





HUMIC SUBSTANCES IN THE SUWANNEE RIVER, GEORGIA: INTERACTIONS, PROPERTIES,

AND PROPOSED STRUCTURES

Edited by R.C. Averett, J.A. Leenheer, D.M. McKnight, and K.A. Thorn

U.S. GEOLOGICAL SURVEY

Open-File Report 87-557

History and Description of the Okefenokee Swamp--Origin of the Suwannee
River, By R.L. Malcolm, D.M. McKnight, and R.C. Averett

Isolation of fulvic and humic acids from the Suwannee River, By R.L.
Malcolm, G.R. Aiken, E.C. Bowles, and J.D. Malcolm

Interactions of organic contaminants with fulvic and humic acids from
the Suwannee River and other humic substances in aqueous systems,
with inferences to the structures of humic molecules, By D.E. Kile,
C.T. Chiou, and T.I. Brinton

Complexation of copper by fulvic acid from the Suwannee River—--Effect of
counter-ion concentration, By D.M. McKnight and R.L. Wershaw

Occurrence and distribution of selected trace metals in the International
Humic Substances Society's standard and reference fulvic and humic acids
isolated from the Suwannee River, By H.E. Taylor and J.R. Garbarino

Nitrogen and amino acids in fulvic and humic acids from the Suwannee
River, By E.M. Thurman and R.L. Malcolm

Electron-spin resonance of fulvic and humic acids from the Suwannee River,
By F.Y. Saleh, L.J. Theriot, S.K. Amani, and Inyoung Kim

Methods for determination of structural models of fulvic acid from the
Suwannee River by convergent independent analyses, By J.A. Leenheer

Elemental Analysis and heat of combustion of fulvic acid from the
Suwannee River, By M.M. Reddy, J.A. Leenheer, and R.L. Malcolm

Molecular size and weight of fulvic and humic acids from the Suwannee
River, By G.R. Aiken, P.A. Brown, T.I. Noyes, and D.J. Pinckney

Fluorescence measurements of the volume, shape, and fluorophore
composition of fulvic acid from the Suwannee River, By M.C. Goldberg
and E.R. Weiner

Acid-base titration and hydrolysis of fulvic acid from the Suwannee River,
By E.C. Bowles, R.C. Antweiler, and Patrick MacCarthy

Proton nuclear-magnetic-resonance studies of fulvic acid from the Suwannee
River, By T.I. Noyes and J.A, Leenheer

Nuclear-magnetic~resonance spectrometry investigations of fulvic and humic
acids from the Suwannee River, By K.A. Thorn

Significance of density determination in molecular structures comprising
fulvic acid from the Suwannee River, By P.A. Brown and J.A. Leenheer

Structural components and proposed structural models of fulvic acid
from the Suwannee River, Compiled by J.A. Leenheer, D.M. McKnight,
E.M. Thurman, and Patrick MacCarthy

Denver, Colorado
1989




DEPARTMENT OF THE INTERIOR

MANUEL LUJAN, JR., Secretary

U.S. GEOLOGICAL SURVEY

Dallas L. Peck, Director

For additional information
write to:

Chief, Branch of Regional Research
U.S. Geological Survey

Box 25046, Mail Stop 418

Federal Center

Denver, CO 80225-0046

Copies of this report can
be purchased from:

U.S. Geological Survey

Books and Open-File Reports Section
Box 25425

Federal Center

Denver, CO 80225-0425



FOREWORD

Humic substances as a collective term and humic and fulvic acids as
specific terms are not household words. For about a century, these terms
belonged to the domain of the soil scientist. Even though their chemical
structures remained elusive, they were recognized as important entities in
soil. During the past decade or so, there has been a renewed interest in
humic substances in soil and water. Such interest has been the result of
improved analytical instrumentation, and by a need to understand the struc-
ture and function of natural organic substances in water.

A responsibility of the U.S. Geological Survey is to assess the Nation's
water resources; this includes water quality, which is the study of material
in water. Such material may be suspended, colloidal, or in true solution.
Because humic substances are a major carbon source in water, they have
received attention by Geological Survey scientists. This attention has been
a major focus by members of the Geological Survey's organic-chemistry group.
For more than a decade, this group has collected samples, made analyses, and
worked toward determining the structures and function of humic substances in
water. Their work has brought worldwide recognition to the field, and in
1981, through Geological Survey support, they helped organize the Inter-
national Humic Substances Society, which held its first meeting in Estes Park,
Colorado, in August 1983,

At the second meeting of the Society in Birmingham, England, in August
1984, it became apparent that Geological Survey scientists were rapidly
advancing the study of the chemistry of humic substances. It seemed appro-
priate, therefore, to publish this Open-File report on humic and fulvic
acids from the Suwannee River in Georgia. The results represent our most
definitive findings to date (1986). Though this work is not conclusive, it
is state-of-the-science. Hopefully, our reporting on this work will aid in
moving the science of humic substances forward as others read of our progress,
findings, and theories. If so, this Open-File report will have served its
purpose.

Philip Cohen
Chief Hydrologist
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PREFACE

This Open-File report is concerned with state-of-the-science chemistry
of humic and fulvic acids from the Suwannee River in Georgia. Humic and
fulvic acids are specific entities in the broad category of humic substances.
Although the broad subject in the chapters that follow concerns humic sub-
stances, the primary focus will be on fulvic acids from the Suwannee River.
After a decade of study, there is a better understanding of the interactions,
properties, and structure of fulvic acids that comprise the major fraction of
dissolved organic substances in water.

Most of the authors of the chapters that follow are research hydrologists
of the U.S. Geological Survey located in Denver, Colorado. As project person-
nel, they each work on specific facets of organic chemistry, primarily natural
organic matter in water. As a group, they each devote some of their time and
skills to the study of humic substances in water. This group focus on humic
substances is not accidental; it is an organized effort to understand the
structure and to better define the function of humic substances in nature.

The study of humic substances is not a new scientific activity with
regard to soil chemistry. It is a relatively new field with regard to aquatic
systems. Soil textbooks written before the turn of the 20th century discuss
humic substances and fulvic and humic acids. The discussions, however, are
brief; descriptions of chemical properties are limited to color and solu-
bility. Only during the past decade or so has the study of humic substances
provided a much clearer understanding of the chemistry and economic and
ecological importance of these substances.

The authors of the chapters in this Open-File report have been in the
forefront of this expanded knowledge and have contributed extensively to the
understanding of humic substances in water. To further expand the under-
standing of humic substances in water and soil, the International Humic
Substances Society was established with the support of the U.S. Geological
Survey.

Why do we study humic substances in water? That question would have been
simple to answer a decade or so ago because then we knew only that they were
important components of the soil. Today, as our knowledge expands, there are
numerous reasons to study humic substances in water. Perhaps most impor-
tantly, humic substances constitute a large proportion of the organic matter
(carbon) in aquatic systems. It is for this reason that the study of the
Suwannee River began--it is rich in organic matter as a result of flowing from
the Okefenokee Swamp. Organic-matter production is the driving force for all
ecosystems and controls, through bacterial decomposition, the dissolved-oxygen
resources in aquatic systems. But there are other reasons to study humic
substances in water. Humic substances interact with contaminants, such as
pesticides. Moreover, humic substances chelate and transport trace metals
and are a source or sink for the metals. Humic substances also are a source
or sink for atmospheric carbon dioxide, a buffer against acidic precipitation.
Finally, they have great effect on the fertility and moisture-holding capacity
of soil. Modern instrumentation, especially nuclear-magnetic-resonance spec-—
trometers, gas chromotographs, and mass spectrophotometers, has aided in
advancing the determination of structural models of humic substances.
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Proposed structural models are presented in this Open-File report. As the
"black box" of humic-substance chemistry is opened, our understanding of the
interactions, properties, and structure of humic substances increases, which
aids our understanding of water chemistry and, ultimately, aquatic ecosystems.

But science is evolutionary. The findings in this Open-File report are
a part of the evolution of humic-substance chemistry. Because the authors of
the following chapters are at the forefront of the science, it is time to
share the information they have gained in a formal publication. Share, that
is, with the full realization that in this rapidly changing field of science
the ideas and concepts presented here one day may be outdated or determined to
be incorrect. But that, too, is a characteristic of science. If this Open-
File report serves only as a historical benchmark, it will have served its
purpose. If it helps the science of humic-substance chemistry to progress by
stimulating other scientists, or if it even provides a greater appreciation of
this field of science, it will have accomplished more than we planned.

R.C. Averett
J.A. Leenheer
D.M. McKnight
K.A. Thorn
Editors
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CONVERSION FACTORS

For readers who prefer to use inch-pound units rather than the metric
(International System) units used in these chapters, values may be converted
using the following factors:

Multiply metric unit By To obtain inch-pound unit
Length
angstrom (&) 3.937x1077 inch
centimeter (cm) 3.937x10°1 inch
kilometer (km) 0.6214 mile
meter (m) 3.281 foot
micrometer (pm) 3.937x1075 inch
millimeter (mm) 3.937x1072 inch
nanometer (nm) 3.937x1078 inch
Volume
cubic centimeter (cm3) 6.102x1072 cubic inch
liter (L) 2.642x1071 gallon
microliter (uL) 3.38x1075 ounce, fluid
milliliter (mL) 3.38x1072 ounce, fluid
Mass
milligram (mg) 3.527x1075 ounce, avoirdupois
gram (g) 3.527x1072 ounce, avoirdupois
microgram (ug) 3.527x1078 ounce, avoirdupois

Energy Content

kilocalorie per gram 5.55x1074 British Thermal Units per
(kcal/g) pound
kilocalorie per mole 3.986x100° British Thermal Units per

(kcal/mol)

mole

Degree Celsius (°C) may be converted to degree Fahrenheit (°F) by using

the equation:

1.8(°C) + 32 = °F
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The following terms and abbreviations also were used in these reports:
Time

day (d)

minute (min)
hour (h)
microsecond (us)
millisecond (ms)
month (mo)
nanosecond (ns)
second (s)

year (yr)

Concentration

gram per cubic centimeter (g/cm3)
gram per milliliter (g/mL)
microequivalent per milligram (peq/mg)
microgram per gram (ug/g)
microgram per liter (pg/L)
micromole per liter (umol/L)
milliequivalent (meq)
milliequivalent per gram (meq/g)
milliequivalent per liter (meq/L)
milligram per liter (mg/L)
milligram per milliliter (mg/mL)
millimole per gram (mmol/g)
molar (M)

mole per milligram (mol/mg)
nanomole per milligram (nmol/mg)
normal (N)

Frequency

gigahertz (GHz)
kilocycles (kc)
hertz (Hz)

megahertz (MHz)
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Other Units

before present (B.P.)

gram per square meter per year [(g/m2)/yr]
liter per minute (L/min)

microequivalent (peq)

microliter per minute (pL/min)
microsiemens per centimeter (uS/cm)
microsiemens per centimeter at 25 degrees Celsius (puS/cm at 25 °C)
milliliter per minute (mL/min)

millimole (mmol)

millivolt (mV)

millivolt per hour (mV/h)

part per million (ppm)

reciprocal centimeter (cm™1)

relative centrifugal force (g)

square kilometer (kmZ)

Sea level: 1In this report '"sea level" refers to the National Geodetic
Vertical Datum of 1929 (NGVD of 1929)--a geodetic datum derived from a general
ad justment of the first-order level nets of both the United States and Canada,
formerly called Sea Level Datum of 1929.
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HISTORY AND DESCRIPTION OF THE OKEFENOKEE SWAMP--ORIGIN OF
THE SUWANNEE RIVER

By R.L. Malcolm, D.M. McKnight, and R.C. Averett

ABSTRACT

The Okefenokee Swamp is an extensive wetland in southeastern Georgia
and is the source of the Suwannee River. The reference fulvic and humic acids
from the Suwannee River were isolated from water collected at a sill where the
Suwannee River leaves the Okefenokee Swamp. Surface water in the swamp is
acidic and darkly colored. Although there are extensive peat deposits in the
swamp, the source of the dissolved humic substances probably is recent decom-
position of swamp vegetation. The acidity and small concentrations of inor-
ganic constituents in the surface water indicate that there is minimal contact
with underlying calcareous deposits. The Okefenokee Swamp is a complex and
dynamic mosaic of different habitats, including forested upland, forested
wetland, scrub-shrub wetland, and prairie. Important successional processes
and disturbances in the Okefenokee Swamp are the formation of tree islands in
the prairies, episodic fires during droughts, and logging that occurred during
the last century. The wetland is the home for a diverse fauna that includes
the American alligator. The purpose of this chapter is to provide information
on the physical, chemical, and biological characteristics of the Okefenokee
Swamp as background for the following chapters concerned with the fulvic and
humic acids.

INTRODUCTION

The Okefenokee Swamp long has been recognized as a unique natural area
and its picturesque beauty has been preserved as a National Wildlife Refuge.
Except for the afternoon boat explorer and occasional overnight campers, the
wetland presently is uninhabited by man. The area is now, as it was in the
past, a home only to alligators, turkey vultures, turtles, deer, raccoon,
bears, and other wildlife.

The wetland has not always been an uninhabited wilderness. The very name
of the wetland, Okefenokee, is a Seminole Indian word meaning, ''the land of
the quaking earth" (Cohen, Casagrande, Andrejko, and Best, 1984), which
reflects the nature of the floating peat "batteries," the floating and
anchored "tree houses," and the unstable conditions of peat deposits through-
out the wetland. There are numerous indications that the wetlands were the
home for several different Indian peoples for several thousand years (Trowell,
19843 Wright, 1984). The last of the Indian inhabitants was driven from the
Okefenokee Swamp by pioneer settlers in the early to middle part of the 19th
century. The wetland then was sparsely settled by these settlers (known as
swampers or Georgia crackers) who lived a simple, secluded, and primitive
lifestyle for almost a century. Soon after the beginning of the 20th century,
there was a large influx of lumberjacks and railroad workers who, under the



direction of the Hebard Lumber Company, began harvesting timber from the
wetland, especially the cypress. Some 2 million board feet of timber, repre-
senting a large percentage of merchantable timber in the swamp, was harvested
from 1909 to 1927 (Izlar, 1984). In 1936, after a 20-yr effort by early
environmentalists and naturalists in the local area and throughout the eastern
United States, the wetland was repurchased by the Federal Government after
approximately 50 yr in private ownership and was established as a National
Wildlife Refuge.

