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THE KINETICS AND THERMODYNAMICS OF
COPPER COMPLEXATION IN AQUATIC SYSTEMS

by
JANET GORDON HERING
ABSTRACT

\Copper complexation is ubiquitous in natural waters. Yet, many
questions remain on the chemistry and biogeochemistry of
naturally-occurring complexing agents. This thesis examines the sources
and extent of biological cycling of such complexing agents and also the
physical-chemical nature of their interactions with copper.

Investigations of copper complexation in coastal ponds and
coordinated laboratory studies suggest that both labile, biogenic and
refractory ligands contribute to the observed copper complexation.
Culture and incubation experiments demonstrate ligand production
associated with phytoplankton photosynthetic activity and suggest
microbial degradation of complexing agents. However in the coastal
ponds studied, the biological cycling of natural complexing agents is
obscured possibly due to contributions of refractory ligands to the
observed copper complexation, mixing of pond waters with coastal
seavater, or to the natural balance between biological production and

-

degradation.
The physical-chemical nature of interactions of humic acids with

copper was studied by examining both the thermodynamics and ' ‘--~tics of
these interactions. Extensive studies of the kinetics of met: - and
ligand-exchange reactions with well-defined ligands under natural water
conditions (i.e.- low concentrations of reacting species and the
presence of competing metals snd ligands) provide a mechanistic
framework for examining the kinetics of metal-humate complexation
reactions

Study of the kinetics ¢f cnpper-for-calcium metal-exchange

reactions and metal titration experiments (individual mete! tirrations




with calcium or copper and copper titrations in the presence of calcium
as a competing metal) show that alkaline sarth and transition metals do
not compete for the same humate metal-binding sites.

Ligand exchange reactions between humate-bound copper and &
fluorescent complexing agent proceed both through dissociation of the
initial copper-humate species and by direct attack of the incoming
ligand on the initial copper complex. The relative importance of these
mechanisms is dependent on the copper-to-humate loading. Both of these
mechanisms should contribute to overall ligand exchange reactions at the
copper-to-humate loadings typical of estuarine and coastal waters.

The observed kinetics of ligand exchange reactions with
copper-humate species is consistent with the reaction of copper bound at
discrete humate metal-binding sites. Apparent saturation of the strong
copper-binding site (i.es.- slow-reacting copper-humate species) at high
copper-to-humate loadings allows estimation of the strong copper-binding
site density (= 10-7 mol/mg humic acid) and of the conditional stability
constant for copper binding at that site (= 1010'1).

Investigations of ligand-exchange reactions of humate-bound copper
in the presence of 'seawater concentrations of calcium demonstrate that
the kinetics of metal coordination reactions under natural water
conditions cannot be neglected. Even at high copper-to-humate loadings,
the fcrmation of CuEDTA on addition of copper to a mixture of humic acid
and EDTA (0.01 M Ca, pH = 7.3) proceeded over the course of several
hours as compared with immediate formation of CuEDTA in the absence of
calcium. Based on these results, equilibrium for this reaction in
seawater at environmental copper-to-humate-loadings and lower EDTA
concentrations is predicted to occur on a time scale of months to years.

The kinetics of coordination reactions with humic acids may be
interpreted to provide information on the nature of metal-humate
interactions. This information complements equilibrium studies of such
interactions. In the fisld, the study of the interactions of metals
with naturally-occurring complexing agents is complicated by the
presence of mixtures of labile, biogenic‘and refractory ligands.
Finally, this work indicates that the assumption of fast equilibration
of metals and ligands ({.e.- pseudoequilibrium) in seawater is not

valid.



"At a certain point you say to the woods, to the sea, to the
mountains, the world. Now I am ready. Now I will stop and be wholly
attentive. You empty yourself and wait, listening. After a while yon
hear it: there is nothing there. There is nothing but those things
only, those created objects, discrete, growing or holding, or swaying,
being rained on or raining, held, flooding or ebbing, standing, or
spread. You feel the world’s word as a tension, a hum, a single
chorused note everywhere the same. This is it: this hum is the silence.
Nature does utter a peep- just this one. The birds and the insects, the
meadows and swamps and rivers and stones and mountains and clouds: they
all do it; they all don’t do it. There is a vibrancy to the silence, a
zuppression as if someone were gagging the world. But you wait, you
give your 1life’s length to the listening, and nothing happens. The ice
rolls up, the ice rolls back, and still that single note obtains. The
tension, or lack of it, is intolerable. The silence is not actually
suppression; instead, it is all there is."

Annie Dillard
Teaching a Stone to Talk

"But no matter whether my probings made me happier or sadder, I
kept on probing to know."
Zora Neale Hurston
Dust Tracks on a Road

"What we see depends mainly on what we look for."

Salada Tea bag
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CHAPTER 1

INTRODUCTION

Organic complexation of transition metals in natural waters has a
profound influence on metal biogeochemistry. Metal speciation
influences biological availability of metals (Anderson and Morel, 1978;
Sunda and Guillard, 1976; Anderson and Morel, 1982) as well as chemical
processes such as sorption (Dalang et al., 1984; Davis and Leckie, 1978,
1979), precipitation/dissolution (Campbell and Tessier, 1984), and
oxidation/reduction (Waite and Morel, 1984, Finden et al., 1984). Metal
complexation appears to be ubiquitous in the aquatic environment,
occuring in fresh (Sunda and Hanson, 1979; Cabaniss and Shuman, in
press) and saline (Hering et al., 1987 and ref. cit.) and under both
pristine (Sunda and Ferguson, 1983; Coale and Bruland, submitted) and
polluted regimes (Hering et al., 1987). For copper, the extent of
complexation is close to 100%.

