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Prediction of boron adsorption on some soils of State Paraná, Brazil

Adsorção de boro em alguns solos do Estado do Paraná

Maria do Carmo Lana1; Fábio Steiner2*; Tiago Zoz2; 
Jucenei Fernando Frandoloso3; Rubens Fey4

Abstract
Boron adsorption in soils affects their behavior in the environment and their availability to plants. 
This study investigated the effect of liming on B adsorption in different soils from Paraná State, and to 
correlate these values with some physical and chemical properties of the soils. Surface samples (0–0.2 
m) of nine soils with different parent material and physicochemical properties were used. Samples with 
or without lime application were incubated for 60 days. Boron adsorption was accomplished by shaking 
4.0g soil, for 24 h, with 20 mL of 0.01 mol L–1 CaCl2 solution containing different concentrations of B 
(0, 1, 2, 4, 8 and 16 mg L–1). Sorption was ¿tted to non-linear form of the Langmuir adsorption isotherm. 
Boron adsorption increased as concentration increased. Maximum adsorption capacity (MAC) of B 
ranged from 2.3 to 42.9 mg kg–1 (without lime) and 22.7 to 109.9 mg kg–1 (with lime). The two Arenic 
Hapludalf have had the highest B adsorption capacity, whereas the sandy-textured Arenic Hapludult 
(Ult1) had the lowest values. Liming increased the amount of adsorbed B on the soils, except in the 
Typic Hapludox (Ox4) and Arenic Hapludult (Ult2). The bonding energy (K) decreased with the lime in 
most soils, indicating that at higher pH values the B is adsorbed more weakly. The soil pH, the organic 
matter, and the contents of silicon oxide (SiO2) and aluminum oxide (Al2O3) were the soils properties 
that affecting the B adsorption on Paraná soils.
Key words: Langmuir isotherm, maximum adsorption capacity, liming, boron fertilizer

Resumo
A adsorção de B pelo solo afeta o seu comportamento no meio ambiente e sua disponibilidade para às 
plantas. Este estudo teve como objetivo avaliar o efeito da calagem na adsorção de B em solos do Estado 
do Paraná, e correlacionar estes valores com os atributos químicos e físicos do solo. Foram utilizadas 
amostras da camada super¿cial, de 0– 0.2 m, de nove solos, escolhidas por apresentarem variação no 
material de origem, as quais contemplaram as Ordens Latossolo, Nitossolo, Argissolo e Neossolo. Para 
determinar a quantidade de B adsorvido amostras com e sem calagem, após incubadas durante 40 dias, 
foram mantidas em contato, mediante agitação por 24 h, com solução de CaCl2 0,01 mol L–1 contendo 
diferentes concentrações de B (0, 1, 2, 4, 8 e 16 mg L–1 de B). O ajuste dos resultados experimentais 
foi realizado pela forma não-linear da isoterma de Langmuir. A adsorção máxima de B variou de 2,28 
a 42,89 mg kg–1 (sem calagem) e de 22,73 a 109,89 mg kg–1 (com calagem), sendo que, os Nitossolos 
foram os solos que apresentaram maior capacidade de adsorção de B. A calagem aumentou a quantidade 
de B adsorvido nos solos, exceto no Latossolo Vermelho-Amarelo e no Argissolo Vermelho-Amarelo. A 
energia de ligação de B no solo diminuiu com a calagem, na maioria dos solos, indicando que em valores 
de pH mais elevados a B é adsorvida mais fracamente. O pH do solo, a matéria orgânica e os teores de 
óxidos de silício (SiO2) e de alumínio (Al2O3) foram as propriedades do solo que se correlacionaram 
diretamente com a adsorção de B. 
Palavras-chave: Isoterma de Langmuir, capacidade de adsorção máxima, calagem, adubação boratada
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Introduction

Boron (B) de¿ciency in soil poses a serious 
limitation to the development of several economic-
interest crops, due to natural soil’s low fertility, 
removal by crops and inappropriate or excessive 
use of acidity corrective that contribute to its 
insolubilization. In addition, the appropriate 
management of B in soil-plant system is usually 
dif¿cult because the range of B concentrations in 
soil solution between those that causes de¿ciency 
or toxicity symptoms in plants is relatively narrow. 
Thus, prediction of B concentration in soil solution 
is particularly important.

