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Abstract This study aimed to evaluate boron (B)
adsorption and the capacity of a surface complexation
model for simulating this process in calcareous soils. Ten
surface soils were collected from different land use areas in
Hamedan, Western Iran, to characterize B sorption by soils.
The mean B adsorbed by the sample soils varied from 8.9
to 32.8 %. Two empirical models including linear and
Freundlich equations fitted well to the experimental data.
The linear distribution (K4) values varied from 1.32 to
6.86 L kg~ ', while the parameters of Freundlich equation
including n and Kp ranged from 1.16 to 1.33 and
3.31-16.81, respectively. The comparison of two empirical
models indicated that B adsorption followed a nonlinear
pattern. The soil organic matter had positive correlations
with Freundlich and linear distribution coefficients. How-
ever, empirical models were not suitable for explaining the
mechanism of B adsorption, so a surface complexation
model was used to simulate and predict the B adsorption
process. B adsorption modeling was conducted using
Visual MINTEQ and PHREEQC, based on the assemblage
of major surface components (hydrous ferric oxides, alu-
minum hydroxides, calcium carbonate, and humic acids). B
adsorption was successfully modeled by surface complex-
ation. The significant contribution of organic matter to B
complexes was resulted from both experimental data and
mechanistic modeling.
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Introduction

Boron (B) is an essential nutrient that is required by plants in
small amounts. The borate concentration in groundwater and
surface water is typically low. However, it can be signifi-
cantly increased by wastewater discharges, because borate
compounds are common components of domestic detergents
(ISO 1990). Boron naturally occurs in groundwater due to
the leaching of rocks and soils containing borates and
borosilicates. Groundwater B concentrations vary widely
throughout the world from <0.3 to >100 mg L™' (WHO
1998).

B adsorption reactions and the extent of soil sorption
generally control the concentration of B dissolved in the
soil. Chemical processes can also affect sorption reactions
by controlling the dissolved B concentration, and conse-
quently, they restrict B availability for plants. Distribution
coefficients can be used to describe the relationship
between the amount of B adsorbed by soil and that dis-
solved in water. Plants can only utilize or respond to B
present in solution of soils, so B adsorbed on soil surfaces
is nontoxic (Keren et al. 1985).

Important factors that are known to affect B adsorption
and desorption in soils include the system pH (Hingston
1964), clay mineralogy (Hingston 1964; Keren and
Mezuman 1981), the type of exchangeable ions (Parks and
White 1952; Keren and Gast 1981), and wetting and drying
cycles (Keren and Gast 1981).

There are various B adsorbing components with differ-
ent adsorption capacities including clay minerals, Al and
Fe oxides, CaCO;, and humic particles (Goldberg and
Glaubig 1985; Evans 1987; Goldberg and Glaubig 1988).
Although Elrashidi and O’Connor (1982) reported no sig-
nificant correlation between boron sorption and the soil
CaCOj content, the highest level of B adsorption was
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found in the soils with the highest CaCO; content. Hing-
ston (1964) found that the treatment of illite with CaCOj at
the rate of 2 % resulted in decreasing B sorption capacity at
pH 7.5 and 8.3; however, addition of CaCOj5 at pH 9.5 did
not significantly influence B sorption when compared to
untreated illite at pH 8.5. Ichikuni and Kikuchi (1972)
suggested that B sorption on CaCOj; can likely occur
through precipitation of low-solubility calcium borate, B
replacement with carbon in CaCOs, and adsorption of B on
CaCOs surfaces. They concluded that the main mechanism
of B retention by CaCO3 was adsorption.

Empirical models based on partition coefficients (K4) or
semiempirical Langmuir or Freundlich isotherms are often
used to describe adsorbate partitioning between solutions
and solid phases (Datta and Bhadoria 1999; Elrashidi and
O’Connor 1982; Gupta et al. 2007, 2010; Mittal et al. 2010;
Ranjbar and Jalali 2012). However, because partition
coefficients depend on solution and solid composition, they
cannot be utilized beyond the conditions for which they are
measured. The ability of chemical models to describe the
mechanism of B adsorption is obviously much more than
empirical adsorption isotherm equations. Previous studies
have investigated B adsorption using a constant capaci-
tance model (CCM) as one of the mechanistic models
(Goldberg et al. 2000, 2004, 2005). These models make a
connection between surface complexation constants and
some soil properties such as specific surface area, organic
and inorganic carbon, and Al and Fe oxide contents
(Goldberg et al. 2008). The empirical isotherm equations
were used to predict B adsorption with changing pH
(Goldberg et al. 2000) and equilibrium solution B con-
centration (Goldberg et al. 2004). Thus, in comparison with
empirical equations, chemical models can be used to
independently predict and describe B adsorption by soils.

The description of single-anion adsorption on oxide and
hydroxide surfaces has mainly been performed by chemical
complexation models. However, ion adsorption on soils or
sediments is still problematic due to the competition for
adsorption sites (Gustafsson 2001), the presence of various
heterogeneous surfaces, and the heterogeneity of constitu-
ents as a consequence of the variety of organic and mineral
components present on heterogeneous surfaces.

