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ABSTRACT: Electrochemical properties of soils are very important for the understanding of the
physico-chemical phenomena which affect soil fertility and the availability of nutrients for plants.
This review highlights the electrochemical properties of tropical soils, the behavior and the availability
of nutrients, toxic elements and heavy metals in the soil, especially for soils with predominant variable
charge minerals. Availability of the elements is related to ionic exchange, solution speciation, and
electrostatic and specific adsorptive soil properties. Empirical and surface complexation models are
briefly described, and some results of their application in tropical soils are presented. A better
understanding of the role of the double diffuse layer of charges and CEC on nutrient cation availability
for highly weathered soils is required, as well as a solid comprehension of surface complexation
models, in order to improve the knowledge regarding the behavior of anions in soils. More studies
have to be conducted to generate results that enable the use of chemical speciation concepts and
calculation of severa constants used in surface complexation models, especially for highly weathered
soils from the humid tropics. There has to be a continuing development and use of computer softwares
that have already incorporated the concepts of chemical speciation and adsorption models in the
study of nutrients, toxic elements and heavy metal availability in the soil-plant system.
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ATRIBUTOSELETROQUIMICOSE DISPONIBILIDADE
DENUTRIENTES,ELEMENTOSTOXICOSE METAIS
PESADOSEM SOLOSTROPICAIS

RESUMO: As propriedades €l etroquimicas dos solos tropicais s8o muito importantes para entendimento
dos fenémenos fisico-quimicos que afetam a fertilidade do solo e a disponibilidade dos nutrientes das
plantas. Essa revisao destaca os atributos el etroquimicos de solos e 0 comportamento e a disponibilidade
de nutrientes, elementos toxicos e metais pesados no solo, especialmente agqueles com predominancia
de minerais com cargas variaveis. A disponibilidade dos elementos é relacionada com a troca i6nica,
especiacdo da solucdo e propriedades adsortivas eletrostaticas e especificas do solo. Modelos
empiricos e de complexacdo de superficie sdo brevemente descritos, e sdo apresentados resultados de
sua aplicacdo em solos tropicais. E necessério um melhor entendimento do papel da dupla camada
difusa de cargas e da CTC na disponibildade de nutrientes em solos altamente intemperizados, assim
como uma melhor compreensdo dos modelos de complexacdo de superficie, a fim de melhorar o
entendimento do comportamento dos anions no solo. Mais estudos devem ser conduzidos para gerar
resultados que tornem possivel o0 uso de conceitos de especiacdo quimica e o calculo de diversas
constantes usadas em modelos de complexacdo, especialmente para solos altamente intemperizados
do trépico umido. Deve haver um continuo desenvolvimento de programas computacionais que ja
tenham incorporado os conceitos de especiacdo e modelos de adsor¢éo no estudo da disponibilidade
de nutrientes, elementos toxicos e metais pesados no sistema solo-planta.

Palavras-chave: carga elétrica, adsor¢cdo, modelo, troca i6nica, especiacéo

1.INTRODUCTION cal phenomena which affect the availability of nutri-
ents for plants, and, therefore, soil fertility. Defined as

Electrochemical properties of soils are very the capacity of the soil to supply crops with essentia
important for the understanding of the physico-chemi- elements, soil fertility is a very complex matter, be-
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cause it is the result of the combination of various pro-
cesses that occur in the soil and dependent upon sev-
eral soil attributes such as, texture, structure, content
and type of clay minerals, content and type of organic
matter (OM), nature and transformations of the par-
ent material, for example.

Nutrient availability or bioavailability is closely
connected to soil fertility. Bioavailability is affected by
different features and soil characteristics such as dense
or compact layers, nutrient diffusion, oxygenated roots
and so on. Bioavailability of essential elements can also
be defined in mechanistic terms (Sposito, 1989): the
element is bioavailable if it isin a chemical form that
the plant is able to absorb promptly, and if absorbed,
it affects the life cycle of the plant. In the view of Soail
Chemistry, biocavailability of an element is determined
by competition among plant roots, soil solution and
solid phases of soil. The electrochemical properties of
the solid phase influences directly the behavior of soil
elements, especialy in both soil solution composition
and in the bioavailability of these elements.

In certain soils, like those with predominant
constant charge mineras, the two properties most re-
lated to the control of movement and to the immohili-
zation of nutrient elements, are the specific surface area
(SSA) and surface charge density. These properties
altogether define the cation exchange capacity (CEC).
In these soils, which present the majority of their
charges as permanent, the CEC and the percentage of
base saturation (V%) are the most frequent parameters
to evaluate soil fertility. These two parameters vary
with other soil properties, such as pH and water hold-
ing capacity, and in this way, when used in a combi-
nation, they allow good inferences on the soil capac-
ity to supply nutrients to plants.

On the other hand, in soils which present pre-
dominant variable charge minerals, the properties most
directly related to nutrient availability should include
the kind of the exposed surface of clay minerds, al-
together with the specific surface area and the sur-
face charge density. The value of CEC, V% and the
properties that vary with them, are not, in general,
good enough to make a sound interpretation of the
bioavailability of the nutrients, that is, of soil fertil-
ity.

The main reactions which affect the availabil-
ity of soil nutrients are the losses either by volatiliza-
tion or leaching, precipitation and adsorption. Few €l-
ements are volatile, and the majority does not reach
enough concentrations in soil solutions to cause their
precipitation. Therefore, reactions related to nutrient
availability are the losses by leaching and adsorption,
which are directly influenced by electrochemical soil
properties.

This review has the objective of relating the
electrochemical properties of soils with the availabil-
ity of nutrients for plants, especially for soils with pre-
dominant variable charge mineras, whose importance
is emphasized in the humid tropics. The state of art in
this field is discussed in a tentative to outline the per-
spectives for future studies related to soil € ectrochemi-
cal properties and their influence in the availability of
nutrients, toxic elements and heavy metas in the soil-
plant system.

2. INTERFACE SOLID-SOLUTION

2.1 Charge on soil minerals

The surfaces of soil colloidal materials are elec-
trically changed, in other words, the surface has an
excess or a deficit of electrons (Uehara & Gillman,
1981) that compose a double layer (DL) of charges
with the ions in soil solution (van Olphen, 1977). If
the DL of charges results from internal deflects and
structural isomorphic substitutions, the charge density
is constant, while the particle surface electric poten-
tial varies. If the DL is created by adsorption of po-
tential determining ions (PDI), which are able to
modify colloid charges), the density of charge varies,
while the surface electric potentia is constant and de-
termined solely by the concentration or activities of the
ions in solution.

2.1.1 Permanent charges

Permanent charges, also called structural
charges, result from isomorphic ionic substitutions in
minera structures and are present at any soil pH. As
a conseguence, the surface charge of many soil min-
eras is pH-dependent. Isomorphic substitutions occur
in primary minerals during their magmatic formation,
while it occurs in secondary minerals either in their
soil transformations or by direct inheritance of primary
minerals. However, they produce significant charge
only in 2:1 clay mineras (smectites and vermiculites)
and in a few primary minerals, such as mica, when
they have a size small enough to compose the clay
fraction of soils.

2.1.2 Variable charges

Variable charges originate from ion adsorption
on soil colloid surfaces having the net charge deter-
mined by one ion which is highly adsorbed. PDI in
soil solution are H" and OH’, and we can classify the
main particles electrically charged in soils as “colloids
with pH dependent charges’. Sine some other ions can
also act as PDIs, such as phosphates, silicates and
heavy metals; colloids with variable charge should be
the best definition (Uehara & Gillman, 1981). Kaolin-
ite, goethite, hematite and gibbsite, found predominantly
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in Brazilian soils (Fontes & Weed, 1991), are the main
soil minerals with variable charge.

In tropical environments, high temperatures
and high rainfall provide appropriate conditions for the
rupture of primary and secondary mineral structures
and the formation of simpler compounds, such as iron
and aluminum oxides/hydroxides. Different from ionic
substitution, the charges in these oxides and hydrox-
ides are highly pH-dependent. In these compounds, the
more acid the medium, the higher the probability of
protonation on the surface (H" adsorption). In this case,
the oxide or the hydroxide will have a positive surface
charge and will be able to retain anions such as ni-
trates, sulphate, chlorides etc. On the other hand, as
soon as pH increases, the O-H bond becomes weaker,
and H can be released into the soil solution, then gen-
erating negative charges. In this specific situation, the
surface will retain cations, such as Ca, Mg, and K.
This can happen, for example, on Al hydroxide sur-
faces, that may act either as anion or as cation ex-
changers. In subsurface horizons of highly weathered
soils with low OM contents, Fe and Al oxides may
prevail and compose the main surface of ionic ex-
change. Depending on the pH, the anion exchange ca-
pacity (AEC) may surpass the cation excharge capacity
(CEC). Large areasin the North of the S&o Paulo state,
South of the Minas Gerais state and Central Brazil
present these soils.