Many questions on metal complexation in natural waters remain
unresolved. The sources, structures, and extent of biological cycling
of naturally-occuring complexing agents are largely unknown. Some of
the metal complexation is natural waters is likely due to complexation
by humic substances. Humic substances isolated from natural waters have
been shown to bind many metals (Hering and Morel, submitted; Fish, 1984;
Sunda et al., 1984; Cabaniss and Shuman, 1984) and are present in whole
waters at concentrations sufficient to contribute significantly to the

observed metal complexation. Metal complexation by biogenic ligands in
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natural waters has been inferred from observed production of complexing
agents in cultures of phytoplankton (McKnight and Morel, 19980; Imber
and Robinson, 1983; Trick et al. 1983), bacteria (Neilands, 1981: Actis
et al, 1986), fungi (Neilands, 1984), and some higher organisms (Fish
and Morel, 1983). However, evidence from the field supporting
biological production of complexing agents is more tenuous. It is not
clear to what extent the biota, through production and degradation of
complexing agents, influences metal speciation in the environment nor
what proportion of metal complexing agents in natural waters are labile,
biogenic compounds rather than refractory geopolymers such as humic
substances.

The interactions of metals and natural complexing agents have been
modeled by analogy with the interactions of well-defined organic ligands
(or polymers) and metals. There has been a proliferation of models
describing metal-humate (or metal-natural complexing agents)
interactions largely because the available data has not been sufficient
to discriminate between models (Fish et al., 1986; Dzombak et al., 1986;
Cabaniss and Shuman, 1988). Thus the models cannot provide information
as to *“he structure of natural complexing agents or the nature of their
interactions with metals.

The models applied to metal complexation all assume equilibrium (or
pseudo-equilibrium) between complexing agents and dissolved metal
species and rapid re-equilibration of the system after any perturbation
of metal speciation. However there have been relatively few
investigations of the kinetics of metal coordination reactions under

environmentally representative conditions (pH, major cations, trace
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m~*tal ard ligand concentrations, etc.) and, for the most part, the
assumption of rapid equilibration of metal and ligand species remains
untested.

This thesis investigates several of the questions raised above.
Chapter 2 reports on a comparison of laboratory and field studies
examining biological cycling of natural complexing agents. Culture and
incubation experiments show production of complexing agents associated
with plhiytoplankton photcsynthetic activity and microbial degradation.
Trends in copper complexation observed in the field in a diel study are
consistent with this hypothesis although overall changes in copper
complexation are quite small. This chapter is to be submitted as a
research paper with Dr. C. Lee as a co-author. Her suggestions on
experimental design and editorial comments were a substantial
contribution to this work.

Copper and calcium complexation by isolated humic substances are
described in chapter 3. The comparison of individual metal titrations
and competition experiments provide additional constraints for modeling
metal-humate interactions.

Chapters 4-6 report on the investigations of the kinetics of metal
coordination reactions. Relatively simple systems are examined in
chapters 4 and 5 to determine factors controlling the rates of
metal -exchange (chapter 4) and ligand-exchange (chapter 5) reactions.
The focus is on measuring rates of reactions under environmentally
appropriate conditions and on relating the observed kinetics with the
thermodynamics of metal-ligand interactions. In chapter 6, more complex

systems (mixtures of competing metals and ligands) are investigated. A
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model system is studied to demonstrate the conditions under which slow
coordination reactions may be expected. Experiments with humic
substances and a strong synthetic ligand show that the assumption of
rapid equilibration of ligands and metals under natural or analytical
conditions with low concentrations of metals and ligands and seawater
calcium concentrations is not valid.

The appendices describe some additional work on measurement of
copper and ligand speciation and provide ancillary data to chapters 4
and 5. A field comparison of methods for determination of copper
complexation is described in Appendix A. This paper was published in
Marine Chemistry and was co-authored by Drs. R. Ferguson, W. Sunda and
F. Morel. Drs. Ferguson and Sunda provided the bacterial bioassay data.
Drs. Sunda and Morel assisted in editing the manuscript. Appendix B
describes an analytical method for the determination of ligand
speciation using a fluorescent ligand. This appendix provides some of
the background for chapter 5. Data from the kinetics experiments
discussed in Chapters 4 and 5 are given in appendices C and D.

Chapter 7 consists of a brief summary of the conclusions of the

other chapters.
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CHAPTER TWO

SOME EFFECTS OF BIOLOGICAL ACTIVITY ON COMPLEXATION OF COPPER

ABSTRACT

Seasonal and diel measurements of copper complexation in two salt
ponds are compared with laboratory studies of copper complexation in
phytoplankton cultures and incubation experiments. Laboratory studies
suggest that the biota may be involved in the cycling of
naturally-occurring copper complexing agents. However, in the field,
only small changes in copper complexation were observed even with large
changes in photosynthetic activity (in a diel study) and copper
complexation was not correlated with phytoplankton abundance (in a
seasonal study). The lack of an effect of phytoplankton activity on
measured copper complexation in the field may be due to tight coupling
between biological production and degradation processes resulting in a
steady-state concentration of complexing agents and to a significant
contribution of refractory ligands, such as humic materials, to overall

copper complexation.

