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Abstract

The dissociation and metal ion binding properties of a soil fulvic acid have been characterized. Information thus gained
was used to compensate for salt and site heterogeneity effects in metal ion complexation by the fulvic acid. An earlier
computational scheme has been modified by incorporating an additional step which improves the accuracy of metal ion
speciation estimates. An algorithm is employed for the prediction of metal ion binding by organic acid constituents of natural
waters (once the organic acid is characterized in terms of functional group identity and abundance). The approach discussed
here, currently used with a spreadsheet program on a personal computer, is conceptually envisaged to be compatible with

computer programs available for ion binding by inorganic ligands in natural waters.
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1. Introduction

The solution chemistry of natural organic acids is
not fully understood even though considerable ad-
vances have been made over the past decade. This
short-coming is a consequence of a combination of
factors, including the following: the absence of a
unique structure of humic substances, the variation in
the methods of isolation and extraction and the ab-
sence of specific analytical methods suitable only for
humic substances. The absence of a total understand-
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ing has thus necessitated the need to model. The first
problem with modelling lies with the manner in
which these natural organic acids are conceptualised.
A perusal through the literature reveal the following
as examples of how natural organic acids (humic and
fulvic acids) are conceptualised.

(1) Strongly associated aggregates of acids, each
of comparatively low molecular weight [1].

(2) An assemblage of identical mean fulvic acid
units; a fulvic acid unit is a hypothetical macro-
molecule that contains one or more distinct classes
of acidic functional groups [2].

(3) An oligoelectrolyte (intermediate between
simple ions and true polyelectrolytes) composed of
impenetrable charged spheres [3].
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(4) An assemblage of relatively small amphiphilic
moieties which are slightly different but composed
of four to five predominant separate acidic sites with
each site characterised by a distribution of average
acidic strength. [4].

These conceptualisations have led to the develop-
ment of two major types of modelling, namely the
discrete ligand approach and the continuous distribu-
tion approach. In the discrete ligand approach, the
observed behaviour has been attributed to a limited
number of predominant sites. Ion binding by humic
substances which is described in terms of complexa-
tion at discrete sites is postulated to be modified by
electrostatic attraction and/or repulsion and non-
specific binding due to counterion accumulation [5].
In the model, variations in apparent binding strengths
in terms of a collection of abundant major proton-
dissociating groups (COOH, phenolic-OH) are com-
bined with electrostatic effects. Eight proton-dissoci-
ating sites are envisaged and the metal binding is
postulated to occur either at single proton-dissociat-
ing site (monodentate) or in a bidentate fashion.
There are seven adjustable parameters for fitting
proton dissociation and an additional two parameters
for each additional cation that can bind at the acid-
dissociating sites [5]. _

In the recent oligoelectrolyte model [3], humic
substances are again represented as impenetrable
spheres and the electrostatic effect is calculated us-
ing approximations of the nonlinear Poisson-Boliz-
mann equation. The “‘local’’ concentration of metal
ion near the charged polyions, [M**],,., is related to
the concentration of the metal ion in the bulk solu-
tion, [M**], as follows:

[MZ+ ]Ioc = )\Z[Mz+ ]sol (1)

where A, the electrostatic factor which is also inter-
preted as a ratio of polyion activities when the
molecular spheres envisaged are penetrable, i.e., al-
low diffusible components into its domain. The model
consists of a total of 14 parameters which may be
reduced to 9.

In the continuous distribution model, the proper-
ties of the various sites are assumed to overlap thus
warranting the use of statistical methods for their
estimation. The basis of the affinity distribution
model is the representation of the complexation pa-
rameters by a probability density function [6-8].

Binding of ions to humic substances is considered to
be influenced by a variable electrical potential and
by a variety of binding sites [8]. Humic substances
are treated as an ensemble of identical heterogeneous
polyelectrolytes for which an average potential holds
near all groups. The proton concentration at the
location of the binding sites, is also related to the
bulk proton concentration by using the Poisson-
Boltzman equation. Such electrostatic corrections are
employed to obtain a ‘“master curve’’ from which
intrinsic proton affinity distribution may be deter-
mined.

However, in the application of the continuous
distribution model to the acid—base properties of
natural organic acids (humic and fulvic acid), the
overall acidity is factored into two where a lower
pK, value, normally around 4.2 represents the car-
boxylic distribution, while a higher pK, value, nor-
mally around 9.1 represents the phenolic distribution.
This division yields an equivalent result as in the
discrete approach by considering two major acidic
sites.

Another example of the continuous distribution
model is the normal distribution model [9,10] where
the distribution of ligands in the molecule is de-
scribed by a mean (u) and a variance (o?) as
follows: ~

G 1 1({p-pK;\’ 5
e - el | FY
where C,/C; is the mole fraction of the ligand in
the interval dpK, pK; is the negative logarithm of
the dissociation constant for the proton binding, o is
the standard deviation and wu is the mean pK of the
proton binding to the humic substance [9,10]. Incor-
porating the above expression into that for the frac-
tion of metal bound (in metal-humate systems) and
again assuming a continuous distribution yields the
expression:

[M]10*
6 = m/_fl-i-[M 10%
1 - pK,
X exp _E(iail) dpK 3)

Application of the Gaussian distribution model to
humic substances readily distinguishes a two-ligand
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mixture from a continuous distribution of ligands
and can also distinguish between unimodal and bi-
modal distributions [9].