On the surface of OM colloids, the variable
charge is negative and is originated from the dissocia-
tion of hydroxyl on carboxylic, phenalic, enolic group-
ings etc. Some groupings dissociate at low pH values,
whereas others at high pHs. So, negative charges take
a place at a great pH range, providing a great buffer
capacity in soils with high OM contents. Under pHs
commonly found in humid tropical soils, due to cer-
tain characteristics, positive charges on OM compo-
nents are less likely to occur.

2.2 Surface functional groups

An essential characteristic to formation and
development of charges in colloids with variable
charges is the possibility of surfaces becoming hydro-
lyzed. In water, the ions Si, Al or Fe, for example, lo-
cated on certain mineral surfaces, such as kaolinite,
hematite, goethite and gibbsite, complete their coordi-
nation layers with hydroxyl ions, and their surfaces
become hydrolyzed (Stumm, 1992). Positive or nega-
tive charges may be created (Parks & de Bruyn 1962;
Herbilon, 1988) through hydroxyl protonation or
disprotonation (Figure 1), for oxides at an octahedrical
configuration and a trivalent metal.

Hydroxyl grouping in this mineral might be
connected to one, two, or even three metals, accord-
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Figure 1 - Typica charge distribution for oxides in an octahedral
configuration and trivalent metal (From: Fonteset a.,
2001).

ing to Russdl et al., (1974) and Parfit et al. (1975).
Therefore, they can be named as simple, double and
triple hydroxyl coordination. Figure 1 shows extreme
protonation cases, with a maximum of positive charges,
and disprotonation, with maximum negative charges.
Between the extremes, there is a point where the charge
is O (zero), either due to the absence of charge or to
the equal amounts of positive and negative charges. This
point is called zero point of charge (ZPC).

3.ADSORPTIVE SOIL PROPERTIESVERSUS
NUTRIENTSAVAILABILITY

A previous knowledge of soil properties helps
understanding both phytoavailability and metal mobil-
ity. When entering the soil, the solute may be either
be quickly adsorbed on closer surfaces, or slowly
adsorbed by spreading out through the micropores, as
soon it reaches distant surfaces or intracrystalline sites
(Harter & Naidu, 2001). Severa mechanisms are in-
volved in adsorption such as non-specific adsorption,
specific adsorption and complexation with soil OM
(Camargo et a., 2001). According to Harter & Naidu
(2001); interactions between heavy metals and soil par-
ticles are non-specific, presenting a small fraction
adsorbed by chemisorption.

Apparent irreversibility of adsorbed reactions
may be granted to metastable state of surface reac-
tions and allows ionic species elements to be desorbed,
causing secondary precipitation reactions (Ford et a.,
2001). The precipitation of heavy metals only occurs
when they have high concentrations, after the soil sol-
ids are dissolved to form soluble constituents.

Electrostatic attraction and covalent bonding
between chemical elements and colloid particles are
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very important for soil fertility studies. Electrostatic
attraction is fairly weak and not very stable and, in this
reaction, the hydration water remains and outer-sphere
complexes are formed. Some examples are the outer-
sphere complexes formed with calcium, magnesium,
potassium, the exchangeable cations and certain an-
ions, such as carbonate, nitrate, and chloride. It isim-
portant to emphasize that nitrate is a highly soluble an-
ion and, therefore, it does not have a strong interac-
tion with soil colloids as it happens with other anions
(Havlin et a., 1999). Consequently, it may be leached
when its content is high in a wet soil. Losses of NO,
by leaching are the main cause of N losses in well
drained soils from the humid tropic in irrigated crop
systems. The covalent bonding, in turn, is quite dif-
ferent, since the electrons are shared and the hydra-
tion water does not remain. The adsorption is, then,
called specific and inner-sphere complexes are formed.
Some examples of covalent bonding between chemi-
cal eements and soil colloids are the polyprotic anions,
such as phosphate and silicate, and some heavy met-
als, such as Cu, Pb, Cd, Zn, and possibly Ni.

Abreu et a. (2005) anadyzed B, Cu, Fe, Mn,
Zn, Cd, Cr, Pb, and Ni from 13,416 soil samples (0-
0.2 m depth) collected in 21 Brazilian states, 58% of
them from the state of S80 Paulo, from 1993 to 1999.
There was no control of possible samples having been
taken on the same areas in different years. According
to the authors, the number of contaminated samples
was small. Even so, the specific cases in which the
elements were present in high concentrations, with risk
of reaching the food chain, deserve attention. They
warn that Cd was of particular concern, because of
its possible accumulation to potentially harmful levels
for humans in the food chain. This element differs
markedly from Pb, since it is mobile in plants, whereas
lead is not.

To better correlate soil fertility and electro-
chemical properties of soil colloids, the two types of
bonding should be studied in detail. So, the double layer
of charges and CEC (electrostatic bonding) and the
adsorption models (specific adsorption) will be de-
scribed as follows:

3.1 Electrostatic adsor ption

3.1.1 Double layer of charges

In asolution, colloidal particles are electrically
charged and attract ions of opposite charge. This phe-
nomenon will generate an electric double layer of
charges with an electric potential y at the solid — so-
lution interface. The number of charges on the par-
ticle surface, in measured through the density of
charges in the particle per unit area, which is used in
many models that describe the double layer of charges

in colloida systems. The main models will be now de-
scribed.

3.1.1.1 Helmholtz M odel

It is a very simple model and it was the first
description of the double layer of charges. Helmholtz
stated that the double layer would act as a capacitor,
where the negative charge is distributed all over the
surface, and the charges are lined paraléel to the sur-
face at a certain distance (x). In this model, the ions
that counterbalance the charges of the particle surface
remain in the parallel plane, neither separating from the
surface, nor getting closer as well. Cation concentra-
tion is determined by s, and the anions concentration
in the Helmholtz layer is zero.

3.1.1.2 Gouy-Chapman M odel

This model was proposed independently in
1910 and 1913 by Gouy and Chapman, respectively,
and it is based on the assumption that ion distribution
around a charged particle results from the balance
among electrostatic strength, responsible for attract-
ing ions of opposite charge to the surface, and the dif-
fusion strength, responsible for ion dispersion. The fi-
nal product is a diffuse and reciproca distribution of
anions and cations around the electrically charged par-
ticles. The concentration of anions and cations in the
external solution is named Co and, by approaching a
negatively charged surface, the concentration of cat-
ions increases, and that of the anions decreases. The
excess charge in solution near the charged particle is
called surface charge density (s). The electrical po-
tential (j ) decreases from a maximum value at the sur-
face of the charged particle (j ) to zero at infinite, fol-
lowing an exponential distribution. In a mathematical
description, it is assumed that the particles are evenly
distributed al over the surface; the opposite ions do
not present any volume and may approach the surface
and ions and surface interact without any ionic speci-
ficity.

The space charge density defined as (r) equals
the number of charges per unit volume as in

s =- (5 r dx (1)
Space charge density, in C cm®, is defined as:
r=4Fc z (2)
where Ci is the concentration of ioni per cm; Zi its
valency, and F the Faraday constant.

Poisson’s equation relates the divergent of the

electric potentia (j ) in the double layer to the space
charge density r (equation 3):
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where e is the dielectric constant of the solvent.

The ion distribution in the DL is given by

Boltzman’s equation:
C =C, exp- g-ZFy <
e RT g
where C, is the concentration of ion i at a position
where the electric potential isy; C_ the concentra-
tion of ion i in the external solution; R the gas univer-
sal constant, and T the absolute temperature.

By means of mathematical derivations and
transformations, two important formulas are finally
obtained. Both equations are very important for a bet-
ter understanding of the DL of charge. The first is:

1
c1o® ReT 95
8pF*ZCy

(4)

(5)

where K™ is the parameter related to the “thickness’
of the double layer, aso called the “gravity center” of
the double layer. According to this theory, the thick-
ness of double layer is directly proportiona to the sol-
vent dielectric constant and to the temperature, but in-
versely proportiona to the ion valency and to the ion
concentration in solution.

The second formula equates s with the ion
concentration and with the electric potentia at the par-
ticle surface:

1
=8§C0ieRng SthFyO
e p I’ 2RT

S

(6)

The use of Chapman’s equation to calculate
the surface charge density is very restrict, since the
early assumptions are not redistic and, therefore, high
cation concentrations may be found on particle sur-
faces, based on the assumptions that ions act punctu-
ally and may reach the surface in an unlimited way.

3.1.1.3 Stern Model

In 1924, Stern combined Helmholtz and Gouy-
Chapman theories. He formulated a theory in which
he divided the solution near the particle surface in two
parts. In the layer closest to the surface, the ions form
a compact layer of counter ion charge that is similar
to the one described in the Helmholtz model, and the
second solution layer is the one aready outlined by the
diffuse layer model developed in the Gouy-Chapman
theory. Stern double layer model assumes that the ions
have specific interaction energy and are of afinite size.
Thus, the ions will reach the surface in a limited way

and will be located at some nanometers from the par-
ticle surface. lons which balance the surface charge
are mostly in the Stern layer, and the other in the dif-
fuse Gouy-Chapman layer.

