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ABSTRACT

A theory of multiple equilibria is presenied which as-

sumes the numerous binding sites on humic molecules as sub-
ject to competition between protons and metal ions for occu-
pancy. The binding of small ions to active sites on the
polymer is considered the result of electrostztic inter-
actions which vary with the degree of humic icnization.
This theory allows the calculation of intrinsic formation
constants, which are independent of the degree of polymer
dissociation, for humic-metal complexes. Thus, reliable
estimctes of the sirengths of natural associations can be
obtained.

Although this approach has been extensively employed in
the study of protein-metal interactions, the existing equations
have been modified to accomodate the lack of an average-
molecular-weight value for the humic material.

The experimental determination of the infrinsic for-
mation constants was accomplished by dizlysis eguilibration
and Electron Spin Resonance spectroscopy(ESR). Although
suitable for only Mn(11) determinations, ESR was found to
provide a simple technique for the investigation of manganous

complexes regardless of ligand complexity.

iii
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SECTION 1
INTRODUCTION

Because of the increasing possibilities of heavy-metal
pollution, an understanding of the aqueous chemistry of
these metals has become a practical necessity rather than
a geochemical or biological curiosity. Consequently, not
only is information needed regarding the total dissolved
concentrations of the major and minor constituents for a
given natural system, but also thermodynamic constants are
required for the various cation complexation reactions in-
volving both inorganic and organic ligands. Employing pub-
lished formation constants, Sillen (1961) and Zirino and
Yamamoto (1972) have discussed the chemical composition of
seawater from the aspect of ion-pair formation. However,
both the experimental verification of the existence of or-
ganic complexes (Barsdate and Matson, 1966; Slowey, et al.,
1967) and the anomalous behavior of a;me elements from that
predicted by the ion-pair model (Sillen, 1961) indicate
that the influence of soluble, natural organic materials
(SNO) must be quantified by means of equilbrium eguations
if trace-metal cycling processes are to be correctly under-
stood.

However, uncertainties are imposed upon the application
of a thermodynamic treatment to natural water systems by the

existence of equilibria which may be unsuspected or for which
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quantitative activity data are not available. Hence, to
"effect an estimation of the strength of natural organic
complexes, concentrations are substituted for activities
in the required expressions. In addition, the difficulties
encountered in mathematically describing the acid dissocia-
tion of ‘SNO materials lead to a further reduction in rigor.
These complications have resulted in the adoptien of two
classes of “improvised” formation constants: the "practi-
cal" formation constant and the "apparent" formation con-
stant .

In general, the equilibrium reaction for complex for-
mation can be written as

xM+ yA 2 MA, (1.1)

where M is the metal ion, A the complexing agent, and x
and y the steichliometric csefflcients of the reactants.
Charges have been deleted for simplicity.

The thermodynamic formation constant (Kp) for the cox-
lex is then,

. mA) | (On »,) )
T (M)x (ﬂ)s (J )a (1.2)

When methods are not available for the determination
of the activity coefficients (a‘:) of the individual species,
the system is usually “"swamped" by excess neutral salt to
maintain the ionic strength at a constant value. Equation

(1.2) then reduces to eguation (1.3).
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K = (M:A) .
s (M)(A) (1.3)

The formation constant (Ks) in equation (1.3) is termed

the "stoichiometric! or "practical" formation constant.

The concentration of the bonding species (A) in equation
(1.3) 18 defined as

n=C,a, (1.4)

where CA is the total concentration of the complexing species

present in solution and dA is the fraction of the total con-

centration in the form suitable for binding metal ions. Sub-

stitution of equation (1.4) into (1.3) yields

KS = _M_y . (1.5)
(MY (C,0%)
The fraction O(A is, however, both a function of the system
pH and the step-wise acid dissociation constants of the com-
plexing agent; e.g. in a solution of oxalic acid, the fraction
existing as tne oxalate ion is
_1=[—(£+—@—+/] : (1.6)
%0 | KK K,

Because neither the form of the SNQ metal-binding spe-
cies nor the orgaaic step-wise dissociation constants are
known, complexation experiments are performed at specific pH
values in order that A is reduced to a constant for each

determination. Thus, equation (1.6) may be rewritten and an
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TABLE 1
(1) Ly (2)
log K¢ log Kygy
Metal pH 3.0 pH_5.0
cu*? 3.3 k.0 12,2
N1*2 3.2 b2 9.9
co*? 2.8 b1 8.6
pp*2 2.7 4.0 9.0
Zn*? 2.2 3.6 8.6
Mn*?2 2.2 3.7 6.8
Fulvic Acid Formation Constantz Determined
Ey The Ion-Exchange Technique
(1) Schnitzer and Kahn, (1972).

(2)

Sillen and Martell, (1964).
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actions occur have been demonstrated for a number of syn-
thetic and biologically important polyelectrolytes (Arnold
and Overbeek, 1950; Scatchard, et al., 1957).

In the following sections, a theory of multiple equi-
1ibria will be presented which considers the natural organic
molecules as possessing numerous bonding sites, all of which
are subject to the competitive equilibria between protons
and metal ions for occupancy. Because the overall situation
may be viewed as reactions between large molecules and simple
ions, the interactions between sites and counterions have
been considered to be purely electrostatic in nature.

Although it is obviously preferable to characterize the
metal-ion binding of SNO materials by microscopic or step-wise
formation constants than to employ the variable quantity l;.
of equation (1.7), experimental difficulties force the use of
“"apparent" formation constants to describe natural associations.