In the differential equilibrium function model
[11-13], a continuous distribution of sites is assumed
where the macroscopic binding functions, K, is
interpreted in terms of the microscopic binding con-
stants, K .., as follows:

Mb ZKmicro[Lfi]

macro M[Lf]- = [LfT] (4)

K

In the above equation, M, is the total bound metal,
M, is the free metal, L', represents all sites not
combined with M while L' represents the concentra-
tions of the microscopic sites not combined with the
metal [11-13). Since the binding sites are assumed
to overlap, the summation in the above equation is
replaced with an integral as follows:

L(K) -
a+r) ¥
(5)

where L(K,M) is considered to be a continuous
function of K and the amount of metal, M, present.

The choice of which model to employ in the
description of metal—humate interactions depends on
the objective of the data analysis. The discrete multi-
ligand approach is easily adapted to experimental
data using graphical methods [14] and as such
amenable to the prediction of metal-humate interac-
tions by easy incorporation into existing chemical
speciation computer programs, e.g., MINEQL [15].
The disadvantages of the discrete ligand model in-
clude the fact that the identified ligands may not be
representative of the actual binding sites in the hu-
mic substance, the difficulty in its adaptation outside
the range of calibration and the tendency to underes-
timate metal humate interactions at very low metal
ion concentration [16].

Whereas the continuous distribution model proba-
bly approaches the complexity of natural organic
acids, its short-coming is its adaptation into anticipat-
ing the sequestering of metal ions. It has, therefore,
been argued that the continuous distribution model
serves primarily as a first step towards identifying

K

macro

Lh= [KL(K.M)dk=[K

the most probable distribution of the acidic function-
alities in the natural organic acids [16]. In effect, the
application of the affinity distribution model [8] is
intrinsically similar to the discrete model as em-
ployed to humic substances [3,17].

New advances in the description of proton and
metal ion binding by humic substances have been
motivated by the adaptation of an approach origi-
nally designed for synthetic polelectrolytes to humic
substances [18—20). It has to be noted that in most of
the models described above, the need to separate
electrostatic effects from functional group hetero-
geneity in metal-humate interactions was not re-
alised until after the development of the unified
physicochemical approach [21]. The intrinsic differ-
ence between the unified physicochemical approach
and the other models is that in the unified physico-
chemical approach considerable emphasis is placed
on understanding the chemistry of the ligand in
terms of the probable functional groups while in the
other methods, the ligand is most of the time consid-
ered as a ‘‘black box’’ with emphasis placed on
solving mathematical equations in curve-fitting exer-
cises.

The objectives of this paper may be summarised
as follows:

(a) to review the original site-binding model and
its first application;

(b) to identify shortcomings in the approach and
propose correlations;

(c) to show that the incorporation of an additional
step to the earlier algorithm improves the metal ion
speciation. .

2. A review of the site-binding model and its first
application

2.1. Formulation of model

Earlier studies of the Armadale Horizons Bh ful-
vic acid [22] show that 24.5% of the total acidity
measurable in aqueous solution is attributable to a
fairly strong carboxylic acid component character-
ized by an intrinsic pK, of 1.8 (site I), 30.4% is
attributable to a somewhat weaker carboxylic acid
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with an intrinsic pK, of 3.4 (site II), and 22.4% to a
still weaker carboxylic acid characterized by an in-
trinsic pK, of 4.2 (site III). The remaining 22.7% of
the acid measurable in aqueous media was assigned
to an acidic alcohol (enol) with an intrinsic pK, of
5.7 (site IV).

Also deduced from these earlier characterization
studies was the observation that two of these four
acid sites had to contain two additional acid groups
too weak to be detected by standard titration proce-
dures. This hypothesis explained extra release of
protons in the presence of excess Eu(Il) or Cu(ID)
ion. A two-fold greater release of extra proton in the
presence of the Cu(Il) ion than in the presence of the
Eu(III) ion influenced assignment of the carboxylic
acid associated with site II (pK, = 3.4) to one of the
two very weakly acid phenolic OH groups presumed
to be involved in the bidentate configurations needed
for the extra proton release. The second bidentate
combination was identified with the weak acid alco-
hol (site IV) and the other phenolic OH group ortho
to it [22].

The initial exclusive assignment of phenolic OH
groups to the two bidentate sites identified had to be
modified to accommodate the pattern of Cu(Il),
Co(II), Zn(I) and Eu(Ill) interaction with the Ar-
madale Horizons Bh fulvic acid [23-26]). The highly
selective binding of low concentration levels of Cu(Il)
ion at low pH levels was best accounted for by
substituting an amine group for 23.3% of the OH
groups initially assigned to the site II carboxylic acid
[23]. Replacement of the salicylic acid-like function-
ality with a B-carboxymethylaminoproprionic acid-
like moiety led to binding consistent with experimen-
tal observation [23].

Replacement of 10% of the very weakly acidic
phenolic OH of the dihydroxyl moiety postulated
with a carbonyl group corrected for the severe under-
estimate of binding when the dihydroxyl chelation
path was considered to be the only one available
[26]. The more easily accessible path to chelation
provided by the carbonyl group removed the earlier
tendency to underestimate binding patterns severely
as pH levels increased.

With this picture of the fulvic acid molecule metal
ion binding could be accounted for in the following
way. Eight metal ion-bound species, four unidentate
at site I, I, III and I'V and four chelated at site II and

IV were presumed to form by simultaneous interac-
tion of the metal ion with the weak acid groups of
fulvic acid. The quantity of metal ion bound at each
site depends on site abundance and the ion associa-
tion constant. Literature values of the metal ion
constants of complex species most closely resem-
bling those expected to be formed [27] were used
whenever possible to anticipate the various reaction
paths [23-26].

