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Abstract—Under natural conditions, the adsorption of ions at the solid—water interface may be strongly
influenced by the adsorption of organic matter. In this paper, we describe the adsorption of fulvic acid (FA)
by metal(hydr)oxide surfaces with a heterogeneous surface complexation model, the ligand and charge
distribution (LCD) model. The model is a self-consistent combination of the nonideal competitive adsorption
(NICA) equation and the CD-MUSIC model. The LCD model can describe simultaneously the concentration,
pH, and salt dependency of the adsorption with a minimum of only three adjustable parameters. Furthermore,
the model predicts the coadsorption of protons accurately for an extended range of conditions. Surface
speciation calculations show that almost all hydroxyl groups of the adsorbed FA molecules are involved in
outer sphere complexation reactions. The carboxylic groups of the adsorbed FA molecule form inner and outer
sphere complexes. Furthermore, part of the carboxylate groups remain noncoordinated and
deprotonated. Copyright © 2003 Elsevier Science Ltd

1. INTRODUCTION and FA) is more complex for several reasons: (1) HA and FA
are mixtures of molecules with different size, number of reac-

Natural organic matter (NOM) and metal(hydr)oxide sur- . . .
faces can both be regarded as geo-colloids. Considerable attenyve groups, etc.; (2) FA and especially HA have many more

. S . reactive groups per molecule that can form bonds with the
tion has been and is stil given to the understanding of the oxide surface; (3) the organic molecules and the metal(hydr)ox-
(surface) chemistry of these geo-colioids per se. NOM and ide surface h:':\ve both gvariable charge; and (4) HA aynd FA
metal(hydr)oxides are, for instance, very important for the have a relatively large size ge;

chemical speciation and transport of nutrients and pollutants . )

in the soil and sediment. In natural systems, both types of In the studies of Karltun (1998), Evanko and Dzombak

geo-colloids are simultaneously present and they will inter- (1999.)’ a_md F|I|u_s et al. (2900)’ the adsorption of FA by
act. The mutual interaction may influence their role as re- goethite is described assuming a discrete number of surface

active surfaces in the natural environment. The interaction §pecnes. We refer to this type of modeling as “discrete model-

between organic matter and oxide surfaces can significantly Ing. 'E these stu_dles, aiws” as in the plreselnt apraChv FA 'Z
alter the characteristics of both the organic matter and the treated as a mixture of the same molecules with average

oxide surface. Davis (1982) stated that a realistic represen- propertles. . . ) .
tation of the surfaces of natural particulate matter might Figure 1 shows three different schematic configurations of a

require a heterogeneous multisite model. To date, only a few bound FA molecule. The reactive groups (carboxylate and
attempts have been made to include NOM adsorption in hydroxylate) of the FA molecule can react with mineral surface
surface speciation calculations (Vermeer et al., 1998; Karl- 9r0UPS, may bind protons, or remain deprotonated. The con-
tun, 1998; Evanko and Dzombak, 1999: Filius et al., 2000). figuration of the FA molecule bound by the oxide surface will
For such an important challenge, a fundamental understand- 2"y Widely with pH, salt level, surface loading, and other
ing of the adsorption behavior of NOM by oxide surfaces is factors. In the discrete modeling, the varying configuration is
required to make progress. introduced by defining different surface species. Filius et al.
Well-defined small organic acids have often been used as (2000) calculated that with such an approach a FA molecule
model compounds to study the adsorption of larger ill-defined With eight reactive groups can form potentially easily over a
natural organic acids. (Balistrieri and Murray, 1986: Ali and thqusand different surface species. To reduce the number of
Dzombak, 1996; Filius et al., 1997, 2001; Boily et al., 2000). adjustable parameters, the number of surface complexes used
The description of the adsorption of these well-defined organic however has been minimized. Filius et al. (2000) only used four
molecules has shown that three factors are essential: 1) thedifferent surface species to describe the data. The limited
stoichiometry of the reaction, 2) the chemical affinity of the Number of surface species, is physically and chemically less
organic molecules for the oxide surface, and 3) electrostatic "€@listic. For larger molecules, e.g., HA, the number of reactive
interactions between the charged organic molecules and the9roups is even larger than for FA and the number of possible
oxide surface. However, the description of the adsorption of surface species is almost infinite. Therefore, the discrete mod-

large, ill-defined organic molecules (humic and fulvic acid; HA €ling approach is in our opinion not suitable for modeling the
binding of molecules larger and more complex than FA mol-

ecules.
*Author to whom correspondence should be addressed Recently, we developed the ligand and charge distribution
(Willem.VanRiemsdijk@bodsch.benp.wau.nl). (LCD) model (Filius et al., 2001) and described the adsorption

1463



1464 J. D. Filius et a.

0 d

Fig. 1. A schematic representation of three possible configurations of
an adsorbed FA molecule.

of multiple carboxylic acids by goethite. Using the CD (charge
distributed complexation) model (Hiemstra and Van Riems-
dijk, 1996) and the consistent nonideal competitive adsorp-
tion (NICA) equation (Koopal et al., 1994; Kinniburgh et al .,
1999), the LCD model calculates the distribution of organic
molecules over the mineral and the solution phase and the
speciation (or configuration) of the adsorbed and dissolved
molecules simultaneously and in a self-consistent way. Elec-
trostatic effects on the speciation of the goethite and the
adsorbed FA are taken into account with a united electro-
static model.

