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B The apparent acid dissociation constant of humic sub-
stances increases by 2—4 pK units as ionization of the
humic carboxylate groups proceeds. This change in ap-
parent acid strength is due in part to the increase in
electrical charge on the humic molecules as protons are
shed. In addition, proton dissociation reactions are com-
plicated because humic substances are heterogeneous with
respect to proton dissociating groups and molecular size.
In this paper, we use the Debye-Hiickel theory to describe
the effects of electrostatic interactions on proton disso-
ciation of humic substances. Simulations show that, for
a size-heterogeneous system of molecules, the weight-av-
erage molecular welght is preferable to the number-average
valie for,averaging the effects of electrostatic interactions.
Analysis of published data on the proton dissociation of
fulvic acid from the Suwannee River shows that the
electrostatic interactions can be satisfactorily described
by a hypothetical homogeneous compound having a mo-
lecular weight of 1000 (similar to the experimentally de-
termined weight-average value). Titration data at three
ionic strengths, for several fulvic acid concentrations, and
in the pH range from 2.9 to 6.4 can be fitted with three
adjustable parameters (pKY,, values), given information on
molecular size and carboxylate group content.

Introduction .

Characterization of ionic equilibria in surface water and
groundwater remains an important task in a variety of
scientific disciplines including aquatic science, low-tem-
perature geochemistry, and environmental science. A
continuing area of uncertainty pertaining to ionic equilibria

" in natural waters involves protonation and ion-binding

reactions of natural organic matter. Natural organic
matter is composed of a complex mixture of compounds.

As a result of this complexity, there has yet to be developed

a single recognized approach to the treatment of ionic
equilibria of these compounds in natural waters and a
variety of conceptual and computational procedures has
been used (I-10). Even the dissociation of protons remains
a controversial issue. Marinsky and Ephraim (8) described
the following four types of models used to account for the
increase in apparent pK as humic carboxylate groups are
titrated: (1) discrete-site models in which the humic
substances are treated as if they were a collection of mo-
noprotic acids (7, 9); (2) models in which a continuum of
binding sites having varying pK values is assumed (4); (3)
“pure electrostatic” models in which all sites are assumed
to be chemically the same, and variations in apparent pK
are ascribed to effects of electrostatic interactions resulting
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from the- variable humic charge (3); (4) discrete-site/
electrostatic models in which the humic molecules are
assumed to have more than one kind of binding site and
binding is affected by electrostatic interactions (8, 10).
In attempting to calculate the extents of ion-binding
reactions in natural systems, the discrete-site models have
the advantage that competition effects invoving hydrogen
ion and metal cations can readily be taken into account;
it is not clear how this can be done with continuum models. -
To describe the effects of ionic strength on ion-binding
reactions, an electrostatic model is required. However, the
“pure electrostatic” model overestimates the effects of
electrostatic interactions and neglects completely the

‘chemical héterogeneity in binding sites that is evident from

structural and titration studies (11). Therefore, we con-
sider models of the discrete-site/electrostatic type to offer
the most promising approach. ‘
The object of the research described herein was to apply
the Debye-Hiickel theory, as developed for macromole-
cules by Tanford (12), to humic substances in order to
describe quantitatively effects of electrostatic interactions
on the basis of molecular properties. A difficulty with this
approach is that the magnitude of the effects of electro-
static interactions varies with molecular size, even for a
constant-weight-based content of proton-dissociating

.groups. Simulations were made to investigate how to take

this variation into account in an attempt to define (model)
hypothetical homogeneous humic substances, the prop-
erties of which match the average properties of real humic
samples. The analysis is restricted to proton dissociation
at pH <7." A test of the applicability of the approachis
made by analyzing the data of Ephraim:(13), obtained from
titrations of fulvic acid from the Suwannee River, a ma-
terial that has received 1nten51ve study from many
standpomts (14).