B adsorption modeling studies have been conducted
with individual adsorbent materials such as aluminum and
iron oxides/hydroxides, organic components, and goethite
(Goldberg and Glaubig 1985; Toner and Sparks 1995;
Goldberg 1999; Lemarchand et al. 2005; Goli et al. 2011).
Although adsorption of B has been studied in numerous
researches using empirical equations (Keren and Mezuman
1981; Elrashidi and O’Connor 1982; Goldberg and Forster
1991; Majidi et al. 2010), B surface complexation model-
ing of soil constituent assemblages has less been investi-
gated (Goldberg 1999; Goldberg et al. 1993, 2000, 2004).
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The present study aimed to evaluate the utility of surface
complexation modeling by using the Visual MINTEQ
v.2.61 (Gustafsson 2006) and PHREEQC v.2.17 (Parkhurst
and Appelo 1999) programs to describe B adsorption on
hydrous ferric oxides (HFO), aluminum hydroxides, cal-
cium carbonate, and humic acids. These are geochemical
equilibrium speciation programs capable of computing
equilibria among the dissolved, adsorbed, solid, and gas
phases in an environmental setting. Furthermore, we
compared the results predicted by mechanistic model with
experimental data.

This study was conducted in June 2011 at Bu-Ali Sina
University of Hamedan, western Iran.

Materials and methods
Physicochemical properties of soil samples

Ten soil surface samples (0-30 cm) were collected from
different land use areas in Hamedan, western Iran. The
main sampling points in each land use were selected at
random locations generated with GPS; then, the soil sam-
ples were collected from these points and from the intervals
specified in directions north, south, east, and west. Finally,
all samples were combined and a composite sample for
each land use was transferred to the laboratory. The geo-
graphical locations of soil sampling are given in Table 1.
Soil samples were air-dried and ground until they passed
through a 2-mm sieve, before their use in laboratory
experiments. The physicochemical properties of soils were
reported in detail by Ranjbar and Jalali (2012, 2013). The
pH range was 6.8-7.8, and the quantities of soil electrical
conductivity (EC) were low. The calcium carbonate
equivalent content varied from 4.7 to 20.3 %, while the
mean clay content was 29.1 % with a range of
14.5-43.2 %. The soil organic matter (SOM) varied from
0.66 to 3.9 %, while the mean total B in soils was

Table 1 Geographical positions of soil sampling points

Soil no. Latitude Longitude Height
1 34°48'20.02" 48°28'35.00” 1,842
2 34°45'32.62" 48°26'21.91” 2,189
3 34°49'38.10” 48°25'24.10” 1,973
4 34°59'11.69" 48°24'13.61" 1,777
5 34°48'27.29" 48°30'26.32" 1,813
6 34°48'19.69" 48°28'57.00” 1,836
7 34°48'52.20" 48°30'26.60" 1,800
8 35°02/00.35" 48°19'55.09” 1,853
9 35°00'50.29" 48°22'11.71” 1,728
10 34°57'43.70" 48°24'54.79" 1,751
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40.0 mg kg~' with a range of 26.3-51.9 mg kg~'. The
oxalate reagent allows allophanes, iron and aluminum
organic complexes, hydrated oxides of iron, and aluminum
to be dissolved, whereas the dithionite—citrate—bicarbonate
(DCB) reagent method (Mehra and Jackson 1960) extracts
iron from the amorphous and crystalline compounds
without significant modification of aluminosilicates or
lithogenic hematite. Well-crystallized Al hydroxides are
not extracted by the DCB method, and they are only partly
extracted by the oxalate reagent (Parfitt and Childs 1988).

Isotherm experiments

These experiments were conducted using a batch method.
One gram of each soil sample in duplicate was placed in
polypropylene centrifuge tubes and equilibrated with
20 mL of different concentrations of B prepared from boric
acid (0, 5, 10, 20, 30, 40, 50, and 100 mg B L™") in the
presence of 0.01 M CaCl, solution for 24 h (Keren and
O’Connor 1982). The suspensions were then centrifuged
for 5 min and filtered. The equilibrium B concentration of
each sample was measured using the colorimetric azome-
thine-H method (Bingham 1982). The difference between
the amount of B in solution after equilibration and the
initial concentration added was determined as the amount
of B adsorbed by the soil. Jasmund and Lindner (1973)
found that the presence of competing anions such as
chloride, nitrate, and sulfate slightly influences B adsorp-
tion on clays, while phosphate remarkably causes to
decrease B adsorption. Since the competitive adsorption
was not aimed in this study, CaCl, was used as the back-
ground solution in the isotherm experiments.

Modeling of B adsorption
Empirical isotherm models

Empirical models including adsorption isotherm equations
cannot describe adsorption process due to lack of mecha-
nistic basis (Goldberg 1997). The most common models
used to describe boron adsorption on oxides, clay minerals,
and soils are Langmuir and Freundlich adsorption iso-
therms (Choi and Chen 1979; Elrashidi and O’Connor
1982; Goldberg and Forster 1991; Goldberg 1997).

We used the simple linear adsorption isotherm equation
(K4 approach) and the nonlinear Freundlich equation to
demonstrate the fit between experimental and modeled data:

Qe = KqC. (1)

where Q. (mg kgfl), C. (mg Lfl), and K4 (L kgfl) are the
amounts of B adsorbed onto the solid phase, the
equilibrium concentration of B in solution, and the linear
distribution coefficient, respectively.

Qe = KFrCel/n (2)

where Q. (mg kg_l) and C. (mg L~") are the same as in
Eq. (1), while Kg, and n are empirical coefficients.

The Freundlich isotherm is based on two hypotheses: (1)
adsorption occurs on a heterogeneous surface and (2) the
heat of adsorption is exponentially distributed over the
adsorbent surface (Gupta et al. 2010; Mittal et al. 2010).

