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Summary

The description of adsorption of organic acids by soil with models requires many parameters. It is often
difficult to obtain their values, and so we might try to test the application of models with published data on
soil characteristics. We used two models in our trials, namely the constant capacitance model and the
variable surface charge—variable surface potential model. We modelled the sorption data for three weak
organic acids [2,4-D, 2—4-dichloro-phenoxy acetic acid; salicylic acid, 2-hydroxybenzoic acid; and clofen-
cet, 2-4-(chlorophenyl)-3-ethyl-2,5-dihydro-5-oxopyridazine-4-carboxylic acid] in three Cambisols and
two Ferralsols. We adopt an additive approach where the five soils were considered to behave as mixtures
of goethite and gibbsite. This was done with values taken from the literature on the assumption that the
compounds formed monodentate complexes. Variations given by the two models in adsorbed amounts as
a result of pH changes were well described for clofencet and 2,4-D but were less successful for salicylic acid.
Simulations of sorption isotherms at various pHs ranging from 5 to 8§ matched the experimental data
closely for clofencet. Prediction of the adsorption of clofencet and 2,4-D in a range of Cambisols and
Ferralsols at their native pH was generally good. We attribute the somewhat poorer fit observed for
salicylic acid to the formation of bidendate complexes. Further improvement to the modelling should
involve the formation of bidentate complexes between organic acids and oxide material and the effects of
organic matter, particularly in relation to adsorption of non-ionized compounds.

Introduction

Adsorption of organic acids involves both ionized and non-
ionized forms of the compounds and depends therefore on several
physicochemical factors that influence the ionization of those
acids and that of surface functional groups, such as pH. The
influence of pH on anion adsorption is typically described on
the basis of surface complexation and electrostatic interactions
with positive electric charges on mineral surfaces such as those of
aluminium and iron oxides and hydroxides (e.g. Parfitt et al.,
1977a,b; Hingston, 1981). In contrast, the adsorption of non-
ionized forms of ionizable compounds is associated mainly
with organic matter through polar and hydrophobic inter-
actions, but may also be due to complexation on sesquioxide
surfaces (Horanyi, 2002). The modelling of anion adsorption
has been widely developed, especially for inorganic anions
such as nitrate, arsenate, arsenite and phosphate. Several
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models giving more or less detailed descriptions of the mineral
solution interface have been proposed (Goldberg, 1992). Com-
parative studies suggest that no model is generally better than
the others with regard to the description of the charging
process of the mineral surface and the adsorption of inorganic
anions (Westall & Hohl, 1980; Barrow & Bowden, 1987).
Some questions remain about their physicochemical meaning
and their ability to describe correctly the mechanisms at
a molecular level. The distinction between inner and outer
sphere complexes could be questioned (Goldberg, 2005), and
according to several authors they are essentially data fitting
models (Liitzenkirchen, 1999; Zuyi et al., 2000). In spite of
these questions, models have been widely used and have de-
scribed successfully numerous experimental results (Goldberg,
1992).

Surface complexation models have been applied principally to
the adsorption of single anions on oxide and hydroxide surfaces.
Describing ion adsorption on whole soils or sediments remains
a challenge. Difficulties encountered include: (i) the competition
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for adsorption sites (Gustafsson, 2001); (ii) the presence of
different heterogeneous surfaces; and (iii) the heterogeneity of
materials due to the variety of organic and mineral constituents
and to their own surface heterogeneity. With regard to the last
aspect, several approaches have been adopted to deal with het-
erogeneity (Barrow et al., 1993; Barrow, 1999). Heterogeneity
may be taken into account at the level of the constituents
themselves or as the assemblages of them. Examples of the for-
mer approach are descriptions that consider several adsorbing
sites (Tadanier & Eick, 2002). Examples of approaches where
the heterogeneity is considered at the assemblage level include:
(1) the additive approach (Davis et al., 1998), where the total
adsorption is assumed to be represented by the sum of the
adsorption on individual soil constituents, which are assumed
to behave independently; and (ii) global description approaches
that consider distribution functions of soil properties or mean
values characterizing key soil properties. Examples of the latter
include the assignment of normal distributions to surface elec-
tric potentials for phosphate adsorption (Barrow, 1983) and the
use of relationships between the surface equilibrium complexa-
tion constants of boron and several soil properties (Goldberg
et al., 2000).

We wanted to evaluate the potential for application of surface
complexation models to soils using the additivity approach. The
two models considered were the constant capacitance model
(CC model) and the Stern model of variable surface charge—
variable surface potential (VSC VSP model). In contrast to
traditional approaches in which models are calibrated against
experimental data to obtain a good fit to the observations, we
wanted to evaluate the predictive potential for modelling the
adsorption of weak organic acids on several contrasting soils
using parameter values taken from the literature (i.e. without
resorting to a calibration step). We assumed that the adsorption
of organic acids in soils could be attributed mostly to oxide
and hydroxide minerals, and so we took the additive approach.

Table 1 Physico-chemical properties of soils considered

This hypothesis was also used to model the adsorption of
organic chemicals on soil (Davis et al., 1998), to describe com-
petitive anion adsorption on oxide minerals and allophanes
(Gustafsson, 2001) and to simulate the surface electric charge
density of a soil (Taubaso et al., 2004). We used experimental
data on the adsorption of the three organic acids (2,4-D,
clofencet and salicylic acid) on five soils (Dubus et al., 2001).