However, an intrinsic formation constant, K_ _, which is in-

Int
dependent of the degree of polyacid dissociation can be fac-
tored out of the "apparent" constant. The definition of the
intrinsic formation constant requires KIat for a given system
to have close to the same magnitude as the formation constant
describing the interaction between the métal-ion and a mono-

meric unit of the polymer. Thus, experimental K values

Int
provide insight into the absolute strengths of SNO-metal asso-
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clations,

Although this approach has seen extensive use in the field
of biochemistry (Tanford, 1967), the existing equations have
modified (Section 3) to accomodate the laek of an average-mo-
lecular-weight value for the SNO ligand. In addition, detail-
ed experimental procedures have been presented whereby the
parameters required by the working expressions can be deter-
mined and the fntrinsic foumation constants in question, cal-

culated.
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SECTION 2
THE ACID DISSOCIATION OF SOLUELE,
NATURAL ORGANIC MATERIALS
Kodema and Schnitzer (1967) concluded from X-ray dif-
fraction studies that because humic and fulvic acids possess
no identifiable monomeric units, no two carboxyl groups are
chemically identical. However, the question then arises as
to the degree of dissimilarity between groups. If the acid-
ities of the carboxylic groups do not vary appreciably over

a narrow range, group h ity may be 4 and the
observed pH dependent variations in SNO acidity explained by
treating the ionization of the numerous, identical function-
al groups present on a SNO molecule as a random phenomena.
GENERAL EQUATIONS
The protonation of a completely dissociated high-molec-
ular-weight polyacid (Pn') may be represented by the follow-
ing equations:
(HP) = K, (H)(P)
(H,p)= K, K, CH)X(P)
(H,..P)’ K KK (H)"(P) e
Although the experimental determination of the concen-
trations of the species present such as (HP), (HyP), etc.,
is usually impossible, the average number &7 protons combin-
ed with each macromolecule can rnormally be determined by a

number of techniques. This number is designated i'; , and is

9
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10

defined as

moles of bound proton
(2.2)

xS
w

moles of polymer
For a given system, the mass balance equations for the
proton and the polymer are, respectively, equations {2.3)
and (2.4).
(HP) +2(HyP)+ 3(H,P) + ...+ n(H,P) (2.3)
(P + (Hp)+(ykp)+...+(HmP) (2.4)

Equation (2.2) can now be expressed in terms of the.
species present. ‘
(HP) + 2(H,P)+ 3(HyP)* ...t n (H,P)

(245)
(P) + (HP) + (KP)+ 0 # (HoP)

=

Substituting the appropriate quentities from equations

(2.1) into (2.5) yields,

K, CH) + 2K K (i)' .+ 7 K Kok ()
= .6
% | + K (H)+ KK (D o #R Ky K D (2.6)

Equation (2.6) may be generalized as

H e

1571

BN

izl » i

=5

If the n combining sites of the macromolecule P are
assumed to be identical and non-interacting, the n convention-

al equilibrium expressions (equation 2.1) can all be related
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-
.

to a single equilibrium constent, ko. According to the
Binominal Distribution, the probability (k;) of precisely
1 protonations (successes) of n avallable sites (trials) can

k’ =’ (?) ko‘:

3

be represented as
(2.8)

n
where (,_) is the 1th binominal coefficient obtained from

the series expansion of

(1+K)"= | +nK,+ “—é—"'_,—'”kf,»... (2.9)

or, in general,

(I+K.)m= | + ‘2—' '/(,: 07 K° (2.10)

m!

This approach indicates that the macromolecular form
*
(HP) is a composite of n, identical (H P) species, each of

which may be described by the equilibria

P .
o (fﬁcpi R
Thus, = m k, e
, :

Similarily, (HZP) 18 a composite of n(n-1)/2! 1dentical

*
forms of the species (HZP). and

(HP)
IO AN

(2.13)

K K, =
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In general, then |
n n ¢
‘H" : — . (2.14)
)] Ki* oo K,

Substituting equation (2.14) into (2.7) yields

) ] ¢
X L{z!(::a)!}(ko")

F;; = k=l - ’n! :
I+ Z, {il(m—i)!}(k°H)

Equation (2.15) may be simplified since the denominator

(2.15)

is of the same form as the right-hand side of equation (2.10)
and hence, may be replaced by the quantity (1+ I(oﬂ)n. The
numerator, because of its similarity to the denominator, may
also be reduced since

= H ¢(/+/(a”)
3 ¢ (i o’ kA Gka i AT

Equation (2.15) then becomes

n-l
KH (k)™ b .
(1 + ko H)™ I+ K, H

=

where i” is the average number of protons bound,
7 1s the total number of combining sites,
k, is the proton binding constant, and

H 1s the unb d proton tration.

The above expression, however, needs modification since
the assumption of non-interacting sites is usually invalid.

To compensate for this interaction, the free energy function
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18 defined as

°
OF': OF ,+ RTH(T) (2.18)
k -k e™®
o Int (2.19)
Equation (2,18) indicates a separation of the work of
lonization of a particular acidic site into two parts: AF_,;".f
measures the work of separation of a proton from the group
and, ﬂﬁ)leasurea the work of removing the proton to infinity
against the electrostatic forces of all other charged groups
on the polyactd. Tanford (1967) has shown that by appox-
imating the average free energy per molecule in a solution
by the free energy of the average molecule (characterized by
the average charge 2). -

@)= 2wz, 3 (2.20)
where (J is the electrostatic work function, Zy 1s the proton
charge, and 2 is the average polymeric charge.

Equation (2.19) may now be written as
K =K C-ZwE;Z (2.21)
° Int

and substituted into equation (2.17), which yields after
rearrangement,

PKO = P”‘/oj-;%— = (,OK_:",)D'_“- 0.868w 2

W (2.22)

where (pKInt)m" is the intrinsic acid dissociation constant

of the group in question, i.e. the disscciation constant in
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the absence of all electrostatic interactions.

