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Polycarboxylic acid structures that account for the
strong-acid characteristics (pKy near 2.0) were
examined for fulvic acid from the Suwannee River.
Studies of model compounds demonstrated that pK,
values near 2.0 occur only if the a-ether or a-ester
groups were in cyclic structures with two to three
additional electronegative functional groups {car-
boxyl, ester, ketone, aromatic groups) at adjacent posi-
tions on the ring. Ester linkage removal by alkaline
hydrolysis and destruction of ether linkages through
cleavage and reduction with hydriodic acid confirmed
that the strong carboxyl acidity in fulvic acid was as-
sociated with polycarboxylic a-ether and a-ester
structures. Studies of hypothetical structural models
of fulvic acid indicated possible relation of these
polycarboxylic structures with the amphiphilic and metal-
binding properties of fulvic acid.
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. carboxylic acids.

Introduction and Approach

In the precedmg paper (1), a quanutatwe study of ac1d- '

group structures in fulvic acid from the Suwannee River-.
concluded that only 43% of the strong-acid acidity (pKs 3.0
or less) was ‘associated with amino and sulfur-containing’
acid structures, oxalate half-ester structures, malonic acid
structures, keto acid structures, and aromatic and olefinic
carboxylic acid structures. The remaining 57% of strong
acidity was attributed to aliphatic carboxylic acids in
unusual and complex configurations for which limited
model compound data are available. The objective of this
paper is to account for the remaining strong-acid acidity
in major structural arrangements of ca.rboxyhc acidsin fulvic
acid from the Suwannee River.

The approach of this study, isolation of strong-acid
fractions of fulvic acid from the Suwannee River by normal-
phase chromatography on silica gel (2) and characterization
of these fractions by a combination of spectrometric,
titrimetric, and colligative property measurements, was
designed to obtain insight into possible configurations of
A new approach to the analyses of
titrimetric data was taken that assumed the heterogeneity
in carboxyl-group pK, values in fulvic acid was primarily
an intramolecular phenomenon in polyprotic acid struc-
tures rather than intermolecular variations in pK; values of
simple carboxylic acids. Model compounds of proposed
carboxylic acid configurations were purchased or synthe-

sized and were characterized to correlate unique properties

with acid groups in the fulvic acid fractions. Lastly,
procedures that destroyed or modified specific functional
groups were applied to the unfractionated fulvic acid to
modify and quantify the carboxyl-group acidity associated
with these functional groups.

Experimental Section
Reagents. Polycarboxylicacids usedin this studyto model
functional groups in fulvic acid were purchased from Aldrich
Chemical Company (1,2,3,4-cyclobutanetetracarboxylic
acid, isocitric acid lactone, tetrahydrofuran-2,3,4,5-tetra-
carboxylic acid) and American Tokyo Kasei, Inc. (1,2,3,4-
cyclopentanetetracarboxylic acid). Phenoxysuccinic acid
was synthesized (3). The Suwannee River fulvic acid used
in this study was isolated as described by Leenheer (2).

Silica Gel Fractionation of Fulvic Acid. A total of 6 g
of the tetrabutylammonium salt of fulvic acid from the
Suwannee River was fractionated in two stages on a 2—L
bed-volume column of activated silica (ICN Biochemicals)
by normal-phase chromatography (2) with various organic
solvents of increasing polarity. The first stage of the
fractionation applied the tetrabutylammonium salt of fulvic
acid dissolved in chloroform to the column, and the second
stage used the acid form of the fulvic acid fractions from
the first stage after conversion of the fractions to the acid
form by a hydrogen-saturated cation-exchange resin. The
acid fractions were dissolved in tetrahydrofuran for ap-
plication to the column. The yields of the fractionation
procedure are shown in Figure 1.

Titrimetric Procedures. Fulvic acid fractions (20 mg)
from the silica gel fractionation were dissolved in 10 mL of
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FIGURE 1. Two-stage fractionation of Suwannee River fulvic acid
onsilica gel. Bar lengths are proportional to recoveries; the numbers
correspond to the solvent elution sequence described in the text (2).