Materials and methods

Five soils as described briefly below were used. The ‘Fertans’ soil
is a humic Cambisol sampled in a plot under permanent grass in
the Jura region of France; the ‘Maves’ (Loir et Cher, France) and
‘Villeroy’ (Yonne, France) samples (calcic Cambisols) are typi-
cal of the main areas of cereal cultivation in France. The two
Ferralsols were sampled in New Caledonia, South Pacific, and
have been classified as Ferralitic ferritic (Ouénarou) and Ferra-
litic allitic (Mar¢) (Table 1). Aluminium and iron speciation
were characterized by the Tamm and Mehra—Jackson extrac-
tion methods (Mehra & Jackson, 1960; Jeanroy, 1983). The
oxalate reagent of the Tamm method extracts Al-organic com-
plexes, Al amorphous hydroxides, allophanes, and amorphous
and poorly crystallized Fe hydroxides, while the dithionite—
citrate-bicarbonate (dcb) reagent method of Mehra and Jackson
allows the extraction of well-crystallized Fe oxides together
with amorphous and poorly crystallized Fe hydroxides and
allophanes (Jeanroy, 1983). Well-crystallized Al hydroxides
are not extracted with the dcb method and only partly extracted
by the oxalate reagent (Parfitt & Childs, 1988).

Results on Fe and Al extraction were used to estimate the
amount of different oxides (Table 2). Cambisols (Fertans,
Maves and Villeroy) were found to contain small amounts of
sesquioxides. Goethite can be expected to be the main Fe oxide
in Cambisols (Duchaufour, 1995). Clay contents of these soils

Oxalate Dithionite-citrate-
extractable bicarbonate extractable
CEC
Clay Silt Organic C pH pH7 ma) Mp, map Mpe

Sampling location Soil type - gkg! (H,0) /mmol. kg™! Jgkg™!

Fertans, Jura, Humic Cambisol 571 367 50.4 6.3 511 4.1 6.0 6.9 39.8
France

Maves, Yonne, Calcic Cambisol 357 565 13.9 6.6 211 1.2 1.8 1.8 11.7
France

Villeroy, Loir et Calcic Cambisol 237 622 16.7 7.0 131 0.7 2.4 1.1 9.1
Cher, France

Ouénarou, Grande  Ferralitic ferritic 283 280 36.5 5.2 66 1.0 2.2 20.9 217.4
Terre, New Ferralsol
Caledonia

Maré island, Ferralitic allitic 259 524 93.4 7.2 488 14.2 4.8 33.8 97.8
New Caledonia Ferralsol
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Table 2 Contents of oxide for the five soils; m,, my; and m, are the
contents of goethite, gibbsite and total oxides, respectively. All con-
tents are expressed in kg kg™

Soil My, Myg; Moy

Fertans 0.0633 0.0118 0.0752
Maves 0.0186 0.0035 0.0221
Villeroy 0.0145 0.0020 0.0165
Quénarou 0.3459 0.0029 0.3488
Maré 0.1556 0.7470 0.9026

~1, where 2:1 minerals are domi-

ranged from 237 to 571 g kg
nant (Duchaufour, 1995). As expected, oxide contents were
much larger in Ferralsols (Ouénarou and Maré) than in
Cambisols. Ferralitic-ferritic soils from New Caledonia are
formed on peridotite rocks (Schwertmann & Latham, 1986;
Becquer er al., 2001). They are rich in goethite, contain
small amounts of other metallic (Mn, Cr, V, Ni) oxides and
contain very little silica, alumina and neoformed clays. In
these soils, the amount of Fe extracted by the dcb reagent
usually represents 90—100% of the total Fe of the soil and
corresponds to approximately equivalent amounts of goe-
thite and haematite (Becquer er al., 2001). Al-crystallized
hydroxides were not identified in these soils, which suggests
that Al extracted from the Ouénarou sample with oxalate
probably originates from amorphous hydroxides, which
represent less than 5% of the total oxi-hydroxide amount of
the soils. The Ferralitic-allitic soil sampled on the Maré
island is derived from the weathering of volcanic ashes
deposited on coral rock (Becquer et al., 2001). Iron is pres-
ent in this soil as goethite, while aluminium is present
largely as gibbsite with some boehmite. An estimation of the
amount of Al- hydroxides in the soil was obtained from the
amount of Al extracted with the oxalate reagent (my),) and
the ratio of majo/may,0, (0.019 £ 0.03) observed for soils
from the same location (Becquer et al., 2001). This led to an
estimated Al-hydroxide content of 0.747 kg kg~".

For applying the two models, we assumed that the various
soils could be represented by ‘equivalent soils’ made of mixtures
of goethite and gibbsite (additivity approach). We made the
following underlying assumptions.

1 Naturally occurring goethite and haematite and their syn-
thetic equivalents have similar physico-chemical properties
with regard to anion adsorption.

2 Amorphous sesquioxides behave like crystallized oxides
with regard to anion adsorption.

3 The properties for gibbsite can be used for describing those
of natural Al hydroxides.

4 Oxihydroxides of Cambisols and Ferralsols have similar
properties and the two groups of soils only differ by their
amounts of Al and Fe minerals.

5 The impact of clays on anion adsorption may be neglected
considering their low anion adsorption capacity and because
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they are generally coated by oxides, hydroxides or organic
matter.

Three weak organic acids were used: clofencet (2—4-(chloro-
phenyl)-3-ethyl-2,5-dihydro-5-oxopyridazine-4-carboxylic acid),
a wheat hybridizing agent, 2,4-D (2—4-dichloro-phenoxy acetic
acid) and salicylic acid (2-hydroxybenzoic acid). Salicylic acid
and 2,4-D were uniformly labelled with '*C on their phenyl ring
(specific activity 370 x 10° Bq mol~! and 740 x 10° Bq mol ™!,
respectively) and were purchased from Sigma France. The
labelled '*C was on the pyridazine ring for clofencet (specific
activity 1.2 x 10'* Bq mol™") and was supplied by Monsanto.
Carboxylic functions have similar dissociation constants for
the three compounds (pK, 2.6-2.8). Salicylic acid has a second
pK, at 13.4 corresponding to the phenolic OH dissociation.