The adsorbed B values for each step of the isotherm
experiments in each soil sample were calculated using the
following equation:

Adsorbed B (%) = [(Co — Ce)/Co] x 100 (3)

where Cy (mg Lfl) is the initial B concentration.

Since empirical equations cannot predict B adsorption
process with change in B concentration, pH, ionic strength
in soil solution, etc., the parameters obtained from
adsorption isotherm equations are only valid in specific
experimental conditions (Goldberg 1997).

Chemical surface complexation models

The chemical mechanistic models are capable of describing
the adsorption processes using an equilibrium approach. In
case of boron adsorption, these models usually consider
complex formation with surface hydroxyl groups on the
variable charge sites of mineral and organic components in
soils (Goldberg 1997).

Mass action and mass balance equations are two fun-
damental constituents in surface complexation models
(Westall 1980). Some of the most important features of
these models are consideration of chemical reactions, mass
balances, and charge balance for the surface species as well
as mathematical calculation of thermodynamic parameters
including activity coefficients and equilibrium constants
(Goldberg 1997). Furthermore, the main advantage of
surface complexation models is that they can be widely
used even with changing conditions such as adsorbate
concentration in solution, pH, and ionic strength due to the
consideration of charges on adsorbate ion and the adsor-
bent surface (Goldberg 1997).

In the present study, we considered HFO, aluminum
hydroxides, calcium carbonate, and humic acids as the
major soil surface components for B binding. Surface
complexation modeling was performed using the Visual
MINTEQ v.2.61 (Gustafsson 2006) and PHREEQC v. 2.17
(Parkhurst and Appelo 1999) programs. Table 2 shows the
inorganic surfaces properties used in both programs. In
MINTEQ, surface complexation was described using a
diffuse double-layer model (DLM) with a 2-pK formalism.
Since we considered four B-adsorbing surfaces in studied
soils, the number of surfaces specified in surface com-
plexation menu in MINTEQ program was selected to be 4.
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Table 2 Inorganic surface properties used in MINTEQ and PHREEQC

Surface species SSAT (m? gfl) Site density (site nm~?) Equations
Hfo_wOH 600* 2.256° Hfo_wOH + H' = Hfo_wOH," log K = 7.29%
Hfo_wOH = Hfo_wO~ + H" log K = — 8.93%
Hfo_wOH + H3;BO; = Hfo_wH,BO3; + H,0 log K = 0.62%
Hfo_sOH 0.056* Hfo_sOH + H" = Hfo_sOH," log K = 7.29*
Hfo_sOH = Hfo_sO~ + H' log K = — 8.93%
Hfo_sOH + H3;BO; = Hfo_sH,BO3; + H,O log K = 5.63°
Alo_sOH 45° 4.000¢ Alo_sOH + H' = Alo_sOH," log K = 7.38°
Alo_sOH = Alo_sO~ + H* log K = — 9.09°
Alo_sOH + H;3;BO;3; = Alo_sH,BO3; + H,0 log K = 5.22°
Surf_wCaCO;  0.22° 4.402° Surf_wCaCO; + H,O = Surf_wCaOH,>" 4+ CO5*~ log K = — 5.25¢
Surf_wcaCO3z + HCO5;~ = Surf_scaHCO; + CO327 log K = 3.929¢
Surf_wCaCO3 + H3BO; = Surf_wCaH,BO;+ + HCO;~ log K = — 7.476
Surf_sCaCO; 0.554¢ Surf_sCaCO; + H,O = Surf_sCaOH,>" + CO3*~ log K = — 5.25¢

Surf_scaCO; + HCO;~ = Surf_scaHCO; + CO5>~
Surf_sCaCO; + H3;BO; = Surf_sCaH,BO;" + HCO;~

log K = 3.929°
log K = 1.8%

w and s are representative of weak and strong sites, respectively
Hfo hydrous ferric oxides, Alo aluminum hydroxide

T Specific surface area

4 MINTEQ and PHREEQC databases; o Manning and Goldberg (1996); © S¢ et al. (2011); 4 Gustafsson (2001); © Goldberg (1999); f MINT-

EQA2 v.4 database; ¢ Reardon (1976)

Then, the properties of each surface were added to program
based on information given in Tables 2, 3, 4.

Complexation on organic matter can be modeled using
WHAM, i.e., the Windermere Humic Acid Model of Tip-
ping and Hurley (Tipping and Hurley 1992). In this model,
the whole soil organic carbon is considered as humic acid
and the complexation constants are defined for protons and
cations at a number of monodentate and bidentate binding
sites, which can be simply entered as SURFACE_SPECIES
in PHREEQC. An empirical charge—potential relationship
parameter for the (probably spherical) humic molecules is
incorporated into the Gouy—Chapman relationship used in
PHREEQC, by adjusting the specific surface area (SSA)
using a function determined by the ionic strength of the
solution (Appelo and Postma 2005):

SSA = 159,300-220,800/(1)**+91,260/(1)*"*  (4)

where SSA (m” gfl) and I (mol L™!) are the specific
surface area and ionic strength, respectively. The ionic
strength was calculated using following equation (Griffin
and Jurinak 1973):

1=10.0127 EC. (5)

The EC range of the soil samples was narrow
(0.096-0.289 dS m™"), so the mean value of EC (0.16)
was used to calculate the ionic strength. Thus, the specific
surface area of humic acids was assumed to be the same for
all soils (52,332 m* g~ ).