2.2. Development of computational scheme

The above site-binding model was used to de-
velop the first computational scheme for estimating
copper binding to a soil fulvic acid. The measured
pH and pCu values were used in the model to
estimate the total quantity of copper-bound species,
3Cuy, ey at each experimental pH value. To moni-
tor the predictive quality of the computational scheme
at different salt concentration levels the model-based
estimates of Cu®* jon bound species, JCuy .,
were compared with the experimentally-based val-
ues, SCuy ... The XCuy,., parameter was ob-
tained through measurement of free Cu?* ion during
the stepwise titration with standard base of the Cu?*
ion containing soil fulvic acid, simple salt systems
prepared for study [23].

Uncertainties introduced in the initial program are
noted and discussed in the course of this review.
Remedial steps taken to remove them are then exam-
ined in some detail. They provide the basis for the
refined computational scheme eventually presented.

The initial computational scheme

To initiate examination of the equilibria encoun-
tered in Cu(I) ion, fulvic acid, simple salt systems
estimates of fulvic acid group dissociation at each
experimental pH prior to complexation of the Cu(II)
ion were sought first. The overall degree of dissocia-
tion of the fulvic acid, «,, was obtained from the
experimental pH by interpolating pX, values from a
plot of pK, versus pH for the Cu(I) ion free but
otherwise equivalent fulvic acid system [24]. The
value of a, was then resolvable either from a plot of
pK, versus a, [24] in the Cu(II) ion free system at
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the salt concentration level of the system under
investigation or simply from use of Eq. 6.

= o

pH —pK, =log(

The appropriate correction for concentration en-
hancement of the H* ion in the counterion concen-
trating region of the fulvic acid molecule was then
estimated using the term (pK| — pK, o), denoted
as ApK, versus o, curves [22]. The fractional disso-
ciation, «a,, of the three carboxylic acids and the one
enol was calculated with Eq. 7.

= o

pKa,intr,n + ApK = pH - IOg( 1— a,

In this equation the subscript » identifies weak acid
sites (n =1, II, III and IV), pK, ;.. . corresponds to
the intrinsic pK, assigned earlier to the weak acid
associated with that particular site, ApK is as de-
fined earlier, and «,, is the fractional dissociation of
the nth site. The quantity of each complexed species
was calculated from «, in a sequence of computa-
tions [23]. These computations used literature-based
values [27] for formation constants of the eight Cu(II)
ion bound species expected to be formed. The linear
relation between the published log of the complexa-
tion constant, log( Bc, _rcoon)s Values of unidentate
Cu(ID) complexes of monocarboxylic acids and their
corresponding acid dissociation constant [28] was

employed to assign stability constant values to the

unidentate Cu(Il) species formed with the four acid
(COOH and OH) sites of the Armadale fulvic acid.
These stability constants, 8, =2.5Xx10', 8,=5.0
X 10', B;=1.7X10? and B, =2.62 X 102, were
used in the mass action expressions to calculate the
formation of unidentate complexes to the respective
acid sites, CuA}, as a function of a, and pH.
Equations that described the curves employed to
facilitate resolution of the «, and Donnan potential
terms, (ApK), graphically were substituted to reach
this objective with an algorithm used with a personal
computer. One (site II) of the two bidentate sites
(site II and site IV) provided two complexation
reactions with the Cu(I) ion. 23% of the phenolic
OH groups ortho to this carboxylic acid group (site
I1) were replaced by an amine group to define the
second site II-Cu ion reaction when it was found

that this led to better agreement between calculation
and experiment. Chelates thus formed were consid-
ered analogous to complexes formed with salicylic
acid (first reaction in Eq. 8) and methyl amino
propionic acid (second reaction in Eq. 8).

Cu?* + (HOC)R(COO0,)
= Cu(COO,)R(CO) +H*

Cu?* + H,NR(COOy;) = Cu(COO,;)RNH] + H*
(8

Computations of chelate formation as a function of
a and pH used literature-based formation constant
values [27] for the mass action expressions for the
reactions in Eq. 8. These parameters, multiplied by
the corresponding dissociation constants of the diba-
sic acids involved in the chelation reactions, define
the equilibrium constants for the reactions shown
(Eq. 8), to facilitate estimate of copper chelated
complex formation. Because the concentration of
free bidentate ligand is not accessible, the mass
action expression for the complexation reaction could
not be used for this purpose. The B value of 4.7 X
10 reported for the copper salicylate chelate at an
ionic strength of 0.1 [27], estimated to reach a value
of 2.7 X 10" at infinite dilution, was combined with
the approximate K, value of 10~ '3 assignable to the
dissociation of the phenolic OH group of salicylic
acid [27] to resolve a value of 0.027 for K, ,, the
equilibrium constant of the first reaction in Eq. 8
above. The value of 16 assigned to K,,,, the
equilibrium constant for the second reaction in Eq. 8,
is somewhat larger than the value of 10 obtained
with methyl aminopropionic acid [27], the molecule
selected to model the change in metal ion binding
properties associated with the site II carboxylic acid
when the amine group is substituted for the phenolic
OH. In this instance both the formation constant of
the chelate, Be,cpe = 2.8 X 10" [27], and the disso-
ciation constant of the second ionization step in the
dibasic acid, K, =3.5 X 107" [27], were measured
at an ionic strength of 0.1. Corrections for non-ideal-
ity of the Cu®* and H"* ions at this ionic strength
increase the product of Bc,cy and K, from 9.8 to
the value of 16 used in our computations. Simultane-
ous binding of Cu(II) to one or both of the coordinat-
ing groups associated with site IV (OH) were con-
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ducted in a similar manner. Complexation reactions
include the weakly acidic alcohol assigned to site IV
and one of two bidentate reactions of either the
phenolic OH group ortho to it or a carbonyl group
substituted for the phenolic OH 10% of the time. A
value of 10° was assigned to the formation constant
of the dihydroxyl chelate of Cu(I) ion that was
presumed to be nine times more prevalent than the
keto, enol chelate of Cu(ID).