For adsorption experiments, 5 g of air-dried soil sieved to
pass 2 mm were suspended in 10 ml of a solution of '*C-
labelled chemical in a 0.01 M CaCl, background electrolyte.
From preliminary measurements we assumed that equilibrium
was reached within 24 hours, during which the mixture was
shaken in the dark at 25 + 1°C. The liquid phase was then
recovered by centrifugation at 5000 g. We investigated the
influence of pH on adsorbed amounts by varying the pH in
the suspension by addition of either 0.1 M NaOH or 0.1 M
HCI solutions. Suspensions were allowed to equilibrate for 4
hours before addition of solutions of the three organic acids.
The resulting initial organic acid concentration was 10 mg
litre™". In addition, adsorption isotherms of clofencet on the
Maves and Villeroy soils were established at several pHs
between 5.0 and 8.5, with initial concentrations ranging from
1 to 30 mg litre ™.

Theory and application of the constant capacitance
model (CC model)

Model theory

The constant capacitance model of the interface between the
oxide mineral and aqueous solution was developed by Schindler
and Stumm (Goldberg, 1992) and is based on the following
hypotheses.
1 All surface complexes are inner-sphere complexes with
anion adsorption resulting from ligand exchange reactions.
2 The constant ionic medium determines the activity coef-
ficients of the aqueous species that appear in the expression of
the equilibrium constant.
3 No complexes are formed with the ions of the background
electrolyte.
4 A linear relationship exists between the surface electric
charge and the surface electric potential.

The ionization of surface OH groups and surface complexa-
tion reactions of a ligand L are described by the following
equations:

SOH + H' =2 SOH, (1)
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SOH =2 SO~ + H' )
SOH + L"™ = SL"~V~ 4 OH~ (3)

and
2SOH + L~ 2 S,L"~2~ 4 20H" (4)

where SOH is a surface OH group, L is a ligand and » is the
charge on the ligand.

The nature of surface complexes, either monodentate or bi-
dentate, is not yet definitely established and appears to depend
on the nature of the organic acids as shown by several published
results. The adsorption of aliphatic carboxylic acids on Fe
hydroxide has been interpreted in terms of the two types of
complexes, monodentate and bidentate (Cornell & Schindler,
1980). Other investigators studying the adsorption of phos-
phate, oxalate and benzoate have concluded that there is a for-
mation of surface monodentate complexes on goethite and
possibly monodentate and bidentate complexes on gibbsite (Par-
fitt et al., 1977a, 1977b). The nature of the complex formed for
salicylic acid depends on pH conditions, monodendate com-
plexes being prevalent under neutral conditions and bidendate
complexes more common in acid media, as shown by ATR-
FTIR spectroscopy (Kubicki er al., 1997). Nevertheless, the
adsorption of these organic acids can be adequately simulated
on the basis of the formation of monodentate surface com-
plexes only (Goldberg, 1992). Surface reactions are frequently
expressed in terms of undissociated acids.

For an acid HL:

SOH + HL 2 SL + H,O. (5)
For an acid H,L:
SOH + H,L =2 SHL + H,O, (6)
and
SOH + H,L 2 SL™ + H,O+ H™". (7)

The description of adsorption by the constant capacitance
model involves several equations that are described in
Appendix 1.

Derivation of the intrinsic equilibrium constant Ki( int)

The CC model was applied to adsorption of the three organic
acids on soils with the following assumptions.

1 The three compounds behave as monoprotic acids, which is
true for 2,4-D and clofencet, and which is considered an
acceptable approximation for salicylic acid because of its large
second pK, value (13.4).

2 Adsorption is due to the formation of monodentate surface
complexes; this implies the use of Equations (AS5) and (A8) in
Appendix 1 for 2,4-D and clofencet, and Equations (A6) and

© 2006 The Authors

(A9) for salicylic acid, if formation of adsorbed charged com-
plexes are neglected as a first approximation.

3 Surface ionization of oxides is described with mean equilib-
rium constants calculated from published data. Values of the
mean intrinsic equilibrium constants were taken as those for
aluminium oxides reported by Goldberg & Sposito (1984):

logk ™ (int) = 7.38 4 0.61 (8)
and
logk ~ (int) = — 9.09 + 0.68.

According to these authors, values for Fe oxides are not statis-
tically different from those of Al oxides. Therefore, these values
were used for both gibbsite and goethite.
4 Soil oxides behave as a weighted mixture of goethite and
gibbsite according to the additivity approach.
5 Mean specific surface areas of goethite and gibbsite could
be estimated from published values and are given in Table 3.
6 The capacitance density is constant and equal to 1.06 F
m 2. This value has been shown to be appropriate for describ-
ing phosphate adsorption on various oxides because the model
is insensitive to this parameter (Goldberg & Sposito, 1984).
Curves are usually fitted to obtain equilibrium constants, but
here we calculated their values from adsorbed amounts. A
numerical procedure was used to obtain the values of ¢ that
equalized two expressions of the reciprocal of the SOH concen-
tration (ﬁ)deduced from Equations (A3) and (A8). Then,
the concentrations of the various species were calculated. This
led to the following relationship linking the surface electric
charge and the pH:

6 =0.258 — 0.0314 pH, 9)

where o is expressed in mol kg™

Estimated [SOH] concentrations allow the calculation of
Kl(int) values from the experimentally derived adsorbed
amounts [SL], from Equations (A5) and (All) and the mass
balance equation for the organic acid:

Cr=[SL] + [HL] + [L™]. (10)

Amounts of goethite and gibbsite for each soil used in the cal-
culation are listed in Table 2, and the specific surface areas and
the maximum surface charge densities are given in Table 3. Cal-
culations revealed a linear relationship between the logarithm
of the intrinsic equilibrium constant (K{(int)) and the surface
electric charge:

log K| (int) = log K| (int)o — ba, (11)

where ¢ is a function of pH given by Equation (9).