Stern layer has a finite capacity to accommo-
date ions, and the amount of filled sites depends on
various factors, such as ion concentration, ion charge,
temperature, dielectric constant of the solvent, and spe-
cific properties of the ions. Assuming that the sum of
the ionsin the Stern layer and in the diffuse layer bal-
ance the surface charge density, we have:

s=-(s,*+s) (7)
in which:
N, ZF
S, = " - (8)
Na>xwo0 &ZFy, +f06
+ TeXp- E————=
? I\/Icoib RT 9

where N, is the number of adsorption sites per area
unit, Na the Avogadro number, w the solvent density;
M the solvent molecular weight; y , the electric po-
tential in the Stern layer, and F is the specific adsorp-
tion potential.

The charge density s, in the Gouy-Chapman
is given by equation 6.

1
=8§C0ieRng snh ZFy

SZ
e p 2} 2RT

(9)

Gouy-Chapman and Stern models were evalu-
ated to describe charge characteristics of an Anionic
Acrudox and two Rhodic Acrudoxes of the Sdo Paulo
State — Brazil (Alleoni & Camargo, 1994a). Samples
were collected in regions of large occurrence of these
soils, supporting many cash crops. In the highest con-
centration of the electrolyte (0.1 mol L KCI), the ob-
tained values were better related to the Stern model.
On the other hand, under more diluted conditions (KCl
0.01 and 0.001 mol L™), corresponding to more usual
ionic strengths found in highly weathered soils, the
variation of surface charge density of the samples with
electric potential was in better agreement with the
Gouy-Chapman theory.

Wann & Uehara (1978) present an interesting
example to illustrate the use of the Stern theory relat-
ing fertilization and manipulation of soil electric
charges. These authors noticed that in the presence
of Ca, the ZPC of an Oxisol decreased from 5.0 to
3.5 after phosphorus application. However, high lev-
els of Ca could revert eectric charges when this ele-
ment was adsorbed on the Stern layer, and this pro-
cess could cause a reduction for soils retaining in other
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cations like K, though the electric charge had been in-
creased. Thus, from the soil charge management point
of view, the authors recommended triple superphos-
phate instead of single superphosphate due to its lower
CalP ratio.

3.1.2 Double layer and lonic Exchange

Surface charges of soil colloidal particles are
balanced by the accumulation of ions of opposite
charge and by the reduction of ions of similar charge.
lons which are opposite to soil charged particles are
present is excess in the DL and are caled exchange-
able ions, because any ion can be replaced by other
ones, modifying the chemical composition of the elec-
trolyte solution.

In most soils, the predominant charge is nega-
tive, and therefore, ions close to particles are the cat-
ions, so called exchangeable cations. Maximum num-
ber of exchangeable cations in the DL, measured as
electric charges per mass unit, under specific solution
conditions, corresponds to the CEC. In some cases,
either under natural or manipulated conditions, soil col-
loid surface charge can be predominantly positive. This
situation is found in some highly weathered soils, where
the variable-charge minerals predominate. Anions elec-
trostatically bound in the DL are called exchangeable
anions, and the maximum number of such anions per
mass unit is the anion exchange capacity (AEC). How-
ever, the most common situation for the majority of
soils is the dominance of negative charges over posi-
tive charges, and, therefore the most important phe-
nomenon is the CEC.

The deficit of charge density is:

aZFy, .0

1
=gt 22 (10)

e p ﬂ@(gzm' o

S.

So that the charge density due to the excess
or net charge, either in positive or in negative systems,
is

1
_aE,eRT &
E 2 o

é . ZF & F o
oc é25|nh—y°- y°+1¢u(11)
é 20

2R CPEoRT

Equation (11) shows that the charge density
depends on the electrolyte concentration (C,) and on
the surface electric potential (y ). In a constant charge
system, like 2:1 clay minerals, CEC will not change
when the electrolyte concentration varies. Neverthe-
less, at a constant potential system, with predominance
of 1:1 clay minerals and Fe and Al oxides, CEC will
be strongly affected by the electrolyte concentration.
In genera terms, on predominant variable charge sys-
tems, the charge density due to anion deficit is ne-

glected, and CEC may be taken as the total charge den-
sity of DL (eguation 6):

For constant potential systems, such as soil
minerals, where the potential determining ions are H*
and OH’, the Nernst equation alows the calculation of
the potential (van Olphen, 1977; Hunter, 1993)

o
U o y,=2303RTepyZPC oy U12)
PC F e o

u

Equation (12) relates the surface potentia to
the H" activity, in relation to H" activity when the sur-
face potentia is zero, that is, at the ZPC. Consequently,
replacing y by 2.303 RT/F (pH** — pH) in equation
(6), we have:

1

a2C_eRT &2
S =¢———+

sinh 1.15Z (pH %° - pH)(13)
E P o

In such a system, CEC does not depend only
on the electrolyte concentration, but aso on the dis-
tance between soil pH and the pH at the zero point of
charge. Fertilization may affect the charge density of
a soil with predominant variable charges. At the same
time, electrolyte addition also decreases the surface
potential, by changing the solution pH (Uehara &
Gillman, 1981).

The more wesathered a soil the closer is the ten-
dency of the soil pH to reach its ZPC. The high de-
gree of weathering causes the accumulation of kaolin-
ite, gibbsite, goethite and hematite, besides the amor-
phous Fe and Al oxides, in the clay fraction of tropi-
cal soils (Fontes & Weed, 1991). As a consequence,
these soils may have high ZPC in subsurface horizons,
the difference between ZPC and soil pH tends to be
zero, and the surface charge density tends to be null.
Under extreme weathering conditions, soils may have
a pH close to 6.0 and very low contents of Ca, Mg,
K, and Al.

Alleoni & Camargo (1994b) found values of
ZPC varying from 5.6 to 6.0 in B, horizons of Brazil-
ian Oxisols, showing the large influence of the oxides
in the charge balance. Cation retention in this horizon
was lower than 3 mmol _ kg", and the pH measured in
1 mol L™ KCI was higher than the pH in water, which
means, the DpH was positive. The authors also ob-
served that ZPC had positive correlation with the
amount of gibbsite and DpH, and negative correlation
with the weathering index (Ki). Despite the low fertil-
ity, such soils can support a high-level agriculture
when correct managed, as it can be noticed in some
regions of Northern S8o Paulo State, Southern Minas
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Gerais State as well as in Central Brazil (Alleoni &
Camargo, 1995). DpH has been greatly used as an in-
dicator of soil net charge (Mekaru & Uehara, 1972).
However, some authors point out that this use is only
possible for soils with predominant variable charge
minerals (Tessens & Shamshuddin, 1982) and DpH
ranging from -0.5 and +0.5 (Uehara, 1979). On sur-
face layers of agricultural soils, negative values of DpH
are of high occurrence, i.e., pH measured in 1 mol L™
KCl isusualy lower than the pH in H,O.

Managing the fertility of humid tropic soilsin-
volves procedures which cause aterations in the soil
system and can be discussed based on the equation
(13). These situations comprise, for example, increas-
ing electrolyte concentration (C_) by fertilizer use and
also increasing the amount of divalent ions (Caand Mg)
due to liming, which affects the valency (Z) and raises
pH. Application of high rates of phosphate fertilizers
may cause a decrease in ZPC, due to specific adsorp-
tion of phosphate on Fe and Al oxides surfaces (Rajan,
1976). In such cases, the negative net charge rises and
may increase Ca, Mg and K retention. In this reason-
ing, it must be possible to reduce the soil ZPC, par-
ticularly in highly weathered soils with low OM con-
tents, by adding specific adsorption anions, such as
silicate, that increase the negative surface charge. The
use of the silicate has the advantage to increase P
bioavailability due to the competition of both anions for
the adsorption sites.

In soils with positive net charge, cation and
anion movements in the soil profile are affected, and
soil fertility is consequently altered. This is remark-
able in studies with gypsum, where Ca®* and SO,*
are the predominant ions in soil solution. Camargo &
Raij (1989) observed a greater retention of the sul-
phate ion in an acidulated sample (pH 3.7) of an
acric Oxisol with high Fe oxide contents than in the
same sample with a greater pH (5.7). These authors
pointed out that in the first case the net charge was
positive (+27 mmol kg"), while it was null at the
higher pH.

Uehara & Gillman (1981) cite the example of
a high weathered soil in which the soil pH increases
even with base losses by leaching, and state that a soil
with positive charge balance should have small amounts
of exchangeable bases in the subsurface layers, despite
the increase of pH with depth. Based on the fact that
the nitrateion (NO,) can be adsorbed to colloids whose
surface is positively charged (Wild, 1972; Wong et dl.,
1990; Cahn et al., 1992), Hartemink et al. (1996)
proved that integration of trees which explore the soil
more deeply than annua crops may be more effective
in reducing nitratelosses and, therefore, allow its re-
cycling in the soil-plant system.