The distinctive folk culture of the swampers included colorful idioms to
describe important activities in their lives (Presley, 1984). When swampers
talked about a "progue about in the swamp" or "a good muzog in the swamp,"
they were talking about exploring the Okefenokee Swamp. After spending only
a few days in the wetland, or simply from looking at a map of the mosaic of
different wetland habitats that comprise the Okefenokee Swamp, one can easily
imagine that exploring the wetland was a never-ending, lifelong activity for
the swampers.

Unfortunately, all of the researchers who have studied or will study the
Suwannee River fulvic and humic acids will not have an opportunity to "progue
about'" on their own in the Okefenokee Swamp, which is the origin of the
Suwannee River,

The purpose of this chapter is to present an overview of the geology,
peat deposits, hydrology, water chemistry, and environment of the Okefenokee
Swamp. This overview primarily is based on a recent and comprehensive text
on the Okefenokee Swamp (Cohen, Casagrande, Andrejko, and Best, 1984). The
details in the following chapters will facilitate the interpretation of
current and future chemical characterizations of fulvic and humic acids in
the Suwannee River.

The authors acknowledge Gregor Auble and David Hamilton, U.S. Fish and
Wildlife Service, for their valuable comments and assistance with this
chapter.

PHYSICAL AND CHEMICAL CHARACTERISTICS OF THE OKEFENOKEE SWAMP

The Okefenokee Swamp, which comprises about 50 percent of the Okefenokee
watershed, is an extensive freshwater, peat-forming wetland occupying approx-
imately 1,700 km? of the Atlantic Coastal Plain in the southeastern part of
Georgia. The wetland is ellipsoidal in shape (about 40 km wide and 60 km
long). Although the wetland appears to be perfectly flat, there are measured
elevation changes of approximately 2 to 3 m across 50 km of wetland. The
eastern border is approximately 70 km from the Atlantic Ocean, and the Florida
State line is its southern border (fig. 1). The Okefenokee Swamp is a mixed
and multiple wetland environment, the extreme diversity of which must be seen
to be truly appreciated. Dispersed throughout the forested wetland (''swamp")
are extensive unforested wetlands (marshes that locally are called
"prairies"); large, water-saturated, floating or anchored islands of peat
covered with grass, shrubs, and(or) trees (locally called "tree houses");
large and small, water-saturated, floating islands of peat covered with grass















of 4. Most of the peat is almost pure and has an ash content that generally
is less than 15 percent. The major ash component (80 percent) is silica with
small quantities of kaolinite clay, iron oxides, and aluminum oxides. Silica
impurities are present in the form of sponge spicules and diatoms, quartz
sand, and organically complexed silica.

Hydrology

The Okefenokee Swamp is drained by two major rivers: the Suwannee River
and the St. Marys River, which convey approximately 75 percent and 25 percent,
respectively, of the surface-water discharge (Cohen, 1984). The Suwannee
River flows southwesterly from the wetland into the Gulf of Mexico. The flow
path of St. Marys River has several geographic controls that markedly increase
its distance to the ocean. The river flows south from the wetland along the
western edge of Trail Ridge, then eastward through a gap in Trail Ridge
(fig. 1). The river then flows almost directly north for 50 km along the
eastern edge of Trail Ridge before flowing east to the Atlantic Ocean. The
Satilla, Little Satilla, and Altamaha Rivers north and adjacent to the wetland
have eroded directly through Trail Ridge in their course to the ocean.

The 1984 average water depth for the entire Okefenokee Swamp has been
estimated to be 0.5 m (Rykiel, 1984); however, the water depth varies greatly
within the wetland. During 1960-62, an earthen dam or sill was constructed
at the southwestern edge of the swamp where the Suwannee River flows from the
wetland (pl. 1). The maximum water level of the wetland at the sill during
zero outflow conditions has risen by 12 cm and extends across the wetland from
the sill for a distance of 60 km. Although the sill was constructed for the
purpose of decreasing the fire potential within the wetland during droughts,
the increased water level may have a pronounced effect on the overall
hydrology, flora, and geochemical processes within the Okefenokee Swamp.

Rainfall virtually is the only source of water for the Okefenokee water-
shed (Patten and Matis, 1984); the average annual rainfall is 1,300 mm.
Approximately 10 percent of the rainfall on the sandy, pinewoods upland enters
the shallow ground-water system and emerges as shallow ground-water flow into
the wetland. This source of water accounts for less than 0.1 percent of the
water in the wetland. Surface-water flow from the uplands accounts for only
15 percent of the water entering the wetland.

Estimates of the hydrologic budget for the Okefenokee Swamp indicate that
evaporative loss accounts for 80 percent of water losses; surface-water flow
accounts for 15 percent of the loss; and seepage or recharge to deep-seated
ground waters is estimated to account for 1 to 4 percent of water losses
(Hyatt and Brook, 1984; Patten and Matis, 1984). These percentages are
estimates and illustrate that little is known about the water budget of the
Okefenokee Swamp.

On the basis of the water-budget estimates, the average turnover or
residence time of water in the wetland is calculated to be 3 to 4 mo (Patten
and Matis, 1984). However, as with water depth, there is likely to be great
variation in residence time of water in particular locations in the wetland.
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For example, in some of the waterways, plant leaves and stems lean with the
current, and plant debris floats with the current indicating relatively rapid
flow compared to that in other parts of wetland, where the residence times may
be much longer than several months. The relatively rapid flow rate through
some areas of the wetland partly causes the relative openness and fresh air of
the Okefenokee Swamp. Odors of decaying vegetation are rarely noticed.

The combined low permeability of the peat deposits, the clay lenses and
beds in the surficial sand aquifer, and the Hawthorne Formation restrict the
movement of the acidic surface water of the Okefenokee Swamp to the deep
ground-water system, thereby preventing extensive reaction of water with
underlying calcareous sediments. The percolation or recharge of acidic
surface water into the deeply buried limestone must be minimal, because if
it were substantial, the acidic waters would rapidly dissolve the calcareous
limestone, resulting in land subsidence or a substantial deepening of the
water level within the wetland.

Water Chemistry

Three distinctive features of the water quality of the Okefenokee Swamp
and the Suwannee and St. Marys Rivers are the acidity as indicated by pH of 4,
the small concentration of dissolved inorganic solids as indicated by specific
conductance that ranges from 30 to 60 puS/cm, and the large concentration of
dissolved organic substances, especially fulvic acids. The chemistry of these
two rivers is similar to that of the nearby Satilla and Altamaha Rivers, which
have been studied by Beck and others (1974). The acidity of the water results
from the organic acids produced during anaerobic decomposition of plant litter
and peat. The water in the wetland is supersaturated with carbon dioxide and
methane, gaseous products of decomposition. Fluxes of these gases to the
atmosphere are dependent on temperature and water depth and vary seasonally
(Flebbe, 1984). Although mosses, such as sphagnum, are much less abundant in
the Okefenokee Swamp than in many northern United States and European wet-
lands, sphagnum, which releases an unusually large concentration of organic
acids during decomposition and increases acidity by cation exchange, also is
a possible contributor to the acidity of the water flowing from the wetland.
The acidity and small concentrations of inorganic species of all surface water
in the wetland are a further indication that the underlying calcareous sedi-
ment has little or no effect on water chemistry.

The average concentration of inorganic constituents in the swamp water
are: calcium, 0.60 mg/L (0.030 meq/L); magnesium, 0.45 mg/L (0.037 meq/L);
sodium, 3 mg/L (0.130 meq/L); potassium, 0.2 mg/L (0.005 meq/L); and chloride,
6 mg/L (0.17 meq/L) (Auble, 1984). On the basis of evaporative losses, rain-
fall accounts for 74 percent of the calcium concentrations and 68 percent of
the potassium concentrations.

Average concentrations of the same elements in shallow ground water from
the sands and shell beds below the peat and above the limestone deposits are:
calcium, 4.1 mg/L; magnesium, 1.2 mg/L; sodium, 3 mg/L; potassium, 0.54 mg/L;
and chloride, 6.5 mg/L (Hyatt and Brook, 1984). These concentrations are about
7 times greater for calcium, about 2.5 times greater for magnesium, and about
2.5 times greater for potassium than the corresponding concentrations in
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surface water. Average concentrations of four of the five elements in ground
water at depths of 150 to 200 m are: calcium, 60 mg/L; magnesium, 23 mg/L;
-sodium, 23 mg/L; and potassium, 2.1 mg/L.

The surface water of the Okefenokee Swamp is darkly colored; a common
misconception is that the color is caused by tannins or tannic acids. In
actuality, the color is caused by dissolved humic substances. The concen-
tration of dissolved organic carbon (DOC) of wetland water usually is about
50 mg/L; 75 percent of the DOC is comprised of humic substances (fulvic-acid:
humic-acid ratios generally are 9:1), 15 percent of the DOC consists of hydro-
philic acids, and 10 percent of the DOC is composed of hydrophobic and hydro-
philic neutral species (McKnight and others, 1985). Basic organic compounds
generally are less than reliable detection limits (less than 1 percent of the
DOC).

One common misconception is that humic substances in waters of the
Okefenokee Swamp are derived primarily from extensive peat deposits in the
watershed. This theory apparently is false, because the average carbon age
of the peat is several thousand years old, but the radiocarbon age of humic
substances isolated from the Suwannee River is 0 to 25 yr B.P., which statis-
tically cannot be distinguished from zero age (E.M. Thurman and R.L. Malcolm,
U.S. Geological Survey, written commun., 1987). The recent age of the dis-
solved humic substances is consistent with the observed rapid leaching of
litterfall (G.T. Auble, University of Georgia, written commun., 1986). The
sources or precursors of surface-water humic substances are apparently the
fresh litter, leaf and root exudates, and leaf leachates; there are only
small contributions from older, slowly decaying peat.

MAJOR HABITATS IN THE OKEFENOKEE SWAMP

According to the National Wetland Inventory classification system
(Cowardin and others, 1979), the Okefenokee Swamp is more than a large, com-
plex wetland-—-it is a palustrine, acidic, freshwater wetland with organic soil
and an intermittently exposed hydrologic regime. There are four major habitat
classes that form the wetland mosaic (pl. 1): forested upland, forested wet-
land, scrub-shrub wetland, and prairie. The vegetation-distribution map pre-
sented in plate 1 has been adapted from the more detailed map by McCaffrey and
Hamilton (1984), which was prepared using infrared aerial photography and
onsite verification. The only habitat subclasses presented in plate 1 are the
five subclasses of forested wetland: needle-leaved evergreen, broad-leaved
evergreen, broad-leaved deciduous, needle-leaved deciduous (cypress), and
mixed broad leaved and needle leaved, and two subclasses of prairie: aquatic
macrophyte and herbaceous. Within the scrub-shrub wetland class, which covers
a large area of the wetland, there is a great diversity of subclasses (nine
altogether) so that the wetland is actually even more of a complex mosaic than
is apparent from plate 1.

All habitat classes are interrelated hydrologically through the network
of canals, lakes, and prairies, surface-~sheet flow, and the ground-water flow
system. The following section summarizes the description of the four major
habitat classes by McCaffrey and Hamilton (1984), beginning with the forested
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upland, and ending with the open water of the prairies. Then, the dynamic
processes by which the mosaic of habitats in the wetland is formed and
maintained will be described.

Forested Upland

Slash pine (Pinus elliottii) is the dominant vegetation of the upland
areas that surround the Okefenokee Swamp and the raised sand islands within
the wetland itself. These islands are accessible by boat or canoe and were
important locations for swampers and logging operations in the early 1900's.
Billys Island, for example, was a townsite during the logging period, with a
barbershop and two saloons.

Most of the uplands along the wetland borders currently (1988) are
managed for timber production. However, there has been no logging on the
islands within the Okefenokee Swamp since the establishment of the National
Wildlife Refuge in 1936,

Forested Wetland

The needle-leaved evergreen, wetland subclass corresponds to the exten-
sion of the slash pine from the uplands into the adjacent wetlands. Periodic
flooding and a shrub understory characteristic of the shrub wetlands distin-
guish this subclass from the forested upland.

The broad-leaved evergreen, wetland subclass is composed of bay forest
with some sphagnum-moss ground cover, small patches of shrubs, and a few
cypress and pine trees. The bay trees are of medium heightj common species
are loblolly-bay (Gordonia lasianthus), swampbay (Persea palustris), sweetbay
(Magnolia virginiana), large-gallberry (Ilex coriacea) and dahoon
(1. cassine).

Large cyprus stands dominated by pondcypress (Taxodium ascendens) com-
prise the needle-leaved deciduous, wetland subclass. The cypress stands
generally have a subcanopy of bay trees, a scrub-shrub understory, and some
sphagnum—-moss ground cover. Prior to the logging operations during the early
1900's, the coverage of the Okefenokee Swamp by large cypress stands was more
extensive. Based on knowledge of the life history of the pondcypress, it
seems unlikely that the pondcypress will rapidly reclaim its previous coverage
from the blackgum {(Nyssa sylvatica var. biflora) forests that grew after
logging (Hamilton, 1984).

The dominant vegetation of the broad-leaved deciduous wetland subclass 1is
the blackgum. This subclass occurs mainly in the western part of the wetland
(pl. 1) and is present as mature stands where the previous cypress was logged.
The subcanopy of this subclass may include bay, red maple, (Acer rubrum) and
shrubs; sphagnum moss can be found as a ground cover.

The mixed forested wetland has four different dominance categories:
bay-cypress, mixed cypress, cypress-shrub-prairie, and mixed pine. The
inclusion of all of these in one subclass in plate 1 further minimizes the
actual complexity of the vegetational distribution in Okefenokee Swamp.
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Scrub-Shrub Wetland

The scrub-shrub wetland class includes three subclasses based on vegeta-
tional dominance: (1) broad-leaved shrubs (evergreen and deciduous)--fetter-
bush (Lyonia lucida), large gallberry (Ilex coriacea), dahoon (I. cassine),
inkberry (I. glabra), titi (cyrilla racemiflora), and others; (2) deciduous
scrub (needle-leaved and broad-leaved)--young cypress and black gum trees, and
(3) mixed scrub-shrub. The mixed scrub-shrub has seven dominance categories.