Estimated values for log K{(int)o, b and their associated
estimated errors are provided in Table 4. If the constant
capacitance model applies under the assumptions discussed
above then the intrinsic equilibrium constant should be
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Table 3 Maximum site densities (from Sposito, 1984) and mean specific
surface area of goethite and gibbsite

Number of OH, " groups Number of O™ groups

mol m2 mol kg™ mol m 2 mol kg ™!
Goethite 4.4 x 107° 0.257 6.7 x107° 0.397
Gibbsite 2.8 % 107° 0.227 5.6 x107° 0.454

Mean specific surface area for goethite = 59 m? g~ ..

Mean specific surface area for gibbsite = 81 m?> g~

Mean values are obtained from published data given in Table 2 of
Appendix 3.

independent of the surface electric charge and thus, of the pH.
The dependence observed between the intrinsic equilibrium
constants and pH can be due either to a deficiency of the theo-
retical model used or to the consequences of the assumptions
made for its application. Although the ability of the constant
capacitance model to describe numerically anion adsorption
has been essentially demonstrated for inorganic substances
and less frequently for organic substances (Goldberg, 1992),
its application in the present case needs discussing. With
regard to the model formulation itself, the validity of the lin-
ear relationship between ¥ and ¢ has been questioned, making
the CC model inappropriate for describing adsorption for sys-
tems with low values of the ionic strength (Liitzenkirchen,
1999). With regard to molecular mechanisms involved in the
adsorption, we have considered only adsorption reactions
leading to monodentate surface complexes. The hypothesis is
obviously valid for 2,4-D and clofencet, which are monoprotic
acids, but it remains questionable for salicylic acid. This last

Table 4 Relationship between the intrinsic equilibrium constant
(Kl(int)) and the surface electric charge (o) obtained with the
constant capacitance model (CC model): logk] (int) = logk]} (int)o-b o;
Slogk(into and sy, are the calculated standard errors

Soil logKi(int)o  Siogkciny) b s, R2(0.05)
2,4-D
Fertans 6.88 0.07 20.1 0.9 0.9803
Villeroy 7.44 0.05 25.7 0.7 0.9816
Maves 7.60 0.30 24.1 3.0 0.8990
Ouénarou 5.60 0.03 13.4 0.3 0.9941
Maré 6.42 0.04 17.1 0.6 0.9916
Clofencet
Fertans 7.10 0.03 12.4 0.5 0.9572
Villeroy 7.12 0.04 16.2 0.5 0.9881
Maves 7.60 0.05 12.2 0.8 0.9376
Ouénarou 5.86 0.04 7.8 0.5 0.9457
Maré 6.16 0.02 14.2 0.4 0.9897
Salicylic acid
Fertans 7.6 0.1 26.7 1.3 0.9784
Villeroy 7.2 0.2 17 3 0.8316
Maves 7.2 0.2 16 2 0.8691
Ouénarou 8.5 0.7 33 6 0.8431
Maré 6.2 0.3 14 5 0.6088
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Figure 1 Variation of the logarithm of the intrinsic equilibrium
(Ki(int)) with the surface electric charge for Clofencet; pure oxide (y-
Al,O3), ®; Maré soil, O. The bars indicate the confidence limits (0.05).

compound can be sorbed through bidentate complex on goe-
thite (Evanko & Dzombak, 1999). However, consideration of
the bidendate nature of the complexes would not be required
in practice to replicate experimental data (Goldberg, 1992).
Another point to consider for salicylic acid is that it may be
partly adsorbed through charged surface complexes, as
described by Reaction (7). This binding process was not ac-
counted for in our approach, and we have therefore neglected
the adsorption of salicylic acid, which takes place from
pH = 6 and reaches a maximum around pH = 8, as calculated
for y-Al,O; (Kummert & Stumm, 1980) and deduced from
calorimetric measurements (Benoit et al., 1993).

Another factor explaining the relationship obtained between
the intrinsic equilibrium constants and the pH is that the CC
model is meant to describe only adsorption on oxide surfaces or
equivalent surfaces such as those of crystal edges of clays. The CC
model is not suited to account for interactions of organic acids
with organic matter because specific protonation-dissociation
values are not currently available for it (Goldberg et al., 2000).
Note that the issue of organic matter is of wider relevance
because this constituent has conflicting effects that are likely
to interfere in the adsorption process, beyond the protona-
tion and dissociation of organic groups. These include a posi-
tive role on adsorption through hydrophobic and polar
interactions, which are likely to affect both the ionized and non-
ionized forms of organic acids, and a negative role by compet-
ing specifically with anions for adsorption on positive electric
surface sites (Gustafsson, 2001), through repulsion of anions
from ionized organic groups and through physical coating of
mineral surfaces. The latter effect, which limits the interaction
of organic acids with organic matter, is also invoked for the
‘umbrella effect’, which limits the number of adsorption sites
accessible to ligands (Kovacevic et al., 1998). These various
interacting effects have not yet been introduced into adsorption
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Figure 2 Variations in adsorbed amounts with pH for 2,4-D, Clofencet and salicylic acid on the Maves and Ouénarou soils. The round symbols
represent the experimental data while the line in full corresponds to simulations obtained using the CC model. The bars represent an estimation
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models. The potential important role played by organic matter
in the adsorption of organic acids can be illustrated through
data for the Maré soil, which contains much Al oxide and the
composition of which is close to pure alumina. Figure 1 com-
pares the variation of log K| (int) against ¢ for the Maré soil
and a synthetic alumina material. The observed difference
between the slopes of the two curves may reflect the effect of
organic matter on adsorption and could explain the variation of
log K{ (int) with pH noted for the five soils.

