

sea water during sambling, contamination during sample storing, chemical
changes during analysis, the difficulty of in situ measuremeﬁts, instrument
sensitivity and dependability, and adverse shipboard conditions (Hume,
1973 and 1975). Because of these problems, another approach to obtain

species data is to develop theoretical chemical models of sea water.

Chemical Modeling Procedures

"Chemical oceanography is fundamentally concerned with thevchemical
properties of sea water. In order to study these properties, and the
interactions of sea water with other phases, we must first have some
concept of what sea water is. This concept is what we will call the
'chemical model' of sea water.', (Whitfield, 1972, p.ZéQ).

In his paper on the progress towards a chemical model of sea water,
Whitfield (1972) describes the progression from the early implicit

models of Forchhammer (1865), Dittmar (1884), Arrhenius (1887), and



others to the recent explicit models of Sillen (1961), Garrels and
Thompson (1962), Kramer (1965), and others. Table 1-1 traces this
history with emphasis on the more recent work, including work occur-
ring after Whitfield's_paper.

The approach in these earlier explicit models is to derive expres-
sions for‘the free and complexed ions and to insert these expressions
into a mass balance equation for total metal concentration. The dif-
ficulty with these expressions is to determine with reasonable accuracy
and consistency the thermodynamic activity coefficients and stability
constants for the various chemical forms (Ernst and others, 1975, p.969).
Also, because of the complexity of the sea water mixture, in many cases
it is not valid to use these coefficients and stability constants to
calculate the equilibrium concentration for a particular species. As
often the correct concentration of a species is calculated only by
taking into account all of the competing interactions and equilibria,
and as this is a task beyond normal calculations, scientists employ
computer techniques for various ionic equilibria models (Florence and
Batley, 1975, p.182). .

Recent work includes, as another alternative, studies in which
the chemical forms of certain trace elements are modeled using values
derived from the laboratory analyses of sea water for stability con-
stants, activity coefficients, and concentrations (Bradford, 1973;
Zirino and Yamamoto, 1972; Ernst and others, 1975; Batley and Florence,
1976). The problem with this method is that the values come from
samples which have been chemically altered for analyses and'therefore

do not represent ambient conditions.



STEPS IN THE DEVELOPMENT OF A CHEMICAL MODEL

TABLE 1-1

(EARLY MODELS)

FOR SEA WATER

Author

Dissolved
Components

Data Required

Comments

Lavoisier (1776)
(implicit)

Salt molecules

Concentration of
individual salts.

Analytical procedures gave ambiguous
results.

Murray (1819)
(implicit

Salt molecules

Concentration of
acidic and basic
components

Cannot combine analytical data
uniquely to give composition of salts.

Arrhenius (1884)

Salt molecules

Total concentration

Ionization constants ambiguous for

(implicit) plus ions of individual salts certain electrolyte situations.

plus proportion of

ionization.
Debye and Ions Activities of Can only determine mean ion activity
Huckel (1923) individual ions. of neutral salt. Restricted to
(implicit) dilute solutions.

Sillen "(1961)
{implicit)

Ions - minor
constituents

Activities of
individual ionms.

Does not make quantitative analysis
of reactions controlling distribution.




TABLE 1-1
(EARLY MODELS - CONTINUED)

Dissolved ‘
Author Components Data Required Comments
Garrels and Ions plus Activities of Requires arbitrarily defined single

Thompson (1962)

ion - pairs

individual ions

ion activities.

{explicit plus proportion of
ion pair formation.
(Whitfield, 1972, p.391)
(MODELS WITHIN THE LAST FEW YEARS)
Auther Comments

Kramer (1965)

"Working' equilibrium sea water model based on a series of equilibrium reactions
between the major dissolved components and a limited number of solid phases.

Pitzer and
others
(1972-1974)

A system of equations on the thermodynamics of electrolytes based on an
improved analysis. of the Debye-Hiickel model and numerical calculations -

recognition of an ionic strength dependence of the effect of short range
forces in binary interactions.




TABLE 1-1
(MODELS WITHIN THE LAST FEW YEARS - CONTINUED)

Author

Comments

3.{ Zirino and The approach developed by Garrels and Thompson has been expanded to include
Yamamoto higher order complexes and applied to the trace elements Cu, Zn, Pb, and Cd.
(1972) The effect of pH changes on chemical species was studied, Act1v1ty

' coefficients were obtained from a modified Debye-Huckel equation.

4.} Whitfield The Brgnsted-Guggenheim hypothesis of specific ionic interaction is used to

(1973) develop a model for the major electrolyte components in sea water. This
model results directly in the conventional total single ion activity
coefficients commonly required for calculations in sea water equilibria.

5.| Bradford Experimental work on-sea water samples to establish stability constant and
(1973) activity coefficients for zinc species - the results are correlated with models,

6. Whitfield Chemical models for sea water based on the Brgnsted-Guggenheim hypothesis of
(1975) specific ionic interactions and on the ionic interaction equations of Pitzer

are extended to encompass a range of trace constituents.

7. Ernst and Electrochemical techniques are used to characterize trace metal species and

others (1975)

measure trace metal stability constants.




TABLE 1-1
(MODELS WITHIN THE LAST FEW YEARS - CONTINUED)

Author Comments
Batley and The chemical forms of Cd, Pb, and Cu in sea water are examined and modeled with
Florence {1976) up to seven species for each metal. ASV determines concentrations of labile

and total metals.

Long and A theoretical model with various mixing solutions and ionic strengths is
Angino (1977) established to study the species for Cd, Cu, Pb, and Zn.




Research Emphasis

The research described in this thesis proposes to solve partially
this modeling problem in this general manner by: (a) simplifying a
standard analysis method so that many of the controls which affect
ambient conditions are eliminated; (b) developing rigorously the
theory of the method so that data can be extended to species detection;
and (c) developing an inversion model which uses this data to give the
lead partitioning of sea water for specific samples. With this method
the samples.remain relatively undisturbed during analysis and the data
reflect, as nearly as possible, ambient conditions. These data, used
in conjunction with the rigorously developed theory of the method, are
inserted in the model and give lead complexing by percent for a number
of saline environments.

These factors influenced my selection of the analysis system.
The instrument must be simple, rugged, easily transported, and easily
repaired - designed for shipboard or field work in remote areas. The
method must be sensitive to the parts per billion range, must dis-
tinguish the species, and must minimize the chemical, physical, or
biological alteration of samples in order to provide ambient concen-
tration and species data. The usual graduate student nemesis, low
budget, is another boundary condition, so ideally, commercially avail-
able items and standard laboratory components should comprise aé much
of the system as possible, and these components should double for either

laboratory or field duties.



10

A number of different analyses systems follow these guidelines to
varying degrees, but I selected anodic stripping voltammetry (ASV)
because this method; (a) is theoretically simple; (b) uses a number of
standard laboratory components; (c) theoretically makes species dis-
tinctions (Mancy, 1972; Zirino and Yamamoto, 1972; Bradford, 1973);
(d) is sensitive to the parts per billion range (Lawrence Berkeley Laboratory,
1976);‘(e) does not destroy the samples; (f) is adaptable for shipboard
or field use (Zirino and Lieberman, 1975, p.82); and (g) with certain
changes analyzes samples without requiring the samples to be chemically

altered beforehand.

Historical Development of ASV

ASV is included in the category of electrochemical analytical methods.
‘Whitfield (1975, p.1) summarizes these methods: "Electrochemical tech-
niques are basically simple. The working unit in all cases is a cell in
which two conducting electrodes make electrical contact with the sample
solution. The cell acts as a transducer which produces modified
current or voltage signals in response to excitations applied to the
electrodes from a controlled source. The art of electroanalytical
measurements lies in the manipulation of the conditions within the
cell, the structure of the electrodes and the nature of the input so
that the signals transmitted by the cell are directly related to the

activity or concentration of specific components."



11

All electrochemical procedures include this basic format with
certain variations, and for ASV the variations occur with a two step
reduction-oxidation process. The first step reduces and concentrates
the specific trace elements as part of a mercury amalgam on a working
electrode, while the second step oxidizes these elements back into the
sample sélution. The element type, species, and concentration is deter-
mined by measuring the current and potential developed by or required for
the oxidation. The technique is ''basically simple," aﬁd, although the
theory is derived from fundamental areas of chemical thermodynamics and
reaction kinetics, the simplicity of the theory is quickly'lost in the
various theoretical discussions. These discussions in varying degrees
of detail are included in the extensive polarographic literature, and
some of the best include: Delahay, 1954; Reilley, 1963; Shain, 1963;
Barendrecht, 1967; Fried, 1973; and Whitfield, 1975.

The foundation for electrochemical techniques originated in 1834
with Faraday's Law (Faraday, 1834) which states that, "The chemical
power of a current of electricity is in direct proportion to the absolute
quantity of electricity which passes." Progress continued with Fick's
Law of Diffusion (1885) chcerning mass transport processes, Gibb's
quantitative treatment of chemical equilibria, and Nernst's equation
(1889) for equilibrium electrode potentials. Heyrovsky (1922), using
these theories, developed the polarographic analytic techniques for
measuring the current and potential during cathodic reduction of an
element from a solution. Ilkovic (1934) improved the polardgraphic
methods by deriving current diffusion equationsyfor the dropping mercury

electrode.
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Christian Zbinden (1931) was the first to use the ASV variation
of polarogfaphy for the more sensitive measurements of trace elements.
Zbinden's ASV methods received sporadic attention for the next two
decades until Deléhay (1954) published his book on the principles of
electrochemical instrumentation. The electrochemical methods des-
cribed in this book could be performed with the improved electronic
current and voltage measuring devices available then (Enke and Baxter,
1964). Scientists and engineers experimented Qith ASV during the next
few years, and some of their publications include: Shain (1963) and
Barendrecht (1967) specifically on ASV; Reilley and Murray (1963), and
Reilley (1963) and Adams (1963) on electrochemistry and electrode
processes; Matson, Roe, and Carritt (1965) and Roe and Toni (1965)
on the theory and development of solid carbon electrodes; Enke and
Baxter (1964) on instrumentation; and Perone and Birk (1965) on de+-
rivative techniques. A list of authors writing on ASV analyses for
specific elements include: Perone - Ag (1963), Perone and Kretlow -
Hg (1965), Florence - Fe (1970), Sinko and Dolezal - Cu, Cd, Pb, Zn
(1970), Mancy - speciation (1192), Zirino and Healy - Zn (1970),
Zirino and Yamamoto - Cu, Cd, Pb, Zn (1972), Ellis - Cu, Cd, Pb (1973),
and Gilbert and Hume - Bi (1973), Clem (1973 and 1975), Sluyters -
Rehbach and Sluyters (1975), Stulik and Hora (1976), Subramanian and
Rao (1976), and Zirino and Lieberman (1974) have done recent work on

electrodes, instrumentation, and in situ techniques.



Lead

Lead in sea water is a trace or non-conservative element; that is,
its concentration varies with location and time, unlike the conserva-
tive, major constituents of sea water. A few of the sources for lead
in sea water include: (a) groundwater runoff with the natural products
of physical and chemical weathering and erosion of soils, rocks, and
ore ‘deposits (Fleischer, 1972, p.3; Handbook of Geochemiétry, 1974,
p.82-1-1); (b) direct introduction into oceans through hydrothermal
water, hot brines, and volcanic outgassing (Handbook of Geochemistry,
1974, p.82-1-1): (c) industrial contamination from manufacturing,
milling, mining, and smelting (Wixon and others, 1972, p.21): (d)
municipal and industrial wastewaters (Young and others, 1972, p.21);

(e) ocean dumping of refinery wastes, chemical wastes, filter cake,

0il drilling wastes, refuse and garbage, radioactive wastes, military
explosives, and miscellaneous wastes (National Academy of Sciences,

1976, p.5; and Young and others, 1972, p.21): (f) aerial fallout includ-
ing lead from industrial and automobile emissions (Young and others,
1972, p.21; Cantwell and others, 1972; p.95; Goldberg, 1972, p.3; and
Chow and others, 1973, p.551). Major lead "sinks'" in the sea include:
(a) biological uptake and concentration by marine organisms; (b) pre-
cipitation of lead hydroxides, phosphate, and/or carbonate; and (d) ion
exchange procésses (Chow and Patterson, 1962; Martin, 1972, v.II, p.307;

Handbook of Geochemistry, 1974).

13
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These are a few of the chemical and physical characteristics of

lead:

Atomic weight - 207.19 (Pauling, 1970, p.92)
Atomic number - 82 (Pauling, 1970, p.92)

Standard potential of single ions:

++ -

a. Pb =Pb + 2e E

0.126 (Pauling, 1970, p.528)

Ny

b. Pb*t = Pt + 2" B, = -1.7 (Pauling, 1970, p.528)

[ty

Concentration in sea water - parts per trillion to parts pér million
(Goldberg, 1965, p.163)
Activity coefficients in sea water (with an iomnic strength of 0.67):

Aa. 0.34 (Zirino and Yamamoto, 1972)

b. 0.2 (Sillen, 1961)

c. 0.075 (Whitfield, 1973)

Residence time in-the ocean ~3500-years - ~(Handbook -of-Geochemistry,
1974, p.83-1-3).

Potential supply in 600g of rock - 10mg/kg of sea water (Handbook
of Geochemistry, 1974, p.83-1I-1).

(The Appendix confains additional data on concentfations, activity co-
efficients, entropies, heat of formation and free energy of formation
for lead, lead compounds and complexes, and major anions.)

The major reason the ocean engineer 1s concefned with lead con-
centrations and speciation is because of its toxicity. The Handbook
of Geochemistry (p.82-L-4) describes lead toxicity: 'Lead is taken
up by animals by ingestion and inhalation. Adsorbed and carried by
the biood, mammals accumulate Pb in liver, kidney and bones. Animal

muscles are usually low in lead.



"Under average conditions man takes up lead at approximate daily
rates of 300 to 400 ug. About 10% of the ingested lead is absorbed
gastro-intestinally. The major Pb proportion in the diet comes from
vegetable and meat. Except for fish, aerial precipitates are a prime
cause of dietary lead. The threshold concentration of Pb in the diet
is assumed to be near 600 ug/day. The degree of absorption of in-
haled Pb by thekblood depends largely on particle size. Particles
"> 0.6u reach the alvedli and are deposited (about 75% particulate
Pb from automobile combustion is < lu). The lead level in human blood
and urine responds to exposures to extra-ordinary aerial Pb. A 'normal'
lead content seems to range between 10 and 20 ug Pb per {pOg blood
(tentative threshold concentration: 30 ug Pb/100g blood often approached
by parking and gasoline station workers, policemen, etc.). A reasonable
limit for'aerial concentration of Pb is believed to._be 2 to 10,ug/m3,,
based on inhalation of 15 m3 of air per day; under these conditions
intake is expected to match excretion of Pb,

"Ingestion of toxic amounts of lead from sources besides those
already mentioned can originate from plumbing, ceramics with lead
pigments in kitchenware, leaded paint, etc.

"Lead poisoning; starting with convulsions and anemia, may proceed
to peripheral nerve disease, gout, chronic nephritis, encephalophathy
and death."

I selected lead and confined my ASV research to this element for
the following reasons. (a) Lead is highly toxic, and a large number of

man's industrial and energy producting activities are a source of this
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toxic lead. {(b) T am interested in ocean anoxic basin chemistry, and
the reduction processes in these basins affect the sulphides - a major
anion which forms complexes with lead. (c) The standard potential of
lead ions falls within the ASV reduction range. (d) The kinetic and
diffusion characteristics of lead ions enhance the ASV reduction and
oxidation processes, and these characteristics also give the multiple
current peak shifts and repressions necessary for complex distinction.
If other elements are analyzed, these peaks are lost in the noise.

(e) These procedures developed for the analysis of lead can be applied

to other metals.

Summary of Research

In summary, the emphasis of my research is on: (a) simplifying ASV

instrumentation”énd methods so that ambient sea water conditions are

more nearly duplicated and so that the methods are more suited for
shipboard and field use; (b) fully developing the theory of the method
to facilitate the changes and the data interpretation; (c) developing
a chemical model to use this data for profiles of chemical forms; and
(d) testing this system with a variety of saline samples from the lab-
oratory and the field. The laboratory samples include KC1 electrolyte
aﬁd I.A.P.S.0. Standard Sea Water, and the field samples include sea
water collected in Quatsino Sound, British Columbia; San Francisco Bay;

and the Gulf of Mexico.
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The following chapters describe this research in this fashion.

1) Chapter I - Introduction: This chapter includes a brief statement

of the problem of detecting trace element concentrations and speciation,
the history and problems of chemical models, the research objectives in
consideration of these problems, a definition of electrochemical methods,

the history of ASV, and a discussion of the properties of lead.

2)  Chapter II - ASV Theory of Applied Potential: The precise potentials
for ASV oxidation and reduction reactions identify the trace elements and
the speciation partitioning of these elements. This chapter presents the
theoretical development of the oxidation and reduction potentials.

Without this precise development of the oxidation potential, species
distinction cannot be made.

3) Chapter IIT - ASV Techniques: The current flow during ASV reduction

reactions is a function of specific trace element_concentrations_and, in.

some cases, a function of the species. This chapter describes current,
exchange current, and the limiting current as they pertain to ASV.

Some descriptions are brief as certain parts are documented in the
polarographic literature. The chapter also deséribes a conventional

ASV analysis in order to show how current is a function of concentration
and how potential is a function of the trace element and the species.

4) Chapter IV - Laboratory Analysis - Part I - Standard Procedures:

This is the first of two chapters describing the instruments and
. . ) . :

methods for the laboratory analyses. This chapter is the instrumenta-
tion chapter and describes the ASV equipment and components which have

been adapted to meet the requirements of this project, the various



analysis techniques, and the standard analyses of electrolytes and sea
water before equipment modifications.

5) Chapter V - Laboratory Analysis - Part II - Modified Procedures:

This chapter describes the changes made in the equipment and
methods in order to pfovide more accurate species detection. Discussions
include the -theoretical basis for experimental elimination of the nitro-
gen purge, simplification of electrode processes, calibration of the
instrument, and species detection és a function of oxidation potential
and current.

6) Chapter VI - Results - Chemical Modeling with Field Samples:

This chapter developes the numerical value for the important
potential constant term, includes tables for interpreting the analysis

data, describes the sampling conditions and the sample analyses, and

18

———presents-results—and-conclusions:
7) Appendices: The Appendices contain; (A) lead data, (B) discussions
of activity coefficient methods, (C) electrode over-potential descrip-
tions, and (D) more detailed descriptions of the engincering studies

during which the water samples were taken.



CHAPTER II

-

ASV - THEORY OF APPLIED POTENTiAL
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Introduction

This section develops expressions for the two steps in ASV analysis
for the potential from an external source which must be applied between
two electrodes in a sample cell in order either to reduce a specific
trace element in solution onto a working electrode, as part of a mercury
amalgam, or to oxidize this element from the amalgam back into solution.
Trace element concentration and species detection depends.on these
expressions, specific terms therein, and the current expression developed
in the next chapter. Additionally, the oxidation potential expression is
a fundamental part of the chemical model for lead.

According to Kirchhoff's voltage law (Desoer and Kuh, 1969, p.6): °
"For any lumped electric circuit, for any of its loops, and at any time,

the algebraic sum of the branch voltages around the loop is zero."

Therefore the total applied potential from an outside source may be
expressed as the sum of the individual potential terms from the various

components of the ASV system:

n
(2-1) ¢ =L E =0
k=] compy
n
or: $ =L E
k=1 “°"Pk
with: ¢ = the applied potential (volts)

Ecomp component potentials (volts)



The sum of the potential terms gives the expression for the total

external applied potential and includes these specific terms:

-
2-2 = .
( | ) ¢ hz-i.-\ Ecan?k = € s B oo ::Ru“ - Em’:—:. 4»'12':—0“;_

—Tlc.o-u.c_ * 12*"""(; * 11 tror

with: E = electromotive force of a reversible cell (volts)
Eref = reference electrode potential (volts)
IRCell = ohmic drop in the cell (volts)
E . = miscellaneous potentials (volts)
misc

i)

cathodic concentration over-potential (volts)

MNeann

e,
1)=‘d‘ = anodic concentration over-potential (volts)
[

1ll = cathodic transfer over-potential (volts)

[

11 = anodic transfer over-potential--(volts)
‘kmr

(-

The next few sections of this chapter discuss these terms in order.

- The Appendix contains supporting material for the over-potential terms.

Components of ¢

1) E - Electromotive Force of a Reversible Cell

The term E is the potential derived from the relationship between
the electromotive force of a reversible cell reaction, the electro-
motive force of a reaction when all substances involved are at unit

activity, and the equilibrium constant:



(2-3)

with:
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BI~1n K
nF

electromotive force of a reversible cell (volts)
electromotive force of a reaction when all substances
are at unit activity (volts)

thermodynamic equilibrium constant (mole/liter)

gas constant (8.314 joules/mole-deg)

temperature (OK)

number of electrons involved in the reaction

Faraday constant (9.6487 x 104 coulombs/equiv)

This relationship is a common one in electrochemical literature

(Klotz, 1961; Pitzer and Brewer, 1965; Garrels and Christ, 1965;

Reilley, 1965) and is 1ot derived here:

The law of Mass Action defines K, the equilibrium constant:

"The product of the activities of the reaction products, each raised

to the power indicated by its numerical coefficient, divided by the

product of the activities of the reactants, each raised to a corres-

ponding power, is a constant at a given temperature.",

(Garrels and Christ, 1965, p.6).

(2-4)
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The reaction of b moles of B with ¢ moles of C comes to an equili-
brium with the products of d moles of D and e moles of E:

bB + ¢C = dD + eE. By substitution equation (2-3) is written as:

o a

o . BI.I a

n
nF

a

tn o

(2-5) E =E

a, a

w o
Qo

Garrels and Christ (1965, p.60) define the activity coefficient,

aj, as:
fJ'
(2-6) ay = ;;
J
with: aj = activity of the jth component
fj = fugacity of the dissolved component j

(Standard state is defined as the pure liquid at
the specified temperature and at 1 atmosphere

total pressure.)

For an ideal solution in which the equilibrium vapor pressure of
the component j of the solution equals the product of the mole fraction
of that component in the solution and the equilibrium vapor pressure of
the pure substance (Raqult's Law), the activity equals the mole fraction

in the solution:

n
=

(2-7) aj

f. = fugacity of the jth component-in-its--standard-state . . S



with: nj = mole fraction of the jth component in solution

For other than ideal solutions the activity is:
(2-8) . = n. ¥,

with: 'YS = activity coefficient of the jth ion.

