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Abstract: The adsorption of selenium (Se) on soil is important because of the relevance of Se to environmental and health issues.
The adsorption of Se(IV) and Se(VI) was evaluated on soil samples from São Paulo State, Brazil, as a function of varying pH, and the
experimental data were fitted to the constant capacitance model. Adsorption experiments were conducted for 15 soil samples, after the
addition of 20mmol L�1 of either Se(IV) or Se(VI), and the adjusted pH ranged between 2.5 and 10. Selenite adsorption was high for all
soils, decreased with increasing pH, and was strongly correlated with Fe and Al oxide content. In contrast, Se(VI) adsorption was very low
at pH values commonly found in agricultural soils, except for the highly weathered RhodicAcrudox. The constant capacitancemodel fitted
the Se(IV) and Se(VI) adsorption data well. Optimizations of mono- and bidentate complexation and surface protonation constants were
used for the Se(IV) adsorption data. For Se(VI), optimizations for the 2 monodentate species were employed. Environ Toxicol Chem
2014;33:2197–2207. # 2014 SETAC
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INTRODUCTION

Selenium (Se) is a metalloid present in trace amounts in all
biogeochemical environments. Low quantities of Se are
essential for animal and human nutrition. The recommended
daily intake for an adult is 40mg to 55mg [1], although Se can
have deleterious effects on health in a narrow concentration
range (40–400mg/d). The presence of Se in food is strongly
correlated to the concentration of Se in the soils where the food
was grown [2]. Selenium has not been proven to be a required
micronutrient for plants, but it can accumulate in plant tissues
and can produce toxic symptoms in extreme cases [3].
Accumulation of Se in plants is important because ingestion
of plants is the main pathway by which Se enters the food chain.
Both Se toxicity and Se deficiency are the result of Se content in
soils and Se behavior in different soil phases.

The amount of Se in soils depends on natural sources or
human activities. Both Se-deficient and Se-contaminated areas
have been reported [4]. Deficient areas require strategies for crop
and livestock amendment. Soil fertilization is an option that has
been adopted in some areas, such as Finland [5]. The behavior of
Se in soils is mostly pH dependent. Thus, a knowledge of the
effect of pH on Se adsorption is important mainly in highly
weathered humid tropical soils, for which studies are scarce.

Two forms of Se usually found under natural soil conditions
are selenite (SeO3

2�; Se[IV]) and selenate (SeO4
2�; Se[VI]),

which behave differently in soils. Selenite forms strong bonds
with soil surfaces as inner-sphere complexes [6], and for this
reason is considered less available from an environmental
perspective. Selenate is less adsorbed in soil and consequently
more bioavailable [7] because it forms outer- and inner-sphere
complexes, as several authors have reported for pure minerals
[8–11].

Selenium adsorption occurs on soil sites with net positive
balance of charges particularly present on the surface of
sesquioxides. Selenium adsorption in pure minerals has been
studied to better understand the relationship between Se(IV) and
Se(VI) and soil colloids, yielding some interesting results. For
example, Se adsorption was positively correlated with free Fe
oxide content [12,13], and pH was negatively correlated with
Se(IV) and Se(VI) adsorption [7,14].

Surface complexation models based on a thermodynamic
approach are able to describe surface species, mass balance, and
chemical reactions [15]. Empirical models, such as Freundlich
and Langmuir, are valid only for the conditions under which
the experiment was conducted [16]. The constant capacitance
model has been used successfully to describe Se adsorption in
soils [16–18]. The constant capacitance model includes 4
assumptions. First, only inner-sphere complexes are formed.
Second, anion adsorption occurs via a ligand exchange
mechanism with reactive surface hydroxyl groups. Third, ions
from the background electrolyte do not form surface complexes.
Fourth, the relationship between surface charge and surface
potential is linear [15].

In the present study, we investigated the sorption of Se(IV)
and Se(VI) on 15 tropical soils from São Paulo State in Brazil.
The constant capacitance model was fit to the experimental data
as a function of varying pH in the equilibrium solution.