Hence, a plot of pH + 1037"—'_1%" versus ; yields upon
extrapolation to zero polymeric charge, a value for the
intrinsic acid dissociation constant of the SNO material in
question. However, as will be shown in Section 3, the elec-
tostatic correction term ((J) in equation (2.22) musi be
accurately known in order that intrinsic formation constants
may be calculated for SNO-metal-ion associations. The lack
of accurate molecular weight values for the natural organic
subatanc:s studied introduces large errors into the calcula-
tion of Z which would meke later calculations valueless.
However, b:cause the acid-insoluble nature of humic acids
requires -Z)/O; the polymeric charge can be represented as
(-o{n) assuming no binding by counterions where n is the
total number of dissociatable groups, and & is the fraction
dissociated. Conversely, the number of bound protons (’Il‘; )
18 equal to n(1-K).

Equation (2.22) may now be written as

W o. - .;L = " o
pk = PH log T (fk.fnf)p.:u *+0.fekwn (2.23)

The experimental procedures whereby the variou para-
meters of equation (2.23) can be determined will now be
discussed.

Experimental
Poly-L-aspartic acid (M.W. 27,000) aquired from Sigma
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Chemical Corporation was used to test the experimental tech-
nique. The humic acid was obtained from Aldrich Chemical
Corporation and the natural organic materials were isolated
from both Smith Lake water, located on the University of
Alaska campus, and from surface water collected by the R/V
Acona from a station 25 nms south of Seward, Alaska in the
Gulf of Alaska. The isolation was accomplished by reverse
osmometry utalizing Diaflov@ ultrafiltration filters UM-10
(M.W. cutoff 16,000) and PM-30 (M.W. cutoff 45,000) for the
lake and seawater organics, respectively. The natural or-
ganic materials were obtained in the salt-free form by re-
petative acidification and dislysis of these extracts follow-
ed by evaporation under vacuum to dryness.

Previous studies (Gurd and Goodman, 1952) of the acid
dissociation of macromolecules required the preparation of a
series of solutions (solution-series technique) containing
various amounts by weight of protein, acid or base, and
sufficient neutral salt to maintain a constant ionic strength.
The equivalents of proton either bound to or removed from
the macromolecule at any pH is equal to the difference between
the equivalents of standard scid or base added to the pelymer
solution and the equivalents of proton which remain at equi-
1ibrium. The residual, or equilibrium, hydrogen ion concen-
tration is calculated per sample from the experimental pH

obtained from a cell employing & liquid junction.
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To ensure the accuracy of these detarminations, various
assumptions regarding electrochemistry must be made (Tanford,
1955). The most important of these are that junction-poten-
tial effects are minimized by the presence of a high, con-
stant, ionic strength (Iu,=0.1) and that the computation of b’i
is independent of the organic concentration.

Difficulties in isolating from natural water systems
the quantities of dissoived organic materials required by
the solution-geries technique prohibited its use. Therefore,
a back-titration procedure was adopted in which a weighed
quantity of a natrual organic material was dissolved in an
excess of COp - free KOH (resulting pH 12.0) and equilibrated
at 25°C. The ionic strength of this solution was adjusted
to 0.15 with KC1 to reduce errors in the junction-potential
term caused by ionic strength vaﬂntions occuring during the
course of the titration. After each titrant (0.1 N HC1)
addition, a ten-minute period of stirring was observed to
allow equilibration before measurement. The pH meter employed
was a Coleman Model 37A utilizing shielded electrodes. This
was standardized against both 0.5 m phthlate and 0.01 m Borax
buffers during the course of the titration of ensure accuracy
in the important regions of pH. The hydrogen-ion concentra-
tions were obtained from pH values corrected for both volume

and ionic-strength vartations, (Debey-Huckel Theory).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



17

Results and Discussion

To estimate the magnitude of the error between the
numerous-solution method and the titration procedure, the
(PKInt)pygg ©f Poly-L-aspartic acid, a synthetic polymer,
was determined by both techniques. As seen in Table 2,
these values not only agree within experimental error but
also agree with those values expected for ﬂ -carboxylic
acids.

Curve (a) of Figure 1 is representative of the results
obtained for natural crganic materials by the bac’-titration
procedure and indicates protonation of the molecules in the
pH regions 3-7 and 8.5-11.0. It was assumed that these
regions reflected the protonation of the carboxylic acid and
phenolic groups known to be present on these molecules nnd_
that the members of each group were identical. The (pKInc)m“
was determined for each group type as foliows: The inflection
points of both curves (a) and (b) of Figure 1 were obtained
by a graphical representation of A pH/ A vol. versus volume.
Because the seme quantity of KOH was present in each sample,
the difference between these points yields a value for the
total equilvalents of dissociated carboxylic-acid group per
sample, (H)T. The equivalents of proton bound by the organ-
ic material per sample, (H)px. at any point on the titration
curve, (a) of Figure 1, can be calculated from the equi-
valents of standard ecid added after the inflection point;

and the equivalents of proton remaining in solution. The
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TABLE 2

ﬂ -Carboxyl Compound

(PK1nt)psgs
Poly-L-Aspartic Acid (M.W. 27,000)
Numerous Solution Technique 4,51
Titration Technique 4,52
N-Csrbomoyl-ﬂ -Alanine 4.49
Succinic Acid 4, bl
N-Acetyl-f3 -Alenine b, 51

A Comparison Between Observed and Literature Values
for the Intrinsic Acid Dissocliation Constant of

Poly-L-Aspartic Acid
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latter quantities are calculated from the experimental pH
values with required corrections for ionic strength and
volume variations. Because [1 - (H)pH / (H),J is equal to
(X , the fraction of sites dissociated at a specific pH, a
grap‘}gical solution to equation (2.21), Figures 2 and 3, may be
obtained utilizing data such as that presented in Table 3. A
similar arguement exists for the (pKInt)Diss calculation of

the phenolic groups.