A number of methods determine activity coefficient values for
components in dilute electrolyte solutions: (a) by experiments with
an analytical tool such as the glass electrode, for example, (Wilde

and Rodgers, 1970); (b} by equations such as the Debye Hickel equation

and others (Pitzer and Brewer, 1961; Pitzer and Kim, 1974; Whitfield,
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1975; Long and Angino, 1977); or (d) by measurements of variables such
as the freezing point or the vapor-pressure (Newman, 1973, p.95). The
Appendix contains details of the Debye-Huckel relationship and other
activity coefficient expressions.

The term E° is the electromotive force of a reaction when all
substances are at unit activity. E® is determined experimentally as
the electromotive force of a cell for a % cell oxidation or reduction
reaction referred against a standard hydrogen electrode. The electro-
motive force values for various elements are in standard tables such

as in Pitzer and Brewer (1961, p.371).
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For example, the oxiaation of lead in solution (Pb = Pb'" + 2e7)
requires a % cell potential, measured against a standard hydrogen
electrode of -0.126 volts at 25°C. Theoretically when all substances
are at unit activity lead ions in a KC1 electrolyte solution are re-
duced to metallic lead on an inert electrode (one not entering into
the reaction) in a cell with a potential of -0.126 volts applied be-
tween this electrode and a hydrogen reference electrode (See Figure 2-1).

By definition, the cathode is the electrode at which reduction
occurs, and the anode the electrode at which oxidation occurs:

++ -

Cathode: Pb"" + 2e = Pb
Anode: Zn = Zn' '+ 2e”
Adding the corresponding % cell potentials gives the value for E,

the electromotive force of a reversible cell reaction. There is some

ambiguity in the literature as to the sign convention;,—but-engineers
(Uhlig, 1971) use the positive sign for the oxidation reaction and the
negative sign for the reduction reaction. This is the sign convention
used here. For example, in a cell with Zn being reduced at the cathode

and Pb being oxidized at the anode:

(2-9) Pb + Zn'  + Pb' ' + Zn

By substituting numerical values for the % cell potentials in

expression (2-3):

++
(2-10) E=E, -E, =0.962 - 0.126 + °L In LBE——l—LZE:]
2F [Pb ] [Zn"]
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FIGURE 2-1
ASV ANALYSIS CELL WITH ELECTRODES

-Applied Potential of 0.126v

- -
| °‘

l

Hydrogen Inert Electrode
Reference (Cathode - Reduction)
Electrode
(Anode)
Cell
/4
Pb*" + 27 = Pb
KC1 Electrolyte
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With: brackets [ ] = activities

RT . [Pb"7] [zn]

(2-11) E = + 0.736 + -
2F [Pb ] [Zn ']

The positive sign for E indicates that negative current flows in
the cell from the cathode to the anode.

E represents either the % cell potential for an oxidation or re-
duction reaction, or the full cell potential for both an oxidation and
reduction reaction. Therefore E,/2 is the notation for the % cell potential

while E without subscript is the total cell potential. In summary:

(2-12) E = E‘/zanode -E%cathode

- 10 R™
(2-13) E‘/zanode or cathode - & ¥ T{Ef“d W
2) Eref - Reference Electrode Potential

In the preceding section the standard hydrogen electrode is the
zero potential reference electrode to determine E% for various elements.
Usually other types of reference electrodes are used because the hydrogen
electrode is both cumbersome and dangerous to manipulate.

A reference electrode is ideally non-polarizable and should acquire
the'equilibrium potential rapidly and maintain this potential over long
periods of time, even during passage of small currents. (Appendix C

discusses polarization. Also refer to Ives and Janz, 1961, for a



28

detailed dissertation on reference electrodes.)  The electrode reaction
should be rapid and reversible, have zero resistance, and provide a
constant voltage at a given temperature.

A number of electrodes, besides the hydrogen electrode fulfill
this criteria to varying degrees. Two of these electrodes are: 1) the
saturated calomel electrode (SCE)} - also called the mercury-mercurous
chloride electrode and described by Cl_/ngClz,Hg in saturated KC1
solution*; and the 2) silver-silver chloride electrode - described by
Cl1 /AgCl,Ag.

The % cell reaction for the SCE (Garrels and Christ, 1965, p.127) is:

(2-14)  2Hg + 201 ==Hg,Cl, + 2¢ (at 25°C, E..

2 = 0.244 volts)

£

For the silver-silver chloride electrode; the % cell reaction

(Garrels and Christ, 1965, p.140) is:

(2-15) Ag + CI::ﬁ'AgCI + e (at ZSOC, Eref = 0.222 volts)

This discussion is confined to the SCE as this electrode is the
one most commonly used in ASV work. By using the SCE electrode as a
reference for measuring % cell oxidation or reduction such as in
Figure 2-1, the SCE % cell potential of 0.244 volts is included in the

total measured potential.

* Notation: (/) represents a liquid junction with electron transfer, and

(,) represents a phase difference with no electron transfer.
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3) IRcell - Ohmic Drop

The next potential term is IR , with:
cell

I

current passing between the electrodes (amps)

R

cell (electrolyte resistivity) (ohms)

This term represents ohmic potential drop due to cell conduction

between the reference electrode and the electrode where the L cell

reaction is measured. In cases of high solution resistivity, high
current densities, or large electrode separation this potential can
be significant, but, as shown below, for most electrochemical analysis

in sea water IRC can be ignored:

ell

Specific conduction of sea water at 25°¢C and salinity of 350/00 =

0.05 ohm—lcm—1

Current density = 1 x 10_6 amps cm_1 (electrode area = 1 cmz)

o

Electrode separation = 1 cm:

(2-16) IR, ,; = (0.05 ohm—lcm-l)—l(l em) (1 x 107> amps cm—z)
-8 \
IR = 2 x 10 volts
cell
4) E . - Miscellaneous Potentials
misc.

.This term includes the other various potentials which may arise
during the analysis. The values for these potentials are extremely
difficult to measure or to determine theoretically either because of

their diminutive size or because of experimental variables which are
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difficult to control. The following list shows the sources of a few
of these potentials (MacInnes, 1961):
(a) potential from the varying magnetic field of the magnetic
stirring unit;
(b) the energy change from the heat generated by the stirring;
(¢) stray potentials from the operation of the pH meter;
(d) streaming potential from the stirring;
(e) zeta pdtential at the electrode double layer;
(f) change in potential generated by internal and external cell
temperatures;
(g) nmnoise from improperly guarded electrical connections;
(h) reaction éver—potential at working electrode.

Because of the difficulty in determining these values, the total

vaiue~o£—EﬁI§E——is—included_in_the~i~5%_expcrimenLal error term,
Based on various ASV analyses and computations with the model, and on
comparison of the model results with the literature, this approach

seems reasonable.

5) 12 - Cathodic Concentration Over-Potential
Carea.

"When an electric current is passed through an electrolyte bounded
by metal electrodes, the accumulation of the ions at the electrodes
produces the phenomenon called Polarization, which consists of an electro-
motive force acting in the opposite direction to the current, and produc-

ing an apparent increase of the resistance.'" (Maxwell, 1891, p.387)
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The derivation of the specific tenn,Tzc‘»._ , as a function of
current or concentration, depends on charge-tr;;sfer processes between
electrodes in an electrolyte solution. (Appendix C discusses over-
poténtial.) A dissolved species in a solution may be transported by
three processes; migration, diffusion, and convection. The Molar Flux

Law expresses the flux of each dissolved species (Newman, 1967, p.89

and 1973, p.217):
2-17 N. = -Z.u.,FC. V¢ - D, VC. + C.v
( ) j 3377 ¢ J j J

flux of species j (moles/cm2 - sec)

with: Nj = >
Zj = charge of species j in solution
uj = mobility of species j (cmz—mole/joule—sec)
F = Faraday's constant (9.6487”x*lOé‘couiombsfequivaientj
Cj = concentration of species j (mole;/cms)
¢ = electrostatic potential (volts)
Dj = diffusion coefficient of species j (cmz/sec)
v = fluid velocity (cm/sec)
Newman (1967, p.90) states: '"In this equation, Nj’ the flux‘of a

species j, is a vector quantity which indicates the direction in which
the species is moving and the number of moles going per unit time across

an area of 1 cm2 oriented perpendicular to the flow of the species.'
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The first term (-ZjquCjV¢) represents the flux due to motion of
a charged species in an electric field. This is the migration term,
particular to electrolyte solutions, and carries a negative sign be-
cause the electrostatic gradient is the negative of the electric field.
The sub-term, Ajqu’ is the ionic mobility.

The second term (—DjVCj), the diffusion term, describes either
electrolyte or non—electrolyte solutions. The same is true of the third
term (ij), the convection term. All three terms together represent the
flux of an ionic species in an electrolyte solution due to migration,
diffusion, and convection.

The current density in the solution is expressed in terms of the

sum of the specific species fluxes:

2.8 L= Fr. Z. N
(2-8) * i

with: i = current density (amps/cmz) (The other terms

have been described.)
Substituting (2-18) into the Molar Flux Law (2-17) gives:
. 2 2
(2-19) i = FV$x.z%u.C. - FL .Z2.D. VC, + Fv 5.Z.C.
131131 3J1] ] J 3]
Each of these three mass transport terms are simplified. First,

in the migration term, let t equal the transfer or transport number

and let tj represent the transport number for a particular ionic species j.



Then tji is the fraction of current carried by the ionic species j
due to the migration, and:

2.2
2-20 t.i=-F"2"7.u.C.V
( ) J J 3] ¢

In a supporting electrolyte the transfer number for a specific
trace metallic ion approaches zero as t for the solution approaches
100. Therefore in a conductive supporting electrolyte the migration
term for a specific trace metallic ion is eliminated.

In a solution where there is no net fluid velocity between the
two electrodes, v is zero, ard the convection term also is eliminated.
The Molar ﬁlux Law for a metallic species in a supporting electrolyte

with no convection 1is:

(2-21) i=-FZ.D,VC.
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By letting C._ equal the concentration of a species in the bulk of

b
the solution, Cs equal the concentration at the electrode surface, and
§ being the distance between the two (See Figure 2-2), the diffusion
term becomes:

_Z.FD, (C, - C.)
(2-22) i= 2 3 b S

§



The limiting current of a particular éharge—transfer reaction is
the maximum current which flows during this réaction and is a function
of the diffusion term (2-21). For i to be the limiting current, §
“should be at a minimum (i.e., the diffusion\gradient should be at a
maximum). Stirring the solution directly beneath the electrode accom-
plishes this. To increase the diffusion gradient, CS should approach

zero. As Ds approaches zero, i is the limiting current, and:

-7Z.FD.C
)

(2-23) i
8

Or for a particular ionic species:

, ~ZFDC,
(2-24) i

8
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The current then is a function of the mass transportation of the
species by diffusion through fhe diffuse layer at the electrode-solution
interface. The limiting current or current maximum occurs when the
species concentration at the electrode surface and the double layer
distance are both at a minimum. This limiting current is related to
the concentration over-potential in the following manner.

For the ideal case when the mass transfer rate is infinite and

diffusion is not a controlling factor, over—potential'Tl is:

(2-25) 'Tl = irreversible potential - reversible potential



For finite mass transportation the activities of the reactants
at the electrode surface differ from the corresponding activities’'in
the bulk of the solution. Therefore the equilibrium potential differs
from the poteﬁtial developed by the species concentration in the bulk
of the solution. This potential difference is the concentration over-
potential.

Generally an electrochemical reactioﬁ occurring without any
measurable over-potential (of any type) is reversible, while an
electrode process involving considerable over-potential is irreversible
(Delahay, 1954, p.38). This distinction between reversible and ir-

reversible reactions is not so clear in the case of stirred solutions

where the diffuse layer is controlled, and the mass transport is finite.

Because of these factors, I consider'Tl reversible for the over-
Chroe
<
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potential for a stirred solution.
For a reversible process due to a concentration difference, a
modified Nernst equation (Delahay, 1954, p.219) expresses the over-

potential as:

RT C

(2-26) ’Q =— 1ln =
nF C

From (2-22) and (2-23) the expressions for current and limiting
current are written as a function of diffusion, letting 1 equal the

sum of the over-potential at both the cathode and the anode:



Cs i6
(2-27) sl 22
c, DZFC,
C i
(2-28) 2 =1- —
Ch L

Unlike the pétential terms from earlier sections, the expression
is for a potential at a specific electrode, the cathode. 1In order to
be consistent with the cathodic sign notation, a minus sign is used
for this specific expression. Therefore, by combining (2-26) with
(2-28) and by using the proper sign notation, the concentration over-

potential at the cathode is:

2-29) N, = - BT (. L)
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The cathodic over-potential occurs in both of the ASV reduction
and oxidation steps but is most important in the reduction step when
a specific element is reduced from the solution onto the working
electrode surface as part of the mercury amalgam. This over-potential
is of minor importance during the oxidation step when this same element
is oxidized into the solution at the electrode. As this second step is
an oxidation process there must be a corresponding reduction at the inert
electrode, but it is inconsequential because the potential is measured

between the working electrode and the reference electrode.



The literature often refers to another type of concentration
over-potential called reaction over-potential. This potential occurs
when the charge-transfer step is preceded or followed by a slow or
strongly retarded chemical reaction which decreases the concentration
of the transfer step reactant and increases the concentration of the
product in the electrode vicinity. Frequently the overall electrode
process involves these chemical steps, but the steps are fast and

rarely become rate determining.

6) 1) coae. - Anodic Concentration Over-Potential
L

1).Q°A* is the potential term for concentration over-potential
at the anode. For cathodic concentration over-potential the controlling

factor is'the rate of diffusion of the ionic species, involved in the
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charge-transfer process, from the bulk of thé solution to the electrode
surface. At the surface the species is reduced, and electrons transfer
érom the electrode to the species. (The next two sections discuss the
over-potential from this transfer or activation pl‘ocess,"fz_t:“‘hr )

By definition oxidation is the anodic reaction. Therefore, at the anode
the reverse charge-transfer process occurs, and the anode acts as an
electron "sink.'" Anodic concentfation over-potential occurs during both
of the reduction and oxidation steps. During.the reduction step, it is
part of the accompanying oxidation-reduction reaction, is of minor '
importance, and can be discounted. This over-potential cannot be
discounted during the second (oxidation) step though. Now the control-

ling, or limiting, factor for the charge-transfer process is the rate of
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diffusion of the oxidized ionic species from the electrode surface into

the bulk of the solution, and is a mass transport limited reaction.

The limiting current is developed in the same manner as 1? , and
cone.

the same expression for 11Q‘A§is used. After making the proper changes

for the anodic sign and after summing over the entire reaction, anodic

concentration over-potential is:

RT i
(2-30) Tl““ = — 1In ( /iL)
o nF ‘

7) ‘leﬂurﬁ - Cathodic Transfer Over-Potential

.12| . Tepresents transfer over-potential at the cathode. A
<
number of authors including Delahay (1954 and 1965), Fried (1973),

Mohilner (1966), and Newman (1973) discuss in detail transfer {or

activation) over-potential. Newman (1967, p.111) points out the
distinction between transfer and concentration over-potential,
""Activation polarization' (herein called transfer over-potential) refers
to the slowness of the chemical step or the charge transfer at the
electrode. Concentration polarization refers to the fact that the
electrode potential shifts because the concentration at the electrode
is different from that in the bulk of the solution as a result of limited
rates of mass transfer."

Transfer over-potential includes four specific types classified
according to origin: (a) specific activation over-potential caused by
slow electron transfer from electrode to solution (or solution to

electrode); (b) crystallization over-potential caused by a retarded rate
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of incorporation of the reduced substance into the lattice at the
electrode surface; (c) nucleation over-potential which appears on inert
electrodes during the continuous formation of new phases on the electrode
surface; and (d) resistance over-potential which isvthe separate potential

term IR All of these over-potentials are irreversible to certain

cell’
degrees, and all, except for resistance over-potential, are included in
the following general derivation of transfer over-potential.

The rate of reaction, expressed in terms of moles of the ionic

species transformed by electron transfer at the electrode surface per

unit of time and per unit of area, is (Delahay, 1954, p.33):

-

(2-31) - ‘3-‘3‘ = ‘9'__'3" = W, C, - & C,
t &t
with: N0 = number of mole; - oxidation reaction
N, = number of moles - reduction reaction
Co = concentration due to oxidation reaction (moles/cms)
Cr = concentratipn due to reduction reaction (moles/cms)
Ko = oxidation rate constant (cm/sec)

K = reduction rate constant (cm/sec)

This relationship is written in terms of ®L , the transfer coef-

ficient. Delahay (1954, p.33) describes this coefficient: "It is
recognized that a substance which undergoes a chemical transformation
has to overcome an energy barrier. This principle is applicable to

any type of reaction, but in the case of an electrochemical reaction
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it is necessary to take into account 'the effect of the electrical field
at the interface of the electrode-solution. This field favors the
electrochemical reaction in one direction and hinders the reaction in
the.other direction. If E is the electrode potential referred to the
normal hydrogen electrode, the fraction ® E of this potential favors
the cathodic reaction. ...likewise, the fraction (1- ok )E favors the
anodic reaction. The parameter o introduced in this manner is the
transfer coefficient for the electrode process."

A also is known as the symmetry factor, and for most symmetrical
reactions the value is 0.5. The potential for activation energy applies
equally to both electrodes.

The rate constants, Kr and KO, are written in terms of the transfer

coefficient (Fried, 1973, p.44):

N - o F ‘
(2-32) W, = kK, Exy E
R
. e (\-d)o F
(2-33) ke, = W g iRl Ez
. R
with: Kg = reduction rate constant for E = 0 (cm/sec)
Kg = oxidation rate constant for E = 0 (cm/sec)

Equations (2-32) and (2-33) are the Butler-Volmer equations and
were derived, "Early in the history of the study of electrode pro-
cesses following the experimental observations by Tafel (in 1905)

that the current density is proportional to the exponent of potential,



when E is not too near the equilibrium potential," (Fried, 1973, p.44).
(The electrochemical literature, including Fried, 1973, and Uhlig, 1971,
thoroughly discusses Tafel's work.)

The total oxidation-reduction reaction is written in the general

form:
(2-34) Red = Ox + ne
reduéﬁion = oxidation plus the number of electrons involved

in the reaction

Therefore the Butler-Volmer equations are written as:

- - d\y\F e (\-‘ *)T\F’
(2-35) \-<'_ Exp { — } = ko &ug{ €.

RYT ¢ RY
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with: Ee = equilibrium potential (volts)

At dynamic equilibrium the exchange current is the net flow of
current in a single direction (Reilley, 1963, p.2123). At equilibrium
the cathodic and anodic currents are equal to each other and to the

exchange current. The expression for the exchange current is:

. - P Q‘k) €
(2-36) L= ™ L ‘\(. Eup { __:‘LT_L__E’__E._} = nFx Eu?{ i "}
T Ry : ° R
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The total current density, i, is the combination of the cathodic

current density, i and the anodic current density, i

cathode’ anode’

(1= Lanode 1cathode)'

Current written as the time derivative of Faraday's Law becomes:

(2-37) i = dq/dt = nFdM/dt

with: q = electricity passed (coulombs)

Combining these various expressions, the total current density is:

B} L= o (\-)nFE |. ° -AnFE
(2-38) v« = 'ﬂ.:n._ {c‘k° Ex?[' .R?:\ E-‘] C‘_k' Exp o

with:————A}T—teTms—as—previousiy—defined—and—Ag—=—e}eetrode—area (bmz).

If the transfer over-potential is low for both the general and

nE
it is for most polarographic and anodic stripping voltammetry work,

| specific terms, '\'2 & RY™ oy -ero...: { 0.05 - 0.1 volts, as

the exponential terms are expanded in the form of e X = (1-x). By

eliminating all terms but the first, equation (2-28) becomes:

L _ E
(2-39) L = (e ‘oo = e (“*“4)%}12
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With the transfer coefficient and reduction rate coefficients
eliminated, the specific cathodic linear relationship between current

and transfer over-potential is:

(2-40) Tl{-_ - - ‘5.{_ ( le_.-_-\\.‘h)'
TG n

Lo

This expression has a minus sign in order to be consistent with

the cathodic sign notation. Also, this term, when written as i.12= -EFE};“*h-

defines the effective resistance imposed at the electrode surface

by the finite rate of the electron-transfer process.

8) 'Tl - Anodic Transfer Over-Potential
"t‘ro.aar O

Transfer over-potential occurs at the anode during both the reduc-

tion and oxidation steps.'rl is the équivalent transfer over-
troar g :
.potential term for the anode.
The preceding paragraphs show that because of the low anodic
stripping voltammetry transfer over-potential (bwlgtrom. < 0.05 - 0.1

volts), only the first term in a series expansion of (2-38) is used:

. . . ne
2-41 L = - = - s
( ) Lasade ¢ eatlde ‘Q(OLQ-\ 9 R ‘2 v

The specific expression for the anodic transfer over-potential is:

(2-42) M+ - RT ( Casone )
Ty .
(.
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Reduction Potential Expression

The preceding paragraphs develop these individual potential terms:

a) € - ¢, RT
‘11 a..ade ar %M { e+ nE \‘ok
d e
a. o
with: < = ° £
b <
Q-'B a_c'
b) E e e+ RY L (With values inserted for
T{‘, _up
particular reference electrodes.)

(For an ASV analysis in sea water.)

- - ‘
c) IR = 2.0 s 16 voltsr
cell

d) = tg‘?“ (~E h@.ﬁ.a-un‘c)

L21F 1O

e) . - RT L
N = = 25 L (0= )
or in terms of concentrations:

Cs
Tl case = T e \.u ( E-' )
nE : b 'rd.buo.'\'l'm

or in terms of concentrations:

o nF
M . RU ( Cs )
s nE Qy, /7 antdaXion
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Combining these terms, the total applied potential expression is:

(2-43) g £’ 3‘: \4\<A§ {E * 3: L"\"} s IR

Eu(g))- i.;%%v(%/c\,)“.?s
{_ ( )‘% { )%tSV(E

iny the % cell reaction is considered in deriving the expression
for the applied potential necessary to reduce a trace metallic element
onto a working electrode. A three electrode configuration is used for
applying and mcasuring the potential. These electrodes include; (a)
an inert working electrode upon which the element is reduced during

the first step and oxidized from during the second, (b) an inert platinum

electrode which is the anode during the reduction step and the cathode
during the oxidation step, and (c) a reference electrode for measuring
the applied potential. Figure 2-2 depicts a schematic representation
of this system. The electrode configuration shows that only the % cell
potential of the working electrode is measured. Therefore during
reduction, expression (2-43) is modified by eliminating the anodic
over-potential terms. The IRcell term also is eliminated because the
potential is several 6rders of magnitude less than the other component
potentials. For the % cell reduction reaction expression (2-43) is:
Ebir A \a k}

¥

RYT
2-44) € = g e = Wk + {
. ( ) Yo Ted €+ e V), call

S LR ()52 (e
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FIGURE 2-2

ASV ELECTRODE CONFIGURATION
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A common reference electrode for ASV analysis is the saturated
calomel electrode, and the % cell reaction for this electrode at 25%¢C
with unit activity is -0.244 volts (Garrels and Christ, 1965, p.127).
This value is substituted for the reference potential term.