Prairie

The prairie include two classes according to the classification method
of McCaffrey and Hamilton (1984): emergent herbaceous prairie and aquatic
macrophyte prairie. In the context of the swampers of the Okefenokee Swamp,
prairie refers to shallow marshes where the vegetation is either floating or
submerged to some extent, and this usage has been continued in the scientific
literature. These prairies commonly have small floating or anchored islands
of shrubs and trees that are called tree houses. The emergent herbaceous
prairie generally is dominated by sedge (Carex spp.) and panic grass (Panicum
sp.); it includes other species such as pitcher plant (Sarracenia sp.) and
water lily (Nymphaea sp.). The aquatic macrophyte prairies include a variety
of rooted and floating vascular plants, nonperennial emergent plants, and
algae. Common species are white water lily (Nymphaea odorata), cow lily
(Nuphar luteum), golden club (Orontium aquaticum), and bladderwort (Utric-
ularia sp.). The productivity and composition of the Utricularia-periphyton
microecosystems follow well-defined cycles related to fluctuations in tempera-

ture, water depth, pH, and other environmental characteristics (Bosserman,
1983).

SUCCESSIONAL PROCESSES AND DISTURBANCES IN THE OKEFENOKEE SWAMP

Other than the islands of forested uplands within the wetland, the
current mosaic of different habitats that comprise the Okefenokee Swamp is
the result of both incremental, gradual processes that occur continually in
the wetland and of major events or episodes, such as fire and logging. The
general successional sequence begins with prairies. Cypress and a variety of
shrubs typically invade prairies and, once established, function as nucleii
for further colonization. This process eventually converts an area of prairie
into a patch of cypress swamp. At this point, blackgums and bays typically
invade. In the absence of fire, bays eventually will replace cypress on drier
sites and blackgum will become dominant on wetter sites.

Formation of Tree Islands

A conspicuous feature of the prairie habitats is the presence of tree
houses--small-to-large, discrete clusters of shrubs and trees appearing
abruptly from the prairie. Tree houses may be completely or partially
detached from the surrounding peat, may be bulges in the peat mat, or may
form by the aggregation of many small clumps of peat. Cypert (1972) hypothe-
sized that the tree houses are formed by plant colonization of floating masses
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of peat that are brought to the water surface by the buildup of gases in the
submerged anaerobic peat. Gas bubbles collected from the wetland have large
concentrations of methane; it is hypothesized that gas bubbles form from a
methane nucleus when methane production is sufficiently rapid (King, 1984).
Islands of floating peat (without shrubs or trees) are called batteries.

Cypert (1972) and Rich (1976) describe the plant species succession that
occurs once a battery has risen to the water surface. First, the water lilies
die and are replaced by such species as sundew (Drosera sp.), orchids, or
bladderwort (Utricularia sp.); these species rapidly are crowded by sedge.
After several years, shrubs and trees begin to grow among the sedge, and the
battery becomes a rooted tree house. A variety of shrubs, such as fetterbush
(Leucothoe axillaris) and buttonbush (Cephalanthus occidentalis), and cypress
trees commonly are found on tree houses. The colonization of batteries by
cypress is dependent on a nearby seed source (Hamilton, 1984). Tree houses
also may be formed by plant colonization of peat accumulations or spreading
lateral root systems around established cypress trees; subsequent succession
then is similar to that described for batteries. This successional sequence
has been confirmed by palynological and petrographic analyses (Rich, 1984).
Tree-ring analysis also has shown that, as a tree house matures, the large
trees in the center of the house shade the shrubs and smaller trees of the
subcanopy, and that the ground surface becomes higher and drier because of
the accumulation of litter and roots (Duever and Riopelle, 1984).

Palynological and petrographic analyses also indicate that the formation
of tree houses from the floating batteries is an important process in the
long-term transition from prairie to forested wetland. Examination of large
tree houses indicates that they originated as small tree houses that expanded
with continued colonization of the borders by woody shrubs and trees. Thus,
formation of tree houses is a nucleation process for the invasion and expan-
sion of the cypress forest in the prairies. In turn, the major restraints on
this expansion are episodic fires during droughts.

Episodic Fires

Before the installation of the large sill across the Suwannee River at
the southwestern edge of the wetland, the water level in the wetland would
decrease as much as 1 m during drought. The dry, exposed peat (moisture
content less than 30 percent) was readily ignited by lightning and large areas
frequently would burn for some weeks or months. Major fires involving large
parts of the wetland are known to have occurred in 1844, 1860, 1910, 1932, and
1954-55 (Hamilton, 1984). Fire generally maintains the prairie habitats by
inhibiting the expansion of the forested islands. Fires, therefore, corre-
spond to periodic local disturbances that are important in maintaining habitat
mosaics in many different environments (Hamilton, 1984).

Fires in the wetland vary in their extent and severity. For less severe
fires, the vegetation may return to its pre~fire condition within several
years. Severe, intense fires can burn 30 cm or more of the peat and kill all
mature shrubs and trees. It was reported that during the fire in 1844, the
peat was burned completely in numerous places, forming the currently existing
lakes in the Okefenokee Swamp (Hamilton, 1984).
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Loggin

Mature stands of cypress were logged by the Suwannee Canal Company prior
to 1897 and by the Hebard Lumber Company from 1909 to 1927. The primary areas
that were logged were between Suwannee Creek and Billys Island and Floyds
Island (Izlar, 1984). It has been estimated that, during the latter period,
most of the remaining merchantable cypress trees in the swamp were harvested
(Hopkins, 1947).

Analysis of aerial photographs of the swamp indicate that the area that
was logged most recently (1984) is dominated by dense growth of shrubs and
either black gum sprouting from stumps or new growth of broad-leaved evergreen
trees (Izlar, 1984). Although cypress can sprout from stumps that are as much
as 200 yr old, most of the logged cypress trees ranged from 400 to 900 yr old.
Stump sprouting, therefore, has not been a means of reestablishment of the
cypress forest (Duever and Riopelle, 1984). Further, natural seeding as a
reestablishment process has been limited because: (1) almost all cypress
trees were cut in the logged areas; and (2) cypress seeds, which are dispersed
by flowing water, have . limited spatial distribution and only will germinate
under limited environmental conditions. Hamilton (1984) concluded that the
cypress forest will not regenerate in most of the area that was logged and
that the process will take hundreds of years in the limited areas where the
cypress forest is returning.

ANIMAL LIFE IN THE OKEFENOKEE SWAMP

The Okefenokee Swamp is a diverse and unique ecosystem for supporting
animal life. Not only do the prairies, wetlands, and lakes provide diverse
habitats, but also the numerous upland islands and shorelines and small
batteries and tree houses provide terrestrial habitats. Cypress and pine
trees in and around the wetland also provide a rich arboreal habitat. The
following summary of animal life in the Okefenokee Swamp is based on works
of Russel (1973) and Laerm and others (1984).

Strictly aquatic organisms include the numerous species of warmwater
fish. Among these are the largemouth bass, (Micropterus salmoides), Florida
gar (Lepisosteus platyrhincus), several species of suckers (Erimyzon sucetta
and Minytrema melanops), pirate perch (Aphredoderus sayanus), bluegill
(Lepomis spp.), bowfin (Amia calva), brook silverside (Labidesthes sicculus),
Eastern swamp darter {Etheostoma fusiforme), pickerel (Esox spp.), and bull-
head (Ictalurus spp.). Their importance to the swamp ecosystem is substan-
tial, as they are a major food source for birds and mammals. Moreover, some
of the fish directly convert plant tissue to animal tissue.

Major amphibians in the wetland are several species of frogs of the
genera Hyla and Rana. At least 10 species of the family Hylidae and 7 species
of the family Ranidae have been identified.

The largest reptile in the Okefenokee Swamp is the American alligator
(Alligator mississippiansis). Russel (1973) stated that during the late 1960's
and early 1970's, there were an estimated 10,000 alligators in the swamp. He
stated this estimate was much less than estimates for earlier times. Although
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the alligator population probably is much smaller than in the past, it is
common for a visitor to observe several alligators during an afternoon boat
trip in the wetland. The average length of an alligator from the Okefenokee
Swamp is about 2.5 m, although earlier measurements have recorded them to be
as long as about 7 m.

The reptiles next in size to the alligator are the numerous species of
snakes. The Eastern coachwhip (Masticophis flagellum flagellum) and the North
Florida black snake (Seminatrix pygaea pygaea) are representative of non-
poisonous types from the family Colubridae. The poisonous species inhabiting
the swamp are the Florida cottonmouth (Agkistrodon piscivorous conanti) and
three species of rattlesnakes (two of which are the common Crotalus spp. and
Sistrurus miliarius barbouri) and the uncommon Eastern coral snake (Micrurus
fulvius fulvius). About 40 species of snakes have been observed in the swamp
(Laerm and others, 1984). Although snakes are numerous, it is rare for a
visitor to the Okefenokee Swamp to encounter a snake.

In contrast, visitors probably will see several turtles resting on logs
protruding from the waterways and warming themselves in the sunshine. The
common snapping turtle (Chelydra serpentina serpentina) and the alligator
snapping turtle (Macroclemys temminiki) are found in the wetland. Also
present are seven species of the family Emydidae, such as the Florida box
turtle (Terrapene carolina carolina), and four species of the family
Kinostemidae, such as the striped mud turtle (Kinosternon bauri palmarum).

Semiaquatic mammals include the river otter (Lontra canadensis vaga) and
the round-tailed muskrat (Neofiber alleni exoristus). Visitors commonly will
see otters swimming in the open waterways. In the terrestrial habitat, the
whitetail deer (0Odocoileus virginianus virginianus) and black bear (Ursus
amenicanus floridanus) are the largest mammals in the Okefenokee Swamp. In
decreasing size, there is the cougar (Felis concolor coryi), boar (Sus
scrofa), bobcat (Lynx rufus floridanus), gray fox (Urocyon cinereoargentus
floridanus), raccoon (Procyon lotor elucus), opossum (Didelphis virginiana
pigra), several species of rabbit (Sylvilagus spp.), and squirrel (Sciurus
spp.). Visitors probably will see many of the smaller terrestial mammals,
but sightings of the larger mammals are more rare.

The abundant vegetation provides a variety of arboreal habitat types, and
the variety of bird life ranges from the common robin (Turdus migratorius) to
reported sightings of the reportedly extinct ivory-billed woodpecker (Cam-
pephilus principalis). The pileated woodpecker (Dryocopus pileatus) is a
common species in the wetland and often is mistaken for the ivory-billed
woodpecker. The Okefenokee Swamp is used as a resting and nesting area by
waterfowl, including the green-winged teal (Anas crecca), mallard (Anas
platyrhynchos), American widgeon (A. americana), scaup (Aythya affinis), and
wood duck (A. clypeata). Large birds include the turkey (Meleagris gallopavo)
found on the shore and islands, as well as the great blue heron (Ardea
herodias) and white ibis (Eudocimus albus) found along the shallow water
areas. Predatory birds include the osprey (Pandion haliaetus), which feeds
on fish, the peregrine falcon (Falco peregrinus), and the red-shouldered hawk
(Buteo lineatus). On boat trips, turkey vultures (Cathartes aura) commonly are
observed sitting in the upper branches of the cyprus trees. Smaller birds
include thrushes (Catharus spp.), the tufted titmouse (Parus biocolor), and
the eastern wood pewee (Contopus virens).
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The Okefenokee Swamp is a complex ecosystem. Majestic cypress trees and
ominous alligators are the most easily observed and most vividly remembered of
the flora and fauna of the wetland. Although the myriad of smaller animals and
plants living in the water, soil, and vegetation are not as readily observed
by the casual visitor, these organisms are of equal or greater importance
because they are the primary producers, herbivores, carnivores, or decom-
posers. Their function in the swamp ecosystem, therefore, is paramount to
the dynamic ecosystem structure of the Okefenokee Swamp.

SUMMARY

The Okefenokee Swamp is a complex mosaic of plant and animal habitats,
with vistas overlooking aquatic prairies, flowing canals, and majestic stands
of pine, cypress, and black gum. The large concentration of dissolved humic
substances in the wetland is the cumulative result of the geology, hydrology,
and ecology of the swamp. Rainfall is the primary water source and evapora-
tion is the primary water loss. The average water depth is estimated to be
0.5 m, and the average residence time of water is estimated to be 3 to 4 mo.
In the past, episodic fires have been a natural interruption to the gradual
succession from prairie to forested wetland and, therefore, have created the
complexity of habitats and open areas found in the wetland. The Okefenokee
Swamp remains a refuge for a variety of animals, including the American
alligator. This brief description of the Okefenokee Swamp illustrates that
the swamp is a mosaic of life and, as subsequent chapters will show, a pro-
ducer of fulvic and humic acids.
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ISOLATION OF SUWANNEE RIVER FULVIC AND HUMIC ACIDS

By R.L. Malcolm, G.R. Aiken, E.C. Bowles, and J.D. Malcolm

ABSTRACT

Dissolved fulvic and humic acids from the Suwannee River in southwestern
Georgia were isolated during a period of 2 months by XAD-8 resin procedures.
During the 2 months, approximately 17,000 liters of river water were
processed, yielding 570 grams of fulvic acid and 84 grams of humic acid.

The fulvic and humic acids are believed to be representative of dissolved
fulvic and humic acids in blackwater streams of the United States. Fulvic
and humic acids comprised approximately 75 percent of the dissolved organic
carbon (average of 38 milligrams per liter during the sampling period) in the
Suwannee Riverj these high concentrations of fulvic and humic acids enabled
the maximization of fulvic- and humic-acid isolation from a minimum amount of
water. The XAD-8 resin procedure of fulvic- and humic-acid isolation from
stream water represents the present state-of-the art. The advantages and
disadvantages of the procedure are discussed.