Inaccessibility of the concentration of the fully
dissociated dihydroxyl functionality associated with
site IV once again necessitated the circuitous route
first described to facilitate computation of the extent
of Cu®** ion chelation by this moiety. For this pur-
pose, use was made of a displacement reaction, as
before

Cu?* + (HOCCRCOj; ) = Cu(OCCRCO) + H*
(9

A value of 2X 1072 was assigned to K,,3, the
equilibrium constant for this reaction, in order to
provide the path to assess Cu®* ion binding by 90%
of the site IV chelation capacity. To reach this
parameter a K, value of 2X 10~!" was combined
with the 10° value chosen for the formation constant
of the copper chelated complex. The assignment of a
value of 10° to the formation constant of the dihy-
droxyl chelate of Cu(Il) is consistent with published
values of oxygen-linked bidentate complexes of Cu?*
[27] and was assigned to the formation constant of
the keto, enol chelate of copper as well. A formation
constant of 10° for the Co?* and Zn®* bidentate
complexes formed with the postulated hydroxyl, car-
bonyl group in the tracer-level studies [24,26] sup-
ports this assignment. When multiplied by a factor of
103 to account for the extra stability of the Cu
chelate, given by the ratio of the formation constants
of the related acetyl acetonate molecule [27), this
value of 10° is obtained. '

Mass action-based expressions were corrected for
Debyean long-range interactions by employing the
single ion activity coefficient for Cu®*-ion, yg,,
from Kielland [29].

Donnan potential corrections for H* ion, (4pK),
used in the evaluation of «,, was presumed to also
apply to the Cu®* ion. This term is squared when
used for the divalent Cu®* jon. Removal of free

Cu?* ion from solution by hydrolysis was consid-
ered when the pH of the system reaches and exceeds
a value of 6. This correction was provided by moni-
toring the concentration of Cu** and H* ions during
addition of standard base to < 10™* M Cu(NO,), in
0.10 and 0.010 M KNO, solutions in our earlier
research {24,25]. Concentrations of hydrolysed cop-
per species, 3Cu(OH),, measurable as the differ-
ence in Cu?* ion concentration levels initially and
after each addition of base, was used with the H*
jon concentration measurement to evaluate the em-

pirical hydrolysis parameter, K :‘mp, defined as shown.
2. Cu(OH),,(H")
Kh = 10
e = K (10)

Plots of log K, versus pH at different ionic
strengths facilitate the estimation of the quantity of
hydrolysed copper species present in the elevated pH
region of an experiment.

This computational scheme has been tested by
comparing model-based predictions of FA bound
copper ion with free Cu®* ion based estimates in
two kinds of experiments. In the first experiment,
base was added to 0.10 M and 0.010 M KNO,
solutions containing fulvic acid and copper nitrate at
predetermined molar ratios. In the second experi-
ment, copper nitrate solution was added stepwise to
0.10 M and 0.010 M KNO, solutions containing
partially neutralized fulvic acid. These experiments
and their results are described in detail elsewhere
[23]. Agreement of bound copper was, in many
instances, quite good. In others there was significant
disparity.

In experiments where Cu?* was present in ex-
cess, model-based predictions of copper ion binding
were poorest in the high pH region. Agreement
between experiment and model predictions was con-
fined to a restricted pH range. Above a pH of ca. 5.5,
Cu?* ion binding exceeded stoichiometric based lim-
its and calculated fulvic acid—Cu?* ion species con-
centrations using the computational scheme diverged
from the experimental values [23].

In spite of the instances of failure, this first
computational scheme proved quite useful; it accom-
modated ionic strength disturbances and predicted
the Cu** ion binding properties of a soil fulvic acid
over a pH range from 3 to 7 while varying metal ion
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and fulvic acid concentration levels. The computa-

tional scheme permitted calculation of complexed
* species distributions as a function of the experimen-
tal parameters.

Deficiencies of the computational scheme and rec-
ommended refinements

Disparities between prediction and experiment ar-
gue for modification of the computational scheme.
Where the quantity of Cu®>* ion in solution exceeds
the metal ion binding capacity of the FA in solution,
the computational approach does not predict the
almost complete removal of Cu?* jon from solution
when a pH of ca. 7 is reached. It appears that a
FA—Cu ion binding reaction for excess Cu®* ion, in
the higher pH range has been overlooked in the
approach developed.

A candidate reaction path is proposed here (Egs.
11-13). At a pH > 5.5 hydrolysis of the free Cu**
ion that is encountered [24] is insufficient to account
for the observed removal of Cu?*.

Cu2*+ H,0 = Cu(OH) " + H* (11)

However, the hydrolysis product, Cu(OH)*, can in-
teract with the Cu’* ion complexed fulvic acid
molecule with release of a proton, forming an oxy-
gen bridged copper fulvic acid complex, as shown, if
the copper-complexed products are highly polar.
Should this be the case, the net reaction would
provide the additional Cu* ion binding path being
sought.