For example, the % cell potential for the reduction of Pb'" jons
at 25°C with unit activity is -0.126 volts. By substituting this

value for the % cell potential term, equation (2-44) becomes:

) RYT C

{‘ RT ‘c— l ¥ §% (Ehf.c.,t)

ﬂlF‘
Due to the low concentration of trace elements in either the
electrolyte or sea water samples (parts per billion range) the cat-

hodic current density during the reduction approaches the exchange
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current. The transfer over-potential is approximated—as-:

(2-46) - AN (:& )-g T - 0.0257v = - 0.0\29v
ny¥ Ca T

The concentration over-potential is a function of the ratio of
the element concentration at the electrode surface to the concentration
in the bulk solution. The cathodic shift of potential is equal to
0.0592/n for each order of magnitude that the ratio CS/Cb increases
above unity. During the reduction process, the concentration is in
the order of parts per billion in solution to parts per million in

the amalgam at the electrode surface. For lead the over-potential is:

(2-47) TIQM v {_ 0.05az | (n.\o )g = -0 0% v
[

<



The total applied potential term is now:

(2-48) B, (o> P* = (-ov¢v) 2 (~o.244v) » (-0.6v3v) ~-

(~6.6290) = 5% (Epus)
= —oM2v x= 5% (Endas)

The potential of -0.472 volts must be applied from an external
source across an inert platinum electrode and an inert working elec-
trode in an ASV cell for lead (in parts per billion concentration in
a stirred electrolyte solution) to be reduced as part of a mercury

amalgam onto the working electrode.

Oxidation Potential Expression

A one-step polarographic reduction procedure suffices for doing

quantitative analysis for elements in concentrations above parts per

48

million. Because of the higher concentrations, at a particular
reduction potential there is a concentration gradient at the working
electrode. As explained in the preceding paragraphs the limiting cur-
rent is a function of the trace element concentration in the bulk

solution, or:

. = % FDQB
(2-49) Lty = S

The limiting current is a measure of the concentration, and the
reduction potential is a function of the specific element. For parts
per billion concentrations, the limiting current is too low to give

precise, reproducible, quantitative measurements. For this reason



the single step polarographic procedure does not work at the parts
per billion concentfation level. By using the two-step anodic strip-
ping procedure the mercury amalgam concentrates the element during
the reduction process, and then current and voltage meﬁsurements are
made during the oxidizing or stripping step. The concentration of
the reduced element is increased sufficiently in the amalgam, from
the parts per billion to the parts per million, to provide a measur-
able limiting current during oxidatiom.

The specific oxidation potential identifies the element. This
section develops the oxidation formula for specific elements, although
the precedingvsegtion discusses most of the terms. ’

The general oxidation equation form is the same as the one for

reduction:
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T - ° T o = B T T ¥ b d E b d
(2-50) E“?? anid. ‘Qc‘“% v Tl oy * \:\/'L * Iic‘“ ¥

<

—Q Qgooe * Q*m_\v + & ye .
e, o

Again, certain terms are not included for the % cell reaction:
IRceil because the potential is insignificant compared to the total
measurable applied potential; and the cathodic over-potential terms,

'TICAagQ and.12| c_’,’for this anodic electrode reaction. Equa-

tion (2-50) is written as:

2-51 e = €
( ) a'??o\uz. \h" M —Tlc"“" - .sz' M ET&* > Eﬂil‘c-.
e -

By making the appropriate substitutions, the equation is re-

written as:



50

2. RT s RV
(2 52)‘ E ge * F s )-ilh““ * {E v -nF\A(‘le‘i N

“PRawd.
(e 1N = e

This equation gives a fixed specific oxidation potential. During
ASV oxidatién, though, for reasons which the next section discusses,
the potential varies linearly from approximately -1.25 to 0.00 volts.
The oxidation for specific elements occurs at various potentials within
this range. The two over-potential terms in equation (2-52) are
changed to include the effects of this linear sweep.

The concentration over-potential term,T)QMta-, is rewritten com-
pletely. The literature describes two different derivations of the
oxidation potential as a function of the linear sweep; one by Randles
and Sevcik (1948) for hanging drop mercury electrodes, and the other

by Roe and Toni (1965) for thin mercury film electrodes.

For thin mercury film electrodes, Roe and Toni establish a model
based on the homogeneous dispersion of the element in the mercury film
deposited on the graphite working electrode. Diffusion in the mercury
film is ignored. From this model they derive a solution for flux of
the element out of the mercury film as a function of time. A variation

of Fick's Law of Diffusion is used:

L
a0 (- - v,y (0,4)- ¢,
(2-53) at S
with: C = concentration of the element in the mercury after

deposition (moles/cms)

4
i

mercury film thickness (cm)
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diffusion coefficient in the bulk solution (cmz/sec)

D =
o)
Cb = concentration in the bulk solution‘(moles/cms)
§ = distance between the electrode surface and the bulk

solution (cm)

Substitutions into this equation are made from a rewritten form

of the Nernst equation (Newman, 1973):
Cy nE '
s 2w oe § (A (s m)

with: Et = total potential for this particular derivation (volts)

Equation (2-53) with substitutions is integrated. Separation of

variables is possible by following standard procedures. Boundary con-

ditions are:

Cg (0,%) Qs 'TLF*.,.{'
(2-55) —_— = - Exp —
Ck ('t3 C'\: R
with: t, = potentialvsweep_speed (cm/sec)
and:
(2-56) c, (8,4) = Cg

After various manipulations a relationship is established between
current and flux. An expression for flux as a function of the potential

sweep speed for maximum current is derived. The result is substituted



into the Nernst equation:

(2-57) €. ='E, *B-I\dgg_gi‘_s_“_‘:l
. mE v, RYT

The last term in this expression is substituted into the equation

for anodic concentration over-potential:

- . RT §Qt, n ¥
o My T S22

The general oxidation expression then is:

(2-59) € = {e“« %L(\Q} N {E ¢-ah(\<3)3

PRowd. )y ee j\}

R {0 Ry L e (2)) = 5% S

By—replacing—the—} term_in_(2=52) with (2-59), by writing

Come
ﬁ’ .

the equation specifically for the oxidation of lead (with unit activity

for reactants and products), by using a saturated calomel reference

electrode, and by using the same value for transfer over-potential

(2-46), the relationship is:

A4, N F
(2-60) E, Lo wm* = (-owe) s (-azayy) s E‘“{ D:: }
(c0.0uv) = 5% ( Enear)
(2-61) E\,zouca.‘P\“ = (~0.333,) + RT \Ag%Qt.--nF + 57 (e D}
-‘ﬂ_&‘ 'baRT nee.y.



For each specific element or complex, the potential sweep controls
the oxidizing potential. With a fixed sweep speed the diffusion term,
D , in the linear sweep expression is constant (Bradford, 1973, p.758),
and therefore the sweep term itself is constant.

The oxidation value then is a function of either the specific ele-

ment or the complex:

O..a O....

< ® €

(2-5y € = E® » LA v <
nE e %c

Chapter V, Laboratory Analysis - Part II - Modified Procedures -

continues the discussion of this term.
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CHAPTER III

ASV TECHNIQUES
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Conventional ASV - Analysis Procedure

The following description of conventional ASV analysis procedures
is brief as most of these standard procedures are thoroughly covered
in the literature.

A hard glass or Teflon cell, usually 100 ml or smaller, with a
tight fitting Teflon top contains the solution to be analyzed. Four
holes are machined in the top, three holes for the electrodes and a
fourth for a glass gas purge frit. A precision laboratory stand,
which is raised or lowered into fixed positions, supports the cell.
Directly under the cell is a synchronous magnetic stirring unit which
rotates a magnétic Teflon bar in the cell. (For a variation in the
stirring mechanisms see Clem, 1973; and Clem and others, 1973.)

The three electrode configuration consists of these electrodes.

For the working electrode a spectroscopic graphite electrode is im-

préénéted with a high grade wax undefrvacuum (Matson and others, 1965).
The tip is cut and polished to a mirror-like finish with #6 grade
emery paper. Usually the electrode is plated with mercury in situ
during the reduction process (Florence, 1970). Electrode variations
include glassy carbon electrodes (Florence, 1970), hanging mercury
drop electrodes (Barendrecht, 1967), rotating disc electrodes, and
Cobalt-60 irradiated graphite electrodes (Clem and Sciamanna, 1975).
For‘differential ASV a second working electrode is used for a total

of four electrodes (Perone and Birk, 1965; and Zirino and Healy, 1972).
The other two electrodes in the three electrode configuration include

a standard laboratory platinum counter electrode (PCE) and the saturated

calomel electrode (SCE).
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A number of different power sources apply the potential between
the electrodes, such as commercial units (Clem, 1973) or units cons-
tructed from standard laboratory components (constant voltage power
supplies, circuit integrators, etc.). An X-Y recordér measures the
current-voltage. Standard laboratory instruments, such as a Keithley
Electromete;? calibrate the system.

For the analysis, first the solution is placed in the cell, and
a small amount of mercury is added for in situ plating (2 x 10—5M Hg(NOS)Z—
Ellis (1973). Then the solution is purged of dissolved oxygen by
running purified nitrogen gas through the glass frit for fifteen minutes
or so before the analysis. After purging, with the nitrogen gas still
flowing, the frit is moved to just above the solution. For the reduc-

tion of the element as a mercury amalgam, a sufficient potential,

given by the reduction equation (2-43), is applied for a specified

period of time (five to thirty minutes or longer) between the platinum
and the working electrodes. The potential is usually from -1.00 to
-1.40 volts depending on the electrolyte and the element to be analyzed.
This potential is suffirient to reduce specific elements but is less
than the electrolyte 'breakdown' potential. During this step the solu-
tion is stirred at a fixed rate. The stirring increases the limiting
current, controls the concentration gradient at the electrode surface,
and maintains a constant deposition rate.

After the reduction step, the potential is kept at the specified
level, the stirring unit is turned off, and the solution comes to
rest. During the rest period the element concentration becomes homo-

geneous throughout the mercury film. The amalgam concentration
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becomes homogeneous within a few seconds, but, to be on the safe side,
the solution rests for thirty seconds (Barendrecht, 1967, p.65). The
current drops almost immediately to zero because of the increase in the
double layer thickness (§) and the lack of concentration gradient.
(There is still a small amount of electro-deposition during this rest
périod and during the beginning of the stripping.)

A number of procedures are used for the stripping step but cer-
tainly the most common one is to apply a fast linear voltage sweep
(Barendrecht, 1967). The potential is linearly changed from the re-
duction potential to a zero or plus voltage. (See Figure 3-1 which
shows current and voltage as a function of the reduction and oxidation
steps.) The X-Y unit records the current and voltage. At specific
potentials (equation 2-60) the trace elements in the amalgam are

oxidized, and a faradic current flows. During the sweep the solution

is not stirred.
The current peak during the stripbihg'process is a function of the
concentration of the element in the mercury film, and, therefore, a
function of the concentration in the solution, assuming a constant
deposition (reduction) rate and a homogeneous film. Roe and Toni (1965)

have derived an equation for the current peak:

M F AR Cqtg

(3-1) LP =
RT e
with: ip = peak density (amps)
Ae = electrode area (cmz)
1 = amalgam film thickness (cm)
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FIGURE 3-1

REDUCTION AND OXIDATION CURVE
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(From Barendrecht, 1967, p.57)
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-t
i}

“potential sweep rate (v/sec)

(4]
1

base of Napierian logarithms

(For details of this equation, see Roe and Toni, 1965. The
derivation is similar to the derivation of expression (2-58) and is
based on the potential developed by a concentration gradient and

-V8e
Fick's First Law of Diffusion: flux = 'E:;” , with: D = diffusion
coefficient, C = concentration, and x =4distance.)

These observations are made from the peak current expression:

a) The peak current is directly propdrtional to the initial element
concentration in the mercury film;
b) The amalgam film thickness (1) affects thé peak current. Ex-

perimental values for 1 are for the order of 10-4 cm (Roe and

Toni, 1965);

c) The peak current is directly proportional-to-the potential—-sweep
rate. The faster the rate, the greater the peak, but with too
fast a rate there may not be a resolution between peaks if more
than one element is being stripped. A rate in the range of 2 mv/sec
is used most often;

d) The peak current does not depend on the stirring rate;

e) An analysis does not require either the total amount of the element
in the solution be deposited on the electrode or the entire amount,
which has been reduced onto the electrode, be oxidized during fhe
stripping step. Partial reduction and partial oxidation are

sufficient; .
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t) Peak height may also be a function of complex type. The next
chapter discusses this function (Batley and Florence, 1976, p.357).
Before an analysis, a blank is run with no reduction step in

order to give a base to measure current peaks against (See Figure

3-1). (Even though the oxidation potentials at the beginning of the

sweep are sufficient for reduction, the concentration in the solution

is too low for faradic current to be measured on the X-Y recorder.)

Two methods determine concentration from current peaks. (a) The area

orvheight is measured and substituted into expression (3-1), or (b)

the area of height is compared to calibration curves from standard

additions. Peak area is often used rather than peak height because
of resolution problems from the scan rate. The calibration curve
method may be superior to formula calculations as the formula requires

an estimate of the mercury film thickness. It is best to obtain cali-

bration graphs for metals over a wide range of additions for each sample

(Batley and Florence, 1976, p.357).
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Introduction

These are the guidelines for designing and arranging the labora-
tory and equipment: (a) The laboratory arrangement should be similar
to the field type which might be set up in an area with limited supplies.
(b) The laboratory facilities and equipment should Ee adaptable for
work at sea (rugged, easily repaired, etc.). (c) Equipment and modi-
fications must be either purchased or made on a limited budget.

The laboratory for these experiments is a wet laboratory originally
designed for geochemical work. The only item which might not be found
in a field laboratory is a negative pressure hood. Figure 4-1 shows
the laboratory layout. The laboratory was thoroughly cleaned, and all
pipes and metal fixtures were cleaned and stripped with naval jelly.

I applied two or three coats of mixed Mira—PlaUS)Epoxy Coating 683-00 -

®
Hi-Lustre Hardner and Mira-Plate Epoxy Coating 617-00 white paint to

these fixtures. Ring stand holders, junction boxes, parts of the
counter, and miscellaneous metal parts were also stripped, cleaned,
and painted.

I built a simple, inexpensive analysis tent to sit on the laborqtory
counter top (Figure 4-2). The tent cover is plastic with the seams
sealed with filament tape. The upper corners have intake vents for
positive pressure from nitrogen or filtered air. The tent contains

the analysis cell, certain small ASV components, and glassware.

Instruments and Components

There are a number of commercial ASV units available, but as I plan

to do species analysis for anoxic basins in British Columbia, and as
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FIGURE 4-2

PLASTIC TENT FOR ASV
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these basins are not easily accessible, it is important the ASV
instrument be simple; and easily repaired, and disassembled, moved,
and assembled. Therefore I decided to construct a composite unit
ffom commercially available standard components. These components
are standard laboratory items and are used for other purposes, which
is important for field work. The following is a brief description

of the ASV components. These components are listed in Table 4-1.

1) Analysis Cell

The analysis cell is a 150 ml Pyrexs)container with a linear poly-
ethelene (LP) plastic screw top. An epoxy painted ring clamp supports
the cell. Four holes are drilled in the plastic top, which fits snugly
on the cell with a NalgenéB "0" ring. The holes are for the three

electrodes and the N2 purge frit (Figure 4-3).

65

2) Reference Electrode

The first electrode in the three electrodebconfiguration is the
reference electrode. The section on reference electrodes discusses
the various types. For most of my experiments I use a Beckman Satu-
rated Calomel Ceramic Junction Reférence Electrode Model #39402A.
This is a common reference electrode and develops a potential of
-0.244 volts at 25°C. When I measure both potential and pH, a Sensorex

® :
Combi reference-pH electrode replaces the Beckman SCE.
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TABLE 4-1

ASV COMPONENTS

Beckman Saturated Calomel Ceramic Junction Reference Electrode Model #39402
Beckman PlatinumvCounter Electrode Model #39002

Union Carbide National Spectrescopic Carbon Electrodes

Corning Tube Gas Dispersion Cylinder (frit) Model #12EC FJ-06

Precision Scientific Co. Big Jack

Sargent-Welch 600 Synchronous Magnetic Stirring Unit Model #S5764922

Heathkit Decade Resistance Box Model #1N-17

Hewlett-Packard Constant Current - Constaht Voltage Power Supply Model #6216A
Hewlett-Packard X-Y Récorder Model #7035B

Hewlett-Packard Time Base Model #17103A

Hewlett-Packard Constant Voltage Power Supply Model #6215A

Valhalla Scientific Digital Multimeter - Courrter Model 4440
®

Dana Laboratory, Inc. Danameter voltmeter

Data Precision Voltmeter Model #245

®
Dimco - Gray Co. Gralab Timing Mechanism
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3) Counter Electrode

The second electrode in the configuration is the platinum ccunter
electrode (PCE) which acts as the anode during reduction and the cathode
during oxidation. I use the Beckman Platinum Counter Electrode Model

#39002, a common laboratory electrode.

4) Working Electrode

The ASV liferature describes an assortmenf of electrode types,
each prepared differently (Matson, Roe, and Carritt, 1965; Roe and
Toni, 1965). All electrodes show erratic behavior at times as there
are uncontrollable factors such as electrode surface, purity, and
contamination which produce various over-potentials. Often electrodes
must be replaced, and possibly new ones must be constructed in the
field. Therefore I used techniques simpler than those in the litera-
ture. These electrodes, even without certain controls, give reproducible
results and certainly seem sensitive enough for my work. Many of the
- problems others have experienced with electrodes come from analyses in
acidic solutions, which is not a factor in my work.

I constructed my electrodes in this manner. The electrodes are
Union Carbide NationaI‘SpecfroscopicvCarbon Elecﬁrodes, 1'cm in dia-
meter and 30.5 cm long. The impurity level of the carbon is 6 parts
per million (ppm) maximum total spot impurities and 2 ppm maximum
spot impurity per element. These electrodes are divided in half into
equal lengths and are immersed in liquid American 0il Company Parowax
for approximately 15 minutes or until the Parowax<a permeates the elec-

trodes, and a thin coat forms on the electrode surfaces. After cooling,
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Parowax is scraped;from the electrode tips, and the tips are polished
with #6 grade emery paper. The tips are examined under a microscope
for surface blemishes and then are polished to a mirror-like finish
With Scott Micro-wipese? If an electrode becomes contaminated, the
tip is broken off, and the new tip is repolished. These electrodes
cannot be pélished to the same finish as the glassy carbon electrodes
which are now available. The surface blemishes and porosity are the

source of noise after prolonged use (Batley and Florence, 1974, p.25).

5) Glass Purge Frit

A Corning Tube Gas Dispersion Cylinder (frit) Model #12EC FJ-06
purges the solution of dissolved oxygen during some experiments. The
frit is placed in the cell with the electrode configuration, shown in

Figure 4-3, and connects with a cylinder of Hi-Pure Nitrogen.

6) Lab Stand

An epoxy painted ring holder, connected to a Precision Scientific
Co. Big Jac'lsB laboratory stand, supports the analysis cell. This stand
is painted with epoxy, and the height is adjustable. The cell height
is adjusted so that the electrode configuration and glass frit, which
are held at fixed positions by epoxy painted ring holders and stands,
are immersed in the solution (Figure 4-4). For each analysis, the
electrodes are in the same position in the cell and in relation to

each other.
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FIGURE 4-3

ANALYSIS CELL AND ELECTRODE CONFIGURATION
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FIGURE 4-4

ANALYSIS CELL AND LABORATORY STAND
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7) Magnetic Stirring Unit

Figure 4-4 shows a Sargent-Welch 600 synchronous magnetic stirring
unit attached to the laboratory stand and positioned directly under the
cell. The rotating magnetic field from the stirring unit rotates a

Teflon coated magnetic bar in the cell at 600 rpms.

8) Resistance Box

Current is monitored across a Heathkit Decade Resistance Box
Model #1N-17. Figure 4-5 shows the components and electrical con-
nections. If the resistance is increased, the slope of current-voltage
traces on the X-Y recorder increases. A 1000 ohm resistance gives the

current peak with the optimum slope.

9) Power Supply (1)

A Constant Current-Constant Voltage Hewlett-PackardPower Supply
Model #6216A provides the controlled potential between the working
electrodes and the PCE. The potential is adjusted for the proper
potential during the reduction step and is varied linearly by the
sweep (circuit integrator) during the oxidatioﬁ step. The potential
is from -1.00 to -2.00 volts, depending on the elements which are

being reduced.

10) X-Y Recorder

A Hewlett-Packard X-Y Recorder Model #7035B records the current
and voltage during the oxidation step. The Y axis records the cur-
rent, and the X axis records the voltage. Sensitivity of the Y scale

is changed depending on the trace element concentration.
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11) Sweep (Circuit Integrator)

A Hewlett-Packard Time Base Model #17108A is a simple circuit
integrator for varying linearly the voltage during the oxidation
reaction. The potential is a ramp function and varies from -1.00 to
+0.20 volts. The range depends on the elements being stripped. The
sweeping rate is varied - an important factor as the current peak and
oxidation potentials are functions of this rate. The ‘recorder may not
respond to sudden current fluctuations with too fast a sweep though.

I found that a rate of 5 sec/inch, or 10»mv/sec, compromises best

between peak height and recorder response.

12) Power Supply (2)

A Hewlett-Packard Constant Voltage Power Supply Model #6215A pro-

vides 12.5 volts to operate the circuit integrator.

13) Digital Multimeter (1)

A Valhalla Scientific Digital (high impedance) Multimeter Counter
Model #4440 monitors the potential between the SCE and the working
electrode. (The X-Y recorder records the same potential during oxi-

dation.)

14} Digital Voltmeter (2)

o

A Dana Laboratories, Inc. Danameter  monitors the potential between
the platinum counter electrode and the graphite working electrode.
This potential is the total potential, Et’ applied across the cell.