MATERIALS AND METHODS

Fifteen soils with contrasting attributes (texture, Al and Fe
oxides, and organic carbon content) were selected from soil
orders representative of the Brazilian state of São Paulo
(Table 1). All soil samples were collected from the upper layer
(0.0–0.2m) in areas with native vegetation. A subsurface sample
(1.2–1.6m) of the Rhodic Acrudox (LVwf-B) was also collected
because of its net positive balance of charge, thus representing
conditions of extreme weathering as a result of a low presence
of organic matter. Samples were air dried, crushed, and passed
through a 2-mm sieve.
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Some soil chemical characteristics are given in Table 1.
The pH was measured potentiometrically in a 1:2.5 soil:water
solution. Carbon components were determined by a carbon
coulometer. Total carbon was determined by furnace combus-
tion at 950 8C; inorganic carbon was measured using the
acidification module and heating; and organic carbon content
was calculated as the difference between total and inorganic
carbon. Specific surface area was determined by Cihacek and
Bremner’s [19] method, using ethylene glycol monoethyl ether
adsorption. Free Fe and Al were extracted by sodium dithionite-
citrate-bicarbonate (DCB) [20], and the contents were deter-
mined via inductively coupled plasma (ICP) emission spec-
trometry. The cation exchange capacity was determined by the
compulsive exchange method proposed by Gillman [21] for
highly weathered soils. Data on mineralogy and additional
information about our soil samples can be found in Soares [22].

The adsorption envelope experiment was carried out in a
batch system. One gram of soil and 25mL of solution were
added to 50-mL polypropylene centrifuge tubes. For both Se(IV)
and Se(VI), the concentration was 20mmol L�1, added as
Na2SeO3 and Na2SeO4, respectively. The pH varied from 2.5 to
10 and was adjusted by adding either 1.0mol L�1 HCl or
1.0mol L�1 NaOH solutions. The supporting electrolyte was
0.1mol L�1 NaCl, and the reaction time was 2 h on a
reciprocating shaker at room temperature (24.5� 0.2 8C).
Solutions were subsequently centrifuged for 20min at 10 062 g
force, the pH of the supernatant solutions was determined, and
the solution was passed through a 0.45-mmmembrane filter. The
Se concentration was determined in all solutions by using ICP
emission spectrometry. The concentration of adsorbed Se was
calculated as the difference between the amount added and the
amount remaining in solution after equilibrium. As observed by
Goldberg et al. [16] and Hyun et al. [13], the oxidation of Se(IV)
to Se(VI) during the adsorption process was lower than 10%,
even with shaking times longer than 2 h. For this reason, Se
oxidation was not taken into account in the present study.

The constant capacitance model [23] was fit to the Se(IV) and
Se (VI) adsorption data, as described in detail by Goldberg
et al. [24]. Previous investigations have been successful in
applying the constant capacitance model to soils [16–18]. For
this reason, the model was chosen over the 2-layer surface
complexation model, which also defines inner-sphere surface

complexes [25]. The FITEQL 4.0 computer software [26] fits the
surface complexation constants to the sorption data using a
nonlinear least squares optimization routine [27]. The acid
dissociation constants (pKa) for selenic acid (pKa1¼ 2.46,
pKa2¼ 9.77) and selenious acid (pKa2¼ 1.92) were included in
the model optimizations. Considering SOH as a functional group
of oxide minerals from the clay particle soil fraction, protonation
and deprotonation are defined as

SOHðsÞ þ Hþ
ðaqÞ $ SOHþ

2ðsÞ ð1Þ

SOHðsÞ $ SO�
ðsÞ þ Hþ

ðaqÞ ð2Þ

The surface complexation reactions with Se(IV) are presented in
Equations 3, 4, and 5, and the reactions with Se(VI) are described
in Equations 6, 7, and 8

SOHðsÞ þ H2SeO3ðaqÞ $ SHSeO3ðsÞ þ H2O ð3Þ

SOHðsÞ þ H2SeO3ðaqÞ $ SSeO�
3ðsÞ þ Hþ

ðaqÞ þ H2O ð4Þ

2SOHðsÞ þ H2SeO3ðaqÞ $ S2SeO3ðsÞ þ 2H2O ð5Þ

SOHðsÞ þ H2SeO4ðaqÞ $ SHSeO4ðsÞ þ H2O ð6Þ

SOHðsÞ þ H2SeO4ðaqÞ $ SSeO�
4ðsÞ þ Hþ

ðaqÞ þ H2O ð7Þ

2SOHðsÞ þ H2SeO4ðaqÞ $ S2SeO4ðsÞ þ 2H2O ð8Þ

The intrinsic equilibrium constants considered for the
previously described complexation reactions are