INTRODUCTION

The Suwannee River is one of many dark-brown streams of the United
States. The colored streams in the southeastern United States are different
from most colored streams in that they exist in a region that has a long and
productive growing season, where rainfall is abundant and well-distributed
throughout the year, where the winters are mild and short with temperatures
seldom being less than 0 °C, where decomposition is relatively unhindered
during the winter, and where there is no spring flush of organic decomposition
intermediates and products. The Suwannee River is unique in that it contains
highly colored water along its entire length--from its source in the Okefeno-
kee Swamp to its estuary in the Gulf of Mexico. Other unusual characteristics
of the river are that it generally is a large river in a very sandy area and
that it generally has a constant discharge throughout the entire year.

The brown color of the Suwannee River water has been recognized for many
decades as being due to the presence of organic matter, and the water has been
studied by several hydrologist and chemists, one of the most notable being
Professor A.P. Black and co-workers of the University of Florida during the
1950's. He precipitated the colored organic components by alum (Fe3* and A13*
sulfates) coagulation. The colored matter from whole-river-water samples also
was isolated by freeze-concentration and freeze-drying methods (Black and
Christman, 1963a and b). Organo-metallic interactions in the Suwannee River
were studied by Casagrande and Erchull (1976), Giesy and Briese (1977), and
Alberts and Giesy (1983). Both the colloidal and dissolved organic constit-
uents were associated with numerous metal ions and oxides. J.H. Reuter and
K.C. Beck (Georgia Institute of Tecnology, written commun., 1975) stated that

dissolved organic matter in the Suwannee River was the major control of its
water chemistry.
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REASONS FOR SELECTING THE SUWANNEE RIVER SAMPLING SITE

The Suwannee River at its source at the Okefenokee Swamp was selected as
the source for large-scale sampling of stream humic substances for several
reasons:

1. It had been determined that humic substances in the Suwannee River
generally were representative of humic substances in blackwater streams of the
United States.

2. The concentration of humic substances in the Suwannee River is about
an order of magnitude greater than that in most natural stream waters; dis-
solved organic carbon (DOC) concentrations are in excess of 25 mg/L.

3. Humic substances in the Suwannee River have been sampled on a recon-
naissance basis during the past 20 years by the U.S. Geological Survey, which
has long-term water-quality and water-discharge measurements for the river.

4. The headwaters of the Suwannee River occur in the remote, sparsely
populated Okefenokee Swamp of southeastern Georgia; therefore, the stream is
generally free of anthropogenic inputs.

5. The Suwannee River contains relatively low concentrations of dis-
solved inorganic constituents and suspended sediment; specific conductance
usually is below 50 pS/cm, and suspended sediment organic carbon (SOC) con-
centrations usually are 2 to 4 mg/L. The low concentrations of dissolved
organic constituents and SOC facilitated relatively fast filtration of the
water and low-ash contents in the isolated humic substances.

6. There is easy access to the river with sampling equipment and con-
venient space for temporary laboratory and trailer facilities. Electrical
power also is available.

7. Long-term water—quality records for the Suwannee River document that
moderate variations in both organic and inorganic water quality exist either
throughout the year or from year to year. Therefore, the planning and execu-
tion of large-scale sampling was not limited to any particular period of the
year.

Even though the stream DOC varied from 35 to 50 mg/L during the 2-month
sampling period, the composition of humic substances was believed to have been
relatively constant. This conclusion is based upon the similarity of previous
reconnaissance data from the Suwannee River and the relatively constant per-
centage of DOC breakthrough from the XAD-8 isolation columns. Most streams
have a tendency to increase in DOC concentration with increased discharge with
rainfall during all periods of the year. The minor changes in DOC during the
sampling period was attributed to this phenomenon. Many streams in the colder
regions of the United States have a pronounced spring flush upon snowmelt and
soil thawing during which organic constituents such as DOC are two to three
times higher than during other periods of the year. This type of spring flush
is not observed in the Suwannee River and other local southern streams.
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During the period of development of XAD-8 resin technology for the iso-
lation of humic substances from natural water, an experiment was conducted
during 1978 to determine the efficiency of humic substances isolation from
the Suwannee River and from other rivers. The XAD-8 resin isolation method
removed 95 percent or more of the colored humic substances from natural
waters.

The humic and fulvic acids were characterized by elemental analyses,
solid-state carbon-13 nuclear-magnetic-resonance (!3C-NMR) spectrometry,
liquid-state !3C-NMR spectrometry, lH nuclear-magnetic-resonance spectrometry,
molecular-size analyses, molecular-weight distribution, E4/Eg ratios, titri-
metry data, and functional group analyses. The results of these character-
izations of Suwannee River humic and fulvic isolates were compared with a
number of stream humic substances that were isolated from several streams
throughout the United States by the same XAD-8 resin techniques. The humic
isolates from the Suwannee River were similar with some variations to isolates
from the other rivers in most of the characterizations. Because of these
similarities in chemical nature, it may be that the humic substances from the
Suwannee River are generally representative of stream humic substances.

SAMPLING OF RIVER WATER

An earthen sill with a concrete spillway across the Suwannee River at
the south end of the Okefenokee Swamp was constructed in 1967 to maintain a
relatively constant water level in the swamp. Earlier efforts to drain parts
of the swamp during logging operations had rendered it vulnerable to fire
during infrequent dry periods. The water level in the swamp is maintained by
removable wooden planks in a concrete spillway near the midpoint of the sill
that was the natural channel of the upper Suwannee River. Water samples were
pumped at a point above the concrete spillway from a depth of 3 to 4 m into
36-L glass jugs. The electric pump was water lubricated with a stainless-
steel impeller. Electrical power was supplied by a small portable electric
generator. Pump tubing consisted of well-leached 2.5-cm-diameter polyethylene
tubing. Some of the water samples were scooped from the surface with a
plastic container and then transferred to glass containers.

The water sampling site was approximately 10 miles from the field labora-
tory where the water was processed. The site was accessed by truck over a
limited-access state-park road. Water samples were collected daily in amounts
dictated by the rate of water filtration and processing. This ensured that
the maximum period from water sampling to organic matter concentration on the
XAD-8 resin was no longer than 2 days.
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FILTRATION OF THE WATER SAMPLE

Unfiltered river water was transferred from the glass sampling jugs to
Milliporel stainless-steel, pressure filtration canisters (20-L capacity).
Each canister was connected in parallel to two Millipore stainless-steel plate
filter holders (142 mm in diameter) by separate, flexible, stainless-steel
hoses fitted with quick-disconnect joints. Each plate filter holder held a
replaceable Osmonics silver membrane filter of 0.45-um porosity. Each can-
ister was pressurized by a small tank of nitrogen (high-purity grade). The
filtration pressure was increased in 34-kPa increments from 0 to 413-kPa
during a 2-day period. In less than 1 hour, the filtration rate was reduced
to a dropwise flow. This dropwise flow rate slowly diminished during a 3-day
period at which point the membrane filters were changed. The filtered water
was collected in 36-L glass jugs. Fifty of the 142-mm stainless-steel plate
filter holders were used in the filtration process. The pressure canisters
were monitored and refilled periodically before they became empty so that DOC
leakage resulting from crushing of algae and bacterial cells was prevented.

Four Millipore stainless-steel plate filters (293 mm in diameter) also
were used to accelerate the filtration process. Silver-membrane filters were
not available in this large sizej therefore, Gelman vinyl-metricel filters of
0.45-pm porosity were used. These four plate-filter units were connected in
series to a stainless-steel reservoir that had a capacity of 220 L. The
reservoir was pressurized with a large, Q-size container of nitrogen.

The entire water sample was pressure filtered. The parts of the sample
filtered through the two different membrane filters were kept separate and
were processed independently; the part filtered through the silver-membrane
filters was designated as the standard sample, and the part filtered through
the vinyl-metricel filters was designated as the reference sample. After a
number of tests, it was determined that the silver-membrane filter neither
contaminated the filter water with DOC nor sorbed any of the numerous organic
solutes found in natural water. In contrast, the vinyl-metricel membrane
filters have two limitations. These filters contained a detergent coating to
facilitate wetting and initial water flow through the filter. These filters
also sorb small amounts of humic substances. These two limitations in the use
of vinyl-metricel membrane filters were overcome by leaching the filters at a
slow flow rate for a 12-hour period with Suwannee River water. During this
period, the detergent was completely leached from the filters, and the sorp-
tive capacity of humic substances was saturated. The water filtered during
the leaching was discarded.

IThe use of trade names in this report is for identification purposes
only and does not constitute endorsement by the U.S. Geological Survey.
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CONCENTRATION OF HUMIC SUBSTANCES

At the time of the sampling, the XAD-8 resin was the most suitable resin
for the concentration and isolation of humic substances from water (Malcolm
and others, 19773 Aiken and others, 1979). Other resins such as Duolite A-7
(Leenheer and Noyes, 19843 Aiken, 1985) also may be considered at the present
time. The XAD-1, XAD-2, and XAD-4 resins were determined to have a lower
capacity for humic substances than does the XAD-8 resin. Due to the small
pores of the XAD-2 and XAD-4 resins, humic substances were determined to be
excluded and a part of the humic substances sorbed were irreversibly fixed by
the resins and could not be recovered. The XAD-7 resin could not be used due
to excessive breakdown and resin bleed in basic solution. The XAD-8 resin
does not exhibit any of the limitations.

XAD-8 resin is an uncharged but slightly polar resin composed of polym-
erized methyl ester of polyacrylic acid. The polymer has a limited cross
linkage to give an effective hydrated-pore size that enables all the macro-
porous network of the resin to be available for sorption of natural humic
solutes that are much larger in size than simple specific organic solutes such
as benzoic acid, phthalates, and so forth. The resin was extensively cleaned
of unpolymerized material and impurities by repeated and sequential Soxhlet
extraction with diethyl ether, acetonitrile, and methanol (Thurman and
Malcolm, 1981).

After filtration, the water contained in the 36-L glass jugs was acidi-
fied to pH 1.95%0.05 with 6 N HCl. The pH of water in each jug was measured
after mixing and standing for several minutes to ensure that the pH was
slightly below 2.0. Each acidified sample was pumped onto a 9-L column of
XAD-8 resin at a flow rate of 1 L/min. The tubing to and from the peristaltic
pump consisted of Teflon, except for the 15-cm polyvinyl tubing in contact
with the pump roller. The flow rate of 1 L/min corresponded to 5 bed volumes
per hour, which is considerably less than the critical flow rate of 10 bed
volumes per hour} therefore, time was adequate for complete equilibration of
the humic solutes with the resin sorbent.

A volume of 272 L of water was pumped onto the XAD-8 resin column before
elution. This volume of water results in a theoretical column distribution
coefficient (k') of 62. At a k' of 50, approximately 95 percent of the
colored humic substances contained in the 272-L water sample was sorbed by the
resin. The real k' was believed to be near 50, or a reduction of 20 to 25
percent in sorptive capacity due to the high DOC of 30 to 40 mg/L, which is 5
to 10 times higher than the DOC concentrations in most surface waters. For a
complete discussion of k' and the chemical quantification of sorption, refer
to Leenheer (1981). The adsorbed humic substances were back-eluted from the
XAD-8 resin column using three column void volumes (approximately 15 L) of
0.1 N NaOH at a flow rate of 350 mL/min. The basic solution was followed by
0.1 N HC1 solution until the column eluate became acidic in preparation for
the next batch of filtered water. The column flow was reversed, and the next
part of the filtered water sample was pumped onto the column.

The elution technique enabled the collection of a highly concentrated

center part or '"center cut" of the humic substances elution in a 1-L volume.
The humic substances in this part was in excess of 1,000 mg/L as carbon and
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required no further concentration. This part of the eluate was acidified
immediately to pH 2 and stored on ice for transport to the laboratory in
Denver, Colo. The 1-L part of the eluate prior to the "center cut" and the
4-L part after the "center cut" were combined in a separate container in an
ice bath for later reconcentration. The void volumes during elution prior to
the retained parts and until the eluate became acidic, were combined, acidi-
fied to pH 2, and added to the filtered river sample for the next column run.
After 10 column runs, the accumulated "other than center cut" concentrated
organic eluates were reconcentrated as a separate run on the large XAD-8 resin
column. The final reconcentrations were conducted on smaller columns of XAD-8
resin. Virtually all of the humic substances were adsorbed upon reconcentra-
tion with minimal losses.

SEPARATION OF FULVIC AND HUMIC ACIDS

All of the elution "center cuts" and the reconcentrated humic substances
were mixed in a 36-L glass container and acidified to pH 1.0 with concentrated
HCl. In the well-homogenized concentrate, the carbon concentration was
approximately 1,000 mg/L. A carbon concentration of 500 mg/L is minimal for
rapid and complete precipitation of humic acids. The concentrated sample was
chilled to 2 °C in an ice bath, the precipitated humic acids were resuspended
several times over a 2-day period, and then allowed to settle. The precip-
itated humic acids were separated from the soluble fulvic acids by centri-
fugation.

DESALTING, HYDROGEN SATURATION, AND FREEZE-DRYING

The solution of fulvic acids contained high concentrations of sodium and
HCl. The major part of these ions and salts were removed by desalting on an
XAD-8 resin column. Fulvic acids at pH 1.0 were pumped slowly onto a large
column of XAD-8 resin until the observed color of the sorbed fulvic acids
extended approximately one~third down the length of the column. At this time,
pumping of fulvic acid ceased and pumping of deionized water began. Specific-
conductance monitoring of the effluent also was initiated using a flow-through
cell. During leaching of the acidic salt solution from the void volume of the
column, the specific conductance decreased rapidly. Concurrent with acid
removal, the pH increased, and the fulvic acid began to move slowly down the
column. The column was rinsed with deionized water until the specific con-
ductance was decreased to 250 pS/cm. The XAD-8 resin column was then back-
eluted with five column volumes of 0.1 N NaOH. Color due to fulvic acids
normally was observed to elute from the column during rinsing when the
specific conductance decreased to less than 700 to 800 pS/cm. These colored
washings, collected until the specific conductance decreased to 250 pS/cm,
were acidified and added to the next desalting run.