Model Formulation .
The electrostatic interaction adjustment of the disso-

- ciation equilibria for humic substances follows the method

used for gobular proteins by Tanford (12). This embodies
the following assumptions: (1) the humic molecules are -
impermeable spheres; (2) the charge originating from
ionization of each functional group is spread uniformly over
the surface of the sphere; (3) the charge on the molecules
is directly related to the degree of proton dissociation, i.e.,
there is no counterion binding; and (4) ionization of a group
affects that of another only by electrostatic interactions.
The electrostatic free energy of a molecule is calculated
from the Debye—Hiickel theory (12):

Z2%? kR
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where

4 8xe’ /211/2 9 O11/2p-1
k= = 3.29 X - °
K DET 3.29 X 10 m™ at 25 °C 2)

. Ion activity coefficients are defined in the standard way;
‘by definition, RT In v is the difference between the elec-
. ‘trostatic contribution to the chemical potential at a given

. I,and at I = 0. Equation.1 gives the electrostatic free

_energy, Wy, per molecule; therefore

_ 22t
T'GXP['zka(1+Ka)] . @

. In addition to electrostatic interactions between simple
ions in solution and the ionized humic molecule, electro-
static interactions between sites on each molecule need to
.. be considered. At a given ionic strength we define the
-intrinsic equilibrium constant, which describes dissociation
from an uncharged molecule. In general, the actual
equilibrium constant is related to the intrinsic one by

K = K, exp(RwzZ) )
The K’s can be either mixed or thermodynamlc constants.

. From Tanford (12), we obtain

e’ { kR
W= opRET\!” 1+Ka) ®)

Equation 3 allows computation of the effect of the ionic
strength at a given humic charge. Equation 5 allows
computation of the effect of the humic charge at a given
ionic strength. These expressions are next incorporated
into equations describing.the proton dissociation reactions
of humic substances in an aqueous solution.

The dissociation of polyprotic acids was analyzed by
Bjerrum (15). The progressive dissociation of protons from
- a polyprotic acid can be written as

RH, = RH, ,” + H* = RH, > + 2H*= ...
In principle, n equilibrium constants can be determined
experimentally, having the form
v K}‘VI,E - [RHn—xx_]aH'* ®)
) [RHn-x+1(x_1)_]

The degree of deprotonation, i.e., moles of hydrogen ion
dissociated per mole of polyprotic acid, is given by

Tlx T (KME/a)]
x=1 y=1
r= x=n Y=x (7)
+ > [II (Ky'E/aH»,)]
x=1 y=1

R» + nH™*

The experimentally determined mixed dissociation
constants are now expressed in terms of intrinsic disso-
ciation constants at zero ionic strength. To do this we need
~ to consider the following: (1) statistical effects, which
result because a given general species, RH,,_,*", consists of
more than one component, each with the same degree of
molecular deprotonation, but with different functional
_ groups deprotonated; (2) the effect of ionic strength on
proton dissociation; and (3) the effect of molecular charge
on proton dissociation. ’

Considering only the statistical effects first, it can be

shown that
forx=1

Y=x i=n
111(‘I‘:£'I E/ags) = Xi "KM/ o (8)
y= i=

forx =2
i=n-1 Jj=n

2 Z ! mtz‘ mtJ/aH"‘ . (9)

Y=x
L CEME/ays) =
y=1 .oi=1 ]—H“l
forx =3 o
i=n~2j=n-1 k=n - SR
H( KME/ aH*') = z P 2 K mt, mtd mt, / aH“‘”

z=1 ]—l+1k—j+1 .
(10) .

and so on. ;'.(The * indicates that effects of electrostatic
interactions are not yet considered.) For brevity we define
the expression (K)? to mean the sum of all products
containing K;, K, ... K,, where each product consists of
p components. For example o )
(11)

()} = KKK, + KKK, + KKKy + KKK, +
KKK, + KKKt KKK, + K2K3K5 + KKK, (12)