The am of this study is to extend the model approach
presented by Filius et al. (2001) to describe the adsorption of
FA by goethite for a wide range of conditions (pH, ionic
strength, and surface loading). As FA contains both carbox-
ylic and hydroxylic groups, the original LCD model is
extended taking the full speciation of the hydroxylate groups
of the adsorbed FA molecules into account. The model is
calibrated for the adsorption data of Strichen Fulvic Acid
(SFA) by goethite. Furthermore, the model is tested predict-
ing the coadsorption of protons as a function of the SFA
adsorption by goethite at constant pH for conditions where
almost 100% of the SFA molecules are adsorbed.

2. MODELING THE BINDING OF FA

In this study, the overall adsorption of FA by goethite is
represented by the following overall reaction:

(a+ b)FEOHY? + (a+ b + c)H"

Koverall, 0,1
+FA? & (Fe),(FeOH,),FAHS?™™P* "> + aH,0 (1)
in which FeOH represent the singly and triply coordinated
surface groups of goethite, a is the number of surface groups
forming inner sphere complexes, b the number of surface
groups that will form outer sphere complexes with carboxylate
(RCOO™) and hydroxyl (RCOH) groups, and ¢ the number of
protons forming noncoordinated RCOOH and RCOH groups. z
represents the charge of the fully deprotonated FA molecule.

The macroscopic adsorption reaction (Eqn. 1) is character-
ized by the stoichiometry coefficients a, b, and ¢, the overall
affinity constant (K, erai1), @nd the overall electrostatic interac-
tions (Yo, ;) between the oxide surface and the organic mol-
ecule. The calculation of these parameters and the details of this
equation will be discussed later (see Table 1 and section 2.2.2).
It should be mentioned that both singly and triply coordinated
goethite surface groups are supposed to interact with the reac-
tive groups of the FA molecule. However, in the text the
reactions are only written for singly coordinated sites for rea-
sons of simplicity.

The adsorption of FA by goethite is calculated with the LCD
model (Filius et a., 2001). Figure 2 shows the basic structure
of the LCD approach. The starting point for the iterative mod-
eling is the calculation of the macroscopic distribution of FA
over the solution (FA4<) and the interface (FA ). This dis-
tribution is calculated with the CD-MUSIC models (1 in Fig. 2).
The CD-MUSIC model is fed by parameters gained from two
submodels in which the ligand distribution at the surface is
calculated (LD model) and the solution speciation of FA mol-
ecules is found (ND model). These two models are in turn
based on the results of the CD model. The three models form
a self-consistent iterative calculation scheme. A more detailed
description of the model will be given below. We will start at
the microscopic level before describing the FA adsorption at
the macroscopic level.

2.1. Interaction of the Organic Groups with Protons and
Surface Sites

2.1.1. In Solution

Table 1 shows the adsorption and protonation reactions of
the carboxylic and hydroxylic groups of dissolved and ad-
sorbed FA molecules. Reactions 1 and 2 of the table represent
the protonation of the carboxylic and hydroxylic groups in
solution respectively.

Reactions 3 through 6 of Table 1 represent the adsorption
and protonation of a solution-oriented carboxyl or hydroxyl
group of the bound FA molecule. The solution-oriented group
does not have a direct interaction with the goethite surface
groups, but is bound by the surface due to the complex forma-
tion of surface sites with other functiona groups of the same
adsorbed organic molecule. This structural feature is indicated
by # in the reactions.
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Table 1. Reaction equations for the reactions possible to occur on the surface with the corresponding affinity constants, change of charge (Az) in

plane i, and stoichiometry coefficients.

Reactions logK Az, Az, St. coeff.
1 RCOO™ + H* & RCOOH® logK 1y 1 — — —
2 RCO™ + H* & RCOH° logK 1, » — — —
3 # + RCOO™ + H* & #—RCOOH® logK 0 0 c,
4 # + RCOO™ & #—RCOO™ ; 0 -1 z-a,—b —¢
5 #+ RCO™ + H* © #—RCOH° logKy; » 0 0 c
6 #+ RCO™ & #-RCO™ 0 -1 z-a,—-b—¢
7 —FeOH%% + H* + RCOO™ & —Fe — OOCR]** logK i, + logKy, +0.5 -05 a
8 —FeOH®% + H* + RCOO~ & —FeOH, - - - OOCR]** logK 2 + logK 4 +0.8 -0.8 [
9 —FeOH*® + H* + RCO™ & —FeOH, - - - OCR]%> 10gK o2 + 10gK +0.8 -08 [
10 —FeOH®% + H* + RCO™ & —FeOH - - - HOCR]®> 109K g2 + +0.2 -0.2 b,

logKh 2

Note R represents the rest of the molecule. # indicates the adsorbed FA molecule of which the solution-orientated reactive groups can be protonated
(reactions 3 and 5) or remain deprotonated (reactions 4 and 6). Note that the charge of the bound RCOO ™ and of the RCOOH? islocated in the d-plane.
In the modeling, outer sphere complexation reactions are assumed for both singly and triply coordinated groups. Here the reactions (reactions 8—10)
are only written for singly coordinated groups. The charge distribution and affinity constant are assumed to be the same for outer sphere complexation
with singly and triply coordinated groups. The stoichiometry coefficients in the table are related to the stoichiometry coefficients of Eqn. 1 by b =

b, + b2, b2 ="b,; + b,,,c=c¢c, +Ccandz=2z + 2.

