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Boron is an essential micronutrient for plants, but can also be toxic when present in excess in the soil solution. A
multi-surface geochemical model was used to assess the important processes that affect the distribution of the
geochemically reactive B in soils over the solution and solid phase. The multi-surface model was based on the
adsorption of B on dissolved and solid humic acids, representing reactive organic matter, ferrihydrite, repre
senting the Fe and Al (hydr)oxides, and clay mineral edges. In addition, the performance of previously proposed
extraction methods for measuring reactive B was evaluated. Based on B measured in 0.01 M CaCl2 soil extracts
(7–85 μmol kg− 1 soil), we calculated the reactive boron concentration for 5 temperate and 5 tropical soils
(8–106 μmol kg− 1 soil). We found that extractions with 0.43 M HNO3 or with 0.2 M mannitol + 0.1 M trie
thanolamine buffer extract on average 240 and 177% of the reactive B predicted by the model, thus releasing
additional B that is assumed to be not or only very slowly available for exchange with the soil solution. Reactive
B calculated by the model corresponded best to the B measured in a 0.05 M KH2PO4 (pH 4.5) extraction. In
general, the multi-surface modeling showed that 68% or more of reactive boron was present in the solution phase
for the soils in this study and that the adsorption was dominated by oxides in the tropical soils, while solid
organic matter was the main adsorbent in the temperate soils. When changing the soil pH(CaCl2), B concen
tration was found to decrease with increasing pH, and both experimental data and modelling suggests that this
effect is mainly due to increased binding of B to organic matter.
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1. Introduction
Boron (B) is an essential micronutrient for plant growth and devel
opment (Uluisik et al., 2018). Boron deficiencies are widespread around
the globe, often in weathered acidic soils or calcareous soils with high
pH (Shorrocks, 1997). On the other hand, B can also be toxic when
present in excess in the soil solution (Gupta et al., 1985; Howe, 1998).
Therefore, B requires accurate nutrient management, which demands a
thorough understanding of B speciation in soils and the processes that
control B bioavailability.
Total B content in soils can go up to 8000 μmol kg− 1 (Kabata-Pendias
and Pendias, 2001), of which a large part is present in primary minerals,
or occluded in secondary minerals (Hou et al., 1994). There are also
studies showing that most of the total B in soils is part of the organic
matter fractions (Kot et al., 2012). These total pools of B are not directly
available for plants, as there is no relation between B uptake by plants
and total B in soils (Chaudhary and Shukla, 2003; Jin et al., 1987).
Plants take up B from the soil solution as boric acid (B(OH)3) (Dordas

