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Models of Metal Binding Structures
in Fulvic Acid from the Suwannee
River, Georgia
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Fulvic acid, isolated from the Suwannee River, Georgia,
was assessed for its ability to bind Ca?*, Cd**, Cuz*, Ni?t,
and Zn?" ions at pH 6 before and after extensive
fractionation that was designed to reveal the nature of
metal binding functional groups. The binding constant for
Ca?" ion had the greatest increase of all the ions in a
metal binding fraction that was selected for intensive
characterization for the purpose of building quantitative
average model structures. The “metal binding” fraction was
characterized by quantitative 13C NMR, 'H NMR, and FT—
IR spectrometry and elemental, titrimetric, and molecular
weight determinations. The characterization data revealed
that carboxyl groups were clustered in short-chain
aliphatic dibasic acid structures. The Ca?* binding data
suggested that ether-substituted oxysuccinic acid structures
are good models for the metal binding sites at pH 6.
Structural models were derived based upon oxidation and
photolytic rearrangements of cutin, lignin, and tannin
precursors. These structural models rich in substituted
dibasic acid structures revealed polydentate binding sites
with the potential for both inner-sphere and outer-

sphere type binding. The majority of the fulvic acid
molecule was involved with metal binding rather than a
small substructural unit.

Introduction

Aquatic humic substances are frequently responsible for
controlling the speciation, solubility, and toxicity of certain
metal ions in water through various metal binding reactions
(1); however, the mechanisms of these metal binding
reactions are not well understood, and various models have
been proposed. Metal binding with humic substances is a
highly complex and variable phenomenom that depends on
the pH and the ionic strength of the water medium, the
concentration ratio of the metal ion to the humic ligand,
competitive binding between certain metal ions, the inter-
molecular and intramolecular heterogeneity of of metal
binding functional group distributions in humic molecules,
and size, shape, and phase differences between different
humic molecules.

The earliest models focused on specific functional group
substructures in humic substances that are known to form
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metal—chelate complexes of moderate to high stability.
Aromatic salicylate and phthalate models were first postu-
lated (2, 3) followed by aliphatic citrate and malonate models
(4) that better describe fulvic acid-metal complexes in acidic
waters. Because of the chemical heterogeneity and com-
plexity of humic substances, recent models have emphasized
the mathematics and thermodynamics of metal binding (5).
These models have widely differing assumptions, from a few
discrete metal binding sites to a continuous Gaussian
distribution of binding sites. Different electrostatic effects
and molecular phases, sizes, and shapes have also been
assumed in these models.

The modeling approach of this study is a return to
molecular structural models under one specific set of
conditions, but the entire molecule is modeled rather than
substructures of functional groups that are postulated to bind
metals. The set of conditions are for metal binding with a
certain well-characterized fulvic acid at pH 6 at metal-to-
ligand ratios where metal binding functional groups are
sufficiently abundant to be detected by spectral methods.
Although these specific conditions may limit environmental
applications to metals found at trace concentrations, these
conditions are relevant to metals such as calcium found in
major concentrations.

The average structural model approach has been previ-
ously used to reveal major chemical structural differencesin
aquatic fulvic acid from different sources and environments
(6) and has been applied to proton binding mechanisms
in fulvic acid from the Suwannee River (7, 8). The modeling
approach uses quantitative elemental, molecular weight,
spectrometric, and titrimetric data to analytically constrain
the molecular models. The models also incorporate subjec-
tive considerations of source structures (lignins, tannins,
carbohydrates, lipids) and various degradative reaction
pathways to fulvic acid.

Fulvic acid from the Suwannee River, Georgia, was chosen
for this study because of its extensive characterization (7—9)
and because its molecular weight is sufficiently low to act as
an analytical constraint on the structural models. Inter-
molecular heterogeneity in this fulvic acid was minimized
by extensive, large-scale fractionation (10). Cu?* binding by
each fraction was examined by Cu?* ion titrations (10). The
fraction with the highest conditional binding constant for
Cu?* at pH 6 was used to determine conditional binding
constants for Ca?*, Cd?*, Cu?*, Ni%*, and Zn?" by Schubert’s
ion exchange method (10). This fraction was used for
molecular structural models presented in this study. The
objective of this paper is to consider various analytically
constrained structural models of fulvic acid—metal complexes
that may reveal new structural relationships that are relevant
to fulvic acid—metal binding under the specific conditions
of this study.