The Valhalla multimeter measures the reduction or oxidation % cell

potential, E%red or E%oxid'
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15) Digital Voltmeter (3)

A high impedance digital Data Precision Voltmeter Model #245 mea-
sures directly the potential from the Hewlett-Packard Power Supply (1).

This is the constant potential from the power supply.

16) Timer

The timer for controlling the purge, reduction, and rest steps is
a Dimco-Gray Co. GralaéB'Timing Mechanism. This unit connects to the
magnetic stirrer and automatically stops the stirrer after a specified

time.

17) Miscellaneous Equipment

The equipment includes these miscellaneous items:
a) I have tried a number of different Teflon coated magnetic stir

bars—in—the—eell-— For-most—of the early experiments T used a 3 cm long,

0.75 cm diameter, Teflon coated cylindrical bar. I replaced this bar
with a Nalgenéz)star head stir Model #6600-0010 to minimize the un-
controlled turbulence and the vortex.

b) The usual laboratory connecting wires complete the various
circuits between the components. Electrical tape or tin foil isolate

exposed electrical connections in order to reduce noise and stray

electric fields.

Analysis Techniques

A large number of experimental variables, not including sampling

techniques, affect the measured potential and current. Important
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variables are listed in Table 4-2. These variables must be controlled
because of the sensitivity of the analysis and to achieve reproducible
results. Some of the laboratory items and experimental techniques
described in this section control these variables. Table 4-3 lists

these miscellaneous laboratory items.

1) Glass and Plasticware

The glassware includes the standard laboratory Pyrex(B flasks,
beakers, etc. All glassware is washed in a 1:1 solution of HNO3 which
remains in the glassware overnight. Then the glassware is rinsed five
times with distilled-deionized water.

Almost all of the plastics are the conventional polyethelene (CP)

©

type. The most common items are the VWR CP Nalgene™ 500 ml narrow mouth

bottles, Model #2003-0016. These bottles store sea water samples,

trace element additions, and miscellaneous solutions. Other plastic
items include wash bottles, cell top, tubing, beakers, etc.

I clean the plasticé by two different methods. (a) The plastics
are washed in a 10% HCl solution and rinsed five times with distilled-
deionized water. (b) Approximately 50 ml of concentrated HCl are
poured into the 500 ml CP bottles, and the bottles stand for 24 hours.
Then the bottles are rinsed with distilled-deionized water; filled with
a 2% HC1 solution made from G. Frederick Smith Chemical Co., 6M,

Ultra HC1l; and placed in a 60°C oven for at least 48 hours. Then the
bottles are rinsed five times again. Although time consuming, this
second method is the best. After cleaning, all glass and plasticware

are wrapped in plastic wrap material and stored either in the analysis



Table 4-2

SOME VARIABLES TO CONTROL IN A TYPICAL ASV EXPERIMENT
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1) Equipment cleanliness

2) Equipment storage

3) Chemical purity

4) Additions solution mixing (for calibration)

5) Reproducibility of additions techniques (for calibration)
6) Working electrode surface geometry

7) Platinum counter electrode surface

8) Reproducibility of saturated calomel eleétrode
9) Electrode position in relation to each other
10) Electrode depth in cell

11) Cell height above stirrer

12y —Stirring rate Incell

13) Stir bar position

14) N2 furge rate

15) ‘Purge glassware position-

16) Amount of solution in cell

17) Electrolyte strength

18) Solution temperature in cell

(These variables do not include the variables of sea water sampling

and storage techniques.)
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TABLE 4-3

MISCELLANEOUS ASV ANALYSIS ITEMS

Nalgene Star Head Stir Bar Model #6600-0010
(v}

Manostat Mini-Pet™ 10 ml variable volume repeatable pipettes - with

stainless steel tip
VWR GrumbaumtD Pipet 100 pl (1% accuracy, 0.1% reproducibility)
Beckman prmeter Model #76
Scott Micro—w:ipes® Model #05310
Kimberly-Clark Kimwipege)Model #34150
VWR CPE Nalgene Bottles - 500 ml - narrow mouth - Model #2003-0016
Markson FinnpipettecD 5-50 ul with disposable tips - Model #FPl1l

Standard Laboratory Pyre)sB Glassware
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tent or in the negative pressure hood. I handle all items during

analysis with plastic disposable gloves,

2) Electrode Procedures

All electrodes are cleaned continually by rinsing in distilled-de-
ionized water. Periodically I clean the platinum electrode by alter-
nating the electrode for 10 seconds, first as a cathode then as an

anode in a weak HNO3 solution with a +1.0 volt potential applied across

the cell. After each analysis I clean the graphite working electrode

©

by polishing the tip with #6 grade emery paper and with Micro-wipes
®

or Kimwipes™. Occasionally a fresh surface in the graphite electrode

is prepared by snapping off the tip and polishing the new surface.

3) Trace Element Addition Solutions

I prepare the trace element addition solutions by diluting to

- various strengths the J. T. Baker Dilut—Iéz)Analytical Concentrations.
These solutions, stored in 1000 ml CP containers, are added to the
cell by using:

@

(a) Manostat Mini-Pet™ 10 ml variable volume repeatable pipettes
with stainless steel tips, or;
(b) VWR Grumbaunsa 100 ul pipettes, or;
(¢) a 5-50 ul Markson Finnpipette‘3 Model #FP1l1l, with disposable tips
©

I prefer the Markson Finnpipette™ because of its control and non-

contaminating tips.
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A Standard Sample Analysis in KC1

I designed a series of experiments to test the modified equipment,
the analysis methods, and the chemical model for lead species. These
experiments include the analyses of; (a) KC1l electrolyte, (b) I.A;P.S.O.
sea water, (c) sea water from Quatsino Sound, British Columbia, (d) sea
water from the San Francisco Bay, and (e) sea water from the Gulf of
Mexico. |

This chapter describes the first experiment using standard
equipment, and the-hext chapter describes subsequent experiments with
the new methods. The following experiment with KC1 is typical of a
variety of experiments which I did with electrolyte solutions.

I poured 150 ml of 0.5M KC1 electrolyte solution into the analyt-
ical cell and added 20 ml of a 0.1 Hg solution, prepared from a J. T.

Baker Dilut—Iéi>mercury standard. The cell was positioned just above

thersfirref (Figure 4-4), and, with thewgiifring unit off, the glass
frit was inserted into the solution. The solutioﬁ was gently purged
with»nitrogen for 30 minuteé.

The purge was left on but positioned above the solution, the
stand was raised immersing the electrodes, and a blank was run with no
reduction step. This blank establishes a calibrétion baseline for sub-
sequent lead additions. I used a sweep range of -1.03 to +0.80 volts,
‘a sweep speed of 5 sec/in, and a "normal" calibration on the X-Y
recorder. Two sweeps were made for each analysié, and in each case
the first one was recorded. Figure 4-6 shoﬁs the X-Y recorder plots

of the sweeps.



80

FIGURE 4-6
KC1 ANALYSIS - PURGE

20 ml Hg solution

800 x 107° g/1
10 min. plating

(1)
20 ml Hg solution
no plating V
(5)
(2)
i .20 m1 Hg solution 20 ml Hg fEIUtlon
! , 10 min. plating 1200 x 10 ~ g/1 Pb
' 10 min. plating
-0.765 v
-/\ (6)
V \__//
20 ml Hg solution '
(3) &2
200 x 10 ~ g/1 Pb
10 min. plating
20 ml Hg solution
1800 x 107° g/1 Pb
10 min. plating
(7)
4) 20 ml Hg solution

500 x 107° g/1 Pb
10 min. plating



81

Using this same solution with no additions, I simultaneously re-
duced the mercury and the trace amounts of lead in the solution onto
the working electrode by applying the E%red of -1.22 volts. (The
stirring unit was turned on, and the purge, with a gentle flow of
nitrogen, remained just above the solution.) After ten minutes, the
stirring unit was turned off, the potential was maintained at the same
level, and the solution was allowed to rest for 30 seconds. I ran
two sweeps with the same conditions as the blank. The first one was
recorded (Figure 4-6 - (2)) and shows a slight peak at -0.765 volts.

A series of calibration sweeps were run using successive lead
additions in order to determine the lead concentration from this cur-
rent peak. Table 4-4 shows the total amount of lead added to the

solution for each calibration sweep:

TABLE 4-4

CALIBRATION FOR Pb IN KC1 (with purge)

Calibration Sweep Number Pb Added ‘Total Pb in Solution
(two sweeps for each step) (x 10_6 g/1) i (x 10_6 g/1)

(1 - , (x)

(2) - (x)

(3) 200 o (x + 200)

(4) 300 (x + 500)

(5) 300 (x + 800)

(6) 400 ) (x + 1200)

+

1800)
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Figure 4-7 shows the graph of these values with the peak height
of the current plotted on the abscissa and concentration on the ,
ordinate. Peak area is often the most reliable indicator of element
concentration, but in this case, because of the well defined peaks and
because of similar peak shapes, the peak height is plotted. The error
flags on this graph include experimental error from noise, lead additions,
instrumentation, and electrode contamination. The current-concentration
relationship for lead concentrations less than about 1 x 10_3 g/l appears

to be linear, thus agreeing with the theoretical linear expression (3-1):

nFTRQ Ccyt,

'(3-1) : ';P = =
[

By using this linear calibration line, the concentration of lead

in the KCl electrolyte, before additions, is 130 - 190 x 107° g/1.

Various complexes of lead cause this relationship to deviate irom the
linear function. This deviation is one of the tools for complex

distinction and is described in the next chapter.
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"I thought it was absolutely necessary to know with precision the
composition of the present ocean in order to form an opinion about

the action of that ocean ...."

Forchhammer, 1865, p.203

Nitrogen Purge

Traditionally the experimenter has always removéd oxygen from
the solﬁtion prior to polarographic or ASV analyses. The polaro-
graphic literature documents the reasons for this (Shain, 1963;
Barendrecht, 1967) and includes this brief synopsis by Bond (1973,
p.1141). “Problems arise both from the voltammetric behavior of
oxygen itself and from the associated chemical reéctions that can
take place with oxygen or its reduction products. vaygen gives two

polarographic waves. The first is due to the reduction of oxygen to

hydrogen peroxide or hydrogen peroxide and hydroxide (depending on

the pH)":
(5-1) 2e + 02 + 2H = H202 (gcid media)
with: EI/2 = -0.05 volts vs. SCE
(5-2) 02 + 2H20 + 2e == HZOZ + 20H (neutral or alkaline media)

The second involves the reduction of hydrogen peroxide to hydroxide

or water:
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(5-3) H,0,+ 2H' + 2¢7 == 2H,0 (acid media)
with:  E_ = 0.5 to -1.2 volts vs. SCE
2
(5-4) H,0,+ 2e” === 20H (neutral or alkaline media)

Two types of complications arise if oxygen is not removed from the
solution. The hydrogen peroxide produqed from the first reaction pro-
duces invidious effects on other electroactive species present in solution
as it functions as both an oxidizing agent and a reducing agent. More
specifically, however, pH changes occur in the vicinity of the working
electrode due to the reduction of oxygen.. The resultant increase in
pH in the vicinity of the dropping mercury electrode can precipitate

heavy metal ions and thus diminish their diffusion currents. Also,

those species (i.e., organics) Qhose reduction involves hydrogen ions
will be already affected due to the localized increase in pH at the
dropping mercury electrode.

According to Bond (1973, p.1140) the reasons for removing oxygen
before analyses are: '"The oxygen can be removed chemically, but is
most frequently displaced with nitrogen, argon, or hydrogen. Most
reviews and textbooks on the analytical ﬁse of polarography stress,
with reasons, the need for doing this, and the removal of oxygen has
probably become so firmly entrenched in the polarographic literature
that for users of the technique it is probably a routine and unquestioned
point in the procedure. This assertion is made on the grounds of the

paucity of examples in the literature where authors have discussed or



shown whether the removal of oxygen is in.fact necessary for their
particular analytical procedure."

The traditional method of removing the oxygen from the solution
is to purge the unstirfed solution with purified nitrogen, introduced
into the cell by a glass frit for about 30 minutes prior to the analysis.
The inert nitrogen replaces the oxygen, but in doing so also purges
other dissolved gases from the solution, and for sea water, one of
these gases is carbon dioxide.

The carbon dioxide system in sea water, through the following re-
versible reactions, provides, along with the silicon and beron systems
the important pH buffering function (Sverdrup and others, 1942, p.181;

Goldberg, 1965, p.228; Pytkowicz, 1967, p.63):

(5-5) CO2 (gas) == CO2 (solution)
(5-6) CO2 (solution)'+ H2 0 == H2C02
(5-7) H,C0, == HCO; + H'
(5-8) HCO =2 CO; + H
(5-9) ca™t + €O, == CaC0,

Schmitt (1962, p.177) and Garrels and Christ (1965, p.236) show
by Eh-pH diagrams that the partitioning of lead compounds in solution
is a function of both the oxidation-reduction potential and the pH of

the solution.
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During the first experiments with ASV, I found that, despite tradi-
tional procedures, the solution does not need to be purged of oxygen
in order to obtain satisfactory results. There are a number of reasons
for this. First of all, in most solutions oxygen is reduced at certain
potentials applied to the working electrode, and the change in pH
because of this reaction may precipitate certain heavy metal ions,
thereby affecting the diffusion currents (Bond, 1973, p.1141).
According to Bqnd this may be the most significant adverse effect
of oxygen. With sea water, though, the pH will not change because
of the natural buffering system. Therefore the oxygen reduction
reaction should not affect the diffusion currents from the heavy
metals in a buffered media.

Secondly, an additional current flows during the o*ygen reduc-

tion reaction in a similar fashion to the flow of current during the

metal stripping step. This current, as shown by Bond (1973, p.11427,
instead of masking the trace element current peak, causes a shift in
the entire X-Y plot. This shift does not change the relative peak
height from the stripping current, and, at least for measuring single
peaks, should not be a problem. This might not be the case for certain
multiple peak analyses.

Finally, as mentioned by Fried (1973, p.168), voltammetry oxidation
is usually done in potentials negative to the reduction of oxygen so

in most cases there should be no interference.

(5-10) 0, + 2H0 + 2e == H,0, + 20H" (neutral or alkaline media)

with: E, = -0.05 volts vs. SCE (Bond, 1973, p.1141)

1
2
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Laboratory Experiments -~ KCl - No Purge

This experiment duplicates the one described in the last chapter
except that the KCl1 solution is not purged. I poured 150 ml of 0.5M
KC1 solution into the cell and added 20 ml of the 0.1 Hg solution.

The purging step was eliminated, and a blank was run without the
reduction step. I swept the voltage at the same speed, 5 sec/in,

with the same range, -1.03 to +0.80 volts, and with the usual '"normal"
calibration on the X-Y recorder. Two sweeps were made in order to
eliminate any slight oxygen interference. The second sweep was recorded.
Figure 5-1 shows the X-Y recorder plots of these sweeps.

After running the blank, I applied a potential of -1.42 volts
across the cell for ten minutes. The stirring unit was tﬁrned off for
30 seconds, the two oxidizing sweeps were made, and these procedures

were repeated for successive additions of lead in order to establish

7"the calibratioh curve. Table 5-1 shows fhe amounts of lead added.

TABLE 5-1

CALIBRATION FOR Pb in KC1 (without purge)

Calibration Sweep Number Pb Added Total Pb in Solution
(two sweeps for each step) (x 107° g/1) (x 10-6 g/1)

(1) blank (x)

(2) - (x)

(3) 200 (x + 200)

(4) 300 (x + 500)

(5) 300 (x + 800)

(6) 400 (x + 1200)
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. FIGURE 5-1

KC1 ANALYSIS - NO PURGE
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(4) g

(8)

3000 x 10‘6

g/1 Pb

(5) 800 x 10'6 g/1 Pb
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(7) 600 (x + 1800)
(8) 600 (x + 2400)

C) I 600 (x + 3000)

Figure 5-2 shows the graph of these values with the peak height of
- the current peak plotted on the abscissa and the lead concentration
plotted on the ordinate. Peak height is used rather than area because
of the distinct and similar shapes of the curves. Error flags are for
the same experimental variables discussed in the previous chapter.

The analysis shows a lead concentration of 6.0 - 8.0 x 10-5 g/l from
sweep (2) on the calibration curve. Despite fhe somewhat diminished
peaks, which éppear to be from oxygen reduction noise, the curves are
distinct, and the calibration curves are easily plotted. Once again

the curve is linear, this time for concentrations lower than about

4.0 x 10—3 g/1. All analyses without the purge yield slightly diminished
peaks, but this is not a problem except with extremely low lead con-

centrations (Bond, 1973, p.1145).

Laboratory Experiments - Sea Water - Purge

These next experiments compare the results of lead analysis in
sea water with and without the nitrogen purge. A number of experi-
ments were run in order to validate the results. For a typical ex-
periment with the purge, the cell held 150 ml of the I.A.P.S.0. Standard
Sea Water P57, 8“9/1 1972, along with 20 ml of the 0.1 Hg solution.

Nitrogen purged the solution for thirty minutes. I recorded the blank

and added successive increments of lead in similar fashion to the other
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experiments, using a ten minute plating time, an applied potential of
-0.77 volts, and a thirty second rest time between the reducing and
oxidizing steps. Each analysis had two oxidizing sweeps in order to
minimize residual currents caused by other trace metals in the sea
water with reducing potentials close to that of lead. For the first
sweep a fast rate of 1 sec/in is the most effective for reducing the
noise, and a slower speed of 5 sec/in for recording the second sweep

for lead as it is oxidized. Table 5-2 shows the lead additions.

TABLE 5-2

CALIBRATIONS FOR Pb IN SEA WATER (with purge)

Calibration Sweep Number Pb Added Total Pb in Sea Water

(two sweeps for each step) (x 107 g/1) x-107% g/1)
(1) (blank) (x)
@) - ” x)
(3) | 200 (x + 200)
(4) 300 (x + 500)
() 600 (x + 1100)
(6) 600 (x + 1700)

Figure 5-3 shows the X-Y plot of the peaks, and Figure 5-4 shows
the calibration curve for the original lead concentration in the sample.
I used peak height instead of area for the calculations. The calibra-
tion curve is a best fit curve and is not linear due to partitioning
changes at these concentrations. The next section discusses this event

in detail. Figure 5-5 shows this same analysis performed after the
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FIGURE 5-3
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| FIGURE 5-5
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sample had been stored in an ordinary hard glass citrate bottle for
six months. The lead concentration has dropped from 4.2 - 5.8 x 10_5
g/l to 0.5 - 1.5 x 10—5 g/1. This difference may be from experimental

error but most likely it is from the glass scavenging the lead ions.

Laboratory Experiments - Sea Water - No Purge

I repeated the previous experiments but this time did not purge
the solution. Again the cell held 150 ml of I.A.P.S.0. Standard Sea
Water P57, 8—9/1 1972 along with 20 ml of the 0.1 Hg solution. The
solution was not purged, and the blaﬁk was run immediately. I recorded
the blank and added successive increments of lead, using the usual two
minutes plating time, an applied potential of between -0;80 and -0.90
volts, and a one minute reét between the reducing and the oxidizing

steps. (The one minute rest appears to give better resolution than the

thirty second rest in some cases.) 1 swept the voltage twice, the
first at 1 sec/in to eliminate the residual currents and the second
at 5 sec/in to record the current peak height. Table 5-3 shows the

lead additions.

TABLE 5-3

CALIBRATION FOR Pb IN SEA WATER (without purge)

Calibration Sweep Number Pb_Added Total Pb in Sea Water
(two sweeps for each step)  (x 107% g/1) (x 107% g/1)
| ey (blank) (x)
(2) - (x)
(3) 200 (x + 200)
(4) 300 (x + 500)

(5) 300 ' (x + 800)
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Figure 5-6 shows the X-Y plot of the peaks, and Figure 5-7 shows
the calibration curve. The multiple peaks of Figure 5-6 are a function
of the species and are discussed in the next ﬁection. I did not plot
th¢ peaks from additional concentrations of lead because of residual
current noise from intermetallic reactions with the mercury on the
electrode surface. This noise occurs upon occasion with ASV sea water
analysis and with high trace element concentrations in most types of
electrolytes (Batley and Florence, 1974, p.36). Without the purge,
the lead concentration, 2.5 - 3.5 x 10°5 g/1, is slightly lower than
the concentration determined by the analysis with the purge, but this

may be a function of the species.

Modeling and Partitioning of Lead in Sea Water

The next paragraph describes the general method for my species

model, and the next few sections expand on this method and describe
fhe theoretical features of ASV and the chemical forms of lead which
make this method possible.

This thesis models lead in sea water by comparing the theoretical

E for lead with a measured onid from the simplified ASV system

oxid.
and attributing the potential difference to a potential shift caused

by labile forms of lead. The theoretical onid depends on the exact
oxidation equation (2-59) and considers lead to be a free ion, pb* Y,

Within experimental error, which includes Emisc , the difference from
E is caused by labile complexing of lead ions. In addition,
measured

the theoretical total lead concentration which is derived from the ASV

analysis with the lead additions method is compared to the non-linear
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'

current peak heights, and the difference is attributed to non-labile
lead complexes. These chemical forms are combined into a chemical
model with lead partitioned according to percentages of the total lead
content.

First, the mass balance equation is written for the particular
metal in order to calculate the total distribution of the chemical
species (Garrels and Thompson, 1962, p.62; Goldberg, 1965, p.163;

and Zirino and Yamamoto, 1972, p.662):

(5-11) [M']Jﬁn‘ - [H] v »%.‘ ;Zi. vt

with: YH}-\.‘\.:\: total metal concentration

[}f} = uncomplexed and/or hydrated‘metal ion concentration
{}4\-Lii} = concentration of the nth order complex between the
metal M and the ligand L(i)
3 = total number of ligand type$ (anions) included in
the model

The concentration of the complex:[p\L(L) ] is expressed in terms of
w4

the stability constant]&(i\d(Zirino and Yamamoto, 1972, p.663):

d o
o ¥a XYL
G-12) [mu,] = pl), Ml fu )
nu i)
with: 'ﬁ‘i)d = overall stability constant for the complex
¥,, = thermodynamic activity coefficient of the

uncomplexed metal ion M
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¥y

1

thermodynamic activity coefficient of the
uncomplexed ligand L(i)

i), C thermodynamic activity coefficient of the

complex ™ LLC)A

Table 5-4 diagrams the various forms in which lead may be par-
titioned in éea water (Batley and Florence, 1976, p.352). For sea
water the chémical model limits the chemical forms to percent particulate
and soluble lead partitioned as free ioﬁs, as hydrated ions, or among
several of the major conservative anions (Garrels and Thompson, 1962,
“p.58). Along with Na+, K+, Mg++, and Ca++, these ions make up more than
99% of the dissolved solids in sea water (Sverdrup and others, 1942, .
p-166). According to Garrels and Thompson (1962, p.58), "Enough

chemical data are available for these species to make possible the

assessment of the most important interactions, and thus to calculate
the proportion of each that exists as the free ion, as well as the
proportion present as complexes.' For soluble lead then, and for
complexes with coordination numbers of one to four, the mass balance
equation is:

Pb = [Pb""] + [PbCO3] + [PbC1™ + PHCL) + PbCLy + PBCL]

total
(5-13) + [Pb(SO4)+ + Pb(SO

422
[Pb(oH) " + Pb(OH) + Pb(OH) + Pb(OH)?]
2 3 4

]+ [prcogl N

Table 5-5 shows a schematic diagram of these chemical forms of

lead in sea water based on this equation.