water and were titrated with 0.1 M sodium hydroxide.
Unfractionated fulvic acid samples were titrated at much
greater concentrations (200—500 mg/5 mL of H0) to obtain

more accurate determinations of the pKy; values of the

strong-acid groups. For samples where sodium hydroxide
and sodium chloride were used, an Orion Model 501 pH
meter with an Orion 91-05 glass electrode was used. For
samples where potassium hydroxide and potassium chlo-
ride were used, an automatic titrator (LIST Radiometer
System) with a radiometer GK273920 combination pH glass
-wasused. Theradiometer pH meter was standardized using
PH 4 and 7 buffer solutions verified against NIST certified
buffers with an accuracy of +0.01 pH at 25 °C. pK, values
were determined as described in the previous paper (I).
Cleavage of Esters and Ethers. Esters in fulvic acid
samples were hydrolyzed by dissolving 200—400 mg of
sample in 10 mL of 0.5 N sodium hydroxide or potassium
hydroxide, heating the sample in a boiling water bath for
2 h, and reacidifying the sample to pH 1.0—1.5 with 37%
HCl. Carbon dioxide was removed from the reacidified
samples prior to base titration with a 20-min nitrogen purge.
Esters, aliphatic alcohols, and ether linkages in fulvic
acid were cleaved with hydriodic acid (4). Fulvic acid (500
mg) was dissolved in 5 mL of hydriodic acid plus 5 mL of
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.8 d, LI .
“amptile and-heated in a pressure vessel containing water

acid. This 10-mL sample was sealed in a glass

at 130 °C for 15 h. Hydriodic acid, acetic acid, and iodine
were removed from the fulvic acid by vacuumevap oration
in a rotary evaporator. ‘A mixture of 75% acetonitrile/25%-
water was repeatedly added to the reaction produ(;t and
vacuum evaporated until there was no residual color of .
iodine in the distillate. Because certain carboxyl groups
re-esterified with phenols in fulvic acid during the vacuum
evaporation procedure, this sample was base hydrolyzed
prior to titration. »

Spectrometric Measurements. The *C-NMR spectra
were measured with a Varian XL-300 spectrometer at 75.429
MHz; solutions at a concentration of 100 mg/mL in 10-mm
tubes were used. Aqueous solutions of Hi-treated fulvic
acid and fulvicacid fraction 6-3 were dissolved as the sodium
salt form (pH 7) in H,0/D,0 (3:1); the acid form of the
untreated fulvic acid samples was dissolved in $3C-depleted
dimethyl sulfoxide. Quantitative spectra were measured
using inverse-gated decoupling in which the proton de-
coupler was on only during the acquisition of the free-
induction decay curve. The transmitter was set for a 45°
tip angle, and an 8-s delay was used. The acquisition time
was 0.2 s; and the sweep width was 30 000 Hz.

Results and Discussion
Titrimetry of Fulvic Acid Fractions. Generally, the ob-
served acid—base titration data of a given fulvicacid cannot
be represented by a single ionization constant. ‘Two
different approaches have been used to rationalize the
titration data. : .

~ In one approach, previous investigators have assumed
that the necessity of using several different pK; values is
needed to represent a single titration curve because of
intermolecular or intramolecular heterogeneity of func-
tional groups. For example, Perdue and others (5) have
proposed that there is a normal distribution of individual
ligand concentrations as a function of pK;, the negative
logarithm of the ionization constant. This distribution
function may be represented by a mean pK; value and a
variance parameter. Although anormal distribution of pK,
values does generally fit fulvic acid titration data, com-
parison of literature pK; values of simple organic acid
structures 'with operational pK; values for fulvic acid does
not account for the majority of the strong-acid character-
istics of fulvic acid from the Suwannee River (I)

A second approach is based upon a model in which the
part of the variation in the observed pK; values for a single
titration curve results from the electrostatic charge resulting
from the ionization of more than one acidic group on a
single molecule (6—8). Implicit in this treatment is the
assumption that all of the ionizable functional groups are
the same, and that they possess a single “intrinsic” -
dissociation that may be measured if the electrostatic effects
are suppressed by high concentrations of background
electrolyte. This treatment is correct when applied to -
certain carboxylated polymers (9); but it must be adjusted
for several intrinsic (apparent) pK; values in fulvic acid (7).
‘When electrostatic effects and carboxyl-group heterogeneity
based on simple acid structures are both considered, the
cumulative effect of both models does not completely
explain the observed acidity characteristics of fulvic acid.

