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ABSTRACT

THE RELATIONSHIP BETWEEN CUPRIC ION ACTIVITY AND
THE TOXICITY OF COPPER TO PHYTOPLANKTON

- WILLIAM SUNDA

Submitted to the Department of Earth and Planetary
Sciences in April, 1975 in partial fulfillment
of the requirements for the degree of Doctor
of Philosophy.

The purpose of this investigation is to quantify the relationship between
cupric ion activity and the toxicity of copper to phytoplankton and further
to study the effect on copper toxicity of naturally occurring organic ligands.

Culture experiments with an estuarine diatom Thalassiosira pseudonana
(clone 3H) in highly chelated seawater media demonstrated that copper induced
growth rate inhibition and 3 to 4 day cellular uptake of copper are both related
to the calculated free cupric ion activity and are independent of the total
copper concentration. Cupric ion activity and total copper concentration were
independently altered through various combinations of chelator (trishydroxymethyl-
amino methane) concentration, total copper concentration, and pH.

b Cellular copper content, in moles per cell, followed a hyperbolic relation-
ship

=16
4.8 x 10 ac,

Cu/cell

-9.2
acy, + 10

where agy is the free cupric ion activity. The above relationship suggests a
reversible binding of copper to a sin?1e set of cellular ligand sites having
a total binding capacity of 4.8 x 10=16 moles per cell and an association con-
stant for reaction with copper of 107+¢. For T. pseudonana (clone 3H) copper
was Bngibitory at pCu values below 10.7 (i.e. cupric ion activities above
10-10. ) with total growth inhibition occurring at pCu values below 8.3.

The relationship between growth rate inhibition and cupric jon activity was
not a simple hyperbolic relationship as was observed in the case of copper
uptake. For an estuarine green alga Nannochloris atomus (clone GSB Nanno)
and an open ocean strain of T. pseudonana (clone 13-T) partial growth -rate
inhibition occurred in the pCu ranges 10.3 to 8.4 and approximately 10 to 8,
respectively. . .




Comparison of these growth inhibitory pCu levels with a calculated estimate
of the pCu of seawater of pH 8.2 containing a typical total copper concentration
of 0.012 uM and having no significant copper chelation, indicates that natural
cupric ion activity levels in seawater may be inhibitory to these three clones.

-Evidence was found for the complexation of copper by extracellular
products of the alga T. pseudonana (clone 3H). Cupric ion selective electrode
measurements of copper complexation in unused low salinity culture media and
in identical media in which algae had been grown and from which they were sub-
sequently filtered showed a higher degree of copper complexation in the used
media. Parallel studies of copper toxicity and cellular copper uptake in an
unused medium and in a culture filtrate demonstrated a lower copper toxicity
and a decreased cellular copper uptake in the used medium.

Cupric ion-selective electrode measurements and bioassay experiments
support the hypothesis that copper is complexed by organic ligands in at
Teast some natural waters. Copper added to filtered untreated river water is
more highly complexed than that added to river water that has been uv irradiated
to remove some portion of the dissolved organic matter. Copper toxicity to
N. atomus is significantly increased in seawater from Vineyard Scund and in
salt marsh water subjected to prior ultraviolet irradiation.

Thesis Supervisor: Robert R. L. Guillard

Senjor Scientist, Department of
Biology, Woods Hole Oceanographic
Institution, Woods Hole, Massachusetts



ACKNOWLEDGMENTS

I express my deepest appreciation to Robert Guillard, without whose

advice, encouragement and guidanﬁe, this thesis would not have been possible.
-1 also thank Fred Sayles, Francois Morel; and John Farrington for

critical advice on both experimental work and writing of this manuscript.

Many of the fundamental concepté dealt with in this thesis were
influenced by a course I received in aquatic chemistry, taught by Werner
Stumm. Discussions with Frank Manheim, Vaughan Bowen, and Paul Mangelsdorf
were also helpful.

Assistance in computer programming by John Dunlap is appreciated.

This research was supported in part by Grant Number GB-33288 of the
Biological Oceanography Section of the National Science Foundation, and in
part by a Woods Hole Oceanograhic Institution Fellowship. The financial

support of my parents is gratefully appreciated;



TABLE OF CONTENTS

I. . Introduction

II.

III.

A. General

1. Biological and chemical evidence for trace metal chelation in

2.

B. Background literature

natural waters

Role of chelators in promoting algal growth in nature and in culture

C. Experimental objectives

Materials and methods (excluding determination of pCu)

A. Introduction

. Algae

. Measurement of cell concentrations and specific growth rates

. Measurement of cell copper and potassium contents for T. pseudonana
* (clone 3H)

F. Photooxidation of dissolved organic matter using high intensity ultra-

B
C. Culture conditions
D
E

violet irradiation

Determination of pCu

A. Introduction

B. Measurement of pCu with a cupric ion selective electrode

Brief electrode deécription
Measurement of pCu

Reference electrode 1iquid junctijon potentials in pCu and pH
measurements

Potentiometric titrations and pCu-pH measurements

Page

13
13
13

17

19

21
21
22
27
28

32
32
32
36

37

41



Page

5. Reproducibility and Nernstian behavior 43

C. Calculation of pCu in seawater culture media . 47
1. Introduction : 47

2. General equations 48

3. Inorganic complexation of copper in seawater 50

a. Stability constants 51

b. Activity coefficients 51

c. Activities of inorganic complexing ligands 53

d. Calculation results . 54

e. A potentiometric test of calculated inorganic speciation 55

4, Determination of pCu in artificial seawater culture media of Davey 59

5. Calculation of pCu in seawater-tris-CuSQ, culture media 59

a. Determination of a pH dependent apparent stability constant 59
for copper-tris complexgtion '

b. Determination of pCu 67

I1V. The relationship between pCu and cell copper content and between pCu and
copper induced growth inhibition

A. Copper induced growth rate inhibition of T. pseudonana (clone 3H)4 78
in seawater-tris-CuSO4 culture media
B. Relationship between growth rate inhibition and cell copper content 84

for clone 3H
C. Relationship between pCu and cell copper content for clone 3H 86
D. Copper growth inhibition of N. atomus in tris-seawater media at pH 8.1 89

E. Copper growth inhibition of T. pseudonana (clone 13-1) in artificial 92
seawater




VI..

VII.
VIII.

Page
95
95
97

101

104

105
M

112

F. Discussion
1. Cell copper content
2. Comparison of copper uptake-pCu and inhibition-pCu relationships
3. Copper inhibition of algae in natural seawater

Effect of EDTA and of extracellular Iiganas in short term culture experiments-

A. Effect of EDTA on cell copper uptake and toxicity for T. pseudonana
(clone 3H)

B. Algal induced changes in culture medium pCu

C. Additional evidence for the production of extracellular complexing
ligands by clone 3H

D. Discussion - extracellular chelators

Studies with natural water samples

A.
B.

Introduction

Complexation of copper in a highly colored river water
1. Copper potentiometric titrations

2. pCu-pH measurements

The toxicity of copper in uv irradiated and raw filtered coastal
seawater and marsh water

1. Experimental
2. Results of copper toxicity assays

3. Copper potentiometric titrations of raw filtered and ultraviolet
irradiated marsh pond water

Conclusions and prospectus

Summary

Bibliography . -

116
116
117
118

124

124
125
126
132
135
138



Appendix (1)
" Appendix (2)
Appendix (3)

Appendix (4)

Cupric ion-selective electrode measurements in seawater:

effect of chloride ion

Determination of stabi];ty constants for the complex
species CuC03, Cu(C03),%", and CuOHt at 25°C

Calculations of copper-tris complexation for the solution
50 uM CuSQy - (1-30§ mM tris - 0.4 M KNO3 at 21°C

Calculation of [CuEDTAZ']

Page
144

152

160

163



Table (2-1)
Table (2-2)
Table (2-3)

~ Table (3-1)
Table (3-2)
Table (3-<3)
Table (3-4)
Table (3-5)
Table (3-6)

Table (3-7)

Table (3-8)

Table (3-9)

Table (A2-1)

Table (A2-2)

LIST OF TABLES

Composition of enriched seawater medium M-f/2
Composition of artificial fresh water medium SWC

Composition of DSW medium (artificial enriched 1/10th
strength seawater)

Method of pCu determination in various experimental media

Liquid junction potentials, calculated from the Henderson
equation, between test solutions and reference electrode
internal filling solutions

Association constants for inorganic complexes and ion
pairs of copper in seawater

Mean salt activity coefficients for some electrolytes
at 25°C

Calculated activity of carbonate ion in seawater as a
function of pH

Calculated inorganic speciation of copper in seawater
as a function of pH

Comparison of measured and calculated pCu as a function
of pH and tris concentration in media containing 0.5 mM
KNO3, tris, and CusS0,

pCu as a function of pH in solutions containing tris,
CuSO4, and high concentrations of NaNOB, Mg(NO3)2, and

, 0
Ca(N03)2 at 20°C

Calculated pCu for culture experiments in seawater-tris-
1.0 uM EDTA—CuSO4 media

Equilibria at 25°C and pH 5.8 to 8.4 for experimental
test solutions: 3.0mM NaHCO., plus 4.0 uM CuSO4; 1.0 mM

MaHCO, plus 2.0 uM CuSO,; O.g mM NaHCO, plus 1.5 uM
3 4 73
CuSO4; 0.5 mM NaHCO3 plus 4.0 uM Cu504; and 20 mM KNO3

plus 4.0 uM CuSQ,

Comparison of association constants from this work with

values reported in Sillen and Mirte] (1964) for the copper

complex species CuC0j, Cu(C05),“", and CuOH*

-9-

~Page

24

25
26

33
40

60

61

62

63

71

72

74

157

159



Figure (3-1)

Figure (3-2)

Figure (3-3)

Figure (3-4)

Figure (3-5)

Figure (3-6)
Figure (3-7)
Figure (4-1)
Figure (4-2)

Figure (4-3)

Figure (4-4)

LIST OF FIGURES 4
] Page
Experimental apparatus for cupric jon-selective electrode 42
potentiometric titrations and for pCu-pH measurements

Relationship between measured pCu and total copper con- 45
centration in solutions containing 0.5 M KNO3 and various
concentrations of CuSO4

Comparisoﬁ of measured and calculated pCu-pH values in . 46
solutions containing 0.05 M KC1, 1 mM NaHC03, and CuSO4
at 250C and variable PCoz

Measured copper complexation as a function of pH in 64
solutions containing 0.5 M or 0.65 m KNO,, 4 uM CuSO4,

and variable concentrations of NaHC03 in“equilibrium
with atmospheric CO2

Relationship between pCu and "free" tris concentration 68
in a solution containing 0.5 M KNO, and G.05 mM CuSO
at 219 3 4

Measured relationship between pCu and pH in solutions 69
containing 0.5 M KNO3 and specified concentrations of
tris and CuSO4 :

Measured pCu-pH relationships in CuSO,-tris solutions .10
at 20°C: effect of sodium, magnesium, and calcium ions

Growth rate of T. pseudonana (clone 3H) plotted as a 80
function of the negative 1og of the total copper con-

centration in M-f/2 seawater media containing 0-10 mM

tris at pH 7.7 to 8.7

Growth rate of T. pseudonana plotted as a function of 81
calculated pCu in M-f/2 seawater culture media containing
1-10 mM tris for the pH range 7.7 to 8.7

Copper induced growth inhibition of T. pseudonana (clone 3H) 82
in M-f/2 seawater media containing 10 mM tris at pH 8.1-8.2

Effect of tris concentration on cell growth for M-f/2 seawater &3
cultures of clone 3H at pH 8.1

-10-



Figure
Figure
Figure
Figure

Figure

Figure
Figure

Fighre

Figure
Figure

Figure

Figure

(4-5)

(4-6)

(4-7)

(4-8)

(4-9)

(4-10)

(4-11)

(4-12)

(5-1)
(5-2)

(5-3)
(5-4)

Page

The relationship between growth rate of T. pseudonana (clone 3H) 85
and the negative log of the cell copper content (in moles/cell)
in media containing 0-5 mM tris at pH 8.1 to 8.3

Cell copper content of clone 3H as a function of the negative 87
log of the total copper concentration for cultures containing
1, 2, 3, and 5 mM tris at pH 8.1-8.2

Cell copper content of T. pseudonana (clone 3H) plotted 88
as a function of calculated pCu in M-f/2 seawater culture

media containing 1-5 mM tris and 3-80 uM CuSO4 at pH

8.1-8.2

Effect of copper on the growth of N. atomus in M-f/2 seawater- 90
tris culture media at pH 8.1

Growth rate of N. atomus as a function of calculated pCu ]|
in M-f/2 seawater media containing 10 mM tris at pH 8.1

Effect of copper on the growth of T. pseudonana (clone 13-1) 93
in 30 “/oo salinity artificial seawater culture media at
pH 8.2

Normalized growth rate of T. pseudonana (clone 13-1) as a 94
function of calculated pCu in 30 Y/oo salinity artificial
seawater at pH 8.2

a
Normalized cell copper content Cu . 100
ag, + 1077

for T. pseudonana (clone 3H) and normalized growth rate
inhibition (1 - n/n___) for T. pseudonana (clones 3H

max

and 13-1) and for N. atomus as functions of pCu

Effect of EDTA on the uptake of copper by T. pseudonana 107
(clone 3H) in DSW media _

Effect of EDTA on copper induced loss of cell potassium 108
for T. pseudonana (clone 3H) in DSW media

Photosynthetically induced changes in culture pH 109
Changes in pCu, pH, and -log Cu, with time for a culture 110

of T. pseudonana (clone 3H) in Bsw medium containing 1 uM
CuSO
4




Page

Figure (5-5) Uptake of copper and loss of cell potassium for T. pseudonana 114
(clone 3H) in new and used SWC culture media containing 0.3
1M CuSO4

Figure (5-6) Growth of T;_pseudonana (clone 3H) in new and used SWC culture 115
media containing 0.3 puM CuSO4

Figure (6-1) Light absorbance for raw filtered and ultraviolet irradiated 120
river water :

Figure (6-2) Copper potenticmetric titrations of raw filtered and ultra- 121
violet irradiated river water samples at 26°C

Figure (6-3) Measured relationships between pCu and pH in raw filtered - 122
and uv irradiated river water samples containing various
specified concentrations of CuSO4

. Figure (6-4) Log CuT/aCu plotted as functions of pH for raw filtered 123

and uv irradiated river water samples containing various
specified concentrations of CuSO

4

Figure (6-5) Effect of added copper or added ECTA on the growth of N. atomus 128
in raw and uv irradiated Vineyard Sound seawater

Figure (6-6) Effect of added copper on the growth of N. atomus in raw 129

' and uv irradiated marsh pond water

Figure (6-7) Effect of added copper on the growth of N. atomus in raw 130
marsh pond water

Figure (6-8) CopBer potentiometric titrations of raw_and uv irradiated 131
20 "/oo salinity marsh pond water at 25°C and pH 8.10

Figure (A1-1) Cupric ion-selective electrode potentiometric titrations 146
in distilled water,.0.1 M NaCl, 0.5 M NaCl, 1.25 M NaCl,
and 0.5 M NaCl plus 2 mM NaHCO5 (pH 8.17) at 25°¢

Figure (A1-2) Effect of NaCl and NaNO., concentration on the potential 147
of the cupric ion-selective electrode in solutions containing

10 uM CusO, at 25°¢

Figure (A1-3) Copper potentiometric titrations of Sargasso Sea surfTace 151
seawater with and without the addition of NTA or tris
at pH 8.23 and 259¢C

Figure (A2-1) Measured relationships between nCu and pH for solutions 158
having the following compositions: 20 mM KNO, plus 4 yM
CusO,, 0.5 mM NaHCO, plus 4 wit CuS0,, 0.5 mM RaH(By

- plus 1.5 uM CuS0y, 1 mM NaHCO3 plus 2 M CuSO4 and 3 mN
NaHCO3 plus 4 uM CuSQ, :

-12-



I. INTRODUCTION

I-A. General

In recent years, much interest has been focused on the effect of
trace metals and trace metal chelation on the productivity of phytoplankton
in natural waters. Interest in this problew has been heightened by in-
creasing pollution of many‘rivers, estuaries, and coastal waters by toxic
trace metals (Hg, Cu, Cd, Pb, Zn, and others) and by man-made chelators
such as NTA (nitrilotriacetic acid). Chelation is thought to affect the
availability of trace metals to algae by altering both free metal ion
activities and concentrations of soluble metal species.

This thesis investigates the relationship between the aqueous com-
plexation chemistry of one toxic trace metal, cdpper, and the toxicity
of copper to algae. An attempt is made to define copper toxicity quanti-
tatively in terms of free cupric ion activities. Although copper is
es§entia1 to all living cells, it can Se toxic to at least some species
of planktonic algae at extremely low concentrations (e.g. 1 ppb, Davey
et al., 1973) and thus the toxicity of copper to algae is of apparent
ecological significance (Steeman Nielsen and Wium-Anderson, 1970).

I-B. Background Literature

I-B-1. Biological and Chemical Evidence for Trace Metal Chelation in

Natural Waters

Several phytoplankton productivity studies have suggested trace metal

chelation as an important factor influencing phytoplankton growth in the



ocean. The addition of certain chelators, notably EDTA (ethylenediaminetetra-
acetic acid), generally increased the ability of most seawater’gamples to
support phytoplankton growth (Johnston, 1963, 1964). Johnston went so far as
to say, "the supply of chelating substances is frequently the most critical
aspect of phytoplankton nutrition in seawater”.

In the upwelling system associated with tﬁé Cromwell current in the
Equatorial Pacific, newly upwelled seawater was found to be a relatively poor
medium for supporting phytoplankton growth; however, its productivity im-
proved as it advected north and south along the surface, in spite of decreas-
ing concentrations of the basic nutrients - n{frafe; phosphate, and silicate
(Barber and Ryther, 1969). Artificial enrichment of upwelled seawater with

- phosphate, nitrate, silicate, trace metals, and vitamins, either singly or

in combination had little effect on algal growth. In contrast, the addition

of an artificial chelator (EDTA) or an aqueous ext}act of homogenized zoo-
p]ahkton was markedly stimulatory, suggesting that a lack of chelators was a
major factor limiting algal growth in the newly upwelled seawater. Barber

and Ryther attributed the observed increase in the productivity of the upwelled
seawater as it advected along the surface to an in situ production of natural
chelators by algae and/or other organisms.

Still other studies implicate natural organic chelators as a factor in-
fluencing marine phytoplankton growth. Barber et al. (1971) encountered
two basic types of surface seawater associated with the Peru coastal upwelling

system. Growth of phytoplankton in seawater of the first type was not

-14-



stimﬁ]ated by the addition of EDTA, was affected by inoculum size, and was
significantly decreased by treatment of the seawater with activated charcoal.
It was suggested that surface seawater of this first type contained sufficient
natural organic chelators and thus phytoplankton growth was unaffected by

the addition of the artificial chelator EDTA. Charcoal treatment removed

some of the dissolved organic matter from tﬁis.water and thus presumably de-
creased the amount of nutritionally important chelators. Growth of phyto-
plankton in surface seawater of the second type was stimulated by the addition
of EDTA and was not significantly retarded by charcoal treatment. Surface
seawater of type two apparently contained few chelating substances and there-
fore required the addition of an artificial chelator to obtain good algal

- growth.

Barber (1573) examined the effect of added chelator (EDTA) and of
inoculum size on algal growth in ultraviolet irra&iated and non-irradiated
surface and deep (800 m) seawater. Algal growth in deep seawater was highly
dependent on inoculum size, high density inocula having shorter lag periods
and an increased growth rate. The addition of EDTA to low density inoculum
cultures increased growth rate and decreased the lag period to about the
values of the high density inoculum cultures. As in the other studies, this
suggested an in situ production of an extracellular growth factor whose
effect was similar to that of EDTA. Treating surface seawater with UV

irradiation (known to destroy a significant portion of the dissolved organic

-15-



matter (Armstrong, 1966)); had é deleterious effect on algal growth, that
could be completely reversed by the addition of EDTA. This was consistent
‘with the hypothesized destruction of nutritionally beneficial organic
chelators in the surface seawater by ultraviolet irradiation.

The above studies provide only circumstantial evidence for the chela-
tion of trace metals by natural organic ligands. Furthermore, these studies
provide no information concerning the extent to which specific trace metals
are chelated.

To date, little chemical data are available that directly and un-
~equivocally demonstrate the extent to which trace metals are chelated in
natural waters. Anodic stripping voltametry, which measures free and weakly
complexed metals, has been used recently to investigate natural trace metal
speciation (Matson, 1968; Fitzgerald, 1970; Barsdate and Matson, 1966).
Acidification or ultraviolet irradiation of seawater samples significantly
increased the quantities of copper, lead, and cadmium measured in seawater
by anodic stripping voltametry (Fitzgeraid, 1970). Bar§date and Matson
(1966) found no detectable lead, zinc, or copper in untreated water from an
arctic lake containing a high concentratién of organic matter, but after
persulfate oxidation of the water, substantial quantities of these metals
were measured. These results were interpreted as direct evidence for trace
metal chelation. However, Hume and Carter (1972) and Stumm and Brauner

"(1973) have warned of major difficulties inherent in anodic stripping analysis

-16=~



in natural waters. The adsorpt{on of organic matter onto electrode surfaces
may slow or completely inhibit metal plating or stripping steps. Changes
4n position and height of stripping peaks otherwise attributed to metal
chelation may in fact be caused by adsorption of organic matter, thus making
anodic stripping data extremely difficult to'interpret.