-log —Zu. (pK, ) +085
oH 07,—_'&': (p/ﬁ"")nr,,f Bo8wndy ()

The constants obtained in this manner for the various
humic compounds studied are listed in Table 4 in addition to
the values expected for small molecules. The constants ob-
tained for the seawater extract are subject to a large error
since once having isolated the required amount of material
for a titration (0.09mg), it was impossible to redissolve
it in an excess of KOH with any degree of success., On the ba-
sis of the assumption of identical groups the high acidity
of these materials might be explained in terms of group-un-
saturated system-interactions although this is speculative
because of the lack of knowledge concerning the structure of
the humic substances. Nevertheless, as will be shown in
Section 3, the quantities determined by this method are of
great importance in the determination of the intrinsic con-

stants of formation for metal-humic associations.
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TABLE 3
Carboxylic Acid Groups
H
pH pH - log
o, -, -0,

6.016 0.671 0.329 5.706
T B

1807 0.35k 0.548 5.066
4,390 0.264 0.736 .835
4,009 0.189 0.811 641
3.595 0.109 0.891 4. 507

Phenolic Groups
H H - 1 &
P PH - log —
O(" ’~ CXH /— 0("

10.036 0.479 0.512 10.072
9.907 [ 0.5 10.003
9.814 0.416 0.584 9.960
9.494 0.294 0.706 9.873
9.000 0.149 0.851 9.75
8.623 0.088 0.912 9.639

Representative Data Employed in the Calculation of the
Intrinsic Dissociation Constants of Smith Lake Organic
Material
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TABLE 4
Compound pxiggoﬂ pKigIé
Aldrich Humic Acid 4.30 9.47
Smith Lake Organic 4.23 9.61
Seawater Organic 3.95 9.85
Phenol - 9.78
ﬁ ~Carboxylic Acids 4.50 -

Intrinsic Acid Dissociation Constants

Determined in this Study
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Deviations from linearity such as that observed in
Figure 2 could be ascribed to = breakdown in the theory re-
sulting from nonrandom protonation of groups at large (03 H
values. However, it appears more likely that this deviation
is caused by a combination of experimental error and the
presence of other carboxylic-acid group-types on the mole~
cules. A detalled analysis of humic titration curves is
needed to resolve this dilemma.

Assuming that the values obtained from the slope of the
linear portion of curves such as Figure 2 are independent of

oy
cent of like-groups ionized as a function of pH, Figure 4.

equation (2.21) may be employed to estimate the per-~

Such curves could be of great importance in the estimation
of the cation-exchange‘capacitlea of humic materials under
natural pH conditions.

The apparent equivalent weights, expressed in grams of
organic per equivalent of COOH group, were found to be 293
for the seawater organic, 263 for Aldrich humic acid and 195
for the Smith Lake organic material. Barsdate (1967) de-
termined the latter value to be between 200-210 by a similar

methed which is in good sgreemant with this work.
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SECTION 3
INTERACTIONS BETWEEN SOLUBLE, NATURAL
ORGANIC MATERIALS AND METAL-IONS

Having develored, in Section 2, a methology by which
the population of sites capable of complex formation can be
determined for any SNO ligand as a function of pH, it is now
necessary to consider the influence of metal ions on such
systems.
General Equations

For the case of two species (H and M) competing for a
given site on a macromolecule, three forms of the site are
possible: H is present, M is present, or the site is free.
Ir O(H ' O(M and}-(olui'dm) represent the fraction of all sites
in these forms, then substitution into equation (2.17) yields,

=K (m) (3.1)

&)’
EERTAN LR cory ( (2,1 4,)

Combining the above equations and rearranging yields,
m
Xm . K_(m)
Y
1-%m  }+K o (H)

If only a single type of site is involved in the com-

(3.2)

petitive reactions between hydrogen ions and metal ions and,
if the only interactions between sites are electrostatic in
nature, then by the application of equation (2,18), the as-

gociation constants for both H and M can be described as

27
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2wz P

m m

follows: K, = (KIn‘f)m C
- (3.3)
=20 £

and K=

. (Kz),y,, (3.4)
where (K]:m;)])158 is the intrinsic acid dissociation constant

of the binding groups on the macromolecule, (KInt)H is the
intrinsic metal-ion formationm constant quantifying the re-
action between a given transition metal and the available SNO
binding sites, Zy is the charge of the metal ion,(J is the
electrostatic interaction factor and, Z is the polymeric
charge at specific pH values. ’
Substitution of equations (3.3) and (3.4) into (3.2)

yields equation (3.5), an expression by which (Klnt)n can

be determined. —z-
=AW 2
ol (K::n-r) < " ( m)
T — ) ——— (3.5)
]—-O(M [+ e Rwi (Y
(KIn‘f Diss

Although equation (3.5) has been used extansively in the
study of proteins (Tanford and Hauenstein, 1956; Gurd and
Goodman, 1952), it is unsuitable in its present form for a
study of SNO complexation since the polymeric charge (Z) can
not be accurately evaluated without a knowledge of the aver-
age-molecular-weight of the ligand. A further complication
arises because the polymeric charge at a given pH must be cor-

rected for the presence of bound metal ions.
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This situation can be circumvented by representing the

rolymeric charge per molecule as
Z=-0,m, +2(%,) (3.6)

where 2( 1—;;;') corrects for the presence ot‘?ﬁbound metal ions
of +2 valence. The quantity'); can also be expressed in terms
of the total number of sites occupiable by metal ions per
molecule (nH) multiplied by the fraction of sites occupied
at a given pH,

r = 1. o
Tn= Tn T (3.7)
Substituting (3.7) into (3.6) yields,
Z .8
F=- X7y + 27Ny, Km (3.8)