INTRODUCTION

Complexation of copper occurs in a wide variety of aquatic
environments from the oligotrophic open ocean (Coale and Bruland,
submitted; Sunda and Ferguson, 1983) to more productive coastal waters

(Hering, et al., 1987; Kramer and Duinker, 1984; Moffett and Zika, 1987;
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Wood et al., 1983; van den Berg, 1984a,b; Huizenga and Kester, 1983;
Mackey, 1983). The extent of complexation in surface waters is close to
100% complexation for Cu. Observed metal complexation has been largely
attributed to the presence of organic complexing agents and has been
described in terms of equilibrium association of metals with natural
ligands (following Stumm and Morgan, 1981; Morel, 1983).

The presence and importance of organic complexing agents has been
inferred from several lines of evidence. Metal complexing or buffering
capacity is removed by UV-oxidation of water samples (Sunda et al.,
1984; Anderson et al. 1984). Organic material isolated from natural
waters (i.e.- humic materials) has been shown to bind many metals
(Hering and Morel, submitted and ref. cit.). Humic materials are
preserni in whole waters at concentrations (up to 1.2 mg/L in seawater
and up to 8.0 mg/L in freshwaters, Thurman, 1986) sufficient to
contribute significantly to observed metal complexation. A correlation
between DOC and metal complexation has also been shown (Newell and
Sanders, 1986). 1In addition, biological production of metal complexing
agents has been observed in cultures of phytoplankton (McKnight and
Morel, 1979,1980; Trick et al., 1983a,b; Imber and Robinson, 1983;
Swallow et al. 1978; Serriti et al. 1986), bacteria, and fungi
(Neilands, 1981,1984; Actis et al., 1986) as well as some higher
organisms (Fish and Morel, 1983). Although adsorption of metals onto
inorganic colloids might contribute to the overall complexing ability of
the "dissolved" fraction of natural waters, the surfaces of particles

found in natural waters are coated with organic material (Hunter and
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Liss, 1982). Thus the interactions of metals with colloidal
particulates may be dominated by the nature of the surficial organic
matter.

Recently, it has been suggested that the apparent complexation of
ambient copper in surface waters may be due in part to the presence of
collloidal copper sulfides (Luther et al., 1976; Luther and Swartz,
1988). The presence of free sulfide in oxic waters has also been
postulated (Elliott et al., 1988). It is unlikely, however, that
sufficient free sulfide to account for the observed strong complexation
of copper added to natural water samples, up to = 50 nM copper (Hering
et al., 1987), is present in oxic waters.

Complexation of trace metals by naturally-occurring organic ligands
may reflect the influence of the biota on the chemistry of the aquatic
environment. In oceanic systems, the vertical profile of complexing
agents also suggests a biological source for the ligands (Kramer 1985,
Coale and Bruland, submitted). However, efforts to demonstrate a direct
link between biological activity and metal complexation have been mostly
inconclusive. Metal complexation has been correlated with phytoplankton
abundances in enclosure experiments (Imber and Robinson, 1983) but not
in tidal ponds or coastal waters (Anderson et al.,1984).

This paper presents results of seasonal and diel studies of metal
complexation in two coastal ponds and compares field measurements with
phytoplankton culture and incubation experiments. Although production
of complexing agents was observed in laboratory cultures and changes in

Cu complexation occured on incubation of natural water samples,
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relatively constant Cu complexation was observed in field samples. The
stability of metal buffering capacity in these environments may be due
to the contribution of relatively refractory ligands, possibly
terrestrial humic materials (as suggested by Anderson et al., 1984), or
to a steady-state between biological production and consumption of more

labile natural complexing agents.

EXPERIMENTAL SECTION

Field samples were taken from two shallow salt ponds in Falmouth,
MA. Both Salt and Perch Ponds are small (Salt Pond 29 ha, Perch Pond 66
ha), shallow (<6 m), eutrophic salt ponds on Vineyard Sound in Falmouth,
MA. Perch Pond is connected to Vineyard Sound through Great Pond by
shallow inlets and is subjected to restricted tidal flushing (as
described by Garcon et al., 1986) Salt Pond is an enclosed marine
glacial basin which is highly stratified with an oxygen-depleted
epilimnion and an anoxic, more saline hypolimnion (Kim and Emery, 1971).

At our sampling site, H,S concentrations in the anoxic waters are high

2

(5 mM); the depth below which H,S is present varies seasonally from 3 m

2
in the summer to 5 m in the winter (Wakeham et al., 1984). Salinities
at both sites were approximately 25°/00; the salinity at Perch Pond
ranged from 23 to 280/00 over the study period.

Field samples were collected in acid-washed polyethylene bottles
using an all-polyethylene collection system as described by Anderson et

al. (1984). Amperometric titrations of Salt Pond samples were begun

within 1 h of sample collection. For the diel study, samples were
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collected from 3alt Pond over an 18-h period on October 9-10, 1985. The
sampling depth was 3 m, the depth of the chl a maximum. Samples for
amperometric titration were stored in polyethylene at 4° ¢ until
analysis (analyses were performed within 24 h of sampling except for
analyses of replicate samples taken on Nov. 14 and Feb. 1). For the
seasonal study, depth-integrated samples were taken (as described by
Anderson et al, 1984) from Perch Pond from November 1984 to April 1985.
All samples were collected between 1100 and 1400h. Samples for
incubation experiments were collected from Perch Pond on Feb. 26, 1985.
Depth-integrated samples, either filtered (0.45 um Nuclepore) or
unfiltered, were stored in acid-washed polyethylene containers. Light
incubated samples were subject to constant illumination at 200

-ZS -1

pEm ec . All unfiltered, incubated samples were filtered through

0.45 pm Nuclepore filters immediately prior to titrations.