Other chemical investigations provide evidence that copper may be
organically complexed in seawater. ‘Up to 50% of the copper in seawater can
be extracted by chloroform, suggesting the presence of chloroform soluble
complexes (Slowey, Jeffery and Hood, 1967). Chemical oxidation or photo-

~oxidation of organic matter in seawater generai1y"inéreases the amount of
copper measured by chelate extraction techniques (Corcoran and Alexander,
1964; Stowey and Hood, 19663 Williams, 1969a). Using ultraviolet irradiation
to oxidize organic matter, Williams (1969a) estimated that up to 25% of
the copper in the samples studied was organically bound. Such measurements,
at best give only a lower estimate for organic complexation. For example,
Williams' analyses could not detect any éhelation of copper by 2 uM EDTA
added to seawater even thcugh copper was highly complexéd.

A means of measuring trace metal compiexatioh in natural waters directly

and unambiguously is clearly needed.

I-B-2. Role of Chelators in Promoting Algal Growth in Nature and in Culture

Johnston (1964) claimed that the beneficial effect of added chelators

was due to an increase of the availability of certain essential trace metal

-17-



nutrients - iron and possibly mangane;e - whose meta] oxides or hydroxides
are only sparingly soluble in seawater. This claim is supported by pure
culture experiments with Chlorella in which iron chelated to EDTA is signi-
ficantly more available to the cells than non-chelated iron (Walker, 1954).
Further, it has been known for some time that chelating agents, such as

EDTA, increase iron supply to higher p]anté (Wallace et al., 1957). Bac-
teria, yeasts, and other fungi are known to excrete large quantities of iron-
specific chelating substances, hydroxamic acids, in response to iron limiting
conditions (Neilands, 1957, 1967).

Other studies have indicated that the chelation of most metals generally
renders them less "available" to algal cells, presumably by lowering the .
concentrations of free metal ions. For examp]e; manganese, calcium, and
zinc deficiencies can be induced by the addition of EDTA to growth media
(Hutner et al., 1950; Walker, 1953 and 1954; Spencer, 1957).

Recently, Manahan and Smith (1973).have presented quantitative evidence
that the copper growth requirements of two fresh water algal species

(Chlorella vulgaris and Qocystis marssonii) are dependent on free copper ion

activity. In their experiments, the yields of copper deficient cultures in
chemically defined EDTAQmetal buffered media were increased in a similar
fashion either by the addition of higher concentrations of copper or by
lower concentrations of EDTA. Algal growth inhibition induced by high con-
centrations of EDTA could be reversed by the addition of copper, indicating

that the inhibitory effect of EDTA was due to a copper deficiency. Calcula-



tions from stability constants for metal-EDTA complexes showed that copper

IGM.

deficiency occurred at free metal ion activities below about 10~
Metal toxicity as well as nutritional supply is affected by the pre-

sence of chelators. Copper, which is toxic to Phaeodactylum tricornutum

at concentrations in excess of 2 uM in the absence of chelators, is not
toxic to this alga, when complexed to EDTA, at concentrations as high as

5 mM (Spencer, 1957). Copper growth inhibition of Thalassiosira pseudonana

is reversed by NTA (nitrilotriacetic acid), a compound that strongly
chelates copper (Erickson et al., 1970). In artificial seawater media con-
taining the chelators EDTA or histidine, copper growth inhibiton curves for

Thalassiosira pseudonana were found to resemble potentiometric copper titra-

tion curves, that is, a sharp inflection in the copper growth inhibition
curves was observed at the point where the copper concentration exceeded
that of the chelator (i.e. at the equivalence point).

The possibility thus exists that dne stimulatory effect of EDTA in
marine productivity studies results from a removal of trace metal inhibition
(S?eeman Nielsen and Wium-Anderson, 1970). This hypothesis assumes that
one or more trace metals in seawater are inhibitory to phytoplankton and that
the presence of chelators such as EDTA eliminates this inhibition by re-
ducing the free jon activities of these toxic metals.

I-C. Experimental Objectives

The aforementioned experimental evidence suggests that metal toxicity

is determined by free metal ion activity, and that chelators, whether natual
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or artificial, affect toxicity by altering metal activities. However, at
present, an actual functional relationship between metal toxicity to algae
and free metal activity h;s not been demonstrated.

A major aim of this thesis is to test the hypothesis that copper tox-
icity to algae and copper uptake by algae are bgth functionally related to
free cupric ion activity. This hypothesis is tested in highly chelated
seawater cultures in which the free cupric ion activity is systematically
varied though different combinations of total copper concentration, chelator
(trishydroxymethylamino methane) concentration, and pH. Copper was chosen
because of its extreme toxicity to algae (Stee&an‘Niélsen and Wium-Anderson,
1970 and 1971; Erickson, 1972; and Davey et al., 1973) and thus its potential
environmental significance. Tris was chosen because it is relatively non-
toxic to algae (McLachlan, 1973) and simu]taneous]y buffers both pCu and
pH. '

Barber and Ryther (1969) and Barber (1973) postulated the im situ pro-

duction of extracellular trace metal chelators by algae. In the present
study, culture experiments are performed to quantitatively measure, with a
cupric ion-selective electrode, the extent to which copper is complexed
by extracellular products of algae.

- Finally, we wish to investigate the feasibility of using a cupric
jon-selective electrode to measure complexation of copper in natural water

samples.

-20-



II. MATERIALS ARND METHODS

II-A. Introduction

The materials and methods section describes the experimental algae;
culture conditions; the composition of experimental culture media; the
determination of cell concentrations, growth rate, and cellular copper and
potassium contents; and the ultraviolet irradiation technique used for the
partial destruction of dissolved oréanic matter in natural water samples.
The inhibition of algal growth rates and/or copper induced loss of cellular
potassium were used as indice; for copper toxicity to ajgae in culture
_ experiments. © Ultraviolet irradiation of natural water samples was used in
an investigation of copper complexation by naturally cccurring organic ligands.

The determination of pCu in culture media and in natural water samples
is discussed in Section 3.

II-B. Algae

Two species of estuarine algae were obtained from the culture collec-

tion of R.R.L. Guillard, Woods Hole Oceanographic Institution, for use in

this study: Thalassiosira pseudonana (Hustedt) Hasle and Heimdal (clone 3H),

a diatom formerly called Cyclotella nana Hustedt, Hasle and Heimdal, 1970);

and Nannochloris atomus Butcher (clone GSB Nanno), a green alga. A major
reason for the choice of these two species is the widely varying chemical
conditions under which they may be cultured. For example, both species

may be cultured in media ranging in salinity from fresh water (less than

21~



1 %00) to full strength seawater (35 /00) (Guillard and Ryther, 1962).

Thalassiosira pseudonana has been grown at pH values ranging from 5.9 to

above 9.0 (Degens et al., 1968).

Nannochloris atomus is roughly spherical in shape with a cell diameter

of 1 to 2 yum. Thalassiosira pseudonana has.a cylindrical shape and is
somewhat larger with a diameter of approximately 4 um and a length of 4
to 8 um.

Thalassiosira pseudonana was isolated by R. Guillard on September 8,

1958 from the Forge River, Mogichs Bay, which is adjacent to Great South
Bay, Long Isfand, New York. Nannochloris atomus was isolated by John Ryther

in 1952 from Great South Bay. Both species have bloomed periodically in
Great South Bay (Ryther, 1954; Guillard and Ryther, 1962) and are of eco-
Togical importance‘in that estuary.

II-C. Culture Conditions

Experiments were carried out in bétch cultures contained in 125-2000
ml borosilicate Erlynmeyer flasks pre-soaked with concentrated nitric acid
to remove trace metal contaminants (Price and Quigley, 1966). ~Culture
flasks were usually covered with borosilicate glass beakers allowing an air
space for gas exchange.

For culture experiments in 0-5 mM tris-CuSQ,-seawater media (Section IV)
and for most inoculation cultures for short term metal uptake and toxicity

experiments, the cultures were aerated using nitric acid washed scintered
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giags frits to control culture medium pH. Sterile air was first passed
through an activated charcoal column to remove organic contaminants and
then prebubbled through distilled water to minimize evaporation loss from
thé culture flasks. Aerafed culture flasks were fitted with silicone
stoppers. .

Unless otherwise specified, experimental cﬁ]tures were grown asepti-
cally. Media were sterilized either by autoclaving for 15 minutes at 15
psi, or alternatively, where mentioned, by suction filtration through 0.2
um membrane filters. High pH values encountered during autoclaving often
caused the formation of alkaline precipitates: These were redissolved by
aseptic bubbling with 5% CO2 (to a pH of about 6.0) followed by aseptic

-aeration to re-equilibrate media with the atmosphere.

The algae were cultured at 20 # 1°C in a temperature controlled cul-
ture room, with illumination provided on a 14/10 hsur light-dark cycle by
fluorescent lights (Sylvania Co., cool white). Light intensity from above
was 4300 lux, from below 880 lux, and from the side 2000 Tux as measured
by a General Electric type 213 cosine corrected light meter.

Basic media used for culture experiments and stock culture maintenance
are given in Tables (2-1 through 2-3). Experimental media were often
modified, by the specified deletion of one or more components or by the
addition of specified concentrations of the chelator trishydroxymethyl

amino methane (tris). High purity, recrystallized, primary standard grade
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Table (2-1) Cbmposition of enriched seawater medium M-f/2*

Major nutrients

NaNo, 883 uM
NaH,P0,-H0 36.3uM
 Na,Si03-9H,0 . 100uM

Trace metals

FeCl3-6H20 1.0 uM
CuS04.5H,0 0.04 uM
ZnSQ4-7H,0 ' '0.08 uM
CoClp-6H20 0.05 uM
MnC]2-4H20 . 0.9 uM
N32H004‘2H20 » 0.03 uM
- Vitamins
Thiamin-HC1 ' 0.1 mg/1
Biotin 0.5 ug/1
Chelator: Na2EDTA 1.0 uM

* Modified half strength medium f (Guillard and Rvther, 1962). Experimental
media prepared from surface Sargasso seawater stored in 5 gallon borosilicate
carboys. Trishydroxymethvlamino methane was often added at specified con-

centrations (0.5-10 mM) as a pH and pCu buffer,
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Table (2-2) Composition of artificial freshwater medium SWC*

Salts ' Concentration in (mM)
CaCl,+ 2H,0 0.10

MgS0, - 7H,0 : © 0,10

NaHCO3 1.0

KZHP04 0.050

NaNO3 1.0
Na,S1039H,0 . ..0,10

-Trace metals., vitamins, and EDTA concentrations are the same as in

medium M-f/2 (Table 2-1).

*Modification of medium WC (Guillard and Lorenzen, 1972).
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Table (2-3) Composition of DSW medi um (artificial enriched 1/10th strength

seawater)

Salts ~ ‘Concentration (mM)
NaCl ) 48

MgS04- 7H,0 ' 2.8
MgC1,-6H,0 2.6
CaCl,-2H,0 . 1.0

KC1 0.90

NaHCO3 1.0

NaNo; 0.88

K,HPO, ~0.050

Media used to maintain algae and to grow experimental inoculum cultures
also contained concentrations of trace metals, vitamins, and NaZEDTA
listed in Table (2-1). Experimental base medium contained 10 uM MnSO,

in addition to the above salts.
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tris was obtained from the Sigma Chemical Company. Al1 other chemicals were
standard reagent grade.

Seawater media (Table 2-1) were prepared using Sargasso Sea surface
seawater collected in a plastic bucket and stored in acid cleaned five
gallon borosilicate glass carboys. Artificial culture media and stock
chemical solutions were made with water doubﬁy or triply distilled from
alkaline permanganate to minimize possible organic contamination.

For metal toxicity and algal metal uptake experiments employing low
total metal concentrations (0.03 to 30 uM), metals were added aseptically
from sterilized stock so]utions.immediately before culture inoculation.
Stock metal salt solutions of molarity less than 1 mM were prepared fresh
_on the day they were added to the cultures by aseptic dilution of 1-100
mM solutions. '

II-D. Measurement of Cell Concentrations and Specific Growth Rates

" Cell concentrations were determined by counting in a Bright line
- haemacytometer (American Optical Co.). Whenever possible, at least 200
individuals were counted for each cell concentration determination. At
the 95% confidence level, the accuracy is good to within 14% if 200 cel¥s
are counted (Guillard, 1973).

Specific growth rates were determined from log-linear portions of

growth curves, that is where growth of the algae conforms to the equation

di/dt = k N (2-1)

-27-



where N is the concentration of cells and k is a growth constant. Integra-

tion of this equation expressed as a long to the base two gives:
N =

where N, is the concentration of cells at time zero and u is the specific
growth rate in divisions per day (v = k/In 2). Values for u were obtained
by a least squares linear regression of 1092 N vs. time.

II-E. Measurement of Cell Copper and Potassium Contents for T. pseudonana

(C1oné 3H)

The copper, and in some cases potassium,'coﬁteﬁt of the cells were
measured by atomic absorption spectrophctometry. In short term experiments,
cells were harvested from log phase sterile aerated cultures by vacuum filtra-
tion (3 u pore size, 47 mm diameter G. E. Nuclepore filters), washed with
fresh medium, and then transferred to experimental media. Filtration caused
no'apparent damage to the cells; visual microscopic inspection revealed no
obvious physical cell damage and transfér of filtered cg]]s to fresh medium was
followed by an immediate resumption of growth. In long term copper uptake
experiments, cells were inoculated at low cell densities (1-2 x 104 cells/ml)
and grown aseptically in the presence of copper for three or four days.

Cells exposed to copper were separated from the exﬁerimenta] media by
vacuum filtration (again using Nuclepore filters), transferred along with the
filters to 10 m1 borosilicate glass vials and digested overnight in 1 ml

of concentrated nitric acid. Five-fold dilutions of the acid digests were
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then analyzed for copper and/or potaséium content using a Perkin-Elmer model
403 atomic absorption spectrophotometer with an éir-acetylene flame. Diluted
digests were unfiltered and thus contained undigested diatom shells. Analysis
of the digests for cells grownhin media containing no added copper indicated
that the presence of shells does not produce an appreciable background
signal. Copper or potassiﬁm distilled water standards were prepared fresh
before each analytical run by diluting 1 mM CuSO4 or KC1 standard stock
solutions. For the determination of cell potassium, 10 mM NaCl was added to
both samples and standards as an ionization depressant. Added NaCl showed
no matrix interference in copper determinations.

Blanks were measured for portions of the experimental media containing
no added cells and were processed in the same fashion as the samples.
Blanks were subtracted from sample values to give corrected cell metal con-
tent. Usually, blank values were less than 10% of those of the samples.
Addftfona] blanks determined for diluted nitric acid (1/5) showed no detect-
' ab]é copper while those for nitric acid digests of Huclepore filters gave
va?ues for acid extractable copper of 2-3 x 10'9 moles per filter, accounting
for, in many cases, much of the blank values.

In two experiments, replicate copper analyses performed on 13 cell
digests showed a mean difference of 2.8% and a maximum difference of 8.5%.

Cell metal content (in moles per cell) was calculated by dividing the
"corrected" number of moles of metal in the acid cell digests by the number

of cells filtered. Cell metal content values are estimated to be correct to
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within £ 20% considering errors in cell counts (~ 10%) and metal analysis
(~ 10%).
II-F. Photooxidation of Dissolved Organic Matter Using High Intensity Ultra-

violet Irradiation

Ultraviolet irradiation was used in this study in an attempt to remove
dissolved organic chelators from natural water.samples. Armstrong et al.,
(1966) have shown that the oxidation of dissolved organic matter in seawater
using ultraviolet irradiation from a high intensity mercury arc lamp is at
least as effective as the widely used persulfate wet oxidation technique of
Menzel and Vaccaro (1964). The following compounds were cbmplete]y oxidized
after two to three hours of ultraviolet irradiation: 2,2'-bipyridine, adenine,
- ethyl alcohol, methyl alcohol, glucose, glucosamine, casein, glycerol, acetic
acid, oxalic acid, formic acid, palmitic acid, dimethy]amine, phenyl-alanine,
and "humic acid" (Armstrong et al., 1966). .Urea on the other hand, was
oxidized to the extent of 50% or less.

An additional comparison of high intensity ultraviolet irradiation with
persulfate wet oxidation in 23 samples of seawater showed that irradiation
was about 10% more effective in oxidizing dissolved carbon than was per-
sulfate oxidation (Williams, 1969). Recent high temperature wet combustion
analyses (Sharp, 1973) suggest that up to 50% of the dissolved organic
carbon in seawater is not oxidized to CO2 by persulfate oxidation. Thus,
ultraviolet irradiation also may fail to oxidize a sizeable fraction of the

dissolved organic matter in seawater and possibly in other natural water

.

.
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samples as well. Ultraviolet irradiation, however, may be especially effect-
ive in removing dissolved organic chelators inasmuch as metal chelation
_markedly increases the rates of photooxidation of many organic ligands
(Adamson, 1969; Trott et al., 1972).

The irradiation apparatus used in this study is essentially that des-
cribed by Armstrong et al. (1966). Ultraviolet irradiation was provided by
a 1200 watt mercury-arc lamp mounted axially in a cylindrical metal rack,

45 cm high, and 27 cm in diameter. Samples were contained in 100 ml1 fused
quartz tubes, 30 cm long and 2.5 cm in diameter, arranged circularly around
4 and parallel to the mercury lamp. R

~ Armstrong et al. (1966) reported that no additional oxidation occurred

after one hour of exposure in all seawater samples they tested. In the
present study, samples were irradiated for a period of at least four hours
to insure maximum reaction. One drop of 30% H202 was added to each 100 ml
saﬁple to insure more complete oxidizing conditions during irradiation.
Samples often became quite hot (80-90°C) resulting in evaporation; after
irradiation, samples were restored to initial volume wi&h distilled water.
Subsequently, samples were aerated to re-equilibrate CO2 with the atmosphere
and to remove ozone produced during irradiation. Ozone is toxic to algae
and thus its removal is essential for culture experimenfs using irradiated

water.



III. DETERMINATION OF pCu

III-A. Introduction

Experiments were performed to determine the relationship between pCu
(defined as the negative log of the copper activity) and copper induced in-
hibition of algal growth rateAand between pCu and the cullular uptake of
copper by algae. Other experiments inc]ude.the measurement of copper com-
plexation by extracellular ligands produced by algae and by natural organic
ligands present in a highly colored river water sample.

In all of the above experiments, we need to determine pCu. Wherever
possible, pCy was measured directly using a cupric ion-selective electrode
(Orion Research Company, model # 9429). However, because of a chloride inter-
ference (Jasinski et al., 1974; see Appendix I); the cupric ion electrode
" could not be used to measure pCu in seawater. Therefore, for all culture
experiments in seawater culture media, pCu was calculated both from existing
thermodynamic data and from experimentél data obtained with a cupric ion-
selective electrode in solutions for which there was no interference.

Table (3-1) lists the various experiments carried out in this present work
along with a brief description of the experimental medium and the means
employed to determine pCu.

III-B. Measurement of pCu with a Cupric Ion-Selective Electrode

III-B-1. Brief Electrode Description

Measurements of pCu were carried out using a cpuric ion-selective

electrode (Orion Research Company, model 9429) with a single junction Ag/AgCl

¥
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Table (3-1) Method of pCu determination in various experimental media

Experiments

Determination of

algal growth rate
inhibition and cell
copper uptake in highly
chelated seawater media.

Copper inhibition of
algal growth rate in an
artificial seawater medi-
um (experimental data
taken from Davey et.

al., 1973)

Effect of a strong
chelator EDTA on the
uptake and toxicity
of copper

Production of extra- (1)
cellular complexing

substances by algae

(2)

Complexation of copper

in untreated and ultra-
violet irradiated filter-
ed river water

" "Medium

M~f/2 (see table 2-1)
Seawater media containing
0-10 mM tris, 1.0 uM EDTA
and 4-1000 uM CuSQy4q

Most culture flasks:

pH 8.1-8.2

Three culture flasks:

pH 7.7 or 8.7

Ultraviolet irradiated
artificial 30 /o0
salinity seawater

pH 8.2

Artificial enriched 1/10
strength seawater (DSW
medium, see table 2-3)

0 or 2 pM EDTA

0 or 1 uM CuSO,

pH 8.1-9.0

Artificial enriched
1/10th strength sea-
water

1.0 uM CuS04

pH 8.1

SWC medium (see table
2-2)

0.3 uM Cu504

pH 8.2

Natural water sample

from the Newport River
in North Carolina
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Method of pCu deter-

“‘mination

Calculation from
measured experiment-
al data and known
stability constants

Calculated from
measured experiment-
al data and literature
data

Measured directl} in

medium containina Cu

and no EDTA

Calculated from known
stability constants

for medium containing Cu
plus EDTA

Measured divectly with
a2 cupric ijon-selective
electrode

Measured directly with
a cupric ion-selective
electrode

Measured directly with
a cupric ion-selective
electrode



reférence electrode. The reference eiectrode containea an internal filling
solution consisting of 1.7 M KN03, 0.64 M KC1, aﬁd 0.06 M NaCl saturated
with AgCl (Orion filling solution # 90-01). This solution is equitrans-
ferent at 25°C (Orion Research Newsletter, 1964) which minimizes liquid
Jjunction potentials.