The new approach we have taken is to model fulvic acid
as a polyprotic acid in which the clustering of acid groups
in close proximity to each other or other electron-




withdrawing structures (ester, ketone, aromatic rings) gives
rise to exceptionally strong inductive effects (10) and
carboxylate stabilization via intramolecular hydrogen bond-
ing (11) thatlower pK, values. We shall demonstrate below
that only a limited number of possible chemical structures
exist, based upon model compound titrimetric data, to
explain the titration data observed for fulvic acid. A
tetraprotic acid molecule was assumed for unfractionated

" fulvic acid based upon the average number of carboxyl

groups per molecule, and “operational” pK, values were
determined as if each carboxyl group was titrated in a
sequential manner as was discussed previously (I). The
lowvalue of pKy; (1.67) found previously (1) indicates strong
electron-withdrawing functional groups in proximity to this
carboxyl group with the low pKy; and possible intramo-
lecular hydrogen bonding effects that also lower pK; values.
-A plot of average pK, values versus the percentage of

" ionized carboxyl groups for the major fractions of the two-

stage silica gel fractionation of fulvic acid from the
Suwannee River (2) is shown in Figure 2. Number-average
molecular weight values determined by equilibrium cen-
trifugation were used for the data in Figure 2, and the
number of pK; values for each fraction was calculated by
multiplying the number-average molecular weight by
equivalents per gram of acid-group content. The fractions
contained two to five carboxyl groups per molecule.

Only two of the fractions (fractions 2-6 and 4-6) had
significantly higher pX; values than the remainder of the

" fractions as plotted in Figure 2. This result indicates that

the variation in pK, values is more of an intramolecular
phenomenon than intermolecular because carboxyl groups
of differing acidity that result from structural differences
between fulvic acid molecules should have been separated

- by the silica gel fractionation. The slope of the curves in

Figure 2 is caused by a combination of carboxyl-group
heterogeneity and electrostatic effects. The number of
carboxyl groups per molecule in the various fractions had
little effect on the slope and y-intercept of the curves.
Characterization of Fraction 6-3. Fraction 6-3 isolated
from fulvic acid from the Suwannee River (2) was char-
acterized to determine the functional groups that cause
the intramolecular heterogeneity and the low pKy; values.

. Fraction 6-3 was selected because: it is relatively mono-

disperse (degree of polydispersity = 1.14) in the molecular
weight distribution as determined by equilibrium cen-

* trifugation. Its number-average molecular weight (Mp =

640) is comparable to that of the unfractionated fulvicacid -
(M =780) (12). Ithas an average of four carboxyl groups
per molecule as does the unfractionated fulvic acid. The
pKa: of this fraction is low (pKy = 1.8 in Figure 2). This
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FIGURE2. Plats of pK; versus percentage of ionized carboxyl groups
in fulvic acid fractions from the two-stage silica gel fractionation.

fraction has an enhanced aliphatic carbon content (8 %
greater than unfractionated sample) that is thought to be
related to the strong-acid characteristics from the previous
paper (I). _

An average molecular model was derived for fraction
6-3 based upon molecular weight, elemental, tittimetric,
and NMR spectrometric data. Specific methylations and
acetylations coupled with NMR spectrometric determina-
tions were used to assign oxygen distributions to carboxyl,
ester, ether, hydroxyl, and ketone functional groups. The
methods of data aquisition and model synthesis have been
reported previously (12, 13). The average molecularmodel
of fraction 6-3 indicated carboxyl groups that were pre-
dominantly aliphatic in nature and that ester and ether
functional group contents were sufficiently large to possibly
affect carboxyl-group acidity. Therefore, the focus of the

"investigation shifted to the effect of esters and ethers on

acidity of the carboxylic groups in fulvic acid from the
Suwannee River.

Ester and Ether Structures. Carbon—oxygen linkages |
located on the a-carbon to a carboxyl group result in acid
strengthening that is dependent on the nature of the
functional group as shown in Table 1.

Glycolic acid and methoxyacetic acid have nearly
identical inductive effects caused by the alcohol and ether
groups, but methoxyacetic acid is slightly stronger because
of a solvation effect difference (the acid form of methoxy-
acetic acid is less soluble than the acid form of glycolic
acid) (16). Acetoxyacetic acid (an a-ester acid) is signifi-
cantly stronger than glycolic and methoxyacetic acids

HooC_-.

HOOC: _:o: Yo

trans-isocitric acid lactone®

2ND = not determined. ® Data from Martell and Smith (74). ¢ Data from Sergeant and Dempsey (75).