The availability of B depends upon adsorption–
desorption processes, which are inÀuenced by 
various physicochemical properties of soils 
(ARORA; CHAHAL, 2010). The extent of B 
adsorption in soil depends of solution pH, soil 
texture and mineral composition (COMMUNAR; 
KEREN, 2006). Of these, the soil pH has been 
reported as the main factor affecting the B adsorption 
in the soil (SALTALI et al., 2005; SOARES; 
CASAGRANDE; ALLEONI, 2008; CHEN; HO; 
LEE, 2009), mainly by inÀuencing in the control of 
the predominant B species in solution and attributes 
related to its adsorption such as charge balance on 
colloids surface. Other factors, such as the clay 
content, aluminium and iron (hydr)oxides, clay 
minerals, calcium carbonate and organic matter 
of soil also inÀuence B sorption in agricultural 
soils (GOLDBERG; CORWIN; SUAREZ, 
2005; ARORA; CHAHAL, 2007; GOLDBERG; 
SUAREZ; SHOUSE, 2008; SHAFIQ et al., 2008; 
ARORA; CHAHAL, 2010; STEINER et al., 2012). 
Several possible mechanisms for the chemical 
combination of B with soils include anion exchange, 
precipitation of insoluble borates with sesquioxides, 
sorption of borate ions or molecular boric acid, 
formation of organic complexes, and ¿xation of B 
in the clay lattice (KEREN; BINGHAM, 1985).

Boron adsorption increases with increasing 
pH and reaches a maximum around pH 9.0 and 

decreases with further increase in pH (GOLDBERG, 
1997). The maximum development of adsorption 
sites occurs at a pH equivalent to the dissociation 
constant (pKa) of boric acid, approximately 9.2. At 
below pH 7.0, B(OH)3

0 predominated, but because 
the af¿nity of the clay from this species is relatively 
low, the amount of adsorption is small. As the pH 
increased, the B(OH)4

– concentration increased 
rapidly. The amount of adsorbed B increased rapidly 
because of the relatively strong af¿nity of the clays. 
Further, increase in pH resulted in an enhanced OH–

concentration relative B(OH)4
–, and B adsorption 

decreased rapidly due to the competition of OH–

for the adsorption sites (GOLDBERG; CORWIN; 
SUAREZ, 2005). 

The agricultural practice that is most often 
used to raise soil pH is liming. Thus, it is expected 
that the acidity correction in soil until pH 6.0, as 
recommended for most crops, increases the B 
adsorption in the soil. In a clayey Rhodic Hapludox 
of Mato Grosso State, Brazil, Rosolem and Bíscaro 
(2007) found that the application of 9.0 Mg ha–1

lime incorporated in the 0–20 cm layer increased 
seven times the maximum amount of adsorbed B in 
the ¿rst year.

Various models can describe adsorption reactions. 
Boron adsorption by soils has been described using 
empirical models such as Langmuir and Freundlich 
adsorption isotherm equations (GOLDBERG, 
2003). These adsorption isotherms take into account 
intensity, quantity and capacity factors, which are 
important for predicting the amount of soil nutrient 
required for maximum plant growth. The Langmuir 
equation is more attractive for providing coef¿cients 
which quantify the maximum adsorption capacity 
(MAC) and bonding energy (K) and had its 
successful use on predicting of the B adsorption in 
different Brazilian soils (ALLEONI; CAMARGO, 
2000; SOARES; ALLEONI; CASAGRANDE, 
2005; SOARES; CASAGRANDE; ALLEONI, 
2008; STEINER et al., 2012).

The present study investigated the effect of 
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liming on B adsorption in different soils of Paraná 
State, and to correlate these values with some 
physical and chemical properties of the soils.

Material and Methods

Surface samples (0–0.2 m) from nine soils of 
Paraná State, Brazil, were selected for B adsorption 
studies (Table 1). The physical and chemical 
properties of the soils were determined by adopting 
standard procedures, and some properties are 
shown in Table 2. Soil pH in water was determined 
potentiometrically in a 1:2.5 (soil:water) suspension 
using a combined calomel reference glass electrode 
and pH meter. Organic matter was quanti¿ed 
by oxidation with potassium dichromate in the 
presence of sulfuric acid, followed by titration with 
ammonium Fe(II) sulfate (EMBRAPA, 1997). Hot 
water soluble B was determined by the azomethine-H 
method (ABREU; ABREU; ANDRADE, 2001). 