The cupric ion-se]ect%ve electrode is ; solid membrane type with the
membrane consisting of a pellet containing two solid phases - CuS and Agzs.
The membrane is permeable only to silver ions which travel through the AgZS
crystal matrix as a lattice defect (Ross, 1969). The potential of the cupric
jon-selective electrode/test solution/Ag/AgCl reference electrode cell is
determined ultimately by the activity of silver ions in solution according
to the Nernst equation

E=E' + g;%_gl_ log g (3-1)
where E, R, T, and F are respectively the cell potential, the gas constant,
the temperature in ®Kelvin, and the Faraday constant. The term, E', in-
cludes the activity of silver ions at an internal silver-wire membrane con-
tact (which is constant) and the potential of the Ag/AgC1 reference electrode
(including liquid junction potential).

The electrode operates as a cupric ion sensing device through an equil-
ibrium between CuS, AgZS and the test medium (Ross, 1969). This can be

seen by considering the solubility products for the two sulfides:
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2

u?s = Keus (3-3)

Solving these two equations for aAg in terms of e,

Kag,s 2cu (3-4)

a
Ag
Keus

At equilibrium the activity of silver ion is a function of copper activity
and thus, in a medium initially containing copper but no silver, electrode
potential is determined by copper activity. Substituting equation (3-4)

“into equation (3-1) the Nernst equation for the cupric ion electrode-refer-

ence cell becomes

1 4 Y
E=E'+ 2.2 RT Tog [ 2, kAgzs 2 (3-5)
KCuS
and therefore
E=E + 2.3 RT log aCu : {389
2F
where
E.=E'+2.3RT log K
a = Ag,S (3-7)
Keus
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I1I-B-2. Measurement of pCu

The pCu of a test solution is calculated via the Nernst equation from
. the electrode potential difference between the test solution and a second
solution of known copper activity (i.e., a pCu standard). The Nernst
equation for the test solution is:

Et = Ea(t) + 2. gFRT log aCu(t) (3-8)

and that for the standard is

a(s) + 2.3 RT 3 RT Tog aCU(S) ) (3-9)

where the subscripts t and s denote test and standard solutions respectively.
Subtracting equation (3-8) from equation (3-9) and rearranging terms we

obtain an expression for the pCu of the test solution

pCu, = (Eg-E,) + (E Eu(s)). 26+ pCug (3-10)

a(t) = 2.3 RT

The term (Ea(s) - Ea(t)) arises from the difference in reference electrode
1iquid junction potential for the standard and test solutions.

In practice, the term (Ea(t) - E )), for which the actual value is

a(s
unknown, is assumed to be small and is omitted from the pCu equation. There-

fore, all pCu values are defined by the equation

pCu, = 2F (ES Et) (3-11)

2.3 RT

+ pCuS
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A 20 uM CuSO4-disti1led water st&ndard was used fﬁr all copper potential
measurements and pCu determinations. At this salt dilution activity co-
efficients differ negligibly from 1.0. The pH of standard solutions was
5.6 £ 0.1 and at this pH coppef does not significantly complex with hydroxide

jon (calculated using associated constant KGuOH = 106'59

experimentally
measured in Appendix 2). Thus, the activity of copper in the standard
solution is simply equal to the concentration of CuSO4. Standards were pre-
pared fresh before each set of electrode measurements by dilution of a 1.C
mM CuSO4 primary stock solution. Measurements in standard solutions were
reproducible in most cases to within 0.01 pCu unit and in all cases to

within 0.02 units.

I11-B-3. Reference Electrode Liquid Junction Potentials in pCu and pH

Measurements

Because of the omission of an unknown liquid junction potential term
in aetermining pCu and pH from cupric {on-selective electrode and glass
electrode measurements, experimentally determined pCu and pH values may not
correspond exactly to the negative logs of cupric ion and hydrogen ion_
activities. So long as measurements are made in solutions of constant major
jon composition liquid junction potentials are constant. In this case the
presence of a residual liquid junction potential between test solutions and
standards causes a small shift in the entire pCu or pH scale, but the
measured pCu or pH values relative to one another are unaffected. Most
of the experiments in this work are carried out in constant ionic media amd N

are concerned with changes in pCu. In these experiments, the presence of am



unkﬁown, but constant, liquid junction potential does not affect relative
pCu and relative pH values.

The Henderson equation can be used to obtain a rough estimate of the
liquid junction potential between solutions of different ionic composition
(MacInnes, 1939) and thus an estimate of the uncertainty in absolute values

of pCu and pH. This equation is given as follows:

E, = RT gli/‘zi (CS(i) - Cr(i)) Tog _Z:__A_l_gi(_ll_ (3-12)
§ A4 (cs(i) - Cr(i)) ; Aj Cp(4)

where R, T, -and F are respectively the gas constant, absolute temperature
(%K), and the Faraday constant; A; is the limiting equivalent conductance

of the various ions in solution; and C ) and Cr(i) are the concentrations

s(i
of the various ions in the test solution and reference electrode filling
solution respectively. Although many rough assumptions have been used in
deriving this equation - for example, ion conductances and activity co-

efficients are assumed to be those at infinite dilution - fair agreement
is often obtained between measured and calculated liquid junction potentials.
Experimentally measured values and values calculated from the Henderson
equation for the liquid junction potential between different equimolal

(0.1 and 0.01 m) solutions of various univalent chloride salts agree in

most cases to within 1 mv and in all cases to within 2 mv (MacInnes, 1939).

The measured value (-3.2 mv) for the residual liquid junction potential be-
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tween a 0.725 molal NaCl solution and.a 0.05 molal phthlate pH standard
buffer solution is in surprisingly close agreement with that calculated
‘firom the Henderson equation (-3.3 mv) (Hawley and Pytkowicz, 1973).

Calculated liquid junction potentials (equation 3-12) between various
test solutions used in thé present work and the internal filling solutions
of the Ag/AgC1 reference electrode gnd the saturated KC1 calomel reference
electrode are given in Table (3-2). (The saturated KC1 calomel reference
electrode was used in most glass electrode pH determinations). For the Ag/
AgC1 reference electrode, the absolute d1fference in calculated liquid
_junction potentials between test solutions and standards is in all cases
less than 1.8 mv which corresponds to a maximum liquid junction pCu error
of 0.04 pCu units. For the saturated KC1 calomel reference electrode the
maximum absolute difference between test solutions and dilute phosphate
standards is approximately 4.5 mv corresponding to a maximum pH error of
0.08 pH units. Calculated values can be taken as only approximations;
however, they do give us some handle on the relative magnitudes of liquid
junction errors and suggest, that in most cases, these errors should be
small. |

Values in Table (3-2) suggest that the Ag/AgCl reference electrode
containing the Orion (90-01) filling solution is especially suited for measure-
ments in dilute solutions. In Appendix (2) pCu-pH measurements were per-
formed in 0.5 mM, 1.0 mM, and 3.0 mM NaHCO3 solutions, and in a 20 mM KNO3

solution to determine association constants for copper-carbonate and copper-
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Table (3-2) Liquid junction potentials, calculated from the Henderson
equation, between test solutions and reference electrode internal
filling solutions

Test solution E:for the Ag/AgCl’ E; for the saturated
‘riference electrode* K&1 calomel reference
electrode
18°C 25°C
: 18°C _ 25°C
0.5 M KNO3 0.1 mv 0.1 mv 0.9 nmv | 1.3 mv
0.02 M KNO3 0.0 0.0 2.7
0.5 M NaNo, ' 1.7
0.2 M KNO -1.4 -1.3 . -2.6
0.07 M Mg?N03LQ
0.015 M Ca(NO3),
seawater . : -0.7 -0.5
3.0 mM NaHCO5 0.0 O.Q 3.8
1.0 mM NaHCO3 0.0 0.0 4.3
0.5 mM NaHCO, 0.0 - 0.0 | 4.6
20 uM CuSO4 0.0 0.0
0.025 M KH_POg*** 1,9%%*

0.025 M NasHPOg

E. rgpresents junction potential in millivolts calculated from the Henderson

equation, using values for Timiting equivalent conductances of indjvidual
jons taken from Robinson and Stokes (1959)

* Ag/AgCl1 reference electrode contains a filling solution consisting of 1.7 M KNO3,
0.64 M KC1, and 0.06 M NaCl.

** Saturated KC1 is 4.2 M at 25°C and 4.0 M at 18°C
. *%% Approximate composition of pH standard buffer solution: junction potential

value estimated from the Henderson equation by Bates (1964).
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hydroxide compliexes. To m{nimize liquid junction potentials between the various
test solutions and hence errors in measured equilibrium constants, pH was
meésured with a glass electrode coupled to the Ag/AgCl reference electrode.
Measurements of pH in 0.05 M KC1 solutions (Section III-B-4) and in 20 uM
CUSO4pCu standard solutions also were made using the Ag/AgCl reference electrode.
" For all other pH determinations, a saturated KC1 calomel reference electrode

was used.

II1-B-4. Potentiometric Titrations and pCu-pH Measurements

The extent to which copper. is complexed in various media was determined
by potentiomet;ic titrations and simultaneous measurements of pCu and pH.

The pCu of various test solutions was measured with the cupric ion-selective
electrode as total copper concentration, tris concentration, pH, or PC02 was
independently varied.

.In both copper titrations and tris titrations (experimental apparatus,
Figure 3-1), two solutions were prepared, a first containfng a known concentra-
tion of copper or tris, and a second having a chemical composition identical
to that of the first, but with tris or copper omitted. Cupric ion-selective
electrode potential was measured as the first solution was titrated into the
second. Because changes in pH can affect copper complexation, pH was measured
several times during individual titrations to insure its constancy.

In many solutions, pCu and pH were measured simultaneously at known con-

centrations of CuSQ, as acid or base was added. For pCu-pH measurements in

dilute bicartonate solutions, pH was varied by bubbling with a 5% COZ-air

-41-



-'27-

Figure (3-1) Schematic drawing of experimental apparatus used for pCu R

and pH measurements and for copper potentiometric titrations o X

Electrodes for pH measurement
i.glass electrode
2.saturated KCI calomel

reference electrode

Electrcce for pCu measurement
3.0rion cupric ion-selective
electrode
4.Ag/AgCl reference electrode

Temparature controlled
water bath reservoir

1

({

((

Ten ml self-filling borosilicate gloss buret

~

Water bath \
N

Beckmon expanded-
scale pH meter

“Test solution

Magnetic stirrer

\Teflon-cooted
stirring bar

(ad

Beckman exponded -
scale pH meter
(used as a pCu meter)




mixture. In other solutions, pH was a]tered.by addition of small quantities
of strong acid (HC1 or HN03), strong base (NaOH or KOH), or weak base (NaHC03).
In all cases, the dilution from acid or base added was less than 0.5%.

For most measurements, temperature was controlled by a constant temperature
water bath to within % 0.3°% (Figure 3-1). where a water was not used, temp-
erature was measured with a mercury thermometer aﬁd remained constart to
within = 1°C.

For many pCu measurements in alkaline solutions (pH greater than ~ 6)
containing low total copper concentrations (less than ~ 10 uM) adsorption loss
of copper from &he test solutioné of up to 40% was found td occur. This Toss
was prevented and reproducible results obtained by presoaking the electrodes
in the test solution for 30 minutes.to one hour before making measurements in
a fresh portion of test solution. During presoaking, adsorption was monitored
by measuring the changes in pCu at constant pH.

I1I1I-B-5. Reproducibility and Nernstian Behavior

Measurements of pCu in 0.5 M KNO3 solutions containing CuSO4 in the con-
centration range 2 x 10'4 Mte 2 x 1077 M at 20°-21°C were performed on several
occasions over a five month period (Figure 3-2). The solutions had pH values
of 4.0 to 5.6 which is below the pH range where significant copper-hydroxide
_ complexation occurs. A least squares linear regression of the experimental

data yielded the relationship

pCu = -1.00 = 0.01 log Cup + 0.58 + 0.04 (3-13)



where CuT is the added contentration of CuSO4 and the error limi;s represent
standard deviations. The data showed a standard error of 0.01. The one to
one relationship bétween measured pCu (i.e. that calculated from measured
potentials via the Nernst equation) and the negative log of the concentration
of CuSO4 js consistent with Nernstian response.

In section (V) of this thesis, pCu was measured with a cupric ion selective
electrode in MWC culture media (artificial fresh water media, Table 2-2) con-
taining 0.3 uM CuSO4 at pH 8.2 and in DSW media (artificial 1/10th strength
seawater, Table 2-3) containing 1 uM CuSO4 at pH 8.1. The DSH medium contains
an 0.05 M chleride concentration. Both media contain 1.0 mM NaHCO,.

In Appendix (1), we demonstrated that chloride ion interferes with the
cupric ion selective electrode at seawater chloride concentrations (i.e.
approximately 0.5 M). Nerstian behavior was approached as the chloride jon
concentration was decreased or as the degree to which copper was complexed was
incfeased. The following pCu-pH measurements demonstrate that chloride ion
interference does not occur in 0.05 M chloride so]utionsucontaining 1 mM
NaHCO3 in the pH range 7.5 to 8.2. Two solutions were tested; one containing
1 uM CuSO, and a second 0.2 @M Cus0, at 25°C. The pH was varied through
changes in the test solution PCOZ' Inasmuch as potassiun and chloride ions
are approximately equitransferent (Robinson and Stokes, 1959), the use of
0.05 M KC1 should minimize liquid junction potentials.

Results of the measurements are presented in Figure (3-3). The solid

curves in this figure represent computed pCu-pH curves sich were calculated
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Figure (3-2) Relationship bétween measured pCu and total copper
concentrations in solutions containing 0.5 M KNO3 and various concentrations
of CuSO4 :

DATE OF MEASUREMENT
@ JULY 25,1974 T=21% A
© JULY 27,1974 T=21%
= A NOV.4,1974 T=20°%
e DEC.11,1974 T=20° .

pCu

o pCu=-100*001 log Cu+0.58+0.04




pCu |

Figure (3-3) Comparison of measured and calculated pCu-pH va]ugs
in so})utions containing 0.05 M KC1, 1 mM NaHC03, and CuSO4
at 25°C and variable PC02'
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from equation (A-2-8) in Appendix (2).. The calculations take into account
the formation of carbonate and hydroxide complex species CuCo5, Cu(C03)22',
and Cu0H+, whose association constants, as determined from pCu-pH measurements
in dilute bicarbonate and hydroxide solutions (Appendix 2), are respectively
106‘80 * 0'01, 10]0’40 * 0'04. 106'59 * 0'031 Activity coefficients for the
various copper species, which are also needed to compute copper complexation,
were calculated from the Davies modification of the extended Debeye-Huckel
equation (equation A-2-9 in Appendix 2).

The measured pCu-pH values in Figure (3-3) show good correlation with
the calculated curves, again consistent with Nernstian response. Measured
values in two separate solutions containing 0.2 uM CuSO4 also show good re-
producibility.

I11-C. Calculation pCu in Seawater Culture Media

II11-C-1. Introduction

.Using known or experimentally measured equilibrium data, pCu was calculated
for M-f/2 seawater-tris-CuSO4 culture media used 1in copper growth inhibition
and cellular copper uptake experiments. The pCu was also calculated for en-
riched artificial seawater media used in cdpper growth inhibition experiments
by Davey et al. (1973) to compare their experimental results with ours.

The basic composition of seawater-tris-CuSO4 media uSed in our experiments
is given in Table (2-1). The media were prepared from surface Sargasso seawater

(salinity ~ 35 O/oo) and contained 3-1000 uM CuSO,, 0-10 mM of the chelator

4
tris, and 1.0 uM of the chelator EDTA. For most experiments, the pH was
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8.1-8.2; however, for one experiment with media containign 10 mM tris, the
pH was varied in the range 7.7-8.7. Culture pCu is determined only for those
media containing tris concentrations of 1 mM and above, i.e. only for those
media that contain a large buffer capacity with respect to copper.

The culture medium used by Davey et al. (1973) was prepared according
‘to the formulation of Kester et al. (1967), modi%ied by the deletion of NaF,
NaBr, and SrC12, addition of 3 uM NaH,PQ, and 30 uM NaNO3 and the reduction
of saliniky to 30 °[oo The experimental medium had a carbonate alkalinity
of 2.03 mM, a pH of 8.2 + 0.05, and a temperature of 20°C. Media were passed
through a chelex resin column to remove possible trace metal contaminants and
UV irradiated for three hours (using essentially the same method outlined in
Section II-F) to minimize organic contaminants. Media prepared in this fashion
contained less than 1 ugm Cu/1 as determined by anodic stripping voltametry.
Inasmuch as the seawater used in these experiments was prepared artificially
and was treated with ultraviolet irradiation, we have assumed that the media
were free from significant copper-organic complexation and thus have assumed
that copper was only complexed by inorganic ligands.

I1I1I-C-2. General Equations

To calculated pCu all pertinent equilibria must be considered. The total
concentration of copper in solution (CuT) is equal to the sum of the concentra-

~

tions of the individual copper species

CuT = [Cu2+] + Z z [Cu(x (3“14)
id
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where the square brackets denote molar concentrations of the enclosed species,
xi is a copper complexing ligand, and j is the number of 1igands in an in-

dividual copper complex. Expressed in terms of activities equation (3-14)

becomes
Cu = a : qcu(x, ).
T o, 3 i’ (3-15)
Y 1J v
Cu | Cu(xi)j
At equilibrium
aCu(xi)j e (3-16)
—_— = K 3-16
J Cu(x;),
Bcu 3x, 173

1

where ch(x‘)' is an equilibrium association constant. Rearranging equation
13

(3-16)

J
a - a~,. a K
Cu(xi)j = Cu “xy C"(Xi)j (3-17)
and substituting this equation into equation (3-15)
J
2 K
] 1 DRI L

YCu J. Yeu(x;)

) J
(3-18)

The pCu in culture media is obtained through the use of equation (3-18) or

modifications thereof.
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The pCu in the artificial seawater media of Davey ét al. (1973) was de-
termined from calculations and indirect measuremeﬁts of the inorganic com-
plexation of copper in seawater. For the calculation of pCu in Sargasso
seawater-tris-CuSO4 media used in our own experiments copper complexation
by tris, EDTA, and inorganic ligands was considered. These calculations,
“which are presented in the fbllowing sections, show that in the latter media,
copper is complexed predominantly by tris, to a much lesser extent by EDTA, and
to a negligible extent by inorganic ligands. Because of the large concen-
trations of the chelator tris and total copper in these media, significant
copper complexgetion by natural]& occurring organiﬁ 1igand§ is considered un-
likely. |

I11-C-3. Inorganic Complexation of Copper in Seawater

The inorganic complexation of copper in seawater was computed by solving

equation (3-18) in Section (III-C-2).

a Jk
S Keulx, ).
Cup = ac, (-—l— + § § i U(x1)3 ) (3-19)

YCu YCu(xi)j

where the individual terms in the double summation represent molar concentra-
tions of the inorganic complexes CuOH™, CuC0,, Cu(CO3)22', cuct®, CuCl,,

CuCl;™, Cu0142°, and CuSO,. Because of the lack of reliable association con-
stants for copper-borate complexes, these cannot be considered in the present

computations. The absence of significant borate complexation is demonstrated



by potenticmetric measurement in Section (I1I-C-3-e).

To solve equation (3-19) we must obtain value§ for the various ligand
activities, association constants, and activity coefficients.

Calculations were made for seawater at 25°C because pertinent thermo-
dynamic data for the inorganic components of seawater are available at this
temperature, but not at 20°C; the temperature of the culture media. Again,
because of available data, calculations were performed for seawater of
chlorinities 17 °/oo (salinity 31 %/00) and 19 9700 (salinity 35 %/00).
IT1I-C-3-a. Stability Constants

Association constants for the various copper complex species are listed
in Table (3-3). Constants for the hydroxide and carbonate complexes Cu0H+,
CuC03, and Cu(COB)Zz' were determined in the present work from potenticmetric
pCu-pH measurements (Appendix 2). The remaining were obtained from Sillen

and Martel (1964).

III-C-3b. Activity Coefficients
| Values for the activity coefficients for free copper ion and for the
yarious copper complex species in seawater are not available in the literature
" and éherefore must be estimated.

Seawater of chlorinity 19 /00 has an ionic strength of 0.67 (Kester and
Pytkowicz, 1967). At a chlorinity of 17 /00 ionic strength would be ap~
proximately 0.6. A tabulation of mean activity coefficients (v &) for several

common electrolytes (Table 3-4) shows that activity coefficients are relatively
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constant for the ionic strength range 0.5 to 0.9. By analogy we have assumed
that activity coefficients for the various copper species are approximately
the same for seawater of ionic strength 0.6 and 0.67.