Generdly, CEC is defined in terms of mmol of
charge either per unit volume (for soil fertility analy-
sis) or per unit mass (for soil classification). However,
CEC can be related to the specific surface area (SSA)
and surface charge density (s):

CEC (mmol_kg") = SSA (nf kg*) x s (mmol_ m?)  (14)

The buffer capacity (BC) of soils with pre-
dominant variable charges can be related to the DL
theory. Singh & Uehara (1986) presented the BC in
these systems as.
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In practice, BC can be expressed as the resis-
tance of soils to pH changes. Soils with high clay and
OM levels contain a higher number of adsorption sites
when compared to sandy soils with low OM. In these
sites, hydrogen is bound in a covaent way, congtitut-
ing a pool, which is triggered when the H' level of the
solution drops. This is the potential acidity, reported
in the results of soil analysisas H* + Al.

The buffer capacity is related to the doses of
lime required for the correction of soil acidity. When
lime is added to a high BC soil, there is a natural re-
position of H" by the colloids, to keep the equilibrium
constant. Soil potential acidity is effectively neutralized
when the pool of covalent H is consumed. In some
Brazilian states, like Sao Paulo, the formula used to
calculate rates doses takes into consideration the po-
tential acidity. In this formula, the difference between
the desired V% (based on the crop) and the current
soil V% is multiplied by the total CEC, which contem-
plates the potential acidity of the soil.

By the formula of BC, it is seen that the va-
lency of the counterion has a greater influence on the
BC than on the CEC. According to Sing & Uehara
(1986) this would explain why the lime requirement,
determined with NaOH can underestimate the need of
CaCO, to produce a certain variation of pH. These au-
thors also comment that this equation helps to explain
a common problem found in tropical soils, that alarge
amount of lime can be required to increase soil pH to
neutrality.

Aluminum (Al) is an extremely problematic el-
ement of acid soils, and its behavior in the soil has a
high interaction with CEC and DL theories. Liming is
used to correct soil acidity since it promotes Al pre-
cipitation and increases pH and V%. However, aslime
mobility in the soil profileislimited dueto its low solu-
bility, its action is restricted to the first centimeters of
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soil, especidly in no-till systems (NTS), in which lime
is applied on the soil surface. Nevertheless, the nega-
tive effect of soil acidity and aluminum toxicity has
not been noticed in NTS. In an Hapludox of Ponta
Grossa, state of Parand, Brazil, Caires et al. (1999),
working under a NTS, did not observe lime applica
tion effects on corn, wheat, and soybean yield, even
under high levels of soil acidity (pH 4.5, V% of 32%,
and m% of 18%). Alleoni et a. (2005a) studied an acid
Hapludox (pH 4.4; V% of 36% and m% of 7%) from
Rondondpolis, state of Mato Grosso, Brazil, and did
not notice a meaningful effect of the lime application
on soybean yield. Caires et al. (2005) evaluated the ex-
tent of the downward movement of surface-applied
limein afield experiment carried out from 1993 to 2003
in the Parana State, Brazil, on a Typic Hapludox un-
der NTS. The authors observed that surface-applied
lime was effective in aleviating soil acidity below the
point of placement. The effects of surface liming on
all three acidity-related variables (pH, Al and basic cat-
ions) were significant for the 0-5 and 5-10 cm depths
from one year onward, and also for the 10-20 cm depth
from 2.5 years onward, remaining consistent for a pe-
riod of up to ten years after liming. These results show
that the negative acidity and Al toxicity effects are re-
duced in NTS. A possible explanation would lie on the
presence of a greater amount of complex organic an-
ions, which reduce the Al toxicity in soil solution
(Salet, 1998).

Methods currently used in routine laboratory
analysesto obtain bioavailable Al contents, for example,
extraction with 1 mol L™ KCI, usualy do not detect
the forms of this element which are toxic to plants.
Aluminum can appear as asingle soluble ion; asits hy-
drolyzed forms (AIOH*, AI(OH),", AI(OH), and
AI(OH),); complexed as sulphate (AISO,"), fluoride
(AIF.*), orthophosphate (AIH,PO,*), organic ligands
(Al-organic) and it also can appear as polymers. The
sum of al these duminum chemica forms represents
the total amount of aluminum in soil solution.

3.1.3 Quantitative Formulation of CEC
Mechanisms to describe quantitatively the cat-
ion exchange phenomenon have been studied over the
years. Sometimes the efforts are concentrated to solve
problems of soil management as in saline sails, for ex-
ample, whereas other times the problem to be solved
is the behavior of toxic elements, such as AI* or Mn*.
However, most times, emphasis is given to the under-
standing of the reactions and to an improvement on
predicting the behavior of nutrients, such as Ca, Mg,
K, NH,, etc. The knowledge of the chemistry of ex-
changeable cations can give important information
about nutritional deficiencies and unbalances for the

plants and also on the rates of toxic metal movements
in the soil. For instance, the addition of Na-rich an-
thropogenic residues to tropical soils has stimulated the
scientific community to study the role of Na in both,
the soil solution and the exchange complex. Fonseca
et a. (2005) evaluated methods to obtain the concen-
tration of exchangeable and soluble cations in a green-
house experiment with an Haplustox amended with a
secondary-treated sewage effluent, collected from sta-
bilization ponds at the wastewater treatment facility of
Lins, Sdo Paulo state, Brazil. The authors observed
that, in closed environments of pots, the most suit-
able method for calculating the effective CEC was the
cation exchange capacity calculated by removing cat-
ions with a barium chloride solution. The actual CEC
should be measured using Mg adsorption, in order to
prevent ionic strength from influencing electric
charges. Silva et al. (2005) applied water treatment
dludge to pots containing samples from a surface layer
of an Hapludox and concluded that the CEC obtained
by the sum of exchangeable cations in solution (K",
Ca”*, and Mg™) was overestimated, since there was
an excess of free cations, mainly Ca *, in the sludge.

Several models have been proposed to de-
scribe, characterize and predict the distribution of ex-
changeable ionsin equilibrium between soluble and solid
phases. Most of the models use the law of mass ac-
tion. The ion partition was first described using the
chemical equilibrium constant:

Na- X +K*U K- X+Na" (16)

K:(K- X) Na+ (17)
(Na- X)IK

Ca- X,+2Na* U 2Na- X +Ca”® (18)

(Na- x)*|ca**

K = _
(cax,)(Na’

(19)

In these equations, the Na-K system is sym-
metrical or homovaent; the Ca-Na is non- symmetri-
cal or heterovalent. X, the exchanger, is the particle
which retains the exchangeable mono or divalent cat-
ions, and the parentheses mean activities of soluble and
exchangeable cations. A constancy is found in vary-
ing compositions in the system phases only in the
homovaent systems and in the ones in which the cat-
ions are very similar. Therefore, the system descrip-
tion, most of the times, involves an exchange selec-
tivity coefficient. Although it is not a true constant,
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it is a parameter that may describe the exchange equi-
librium in a range of different compositions of the
system phases. The values of the selective coeffi-
cients vary with the composition of the phases in a
given exchange reaction. In short, the equilibrium
constants of the exchange reaction may be true con-
stants under restricted system compositions or may
become exchange selectivity coefficients (Ks).
The parenthesis means cation activity only in the
soluble phase, the brackets mean concentration or
some function that models the concentrations or ion
activities in the exchangeable phase, according to
different approaches developed by various research-
ers:

k- x}Na’
KS_{Na- XHK* (20)
< {Na- x}*(ca”) 1)

 Jeax,)(Na'f
3.1.3.1 Cation Exchange Equations

3.1.3.1.1 Kerr Equation

Kerr used for a symmetrical system (Ca-Mg)
the law of mass action and ion concentrations in a so-
lution in miliequivalents (meq) per volume of solution,
whereas concentrations in meq per unit of mass were
used for the ions adsorbed at solid phase, which he
called “active masses’ (Kerr, 1928). Although Kerr had
not used activity in his studies, he assumed a propor-
tionality between dissolved total concentrations and
free Caand Mg. The reaction and the constant are:

Ca- X,+Mg* U Mg- X, +Ca* (22)

S

Since Kerr used a symmetrical system, the
constancy of the coefficients was reasonable, he con-
cluded that the exchangeable cations really formed a
solid solution.

3.1.3.1.2 Vanselow Equation

Vanselow carried out studies using a thermo-
dynamic approach, since he was not satisfied with
Kerr's “active masses’ definition (Vanselow, 1932).
He used activities to represent the ions in solution and
the mole fraction (MF) as the concentration of
adsorbed cations for non-symmetrical systems, as
follows:

Ca- X, +2NH,, U 2NH} - X +Ca, (24)
_ {menH; }ea®)
K, = 4 (25)
' imrca? (NH; f
{MFCaz+}= +[c:a- X,] (26)
NH; - X +Ca- X,
A Ne - x|
e - NH; - X +Ca- X, (27)
< - (ca).[NH; - x] (28)

(NH; ) .[ca- X,][NH; - X +Ca- X,]

Mole fractions for the adsorbed cations are
given in molar concentration (mol kg™) of each one
of them as related to total molar concentration
adsorbed on the colloids.

Loyola Jr & Pavan (1989) studied the ex-
change reactions among Ca, Mg and K in five Oxisols
and one Entisol with pH ranging from 4.0 to 4.4 un-
der severa ionic strengths (1S), but keeping the mo-
lecular ratio among the cations egqual to 1. These au-
thors obtained exchange selectivity coefficients for the
three possible pairs of cations with the use of Vanselow
equation and observed that the coefficients varied with
the IS of the solution. The exchange sites presented
greater attractive force in relation to Ca and similar
forces of adsorption in relation to Mg and K.