‘TABLE 5-4

GENERAL PARTITIONING OF LEAD IN SEA WATER

Lead in
Sea Water

l

Particul

ate Lead

Soluble Lead

Labile Lead

Lead-Free Ions

Labile Lead
Adsorbed on:

2

Organics

Bound Lead
{non-labile)

l

Labile Lead
Complexed with:

Non-Labile Lead
Adsorbed on:

Non-Labile Lead
Complexed with:

Organics

Organics

Inorganics

Organics

Inorganics

Inorganics

Inorganics

£01



PARTITIONING OF LEAD

TABLE 5-5
IN SEA WATER WITH MAJOR ANIONS

Le§d in
Sea Water
i [ A
Particulate Lead Soluble Lead
I 1
Labile Lead Bound Lead
[ 1 ' A
Lead-Free Tons Labile Lead Labile Lead Non-Labile Lead {Non-Labile .Lead
' Adsorbed on: Complexed with: Adsorbed on: Complexed with:
Organics Organics Organics Organics
Inorganics Inorganics . Inorganics Inorganics
PbCo°2 Pbcog
3 X
(colloidal) (colloidal)
L pp*
4+ ++ - g - -
Pb Pb + [ci, so,, co, ~, HCO, OH ]
(PbCO, |- non-co%loida?) »
(Labile vs. non-labile defined by experimental

conditions)

bol



Goldberg (1965, p.163) outlines a system for determining the
dominant anions which complex with transition trace metals where the
d shells have between zero and ten electrons. Expression (5-14) is

the general relationship for this method:

(5-14) if: log Ki - log l(j > log aj - log a

with: Ki = stability constant for the ith ion
Kj = stability constant for the jth ion
aj = activity of the jth ion
a. = activity of the ith ion

then anion L(i)n is dominant over L(j)n.

Expression (5-15) shows the dominant order of the major complexes
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from the mass balance equation. Stability constant values are from
Sillen and Martell (1964), and the activity coefficient and concentra-

tion values are from Whitfield (1975, p.1549 and 1552).

o

Pbcog > pbso® > pbso’t > pbc1t > poout >

> PbC1

B I

4
(5-15) PbClg > PbCl; > Pb(OH), > Pb(OH); >

Pb(OH)Z

o]

One expects to see PbCO3

Electrochemical traits of Certain Lead Species

Table 5-6 lists the electrochemical traits of various forms of lead.

These next paragraphs explain these traits and the ASV method and

equations for measuring them.

as the most dominant of the lead species.



TABLE 5-6
ELECTROCHEMICAL TRAITS OF VARIOUS CHEMICAL FORMS OF LEAD

Le%d in
Sea Water
L I ‘
Particulate Lead ' Soluble Lead
(3) — , ‘ . (2)
Labile Lead Bound Lead
@ [ 5) L ) . (8)
Lead-Free Ions Labile Lead Labile Lead Non-labile Lead Non-labile Lead
Adsorbed on: Complexed with: Adsorbed on: Complexed with:
(5) (6) (5) { (8)
Organics Organics Organics Organics
(2) (7 (2) (8)
Inorganics Inorganics Inorganics Inorganics
(1) Particulate lead will be separated from soluble lead by filtering the sea water samples.
(2) For bound lead, dissociation of the couples is| the limiting effect resulting in repression of the current peak
(3) For labile lead, speciation dissociation is more rapid than the trace element oxidation step, resulting
in+§ shift of the peak potential.

(4) Pb”" will oxidize at a potential of E = E° + RT 1n [Pb" ']
NF [Pb(Hg)!
(5) Discharged colloids of limited stability are not distinguishable with ASV.
(6) The stable organic complexes will not cause a shift in the oxidizing potential.
(7) The stable inorganic complexes will oxidize at|a potential of E = E~ + RT In [Pb L(i)n]
NF {Pb(Hg){L(1)nl
(8) Stable organic and inorganic complex oxidation| reactions will be limited by the dissociation rate,
resulting in a repression of the current peaks|

901
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1) Particulate Lead

Particulate lead is separated from soluble lead by filtering the
sea water samples through a 0.45 pym membrane filter (Batley and Florence,
1976, p.353). The usual sampling practice is for suspended particulate
matter to be se?arated from sea water as soon as possible after collection
because: (a) the composition of the samples may change as trace métals
are lost from the samples by adsorption on the particulate matter; and
(b) the composition of the particulate material may change as trace
metals are lost to the solution. The 0.45 - 0.50 uym filter is a
standard size, and the material retained by this filter is considered
particulate matter for other chemical and physical determinations (Dean,

1972, vol. I, p.1l1).

2) Labile (unstable) Lead

Labile lead includes lead as a free ion, unstable Iead adsorbed
on organics and inorganics, and unstable lead complexed with organics
and inorganics. For ASV analysis, unstable is a relative term, de-
finedfby the experimental conditions which are explained in the
following paragraphs.

a) Lead as free ions:

Lead as a free ion is reduced directly to the mercury amalgam:
e .
Pb++ —=2> Pb(Hg). Kc is the reaction rate constant; equation (2-43)
gives the plating potential; and equation (2-59) gives the oxidation

potential:
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. L RT o, RT
(2-59) Eappoxid {(E” + & In (1()},/2cell +{E” + & In (K)}ref_ +
RT .81t nF i
— 1n S + (RT (& o
nk {DORT } {ﬁ?'(iga} + 5% (Emisc.)

The E,/Zcell term is given by:

++
_ g . RT {Pb ']

(5-6) Brcer1 = | nF " [Pb(Hg)]

b) Labile lead complexed with inorganics

For lead complexed with inorganic ligands, the complex must undergo
dissociation into Pb’' and the respective ligands prior to the reduction
of lead as the mercury amalgam. The general reactions are these:

K

(5-16)  PbL(i) L(i) + Pb""=—=—s Pb(ig)

_— - -

KL(i)n

L

with: L(i)n = the ligand or anion

K
L(i)n = dissociation rate for the 1abile ligand (cm/sec)

KC-= reaction rate constant {(cm/sec)

Labile lead complexes dissociate at a faster rate than the rate for
plating free ions (Mancy, 1972), KL(i)n > Kc' If lead occurs as either
free ions or labile lead complexed with inorganics, the current peak
height, ip’ is the same provided the dissociation rate for the labile

ligand is faster than the mercury amalgam reduction rate constant.
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General equation (2-59) gives the oxidation potential, and the

E term is:

Leell

ORI § el
scell nF T B T L@ J

Bradford (1973) shows that in certain cases the diffusion term,
Do’ for the linear sweep term of the general equation is constant and
that the anodic over-potential is small and constant for alkaline media.
Fried (1973, p.46) also finds a low anodic over-potential. Therefore,
as Emisc. values are small, and as the Eref. value is constant the only

difference in the total oxidation for lead in sea water as a free ion

and for labile lead in sea water complexed with inorganics is the

E%cell term.
++
. _ 20 —RT - [Pb ]
(5-18) E%cell for Pb as a free ion = E~ + ﬁ?'ln Pb (Hig)
(5-19) E for Pb as labile inorganic complexes =
Lcell
/2 R

g + R 1 [PPLCGE),]
nF [PoHITLE) )

During the linear sweep for oxidation of lead, the shift of the
oxidation potential for the current peak,ip, will distinguish Pb as

a free ion from Pb as a labile inorganic complex.
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c¢) Labile lead complexed with organics

Researchers (Bradford, 1973; Ernst and others; 1975) found that
shifts of the current peak potentials do not occur with labile organic
complexes. No reason for this is given, but perhaps the potential does
not shift because the organic ligands do not re-bind the free lead ions
as they are stripped off the electrode. Equations (5-20) and (5-21) are
the stripping reactions for the free ion and labile inorganic complexes:

X
(5-20) Lead in sea water as a free ion: Pb(Hg)-—%Pb++

with: Ka = oxidation reaction constant (cm/sec)

(5-21) Lead in sea water as a labile inorganic complex:
K. ..
KC o L(l)n
Pb(Hg)—+ Pb + L(i)n ——tr PbL{i)n
with: KL(i) = dissociation rate for the labile ligand (cm/sec)
n

The inorganic ligands re-bind the free lead ions, but this does
not seem to occur for the labile organic complexes. Evidently the
reaction is not electrochemically reversible (Ernst and others, 1975,

p.970).

d) Labile and non-labile lead adsorbed on organics and inorganics:

Zirino and Yamamoto (1972, p.669) found that uncharged species of
limited solubility behave in inert fashion at the working electrode and

are the basis for colloid formation. Batley and Florence (1976, p.348)



define this chemical form és lead occluded in or adsorbed on highly
dispersed colloids. Such uncharged species of limited solubility

may include lead bound to clays, silicates, carbonates, and hydroxides.
The inert behavior of these colloids at the working electrode suggests
that the dissociation rate for these species is less than the reaction
rate constant, and that these species are non-labile compared to the
reduction electrode reaction. Therefore lead in this form has a re-
pressive effect on thé current peak, ip’ and this effect appears to

be present for most inorganic colloids.

3) Non-Labile (unstable lead)

Non-labile lead includes stable lead adsorbed, or complexed with,

organics and inorganics.

a) non-labile lead complexed with inorganics:

Equation (5-22) shows the process by which lead, as an inorganic

complex, is reduced as part of a mercury amalgam:

K, K
(5-22)  PBL(i)_ L), L)+ pb " —S. Pb(Hg)

For a non-labile or stable complex the dissociation constant,
KL(i)n is less than the reduction reaction constant, Kc' "Under these
conditions the rate of dissociation of the metal complex is less than
the rate limiting step, and a reduction of ip is observed. On this
basis, it is possible to differentiate between free metals and labile

metal complexes on one hand and non-labile complexes on the other.™
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(Mancy, 1972, p.7). Lead as a free ion or labile inorganic complex
causes the potential'for the current peak to shift, and lead as a

non-labile inorganic cdmplex has a repressive effect on the current
peak. Lead as an inorganic colloid also has this repressive effect.
‘(Table 5-6 lists these traits.) A pofential shift for the stripping
peak is expected for the non-labile reactions, but this shift may be

difficult to notice because of the reduced ip.

b) Non-labile lead complexed with organics:

Zirino and Healy (1970, p.956) found in their studies that the
peak currents of lead are controlled by the major inorganic complexes,
not by the organic ones. No reason is given for this behavior, but
it must be that the organic complexes are completely inert compared

to the reduction process.

The Chemical Model

The electrochemical traits of the chemical forms along with the
oxidation potential expression (2-59) are the fundamental constituents
of the chemical model. The model operates in this manner.

Expression (2-59) gives the precise oxidation potential at which a

particular element is stripped from the working electrode:

;.0 . RT o  RT
(2-59) Eappoxid = {E” + —F In (k)}%cell + {E~ + —F 1n (k)}ref. +
i
RT ,  (6lt_nF, _ RT (a .
HF‘ In { S } + {FFT I;)—) } + 5% (Emeas .)

D RT
0
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This expression is rewritten as:

RT
(5-23) E, = E - {E° + = 1In (I},
k app .4 nF scell
81t nF
. _ ;.0 RT RT s
with: E, = {E” + oF 1n (k)}ref. + {;E-ln {B;ET——}} +
i
RT a 0
{nF (io)} 5% (Bpogs.)

The preceding section explains in detail why, by making certain
reasonable assumptions, Ek is constant during ASV analysis for a par-
ticular trace element. This constant is calculated by substituting
the proper values into the expression (5-23). The preceding section
also explains that for certain chemical forms of lead the only terms

of the oxidation potential which are affected are the % cell terms

(5-18) and (5-19). These expressions are combined and rewritten as

follows:
Y (PbL(i) )
_ _ 0 RT [ n’]
(5-24)  Boeas. " B T froLc) TP T aF M [P @) ITL (T
with: Emeasured = the measured potential at which the current

peak appears.

EPb(.L(i)n) = the % cell potential for a particular lead
complex.
Y = the activity coefficient for the lead complex.
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Values in expression (5-24) are obtained in this manner:

Emeasured = graph plotted by the X-Y recorder;

Ek = constant determined by expression (5-23);

E® = variable determined from the free energies of the
reactants and products;

EPbL(i)n = Emeasured B Ek;

%I = constant;

n = number of electrons involved in the reaction;

Y = unknown;

PbL(i)n = concentration of complex n obtained from the
literature;

[L(i)n] = activity of the major anion obtained from the
literature;

[ Pb(Hg)] = activity of lead in the mercury amalgam and
assigned a value of unit activity (Garrels and
Christ, 1965, p.48).

Tables in the next chapter show values of E for the various

complex reactions.

POL(1)

These values, based on 100% complexing for each

particular form, give an indication of which labile form of lead is being

measured; the solution to equation (5-24) gives the activity coefficient,

Yh, for the particular species; the current peak ip’ gives the concentra-

tion of the species; and the non-linearity of the calibration curve

indicates the non-labile complex type and concentration. Expression (5-15)

shows the expected dominant order of complexes.



CHAPTER VI

RESULTS - CHEMICAL MODELING WITH FIELD SAMPLES
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"I pass with relief from the tossing sea of Cause and Theory to the
“ firm ground of Result and Fact."

Winston Churchill, 1898, The Malakand Field Force’

Calculations for Model - The Constant Ek

The preceding chapter explains the importance to the chemical model
of the constant, Ek' Ek is equal to the four potential terms which

remain constant during the oxidation step:

i
_ (0 . RT RT (3
(6-1) By = {E” + aF 1B (k)}ref. TUF Y b Enise. *

{RT 1n [61tsnF]}
nF .
[D_RT]

RT 1
J

Thé‘first*termj‘{ﬁgg+ Hﬁ'lu (k) ,—is—the potential for the

saturated calomel electrode. The value is -0.244 volts.
+RT ia
The second term, {E?{E—J} , represents the anodic transfer over-

potential. The value, shown by expression (2-46), is -0.013 volts.

The third term, E , 1s the term for various additional poten-

misc.

tials which are explained and derived in Chapter II. This term, which

includes experimental error, is 5% of the E term.

measured

By making these substitutions equation (6-1) is rewritten as:

- = - - +.%
(6-2) Ek 0.244 volts -0.013 volts = 5 Emeas.

81t nF
s

{RT 1n

nF D RT }
0]
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These are the values for the variables in the last term:

(a) %%-1n (x) = 0.0592 log (x)

(b) n = number of electrons involved in the reaction = 2

(c) tS = potential sweep speed = 10 mv/sec.

(d) 1 = mercury film thickness = 1 x 1074 cm (Roe and
Toni,.1965, p.1503)

(e) Do = the diffusion coefficient for Pb' ' =

1 x 10—5 cmz/sec.

[ According to the Handbook of Chemistry and Physics, 57th Edition,
F-62, and the Encyélopedia of Chemistry, 1973, p.342, the diffusion
coefficients for metals in electrolyte solutions are usually of the

order of 1 x 10—5. Equation (6-3) derives this value {(Handbook of

Chemistry and Physics, 57th Edition, F-62)7

6-3 D= RT { G v v, )T jw?)-]
©» % e L CaTea e, ay)

number of cations and anions formed from

!

with: v and V7
1}
one molecule of electrolyte

aQ a
1L‘ and 1&1

1]

cation and anion equivalent conductiveness

Z, = cation valancy]
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Delahay (1954, p.224) estimates a general value for 6§ of 5 x 10_3
cm in a stirred solution. ‘The limiting current (or current peak, ip)
during thebstripping step gives the value of § in an unstirred

solution:

-ZFDOCb

(2-49)  § =
1

The value of § is 4 x 10—3 cm by making these substitutions into

equation (2-49): Cb =1.9 x 10_8 moles/cm3 (Whitfield, 1975, p.1549);
D, =1x 107> cmz/sec; F=9.6x 107 coulombs/equivalent; Z = 2; and
iy =1x 107> amps/cmz.
By making these substitutions into the last term of (6-2),
81t nF
RT s ]
—F In [ ﬁ;ﬁﬁrq’ the term becomes:

[(4 X 10~3cm)(1 X 10—4cm)(2)(1 x 10—2v/sec)1

= 0.037 volts
(1 x 10'5cm2/sec)(0.0257)

(6-4) (0.0246) log

Equation (6-2) becomes:

(6-5) E 0.257 volts & 5% (E ) + 0.037 volts
meas.

and:

(6-6) E

it

X 0.294 volts 3 5% (Emeas.)
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E for Chemical Forms of Lead

cell

Tables 6-1A and 6-1B show the % cell potentials for various chemical
forms of lead. The potential differences between the chemical forms dif-
ferentiate between the species in the chemical model. Because only the
relativé potential differences between the chemical forms are important

for the model, values for the potential expression,

EC + %%-ln [pr(l)n] , are based on the following assumptions and
[Pb (Hg) T [L(D), ]
estimates:

a)} The central problem for all chemical models is to arrive at
reliable values for the activities of trace elements which are in complex
form. To do this one must know the concentrations, activity coefficients,

and ionic interactions, but then the original purpose of the model is

“to arrive at this information. Because of this dichotomy and because
only the relative potential difference between forms is important,

expression (6-7) is in the form of the % cell potentials:

RT

(0]
(6-7) - {(g° - >

in [Pb(HE)][L(G) 1) * 55 In [PbL(i) 1)

For example, the % cell potential for Pb* is:

(6-8) - {(0.126 - %%—1n [11) + %%-ln [(7.5 x 10’2) (1.9 x 1078 moles) ]

= -0.388 v}
. _ -2
with: YPb+ = 7.5 x 10
Cbpy** = 1.9 x 10-8 (Whitfield, 1975, p.1549 and p.1552)



TABLE 6-1A
E, FOR CHEMICAL FORMS OF LEAD
scell |
Chemical Potential Activities, Activity
Form Expression Coefficients, Concentrations
+ 4
++ o  RT [Pb _ : -8
Pb E™ + ] In [P (Ag) ] Cbpr = 1.9 x 10 moles
Yo+t = 7.5 X 1072
Pb ’
4Pb(Hg) = 1
[o]
PbC19 £ + Rl 1n (PBCL,] , Yo~ = 6.91 X 1071
[Pb(Hg) J[C1-]
Cp _ = 5.51x 107 moles
C1
+ .
+ o . RT [PbC17}] - -1
PbC1 E™ + o in [P5 (fig) T[CT=] Ye1 6.91 x 10
C, .= 5.51 x 10" moles
’ C1
PbC1; g% + KT 1n [PBCIS] X Yol = 6.91 x 107
[Pb(Hg) J[[C1 ]
Cbcf = 5.51 x 107" moles

0c1



TABLE 6-1A (Continued)

Chemical Potential Activities, Activity
Form Expression Coefficients, Concentrations
PbC1; RT jn [PRCL] Yor = 6-91 x 107
[(Pb(Hg)1[C1 ] '
c, -1
bCI—— 5.51 x 10 ~ moles
)
Pb(s0,)° RT 1n [PPGOY T Yoq= = 2.81 x 107
[Pb (Hg) 1 [SO, ] 4
Cben= = 1.25 x 107! moles
S0
4
Pb(S0,); RT 1n [PO(SO9)5) Yeo© = 2.81 x 1077
[Pb (Hg) ][50, ] 4
' C _=1.25 x 10-1 moles
bSO_ .
4 -
o RT ., [PbC0?] -1
PbCO; —= In 3 _ Yeo= = 1.15 x 10
[Pb (Hg) ][[CO] 3 4
Cb _=3.0x 10 " moles
Co

3
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TABLE 6-1A (Continued)

Chemical Potential Activities, Activity
Form Expression Coefficients, Concentrations
+ RT . [Pb(oH)"
9. Pb (OH) R In b 1 pH = 7.5
[Pb(Hg) ] [OH ] -
-=1x10 6.5
%0H ~
° ot [Pb (0H) 0]
10. Pb(OH)2 ﬁ—-ln 27 pH = 7.5
=7
[Pb(Hg) ] [OH ] _ -6.5
~ aay~ = 1 x 10
11. Pb (OH) LUSH [Pb(0H) ;] pH = 7.5
L =3
[Pb(Hg) ] [OH ] . -6.5
aq * 1 x 10
12, Pb (OH)’, i—; 1n [PP(OH), pH = 7.5
.y
[Pb (lig) ] [OH ] _ -6.5
oy~ = 1 x 10

[AA N



TABLE 6-1B

E FOR CHEMICAL FORMS OF LEAD

Lcell
Chemical Equation E,
Form (volts) scell (volts)
4
++ _ . RT [Pb ] _
1. Pb Eeo1y = 0-126 + 3 1n Toppry 0.388
-2 -7
- 0.126 + 0.296 log L(7:5 X 10 [%§1.9 x 107791
(o]
) _ RT [PbC1.]
2. PbC1S By o1y = 0+126 + ¢ In 2 _ 0.151 +
[Pb(Hg) ] {C1 ] 0.0296 log [PbC1)]
o]
= 0.126 + 0.0296 log LFPCL;]
[1]0¢6.91 x 1071y (5.51 x 1071)]
* RT [pbc1lr
3. | PbCl By oyp = 0-126 + == In B 0.138 +
: [Pb (Hg) 1 [C17] .
‘ N 0.0296 log [PbCl ]
= 0.126 + 0.0296 log L7PEL ] — ~
[1]&(6.91 x 107 (5.51 x 1071)]
-
- _ RT [PbC1]]
4. PbC1; B oyq = 0-126 + 51 1n 3 0.163 +

[Pb(Hg)][C17]°

= 0.126 x 0.0296 log LFP¢l3]

[110¢6.91 x 1071y (5.51 x 1071y]3

0.0296 log [pbc1;]

YA



TABLE 6-~1B (Continued)

Chemical Equation E,
Form (volts) scell  (volts)
PbC1S E = 0.126 + 5L 1n [PbC1}] 0.176 +
4 Lcell : 2F 4 '
[Pb(Hg) ] [C1 1% 0.0296 log [PbC1}]
= 0.126 + 0.0296 log LPPC1,]
[170¢6.91 x 107 1)(5.51 x 1075y74
o RT ,_ [Pb(S))°]
Pb(S0,) By oy = 0-126 + o In ;4 _ 0.198 +
[Pb (Hg)1[(S0,) ] 0.0296 log [Pb(S0,)°]
(o}
= 0.126 + 0.0296 log LFP(504)7]
| - -
[11[(2.81 x 107%)(1.25 x 10°1)]
= _ RT [Pb(S0,).]
Pb(S0,)5 | Eyceyp = 0.126 + 5L 1n 4)2 _ 0,271 +
[Pb(Hg)1[(S0,) ] 0.0296 log [Pb(SO4);]
= 0.126 + 0.0296 log LFP(59,),]
| - -
[11{(2.81 x 1074y (1.25 x 10"1)72

vl



TABLE 6-1B (Continued)

Chemical - Equation E
Form  (volts) scell (volts)
o RT . [PbCOY]
8. PbCo°, B oqp = 0126 + 5t In 3 _ -0.258 +
‘ [Pb(Hg) ] [CO] 0.0296 log [PbCO3]
A0
- 0.126 + 0.0296 log - 23]
[117¢1.5 x 1075y (3.0 x 10747
+
9. Pb(OH)” | B, = 0.126 + RT jp [PRCOD 1 -0.318 +
’ [Pb(Hg) 1 [OH"] .
, 0.0296 log [Pb(OH)"]
= 0.126 + 0.0296 log L2 (0M) ] —
(1701 x 10°%*>]
| o
0 _ RT [Pb(OH) ]
10. | Pb(OH)] B, gy = 0.126 + 2T 1 PP, -0.518 +

= 0.126 + 0.0296 log

[Pb (Hg)] [OH™]°

[P (0H) 5]

(11101 x 10‘6’5]2

0.0296

log [Pb(OH)g]

T4



TABLE 6-18 (Continued)

Chemical Equation E;
Form (volts) scell  (volts)
Pb (OH) = 0.126 + XL gy [PP(OH),] -0.703 +
[Pb (Hg) 1 [OH ] 0.0296 log [Pb(0H)}]
0.126 + 0.0296 log L7P(OH)5]
[ x 107873
Pb (0H); = 0.126 + RL 1 [PD(OH) ] -0.896 +

= 0.126 + 0.0296 log

(Pb (Hg) 1 [oH™]"

[PB(OH) ]

[1]11 x 10'6'5]4

0.0296 log [Pb(OH)Z]

9Z1



For PbClo

unknown

(6-9) - (0.126 -

with:

2’

RT
2F

though, the activity coefficient for the complex is

RT

In [1][¢6.91 x 1071y (5.5 x 107197%) +« R 1n [PbC15]

2F

= -0.151 volts + 0.0296 log [PbClg]

-1
YCI— = 6.91 x 10

bc1'

C = 5,51 x 10-1 moles (Whitfield, 1975, p.1549 and

p.1552)

2) The purpose of the model is to arrive at concentrations and

complex types, but in order to arrive at one it is necessary to know

the other.