~ TABLE 1 o
Effects of Functional Groups on Acidity of o-Oxygen Substituted Carhoxylic Acids®
compound ‘ structure ionic strength pKsi pKez
glycolic acid? HOCH,COCH 0.5 : 3.57
methoxyacetic acid? . CH30OCH,COO0H 0.1 _ 3.31
acetoxyacetic acid? o 0.4 _ 2.81
: CHyCOCH,COOH ' o _ :
oxydiacetic acid® HOOCCH,OCH,COOH 0.1 2.79 393
: ND - 213 - 3.95
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FIGURE3. Plots of pK; versus percentage of ionized carboxyl groups

in fulvic acid from the Suwannee River (A), after alkaline hydrolysis
{B), and after ether cleavage and reduction with hydriodic acid {C).

because of the stronger inductive effect of the ester group
compared to alcohol and ether groups. The combination
of additional carboxyl groups with o-ether and a-ester
structures as illustrated by oxydiacetic acid and isocitric
acid lactone resuits in additional strengthening of the acidity
of the first ionization constant because of additivity of
inductive effects from carboxyl groups through the ether
and ester linkages. The acid groups for a-hydroxy acids,

__even in combination with additional carboxyl groups such

as in isocitric acid, are not as strong as the carboxyl groups
for fulvic acid from the Suwannee River. However, poly-
carboxylic acids containing a-ether and -ester groups may
have sufficiently low pK; values to account for the observed
acidity of fulvic acid.

The effect of ester and ether linkages on carboxyl group

* acidity was assessed in fulvic acid from the Suwannee River

by cleaving ester linkages by base hydrolysis and cleaving
ester, ether, and alcohollinkages with hydriodic acid. After
cleaving these linkages, the pK, distribution was redeter-
mined by titration. The results are shown in Figure 3.
Ester hydrolysis can result in lower molecular weight

products as shown in reaction 1 or in slightly greater

molecular weight products with more carboxyl groups per

_molecule as shown in reaction 2.

o
R1—<l:[—o-—c|:_ Rg+ 2NaOH b
éOOH
H
R1-—COONa + Rz-—(I:—COONa-«- H0 (1)
on
T ,
Ry H H . Rz—cl:—coorua
H>z__§ + 2NaOH v R1——?—H + H0 (2)
HOOC o \O ‘ HO*E—COONa

A significant weakening of the carboxyl-group acidity
was observed in Figure 3 as a result of base hydrolysis. The
divergence of curve B from curve A with decreasing pH
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indicates the effect of neighboring ester-group structures
is most pronounced on the ionization constants of the first

two carboxyl groups.
The reaction of hydriodic acid with fulvic acid is a two-
step reaction as shown in reactions 3 and 4.

H H :
R Ry CHz COOH
H H +  2HI —'
HooC COOH  130°C
(o} 10 min.

1

()
x

—COOH + Hy0 (3)

II—O—>2

I
HOOC-—IC——
1

II—O—x
——)—

H By R .

R CH3 COOH
Hooc—cl:—?—(l:—uf—cow + 2HI

I HH I

HooCc— —C—COOH + 2I; (4)

l
c
|
H

Reaction 3 isreported to cleave ester, ether, and alcohol
linkages and replace these linkages with iodine, exceptthat
phenols, phenolic ethers, and phenolic esters are converted
to the free phenols (4). With extended heating in a sealed
tube, some alkyliodides produced in reaction 3 are reduced
to hydrocarbon acids in reaction 4 (17).

The quantitative 13C-NMR spectrum of the products of

HI treatment of fulvic acid is given in Figure 4. Thealiphatic
C~0 linkages that occur in the region from 60 to 105 ppm .
in the spectrum of the untreated sample have largely
disappeared, having been converted to a mixture of
hydrocarbons and alkyl iodides that occur in the 10—50
ppm region of the spectra. There is only a 3 % loss of
carboxyl plus ester carbon from decarboxylation reactions
and production of volatile organic acids that are lost during
the vacuwm evaporation steps after HI treatment. Similarly,
there is only a4% increases in the aromatic/olefinic carbon
that might be expected from dehydration reactions during
the treatment of alcohols with strong acid. This selective
degradation procedure at moderate temperature is the first
application to humic substances; a previous study (I8) of
HI treatment at 250 °C resulted in severe alteratlon to
hurmidc substance structure.