3.1.3.1.4 Davis - Krishnamoorthy - Overstreet
Equation

This equation describes the cation exchange
based on thermodynamic statistics, in which different
forms of neutralization of the colloidal surface charges
by the cations and different charge configurations of
colloidal surfaces had been considered (Davis, 1950).
Thefina egquation is similar to Vanselow eguation, how-
ever with the introduction of a specific factor for biva-
lent ions in the unibivaent system. Krishnamoorthy &
Overstreet (1950) tested this equation for many sys-
tems and colloids and concluded that the majority of
the soils behave in such way so that the specific fac-
tor for bivalent ionsis equal to 1.5. The final equation
is sometimes called Davis equation and other times the
Krishnamoorthy — Overstreet equation. For a Ca-Na
system, it can be described as:

(ca).[Na- x[?
(Na*) .[ca- X,][Na- X +15Ca- X,

I(D :KKO = (29)
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3.1.3.1.5 Gapon Equation

Gapon (1933) developed an empirical expres-
sion to describe non-symmetrical unibivalent cation
exchange, using concentrations instead of activities and
the equation of mass action with chemically equiva
lent amounts for cations in solution and in exchange-
able positions. The exchange system between Ca and
Na presents the reaction:

2+ " +
}2Ca,, +Na- XU Ca,- X +Na,, (30)

K = [Cal/z i} X]l.Na+J2 (31)
[Na- X] Ca"‘*|

The soluble cations are expressed in mols L™,
while the exchangeable cations are expressed in
meq g*. Gapon’'s equation is widely used in saline
soils studies because it presents a uniform coefficient
for a large variation of exchangeable Na (0 to
40%), which is interesting for irrigated agriculture in
many soils. For these soils, Gapon’s constant is re-
lated to the percentage of saturation in the exchange-
able sodium percentage (ESP) and Sodium
Adsorption Ratio (SAR) (Kinjo & Marcos, 1982) as
follows:

ESP= K_. SAR (32)

Silva et al. (1991) evaluated ESP, SAR, and
K values for aluvial soils with contrasting textures
and noticed higher levels of K_ at greater
ionic strengths of the solution. Furthermore, for a
specific IS, K decreased with SAR increases.
Gapon'’s equation can also be used in studies related
to solute dynamics in soils. Ciprandi & Wietholter
(1994) studied K selectivity coefficients along
with several others cations in 28 soil samples
and concluded that this coefficient, in addition to ion
activities in solution and exchangeable cations, con-
tents can be used to calculate the parameters of
K diffusion and the soil buffer capacity by the ele-
ment.

3.2 Specific Adsor ption

Specific adsorption, also called chemisorption
or ligand exchange, is the adsorption in which a struc-
tural bonding between the surface of the soil particles
and the ion involved is formed. It is an important phe-
nomenon that controls the bicavailability of some nu-
trients, toxic elements and heavy metals in the soil —
plant system.

3.2.1 Adsorption models

Adsorption is, by definition, the net accumu-
lation of a chemical species at the interface between the
solid phase and the solution (Sposito, 1989). Adsorp-
tion can be represented either by empirical or chemica
models which describe a molecular adsorption using the
theoretical concept of chemical equilibrium. The model
is a representation in small scale or a smplified repre-
sentation of reality. An ideal modd is effective when it
describes precisely the observations; it is comprehen-
sive, when it can be applied to a large range of condi-
tions without modifications; it is realistic, when it con-
firms to the accepted theories of behavior; and it is pre-
dictive, when it can be applied to the mogt different con-
ditions (Barrow & Bowden, 1987).

Comparing the empirical and theoretical mod-
€ls, it is expected that the latter could satisfy most, if
not al, of the above cited characteristics to give a closer
description of the real adsorption phenomenon in the
soil system. The main difference between the empiri-
cal and theoretical models is the lack of an electro-
static term in the former wheresas its presence is man-
datory in the latter. Among the main empirical mod-
els, the Constant Partition or Distribution Coefficient,
the Langmuir and the Freundlich models will be dis-
cussed. Among the theoretical models, the Constant
Capacitance, the Diffuse Layer, the Triple Layer and
the Four Layers will be discussed.

3.2.1.1 Empirical models

Empirical models have been widely used in soil
science and environmental studies related to metal and
anion adsorption. These models do not take into con-
sideration the eectrostatic influence of the electrically
charged surfaces in the solution, as well as the influ-
ence of changes in surface charges due to the com-
position of soil solution. The empirical models used in
Soil Science are, in general, associated to the use of
the so called adsorption isotherms. Adsorption iso-
therms are convenient ways to graphically represent
the amount of an adsorbed compound, or adsorvate,
in relation to the concentration in the equilibrium so-
lution of this compound. As the name indicates, the
temperature has to be constant, but if at the same time
variables such as pH and ionic strength are also main-
tained constant, better results are expected.

A C-type (constant) isotherm is characterized
by a steady dope from beginning to maximum adsorp-
tion, regardliess of the degree of coverage on the sur-
face. This type of isotherm may be the result of a con-
stant partition of the adsorvate between the soil
adsorbing surface and the soil solution or it can be a
result of a proportional increase in the available adsor-
bent surface while the amount of adsorvate increases.
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S-type isotherm (sigmoidal form) is character-
ized by a dight dope at low surface coverage, but in-
creases with the higher concentration of adsorvate.
This behavior seems to be related to the fact that, at
low concentrations, the affinity of the adsorvate to soil
particles is smaller as related to some component in
soil solution. With an increase of the adsorvate con-
centration, the adsorption by the soil solution compo-
nent decreases, and the adsorption by the soil particles
begins to increase. At a certain point, the soil particles
take over the adsorption and start to adsorb signifi-
cantly the adsorvate.

The L-type isotherm (Langmuir) is the most
commonly found in soil chemistry studies. The shape
of this isotherm indicates that the adsorvate has arela
tively high affinity for the surface at low charge cov-
erage. However, as the surface coverage increases, the
affinity of the adsorvate to the surfaces decreases.

To dl of these isotherms, it is possible to re-
late mathematical models to describe them and to ob-
tain parameters that may characterize the adsorption
phenomenon.

3.2.1.1.1 Constant Partition Model

Most ions at very low concentrations and
some non-polar organic or hydrophobic compounds
have their adsorption characterized by the C-type or
constant partition isotherm expressed by equation (33):

K,=-3 (33)
d Ceq

where q = adsorbed amount; Cy = equilibrium con-

centration

This type of adsorption is modeled by a linear
equation of sope K and intersept zero. More recently,
this model has been used in many studies, mainly for
heavy metals (Anderson & Christensen, 1988; Lee et
al; 1996; Gao et al., 1997: McBride et al., 1997;
Romkens & Salomons, 1998; Mc Bride et al., 1999;
Gomes et al., 2001). Distribution or partition coeffi-
cients (K ) have been the names used to designate the
constant that mathematically describes this kind of ad-
sorption.

K, values are fundamentally important for the
environment, because they reflect the soil solid sur-
faces affinity to chemical elements, such as heavy
metals, whether or not they are essential to plants and
animals. Kd values related to soil properties, pH, clay
minerals, OM contents, nature of the contaminant,
among others, led to the establishment of generic val-
ues for distribution coefficient by USEPA (United
States Environmenta Protection Agency, 1996). In the
lack of established values for the Brazilian conditions,
the S&o Paulo State uses generic standard vaues which

may lead to inadequate evaluations due to climate and
pedological differences between the temperate and
tropical regions.

Soares (2004) evaluated heavy metal retention
in 30 representative soils of the State of S&o Paulo,
Brazil, based on a quantification of K, and their rela-
tion with soil attributes, such as pH, CEC and clay,
OM, and Fe, Al, and Mn oxides contents. The small-
est variations in Kd value were recorded for Pb (121
to 7,020 L kg*) and Ni (6 to 998 L kg*), while larger
variations were observed for Cd (7 t014,339 L kg™),
Co (2 to 34,473 L kg™, Cr (1 to 21,267 L kg"), and
Zn (5 to 123,849 L kg"). The following order of af-
finity was obtained: Pb >>> Cu >> Cd > Zn @Ni @
Cr > Co. More than 55% of the variation in Kd for
metallic cations of the groups 11B (Cd and Zn) and
VIIIB (Co and Ni) were explained by pH. In the joint
analysis, CEC and pH explained about 80% of the
variation in Kd vaues for Cd, Co, and Ni. Regarding
the distribution coefficients for Cu and Pb, pH and clay
content accounted for about 63% of the variation. Kd
values for Cr showed an inverse correlation with pH,
especialy in the joint analysis with clay contents, and
61% of the variation were explained by these variables.