If we make the assumption that activity coefficients are determined by
the ionic strength and not the particular iomic composition of a solution
(Garrels and Thompson, 1962) then the activity coefficient of cupric ion in
seawater should be approximately equal to that in any other solution of the same
jonic strength. Thus, a value of 0.26, measured with a cupric ion selective
electrode in a 0.6 M KN03 solution, provides an estimate of the cupric ion
activity coefficient in seawater.

Along with ionic strength, activity coefficients are primarily determined
by the ibn chérge, and to a lesser extent by the ionic radius. Inasmuch as
we have no way of knowing the ionic radii of the various copper complex
species this factor cannot be considered and all species of the same ionic
charge are assumed to have the same activity coefficient.

The activity coefficients for the divalent species .Cu(C03)22‘ and CuC142°
are assigned a value of 0.26, the activity coefficient for the doubly charged
cupric ion. Monovalent species Cu0H+, CuC1+, and Cu013' are given activity
coefficient values of 0.64 equal to that of singly charged chloride ion in
salinity 35 o/oo seawater (Garrels and Thompson, 1962). Uncharged species
CuC03, CuClz, and CuSO4 are assumed to have activity coefficients equal to

one.
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III-C-3c. Activities of Inorganic Complexing Ligands
2-
’

The activities of ligands CO3 C1™, and 5042' were determined from

either experimentally measured or calculated total ion activity coefficients
. %

(¥ ) from the literature. The total ion activity coefficient for an ion,

for example Y*SO , is defined by the expression
4

*
Y 504 a504 ' (3-20)

(503,
where (504)T is the total concentration of su]fatg including both "free" ions
and 1bn-paired'5r complexed species.

Berner (1965) reported experimentally measured apparent total single ion
“activity coefficients for carbonate and bicarbonate ions in seawater of 17 %/oo
apd 19 0/oo chlorinity having respective carbonate a]kalinfiies of 2.11 mM
and 2.38 mM: At chlorinities of 17 °/00-and 19 0/oo respectively Y*HCO =
0.56 + 0.006 and 0.55 + 0.007, and Y*CO3 = 0.024 = 0.04 and 0.020 = 8.002.

The activity of carbonate ions in seawater of the above two chlorinities

is calculated from a modification of equation (A2-6) in Appendix (2).

carbonate alkalinity

10.33
Heo - '

Y*
003

a
o4

3

where normal single ion activity coefficients, Y and Y., , have been re-
i HCO4 €04
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. J
placed by total activity coefficients, y HCO and Y*CO . A tabulation of
3 3
carbonate activities as a function of pH is presented in Table (3-5).
From both measﬁred and calculated sulfate total ion activity coefficients

for seawater (Platford and Dafoe, 1965; Leyendekers, 1973; Whitfield, 1973)

Yo (C1 19 %/00) 0.12 (3-22)
4

17 °/00)

7*504 (1 0.13 (3-23)

For seawater at the above two chlorinities sulfate concentrations are 0.028
and 0.025 and thus sulfate activities are calculated to be 0.0034 and 0.0033 M.
respectively (equation 3-20).

Inasmuch as chloride ion is essentially uncomplexed in seawater (Garrels

and Thompson, 1962), Y*C] = Y- Chloride ion activities in seawater are
calculated to be
0.55 x 0.64 = 0.35M (C1 = 19 %00) (3-24)
0.49 x 0.64 = 0.31M (C1 = 17 %o00) (3-25)

where 0.55 M and 0.49 M are the chloride concentrations at the two chlorinities
and 0.64 is the activity coefficient of chloride ijon in séawater (Garrels and
Thompson, 1962).

ITII-C-3-d. Calculation Results

The calculated speciation of copper in 17 o/oo and 19 0/oo chlorinity sea-
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water along with values for log CuT/aCu are given in Table (3-6). Calculations
show that higher order chloride complexes CuCl,, CuC13', and CuCl42' are
negligible and thus these complexes are not included in this table. Inorganic
copper complexation for seawater of the two chlorinities (17 o/oo and 19 0/oo)
is similar. At pH 8.2, the principal copper §pecies are CuCO3 (v 70% of

the total copper), Cuoh’ (v 15%), Cu(€0,),%" (v 7%), and Cu* (v 6%). At this
pH chloride and sulfate species together account for less than 2% of the total
copper. Because of the predominance of carbonate and hydroxide complexes,

the inorganic copper complexation is highly pH dependent.

I11-C-3-e. A Potentiometric Test of Calculated Inorganic Speciation

A test of the seawater calculations was provided by measurements of coprer
complexation in a solution of 0.65 M KNO3, 4 M CuSO4, and NaHCO3 (25°C) and

a solution of 0.5 M KNO,, 4 uM CuSO4, and NaHCO3 (20°C) equilibrated with

073+, Stumm and Morgan, 1970) at the equilibrium pH

3’
atmospheric co, (PC02 a1
of seawater (8.2-8.3, Berner, 1965). Potassium nitrate was chosen to provide
a background electrolyte of minimal junction potential (Table 3-2). The
temperatures 20°C and 25°C are that of the culture experiments and that of the
seawater calculations respectively.

Measurements in the above solutions take into account complexation ta
carbonate and hydroxide ions which our calculations showed accounted for > 97%
of the inorganic copper complexation at pH > 8.1. Complexation by carbonate

and hydroxide ions should be essentially the same in the KNO3 solutions and
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in seawater (in equilibrium with atmospheric CO2 at the same pH) since the
activities of these ligands and activity coefficients for various complex
species should be approximately equal in both sets of solutions.

At constant pH, hydroxide ion activity is constant since
dny~ = a,’ : o | (3-26)
oin = N/ _

where Kw is the dissociation constant for water.
At constant pH and PCO the activity of carbonate iom is fixed at a

2
constant value gpcording to the expression

a - .

2 ..
a,+ K K
H H2C03 HCO3

_KH

where K, and K - are the hydrogen ion associatiom constants for the
h CO3 HCO

formatioﬁ of HZCO3 ang HC03' respectively and KH is the equilibrium constant
for the dissolution of CO2 (equation 3-27 is modified frem equation 8, page 126
in Stumm and Morgan, 1970).

At 25°C the equilibrium pH values for the chlorinity 17 %/00 and 19 °/00
seawater samples are respectively 8.25 + 0.01 and 8.28 #0.02 (Berner, 1965).
- These values include a liquid junction error which is dwue to the difference

in liquid junction potential of the saturated KC1/calomeli reference electrode

between seawater and dilute pH standard solutions. Becase of junction po-
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tential, the measured pH values do not correspond exactly with hydrogen ion
activities. Hawley and Pytkowicz (1973) recently estimated that the liquid
Junction potential error for seawater is in the order of -0.05 bH units.

In our calculations, copper carbonate complexation Qas determined
using apparent seawater total ion activity coefficients for carbonate and bi-
carbonate ions. Inasmuch as these values were détermined from pH measurements
and therefore also contain a liquid junction pH error, the present parameter
of interest is measured pH and not hydrogen ion activity. A slight pH error
will occur due to the difference in referenée electrode liquid junction
potential between seawater and concentrated KN03'sdiu£ions. Calculations using
the Henderson equation (Table 3-2) estimate this error to be roughtly 0.02 pH
units.

The pCu was measured as a function of pH in thg above KNO3 -4 uM CuSO4,
solutions as the alkalinity was varied through the addition of a concentrated
so]utfon of NaHCO3 (Figure 3-4). After the addition of bicarbonate the test
solutions were atmospherically equilibrated by aeration through scintered
glass frits. At the equilibrium pH for 17 /00 chlorinity seawater (8.25 + 0.01)
and 19 o/oo chlorinity seawater (8.28 + 0.02) the measured ratios for C“T/aCu
(at 25°C) are respectively 101'90 *0.05 and 101'96 * 0'08. These values agree
well with calculated values: 10]'82 and 10]‘86. The slight differences be-
tween measured and calculated values are probably accounted for by errors in
the estimated activity coefficients for the various copper complex species
and/or slight differences in pH reference electrode junction potentia! between

seawater and concentrated K04 solutions.
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In our calculations, copper carbonate complexation was determined using
apparent seawater total ion activity coefficients for carbonate and bicarbonate
fons. Inasmuch as these values were determined from pH measurements and there-
fore also contain a liquid junction pH error, the present parameter of interest
is measured pH and not hydrogen ion activity.- A slight pH error will occur
-due to the difference in reference electrode 1iquid junction potential be-
tween seawater and concentrated KNO3 solutions. Calculations using the
Henderson equation (Table 3-2) estimate this error to be roughly 0.02 pH units.

The pCu was measured as a function of pH in ;he above_KNO3-4 uM CuSO4
solutions as the alkalinity was varied through the addition of a concentrated
solution of NaHCO3 (Figure 3-4). After the addition of bicarbonate the test
solutions were atmospherically equilibratéd by aeration through scintered
glass frits. At the equilibrium pH for 17 %/oo chlorinity seawater (8.25 + 0.01)
and 19 /00 chlorinity seawater (8.23 + 0.02) the measured ratios for Cur/ac, (at

25°C) are respectively 101'90 *0.05 and ]01’96 * 0'08,

These values agree
well with calculated values: 10]‘82 and 10]'86. The s]ight differences between
measured and calculated values are probably accounted for by errors in the
estimated activity coefficients for the var{ous copper complex species and/or
slight differences in pH reference electrode junction potential between seawater
and concentrated KNO3 solutions. |

For calculations of the inorganic speciation of copper in seawater, com-
plexation to borate was assumed to be negligible and thus was not considered

in the computations. In the present set of measurements, the addition of a

seawater concentration of H3BO3 (0.43 mM) to a solution containing 0.65 M KN03,



4 uM CuSO4, and NaHCO3 equilibrated with the atmosphere at pH 8.20 and 25°C,

showed no measurable borate complexation, thus confirming the above assumption.

III-C-4. Determination of pCu in Artificial Seawater Culture Media of Davey

et al. (1973)

For culture experiments of Davey et al. (1973) in artificial 30 o/oo
;eawater at 20°C and pH 8.2,.pCu was determined using both the calculated
values for inorganic complexation in 31 %00 salinity seaﬁater at pH 8.2 and
25°C and the measured value in the 0.5 KNO3-NaHC03 solution in equilibrium
with the atmosphere at pH 8.2 and 20°C. Calculated and measured values for the
. ratio of total gopper concentration to copper ion'activity'(CuT/acU) are

1.78 and 101.74

respectively 10 yielding a mean value of 101'76. Culture

medium pCu is calculated from the equation

1.76
T = e, 10 ' (3-28)

where CuT is the added concentration of copper. Taking the log of equation

(3-28)

pCu = -log CuT + 1.76

- III-C-5. Calculation of pCu in Seawater-Tris-CuSQ, Culture Media

L
III-C-5-a. Determination of a pH Dependent Apparent Equilibrium Constant for

Copper-Tris Complexation

The complexation of copper by tris in culture media was determined from

~ an experimentally measured pH dependent apparent stability constant obtained
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Table (3-3)

Association Constants for Inorganic Complexes and Ion Pairs of Copper in Seawater

Reaction ng_g
(1) c? + o = cuoH' 6.59 £ 0.03
(2) c? + 0% = cuco, 6802 0.0
(3) cu® + 20,2 = cu(co,),” 10.40 + 0.04
(4) c? + 5042"= Cuso, 2.34
(5) c® + 17 = cucrt Io‘.os
(6) c?* + 2017 = ccl, | -0.7"
(7) o + 317 = cucty” -2."
(8) cu?® + 4017 = cuct,® -4.3"

*
Constants at - 22°C; all other constants are for 25°¢C.
A1l association constants are at infinite dilution.
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Table (3-4)
Mean Salt Activity Coefficients for Some Electrolytes at 25°¢C

Ionic Strength” 0.5 0.6 0.7 0.9
HC1 .76 0.76  0.77 0.79
HNO, .72 0.72 0.72  0.72
NaC1 .68 0.67 0.67 0.66
Na Acetate .74 0.74 0.74 0.75
KC1 .65 0.64 0.63 0.61
K Acetate .75 0.75 0.76  0.77
RbC1 .63 0.62 0.61 0.59
MgC1, | 0.49 0.48
caCl, 0.47 0.46
cu(N0,), 0.46 " 0.44

Values taken from Robinson and Stokes (1959).

*Ionic strength is defined by the equation

I - = 1/2 ) cy 24

where c. and z. are respectively the molal concentration and the charge-of
the indlviduallions.
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Table (3-5)

Calculated Activity of Carbonate Ion in Seawater as a Function of pH

-6 -6
pH aco3 _(x 1077) _ ac03 (x 107°)
(seawater of chlorinity (seawater of chlorinity
19 9/00 and carbonate 17 9/00 and carbonate
alkalinity 2.38 mM) alkalinity 2.11 mM)
7.7 2.7 2.5
7.8 3.3 3.0
7.9 4.0 3.7
8.0 4.8 | 4.5
8.1 5.9 5.5
8.2 6.9 6.5
8.3 8.1 ' - 7.7
8.4 9.4 9.0



Table (3-6)

-

Calculated Inorganic Speciation of Copper in Seawater as a Function
of pH. Values for Copper Species are Given as the Percent of the
Total Copper Present in an Inorganic Form.

Seawgter of Chlorinity 19 o/oo and Carbonate Alkalinity 2.38 mM

pH 7.7
Cu2+ 15
Cuco, 65
2..
Cu(Cog),”” 3
cuon’ 12
cuc1t 2
Cuso, 3

Tog CuT/aCu 1.41
Seawater of Chlorinity 17 o/oo and Carbonate Alkalinity 2.11 mM

7.8
12
67
3
12
2
2
1.49

7.

10
69
4
13
2
2
1

9

8.0
9

69

.57

5
14
1
2
1.64

8.1
7
70

s

14
1
1
1.73

8.2

6
69

7
15

1

1
1.80

8.3
5

68
8

16
1
1
1.87

pH 7.7
cu?* 16
Cuco, 64
2..
Cu(C0g),%" 2
CuOH" 12
cuc1’ 2
CuSO4 3

log CuT/aCu 1.39

7.8
13
66
3
13
2
3
1.46

7.
1

68
4
15
2
2
1

9

.54
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7.0
9

68
5

15
1
2
1.62

8.1
8

69
6

15
1
1
1.70

8.2
7

69
7

16
1
1
1.78

8.3
6
68

. 8

17
1
1

1.86

8.4

67

17

1.94



Figure (3-4) - - o

- -

Measured copper complexation as a function of pH in solutions containing

~0.5 M or 0.65 M KNO3,s 4 uM CuSOq, and variable concentrations of MNaHCO

Log- Cur/acu

in equilibrium with atmospheric C0p. Log C“T/aCu = log CuT + pCu.3
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in éolutions of 0.5 M KN03, tris, and'CuSO4. (Reliab]é equilibrium con-
stants are not available in the literature.) ‘

Measurements were made in 0.5 M KNO3 (1 = 0.5) to provide an ionic
medium of minimal reference electrode junction potential with an ionic
strength close to that of seawater (I = 0.67). Activity coefficients for
various chemical species iﬁvo]ved in copper-tris complexation should be
similar for seawater and for 0.5 M KNO4 (see Table 3-4).

The apparent constant for copper-tris complexation was determined by
measuring pCu as a function of tris concentration in a solution of 0.5 M KNO3
and 0.05 mM CusO, at pH 8.10 and 21°C (Figure 3-5), and by measuring pCu
as a function of pH in 0.5 M KNO3 solutions containing 28.6 mM tris plus
0.05 mM CuSQ, at 21°C; 10 mM tris plus 0.1 mM CuS0, at 21%C; and 2.0 mM
tris plus 0.02 mM Cus0, at 20°C (Figure 3-6).

The measured relationship between pCu and tris concentration at pH 8.10

(Figure 3-5) was consistent with the expression

pCu = -log Cuy + 2.00 0.01 log [tris™] + 9.52%0.03  (3-30)
where N

‘[tris ] = TrisT - 2 CuT (3-31)
Constants plus error limits were obtained from a least squares linear
regression of pCu vs. [tris*]. The slope of two in equation (3-30) indicates
the presence of 2:1 tris-copper complexes (see Appendix 3). The term [tris*]

represents the concentration of uncomplexed tris since essentially all of
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the copper in solution is complexed by tris and each copper ion binds with
two tris molecules.

Measurements of pCu as a function of pH in solutions containing 2, 10,
and 28.6 mM tris (Figure 3-6) show that complexation of copper by tris is
highly pH dependent. In the experimental pH range of the culture experiments,
7.7-8.7, the measured pCu-pH curves are linear and parallel to one another
with a slope of 2.85 + 0.05.

A1l of the experimental pCu-pH data taken together for the pH range
7.5 to 8.7 which include tris concentrations from 1 to 29 mM are consistent

(+ 0.03 pCu) with the equation

pCu = -Tog Cup + 2 Tog [tris'] + 9.51 + 2.85 (pH - 8.1) (3-32)
(see Table 3-7). ' ' '

Taking the antilog of equation (3-32), we derive the expression

Cu
T - 2 = ]0[9.5] + 2-85 (pH‘B-])] (3_33)
ac, [tris ]

Since the copper in solution is almost totally present as 2:1-trés

copper complexes

2
Cu = Z [CuHi (tris) 2 ] (3-38)
i=o0



and therefore combining equations (3-40) and (3-41) we obtain an expression
for the total concentration of copper-tris complexes in solution

2

g [oul (eris) (9.51 + 2.85 (pH-8.1))

*
- a [tris ]2 10

2] Cu
i=o0 (3-35)
Seawater contains relatively high concentrations of sodium (0.46 M for
35 %/00 seawater), calcium (0.010 M); and magnesium (0.656 M). Any complexa-
tion of these ions by tris, would lower the concentration of free tris ions
in solution and thus decrease the amount of tris available for copper
complexation. « | '
Good et al.(1966) report that tris does not complex appreciably with
either calcium or magnesium jons. Measurements of pCu as a function of pH in
a solution containing 0.2 M KNO3, 0.07 M Mg(N03)2 and 0.015 M Ca(N03)
(ionic strength 0.46) at 20°C are consistent with this (Figure 3-7, Table 3-8).
Simiiar measurements in a solution of 0.5 M NaNO3, 1.0 mM- tris, and 0.01 mM CuSO,
agree with equation (3-32) to within 0.01 pCu unit indicating that sodium
ion does not appreciably affect copper-tris complexation (Figure 3-7, Table 3-8).

III-C-5-b. Determination of pCu

The pCu in seawater-tris~CuSO4 culture media is calculated from the

equation
(9.51 + 2.85 (pH - 8.1)) + a EDTAT 1018.79
Cu

018.79 + lo7.95

= *_2
CUT = aCU [tris ]° 10

aCu 1

(3-36)
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. 0.5 M KNO, and 0.05 mM CuSO

Figure (3-5) B - .

Relationship between pCu and “free“ tris concentration in a solution containing
at 21°C. The solid line, which has a s]ope of 2.00 =
,0.01, repg%sents a least sqﬁares linear regre5510n of pCu vs. -log [tris®]. The

term [tris ] represents the concentration of tris in the solution that has not
reacted with copper. [tris"] = trisT - 2 CuT
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Figure (3-6)

Measured relationship between pCu and pH in solutions
specified concentrations of tris and CuSO4

containing 0.5 M KNO
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Figure (3-7)

Measured pCu-pH relationships in CuSO4-tris solutions at 20°C: effect
of sodium, magnesium, and calcium ions.
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Table (3-7)

Comparison of measured and calculated pCu as a function of pH and tris con-
centration in media containing 0.5 M KN03, tris, and CuSO4.

Test Solution Temperature TrisT CuSO4 pH pCu pCu Difference

- No. (°c) (m1) (mM) (measured) (calcu-
. lated*)

1 21 0.99 0.05 8.10 7.71 7.71 0.00

1.96 8.10 8.35 8.35 0.00

3.85 8.10 8.97 8.96 0.01

5.66 8.10 9.34 9.30 0.04

9.09 8.10 9.71 9.72 -0.01

19.4 8.10 10.39 10.38 0.01

28.6 8.10 10.72 10.72 0.00

8.01 10.45 10.46 -0.01

7.86 10.01 10.04 -0.03

2 21 10.0 0.10 8.08 9.44 9.44 0.00

8.22 9.83 9.83 0.00

8.35 10.11 10.20 -0.09

8.49 10.62 10.60 0.02

8.72 11.20 11.26 -0.06

8.20 9.82 9.78 0.04

7.93 8.98 9.01 -0.03

7.70 8.35 8.35 0.00

7.47 7.68 7.70 0.02

3 20 10.0 0.10 8.10 9.52 9.49 0.03

4 20 2.0 0.02 8.05 8.65 8.65 0.00

8.03 8.62 8.60 0.02

8.17 9.03 8.99 0.04

8.27 9.29 9.30 -0.01

7.82 8.01 8.00 0.01

7.97 8.46 8.42 0.04

8.06 8.67 8.68 -0.01

8.40 9.65 9.65 0.00

5 20 2.0 0.02 8.00 8.54 8.51 0.03

' 8.20 9.06 9.08 -0.02

8.34 9.48 9.48 0.00

* ' ‘

pCu = -log Cup + 2 log [tris'] + 2.85 (pH - 8.1) + 9.51

Mean difference for measured minus calculated pCu values is 0.00.
Standard deviation is 0.03. |
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'Table (3-8)

pCu as a function of pH in solutions containing tris, CuSO4, and high concentrations
of NaN03 or Mg(NO3)2 and Ca(N03)2 at 20°C.