The XAD-8 resin column was back-eluted rapidly with 0.1 N NaOH, the
dilute first part of the back eluate was mixed with the initial concentrated
basic part of the elution, and the solution passed rapidly through a small
column of hydrogen-saturated exchange resin. This minimizes the contact time
of fulvic acid with base. The last part of the base eluate of fulvic acid was
introduced directly into the cation-exchange resin column. The purpose of the
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precolumn was not to completely hydrogen saturate the fulvic acid, but to
remove most of the sodium and neutralize the basic solution. The solution of
fulvic acid was below pH 4.5 after the pretreatment. The solution of fulvic
acid then was passed at a fast, dropwise rate through another hydrogen-
saturated resin exchange column for complete hydrogen saturation. After
complete hydrogen saturation, the sodium concentration should be less than
0.02 mg/L.

The precipitated humic acid was kept moist with deionized water until it
was desalted and hydrogen saturated. To desalt the humic acid, it was solu-
bilized in dilute NaOH and the DOC concentration adjusted to 500 mg/L as
carbon or less. The solution then was adjusted to pH 2.0 and pumped slowly
onto a large XAD-8 resin column. At this point, the procedure used for
desalting the humic acid is the same as that for fulvic acid. To accomplish
hydrogen saturation of the humic acid without precipitation in the cation-
exchange resin column, it is imperative that the humic-acid concentration in
solution not exceed 500 mg/L as carbon during passage through the cation
exchange resin. Concentrations of humic acid in excess of 500 mg/L frequently
precipitate and clog the cation exchange resin, necessitating a repeat of the
desalting procedure. The hydrogen-saturated fulvic and humic acids were
freeze-dried, homogenized, and stored in glass vials for fudture character-
ization and use.

ADVANTAGES AND DISADVANTAGES OF THE ISOLATION PROCEDURE

Major advantages of this isolation procedure for stream humic substances
are:

1. Over 95 percent of the colored humic substances in water, as defined
by the XAD-8 procedure, are concentrated and recovered.

2. The humic substances are not excluded from the XAD-8 resin nor irre-
versibly sorbed by the XAD-8 resin.

3. Other classes of organic compounds such as polysaccharides, simple
sugars, and low-molecular-weight organic acids are not isolated with the humic
substances.

4, Inorganic acids and salts are not included with humic substances by
the isolation procedure, nor is dialysis required to remove inorganic salts
with associated losses of humic substances.

5. Inorganic cations are reduced to low concentration in fulvic and
humic acids by the ion exchange method.

6. Humic substances are rendered relatively free of mineral and par-
ticulate constituents by filtration.

7. The XAD-8 procedure is one of the mildest and most effective quan-
titative methods for the isolation of dissolved humic substances and separa-
tion from other organic and inorganic constituents in water. This procedure
was the major preparative method available in 1982 when the isolation was
accomplished.
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Possible disadvantages of the procedure are:

1. Acidification to pH 2 changes the humic association with silicon and
metal ions.

2. Exposure to acid and base conditions and freeze-drying may cause
chemical alteration of the original humic substance.

The possible disadvantages tested for this procedure are probably of
minor consequence when compared to the advantages, especially if the freeze-
dried sample is redissolved in water before experimental use. Many of the
reactions that would occur upon drying would readily be reversible upon
rewetting. A short contact time with base was employed to minimize hydrolytic
reactions of the humic substances (Bowles and others, chap. L, this volume).

CONCLUSIONS

The XAD-8 resin procedure was successful in isolating a large quantity of
humic substances because:

1. DOC concentrations in the water were high (average of 38 mg/L).

2. SOC concentrations were low (less than 2 mg/L); this facilitated fast
filtration of the sample and resulted in minimal ash content in the isolated
humic substances.

3. Humic substances constituted a high percentage of the DOC (ranging
from 75 to 85 percent) during the sampling period.

4. Concentrations of inorganic constituents in the water were low
(specific conductance was less than 50 pS/cm).

Even though the stream DOC concentrations varied from 35 to 50 mg/L
during the 2-month sampling period, the chemical composition of humic sub-
stances seemed to have been almost constant. This conclusion is based on the
similarity of previously collected data from the Suwannee River and the almost
constant percentage of DOC breakthrough from the XAD-8 resin columns. The
minor changes in DOC concentrations during the sampling period were attributed
to this phenomenon.
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INTERACTIONS OF ORGANIC CONTAMINANTS WITH FULVIC AND HUMIC ACIDS FROM THE
SUWANNEE RIVER AND OTHER HUMIC SUBSTANCES IN AQUEOUS SYSTEMS,
WITH INFERENCES TO THE STRUCTURES OF HUMIC MOLECULES

By D.E. Kile, C.T. Chiou, and T.I. Brinton

ABSTRACT

Water solubility enhancements of nonionic organic solutes by dissolved
Suwannee River fulvic acid and other humic substances, and by synthetic
organic polymers, have been determined. The interaction between a solute and
dissolved organic matter is accounted for by 'a partition model, which is
compatible with observed solute solubility enhancements and with the proposed
molecular weights and structures of humic substances. The apparent water
solubility of nonionic organic solutes increases with increasing dissolved-
organic-matter concentration and shows no competitive effect between solutes
in a binary-solute solution. The partition coefficients between dissolved
organic matter and water (Kgop) as determined for solutes with Suwannee River
fulvic acid are comparable to those determined with Suwannee River humic acid
and are approximately 5 to 7 times less than those for a soil-derived humic
acid. The magnitude of this solubility enhancement is controlled by the
molecular size, polarity, and concentration of the dissolved organic matter,
and the inherent water solubility of the solute. At a given dissolved organic
matter concentration, those solutes that are least soluble in water show the
greatest enhancement. Important structural features in Suwannee River fulvic
acid and other humic macromolecules that promote a partition interaction are
low polarity, high aromatic content, and molecular configuration and conforma-
tion that permits the formation of a sizable intramolecular nonpolar organic
environment.

INTRODUCTION

An important consideration in assessing the transport and fate of an
organic pollutant in an aqueous system is its interaction with naturally
occurring organic matter. A fundamental knowledge of the mechanism of inter-
action between anthropogenic compounds and dissolved organic matter, such as
fulvic acid and other humic substances, in relation to the structure and
chemical composition of the dissolved organic matter is important for a better
understanding of the transport and fate of contaminants within an aquatic
system. Because aquatic fulvic acids are recognized to be the predominant
component of intermediate molecular weight organic matter in natural water
(Aiken and others, chap. J, this volume; Malcolm, 1985), a detailed study of
the effect of aquatic fulvic acids on the behavior of organic pollutants will
be of theoretical and practical interest.
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Dissolved organic matter may modify the behavior of certain organic
contaminants by specific or nonspecific interactions, if they result in an
improved stability of the compounds. From a hydrodynamic standpoint, this
effect would increase the apparent water solubility of the contaminants and,
therefore, promote their transport in the water body. From a molecular stand-
point, this interaction decreases the fraction of free contaminant species
that may be susceptible to degradation and distribution to other aquatic com-
partments. It has been reported, for example, that dissolved organic matter
at relatively low concentrations in water sorbs a significant amount of the
l1-octyl ester of (2,4-dichlorophenoxy) acetic acid and hence decreases its
apparent rate of hydrolysis relative to that in water containing no dissolved
organic matter (Perdue and Wolfe, 1982). Similarly, the volatilization rate
of 2,2',5,5'~tetrachlorobiphenyl was decreased by dissolved organic matter
because of an apparent increase in the solubility of the compound (Hassett
and Milicic, 1985), while an incrgased rate of photolysis was observed for
certain organic compounds in the presence of dissolved organic matter (Zepp
and others, 1985). Other studies demonstrated that dissolved organic matter
reduced the bioavailability of some polynuclear aromatic hydrocarbons
(Leversee and others, 1983; McCarthy, 1983; McCarthy and Jiminez, 1985), as
well as decreasing the apparent sorption coefficients of dichlorodiphenyl-
trichloroethane (DDT) (Caron and others, 1985) and some polychlorinated
biphenyls (PCB) (Gschwend and Wu, 1985) with sediments.

Earlier studies indicate that the magnitude of the solubility enhancement
of a nonionic organic solute depends on the concentration and source of the
dissolved organic matter as well as the type of organic compound. Wershaw
and others (1969) found that the presence of 0.5 percent soil-derived sodium
humate in water increased the apparent solubility of DDT to more than 200
times that in pure water; Poirrier and others (1972) reported that DDT was
concentrated by a factor of 15,800 into an organic colloid isolated from a
natural surface water. On the other hand, Boehm and Quinn (1973) reported
that fulvic acid in a marine sediment increased the apparent solubility of
some higher alkanes but not the more water-soluble aromatic compounds. Carter
and Suffet (1982) found that the magnitude of the DDT sorption coefficient
with dissolved organic matter varied with the source of the dissolved organic
matter as well as the pH. Caron and others (1985) subsequently illustrated
that a low concentration of dissolved sediment-derived humic acid strongly
influenced the sorption coefficient of DDT but had little effect on the
sorption coefficient of the more water-soluble lindane. Similarly, Haas and
Kaplan (1985) demonstrated that humic material has only a small effect on the
solubility of toluene, which also has a high water solubility. Thus, from a
fundamental point of view and from the results of previous studies, one would
expect that water solubility enhancement by dissolved organic matter would be
most significant for those solutes that are relatively insoluble in water.

Given that the solubility enhancement is most significant for the least
water-soluble organic solutes, it is of interest to consider which of the
dissolved organic matter properties are most important. In principle, a dis-
solved macromolecule (such as natural organic matter) can produce an enhancing
effect on solute solubility either by changing the solvency of the solution or
by a direct solute interaction via adsorption or partitioning. It is unlikely
that dissolved organic matter at the relatively low concentrations typically
found in natural aquatic systems would have a strong effect on water solvency.
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It is also doubtful that the solubility enhancement of a nonionic organic
solute by dissolved organic matter could result from a complexation or other
specific interaction, since the hydrophilic functional groups of a humic
molecule would be preferentially associated with highly polar water molecules.

Considering the fact that humic substances are intermediate molecular
weight species containing nonpolar moieties within the molecule, Chiou and
others (1986) suggested that a partition-like interaction of the nonionic
organic solute with the dissolved humic substance is responsible for solute
solubility enhancement. The effectiveness of such an interaction is con-
sidered to be a function of the size and polarity of the dissolved organic
matter. Thus, humic molecules of sufficiently large size with a relatively
nonpolar intramolecular environment would effectively promote solute parti-
tioning, whereas an organic substance of low molecular weight or a highly
polar organic polymer would not effectively promote such a partition inter-
action. For the solute, the important properties that promote partitioning
are low water solubility and significant compatibility with the organic phase,
as characterized by solutes having high partition coefficients between an
organic solvent (for example, octanol) and water.

If one assumes that the water solubility enhancement of an organic solute
by fulvic acid from the Suwannee River or other dissolved organic matter is
due to a partition-like interaction between the solute and macromolecule, then
the magnitude of this effect with respect to both the solute and a specific
dissolved organic matter molecule can be defined as:

Su* = Sy + XCq (1
where S,* = the apparent solute solubility in water containing dissolved
organic matter at concentration X,
Sw = the solute solubility in pure water, and
Co = the mass of solute partitioned into a unit mass of dissolved

organic matter,

In accordance with this model, a solute partition coefficient (Kgom) between
dissolved organic matter and pure water can be defined as:

Co
Kdom = — - (2)
Sw

Substituting equation 2 into equation 1 gives
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If Co, and X are defined in terms of the organic carbon content, equation 3
also can be written as:

SW* = SW (1 + XKdoc) (4)

where Kjoc is the corresponding partition coefficient based on the dissolved
organic carbon content.

According to equation 3, the magnitude of solubility enhancement is
determined by the XKqom term, which in turn is related to the concentration
of the dissolved organic matter (X) and the solute partition coefficient
(Kdom). The magnitude of Kqom depends on the type of solute and the nature
of the organic macromolecule. For a given solute-dissolved organic matter
system, the Kqom can be determined experimentally by measuring the apparent
solute solubility over a range of dissolved organic matter concentrations.
A plot of Sy* versus X should yield a straight line, with the slope equal
to SyKqom and the intercept equal to Sy.

In a recent study by Chiou and others (1986), experiments were conducted
to determine the solubility enhancements of some environmentally significant
pollutants by Suwannee River fulvic acid and other soil and aquatic humic
acids as well as by high molecular weight polyacrylic acids over a range of
concentrations typical in natural aquatic systems. These studies were con-
ducted with highly purified humic substances to eliminate possible complica-
tions by inorganic components (ash) in the samples. Since humic substances
from different sources vary significantly in composition and structure, a
comparison of a solute's solubility enhancement (for example, the magnitude
of Kgom) by different dissolved organic matter samples and a study of the
variation of the Kgom values for different solutes with a given dissolved
organic matter facilitates an evaluation of the important structural features
of Suwannee River fulvic acid and other humic substances that promote solute
solubility in water. These structural considerations are substantiated in
this study by a further investigation of the effect of an alkaline pH on the
solubility enhancement of selected organic solutes by natural dissolved-
organic-matter species and by an investigation of the solubility enhancement
of selected organic compounds using high molecular weight polyethylene glycol
as the dissolved organic matter. Results are summarized in this chapter in
relation to the properties of the solutes and to the composition, polarity,
configuration, and conformation of the organic macromolecules.

EXPERIMENTAL METHODS

Test solutes (p,p'-DDT, 2,4,5,2',5'-PCB, 2,4,4'-PCB, lindane, and
1,2,3-trichlorobenzene) and cosolutes used as dissolved organic matter
(phenylacetic acid and polyacrylic acid) were reagent grade or analytical
standards purchased from commercial sources (Aldrich and Analabs) and used
as received. The humic and fulvic acids used in this study were in a freeze-
dried, hydrogen-saturated form with a low ash content. The fulvic acid and
humic acid were concentrated from water collected from the Suwannee River,
near Fargo, Ga., using techniques incorporating XAD-8 resin chromatography.
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The sample was subsequently fractionated into humic and fulvic acids at a pH
of 1.0 and then purified by the method of Thurman and Malcolm (1981) and
Malcolm and others (chap. B, this volume).