Cu(OH) " + CuFul = CuOCuFul + H* (12)
Cu** 4 CuFul + H,0 = CuOCuFul + 2H*  (13)

Such rationalization is compatible with the protona-
tion properties of the Armadale Horizons Bh fulvic
acid during its neutralization with base in the pres-
ence of varying quantities of Cu®* ion [22]. Design
of a step (or steps) to accommodate this complicated
phenomenon awaits further study. As a consequence,
operations to account for this complexity are not
included in the revised computational program.,
Such modification of the computational scheme
has been found to be unnecessary with copper ion
binding to the Suwannee River fulvic acid [24]. With
this fulvic acid removal of excess Cu?* ion appears
to be described adequately by the hydrolysis of the.

Cu®* ion in the 5.5 to 7.5 pH range. Differences in
the Cu®* ion binding behavior of soil and aquatic
fulvic acids illustrated with the approach developed
assists in selection of the most suitable computa-
tional scheme {22,231,

The main shortcoming of the computational
scheme, however, is due to use of information ob-
tained from equating the acid dissociation properties
of the Cu?* jon containing systems with the Cu?*
ion free but otherwise equivalent systems. The «,
obtained from the equilibrium pH of the Cu** ion
systems is inaccurate due to modification of carbox-
ylate group ionization patterns and surface charge by
Cu?* ion complexation. In the computational scheme
@,, so obtained, is used to evaluate (ApK), the
Donnan potential term, for estimate of «, with Eq.
7. Since the «, value is used to calculate the
quantity of copper-complexed species formed, an
error in the Donnan potential term becomes an in-
creasingly serious.source of uncertainty. Defining «,
obtained from the equilibrium pH of the system as
the overall degree of dissociation prior to complexa-
tion, an unreasonable assumption becomes the basis
of this step of the computational scheme. If a, were
accurately determined by this procedure, it would
still have to be equated with the «, values after
complexation had taken place, not before.

To remove this deficiency of the computational
scheme, use of o, has been avoided in the approach
that is now proposed. This scheme uses the pH of the
Cu?* jon containing systems to provide estimates of
a, only to resolve a first estimate of Donnan poten-
tial values. The first step of the computational scheme
remains unchanged; the second step using Eq. 7 to
evaluate «, has been deleted. Instead, Eq. 14 is used
to evaluate the quantity of copper complexed by the
unidentate weak acid sites (I and IIT). By taking into
account the presence of protonated site I(III) species,
use of the e, term can be avoided as shown in Eq.
15

R(COO;) =A,(FA;) = CuR(CO0O0,) " — HRCOO,

CuR(CO0,)"
(Cu?*)( ApK )y, R(COO; )

ﬁc.m(coo,,)+ =

(14)
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A second equation is provided to permit assessment
of the presence of protonated site I(III) species to
complete the inventory.

) HR(COO,)
Bur(coo,) = (H%)(4pK)y4R(COO;)

(15)

The equations used to account for Cu?* jon binding
to sites II and IV are modified similarly. However, in
addition to the correction for the presence of the
protonated species correction is made for the simul-
taneous presence of chelated species. The appropri-
ate extra expressions for this formation are also
included as shown next.

3. The revised computational algorithm

The experimental pH is used to interpolate pK,
values from a plot of pX, versus pH for the ion-free
metal, but otherwise equivalent fulvic acid system.
These pK, values together with the experimental pH
value in Eq. 1 give «. This yields the Donnan
potential, the concentration enhancement term for
both H* and Cu?* ions in the counterion concentrat-
ing region of the fulvic acid. Calculation of «,, the
fractional dissociation of the three carboxylic acid
and the one enol site (Eq. 7) is avoided by including
the weak acid equilibria as briefly outlined above
(Egs. 14 and 15). Equations used to calculate fulvic
acid species are presented in the order of their use in
this revised computational approach.

Egs. 14 and 15 are employed first to estimate the
quantities of copper and hydrogen bound to the
carboxylate groups associated with Site I and Site
II1. The material balance based Eq. 16 provides a
representation of the quantity of uninvolved Site I
and Site III carboxylate to be used in these equa-
tions.

Y RCOO; =A,(FA;) — 3, CuRCOO}

— Y HRCOO, (16)
Similar treatment of the speciation estimates for Site
II via the salicylic acid and the amino carboxylic
acid paths accessible to the copper lead to use of the
sets of equations presented below:

Salicylic acid path
Kcu(coo,reo

B Cu(COO,)R(COY(ay+)
(Cu?* )(yeu+ Jantilog( ApK)( ), (COO™ )R(COH))

(17)

BCu(COl)u)R((.‘.Oi-!)+
Cu(CO0y;)R(COH)*
(CuZ* )(ygy2+ antilog(ApK )2( Z (CO0y; )R(COH))

(18)

Br(coor(coH)
H(COO,;)R(COH)

(H* )(7y2+ antilog( ApK)( Z (COOy )R(COH))

(19)

where

Y (COO™)R(OH)

= ((Ay—0.07)(FA;)) - (Cu(COOII)R(CO))
— (Cu(COO,)R(COH) " )
—~ (HCOO,R(COH))

Aminocarboxylic acid path

(20)

KCu(COO,,)R(NHZ)"‘
~ Cu(COOy)R(NH,) " (ay+)
(Cud* Yycy+ )auti]og(ApK)( Y (COOj )R(NH, ))

(21)

Beu(cooR(NH)2*
Cu(COO0; )R(NH,)**
(Cud* )(yg,2+ Jantilog( 4pK)*( ) (COO; Y(R(NH;))

(22)

Bu(coor(nH)*
B H(COO;)R(NH;)*
(H* )y Jantlog( 4pK) | L. (COO7 JRANHS))

(23)
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where
-~ ¥(C00;)R(NH,)