Therefore, concentration values from the Whitfield model

(1975, p.1549) are inserted in the %

complex type.

cell formula to indicate the

127

3) Also for each complex type 100% of the lead is complexed with

the particular anion of that complex.

Tables 6-1A and 61-B show the %

cell potentials for the lead

species, and Table 6-2 lists these potentials and the total potentials

in order of increasing magnitude.

The total potentials in Table 6-2 are in this form:

(6-10)

E E

total - Ticell PbL(i) "

(E° + E,_ + 0.0296 log [Pb(H

K
0.0296 log [PbL(i) ] * 5% E

k:
9] gy 17t .

meas.



TABLE 6-2
E WITHOUT| ACTIVITIES FOR COMPLEXES
total
Chemical E, cell (volts) | E, cell + E,_ =E (volts)
Form L 1 k total

pbc1” ~0.138 + 0.0296 log [PbC1’] -0.432 + 0.0296 log [PbC1'] * 5% E isc

0 0 _ 0y 4+ co
PbC1, -0.151 + 0.0296 log [PbCTZ] 0.445 + 0.0296 log {Pbc12] 5% E icc.

i ] | ] s e
PbC1; 0.163 + 0.0296 log [PbC13] 0.457 + 0.0296 log {Pbc13] 5% E icc.

= _ = _ = + %
PbC1, 0.176 + 0.0296 log [PbCl4] 0.470 + 0.0296 log [PbC14] 5% E icc.

o} Ne o o
PbSO,, -0.198 + 0.0296 log [PbS)4] -0.492 + 0.0296 log [PbSO4] + 5% E . .

o ! o] (0] o :
PbCO, -0.258 + 0.0296 log [PbCO,] -0.552 + 0.0296 log [PbCO,] * 5% Enisc.

- _ L - _ =, _t ‘}
Pb(S0,), 0.271 + 0.0296 log [Pb(>O4)2 0.565 + 0.0296 log [Pb(so4)21 5% E iec.
PbOH" -0.318 + 0.0296 log [ PbOH'] ~0.612 + 0.0296 log [PbOH'] * 5% isc
m .
pp*? -0.388 -0.682 * 5% E_,
misc.

871



TABLE 6-2 (Continued)

Chgzi;al E,/2 cell (volts) EI/2 cell + Ek = Etotal (volts)
10. Pb(OH)g -0.518 + 0.0296 log [Pb(OH)g] -0.812 + 0.0296 log [Pb(OH)‘Z’] 5% E .
11. Pb(OH); -0.703 + 0.0296 log [Pb ‘(OH);] -0.997 + 0.0296 log [Pb(OH)g] *.5% E isc.
12. Pb(OH)Z -0.896 + 0.0296 log [Pb(OH) Z] -1.v190 + 0.0296 log [Pb(OH)Z] 8% E .

621
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Goldberg (1965, p.165) uses these activity values for the ionic
forms in his dominant species model: (a) monovalent ions, a;, = 0.7;
(b) divalent ions; a, = 0.1; and (c) uncharged species, a; = 1.0.
These values are inserted into the 0.0296 log [PbL(i)n] term in the
(6-10) expression. The purpose of this is to have a basis to compare
the total potential of the complex forms,‘where the activities are
unknown, with the total potential of Pb++, where the activity is known.
Table 6-3 shows the results. The maximum concentration of the complex
is equal to the total lead concentration, and even if this is inaccurate
by an order of magnitude the difference will only be 0.0296 volts,

which is not important in the relative scale.

Chemical Model of Laboratory Samples

1} KC1 with Purge

Chapter IV describes the analysis of a KC1 electrolyte. During
this analysis increments of lead are added for the calibration curve.
Figure 6-1 shows the stripping potential at which the current peaks
appear plotted as a function of lead concentration. The potential
appears relatively stable between -0.64 to -0.76 volts through the
error bars as a constant linear function at -0.680 volts.

One sees by examining Table 6-3 that this is well within the * 5%
range of -0.682 volt potential for Pb**. In the KC1 electrolyte in-
organic labile lead is present then as 100% Pb* . Figure 6-2 shows the
current repression from non-labile lead. At a lead concentration of
1.2 x 10-3 g/1 there is a 12% current repression from the linear

function and at a concentration of 1.8 x 10_3 g/l there is a 48% current



TABLE 6-3

E WITH ACTIVITIES FOR COMPLEXES
total

Y of Pb L(i)n Revised Term ‘ AE (volts) E

1
7z

cell (volts) Etotal (volts)

Pbc1” (0.7) 0.0296 log [0.7 x 1.9 x 107 °] +0.182 © +0.044 -0.250

-+
(3]
o

E .
misc.

I+
(53]
o

PbClg (0.7) 0.0296 log [0.7 x 1.9 x 1078 +0.182 +0.019 -0.275 E isc

I+
wn
o°

PbC1S (1) 0.0296 log [1 x 1.9 x 10

2 +0.149 +0.002 -0.292

E .
misc.

1+
wi
o

PbCL, (0.1) 0.0296 log [0.1 x 1.9 x 10~ +0.171 -0.005 -0.299

E .
misc.

+0.149 -0.049 -0.343

+
]
o

(o] : -
PbSO, (1) 0.0296 log [1 x 1.9 x.10 E isc.

Pb(SO4); (0.1) 0.0296 log [0.1 x 1.9 x 10~ +0.171 -0.100 -0.394

-+
wn
S

E .
misc.

+0.149 ~-0.109 -0.403

i+
w
o

, o T
PbCO, (1) 0.0296 log [1 x 1.9 x 10 E isc.

PbOH)" (0.7) 0.0296 log [0.7 x 1.9 x 1078 +0.182 -0.136 -0.430

I+
wn
o

E .
misc.

Pb(OH)g (1) 0.0296 log [1 x 1.9 x 1077 +0.147 -0.371 -0.665

t+
w1
o

E .
misc.

€7



TABLE| 6-3 {(Continued)
Y of Pb L(i)n Revised Term AE (volts) El/2 cell (volts) Etotal (volts)
+4 _ _ + 9 ‘
10. | Pb 0.388 0.682 £ 5% E_._
11. Pb(OH); (0.7) 0.0296 log [0.7 x 1.9 x 1078 +0.182 -0.521 -0.815 * 5% Eisc
12. Pb(OH)Z (0.1) 0.0296 log [0.1 x 1.9 x 10'.8] +0.171 -0.725 -1.019 £ 5% Eisc

{(For the calculations, the concen

trations are changed from moles to g/1)

AN
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reduction. At the original electrolyte concentration of lead the

curve is linear, and so it seems at this level leéd is in fhe non-
labile form. With the lead additions, lead becomes present increasingly
in the non-labile form. This non-labile complex is almost certainly

Pb (NO the chemical form of lead in the additions solution. Another

3o
possibility is that the additional lead complexes with CO% as a stable
colloid. A stable colloid such as this also represses the current.

At higher concentrations and at higher pH one expects to see the
carbonate species, but in the relatively labile form, not as a colloid
(Zirino and Yamamoto, 1972, p.668; Ernst and others, 1975, p.973; and
Long and Angino, 1977, p.1188). PbCO? is the dominant form of lead
~in expression (5-15), but the solution is purged of COZ’ and there
should be a low concentration of carbonate ions to complex with lead.
Table 6-4 summarizes the forms of lead in the KCl1 electrolyte.

. J ) . -
The mass balance equations for lead are:

(6-11)  (Ambient concentration of 1.0 - 1.6 x 10_4 g/1)

[Pb] = 100% [Pb" ']

total

(6-12) (Additions concentration of 1.2 x 1073 g/1)

= % +r 9 (o}
[Pb]total =90% [Pb '] + 10% [Pb(NO;),] + [PbCO,]

(6-13) (Additions concentration of 1.8 x 10_3 g/1)

[Pb] = 50% [Pb*7] + 50% [Pb(NO,),] + [pbcog]

total =



TABLE 6-4 - CHEMICAL FORMS OF LEAD IN KC1 ELECTROLYTE

(PURGE)
Particulate
Soluble Lead Lead
Labile Lead Non-Labile Lead
Lead: Free Lead: Adsorbed Lead: Complexed Lead: Adsorbed Lead: Complexed
Ions - Pb On: With: ‘ On: With:

Species of
lead at
ambient con-
centration of

1.04- 1.6 x

107" g/1 =
100% Pbl+
(stripping
potential is
-0.680v,
within * 5%
of -0.682v
for Pb9§)

Non-stable,
uncharged

organic colloids
cannot be dis-
tinguished with
this method.
Inorganic
colloids repress
the current peak,
but as there is
no peak repres-
sion at the
ambient concen-
tration, no lead
is present in the
inorganic colloid
form. Some
PbCO_° may be
presént as a
colloid at higher
Pb concentrations.

The strippiné

peak is sharp

and well disl

tinguished aé
-0.680v, and
there are no
peak broaden%ngs
or multiple peaks
from labile
complex forms.
This situation

is the same for
additional con-
centrations of
lead_gp to 1.8

x 1077 g/1. |
Lead does not
appear as la#ile
complex forms in

this solutioﬁ.

(Same as labile
lead: Adsorbed
On: section.)

The correct
repression

curve shows that
there are no
non-labile com-
plexes at ambient
concentration,
At a concentra-
tigg of 1.2 x

10 g/1 12% of
the lead is com-
plexed as Pb
(NO,), and at
1.83x210’§ g/1
48% of the lead
is present as

Pb (NOS)Z'

There is no
measurable
particulate
matter in
this
solution.

9¢1



2) KCl1 Without Purge

Figure 6-3 shows the stripping potential at which the current peaks
appear for the KCl analysis without a purge. These peaks are plotted
as a'function of lead concentration. Chapter V describes this analysis.
There is a linear trend for a decreasing stripping potential as the
lead concentration increases. At the ambient concentration of 6.0 -
8.0 x 107° g/l the stripping potential is -0.78 volts and at 2.95 x 1073
g/1 the potential is -0.64 volts. This seems to indicate‘that at low
concentrations a slight shift of the peak is caused by the presence of
lead complexed with hydroxyl ions. Pb(OHS)" has a stripping potential
of -0.815 + 5%. Bradford (1973) and Long and Angino (1977, p.1188) .
point out that this particulaf hydroxyl complex is expected in solutions

only with high pH ( > 10), and it does not seem reasonable to expect

such a complex in this situation. By attributing the first few potential

137

~shifts to experimental error, a constant line can be drawn at -0.70 volts.

This value is within 5% of the 0.682 volts for Pb '. The downward
potential trend could also be caused by lead complexed'with the dominant
labile carbonate anion. Brédford (1973) found that in the case of zinc
the carbonate complex occurs in a relatively unstable form and causes
the pofential to shift. This same behavior should occur for lead,
particularly in the case of a solution not purged of C02'

Figure 6-4 shows the current repression from non-labile lead.
Only the first two data points deviate from the linear function. It
is difficult to $ay‘whether this deviation is from experimental error,

or, if with increasing lead additions, a small percentage, perhaps
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10-15%, of the lead occurs as Pb(NO The deviation occurs at

3)2 )
approximately 5.0 x 10”4 g/1, the same concentration magnitude where
the deviation occurs in the previous experiment.

Table 6-5 summarizes the chemical forms of lead in a KC1 electro-

lyte without a purge. The mass balance equations for lead are:

(6-13)  (Ambient concentration of 6.0 - 8.0 x 10> g/1)

[Pb] = 100% [Pb' ']

total
(6-14) (With successive lead additions)

[Pb] = [pb"7] + [Pbco‘;] + [PbOH+]. + [Pb(NO,),]

total

3) Sea Water With Purge

Figure 6-5 shows the stripping potentials for the current peaks

for a lead analysis in sea water with a purge, Chapter V-describes
this analysis. There is a definite constant linear relationship be-
tween the stripping potential and the increasing lead concentrations.
The stripping potential remains constant at -0.445 volts as the lead
concentration increases from 5.0 x 107> g/l to 1.75 x 1073 g/l. This
potential is well below the -0.682 + 5% Emeas. volts range for Pb' .
These potential shift values are relative, not absolute, because in
certain cases the concentration of a complex or ligand may affect the
potenfial value, and in this case thefe is a significant relative

shift from the stripping potentials in the KC1 electrolyte. The ambient
total lead concentration of 5.0 x 10—5 g/1 does not differ significantly

from the 1.0 x 10—4 g/1 in the KCl1 analysis under similar conditions.



TABLE 6-5 - CHEMICAL FORMS OF LEAD IN KC1 ELECTROLYTE (NO PURGE)

Soluble Lead

Labile Lead

Non-Labile Lead

Particulate
Lead

Lead: Frgg Lead: Adsorbed Lead: Complexed Lead: Adsorbed Lead: Complexed

Ions - Pb On: - With: On: With:

Species of Non-stable There is a de- {Same as Labile At non-ambient There is no
lead at uncharged -creasing trend Lead: Adsorbed concentrations measurable
ambient con- organic colloids for the strip- On: section) there may be particulate
centratigg of { cannot be dis- ping potential current repres- matter in
8.0 x 10 ~ g/1| tinguished with | which suggests sion although this

is mostly as this method. that at the high this may be due solution.

Pb++ but there
is an increas-
ing trend

towards PbC03°

Inorganic
colloids repress
the current peak,
but as there is
no peak repres-
sion at the
ambient concen-
tration, no lead
is present in
the inorganic

colloid form.

potential (-0.78v)

.and low concen-

tration there may
be some complex-
ing with OH ,
perhaps as |
Pb(OH) ,. The
solution pH does
not support this
contention, At
higher concentra-
tions there is a
shift towards the
PbCO,° complex,
with“perhaps some
comp}exing as
PbOH .

to experimental
error. A small
percentage,
10-15%, of the
lead may be
present as
Pb(NOS)z.

184!
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The stripping peaks are distinct, and therefore it seems reasonable
to attribute this change in potential from the previous experiments’
to a labile complex of lead. The constant potential of -0.445 volts

is considerably below the value for Pb'" and is closest to -0.403 volts

+ 5% E for PbCOJ. The dominant form of lead at a pH of 8.1
measured 3
appears to be Pbcog . This conclusion is in agreement with the models

of Zirino and Yamamoto (1972, p.669), Ernst and others (1975, p.973),
and Long and Angino (1977, p.1188);

Figure 6-6 shows thevrepression of the current peaks caused by
non-labile complexing from increasing lead concentrations. There is
an abrupt change of slope at 2.0 x 10'4.g/1, almost certainly caused

by the stable Pb(NO complex in the additions solution.

3)2

Table 6-6 lists the chemical forms of lead in this sea water

sample with purge. The mass balance equations are: .

_—

(6-15) (Ambient concentration of 5.0 x 107° g/1)

[Pb] = 100% [PbCO,]

total
(Undoubtedly other forms are present but these are masked

by the strong dominance of Pbcog.)

(6-16) (With successive lead additions)

(Pb] = 50% [pbcog] + 50% [Pb(NO,),]

total
(This patitioning is a bit arbitrary but seems reasonable
from the significant change in slope of the non-labile

relationship.)
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TABLE 6-6 - CHEMICAL FORMS OF LEAD IN SEA WATER (PURGE)

Soluble Leéd

Labile Lead

Non-Labile Lead

Lead: Free
| Tons - Pb

Lead:
On:

Adsorbed

Lead:
With:

Complexed

. Lead:

On:

Adsorbed Lead:

With:

Complexed

Particulate
Lead

Species of
lead at
ambient con-
centratigg of
5.0 x 10 © g/1
= PbC03°.
(Stripping
potential is
-0.445, within
the PbC03°
stripping
potential
range.)

Non-stable,
uncharged
organic

colloids cannot
be distinguished
with this method.
Inorganic col-
loids repress
the current peak,
but as there is
no peak repres-
sion at the
ambient concen-
tration, no lead
is present in
the inorganic
colloid form,

The stripping
peak is sharp
and well dis-
tinguished and
constant at
-0.445v, and
there are no
peak broadenings

or multiple peaks.

This is the same
for all lead
additions. The
predominant form
of lead, to the
exclusion of |all

other labile |forms,

appears to be
PbCO.,°. This may
be in part caused
by the purge |and

change in pH.

(Same as Labile

Lead:
On:

There is a con-
siderable change
in slope of the
current repres-
sion line at non-
ambient concen-
trations. About
50% of the soluble
lead seems to be
in the form

Adsorbed
section.)

Pb(NOS) and the
other 56% as
: PbC03°.

There is no
measurable
particulate
matter in
this
solution.

St1
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One conclusion from (6-15) is that the change in pH from the purge

causes the predominance of PbCO Conclusions from calculated models,

0
3
including those of Zirino and Yamamoto (1972, p.668) and Garrels and
Christ (1965, p.233) support this idea: The complexing of lead with

Pbcog increases with increasing pH.

4) Sea Water Without Purge

Figure 6-7 shows the stripping potentials for lead in sea water
with no purge. Chapter V describes this analysis. Figure 5-6 shows
the multiple peaks which occur during the lead additions. At the
ambient concentration of 2.5 x 10—S g/1 only one peak occurs at
-0.640 volts. This value corresponds to the relative stripping
’potential for Pb++, -0.682 volts * 5% E . Therefore, the ambient

meas.

species of lead is Pb . Two stripping peaks appear at the additions

concentration of 2.25 x 10—4 g/1. One peak is at the same valﬁe as
the one for ambient conditions, -0.640 volts. (Peaks at this vaiue
appeér at all additions levels.) A second peak appears at -0.445 volts,
the PbCO? value. By comparing the relative height of the current peaks
it seems that the labile species is split about evenly between pb**
and PbCO3.

Three peaks occur at a concentration of 5.25 x 10_4 g/1l. One peak
occurs at -0.625, another at -0.445, and a third at -0.320 volts. The
first two peaks represent Pb** and PbCO?, and the third is most likely

4
stripping potentials between -0.250 volts and -0.299 volts * 5% E

from either a species of C1~ of SO,. All four of the C1~ species have

meas.’

and the PbSOZ potential is -0.343 volts. Most likely, all of these
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complexes are present to a certain extent, although the peak potential
most nearly matches that of PbSOZ.

Only one peak occurs at a concentration of 8.0 x 10—4 g/1, and this
peak is at the relatively constant potential of -0.625 volts. Other
complexes are undoubtedly still present, but at this concentration the
Pb++vpeak is masking them. These multiple peaks from various species
of a single element are an interesting experimental result, and the
experimental conditions must be just right for them to occur. Usually
a series of complexes with similar potentials manifest themselves by
the broadening of a single peak. It is interesting to note that the
multiple peaks occur only when the solﬁtion is not purged. Either the
purge masks the multiple peaks or changes the épecies. The latter

interpretation seems correct. The multiple peaks indicates species

which are the logical ones for this solution, follow the dominant complex

order (5-8), and are in agreement with other models (Zirinmo and Yamamoto,
1972; Ernst and others, 1975; Garrels and Christ, 1965).