3.2.1.1.2 Freundlich Mod€

Freundlich isotherm model is an empirical
model formulated because the author assumed that the
adsorption data followed a parabola, so that the equa-
tion of this curve was used to describe the phenom-
enon. Thus, the Freundlich modd is:

q=KC." (34)

where K and n are adjustable and positive parameters,
with n values of O0<n<l. These parameters have no
physical meaning, although Sposito (1980) presented
n as measure of heterogeneity adsorption sites on the
adsorvent surface.

Freundlich model constants can be determined
by using either linear regression or adjusted by non-
linear regression. A linear equation can be obtained by
inserting logarithms at both sides:

logg=logK +nlog Cq (35)

The plot which relates log q to log C,, repre-
sents a straight line with slope n and intercept log K.
The adjustment of experimental results to the
Freundlich model is validated through the significance
of the coefficient of determination (R%. Several ex-
amples prove the capacity of this model to predict ad-
sorption phenomena of various elements by weathered
soils in the tropics, such as Alleoni et a. (1998), for
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B ; Alcantara & Camargo (2001), for Cr; Mesquita &
Silva (2002), for Cu and Zn; Camargo et al. (1989)
and Pombo et a. (1989) for Ni; Cunha et al. (1994)
and Casagrande et al.(2004), for Zn; Pombo (1995)
and Dias et al. (2001), for Cd, Jordéo et al. (2000)
and Silveira & Alleoni (2003), for Cu, and Alleoni et
al. (2005b), for Cd and Cu.

Sorption and desorption coefficients for her-
bicides, taken as their partition coefficients normalized
to the OC (K ), can also be estimated by Freundlich’s
equation. Regitano et a. (2000) evaluated the sorption
of imazaquin (2-[4,5dihydro-4-methyl-4-(1-
methyl ethyl)-5-oxo-1H-imidazol-2-yl]-3-quinoline car-
boxylic acid) on seven surface and two subsurface
samples of highly weathered soils and on other two
contrasting soils. The authors observed that Freundlich
isotherms were essentially linear (n ranged from 0.83
to 0.99) within the employed concentration range, sug-
gesting that the hydrophobic partition of the soil or-
ganic matter is the mgjor sorption mechanism. In ad-
dition, imazaguin sorption (Kf values) was positively
correlated with OC (r = 0.91**), CEC (r = 0.78**),
and SSA (r = 0.64*), but negatively correlated with
soil-solution pH (r = -0.62*).

Rocha et a. (2002) studied imazaquin sorption
and extraction in surface and subsurface samples of
three soils at four different pH values. Sorption de-
creased, and agueous extraction increased as the pH
increased. Up to pH 5.8, sorption was higher in sub-
surface than in surface layers of the acric soils due to
the positive balance of charges resulted from the high
Fe and Al oxide and the low OC contents. This fa-
vored electrostatic interactions with the anionic mol-
ecules of imazaquin. For the subsurface samples of
these highly weathered soils, for wich y S was posi-
tive and the OC content was low, it was not possible
to predict sorption just by considering imazaquin spe-
ciation and its hydrophobic partition of the organic do-
mains of the soil. Moreover, if K_measured for the
surface samples were assumed to represent the whole
profile in predictive models for leaching potential, this
would result in underestimation of the sorption poten-
tia in subsurface horizons, and consequently result in
overestimation of the leaching potential.

3.2.1.1.3 Langmuir Model

Despite having been placed along with the em-
pirical models, Langmuir’'s model is the only one that
has its equation derived theoretically. However, as it
was originaly used to describe the adsorption of gas
molecules to solid surfaces, its assumptions are not
totally applicable to the soil system, and therefore, it
is considered as an empirical model. The origina as-
sumptions of the Langmuir model are: (i) ions are

adsorbed as a monolayer on the surface, and the maxi-
mum adsorption occurs when the surface is completely
covered; (ii) adsorption takes place in specific posi-
tions, and there is only one molecule at each position
or adsorption site; (iii) the surface is homogeneous,
and the sites are identical; (iv) the adsorption energy
is constant all over the surface and does not depend
on the covered surface; (v) adsorbed species do not
interact among themselves, and (vi) equilibrium is
achieved. Langmuir’s equation has the following for-
mula

_ bK Cxq
1+ K Ce

(36)

in which b and K are adjustable parameters. The pa-
rameter b represents the value of g which is asymp-
totically approached as Ca becomes larger. Usudly, b
is called the maximum adsorption capacity and is very
common in adsorption studies in soils, and K is taken
as a measure of the adsorption intensity. The product
of K by the maximum adsorption b results in a value
bK that represents the initia isotherm slope as C, -
proaches zero.

The constants b and K can be obtained by lin-
ear or non-linear regression. Using the linear regres-
sion analysis, the Langmuir equation is written in the
form:

Cqg _1 1
] -~ + 5 Ceq (37)

From equation (37), it can be seen that the plot
of Ceg/q as a function of Ceq is a straight line with
dope /b and intercept 1/bK. If the adjustment is sat-
isfactory, which can be judged from the coefficient
of determination (R?), the Langmuir model can be as-
sumed to describe the adsorption process.

Langmuir’s isotherm has been used to esti-
mate P adsorption through the calculation of the
maximum capacity of phosphate adsorption (Alvarez
& Fonseca, 1990), as well as to relate phosphorus
adsorption to different soil mineralogical components
(Fontes & Weed, 1996). By using Langmuir’s and
Freundlich’s models, among others, Fontes et al.
(2000) studied the competitive adsorption of Cd, Cu,
Zn, and Pb in tropical soils and reported the influ-
ence of these metals on the mobility and retention of
Zn and Cd. In the most concentrated solutions, Zn
and Cu adsorptions decreased. On the other hand, the
competition did not affect Cu and Pb adsorptions,
which implies in a more specific retention mechanism,
involving covalent bonds between these elements and
soil minerals. Araljo et al. (2002) employed the path
coefficient analysis to evaluate both models and the
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ratio among the adsorption parameters obtained for
some metals, such as Cd, Cu and Zn, and the char-
acteristics of a series of tropical soils. Using the
Langmuir model, Fontes & Gomes (2003) evaluated
the competitive adsorption of Cr, Ni, Cu, Zn, Cd, and
Pb in Brazilian representative soils (Oxisols, Ultisols
and Alfisol) after OM removal and noticed that the
metals with the most competitive effect were Cr, Cu
and Pb. The most frequently obtained selectivity se-
guence was Cr = Pb >> Cu >>> Ni > Cd = Zn. With-
out OM removal, Ni was the least retained metal by
soils, pointing out its low affinity in relation to this
soil attributes.

Langmuir adsorption indices can be correlated
to various soil properties. Alleoni & Camargo (2000)
studied boron adsorption in five representative soils
from the state of S8o Paulo, Brazil (Rhodic Hapludox,
Arenic Paleudalf and three Typic Hapludoxes). High
coefficients were found between B maximum adsorp-
tion and clay, and amorphous Al oxides contents and
SSA (r = 0.79, 0.76 and 0.73, respectively, P < 0.01).
Clay content, free Al oxide, and 0.01 mol L™ CaCl, ex-
tracted boron explained 93 % of the variation of the
adsorbed boron. Highest values for maximum B ad-
sorption were found for clayey soils, which were sig-
nificantly correlated with contents of total, free and
amorphous Fe and Al oxides, as well with physical at-
tributes. Ninety four percent of the variation in the
maximum adsorption could be related to the free iron
content.

3.2.1.2 Models of Surface Complexation

Models of surface complexation are chemica
models which treat ion adsorption as complexation re-
actions in the solid phase, similar to the formation of
a complex in solution. These models are tools to iden-
tify chemical reactions and their equilibrium constants.
Assuming the validity of retention mechanisms and
equilibrium constants, models of surface complexation
can be used to predict the distribution of a substance
between the adsorbed and the hydrous phases. These
models also consider the adsorvate charges and the
charges of the adsorvent surface so that they repre-
sent a more significant advance over the empirical
models (Goldberg, 1995).

The majority of colloidal particles carry sig-
nificant electric charge at their surface, then exhibit-
ing eectric potentials which extend into soil solution.
lons present in the solution interact with these charges,
and those of same charge are repelled, while the op-
posite are attracted. Therefore, electrostatic potentials
associated to charge surfaces can have a significant
influence on the adsorption of ions. The influence of
electric charged surfaces in the adsorptive behavior of

charged species is merged in the electrostatic adsorp-
tion models by adding some terms that modify the ac-
tivity of adsorbed ions that approach the charged sur-
face. The electric work required to penetrate the area
of electrostatic potentials (y ), that appears while ions
reach large distances, is also considered.

There are several models to describe the sur-
face complexation. In general, these models vary in
the way they conceive charge distribution and elec-
tric potential and the location of adsorbed species in
the interface solid-solution. In spite of some differ-
ences, there are severa assumptions applied to all mod-
elsinvolved in the solid interface-solution: (i) al min-
eral surfaces present in agueous environment or sus-
pension have functional groups or surface sites, and
(ii) total concentration for each type of surface site
can be defined (Essington, 2004).