= (A, —0.23)(FA,) — Cu(COO,)R(NH,)
- Cu(COO,)R(NH,)**
— H(COOy )R(NH;) (24)

Finally the complexation possibilities (uni- and
bidentate) accessible to the enol groups constituting
site IV are treated in a manner paralleling the ap-
proach used to anticipate the binding of Cu®** ion via
both the salicylic acid and the aminocarboxylic acid
paths presumed operable in the Site II bidentate
complex formation processes.
Dihydroxyl path

 Keu(coo,yicrC0

~ Cu(CO0,y)CRCO(ay+ )
(CuZ* )(ycy2+ antilog( ApK)( Z (CO0R, )CRCOH)
(25)
Beu(coo)CRCOH*
Cu(COO, )CRCOH*
(@) 26)
(Yau2+ )antilog(ApK)z( Y (COOI'V)CRCOH)
BH((‘OO,V)CRCOH
~ H(COO,, )CRCOH
(H* )(yy+ antilog( ApK)( Y (cooy, )CRCOH)
(27)
where
Y. CO,,CRCOH

—~ Cu(COyy ) CRCOH* ~ H(CO,, CRCOH)

(28)
keto—enol path
Beuicooy)creo t
~ Cu(CO0,, YCRCO*
B (Cu?* Y yeur )antilog(ApK)z( Y (COOI‘V)CRCO)_‘
(29)

where

Bu(coo,ycreo *

H(COO0,, )CRCO*
= (30)
(H* )(yy+ )antilog( ApK )( Y (COO,’V)CRCO)
Y. COy, CRCO
= A (0.1)(FA;) — Cu(CO,,)CRCO™
— H(CO,, CRCO) (31)

To account for removal of Cu?* ion by hydrolysis

Eq. 10 is used as it was in the original computational
scheme when the pH exceeds 5.5. Solution of Eq. 10
and each set of simultaneous equations provided by
this approach produces the first series of copper
binding estimates once a pCu value is selected to
initiate the sequence of computations at a particular
experimental pH. Their sum is added to the free
copper ion (pCu) for comparison with the total quan-
tity of copper in the system under investigation. If
there is a discrepancy between the two numbers
another pCu value is selected and the series of
computations are repeated. Such iteration, performed
manually using the Smart Spreadsheet with Graphics
program, is continued until the selected pCu value
affects the material balance being sought.

This initial assessment of Cu®” ion binding to the
Armadale fulvic acid bases estimate of the Donnan
potential term on the acid dissociation properties of
the fulvic acid in the absence of Cu®*. With the
unidentate CuA* species concentrations calculated
in the first iteration of the computational scheme
correction for screening of the negative fulvate ion
charge by ICuA™ can be made to permit a more
accurate estimate of the Donnan potential term than
before for use in a second iteration of the program.
The (ApK) versus a plots [22] employ a,, defined
as shown, for this purpose

ZAeff

FA,

Qepr =
Y A =bV,+hV,~ Y CuA*— Y CuAA  (32)

In the above equation, a,; is the effective degree of
FA dissociation, S CuA* is the fraction of fulvic
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Fig. 1. Comparison of experimental-based (Cub-expt) and model-
based estimates of bound copper (Sum-Cub) during neutralization
of a 0.10 M KNO; solution: (a) contain 0.4989 mmol of Ar-
madale Horizons Bh fulvic acid in the presence of 0.1044 mil-
Timoles of copper nitrate; (b) 0.2883 mmol of Armadale Horizon
Bh fulvic acid in the presence of 0.02088 mmol of copper nitrate.

acid sites which exist as singly positively charged Cu
site complexes, with b and & corresponding respec-
tively to the concentration of standard base added
and the solution concentration of H* ion after each
addition of base, V, representing the volume of base
added and V, the volume of the solution after each
addition, and S CuAA accounting for the total of Cu
chelated species formed.

The computation continues until [22] the sum of
all calculated Cu®* ion containing species (5 Cu®*
+ 3CuA*+ ICuAA) equals 3Cu,,,, the quantity
of Cu?* ions added to the system and [23] the
SCuA” value agrees with the 3CuA* value se-
lected to resolve the Donnan potential term.

Readjustment in two operations of the first com-
putational scheme was introduced in the revised
approach. The accuracy of the operation which in-
volved use of the Donnan potential versus «, plots
to evaluate a, was enhanced by a more precise
analysis, than before, of the acid dissociation data
they were based upon [23]. In the operation used to
account for the chelation of copper by the dihydroxyl
group (site IV) the equilibrium constant of 2 X 1072
used earlier [23] in the mass action expression for the
displacement reaction (Eq. 9) employed for this pur-
pose (Eq. 27 in the revised program) was increased
by a factor of 10. By raising the second dissociation
constant, K,, of the dihydroxyl from 2 X 1072 to

0pi2 a)

=22
ool + 22 iRt

*®

E 0006 T oy * Cu-pound, cole.
3 & o Cub-expt,
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Fig. 2. Comparison of experimental-based (Cub-expt) and model-
based estimates of bound copper (Cu-bound,calc) during neutral-
ization of a 0.010 M KNO; solution: (a) 0.04399 mmol of
Armadale Horizons Bh fulvic acid in the presence of 0.01044
mmol of copper nitrate; (b) 0.04075 mmol of Armadale Horizons
Bh fulvic acid in the presence of 0.002575 mmol of copper
nitrate.
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2x 107! for this purpose correlation of experiment
with computation was improved to justify this modi-
fication of the first computational scheme.