Differences in values of K{(int)o between compounds were
of the same order of magnitude as differences between soils
(Table 4). This accords with a limited influence of the molec-
ular structure on the adsorption of small organic molecules,
as noted by Evanko & Dzombak (1999). Few studies of the
adsorption of organic compounds allow critical evaluation
of the values we obtained. Kummert & Stumm (1980)
obtained a value of log K{(int)o = 6 for the adsorption of the
salicylate ion on y-Al,Os, a value that is similar to the one we
obtained for salicylate on the Maré soil, characterized by
a large content of gibbsite (Table 4). The value obtained for
the adsorption of salicylic acid on the Ouénarou soil (charac-
terized by a large content of goethite) (Table 4) also com-
pares favourably with the value of log Ki(intjo = 8.5
reported for the adsorption of salicylic acid on goethite by
Evanko & Dzombak (1999).

Simulation of the experimental data using K} (int) values

We predicted adsorbed amounts of the three organic acids in
the five soils using Equations (AS) and (10) with parameter
values given in Table 4 and protonation dissociation equilib-
rium characteristics given by Equation (8). Representative
examples of the comparison between experimental and simu-
lated adsorbed amounts are displayed in Figure 2. We esti-
mated the minimum and maximum adsorbed amounts with
the estimated errors given in Table 4, which provide an indica-
tion of the uncertainty domain to be expected on the predic-
tions. Table 5 lists values for three statistical tests that can
be used to assess numerically the goodness-of-fit between
observed and predicted values represented graphically on Fig-
ure 2. The goodness-of-fit indices showed a good fit of the
model predictions to the observed data. We emphasize that
the favourable comparison observed does not give any indica-
tion of the predictive ability of the model as predictions were
partly based on the data themselves. The comparison therefore
demonstrates only that the model and its associated parameter
values can provide the correct shape of the variation of adsorp-
tion with pH and that the experimental data can be numerically
described on the basis of Equation (11).

Given the limitations reported above, the ability of the model
to provide suitable predictions for experimental data was further
assessed by predicting adsorption isotherms for clofencet on two
of the soils considered (Maves and Villeroy). Parameters for
clofencet and the two Cambisols (Table 4) were used to calculate
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Table 5 Statistical tests for the CC model applied to adsorption of the
three organic acids on the five selected soils; n is the number of data
points in the adsorbed amount versus pH curve. ME = model effi-
ciency, TE = total error, SRMSE = scaled root mean square error
(definitions are given in Appendix 4)

Soil n TE SRMSE ME
2,4-D
Fertans 11 0.065 0.104 0.870
Villeroy 10 0.151 0.114 0.840
Maves 10 0.127 0.154 0.930
Ouénarou 8 0.054 0.056 0.970
Maré 8 0.017 0.021 0.986
Clofencet
Fertans 28 0.061 0.082 0.969
Villeroy 16 0.076 0.091 0.983
Maves 16 0.053 0.081 0.980
Ouénarou 17 0.023 0.028 0.986
Maré 15 0.031 0.037 0.992
Salicylic acid
Fertans 11 0.077 0.083 -1.4
Villeroy 7 0.171 0.193 0.676
Maves 10 0.108 0.132 0.983
Ouénarou 7 0.013 0.017 -0.08
Maré 8 0.100 0.111 0.694

adsorption isotherms at a range of pH. Figure 3 presents results
obtained at pH 5 and pH 7. Similar results were obtained at other
pH (data not shown). Visual assessments and goodness-of-fit
tests generally indicated a fairly good fit to the measured iso-
therm data, except for the soil Maves at pH > 7.0, probably
because of large experimental errors when adsorbed amounts
are very small. This demonstrates that the CC model and the
additivity approach have an overall good potential for predict-
ing adsorption isotherms of organic acids at varied pH.

We tested the model further by attempting to simulate a set
of adsorption coefficients (K4) measured for the three organic
acids on seven Cambisols and six Ferralsols at their native pH
(Dubus et al., 2001). We took log Ki(int)o and b-values as fol-
lows. For Cambisols, the average value for the Fertans, Villeroy
and Maves soils (Table 4) was used. For Ferralsols, we distin-
guished between compounds. For 2,4-D and clofencet, we used
mean values of log K{(int)o and b calculated from the combined
Ouénarou and Maré data (Table 4), while parameters corre-
sponding to the soils of Ouénarou and Maré were used sepa-
rately for salicylic acid. For Cambisols, the adsorption of 2,.4-D
and clofencet was predicted adequately except for the adsorp-
tion of 2,4-D on two soils for which adsorbed amounts were
overestimated (Figure 4). In contrast, the adsorption of salicylic
acid on Cambisols was underestimated. We attribute the under-
estimation to the fact that the CC model does not describe the
adsorption on organic matter. For Oxisols, a reasonable fit was
obtained for clofencet and salicylic acid but only partly for 2,4-
D (Figure 4). Experimental data for salicylic acid were best
simulated with parameters corresponding to goethite.
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Figure 3 Adsorption isotherms of Clofencet on the Maves and Villeroy soils. The open symbols represent the experimental adsorbed amounts.
The filled symbols correspond to predictions obtained using the CC model. The bars indicate the confidence limits (0.05).

Overall, the two evaluation exercises show that the CC model
can provide valuable insights into the adsorption of organic
acids and can give, at least, a first approximation of sorption
data based on the literature and few experimental data.

Theory and application of the Stern variable surface
charge-variable surface potential model
(VSC-VSP model)

Model theory

The VSC-VSP model is an extension of the Stern model, which
describes the distribution of ions at interfaces between electrified
solid surfaces and ionic solutions. It was further developed
to account for the charging process and anion adsorption by
Barrow et al. (1980), Barrow (1983) and Barrow & Bowden
(1987). In this model, ions are distributed among four layers
so that the model is also known as the ‘four-layer model’ and
sometimes as the ‘objective model’ (Sposito, 1984). Figure 5
represents schematically the surface solution interface of the
VSC-VSP model. Protons, hydroxyl ions and strongly adsorbed
anions and cations form inner-sphere surface complexes, while
loosely adsorbed ions form outer-sphere complexes. Protons
and hydroxyl ions lie on a plane very close to the solid surface
(plane ‘s’). Some cations and anions of the background
electrolyte forming outer-sphere complexes are assumed to be
in a plane some distance from the surface (plane ‘B’). Other
species are assumed to be distributed in the diffuse layer, the
charge of which is localized in a plane at a greater distance

© 2006 The Authors

from the surface (plane ‘d”). Adsorbed anions forming inner-
sphere complexes are situated between planes ‘s’ and ‘B’ (plane
‘a’), but their actual location is not always clearly defined,
even by the authors of the model, who consider that these
anions could be in several planes.