Experimental Section

Fractionation Methods. The fulvic acid fractionation meth-
ods are completely described by Brown (10). Briefly, 40 g of
fulvic acid, isolated from the Suwannee River sampled at its
source (11), was adsorbed onto a 9.4-L bed-volume column
of Amberlite XAD-8 resin at pH 1 and was then fractionated
by sequential eluent buffers that raised the pH in increments
of 0.5—1.0 pH units up to pH 13. The fulvic acid fractions
were re-isolated from each buffer eluent and were assayed
for proton and Cu?* binding by titrimetry. The fraction that
eluted at pH 5.0 had the strongest binding characteristics,
and this fraction was subfractioned by normal-phase chro-
matography on a1.9-L bed-volume column of silicagel. This
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column was eluted with eight different eluents of increasing
polarity with the first eluent chloroform being the most
nonpolar and 75% acetonitrile/25% water containing 0.25 M
oxalic acid being the most polar. In this fractionation, the
fractions that eluted with 75% acetonitrile/25% 2-propanol
and with the solvent mixture containing oxalic acid had the
strongest Cu?* binding. The acetonitrile/2-propanol fraction
contained the majority of the mass of fulvic acid, and this
was the fraction selected for intensive characterization and
molecular modeling. For this paper, this fraction will be
referred to as the “metal binding” fraction.

Metal Binding Methods. Cu?" ion selective electrode
potentiometry was used to screen the fractions for metal
binding ability, and the detailed experimental protocols and
calculation of conditional stability constants from the titration
data are given by Brown (10). Briefly, all Cu?* titrations were
performed at pH 6.0 in 0.001 M KCIO,4. The useful range of
the Cu?* titration ranged between 1076 and 102 M total
Cu(ll). Fulvic acid concentrations were 7.86 x 107> M
assuming a number average molecular weight of 700 Da for
the fulvic acid (9).

Conditional stability constants for Ca?*, Cd?*, Cu?*, Ni?*,
and Zn?"were also determined for the metal binding fraction
at high ligand-to-metal ratios by Schubert’s ion exchange
method (12); the detailed procedures and results are given
by Brown (10). Briefly, the metal ions at a concentrations
of 1.0—-8.0 x 108 M were equilibrated with fulvic acid at
concentrations of 0.25—1.0 M in the presence of sodium-
form AG 50W—X8 cation-exchange resin. All metals were as
nitrate salts in a background electrolyte of 0.10 M NaNOs.
After equilibration, the total metal in solution was determined
by inductively coupled plasma—atomic emission spectrom-
etry (ICP—AES), and the metal on the resin was eluted with
nitricacid and determined by ICP—AES. From the knowledge
of total metal added to the system and the free metal bound
to the resin, conditional stability constants were calculated
for metal bound to fulvic acid. The method was calibrated
with citric acid at pH 3.5 and pH 6.0. Conditional stability
constants were determined at pH 6.0 for both the unfrac-
tionated fulvic acid and for the metal binding fraction of
fulvic acid.

Fulvic Acid Characterizations. Elemental analyses for
carbon, hydrogen, oxygen, nitrogen, sulfur, moisture, and
ash were performed by Huffman Laboratories, Wheat Ridge,
CO, with methods optimized for humic substances (13).
Number-average molecular weight was determined by Huff-
man Laboratories by four-point vapor pressure osmometry
in tetrahydrofuran. An evaluation of vapor pressure 0s-
mometry for determination of molecular weight of fulvic
acid is given by Aiken and Gillam (14).

13C and 'H nuclear magnetic resonance (NMR) spectra
were obtained on a Varian XL-300 NMR spectrometer. The
pulse sequences and operating conditions to obtain quan-
titative spectra have been reported previously (15). Ap-
proximately 200-mg samples of fulvic acid were dissolved as
potassium salts in 2 mL of D,O at pH 8. For *H NMR
determinations, the fulvic acid was repeatedly dried from
D,O to minimize the exchangeable proton peak.