Thus eq 7 becomes

" x=n

Zx( Kmt)n/aH"' .
rt=: x_lx_n (13)
1+ Z (KM% /ags

- The effect of ionic strength on the proton dissociation
reaction is taken into account by the use of activity .
coefficients; thus, for the experimentally determmed dis-
socxatlon constants

KME = K°E('yy_1/‘yy) | (14)

and ‘ o
i gyE = LT Ko (1)
y=1 Yz y=1

(Note that when successive K)F terms are multiplied to-
gether, activity coefficients in the numerator and denom-
inator cancel, except for the final term.) Thus eq 13 be-
comes

=y, .
- ;1 —{ K?nt) /on+
rt=— p— - . .(16).
1+ le_( mtﬁz/a}l"‘x-
=1Yx

where the # sign1f1es that the effect of molecular charge
on K}, has not yet been considered.
To take account of molecular charge effects, we replace
fti bY Ky exp[-2w,(i — 1)] where w, is the «-inde-
pendent part ‘of the expression for w.in eq 5, i.e. '

_ w, = e?/2DRET an
This gives
xgll; (K!nt)nH exp[-2wo(i - 1)]/ags*
re T (18)
1+ Z —(Kg,t)xH exp[-2w, (L - 1)]/aH+

x=1Yzx

Equation 18 describes proton dissociation as a function of
pH and ionic strength. The parameters are the n intrinsic
acid-dissociation constants, the number of carboxylate
groups per molecule, and the radius of the molecule (i.e.,
K1 K2 -+ Kint,s 1 and R). Tanford (12) showed that
the above derlvatmn could be simplified. In the absence
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of effects of electrostatic interactions, eq 13 can be ex-
pressed as
‘K%[t,x/ ag+

=7 R 19
=11+ Kmtx/aH"‘ ( )

If the approximation is now made that the average free
energy per molecule can be replaced by the free energy of
the average molecule (12), then we can use eq 4 to write

w=n KM, expQwZ) /ag+ o
=2 ki /on (20)
=11+ Kmtx exp(2wZ) /aH+

where Z is the average charge per molecule.” Thus

x=n Kmt,x eXp(ZwZ)/aH_,_/,YL »
= 7 (21)
s=1 1+ mtx eXp(ZwZ)/aH+/,Yl

r=

. @ [,,, 1-20 2Z)KR
© L, Cmex SXPL oppp "1+

#=1 . e (1-2Z)R
1+ Kb eXP) o pp 22+ 14k
: 22)

For deprotonatlon only, and with no countenon binding
we have Z = -r, thus .

Ko o2 or (1 + 2I‘)KR
it ©P| 2DRRT EE R
e? a+ 2r)xR
1+ K ex0| 5ppe| o 1+rxa

(23)

Equation 23 is an approx1mat1on of eq .18, which is exact
within the assumptions of the model. Equatlon 23 has the
same parameters used with eq 18. The advantage of eq
23 compared to eq 18 is its much greater ease of evaluation,

r=

g

- because it does not involve the combinatorial terms in K.

This becomes significant when n is large, and/or where
competition for binding among many cations is being

" considered.

Equation 23 applies least well to small molecules because
the approximation made regarding average properties
becomes less valid when n is small. This is because the
proper average should be over molecules that are able to
shed a proton, not for all molecules. The average used
includes molecules with all-n protons dissociated and,
therefore, always overestimates the effects of electrostatic
interactions. Thus, in the extreme, if n = 1, the only effect

- of electrostatic interactions is via the activity coefficient

of the product of proton dissociation, whereas eq 23 would

~ give an effect ascribed to the increase in charge, i.e., Z =

=r. As aresult of pK for a monoprotic acid would vary with
the degree of dlssoc1at10n, an obvious impossibility. The
problem diminishes as n increases, until eq 18 and 23 give
nearly identical results at n = 20. :

In order to-simulate effects of electrostatlc interactions
on proton binding and the effect of size heterogeneity, we '
consider the following hypothetical system. “Humic

molecules” of different molecular size are generated from
units each of molecular weight 200 and density 1.5 g cm™
(see below).  For each unit, one carboxylate group is con-

_ tributed. The resulting molecules are all spherical. The

size of a given molecule is denoted by x-mer where x is the
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Figure 1. Plots of degree of dissociation (o) vs pH for hypothetical
humic substances of molecular weight 200 (mer = 1), 400 {mer = 2),
1200 (mer = 6), and 2400 (mer = 12). The plots were calculated with

eq 18 Ionic strength 0.001 M.