The model is formulated with several equations relating
the electric potential and the electric charges and expressing
electric charges in the various planes. They are given in
Appendix 2.

Determination of K; values

As for the CC model, we selected parameter values from the
literature and used them to estimate the binding constants of
specifically adsorbed ions. This implies that the exercise gives
a general evaluation of the potential of the VSC-VSP model to
describe the effects of pH on adsorption. The application of
the model was based on the procedures reported by Barrow
et al. (1980). The electric potential at plane ‘s’ (¥,) was first
varied to obtain two identical estimations of o5, one pro-
vided by Equation (B4) and another one by Equation (BS) in
Appendix 2. We used a numerical procedure to solve Equa-
tions (B4) to (BS8), thereby providing estimates of electric
charges and potentials for given pH and background electro-
lyte concentrations. As o, is smaller than o (1-3%), we
neglected it in our calculations. This approximates to consid-
ering only the planes ‘s’ and ‘B’ for the calculation of other
charges and potentials. Once ¥, was determined, we calcu-
lated K; values using Equation (B6), assuming the activities
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of the adsorbed molecules could be replaced by their concen-
trations in the calculations. Estimations of the errors on
K; values were obtained from the experimental errors on
adsorbed amounts.

The model parameterization procedure requires that values
are assigned to the parameters K and G appearing in Equations
(B1) to (B6). These were taken as values established for the
adsorption of inorganic anions on a suspension of goethite in
CaCl, (Ky = 30.8 x 10° litres mol ™!, Koy = 0.392 x 10° litres
mol™!, Key = 2.12 litres mol ™!, K,,, = 0.38 litres mol ™!, Gy =
154 x 10°°mol V'' m 2 and Gpg =40 x 107 °mol V' m™ %
Barrow et al., 1980). With regard to the selection of values for
the adsorbed densities of proton hydroxyl groups, Ns and N,
we assumed that the properties of all oxides were similar with
regard to ion adsorption and that they may be described by
the mean values reported in Table 3. In accordance with pro-
cedures used for the CC model, an amount of ‘equivalent’
oxide was calculated on the basis of the mineralogical compo-
sition of the soils. The adsorbed density of specifically
adsorbed ions Nt was taken as a weight mean of several pub-
lished values (2.3 x 107 mol m~2, Appendix 3, Table 2). As
noted above, the exact location of the plane ‘a’ is subject to
debate and deriving a value for the potential ¥, is therefore
problematic. We reviewed critically the literature with regard
to this particular aspect, and following the work from Barrow
and colleagues (Barrow et al., 1980; Barrow, 1983) we consid-
ered that plane ‘a’ is between planes ‘s’ and ‘B’, and gets
closer to plane ‘s’ as the interactions with the surface become
stronger. Values of ¥, obtained were generally close or equal
to those of ¥p. In the pH range of the experimental study,
Y. values corresponding to the less variable K; values
appeared to be linear functions of pH (Table 6). The observa-
tion accords with that made for the complexation constant
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Ki(int) of the CC model, which we attributed to the ionization
of the soil organic matter.

Simulation of the experimental data using K; values

Values of K; obtained by the procedure described above were
used to predict the experimental data for 2,4-D, clofencet and
salicylic acid, which were already used as part of the evalua-
tion of the CC model. We obtained predictions for adsorbed
amounts using Equation (B6) together with the mass balance
equation, Equation (10). Representative results for the varia-
tion of adsorbed amounts with pH are shown in Figure 6. The
figure and goodness-of-fit tests for the three compounds show
that the shape of the variation of the adsorbed amount as
a function of pH was generally well described except for
salicylic acid. We tried to improve the simulations by consider-
ing the bivalent nature of this compound, but this did not
improve the overall goodness of fit.

As for the CC model, adsorption isotherms for clofencet on
two soils (Villeroy and Maves) were predicted at various pH.
Figure 7 presents a comparison between measured and pre-
dicted isotherms at pH 5 and pH 7. This figure, together with
goodness-of-fit tests (data not shown) shows that isotherms are
generally well described, except for the soil Maves at pH 7.
Also, in common with the approach adopted for the CC model,
the VSC-VSP model was tested by prediction of the magnitude
of adsorption in Cambisols and Ferralsols at their native pH.
The application of the model relied on the use of mean values

Table 6 Relationship between the potential ¥, (V) and pH obtained
with the VSC-VSP model. ¥, = (a + s,) — (b £ sp)pH and mean values
of the binding constant, 'K; + SK; (+ estimated error)

K, Sk
_ litre____

mol ™! a Sa b s5 R2(0.05)

2,4-D
Fertans 20 6 019 002 0022 0004 0.7819
Villeroy 30 6  0.10 0.006 0.009 0.0009 0.9455