et al., 2000) and B concentrations in soil solutions often range between 1
and 300 μmol L− 1 (Kabata-Pendias and Pendias, 2001). The B that
originates from mineralization of fresh organic matter, weathering of
minerals or atmospheric deposition (Park and Schlesinger, 2002) enters
the reactive B pool and is distributed over the solid and solution phase
by adsorption/desorption processes. Despite the fact that B is relatively
mobile compared to the other micronutrients (Kabata-Pendias and
Pendias, 2001), it has been stated by various authors that the adsorption
onto reactive soil surfaces controls the B in solution, and therefore
regulates B bioavailability, potential toxicity and leaching (Goldberg,
1997; Keren et al., 1985). Adsorption studies of B have focused on
organic matter (Goldberg, 2014a; Gu and Lowe, 1990; Keren and
Communar, 2009; Lemarchand et al., 2005), clay minerals (Goldberg,
1999; Goldberg and Glaubig, 1986b; Keren and Mezuman, 1981;
Manning and Goldberg, 1996; Sims and Bingham, 1967), poorly crys
talline Al and Fe oxides (Goldberg, 1999; Peak et al., 2003; Su and
Suarez, 1995; Van Eynde et al., 2020) and crystalline oxides (Goldberg,
1999; Goli et al., 2011). In general, it has been found that B adsorption
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on these mineral and organic reactive surfaces increases with increasing
pH, and that the maximum adsorption occurs at pH between 8 and 10,
after which the adsorption decreases again. A similar pH-dependent
adsorption behavior has been found for B adsorption in soils (Gold
berg, 2004; Goldberg et al, 1993, 1996; Goldberg and Glaubig, 1986a).
Van Eynde et al. (2020) have shown with a multi-surface modeling
simulation that pH can also determine the relative importance of each of
these reactive surfaces for B adsorption: in the acidic region, oxides may
be more important whereas organic matter may bind most of the B in the
alkaline region. However, these modeling simulations have not yet been
validated for soil samples.
Geochemical surface complexation models (SCM) are powerful tools
to enhance the quantitative understanding of the speciation of trace
elements in the soil environment, and processes that affect their
bioavailability. The constant capacitance model (CC) has been used
mostly to model B adsorption behavior in soils (Goldberg, 1999, 2004).
Goldberg et al. (2004; 2000; 2005) have used the CC model to describe
pH-dependent B adsorption in soil systems, considering the soil as one
type of plane for surface reactions in a generalized composite approach
(Goldberg, 2014b). Binding constants were fitted to pH dependent B
adsorption data for the soil-specific assemblage (Goldberg et al., 2004),
and as a result are not generically applicable to other soils. To make the
constants more widely usable, Goldberg et al. (2000) used regression
models to relate these binding constants for B adsorption in soils to the
surface area, organic carbon, inorganic carbon and Al content, which
suggests that different surfaces are playing a role in B adsorption among
soil types. The use of the CC model for modeling ion speciation in soils
does not take into account the specific characteristics (i.e., binding ca
pacities, affinities, heterogeneity of surface sites) of each of the reactive
surfaces, which makes it difficult to assign relative importance to the
different reactive surfaces for B adsorption. Conversely, a multi-surface
or assemblage modeling approach combines separate models for ion
binding to the different reactive surfaces (Groenenberg and Lofts, 2014;
Weng et al., 2001). Examples of such models that have been recently
parameterized for B are the Charge Distribution and Multi Site
Complexation model (CD-MUSIC) for modeling adsorption on oxides
(Goli et al., 2011; Van Eynde et al., 2020), or the Non-ideal Competitive
Adsorption (NICA) Donnan model for modeling adsorption on organic
matter (Goli et al., 2019).
No attempts have yet been made to model the speciation of naturally
occurring B in soils instead of modeling adsorption experiments with
added B (Goldberg, 1999, 2004). Modeling the partitioning of natural B
over the solid and solution phase requires an estimation of the
geochemically reactive concentration of B in soils. The reactive con
centration is considered as potentially available for uptake by plants,
and is the concentration that is distributed over the solid and solution
phase through adsorption/desorption and precipitation/dissolution
equilibria (Groenenberg et al., 2017). The actual available pool in so
lution then depends on the reactive concentration, pH, content of
reactive surfaces and competing ions, and is often approximated by
extraction with weak salts (Degryse et al., 2009) such as CaCl2 (Houba
et al., 2000). Recently, an ISO standard has been developed to extract
the geochemical reactive pool of trace elements, using a dilute nitric acid
solution at approximately pH 0.5 (ISO, 2016). The method has been
evaluated for a wide range of trace elements based on geochemical
multi-surface modeling, but not for B (Groenenberg et al., 2017). Others
have used alternative extraction solutions as part of fractionation
schemes to quantify the adsorbed B, such as KH2PO4 (Hou et al, 1994,
1995) that is based on ligand exchange between B and phosphate (PO4)
on reactive surfaces, or polyols that are known to form soluble com
plexes with B (Bingham, 1982; Goldberg and Suarez, 2014; Jin et al.,
1987).
In this study, we will use a multi-surface modeling approach for
simulating natural B speciation in both temperate and tropical soil
samples. Boron speciation and extractability may differ between these
two climatic regions due to differences in content of important reactive