Background TrisT CuT pH pCu pCu Difference
Medium (M) (measured) (calculated )
1) 0.5 K NaNO3 1.0 0.01 7.88 ©7.89 7.87 0.02
7.87 7.86 7.84 0.02
8.18 8.68 8.72 -0.04
8.42 9.41 9.44 -0.03
7.98 8.18 8.15 0.03
7.83 7.73 7.77 -0.04
7.93 8.08 8.01 0.07
8.02 8.27 8.26 0.01
8.17 8.68. 8.69 -0.01
7.87 7.90 7.84 0.06
8.12 8.58 8.55 0.03
8.18 8.75 8.72 0.03
8.17 8.71 8.69 0.02
2) 0.07 M Mg(NG,) 5.0 0.05 7.58 7.74 7.69 0.05
0.015 N Ca(H055, 7.93 8.79 8.69 0.10
0.2 M KHO3 7.94 8.80 8.72 0.08
‘ 8.15. 9.40 9.31 0.09
7.76 8.29 8.20 0.09
7.96 8.84 8.77 0.07
8.06 9.13 9.06 0.07
8.14 9.36 8.29 0.07
8.02 9.01 8.94 0.07

Calculated from equation (3-32) pCu = -~log Cup + 2 log [tris®] + 2.85 (pH 8.1) + 9.51.
Mean difference of measured vs. calculated pCu:

Solution (1) 0.01
Solution (2) 0.08
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where the first term on the right hand side of the equation is the concentra-
tion of copper-tris complexes and the second term is the concentration of
CuEDTAz' (derivation of this second ‘term is given in Appendix 4-A).

The concentration of tris that is not comp]exed'to copper, [tris*], is

calculated from the following equations

[tr-;s*J = [Hztr‘is""] + [Htris] (3-37)
2 ) 2-
CuT = Z [CuHi,(tr:Ls) 2] + [CuEDTA" ] (3-38)
i=o0
2
Tris, = [Hztris+] + [Htris] + 2 z (l):CUHi(tris)Z] (3-39))
. i=
Therefore
* 72—
[Tris ] = trisT - 2(CuT - [CuEDTA® ]) . (3-40)

.The pCu in culture media is determined by solving equations (3-36) and (3-40)
simultaneously.

" The ratio CuT/aCu calculated from this equation is in all cases 2_103‘6
and therefore the presence of inorganic copper complexes has a negligible
effect on culture pCu.

Calculated pCu values fér the various experimental cultures, along with

values for added tris (TrisT), added Cus0, (CuA), measured total copper con-

centration (Cum), [CuEDTAz-], and pH are reported in Table (3-9).
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Table (3-9)

Calculated pCu for culture experiments in seawater-tris-1.0 uM EDTA-CuSO4 media.

pH pCu

CuEDTAZ"
(uM)

CuM
(uit)

CuA
(uM)

TmsT
(mM)
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Run
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Table (3-9) (Continued)
Experimental =~ Tris, Cup Cuy, CUEDTAZ" pH pCu
Run
(mM) (M) (uM) (uM)
E-T.pseu- 10 10 0.09 7.73 £ 0.04  9.50 # 0.11
donana 10 100 0.10 7.71 £ 0.03 8.38 = 0.09
10 100 0.09 8.17 £ 0.05 9.69 + 0.14
10 100 0.03 8.70 £ 0.03 11.20 £ 0.09
F - N. atomus 10 0.04 0.007 8.10 £ 0.02 13.00 £ 0.06
10 30 0.09 8.10 + 0.02 10.05 + 0.06
10 100 0.09 8.10 £+ 0.02 9.49 * 0.06
10 300 1.0 8.10 £+ 0.02 8.98 = 0.06
10 1000 1.0 . 8.10 £ 0.02 8.32 = 0.06
<«

Definition of Terms

CuA is the concentration of added CuSO4

CuM is the measured concentration of copper in experimental media

TrisT is the concentration of added tris

pH values represent mean culture values - error limits correspond to changes
in culture pH during experimental runs

pCu values are mean culture values with error limits corresponding to culture

pCu variation due to changes in pH
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in roughly one-third of the cultures, including most of the cultures
“for which cell copper content was determined, the total concentration of
copper in the culture medium was measured directly, using atomic absorb-
tion spectrophotometry, for culture filtrates taken three days after culture
initiation.

For pCu calculations, the total copper concentration was set equal to
the measured concentration in alt caées where this parameter was measured.
~ In all other cases, CuT was given a value equal to the added concentration.
Good agreement was generally obtained between measured and added concentration
values (see Table 3-9).

In all tris containing cultures for which cell copper contents were
determined, cell copper represented less than 1/10,000 of the added copper
concentration. Thus, cell copper uptake did not significantly alter the
concentration of copper in the culture media.

‘In order to maintain a relatively constant pCu, culture medium pH must
"be controlled. In cultures containing < 5 mM tris, pH was controlled by tke
presence of tris, which acts as both a pCu and pH buffer; and by aeration ~
through scintered glass frits. In experimehta] cultures containing 10 mM
tris, the cultures were not aerated and pH was controlled just by the buffer-
"ing action of tris. .

Due to photosynthetic removal of C02, the pH in cultures of T. pseudonana

(c}one 3H) did not remain strictly constant, but increased slightly as the
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cultures grew (usually by less than 0.1.pH unit). Mean pH values for culture
experiments with T. pseudonana are reported in Table (3-9) with error limits
indicating the pH change that occurred in the individual flasks. The re-
ported error limits for pCu (Table 3-9) result from the slight changes in
culture pH.

For the experiment F - N. atomus the time dependent change in culture
medium pH was not measured. However, for cultures in identical media con-
taining no tris, and thus having a significantly lower buffer capacity, no
pH increase was detected for cell concentrations less than or equal to 1.1 x
106 cells/ml. In the present seawater-tris cul%ufés,‘cell concentrations
were in all cases less than this amount and thus the presence of the cells
should not have altered culture medium pH significantly. The pH values for
these cultures reported in Table (3-9) were measured immediately before cell

inoculation.
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IV. RELATIOMSHIP BETWEEN pCu AND CELL COPPER CONTENT AND CETWEEN pCu

AND COPPER IMNDUCED GROWTH INHIBITIOH

Culture experiments were performed to test the hypothesis that cellular
copper content and copper induced growth inhibition are determined by the free
cupric ion activity and not by the total concentration of copper present.

The experiments were carried out in M-f/2 seawater media (Table 2-1) con-
taining (zero - 10 mM) concentrations of the copper chelator tris. The
activity of copper in these media was systematically varied by using different
combinations of tris concentration, copper concentration, and pH.

IV - A. Copper Induced Growth Inhibition to T. pseudonana (Clone 3E) in

Seawater-tris-CuS0, Culture Media

Growth rates of copper inhibited cultures are plotted both as a func-
tion of the total concentration of copper in solution (Figure 4-1) and as a
function of the calculated pCu (Figure 4-2). Growth rateé were determined
for.the period 2 to 4 days after initial cell inoculation. During this
~ period copper growth inhibition was maximal and the growth rates for the in-
dividual cultures was relatively constant (Figure 4-3).

Culture experiments were also performed to determine the effect of
tris alone on algal growth rate. The cultures contained an f/2 concentration
of copper (i.e. 0.04 uM) which was added to prevent the occurrence of
copper deficiency. Variations in tris concentration in the range 0-10 mHM
had no effect on culture growth to within experimental counting error
(Figure 4-4). However, at 20 mM tris culture growth rate was inhibited by 20%

relative to thaf at lower tris concentrations. In the present set of experi-
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ments tris concentrations-were limited to the noninhibitory range of 0-10 mM.

A plot of culture growth rate as a function of the total concentration
.of copper at tris concentrations of 0, 0.5, 1, 2, 3, 5, and 10 mM at pH
8.1-8.3 (Figure 4-1) shows that the inhibitory effect of copper is decreased
as the concentration of tris in the medium is increased, i.e. tris has a pro-
tective effect on copper growth inhibition. For example, in the absence of
tris, growth rate is inhibited by 70% in the presence of 3 uM CuSO4, whereas
in cultures containing 10 mM tris, 300 times this amount of copper (9 x 1074 M)
must be added to obtain a similar growth inhibition.

We also observe that a constant copper and tris concentration (0.1 mM
and 10 mM respectively) growth inhibition is markedly reduced by increasinr
culturé medfum pH. At pH 7.7 and 8.2 growth rate is innibited by 25% and
60% respectively, whereas at pH 8.7 no growth inhibition is observed (Figure 4-1).
Because of hydrogen ion competition, increasing pH markedly increases the
chelation of copper by tris (Figure 3-6, Section III). Thus, an increase in
the complexation of copper, whether brought about by an increase in tris con-
centration at constant pH or by an increase in pH at coﬁstant tris concentration
correlates with a decrease in copper toxiéity.

Culture growth rate plotted as a function of calculated pCu in media con-
taining 1 to 10 mM tris (Figure 4-2), falls on a single tufve confirming our
main hypothesis that copper growth inhibition is functionally related to pCu
irrespective of the total concentration of copper present in the culture

media. The data show that the relationship between growth rate inhibition
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Figure (4-1)

Growth rate of T. pseudonana (clone 3H) plotted as a function of the negative log of the total copper
- concentration in M- seawater media containing 0-10 mM tris at pH 7.7 to 8.7. Results are for five

separate experiments. Error bars represent the standard deviation for least squares linear regression
of growth curves.
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Figure (4-2)

Growth rate of T. pseudonana plotted as a function of calculated pCu in M-f/2 seawater culture media
containing 1-10 mM tris for the pH range 7.7 to 8.7. Individual points are from 5 separate experi-
ments. The pCu error bars represent variation in pCu caused by changes in culture pH.
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Figure (4-3)

Copper induced growth inhibition of T. pseudonana ‘(c'lone 3H)
in M-f/2 seawater media containing 10 mM tris at pH 8.1-8.2.
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Figure (4-4)

Effect of tris concentration on cell growth for M-f/2 seawater -

cultures of clone 3H at pH 8.1. Cultures contain 0.04 uM
Cuso,.
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and pCu is independent of pH in the range 7.7 to 8.7. The decrease in copper

toxicity brought about either by an increase in tris concentration or by an

‘ihcrease in pH at the same total copper concentration can thus be accounted

for totally by the resulting change in pCu.

Copper growth inhibition is a two-stepped function of pCu possessing three

‘inflections at pCu values of approximately 8.4, 9.4, and 10.5. Copper in-

hibits the growth of clone 3H at pCu values below approximately 10.7 with
total growth inhibition occurring at pCu values below 8.3.

Other characteristics of copper inhibition correlate well with the two-

_ stepped natur® of the growth inhibition curve. For the step in the inhibition

curve occurring in the narrow pCu range 8.6 to 8.3, copper inhibition is
associated with cellular elongation and morphological distortion. For copper
gfowth inhibition above this pCu range (i.e. for pCu 8.6 to 10.7) cell mor-
pho)ogy and cell size remain unchanged.

IV-B. Relationship Between Growth Rate Inhibition and Cell Copper Content

for Clone 3H

Figure (4-5) shows growth rate of copper inhibited cultures as a func-
tion of the negative log of cell copper content for cultures containing 0-5 mM
tris at pH 8.1-8.3. Cell copper was determined after either 3 or 4 days ex-
posure of the cells to copper containing media. No apparent change in cell
copper occurred between days 3 and 4: in three cultures containing 2 mM tris

plus 20 uM CuSO4, 5 mt tris plus 30 uM CuSO4, and 5 m4 tris plus 80 uM CuSO4,
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Figure (4-5)

The relationship between the growth rate of T. pseudonana (clone 3H) and the negative log of the cell
copper content (in moles/cellg in M-f/2 seawater media containing 0-5 mM tris at pH 8.1
. .to 8.3. Results are taken from three separate experiments.

-log (Curscell)

SPECIFIC GROWTH RATE (i) IN DIVISIONS PER DAY
T .
\{T
\
>
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measurements of cell copper content on days 3 and 4, had respective values of
2.9 and 3.2, 1.8 and 1.9, and 3.8 and 3.2 x 10'16 moles/cell showing no
significant difference to within the estimated experimental error (~20%).

Copper induced growth inhibition correlates well with cell copper con-
tent. Like the curve for growth rate as a function of pCu, that for growth
rate as a function of -log (Cu/cell) also exhib%ts two individual steps.

IvV-C. Relationship Between Cell Copper Content and pCu for Clone 3H

Plots of 3 or 4 day cell copper content as functions of total copper con-
centration and calculated pCu are given in Figures (4-6 and 4-7) for cultures
containing 1-3 mM tris at pH 8.1-8.2. -In the pCu range of these experiments
(8.6-10.6) cell morphology and cell size are unaffected by copper. Figure

- (4-6) shows that increasing the concentration of tris in the culture medium
from 1 to 5 mM markedly decreases.celi copper content at equivalent total
concentrations of copper. .

~ Cell copper content plotted as a function of pCu shows good correlation

with a single hyperbolic function

Cu/cell = 4.8 x 10716 ac

(moles/cell)
u + ]0-9.2 )

u

(4-1)
4

The constants 4.8 x 10'16 and 10-9'2 were obtained from a standard Lineweaver-

Burke plot (i.e. a linear fit to a plot of 1/Cu(per cell) vs. ]/aCu). The
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Figure (4-6) : .

Cell copbé; content of clone 3H as a function of the negative log of the
total copper concentration for cultures containing 1, 2, 3 and 5 mM tris

at pH 8.1-8.2. Measurements of cell copper made after 3 or 4 days ex-
posure of the cells to copper.
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Figure (4-7) '

Cell copper content of J. pseudonana (clone 3H) plotted as a function of cal-
culated pCu in M-f/2 seawater culture media containing 1-5 mM tris and 3-80 uM
CuS0, at pH 8.1-8.2. Data are for 3 separate experiments. Error bars re-
presént variation in pCu due to changes in culture pH. The solid curve is a
log-log plot of the hyperbolic function:
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results of the copper uptake study confirm the hypothesis that copper uptake
by algae is functionally related to the pCu of the culture medium and is in-
dependent of the total concentration of copper present.

IV-D. Copper Growth Inhibition of Nannochloris atomus in 10 mM tris-Sea-

water Media at pH 8.1

As was the case with T. pseudonana, copper had very little inhibitory
influence on cell growth rate of N. atomus until approximately 1.5 to 2 days
after exposure to copper (Figure 4-8). Because of this, culture growth rates
were determined for the time period 2-5 days after culture inoculation. One
exception was the culture containing 30 uM Cu where no cell density determina-
tions were made for days 2 and 3. To obtain enough data points for a growth

‘rate calculation the entire five day growth curve was used.

A control culture containing 0.047uM added copper and 10 mM tris ex-
hibited a growth rate of 0.78 cell divisions per day. Three cultures in
identical media with tris deleted had growth rates of 0.78, 0.76, and 0.81

~ divisions per day indicating that the presence of tris was not toxic to the
algae.

The growth of N. atomus in 10 mM tris-seawater media was inhibited at
pCu values below approximately 10.4 (Figure 4-9); total growth rate inhibi-
tion occurred at a pCu value of 8.4. The pCu range for partial growth rate
inhibition of N. atomus (~10.4 to 8.4) is thus similar to that for T.

pseudonana (clone 3H) (10.7 to 8.3). Unlike the growth inhibition curve for

-89-



Figure (4-8)

Effect of copper on the growth of N. atomus in M-f/2 seawater-tris
culture media at pH 8.1. )
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Figure (4-9)

Growth rate of N. atomus as a function of calculated pCu in M-f/2 seawater media con-
" taining 10 mM tris at pH 8.1.
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T. éseudonana, the inhibition curve for H. atomus has a smooth sigmoidal shape
with a single inflection at the 50% growth rate inhibition pCu value of 9.3.

IV-E. Copper Growth Inhibition of T. pseudonana (Clone 13-1) in Artificial

Seawater

Davey et al. (1973) investigated copper growth inhibition of T. pseudonana
(clone 13-1) in chemically‘well defined 30 b/oo artificial seawater at 20°C
and pH 8.2. This study reported time dependent growth curves as a function of
added copper concentration (these curves are shown in Figure 4-10). Clone
13-1 is an open ocean strain of T. pseudonana isolated from the Sargasso Sea.

We wish to compare the results of Davey et al. (1973) with our own copper
growth inhibition experiments with T. pseudonana (clone 3H) and N. atomus in
highly chelated seawater-tris-CuSO4 culture media. To do this, growth rates
for the copper treated cultures of clone 13-1 were calculated from the growth
curves in Figure (4-10) for the time period 18-44 hours after the start of
the cultures. Artificial seawater culture media pCu values were determined
from calculations and indirect measurements of the inorganic complexation of
copper in seawater. Details for this are given in Section (III -C-4). The
exact composition of the artificial seawater culture medium and method of
preparation are given in Section (III-C-1).

The growth rate of copper treated cultures of 13-1 relative to the control
culture containing no added copper is plotted as a function of pCu in
Figure (4-11). The curve shows a half inhibition pCu value of about 9.3

with a pCu range for partial growth rate inhibition of approximately 10-8.
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Figure (4-10)

Effect of copper on the growth of T. pseudonana (clone 13-1) in
30 %/00 salinity artificial seawater culture media at pH 8.2. Media
contain no added chelators. Data taken from Davey et al. (1973).
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Figure (4-11)

Hormalized growth rate of T. pseudonana (clone 13-1) as a function of calculated pCu
in 30 o/oo salinity artificial seawater at pH 8.2.
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Unlike copper growth inhibition to thé estuarine.clone of the same species
(clone 3H) the copper growth inhibition curve for clone 13-1 does not ex-
hibit two distinct individual steps; however, the inhibitory pCu range for the
two clones is similar. That for clone 3H is roughly pCu 10.7 to 8.3 (Figure
4-4).

Results in Figure (4-11) also agree fa{rly closely with copper growth
inhibition to N. atomus in 10 mM tris-CuSO,-seawater media (Figure 4-9).
For N. atomus partial growth 1nhibiti$n occurs over the pCu range 10.4 to
8.4 with a half inhibition value of 9.3 identical to that for clone 13-1

in artificial seawater.

IV-F. Discussion

IV-F-1. Cell Copper Content

Cellular copper content for T. pseudonana (clone 3H) plotted as a func-
tion of pCu was consistent with a hyperbolic relationship .

Cu/cell = 4.8 x 10718 ag,  (moles/cell)

-9.2

(4-2)

e, + 10

where e, = IO’pCu (see Figure 4-7). This relationship suggests an equilibrium
binding of copper to a single ligand site or to several sites having similar

binding constants for copper. This can be seen from the following.

The reaction of copper with a cellular ligand site can be written as

"Cu + X = CuX (4-3)
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At equilibrium the following mixed dissociation expression would apply

3¢y X = K (4=~4)

[CuX]
where the square brackets denote molar concentrations of the enclosed species
and l<.d is an apparent dissociation constant for the reaction. Rearranging

equation (4-4)

[CuX] = a [x] (4-5)

K4

The mass balance relationship for the total concentration of X is

X = lcux] + [x] (4-6)
Using this relationship
[CuX] = [CuX] (4-7)
X [CuX] + [X]

and substituting equation (4-5) into equation (4-7)

IC;;X[ = ac, [X]/Kd = aa, (4-8)
T ac, [x]/Kd + [X] ac, + Kd

If we assume that the total concentration of copper in the cells (in moles
per liter) is equal to [CuX] and divide the numerator and denomenator of the

left hand side of equation (4-8) by the number of cells per liter then



Cu(per cell)

XT(per cell) a., (4-9)

acu + Kd

Assuming this simple equilibrium binding mcdel for the cellular copper content

of T. pseudonana (clone 3H), the total amount of binding site X per cell

16

would be about 5 x 107"~ moles/cell and the apparent association constant for

the reaction of copper with cellular ligand would be 109'2 (Ka = 1/Kd).

ssociation
IV-F-2. Comparison of Copper Uptake and Copper Growth Rate Inhibition

Copper growth rate inhibition for T. pseudonana (clones 3H and 13-1)
and for N. atomus (clone GSB Nanno) were all found to occur in a similar pCu
range. The three clones had respective pCu ranges for partial growth rate
inhibition to total inhibition of 10.7-8.3, approximately 10-8, and approximately
10.4-8.4. -

Clones (3H) and (13-1) are respectively estugrine (Great South Bay,
Long Island) and oceanic (Sargasso Sea) isolates of the same diatom species

I,'pseudonana. Nannochloris atomus (clone GSB nanno) was also isolated from

Great South Bay. Our results show no major difference in copper sensitivity
between oceanic and estuarine isolates.