Defining X as the ratio of the total number of sites
occupiable by the metal ions per molecule ("H) divided by the
totel number of titratable carbsxylic-acid groups per mole-
cule (nH). a dimensionless constant is obtained which may
then be determined from the study of any weighed quantity of
SNO substances.

n
1= = (3.9)
H

Substituting (3.9) into (3.8) gives
Z=n,[-0, +20%,] (3.10)
which, when combined with equation (3.5) ylelds the practical

expression,
qm,”[oa” 'Zy“m.]
0(," - (Kz..-r)m c < (m)
[~ X ) (3.11)

I - -
(ke ). e—zwn,,[oc,,—z Yy
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where the variables retain their previously defined identity.

Since (J my O(H, (Kppgdpiss nd my (per gram of humic) have
previously been determined for the various natural organic
materials studied in Section 2, only the number of moles of
metal-ion bound per gram of humic substance need be deter-
mined in order to calculate the required intrinsic formation
constants by equation (3.11).

Experimentally, the metal-ion binding of humic materials
was studied by two independent techniques: dialysis equilib-
ration and Electron Spin Resonance (ESR) spectroscopy. These
techniques will be discussed below.

Dialysis Equilibration

Chemicals and Equipment. The isolation and purification
of the organic materials used in this study, i.e. Smith Lake
organic and Aldrich humic acid, have been discussed in Sec-
tion 2. Stock solutions were prepared for each organic by
dissolving a quantity of material in excess KOH, followed by
neutralization and filtration employing a 0.45 micron Milli-
port@ membrane., The filtrates were diluted to the desired
volume after adjusting the ionic strength to 0.1 with KNOB.
Three 50 ml aliquots of each organic sclution were repeatedly
acidified and dialyzed, then evaporated to dryness to deter-
mine the grams per liter of the humic material present.

Six dialysis chambers of 50 ml tctal volume were con-

structed from 1 inech I.D. Pyrex.® glass pipe. Two inch squares

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



31

of dialysis tubing (single thickness) separated the com-
partments and were firmly secured by aluminum flanges. These
tubes were attached when filled to a mechanical shaker for a
24 hour period to ensure equilibration.

Stock solutions of Mn (11), Zn (11) and Cu (11) were
prepared from nitrate salts to be 0.01 M/L and were stan-
dardized by EDTA titrations. Solutions utilized in these
experiments were dilutions of the above and contained approx-
imately 10'“L M/L at M=0.11in KNOB. A Perkin-Elmer Atomic
Absorption Model 303 Spectrophotometer was employed to meas-
ure both the zinec (11) and copper (11) equilibrium concentra-
tions on both sides of the membrane. Mass balances were ob-
tained for Mn (11) as the permanganate, utilizing a Beckman
D.U., Spectrophotometer. When required, interfering organic
matter was first destroyed by persulfate oxidation.

Procedures and Discussion. Twenty-five mls of a stan-
dard solution of the appropriate metal-ion was introduced to
one side of the membrane of each dialysis cell. Various
amounts of the respective organic solution and sufficient
0.1 M/L Kl‘lo3 solution to give 25 mls was introduced to the
other side. The high ionic strength of the system was neces-
sery to suppress the Donnan effect and to ensure the equality
of the activity coefficients of the free metal ions on both

sides.
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The organic concentration was varied over the range 0
to 30 mg per sample for the Aldrich humic acid and from 0 to
10 mg per sample for the Smith Lake organic. The hydrogen-
ion concentrations of these systems were adjusted to 7.5 with
either HC1l or KOH to insure the maximum dissociation of humic
binding groups (COOH) while minimizing interferences caused
by metal-hydroxy complex formation. It was found that at
the humic concentrations employed, metal-ion molarities of
1.0 x 1077 were sufficient to saturate the organic bonding
sites. Aliquots were withdrawn from each side of the mem-
brane after equilibration. The moles of metal-ion bound per
gram of organic material was calculated from the excess met-
al found on the organic side of the membrane and the volume
of that compartment.

Figure 5 indicates that the amount of metal-ion bound
is a linear function of the organic concentration present
at equal volumes of solution and constant metal-ion concen-
tration, It is also seen that the number of sites occupied
is independent of the metal studied and depends soley on the
humic material in question.

The maximum binding capacities of the organic materials
studied are determined from the slopes of their respective
curves in Figure 5. These values coupled with the apparent
equivalent weights of the humic substances (280 g/equiv.-

Aldrich humic acid; 195 g/equiv.- Smith Lake organic material)
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allow the calculation of the fraction of titratable sites
occupied by metal ions, 6 in equation (3.9). These values
were determined to be 0.06 and 0.39 for Aldrich humic acid
and Smith Lake organic material, respectively. Although the
value obtained for the Smith Lake material is in accord with
the 0.36 reported by Barsdate and Fu (1971) for the same
substance, the magnitude of 6 for Aldrich humic acid appears
unrealistic. However, this material was chosen for its ac~
cessibility; information concerning both its origin and iso-
lation are lacking.