Carboxylic acid groups in fulvic acid are frequently
measured by titrimetry (7); however, overlap of phenolic
hydroxyl pK, values with carboxyl group pK, values and
hydrolysis of labile ester linkages during titration (16) are
sources of error for the carboxyl group determination. A
quantitative infrared spectrometric method was developed
for the carboxyl group that measured the integral of a broad
NH stretching band of fulvic acid dissolved in pyridine-ds
between 1815 and 2150 cm~* that was unique to the carboxyl
group (17). Strongly acidic enols such as ascorbic acid did
not interfere, and esters and ketone groups could also be
determined after spectral subtraction of the carboxyl C=0

stretch near 1720 cm™. Binary mixtures of aliphatic and
aromatic carboxylic acids served as standards for the carboxyl
group subtraction procedure that approximated the relative
proportions of carboxyl groups in fulvic acid from the
Suwannee River (7). A Fourier tranform infrared spectro-
meter (Perkin-Elmer System 2000) was used with a 0.037
path length potassium bromide cell. Approximately 3 mg of
fulvic acid was dissolved in 0.25—0.5 mL of pyridine-ds.

Structural Modeling. Several approaches have been used
to derive chemical structural models of complex heteroge-
neous natural organic matter such as humic substances (18)
and coal (19). The coal chemists in particular (19) have
emphasized the importance of independent, multidimen-
sional fractionation and analytical approaches and then
building models that meet the analytical constraints of the
data. The first quantitative structural model of an aquatic
fulvic acid that was built upon similar approaches used by
coal chemists was for the unfractionated fulvic acid from the
Suwannee River (20). This modeling approach has been
extended to aquatic fulvic acid from diverse environments
(6) and to proton binding structures in fulvic acid from the
Suwannee River (7, 8).

The first step in deriving a structural model is to compute
an average molecular formula by determining the empirical
formula from the elemental analyses data and then converting
to the molecular formula from the average molecular weight.
The index of hydrogen deficiency ® (number of rings and
double bonds) is then computed from the equation, ® =
{(2C + 2) — H}/2, where C and H are the number of these
atoms in the molecular formula. Carbons in the molecular
formula are then assigned to various structural units based
upon quantitative *C NMR data (15), and then oxygen is
similarly assigned from quantitative **C NMR and FT-IR data.
The number of exchangeable hydrogen atoms is estimated
from the oxygen functional group assignments, and ex-
changeable hydrogen is subtracted from total hydrogen to
determine nonexchangeable hydrogen. The nonexchange-
able hydrogen atoms are then assigned to various structural
units based on the quantitative 'H NMR data (21).

The assembly of structural data into a chemical structure
is a subjective, speculative activity that takes the following
considerations into account:

(1) The source of fulvic acid in the Suwannee River is
primarily allochthonous plant organic matter(from the
Okefenokee Swamp), i.e., a mixture of degraded tannins,
lignins, carbohydrates, and lipids.

(2) Both biological and abiotic photolytic degradative
processes are important. Phenolic rings in tannins and
lignins are likely degraded to substituted aliphatic glutaric
and succinic acid structures by the -keto adipate pathway
(22). Straight-chain aliphatic structures are readily degraded,
but highly branched and aliphatic alicyclic structures are
resistant to degradation (23). Olefins are highly reactive to
oxidation by biotic and abiotic processes, and oxidative
linkages such as aliphatic ethers result when precursors such
as unsaturated lipids react with oxygen (24). Photolytic
rearrangements of phenolic esters to benzophenone linkages
are likely important with hydrolyzable tannins. The photo-
Fries rearrangement may produce ketone linkages from
phenolic ester linkages (25, 26).

The ChemWindow 3 graphics program from SoftShell
International was used to draw the structural models. This
graphics program is not as sophisticated as three-dimensional
space-filling graphics programs, but it presents recognizable
structures to the majority of readers.

Results

The metal binding fraction that is the focus of the modeling
effort constituted 7.1% of the mass of the fulvic acid. The
pH 5.0 fraction from the pH gradient fractionation constituted
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FIGURE 1. Conditional stability constants of Cu®" ion at pH 6 and

mass fractionation of pH gradient fractions of fulvic acid from the
Suwannee River.