The mapping of repressive current from multiple peaks is difficult,
and a somewhat arbitrary approach is taken by plotting the height for
Pb++, as this is the only species present at all concentrations.‘ Figure
6~8 shows this plot. This plot is almost identical to the linear current
plot for KC1 without the purge. There appears to be no current repression
along the plot, except for a slight one at 5.0 x 107* g/1 which almost
falls within experimental error. Either the stable complex Pb(NOs)2 is
not present, which seems unlikely, or the entire plot after the ambient

determination is repressed, the amount of which is difficult to determine.
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Table 6-7 summarizes the chemical forms of lead in sea water without

a purge. The mass balance equations are:

(6-17)  (Ambient concentration of 2.5 x 107> g/1)

[Pb] = 100% [Pb ']

total

(6-18) (Additions concentration of 2.25 x 1074 g/1)

[Pb] = 50% [Pb '] + 50% [Pbcog] +

total
[Pb(NO,),]

(6-19) (Additions concentration of 5.25 x 1074 g/1)

[Pb] = 30% [Pb' '] + 30% [Pbcog] .

foutal
30% [PbsOy] + [PbC1] +

7 [Pb(NO,) ]

- e

Conclusions on Analysis of Laboratory Samples

The following are a few of the conclusions from this analyses work.

(a) The purpose of these laboratory experiments is to see if this
ASV method and chemical model can be used to detect labile and non-labile
inorganic lead complexes in saline solutions. With a few restrictions
mentioned in these next paragraphs, this system does provide these data
For certain dominant labile and non-labile complexes there are either

measurable potential shifts or current repressions.



TABLE 6-7 -

CHEMICAL FORMS OF LEAD IN SEA WATER (NO PURGE)

Soluble Lead

Labile Lead

Non-Labile Lead

Lead: Free
Ions - Pb

Lead:
On:

Adsorbed

Lead:
With:

Complexed

Lead: Adsorbed

On:

Lead:
With:

Complexed

Particulate
Lead

At ambient
concentratigg
of 2.5 x 10
g/1 = 100%
Pb 7. At
higher con-
centrations
from lead
additions
other labile
complexes
cause multiple
peaks.

Non-stable,
uncharged
organic v
colloids cannot
be distinguished
with this method.
Inorganic col-
loids repress
the current peak,
but as there is
no peak repres-
sion at the '
ambient concen-
tration, no lead
is present in
the inorganic
colloid form.

At ambient con-
centrations
there is no
potential shift
from ~0,645v
for Pb . At
higher concen-
trations multiple
peaks show the
presence of
PbC0.,°, PbSO,P
3 2. 4
and Various
complexes with
c1 .

-Lead:

(Same .as Labile
Adsorbed
On: section.,)

The entire current
plot, except the
data point from
the ambient con-
centration is
repressed,
probably from
the stable
Pb(NOS)2 complex.
The percentage
concentration is
difficult to
determine,

There is no
measurable
particulate
matter in
this
solution,

151
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(b) The potential shifts for. the complexes correspond in most
cases, within experimental error, to the values predicted by the rela-
tive potential stripping scale. Also, in most cases, the relative scale
is absolute as the concentrations and activities do not vary significantly
from the estimated values.

(c) The method does not use a purge, highly developed working
electrodes, and other controls which are impractical during extended
field use. A price is paid for this - at times the system exhibits
erratic behavior caused by working electrode impurities, short electrode
life, marred electrode surfaces, occasional inter-metallic oxides on the
electrode surfaces, and spurious dissolved oxygen effects. Despite this
occasional noise, all the laboratory results are reproducible, but the
erratic behavior does seem to raise the lower threshold of detection

from parts per trillion to parts per billion. The section on field

samples from the Gulf of Mexico discusses this threshotd problem:

(d) The measured stripping potentials indicate the complexes but
should not be used to develop activity coefficient data. A discrepancy
of -0.0296 volts means an order of magnitude for an activity value.

(e} In most cases it is not necessary to use the purge for either
KC1, NaCl, or sea water analyses. The purge does affect the species,
either by altering the pH or altering the solubility of certain anions.
" When the purge is used, there is a definite current repression effect
from Pb(NOs)z. Without the purge, the current peaks are linear during

lead additions.



(f) The Pb(NO solution for additions is a dominant non-labile

3)2
complex and hinders the modeling of species with increasing lead con-
centrations. Despite . the repression effect, the additions method is
an accurate, reproducible system for measuring concentrations and
determining non-labile complexes.

(g) Under certain conditions multiple peaks appear for various

complexes. Without multiple peaks it is still possible to identify and

measure major complexes. The potential stripping scale is the key to

153

identifying these species., It is difficult to identify specific complexes

other than the most dominant such as Pbcog, PbSOZ, and PbC1+.

(h) In the examples cited, concentration affects the chemical forms.

Figure 6-9 and 6-10 show which chemical forms exist for various concen-
trations. Most results agree with the literature as mentioned, but a

few do not, either because other methods depend on the purge or because

of the dominance of Pb(NOS)2 . These disagreements with the literature
are also cited. I do not include pH profiles because of the narrow pH
range of the samples, 7.5 to 8.5, and because in cases when pH affects

the complexing, the results are shown.

Field Samples - Quatsino Sound, British Columbia

Anoxic basins, located in a number of places in Bfitish Columbia,
include Saanich Inlet, British Columbia (Gucluer and Gross, 1964;
ﬁerlinveaux, 1962 ; Nissenbaum and others, 1972; Presley and others,
1972; and Brown and others, 1972), Lake Nitinat, British Columbia
(Richards and others, 1965), and various British Columbian mainland

fjords (Tully and Dodimead, 1957). These zones are a function of the
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: FIGURE 6-10
CHEMICAL FORMS VS. CONCENTRATIONS - SEA WATER
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basin bathymetry and for partially anoxic basins are situated at a depth
below the influx of oxygenated water (Glucluer and Gross, 1964). Presley
and others (1972) and Gross (1967) show that the reducing conditions
affect minor trace element concentrations and species in interstitial

and in sea-bottom interface waters. The lead species should include

PbCog and PbSOZ because of the high concentration of CO; and SOZ ions.

The reducing conditions and low redox potential of this partially anoxic
basin also affects the complexing (Richards, 1965, p.623), particularly

in the case of partial sulphate reduction during organic decomposition

according to this equation (Richards, 1965, p.625):

H,PO. + 5350, =

(6-20)  (CH,0)y 45 (NHg) ) HPO, 4

106 CO2 + 535 + 16 NH3 + 106 H20 + H3 PO4

I took my samples at a number of depths and locations in a partially
anoxic basin at the mouth of Rupert Inlet, Quatsino Sound, on the
northern tip of Vancouver Island in British Columbia. Figure 6-11 shows
the location, and Table 6-8 lists the locations with depths. Because
of adverse weather conditions, the inaccessibility of Quatsino Sound,
equipment problems, and a seven knot current, I was unable to collect
water samples from the bottom, but instead from the relatively well
oxygenated waters above the Inlet sill. (I used Winkler titration
methods on dissolved oxygen samples, but because of contamination

problems, the results were inconclusive.)
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FIGURE 6-11
QUATSINO SOUND, BRITISH COLUMBIA
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TABLE 6-8

SAMPLES FRCM RUPART INLET, QUATSINO SOUND, BRITISH COLUMBIA

Sample Number

Location

Depth (meters)
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7 Station #1: about 500 m 2

) in front of the Utah Mine..

8 15

9 25

10 Station #2: Mouth of 25
Rupart Inlet

11 15

12 2

13 Station #3: 100 m 45
east of mine tailings

14 Station #4: 20 m 2
in front of mine tailings

15 2




The trace element samples became contaminatéd though during the
long six month storagé period, and the results of the analyses were
unsatisfactory. Either the trace elements were scavenged by the con-
tainers to a level below the ASV sensitivity threshold, or the ambient
concentration itself is below this threshold. There are a number of
procedures in the'collection process which also can cause contamination.
Hume (1975) describes these pitfalls, and with advice and help from the
personnel from the Lawrence Berkeley Laboratory, which are cited in the
acknowledgments, I did not have these problems with the other samples.

Figure 6-12 shows the analysis of two samples taken 500 meters

offshore from a tailings deposit of the Utah Mines copper processing
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plant. (This is the only industry and about the only sign of civilization

on Quatsino Sound.) Samples (A) and (D) are from a depth of 25 meters,

and samples (B) and (C) are from near surface. Only sample (D) shows

a current ﬁéak'ahd the presence of lead. It is difficult to tell the
concentration or form of lead based on just this one peak. I measured
the current, which was to the order of 1 x 10—5 amps, compared it to
the measured current from calibration éurves, and estimated that for
this one sample lead was present in the low parts per million range.

The stripping potential occurs at -0.630 volts which may mean that
the dominant forms of lead are Pb++ or Pb(OH)g.

Table 6-9 shows the results of the one successful analysis. The
slight potential shift to -0.630 indicates that lead is in the form of

Pb++, with some Pb(OH)g, pbcog, and PbSO This is expected under these

o
4°

somewhat normal dissolved oxygen conditions.
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FIGURE 6-12
ANALYSIS OF SAMPLES FROM QUATSINO SOUND, BRITISH COLUMBIA
Location depth - 70'

10 minute plating -
no peak, no purge

(a)

Location depth -
surface

10 minute plating -
no peak, no purge

(b)

Location  depth -
surface
10 minute plating -

no peak, no purge

(c)

1 x 10"5

" amps
Location depth - 70'
10 minute plating -
no purge

: ambient concentration

(d)

Blank

’01630 volts




TABLE 6-9 - CHEMICAL FORMS OF LEAD IN SEA;WATER - RUPART INLET, QUATSINC SOUND, BRITISH COLUMBIA

Soluble Lead

but as there is
no peak repres-
sion at ambient
concentration,
no lead is
present in the
inorganic
colloid form.

are insufficient
to reach a
definite

conclusion.

Particulate
Lead

Labile Lead Non-Labile Lead
Lead: Free Lead: Adsorbed Lead: Complexed Lead: Adsorbed Lead: Complexed
Ions - Pb On: With: On: With:
At ambient - Non-stable un- The potential (Same as Labile Data insufficient | These
concentrations| charged organic shift to -0.630 Lead: Adsorbed to reach con- samples
of low parts colloids cannot suggests that On: section.) clusions on were not
per million be distinguished complexes such current filtered,
the dominant with this method. as Pb(OH) repression. so data
form of lead Inorganic col- PbCOS, ana are not
appear§ to loids repress available,
be Pb the current peak, PbCO, are

present. Data

S 191
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Field Samples - San Francisco Bay

For the last few years scientists at the Lawrence Berkeley Laboratory
have been studying the seasonal and spatial variations in solute and
particulate concentrations of certain trace elements in San Francisco
Bay (Girvin and others, 1976). I helped collect sea water samples on
one of their cruises with their equipment andvadvice, cited in the
acknowledgments. Appendix D describes the sophisticated trace element
sampling techniques which Girvin and others (1976) have developed for
their studies.

Figure 6-13 shows the various sampling locations in central and
southern San Francisco Bay. On this particular excursion surface samples
were taken at location #27, Coyote Point, and at Foster City. I planned
to use these samples only for additional testing and calibrating of the

ASV system, and did not plan to construct depth or other physical and

chemical trace element profiles. Therefore I collected 2000 ml of sea
water at location #27 only. Appendix D discusses how these samples were
filtered with a 0.4 um filter. 1000 ml were acidified immediately with
National Bureau of Standards twice distilled nitric acid (HNOS) in order
to prevent loss of dissolved trace elements on the walls of the common
polyethelene (CP) storage bottles. I left the other 1000 ml as collected,
exéept for refrigerating, because I did not wish to add chemicals to part
of the sea water. I analyzed the samples within twenty-four hours and
hoped to keep part of the samples as close to ambient conditions as

possible. Within that time span; the untreated CP bottles should have

little if any effect on the lead concentration.



FIGURE 6-13 - SAMPLING LOCATIONS IN SAN FRANCISCO BAY
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Chemical Models of San Francisco Bay Samples

1) San Francisco Bay Water With Purge (A):

A series 6f three analyses were run with the unacidified Bay water
with a purge. The results of each analysis are described separately.
Figure 6-14 shows the raw data from the X-Y recorder, and Figure 6-15
shows the calibration curve from successive lead additions. This analysis
determines that the sample has a concentration of 1.2 - 1.3 x 10'4 g/l
of sea water. Figure 6-16 plots the stripping potentials for the current
peaks, and Figure 6-17 shows the current repression curve.

The current peaks are sharp, well defined, and occur at a constant
potential of -0.610 volts. This potential indicates that either pb*Y
or Pb(OH)g are the predominant labile chemical forms. As mentioned
earlier, this hydroxyl form occurs only with a pH > 10.0, and in this

case the pH is 8.03. Therefore it seems logical that the predominant

chemical form is Pb++, and minor contributions of PbCO?, PbSOZ, and
PbOH' cause the potential to shift slightly from -0.682 volts.

The current curve is repressed from the linear shape for concen-
trations higher than 2.0 x 10’4 g/1l. This repression seems to occur
for all analyses with the purge. Non-1labile Pb(N03)2 probably causes
this deviation from the linear model.

Table 6-9 combines the data from the three analyses and summarizes

the chemical forms of lead.
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(1)

(4)

FIGURE 6-14
ANALYSIS OF SAN FRANCISCO BAY WATER - SAMPLE (A)
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1 sec/min., normal X and Y, 2 sweeps, first sweep recorded -
1 minute rest; V = -,95

Blank - no
plating

20 ml Hg
solution

20 ml Hg
solution
10 min.
plating

() _o.610 v

20 ml Hg
solution
800 x 10~
g/l Pb

10 min. plating

6

(5)

20 ml Hg
solutigg

200 x 10

g/1 Pb

10 min. plating

20 ml Hg §81ution

1400 x 10 ~ g/1 Pb

10 min. plating
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| FIGURE 6-16
MEASURED POTENTIAL OF LEAD DURING STRIPPING - SAN FRANCISCO BAY WATER (WITH PURGE)
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FIGURE 6-17
CURRENT REPRESSION OF NON-LABILE LEAD - SAN FRANCISCO BAY WATER (PURGE)
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TABLE 6-10 - CHEMICAL FORMS OF LEAD IN SEA WATER - SAN FRANCISCO BAY (WITH PURGE)

Soluble Lead Particulate
Lead
Labile Lead Non-Labile Lead
Lead: Free Lead: Adsorbed Lead: Complexed Lead: Adsorbed Lead: Complexed
Ions - Pb On: With: On: With:
At ambient Non-stable un- The potential (Same as Labile At concentrations | The results
concentration | charged organic shift to -0.610 Lead: Adsorbed greater than of the
of i .0-1.2 x colloids cannot indicates that On: section.) ambient the particulate
10 * g/1 the be distinguished labile complexes current peaks analysis
dominant form | with this method. | of PbCO PbOH " are repressed are not
of lead is Inorganic col- showing the available
pb**. Other loids repress PbSO4’ and PbC1 presence of. yet.
species of the current peak, | are present at non-labile
lead are but as there is ambient con- Pb(NOS)Z'

also present.
These spec1es
include PbCO
PbSO4, PbOH
and “pbC1’

At condltlons
above ambient
Pb(N03)2

becomes
dominant.

no peak repres-
sion at ambient
concentration,
no lead is
present in the
inorganic
colloid form.

ditions. At
higher concen-
trations
Pb(NO ) begins
to domlnate

691
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2) San Francisco Bay Water With Purge (B):

Figure 6-18 shows the current peaks for the analysis of sample
(B). Figure 6-19 shows the calibration curve. Note that the analysis
does not detect any ambient lead. This is probably due to erratic
electrode behavior as mentioned in an earlier section. Figure 6-20 and
6-21 plot the stripping potentials and the repressive curve for the

additions. The results are the same as those for sample (A).

3) San Francisco Bay Water With Purge (C):

Figures 6-22 through 6-25 show the current peaks, calibration curve,
potential as a function of concentration, and current repression curve.
This analysis determines a concentration of 1.0 - 1.2 x 10—4 g/l, in
close agreement with analysis (A)}. The peak is difficult to see though,

and this peak may have been masked in analysis (B). The potential curve

is constant for ambient and addition concentrations at -0.610 volts,

(o}

showing that the lead is predominantly Pb*" with some_PbCOZ, PbSO4,

and pbc1t.

4
g/1,

There are two data points at the concentration of 5.0 x 10
but the lower one is most likely spurious as the upper point follows
the trend of earlier experiments with the purge. Once again Pb(NOS)2

. . -4
represses the current as the concentration increases above 5.0 x 10 g/l.

These are the mass balance equations, based on these three analyses:

(6-21) (Ambient concentration of 1.0 - 1.2 x 10—4 g/1)

[Pb] = [Pb' "] + [pbcog] + [PbSOZ] + [PbCL'] + [PHOH']

total



FIGURE 6-18

ANALYSIS OF SAN FRANCISCO BAY WATER - SAMPLE (B)
(Unacidified Bay Water, N, Purge, 150 ml, sweep:
1 sec/in, normal x and y,” 2 sweeps - first sweep

recorded,

(1)

Blank
no plating
20 ml Hg

rest)
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(2) (3)
10 min. plating 10 min. plating
20 ml-Hg— ZOfmlng:B
800 x 10 = g/1 Pb
(4)
10 min. plating
20 ml Hg -6

1500 x 10 ~ g/1 Pb
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CURRENT REPRESSION OF N

FIGURE 6-21

ON-LABILE LEAD - SAN FRANCISCO BAY (PURGE)
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FIGURE 6-22
ANALYSIS OF SAN FRANCISCO BAY WATER - SAMPLE (C)

(Unacidified Bay Water, N2 Purge, 150 ml, sweep:
1 sec/in, normal x and y, 2 sweeps - first sweep
recorded 1 , min. rest)

: -0.610 v
(1) (2) @)y
Blank 10 min. plating 10 min. B%ating
no plating 20 ml Hg sol. 200 x 10 © g/1 Pb
20 ml Hg sol. 20 ml Hg sol.
(4) (6)
10 min. Qéating 10 min. Eéating 10 min. plgting
500 x 10 ° g/1 Pb 500 x 10 ° g/1 Pb 1000 x 107" g/1 Pb

20 ml Hg sol. 20 ml1 Hg sol. 20 ml Hg sol. °



FIGURE 6-23

CALIBRATION CURVE - CONCENTRAHION OF LEAD IN BAY SAMPLE: ANALYSIS (C)
Y axis X axis
(a) .75 £ 15% (.75) = .75 = .11
(b) 1.75 = 15% (1.75) = 1.75 £ .26 200 £ 5% = 200 £ 10
(c) 4.0 £ 15% (4.0) = 4.0 £ .60 500 * 5% = 500 + 25
(d) 9.75 £ 15% (9.75) = 9.75 £ 1.46 500 £ 5% = 500 = 25
(e) 14.25 + 15% (14.25) = 14.25 £ 2,14 1000 + 5% 1000 = 50
Pb Concentration: 1.0 - 1.2 x 1074 g/
b4
@
©
200 400 600 800 1000 1200 1400 1600
Pb Concentration: x 107° g/1

9.1



Potential
(volts)

FIGURE 6-24

MEASURED POTENTIAL OF LEAD DURING STRIPPING - SAN FRANCISCO BAY WATER (PURGE)

SAMPLE (C)

-0.800 4

-0.700 o

-0-600 r 1

-0.500 4

-0.400 «

-0'300 \j ¥ Bl T \J L 1)

200 400 600 800 1000 1200 1400
Total Pb Concentration: (x 1076 g/1)

1600

LLl



FIGURE 6-25
CURRENT REPRESSION OF NON-LABILE LEAD - SAN FRANCISCO BAY WATER (PURGE)
SAMPLE (C)
Relative Current Peak Height
_ a—
-
rd
7
i ¢
200 400 600 300 1000 1200 1400 1600 1800
Total Pb Concentration (x 107 g/1)

8.1
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(6-22) (With additions)

++ 0
[Pb] = [Pb""] + [Pb(NO,),] + [PbCOG] +

total

[PbsOy] + [PbC1*] + [PbOH']

Table 6-10 combines these three analyses and shows that the results
for ambient concentrations are in partial agreement with the models of
Long and Angino (1977, p.1188) for various combinations of sea water and
fresh water. With a comparable pH of 8.03 Long and Angino show dominant
anions of C1~, OH , and Co, for both 100% sea water, and 50% sea water
and 50% fresh water. In both cases Pb = is also a dominant form, but

PbSOZ is present to a lesser degree.

4) San Francisco Bay Water Without Purge (A, B, and C)

_A series of three analyses were run with the unacidified Bay water

without a purge. The results of all three‘anaIYSes are similar and
therefore are described together in this section. Figure 6-26 shows
the current peaks from the X-Y recorder; curve (1) is the blank and
curves (2), (3), and (4) are the analyses for samples (A), (B), and (C).
The successive addition method is ineffective for establishing the
calibration curve, either because of a complete repression of the peaks

by Pb(NO or because of erratic electrode behavior. Complete repression

302
seems to be the cause as this effect happened for all three samples -

a highly unlikely occurrence for erratic electrodes. This total
supression of the peaks occurs when Pb(NOS)2 totally dominates Pb* " and

the labile complexes. The peaks for the three samples are distinct, and

by measuring the current during the stripping reaction, the analyses



TABLE 6-10 - CHEMICAL FORMS OF LEAI

D) IN SEA WATER - SAN FRANCISCO BAY (WITH PURGE)

Particulate
Soluble Lead Lead
Labile Lead Non-Labile Lead
Lead: Free Lead: Adsorbed Lead: Complexed Lead: Adsorbed Lead: Complexed
Ions - Pb On: With: On: With:
At ambient Non-stable, The potential [Same as the At concentrations The results
concentration uncharged shift to -0.610 Labile Lead: greater than of the
of l;Q - 1.2 organic indicates that Adsorbed On: ambient the particulate
x 10 g/l colloids cannot labile Somplexes section. ] current peaks are analysis
the dominant be distinguished of PbCOS, repressed showing are not
form Qf lead with th}s method. PbOH*, PbSO?, and the presence of available
is Pb . Inorganic col- 4 non-labile yet,

Other species
of lead are
also present.
These species
include
PbCO’,

0
PbSO4,

PbOH"\L and
Pbc1*T. At
conditions
above
ambient

Pb(NO,)

becomes
dominant.

loids repress
the current peak,
but as there is
no peak repres-
sion at the
ambient concen-
tration, no lead
is present in
the inorganic
colloid form.

pbCl” are p%esent
at ambient con-

ditions. At

higher concen-
trations PkaO
begins to
dominate.