Basic cations (Ca2+, Mg2+ and K+) were extracted 
by ion exchange resin and determined by atomic 
absorption spectrophotometry. Exchangeable 
Al was extracted by 1 mol L–1 KCl solution and 
determined by titration with 0.025 mol L–1 NaOH. 
Cation exchange capacity (CEC) was estimated by 
the summation method (CEC = Ca + Mg + K). The 
Fe and Al was extracted using a 9 mol L–1 H2SO4

solution (1:20 soil:solution ratio), and Si was 
removed with NaOH from the residue of the acid 
attack. Contents of Fe and Al were determined using 
Àame atomic absorption spectrophotometry and Si 
was quanti¿ed by gravimetry, and expressed in the 
form of oxides to calculate the weathering index 
by the molar ratio Ki = (%SiO2/60)/(%Al2O3/102) 
(EMBRAPA, 1997). Particle size analysis was 
performed by the pipette method (EMBRAPA, 
1997), based on decantation speed of different soil 
particles after dispersion in 0.015 mol L–1 (NaPO3)6.
NaO/1 mol L–1 NaOH by overnight shaking.

Table 1. Brazilian soil classi¿cation, approximate equivalence to soil taxonomy, parent material and sampling site of 
the nine soils from Paraná State.

Soil Brazilian soil classi¿cation† US taxonomy†† Parent material Geographical 
coordinates

Ox1 Red Latosol Rhodic Acrudox Basalt 24°32’S, 54°01’W
Ox2 Red Latosol Rhodic Hapludox Shale 25°09’S, 50°09’W
Ox3 Red-Yellow Latosol Typic Hapludox Caiuá sandstone 23°48’S, 53°15’W
Ox4 Red-Yellow Latosol Typic Hapludox Furnas sandstone 25°06’S, 50°03’W
Alf1 Red Nitosol Arenic Hapludalf Basalt 24°36’S, 54°04’W
Alf2 Red Nitosol Arenic Hapludalf Shale 25°10’S, 50°09’W
Ult1 Red-Yellow Argisol Arenic Hapludult Caiuá sandstone 23°48’S, 53°15’W
Ult2 Red-Yellow Argisol Arenic Hapludult Basalt 24°24’S, 54°07’W
Ent Regolithic Neosol Typic Usthorthent Basalt 24°37’S, 54°04’W
According to Embrapa (2006). †† USDA Soil Taxonomy (Soil Survey Staff, 2010).
Source: Elaboration of the authors.

To evaluate the effect of liming on B adsorption, 
soil subsamples received the application of calcium 
carbonate amount equivalent to increase the 
base saturation to 70%. These subsamples were 
maintained at ¿eld capacity (0.03 MPa) for 60 

days. After this period, soil samples were air-dried, 
crushed, and sieved to pass a 2-mm mesh screen. 
Soil pH was determined with an electrode on a 1:2.5 
(w/v) soil-to-water solution. 



606
Semina: Ciências Agrárias, Londrina, v. 34, n. 2, p. 603-614, mar./abr. 2013

Lana, M. C. et al.

Table 2. Some physical and chemical properties of the soils used.

Soil pH 
initial

pH after 
liming OM Al CEC B Clay SiO2 Fe2O3 Al2O3 TiO2 Ki

g kg–1 mmolc dm–3 mg dm–3 --------------- g kg–1 –----------------
Ox1 4.6 6.0 22.7  5.5 149 0.16 620 234 198 223 394 1.79
Ox2 3.8 6.6 21.3  7.5 141 0.29 785 101 97 264 101 0.65
Ox3 4.9 7.4 20.3  2.0 129 0.48 250  65  38  75 107 1.47
Ox4 4.2 6.1 29.4  4.5 131 0.51 315  41  33 109  44 0.64
Alf1 5.2 7.3 32.7  1.5 157 0.33 550 209 169 179 437 1.98
Alf2 3.9 6.9 41.8 11.0 161 0.65 780 117  78 220 114 0.90
Ult1 5.2 6.6  9.1  1.5  64 0.39  85  18  24  28  67 1.11
Ult2 3.7 6.4 30.0 33.5 166 0.76 700 206 162 197  34 1.78
Ent 5.1 6.5 15.7  1.5 153 0.47 635 221 196 153 289 2.46
OM: Organic matter. CEC: cation exchange capacity. Ki: weathering index calculated by the molar ratio SiO2/Al2O3.
Source: Elaboration of the authors.