140 T T T T T T 1 T

—_

[a]

o
3

SRFA pH 5.0 Fraction

—_
= [=1] [+ [=]
[==] o o [=]
T T T T
| | 1 1

Total Ligand {LT) uM

a8
o
T

L. T,

3 4 5 6
log Key

FIGURE 2. Fulvic acid ligand abundance from fraction eluting at
pH 5 as a function of Cu(ll) conditional stability constants.
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12.5% of the fulvic acid, and the metal binding subfraction
was 57% of the mass of the pH 5.0 fraction. The mass
distribution of the pH gradient fractionation and the
conditional Cu?* stability constants (three-site model) de-
termined by ion selective electrode potentiometry (10) of
this fractionation are presented in Figure 1. All the fractions
in Figure 1 have significant Cu?* stability constants such
that Cu?* binding is more of a bulk property of the fulvic acid
as a whole than a trace property of a minor fraction with
large metal binding constants. The calculated ligand abun-
dance for afive-site Cu?" binding model for the pH 5.0 fraction
is shown in Figure 2. Eighty percent of the Cu?" binding
ligands were calculated to have log K values near 5.0, and it
is this population of ligands that will be modeled because
ligands with greater binding constants are not sufficiently
abundant to be detected by the analytical techniques used
in this study.

Conditional stability constants for binding of the five
metals with the metal binding fraction determined by
Schubert’s method are presented in Table 1. The slope values
of the Schubert’s plots are near 1.0, which indicates 1:1 metal
ion—humic ligand complex stoichiometry.

The only metal that has a large increase in its conditional
stability constant value between the unfractionated fulvic
acid and the metal binding fraction is calcium. Organic
ligands that are rich in carboxyl groups with ether cross links,
such as oxydisuccinic acid (27) and ditartronic acid (28), are
known to have exceptionally large stability constants for Ca?*.
Thus, the fractionation procedure enriched the fulvic acid
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FIGURE 3. Quantitative solution state *C NMR spectra of (A) metal

binding fraction and (B) unfractionated (15) fulvic acid from the
Suwannee River.

TABLE 1. Conditional Stability Constants (log K) at pH 6 for
Unfractionated Fulvic Acid and for the Metal Binding Fraction
of Fulvic Acid

unfractionated fulvic acid metal binding fraction

metal (log K) (log K)
Ca?* 3.0 4.1
Cdz*t 4.4 4.5
Cuz* 5.2 55
Ni2+ 3.8 4.1
Zn2+ 3.8 4.1

with calcium binding ligands that may have structural
similarities to oxy-polycarboxylic acids.

A comparison of the 13C NMR spectra of the unfractionated
fulvic acid (15), and the metal binding fraction is shown in
Figure 3. Interms of intensity differences, the aliphatic C—O
peak from 60 to 90 ppm is smaller in the metal binding
fraction, and the carboxylate carbon peak for the metal
binding fraction appears to reside upon a larger background
(in the same region of chemical shifts) that includes ester
and aromatic ketonic carbonyl groups. Interms of chemical
shift difference, several peaks in the metal binding fraction
are shifted downfield (greater chemical shifts), with the
aliphatic carbon peak shifted from 36 to 40 ppm, the aliphatic
C—0O peak shifted from 74 to 80 ppm, and the carboxylate
peak shifted from 177 to 180 ppm. On the basis of the *C
NMR spectra of model polycarboxylic acids, these chemical
shift changes indicate that electron-withdrawing oxygen
functional groups are likely clustered closer together in
molecular structures of the metal binding fraction than in
the unfractionated fulvic acid. The 180 ppm chemical shift
of the carboxylate group of the metal binding fraction also
indicates that aromatic carboxylate groups with chemical
shifts near 172 ppm are minimal.



TABLE 2. Molecular Data Used for Formulating Average Structural Model of Metal Binding Fraction of Fulvic Acid from the

Suwannee River

parameter method value
number-average molecular weight vapor pressure osmometry in tetrahydrofuran 956 Da
(four point)
elemental analyses corrected for
moisture and ash contents
carbon (C) combustion, measurement of CO, 53.1%
hydrogen (H) combustion, measurement of H,O 4.8%
oxygen (O) reductive pyrolysis, measurement of CO 41.0%
nitrogen (N) Dumas method 0.7%
sulfur (S) combustion, measurement of SO4 0.4%
average molecular formula calculated from number-average molecular Ca2H16025
weight and elemental data
index of hydrogen deficiency ¢ =[(2C+ 2) — H]/2 20