KþðintÞ ¼ ½SOHþ
2 �

½SOH�½Hþ� expðFc=RTÞ ð9Þ

K�ðintÞ ¼ ½SO��½Hþ�
½SOH� expð�Fc=RTÞ ð10Þ

K1
SeðIVÞðintÞ ¼

½SHSeO3�
½SOH�½H2SeO3� ð11Þ

Table 1. Classification and chemical characteristics of soils

Soil pHwater
a

Clay
(g kg�1)

OC
(g kg�1)

IOC
(mg g�1)

SA
(m2 g�1)

Fe
(g kg�1)

Al
(g kg�1)

CEC
(mmolc kg

�1)
SOH

(mmol kg�1)

CX (sandy-clay-loam, Typic Haplustept) 4.3 243 14.4 —
b 38.9 19.3 2.3 22.7 5.96

GM (clay, Aquic Haplohumults) 4.9 476 118.5 —
b 105.3 4.9 4.8 50.4 16.16

LA-1 (sandy-clay-loam, Xanthic Hapludox) 4.8 222 18.9 —
b 25.9 19.7 2.2 23.4 3.97

LAwf (clay, Anionic Acrudox) 4.7 470 26.1 —
b 88.4 113.3 3.9 16.9 13.57

LV-2 (clay, Rhodic Eutrudox) 4.6 530 29.9 —
b 60.4 86.6 5.1 30.6 9.26

LVA-2 (sandy-clay-loam, Typic Hapludox) 4.2 221 14.4 —
b 6.2 13.6 1.2 15.5 0.94

LVef (clay, Rhodic Hapludox) 7.3 684 51.1 178.6 86.5 185.2 4.4 60.4 13.26
LVwf- A horiz. (clay, Rhodic Acrudox) 4.7 716 15.3 —

b 92.4 208.2 5.7 23.7 14.19
LVwf- B horiz. (clay, Rhodic Acrudox) 5.6 663 8.7 —

b 56.2 232.0 6.1 23.7 8.63
MT (clay, Mollic Hapludalfs) 5.8 543 29.8 —

b 165.6 113.3 4.7 105.5 25.40
NVef (clay, Rhodic Eutrudult) 5.5 658 29.7 —

b 90.3 192.2 4.8 61.1 13.86
PV-2 (sandy loam, Typic Rhodudalfs) 5.7 427 22.2 —

b 64.8 51.3 2.0 54.4 9.94
PVA-3 (loam, Typic Hapludults) 5.4 247 18.7 —

b 25.7 32.9 4.4 44.6 3.94
RL (loam, Lithic Dystrudepts) 5.9 142 14.3 —

b 34.3 7.5 0.3 33 5.27
RQ (loamy sand, Typic Quartzipsamment) 4.4 80 4.3 —

b 2.0 3.0 0.6 7.6 0.30

apH in water extract.
bBelow detection limit (150mg g�1).
OC¼ organic carbon; IOC¼ inorganic carbon; SA¼ specific surface area (Cihacek and Bremner [19]); Fe and Al¼ dithionite-citrate-bicarbonate (Coffin [20]);
SOH¼ total number of reactive sites.
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K2
SeðIVÞðintÞ ¼

½SSeO�
3 �½Hþ�

½SOH�½H2SeO3� expð�Fc=RTÞ ð12Þ

K3
SeðIVÞðintÞ ¼

½S2SeO3�
½SOH�2½H2SeO3�

ð13Þ

K1
SeðVIÞðintÞ ¼

½SHSeO4�
½SOH�½H2SeO4� ð14Þ

K2
SeðVIÞðintÞ ¼

½SSeO�
4 �½Hþ�

½SOH�½H2SeO4� expð�Fc=RTÞ ð15Þ

K3
SeðVIÞðintÞ ¼

½S2SeO4�
½SOH�2½H2SeO4�

ð16Þ

where F is the Faraday constant (Cmolc
�1), c is the surface

potential (V), R is the universal gas constant (J mol�1 K�1), T is
absolute temperature (K), and species in brackets are their
concentrations (mol L�1). Bidentate bonds require at least twice
as many sites as are required in the monodentate surface
complexes [27]. For this reason, in the bidentate equations
(Equations 13 and 16), the surface functional group terms were
squared.