4. Results from the application of the algorithm

Calculated species distribution using this algo-
rithm for four representative fulvic acid, copper ni-
trate, potassium nitrate systems are presented in Table
1. These results are also summarized in Figs. 1 and
2. In these figures the experimental and model-based
estimates of bound copper for each of the systems
are plotted versus p{H}. The complete p{H} range
examined in these studies has been included in these
figures. Even when the molar ratio of FA to Cu®* is
varied sizeably while the salt concentration level is
varied by a factor of ten there is no noticeable effect
on prediction of copper ion binding to the fulvic acid
over a pH range of ca. 3-7. Copper complexed
species formed with the various fulvic acid sites in
the course of fulvic acid neutralization with standard
base is presented in Fig. 3 to provide an example of
the speciation tendencies of the FA, Cu(NO,),,
KNO, systems examined in Table 1. From this kind
of projection insights with respect to the part that
each complexation site plays as a function of p{H}
and the copper to fulvic acid ratio in the solution are

0006 T
0005 1T

0004 T

gained. The dominant role of the bidentate ligands
when the quantity of copper is much smaller than the
fulvic acid capacity for it becomes obvious.

Results obtained with the algorithm for the addi-
tional systems examined earlier with the first compu-
tational scheme in Ref. [23] (except for those in
which the quantity of Cu?* exceeded the capacity of
the fulvic acid) are available upon request.

Overall, the algorithm-based predictions of free
and bound copper compare favorably with the exper-
imentally-based values of these parameters. Develop-
ment of this algorithm for the prediction of metal ion
binding by organic acids in natural waters, once
characterized as described, has been demonstrated.
This approach has promising compatibility with
chemical speciation programs that are already avail-
able for the consideration of ion binding by inor-
ganic ligands in natural waters.

5. Conclusions

A scheme which provides the capability of de-
scribing metal ion binding by a fulvic acid once the
p{H} of the system is known has been developed. A
thorough estimation of the acidic moieties constitut-
ing the fulvic acid molecule is a requisite for such
scheme to be successful. In our approach, the fulvic
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Fig. 3. The copper fulvate species distribution plot in a 0.010 M KNO; solution containing 0.04399 mmol of Armadale Horizons Bh fulvic
acid and 0.01044 mmol of copper nitrate in the course of its neutralization with standard base.
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Table 1
The p{H}-based prediction of copper ion binding to fulvic acid

() System: 0.4989 mmol Armadale Horizons Bh fulvic acid, initial

ml/ base p{H) pcu(exp) Pcu(calc) Z Cub,(exp) z Cub,(caic)
0.00 2.672 2.818 2910 2.685 % 10~2 4,161 X 102
0.10 2.684 2.837 2.920 3.003 X 102 4,185% 1072
0.50 2.780 2.873 2.940 3.541 %1072 4.601 X 10™2
0.80 2.853 2.873 2973 3.500 X 102 4.833 x 1072
1.00 2.914 2.889 2.989 3.726 X 1072 5.062 X 1072
1.20 2973 2.918 3.010 4135 X 1072 5.254 % 1072
1.40 3.045 2.928 3.028 4255 x 1072 5.508 X 10~2
1.60 3.119 2.964 3.050 4725 X 1072 5717 X 1072
1.80 3.184 2.990 3.070 5.037x1072 5.951 % 1072
2.00 3.286 3.035 3.110 5.550 X 102 62311072
2.20 3.382 3.084 3.140 6.056 X 1072 6.533 X 1072
240 3.485 3.129 3.180 6.472x 1072 6.833x 1072
2.60 3.599 3.210, 3.220 7.135 X 1072 7.210 X 1072
2.80 3,723 3.297 3.270 7.725 % 102 7.618 X 1072
3.00 3.859 3.388 3.340 8.230 X 10~2 8.006 X 10~2
3.20 3.995 3.498 3.425 8.718 X 1072 8.320%x 1072
3.40 4.156 3.637 3.525 9.185 X 102 8.736 X 10~2
3.60 4.309 3.770 3.630 9.513 % 1072 9.100 X 10~2
3.80 4.518 3.964 3.794 9.845 x 1072 9.504 X 1072
3.90 4,597 4.052 3.860 9.953 X 10~ 2 9.605 X 1072
4.00 4,691 4.133 . 3.950 1.040 X 10~} 9,736 X 10~ 2
4.20 4919 4353 4,170 1.020 X 107! 1.003 X 107!
4.40 5.128 4541 4,390 1.028 x 107! 1.024 X 1071
4.60 5.326 4,745 4,625 1.034 x 107! 1.025 X 10~?
4.80 5.616 4,987 4970 1.038 X 10~} 1.030 X 107!
4.90 5.702 5.091 5.070 1.039 X 10~} 1.033 X 1071
5.00 5.841 5.188 5.220 1.040 X 107} 1.048 X 10!
5.10 5.947 5.305 5.355 1.041 x 107! 1.037 X 107!
5.20 6.119 5.415 5.550 1.042 x 1071 1.038 x 107!
5.30 6.255 5.577 5.690 1.043x 107! 1.049 X 107!
5.40 6.403 5.651 5.860 1.043x 107! 1.041 X 107!
5.50 : 6.583 5.810 6.050 1.043x 107! 1.043 x 107!
5.60 6.724 5.965 6.200 1.043 X 10! 1.040 x 107!
5.70 6.910 6.092 6.390 1.044 X 107! 1.043X 107!
5.80 7.078 6.279 6.570 1.044 x 10~! 1.036 X 107!
(b) System: 0.2883 mmol Armadale Horizons Bh fulvic acid, initial )