carbon distribution by type of carbon

guantitative 13C NMR spectrometry for

42 C atoms per molecule

indicated integration ranges

aliphatic 0—60 ppM 10.8C
H—C—O (alcohol, ether, ester) 60—95 ppM 47C
aromatic 95—-165 ppM 15.1C
aromatic C—O 140—165 ppM 4.7C
carboxyl, ester, quinone, flavone 165—190 ppM 8.3C
ketone 190—220 ppM 31C
oxygen distribution by type of oxygen 25 oxygen atoms
per molecule
carboxyl titrimetry 10.80
carboxyl FT-IR in pyridine 10.00
ester FT-IR in pyridine 360
quinone and flavone difference between carboxyl, ester, quinone, 130
flavone (*3C NMR) and carboxyl, ester (FTIR)
ketone 13C NMR 310
phenol + ether (aromatic) 13C NMR 470
aliphatic alcohol, ether, ester 13C NMR 470
ester plus ether excess oxygen from 13C NMR accounting 260
ether subtraction of ester C—O 0.80
phenol subtraction of ether 390
aliphatic alcohol subtraction of ester plus ether 210

hydrogen distribution by type of
hydrogen
exchangeable hydrogens
nonexchangeable hydrogens

sum of alcohol, carboxyl, and phenol groups
guantitative 'H NMR spectrometry for

46 hydrogen atoms
per molecule

11.2H

34.8H

indicated integration range

isolated aliphatic
H—-C—-C=0, H—C-¢
H—-C-0, ¢-CH—C=0
H-¢

0—1.9 ppM

1.9-3.5 ppM
3.5-6.2 ppM
6.2—8.6 ppM

8.1H
133 H
9.6 H
3.8H

Acomparison of the *H NMR spectra of the unfractionated
fulvic acid (21) and the metal binding fraction is shown in
Figure 4. The most significant difference is that the peak
near 2.2 ppm in the unfractionated spectrum is shifted
downfield to 2.7 ppm in the metal binding fraction. Protons
in this spectral region are attached to aliphatic carbons
adjacent to carbonyl groups or aromatic rings (21). The most
abundant of the carbonyl groups in fulvic acid are carboxylate
groups, and clustering of carboxylates into substituted phenyl
and phenoxy succinic acid structures would cause the
observed downfield shift. The aromatic proton distribution
is similar for the two spectra, so a significant change in the
aromatic ring substitution that might affect the shift of the
peak from 2.2to 2.7 ppm is unlikely; thus, this shift is related
to carboxyl group clustering.

The aromatic proton distribution indicated by *H NMR
spectra show that aromatic rings are primarily substituted
with singly bonded oxygen functional groups that cause
upfield shifts of protons from unsubstituted benzene (7.23
ppm) to near 6.8 ppm for many phenol structures. Carboxyl
and aromatic ketone group substitution causes downfield
shifts to near 8.0 ppm; however, a combination of phenol
and carbonyl group substitution on the same ring can nullify
significant shifts of aromatic protons.

The elemental and spectral data used to derive structural
models for the metal binding fraction are listed in Table 2.
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FIGURE 4. Quantitative solution state 'H NMR spectra of (A) metal

binding fraction and (B) unfractionated (21) fulvic acid from the

Suwannee River.
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FIGURES. Structural models of the hydrogen form of the metal binding fraction derived from a cutin—lignin—tannin complex (A) and derived

from a condensed flavonoid tannin (B).

Nitrogen and sulfur were not included in the average
molecular formula (and in the molecular models) because
there is less than one atom of these elements in each molecule
of fulvic acid.

Molecular Models of Metal Binding. Two hydrogen-form
average models of the metal binding fraction based on the
data in Table 2 are presented in Figure 5. The model of
Figure 5A is based upon a cutin—lignin—tannin complex for
the plant precursor as suggested by Tegelaar et al. (29). The
ester structures contain acetate esters known to be abundant
in cutin coatings on plant vegetation. Evidence for acetate
comes from the peak at 22 ppM in the 3C NMR spectrum
of Figure 3 and from the peak near 2.0 ppM in the *H NMR
spectrum of Figure 4. Acetate is known to be released in
significant quantities from the fulvic acid from the Suwannee
River by base hydrolysis (30). Aromatic rings from the lignin
structures are interconnected by aliphatic propane side
chains, and the substituted succinic acid and oxysuccinic
acid are remnants of aromatic rings that have be oxidized
and opened by the 5-keto adipate pathway (22). The ortho-
quinone ring attached by the benzophenone linkage may be
derived from a gallotannin that was originally attached to
the adjacent phenol as a ester linkage and was photolytically
rearranged through the photo-Fries rearrangement (25, 26).
Oxidation of the phenol groups in the gallic acid ring is the
basis for the ortho-quinone structure. The methyl and
isopropyl groups on the aromatic rings do not have any basis
in plant precursors or diagenetic processes; they are artifacts
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of modeling and the mixture properties of the metal binding
fraction.