soil surfaces and mineralogy. The first aim is to evaluate the use of
different previously proposed extraction methods (0.05 M KH2PO4, 0.2
M mannitol (pH 7.3) and 0.43 M HNO3), based on different B-exchange
principles, for estimating the reactive B. The calculated reactive B with a
multisurface model will be compared with the B measured in the three
different extraction methods. Secondly, we aim to evaluate which soil
surfaces control B speciation in temperate and tropical soils in relation to
soil properties and pH.
2. Material and methods
2.1. Soil analyses
Two sets of air dried top soil samples were used for extractions and
modeling of the soil B. The first set consisted of 5 temperate top soil
samples from the Netherlands. These are samples taken from sandy, clay
or clay-peat arable fields. The second set consisted of 5 tropical top soil
samples from arable fields in Burundi. These 5 samples were selected out
of a larger set of soil samples (n = 15) that were taken from different
locations in the country. All 5 soils are classified as Ferralsol based on
their geo-referenced location (Hengl et al., 2017).
The solution concentration of B (B–CaCl2), dissolved organic carbon
(DOC) and pH(CaCl2) were measured in extracts of 0.01 M CaCl2 (Houba
et al., 2000). Calcium chloride extractions have often been used as a
proxy for the soil solution, and to validate multi-surface models that aim
to model the solid-solution partitioning of ions (Degryse et al., 2003;
Dijkstra et al., 2009; Groenenberg et al., 2017; Weng et al., 2001). A
0.01 M CaCl2 was freshly prepared in a plastic volumetric flask, in order
to avoid B contamination from glassware. A fixed volume of this solution
was added to the soil samples at a solution-to-solid ratio (SSR) of 10 in
polypropylene centrifuge tubes. The suspensions were equilibrated in a
horizontal shaker at 180 oscillations minute− 1 for 24 h and were after
wards centrifuged for 10 min at 1800 g and filtered over a 0.45 μm
membrane filter. The B–CaCl2 was measured in an acidified subsample
of the supernatant, using High Resolution Inductively Coupled Plasma
Mass Spectrometry (HR-ICP-MS, Element 2, Thermo Scientific) with a
Teflon nebulizer and spray chamber instead of (boron-silicate) glass. All
measurements were done in duplicate and average values were used as
final estimates for B–CaCl2 concentrations. The average difference be
tween both B measurements was around 10% of the average concen
tration. The average B concentrations of the blanks (n = 5) was 0.4 ±
1.1 μg L− 1.
The pH(CaCl2) was measured using a glass electrode, from which no
significant B release was found (results not shown). The dissolved total
carbon and dissolved inorganic carbon concentrations were measured in
a non-acidified supernatant with an Segmented Flow Analyzer (SFATOC, San++, Skalar) equipped with an IR detector that measures the
amount of CO2(g) after an internal acidification and destruction step, and
the DOC concentrations were calculated as the difference between total
and inorganic carbon. The inorganic phosphate (PO4–CaCl2) concen
tration in the CaCl2 extraction was measured by the molybdenum-blue
method (Murphy and Riley, 1962) using a fully automated segmented
flow analyzer (SFA-PO4).
The clay content in the Burundi soils was measured by laserdiffraction analysis (Konert and Vandenberghe, 1997). Soils (0.5–1.5
g) were pre-treated three times with H2O2 and once with HCl, while
standing in a warm water bath. Before analysis, the pre-treated samples
were suspended in water (~200 ml) which was removed and replaced
with fresh ultra-pure water for multiple times to remove excess of salts.
The measured volume percentage of the fraction smaller than 2 μm was
re-calculated to the mass percentage of clay using a particle density of
2.6 g cm− 3 and a bulk density of 1.3 g cm− 3. The clay content from the
Dutch soils was derived by the accredited laboratory of Eurofins Agro
Netherlands via Near-Infrared Spectroscopy measurements from which
clay content was calculated via a spectral library that is calibrated
against the sieve and pipet method (NEN 5753:2018, 2018).
2
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An ammonium oxalate (AO) extraction (ISO, 2012) was used for both
soil sets to measure micro-crystalline Fe and Al, and P (Fe-AO, Al-AO,
Pt-AO). Iron (Fe-D) and Al (Al-D) were also measured in a
sodium-dithionite extraction (for the Dutch soils as described by
Hiemstra et al., 2010a; for the Burundian soils as described in ISO,
2012), and crystalline Fe and Al were calculated as the difference be
tween the Fe and Al measured in the dithionite and AO extraction. The
Fe, Al and Pt in ammonium oxalate and Fe and Al in the dithionite ex
tractions were analyzed using Inductively coupled plasma optical
emission spectrometry (ICP-OES, iCAP6500, Thermo Scientific). The Pt
measured in AO extraction can include phosphorus species that are
different from inorganic PO4, such as organic P (Jørgensen et al., 2015;
Wolf and Baker, 1990). The latter is expected to not control the inor
ganic PO4 concentration in the CaCl2 extraction. Therefore, for the
Burundian soils, the inorganic PO4 concentration in the AO was
measured using the molybdenum blue method (Murphy and Riley,
1962), using an SFA-PO4 instrument. The samples were diluted 100
times with ultra-pure water to eliminate the interference of oxalate for
the colorimetric reaction (Cui and Weng, 2013; Hass et al., 2011). For
the Dutch soils, PO4 was not measured in the AO extraction, but instead,
an empirical relation was used to calculate the contribution of organic P
species to the Pt measured in the AO based on the OC content in the soils
(Mendez et al., 2020).
The humic and fulvic acid fractions of the organic matter in the solid
phase were measured following the procedure as described by Van
Zomeren and Comans (2007). The soils were extracted with ~0.1 M HCl
(pH 1), after which the pellet was re-dissolved in ~0.1 M NaOH (pH 12).
Subsequently, the supernatant of the acid extraction and the supernatant
of the acidified base extract were combined and equilibrated with
pre-cleaned DAX-8 resin. The fulvic acids were afterwards desorbed
from the resin with 0.1 M KOH. The HA were measured by re-dissolving
the pellet in the acidified base extract with 0.1 M KOH.
In addition, total boron content was measured in the soils. Soil
digestion was done with a mixture of HNO3–HClO4–HF, in a ratio of
90:5:5, under heating at 190 ◦ C for 10 h. Element concentrations of B, Si,
Fe and Al were measured using ICP-OES.

2016). After centrifugation, the samples were filtered over a 0.45 μm
membrane filter. The B concentration in the blanks (n = 4) was negative.
This ISO protocol has been developed for measuring the reactive content
of trace elements in the environment, and has been evaluated for a wide
range of elements based on multi-surface modeling (Groenenberg et al.,
2017). However, B was not included in that study, and the 0.43 M HNO3
extraction is therefore evaluated here for its suitability to measure
reactive B.
Thirdly, we used a mannitol extraction to estimate reactive B.
Bingham (1982) formulated an extraction protocol to measure B by
using 0.01 M mannitol + 0.01 M CaCl2 solution. However, Goldberg and
Suarez (2014) showed that the addition of Ca in the extraction solution
resulted in a lower B concentration. The Ca was not included in their
optimal extraction solution, since Goldberg and Suarez (2014) argued
that the only reason to include Ca is to facilitate filtration because of
coagulation of organic matter. Vaughan and Howe (1994) found that
mannitol had similar effectiveness in extracting B as sorbitol, another
polyol, when buffering the pH at 7.3 in both extraction solutions. A
mannitol and sorbitol extraction is based on the principle of complex
formation between the polyol and borate (Knoeck and Taylor, 1969).
Borate (B(OH)-4) is the anionic form of B that is formed according to the
reaction (Bassett, 1980):
B(OH)03 + H2 O ⇔ B(OH)−4 + H+

logK = − 9.24

(1)