The selective conversion of C—0 linkages to hydrocar-
bons and alkyliodides eliminated the strong-acid character
of carboxyl groups in fulvic acid from the Suwannee River
as shown by curve C in Figure 3. After HI treatment, the
fulvic acid was no longer soluble in water and only went
into solution at pH 3.2 during titration with base. This
behavior is clear evidence that C~O linkages, specifically
a-ether and a-ester linkages in association with additional
carboxyl groups, produce the majority of strong-acid
characteristics in fulvic acid from the Suwannee River.

Model Compound Studies. The pK; values of anumber
of model compounds with ether or ester linkages in
proximityto a carboxyl group in its sttucture were measured.
Table 2 lists those model compounds that were tested and
the pK; values determined. The data in Table 2 indicate
that only the aliphatic, alicyclic ether (tetrahydrofuran
tetracarboxylic acid) and ester (isocitric acid lactone)
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TABLE 2 .
pK; Values of Model Polycarhoxylic Acids®
compound structure
succinic acid® ‘HOOCCH,CH,COOH -
phenoxysuccinic acid® HOOCCHzt‘I}HCOOH
Eoi
carboxymethoxybutanedioic acid? OCH,COOH
- HOOCCHZCHCOOH
trans-cyclopentane dicarboxylic acid? . COOH
, T
butane-1,2,3,4-tetracarboxylic acid® cl:OOH
‘HOOCCHZCHCHCH,COOH
COOH - : ,
cyclobutane tetracarboxylic acid® _'HooC_ .. GOOH 0.5 2.52 3.68 4.80 5.97
: : : "HOOC COOH
1,2,3,4-cyclopentane tetracarboxylic acid®  *: HoOC GCOOH 0.5 2.54 3.97 5.05 9.25
» " Hooc COOH
tetrahydrofuran tetracarboxylic acid® .. HOOC, COOH 0.5 0.95 3.40 5.55 6.42
_HOOC” ~0” “COOH

2ND = not determined. ® Data from Martell and S(ﬁith {74). ¢ Data determined by titration. ¢ Data from Dean (19).

substituted with three to four electron-withdrawing groups
(carboxyl or ester) on the ring have sufficiently strong
carboxyl groups to account for the acidity.observed in fulvic
acid. * Acyclic- a-ether structures (phenoxysuccinic and
carboxymethoxybutanedioic acids) are not sufficiently

acidic.

The importance of ring structures on the acidity of
various polycarboxylic acids is also indicated by the data
inTable 2. Indicarboxylic acids separated by two carbons, .
there is no significant difference in pK,; values between
cyclic and acyclic structures. However, in tetracarboxylic
acids in which each carboxyl group is separated by two
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carbons, the pKa; values of the cyclobutane and cyclo-
pentane structures is about 0.9 unit lower than the acyclic
structure. Replacement ofthe carbon with an ether oxygen
in the five-membered ring structure as is the case with
tetrahydrofuran tetracarboxylic acid decreases the pKa
value an additional 1.6 units. We believe the lower values
for pKy; in cyclic tetracarboxylic acids compared to linear
- tetracarboxylic acid analogs is related to the closer proximity
of carboxyl groups in the cyclic structures that give rise to
stronger inductive effects and also allow for intramolecular
hydrogen bonding between adjacent carboxyl groups (11).
The exceptionally low pK;, values for the aliphatic,
alicyclica-ether and a-esterpolycarboxylic acids are caused
by a number of factors that include inductive effects,
solvation effects, and steric effects of ring structures that
allow intramolecular hydrogen bonding between carboxyl
groups (11). In addition to a carboxylic acid being located
o to an ester or ether linkage, two to three additional

electron-withdrawing groups (carboxyl, ketone, ester, or -

aromatic groups) must be located on adjacent carbons on
both sides of the ether or ester linkage. Model compounds
incorporating aromatic structures such as 2,3-dicarboxy-
2,3-dihydrobenzofuran, were considered for study, but they
‘were not commercially available. Given the heterogeneity
of fulvic acid, a variety of electronegative ring substituents
and steric effects likely occtir that contribute to the strong-
acid characteristics of a-ether and a-ester acids.
Structural Models of Carboxyl Groups in Fulvic Acid.
Three structural models of fulvic acid that illustrate possible
carboxyl-group structures with pX; values less than 3.0 are
shown in Figure 5. The structure in Figure 5A is based on
the data obtained for fraction 6-3. A structure with greater
aromatic character is given in Figure 5B, and an average
structure that incorporates average structural data for
unfractionated fulvic acid from the Suwannee River (12) is
shown in Figure 5C. As seen from the variability between
these three models, a wide variation in structural models
is possible; the clustering of electronegative functional
groups on ring structures with a-ether and a-ester linkages
to carboxyl groups is reasonable given the structural