The pH of the reconstituted Suwannee River fulvic acid varied from about
3.9 at a concentration of 94 mg/L to 5.7 at 9.4 mg/L, and the pH of the humic-
acid solution from the Suwannee River ranged from approximately 4.1 at a con-
centration of 91 mg/L to 5.5 at 9.0 mg/L. The solution pH was not adjusted
for most solute solubility enhancement experiments conducted with fulvic and
humic acids from the Suwannee River because the dissolved organic matter
remained completely soluble at all concentrations. However, in a separate
study of DDT solubility enhancement, the pH of the fulvic-acid and humic-acid
solutions from the Suwannee River was increased to 6.5 in order to compare the
result with the enhancement effect by the soil-derived humic acid at pH = 6.5.

In addition to the aquatic fulvic and humic acids described above, a
soil-derived humic acid was used in this study to supplement the evaluation
of the mechanism of solute-dissolved organic matter interactions. The soil
humic acid (provided by R.L. Malcolm, U.S. Geological Survey) was obtained
by alkaline extraction of the surface horizon (Al) of the Sanhedrin soil
series collected in the Mattole River Valley in Mendocino County of northern
California. Subsequent fractionation and purification of the Sanhedrin soil
humic acid followed established procedures (Malcolm, 1976). Complete solu-
bilization of the lyophilized. Sanhedrin soil humic acid was accomplished by
adjusting the hydrated sample to a pH of approximately 10 and subsequently
converting it to a hydrogen form by passing the solution through a hydrogen
ion exchange column (Bio-Rad AD-50W-X8, 20-50 mesh). The pH of the 100 mg/L
Sanhedrin soil humic acid solution thus prepared was approximately 4.0; this
pH was adjusted to 6.5 to prevent any precipitation of the humic acid at
higher concentrations during centrifugation.

In other experiments, phenylacetic acid, polyacrylic acid, and poly-
ethylene glycol were used as reference models of dissolved organic matter;
solutions containing these organic compounds were prepared without pH adjust-
ment. The concentration of phenylacetic acid was extended to more than
600 mg/L to facilitate a more accurate assessment of the enhancement effect.
The pH of this solution varied from 3.7 at a concentration of 720 mg/L to 4.1
at 100 mg/L. The pH of a polyacrylic acid solution with an average molecular
weight of 90,000 daltons varied from about 4.4 at a concentration of 100 mg/L
to 5.3 at 10 mg/L, while the pH of a solution of the same compound with an
average molecular weight of 2,000 daltons ranged from approximately 4.1 at
a concentration of 100 mg/L to 4.7 at 10 mg/L.

The solubility enhancement of a solute by dissolved organic matter was
determined by equilibrating an excess quantity of the solute in a series of
solutions containing increasing concentrations of dissolved organic matter,
ranging from 0 to 100 mg/L (0 to 600 mg/L for phenylacetic acid). In addi-
tion, the solubility enhancements of 2,4,4'-PCB and 2,4,5,2',5'-PCB as binary
solutes in water containing Sanhedrin soil humic acid were determined. The
effect of alkaline pH on the solubility enhancement of organic solutes by
Suwannee River fulvic acid and other humic substances was determined by
measuring solute solubility in a series of parallel solutions where the pH
was adjusted to 8.5.
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Duplicate samples were equilibrated for 12 to 18 hours on a reciprocating
shaker at 24*1 °C. Excess solute was separated by a series of centrifugation
steps (1 hour at 2,987 g) followed by removal of the residual solute from the
solution meniscus. A 2-mL sample was withdrawn and extracted with an equal
volume of n-hexane (Baker, reagent grade) and subsequently analyzed by packed
column gas chromatography (3 percent OV-1 on 100/120 Supelcoport) using either
an electron capture detector (for DDT and PCB) or a flame ionization detector
(for lindane and trichlorobenzene). The recovery efficiency for this extrac-
tion procedure was greater than 95 percent for all solutes tested. A more
complete account of this procedure is given by Chiou and others (1986).

Elemental analyses of the humic substances used in this study were
obtained to give an indication of their respective compositions (table 1).
These analyses were performed by Huffman Laboratories Inc., Golden, Colo.

RESULTS OF SOLUBILITY ENHANCEMENT STUDIES

The dependence of the apparent water solubility (Sy*) of p,p'-DDT,
2,4,5,2',5'-PCB, and 2,4,4'-PCB (as single solutes) on the concentration
of Suwannee River fulvic acid is shown in figure 1, with the fulvic acid
concentration ranging from 0 to about 94 mg/L. Concentrations of the humic
substances presented in figure 1 as well as in figures 2 through 4 have been
corrected for the ash and moisture content of the lyophilized samples. The
apparent water—solubility values shown in figures 1 through 4 represent aver-
ages of duplicate determinations; the error bars indicate the range of vari-
ation. The results in figure 1 represent solute solubility determined at the
original Suwannee River fulvic acid solution pH of 3.9 to 5.7. No significant
difference in solute solubility was observed when the solution pH was adjusted
to 6.5 (data not shown), indicating that the magnitude of enhancement was not
pH sensitive throughout this range. A linear increase in apparent water solu-
bility with increasing concentrations of dissolved fulvic acid is shown in
figure 1. The relative solubility enhancement factors (Sy*/Sy) for these
three solutes follow the order of p,p'-DDT > 2,4,5,2',5'-PCB > 2,4,4'-PCB.
Solubility of the organic solutes in pure water (S,) is presented in table 2.

The apparent solubility of lindane in water containing Suwannee River
fulvic acid is included in figure 1. There is no discernable solubility
enhancement for lindane in the same concentration range of Suwannee River
fulvic acid.

The apparent water solubility of p,p'-DDT, 2,4,5,2',5'-PCB and 2,4,4'-PCB
at pH 8.5 and in the same concentration range of Suwannee River fulvic acid is
shown in figure 2. The solubility enhancement of these solutes at this pH is
less than that at pH 3.9 to 5.7.
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Table l.--Ash-free elemental analysis of soil and stream organic water

extracts (in percent, on moisture-free basis)

Humic substance o] H 0 N S P Total Ash
Suwannee River fulvic acid 53.78 4.24 40.28 0.65 0.60 0.01 99.56 0.68
Suwannee River humic acid 54,22 4.14 39.00 1.21 0.82 0.01 99.40 3.18
Sanhedrin soil humic acid 58.03 3.64 33.59 3.26 0.47 0.10 99.09 1.19
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Figure l.--Dependence of the apparent water solubility of p,p'-DDT,
2,4,5,2',5'-PCB, 2,4,4'-PCB and lindane at 25 degrees Celsius on
the concentration of Suwannee River fulvic acid at pH 3.9 to 5.7.
Error bars indicate the range of replicate analyses.
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Figure 2.--Dependence of the apparent water solubility of p,p'-DDT,
2,4,5,2',5'-PCB, and 2,4,4'-PCB at 25 degrees Celsius on the
concentration of Suwannee River fulvic acid at pH 8.5. Error
bars indicate the range of replicate analyses.

Water solubility enhancement of the same three solutes is shown in
figure 3 for Suwannee River humic acid at pH 4.1 to 5.5, and in figure 4 for
Sanhedrin soil humic acid at pH 6.5. The magnitude of solubility enhancement
for these solutes with Suwannee River humic acid is essentially the same as
that obtained with Suwannee River fulvic acid, while that obtained with
Sanhedrin soil humic acid is 5 to 7 times greater than with either Suwannee
River fulvic or humic acid.

Solubility ‘enhancement data for 2,4,5,2',5'-PCB and 2,4,4'-PCB as binary
solutes in solutions containing Sanhedrin soil humic acid are included in
figure 4. Sanhedrin soil humic acid, rather than Suwannee River fulvic acid,
was used for this study because the substantial solubility enhancement caused
by this humic acid makes a comparison with the single solute solubility data
less ambiguous. In this binary-solute system, the solubility enhancement for
each solute is virtually identical to that found in the single-solute systems,
showing that there is no competitive interference between these solutes. The
solubility of lindane and 1,2,3-trichlorobenzene was not affected by Suwannee
River humic acid or Sanhedrin soil humic acid with the concentration of these
dissolved humic substances extending to about 90 mg/L (data not shown).
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Figure 3.--Dependence of the apparent water solubility of p,p'-DDT,
2,4,5,2',5'-PCB, and 2,4,4'-PCB at 24%*1 degrees Celsius on the
concentration of Suwannee River humic acid at pH 4.1 to 5.5.
Error bars indicate the range of replicate analyses.

The effect of phenylacetic acid, as a low molecular weight dissolved
organic matter, on the apparent solubility of p,p'-DDT, lindane and
1,2,3-trichlorobenzene, with the concentration of phenylacetic acid exceeding
600 mg/L, is shown in figure 5. The p,p'-DDT data shows a slight solubility
enhancement, the magnitude of which is substantially smaller (per unit mass of
dissolved organic matter) than that determined with the fulvic or humic acids.
Lindane and 1,2,3-trichlorobenzene data indicate no apparent solubility
effects in the presence of phenylacetic acid.

The inability of polyacrylic acid (molecular weight = 2,000 and
90,000 daltons; data from higher molecular weight not shown) as dissolved
organic matter to affect the solubility of p,p'-DDT, 2,4,5,2',5'-PCB,
2,4,4'-PCB and 1,2,3-trichlorobenzene is shown in figure 6. Similarly,
polyethylene glycol, having molecular weights ranging from 200 to
3,400 daltons, exhibited no noticeable solubility enhancement of p,p'-DDT,
when the concentration of polyethylene glycol was extended to 100 mg/L (data
not shown).
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Figure 4.--Dependence of the apparent water solubility of p,p'-DDT,
2,4,5,2',5'-PCB, and 2,4,4'-PCB at 24*1 degrees Celsius on the
concentration of Sanhedrin soil humic acid at pH 6.5. Error bars
indicate the range of replicate analyses.

Table 2.--Pure-water solubility (S,) of selected organic solutes

Water-solubility, Sy, in milligrams per liter

Compound
From the literaturel This study
p,p'-DDT - 5.5 x 1073 (25 °C) 5.4 x 1073 (24 °C)
2,4,5,2',5'-PCB-—=~==mmmm 1.0 x 1072 (24 °C) 1.1 x 1072 (25 °C)
2,4,4"'-PCB-~——==—=mmmmm 0.115 (20 °c) 0.116 (25 °C)
1,2,3-Trichlorobenzene-- 16.3 (23 °c) 18.0 (25 °C)
Lindane--- -— 7.80 (25 °c) 7.87 (24 °C)

1Cited in Chiou and others (1986).
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Figure 5.--Effect of phenylacetic acid on the apparent water solubility
of p,p'-DDT, lindane, and 1,2,3-trichlorobenzene at 24%l1 degrees
Celsius. Error bars indicate the range of replicate analyses.

FACTORS AFFECTING APPARENT WATER SOLUBILITY OF ORGANIC SOLUTES

A comparison of figures 1 through 4 shows that Sanhedrin soil humic
acid is most effective in enhancing the apparent water solubility of organic
solutes and that p,p'~DDT is the solute most sensitive to dissolved organic
matter. The absence of interference between the binary solutes, the linear
relation between apparent solute solubility and dissolved organic matter
concentration, and the dependence of solubility enhancement on the solute's
pure-water solubility as well as the polarity and molecular weight of the
dissolved organic matter are consistent with the proposed partition inter-
action between a solute and dissolved organic matter,

As previously noted, the magnitude of solubility enhancement for the
solute is related to its pure-water solubility (Sy); those compounds that are
least soluble in water are most strongly affected by dissolved organic matter.
Thus, the greater enhancement effect for p,p'-DDT and 2,4,5,2',5'-PCB relative
to 2,4,4'-PCB is attributable to their lower water solubilities (table 2).
Lindane and 1,2,3-trichlorobenzene, which have relatively high water solu-
bilities, show little solubility enhancement in the same concentration range
of dissolved organic matter. Because the water solubility of the solutes is
inversely proportional to the corresponding octanol-water partition coeffi-
cients (Kgy) (Mackay and others, 1980; Chiou and others, 1982), the log Kgom
values calculated from equation 3 are essentially linear with the respective
log Koy values (table 3).

51



150 T T

—

244-PCB I I
> T A u
T
Ll 100 i ]
S E
o =~ - —
5 S 15
- &
o a
7] g 245,2'5-PCB
c < 10 'y
sf oot - :
- O
<3
2 s
5 T I T Py ]
- 14 I Y he
5 p.p’-DDT
«
: 0 L i | 1
a 20 T T T I
< 5; 1,2,3-Trichlorobenzene
ck
o3 - 4 2 & u
2§ i
=a
5% 15 ' ' ’ '
0 20 40 60 80 100

CONCENTRATION OF POLY{(ACRYLIC ACID),
IN MILLIGRAMS PER LITER

Figure 6.--Effect of polyacrylic acid (molecular weight = 2,000 daltons)
on the apparent water solubility of p,p'-DDT, 2,4,5,2',5'-PCB, 2,4,4'-PCB,
and 1,2,3-trichlorobenzene at 24*1 degrees Celsius. Error bars indicate
the range of replicate analyses.

Table 3.--Log Kgopm and 1og Kqoc values of selected organic solutes with
Suwannee River fulvic acid, Suwannee River humic acid, and Sanhedrin
soil humic acid, and respective solute octanol-water partition
coefficients (log Kgy)

].Og Kdom (].Og Kdoc)z

Compound log Koy!  Suwannee River Suwannee River Sanhedrin soil
fulvic acid humic acid humic acid
(pH=3.9 to 5.7) (pH=4.1 to 5.5) (pH=6.5)
psp' ~DDT—————————- 6.36 4.13(4.40) 4.12(4.39) 4.82(5.06)
2,4,5,2',5"'-PCB--- 6.11 3.83(4.10) 3.80(4.07) 4.63(4.87)
2,4,4" PCB ———————— 5.62 3.30(3.57) 3.17(3.54) 4.16(4.40)
1,2,3-trichloro-
benzene3-----—- 4.14 ~1.7 (2.0) ~1.7 (2.0) ~2.8 (3.0)
Lindane3-----—--- 3.70 ~1.2 (1.5) ~1.2 (1.5) ~1.2 (1.5)

lvalues from Chiou and others, 1986.