The mass balances of the surface functional groups for
monodentate and bidentate, respectively, for Se(IV) are

½SOH�T ¼ ½SOH� þ ½SOHþ
2 � þ ½SO�� þ ½SHSeO3�

þ ½SSeO�
3 � ð17Þ

½SOH�T ¼ ½SOH� þ ½SOHþ
2 � þ ½SO�� þ 2½S2SeO3� ð18Þ

The mass balances for Se(VI) (monodentate and bidentate) are

½SOH�T ¼ ½SOH� þ ½SOHþ
2 � þ ½SO�� þ ½SHSeO4�

þ ½SSeO�
4 � ð19Þ

½SOH�T ¼ ½SOH� þ ½SOHþ
2 � þ ½SO�� þ 2½S2SeO4� ð20Þ

The expressions of charge balance for monodentate are

SeðIVÞ : s ¼ ½SOHþ
2 � � ½SO�� � ½SSeO�

3 � ð21Þ

SeðVIÞ : s ¼ ½SOHþ
2 � � ½SO�� � ½SSeO�

4 � ð22Þ

The charge balance expression for bidentate for both redox
states is

s ¼ ½SOHþ
2 � � ½SO�� ð23Þ

where s is the surface charge (molc L
�1). The surface potential is

related to the surface charge according to Equation 24, in which
C is capacitance (Fm�2), Sa is surface area (m

2 g�1), and Cp is
suspension density (g L�1).

s ¼ CSaCp

F
c ð24Þ

The FITEQL initial inputs were taken from previous studies.
The capacitance value that we used in the present study
(C¼ 1.06 F m�2) was considered optimum for Al oxide by
Westall and Hohl [28]. The protonation and the deprotonation
constants were log K–(int)¼ –8.95 and log Kþ(int)¼ 7.35,
followingGoldberg and Sposito [29]. The number of the reactive

sites was recommended by Davis and Kent [30] for natural
materials as Ns¼ 2.31 sites nm�2; this information is necessary
to calculate the total sites, as shown by Karamalidis and
Dzombak [25]. Variance or goodness-of-fit (Vy) was calculated
by the software as

VY ¼ SOS

df
ð25Þ

where SOS is the weighted sum of squares of residuals and df is
degrees of freedom [26]. Values of VY< 20 are considered a
reasonably good fit [26].

RESULTS AND DISCUSSION

Effect of pH on Se(IV) adsorption

Selenite adsorption was high for the majority of the soils
examined (Figures 1–3). The 3 exceptions (LVA-2, RL, and RQ;
Figure 3) were sandy-textured soils, which have the lowest
number of sites for adsorption. For all soils Se(IV) adsorption
decreased with increasing pH of the solution. This behavior is a
consequence of the decrease in the number of positive charges
on the variable charge soil components. In humid tropical soils,
positive charges are attributed to sesquioxides and organic
matter [31]. Several researchers have reported decreasing Se(IV)
adsorption as a function of increasing pH [14,18,32]. Soil acidity
is commonly corrected with lime in Brazilian soils, and pH is
increased to approximately 6.0. At that level of pH, most of the
soil samples in the present study adsorbed between 70% and
100% of the total Se(IV) in solution in our experiments.

The Se(IV) adsorption data fell into 2 distinct groups of soils.
The first comprises soils in which a gradual decrease of Se(IV)
adsorption was observed as pH increased (Figures 1–3). A
different trend was observed in the second group (LAwf, LVef,
LVwf-A, LVwf-B, MT, and NVef; Figures 1 and 2). In these
soils, a plateau was observed at low pH values. Decreases in
Se(IV) adsorption were observed under more alkaline con-
ditions, starting at pH values of approximately 7 (Figure 2).