Adsorption experiments were carried out in 
triplicate using a batch technique. About 4.0 g of 
soil was shaken, in polyethylene tubes, for 24 hours 
at 24±2 ºC, with 20 mL 0.01 mol L–1 CaCl2 solution 
containing B concentrations of 0, 1, 2, 4, 8 and 16 mg 
L–1 as boric acid, equivalent to 0, 5, 10, 20, 40 and 80 
mg B kg–1 soil, respectively. After shaking, the soil 
solution was ¿ltered through Whatman Nº 42 ¿lter 
paper (SOARES; CASAGRANDE, 2009). Boron 
concentration in the ¿ltrate was determined by the 
Azomethine-H method using a spectrophotometer 
at 420 nm wave length, as previously described by 
Abreu, Abreu and Andrade (2001). 

The amount of B adsorbed, [B]ads, and the 
adsorption percentage, %Bads, were calculated by 
the following ratios, respectively:

          [B]ads = [(C0 – Ceq)V]/m             [1]

          %Bads = [(C0 – Ceq)/C0] × 100              [2]

where [B]ads is the amount of adsorbed B after 
equilibrium (mg B kg–1 soil); C0 and Ceq are the 
initial added and equilibrium concentrations (mg B 
L–1), respectively; V = solution volume (mL); and 
m = mass of the soil sample (g). The amount of B 
initially present in soil (Table 2), although small, 

was discounted in the calculation of the amount of 
adsorbed B.

Adsorption isotherms ([B]ads vs. Ceq) were ¿tted 
from the experimental results, and the B adsorption 
was compared with that estimated by the non-linear 
form of the Langmuir isotherm:

     Bads = (K x Ceq x MAC)/(1 + K x Ceq)         [3]

where K is the constant related to bonding energy 
of B to the soil (L mg–1) and MAC is the maximum 
adsorption capacity of soil (mg B kg–1 soil). 
Langmuir isotherm was ¿tted to the B adsorption 
results by the Fitfunc program (BARROW, 1987),
which uses the non-linear optimization of the least 
squares and does not require the linearization of 
the isotherm, that avoids both the introduction of 
changes in the error distribution and the acquisition 
of inÀuenced parameters (K and MAC) (SOARES; 
ALLEONI; CASAGRANDE, 2005).

The experiment was designed to be completely 
randomized. The effect of liming on MAC and 
K were compared by F test at the 0.05 level of 
con¿dence. Comparison among soils was made 
based on the maximum adsorption values. Simple 
linear correlation analysis was performed to detect 
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the physical and chemical properties of soil that 
correlated with the constant of Langmuir adsorption 
(MAC and K) and adsorption after addition of 2.0 
mg L–1 B (ALLEONI; CAMARGO, 2000).

Results and Discussion

Soil characterization

The soil pH value ranged from 3.7 to 5.2 
(without liming) and from 6.0 to 7.4 (with liming) 
(Table 2). Organic matter (OM) content was 
higher than 15 g kg–1 for the majority of samples, 
except for the Arenic Hapludult (Ult1). The Arenic 
Hapludalf had the highest contents of OM (41.8 g 
kg–1). Most of the soil samples had high levels of hot 
water soluble B (B content ≥ 0.30 mg dm–3) (Table 
2). Rhodic Acrudox, Rhodic Hapludox, Arenic 
Hapludalf, Arenic Hapludult and Typic Usthorthent 
were very clayey (> 600 g kg–1 clay), while Arenic 
Hapludalf (Alf1) was clayey (350-600 g kg–1). On 
the other hand, the Typic Hapludox (Ox3) and Typic 
Hapludox (Ox3) were medium-textured (150-350 g 
kg–1 clay) and Arenic Hapludult (Ult1) was sandy (< 
150 g kg–1 clay) (Table 2).

Boron adsorption by soils

The amount of adsorbed B increased with 
increasing concentration of added B. However, 
the proportion of adsorbed B was gradually less in 
the more concentrated solutions (Table 3). Similar 
results have also been reported by other authors 
(ALLEONI; CAMARGO, 2000; GOLDBERG, 
2003; SHAFIQ et al., 2008). The relatively low 

increase as the solution becomes more concentrated 
occurs due to saturation of the adsorbent surface in 
heterogeneous systems (GOLDBERG; FORSTER; 
HEICK, 1993).