’r @ Springer

Humic acid has a total charge of —7.1 meq g~ in the

WHAM model, which is distributed over four monoprotic
carboxylic sites (nHA carrying a charge of —2.84 meq g~ '
humic acid), four monoprotic phenolic sites (nHB,
charge = —1.42 meq g~ humic acid), and twelve diprotic
sites combining carboxylic and phenolic charges (charge =
—2.84 meq g~ ' humic acid) (Tipping and Hurley 1992).
Table 3 shows the organic B complexes with carboxylic,
phenolic, and diprotic sites that were applied in PHREEQC.
Only one monoprotic carboxylic site was considered in
MINTEQ. The deprotonation constant of the surface site (log
K = —6.8) and the B complex formation constant (log
K = 2.6) were as given in Lemarchand et al. (2005).

To calculate the solid concentration on the surface sites,
we converted the oxalate-extractable Fe and Al in each soil
sample to HFO and aluminum hydroxide, based on their
general formulae of FeOOH and AI(OH)3, respectively. The
measured calcium carbonate equivalent amounts were used
to calculate the relevant solid concentration. The organic
matter (OM) values were converted to organic carbon
(multiplying by 1.72), and the charge values were calcu-
lated as stated above. Table 4 shows the solid concentra-
tions on the surface sites that were used in both programs.

Statistical evaluation

To evaluate the model’s efficiency in simulating the
adsorption process, we calculated linear regressions for the
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Table 3 Organic surface complexes used in PHREEQC

Equations

References

Monoprotic carboxylic sites

HaH=Ha +H"

HbH=Hb +H'

HcH=Hc¢ +H"

H dH =H_d +H"

H_(a,b,c,d)H + H3;BO; = H_(a,b,c,d)B(OH), + H,0
Monoprotic phenolic sites

HaH=He + H"

H_aH = H_f~ + HT

HaH=H_ g + HT

HaH=Hh +H'

H_(e,f,g,n)H + H;BO; = H_(e.f,g,h)B(OH), + H,0
Diprotic sites

H_abH, = H_ab®>~ + 2H"

H_adH, = H_ad*~ + 2H*

H_afH, = H_af*~ 4+ 2H*

H_ahH, = H_ah®>~ + 2H*

H_bcH, = H_bc®>™ + 2HY

H_beH, = H_be*~ + 2H*

H_bgH, = H_bg*~ + 2H"

H_cdH, = H_cd*~ + 2H"

H_cfH, = H_cf>~ + 2H"

H_chH, = H_ch?*™ + 2H"

H_deH, = H_de*>~ + 2H*

H_dgH, = H_dg*™ + 2H"

H_(ab,ad,bc,cd)H, + H3BO3; = H_(ab,ad,bc,cd)BOH + 2H,0

H_(af,ah,be,bg,cf,ch,de,dg)H, + H3;BO; = H_(af,ah,be,bg,cf,ch,de,dg)BOH + 2H,0O

log K = — 1.59 Tipping and Hurley (1992)
log K=—27

log K = —3.82

log K =— 493

log K = 2.5 Lemarchand et al. (2005)
log K = — 6.88 Tipping and Hurley (1992)
log K = — 8.72

log K = — 10.56

log K=—- 124

log K =28 Lemarchand et al. (2005)
log K = — 4.29 Tipping and Hurley (1992)
log K = — 6.52

log K = — 10.31
log K = — 13.99

log K = — 6.52
log K = — 9.58
log K = — 13.26
log K = — 8.75
log K = — 1254
log K = — 16.22

log K = — 11.81
log K = — 15.49
log K =5.0
log K =53

Lemarchand et al. (2005)

Table 4 Solid concentration of surface sites used in both programs
L™

Soil no. Hfo Al(OH)3 CaCO; Humic acid
1 0.022 0.0069 3.03 0.67
2 0.026 0.0036 2.87 1.13
3 0.026 0.0058 247 0.42
4 0.010 0.0039 8.60 0.19
5 0.025 0.0048 7.20 0.60
6 0.022 0.0051 4.88 0.34
7 0.039 0.0043 8.00 1.03
8 0.007 0.0036 2.38 0.36
9 0.009 0.0049 10.14 0.43
10 0.009 0.0044 7.27 0.44

measured values (y) on the modeled ones (x) and the coef-
ficients of determination (R*). This statistical parameter
indicates the ratio between the scatter of simulated values
and the average values of measurements. Thus, R? = 1,ifthe
modeled values match the measured ones perfectly.

Results and discussion
Adsorption isotherms

Increasing the amount of B added to each soil increased the B
sorption and the equilibrium solution B concentration
(Fig. 1). The different studied soils exhibited a variable
magnitude of B sorption. The effect of the initial B con-
centration on the B adsorption indicated that a greater pro-
portion of added B was adsorbed at lower B concentrations.

The adsorbed values (%) obtained from Eq. (3) were
decreased as the B concentration increased. The mean B
adsorbed by the soil samples ranged from 8.92 % in soil
no. 4 to 32.75 % in soil no. 7. Soil no. 4 had the minimum
OM content compared to other soil samples. The percent-
age of adsorbed B was significantly positively correlated
with the soil organic matter content (r = 0.964, P < 0.01).
Therefore, the variable magnitudes of B adsorption in
studied soils can be related to SOM as an important soil
constituent that affects B availability. SOM binds B
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Fig. 1 Measured and modeled adsorption isotherms of boron in
studied soils

stronger and larger than mineral soil components at the
same weight, and this interaction results in a reduction in B
adsorption by minerals. The significant effect of organic
components on B adsorption has been also reported by
Parks and White (1952). Majidi et al. (2010) showed that
the percentage of B adsorption by calcareous soils after
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Table 5 Parameters of empirical models fitted to experimental data