Maves 38 19 0.16 001 0.019 0.002 0.9139

Ouénarou 1.4 0.1 0.265 0.004 0.032 0.008 0.9963

Maré 4 3 0.25 0.02 0.031 0.003 0.9645
Clofencet

Fertans 73 12 0.259 0.007 0.032 0.001 0.9804
Villeroy 49 13 0.210 0.009 0.025 0.001 0.9584
Maves 182 60 026 0.01 0.033 0.002 0.9756
Ouénarou 5.6 0.6 0.333 0.009 0.043 0.002 0.9756
Mare 28 0.8 020 0.02 0.022 0.003 0.7970
Salicylic acid
Fertans 77 34 0.14 0.02 0.015 0.003 0.7564
Villeroy 53 35 0412 0.002 0.0555 0.0003 0.9998
Maves 113 34 0.19 001 0.023 0.002 0.9511
Ouénarou 3 3 0.408 0.004 0.0543 0.0007 0.9990
Mare 4 4 035 006 0.045 0.009 0.8625
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for K; values and the relationship between ¥, and pH. For
Cambisols, values were taken as the mean of values obtained
for Fertans, Villeroy and Maves (K; = 28 + 10 litres molfl,
¥, =1(0.15-0.17 pH) V, A¥, = 0.008 V where AY, represents
an estimation of the mean uncertainty on ¥, in the experi-
mental pH range). For Ferralsols, values were taken as the
mean of values obtained for Ouénarou and Mar¢ (K; = 2.7 +
1.6 litres mol™', ¥, = (0.26-0.315 pH) V and A¥, = 0.006 V).
Standard deviations are fairly large because of an amplifica-
tion effect of the numerical procedure. The use of mean val-
ues implies that anion surface interactions and the variation
of ¥, with pH are the same for all soils within a group. The
same conclusions as for the CC model can be drawn from
the comparison between measured and calculated adsorbed
amounts.

Concluding remarks

A comparison of the performance of the two surface complexa-
tion models with regard to their ability to represent the variation
of adsorbed amounts of three organic acids with pH is presented
in Table 7, which lists mean values of goodness-of-fit tests. Over-
all, the adsorption of 2,4-D and clofencet was better described
than the adsorption of salicylic acid. The CC model resulted in
the best simulation for the three organic acids, although the VSC
VSP model provided good simulations of the clofencet data.
Considering the assumptions that had to be made to apply the
two models, in particular with regard to the use of literature
values for several of the parameters, we conclude that the two

models performed generally well. The CC and the VSC VSP
models were found to be roughly equivalent for predicting
adsorbed amounts on the soils we investigated. The poorer
description of the salicylic data we tentatively attribute to the
fact that the models considered only monodentate surface
complexes.

The modelling showed that the adsorption of organic acids in
soils could be adequately simulated on the basis of an adsorption
on oxide and hydroxide surfaces by a combination of pure min-
eral properties. Although this is of particular interest for pre-
diction purposes, the approach is still somewhat limited from
amechanistic point of view. The set of soils used was too small to
allow the construction of a mechanistically based tool for pre-
dicting adsorption. The influence of 2:1 phyllosilicates and that
of the organic matter on adsorption are not accounted for in the
models. A modification of the models to account for their effects
would be likely to result in a further improvement of the simu-
lations. For organic matter, the effects that could be described
include the contribution of ionized carboxylic groups to the
surface electric potential and the competition for adsorption
sites provided by acidic groups of the organic matter. This latter
effect would be important because organic acids are adsorbed
mainly through ligand exchange and provide a direct and effec-
tive competition to other acids, whether they are inorganic or
organic. The soil organic matter could also be involved in the
adsorption of organic acids by hydrophobic interactions. For
ionized compounds, these interactions could result in a modifi-
cation of the surface electric charge. We know, however, that the
adsorption of non-ionized compounds is intimately linked to
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Figure 7 Adsorption isotherms of Clofencet on the Maves and Villeroy soils. The open symbols represent the experimental adsorbed amounts.
The filled symbols correspond to predictions obtained using the VSC-VSP model. The bars indicate the confidence limits (0.05).
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Table 7 Goodness-of-fit scores obtained for the CC and VSC VSP
models for the prediction of the relationship between adsorbed amounts
and pH for the three organic acids in the five soils. Definitions of
statistical tests, TE, SRMSE and ME are given in Appendix 4

CC model VSC VSP model
TE SRMSE ME TE SRMSE ME
2,4-D 0.08 0.09 092 0.12 0.14 0.78
Clofencet 0.05 0.06 0.98  0.07 0.09 0.96
Salicylic acid  0.09 0.11 0.17 0.13 0.17 -10.7

soil organic matter. In the case of the three ionizable organic
compounds we consider, this would imply that the compounds
remain partly non-ionized at the interface between solid and
liquid in the range of pH 4-9. This could be envisaged if the
organic acids had a greater pK, value near adsorbing surfaces
than in solution, or they experience a surface pH much lower
than the pH in solution. The latter hypothesis was suggested
by Farmer & Aochi (1974) and Nicholls & Evans (1991), but
the former has received little attention. The reasons for low
pH close to interacting surfaces is well understood for weakly
hydrated clays, but those for well-hydrated soils are not yet
clearly understood for materials such as soils and sediments.
An improved knowledge of the physicochemical properties of
systems containing water, mineral materials and organic mat-
ter would therefore improve the description of organic acid
adsorption.
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Appendix 1: The constant capacitance model

The relationship between the surface electric charge and the surface
electric potential can be written as

(A1)

where s is the surface electric charge (mol kg™!), ¥ is the surface electric
potential (V), a is the specific surface area of the adsorbent (m? kg™ "),
G is the capacitance density (F m™?) and F is the Faraday constant
(F =96 485 C mol™").