2.1.2. At the Interface

2.1.2.1. Carboxylic Groups Based on spectroscopic evidence
(Parfitt et al., 1977a, b; Gu et a., 1994; Kaiser et al., 1997,
Baily et al., 2000), we assume in this study that the carboxylic
groups of FA can form inner sphere complexes with the singly
coordinated surface groups and outer sphere complexes with
singly and triply coordinated surface groups. Inner sphere com-
plexation (reaction 7 of Table 1) is characterized by the ex-
change of a surface water group of asingly coordinated surface
group for one oxygen atom of the carboxylate group. We
assume that the charge of the carboxylate groups (—1 valence
unit; vu) is equaly distributed over both oxygens (i.e., each
oxygen —0.5 vu). In case of the exchange reaction, the charge
of the iron in the solid (+0.5 vu) is fully neutralized by the
charge of the carboxylate oxygen (—0.5 vu). Inner sphere
coordination therefore results in an uncharged bonding oxygen.
The charge of the second carboxylate oxygen is located in the
d-plane.

In case of H bond formation, the —1 vu of the organic group
is located in the d-plane (reaction 8 of Table 1). The proton
involved attributes 0.8 vu of its charge to the surface plane. The
remaining 0.2 vu is located in the d-plane together with the -1
vu of the carboxylate group. In the rest of the text, H bonding
is described only for singly coordinated surface groups. In the
modeling, the H bonding with triply coordinated groups is
taken into account in the same manner as the H bonding with
singly coordinated groups, with the same charge distribution
and affinity constant.

2.1.2.2. Hydroxylic Groups The hydroxylic groups, and other
types of OH groups of FA with a high proton affinity are
supposed to protonate and deprotonate and to form outer sphere
complexes with singly and triply coordinated surface groups.
The outer sphere complexes are formed due to H bonding
(reactions 9 and 10 in Table 1). In case of H bonding, both the
protonated reactive surface group and the hydroxylic group of
the FA can, in principle, act as the proton donor. Figure 3

shows both options and indicates the different charge distribu-
tion of both types of outer sphere complexes over the interface.
When the goethite surface site is the proton donor, 0.8 vu of the
charge of the proton is located in the surface plane. The
remaining 0.2 vu is located in the d-plane together with the —1
vu of the carboxylate or hydroxylate group (Fig. 3a; reaction 9
of Table 1). In case the reactive organic group is the proton
donor, the 0.2 vu of the proton is located in the O-plane. The
remaining 0.8 vu is located in the d-plane together with the —1
vu of the carboxylate or hydroxylate group (Fig. 3b; reaction 10
of Table 1).

To determine which group is the actual proton donor, the
intrinsic proton affinity of both groups as well as the electro-
static potential at the location of the reactive group should be
taken into account. The overall affinity for the formation of the
H bond in which the surface site is the donor is given by a
combination of the protonation of the surface group (K,,), the
formation of the H bond (IZOULZ), and the electrostatic interac-
tions (e O8FWIRT @+O8FU/RT)  The gverdl affinity for the
formation of the H-bond in which the hydroxylic group is the
donor is a combination of the protonation of the reactive FA
group (Ky, ), the formation of the H bond (K, ), and the
electrostatic interactions (e~ ©2FW/RT  g+02F/RT)  The gyr-
face site will therefore dominate as the H-bond donor in case
KH . e70.8F¢rg/RT . e+0.8Fl[;1/RT > RH,Z . e70.2Fd:glRT . e+0.2nj:1/RT
(reaction 9 of Table 1; Fig. 3a). The hydroxylic group will
dominate as the H-bond donor in case K, ,.e ®2WRT
_@tO2F/RT Ky . @ 0-8U/RT o+0.8Fy/RT (reaction 10 of Ta-
ble 1; Fig. 3b).

When the reactive surface group and the hydroxylate group
have smilar proton affinities, the relative presence of both
types of H bond donors depends on the electrostatic potential in
the O- and d-plane.

Note that in principle the carboxylic groups can aso form
both types of H bonds. However, because IogIZH,1 << logK,
the overal affinity for the formation of the H bond in which the
carboxylate oxygen is the donor is much smaller than in case



1466 J. D. Filius et a.

pH
\ 4
Distribution
FA..
[FCOH;)‘ﬁ], [Fe}OHO'S*,] < FAdiss
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Speciation at the interface I L. .
Speciation in solution
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a b, c
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Fig. 2. Cdculation scheme for the new model approach. (1) CD-MUSIC model calculates the distribution of the organic
molecules over the solid and solution phase. (II) The LD model calculates the mean adsorption mode of the adsorbed
organic molecules, which determines the input parameters for the CD-MUSIC model. (111) Converts the dissolved amount
of FA into areference species FA%™, which is used as input for the CD-MUSIC model. The affinity constant (IogK oyeran)
charge distribution (Az,, Az,), stoichiometry coefficients (a, b, and c) of the reaction, and the activity of the FA in solution
(FA*™) are the input parameters for the CD& MUSIC model. The values of 10gK e AZo, AZg, and a, b, and ¢ are also
output of the speciation calculation of the adsorbed FA molecule.

the surface oxygen is the donor. Model calculations show that
the carboxylic FA group will not act as the H bond donor for
pH > 3.