If Gamble, et al. (1970) are correct that reactions
between humic and fulvic acids and divalent metal ions pro-

ceed essentially via the following two mechanisms,

Ogg ~oH O3¢-oH
o < +
Yy<? = 7 EI‘ ~ H
o+ Cu = Y Q +
2) //J- o-Cu*
oH od
+
# Oy, oG
420 g7l *

% LR eH
b) /ﬁ—c\\o +c = %’f‘é

the value of 39% carboxylic-acid site occupation for Smith
Lake organic material would indicate that very few of the
possible binding sites are suitable for metal-ion inter-
action, This situation is even more drastic for Aldrich
humic acid.

To determine the binding capacity of humic materials

as a function of pH, experiments were performed as describ-
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ZINC-SMITH LAKE ORGANIC

42
PH Ol zn d H (207 prge 25 7%
4,063 0.15 0.170 2.87 x 10°¥ ML 3.50
4356 0.138  0.220 2.89 x 10 v 3.35
5162 0.400 0.375 1.92x 107% v 329
5.780 0.724 0.496 1.20 x 107 ® 2.71

3.21 average
(JJnH = 3.13
5 = 0.39

(K = -5
Int)msg 5.87 x 10

COPPER-ALDRICH HUMIC ACID

+2
R Kew = (8 Jpree  Phrpg

3.946  0.063  0.160  5.7% x 107> M/L 3.18
4,063  0.157  0.185 S5.46x 1070 * 3,53
4,902  0.204 0,380  5.26 x 1070 * 3.20

5.048  0.458  0.410  4.60 x 1070 n 3.12
3.28 average
Wna_=2.%
f- 0.09
= -5
(xIn!:)Diss 5.05x 10

Sample Data Employed for the Calculation
Intrinsic Formation Constants

TABLE §
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ed above with the exception that both the humic and metal-
ion concentrations were maintained constant such that sa-
turation of the binding sites was insured under optimum
conditions. The quantities of Aldrich humic acid, Smith
Lake material, and metal-ion employed per 25 ml sample
were 8.9 mg, 4.0 mg, and 5.0 x 1()'3 mmoles, respectively.
The pH of each solution was adjusted to specific values in
the range 4.60 to 8,00, The results obtained from the an-
alysis of the equilibrated systems are presented in Figure
6, where O(m is the fraction of the total available metal-
binding sites occupied.

Having determined both O\M as a function of pH and the
concentration of free metal ion in a given sample, thase
values can be combined with those previously determined
parameters X, »Wny, (Kppidpigqr and & , and the in-
trinsiec formation constants calculated by means of equation
(3.11), Table 5, for the associations studied.

The constants listed in Table 6 do not substantiate
the hypothesis that humic materials are strong chelators.
From equation (3.3) it is seen that, although the intrinsic
formation constant is invariant, the apparent formation

constant (K%) clearly depends upon O(H. It is evident

2wz N X
K= (Ka) € (3.3)
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TABLE 6
(pKInt)Hetnl
Organic Mn (II) Zn (II) Cu (II)
Smith Lake 2.50 3.37 3.68
Aldrich Humic 2,24 3.29 3.19

The Intrinsic Formation Constants Determinsd fsr Metal-

Humic Systems by Dial;sis Equilibrziion
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then, that the observed binding power of humic materials is
caused by the large population of bonding sites available
to a metal-ion under natural pH conditions.

Electron Spin Resonance (ESR)

Cohn and Townsend (1954) first utilized an ESR to de-
termine the formation constants of a few well-known organic-
Mn(11) associations. For reasons which are discussed in
Section 4, the Mn(]-lzo)‘g2 species exhibits a sharp paramagnet-
ic absorption in solution. In the formation of a complex,
however, the replacemant of water molecules by other ligands
broadens the paramagnetic absorption of the manganous ion
to a point where is is not experimentally observable. Thus,
the concentration of the uncomplexed Mn(11) in a given system
can be determined from the intensity of the narrow resonance.

Because Cohn and Townsend (1954) have shown that the
height of the derivative curve is a linear function of the
Mn(11) concentration in the range 1073 40 1075 M/L and, because
subsequent work (Appendix 1) has proven this technique to be
applicable to both simple and polymeric ligands; an ESR in-
vestigation of Mn(11)-humic associations was justified.

Experimental., It was first necessary to ascertain wheth-
er the ESR technique was applicable to other metal ions. The
metals studied were copper (11), iron (11), nickel (11),
cobalt (11) and manganese (11), It was found that both

copper and iron were unsuitable for this method since the
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width of the hyperfine spectrum broadened greatly under com-
plexation. Although the height of the derivative peak

was found to be a linear function of concentration, the study
of nickel and cobalt was also discontinued since the concen-
trations required to obtain good spectra were on the order
of 0.1 to 0,01 M/L. Manganese (11) proved to be quite sen-
sitive, detectable at 1075 M/L, and the study was continued
with this species assuming that the results could be extra-
polated to other transition metal ions.

Solutions were prepared which contained, upon dilution
to 50.0 mls, either 17.8 mg of Aldrich humic acid (AHA) or
6.0 mg of Smith Lake organic material (SLO) and 2.0 x 1073
mmoles of Mn(11) at an ionic strength of 0.1 in KNOB. The
pH of each was adjusted with either HC1 or KOH to values
in the range 4.00 to 8.00 and the samples equilibrated at
250 for twenty-four hours. Three-ml aliguots were then
withdrawn and injected via syringe into an ESR liguid cell
and the Mn(11) hyperfine spectra recorded at the following
instrument settings; field-3400 Gauss, frequency-9.475, and
field range-':soo Gauss. The height of the derivative curve
of each sample was compared to a standard curve of Mn(11)
concentration verus peak height to determine the moles of
cation bound.