The only soil with high organic carbon content (GM) had a
special trend, because adsorption was less affected by pH
increases than for the other soils across the entire pH range
(Figure 1). In a laboratory study, Se(IV) was strongly adsorbed
by pure humic acid in solution [33]. The sandy-textured soils
(LVA-2, PVA-3, RL, and RQ; Figure 3) had lower Se(IV)
adsorption. The main soil compounds responsible for Se(IV)
adsorption are present in the clay fraction [34]. In Indian soils, a
significant correlation was observed between Se(IV) adsorption
and clay content [12]. The soil samples CX, LA-1, LV-2, and
PV-2 (Figure 1) had a high clay content, although a constant
decrease in Se(IV) adsorption with increasing pH was observed.
This may reflect the fact that the mineralogy of these soils is
primarily kaolinite, as described by Bar-Yosef and Meek [35].
Both LVA-2 and PVA-3 (Figure 3) have similar textures, but
showed different Se(IV) adsorption trends because of the higher
concentration of Fe oxides in PVA-3.

The highest levels of Se(IV) adsorption, even at high pH,
occurred in soils with the highest degree of weathering: LAwf,
LVef, LVwf-A, LVwf-B, MT, and NVef (Figures 1 and 2).
These soils had high amounts of oxides and exhibited maximum
Se(IV) adsorption across a large range of pH, decreasing only at
medium alkalinity. The high affinity of Se(IV) for these minerals
is well known, as it is for hematite [11,36], goethite [37],
aluminum oxide [38], and magnetite [39]. Two soils, LVwf-A
and LVwf-B (Figure 2), are superficial and subsurface samples
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of the same soil profile horizons, respectively. In the B-horizon,
adsorption of Se(IV) was higher than in the superficial horizon
at pH higher than 6.7, probably because of the lower amount of
organic carbon covering the surfaces of the oxide colloids.

Effect of pH on Se(VI) adsorption
The Se(VI) adsorption was lower than Se(IV) adsorption

on the soils, as has been reported previously by several
authors [7,13,14]. This is a consequence of the weak bonding of
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Figure 1. Se(IV) adsorption envelopes of the soils with the highest adsorption, showing the fit of the constant capacitance model (CCM). See Table 1 for
descriptions of soil samples.
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Se(VI) with iron oxide [6]. The Se(VI) adsorption behavior was
similar for most soil samples, and maximum Se(VI) adsorption
was observed at the lowest pH. Adsorption decreased sharply
with increasing solution pH until around pH 4, and it was very
low at higher pH values (Figures 4–6). In this case, Se(VI)
adsorption becomes negligible for pH values between 5.5 and

6.5, commonly found in Brazilian agricultural soils. Organic
matter was not an important soil component for Se(VI),
diverging from the observed for Se(IV) adsorption as can be
seen in soil GM (Figure 6). This behavior was explained by
Loffredo et al. [40] as a consequence of the low zero point of
charge of the humic substances.
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Figure 2. Se(IV) adsorption envelopes of the soils with the median-high adsorption, showing the fit of the constant capacitance model (CCM). See Table 1 for
descriptions of soil samples.
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As observed in the adsorption of Se(IV), Se(VI) adsorption
was very low in soils with a high sand content (LVA-2, PVA-3,
RL, and RQ in Figures 5 and 6). This negative correlation
between Se(VI) adsorption in sandy- to sandy–loamy-textured
soils has been reported for tropical soils [41]. Low amounts of
adsorbed Se(VI) were observed in 18 sandy-textured soils
from the United States (clay contents between 10 g kg�1 and
29 g kg�1), and decreased gradually as pH increased in soil
containing 5.22mmol L�1 of Se [13].

The only exception to this trend among the soils was the
Rhodic Acrudox at both depths (LVwf-A and LVwf-B in
Figure 4). Soils LVwf showed a maximum Se(VI) adsorption
higher than those of all other soils: 100% in LVwf compared
with less than 70% in the others. The second difference observed
in the LVwf soils was a plateau of maximum adsorption up to pH
values of 3.5 and 4.5 (A- and B-horizons, respectively, of
LVwf). At higher pH levels, Se(VI) adsorption decreased with
increasing soil solution pH, and became very low at pH values
higher than 6.5 and 7.5, for superficial and subsurface samples,
respectively. A possible cause of such behavior is the high
amount of oxides present in the LVwf samples (208 g kg�1 and
232 g kg�1 of DCB-Fe for the A- and B-horizons, respectively).