ml/base p{H} PCu(exp) PCucy1c) ZCup exp) 2Cuy catey
0.00 2.799 3.659 3.720 1.206 X 10~2 1.321 X 1072
0.20 2.856 3.694 3.760 1271 x 1072 1.384 X 1072
0.40 2.970 3.749 : 3.845 1.364 X 1072 1.510 X 102
0.60 3.096 3.821 3.955 1472 X 1072 1.629 X 102
0.80 3.243 3,917 4.090 1.592 X 1072 1.754 X 1072
1.00 3,410 4.058 4255 1.728 X 10~2 1.863 X 102
1.20 3.620 4.237 4480 1.848 X 10~? 1.950 X 10~2
1.40 3.878 4.492 4.760 1.954 X 1072 2.012x 1072
1.60 4,162 4818 5.063 2.024 X 1072 2.050 x 10~2
1.80 4.442 5.149 © 5355 2.058 X 1072 2.070 X 10~2
2.00 4,762 5.499 5.685 2.075 X 10~2 2.082 %X 1072
2.20 5.044 5.819 5.980 2.082 X 1072 2.082 % 1072
240 ° 5.526 6.304 6.480 2.086 X 1072 2.090 X 102

2.60 5.957 6.744 6.938 2,087 x 1072 2,082 X 1072
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Table 1 (continued)

(b) System: 0.2883 mmol Armadale Horizons Bh fulvic acid, initial

ml/base plH} PCueyp) PCUcaicy ZCuy (g ZCuy (caiy
2.70 6.254 7.047 7.242 2,088 X 1072 2.088 X 102
2.80 6.584 7.401 7.580 2.088 X 10~2 2.087 x 102
2.90 6.945 7.728 7.945 2.088 X102 2.087 % 1072
(c) System: 0.04399 mmol Armadale Horizons Bh fulvic acid, initial

ml/base plH} PCUexp) PCucarcy ZCty exp) 2ZCuy eate)
0.00 3.496 3.874 3.900 3744 x 1073 4.118 1073
1.00 3,726 3.936 3.955 4519 %1073 4736 x 1073
1.50 3.863 3.958 3.990 4756 X 1073 5.111%10°3
2.00 4,057 4.048 4.040 5.775 %1073 5.706 x 1073
2.50 4282 4.166 4.120 6.851 X 1073 6.444 X 1073
3.00 4.605 4,345 4.275 8,041 x 1073 7.554 %1073
3.50 5.009 4,645 4.535 9,226 X 1073 8.872x 1073
4.00 5.597 5.145 5.050 1.005 X 102 1.003 X 103
420 5.818 5.390 5.275 1.022 X 1072 1.019 X 1072
4.40 6.144 5.675 5.600 1.032 X 1072 1.030 x 1072
4.50 6.287 5.832 5.750 1.036 X 1072 1.031x 1072
4.60 6.440 5,938 5.890 1.038 X 1072 1.038 X 1072
4.70 6.580 6.117 6.040 1.040 X 1072 1.043 X 1072
4.80 6.777 6.285 6.235 1.041 X 1072 1.039 x 10~2
4.90 6.921 6.460 6.385 1.042 X 1072 1.046 x 1072
5.00 7.127 6.635 6.590 1.043 X 1072 1.037x 1072
(d) System: 0.04075 mmol Armadale Horizons Bh fulvic acid, initial

m]/ base P{H} pcu(exp) Pcu(calc) 2 Cub.(exp) ) Cub,(calc)
0.00 3.562 4.790 4.930 1.760 X 10~3 1.997 x 1073
0.20 3.613 4,828 4.982 1.825 x 1073 2.027%1073
0.40 3.666 4.870 5.018 1.892 X 103 2.089 %1073
0.60 3.724 - 4915 5.075 1.957 x 10~2 2.123x 1073
0.80 3.796 4.974 5.128 2033 %1073 2.196 X 1073
1.00 3.873 5.057 5.200 2126 x 1073 2.242%x 1073
1.20 3.964 5.144 5.275 2206 x1073 2311x 1073
1.40 4.065 5.248 5.370 2283 x 1073 T 2359% 1073
1.60 . 4.187 5.380 5.490 2359 x 1073 2399 x 1073
1.80 4.328 5.536 5.625 2.423%1073 2443 107%
2.00 4.490 5.703 5.775 2471 %1072 2.495x 1073
2.20 4.678 5.926 5.965 2.512x 1073 2513x 1073
2.40 4.891 6171 6.175 2.539 X 1073 2.536 X 1073
2.60 5.125 6.459 6.408 2.557x 1073 2.550x 1073
2.80 5.385 6.771 6.670 2.566 X 10~3 2.556 x 1073
3.00 : 5.652 7.101 6.943 2.571x 1073 2.554 %1073
3.20 5.985 7.465 7.268 2573 %1073 2.584x 1073
3.40 6.283 7.802 7.571 2574 x 1077 2.572x1073
3.60 6.645 8.121 7.940 2525 x 1073 2.577x 1073
3.80 6.983 8.492 8.283 2575 %1073 2572 %1073
4,00 7.439 8.919 © 8,740 2575 %1073 2.569 x 1073

acid has been conceptualised as an assemblage of
amphilic acidic moieties with 4 to 5 predominant
sites whose average acidic strengths vary. This
scheme has been demonstrated with the Cu®", soil

fulvic acid, and NaNO, (KNO,) system. The algo-
rithm that has been developed for this purpose relies
strongly on the formation constants reported for the
interaction between Cu®* jons and the envisaged
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functionalities of the acidic sites of the fulvic acid

and is suitable for incorporation into already existent

chemical speciations programs [15].
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