The amount of adsorbed B ranged from 0.8 to 
28.5 mg kg–1 and 1.2 to 42.2 mg kg–1 in soils without 
and with liming, respectively (Table 3), which are 
similar to the values normally found in the literature. 
In tropical soils from São Paulo State, Alleoni and 
Camargo (2000) using the same B concentrations, 
found adsorbed B values from 0.6 to 11.1 mg kg–1

soil regardless of liming. In a Rhodic Hapludox of 
Mato Grosso State, Brazil, Rosolem and Bíscaro 
(2007) found adsorbed B values of 9.5 and 24.2 mg 
kg–1 after the ¿rst year of application of 1.5 and 9.0 
Mg ha–1 lime. In calcareous soils of Pakistan, Sha¿q 
et al. (2008) found higher adsorbed B values from 
5.5 to 108.0 mg kg–1.

Liming increased the amount of adsorbed B 
in the majority soils (Table 3). There was a mean 
increase in the amount of adsorbed B by soils of 
36%. The greatest increase was observed in the 
Arenic Hapludalf (Alf2) and Arenic Hapludult 
(Ult1) both with increase of 57%, followed by soils 
Typic Hapludox – Ox3 (52%), Typic Usthorthent 
– Ent (47%), Arenic Hapludalf – Alf1 (45%) and 
Rhodic Acrudox – Ox1 (41%), while that the soils 
Rhodic Hapludox (Ox2), Arenic Hapludult (Ult2) 
and Typic Hapludox (Ox4) were little affected by 
liming, with increases of less than 15%. A mean 
increase in the order of 33% B adsorption after 
calcium carbonate application was observed in 
tropical soils by Alleoni and Camargo (2000). 
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Table 3. Boron concentration in the equilibrium solution (mg B L–1), amount of absorbed B (mg B kg–1 soil), and 
percentage of adsorbed B in nine soils of Paraná State with and without liming, as a function of added boron. 

Soil Boron 
added

Boron in equilibrium solution Boron adsorbed in the soil
Without lime With lime Without lime With lime Without lime With lime

-------------- mg B L–1 –------------ --- mg B kg–1 soil –-- -------- % –-------

Ox1

 1  0.58  0.41  2.0  2.5 42 59
 2  1.22  0.84  3.8  5.6 39 58
 4  2.80  2.02  5.8 10.1 30 49
 8  6.41  4.45  7.7 17.4 20 44
16 13.35 10.27 12.7 30.0 17 36

Ox2

 1  0.52  0.47  2.3  2.3 48 53
 2  1.15  1.06  4.1  4.6 43 47
 4  2,25  2.23  8.4  8.3 44 44
 8  5.38  4.77 12.4 15.5 33 40
16 12.82 10.53 14.4 24.5 20 34

Ox3

 1  0.70  0.66  1.5  1.5 30 34
 2  1.58  1.33  2.1  3.1 21 33
 4  3.53  2.72  2.3  5.8 12 32
 8  7.49  5.51  2.4 11.4  6 31
16 15.34 11.79  3.2 19.7  4 26

Ox4

 1  0.54  0.50  2.1  2.3 46 50
 2  1.16  1.13  3.9  4.1 42 43
 4  2.42  2.27  7.2  7.6 40 43
 8  4.96  4.84 12.5 14.4 38 39
16 11.03 10.68 21.3 22.3 31 33

Alf1

 1  0.36  0.32  3.0  3.2 64 68
 2  1.18  0.59  3.9  6.5 41 70
 4  2.36  1.22  7.8 13.0 41 69
 8  6.08  2.70  8.9 23.2 24 66
16 13.97  6.50  9.5 42.2 13 59

Alf2

 1  0.65  0.31  1.8  3.2 35 69
 2  1.39  0.62  3.0  6.6 31 69
 4  2.94  1.35  5.2 12.4 27 66
 8  6.10  3.25  9.0 21.8 24 59
16 13.73  7.88 11.3 39.0 14 51

Ult1

 1  0.77  0.74  0.8  1.2 23 26
 2  1.75  1.56  1.1  2.0 13 22
 4  3.61  3.14  1.6  3.8 10 21
 8  7.53  6.43  2.0  6.9  6 20
16 15.53 13.53  2.1 10.8  3 15

Ult2

 1  0.34  0.36  3.3  3.1 66 64
 2  0.69  0.72  6.1  6.1 65 64
 4  1.69  1.61 11.2 11.6 58 60
 8  3.99  4.12 18.7 18.1 50 48
16  9.92  9.88 28.4 30.0 38 38

Ent

 1  0.38  0.06  2.7  4.5 62 94
 2  0.92  0.26  5.0  8.4 54 87
 4  2.32  1.04  7.9 13.8 42 74
 8  5.44  3.18 12.1 23.9 32 60
16 13.24  8.84 12.5 35.1 17 45