Adsorption of Se(VI) on pure oxides has been studied in
detail. Rovira et al. [11] described Se(VI) adsorption on hematite

and goethite, both of which adsorbed high amounts of Se(IV) but
with different curve trends. The Se(VI) adsorption on goethite
decreased gradually with increasing pH. In contrast, Se(VI)
adsorption on hematite was similar to Se(VI) adsorption in LVwf
soils; the maximum adsorption was observed at pH 6. This
difference in affinity was explained by Peak and Sparks [9] as
follows: Se(VI) only forms inner-sphere surface complexes on
hematite, but it forms a mixture of outer- and inner-sphere
surface complexes on goethite. Peak [38] evaluated Se(VI)
adsorption on a pure Al oxide and found a curve similar to that
observed for the LVwf samples. These results reinforce the
importance of hematite and aluminum oxides in Se(VI)
adsorption on highly weathered tropical soils.

Chemical modeling of Se adsorption on soil

For both Se(IV) and Se(VI), the surface complexation
constants were optimized separately for monodentate and
bidentate inner-sphere surface complexation constants. In
Se(IV) optimization, only the species SHSeO3 (logK1

Se(IV))
did not converge. The simultaneous optimization of mono-
dentate (SSeO3

�) and bidentate (S2SeO3) improved the quality
of fit, when evaluated by goodness-of-fit, VY, an error parameter
calculated by the FITEQL software. In addition, protonation
constant values were optimized simultaneously with the former
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Figure 3. Se(IV) adsorption envelopes of the soils with the lowest adsorption, showing the fit of the constant capacitance model (CCM). See Table 1 for
descriptions of soil samples.
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Figure 4. Se(VI) adsorption envelopes of the soils with the highest adsorption, showing the fit of the constant capacitance model (CCM). See Table 1 for
descriptions of soil samples.
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optimization (logK2
Se(IV) and log K

3
Se(IV)) to improve model fit.

These optimizations did not converge for 5 soil samples with
higher oxide content (LVef, LVwf-A, LVwf-B, MT, and NVef).
The complexation constants were underpredicted for the 2

sandy-textured soils (LVA-2 and RQ) that adsorbed low
amounts of Se(IV). All surface complexation constants from
each soil sample and their respective errors are provided in
Table 2. In a study of selenite adsorption envelopes carried out
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Figure 5. Se(VI) adsorption envelopes of the soils with the lowest adsorption, showing the fit of the constant capacitance model (CCM). See Table 1 for
descriptions of soil samples.
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with 45 soil samples from the United States, Goldberg et al. [27]
obtained optimization only for log K2

Se(IV) and log Kþ (int). On
average, the surface complexation constants for the US soils
were lower than the constants observed for tropical Brazilian soil
samples.

Inner-sphere surface complexation is an assumption of the
CCM. Selenate complexation on soil components is not totally
understood, however. Some researchers have reported weak
bonding of Se(VI) to soil surface complexes [6,9,11]. In the
present study, inner-sphere surface complexation was taken into
account in the Se(VI) adsorption data, as it has been already
described for clay minerals [8,38,42].

The 2 monodentate surface complexation constants for
species (SHSeO4 and SSeO4

�) were optimized simultaneously
and produced a lower data fit error (Table 3). The optimizations
of Se(VI) bidentate complexation (logK3

Se(VI)) and the
protonation complex (logKþ (int)) did not converge for any
of the Se(VI) adsorption data. Three soil samples (LVA-2,
LVwf-B, and PV-2) did not converge for log K2

Se(VI), as a
consequence of the very low concentration of SSeO4

� (<10�35)
complexed in the soil surface. The distinctive Se(VI) adsorption
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Figure 6. Se(VI) adsorption envelopes of the soils with median adsorption, showing the fit of the constant capacitance model (CCM). See Table 1 for descriptions
of soil samples.