2.1.3. Calculation of the FA Molecule Speciation: The
Consistent NICA Model

In general, organic material contains functional groups with
a wide range of affinities for protons, competing metal ions,
and, in this case, reactive oxide surface groups. The NICA
model is a site-binding model that takes heterogeneity and
competition into account explicitly. For the calculation of the
speciation of the adsorbed FA and the FA in solution (11 and 111
in Fig. 2) the NICA model isused. The bimodal NICA equation
is given by:

p1
. {E(Ri,lci,D)nll}
ni‘l (Ki,lci’D)n"l i

Q= Qredn S (R0 1+ {E(R e )nl}m
i i,1%,D.

p2
. [ E(Ri,zci,o)n"z}
ni. (Ki,2¢p)"? i

max2, v N2 P2 (2)
Ny 2 Z (K 2Gip) 1+ {E(Ri,zci,D)nlz}

+Q

where Q; ; is the total amount of component i bound to the
humic substance, Q... IS the total site density (mol/kg), sub-
script 1 and 2 refer to the first and second type of sites in the
affinity distribution, K, isamedian affinity constant, and Cpis
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Fig. 3. Schematic representation of the formation of an H-bond
between a hydroxylic group of a FA molecule and asingly coordinated
reactive surface group of the goethite surface. (a) The reactive surface
group acts as the H-bond donor; (b) the hydroxylic group acts as the
H-bond donor.
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the concentration of i in the Donnan phase. The value of p (0
< p = 1) accounts for the intrinsic chemical heterogeneity of
the sorbent, which is the same for al components i. The
parameter n; accounts for the ion-specific heterogeneity or
nonideality of component i that is not accounted for by intrinsic
heterogeneity and/or the electrostatic model (n # 1 nonideal, n
= 1 ided).

2.1.3.1. Speciation of the Dissolved FA Molecules For the
conditions in solution as discussed in this paper, the NICA
equation reduces to a ssimple LF eguation because the proton is
the only interacting component:

{Kua[Hlo}™

(R oL HIo}™
k= Quady (7 THI™

"+ {KuHIo}™

Q (©)
in which my (m = ngp) is a heterogeneity parameter that
reflects the combined effect of the intrinsic heterogeneity (p)
and the ion-specific heterogeneity (n,,).

A simple Donnan model can account for the nonspecific
binding (Benedetti et al., 1996; Kinniburgh et al., 1999). The
Donnan approach assumes that at each charge the overall
electroneutrality is entirely preserved by the accumulation or
depletion of salt ions in the gel phase.

Qivp — ,zc(e 3 PRT — 1) = 0 4)

where q is the charge of the fulvic acid in mol kg™?, v, is the
specific volume of the gel phase in L/kg, and ¢; is the concen-
tration of ion j in the external solution in mol/L. e~ 4F*/RT jg
the Boltzmann factor in which subscript D indicates the poten-
tia in the Donnan phase.

For a given charge density and salt level, v, is the only
unknown parameter to solve Eqgn. 4 for 5. Kinniburgh et al.

(1999) introduced an empirical relation between v, and the
ionic strength:

logvp =k . (1 —logl) — 1 (5)

Although this relation shows a variation in v, with ionic
strength which is much larger than can be expected based on
structural models of fulvic acid (Langford et a., 1983; Avena
et a., 1999; Lead et a., 2000), the Donnan model can mimic
the salt effects on the charging very well. For more detail refer
to Kinniburgh et al. (1999).

2.1.3.2. Speciation of the Adsorbed FA Molecules So far, the
NICA model has been used successfully to calculate the com-
petitive binding between protons and metal ionsfor HA and FA
(Christensen et a., 1998; Pinheiro et al., 1999; Kinniburgh et
a., 1999; Berbel et a., 2001). Instead of metal ions, now
surface sites compete for the binding sites of the FA. The NICA
equation is combined with the basic Stern (BS) model, which
accounts for the electrostatics near the surface (see CD-MUSIC
model):

Qix

p1
2 (Ri,1QXo,iXd,i)”'v1
My (KiaGXoiXg)™ {i

Qmaxl ~ p
n Ki C,X iX i ni. t
H1 E :( AYiI720,i/0d, ) 1 { }

2(Ri,lcixo,ixd,i)n“1

p2
% ! { E (Ki,quovixdyi)nz]
Nz (KiGXoiXgi)™ i

+ Quaa 2y 2 : ;
2 Nyo E(Ki,zciXo,ixd,i) ' 14 {E(R CXoiX )ni,z]p
. 12CiR0iRd;

(6)

in which X,; and X,; indicate the Boltzmann factors
(e A%FURT - o= AzaFun/RT) for complex type i in the 0- and
d-plane respectively. Note that in this equation the concentra-

tion of surface sites (c;) is expressed in mol/L.

2.2. The Distribution of FA Over the Mineral Surface
and Solution

In this study we assume that the reaction at the macroscopic
level (Egn. 1) istheresult of all interactions at the microscopic
level (Table 1). For the calculation of the distribution of FA
molecules over the mineral surface and solution (I in Fig. 2)
with the CD-MUSIC model (see Hiemstra et al., 1989a, b and
Hiemstra and Van Riemsdijk, 1996 for details), the input pa
rameters (reference state of the dissolved FA molecule, stoi-
chiometry coefficients, overal affinity constant, and overall
charge distribution) are obtained from the microscopic specia-
tion calculation of the FA molecules. This will be described in
more detail in the next sections.

2.2.1. The Reference Sate of the Dissolved FA

In this study we take the activity of the fully deprotonated
species as the reference state of the FA molecules in solution.
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Table 2. Basic physical chemical parameters used for the description
of the charging behavior of FA with the NICA-Donnan model.