Source: Elaboration of the authors.
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The Langmuir model (hyperbolic Langmuir 
adsorption isotherms) ¿tted well to the values 
of adsorbed B in the soils with and without 
liming, across the range of B concentrations (with 
determination coef¿cients ≥ 0.97 at P < 0.01) 
(Table 4). These results were expected since there 
is no record of deviations from the Langmuir 
equation at concentrations below 30 mg L–1 of B 
(ALLEONI; CAMARGO, 2000). The use of lower 
concentrations is best suited to represent the B 
amount contained in Brazilian soils (ALLEONI; 
CAMARGO; CASAGRANDE, 1998). These 

authors whilst investigating weathered Brazilian 
soils used B concentrations in the solution ranging 
from 0 to 16 mg L–1 and found that the results 
of B adsorption in soils were well ¿tted by the 
Langmuir isotherm. Other authors also pointed out 
the ability of the Langmuir isotherm to estimate the 
B adsorption by soils (ALLEONI; CAMARGO, 
2000; SOARES; ALLEONI; CASAGRANDE, 
2005; COMMUNAR; KEREN, 2006; SOARES; 
CASAGRANDE; ALLEONI, 2008; ARORA; 
CHAHAL, 2010; STEINER et al., 2012).

Table 4. Regression equations and determination coef¿cients (R2) for the non-linear form of the Langmuir isotherm, 
maximum adsorption capacity of B (MAC), bonding energy of B to the soil (K) in nine soils of Paraná State with and 
without liming.

Soil Liming Regression equation† R2 Langmuir constants††

MAC K
mg B kg–1 soil L mg–1

Ox1 Without Bads = (3.3784Ceq)/(1 + 0.2161Ceq) 0.97**  16.4 b 0.21 a
With Bads = (6.4935Ceq)/(1 + 0.1234Ceq) 0.98**  52.6 a 0.12 b

Ox2 Without Bads = (5.5556Ceq)/(1 + 0.3000Ceq) 0.98**  18.5 b 0.30 a
With Bads = (4.8780Ceq)/(1 + 0.1024Ceq) 0.99**  47.6 a 0.10 b

Ox3 Without Bads = (2.4272Ceq)/(1 + 0.7306Ceq) 0.98**  3.3 b 0.73 a
With Bads = (2.4096Ceq)/(1 + 0.0361Ceq) 0.98**  66.7 a 0.04 b

Ox4 Without Bads = (3.7594Ceq)/(1 + 0.0865Ceq) 0.98**  42.9 a 0.08 a
With Bads = (4.3668Ceq)/(1 + 0.1004Ceq) 0.97**  43,5 a 0.10 a

Alf1 Without Bads = (8,8495Ceq)/(1 + 0,8496Ceq) 0.99**  10,4 b 0.85 a
With Bads = (11,3636Ceq)/(1 + 0,1023Ceq) 0.97** 109.9 a 0.10 b

Alf2 Without Bads = (2.8736Ceq)/(1 + 0.1782Ceq) 0.99**  16.3 b 0.18 a
With Bads = (10.9890Ceq)/(1 + 0.1209Ceq) 0.98**  90.9 a 0.12 b

Ult1 Without Bads = (1.5337Ceq)/(1 + 0.6718Ceq) 0.99**  2.3 b 0.67 a
With Bads = (1.5267Ceq)/(1 + 0.0672Ceq) 0.97**  22.7 a 0.07 b

Ult2 Without Bads = (10.4167Ceq)/(1 + 0.2778Ceq) 0.98**  38.5 a 0.28 a
With Bads = (9.2593Ceq)/(1 + 0.2030Ceq) 0.98**  43.5 a 0.20 b

Ent Without Bads = (9.0909Ceq)/(1 + 0.6364Ceq) 0.99**  14.3 b 0.64 a
With Bads = (32.2581Ceq)/(1 + 0.8046Ceq) 0.97**  40.0 a 0.80 a