Half saturation for cellular copper content of (3H) occurred at a pCu of
9.2, which falls in the middle of the pCu range for partial growth rate in-
hibition. One possible explanation for this is that the same cellular copper
binding site is responsible for both cellular copper uptake and growth in-
hibition. In such a case copper inhibition would be functionally related to

the fraction of major cellular binding site complexed by copper

-
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Inhibition = f(lﬂx“?xl) _ (4-10)

- From our hypotheéized reversible binding site model for copper uptake by 3H

[CuX] =‘ Cu/cell _ 3cu _
Xr 4.8 -16 - -9.2 (4-11)
.8 x 10 a,, + 10
u
Combining equations (4-10) and (4-11)
Inhibition = f( 3y ) (8-12)
a. + 10'9'2

Cu
The term in the brackets takes on values from O.to\l. At pCu values much
less than 9.2 (i.e. at sufficiently high copper activities) this term is equal
to one, meaning that essentially all of the cellular site.is complexed by
copper, and thus cellular inhibition is maximal. For pCu values much greater
than 9.2 the term would be equal to zero and no cellular inhibition would

occur.
aCu
+ 1

Figure (4-12) presents a plot of .as a function of pCu

acu 0'9-2
together with normalized growth rate inhibition curves for clones 3H, 13-1,
and GSB Nanno. Normalized growth rate inhibition is computed from the

equation

Normalized inhibition = 1 - u/umax

‘where u is the specific growth rate and Hnax is the maximum specific growth

rate obtained at low copper activities (i.e. in the absence of copper inhi-



bition). Normalized growth rate inhibition takes on values from Q to 1 cor-
responding respectively to no inhibition to total inhibition. For clones 3H
and GSB Nanno, “ma# is the specific growth rate for pCu approximately 12-14
and for 13-1 Mmax is the specific growth rate in an artificial seawater medium
containing no added copper. The artificial seawater medium was treated with
chelex resin and contained less than 0.015 uM copper (Davey et al., 1973).
This means that the pCu of the cultdre containing no added copper had an un-
known value greater than 9.7. Inasmuch as the pCu of this zero added Cu
culture was unknown we cannot be sure that the culture was indeed free from
copper inhibi&ion. | |

The curves in Figure (4-12) are all comparable with respect to their
positions on the pCu axis, however, they all have somewhat different shapes.
The normalized cellular copper content curve for 3H is a smooth sigmoidal func-
~tion of pCu with a single inflection (point of maximum negative slope) at
pCu.9.2. On the other hand, the normalized growth rate inhibition curve for
this clone has two rather steep sigmoida1 sections with inflections at pCu
8.4 and 10.5. Although we cannot rule out the possibi]fty that copper in-
hibition and cellular copper uptake for 3H involved the same cellular site(s)
the marked difference in the shapes of the cell copper content and growth
rate inhibition curves suggests that this is not the casé. The two-stepped
nature of the growth inhibigion curve for 3H instead suggests the presence

of at least two individual copper inhibition sites that bind successively

with copper.
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Figure (4-12)
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IV-F-3. Copper Inhibition of Algae in Natural Sgawater
Copper induced growth inhibition has been defined in terms of pCu
for both an estuarine clone (3H) and open ocean clone (13-1) of the dia-

tom Thalassiora pseudonana and for the green alga Nannochloris atomus

(Figure 4-12). We now compare pCu levels that are inhibitory to these
three clones with estimated pCu values for seawater.

As a first approximation we shall aésume that copper is not signi-
ficantly complexed by organic ligands in seawater and thus that coppef
speciation is determined by complexation fo inorganic ligands. (This
gives a minimum estimate of copper complexation and thus a maximum estimate
for toxicity.) According to calculations of inorganic copper complexation
for surface seawater of chlorinity 19 °/00, temperature 25%C, and pH 8.2
(Park, 1966), the ratio aCu/CuT has a value of about 10"1‘8 (Section III.
C-3). To estimate an activity of copper in seawater we need. an estimate
of.the total copper concentration. .

Chester and Stoner (1974) reported copper concentrations for 38 open
ocean seawater samples falling in the range 0.002 to 0.06 uM with a mean
concentration of 0.012 uM. Form the same study the mean copper concentra-
tion for 51 coastal seawater samples (Northeastern Atlantic, South African
Coast, Inland Sea (Japan), South Japan Coast, Java Sea, Malacca Straits, Sea
of Japan, and China Sea) was 0.014 uM, close to that for open ocean samples.

Thus at pH 8.2, with a /Cuy = 10718 and Cuy = 0.012 WM, the pCu of the
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seawater would be 9.7. At this pCu, copper inhibited the growth rates of
T. pseudonana (clone 3H), T. pseudonana (clone 13-1) and M. atomus by 40%,
.20%, and 20% respectively (Figure 4-12). These results indicate that in
the absence of organic comp]exétion, natural levels of copper present in the
ocean should be inhibitory to at least some.species of marine phytoplankton.
Our calculations and indirect measurements of the inorganic complexa-
tion of copper in seawater indicate that pCu is dependent on pH. Experi-
ments with 3H showed that at constant total copper and chelator concen-
trations, pH induced changes in pCu significantly altered copper toxicity
~ (Figure 4-1). The pH of surface seawater may vary, especially in regions
where deep seawater having relatively low pH values is brought to the
surface by upwelling. Changes in surface seawater pH associated with up-
welling off the Oregon Coast during the summer of 1964 have been described
by'Park (1968). During the fall and winter when upwelling did not occur,
seawater pH was vertically stratified with a pH maximum of 8.1 to 8.3
at the surface, decreasing to a pH minimum of 7.7 at 209-300 meters depth.
During the summer, upwelling along the coast advected pH 7.7 seawater to the
surface and created a sharp surface pH grédient (7.7 to 8.2) perpendicular
to the shore. The salinity of the upwelled surface water was 32-34 %/c0.
If we ignore possible organic complexation, assume a temﬁerature of 25°C
(the temperature of our seawater calculations for copper complexation),

a salinity of 33 °/oo, and a copper concentration of 0.014 M (the mean
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coastal seawater value of Chester and Stoner, 1974) then from calculations
of the inorganic complexation of copper in seawater (Table 3-6), the
pCu of the seawater would be 9.2 at.pH 7.7 and 9.6 at pH 8.2.

What effect might such a pH induced pCu change have on copper toxicity?
For clone 3H the functional relationship between growth rate inhibition
and pCu was independent of pH for the pH range 7.7 to 8.2 (Figure 4-25.
For this clone a pH induced pCu change from 9.6 to 9.2 would cause only a
small increase in growth inhibition (approximately 3%, see Figure 4-12).
Assuming that the relationship between growth inhibition and pCu is also
pH independent for N. atomus (clone GSB Nannos as for clone 3H, the above
pH induced pCu change would cause growth rate inhibition for this clone
to increase from 20% at pH 8.2 to 60% at pH 7.7 (see Figure 4-12).

Changes in surface water pH such as those that occur in regions of

active upwelling therefore may be a significant factor affecting seawater

pCu, and thus the toxicity of copper to phytoplankton.
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V. EFFECT OF EDTA AND OF EXTRACELLULAR LIGANDS IN

SHORT TERM CULTURE EXPERIMENTS

V - A. Effect of EDTA on Cell Copper Uptake and Toxicity for T. pseudonana

In tris-CuSO4—seawater culture experiments, EDTA was present as a
~minor copper complexing ligand. The present experiment investigates whether

the CuEDTA complex is toxic to T. pseudonana or is taken up by the cells

to any appreciable extent.

Thalassiosira pseudonana cells were grown in an artificial 1/10th

‘strength seawater meduim (DSW ﬁedium, Table 2-3) to a cell concentration of
9.1 x 105 cells per ml, filtered, washed with fresh medium, and then trans-
ferred into experimental media having the following compositions:

medium 1 - DSW, no addition

medium 2 - DSW, plus 1 uM CuSO4

medium 3 - DSW plus 1 uM CuSO4 and 2 uM EDTA
The experimental cell concentration was 4.1 X 105 cells per ml.

In medium 2, the initial pCu at pH 8.1 was 7.7 as measured with the
cupric ion-selective electrode. The pCu value calculated from equation (A-2-8)
in Appendix 2, which takes into account copper—hydroxide.and copper-carbonate
complex formation, is 7.6 in good agreement with the measured value.

The pCu in medium 3, containing copper plus EDTA, is 10.5 as calculated

from known stability constants for CuEDTAz’, CaEDTAZ', and MnEDTAZ

reported
in Sillen and Martel (1964). The details for the calculation of pCu in this

medium are given in Appendix (4-B). The pCu in this medium is independent of
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pH in the experimental pH range 8.1 to 9.1 (Figure 5-3).
Figure (5-1) shows that the presence of EDTA almost completely prevents
cell copper uptake. In the presence of 1 uM copper and no EDTA, the cells

absorbed 8.2 x 10']6

moles Cu/cell after four hours. The addition of 2 uM
EDTA at the same total copper concentration reduced cell copper uptake to
3.4 x 10'17 moles/cell, a drop of over an order of magnitude. .

At a pCu of 10.6 in a tris—CuSO4-seawater medium (experiments in Section

17

II1) copper cell content after 3 days exposure was 2.2 x 107 '’ moles/cell.

By comparison at a slightly lower calculated pCu of 10.5 (i.e. higher activity)

in the copper plus EDTA medium, 3.4 X 10']7

moles/copper/cell was taken up
by the algae, consistent with the hypothesis of control by pCu.

One toxic effect of copper to algae is the loss of normal cell potassium
content (McBrien and Hassall, 1965; Kamp-Nielsen, 1971). The presence of
EDTA prevents copper induced cell potassium loss (Figure 5-2). In the medium
containing no copper or EDTA and in the medium with copper plus EDTA, cell

15 moles/cel

potassium content remains essentially constant at 9.5 + 0.4 x 107
during the course of the experiment. Only in the culture containing copper
alone was potassium lost from the cells.

The results of this experiment indicate that the copper-EDTA complex is
not appreciably taken up by the cells and that it is not toxic to the algae.

V - B. Algal Induced Changes in Culture :ledium pCu

In the culture containing 1 uM CuSO4 and no EDTA, the pCu measured in
culture filtrates increased markedly during the 4-hour course of the experiment,

from an initial value of 7.7 to a final one of 9.1 (Figure 5-4). Possible
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causes for this observed increase in pCu are: (1) the adsorption of copper
onto the walls of the culture vessel, (2) uptake of copper by the cells,
‘(3) an increase in the inorganic complexation of copper due to a photo-
synthetically induced increased in culture pH (Figure 5-3), and (4) the
production of extracellular complexing 1igaqu by the algae.

In a control medium, to which algae were not added, no change in pCu
was measured after either 4 or 6 hours indicating no adsorption of copper
onto the walls of the culture vessel, and implying that similar adsorption
did not occur in the experimental culture.

The total content of copper in the cells'affer‘four hours was 3.4 X 10"7
moles per liter of culture medium. Uptake by the cells thus accounts for a
decrease in the log of the culture medium total copper concentration of 0.2,
far too little to account for the observed 1.4 unit increase in pCu.

The pH of the culture filtrates increased from an initial value of 8.1
to.a final value of 8.8 (Figure 5-4) due to the photosynthetic removal of
002 by the cells. To determine the effect of this pH increase on pCu values,
filtered portions of the culture medium, sampled at 40, 125, and 243 minutes
after culture initiation, were briefly bubbled with 5% CO2 to adjust both
Pc02 and pH to the initial levels (i.e. that before the start of the experiment,
pH 8.1). The pCu was then measured (Figure 5-4). The pCu values for pH
adjusted culture filtrates taken at times 0, 40, 125, and 243 minutes after
culture initiation were respectively 7.7, 8.0, 8.1, and 8.3. Thus a large

portion (but not all) of the increase in culture medium pCu during the experiment

can be accounted for by the photosynthetically induced increase in pH.
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Figure (5-1)

gffect of EDTA on the uptake of copper by T. pseudonana (clone 3H)
in DSW media
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Figure (5-2)

Effect of EDTA on copper induced loss of cell potassium for
T. pseudonana (clone 3H) in DSW media
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Figure (5-3)

Photosynthetically induced changes in culture pH. Measurements made
in filtered culture media.
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Figure (5-4)

Changes in pCu, pH, and -Tog CuT with time for a culture of T. pseudonana

(clone 3H) in DSV medium containing TuM CuSO4. pCu, pH, and pCu (at pH
adjusted to 8.1) ‘were measured in culture filtrates.
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The ratio of the activity of copper to the @otal copper concentration in
solution (aCu/CuT) can be used as a complexation index. The higher the degree
of copper complexation, the smaller.this ratio will be. If we take CuT to
be equal to the initial copper concentration minus that taken up by the cells,

then this ratio has values of 10']’7, 10‘1'9, 10'1'9, and 10'2"l

respectively
for culture filtrates sampled at times 0, 40, 125 and 243 minutes. These
values are consistent with an increased copper complexation in the culture
medium apparently due to the presence of extracellular complexing ligands.
The present experiment thus demonstrates two mechanisms, and suggests a
third, by which the presence of the cells in the culture medium decreases the
activity of copper. These are the photosynthetically induced increase in
pH, uptake of copper by the cells, and the intrdduction of extracellular com-
plexing ligands. A1l three represent potential feedback mechanisms fhrough

which the algae may reduce the cupric ion activity and thus copper toxicity.

V - C. Additionel Evidence for the Productien of Extracellular Cemplexigg

Ligands by Clone 3H

Results of the previous experiment with T. pseudonana in a 1 uM CuSO4-DSH

medium suggest that cells excrete and/or leak out extracellular copper com-
plexing ligands into the external growth medium. The'fo1lowing experiment
further investigates this phenomenon.

The experimental procedure was as follows. A fresh water S.C medium
(Table 2-2) having the following alterations - deletion of EDTA, addition of
trace metals (except Fe) at only one-fifth their normal concentrations, and “

addition of 2 uM FeCl3 - was made up and autoclaved. Ceélls were then grown
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aseptically in a portion of this medium to a concentration of 5.4 x 105
cells/ml, filtered, and washed with fresh medium. The culture filtrate was
aerated to adjust its pH to 8.2 (the value of the unused portion of the
culture medium). Copper sulfate was added to the culture filtrate and to
the unused portion of culture medium to give a concentration of 0.3 uM in

. both media. The washed cells were reinoculated at a cell concentration of
2.5 x 105 cells/ml into the copper spiked new and used media and cell copper
uptake, potassium loss, and growth were measured.

Measured pCu values for the new and used culture media before cell
inoculation weFe respectively 8.5 and 8.8, consistent with an increased degree
of copper complexation in the used medium. This correlates well with cell
EOpper uptake data (Figure 4-6): the measured initial cepper activity in
the used medium is half that in the new medium and roughly half as much copper
it taken up by the cells after 3 hours in the used medium compared with that
taken up in the new. Cell potassium loss and growth (Figures 6-6 and 6-7) show
a decreased deleterious effect of added copper in the used medium compared
with that in the new.

These results provide strong additional evidence for the production of
extracellular substances that complex with copper, reducing both its uptake
by the cells and its inhibiting effects.

V - D. Discussion - Extracellular Chelators

Considerable evidence now exists that algae "excrete" extracellular
metabolites in quantities that in some cases account for a sizeable fraction

of the total fixed carbon (Hellebust, 1967; Sieburth, 1963). Fogg (1966),
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for example, has reportedfthat in some instances extracellular organics
comprise as much as 50% of the total fixed carbon. Many of these compounds
(émino acids, peptides, polysacharides) are metal chelators and may be
expected under appropriate conditions to complex with heavy metal ions.

. Fogg and Westlake (1955) concentrated partially purified extracellular

polypeptide from the fresh water blue-green alga Anabena cylindrica and

demonstrated that this material formed complexes with various trace metals
including copper, iron and zinc. They further showed that addition of this
material back into fresh cultures of Anabena containing added copper sulfate
~detoxified th; copper. The authors postulated that heavy metal detoxification

may be an important physiological function of extracellular algal products.
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Figure (5-5)

Uptake of copper and loss of cell potassium for T. pseudonana (clone
3H) in new and used SWC culture media containing 0.3 uM CuSO,.
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Figure (5-6)

Growth of T. pseudonana (clone 3H) in new and used SWC culture
media containing 0.3 uM CuSO4. . ~
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VI. STUDIES WITH NATURAL HATER SAMPLES

VI - A. Introduction

Barber (1973) found that the growth of phytoplankton in ultraviolet
irradiated surface seawater was significantly reduced relative to that in
untreated seawater, an effect that could be completely reversed by the
addition of the artificial chelator EDTA to the irradiated seawater. It
was postulated that ultraviclet irradiation destroyed naturally occurring
organic chelators, whose presence either detoxified certain trace metals
or increased the nutritional supply of iron to the algae. Steeman Nielsen
and Wium-Anderson (1970) have suggested that the beneficial effect of added
chelators in marine productivity studies is due to a removal of copper
foxicity. Marked differences in the toxicity of added copper in different
coastal seawater samples have been attributed to a variable complexation of
copper by naturally occurring organic ligands (Davey et. al., 1973).

The present set of experiments are designed (1) to directly measure
‘(using a cupric jon-selective electrode) the complexation of added copper
in an uv irradiated and untreated river water sample to determine whether
ultraviolet irradiation removes naturally occurring copper complexing ligands,
and (2) to determine whether uv irradiation of coastal seawater or water from
a salt marsh pond increases the toxicity of copper to algae grown in this
water.

VI - B. Complexation of Copper in a Highly Colored River Water

Highly colored water was collected from the Newport River, near Beaufort,

North Carolina, a river that is relatively unpolluted from industrial activity.
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Within several hours after collection, the sample was filtered through

a glass fiber filter (pore size n 1 um) to remove partiéulate matter and
organisms, and subsequently stored for two days in 500 m1 borosilicate bottles
before analysis.

Salinity of the water, as measured with a refractometer, was less than
0.5°/oo. The river water contained less than 0.3 uM copper as measured by
atomic absorbtion spectrophotometry.

A portion of the river water was ultraviolet irradiated for a period
of six hours (see Section II-F). Before irradiation, the water was the color
.of strong tea, apparently due to the presence of colored organic materials
(i.e. gelbstuff). Spectrophotometric measurements (Figure 6-1) showed that
ultraviolet irradiation removed essentially all of these colored materials
from the water.

VI - B - 1. Copper Potentiometric Titrations

Potentiometric copper titrations were performed on both the raw filter-
ed and ultraviolet irradiated samples (Figure 6-2). Prior to the titrationms,
the samples were equilibriated with the atmosphere by aeration using scintered
~glass frits. The pH of the samples was measured several times during the
titrations and was constant to within + 0.02 pH units.

Results of the titrations are given in Figure (6-2). The titration
curve for the ultraviolet irradiated sample is linear throughout the titration
range, with a slope of 31.5 millivolts/decade change in copper concentration,
close to the Nernst slope of 29.7 millivolts/decade at 26°C. The titration

curve for the raw filtered sample, on the other hand, is shifted to significantly
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Tower potentials. This curve is roughly linear in the concentration range

5.7-44 uM added copper with a slope of 60 millivolts/decade change in copper

concentration. Below this range, the curve decfeases in slope and assymtotically

approaches a constant potential at concentrations of added copper below 1

uM. ' .

| For the raw sample, the marked increase in titration curve slope

relative to the Nernst value (29.7) is consistent with a progressive saturation

of iigands with copper (causing a decreasé in free ligand activities) as more

and more coppgr is added to the sample. The absence of any sharp breaks

(i.e. end points) suggests that copper is complexed by a variety of different

ligands having different associations constants for reaction with copper.

Both the shift in titration curve to higher potentials and the decrease in

curve slope for the ultraviolet irradiated sample are consistent with at least

a partial destruction of organic comp]eking ligands by ultraviolet irradiation.
The leveling of the titration curve for the raw sample at submicromolar

added copper concentrations is apparently due to the sensitivity limit of the

cupric ion-selective electrode at combined low copper activity and Tow total

copper concentration (Ross, 1969; Blaedel and Dinwiddie, 1974).

VI - B - 2. pCu - pH Measurements

Simultaneous measurements of pCu and pH were performed in an ultraviolet
irradiated sample containing 5.7 uM CuSO4 and in two raw samples containing
10 and 44 uhl CuSO4. Ouring the measurements, the samples were aerated to

maintain equilibrium with the atmosphere. For the ultraviolet irradiated
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sampie and for the raw sample containing 10 uM CuSO4 measurements were first
made as pH was decreased to values of 3-4 and again as pH was increased. For
the raw sample containing 44 uM CuSO4, measurements were m;de only for de-
creasing pH.