During the seasonal study, the dinoflagellate Heterocapsa triquetra
was counted in Perch Pond samples by microscopic examination. Under
bloom conditions, H, triquetra was essentially the only algal species
observed. Before and after the bloom (Nov. 14 and Apr. 24),
approximately 20% of the mixed phytoplankton population was H,

triquetra.

For the culture study, Heterocapsa trjquetra was grown in

uni-algal, axenic cultures under different metal regimes. Cultures were
grown from a single cell isolate (HT 984) from Perch Pond (L. Brand).
An axenic culture was obtained by treatment with antibiotics. Cultures

were maintained in f/2 medium (Guillard and Ryther, 1962) prepared with
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coastal seawater. For ligand production experiments a culture was grown

in £/2 major nutrients with 10_7

M FeT (no other metals or EDTA added).
Media was sterilized by autoclaving and spiked witn ferric chloride
stock solution immediately before inocu.ation. The inoculum culture, in
exponential growth, was diluted 1:50 into fresh f/2 media containing no

added Fe, 10-8, 10-7, or 10'6 M Fe with no other metals or EDTA added.

Cultures were grown at 20° C under continusus light (200 pEm_zsec'l).
Cells were counted using a Coulter Counter. Inoculation of culture
media into marine bacterial broth showed no bacterial contamination.
Examination of culture media by light microscopy (with Newmarski
interference optics) one week after stationary phase showed very few or
no bacteria. Stationary phase cultures were filtered through 0.45 um
Nuclepore filters under low pressure. Culture medium was stored frozen
for amperometric titrations.

Amperometric titrations were performed on both filtered and
unfiltered samples as described in Hering et al. (1987). Briefly, the
method measures reduction of Cu(II) to Cu(I) at ambient pH at 90 mV
(relative to Ag/AgCl). Natural water samples were equilibrated with
added Cu fcr 10 min before amperometric measureme..ts were begun.
Electrode response was calibrated using UV-oxidized seawater or seawater
diluted into electrolyte soluticns (0.5 M NaCL., 2 mM NaHCO3) for
titrations of diluted culture media. The theory and application of the

method (Waite and Morel, 1983) and the electrode system (Matson et al.,

1977) have been described in detail elsewhere.
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RESULTS AND DISCUSSION

In the cultures of H, triquetra grown on different concentrations
of iron, higher additions of iron to the culture media resulted in
increased cell densities (Fig. la). The production of Cu complexing
agents by H, triquetra is seen in measurements of Cu complexation in the
culture medium (Figure 1b). Increased Cu complexation (i.e.- lower
concentration of inorganic Cu) is correlated with stationary phase cell
density. This can be seen more clearly by qualitatively translating
individual curves to a single value using the fraction of added Cu
measured as inorganic Cu at a given added Cu concentration (in this case
106 nM added Cu). Figure lc shows that the $inorganic Cu is roughly
proportional to cell density. Since the production of Cu complexing
agents did not increase in reponse to iron limitation it is unlikely
that these phytoplankton exudates are siderophores, specific metabolites
involved in iron acquisition and transport. Siderophore production by
phytoplankton is markedly enhanced in iron-depleted medium (Trick™et al,
1983, McKnight and Morel, 1980). Since copper does not commonly
stimulate ligand production by phytoplankton (McKnight and Morel, 1980;
Clarke et al., 1987), the presence of metal complexing agents observed
in H, triquetra culture media may not be directly related to the metal
nutritional status of the organism.

Incubation studies on water samples from Perch Pond over a 4 to 15
day period under varied conditions resulted ‘n changes in measured Cu
comlexation by the samples (Figure 2). Cu complexation in unfiltered

samples increased for samples incubated in the light and decreased for
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Figure 1. Culture studies (a) growth curve for H. triquetra cultures

grown in f£/2 medium with (O ) no added Fe, (a) 10'8 M,

/ M, (9) 1078 M Fe; (b) Cu titrations of diluted

(O) 10°
culture medium from stationary phase H, triquetra cultures
grown under different FeT (symbols as above). Dilution:

(O) 2% culture medium in electrolyte (0.5 M NaCl, 2mMNaHCO3),
(a,0,7) 3% culture medium in electrolyte (c) % inorganic Cu
(at 106 nM added Cu) as a function of stationary phase cell
densities of H. triquetra grown under different FeT (symbols

as above). [Note that decreased % inorganic Cu corresponds to

increased Cu complexation by the medium. ]
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Figure 2. Results of Cu titrations of incubated samples from Perch Pond.
Amperometric data (a, b) (@) initial sample, pH= 8.27
(a) incubation of filtered samples (O) 20° C, dark, 4 4,
pH=8.10; (&) 20° ¢, light, 5d, pH= 8.26; (O) 5° ¢, dark,
9d, pH=7.92; (v ) 20° ¢, dark, 14d, pH-6.02; (b) incubation
of unfiltered samples (Q)} 25° C, light, 4d, pH= 8.72;
(o) 20° ¢, dark, 6d, pH= 7.96; (v) 5° ¢, dark, 7d,
pH= 7.°3; () 20° ¢, light, 15 d, pH= 8.09; (c) the
% inorganic Cu (at 106 nM added Cu) shown for filtered and
unfiltered samples incubated under light ([J) or dark (&)
conditions. Note: all samples incubated without filtration

were filtered immediately before titrations.
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dark-incubated samples suggesting production of ligands during growth of
photosynthetic organisms. In contrast, decreased Cu complexation was
observed in all filtered samples regardless of light or temperature
regimes. Since our filtering process removes phytoplankton but not all
the bacteria, this decrease in complexation is consistent with microbial
degradation of ligands. However, sorptive loss of complexing agents to
container walls may also contribute to the observed decrease in Cu
complexation. Although some fraction of the Cu complexing agents appear
to be labile on time scales of a few days, relatively refractory ligands
must also contribute to the observed Cu complexation as only a slight
additional decrease in Cu complexation occured between 4 and 15 days of
incubation.

Enclosure of samples for incubation studies in containers is likely
to have perturbed the natural biota; nevertheless, these results suggest
active biological cycling of Cu complexing agents. Since samples were
incubated in polyethylene (low wavelength light effectively excluded),
it is unlikely that the light effect on unfiltered samples was due to
abiotic photochemistry. Sorptive loss of Cu to the contain.r walls
would be expected to result in a uniform increase in apparent Cu
complexation. Thus, we attribute the decrease in Cu complexation to
bacterial degradation of complexing agents and the light-associated
increase in Cu complexation to phytoplankton activity. Since
dark-incubated unfiltered samples showed decreased Cu complexation,
death, lysis or degradation of phytoplankton or zooplankton in the dark

apparently do not contribute tc observed Cu complexation. Only slight

30




Cu complexation by zooplankton body fluids has been observed in a
previous study (Fish and Morel, 1983).

In field studies, the effect of phytoplankton activity on Cu
complexation is not dramatic. Only small changes in Cu complexation
were observed in unfiltered samples in the diel study (Figure 3a).
However, the slight trend of increased Cu complexation in the afternoon
and decreased Cu complexation through the evening and night is
consistent with the production of complexing agents linked to
photosynthetic activity.

Relative to the total complexation capacity of Salt Pond waters,
the changes we observed with time are quite small (Figure 3b). This
might at first suggest that there is only a small contribution from
labile, biogenic ligands to overall metal buffering capacity, the major
contribution being from refractory ligands (possibly humic materials).
However, this is not necessarily the case. Turnover of amino acids and
polyamines were also measured in the pond during the course of this
study (Lee et al., in prep.). Results from measurements earlier in the
summer during a phytoplankton bloom showed short turnover times and
large diel changes in concentrations of these biologically labile
compounds. By the time of our October Cu complexation measurements
however, produciion and consumption processes in the pond were more
balanced. Even though turnover of the compounds was rapid, the
concentration of the labile compounds was maintained in a very narrow
range. Thus, we cannot discount the importance of labile compounds as

complexing agents as seen in the incubation experiments.
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Figure 3. (a) Cu titrations of Salt Pond water. Samples collected
Oct. 9 (O) 1040h, (A ) 1530h, (O) 1945h, Oct. 10 (V) O0440h.

(b) % inorganic Cu (at 100 nM added Cu) for Salt Pond water as

a function of time.
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Measurement of Cu complexation in Perch Pond waters were made from
Nov. 1984 to April 1985 (Figure 4). Although it is not clear exactly
when in December the onset of the bloom occurred, changes in Cu
complexation observed between samples taken at low H. triquetra
densities and samples taken during the phytoplankton bloom were on the
same order as the variability observed during the bloom. However,
increased Cu complexation was observed as phytoplankton cell numbers
decreased in April, perhaps suggesting production of complexing agents
as a result of phytoplankton senescence.

The potential influence of the dinoflagellate bloom in Perch Pond
on Cu complexation may be assessed by comparison of culture and field
studies. Stationary phase cell densities obtained in culture were much
higher than those observed in the field even under bloom conditions.
However as Cu titrations of culture media were done with highly diluted
samples, the diluted culture media from H. triquetra grown under 10-7
and 10-6 M FeT correspond to effective cell densities of 2-3 xlO6 cell/L
(roughly equal to field cell densities under bloom conditions). Based
on the production of ligand observed in the culture experiments, we
would predict that the dinoflagellate population would have contributed
significantly to the total concentration of Cu complexing agents in its
environment at naturally-occuring cell denmsities.