I=0001M [ 1=o0awm

mer = 12

J
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Figure 2. Dependence of apparent pK (pK,p,) on degree of disso-
ciation () for hypothetical humic substances of molecular weight 200
(mer = 1), 400 (mer = 2), 1200 (mer = &), and 2400 (mer = 12). The
plots were calculated with eq 18. Left panel: ionic strength 0.001 M.

Right panel: ionic strength 0.1 M. )

number of units. For example, a 3-mer would have a
molecular weight of 600, a molecular radius of 0.54 nm, and
three carboxylate groups. To avoid complications due to
chemical heterogeneity of the carboxylate groups, they are
all assigned a fixed intrinsic pK of 3.5. It is emphasized
that this system is s1mply used to generate hypothetical
molecules of different sizes. We are not suggesting that
real humiec substances comprise identifiable subunits.

Figure 1 shows how proton dissociation depends upon
molecular weight. The higher is the molecular weight, the
greater is the possibility for buildup of charge and con-
sequent hindrance of proton dissociation. This is also
illustrated by the dependence on « of the apparent acid
dissociation constant, defined by

pKapp = AH - IOgIO (a/l - Ot) (24)

As shown in Figure 2, when there are no electrostatic ef-
fects (mer = 1), the value of pKgy, is constant, but when
significant charge buildup can occur (mer = 12), pK,y, can
vary more than 2 pK units. The electrostatic effect di-
minishes with ionic strength (Figure 2).

Effect of Molecular Size Heterogeneity on Proton
Dissociation. In addition to electrostatic perturbations
(with their molecular weight dependence) affecting proton
dissociation of humic substances, molecular heterogeneity
may also be significant. We now consider proton disso-
ciation for samples con51st1ng of mixtures of molecules.
Each type of molecule in a mixture is generated as de-
scribed above.




Table I. Molecular Weight Distributions of Hypothetical Humic Substances, Used for Simulation Calculations®

pH
Figure 3. Effect of molecular heterogensity on proton dissociation from
hypothetical humic substances. Curves were calculated by using eq
18 for molecular weight distributions A, C, and D (see Table I). Ineach
case the number-average weight is 800.

Three hypothetical molecular weight distributions are
considered. In the first, a monodisperse system, all mol-
ecules have the same molecular weight. The second is
defined such that the weight fraction of each type of
molecule is proportional to the molecular weight of that
molecule; in this distribution the number fraction of each
type of molecule is constant. In the third distribution the
weight fraction of each type of molecule is constant. Table
1 summarizes the distributions employed for simulation.

Figure 8 shows simulations for a fixed number-average
molecular weight (M) of 800, with weight-average mo-
lecular weights (M,,) of 800, 1000, and 1400 (cf. Table I).
It is seen that increasing polydispersity leads to progressive
divergence of the plots of pKgy, vs @ and a vs pH. Con-