The model of Figure 5B was derived from initial oxidative
degradation of aflavonol tannin structure to a phloroglucinol
ring (31) that condensed with the phenolic acid fragment
derived from other tannins and lignins to form a completely
substituted phloroglucinol ring that partially tautomerized
to the keto structure (32). The electron-rich phloroglucinol
ring in flavonoid tannins is very reactive to condensation
reactions that result in clustering of phenol, carboxyl, and
ketone structures. Even though the plant precursors are
significantly different for models in Figure 5A,B, the oxidative
degradation and aromatic ring condensation processes result
in carboxyl groups clustered together with ether, hydroxyl,
and ketone groups that would make strong metal binding
sites.

The Figure 5A model of a hypothetical inner-sphere
calcium complex of the metal binding fraction is presented
in Figure 6. Calcium is coordinated with four carboxyl groups
from the two substituted succinate structures and one ether
group that illustrates the importance of oxy-polycarboxylic
acid structures. This model illustrates the folding confor-
mational changes in fulvic acid that occur upon metal
binding. Much of the molecular structure is involved with
calcium binding; thus, binding is not confined to small
substructural units. Metal binding is not by functional groups
directly attached to aromatic rings such as salicylate and
phthalate groups; these types of structures were notimportant



FIGURE 6. Structural model of a calcium inner-sphere complex of
the metal binding fraction.

(o)

FIGURE 7. Structural model of a cadmium outer-sphere complex
of the metal binding fraction.

at pH 6 because of proton competition with the metal for the
phenolic hydroxyl group (10). Aromatic structures are
indirectly important in that the substituted succinic acid
structures involved with metal binding are probably derived
from oxidation of aromatic rings, and these dibasic acids are
attached in close proximity to phenol and ketone groups on
aromatic structures that may contribute to metal binding.
Phenols ortho to quinone groups are more acidic than normal
phenols and are likely contributors to metal binding at
pH 6.

The Figure 6A model of a hypothetical outer-sphere
cadmium complex of the metal binding fraction is presented
in Figure 7. The size of this complex is much larger because
of the coordination of cadmium with water, and a different
assemblage of functional groups that includes quinone
carbonyl groups is associated with metal binding. Given the
diversity and abundance of oxygen functional groups in the
metal binding model structure, it is likely that multiple
polydentate structures with many different conformations
exist for metal complexes with just this one model structure.

The inner-sphere model of Figure 6 and the outer-sphere
model of Figure 7 were presented to illustrate extreme cases
for metal binding. Metal complexation with fulvic acid is
usually a combination of both inner- and outer-sphere
binding, and Figures 6 and 7 are not intended to imply that
calcium only binds by the inner-sphere mechanism and
cadmium binds by the other-sphere mechanism. A recent
study of Eu®* binding with fulvic acid from the Suwannee
River that used fluorescence lifetimes of the europium ion
as a probe found that inner-sphere binding predominated
(tetradentate complexes) at small metal-to-ligand ratios and
that outer-sphere complexes predominated at high metal-
to-ligand ratios (33).

The models of Figures 5—7 illustrate the considerable
intramolecular heterogeneity for metal binding site pos-
sibilities. After considering the fact that the metal binding
fraction is stillacomplex mixture despite efforts to maximize
homogeneity by the two-stage fractionation, it is easy to
understand why thermodynamic models that use continuous
distributions of binding sites are conceptually popular
because of intra- and intermolecular heterogeneity of binding
sites.

Metal binding substructures that are considered important
in the metal binding fraction are the short-chain substituted
dibasic acids and, particularly, the oxy-succinic acid model
for calcium binding. The NMR spectral data present
compelling evidence for the abundance of substituted dibasic
acid structures, and the metal binding data are consistent
with the oxy-succinic acid model. However, structural
models of this one fraction of one fulvic acid are not intended
to be representative of all fulvic acids. The authors recognize
the importance of nitrogen and sulfur as metal binding sites
in other fractions and other humic substances. Other
environments with different plant precursors will produce
different fulvic acid with different metal binding properties.
However, the results of this study hopefully present good
approximations of certain fulvic acid structures that are
important for metal binding under the conditions of this
study.
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