The surface electric charge is expressed as

0 =0y + i, (A2)

where oy is the net proton charge and ojs the charge resulting from the
formation of inner-sphere surface complexes. Adsorbed amounts being
small, g5 can be neglected and ¢ is simply given by

o =[SOH," | — [SO™ . (A3)

The intrinsic equilibrium constants describing the ionisation of surface
OH groups given by reactions (1) and (2) are

K. (int) = SOH|H ] S[(i(l?ﬂ}?lil ]+ ] exp <%> (A4)

and

K_ (int) :%exp( —%),

where square brackets represent concentrations (mol litre™") when
they are small enough to be used in place of activities.
The intrinsic equilibrium constants describing the formation of
surface complexes of the ligand L for Reaction (5) are given as
[SL]

KL = SR (AS)
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and as follows for Reactions (6) and (7), respectively,

Kl (int) = % , (A6)
“THT
K| (int) = % exp< 2‘?) (A7)

The mass balance equations of surface OH groups corresponding to
reactions (5), (6) and (7), respectively, are

[SOH]; = [SOH] + [SOH," | + [SO~ ] + [SL], (A8)
[SOH]; = [SOH] + [SOH," ] + [SO™ ] + [SHL], (A9)

and
[SOH]; = [SOH] + [SOH," | + [SO~ ] + [SL™']. (A10)

Dissociation reactions must be added to this set of equations. For
a monoprotic acid, the equation is

(U

HL=2L +H", K, = All
where K, is the dissociation constant of the organic acid.
Appendix 2: The Stern variable surface
charge-variable surface potential model
Relations between electric potentials and electric charges are
o
Yo —Vo=— Bl
S a Gsa ) ( )
-y =D (B2)
Gup
—aq
Yy — ¥y = . B3
e (8)
Expressions of electric charges are:
~ No{Ku[H" Jexp( — ) Kou[OH™ Jexp(5)}
s (B4)

T 14+ KuHT lexp( — £22) + Kou[OH - Jexp(5)
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No{ Ken[Cat™™Jexp(— 472 — KnlAn~Jexp (557" |

op= - P Fyg\ (BS)
1+Kcat[Cat+‘°‘“']exp( e “) + Ky [An—7%n]exp (“" ")
NTZZKaleXp( ZW)
[ s B6
N 1+ZZKa,exp( ZFY)' (B6)
and
_ zadFPaN 1 anFPa) _
oo = 0.61 x 1o“c‘/2\/eXp( ) — 1, epCir) — 1 gy
Zeat Zan
with
05+ 04 +0p+04=0. (B8)

In these equations:

¥, ¥, Pgand P, are the electric potentials (V) at the planes s’, ‘a’,
‘B’ and ‘d’, respectively.

G, G,p and Gpq are the electric capacitances (mol v! m’z) corre-
sponding to the space between the planes ‘s’ and ‘a’, ‘a’ and ‘B’ and ‘B’
and ‘d’, respectively, oy, 0,, og and o4 are the electrlc charges (mol
m~?) localized at the planes ‘s’, ‘a’, ‘B’ and ‘d’, respectively. Quantities
in square brackets are concentrations of ions in solution used in place
of the activities when they are small enough and g; are the activities of
specifically adsorbed ions.

Ny is the maximum surface charge density (mol m~2).

Nt is the maximum adsorption density of specific adsorbed ions
(mol m~?) located in the plane ‘a’.

Ku, Kom, Ki, Kear and Ky, are the binding constants (litre mol ') of
protons, hydroxyl groups, specific adsorbed ions and non-specific
adsorbed cations and anions, respectively.

Zear and z,, are the valence of the cation and anion of the back-
ground electrolyte.

Z; is the charge of the i specifically adsorbed ion.

F is the Faraday constant (96 485 C mol™ "), R is the gas constant
(8.314 T mol™" K™'") and T is the temperature (K). Equation (B7)
is taken from Barrow and co-workers for asymmetric electrolytes
(Barrow et al., 1980).
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Appendix 3: Tables A1 and A2

Table A1 Data used to estimate the mean specific surface area

Mineral Specific surface area/m> g~ Reference
Goethite 31 Kavanagh et al. (1980)
32,28,17, 81,32 Hingston et al. (1972)
42 Watson et al. (1973)
31.2 Goldberg & Glaubig (1985)
81 Bowden er al. (1980)
120 Parfitt (1977)
90 Parfitt (1978)
66, 170 Schwertmann & Kampf (1985)
Mean value for Fe-oxides: 58.6 ~ 59
Gibbsite 48 Muljadi er al. (1966)
47 Hingston ez al. (1972)
58 Datta & Kunal Gosh (1992)
Al,O4 69.6 Goldberg & Glaubig (1988)
117 Holl & Stumm (1976)
96.9 Goldberg & Glaubig (1985)
100 He et al. (1997)
108 Kummert & Stumm (1980)
Mean value for Al-oxides: 80.6 ~ 81
Table A2 Data used to estimate the mean maximum number of specific adsorption sites, Nt
Mineral Compound N/10° mol m~> Reference
Goethite MCPA 3.0 Kavanagh et al. (1980)
2,4-D 1.0 Kavanagh et al. (1980)
2,4-D 2.38 Watson et al. (1973)
Phosphate 2.5 Strauss et al. (1997)
Phosphate 2.43 Bowden et al. (1980)
Citrate 1.74 Bowden er al. (1980)
Selenite 2.71 Bowden ez al. (1980)
Haematite Phosphate 0.8-4.41 Bowden et al. (1980)
Mean value Fe-oxides 2.33
Gibbsite Phosphate 3.12 Muljadi et al. (1966)
AlLO3 Silicate 3.57 Goldberg & Glaubig (1988)
B 0.07 Goldberg & Glaubig (1985)
B 22 Holl & Stumm (1976)
B 1.96 Goldberg & Glaubig (1988)
Mean value Al-oxides 2.18

Appendix 4: Statistical tests

Scaled total error Scaled root mean squared error Model efficiency

il (01— 0n)? — il P -0

Pi = 0; ¥ 2
_Emeon S oy
2

_ 1A [i ME = i
o SRMSE = 5-\/ =—— Y (0i - On)?

i=1 i=1
The smaller the TE, the better is the simulation The smaller the SRMSE, the better is the simulation ME varies from 1 to -«
The ideal case corresponds to ME=1

0; and P; are the observed and calculated values of adsorbed amounts. # is the number of observations and O, is the mean value of observed
data.
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