distribn A distribn B distribn C _ distribn D distribn E
no. wt no. . wit no —wt O mo. wt no. wt
mer-  fractn fractn ~ fractn fractn fractn fractn # fractn “fractn . fractn fractn
1o 0 0 0 0.1420 00357 .. 03145 00769, 03535  0.1111
-2 0 0 0 0 0.1429 0.0714 - 01572 . 0.0769 . 0.1767 0.1111
3 - 0 -0 0 0 0.1429 - 0.1071 : 0.1048 0.0769 . 0.1178 0.1111
4 gt 1 0 0 0.1429 0.1428 . 0.0786 ~ 0.0769 ¢ 0.0884° - 0.1111
-5 0 0. 1 1 0.1429 01785 : 0.0629 0.0769 0.0707 - 01111
6 0 0 0 0 0.1429 0.2142 : 0.0924 - 0.0769 0.0589 0.1111
7 0 .0 0 0 0.1429 0.2499 = 0.0449 . 0.0769 -~  0.0505 0.1111
8 0 0 0 0 0 0 o 0.0393 0.0769 - 0.0442 . - 0.1111
9 0 0 0 0 0 0 0.0349  0.0769 0.0392  0.1111
10 0 0 0 0 0 0 0.0315 0.0769 - 0 0.
11 0 0 0 0 0 0 0.0286 - : 0.0769 0 0
127 0 0 0 0 0 0. 0.0262 0.0769 - 0 0
13 0 -0 0 . 0 0 0 0.0242 0.0769 0 0 -
M, 800 1000 800 ' 800 636
M, 800 o 1000 1000 - 1400 . 1000
" o The molecular weight of a given type of humic molecule is 200 X mer. M, and M, aré number- and. weight-average molecular weights,
" respectively. : P .
B 51
PKapp
4 I=0.001 M
3' ] | ] ] J 3 ] I | ] ]
0 02 04 06 08 1.0
64 . a

2 3 4 5 8
pH ‘

Figure 4. Eﬁéct of molecular heterogeneity on proton dissociation from
hypothetical humic substances. Curves were calculated by using eq

- 18 for molecular weight distributions B, C, and E (see Table I). In each

case the weight-average molecular weight is 1000.

trasting results are obtained for a fixed M, (Figure 4), In
this case the plots for different M, diverge initially, but

. converge as proton dissociation increases. In the light of -

these results, we propose that M, is preferable to M, as
a basis for modeling proton dissociation from humic sub-
stances; i.e., if it is desired to represent a heterogeneous
humic sample by a hypothetical homogeneous material,
then the latter should have a molecular weight equal or
near to the weight-average molecular weight of the real
sample.

1t should be noted that, in the above simulations, we
have assumed that the number of carboxylate groups per
gram of humic substance is constant. A further compli-
cation might be that this is not the case; for example, there
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Table II. Summary of Fitting Proton Titration Data for
Fulvic Acid from the Suwannee River (11), Using eqs 18
and 23 and Assuming Three Pairs of Carboxylate Groups
per Molecule (See Text)®

eq 18 eq 23
PRl 2.53 (0.16) 2.39 (0.04)
KUy 3.75 (0.04) 3.50 (0.02)
pKle 5.65 (0.05) 5.54 (0.03)
RMSD in pH 0.067 0.070

SRMSD, root mean équare deviation. Values in brackets are
standard errors.

is a general tendency for the number of oxygen-containing
functional groups to be less for aquatic humic acids than
for aquatic fulvic acids, and for the humic acids to be of

- greater molecular weight (16). On the other hand, the
fractionation .study of Leenheer et al. (17) showed no
systematic dependence of carboxylate group content with
either number-average or weight-average molecular weight
for 15 fractions of fulvic acid from the Suwannee River
separated on silica gel. At present, therefore, it is not clear
how carboxylate group content depends on molecular
weight. The approach described in this paper would,
however, allow simulation calculations to be performed for
hypothetical relations.

Fitting Experimental Data for Fulvic Acid from
the Suwannee River. Values of M, and M, for fulvic
acid from the Suwannee River are in the ranges 600-1000
and 900-1500, respectively (18-21). The carboxylate group
content is (6.0-6.2) X 10 mol g (22). The partial specific
volume in aqueous solution is in the range 0.465-0.69 cm?
g7, depending upon concentration (21, 23). On the basis

. of these data we propose a hypothetical homogeneous
material anticipated to exhibit electrostatic interaction
properties similar to those of the real material; the model
substance has a molecular weight of 1000, six carboxylate
groups per molecule, and a density of 1.5 g cm™. The
molecular weight and density correspond to a molecular

-radius of 0.64 nm. Only carboxylate groups are assumed
to ionize in the pH range considered (pH <7).