Soil no. n Kpr R* Ky R

1 1.16 7.49 0.996 3.66 0.972
2 1.27 16.25 0.998 6.48 0.989
3 1.18 5.19 0.995 243 0.979
4 1.21 3.31 0.989 1.32 0.942
5 1.21 8.79 0.994 3.76 0.978
6 1.19 4.16 0.997 1.91 0.971
7 1.25 16.81 0.992 6.86 0.982
8 1.29 735 0.993 2.49 0.965
9 1.27 8.13 0.991 2.83 0.954
10 1.33 9.93 0.993 3.24 0.983

T Significant at P < 0.01

application of 10 mmol B L™ ranged from 3 to 20 %. This
previous study also found no statistically significant rela-
tionship between the model parameters and soil properties,
although soils with higher amounts of reactive particles
(clay and OM) and higher pH adsorbed more B.

Table 5 shows the parameters of two linear and nonlinear
equations that fitted well to the experimental data. The Ky
values varied from 1.32 to 6.86 L kg™, while the parameters
of Freundlich equation including » and K, ranged 1.16-1.33
and 3.31-16.81, respectively. The comparison of R* values
obtained from two equations indicated that B adsorption in our
soil samples followed a nonlinear pattern, and the fit of non-
linear Freundlich equation to experimental data was better
than simple linear equation. The empirical description of B
adsorption on aluminum oxide (Choi and Chen 1979), clay
minerals (Jasmund and Lindner 1973), calcite (Goldberg and
Forster 1991), and soils (Elrashidi and O’Connor 1982; Evans
1987; Goldberg and Forster 1991; Wen-Ting et al. 2009) has
been previously investigated using Freundlich equation.
Arona and Chahal (2010) studied the effects of soil properties
on B adsorption by arid and semiarid benchmark soils, and
they reported that B adsorption data fitted successfully with
Langmuir and Freundlich equations. Datta and Bhadoria
(1999) studied B adsorption by acidic soils from India and
reported n and K, values ranging from 1.32to0 1.89 and 0.21 to
3.28, respectively. Soil pH can significantly influence B
adsorption and thus B availability for plants. It has been
reported that B adsorption increases with increasing pH from 3
to 9 (Bingham et al. 1971; Elrashidi and O’Connor 1982;
Keren et al. 1985; Wen-Ting et al. 2009), whereas it decreases
from pH 10 to 11.5 (Goldberg 1997). Therefore, higher Kg,
values indicating more B adsorption in this study in compar-
ison with previous ones may be attributed to higher pH values
in calcareous soil samples. The results also indicated that K,
(r =0.928, P <0.01) and K4 (r = 0.982, P < 0.01) were
positively correlated with the soil organic matter content.
There was also a significant correlation between Ky and oxa-
late-extractable Fe (r = 0.690, P < 0.01).
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Although adsorption isotherm equations are widely used
to describe B adsorption, they cannot be helpful for
understanding adsorption mechanism due to the description
of data using numerical relationships (Harter and Smith
1981). In other words, the experimental sorption data may
be fit well with Langmuir and Freundlich equations, but
they provide no information about the mechanism of the
chemical reactions.

Surface complexation model

Tables 2, 3, and 4 show the surface properties used for B
adsorption modeling. The pH range of the soil samples was <8,
so B would mainly be present as H;BOY. Thus, log K values for
surface complexation of this species were used. We selected
surface characteristics from different sources with the greatest
similarity to the conditions we used. Any variation in these
properties will obviously give different results.

Figure 1 shows graphical evaluation of the modeling.
The adsorbed values predicted by PHREEQC were higher
than the actual values, with the exception of those corre-
sponded to the highest initial added B concentration. The
statistical evaluation of modeling obtained from linear
regression of measured data and values modeled by
PHREEQC and MINTEQ (data not shown) indicated that
R? values ranged 0.910-0.967 and 0.987-0.999 (significant
at P < 0.01), respectively. High coefficients of determina-
tion showed that surface complexation successfully pre-
dicted B adsorption in our soil samples, and both models
were capable of simulating B adsorption on specified sur-
face sites. The small difference between the results can be
attributed to the various databases used in two programs.

The results of mechanistic modeling (Tables 6, 7) indi-
cate that the contribution of surface constituents in B com-
plexation follows this order: organic matter > aluminum
hydroxide > Hfo > calcium carbonate. The soil organic
matter which was considered as humic acid in modeling
included more than 90 % of B adsorbed by surface com-
plexes. As explained in material and method section, in order
to mechanistically model the B adsorption, we supposed that
all of soil organic carbon was in the form of humic acids.
Furthermore, humic acid supposed to be composed of four
monoprotic carboxylic, four monoprotic phenolic, and
twelve diprotic sites to form complexes with B. However,
due to the limitation in MINTEQ program, humic acid was
not divided into different sites, while all of mentioned sites
were defined in PHREEQC. So, organic complexes obtained
from MINTEQ refer to B complexes formed with total humic
acid that were nearly equal to sum of three types of organic
complexes resulted from PHREEQC.

The significant effects of constituents such as iron and
aluminum oxide/hydroxides, calcium carbonate, and
organic matter on B adsorption and complexation have

previously been reported. Goldberg and Glaubig (1988)
investigated the B adsorption behavior of various crystal-
line and amorphous aluminum and iron oxides and found
that sorption was enhanced by higher pH values. The
maximum adsorption occurred at pH 6-7 with aluminum
oxide and pH 8-9 with iron oxide. Hydroxyl Al-containing
materials form stronger complexes with B in comparison
with materials containing hydroxyl Fe (Adriano 1986).