ZNumber in parenthesis refers to log Kgoc values.

3Approximate log Kgom (log Kgoc) values for 1,2,3-trichlorobenzene
and lindane were obtained by linear extrapolatlons of the log Kgom (Kdoc)
against the log Koy of p,p'-DDT, 2,4,5,2'5'-PCB, and 2,4,4'-PCB.
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As indicated -earlier, the molecular size of dissolved organic matter is
one of the important factors in the partition interaction of the solute with
dissolved organic matter. This is evidenced by the observation that the
small-sized phenylacetic acid, which would otherwise be a strong enhancer if
the solubility enhancement of the solute were caused by a specific inter-
action, did not have a significant effect on solute solubility. The small
solubility increase observed with p,p'-DDT is possibly caused by a change in
the solvency of water, similar to the effect noted in a mixed solvent system.
The relatively large solubility enhancement for p,p'-DDT and 2,4,5,2',5'-PCB
with Sanhedrin soil humic acid (relative to Suwannee River fulvic and humic
acids) may be attributed in part to the greater molecular weight of Sanhedrin
soil humic acid. The range of molecular weight for soil-derived humic acids
is considered to be 2,000 to 20,000 daltons depending on the source of sample
and extraction procedure (Schnitzer and Kahn, 1972); whereas, the currently
proposed molecular weight (number average) of Suwannee River fulvic acid is
approximately 800 daltons (Aiken and others, chap. J, this volume). Based
on these values and on the elemental analyses data, it may be assumed that
dissolved-soil humic acids should provide a relatively larger nonpolar
intramolecular environment to more effectively promote a partition-like
interaction with nonionic organic solutes.

Even though the molecular size of the dissolved organic matter is impor-
tant, the polarity and molecular configuration of the dissolved organic matter
are also significant factors in partition interactions. This is illustrated
by a comparison of the solubility enhancement data obtained with Suwannee
River fulvic and humic acids with their respective molecular size and polar-
ity. The molecular weights of aquatic humic acids are considered to range
from 1,000 to 10,000 daltons (Thurman and others, 1982), which suggests that
humic acid from the Suwannee River is larger in size than fulvic acid from
the Suwannee River (Aiken and others, 1988). Nevertheless, the enhancement
effects with Suwannee River fulvic and humic acids are comparable despite this
difference in molecular weight. The data thus suggest that the molecular size
of dissolved organic matter is a controlling factor for solubility enhancement
only to a certain point, beyond which the polarity and molecular configuration
become the predominate factors controlling the partition interaction. There-
fore, Suwannee River fulvic and humic acids, which have comparable polarity
(as indicated by their carbon-to-oxygen ratios) and possibly similar molecular
configuration, show comparable solubility enhancement. The greater effect
with Sanhedrin soil humic acid appears to result more from its lower polarity
than from its greater size.

The importance of molecular structure and configuration is exemplified
by the ineffectiveness of polyacrylic acid (with molecular weight = 2,000
and 90,000 daltons), as dissolved organic matter, to enhance nonionic organic
solute solubility. Even though the molecular weight of this linear poly-
electrolyte is sufficiently large and its carbon (50 percent), oxygen
(44.4 percent), and hydrogen (5.6 percent) contents are quite comparable to
those of humic substances, the extended chain configuration of this molecule
in addition to the frequent and orderly attachment of hydrophilic functional
groups to the carbon chain apparently precludes the formation of a sizeable
intramolecular nonpolar environment. This point is further illustrated by the
inability of polyethylene glycol (with a molecular weight ranging from 300 to
3,400 daltons) to enhance the solubility of the solutes tested.
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The effect of pH on the solubility enhancement of a nonionic solute by
dissolved organic matter can be rationalized in terms of the effect of pH on
the dissolved organic matter configuration and conformation. The degree -of
ionization of the acidic groups in humic molecules, as controlled by pH, would
affect either the size or the compactness of the molecular nonpolar organic
environment of the dissolved humic substance. At alkaline pH, the hydration
of the dissociated acidic groups and the concomitant repulsion between the
ionized functional groups would result in a more extended molecular config-
uration/conformation, thus reducing the intensity of the nonpolar environment.
Data in figure 2 indicate a noticeable decrease of solute solubility enhance-
ment by dissolved Suwannee River fulvic acid at pH = 8.5 in comparison to’ the
enhancement effect at pH 3.9 to 5.7 (fig. 1); the calculated Kqom values at
pH 8.5 for p,p'-DDT, 2,4,5,2',5'-PCB and 2,4,4'-PCB are 31, 61, and 35 percent
of the K4qop values obtained at the lower pH.

INFERENCES ABOUT CHARACTERISTICS OF SUWANNEE RIVER FULVIC ACID

Data presented in this chapter lead to several suppositions as to the
molecular weight, composition, configuration, and conformation of Suwannee
River fulvic acid. For example, it can be assumed that Suwannee River fulvic
acid has a sufficiently large molecular size (molecular weight) to promote
solute partitioning in order to account for the observed solute solubility
enhancement. Secondly, in aqueous solution, dissolved Suwannee River fulvic
acid may be considered to exist either in a truly dissolved state (or possibly
in an aggregate form) with the configuration/conformation changing from an
acidic to alkaline pH. This conclusion is in agreement with the current
measurements of molecular weights of Suwannee River fulvic acid. Whether the
aquatic fulvic acid exists in an aggregate form in water needs to be verified
by an independent study.

Finally, a general structural model for Suwannee River fulvic acid can
be hypothesized based on elemental analysis data and the observed solute
solubility enhancement effect. That Suwannee River fulvic acid is moderately
effective in enhancing the solubility of nonionic organic solutes indicates
that there should be substantial fractions of both polar and nonpolar func-
tional groups present within the molecular structure. Therefore, any proposed
structural model needs to account for the presence of a sufficient nonpolar
moiety within the molecule or within the molecular aggregate to promote effec-
tive partitioning. The magnitude of the enhancement effect by Suwannee River
fulvic acid relative to that by polyacrylic acid (which has a higher molecular
weight and carbon to oxygen ratio) indicates that the fulvic acid has struc-
ture(s) far from being linear, and has a less orderly attachment of hydro-
philic functional groups to the molecular network. In addition, fulvic acid
from the Suwannee River likely contains a certain proportion of nonpolar
aromatic components that contribute to its nonpolar molecular moiety; these
aromatic groups could be linked to the molecular framework to form a rela-
tively flexible, liquid-like intramolecular environment. A predominately
aliphatic macromolecule having the same number of polar functional groups
as is in the fulvic acid would tend to make the molecule form an extended
configuration/conformation that would not be as effective for solute parti-
tioning. This inferred distribution of the aliphatic-aromatic carbons in the
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proposed molecular structure of the Suwannee River fulvic acid appears to be
compatible with nuclear-magnetic-resonance data (Malcolm and MacCarthy, 1986;
Thorn, chap. N, this volume).

CONCLUSIONS

An understanding of the mechanism of interaction between dissolved
organic matter, such as Suwannee River fulvic acid and an organic solute,
in relation to the molecular properties of the dissolved organic matter and
solute, is essential for an accurate assessment of the transport and fate of
organic contaminants in a natural aquatic system. This interaction, as
manifested by an enhancement of the water solubility of the organic solute,
can be accounted for by a partition-like interaction between the solute and
the organic macromolecule. The dependence of the enhancement effect on a
solute's pure-water solubility, the molecular size and polarity of the organic
macromolecule, the linear relation between apparent water solubility and
concentration of dissolved organic matter, and the absence of solute competi-
tion in a binary system are observations supporting this concept.

At concentrations less than or equal to 100 mg/L, the effect of Suwannee
River fulvic acid and other humic substances on solute solubility is practi-
cally insignificant for relatively water soluble compounds such as lindane
and 1,2,3-trichlorobenzene. For relatively water insoluble solutes such as
DDT and certain PCBs, the effect can be appreciable, even at moderate concen-
trations of dissolved organic matter such as may be present in a natural
aquatic system.

The partition coefficients for given solutes between dissolved organic
matter and water (K4qom) are approximately 5 to 7 times greater for Sanhedrin
soil humic acid than for Suwannee River fulvic or humic acids. The K4om
value increases with a decrease of the solute's water solubility (or with an
increase of the octanol-water partition coefficient) and is inversely related
to the polarity (as indicated by elemental analysis) of the dissolved organic
matter. This information provides a basis for estimating the impact of dis-
solved organic matter on solute behavior in natural waters.

Certain general structural features of Suwannee River fulvic acid can be
inferred that are compatible with the solubility enhancement data and consist-
ent with the partition concept. These results indicate that the molecular
framework of Suwannee River fulvic acid contains a sizeable, nonpolar moiety
that contributes to partition interactions with organic pollutants. Such a
relatively nonpolar moiety may result from the aromatic components present in
the fulvic acid molecule. These structural features are in agreement with the
proposed models based on independent nuclear-magnetic-resonance data and
molecular weight determinations, and reinforce the validity of the partition
concept of interaction between an organic solute and dissolved organic matter.
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COMPLEXATION OF COPPER BY FULVIC ACID FROM THE SUWANNEE RIVER--
EFFECT OF COUNTER-ION CONCENTRATION

By D.M. McKnight and R.L. Wershaw

ABSTRACT

Manning's theory on counter-ion condensation was used to develop two
hypotheses for the effect of counter-ion concentration on copper complexation
by fulvic acid from the Suwannee River. These hypotheses were tested experi-
mentally by potentiometric titrations of fulvic acid solutions with varying
concentrations of potassium and calcium. The hypothesis of territorial
binding of counter ions by fulvic acid was supported by the determination that
activity coefficients were substantially less than unity (0.4 to 0.6) for
copper ions in fulvic-acid solutions. The other hypothesis, that territorial
binding of counter ions would affect the apparent formation constants of
site-specific copper binding, was not supported by the experimental results.
Potassium concentration was determined to have no detectable effect on copper
complexation. The effects of calcium concentration were contrary to predic-
tions of the original hypothesis and could be explained by competition between
copper and calcium for some part of the binding sites and no competition for
other sites. This result is evidence of the importance of structural hetero-
geneity, as well as electrostatic effects, in copper complexation by fulvic
acid from the Suwannee River.

INTRODUCTION

One impetus behind this study of naturally occurring fulvic acids from
aquatic environments has been the demonstrated importance of fulvic acids in
controlling the chemical speciation of trace metals in aquatic environments.
The chemical speciation of trace metals, in turn, has been determined to
control the biological effect of trace metals and their transport and fate
in the environment.

One trace metal that has received a great deal of study in this context
is copper. There are three primary reasons for this emphasis on copper.
First, numerous analytical techniques are available for studying the complex-
ation of copper by humic substances (Shuman and others, in press), such as:
anodic-stripping voltammetry (Shuman and Woodward, 1973, 1977); potentiometric
titration using a cupric—-ion selective electrode (Saar and Weber, 1980;
McKnight and others, 1983); fluorescence~quenching titration (Ryan and Weber,
1982); dialysis titration (Truitt and Weber, 1981); and various chromato-
graphic methods using gels (Mantoura and others, 1978), anionic exchange
resins (Matsunaga and others, 1980), or manganese oxides (Van den Berg and
Kramer, 1979). Secondly, copper is ubiquitous in the environment, being
present in measurable concentrations in both unpolluted and polluted waters.
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Thirdly, copper is both a required micronutrient and a potential toxicant for
aquatic organisms. The general conclusion that results from the application
of the many analytical methods for copper speciation is that in many natural
waters, the copper/fulvic-acid complex is a major species of copper (for
example: Mantoura and others, 1978; Matsunaga and others, 1980; Ryan and
Weber, 1982; and McKnight and others, 1983).

Another area of active research has been the application and development
of various models for the complexation of copper by fulvic acid. These models
range from simple two-ligand and Scatchard-type empirical models, used for
analysis of analytical data (for example, McKnight and others, 1983), to more
mechanistic models, which are intended to include the critical aspects of the
interactions between copper and fulvic acid. These mechanistic models have
focused on either: (1) The diversity of specific copper-binding sites present
in the complex heterogeneous mixture of organic compounds that comprise
aquatic fulvic acid (MacCarthy and Smith, 1979; Perdue and Lytle, 1983); or
(2) the electrostatic interactions between binding sites present on the fulvic
acid macromolecules (Wilson and Kinney, 1977; Gamble and others, 1980; and
Marinsky and others, 1982). As was discussed by Cabaniss and others (1984),
it is not possible to discriminate, based on ability to fit experimental data,
between even a simple two~ligand model and possibly more mechanistically
correct models. Further, a model that included both mixture and electrostatic
effects would be unworkable because it would include a myriad of unmeasurable
parameters. In addition to mixture and electrostatic effects, the conforma-
tion of the fulvic-acid molecules also may affect copper complexation. The
future progress in the quest for a true, mechanistically correct model for
metal-ion complexation by fulvic acid depends on a better understanding of
the structure or structures of fulvic acid and of the nature of the binding
mechanism or mechanisms between metal ions and fulvic acid.

Although the goal of a true, mechanistically correct model may be
unattainable at this time, current (1988) models can be used to generate new
and testable hypotheses about copper complexation by fulvic acid. The process
of developing and testing these new hypotheses may lead to a better under-
standing of complexation of copper by fulvic acid. In this chapter, the
polyelectrolyte theory developed by Manning (1979, 1981) is used to develop a
hypothesis for the effect of counter-ion concentration on copper complexation
by fulvic acid. This hypothesis then is tested experimentally with both ion-
selective electrode potentiometry and spectrophotometric measurement of a
copper/fulvic acid charge-transfer band. The results of these experiments
indicate that both structural heterogeneity and electrostatic interactions
need to be addressed to explain the effect of counter-ion concentration on
copper complexation by fulvic acid. Because of the considerable range in the
concentration of major cations in freshwater, the results also have geochem-
ical significance.
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EXPERIMENTAL METHODS

Potentiometric Titrations

Potentiometric titrations were performed using a Radiometer '"Selectrode"
cupric-ion selective electrode, an Orion pH electrode, an Orion double-
junction reference electrode, and Orion 701 and 801 pH meters. The Nernstian
response of the cupric-ion selective electrode was verified in freshly pre-
pared solutions of 1075 and 1078 M Cu(NO3), in 1073 M KNO4 at pH 4.0, immedi-
ately before each titration. The response of the electrode was considered
Nernstian if it was 29%2 mV per decade. The measured potential in the 1075 M
CuZ* standard solution was 23246 mV.