The experimental data used for fitting were those of
Ephraim (13). ‘The data sets consist of 138 points covering

- a pH range of 2.9-6.4, a range of concentration of fulvic
acid of 0.1-1- g dm™ and an ionic strength range of
0.0015-0.1 mol dm™, Referring to eqs 18 and 23, the
available adjustable parameters are just the pK§;, values

Four pos31b1ht1es were considered as follows: (1) a smgle
pKj,, value, i.e., six identical COOH groups; (2) two pK?$,,

. values, each applymg to three COOH groups; (3) three .

- pK3,, values, each applying to two COOH groups; and (4)
six pK},, values, i.e., six different COOH groups. Param-
eter optimization was performed by minimizing 3 (pH, ;e

" = pH_y)% where the subscripts refer to measured and

calculated pH, respectively.

_ Poor fits were obtained with a single value of pK%,;. The

three-pK$,, model gave significantly better fits than the
two-pK¢, version. When six different values of pK$,, were
tried, the optimization algorithm failed to give convergence,
but it was clear that the fit would not have been signifi-

‘cantly better than that for three pK$,, values. Optimized

parameter values for the three- pK,,; case are presented in

Table II. Plots of measured and calculated tltratlon data

are shown in Figure 5.

DLscusszon and Concluszons

_ Given knowledge of average molecular d1mens1ons of
‘humic substances, application of the Debye—Hiickel theory
provides a straightforward way to separate electrostatic
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Figure 5. Solution pH vaiues plotted as a function of total base added
(Tg) for titrations of fulvic acid from the Suwannee River. Solid lines
are calculated by using eq 18 with three pK, values (Table II); points
are experimental values from Ephraim (73).

effects on proton dissociation from the effects of hete-
rogeneity in dissociating groups. The successful fitting of
titration data for fulvic acid from the Suwannee River,
especially bearing in mind the wide ionic strength range
covered, suggests that the electrostatic effects are described
reasonably quantitatively. However, it is clearly desirable
to test the model further, by analyzing titration data ob-
tained over wider ranges of pH for humic substances with
different (known) average molecular weights. With regard
to size heterogeneity within a given humic sample, the
present results suggest that it can be ignored in modeling
ion binding, as long as an appropriate average molecular
size is adopted for computing electrostatic effects. Studies
on humic preparations of greater polydispersity might
indicate circumstances under which size heterogeneity
needs to be explicitly accounted for. Should a need arise,

the present modeling approach could readily be adapted

to simulate the influence of such heterogeneity.

Glossary
r moles of protons dissociated per mole of humic
" substance
n total moles of carboxylate group per mole of humic
substance
R radius of the humic molecule
a sum of the radius of the humic molecule (R) and

distance of closest approach of counterion
charge on the humic molecule ° :
charge on combining ion (+1 in the case of H* ion)
proton charge : :
_ dielectric constant of water
Boltzmann constant
Debye parameter (m™) ,
activity coefficient of species x
- electrostatic interaction factor :
temperature (K)
| electrostatic free energy
ionic strength (mol dm™) -

FHER ~ Yo NN

o

~




a _r/n, ie., the degree of dlssoclatlon of the humic

substance
KM mixed dissociation constant (functlon of I);
e [RHn—;]aH"‘/ [RHn—;+1]
K? dissociation._ constant in terms of activities;
M aRH,,_,aH‘f/ ORHj,-i;1
K; intrinsic, dlssoclatlon constants, i.e., referring to

dissociation from species with a charge of zero
experimentally determmed mlxed dissociation
constant

Registijy No. Proton, 12586-59-3.
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