Results (Figure 6-3) show that the pCquH measurements are reproducible
‘ and reversible; that is, measurements made at décreasing pH agree well with
those at increasing pH. The pCu is highly pH dependent in both the spiked
raw filtered and ultraviolet irradiated samples. As pH is decreased, copper
ions are apparently displaced from coordinating ligands resulting in an increase
in the concenteration of free cdpper jons (and thus a decrease in pCu).

The log of the ratio CuT/aCu can be used as an index for the degree of
copper complexation with large ratios indicating high degrees of complexation.
Plots of the log of this ratio as a function of pH‘(Figure 6-4) are roughly
parallel for raw filtered and ultraviolet irradiated sampTes in the pH range
7.0 to 8.0, but are displaced from one another on the log CuT/aCu axis. At
pH 7.7, values for log CuT/aCu for the raw samples containing 10 uM and 44
uM CuSO4 and for the ultraviolet irradiated sample containihg 5.7 uM CuSO4
are respectively 3.4, 2.6, and 1.2. This shows a significahtly higher degree
of copper complexation in the raw samples and indicates that a major portion
of the copper complexing ligands present in the river water was removed by
ultraviolet irradiation. For the raw samples, the lower degree of copper
complexation in the sample containing the higher CuSO4 concentration is con-
sistent once again with a larger degree of Tigand saturation by copper ions

as the total concentration of copper is increased.
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Absorbonce

Figure (6-1)

Light absorbance for raw filtered and ultraviolet irradiated river water.
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Figure (6-2)

Copper potentiometric
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Figure (6-3)

Measured relationships between pCu and pH in raw filtered and uv
-irradiated river water samples congaining various specified concen-
trations of CuSO4 T=26"C.
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Figure (6-4)

Log CuT/aCu plotted as functions of pH for raw and uv irradiated river water samples
containing various specified concentrations of CuSO,. CuT is assumed to be equal to

the added concentration of CuSO4. 4
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VI - C. Copper Toxicity in UV Irradiated and Raw Filtered Coastal Seawater

and Marsh lWater

In section (6-A), it was demonstrated that ultraviolet irradiation could
be used to remove essenﬁia]ly all colored organic compounds and a large por-
tion of copper complexing ligands from a higﬁ]y colored river water. In
' the present section, the effect of prior ultraviolet irradiation of coastal
seawater and salt marsh water samples on the subsequent toxicity of copper
to algae is investigated.

VI -C - 1. E}perimental

The species Nannochloris atcmus (clone GSB Nanno) was chosen for this

study because of its small size (1-2u) and because of its previously deter-
mined low iron requirement (unpubiished data). Since we wish to investigate
the effect of removing organic chelators on the toxicity of copper to algae,
we should therefore like to minimize the effect which chelator removal might
have on iron supply.

The small size and relatively slow growth rate of N. atomus (i.e.
relative to the other test alga 3H) also minimizes the effect of algal growth
on the pH of the culture media. In separate experiments performed in M-f/2
medium, healthy log phase cultures of N. atomus with a_grbwth rate of 0.75
divisions per day exerted no influence on culture medium pH at cell densities
equal to or less than 1.1 x 106 cells per ml. In the present culture

6

experiments cell densities were less than 10~ cells per m! and thus algal
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~growth should have little effect on pH.

Vineyard Sound seawatef was collected from the Woods Hole dock on
February 15, 1971. The sample had a salinity of 32 + 1 o/oo and a pH of
8.2. Marsh water was collected from a pond of approximately one meter depth
in Little Sippewissett Salt Marsh on September 22, 1972. The marsh water
bhad a salinity of 20 o/oo and a pH when equilibrated with the atmosphere of
8.1.

Portions of glass fiber (~ 1 um pore size) filtered Vineyard Sound water
and marsh pond water were ultraviolet irradiated for periods of 6 and 9 hours,
respectively (see section II-F). Filtered marsh water had a pale yellow
color before irradiation, but no visible color after irradiation, suggesting
the removal of colored organic materials.

Culture experiments in Vineyard Sound water were performed aseptically
(sterile filtration) whereas those in marsh pond water were not. Vineyard
. Sound and marsh pond water cultures were enriched with nutrients to insure
adequate algal growth: the former with /2 levels of nitrate, phosphate,
and silicate and the latter with f/4 nitrate and phosphate (Table 1-1). One
uM FeCl3 was also added.

VI - C - 2. Results of Copper Toxicity Assays

Growth curves for the copper toxicity assays are shown in Figures (6-5
through 6-7). Ultraviolet irradiation of Vineyard Sound seawater caused a
small decrease in the growth rate of the control cultures containing no
added copper; however, this effect was completely reversed by the addition
of the artificial chelator, EDTA. For cultures in marsh pond water, growth

of ultraviolet treated and untreated controls was essentially the same
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indiéating that the irradiation process did not produce any toxic compounds
in the water.

In a1l cases, added copper has a significantly increased inhibitory
effect in the ultraviolet irradiated water. In raw filtered marsh pond
water, the addition of 0.3 uM, copper has no inhibitory effect on algal growth
whereas in the ultraviolet irradiated water édded concentrations of 0.1 and
0.3 uM Cuso, inhibit growth rate by 34% and 71%, respectively. In untreated
Vineyard Sound seawater, 0.03 and 0.1 uM copper inhibit growth rate by 18%
and 39% compared with inhibitions of 59% and 76% for equivalent concentrations
.of copper in the ultraviolet irradiated seawater.

The results are consistent with the hypothesis that both marsh water
and Vineyard Sound seawater contained organic substances that complex with
and thus detoxify copper ions. The removal of some portion of these organic
copper complexing substances would increase the fraction of copper present
as free copper ion and thus increase the toxicity of added copper.

VI - C - 3. Copper Potentiometric Titrations of Raw Filtered and uv

Irradiated Marsh Pond later

The above hypothesis concerning the destruction of copper complexing
organic substances by ultraviolet irradiation is supported by the results of
copper titrations of raw filtered and ultraviolet irradiated river water
(section VI-B) and the results of similar titrations in raw filtered and ultra-
violet irradiated marsh pond water (Figure 6-8). The copper titration curve
for raw filtered marsh water is noticably sigmoid in shape with a maximum slope

of 74 millivolts per decade change in added copper concentration in the range
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0.4 to 0.6 uM CuSO4. The titration curve for the ultraviolet irradiated
sample is shifted to higher potentials with a significantly decreased slope:
éverage slope for the added copper concentration range 0.2 to 2.0 uM is 64
millivolts/decade for the titration curve of the raw filtered water as com-
pared with 41 millivolts/decade for that of the ultraviolet irradiated water.
As copper concentration is increased, the two titration curves approach one
another, which is consistent with a saturation of chelation sites by copper.
The non-Nernstian slope for thé titration curve of the ultraviolet irradiated
‘20°/oo salinity marsh pond water is apparently caused mostly by a chloride
interference of the cupric ion-selective electrode (see appendix 1). Some
portion of this increase slope may also be due to an incomplete photo-
oxidation of organic ligands.

It should be noted here that copper titrations could be used to detect
the "addition of 2 uM of the chelator nitrilotriacetic acid (NTA) to Sargasso
. seawater (appendix 1, figure A1-3) even though the electrode was not respond-
ing in an ideal Nernstian fashion due to a chloride interference. The addition
of NTA caused a significant decrease in cupric ion selective electrode
potentials at equivalent concentrations of added CuSO4 and an increase in
titration curve slope which is exactly opposite to the observed effect of

ultraviolet irradiation of the marsh pond water sample.
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Figure (6-5)
Effect of added copper or added Ef)TA on the growth of N. atomus in

raw and uv irradiated Vineyard Sound seawater. Control cultures
‘contain no added copper or EDTA. -

106..

' o
UVIO M EDTA»/0 Py
raw -control

?-Uv-control

raw0.03 M Cu
°

rawC.ipM Cu

'ce//s/m/

©

//UV0.0?)/.LM Cu
0)

0}

/40.1;1.&/1 Cu

Time in days

-128-



Figure (6-6)

Effect of added copper on the growth of N. atomus in raw and uv
irradiated marsh pond water. .
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Figure (6-7)

Effect of added copper on the growth of N. atomus in raw marsh
pond water.
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mv

Figure (6-8)

Copper potentiometric titrations of raw and ultraviolet irradiated 20 %/00 salinity
marsh pond water at 25°C and pH 8.10.
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VII CONCLUSIONS AND PROSPECTUS

Experiments in trls buffered seawater culture media confirm the hypothesis
that copper 1nh1b1t1on to algae and cell copper uptake are related to the
cupric ion activity and are independent of total copper concentration. This
hypothesis is not new,but our experiments rebreéent the first direct demonstra-
tion that such is the case. In view of our results, it becomes important that
copper toxicity to algae be defined in terms of pCu, just as the effect of
hydrogen ions on algae and other crganisms is defined in terms of pH. Environ-
mental water quality standards that consider orily 'the concentration of toxic
metals, and ignore the degree of metal complexation, are clearly inadequate.

Inasmuch as toxicity and cell copper uptake are related to cupric ion
activities, it is important that we determine pCu ievels in naturé] waters,
either by direct measurement or by calculations that take -into account the
degree tc which copper is complexed by natural ligands. At present, we are
a long way from fulfilling this goal. As demonstrated in section (VI-B),
the Orion cupric ion-selective electrode is an extremely promising tool for
direct quantitative measurement of copper complexation in natural waters.

This electrode, however, is no panacea, having several major shortcomings.

The first of these is a chloride interference, which prevents the quantitative
measurement of copper complexation in seawater. The sensitivity limit cf the
electrode should also prevent, in most cases, the direct measurement of naturally

occurring cupric ion activities or of copper complexation at naturally occurring

-
.

copper concentrations.
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An approach to determining cupric jon activity in seawater and other
natural waters is direct calculation. Because of our preseni meager knowledge
of the composition of organic matter.in natural. waters, we cannot directly
compute complexation by organic ligands and thus we can only consider inorganic
complexation. Bioassays in coastal seawater and marsh water and cupric ion-

_ selective electrode measurements in river water (section VI) strongly §uggest
that copper is significantly complexed by organic ligands in at least some
natural waters. Calculations of pCu which consider only inorganic Tigands
may markedly underestimate total complexation and thus pCu. Such inorganic
calculations of pCu in seawate; (section III-C) ﬁay best épply to regions

of Tow organic matter such as the Sargasso Sea or to newly upwelled seawater.

A comparison of the pCu sensitivity levels for clones 3H, 13-1, and
GSB Nanno with calculated estimates of pCu in seawater indicates that in the
absence of organic complexation, natural pCu levels are inhibitory to these
three clones.

Results in section (V) provide evidence for three feedback mechanisms
through which algae may reduce cupric ion activity in their growth medium
and thus reduce copper toxicity. These are (1) the uptake of copper by
cells (i.e. the reaction of copper with cellular ligands, (2) increased copper
complexation caused by a photosynthetically induced increase in pH, and
(3) the complexation of copper by extracellular ligands produced by the algae.
A11 of these are of likely significance in natural waters; however, it is
difficult to extrapolate quantitatively from short term experiments (lasting
several hours to several days) made with single clone cultures at relatively

high cell concentrations (105 to 106 cells per ml), to natural environments
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where time scales are muéﬁ 1oﬁ§er, cell concéntfations are typically much
smaller (less than 104 cells per ml), and a variety of different species are
present. N -

-~ The present work is in many respects of a preliminary nature. Future
research should be carried out to determine to what extent different species
of phytoplankton differ in sensitivity to free cupric jon activity. Differential
sensitivity might markedly affect species composition in natural waters in
which copper toxicity occurs. Synergisms and antagonisms between copper and
other metals are undoubtedly also of considerable importance and should be
investigated. We should like to determine not only the extent to which species

of algae other than T. pseudonana produée eifracel]uTg}héomblexing 1igands,

but the conditions that affect the production of these materials and ultimately
the identity of specific extracellular ligands. Finally, cupric ion-selective
electrode measurements of copper complexatiorn in a variety of natural waters

. of low salinity (such as that studied in section VI-B) should appreciably extend
our present limited knowledge of copper speciation in the aquatic environment.
Copber speciation is of importance not only to copper toxicity, but also to
metal transport processes and geochemical reactions such as adscrption, pre-

cipitation, and solid solution.
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VIII SUMMARY AND CONCLUSIONS

(1) Culture experiments with T. pseudonana (clone 3H) carried out

in CuSO4-trishydroxymethv1amino methane metal buffered seawater culture
media, in which the chelator concentration, the total copper concentration,
and the pH are systematically varied, demonstrate that cell copper .
content and copper induced growth rate inhibition are both related to pCu
and are independent of the total copper concentration.

(2) Cellular copper content for clone 3H was found to be a hyper-
bolic function of cupric ion activity for the pCu range (8.6-10.5)

4.8 x 10-16 (moles/cell) ac,

Cu/cell

+ -9.2
aCu 10

where acy, represents the cupric ion activity.. The above relationship
suggests the binding of copper to a single set of ce]]u]af ligand sites
haQing a total binding capacity of 4.8'x 10-16 moles/cell and an apparent
association constant for reaction with copper of 10‘9‘2.

(3) The use of copper-chelate metal buffered culture media is an
excellent technique for quantitatively measuring the relationship between the
toxicity of copper to algae and pCu. In experiments carried out in such
media - i.e. seawater-CuSOa-tris - copper inhibited the growth rate of the

estuarine diatom T. pseudonana (clone 3H) at pCu values below 10.7 with total

growth rate inhibition occurring at pCu values below 8.3. For an estuarine
green alga N, atomus the pCu range for partial to total growth rate inhibition

was approximately 10.3 to 8.4. <Calculation of culture pCu values for
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experiments with an open ocean isolate of T. pseudonana (clone 13-1) in

artificial seawater media containing no added chelators (experiments of
Davey et. al., 1973) yielded a growth rate inhibitory pCu range for this

clone similar to those for T. pseudonana (clone 3H) and N. atomus in the

highly chelated seawater-tris culture media.

(4) A comparison of the pCu levels which.inhibit the growfh of the
above three isolates with an estimate of the natural pCu levels for sea-
water indicates that in seawater containing no significant organic chelation,
natural levels of copper should be inhibitory to these algae. Changes in
pCu due to pH variation in seawater and other natural waters may be an
important fa:tor affecting copper toxicity to algae.

(5) Quantitative evidence was found for the complexation of copper
' in culture media by extracellular ligands produced by algae. The growth
of clone 3H in low salinity culture media resulted in an.increase in copper
complexation in the culture media. This correlated well with a decrease in
copper toxicity and a decrease in copper uptake by cells in culture media
in which algae had been previously grown. The detoxification of trace
metals may represent an important physiological function of extracellular
algal products.

(6) The results of potenticmetric measurements and bioassays in
several untreated and ultraviolet irradiated natural water samples are con-
sistent with the hypothesis that copper is significantly complexed by
organic ligands in at least some natural waters, and that such complexation
decreases the toxicity of copper to algae. Ultraviqlet irradiation-of a

tiighly colored river water sample resuited in a large decrease in the
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complexation of added copper, which is consistent with at least a partia1-
photooxidation of naturally occurring organic ligands by ultraviolet
. irradiation. Bioassays with N. atomus in Vinyeard Sound coastal seawater
and in water collected from a salt marsh pond showed a significantly higher
copper toxicity to algae in water samples previously treated with ultra-
violet irradiation than in untreated water samples.

(7) The Orion cupric ion—se]éctive electrode is a promising tool for
the investigation of copper complexation in culture media and natural waters

containing low chloride concentrations (i.e. < 0.05M).
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*  APPENDIX 1: CUPRIC ION-SELECTIVE ELECTRODE MEASUREMENTS
IN SEAWATER: EFFECT OF CHLORIDE ION

Jasinski et. al. (1974) investigated the'behavior of the Qrion cupric
jon-selective electrode in various seawater samples. Replicate calibration
curves in Gulf of Mexico 6pen ocean seawate} showed a linear electrode
response with a slope of 52+2 mv/decade [added copper]. A comparison
of calibration curves in seawater with those in 1 M KC1 at pH 2 and 0.5
M NaCl adjusted with base to pH 8 suggested that the increase in the
calibration curve slope in open ocean seawater relative to the electrode
Nernst slope (v 30) was caused by a chloride interference.

In our present study, a comparison of copper potentiometric titrations
in distilled water, 0.1 M NaCl, 0.5 M NaCl, 1.25 M NaCl, and 0.5 M NaCl
plus 2 mM NaHCO3 solutions at 25°C (Figure Al-1) also indicate the presence
of.a chloride interference that causes an increase in the electrode response
slope from that predicted by the Nernst equation for a divalent ion. The
titration curve for distilled water is linear throughout the titration range
of 0.2 to 5.7 uM CuSO4 with a slope of 29.3 mv/decade [CuSO4], in good
agreement with the expected Nernst slope (29.6). By contrast, the curves
for 0.1, 0.5, and 1.25 M NaCl have linear slopes (for the upper portions
of the titrations curves) of 35.5, 51.2, and 57.2. According to ideal
electrode behavior, a titration curve slope equal to the Nernst value would
be expected in the NaCl solutions since, for any single titration, the ionic
strength and the degree to which copper is complexed to chloride ion are

constant,
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“The titration curve for the solution containing 0.5 M HaCl and 2 mii NaHCO4
is shifted downward on the potential axis and has a slightly decreased linear
slope of 48.5 relative to the curve for 0.5 M NaCl alone. The shift in the
curve to more negative potentials is consistent with the increased complexation
of copper by carbonate and hydroxide jons (see sections 3-C and appendix 2).

For solutions containing 0.5 M NaCl, 0.5 M NaCl plus 2 mM NaHCO5,
and 1.25 M NaCl the titration curves deviate from linearity with decreasing
slopes at added copper concentrations below 0.4, 0.4, and 1.0 uM, respectively.
This departure from linearity is possibly caused by either the presence
of trace contaminants - initial copper, s11ver, or mercury - possibly intro-
duced as impurities in the reagent grade NaCl used to prepare the solutions
(Jasinski et. al., 1974) or by the sensitivity of the electrode at combined
- Tow free jon activities and total concentrations of copper (Blaedel and
Pimwiddie, 1974; Ross, 1969).

Cupric ion-selective electrode measurements were a1§o made in solutions
coﬁtaining 10 uM CuSO4 as functions of NaCl concentration or NaNO3 concentra-
tion at 25°C (Figure A1-2). The measured curves are identical for concentra-
tions of NaCl and NaNO3 < 0.05 M indicating that chloride interference does
not occur below this concentration. As the concentrations of NaCl and NaNO3
are increased above 0.1 M, the two curves depart markedly from one another
due mostly to the chloride interference and to a much lesser extent chloride
complexation in the solution containing added NaCl.

I - A. Copper Potentiometric Titration Curves of Sargasso Seawater With

and Without Added Chelators

Copper potentiometric titrations were carried out in surface Sargasso
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Figure (A1-1)

Cupric ion-selective electrode potentiometric titrations in distilled
water, 0.1 M NaCl, 0.5 M NaCl, 1.25 M NaCl, and 0.5 M NaCl plus 2 mH
NaHCO, (pH 8.17) at 25°C. For these titrations and those in figures
(A1-27and A1-3) the electrode potential for a 20 uM CuS0, distilled
water solution has been artitrarily set at 200 millivolts (the upper
limit of the Backman pH meter's millivolt scale). A1l other measured
potentials are relative to this arbitrarily set value.

200 -
‘ 993 o
180 |- . €§5SP€:6'//// .
ﬁ“/°/ /
N .
160 |- A ©

140 |- ///////,/' Do
. . (o]
o) L ‘
o~ 0
@“ . /
120 |- S 9

- o O .
100 P

1077 _ 107° 107°
' ADDED CuSOq

-146j



my

Figure (A1-2)

Effect; of NaCl and NaNO3 concentration on the potential of the cupric ion-selective electrode in
solutions containing 10 uM CuSO4 at 25°C.
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seaﬁater (which had been stored in a 5 gallon borosi]fcate glass carboy
for several months), Sargasso seawater plus 2 uﬂ nitrilotritacetic acid
(NTA), and Sargasso seawater plus T0 mM tris at pH 8.23 and 25°C to deter-
mine the feasibility of using the cupric ion—§e1ective electrode to detect
the chelation of copper in seawater and po;sib]y other solutions of high
chloride content (Figure Al-3).

The titration curve for surface Sargasso seawater is approximately
linear for the concentration range 0.2 to 5.7 uM added CuSO4 with a slope
of 55 mv/decade [added copper]. This slope is similar to that observed
by Jasinski et. al. (1974) for surface Gulf of Mexico seawater (i.e. 52+2 mv).
The increase in curve slope over the theoretical Nernst value of 29.6 is
apparently mostly accounted for by chloride interference though we cannot
rule out the possibility that some of the observed increase may in fact be
caused by the chelation of copper by trace concentrations of organic ligands.

. In contrast to the titration curve for Sargasso seawater alone,

that for Sargasso seawater containing 2 uM NTA is sigmoidal in shape with
a maximum slope of 129 mv/decade [added copper] and is significantly shifted
tollower potentials. The titration curves for Sargasso seawater with and
without NTA approach one another as the concentration of copper exceeds that
of the added NTA. These results indicate that cupric ion-selective electrode
potentiometric titrations can be used in a qualitative fashion to detect
relatively low concentrations of strong chelators in seawater in spite of
the apparent non-Nernstian response caused by the presence of chloride ion.