Both incubation and culture studies indicate that production of Cu
complexing agents is associated with phytoplankton photosynthetic

activity. However, consistent with previous observations, only small

effects due to photosynthetic activity or phytoplankton abundance were
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Figure 4. H, triquetra cell densities and % inorganic Cu (at 106 oM
added Cu) in Perch Pond over sampling period Nov. 1984 through
April 1985 (O ) log [cell/L], (&) % inorganic Cu for filtered

samples, (@) % inorganic Cu for unfiltered samples.
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observed. This lack of strong correlation between phytoplankton
activity and Cu complexation observed in diel and seasonal studies may
be due to several factors. At both sites, phytoplankton production and
bacterial degradation of labile, biogenic ligands may be tightly coupled
so that ligand concentration remains relatively constant as discussed
earlier. A significant fraction of the observed Cu complexation may
also be due to refractory ligands such as humic acids. In Perch Pond
water, mixing with coastal seawater may reduce the importance of
phytoplankton-bloom produced ligands relative to more resistant ligands
possibly present in coastal waters. Our culture experiments may be
biased by different physiological conditions of H. triquetra in culture
(at stationary phase) and in the field which could result in very
different ligand release rates. The increased Cu complexation observed
in light-incubated, unfiltered samples of Perch Pond water suggests
that, at field densities, phytoplankton activity can increase Cu
complexation in the presence of bacteria. However, the physiological
conditions of the phytoplankton may have been severely perturbed during
incubation studies upsetting the balance between production and
degradation.

Laboratory studies suggest that metal speciation in natural water
may be influenced by biological production and degradation of complexing
agents. However in coastal ponds, which are likely to be subject to
large inputs of terrigenous materials, measurements of Cu complexation
(analogous to bulk measurements of biological substrates) are
ingufficient to resolve the mechanisms controlling the concentrations of

naturally-occuring complexing agents.
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CHAPTER THREE

HUMIC ACID COMPLEXATION OF CALCIUM AND COPPER

Abstract

High affinity metal binding by isolated humic acids has been
observed for both copper and calcium in metal titration experiments.
Results of titrations of humic acids with a single metal (either calcium
cr copper) are consistent with a discrete ligand site model of
humate-metal binding. However copper titrations in the presence of
excess calcium do not show competitive effects predicted by such a
model. Hence, different ligand sites must be involved in calcium and
copper binding or a binding mechanism other than discrete ligand binding

must be operative.

Introduction

Metal complexation by nmaturally-occurring ligands has been reported
for a wide variety of aquatic enviromments. It has been suggested that
such natural ligands control the speciation of transition metals and
thus the bioavailability of transition metals in natural waters. Humic
substances (i.e.- humic and fulvic acids) constitute from 10-30% of
dissolved organic carbon in seawater to 70-90% in wetland waters (1).
Metal binding by humic acids has been demonstrated for materials
isolated from a variety of sources. Thus it appears that at least some
of the metal complexation observed for natural waters may be attributed

to humic substances.
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The extent and nature of the association of natural ligands with
the major cations (particularly the alkaline earth metals calcium and
magnesium) are predicted to affect the affinity of such ligands for
transition metals., Models of the speciation of humic substances and of
transition metals in natural waters sugg.st that for some metals (e.g.-
copper and mercury) metal-humate complexes should predominate in
freshwaters. Organic complexation is predicted to be less important in
seawater; the decreased importance of humic substances in controlling
the speciation of transition metals in seawater is a consequence of the
increased complexation of the humic substances by alkaline earth metals
(2,3,4). Such models assume competition between calcium and copper for
discrete binding sites.

Metal-humate interactions have been modeled by describing the humic
acid as a mixture of discrete ligands. Such models successfully
describe titrations of humic (or fulvic) acids with a single metal
(5,6,7,8) or with two transition metals (9). However the discrete
ligand representation does not provide a unique description of titration
data and thus is not necessarily descriptive of the chemical reality.
Alternative models are also consistent with experimental observations
(6,10,11,12,13).

Herein, we report the results of calcium and copper titrations of
humic acids. The results of titrations with either metal alone can be
described with a discrete ligand model. Strong humic-copper binding was
observed consistent with previous results (7,14,15). However observed

calcium-binding was significantly stronger than has been reported
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(2,16,17,18), a difference we attribute to the higher ligand-to-metal
concentration ratios we examined. Little or no competition by calcium
was observed in copper titrations. This lack of competition suggests
either that calcium and copper are bound selectively at different sites
or that different mechanisms of binding are operative for alkaline earth

and transition metals.

Experimental Section

Humic acid preparation. Following a modification of the procedure
described by Nash and Choppin (19), humic acid (obtained as the Na salt
from Aldrich Chemical Co.) was dissolved in water (Millipore Q-HZO) and
precipitated by the addition of concentrated HCl. The supernatant was
removed after centrifugation and the solid was resuspended in 3 M HCIL.
The supernatant gave an intense red color on addition of KSCN solution
indicating Fe(III) contamination. The procedure was repeated 10 times
with acid and twice with a water rinse. The solid was resuspended in
water and transferred to a loosely covered culture dish. The sample was
dried at 80°C for 2 days. [This material is referred to in the text as
acid-washed Aldrich humic acid.]

The Aldrich humic acid was also cleaned more gently by
precipitating with acid followed by water-washing (3 times as described
above) and drying (referred to in the text as water-washed Aldrich humic
acid). Pre-treatment was necessary to eliminate the significant calcium
contamination observed in a titration of untreated Aldrich humic acid.