Qmax; _
(mol/kg FA) logKy; m
Carb. () 6.11 2.33 0.33
Phen. (,) 1.91 9.77 0.45
k 0.57
M, (g/mol)® 683

2Van Zomeren and Comans (2002).

The activity of the fully deprotonated FA is not easy to derive
from the NICA equation. For simplicity we assume that the
activity of the fully deprotonated FA moleculesisrelated to the
total FA in solution according to:

[FA?] = Oaz * FAgss (1)

in which FA ;4 is the total concentration of FA in solution and
Oz is the fraction of the deprotonated FA which can be
defined as the product of the deprotonated fractions of the
carboxylic (6fg;) and hydroxylic (6fy,) groups:

Oraz = efc(zirb * 0:)(:1en (8)

The individual fractions can be found from application of Eqgn.
3knowing that 6%, + 6, = 1 for the carboxylic groups,
in which 6., is the fraction of the carboxylic groups of the FA
molecule that is protonated. This yields:

1
L+ ReHT™ ©

efcirb =
for the carboxylic groups. 64, can be calculated with Eqgn. 9
using the constants of the second distribution (IogKHY2 and m,
of Table 2).
The activity of the fully deprotonated FA molecules can now
be calculated according to:

1 . 1
1+ (Kpg[H )™ 14 (KuH Ip)™

[FAT] = * FAgss

(10)

2.2.2. Soichiometry Coefficients

In the LD mode (Il in Fig. 2), the mean speciation of the
adsorbed FA molecule is calculated. In Egn. 1, the stoichiom-
etry coefficient for inner sphere complexation (see reaction 7 of
Table 1) is given by a. The stoichiometry coefficient b in Eqgn.
1 consists of the summation of the stoichiometry coefficients of
the different types of outer sphere complexes as given by
reactions 9 and 10 of Table 1, e.g.:

b=b,+b, (11a)
b, = b, + by, (11b)
b, = b,, + b,, (11¢)

inwhich thefirst subscript refersto either carboxylic groups (1)
or hydroxylic groups (2). The second subscript discernsthe two
types of outer sphere complexes for hydroxylic groups. b, ;

refers to the situation where the proton is closest to the reactive
site of the goethite surface, whereas b, , refers to the situation
where the proton is closest to the hydroxylic group.

Findly, in Egn. 1 c represents the stoichiometry coefficient
of the proton complexes formed:

c=c¢+¢c (12

in which theindex refersto carboxylic (1) or hydroxylic groups
2.

The microscopic stoichiometry coefficients (a, b;;, ¢; ex-
pressed in mol complex/mol FA) are related to the total amount
of the different types of surface complexes formed (Qig;,
Qosw Q) for inner sphere, outer sphere, and proton com-
plexes respectively; e.g., the quantity of organic groups that
forms a complex of type i expressed in mol complex/kg FA)
and calculated with the NICA equation (Egn. 6) by:

a= Mga . Qist (139)
bi,j = Mg . Qos,,,l (13b)
Ci = Mga . Qpit (13¢)

in which Mg, is the averaged molecular mass of the FA
molecules (kg/mol). The subscriptsi and j are the same as used
for the stoichiometry coefficients b and c in the corresponding
reactions in Table 1. Van Zomeren and Comans (2002) deter-
mined the M, for SFA to be 0.683 kg/mol (see Table 2).

Note that the stoichiometry coefficients are not constants, but
depend on the pH, ionic strength, surface coverage, and so
forth.

2.2.3. The Overall Reaction Constant

The overall affinity is composed of the constants for the
formation of the different complexes weighed by their relative
contribution:

IogKoveraII =a. Ioglzin + bl . Iogkout,l + b2 . logkout,z

+ (a+ by + byy) . logKy + ¢, . logK,y,

+ (b + C)) . IOgRHZ (14

The different reaction stoichiometry coefficients (a, b, c) are
defined in the previous section and in Table 1. The first three
terms of the right-hand side of Eqgn. 14 refer to the bonds
formed between the FA groups and the surface, in which logK;,,
is the median affinity constant for the formation of inner sphere
complexes and logK . ; and logK . , are the median affinity
constants for the formation of outer sphere complexes formed
by carboxylic and hydroxylic groups respectively. The last
three terms refer to the protonation reaction of the metal oxide
surface groups (logKy), the free carboxylate groups of ad-
sorbed FA (logK,,,), and the free hydroxylate groups of ad-
sorbed FA (logK,,,) respectively.

Note that we have assumed that the affinity constants of the
different outer sphere complexes are assumed to be the same
for the reaction with singly and triply coordinated groups
(logK o » for reactions 9 and 10 of Table 1).
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2.2.4. The Overall Charge Distribution

The charge distribution can be calculated if we assume that
the charge of the fully deprotonated adsorbed FA molecule is
located in the d-plane except the charge of the FA groups that
islocated in the O0-plane due to the formation of inner (a), outer
sphere (b) complexes (see charge distributions for reactions 7
to 10 in Table 1). The change in charge due to the protonation
of the noncoordinated groups is assumed to take place in the
d-plane. The charge distribution over the O- and d-plane is
therefore given by:

Azypp = (1 — 0.5)a + (+0.8)(b; + byy) + (+0.2)h,,
(15a)

AZyn = z— (1 — 0.5)a — (+0.8)(b, + byy)
— (+0.2)by, + ¢ (15b)

3. MATERIALS AND METHODS

3.1. Goethite

The goethite is prepared according to the procedure de-
scribed in detail by Hiemstra et al. (1989b). The BET-N,

surface area of the sample was 94 m? g~ *.