Table 2. Constant capacitance model surface complexation constants and
goodness of fit (error) in the pH-dependent adsorption of Se IV

Soila log K2
Se(IV) log K3

Se(IV) log Kþ (int) Varianceb

CX 0.371 –5.532 2.542 0.882
GM –0.518 –6.140 2.161 0.487
LA-1 0.473 –4.936 2.070 3.791
LAwf 1.054 –6.030 1.251 1.127
LV-2 0.369 –5.490 2.325 1.111
LVA-2 –3.295 –3.527 8.494 7.205
LVef –0.440 –5.792 NC 4.349
LVwf-A 2.208 –6.207 NC 1.497
LVwf-B 3.169 –5.924 NC 0.371
MT 1.761 –6.239 NC 1.099
NVef 1.929 –6.165 NC 1.231
PV-2 0.373 –6.013 2.703 2.575
PVA-3 0.054 –5.288 3.448 1.123
RL –0.409 –5.659 2.491 0.949
RQ –2.606 –1.957 9.578 8.254

aSee Table 1 for descriptions of soil samples.
bGoodness of fit equals the sum of squares divided by the degrees of freedom.
NC¼ no convergence.
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on LVwf described previously is reflected by the higher log
K1

Se(VI) constant compared with the other soil samples.
Considering the lower average of the goodness of fit parameter,
it is possible to suggest that inner-sphere surface complexation is
predominant in highly weathered Brazilian tropical soils. As a
consequence, Se(VI) is strongly adsorbed, which may influence
the rate of fertilizer applied to highly weathered soils, because
Brazilian tropical soils have low amounts of Se [43].

One of the advantages of using the CCM is the ability to
calculate the distribution of Se surface species on soils as a
function of varying pH [16]. The effect of variation in pH on the
distributions of the Se(IV) and Se(VI) species adsorbed to each
soil surface was calculated, and some examples are shown in
Figure 7. The selenite species adsorbed in tropical soils were
SSeO3

� and S2SeO3, with predominance of the monodentate
complex. The proportion of S2SeO3 was greater than that of
SSeO3

� only under alkaline conditions (high pH values),
varying between 6 and 10. The pH value at which the conversion
from 1 species to another occurred increased with increasing
oxide content.

The 2 species of Se(VI) were the monodentate complexes,
SHSeO4 and SSeO4

�. The predominant species was SHSeO4 for

Table 3. Constant capacitance model surface complexation constants and
goodness of fit (error) values in the pH-dependent adsorption of Se VI

Soila log K1
se(VI) log K2

se(VI) Varianceb

CX 3.605 –0.853 2.355
GM 3.552 –0.265 1.441
LA-1 3.247 –0.939 0.609
LAwf 3.587 –2.044 2.487
LV-2 3.435 –1.273 1.847
LVA-2 2.723 NC 1.293
LVef 3.396 –1.167 0.888
LVwf-A 5.407 –1.023 0.992
LVwf-B 6.347 NC 1.778
MT 3.226 –2.509 0.466
NVef 3.856 –1.129 1.906
PV-2 3.043 NC 0.925
PVA-3 2.895 –2.463 0.255
RL 2.738 –0.755 0.228
RQ 3.715 –0.739 0.185

aSee Table 1 for descriptions of soil samples.
bGoodness of fit equals the sum of squares divided by the degrees of freedom.
NC¼ low concentration of SSeO4� (<10�35).
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Figure 7. Examples of calculated Se(IV) and Se(VI) surface species on soils with varying pH. See Table 1 for descriptions of soil samples.
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all of the soil samples. It was the only species for the soil samples
in which Se(VI) adsorption was high. The SSeO4 species was
predominant at low pH values (<4) in some soil samples (CX,
GM, LA-1, and RL). The probable species under natural
pH values found in soils would be SHSeO4. The surface
complexation constants obtained in our model application are
conditional because protonation constant values were either
fixed for all soils for Se(VI) adsorption or optimized with the
Se(IV) adsorption constants. Nevertheless, the approach is
superior to the completely empirical Langmuir and Freundlich
adsorption isotherm approach because our model considers
surface charge and pH dependence of selenium adsorption.

In conclusion, at the pH range commonly found in themajority
of the soils (4.5–7.0), Se(IV) is strongly adsorbed on the surface of
soil colloids, which makes it difficult for the plants to take up. In
contrast, Se(VI) adsorption is low on soils at the same pH range.
However, Se adsorption is high even for the Se(VI) species in
highly weathered soils with positive balance of charge.
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