The surface —OH groups on Al and Fe oxide minerals
can bind B via ligand exchange process (McPhail et al.
1972; Goldberg et al. 1993; Su and Suarez 1995). The
results of kinetic experiments conducted by Toner and
Sparks (1995) showed that the ligand exchange of borate
with surface —OH groups on Al oxide resulted in formation
of inner-sphere surface complex. On the other hand, Su and
Suarez (1995) by using the Fourier transform infrared
(FTIR) spectroscopy indicated that adsorbed B species on
amorphous Al and Fe oxides were composed of B(OH)Y
and B(OH);. It has been reported that B adsorption by
goethite and birnessite was a pH-dependent process and the
peak of B sorption occurred at 8 < pH < 9 (Lemarchand
et al. 2007). The results also indicated the higher value of
linear distribution coefficient (Ky) for goethite than bir-
nessite. On the other hand, these values were greater than
those observed for clay minerals and humic acids.

B retention in soil may increase after addition of CaCOj;
due to the increasing soil pH. Calcium carbonate can play a
significant role in B adsorption in calcareous soils (Elseewi
1974; Elseewi and Elmalky 1979; Goldberg and Forster
1991). Higher levels of B adsorption have been reported in
soils with the high amount of calcium carbonate (Elseewi
1974; Elrashidi and O’Connor 1982). The main mechanism
of B fixation by calcium carbonate is recorded to be
adsorption (Ichikuni and Kikuchi 1972). Majidi et al.
(2010) demonstrated a significant positive effect of calcium
carbonate on B adsorption in calcareous soils. Removal of
calcium carbonate from a soil sample in that study led to a
35 % reduction in B adsorption. The low effect of calcium
carbonate and iron/aluminum oxides in this study may be
related to their low levels in the soil samples.

Organic matter is an important soil component that
affects the B availability. The proportionate B distribution
among the four surface complexes was dependent on the
initial added B concentration, as shown in Table 6 low B
and high B. The contribution of organic matter (considered
as humic acid) to B complex formation was significantly
greater than other surface sites. The percentage of B
complexation with hydrous ferric oxide and aluminum
hydroxide was decreased by increasing the initial B con-
centration, whereas the proportion of organic complexes
increased (Tables 6, 7). Yermiyaho et al. (1988) reported
that B adsorption on composted organic matter is a rapid
process and increased with increasing solution ionic
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strength. It is obvious that these results have been obtained
based on model prediction. Since the main purpose of this
study was prediction of B adsorption mechanism using
surface complexation models, we did not utilize any
spectroscopic analysis to prove or validate our results. On
the other side, the percentage of adsorbed B obtained from
adsorption isotherm experiments was significantly posi-
tively correlated with the soil organic matter content.
Therefore, it can be concluded that the consequences
obtained from predicting mechanistic model are in the
same side with experiment results.

The proportion of calcium carbonate complexes mod-
eled by MINTEQ decreased with increasing initial B
concentration from 5 to 100 mg L' however, the reverse
pattern was found with PHREEQC. The proportion of
monoprotic carboxylic complexes increased with the initial
100 mg B L™ level, although the monoprotic phenolic
complexes decreased. The modeling results suggested that
diprotic organic complexes may possibly have formed in
soil nos. 4 and 8. Parks and White (1952) showed that B
adsorption was significantly affected by humus extracted
from soil. The positive correlation between adsorbed B and
organic carbon content was also reported by other
researchers (Elrashidi and O’Connor 1982; Evans 1987).

Yermiyaho et al. (1988) found that ability of SOM for
complex formation with B was more than mineral soil
components at the same weight. On the other hand, B
reactive adsorption sites on soil minerals can be blocked by
organic components (Marzadori et al. 1991; Gu and Lowe
1992). Lemarchand et al. (2005) demonstrated that B
adsorption on the purified humic acid was a rapid, pH-
dependant process which was significantly greater than that
reported on clay minerals. The B adsorption curve was
bell-shaped, and the maximum adsorption occurred at
9 < pH < 10. Boron sorption by organic matter is medi-
ated via ligand exchange (Yermiyaho et al. 1988). Parks
and White (1952) found that carboxylic acid groups may
have a role in monodentate and bidentate B-diol complex
formation on organic matter. Datta and Bhadoria (1999)
showed that organic carbon has a beneficial effect on the
soil B retention capacity, which may be attributable to B
forming a complex with dihydroxy organic compounds.

So, the results of both empirical and mechanistic model-
ing confirmed that organic matter is an important factor
influencing B adsorption due to the high specific surface area
and presence of reactive functional groups on its surface.

Conclusion
Empirical models can successfully be fit to experimental data,

but they cannot explain the mechanism of B adsorption. Thus,
we used a surface complexation model to simulate and predict

the B adsorption process in ten soil samples. The modeled
values were compared with the actual values using graphical
and statistical methods. Boron adsorption was successfully
modeled based on an assemblage of surface constituents, and
it showed that HFO, aluminum hydroxides, calcium carbon-
ate, and humic acids in particular were the major components
that affected B adsorption in our ten soil samples. Thus, it can
be concluded that chemical models of B adsorption have a
more general predictive capability than empirical adsorption
isotherm equations. Furthermore, since the parameters used in
mechanistic models are composed of simple properties of
adsorbing material, these models can be widely used in pre-
diction of B adsorption in different types of soil, and mineral
and organic components. This important advantage can be
useful in reclamation of soils and waters contaminated with B
based on prediction of B adsorption magnitude by any
adsorbing component used as amendment. Organic materials
can be applied as suitable amendments as they have more
power for B adsorption in contrast to minerals.