3.2. Fulvic Acid Extraction

Soil fulvic acid was extracted from a soil sample using
methods based on those recommended by the International
Humic Substances Society (Aiken et a., 1970; Swift, 1996).
The soil material used was from a Bs horizon of a peaty podzol
(Strichen association). The extraction is described in detail by
Filius et al. (2000)

3.3. Data Analyses

Theionic strength is calculated for each data point explicitly
taking into account both the background electrolyte ions and
free H* and OH™. From the calculated ionic strength (1), the
activity coefficients (f) were determined using an adapted Da-
vies equation:

-

I
—logf = 0.51* 2% {
o {1+\ﬁ

—02*I} (16)

Blank correction for each data point was carried out by calcu-
lating the amount of titrant required to increase the pH of an
equivalent volume of background electrolyte solution. Thiswas
subtracted from the volume of titrant used for the sample.

3.4. Adsorption Experiments

The FA adsorption by goethite was measured in background
electrolytes of 0.01 mol/L and 0.1 mol/L NaNOg, using a batch
equilibration procedure. The data are obtained from Filius et al.
(2000).

3.5. Proton-lon Titrations at Constant pH

Samples of 60 mL of a goethite suspension were titrated to
pH 4, 5.5, or 7 and left overnight while purging with moist

clean N,. The samples have an electrolyte concentration of 0.01
mol/L or 0.1 mol/L NaNOjs. The goethite solution was titrated
with a5 g/L FA solution having the same pH and ionic strength
as the goethite solution. Both goethite suspension and FA
solution were kept under N, during the entire experiment. After
each FA addition, the pH was corrected to the initial pH with
acid or base. A reaction time of at least 20 min and a maximum
drift criterion of 0.002 pH unit per minute were used between
each addition of FA to reach equilibrium. The total amount of
added FA was sufficiently small compared to the total surface
area of the goethite to have more than 99% of the FA bound.
The acid/base balance can be calculated from the amount of
added acid and base because the pH was kept constant and
virtually no FA remains in solution.

3.6. Modd Calculations

The model calculations were carried out with the computer
program ORCHESTRA (Objects Representing CHEmical Spe-
ciation and TRAnsport; Meeussen et a., 2001) which was
developed specificaly to facilitate the implementation of ad-
vanced adsorption models. The most contrasting difference
with any of the standard speciation algorithms is that in OR-
CHESTRA the model type definitions are completely separated
from the calculation kernel, and even from the source code.
Model types are defined in the form of objects in a separated
database. This allows users to freely change or add new model
definitions without changing the source code. The object-ori-
ented structure of the model type definitions makes it possible
to design a small set of fundamental object classes that can be
used as building blocks for specific model implementations.
This greatly simplifies the implementation of new chemical
models and the combination of existing models as done in this
study.

The ORCHESTRA model and the input file for the LCD
model can be obtained from www.macaulay.ac/orchestra

4, RESULTS AND DISCUSSION
4.1. Basic Charging Behavior and FA Adsorption

The LCD model combines the charging characteristics of the
oxide surface and the adsorbed FA. The basic charging behav-
ior of the goethite surface and the FA molecules can be de-
scribed using the individual fundamental models (CD-MUSIC
for the metal oxide and NICA for the natural organic acid). The
basic charging behavior of both components is determined in
separate experiments. The charging behavior of goethiteisvery
similar to the reported charging behavior of goethite by Ven-
ema et a. (1996) and Rietra et a. (2000). Table 3 gives the
parameters used to describe this charging behavior with the
CD-MUSIC model. Figure 4 shows the charging behavior of
SFA in solution for four different electrolyte concentrations.
The experimental setup isgiven in detail by Filius et al. (2000).
The lines in Fig. 4 indicate the model calculations with the
NICA-Donnan model. The fitting strategy of the experimental
data to the NICA-Donnan model is described elsewhere (Kin-
niburgh et a., 1999). The parameters used to describe the
charging behavior of SFA with the NICA-Donnan model are
given in Table 2.

Figure 5 shows the adsorption envelopes for three different
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Table 3. Basic physical chemical parameters used for the description
of the charging behavior of the goethite.

—FeOH®S + H* & —FeOH,>5+ log Ky,
—Fe,0%% + HY & —FeOHOS* log Ky,

A: 94 m?lg

(03 0.9 F/m?

N, (FeOH) 3.45 sitesnm?
N, (Fe;0): 2.7 sitesinm?
log Ky, = PPZC: 9.2

IOg Kna+ -1

log Knos- -1

total amounts of FA at constant goethite concentrations as
determined in a previous study (Filius et al., 2000). The data
show little salt dependency but the adsorption is strongly pH
dependent. This type of sorption behavior is commonly found
for FA and other fractions of NOM (Tipping, 1981; Becket and
Le, 1990; Wang et a., 1997; Au et a., 1999).

The lines in Fig. 5 represent the model description. Table 4
lists the parameter values used to describe the adsorption data.

4.2. Number of Adjustable Parameters

In principle, two parameters are adjustable for each type of
defined reaction; i.e., the median intrinsic affinity constant of
the complex and the nonideality parameter n;. In addition, the
parameter p determines the width of the intrinsic affinity dis-
tributions of carboxylic and hydroxylic groups. However, the
number of adjustable parameters can be reduced by a number
of assumptions.