Non-linear equation of the Langmuir isotherm [Bads = (K x Ceq x MAC)/(1 + K x Ceq)]. **: statistical signi¿cance at 1% by F test. 
†† Values represented by the different letters, for each soil show signi¿cant differences (F test, P < 0.05).
Source: Elaboration of the authors.
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The values of maximum adsorption capacity 
(MAC) and bonding energy constant (K) estimated 
by the Langmuir isotherm (Table 3) were similar to 
those found in studies using a range similar to the B 
concentration added to the soil. The K ranged from 
0.04 to 0.85 L mg–1, while the MAC ranged from 
2.3 to 109.9 mg B kg–1 soil. The wide variation in 
these parameters can be attributed to differences in 
the physical, chemical and mineralogical properties 
of the soils, in addition to the increase in pH after 
liming. In tropical soils, Alleoni, Camargo and 
Casagrande (1998) and Alleoni and Camargo 
(2000) found similar K values (0.06–1.16 L mg–1) 
and lower MAC values (2.5–15.8 mg kg–1). On 
the other hand, in acric soils of São Paulo, Brazil, 
Soares, Casagrande and Alleoni (2008) found 
higher K values (0.22 to 2.13 L mg–1) and MAC 
(32.5 to 128.6 mg kg–1), which in turn were very 
close to the results reported by Sha¿q et al. (2008) 
for calcareous soils of Pakistan.

Liming resulted in an increased MAC of B in 
the majority soils (Table 4). Maximum adsorption 
ranged from 2.3 to 42.9 mg kg–1 (without liming) 
and from 22.7 to 109.9mg kg–1 (with liming). The 
maximum value of MAC, that is, 109.0 mg B kg−1

soil, was observed in the Arenic Hapludalf (Alf1) 
followed by 90.9 mg kg−1 in Arenic Hapludalf 
(Alf2), 66.7 mg kg−1 in Typic Hapludox (Ox3), and 
52.6 mg kg−1 in Rhodic Hapludox (Ox1) (Table 
4). The highest values of the MAC of B found in 
Arenic Hapludalf soils (Alf1 and Alf2) were due 
to the higher clay and organic matter contents of 
these soils. The increase of MAC of B veri¿ed after 
liming is due to the increased of soil pH. Boron 
adsorption is highly inÀuenced by pH, increasing 
as the pH increases, attaining a maximum in pH 
around 9.0 and diminishing abruptly at high pH 
(GOLDBERG; CORWIN; SUAREZ, 2005). 
However, Rosolem and Bíscaro (2007) found that 

even by applying relatively high rates of lime, the 
B adsorption by soil is only signi¿cant in the year 
that the liming was carried out, so that over time 
a greater amount of B remains in the soil solution 
under conditions of being readily taken up by plants 
or even being lost by leaching. Chen, Ho and Lee 
(2009) observed that soil re-acidi¿cation caused an 
increase in B desorption, increasing the element’s 
content in solution. Indicating that B adsorption 
by soils submitted to liming is characterized by a 
rapid and reversible chemical reaction between the 
adsorbed and soluble B. This suggests that liming 
cause B de¿ciency only in soils with initial level 
near the limit of de¿ciency.

The bonding energy (K) decreased with the 
liming in most soils (Table 4). Indicating that at 
higher pH values the B is adsorbed more weakly. 
This decrease on bonding energy can be explained 
by the increased surface charge of soil particles with 
increasing pH, increasing the repulsion of B and 
then reducing the bonding energy of these particles.

Effect of soil properties on B adsorption 

The MAC of B did not present a statistically 
signi¿cant correlation with most of the soil 
chemical properties – i.e., clay content, soluble B, 
exchangeable aluminum, cation exchange capacity 
(CEC), silicon (SiO2), iron (Fe2O3) and aluminum 
(Al2O3) oxides and weathering index (Ki) (Table 
5). These results indicate that these properties, 
in isolated form, have no effect on MAC of B in 
Paraná soils. The absence of correlation between 
the MAC and CEC can be explained due to this 
variable depends on other soil properties – e.g., 
organic matter and clay content. The CEC cannot 
theoretically contribute to adsorption of negatively 
charged species, such as B(OH)4

–.
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Table 5. Correlation coef¿cients of simple linear regression analysis between parameters of Langmuir adsorption 
isotherms (MAC and K) and adsorption after addition of 2.0 mg L–1 B and some soil properties with and without 
liming.