Acknowledgments The authors are so grateful to Prof. David L.
Parkhurst for his valuable guidance in modeling surface complexation
by PHREEQC.

References

Adriano DC (1986) Trace elements in the terrestrial environment.
Springer, New York, pp 73-105

Appelo CAJ, Postma D (2005) Geochemistry, groundwater and
pollution, 2nd edn. A.A. Balkema, Rotterdam, p 536

Arona S, Chahal DS (2010) Effect of soil properties on boron
adsorption in arid and semi-arid benchmark soils. Commun Soil
Sci Plant Anal 41:2532-2544

Bingham FT (1982) Boron. In: Page AL (ed) Methods of soil analysis,
part 2. ASA, SSSA Inc., Madison, pp 431-447

Bingham FT, Page AL, Coleman NT, Flach K (1971) Boron
adsorption characteristics of selected soils from Mexico and
Hawaii. Soil Sci Soc Am J 35:546-550

Choi WW, Chen KY (1979) Evaluation of boron removal by
adsorption on solids. Environ Sci Technol 13:189-196

Datta SP, Bhadoria PBS (1999) Boron adsorption and desorption in
some acid soils of West Bengal, India. J Plant Nutr Soil Sci
162:183-191

Elrashidi MA, O’Connor GA (1982) Boron sorption and desorption in
soils. Soil Sci Soc Am J 46:27-31

Elseewi AA (1974) Some observations on boron in water, soils and
plants at various locations in Egypt. Alex J Agric Res
22:463-473

Elseewi AA, Elmalky AE (1979) Boron distribution in soils and
waters of Egypt. Soil Sci Soc Am J 43:297-300

Evans LJ (1987) Retention of boron by agricultural soils from
Ontario. Can J Soil Sci 67:33-42

Goldberg S (1997) Reactions of boron with soils. Plant Soil
193:35-48

Goldberg S (1999) Reanalysis of boron adsorption on soils and soil
minerals using the constant capacitance model. Soil Sci Soc Am
J 63:823-829

Goldberg S, Forster HS (1991) Boron sorption on calcareous soils and
reference calcites. Soil Sci 152:304-310

’r @ Springer



1326

Int. J. Environ. Sci. Technol. (2014) 11:1317-1326

Goldberg S, Glaubig RA (1985) Boron adsorption on aluminum and
iron oxide minerals. Soil Sci Soc Am J 49:1374-1379

Goldberg S, Glaubig RA (1988) Boron and silicon adsorption on an
aluminum oxide. Soil Sci Soc Am J 52:87-91

Goldberg S, Forster HS, Heick EL (1993) Boron adsorption
mechanisms on oxides, clay minerals and soils inferred from
ionic strength effects. Soil Sci Soc Am J 57:704-708

Goldberg S, Lesch SM, Suarez DL (2000) Predicting boron adsorp-
tion by soils using soil chemical parameters in the constant
capacitance model. Soil Sci 64:1356-1363

Goldberg S, Suarez DL, Basta NT, Leseb SM (2004) Predicting boron
adsorption by Midwestern soils using the constant capacitance
model. Soil Sci Soc Am J 68:795-801

Goldberg S, Corwin DL, Shouse PJ, Suarez DL (2005) Prediction of
boron adsorption by field samples of diverse textures. Soil Sci
Soc Am J 69:1379-1388

Goldberg S, Suarez DL, Shouse PJ (2008) Influence of soil solution
salinity on boron adsorption by soils. Soil Sci 173:368-374

Goli E, Rahnemaie R, Hiemstra T, Malakouti MJ (2011) The
interaction of boron with goethite: experiments and CD-MUSIC
modeling. Chemosphere 82:1475-1481

Griffin RA, Jurinak JJ (1973) Estimation of activity coefficients from
the electrical conductivity of natural aquatic systems and soil
extracts. Soil Sci 116:26-30

Gu B, Lowe LE (1992) Observations on the effect of a soil
polysaccharide fraction on boron adsorption by clay minerals.
Can J Soil Sci 72:623-626

Gupta VK, Ali I, Saini VK (2007) Defluoridation of wastewaters
using waste carbon slurry. Water Res 41:3307-3316

Gupta VK, Rastogi A, Nayak A (2010) Biosorption of nickel onto
treated alga (Oedogonium hatei): application of isotherm and
kinetic models. J Colloid Interface Sci 342:533-539

Gustafsson JP (2001) Modelling competitive anion adsorption on
oxide minerals and an allophone containing soil. Eur J Soil Sci
52:639-653

Gustafsson JP (2006) Visual Minteq version 2.61: www.lwr.kth.se/
English/Oursoftware/vminteq/

Harter RD, Smith G (1981) Langmuir equation and alternate methods
of studying adsorption reactions in soils, in Chemistry in the Soil
Environment. Am Soc Agron Spec Pub no 40, Am Soc Agron
and Soil Sci Soc Am, Madison, pp 167-182

Hingston FJ (1964) Reactions between boron and clays. Aust J Soil
Res 2:83-95

Ichikuni M, Kikuchi K (1972) Retention of B by travertines. Chem
Geol 9:13-21

ISO (1990) Water quality, determination of borate, spectrometric
method using azomethine-H. International Organization for
Standardization (ISO 9390:1990), Geneva