We assume a partia correlation between the distributions of
the affinity constants of the different complexes. According to
Rusch et al. (1997) the NICA model can be interpreted to relate
to a partial correlation when the n-values for the different
reactions are equal and smaller than 1. Therefore we assume:
= Ny = Nin = Noei,

Milne et a. (2001) determined the generic NICA-Donnan
model parameters for 25 data sets. Their results show a varia-
tion in the value of the nonideality factor n;. We have taken the

6

E-N w
! |
T T

dQ (eq/kg)
w

value for the n,, value of Milne et a. (2001) for our n param-
eter. The intrinsic chemical heterogeneity parameter p will
follow in this approach from the n,, value taken from the
generic parameter set and the distribution width (m = n * p)
found from the interpretation of the H-titration data (Fig. 4).
Therefore, the median affinity constants for each type of com-
plex formed are the only adjustable parameters.

In the application of the LCD model, we assume further that
the protonation of the adsorbed organic ligands can be de-
scribed with the same parameters as found for the description
of the basic charging behavior of FA in solution. Furthermore,
the difference in affinity for the two types of outer sphere
complexation reactions of the hydroxylic groups is assumed to
be only due to the proton affinity of the hydroxyl group in case
the hydroxyl group act as the proton donor (reactions 9 and 10
of Table 1).

Therefore, in the model approach used here only three adjust-
able parameters remain, i.e., logK;,,, 10gK o 1, and 10gK oy -
The parameters that are taken from the generic data set (Milne
et al., 2001) or independently obtained from curve fitting of
solution titration data are given in Table 4. The number of
adjustable parameters is comparable to the number often
needed to describe the adsorption of much simpler anions, such
as oxyanions (Bowden et al., 1980; Dzombak and Morel, 1990;
Manning and Goldberg, 1996; Geelhoed et al., 1998).

With aminimum of the three adjustable affinity constants we
are able to describe the data presented in Fig. 5 teking into
account all reactions of Table 1.

4.3. Speciation of the Adsorbed FA

Based on the description of the data we can anayze the
adsorption behavior of FA. The adsorption of FA by goethiteis
largely determined by the speciation of the adsorbed FA mol-
ecules. In Fig. 6, the speciation of the adsorbed FA molecules
is given for the highest FA:goethite ratio presented in Fig. 5c.
In alarge range of pH values (pH 4 to 12), Fig. 6 represents the
speciation of the bound FA at the “pseudoplateau” of the
adsorption isotherms. Figure 6a shows the fate of the carbox-

2ﬁ
14
0 | i } ! E ; { |
3 4 5 6 7 8 9 10 11
pH

Fig. 4. Basic charging behaviour of SFA in solution at four sat levels.
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Fig. 5. The adsorption envelopes of SFA by goethite in 0.01 mol/L
(open symbols and dotted lines) and 0.1 mol/L NaNO; (solid symbols
and full lines). The suspension density of goethite is 5 g/L and three
different total FA concentrations: (a) 75 mg/L; (b) 150 mg/L; (c) 300
mg/L.

ylic groups of an adsorbed FA molecule. Under the conditions
of apparent maximal adsorption, model calculations show that
the carboxylic groups react predominantly via outer sphere
complexes. At low pH, inner sphere complexes become more
important owing to their favorable charge distribution. With
increasing pH, the electrostatic interactions will increasingly
favor outer over inner sphere complexation. Over the entire pH
range, part of the carboxylic groupsis dissociated. Only a small
fraction of the carboxylic groups becomes protonated at low
pH.

This behavior agrees with the findings of Boily et al. (2000)
who studied the binding of three carboxylic acids. They in-
ferred from spectroscopic data that outer sphere complexes are
important at high pH, whereas inner sphere complex formation
becomes significant at low pH. For multiple carboxylic acid
(e.g., pyromellitic acid) Boily et al. found that the protonated
reactive groups become noticeable.

Figure 6b showsthe fate of the hydroxylic groups. Almost all

Table 4. Parameters for the NICA model used for the calculation of
the speciation of the adsorbed FA molecules.

logK -1 Fitted

logK oue 1 0.75 Fitted

logK o2 35 Fitted

n, 0.66 Generic data set®
n, 0.76 Generic data set?
P, 0.50 m=n,.p

p. 0.59 m=ng.p

2Milne et al., 2001.

hydroxylic groups are involved in the complexation reactions
with the goethite surface over awide pH range. The differences
in charge distribution of the two hydroxylic outer sphere com-
plexes cause a preferential formation of the complex in which
the hydroxylic FA group acts as the H-bond donor at low pH.
With increasing pH, the complex is replaced by the goethite
surface group as the proton donor. At low pH, the speciation
calculations show that the hydroxylic groups that are not asso-
ciated with the surface start to become noticeable. According to
the calculations, these groups are protonated. To date, no spec-
troscopic data are available to verify the presented speciation
calculations for the hydroxylic groups presented in Fig. 6b.

In the present model, the main parameters determining the
speciation are the median affinity constant, the nonideality
coefficient, and the charge distribution of the different com-
plexes. As was found by Filius et al. (2000, 2001), the median
affinity constants for the formation of outer sphere complexes
are much higher than for the formation of inner sphere com-
plexes. Thisindicates that the replacement of a water molecule
in case of inner sphere complex formation is not necessarily
favorable. The higher affinity constant for the formation of
outer sphere complexes involving a hydroxylic group com-
pared to carboxylic groups corresponds with the larger under-
saturation of the hydroxylate oxygen (—1 per O) compared to
the carboxylate oxygens (—0.5 per O) of the organic molecule.