Calcium titrations of Reference Suwannee Stream Humic Acid (USGS)

were performed on untreated and acid-washed humic material.
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Elemental analysis shows significant differences between the two
humic acids used in this study. The nitrogen content of Aldrich humic
acid (0.51% after purification to the H+- form) reported by Malcolm and
MacCarthy (20) is lower than the value of 1.1% for Suwannee Stream
reference humic acid provided by the USGS. The average molecular weight
of Suwannee Stream humic acid is approximately 1100 Da (G. Aiken, pers.
comm.). It is likely that the average molecular weight of the
commercial material is considerably higher as it is derived from
sedimentary sources. Based on 13C-NMR data, Malcolm and MacCarthy (20)
have concluded that commercial humic acids are not representative of
aquatic or soil humic acids. However comparison of calcium titration
data for Aldrich and Suwannee Stream humic acids (vide infra) indicates
that use of re-precipitated commercial humic acid in preliminary studies
of metal complexation is not inappropriate.

Solutions of humic acid for calcium titrations were prepared in the
appropriate electrolyte from dried samples. Base was added to dissolve
the humic acid, the pH was adjusted to 8.2 and the samples were
equilibrated for at least 2 hours before titrations. For copper
titrations, dilute solutions of the humic acid in electrolyte were
prepared from a slightly alkaline concentrated solution. The stock
solution was stored at 4°C in the dark.

Calcium titrations. Analytical grade reagents were used without
further purification. Calcium titrations were performed by addition of

stock solutions of CaCl, to 100 mL of solutions of humic acid (at ~0.2,

2

1.0, and 2.0 g/L) in 0.08 M KC1, 2mM NaHCO3. Solutions were bubbled
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with air during the titrations. Free calcium ion concentrations were
measured with an Orion 93-20 calcium ion selective electrode with an
Orion 701A pH meter. A constant pH of 8.20 * 0.05 was maintained during
the titration by the addition of base. Titrations were performed at 22
+ 2°c. calibration curves were run in the same electrolyte solution
immediately preceding each sample titration and the final point of the
calibration curve was rechecked after the sample titration. Response of
the calcium electrode was Nernstian above (Ca2+) = 10-5M. Below this
value, the relationship between 1og(Ca2+) and the potential was obtained
from empirical calibration curves at low total calcium as recommended by
the manufacturer (cf. ref. 21). The non-Nernstian response of the
electrode in this range most probably results from competitive ion
exchange of protons or kK" in place of Ca2+ (22). The detection limit
for the calcium ion selective electrode is 10_7 M (manufacturer's
specifications).

Inorganic complexation of calcium by carbonate or hydroxide is not
calculated to be important in these solutions based on the constants for
calcium complexation given by Smith and Martell (23). [Constants were
adjusted for ionic strength as in ref. 4.] At the end of the
titrations, the solutions are super-saturated with respect to calcite.
However, calibration curves do not indicate precipitation of any solid
calcium phase., Precipitation of inorganic calcium minerals is therefore
disregarded in further discussion.

Copper titrations. Copper titrations were rerformed by the

addition of stock solutions of CuCl2 (2.0 x 10-5 M freshly prepared from
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10'2'0 M solutions) to 160 mL of solutions of humic acids (at 0.3 and

0.6 mg/L) in 0.5 M NaCl, 2 mM NaHCO The initial pH of humic acid

3
solutions were in the range 8.2 to 8.3. Changes in pH during the
titration were less than 0.05 pH units. Calibration curves were run in
the same electrolyte solution immediately preceding each sample
titration. Inorganic copper concentrations were measured by
fixed-potential amperometry at 90 mV relative to Ag/AgCl. Application
of this amperometric method for determination of inorganic copper in
seawater has been described previously (24,25). Amperometric
measurements were made with an Environmental Science Associates Model
3040 Charge Transfer Analyzer equipped with a pyrolytic graphite working
electrode, Pt counter-electrode, and Ag/AgCl, saturated NaCl reference
electrode. The Charge Transfer Analyzer and electrode systems have been
described in detail by Matson et al. (26).

Modeling. Metal titration curves were fit assuming complexation by
discrete ligands. The optimization of stability constants (Ki) and
ligand concentrations (LiT) for individual titrations was done using
FITEQL (27). Subsequent iterations to adjust constants for calcium and
copper titrations simultaneously were done by hand. The equation
describing the discrete ligand fit is:

M. - o |1 4 } KL o
1+ Ki(M2+)
where a describes inorganic complexation of the metal (a is the ratio of

+ .
the Mz concentration to the concentration of innrganic complexes of the

metal) (l4). For calcium no inorganic complexation was included; for
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copper the inorganic species Cu0H+, cucog, and Cu(CO3)§‘ were
considered.

Precipitation of a calcium-humate solid phase is not considered in
modeling the titration data although some aggregation of the humic
material was observed at the end of the calcium titrations. The calcium
titration curves can be modeled without considering any solid Ca-humate
phase and do not show obvious control of calcium ion concentrations by a
solid (i.e.- constant (Ca2+) in the presence of excess humates). 1In
such a complex system, however, the consistency of a fit that neglects
Ca solids with the titration data does not prove that Ca speciation is

unaffected by any precipitation of Ca-humate.