Results and Discussion. Figures 7 and 8 are repre-
sentative of the results obtained. The fraction of titrat-

able groups (COOH) occupied by manganous ions, 6 defined
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in Section 3, was calculated for each organic from the
number of moles cation bound divided by the product of the
sample concentration expressed in grams and the apparent
equivalent weight as determined in Section 2. The values
obtained, AHA-0.09 and SLO-0,46, are in good agreement with
those determined by the dialysis studies.

The ESR technique alsc allows the calculation of O, ,
the fraction of total metal-ion binding-sites occupied at
specific pH values, and, thus, provides a check on the in-
trinsic formation constants determined for the manganese-
humic systems by dialysis equilibration. Figure 9 shows that
the calculated values of O(M are in excellent agreement be-

tween the two techniques.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



SECTION 4
THE MECHANISM OF METAL-HUMIC ASSOCIATION:

The practice of describing metal-humic interactions as
coagulation, peptization, surface adsorption, and chelation
reactions (Mortensen, 1963) should be discontinued because
of redundancy. As will be shown below, each of these pro-
cesses can be directly related to the Law of Mass Action;
hence they are experimentally indistinguishable.

Coagulation and peptization are, respectively, mani-
festations of the formation and rupture of electrostatic in-
teractions between charged particles. Since the surface
charge of a particle is a direct function of the amount of
polar additive bound, surface adsorption reactions are the
controling influence.

The adsorption equation of Langmuir is based upon a
theoritical consideration of the process of adsorption.
This equation may be written

X

KL ke

M | +kC (4.1)

where X is equal to the amount of material in grams adsorb-
ed,
M is the weight in grams of adsorbant,

C 18 the concentration of free adsorbing species,

and, k 1s a constant.

45
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Howvaver, the Langmiur equation is actually a descrip-
tion of chemical equilibrium, which may be seen from the
following arguement.

If R is the part of an ion-exchange resin which com-
bines with a zation according to the reaction

R+M=2RM (4,2)

the constant for the association is
_(rR)_ (4.3)
(M)(R)

Because the total active resin concentratiocn is
(R.) = (RM)+(R) ()
the reaction may be described by equation (4.5).
(Rm) k(M)
(R) [ +k(r)

(4.5)

Equation (4.5) is also identical to that derived in
Section 2 (equation 2.17) which describes the complexation,
either chelation or ion-pair, of a metal ion by a soluble,
organic ligand. It is apparent t.:hen, that the present mecha-
nistic interpetations of metal-humic associations are walue-
less.

Sehnitzer and Henson (1970) have steted that the metal-
humic formation conatants determined by the ion-exchange
technique obey the 'matural order" of stability, Hn’z( l’e.'<2
Cc’g Hi’% Cu’s Zn*z. Although only three metals were stud-

ied, & similar result vas observed for this work.
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This phenomena is readily explained by crystal field
theory. 1In an octahedral complex, two of the d orbitals, dzz
and dxz—yz' are directed toward the ligands. The replusion
caused by the ligands raises the energy of these orbitals(eg)
more than that of the other three orbitals, dxy' dxz and clyz
(tZg)' which are directed at 45° to the axes. The stronger

fr———— (&
3
/l Jiz Jx‘_sl é%
/
P i IOD% -
,/, Hypoﬁleﬁ'cu.{ AN ‘108,
' “onsplit " jon e +
Free iom ,,nr field cj"j ds in 13

the field due to the ligands, the greater the splitting of
the energy levels(IODq). If all five orbitals are equally

10. there is no change in the

occupied, d°, ds(highﬂspin) and d
energy of the system due to splitting. For all other con-
figurations, however, the splitting lowers the total energy
of the system. The decrease in energy caused by splitting

is the crystal field stabilization energy(CFSE).

In a weak field, the splitting is small and the addition
of electrons to the empty orbitals follows Hund's rule because
the possible gain in CFSE is not sufficient to provide the
required electron pairing energy. This is referred to as a
high spin case because there is the maximum number of un-
paired electrons.

Conversely, in a strong field situation, the gain in CFSE
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is sufficient to cause electron pairing in the t2g orbitals
before population of the eg orbitals occurs. Table 7 shows
the CFSEs expected for the first transition series for both
high and low spin octahedral complexes.

It has been found by experimental study of the spectra
of numerous complexes that ligands do not behave as point
charges but, depending on their structure, possess varying
capacities to cause d-orbital splitting. Thus, common 1i-
gands may be arranged according to their splitting abilities:
the spectrochemical series. _

T7¢ Br < CI< 0N R-Co0™ <O & pyridine < <N

In the formation of a complex, water molecules are dis-
placed by ligands. If the metal-ion concerned is subject to
crystal field stabilization, this stabilization will be great-
er in the complex than that in the aquo-ion, if the ligand
is further along in the spectrochemical series than is HZO.
However, d°, d5(high spin) and dlo configurations experience
no CFSE in either the hexaquo-ion or in the complex so that
complexation cannot cause any increased stabilization. Sim-
ilarly, of two ions, both of which experience crystal field
stabilization, the one which experiences the greater amount
from both the ligand and from Hzo will also experience the
larger increase on replacement of H2° by the ligand. Thus,
the order of the ions in the "natural"” stability series fol-

lows their order in regard to CFSEs (Table 7) with the ex-
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Strong Field Weak Field
Fotion”  Exemples tog g paired oF  CESE(-Dq) thy g pairea oF GPSE(-Dq)
a° ca(11) o0 o0 0 0 0 0 0
at Ti(111) 1 0 1 1 o0 1 4
a? v(111) 2 o 2 2 o0 2 3
a3 or(111) 3 o© 3 12 3 o 3 12
a* cr(11) 4 o 2 16 3 1 y 6
a5 Mn(11) 5 0 1 20 3 2 5 0
aé Fe(11) 6 © 0 24 4y o2 4 4
a’ Co(11) 6 1 1 18 5 2 3 8
48 Ni(11) 6 2 2 12 6 2 2 12
a2 cu(1l) 6 3 1 6 6 3 1 6
at® zn(11) 6 4 0 0 6 b o 0

Crystal Field Stabilization Energy of Octahedral Complexes
TABLE 7

(Douglas and Mc Daniel, 1965)
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ception of Cu(11l) relative to Ni(11). Thsi discrepancy has
yet to be resolved.