The complexation of mannitol with boron then proceeds according to
the reactions (Knoeck and Taylor, 1969):
B(OH)03 +H2 O  +Mannitol⇔B(OH)−4 − Mannitol+H+ logK =− 6.45

(2)

B(OH)03 +H2 O  +2Mannitol⇔B(OH)−4 − Mannitol2 +H+ logK =− 4.26

(3)

with the latter being the most important species. The formation of borate
is only significant at high pH values. Since the polyol forms complexes
with borate (Knoeck and Taylor, 1969), the pH of the extraction solution
affects the concentration of borate and thus the final B measured in the
extract (Aitken et al., 1987). In this study, the extraction was executed
with a mannitol concentration of 0.2 M, together with 0.1 M trietha
nolamine (TEA) buffer (pH 7.3), with an equilibration time of 24 h and a
SSR of 10. This concentration, equilibration time and SSR were sug
gested by Goldberg and Suarez (2014) for their optimal sorbitol
extraction. The samples were filtered over a 0.45 μm filter after centri
fugation. The average B concentration of the blanks (n = 2) was 0.01 ±
0.008 mg L− 1.
For the mannitol extraction, the B was measured using ICP-OES. For
the HNO3 extraction, ICP-OES was used for the Dutch soils, and HR-ICPMS for the Burundi soils. For the B measurement in CaCl2 and KH2PO4,
HR-ICP-MS was used. The concentrations of Si, Fe and Al in the three
extractions was measured using ICP-OES, to assess the potential disso
lution of minerals that could contain B.

2.2. pH dependent B solubility
The B–CaCl2 concentration in the 10 soils was measured at different
pH(CaCl2) levels, to assess the pH dependent B solubility. Two grams of
soil was put into 50 ml polypropylene centrifuge tubes, together with 10
ml of 0.02 M CaCl2 and 8 ml of ultra-pure water (UPW). The pH was
adjusted through addition of 0.5 M HNO3/NaOH. After 2 h, the pH was
checked and more acid or base was added to obtain the pre-determined
pH value. The same was done after 6 h, and ultra-pure water was added
in order to reach a total volume of 20 ml with a final CaCl2 concentration
of 0.01 M. After 24 h, the final pH was measured, and samples were
centrifuged and filtered over a 0.45 μm filter for the analysis of B on HRICP-MS, and TOC/IC on the SFA.

2.4. Multi-surface modeling set-up

2.3. Reactive B extractions

The multi-surface model included ion adsorption to organic matter,
the edges of clay minerals and Fe and Al (hydr)oxides. For adsorption to
the reactive surfaces, we used specific models for each surface. The
aqueous species are given in Table S1 in the supporting information. All
modeling and adsorption parameters are given in Tables S2–S3.
Modeling calculations were performed in ECOSAT, version 4.9 (Keizer
and Van Riemsdijk, 1995).

Three different extraction methods were tested to estimate the
geochemically reactive fraction of B in the soils. For all three soil ex
tractions, no glassware was used throughout the extraction procedure to
avoid B contamination.
Firstly, samples were suspended in a freshly prepared extraction
solution with 0.05 M KH2PO4 at a SSR of 20. The suspensions were
shaken for 16 h, and afterwards centrifuged and filtered over a 0.45 μm
membrane filter. The protocol was based on the design by Hou et al.
(1995), who used this extraction solution as part of a fractionation
scheme, to quantify specifically bound B in soils on surfaces with vari
able charge. The B concentration in the blanks (n = 2) was negative.
Secondly, a 0.43 M HNO3 extraction solution was used, with a SSR of
10 and an equilibration time of 4 h, according to the ISO standard (ISO,