Soil 
characteristics

Maximum adsorption capacity 
(MAC)

Bonding energy
(K)

Adsorption after addition of 
2.0 mg B L–1

Without lime With lime Without lime With lime Without lime With lime
Soil pH  0.56      0.83**  0.87** –0.42 –0.47 –0.11
Clay  0.11 –0.04 –0.23  0.46  0.52  0.55
OM  0.52  0.72* –0.47 –0.24  0.32  0.42
Soluble B  0.32  0.12  0.32 0.43  0.52  0.21
Ex. Al  0.16  0.53  0.21 0.18 –0.38  0.30
CEC  0.36  0.40  0.23 0.34  0.63  0.56
SiO2 –0.02  0.03  0.28  0.68*  0.60  0.68*
Fe2O3  0.20  0.10 –0.32  0.24  0.54  0.50
Al2O3 –0.04 –0.07 0.30  0.74*  0.69*  0.65*
Ki –0.28  0.03   0.65*  0.69*  0.34  0.52
OM: organic matter. Ex. Al: Exchangeable aluminum.CEC: cation exchange capacity. SiO2, Fe2O3 and Al2O3: silicon, iron and 
aluminum oxides, respectively. Ki: weathering index calculated by the molar ratio SiO2/Al2O3. *: P < 0.05. **: P < 0.01. 
Source: Elaboration of the authors.

Boron adsorption as a function of soil pH has a 
maximum value between 8.0 and 9.0 (GOLDBERG; 
SUAREZ; SHOUSE, 2008), which may explain 
the absence of correlation, in samples without 
liming, since the initial soil pH reached only 5.2 
(Table 2). In limed soils, the pH reached values 
of 7.4 (Table 2), which allowed the existence of 
signi¿cant correlation with MAC of B (Table 5). 
These ¿ndings show that the isolated effect of the 
soil pH on B sorption seems to be relatively small 
in acid soils. Alleoni and Camargo (2000) studied 
soils with pH varying from 3.5 to 5.5, and also did 
not obtain correlation with adsorbed B in São Paulo 
soils. It is important to note that, in the acid range, B 
is predominantly in the form of boric acid and not in 
its ionic form B(OH)4

– (GOLDBERG, 1997).

The correlation coef¿cient between the MAC 
of B and organic matter content was signi¿cant 
(r = 0.72*) in the limed soil samples (Table 5). 
This ¿nding corresponds to the results obtained 
by other researchers (ARORA; BHARDWAJ; 
SHARMA, 2002; SHARMA et al., 2006; ARORA; 
CHAHAL, 2010). Organic matter is an important 
soil factor affecting the availability of B. Humus 

extracted from a soil retained signi¿cant amounts 
of B and was considered to play an important role 
in B adsorption (YERMIYAHU; KEREN; CHEN, 
1995). Chaudhary and Shukla (2004) reported that 
organic carbon exerted a bene¿cial effect on the B 
sorption capacity of soils, which could be due to the 
formation of a complex between dihydroxy-organic 
compounds and B. The presence of organic materials 
can also occlude the B reactive adsorption sites on 
soils (GOLDBERG, 1997). A possible mechanism 
for B sorption on organic matter is ligand exchange. 
Moreover, it has been suggested that the formation 
of the B-diol complexes was associated with the 
breakdown products of soil organic matter.

Silicon (SiO2) and aluminum oxides (Al2O3) 
were signi¿cantly correlated with the B adsorption 
after addition of 2.0 mg B L–1 (Table 5). This 
¿nding corresponds to the results obtained by other 
researchers (ALLEONI; CAMARGO, 2000). The 
higher correlation coef¿cients are expected with Al 
oxides than with Fe oxides, due to the high af¿nity 
of B with the OH groups of Al (hydr)oxides and the 
higher speci¿c surface (GOLDBERG; GLAUBIG, 
1985).
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The bonding energy of B to the soil (K) can 
provide insights into the mechanism most likely 
involved in B adsorption. The K values in the 
samples without liming were signi¿cantly correlated 
with soil pH (r = 0.87**) and weathering index (r 
= 0.65*; Table 5). In the limed soil samples, the K 
values correlated positively with silicon oxides (r = 
0.68*), aluminum oxides (r = 0.74*) and weathering 
index (r = 0.69*; Table 5). These ¿ndings indicate 
that the higher the value of these properties greater 
is the bonding energy of B to the soil.

Conclusions

The amount of adsorbed B by soils increased 
with increasing applied concentration; however the 
percentage of B adsorbed was decreased.

Liming increased the amount of B adsorbed in 
most soils used.

The bonding energy of B to the soil decreased 
with liming in most soils, indicating that at higher 
pH values the B is adsorbed more weakly.

The highest values of the maximum adsorption 
capacity of B were found in soils Arenic Hapludalf 
(Nitosol) due to the higher clay and organic matter 
contents of these soils.

Soil pH, organic matter, and oxides of silicon 
and aluminum were the main soil properties that 
affected the B adsorption in Paraná soils.
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