3.2.1.2.1 Constant Capacitance Model (CCM)

Developed for oxide surfaces at the interface
with aqueous solutions by Paul W. Schindler and
Werner Stumm, along with several collaborators
(Schindler & Gamsgjager, 1972; Hohl & Stumm, 1976;
Schindler et al., 1976; Stumm et al., 1976; 1980), this
model is based on the following assumptions; (i) all
surface complexes are considered inner-sphere com-
plexes, and adsorption occurs by ligand exchanges; (i)
no surface complex are formed with the electrolyte
ions; (iii) a plan of charges represents the surface; (iv)
surface density charge (s) is proportiona to (y ) at
the particle surface, or s = C.y , where s is expressed
in C m? (coulombs per square meter); C is the ca-
pacitance in F m* (Farad per square meter,) and y,Iis
inV (volts).

For S = oxide surface, SOH = protonated or
deprotonated hydroxide surface, M = Metals, L =
Ligands, and m and | = valencies, the chemica reac-
tion based on Hohl et a. (1980) are:

SOH +H* U SOH," (38)
SOHU SO +H* (39)
SOH+M™ U SOM™! +H* (40)
SOH+L" 0 9'+0OH" (41)

Bidentated compounds may be formed, mainly
with transition metals and anions of poliprotic acids,
and some other reactions are important such as.
20H +M™ U (SO),M ™2 +2H" (42)

20H +L" 0 SL"?+20H"  (43)
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Each reaction can be described by an intrin-
sic equilibrium constant (Hohl et al., 1980) in which
the brackets represent the concentration in mol L™ or
molar (M). Intrinsic constants take into account the
electrostatic parameter, i.e., the potential, since other
values from the exponential component are constant.

SOH

[soH]

K,™ = —rexp[Fy /RT] (44)

K™ %Jmp[ Fy /RT] (45)

SOH
N it _ SDM m-1 H+ )
= - ey 7] @
w3 on ]
KL xpl- (- YFy /RT 47
sorli ] |
zKMin _[ m2]>{H ] >exp[m 2|:y /RT] (48)

[SOH] M ™|

2l Hor ]

i 2)Fy IRT] (49)

sexpl(l -

Two additional eguations (mass balance and
charge balance for the surface functional groups) are
necessary to solve the equilibrium problem. (Sigg &
Stumm, 1981; Goldberg, 1995).

CCM is similar to Helmholtz's double layer
model, since both locate the adsorbed ions close to
particle surface. This model has been used to describe
boron adsorption on oxides (Goldberg & Glaubig,
1985) and on silicate clay minerals (Goldberg &
Glaubig, 1986b), which constitutes important adsorp-
tion surfaces for this element. Oxides and broken
edges of clay minerals are variable charge materials
important as B adsorption sites (Goldberg, 1993). Sail
corresponds to a mixture of organic and inorganic
materials, but even in such a complex system, CCM
fitted well (Goldberg & Glaubig, 19864). Either for
pure composts or for soils, values of intrinsic con-
stants were optimized with the complexation constants
of anions in the surface. Goldberg & Glaubig (1986a)
used a mean value of many conditional intrinsic sur-
face constants in the CCM and observed that the model
predicted well the B adsorption on many soils from
Cadlifornia, USA.

In order to evaluate CCM adequacy to Mo ad-
sorption in 36 soils, Goldberg et a. (2002) employed

a regression model to obtain the surface constants
from CEC, Fe oxide, organic and inorganic carbon,
and found that the model was able to predict the ad-
sorption. More recently, Goldberg at al. (2005) ap-
plied the CCM to arsenate (As(V)) adsorption on 49
soils selected by soil property variation. The high af-
finity of arsenic for oxide surfaces is affected by sev-
eral biogeochemical factors such as soil texture, OM
content, nature and constituents of minerals, pH, re-
dox potential, and competing ions. The activity of ar-
senic in soil solution is most commonly controlled by
surface complexation reactions on oxides/hydroxides
of Al, Mn, and especially Fe, which makes its avail-
ability highly dependent on soil attributes (Gonzaga
et al., 2006). Goldberg at a. (2005) found that CCM
was able to fit arsenate adsorption on all soils by op-
timizing either three monodentate or two bidentate
As(V) surface complexation constants. A general re-
gression model was developed for predicting soil
As(V) surface complexation constants from CEC, in-
organic and organic carbon content, Fe oxide con-
tent, and SSA. According to the authors, the incor-
poration of regression eguations in to chemical mod-
els allows simulation procedures of speciation and
transition of chemical elements in several conditions
of soil and environmental management, without any
specific adsorption studies.

3.2.1.2.2 Diffuse Layer Model (DLM)

The diffuse Layer Model wasiinitially proposed
by Stumm et a. (1970) and Huang & Stumm (1973)
for a soil oxide-solution interface. Dzomback & Mo-
rel (1990) made an improvement called generalized
double layer model (GDLM). The first two assump-
tions from the CCM were maintained in this model,
and two other were included: (i) two planes of charge
represent the surface, and (ii) the ratio between
charges and surface potentials are (Goldberg, 1995):

y o :y d (50)
S, = SF(SRTe DIS)Y? xsinh(Fy ,/2RT)  (51)

s, =- %sgny +{2RTe,DScilexp(- ZiFy ,/RT)- 1}"*(®2)

inwhich e = vacuum permittivity; D = dielectric con-
stant of water; IS = ionic strength; sgny = 1ify >
0,ory,=-1lify, <0 ci = concentration of ionic
species | in solution; Zi = charge or valency of the
ionic species | in solution.

Equation (51) is equivdent to Gouy-Chapman’s
for the double-layer charges and it is applied to indif-
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ferent symmetric electrolytes. On the other hand, equa-
tion (52) is more complex and is applied to calculate
surface charge for non-symmetric electrolytes. Equa-
tions for protonation, deprotonation and/or dissocia-
tion, and metal adsorption are the same of CCM. How-
ever, bidentate complexes are not defined in the GDLM,
and the complexation ligand reactions are (Dzomback
& Morel, 1990; Goldberg, 1995):

OH +L" +H* 0 9" +H,0 (53)
SOH +L" +2H* U SHL'"?+H,0 (54)

Intrinsic equilibrium constants of several re-
actions are the same as used in CCM, whereas the con-

stant to describe complexation reactions of ligands are
(Dzomback & Morel, 1990; Goldberg, 1995):

1

KLint - [SDH]j_Ll'I Jx{H +Je)(p[- (I - 1)Fy d /RT](55)

= [SOH][i:'_Z]] T expl- (I - 2)xFy , / RT](56)

Mass balance of functiona surface groups and
charge balance are also important for the fina solu-
tion. Equations may be either solved by manua cal-
culations, as described in Dzomback & Morel (1990)
or by computer software (Goldberg, 1995).

Spathariotis & Kallianou (2001) studied the
adsorption of Cu, Zn, and Cd, as a function of pH,
ionic strength of the solution, and metal concentration.
Adsorption occurred as Cu > Zn > Cd, over dl situa
tions. CCM simulated the formation of mono and
bidentate complexes, according to the used procedures
to obtain a specific surface. When they used the
Brunauer-Emmett-Teller (BET) method, which utilizes
nitrogen gas, the formation of bidentate complexes was
observed, and it was more convenient, since spectro-
scopic methods had detected the presence of such
compounds. The authors aso observed that DLM had
an inferior adjustment than CCM for all situations.

3.2.1.2.3Triple—Layer Model

The Triple-Layer Modd (TLM) was developed
as a model of bonding sites for oxide interfaces with
soil solution (Yates et al., 1974), and later its concept
was expanded by Davis and his collaborators (Davis
et a., 1978; Davis & Leckie, 1978; 1980). The origi-
nal model, assumed that surface groups of soil par-
ticles formed inner-sphere complexes only with pro-
tons and hydroxyl ions, while metals and ligands
formed outer-sphere complexes with the particle sur-

2 int
KL

face. The model was modified afterwards (Blesa et dl.,
1984; Hayes & Leckie, 1986; 1987; Hayes et al., 1988)
in order to include inner-sphere complexes. The modi-
fied version of the TLM alows for the adsorption of
metals and ligands in the inner-sphere plan, forming
inner-sphere complexes. It aso alows for the forma-
tion of oter-sphere complexes.

Assumptions for the TLM are (Goldberg,
1995): (i) protons and hydroxy!l ions form inner-sphere
surface complexes; (ii) ion adsorption reactions form
either inner or outer-sphere surface complexes (iii) ions
from background electrolyte form outer-sphere sur-
face complexes; (iv) three planes of charge represent
the surface; and (v) relationships betweens charges and
surface potentia are:

Sozcl(yo_yos) (57)
Sdzcz(yd_yos) (58)
S,=- (8 RTc Eo D)]J2 sinh (Fy d/ZRT) (59)

where s has units of C m?, e, is the permittivity of
vacuum, D is the dielectric constant of water, and ¢
is the concentration of a 1.1 background electrolyte.