characteristics and functional-group distribution in fulvic

acid. :
The acid structures shown in Figure 5 have addition:
~  implications for the structure—reactivity relations of fulvic
acid. An estimate of the distribution of all acid structures
in fulvic acid from the Suwannee River is listed in Table 3.
The majority of carboxyl groups are accounted for by this
study. From the low pKj,; (1.67) of fulvic acid and from
considerations of model compounds that give pK, values
this low, the assumption of two additional carboxyl groups
in cyclicsuccinic acid configurations associated with o-ether
and o-ester structures is more likely than the one additional
carboxyl-group assumption. Therefore, all carboxylic acids
that comprise and are associated with a~ether and a-ester
structures (the carboxylic acid in the o position to the oxygen
plus two additional carboxyl groups) may be as great as
- 64%.
The clustering of carboxyl groups on aliphatic, alicyclic
rings with a-ether and «-ester linkages should enhance the
" amphiphilic nature of fulvic acid structures compared to
structures where carboxyl groups are evenly distributed.
Polar and nonpolar regions are observable in the siructures
of Figure 5. Kile and others (20} have measured the water
solubility enhancement factors for DDT and PCBs by fulvic

acid from the Suwannee River, and they attribute this -
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FIGURE 5. Three structural models (A—C) of fulvic acid molecules
from the Suwannee River. Carboxyl groups in bold print have pX;
values less than 3.0. - .

partition interaction to “molecular configuration and
conformation that permits the formation of a sizable
intramolecular nonpolar organic environment”.

a-Ether carboxylic acids may have carboxyl groups on
both sides of the ether linkage as in oxydiacetic acid.
Polycarboxylic acids with oxydiacetate groups are excellent
complexers of calcium, and a number of these structures
have been proposed as builders in detergent formulations
(21). There is a cyclic oxydiacetate structure in Figure 5C.
The similarity of the calcium-binding constant of an aquatic
fulvic acid to the calcium-binding constant of oxydiacetic
acid was recently noted (22).

Finally, the o-ester and a-ether linkages in humic
substances in general may result from either laboratory




TABLE 3 .

Summation of Carboxyl-Group Structures
Determined in Fulvic Acid from Suwannee River

% of
total
) content  carboxyl
acid-group structure {mmol/g)  groups
keto acids (pK; of 3.0 or less) | 0.20 3.0
aromatic and olefinic acids {(pKz of 3.0 0.46 7.7
or less)
aromatic and olefinic acids (pK, greater 0.86 14.3
" than 3.0) : :
a-ether and o-ester acids (pKs of 3.0 1.28 21.3
or less) :
additional carboxylic acids associated
o-ether and a-ester acids
{one additional acid assumption) 1.28 21.3
(two additional acids assumption) 2.56 42.6 -

total accounted acids 41-5.4 68-90

processing or diagenetic processes. Laboratory acidifica-
tion and drying of aliphatic z- and 8-hydroxy acids will
produce five- and six-membered ring lactones; five-
membered ring lactones form so readily that acidification
of aqueous solutions of 7-hydroxy acids will cause lactone
formation (7). Bowles and others (23) noted titrimetric
characteristics of fulvic acid from the Suwannee River that
were characteristic of lactone hydrolysis'in alkali solution
and re-esterification in acid solution. The a-ether linkages
may result from selective preservation of ether linkages in

lignin structure during microbial degradation (24). Ad-
. ditional ether linkages may be added to aromatic (25) and

olefinic (26) structures through oxidative radical-coupling
reactions initiated by enzymes or sunlight. Ester linkages

- also may result from radical-coupling processes.

Sﬁmmary

A majof fraction of carboxyl groups in fulvic acid from the

Suwannee River seem to be associated with cyclic aliphatic
a-ester and a-ether structures. These structures give rise
to exceptionally strong electron-withdrawing inductive
effects and intramolecular hydrogen-bonding effects that

_ strengthen the acidity of the first dissociation constant of .

these cyclic polyprotic acid structures. Destruction of these
structures through alkaline ester hydrolysis and ether
cleavage and reduction with hydriodic acid eliminates the
strong-acid characteristics of the carboxyl group adjacent
to the ether and ester structures.
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