Freshly prepared 50-mL solutions of fulvic acid from the Suwannee River
with Ca(NOg), or KNO; at various concentrations as a background electrolyte
were titrated with copper at pH 6.0 over a total copper concentration ranging
from 1076 to 4x107%4 M. Copper additions were made from stock solutions of
1071, 1072, and 1073 M Cu(NO3),. During preparation of the fulvic-acid
solutions for titration, the goal was to have the carbon concentration in the
fulvic-acid solutions be 25 mg/L; the actual concentration was measured with a
Beckman 915 C Carbon Analyzer subsequent to each titration. The fulvic-acid
solutions were continuously bubbled with N, (gas) at a constant temperature of
25 °C, and the pH was adjusted to 6.0%0.05 and additions of dilute, carbonate-
free NaOH were made at the beginning of each titration and after each copper
addition. The equilibration of the cupric-ion selective electrode was mon-—
itored after each copper addition, using a strip-chart recorder, until the
change in potential with time was less than 4 mV/h.

In order to analyze the potentiometric data, cupric-ion activities were
calculated from the measured potentials using the Nernst equation and poten-
tials measured in the standard copper solutions immediately prior to each
titration. Formation constants and binding site concentrations were calcu-
lated from the potentiometric data using the computer, program FITEQL (Westall,
1982) in a manner similar to that described by McKnight and others (1983).
For analysis of these titrations using FITEQL, the optimized parameters were
the activity coefficient of free ionic copper and the concentrations and for-
mation constants of two copper-binding ligands. This two-ligand model is not
intended to be a mechanistically correct model, but only a means to quantita-
tively compare potentiometric titrations.

Further interpretation of the potentiometric titrations was facilitated
by using a chemical-equilibrium computer program MINEQL (Westall and others,
1976) to generate copper titration curves for different assumptions relative
to competitive interactions between copper and calcium binding by fulvic acid
from the Suwannee River.

Spectrophotometric Titrations

The fulvic-acid solutions for the spectrophotometric titrations were
analogous to the solutions for the potentiometric titrations. The concentra-
tions of fulvic acid were the same, the pH was adjusted to 6.0%0.05 using
dilute NaOH, and the solutions were bubbled with N, (gas) before and after
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spectrophotometric measurement. The differences between the two titration
procedures were that the lesser sensitivity for the spectrophotometric detec—
tion of copper/fulvic acid charge-transfer band restricted the range of the
titration to 1075 to 4x10"% M copper, that KCl and CaCl, were used as back-
ground electrolytes, and that copper was added as CuCl, because of the sub-
stantial absorbance of NO5 in the ultraviolet region.

The spectrophotometric titrations were performed using a Cary 118 spec—
trophotometer with l-cm path-length quartz cells containing 3.5 mL of fulvic-
acid solution. The experimental cell was balanced against a cell containing
the same fulvic-acid and background electrolyte solution adjusted to
pH 6.020.05 and initially purged with Ny (gas). Copper additions were made
directly in the 3.5-mL cell. After each addition, the pH was measured with
a small Orion combination pH electrode and adjusted to pH 6.020.05, and the
solution was purged with N, (gas). The absorbance was scanned from 210 to
300 nm. The spectra were corrected for the absorbance of free ionic copper
by subtraction of spectra of CuCl,-KCl solutions weighted according to the
free cupric-ion concentration at each total-copper concentration determined
in the potentiometric titration. This correction only becomes significant
at copper concentrations greater than 1074 M.

HYPOTHESES DEVELOPMENT BASED ON MANNING'S THEORY OF COUNTER-ION
CONDENSATION IN POLYELECTROLYTE SOLUTIONS.

Manning (1979, 1981) has developed a theory for the behavior of counter
ions in polyelectrolyte solutions that considers two types of counter-ion
binding--site-specific binding, such as in a charge-transfer complex, and
territorial binding, where there are intervening water molecules between
counter ions and the polyion. The other major feature of Manning's theory of
counter—ion condensation is that for pure solutions of a known polyelectro-
lyte, the model parameters are derived directly from the geometry of the
polyion, described as an infinitely long, linear lattice, and the intrinsic
properties of the acidic functional groups. Given the currently unknown
structure of aquatic fulvic acid, it is not possible at this time to evaluate
the applicability of this feature of Manning's theory.

In solutions of simple electrolytes, counter ions will be distributed
uniformly in solution. In solutions of polyelectrolytes, counter ions will
be more abundant in the vicinity of the charged polyelectrolyte than in the
bulk solution. In Manning's theory, territorial binding or counter-ion
condensation refers to this nonuniform distribution of counter ions and can
be interpreted as a decrease in the activity coefficient of the counter ion
(Manning, 1979). Activity coefficients of about 0.2 are not unusual in poly-
electrolyte solutions (Manning and Zimm, 1965). The magnitude of the decrease
in activity coefficient will be dependent on the relative concentrations of
polyelectrolytes and counter ions.

Territorial binding of counter ions, in turn, will affect the binding
of metal ions at specific binding sites in the polyion (Manning, 1981).
The apparent enhancement of intrinsic formation constants for these specific
binding sites through neutralization of charge on the charged polyion will
decredse with increasing counter-ion condensation. Manning (1981, eq. 60)
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developed the following equation for the effect of monovalent, territorially
bound counter ions on the dissociation of site-bound protons from a
polyelectrolyte:

pKa = pKo0 + 0.434 - log A2 + 2 log (af) - 0.434 (af) - log Cg (1)

where Ky, = apparent equilbrium constant for site-specific binding;
K40 = intrinsic equilibrium constant (at a = 0);

A% = 5.58 in water at 25 °Cj

a = ratio of ionized functional groups to the total number

of acidic functional groups;

£ = charge-density parameter for the completely ionized
polyelectrolyte (a = 1); and

= molarity of the counter-ion salt.

Q
w
1

Although this equation was developed and tested for proton binding by a poly-
electrolyte, it can be applied directly to site-specific binding of monovalent
metals by a polyelectrolyte in the presence of monovalent counter ions (G.S.
Manning, Rutgers University, oral commun., 1986). For a true polyelectrolyte,
that is, one that conforms to the linear lattice geometry, £ is calculated
from the charge spacing of the completely ionized polyelectrolyte. This
equation is valid for values of a larger than the critical a value at which
counter-ion condensation begins, and predicts that the difference, pK, - pKy©,
should vary linearly with the logarithm of the salt concentration.

This equation will not be applicable directly to the effect of counter-
ion concentration on site-specific binding of copper by fulvic acid for
several reasons. First, the model was developed for monovalent counter ions
and site-specific binding of monovalent metals, whereas copper ions are
divalent, and major cations in natural water include both monovalent (K* and
Na*) and divalent (Ca2?* and Mg2') cations. Secondly, aquatic fulvic acid
probably does not meet the geometric criterion of an infinitely long, linear
lattice on which the model was developed. With a molecular weight of about
1,000 daltons and less than 10 carboxylic-acid groups per molecule, aquatic
fulvic acid is more accurately described by the term "oligoelectrolyte,"
rather than "polyelectrolyte." For an oligoelectrolyte, the nonuniform
distribution of charge in the molecule, referred to as "end effects," will
cause deviation from equation 1 (G.S. Manning, oral commun., 1983). Thirdly,
there are at least two, and probably many more, different types of copper-
binding sites in fulvic acid, although only a few may be present in any one
fulvic-acid molecule. A final reason for deviation from equation 1 is that
divalent counter ions, such as Ca2* or Mg2*, also may compete with Cu?* for
the specific binding sites, as described by the following reactions:

Ca2* + LZ7<—>CalL Ko
Cu2* + L2 <—>CuL K, (2)

Cu2* + CaL<—>Cul + Ca?* Ks = K;/K,.
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In view of these factors, one would not expect equation 1 to apply
directly to copper/fulvic-acid complexation. However, more general hypotheses
can be developed from equation 1 as follows: (1) Electrostatic enhancement of
site-specific binding decreases with increasing counter—ion concentration, and
(2) cupric ions comprise a fraction of the territorially bound ions in pro-
portion to their fraction of the cations in the bulk solution. These hypoth-
eses predict that: (1) The apparent formation constants will decrease with
increasing counter-ion concentration, and (2) the activity coefficient for
copper ions will be less than unity. Although general, these hypotheses can
be tested experimentally and have interesting implications for trace-metal
complexation in different aquatic environments.

TESTING OF HYPOTHESES

Potassium and calcium were chosen as a monovalent and a divalent counter
ion for testing the two hypotheses developed from Manning's (1979, 1981)
theory. With calcium, a possibility exists of competition between copper and
calcium for the strong metal-binding sites. At greater calcium concentra-
tions, however, it should be possible to differentiate between an effect from
counter—ion condensation and a competitive effect.

The results of the potentiometric titrations of solutions of fulvic acid
from the Suwannee River with Ca(NO5), as a background electrolyte at concen-
trations ranging from 1072 to 1075 M, and a titration with no added background
electrolyte are presented in figure 1., Several conclusions can be made about
these results. All titration curves indicate the presence of some strong
copper-binding sites in the fulvic acid. This is indicated by the cupric-ion
activity being several orders of magnitude less than the total copper concen-
tration for the smaller concentrations of added copper. At the greatest
additions of copper, all titration curves converge to a line below and
parallel to the line defined by p{Cu2*} = pCur and also remain below the
solubility limit for Cu(OH),(s). The titration curves with no added Ca(NO3),
and with 1075 M Ca(NOj3), v1rtua11y are identical and indicate the greatest
degree of copper complexation. The titration curves with 1072 and 1073 M
Ca(NO3), as a background electrolyte also are similar, indicating a lesser
degree of copper complexation. The titration curve for 1074 M Ca(NOg), is
intermediate between the above-mentioned two pairs of titration curves.

In contrast to the titration curves for a range of Ca(NOg), concentra-
tions, the titration curves for 1072 and 1073 M KNO5 are not significantly
different from the titration curve with no background electrolyte (fig. 2).

The general indication of this result is that, for the fulvic acid from the
Suwannee River, there is no loss in copper-complexation capacity with increas-
ing KNOg concentrations of as much as 1072 M.

To facilitate interpretation of these results, the titration curves for
all concentrations of background electrolyte were fit to a two-ligand model
with a nonideal activity coefficient for the free cupric ion, using the
computer program FITEQL (Westall, 1982). As discussed by Dzornbak and others
(1986), one of the difficulties in modeling metal/humic-substance complexation
is that there is no independent knowledge of the ligand concentration, Lrt.
Therefore, the ligand concentrations were calculated for each titration. The
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Figure l.--Titration curves for varying concentrations of
calcium nitrate as a background electrolyte.

results of this curve-fitting exercise are presented in table 1 for the
example of five fitting parameters, that is, the concentrations and formation
constants of the two ligands and the activity coefficient of the Cu?*. The
ligand concentrations are expressed as moles of ligand per milligram of carbon
of fulvic acid from the Suwannee River to correct for the small differences in
the fulvic-acid concentration of the titrations. In the FITEQL program, the
value of V is a measure of the quality of fit (the weighted sum of squares
divided by the degrees of freedom) and acceptable values range from 0.1 to 10.
The two-ligand, one-activity-coefficient model yields an acceptable fit with
all titration curves.
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Figure 2,--Titration curves for varying concentrations of
potassium nitrate as a background electrolyte.

The values for the ligand concentrations and the formation constants all
are within the range reported by McKnight and others (1983) for a set of
18 aquatic fulvic acids, where the data were obtained with 1073 M KNOj3 as a
background electrolyte. The fulvic acid from the Suwannee River was included
in this earlier study and, as presented in table 1, the parameters describing
the two ligands obtained in that study are very similar to those obtained in
this study for 1073 M KNOj. In the study by McKnight and others (1983), the
carbon concentrations of the fulvic acid in the titration solutions were
smaller than in this study (5 to 15 mg/L versus 25 mg/L), and the conversion
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Table l.-—-Effect of background electrolyte concentration on copper
complexation by fulvic acid from the Suwannee River

[mol/mgC = moles per milligram of carbon]

Background v YCuZ* L, Log K, Lo Log Ko
electrolyte (mol/mgC) (mol/mgC)
Without 11.3 0.40 1.9x1076 5.9 2.7x1077 8.1
background
electrolyte.

Molar calcium

concentration.
1072 10.0 0.62 7.3x1077 5.9 1.4x1077 7.65
10738 5.1 .52 9.7x1077 5.6 1.9x1077 7.2
1074 9.3 .60 1.1x1076 6.0 1.8x10°7 7.6
1075 11.7 .57 1.4x10°6 6.3 2.5x10°7 8.3

Molar potassium

concentration.
10-38 12.7 0.51 1.4x10°6 5.9 3.1x1077 8.1
11073 5.6 (2) 1.2x1076 5.9 2.7x1077 7.8

IMcKnight and others (1983), using a smaller dissolved organic carbon
concentration (12 milligrams per liter as carbon).
2Activity coefficient assumed to be unity.

of the potential measurements to free cupric-ion activities was performed
differently, such that calculation of an activity coefficient in the FITEQL
fitting procedure was not used.

In the context of this fitting procedure, the differences in the titra-
tion curves for the range of Ca(NO5), concentrations appear as differences
in ligand concentration (L; and Lp). The magnitude of the decrease in L,
concentrations between the no-background electrolyte and the 1072 M Ca(NOj3),
titrations is at least twice as great as the differences in L; concentration
calculated for similar titration curves (for example, 1072 M and 1073 M
Ca(NOg),). In actuality, the total concentration of ligands cannot have
changed between titrations because the concentrations of fulvic acid from the
Suwannee River were the same. Therefore the change in the calculated<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>