2.4.1. Oxides
The CD-MUSIC model was used to model adsorption to oxides. The
content of poorly crystalline oxides was calculated based on the Al and
Fe found in AO extraction. To transform the moles of Al and Fe in the AO
extraction to the oxide mass, a molar mass of 95 g mol− 1 Fe and 84 g
mol− 1 Al was used, which corresponds to particles with a specific surface
3
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area of 600 m2 g− 1 (Hiemstra and Van Riemsdijk, 2009). The amount of
crystalline oxides was calculated based on the difference between the Fe
and Al in the sodium-dithionite extraction and the Fe and Al measured in
the ammonium-oxalate extraction, with a molar mass of respectively 89
and 78 g mol− 1 for Fe (goethite) and Al (gibbsite) (Hiemstra et al.,
2010). For the crystalline oxides, a specific surface area of 100 m2 g− 1
was assumed (Dijkstra et al., 2009). Ferrihydrite (Fh) was used as model
oxide for the natural oxide fraction of the soils. The total Fh content was
calculated by summing the mass of poorly crystalline oxides and 1/6 of
the mass of crystalline oxides, and in the modelling calculations a spe
cific surface area of 600 m2 g− 1 was used for Fh.
3−
Next to B(OH)3, adsorption of H+, Ca2+, Cl− , CO2−
3 and PO4 on the
oxide surface was included in the model. The B binding on oxide surfaces
2−
is pH dependent. Competitive anions such as PO3−
4 and CO3 can reduce
the B binding to oxides (Van Eynde et al., 2020; Xu and Peak, 2007).
Binding of both ions is affected by the Ca2+ and Cl− ion adsorption due
to mainly electrostatic effects and additional surface species. The Ca2+,
−
CO3−
3 and Cl concentrations in the CaCl2 extraction, and the inorganic
PO4 in the AO extraction were given as input for modelling B speciation.
For modeling the adsorption of these ions to ferrihydrite, a consistent set
of recently derived adsorption parameters was used (Hiemstra and Zhao,
2016; Mendez and Hiemstra, 2018, 2020a, 2020b; Van Eynde et al.,
2020) which is shown in Table S2.
In addition, experiments have shown that soil organic matter can be
a competitor with B for adsorption on the oxide surface (Marzadori
et al., 1991; Sarkar et al., 2014). To account for this effect, we have used
the modelling approach from Hiemstra et al. (2013) to calculate the
natural organic matter (NOM) loading on the oxide surface. The NOM
surface species with corresponding charge distribution and logK values
are given in Table S2. Before modelling B speciation, the NOM loading
was fitted for each soil sample based on the PO4 solid-solution parti
tioning. In these modelling calculations, the inorganic PO4 in the AO
extraction was given as input, together with the pH(CaCl2), the CO2−
3 ,
Ca2+ and Cl− concentration in the CaCl2 extraction, the content of clay
minerals and Fh. The NOM loading was adjusted until the calculated
dissolved PO4 corresponded to the measured PO4 concentration in the
CaCl2 extraction, and this NOM loading was further used in modelling
the B speciation. The results from this modelling calculation for the
different soils are given in Table S4.
The effect of including the different competitors for B adsorption on
oxides, i.e. NOM, CO3 and PO4, on the modelling calculations is shown
in Fig. S1 in the supporting information.

range of these soil samples (Eq. (1)), there is no electrostatic attraction.
Therefore, we did not include the B(OH)03 present in the Donnan layer for
calculating the total adsorbed B to humic acids. Calculations showed
that the contribution of the electrostatically bound B as Donnan species
to total B adsorbed to humic acids in the CaCl2 extraction was less than
10%.
2.4.3. Clay
In previous multi-surface modeling studies, ion adsorption to clay
minerals has been considered as an electrostatic process, which has been
modelled using a Donnan approach (Dijkstra et al., 2009; Weng et al.,
2001). Since B will be present in solution mainly as a neutral species (Eq.
(1)), there will be no electrostatic attraction/repulsion. However, B can
bind to the reactive surface sites on the edges of clay minerals. There
fore, we included specific B adsorption to the edges of the clay surfaces.
The content of clay minerals was estimated as the measured clay content
(i.e. particles smaller than 2 μm) minus the mass of oxides that were
calculated as described above.
We assumed that the B adsorption behavior on clay edges can be
modelled using the CD-MUSIC modeling parameters for ferrihydrite.
This was tested by using the B adsorption parameters for ferrihydrite
from Van Eynde et al. (2020) for describing the pH dependent B
adsorption to illite and kaolinite clays from Goldberg (1999), assuming
an SSA of 15 and 5 m2 g− 1 respectively. The results are shown in Fig. S2.
The pH dependent B adsorption to clays can be described reasonably
well with the parameters for ferrihydrite, especially for kaolinite. These
results are consistent with the findings of Goldberg (1999) that the logK
values for pH-dependent B adsorption, fitted by using the CC model, did
not differ significantly for iron oxides and clay minerals such as kaolinite
and illite.
For the multi-surface modelling calculations, it was assumed that
3−
next to B(OH)3, adsorption of H+, Ca2+, Cl− , CO2−
3 and PO4 to these
clay edges can be also described using the consistent set of adsorption
parameters for ferrihydrite (Hiemstra and Zhao, 2016; Mendez and
Hiemstra, 2018, 2020a, 2020b) as presented in Table S2. No interaction
of NOM with the clay minerals was considered, based on previous
findings that have shown that organic matter is mainly associated with
the micro-crystalline oxide fraction in soils (Mendez et al., 2020).
An (edge) specific surface area of 5 m2 g− 1 was considered in the
modelling calculations (Heidmann et al., 2005) since we did not have
knowledge on the specific clay minerals being dominant in the different
soil samples. Although the 5 m2 g− 1 might be an underestimation of the
edge surface area for clays such as illite, the modeling results were not
greatly affected by the chosen edge surface area of the clay minerals
(Fig. S3).