Equations for the complexation reactions
which form inner-sphere complexes are described for
CCM, whereas the equations to form outer-sphere
complexes are:

SOH+M™ 0 SO -M™ +H" (60)

SOH+M™ +H,00 SO - MOH™ +2H* (61)

SOH +H +L" 0 SOH," - L (62)
SOH+C*U SO -CH+H* (63)
SOH +2H"+L" 0 SOH," - LH'"! (64)
SOH+H*+A U SOH," - A (65)

In these equations, C* and A" correspond to
cations and anions from the background electrolyte,
and the outer-sphere complexes are represented by a
larger dash. Intrinsic equilibrium constants for proto-
nation, deprotonation and inner-sphere complexation of
metals and ligands are identical to constants already
defined for the CCM. Equilibrium constants for the
outer-sphere complexes reactions are defined as:

w [0 M A
[SOH [x{m ™|

Ky explF(my . -y ,)/ RT] (66)
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2w =[S0 - MOH™[4H "] (67)
[SOH]ALM ™|

m

exp{[F(m- 15 .-y ,)/RT]}

K™ = [S(lj:)ﬁu ]I;I{H +]e><p[F6' o~ 1Y )/ RT] (68)

2, m_ |[SOH, - LH"* L
A S SRS exp{F{y .- (- 1 .1/ RT}(69)

int SOH," - A

KA [%H] H + A eXp[FS’ o y os)/RT] (70)

The TLM describes successfully the adsorp-
tion of sulphate on aluminum and titanium oxides,
among others (Charlet et al., 1993). According to these
authors, the sulphate bonding to soil colloidal surfaces
is predominantly electrostatic, but long-term experi-
ments are fundamental to establish if covalent bondings
may occur, mainly when anion concentrations are high.
This is an important observation when gypsum is used
as a soil conditioner, because the sulphate may be in-
volved in the process of charge generation, instead of
simply acting as an indifferent ion.

3.2.1.2.4 Four-layer model (FLM)

The FLM model simulates the adsorption in
terms of pH, considering electric potential variation of
soil colloids and amount of ions in solution
(Casagrande & Camargo, 1997) In this model, elec-
trostatic potentials in the plane where ions are adsorbed
(y ) can not be measured, since the model does not
take into account the equilibrium constant between the
adsorbed species and soil colloids, and these constants
are required when the potentia is calculated. So, it is
necessary to assume an initial value for the
electric potential, which is a chosen and adjustable pa-
rameter.

The neutral surface of FLM is represented by
OH-S-OH, in which the surface electric potential de-
creases due to an increase of soil acidity (equation 71),
but increases when pH becomes higher (equation 72)
(Bowden et d., 1977).

(OH-S-OH,)’+H" U (OH,- S- OH,)" (71)
(OH - S-OH,)°+0OH" U (OH - S- OH) ' +H,0 (72)

In this model, variations in pH, ionic strength,
and concentration and affinity of adsorbed elements
are taken into consideration. Therefore, it can be
greatly applied on soils and minerals (Barrow, 1987).
The reaction between an ion and a soil charged sur-

face includes a component that reflects a chemica at-
traction between both. The activity of an ion located
close to the surface (ais) can be related to its activity
in solution (ai), equation (73):

ais: K a.| e—ya ZiFIRT (73)

K is the reaction constant, which is related to
the ion and to the surface, Zi is the ion vaency, gais
the electrostatic potential, F is Faraday constant, R is
the gases constant, and T is the absolute temperature
(Bowden et al.,1977). The term ai can be replaced by
a g ¢, where a is the proportion of the ion, g is the
coefficient of activity and c is the ion concentration
in solution. The activity ais is equal to the quantity of
occupied sites in relation to available sites, that is g/
(1-q9), in which q is the proportion of occupied sites
(Bowden et a., 1977). Then:

K>ﬂ>g>C>eyaZiF/RT
_1+K>a>g>c>evaZiF/RT

(74)

By using FLM, we can obtain adjustable pa-
rameters, the ion bonding constant to colloidal surfaces
K, and the soil surface electric potential. These two
parameters can be used to predict the adsorption of
an ion under a wide range of pH and ion concentra-
tions added to the soil. Casagrande & Camargo (1997)
studied the phosphate adsorption in acric soils and
found out that this model was far beyond a simple
curve adjustment, since it allowed the interpretation of
pH variations and phosphate concentration in the equi-
librium solution, although the el ectrostatic potential val-
ues were not redlistic. Casagrande et a. (2003) evalu-
ated the adequacy of the model to phosphate and sul-
phate adsorption in surface and subsurface samples of
a Rhodic Acrudox, an Anionic Acrudox, and a Rhodic
Hapludalf. They observed that surface electric poten-
tials estimated by the FLM were not realistic, though
the model performed well including pH, phosphate and
sulphate concentrations effects on the potentia varia-
tion, besides being efficient in simulating anion adsorp-
tion.

4. lonic speciation x availability of nutrients.
Fertile soils are able to supply plants with es-
sential elements, which are vital for normal growth and
reproduction. Among the 17 essential elements (C, H,
O, N, P S, Cu, Ni, B, Mo, Cl), 14 are obtained from
the soil, preferably. Carbon, hydrogen and oxygen are
supplied by CO, and H,O, abundant elements in both
atmosphere and hydrosphere. Except N, which is
present in a large amount in the atmosphere (79%),
the natural source of all other elements is the weath-
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ering of primary minerals in the parent materia. The
power of nutrient supplying of a given sail is the mea-
sure of its fertility (White, 1997).

Essential elements can be grouped in severd
ways but in order to be discussed along with the soil
electrochemica properties they should be grouped as.
(i) Ca, Mg, K, Fe, Mn, Zn, Cu, and N which are the
ones that form cations and (ii) N, P, S, B, Mo, Cl
which form anions. Going one step further, a
geochemical concept based on ionic potential (IP) of
the chemical elements can be used, which is obtained
from the ratio between the valency and the ionic ra-
dius. By using this concept, cations can be separated
in the following groups: (i) Ca, Mg, K, Fe**, Mr?*, Zn,
Cu, Ni (IP < 3.0) the ones that simply solvate in an
aqueous solution; (i) Fe, Mn**, Mn*, Al (3.0 < IP <
9.5), the ones that hydrolyze extensively at pH 7; and
(iii) N, P, S, B, Mo (IP > 9.5) the ones that are ca-
pable of forming oxyanions (Sposito, 1989; McBride,
1994).

Still going alittle further, it is possible to sepa-
rate the metals which tend to form electrovaent bond-
ing from those of more electrostatic bonding by us-
ing the Misono Softness index (Sposito, 1989). This
parameter is defined as a function of the ionic radius,
valency and ionization potential of the chemical ele-
ment and allows the separation of metals less inclined
to form covalent bonding, such as Ca, Mg and K,
from Fe, Mn, Zn, Cu, and Ni, which act in the op-
posite way, i.e., tend to form strong covalent
bondings.

In this context, the final grouping of the
chemical elements to better relate them to the soil elec-
trochemica properties would be:

* electrostatic cationic macronutrients: Ca, Mg, K, N-
NH,

« covalent micronutrients; Zn, Cu, Ni

 micronutrients of easy precipitation: Fe, Mn

» electrostatic anionic macronutrient: N-NO,

« covalent anionic macronutrients; P, S

» electrostatic anionic micronutrient: Cl

« covalent anionic micronutrients. B, Mo

Either the metallic or the non-metallic elements
can exhibit different oxidation numbers and may ap-
pear as free ions or ionic pairs, as complexes or che-
lates, or as crystalline or amorphous compounds. The
description and characterization of chemica forms of
elements in solution, i.e., chemical speciation, has a
huge influence on their bicavailability. Asfirst approach,
plant behavior is correlated to concentrations or ac-
tivities of free metals or non-complexed cations in soil
solution (Parker et a., 1995).

Absorption of free cations by plant roots is a
reasonabl e expectation, considering that plant cells have
negative transmembranic potentials originating from
interna negative potentials that would favor the absorp-
tion processes energetically (Marschner, 1986). On the
other hand, complexed cations have their positive
charges reduced or cancelled, and, therefore, become
larger and less reactive. Transmembranic potentia of
cells hampers both the transport and absorption of an-
ions, and any reduction on ionic charge decreases the
barrier of the potential energy (Parker et a., 1995).
Some examples include a greater absorption of H,PO,
as related to HPO,* (Hendrix, 1967) and a greater ab-
sorption of H,BO,, as compared to B(OH),” (Oertli &
Grgurevic, 1975).

5. Final remarks

The relationship between the soil electrochemi-
cal properties and the availability of nutrients, toxic el-
ements and heavy metals in soils has to be considered
under different approaches. First, a better understand-
ing of the role of the double layer of charges and CEC
on nutrient cation availability for highly weathered soils
is required, as well as a solid comprehension of ad-
sorption models with emphasis on surface complex-
ation models, in order to improve the knowledge re-
garding the behavior of anions in soils.

Furthermore, more studies have to be con-
ducted to generate results that enable the use of chemi-
cal speciation concepts and calculation of severa con-
stants presented in surface complexation models, espe-
cialy for highly weathered soils from the humid trop-
ics. Last of all, there should have a continuing devel op-
ment and use of computer softwares that have aready
incorporated the concepts of chemica speciation and
adsorption models in the study of nutrients, toxic ele-
ments and heavy metals availability in soil-plant system.
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