3)2

Pb(NO,) -

081
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FIGURE 6-26
ANALYSES OF SAN FRANCISCO BAY WATER (WITHOUT PURGE)

(150 ml unacidified San Francisco Bay Water - No purge -
sweep: 1 sec/in, normal X and Y, two sweeps, second recorded)

" Blank - no plating

Sample (A)

20 ml Hg solution
ambient lead
10 min. plating

Y

=<0.460 to -0.400 v - ——

(3) Sample (B)

20 ml Hg solution
ambient lead
10 min. plating

Sample (C)

20 ml Hg solution
ambient lead
10 min. plating
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4

show the lead concentration to be at 1-10 x 10~ g/l1. Although these

figures represent a wide range, they agree in magnitude with the Bay
with purge analyses.

Stripping for all three samples occurs between -0.460 and -0.400,

o
3

equation showing PbCO

indicating that PbCO, is decidedly the dominant species. A mass balance

0
3

and Angino model (1977, p.1188) and the dominant anion relationship

as the dominant species then agrees with the Long

(Goldberg, 1965, p.163). Table 6-11 shows the chemical forms of lead

in the Bay Water without a purge.

Below the Threshold of Detection - Field Samples - Gulf of Mexico

The results of the analyses of samples from the Gulf of Mexico
are simple to present - the lead concentrations are below the threshold

of detection by this ASV method. Lawrence Berkeley Laboratory scientists

took a Department of Energy sponsored Ocean Thermal Energy Conversion
(OTEC) oceanographic cruise in the Gulf of Mexico. In preparation for
these samples, I cleaned 48 conventional polyethelene Nalgene® 500 ml
narrow mouth bottles by the standard plasticware procedures described
in Chapter IV. Scientists, using the only available collection of
bottles, Niskin bottles, took a number of sea water samples for a
variety of oceanographic purposes at two prospective OTEC prototype
platform sites in the Gulf of Mexico. These samples are from various
zones of the water columﬁ, including the surface waters, the base of
the thoroughly mixed zone, and the base of the thermocline. These samples
were filtered, acidified, and refrigerated, and were analyzed within a

month after collection.



TABLE 6-11 - CHEMICAL FORMS OF LEAD IN SEA WATER - SAN FRANCISCO BAY (WITHOUT PURGE)

colloids.

3 Particulate
Soluble Lead Lead
Labile Lead Non-Labile Lead
Lead: E;ee Lead: Adsorbed Lead: Complexed Lead: Adsorbed Lead: Complexed
Ions Pb On: With: On: With:
At ambient Labile uncharged The ambient shift [Same as the Pb (NO )2 com- The results
concentra- organic complexes | to (-0.460) - Labile Lead: plete%y dominates | of the
tions of -4 cannot be dis- (-0.400) Shows Adsorbed On: the successive particulate
1-10 x 10 tinguished with that PbCO, is section.] additions curve. analysis
g/1 some Pb this method. the dominant are not
is present The ambient peak species. available
but the is sharp and yet.
dominant. shows no sign of
form is being repressed
Pbcog. from inorganic

€81



184

Trace element analyses by highly-developed methods using an atomic
adsorption spectrophotometer with a graphite furnace (Girvin and others,
1976, p.10) show the lead concentrations to be in the 1ow parts per
trillion range. This level is well below the detection threshold for
many analytic techniques and mine proved not to be an exception. I
obtained curves similar to blank curves for all samples despite using
a plating time of up to an hour, varying the sweep speed, replacing the
working electrode, varying the length of the purge, and varying the
mercury concentration. This result is not unexpected though, and the
advantages and disadvantages of this ASV technique are listed in detail
earlier in this chapter. For most sea water analyses, particularly in
bottom waters of anoxic basins, lead concentrations will be above this

lower boundary of detection (Gross, 1967 and Presley and others, 1972).
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TABLE A-1
LEAD DATA
Lead AHg® s° AFg®
Species State (kCal) (Cal/Deg) (kCal)
1. Pb C 0 15.51 0
(metal)
2. Pb' aq. 0.39 5.1 -5.81
3. pptt aq. 72.3
4. PbO c, II 52.40 16.2 -45.25
(red)
5. PbO C, I ~52.07 16.6 -45.05
(yellow)
6. HPbO£ aq. -81.0
7. PbO aq. -66.34
8. Pbo4~ aq. -67.42
9. Pb (OH) C -123.0 21.0 -100.6
10. PbO, o -66.12 18.3 -52.34
11. Pb,0, C -175.6 50.5 -147.6
12. PbF, o -158.5 29.0 -148.1
13. PbC1, C 85.85 32.6 -75.04
14. PbS C -22.54 21.8 -22.15
15. PbS,,0, C -150.1 35.4 -134.0
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TABLE A-1
LEAD DATA (Continued)
' Lead | AHF° go AFF°
Species State (kCal) (Cal/Deg) (kCal)
16. PbSO, c, 1I -219.50 | 35.2 -193.89
17. PPo0,.- C _282.5 48.7 -258.9
18. Pb;(PO,), c -620.3 84.45 _581.4
19. PBHPO, C -234.5 31.9 -208.3
20. PbCO, c -167.3 31.3 -149.7
21. gggas C ~220.0 48.5 -195.6
22. gggg; C -273.0 65.0 ~242.0
1 23. ,,,WigafgﬁleW”,w,,c o ~406.0
302
24. PbCro, C -225.2 36.5 -203.6
25, PbMoO,, c -265.8 38.5 ~231.7
26. PbS10, C -258.8 27.0 -239.0
27. Pb,8i0, C -312.7 43.0 -285.7
28. Pb,04 C -98.42
29. PbBr, C 266.21 38.6 -62.24
30. PbI, c _41.85 42.3 -41.53
31. PbH, S 69.5

(From Garrels and Christ,

1965, p.414)
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TABLE A-1
LEAD DATA (Continued)

Explanation of Terms in Tables:

1)

2)

AHF° (kCal) -~ The heat of formation is the heat absorbed in the
reaction involved in the formation of the compound from its elements
in their standard states of any specified temperature (Garrels and

Christ, 1965, p.308).

AFF° (kCal) - The free energy of formation is the free energy of the
reaction to form one mole of the substances in their standard states
from the stable elements under standard conditipns. If AFF° is
negative, then the product is stable relative to the reactants

(Garrels and Christ, 1965, p.7).

3)

S° (Cal/Deg) - When a substance absorbs heat from its surroundings,
in any reversible process, at constant temperature T, its increase
in entropy is given by the amount of heat absorbed divided by the
absolute temperature (dS = (deT) (P constant)

(Garrels and Christ, 1965, p.T313)



189

Appendix B - Activity Coefficient Methods

Debye-Hiickel Method:

A number of authors, including MacInnes (1967, p.147), Newman
(1973, p.83), and Pitzer and Brewer (1961, p.332) explain the Debye-
Huckel relationship for determining activity coefficients in a dilute

solution. This is the Debye-Hiickel method for a single component

relationship:
-R=* T
(B-1) WY, = i
' A \ &~ CL? BT
with: IS = ionic strength = Mo, . m. -e"s (mole/kg)
)
Fle §2 1/2
A = ___.__E.._.__._s (5.) (kg/mole)
B i 5 o W 5 B
B = e (£ (kg/mole) /2
: (E R‘T’l‘z_)“" A°
Yj = activity of the jth ion
a? = experimental value dependent on the effective
- diameter of the central ion in solution (cm)
Zj = charge of the jth ion in solution
mj = molality of the jth ion
€ = permittivity (farads/cm)
e = electronic chérge v (coulombs)

density of the pure solvent

“0
-}
1}
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Debye—Hﬁckél used an electrostatic model, based on a "central
ion" concept, to develop their expression, but this concept 1eéds to
a number of shortcomings thch are mentioned by Newman (1973, p.85).
"The expression of Debye and Hiuckel for the activity coefficients of

ionic solutions is valid only in dilute solution. This restricted range

of validity can be discussed in terms of neglected factors which would

be important even in solutions of non-electrolytes, in terms of the

4

mathematical approximation (author's insert: exp (—Zij = 1- ZjFO),

RT RT
and from the point of view of sound application of the principles of

statistical mechanics.

"The theory of Debye and Huckel gives specific consideration of
only the long-range electrical interactions between ions. Even here,
physical properties, such as the dielectric constant, are given values

appropriate to the pure solvent. At higher concentrations, ion-solvent

interactions and short-range interactions between ions become important.
Solvation and association should not be ignored. These effects give
contributions to the logarithm of the activity coefficient which are
proportional to the solute concentrations even in solutions of non-
electrolytes. Consequently, at concentrations where such terms are
comparable to the square-root term, the Debye-Huckel theory can no
longer adequately describe the thermodynamic properties. Refinement
of the electrical contributions is not very useful unless these non-
coulombic interactions are also accounted for.'" Newman adds though,
"'Disappointly enough, it must be admitted that the rigorous justi-
fication of the D-H theory is the most important progress that has been

made by the recent developments in the field of electrolyte theory.'"
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Debye-Hiickel Parameters for Aqueous Solutions

T, °C 0 25 50 75

o (kg/mole)% 1.1324  1.1762 1.2300 1.2949
B (kg/mole)l/2 A° 0.3248 0.3287 0.3326 0.3368

For binary electrolyte solutions, additional terms are added for
effects neglected in the single component Debye-Huckel expression

{(Newman, 1973, p.89): !

‘2~QK_FQSEE;
\+8 c-°s =,

1'\"

’-2) ¥ _= Rom s Rymdh a9 ™mYe s By

with: 9\ = molality of a single electrolyte (mole/kg)

For many purposes, it is sufficient to drop the terms beyond Azm

and write this term in the form:

| v v
(8-3) A, = Y-
V.h V.
with: »1‘\( = number of cations and anions into which a molecule

of electrolyte dissociates

w
]

coefficient for ion-ion specific interactions

For multi-component electrolytes, Newman (1973, p.92) presents this

equation:

e M e\ _ .| _
-4 v C g, Petmadn]

W ®Y 1#0 i
23R §T ¥ (Ba ST, ) Z, a‘s-n LT TP ™,

{te 376 M) )
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. 3 \ 1] .
with: “T(®) = < (\4 (\ex) =% + Tt (integration factor)

Qo
]

Gibbs free energy (joules)
a = mean diaméter of ions (cm)
K;.) = property expressing secondary reference state (kg/mole)
ug = chemical potential of the pure solvent at the same

temperature and pressure (joules/mole)

The first two terms on the right are the "ideal" contribution to
the free energy, the third term represents the electrical contribution,
and the fourth term is a first approximation of specific interactions
between pairs of ions.

Differentiation of equation (B-4) will give the chemical potential

of the solute species P, = (.E_.G'_ ) with p = pressure:
- X-nn < L WY
N T ity
Ve R
(B-5)

e N
A 2 =V SI'
. =\,o(‘mk'l°k)- 3 P2 E B ™.
R V2%, i, ) ¥o 23 )

and for the chemical potential of the solvent:

o .
(3-6) £ o A M T M v RH, TR ¢ (Ba ST -
_Y Y ° ito 3 3 e (( & 2
M. S . MM
TS 2;*6 —P‘)i 3
with: M_ = molecular weight of species (g/mole)

o
\ .
& (x) = 3/5(’ [x -2 \u (vaen)- X *\1 (integration factor)

The solute activity coefficients, then, are:

(B-7) \d\(k=2“nﬁ‘ 22 P m -

\&B& SI’, 346 k)" y
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Appendix C - Electrode Over-Potential

A number of books and articles including Delahay (1954 and 1965),
Fried.(1973), Mohiliner (1966), and Uhlig (1971) discuss over-potential
in detail. Only facets which apply directly to ASV are mentioned here.
This section is divided into three parts to facilitate the discussion:
(1) inert electrodes; (2) the double layer at the electrode-solution

interface; and (3) faradic and non-faradic current.

1) Inert Electrodes:

An inert electrode is an electrode made of material, such as
graphite or platinum, which is chemically inactive in solution and
does not react with the electrolyte over as wide a potential range
as possible. The ideal working electrode includes properties of the
ideal polarized electrode (in contrast to the reference or ideal non-

polarized electrode). 'The ideal polarized electrode has the unique
capability of being in thermodynamic equilibrium at any potential
whatever (within a certain range) although the temperature, pressure,
and composition of its phases remain fixed,'" Mohiliner (1966, p.250).

As a further distinction between these ﬁwo types of electrodes,
a non-polarized electrode is a charge-transfer electrode because a
conduction current (faradic) flows across the interface. Only dis-
placement current (non-faradic) flows»across the interface of an
ideal polarized electrode. :(This refers to reactions only between
the solution and the electrode itself; i.e., there is not a faradic
current flow because of the non-reactivity of the platinum working

electrode and the solution.) Figure C-1 shows the current and potential



relationship for ideal polarizable and non-polarizable electrodes.

2) Double Layer at Electrode-Solution Interface:

In the simplest concept, when the electrode is in the electrolyte,
an electric double layer forms (Figure C-2). This figure shows a
positive charge on the electrode surface which is balanced by an equi-
valent negative charge boundary of ions or electrons in solution. Thus
an excess of positive charge in the electrode side of the interface
balances a negative charge of identical magnitude in the solution, form-
ing the diffuse part of the double layer. If ions are adsorbed onto
the electrode, a plane through the centers‘of the adsorbed ion layer
defines the inner Helmholtz plane, while a plane through the ions in
solution at the interface form the outer Helmholtz plane. The entire

double layer configuration acts as a capacitor.

If two inert electrodes are placed in an electrolyte solution, and
a poténtial is gradually applied between them, the double layer at each
electrode is charged in a fashion similar to the charging capacitors.
With each step increase of potential, a small current flows for a short
period of time (milli-seconds or less) until there is equilibrium at
the capacitor. This flow of current during the capacitor charging
process is non-faradic because there are no chemical transformations
at the interface. Figure C-3 shows schematic circuit diagrams of the
electrode-solution interface.

The potential is increased gradually and eventually reaches a value
which corresponds to the Eapp. value. A chemical reaction including

either the oxidation or reduction of ions at the electrode surface

194
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occurs. For a cathodic reaction, with the application of a negative
potential the electrode acts as an electron source, attracting positive
ions which are reduced at the electrode surface.

During this reaction a faradic, or charge-transfer, current flows

(MacInnes, 1961, p.24):
(C-1) q = nF

with: q = electricity passed (coulombs)

number of chemical equivalents

=
]

g7}
i

Faraday's constant

3) Faradic and Non-Faradic Current:

The total current is the sum of the non-faradic capacity current

“and the faradic charge-transfer current.For the capacity current: ==

Cc-2 E = C

€-2) app. =V
with: C = capacitance of the double layer (farads)
Taking the time derivative:

(C-3) dqc/dt = CdEapp/dt dC/dt

with: q. = electricity passed - capacitor (coulombs)
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If the area of the electrode is constant:

(C-4 1 = :
(C-4) i CdEapp/dt

. . . 2
with: i = capacitor current (amps/cm”)

The only current flow from the capacitor is current from a
changing potential (plus perhaps a small amount from capacitor leak).

For the charge-transfer current the time derivative of Faraday's

Law is:
(C-5) if = dqf/dt = nFdM/dt
with: Qe = electricity passed - faradic (coulombs)
ig’= faradic current (amps/cmz)

The faradic current then is proportional to either the reduction
or oxidation rate of reaction.

The total current 1s:

+ i = nFdM/dt + CdE___/dt
c app

with: it = total current (amps/cmz)

The first term is proportional to the rate of reaction and the

second term to the rate of change of potential (Fried, 1973, p.14).
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FIGURE C-1

CURRENT VS. POTENTIAL CURVES FOR IDEAL POLARIZABLE AND
NON-POLARIZABLE ELECTRODES

+3 . _ (b)
+2 -
Current
+1 o
0 - (a)
T "';’1'"’1"" 7 T T 777\

Potential

(a)
(b)

polarizable electrode

i)

non-polarizable electrode

(Fried, 1973, p.21)



FIGURE C-2
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SCHEMATIC DIAGRAM OF THE ELECTRICAL DOUBLE LAYER

Electrode
interface
A
Tonized Inner Helmholtz
""""""""""""""" Plane
Layer
S Outer Helmholtz
Plane
Diffuse
Layer
~ ,M/
,../ //
-—- Bulk Solution

Double layer is approximately 10-100 A in thickness (Mohilner, 1966, p.243)
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FIGURE C-3
SCHEMATIC CIRCUIT DIAGRAM OF ELECTRODE - SOLUTION INTERFACE

C1 = double layer capacity
Rc = resistance of cell
Z = 1impedance
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In summary, the double layer behaves like a capacitor in parallel to
the oxidation or reduction clectrode reaction. Current passing from
Athe electrode to the solution, or from solution to electrode, is
either a part of the charge-transfer reaction or contributes to the
capacitor charge.

E, is the equilibrium % cell potential developed by an oxidation

Ny

or a reduction reaction at a working electrode as predicted by the
Nernst equation. The over-potential is the difference between the
actual or polarization potential of the working electrode necessary
for a faradic current to flow because of a charge-transfer reaction

and the equilibrium potential of that electrode, E, .
2
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Appendix D —‘Sampling Techniques in San Francisco Bay

The following is a description of the techniques used to collect
samples during the study by Girvin and others (1976, p.2) of trace

elements in San Francisco Bay.

"All south bay ship channel and central bay reference samples were
taken aboard the U.S. Geological Survey vessel RV Polaris. At all of
these stations, except reference station 19, the ship was anchored
before sampling began.

"The water and suspended particulate samples for trace element
analyses were collected with a specially constructed pumping system.
This system consisted of a high volume, Little Giéné:l peristaltic pump;
a 3/4 hp Dayton, reversible, variable speed, DC motor; a 20 m length of

Dow Corning, 0.95 cm ID, silastic, medical grade tubing connected to 7 m

of 0.95 cm ID polyethylene tubing; and a weighted collection device
("fish") which held the intake end of the silastic tubing.

"The 'fish' was constructed of a 1 m length of 2.3 cm ID, PVC pipe
with four large, polyurethane coated, PVC fins welded to the tail.
The intake tubing Protruded 5 cm beyond the nose of the 'fish'. 1In
operation, the 'fish' was balanced in a horizontal position with a
stainless steel weight and faced into the prevailing current due to the
stabilizing effect of the fins. Tﬁe "fish!' was.suspended at the deep
water sampling depth of 2 m from nylon line whiéh was attached to the
end of a boom extending 8 m out from the side of the ship. A 14 kg,
epoxy and polyurethane coated, weight was attached 2 m below the 'fish'

]
with nylon line. All fittings were stainless steel.
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"The deep water sample collection procedures were as follows:
(1) the tubing was reverse flushed with deionized-distilled water while
the 'fish' was being lowered through the surface of the water to the 2 m
sampling depth; (2) 8 £ of bay water were pumped through the tubing and
discarded; (3) 2-4 & of bay water were pumped into an 8 2 polyethylene
carboy; (4) the carboy was shaken and the water was discarded; (5) 8 &
of sample were pumped into the carboy; (6) incoming bay water was filtered
to collect the suspended particulate sample; and (7) the tubing was
reverse flushed with deionized-distilled water while the 'fish' was
being removed from the water.

"The water samples collected in the 8 £ polyethylene carboy were
filtered through a 142 mm diameter, 0.2 pm pore size, Nucleopore mem-
brane filter. Positive pressure for filtration was supplied by a

Masterflex peristaltic pump. The suspended particulate samples were

.

filtered directly through a 293 mm diameter, 0.4 um (July) or 0-2pum
(September-October) pore size, Nucleopore membrane filter using positive
pressure supplied by the sample collection pump. Both filters were
supported in lucite plastic holders equipped with silicone O-rings.
Silastic tubing (0.48 cm ID and 0.95 cm ID) with polypropylene fittings
was used in the construction of the filtration apparatus. (Note from
Casé: this work was done in‘a positive pressure ''clean'" air box.)

"For each station, 3 £ of filtrate from the 142 mm filter
collected in 1 £ and 2 £, Bel-Art, common polyethylene bottles after
allowing an initial 1.5 £ of filtrate to pass through the filter. The
142 mm and 293 mm filter membranes, with the filtered suspended parti-
culates intact, were composited and stored in a polyethylene freezer

. o
container at 4 C.
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"To preven£ the loss of dissolved trace elements to the walls of
the polyethelene bottles, the water samples were acidified immediately
with twice distilled nitric acid (HNOS) prepared by the National Bureau
of Standards (NBS). The 1 2 samples for the determination of cadmium
(Cd); copper (Cu), lead (Pb), and zinc (Zn) were made to pH 2 with 0.62 ml
of concentrated HNOS. The 2.2 samples for. the détermination of silver
(Ag) were made to pH 1 with 10 ml of concentrated HNOS. (Note from Case:
One half of my samples were not acidified.)

"The two shallow water trace element samples were collected at high
tide in approximately 2.0 - 2.5 m of water from a 16 ft. Boston Whaler
equipped with an outboard motor. During sampling the boat was headed
into the prevailing current at low speed.

"The samples were obtained with a scaled down version of the shipboard

pumping system. This smaller system consisted of a Masterflex peristal-

“tic pump, and a 7 m length of Dow Corning, 0.48 cm ID, silastic, medical
grade tubing. The intake end of the tubing was suspended at the shallow
water sampling depth of 1 m from a nylon line held 3 m out from the
side of the boat with an aluminum pole. A 2 kg plastic coated weight
was attached to the line 1 m below the intake.

"The water sample collection procedures from the small boat were
as follows: (1) the tubing was reverse flushed with deionized-distilled
water while the intake was being lowered through the surface of the water
to the 1 h sampling depth; (2) 4 % of bay water were pumped through the
tubing and discarded; (3) 8 % of sample were pumped into an 8 £ poly-
ethylene carboy; and (4) the tubing was reverse flushed with deionized-

distilled water while the intake was being removed from the water. The
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sample was fhen returned to the ship and immediately processed in the
same manner as the shipboard collected water samples.

""All shipboard and small boat sampling apparatus which came into
contact with water and suspended particulate samples was thoroughly
cleaned in order to eliminate possible trace element contamination.

In the laboratory, the silastic and polyethylene tubing was filled with
1:10 HNO3 for 12 hours and then rinsed with deionized-distilled water
for 30 minutes. After assembly of the shipboard sampling apparatus,

the 'fish' with the tubing in place was partially lowered into a reser- '
voir of 1:10 HNOS, and the acid was pumped through the entire system for
20 minutés. The system was then flushed with deionized-distilled water
for 20 minutes. The 8 £, polyethylene, water sample reservoirs and the
Bel-Art, polycthylene, sample containers were washed with soap and

water, rinsed with deionized-distilled water, filled with 1:10 HNO3 for

48 hours, and rinsed thoroughly with deionized-distilled water. The
lucite filter holders were similarly cleaned, except that the acid

contact time was 24 hours."
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