Results and Discussion

Calcium titrations of acid-cleaned Aldrich humic acid
(concentrations 2.0, 1.0, and 0.26 g/L) and of Suwannee Stream humic
acid (concentrations 1.0 and 0.22 g/L) clearly show decreased free
calcium ion concentration with an increase in total humic acid
concentration at lower values of total calcium (Fig. la and b). The
solid curves shown in all figures are generated from discrete ligand

model fits (vide infra). It is this region of the curve (i.e.- low

metal-to-ligand ratios) from which the existence of high affinity

metal-binding sites present at low concentrations may be deduced.
Although pre-treatment of the Aldrich humic acid was required to

remove calcium contamination, the water-washed humic acid showed only

slightly less calcium binding than the acid-washed samples. Titrations
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Fig.l. Calcium titration data shown with model fits using ligands in
Table I (solid curves) (a) Aldrich humic acid () 2.0 g/L,
() 1.0 g/L, (&) 0.26 g/L, (O) 0.26 g/L (b) Suwanee Stream

humic acid (O) 1.0 g/L, (O) 0.22 g/L.
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of Suwannee Stream humic acid re-precipitated and washed with acid
showed no significant difference in calcium binding from untreated
samples (Figure 2a,b ). This similarity indicates that the washing
treatment does not affect the intrinsic calcium binding ability of the
humic acid and is suitable for removing contaminating metals.

Copper titration of Suwannee Stream humic acid (0.0003 and 0.0006
g/L) also show significant metal complexation (Fig. 3). Little or no
effect of calcium (at 10-2 M) was observed on copper titrations (Fig.
4a,b). In contrast, the presence of 10'2 M Ca has a marked effect on
copper complexation by a well-defined ligand, nitrilotriacetic acid, in
agreement with thermodynamic predictions (Fig. 4c).

Calcium titrations of both Suwannee Stream and Aldrich humic acids
were fit using a discrete ligand model with 3 ligands (i.e.- 3 different
sites for Cu-binding on the humic acid) (Table I). The fitting routine
was constrained by using the same stability constants (Ki) for both

types of humic acids and adjusting the ligand concentrations (Li A

T)'
single set of ligands (normalized for amount of humic acid) is
consistent with all titration data over a 10-fold range in humic acid
concentration.

Both the calcium and copper titrations of Suwannee Stream humic
acid were modeled by assuming a single set of ligand concentrations (in
mole sites/ g humic acid). The stability constants obtained with this
constraint are roughly 104~105-f01d stronger for copper than for calcium

(Table II). Some caution should be exercised in applying this model

over such a large range in humic acid concentrations. Aggregation of
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Fig. 2. Effect of pre-treatment on calcium titration data (a) Aldrich
humic acid 1.0 g/L (O ) water-washed, (A ) acid-washed (b)
Suwanee Stream humic acid 0.22 g/L ({O) untreated,

(v ) acid-washed.
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Fig. 3. Copper titrations of Suwanee Stream humic acid with model fits

using ligands in Table II (solid curves) (Q) 0.3 mg/L (average

of 4 titrations), (v ) 0.6 mg/L (average of two titrations).
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Fig. 4. Effect of calcium on copper titrations of SSHA (a) 0.3 mg/L

(0) no Ca, (V) 10-2 MCa (b) 0.6 mg/L (O) no Ca, (b6) 10~

M Ca and of NTA (¢) (O) no Ca, () 1072 M ca (solid curves

2

are predicted values). [N.B.- The deviation of observed and
predicted values for 10-2 M Ca at high added Cu mav be due to
lability of the CuNTA complex under these conditions (cf. ref.

24).]
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Table I. Discrete-ligand model fit for Suwanee Stream and Aldrich humic

acids (values for stability constants are constrained)

log KCaL LT (mole site/g humic acid)
SSHA Aldrich
6.0 5.0 x 10°° 1.2 x 1074
4.1 2.0 x 1074 4.1 x 1074
2.9 1.8 x 1073 1.2 x 1073
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Table II. Discrete ligand model fit for calcium and copper titration

data of SSHA (values for total ligand concentrations are constrained)

LT (mole site/ g humic acid) log K log K

CalL CulL
-5
5.0 x 10 6.0 >11
2.0 x 1074 4.1 9.2
1.8 x 107> 2.9 6.6
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humic and fulvic acids at high concentrations has been shown to
contribute to copper complexation; however, aggregation is considered to
be less likely to influence calcium binding (28,29).

The congruence of the discrete ligand representations for calcium
and copper titrations of Suwanee Stream humic acid (over >1000- fold
range in humic acid concentrations) may be taken to imply that the same
ligand sites are involved in complexation of both alkaline earth and
transition metals. This interpretation would predict direct competition
between copper and calcium for high affinity binding sites. However
such competitive behavior is not observed. Cabaniss and Shuman (5) and
Sunda and Hanson (14) have reported only slight competition between
calcium and copper in fulvic acid titrations. Recent observations by
McKnight and Wershaw (30) show decreasing copper complexation by fulvic
acid with an increase in calcium concentration from 10-5 to 10-3 M (with
Ca(N03)2 as the sole supporting electrolyte). However, no further
decrease in copper complexation was observed for 10-2 M calcium. This
behavior was attributed to structural heterogeneity of humate
copper-binding sites and competition of copper and calcium for only a
portion of ths binding sites with no competition for other sites. The
lack of a competitive effect of calcium in our copper titration
ex criments is cousioceuc 1.l our chearvsil-ne that the kinetics of
copper complexation by Suwannee Stream humic acid is unaffected by the
presence of calcium; in contrast, copper complexation by EDTA is

kinetically hindered in seawater (31).
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However convenient and descriptive the discrete ligand model is for
fitting titrations of humic or fulvic acids with a single metal, it
requires separate ligand sites to predict the observed lack of
competition between calcium and copper. Assumptions of competitive
effects in complexation models are likely to result in underestimation
of transition met