4.4. Verification of the LCD Model

To verify the LCD model, we predict the coadsorption of
protons in case >99% of the added FA is adsorbed. Recently,
Rietra et a. (1999) pointed out that proton-ion titrations at
constant pH and a high solid/liquid ratio provide additional
information under these conditions. The adsorbed amount of
FA (x-axis) in such experiments follows directly from the
added total amount. The number of protons that coadsorb/
desorb (y-axis) follows from the amount of acid (or base) added
to maintain a constant pH. The coadsorption of protons is
measured as the extra amount of protons consumed upon the
adsorption of FA at constant pH.

In this study, we have measured the proton-FA adsorption
stoichiometry for three different pH values and two electrolyte
concentrations. Figure 7 shows the results of the proton-ion
titrations. The lines in the figure indicate model predictions.
Note that the model is calibrated on the FA adsorption data of
Fig. 5 where the goethite has arelatively high FA loading. The
FA:goethite ratio used in the proton-ion titrations is much
lower than the ratios used in the adsorption experiments (pH 7:
18 to 180 wg FA/m? and 60 to 630 wg FA/m? respectively).
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Fig. 6. The speciation of adsorbed FA molecules on the goethite surface expressed in number of complexes per adsorbed
FA molecule (FA ads) plotted as function of pH at the highest goethite:FA ratio of Fig. 5. (a) The speciation of the adsorbed
carboxylic groups; (b) the speciation of the adsorbed hydroxylic groups. Note that the number of complexes per adsorbed
FA molecule is equivalent to the stoichiometry coefficient of that particular complex.

The calculations of the proton coadsorption are therefore pure
predictions for situations which are extrapolations compared to
Fig. 5 and not interpolations. The effects of pH, ionic strength,
and surface loading on the proton adsorption are predicted quite
accurately.

5. CONCLUSIONS

The LCD model enables the simultaneous description of the
concentration, pH, and salt dependency of FA adsorption and
the related charge phenomena: basic proton charging, coad-
sorption of protons upon FA adsorption. The model exhibits
different levels of detail.

At a microscopic scale, the types of complexes between
protons and the reactive groups of FA and the surface are
defined. The structures of the complexes are, if possible based
on information obtained from spectroscopic studies. Protonsin
solution and reactive surface groups compete for the same
reactive groups of the FA molecule. The interactions result in
a speciation of the adsorbed FA molecule that depends on pH,

ionic strength, surface loading, and so forth. Thislevel of detail
is comparable to the binding of protons and heavy metals by
humic materials.

The speciation of the adsorbed FA molecules is calculated
using the NICA model. The speciation of the adsorbed FA
molecule implicitly determines the most important factors for
NOM binding by oxide surfaces, e.g., the overal binding
affinity, the charge distribution near the surface, and the stoi-
chiometry of an adsorbed FA molecule.

The macroscopic distribution of FA over the dissolved and
adsorbed state is calculated using the CD-MUSIC model. The
coupling of the NICA equation and the CD-MUSIC model is
self-consistent. This means that the speciation of the bound FA
determines the overall affinity constant, the overall charge
distribution, and the stoichiometry of the adsorption reaction
and vice versa. For the calculation of the speciation of the
bound FA, aswell asin the calculation of the overall adsorption
of FA by goethite, the electrostatic interactions are taken into
account using the BS approach.
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Fig. 7. The coadsorption of protons as function of the adsorbed amount of FA at three pH values and two ionic strengths.
The open symbols and dotted lines represent the data at 0.01 mol/L NaNO; and the solid symbols and solid lines the data

at 0.1 mol/L NaNO,. The model lines are pure predictions.

Because of the complex nature of the interactions between
organic materials and oxide surfaces, spectroscopy studies give
at present little information about the speciation of the adsorbed
organic molecules. The spectroscopic data provide quantitative
information about the types of complexes formed between the
reactive groups of the surface and of the organic molecule. This
information corresponds to the microscopic level of detail of
the present approach and constrains the types of complexes
used in the model.

The calculated surface speciation of the adsorbed FA mole-
cule (Fig. 6) shows that almost al hydroxylic groups are
involved in surface complexation reactions. The noncoordi-
nated groups of adsorbed FA molecules are predominantly
deprotonated carboxylate groups. The model calculations show
that the carboxylic groups are important for the FA binding at
low pH, whereas the hydroxylic groups are relatively more
important at high pH. Thisis in agreement with studies deter-
mining the sorption of small, well-defined, weak organic car-
boxylic and hydroxylic acids. Inner sphere complexes become
important at low pH; outer sphere complexes are important at
high pH. This is in agreement with the complex formation
inferred from spectroscopy studies of small organic acids. The
advantage of the model approach presented here is that it can
also be applied or extended for larger, complex molecules like
humic acids.

For the adsorption of molecules larger than humic acid (e.g.,
large polyelectrolytes), the conformational changes due to a
variation in the formation of so-called loops and tails with
changes in pH and sdt level are important. As entropic and
hydrophaobic contributions are taken into account only implic-
itly in the LCD model, the model is less suitable for describing
the adsorption of the polyelectrolyte molecules with very large
molecular weight.

In the near future, the LCD model will be used to test how

far the approach will give satisfactory results for complex
systems in which oxyanions and polyvalent cations will be
simultaneously present together with the oxide and the FA.
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