2.4.2. Organic matter
Adsorption to organic matter was modelled by using the NICADonnan model (Kinniburgh et al., 1996), assuming that the interaction
between oxides and organic matter does not influence the B adsorption
to the organic matter. We considered the reactive organic matter as
humic acids, since NICA parameters are only available for B adsorption
on humic acids (Goli et al., 2019). For the dissolved organic matter, 50%
was considered as humic acids for both Dutch and Burundian soils as it
has been done previously (Dijkstra et al., 2009; Groenenberg et al.,
2017). The solid humic acids were calculated as the sum of the fulvic and
humic acids that were measured according to the batch procedure of
Van Zomeren and Comans (2007). Next to B, we considered adsorption
of H+ and Ca2+ on humic acids. Goli et al. (2019) showed that next to
pH, the B binding to HA is affected by the presence of Ca2+ due to site
competition and electrostatics. Except for the model parameters for B,
all other NICA-Donnan parameters are based on the generic parameters
for humic acid from Milne et al. (2003) including the site densities of the
carboxylic and phenolic groups, as well as the b-parameter to calculate
the Donnan volume based on ionic strength (Table S3).
The NICA-Donnan model calculates total ion adsorption as the sum
of the specifically and electrostatically adsorbed concentrations, with
the latter being the Donnan species in the Donnan layer of the humic
acids. For the neutral B(OH)03 ion, which is the dominant ion in the pH

2.5. Multi-surface modeling calculations
We firstly calculated the reactive B for the ten soil samples using a
multi-surface model with the B measured in the CaCl2 at the original soil
pH(CaCl2) as input. Because in the ECOSAT speciation software, only
free ion concentration/activity or total amount of a compound can be
used as the input, this calculation was carried out in two steps. Firstly,
2+
free B(OH)3, CO2−
and Cl− concentrations were calculated based
3 , Ca
on the measured B concentration in CaCl2 extraction considering solu
tion speciation and B and Ca adsorption to DOC. Secondly, the calcu
2+
and Cl− were used
lated free ion concentrations of B(OH)3, CO2−
3 , Ca
as input together with pH(CaCl2), PO4-AO as reactive PO4 and the
reactive surfaces (including DOC), to model the solid and solution dis
tribution of B. The NOM loading at the oxide surface, which was derived
by preliminary modelling of the PO4 solubility, was also given as input.
From these modelling calculations, the B distribution over the different
solid and solution phases could be extracted, and the total reactive B
concentration was then calculated as the sum of soluble and adsorbed B.
The calculated reactive B was subsequently compared with the B
measured in the HNO3, KH2PO4 or mannitol extraction to assess the
4
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suitability of the different extraction methods to measure reactive B in
soils (Section 3.2). For this purpose, we calculated the mean error (ME)
as the mean difference between the predicted and measured concen
trations (in log mol kg− 1).
Additionally, we tested the capacity of the different extraction
methods to dissolve reactive B, by modeling the solid and solution dis
tribution of B in the respective extraction method. Following the
approach of Groenenberg et al. (2017), we accounted for the adsorption
of B to the major reactive mineral (oxides and clay) and organic ad
sorbents in the soil as described above, and the chemical composition of
the specific extract, including (1) pH of the extractant (7.3 for mannitol;
0.9 for 0.43 M HNO3 (Groenenberg et al., 2017); 4.5 for KH2PO4), (2)
concentration of the major dissolved ions in the extraction solution
(0.43 M NO3; 0.05 M K; 0.2 M mannitol, respectively). The reactive B
calculated based on the B measured in the 0.01 M CaCl2 at natural pH
(CaCl2), was used in the model as input for total reactive B. The capacity
of the different extraction methods for extracting B was calculated as the
percentage of total B input that was predicted to remain in solution
according to the model.
The input of total reactive P for the KH2PO4 solution was given as the
sum of the PO4 in the acid ammonium oxalate extraction and the 0.05 M
PO4 from the extraction solution. For the HNO3 and mannitol extraction,
input of total reactive PO4 was given as the PO4 in the ammonium ox
alate extraction. The ionic strength of the mannitol extraction was fixed
at 0.05 M, based on the presence of H-TEA+ of around 50% of total TEA
(Scopes, 1994). In the HNO3 extraction, the oxide surface for ion
adsorption will be reduced due to partial dissolution of the poorly
crystalline oxides at pH 0.9. This was taken into account, by subtracting
the Fe and Al concentration in the HNO3 extractions from the concen
trations in the AO extraction to calculate the oxide content. No
competition of NOM for B adsorption to oxides in the different extrac
tions was considered in this modelling calculations.
Preliminary modeling has shown that the presence/absence of
measured DOC concentration did not lead to differences in the calcu
lated extractability of the different extraction methods (Results not
shown). Therefore, DOC was not included as a reactive surface in these
calculations.
In a final modeling calculation, calculated concentration of B in so
lution was compared with the measured data of the pH dependent B
solubility experiment. In this calculation, reactive B, pH, total reactive
2+
PO−4 3, concentration of CO2−
and Cl− in the extractant, total
3 , Ca
reactive surfaces (including DOC) were used as input. The NOM loading
that was calculated based on modelling the PO4 solubility at the original
soil pH(CaCl2) was used as input. The input value for reactive B was