Because the intrinsic metal-ion formation constants de-
termined in Section 3 are, by definition, independent of e-
lectrostatic effects, they may be compared to similar ther-
modynamic constants for simple ion-pair and chelate systems.
In Figure 10, the ionization potentials of the first trans-
ition series are plotted against the first formation constant
for two model ligands., The ionization potential of a metal
is related to the tendency towards complex formation since
it measures the attraction of the cation for electrons.

The acetate ion has been employed as an example of an
ion-pair system and 8-hydroxyquinoline as a representative
chelate. The values obtained for Aldrich humic acid have
also been included. Although by no means conclusive, Figure
10 indicates a greater stability for humic associations than
would be expected for pure electrostatic interactions. To
examine the possible covalent contribution to the bond ener-
gies of humic complexes, the ESR spectrophotometer was again
employed. However, as discussed below, newly-uncovered evi-
dence has generated doubts regarding the reliability of the
obtained data.

Cohn and Townsend (1954) attributed the ESR hyperfine
spectrum of Mn(11) in solution to the admixture of two elec-

tronic configurations, one of which contains the 4s orbital
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Consequently, in the case of covalent bond formation, elec-
trons donated by another atom in the complex occupy the 4s
orbital of the manganous ion inhibiting the mixing of these
configurations and resulting in the disapparance of the
hyperfine spectrum.

This thesis was reinforced by Guilbault and Meisel (1969)
who explored the use of ESR as a precise analytical method
for Mn(11) determinations in solutions of diverse substances,
Their results indicate that ligands such as acetate, C1™ and
Br~, which are known to form ion-pair associations with Mn(11),
have negligable effects on the manganous hyperfine spectrum
except at high concentrations and, that then, the observed
variations could be attributed to physical factors such as
changes in solution viscosity and dielectric loss in the sam-
ple cavity. In addition, these authors found that chelating
agents {EDTA, oxalate and tartrate) greatly reduced the Mn(11)
hyperfine spectrum when present in amounts small compared to
the manganous ion.

However, evidence is available negateing the bond dis-
crimination ability of the ESR method. Malmstrom, et al.
(1958) stated that covalent bond formation cannot be invoked
because the hyperfine spectrum disappears completely in Mn(11)-
2-phosphoglutaric acid, a complex they have shown to involve
purely ionic coordination., Similarly, Me Garvey (1957) both
determined the formation constant of Mn(11)-pyridine by ESR

and measured the magnetic susceptibility of the solid complex.
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His value of 5.97 Bohr magnetons per manganese agrees close-
ly with the 5.90 obtained by equation (4.6) which assumes
that the magnetic moments of the first transition series can

be calculated from the spin contribution alone.

My, (Bohr Magnetons) =Y n (n+2) (4.6)

where n is the number of unpaired electrons
Thus, the ground state multiplicity of the metal ion is un~
altered by pyridine, a strong field ligand.

Mc Garvey (1957) further stated that the replacement of
H20 by complexing species reduces the electric field symmetry
of the Mn(HZO)ZZ ion. This reduction leads, in turn, to a
broadening of the resonance absorption band of the complex
to a point where it is not observable under normal operaiing
conditions. Thus, only the free Mn(11) concentration is de-
tected.

Although the available evidence indicates that the dis-
appearance of the Mn(11) hyperfine spectrum is not an ac-
ceptable criteria for covaleni bond formation, the possibility
still exists because the 4d orbital should be low enough in
energy in a positive transition metal ion %o be used for
covalent bond formaticn (Douglas and Mc Daniel, 1965). Hence,
the mechanism of interaction between humic materials and

metal ions is still a matter for speculation.
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SECTION 5
FINDINGS

1) The approach developed in Section 2 and 3 is the best
available interpetation of metal-humic complexation in as
much as the derived equations compensate for both the random
ionization of, and the electrostatic :ateractions between,
bonding groups.
2) The equations of Section 3 2llow the calculation of
intrinsic formation constants without the need of average-
molecular-weight values for the ligand studied.
3) The experimental procedures by which the intrinsic
acid dissociation constants were determined require further
refinement to insure the accuracy of the obtained values,
4) The Electron Spin Resonance spectrophotometer has been
shown to be a useful technique for the investigation of Mn(11)
associations regardless of ligand complexity.
CONCLUSION

The interactions between a metal-ion and a binding site
on a humic ligand may be described, on the basis of the de-
termined intrinsic formation constants, as possessing only
modest strength. However, the large population of groups
capable of complexation on a humic molecule increases the
overall effect of the organic concentration to where it is
theoretically capable of competeing with other ligands for
trace metal ions. The equations developed in this disser-

tation are, however, unable to predict the extent of this
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competition because the absence of the organic concentra-
tion (P) in the equilibrium expression inhibits the incorpor-
ation of equation (3.11) into the existing thermodynamic
models of seawater chemical speciation, In addition, this
approach excludes complexes which contain more than one
molecule of polymer. These complex types may be of impor=-
tance in systems which possess high organic and low metal-
ion concentrations., Thus, this approach requires further
refinement if a comprehensive, equilibrium model for natural

water systems is to be realized.
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