The titration curve for Sargasso seawater plus 10 mM tris (pH 8.23)
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1s also shifted to significantly lower potentials from that for Sargasso
seawater alone. This shift is consistent with the expected high degree
of copper chelation by added tris (see section III-C-5). In the con-
centration range of 2-57 uM added cﬁpper, the curve is linear with a
slope of 30.2 which is close to the Nernst slope of 29.6. For this
tiiration, the ratio between cupric ion activity and the total copper con-
\centration should be constant since (1) copper is essentially tota]]y'
complexed by tris (see section III-C-5) and (2) the total concentration
of copper is in all cases less than 0.004 that of tris and thus changes
in copper concentration do no; appreciably alter the free ion activities
of various tifis species which chelate with copper. The close agreement
between the observed linear slope and the Nernst slope indicates the
absence, or near absence, of chloride interference for seawater in which
there is a high degree of copper-tris complexation.
A comparison of "measured" pCu fof the solution containing seawater,
10 mM tris, and 10 uM Cus0, (taken from the titration curve in Figure Al-2)
shows good agreement with a calculated pCu value obtained from an apparent
stability constant for copper-tris complexation measured in 0.5 M KNO3
solutions at 20-21°C (see section III-C-5). Measured pCu values obtained
.from the Nernst equation using either the ideal slope (29.6) or the measured
slope (30.2) are 11.08 and 10.93, respectively. The calculated pCu is 10.90
in good agreement with the above two measured values.
In conclusion, our results indicate the presence of a chloride inter-

ference which causes an increase in the cupric ion-selective electrode response

slope and which occurs, in the absence of additional copper complexing agents,
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at chloride concentrations above 0.05 M, This chloride interference appears
to be reduced in the presence of a high degree of copper complexation.
The mechanistic nature of the chloride interference is not understood at

the present time.
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Figure (A1-3)

Copper potentiometric titrations of surface Sargasso seawater with and without the
addition of NTA or tris at pH 8.23 and 25°C,
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APPENDIX 2: DETERMINATION OF STABILITY CONSTANTS FOR THE

COMPLEX SPECIES CuC03, Cu(COB)zz‘, and cuoH’ AT 25° ¢

Simultaneous measurements of pCu and pH were made in CuSO4—NaHCO3 solutions
and in a solution contaiﬁing 4 M Cu504, 20 mM KNO3 and small amounts of KOH
to determine stability constants for the complexation of copper by carbonate
and hydroxide ions. These measurements were consistent with the presence of

2’, and CuoH'.

three complex species: CuC0s, Cu(CO3)2

For sodium bicarbonate solutions, measurements were made at constant
alkalinity, but variable PCOZ' In these solutioﬁs, the PC02 and thus the pH
was varied by bubbling the test solutions for short periods of time with a gas
mixture ;ontaining 5% CO2 and 95% air.

From measurements in the test solution containing 2C mM KNO3 and 4 M CuSO4
we wished to determine copper-hydroxide complexation in the absence of carbonate
conmplexation. To minimize dissolved COZ’ which would react with hydroxide jons
to form carbonate ion, the test solution was bubbled continuously with nitrogen.
The pH of this solution was varied through the addition of small quantities
(some fraction of a drop) of concentrated KOH or HNO3 solutions.

Measured pCu-pH curves for solutions containing 3 mil NaHC03—4 uM CuSD4,

1 mM NaHCO -4 yM CuSO

-2 uM CuSO4, 0.5 mM NahkCO 0.5 mM NaHC03—1.5 uM CuSO4,

3 3 4>
and 20 mM KNO5-4 uM CusQ, are presented in figure (A2-1).

Stability constants for copper carbonate and copper hydroxide complexes were
determined from a multiple linear regression fit of experimental data to a

theoretical equation derived from a mass balance cquation and from

equilibrium mass action expressions. The pertinent equjlibrium
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expressions are given in Table (A 2-1). The mass balance equation written in

terms of the activities of the individual copper species is

Cup = a2t acyo8

a
+ CuCO3

a 2-
. 2cu(coy),
o2 Youod Yeuco, Yeu(€04),%

+ (A 2-1)

where CuT is the concentration of added copper. sulfate and y 1is the activity
coefficient of the subscripted species. Substituting equilibrium relationships

1-3 from Table (A 2-1) into equation (A 2-6) we obtain

AR 2

1 3on~ Kewort  2co.?2” Fcauco (30032') KCu(CO3)22‘
+ + 3 3

2

(A 2-2)
L + + 2-
Teu® YCuoH Yeuto, Yeu(co,),

CuT = aCu2+

An éxpreésion for the carbonate jon activity in the sodium bicarbonate test
solutions is derived from the carbonate alkalinity equation and from the hydrogen
ion association equilibrium for carbonate ion (equation 4, Table A2-1). Car-
bonate alkalinity is defined as

Alk = [HCO.] + 2 [co32'] + [OH] - (WY (A 2-3)

For sodium bicarbonate solutions in the experimental pH range 5.8-8.4 the concen-
tration of hydrogen and hydroxyl ions is negligible compared to that of carbonate

and bicarbonate ions and therefore equation (A 2-3) becomes

2- 2 a~n 2-

o, (A 2-4)
YhCo.," Yco32‘

- - o
Alk = [HCOZ] + 2 [0, Hoy™

3
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From the equilibrium expression (4) in Table (A 2-1)

10.33

eo,m T W 3,2 10 (A 2-5)
Combining equations (A 2-4) and (A 2-5)
Alk )
ac032- = aH+“]0]0'33 . 2 ‘ (A 2-6)
YHCO,” Ye0,2"

For NaHCO3-CuSO4 solutions the alkalinity is simply equal to the concentration
of sodium bicarbonate. Inasmuch as the 20 mM KN03-4.0 uM CuSO4 solution con-
tained no added sodium bicarbonate and was bubbléd'Wifh nitrogen gas to minimize
dissolved C02, the carbonate ion activity in this solution can be considered

to be essentially zero. From the a;id base association equilibrium for water

(equation 5, Table A 2-1)

-14.00
LhY 10 /aH+ (A 2-7)

Eliminating carbonate ion and hydroxide ion activities from equation (A 2-2) using

equations (A 2-6) and (A 2-7) (A 2-8)
’ 1 2,
Cup = ag 2H{—> ¥ 10.33 * 10.33 5 3T .
feu™  fa#107777, 2 a, #1077 W YCuoH
Yeu - 7= Yeu(co, ),
Y = Y 2" : - -

Values for the activity coefficients in equation (A 2-8) were calculated from the

Davies modification of the Debeye-Huckel eauation

Tog = -AZf - 0.31 (A 2-9)



‘where Z is the ionic charge: I is the ionic strength of the medium; and A is
a constant equal to 0.51 for water at 259C. Ionic strength of the test media

is calculated from the formula

1 = 2]} c 1,

2 (A 2-10)

where Ci is the molar concentration of the individual ions in solution.

Equation (A 2-8) was solved for the constants KC +, K 2-

woh** ¥euco,* 2 Keu(co,),
by multiple linear regression analysis using a Wang Model 462-1 advanced
statistical calculator which is preprogrammed to carry out multiple Tinear re-
‘
gression calculations. To perform the regression, it was necessary first to

transform equation (A 2-8) to a standard linear form

y = Ao + A] X{ + 3 X, (A 2-11)
where
Xq = A veuort 3 (A 2.13)
10.33 .
YCUC03<aH+ 10 . 2 >
- 2 .
Y Y
HCO3. CO3
2 . -
- A" vouont 3t (A 2-14)
3’2 H +
Yuco -~ Yeqg 8-
HCO3 CO3
(A 2-15)

Ay = Keuont A ° KCuco33 Ay = KCu(co3)22’
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The calculations of the variables y, x],'and Xo from the experimental pCu and
pH values were carried out by computer. .

| The multiple linear regression of y as a function of X1 and Xo yielded a

multiple correlation coefficient of 0.9992 and an F-value of 14059. Computed

values for K. o+, KCuCO3’ and KCu(COB)Zz' (including standard errors) are

6.59+0.03 ,6.80+0.01 10.40+0.04
9 .

respectively 10 , and 10 These values agree

favorably with stability constants reported in Sillen and Martel (1964) (Table A 2-2).
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Table (A 2-1)
Equilibria at 25%C and pH 5.8 to 8.4 for the experimental test solutions:
.3.0 mM NaHCO3 plus 4.0 uM CuSO4
1.0 mH{ NaHCO; plus 2.0 uM CuSO,
0.5 mM NaHCO3 p]u; 1.§ uM CuSO4
0.5 mM NaHCO, plus 4.0 uM CuSO,
20 mM KNO3 plus 4.0 uM CuSO4

Reaction Equilibrium Log K
Equation
2+ - +
(1) Cu® + OH = CuCH a +
CuOH = Keuon? To be determined
2+ 2-
(2) cu“” +CO = CuCO a
3 3 CuCO3 - KCuCO3 : To be determined
aCu2+ aC032-

2+ 2- _ 2-
(3) cu® +2 CO3 = Cu(C03)2 aCu(COS)ZZ'

= KCu(C03)22' To be determined

20u2* (agy 2-)°
3
2-
(4) H' +C0,5 = HCO,-  apeq
3 3 0 = Koo 10.33"
a+ ag, 2- 3
: 3
+ - _ _ _ *
(5) H' +OH = HyO WA = K0 14.0

*Constants taken from Schlindler (1967).

t
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Figure (A-2-1)

Measured relationships between pCu and pH for solutions:of the

following compositions:
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" Table (A 2-2)

Comparison of association constants from this work with values reported,in

Sillen and Martel (1964)

for the copper complex species CuC0j, Cu(C03)2 -,

and CuOH*.
Complex Tenggatyre Medium Log K Reference
cuco,’ 25 0 corr.”™  6.80 £ 0.0 This work
25 0 corr. 6.77 SM
25 0 corr. 6.34 SM
Cu(C05),% 25 0 corr. 10.40 + 0.04 This work
25 0 corr.’ 10.01 SM
18 1.7 KNO3 8.6 SM
CuOH" 25 0 corr. 6.59 £ 0.03 This work
100 dilute 7.77 SM
100 dilute 6.60 M
20 CuAc2 7.22 | SM
" (variable)
18 0.02 Cu 7.53 SM
25 0 corr. 6.47 SH
25 0 corr. 6.27 SM
? variable 7.5 M
18 0 6.03 SM
18 0 6.0 SM
30 0.1 KC1 7.2 SM
25 0 corr. 6.66 SM

*
Sillen and Martel (1964)

%**
Corrected to zero ionic strength.



APPENDIX 3: CALCULATIONS OF COPPER-TRIS COMPLEXATION FOR THE SOLUTION

50uM CuS0,-(1-30) mM TRIS - 0.5 M KNO. AT 21°C

Consider the following four reactions and mixed associated equilibrium

expressions
cw?t + 2 Htris = Cu(Htris)22+ ’ (A 3-1)
[Cu(Htris),*] , 4 5.2
. 5 K ; -
a 2+ [Htris]? Cu(Htris)
u
Cu(tris),®* = cu(tris)(Htris)® + H* (A 3-3)
[Cu(Htris)(tris)+] ay
5T = Ky* : (A 3-4)
[Cu(Htris)2 ]
Cultris)(Htris)® = cu(tris), + Wt ' (A 3-5)
[Cu(tris)zl ayt
el (8 3-6)
{Cu(Htris)(tris) ]
Htris + H = Hytris’ (A 3-7)
[Hztris+] (A 3-8)
—————— = K . -
[Htris] aH+ Hztr1s

where Htris is the neutrally charged tris species with the amine group in its

basic form and tris” represents a tris species with a hydrogen ion removed from
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one of the three hydroxyl groups. The square brackets indicate concentrations
of enclosed species. Reactions (A 3-1, 3 and 5) are taken from Hall et al. (1962).

-~ A mass balance equation for copper may be written

CuT = [Cu(Htris)22+] + [Cu(Htris)(tris)+] + [Cu(tris)z] (A 3-9)

ignoring the inorganic species Cu2

+, CuCO3°, and CuOH' whose concentrations
are negligible compared to that of tris-copper complexes.

From equations (A 3-2, A 3-4, and A 3-6)

[culhtris),?*1 = a2+ [Htris)? Gulhtris), (A 3-10)
[Cu(Htris)(tris)+] = [Cu(Htris)22+] KI* (A 3-11)
aH+
. 12
- acu2+ [Htris] KCu(Htris)z Ky* (A 3-12)
ayt
. .\
a, t
H
. 12
[Culeris),) = cu?t IHOFISI™ Koy (ueris), K1* 7 (A 3-14)

(a+)°

Solving the mass balance equation using equations (A 3-10, A 3-12, and A 3-14)

- c 12 2
CuT = aCu2+ [Htris]® K )

cuheris), ¢ Kt KT Ko*/ (ay*

) (A 3-15)
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We now need to express' [Htris] in terms of the total concentration of tris

not complexed by copper, i.e. [tris*]. From the definition

[tris*] = [Hztris+] +  [Htris) (A 3-16)

and using equations (A 3-16 and A 3-8)

[Htris] [Htris] _ [Htris]

e = = : : (A 3-17)
tris*] [Hztris+] + [Htris] ¥ [Htris] KHztris t [Htris]
Thus
[Htris] = [tris*] (A 3-18)
1+ aH+ KHztris
Combining equations (A 3-15) and (A 2-18)
Y 2
aCu2+ [tris*] KCu(Htris)2 (1+ Kl*/aH+ + Kl* K2*/(aH+) )
Cup. = 5 (A 3-19)
(1+ 3% Ky tris) '
Taking the log of the above expression and rearranging terms
(A 3-20)
2
pCu = 2 logltris*] - log Cup + log (1 + Ry*/ag+ + Ki* Kp*/(a#)7) Keu(rtris),
(1+ aH+ KH tm’s)2

_ 2
Equation (A 3-20) agrees with experimentally measured equation (3-30) with

2
Tog (1 * Kp*/agr + Ki* K*/(a4)7) Koy yeris)

5 2 = 9.52 (n 3-21)
(1 +a )

K .
Ht Hytris
at pi = 8.10, T = 21°C and ionic strength = 0.5.
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APPENDIX 4: CALCULATIOH OF [CuEDTAz_]

4-A. Calculation of 1CuEDTA2'] in Seawater Culture Media

For 1.0 uM EDTA in tris—CuSO4-seawater culture media, EDTA should be

2+ ' 24 2+

principally complexed to Cu™", Ca™ , and Mg Because of the insolubility

of Fe(OH)3 at pH values around 8.0 we can ignore EDTA compelxation with iron

(Stumm and Morgan, 1970). Also, because of the large degree of complexation

2-

to divalent metals acidic EDTA species - HEDTA3', HZEDTA , H,EDTA™, and

3
H4EDTA may similarly be ignored. Therefore, the total concentration of EDTA
in solution is equal to the sum of the concentrations of the individual di-

valent metal complexes:

EDTA; = [GuEDTA®] +  [CabDTA®]  +  [(MGEDTAZ] (A 4-1)
The fraction of the total concentration of EDTA present as CuEDTA2° is
ICuEDTAZ'] - aCuEDTA/YCuEDTA (A 4-2) -

EDTA :
T 3cuEDTA’ YCuEDTA ¥ 2caEDTA/ YcaEDTA + 2MgEDTA YMGEDTA

where the activity of the individual complex species divided by the activity co-
efficient (v ) is equal to the molar concentration. We may assume that the acti-
vity coefficients for the various divalent metal-EDTA complexes are approximately

equal and therefore can be cancelled out of equation (A 4-2):

EDTA; a
[CuEDTAZ} = T_CuEDTA (A 4-3)

3cuepTA * %cakDTA * CMgEDTA

-163-



To solve equation (A 4-3) we need equilibrium expressions for the three di-

valent metal-EDTA complexes:

2.
[CuEDTA" ] 18.79
= = 10 (A 4-4)
leu?*1eDTAY]
[CaEDTAZ"] 10.59
2+ 7- 107 (A 4-5)
{Ca® J[EDTA" ]
éﬁgEDTA]4- 108.69 (A 4-6)
[Mg= 1[EDTA™]
[ ]
where 10]8'79, 10]0‘59, and 108'69 are apparent association constants for the

jonic medium 0.1 M KNO3 (I = 0.1) at a temperature of 20°C (Sillen and Martel,
1964). Equations (A 4-4 through A 4-6) can be expressed in terms of activities
by dividing the concentrations of the individual species by appropriate activity

coefficients. For example, equation (A 4-4) may be written as

3CuEDTA Ycu(0.1) YEDTA(0.1)

18.79
a a 0
Cu “EDTA YCueDTA(0.1)

= 1 (A 4-7)
where the subscript (0.1) denotes the ionic strength at which the activity co-
efficients apply. Rearranging equation (A 4-7)

18.79
ey 3EpTA YCUEDTA(0.1) 1O

Ycu(0.1) YEDTA(0.1) (A 4-8)

3CuEDTA
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Substitution equation (A 4-8) and similar equations for the activities of

CaEDTAZ™ and MgEDTAZ™ into equation (A 4-3)
' 18.79
- EDTArac @psraveuenta(o.1) 10 (A 4-9)
[CuEDTAZ 1= YCu(0.1)YEDTA(0.1)
18,79 . . 10.59 86
3uPEnTAYCuEdTA(0- )Y 7 Aca®EnTAYCaEDTA(0. )10 BuelEnTA HaEDTA( 1) 1O
Ycu(0.1)YEDTA(0.1) YCa(0.1)YEDTA(0.1) YMg(0.1)YEDTA(0.1)

Since the ionic radii of the three divalent metals are similar (Stumm and Morgan,

1970)

Yeu(0.1)  ° Yca(0.1) % TMg(0.1) (A 4-10)

and likewise

YCuEDTA(0.1)  ©  YCaEDTA(0.1) °  YMGEDTA(0.1) (A 4-11)

Therefore the term %EDTA YMeEDTA(O.1) (A 4-12)
‘ TMe(0.1) YEDTA(0.1)

(where Me represents Cu, Mg, and Ca) can be factored out of eguation (A 4-9) giving

EDTA. a. 10%8:79
1 - TS 8§69 (A 4-13)
u 107" a ' (1

ac + “(Ca 10 + aMg 1

[CuEDTA

where EDTA. = 10'6'0

T M.
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The activities of calcium and magnesium in seawater were calculated from
total ion activity coefficients for seawater y*..  and Y*Mg: Y*, T 0.21%0.01

(Leyendekkers, 1973; Whitfield, 1973; Thompson and Ross, 1966; Berner, 1965)

and Y*Mg= 0.26 + 0.01 (Van Breeman, 1973; Jones and Truesdell, .1973; Berner
1971; Thompson, 1966).

a, = Y*Ca Cayr = 0.21 x 0.010 0.0021 (A 4-14)

0.26 x 0.056

g = Y*ng MOT 0.014 (A 4-15)

‘
Values for the total concentrations of Ca and Mg in seawater were taken frcm

Goldberg (1965).
Combining equations (A 4-13 through A 4-15)

18.79
[CuEDTAZ"] = EDTAT agy 10

101879 4 107-95
u

(A 4-16)

ac

4-B. Calculation of Copper Activity in the Medium DSW-1.0 uM CuSQ0,-2.0 uyM EDTA

2+ , an+ 2+

-6.0

In this medium EDTA is principally complexed to Ca
-3.0 -5.0

, and Cu™ whose

respective total concentrations are 10 10 , and 10 M. From similar

computations to those used to calculate CuEDTAZ' in seawater-CuSO4- tris media,

the following equation was derived Tor copper-EDTA complexation in the DSW-1.0uM

EDTA medium:
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[CuEDTAZ] =  EDTA. a. 10'8-79 ' (A 4-17)

T "Cu
18.79 10.59 13.58
acUIO + aCalp

+ aMnlu

13.58 is the apparent association constant for MnEDTAZ™ at 20°C and an

where 10
ionic strength of 0.1 (Sillen and Martell, 1964). Essentially, all of the

copper in solution should be complexed by EDTA and thus

-

[CUEDTA®] =  cuy =  1.0x100%m (A 4-18)
To solve equation (A 4-17) we also need values for the activities of an+
and Ca2+. If we assume negligible inorganic complexation of these two metals
then '
a - ca?*y =y ¢ (A 4-15)
Ca Yealb® 1 = vey Cag : -
+ -
a4 - YMn[M"Z ] (A 4-20)
where
M®] = Mn. - nEDTAZ ) (A 4-21)

Using the Davies modification of the Debeye-huckel equation {eguation A 2-27,

-167-



Appendix 2) at a calculated ionic strength of 0.07 (equation A 2-9), Appendix 2),
the activity coefficient both for calcium and manoanese ions is 0.45. Solving

equations (A 4-17 to A 4-21), pCu is calculated to be 10.55. In the experimental
pH range of 8-9, pCu is independent of pH.
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