either the one calculated based on the B measured in CaCl2 extraction at
natural soil pH, or the B measured in each of the extraction methods (i.e.
HNO3, KH2PO4, mannitol).
3. Results and discussion
3.1. Soil characteristics
Soil characteristics of the Dutch (D1-5) and Burundian soils (B1-5)
are given in Table 1. The Dutch soils have higher B concentrations than
the Burundian soils, in all extraction methods, except for soil D2 which
has low total boron relatively to the other Dutch soils. In general, the
tropical soil samples from Burundi are characterized by higher contents
of oxides, more specifically oxalate-extractable Al and dithioniteextractable Fe. The pH of the Burundian soil samples is similar for all
samples, between 4.2 and 4.9, whereas for the Dutch soils, the pH ranges
from 4.7 to 7.1.
Total B is higher than the B concentrations found in the other ex
tractions. The fraction of total B found in the extractions used to measure
reactive B ranges from 2 to 5%, depending on the extraction method.
Highest B concentrations are found in the HNO3 and mannitol extrac
tions, followed by KH2PO4 and CaCl2. The fraction of reactive B that is
found in the CaCl2 extraction can be used as an indicator of the
adsorption capacity of the soils, and this fraction is on average 42, 51
and 77% when using respectively the B measured in HNO3, mannitol
and KH2PO4 as reactive B. In two cases, the CaCl2 has extracted slightly
more B than the KH2PO4 solution (i.e. D3 and B3). The B concentrations
in all extractions were found to be significantly correlated among each
other (Table S5).
The observed B concentrations in the CaCl2 extraction as a function
of pH cannot be explained by the solubility of B-containing Ca, Mg and
Na minerals, such as Pinnoite, Inderite, Colemanite, Inyoite, Borax,
McAllisterite and Nobleite (Parks and Edwards, 2005). The solubility of
B based on these minerals differ orders of magnitude from our obser
vations, and show a reverse pH trend from what we have found here.
These observations are consistent with the findings from Fruchter et al.
(1990) who did not find B solubility-controlling phases in waste
material.
The risk of boron deficiency is often estimated by a hot water soil
extraction (Sparks et al., 1996). Critical B concentrations in hot water
extractions for crop production are reported to be in the range of 9–28
μmol kg− 1 for acidic and neutral soils (Kabata-Pendias and Pendias,
2001). Novozamsky et al. (1990) established a relation between B
measured by hot water and 0.01 M CaCl2 extraction for 100 soils from

Table 1
Soil characteristics. HA and FA are the humic and fulvic acids measured in the acid-base fractionation of the solid organic matter. The Pt-AO, Fe-AO and Al-AO are
measured in ammonium oxalate, whereas Fe-D and Al-D are measured in dithionite extraction. B was measured in 0.43 M HNO3, 0.05 M KH2PO4, 0.2 M mannitol and
0.01 M CaCl2. The B-reactive is the reactive B calculated with the multi-surface model using the B–CaCl2 as input.
Soil
D1A
D2A
D3A
D4A
D5A
B1B
B2B
B3B
B4B
B5B