Jasmund K, Lindner B (1973) Experiments on the fixation of boron by
clay minerals. Proc Int Clay Conf 1972:399-412

Keren R, Gast RG (1981) Effects of wetting and drying, and of
exchangeable cations, on boron adsorption and release by
montmorillonite. Soil Sci Soc Am J 45:478-482

Keren R, Mezuman U (1981) Boron adsorption by clay minerals
using a phenomenological equation. Clays Clay Miner
29:198-203

Keren R, O’Connor GA (1982) Effect of exchangeable ions and ionic
strength on boron adsorption by montmorillonite and illite. Clays
Clay Miner 30:341-346

Keren R, Bingham FT, Rhoades JD (1985) Plant uptake of boron as
affected by boron distribution between liquid and solid phases in
soil. Soil Sci Soc Am J 49:297-302

Lemarchand E, Schott J, Gaillardet J (2005) Boron isotopic fraction-
ation related to boron sorption on humic acid and the structure of

Y4
ﬁ @ Springer

surface complexes formed. Geochim Cosmochim Acta
69:3519-3533

Lemarchand E, Schott J, Gaillardet J (2007) How surface complexes
impact boron isotope fractionation: evidence from Fe and Mn
oxides sorption experiments. Earth Planet Sci Lett 260:277-296

Majidi A, Rahnemaie R, Hassani A, Malakouti MJ (2010) Adsorption
and desorption process of boron in calcareous soils. Chemo-
sphere 80:733-739

Manning B, Goldberg S (1996) Modeling competitive adsorption of
arsenate with phosphate and molybdate on oxide minerals. Soil
Sci Soc Am J 60:121-131

Marzadori C, Vittori Antisari L, Ciavatta C, Sequi P (1991) Soil
organic matter influence on adsorption and desorption of boron.
Soil Sci Soc Am J 55:1582-1585

McPhail M, Page AL, Bingham FT (1972) Adsorption interactions of
monosilicic and boric acid on hydrous oxides of iron and
aluminum. Soil Sci Soc Am Proc 36:510-514

Mehra OP, Jackson ML (1960) Iron oxide removal from soils and
clays by dithionite-citrate systems buffered with sodium bicar-
bonate. Clays Clay Miner 7:317-327

Mittal A, Mittal J, Malviya A, Kaur D, Gupta VK (2010) Adsorption
of hazardous dye crystal violet from wastewater by waste
materials. J Colloid Interface Sci 343:463-473

Parfitt RL, Childs CW (1988) Estimation of forms of Fe and Al: a
review, and analysis of contrasting soils by dissolution and
Moessbauer methods. Aust J Soil Res 26:121-144

Parkhurst DL, Appelo CAJ (1999) User’s guide to PHREEQC
(version 2)-A computer program for speciation, batch-reaction,
one-dimensional transport, and inverse geochemical calcula-
tions. United States Geological Survey, Water Resources
Investigations Report 99-4259, Washington, p 326

Parks WL, White JL (1952) Boron retention by clay and humus
systems saturated with various cations. Soil Sci Soc Am Proc
16:298-300

Ranjbar F, Jalali M (2012) Measuring and modeling ammonium
adsorption by calcareous soils. Environ Monit Assess
185:3191-3199

Ranjbar F, Jalali M (2013) Release kinetics and distribution of boron
in different fractions in some calcareous soils. Environ Earth Sci
70:1169-1177

Reardon EJ (1976) Dissociation constants for alkali earth and sodium
borate ion pairs from 10 to 50°C. Chem Geol 18:309-325

S¢ HU, Postma D, Jakobsen R, Larsen F (2011) Sorption of phosphate
onto calcite; results from batch experiments and surface
complexation modeling. Geochim Cosmochim Acta 75:2911-
2923

Su C, Suarez DL (1995) Coordination of adsorbed boron: a FTIR
spectroscopic study. Environ Sci Technol 29:302-311

Tipping E, Hurley MA (1992) A unifying model of cation binding by
humic substances. Geochim Cosmochim Acta 56:627-3641

Toner CV, Sparks DL (1995) Chemical relaxation and double layer
model analysis of boron adsorption on alumina. Soil Sci Soc Am
J 59:395-404

Wen-Ting C, Sheng-Bin H, Dar-Yuan L (2009) Effect of pH on boron
adsorption—desorption hysteresis of soils. Soil Sci 174:330-338

Westall J (1980) Chemical equilibrium including adsorption on
charged surfaces. In: Kavanaugh MC, Leckie JO (eds) Partic-
ulates in water. Adv Chem Ser No 189, Am Chem Soc,
Washington, pp 3341

WHO (1998) Guidelines for drinking-water quality, 2nd edn. World
Health Organization, Geneva

Yermiyaho U, Keren R, Chen Y (1988) Boron sorption on composted
organic matter. Soil Sci Soc Am J 52:1309-1313


http://www.lwr.kth.se/English/Oursoftware/vminteq/
http://www.lwr.kth.se/English/Oursoftware/vminteq/

	Surface complexation model of boron adsorption by calcareous soils
	Abstract
	Introduction
	Materials and methods
	Physicochemical properties of soil samples
	Isotherm experiments
	Modeling of B adsorption
	Empirical isotherm models
	Chemical surface complexation models

	Statistical evaluation

	Results and discussion
	Adsorption isotherms
	Surface complexation model

	Conclusion
	Acknowledgments
	References