pH
7.1
4.8
4.7
5.8
6.4
4.3
4.4
4.3
4.2
4.9

Clay

SOC

%

g C kg-1

24
3
11
35
39
7
10
17
4
8

20
32
133
31
85
50
28
22
14
32

HA+FA
2
15
49*
9
21
25
10
12
5
15

DOC

Fe-AO

mg L-1

mmol kg-1

22
43
131
36
105
11
9
10
5
3

27
37
136
89
133
156
71
58
37
66

Al-AO

Fe-D

Al-D

Pt-AO

B-total

B-HNO3

B-KH2PO4

B-Mannitol

B-CaCl2

B-Reactive

480
81
166
332
393
29
39
14
15
33

274
41
61
162
142
23
25
7
8
18

271
43
**
156
188
38
36
16
18
32

77
40
77
85
72
20
24
7
7
13

85
45
101
100
106
28
30
9
8
16

μmol kg-1
17
42
89
21
44
314
168
147
63
136

141
38
107
164
192
456
493
647
616
328

27
39
63
24
29
328
244
253
139
171

12.24
13.53
26.38
21.15
33.23
11.43
7.52
3.91
3.36
4.00

5943
773
**
6090
5950
1754
1097
568
778
1165

* Insufficient soil material was left for this analysis. Therefore, the average % of total OC that was found to be HA and FA for the other soil samples was taken as reactive
OC. This was 30% HA and 6% FA.
** Insufficient soil material was left for this analysis. This sample was not included in the discussion of the mannitol extraction.
A Temperate soil samples from the Netherlands
B Tropical soil samples from Burundi
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the Netherlands, and they found that ~ 26% of B measured by hot water
is extracted by the CaCl2 extraction. This would mean a critical con
centration of ~7 μmol kg− 1 of B in 0.01 M CaCl2. As can be seen in
Table 1, the B measured in CaCl2 is higher than this critical value except
for soil B3 and B4.
3.2. Reactive B
Based on the B measured in 0.01 M CaCl2 in soils at their original soil
pH(CaCl2), the total reactive B was calculated by the multi-surface
model as the sum of adsorbed and soluble B. The results of these cal
culations for each soil sample are shown in the last column of Table 1.
We tested the capacity to dissolve reactive B for the three different
extraction methods. Multi-surface modelling calculations of boron
speciation in the different extraction solutions show that more than
~90% of the reactive boron from Table 1 is dissolved by each of these
solutions (Fig. S4). The three different extraction solutions from this
study are thus, based on these modeling calculations, efficient in
extracting reactive boron from soils.
A 0.43 M HNO3 solution extracts metal cations by competitive
desorption with protons and it dissolves oxyanions due to their pro
tonation at low pH and partial dissolution of hydrous oxides to which
anions are adsorbed (Groenenberg et al., 2017). Van Eynde et al. (2020)
showed that at low pH, oxides, and especially ferrihydrite exhibit larger
adsorption affinity for B compared to organic matter. The model predicts
that still up to 10% B is adsorbed to ferrihydrite, at pH 0.9 in the 0.43 M
HNO3 extract (Fig. S4).
Similar results for boron speciation are found for the KH2PO4 and
HNO3 extraction. The KH2PO4 extraction method is a milder extraction
solution in terms of pH (4.5), but adds in turn a strong competing
phosphate ligand to desorb the B from the solid phase (Chao and San
zolone, 1989; Hou et al., 1995). Fig. S4 shows that for the soils with the
highest organic matter and ferrihydrite content (B1 and D3), part of the
boron is not in solution but is predicted to be adsorbed to oxides and
organic matter.
The addition of 0.2 M mannitol to the soil samples results in nearly
100% of all reactive boron in solution (Fig. S4), according to the
complexation constants from Knoeck and Taylor (1969) (Equations (2)
and (3)). Only the reaction of mannitol with B(OH)3 was included in the
modelling. However, it is known from literature that mannitol can also
form complexes with other anions and cations (Bourne et al., 1961;
Doleźal et al., 1973; Kutus et al., 2017), but no consistent logK values for
complex formation with the uncharged mannitol are reported. The
presence of other cations and anions in the soil system might therefore
reduce the actual recovery of B by a mannitol extraction.
Fig. 1 shows the comparison between calculated reactive B with the
multi-surface model, and the actual B concentrations measured in the
three different extraction solutions. Although the model predicts that all
three extraction methods are efficient in dissolving reactive B (Fig. S4),
Fig. 1 shows that for most soils more B is extracted than the amount of
reactive B according to the multi-surface model.
For the temperate soils, the HNO3-extractable B deviated most from
the prediction, followed by B in the mannitol and in KH2PO4 extracts,
with ME of − 0.46, − 0.23 and − 0.12 respectively. For the tropical soils,
the KH2PO4 extraction also gave the best results with a ME of 0.04. Using
the mannitol and HNO3 extraction resulted in a ME of − 0.22 and − 0.18
respectively and both extraction methods result in an over-estimation of
reactive B for all tropical soil samples.
As shown in Fig. 1, the measured B–HNO3 is larger than the reactive
B predicted for all soil samples. The measured B concentration in HNO3
is on average 240% of the calculated reactive concentration, indicating
that 0.43 M HNO3 has dissolved non-adsorbed B. A 0.43 M HNO3
extraction acidifies the soils to a pH between 0.5 and 1, which can result
in a dissolution of various minerals, including Fe oxides and silicate
minerals (Groenenberg et al., 2017; Huertas et al., 1999). Since most of
the total soil B can be a structural part of clay minerals (Hou et al., 1994;

Fig. 1. Comparison between the B measured in HNO3, KH2PO4 or mannitol
with the B that is calculated by the model from soluble B in CaCl2 as total
reactive B based on adsorption processes on humic acids, clay minerals and
ferrihydrite for the different soil samples. The Dutch soils are shown by circles,
the Burundian soil samples by squares and the color of the markers shows the
different extraction for the B measurement. The corresponding mean error
based on log mol kg− 1 concentrations are − 0.32 for HNO3 (− 0.46 for
temperate, − 0.18 for tropical), − 0.04 for KH2PO4 (− 0.12 for temperate, 0.04
for tropical), − 0.22 for mannitol (− 0.23 for temperate and − 0.22 for tropical).
(For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)

Lemarchand et al., 2012), this nitric acid extraction can solubilize
non-reactive B. The B in the HNO3 differs more from the calculated
reactive B for the Dutch than for the Burundian soil samples. This dif
ference might be explained by the difference in soil pH, degree of
weathering and clay type: The tropical Burundian soils have a relatively
low pH compared to the Dutch soils, therefore the minerals present in
the Dutch soils are more sensitive to acid extraction. In addition, the
tropical Burundian soils are likely dominated by clay minerals such as
kaolinite, due to prolonged intensive weathering, while illite-type clays
are more representative for the less weathered temperate Dutch soils.
Illite releases higher absolute concentrations of Si than kaolinite in
acidic solutions (Bibi et al, 2011, 2012; Lindsay, 1979) and has been
found to have a slightly higher dissolution rate at an acidic pH,
compared to kaolinite (Köhler et al., 2003). In addition, illite contains
more B than kaolinite (Couch, 1971), which, next to the larger amount
of clay minerals dissolved, might contribute to the higher ME for the
Dutch soils when comparing the predicted reactive B with the B
measured in HNO3.
For the temperate soil samples, mannitol results in a slightly more
negative ME compared to KH2PO4, and both extractions overestimate
reactive B with extracted concentrations being on average 177% and
123% of the predicted reactive B respectively. For the tropical soils the
mannitol extraction also overestimated reactive B (on average 170%)
compared to predictions by the multi-surface model (Fig. 1), and unlike
for the temperate soils, the B extracted by mannitol is even slightly
higher than the B extracted by 0.43 M HNO3. In line with the B mea
surements, mannitol extracts the largest fraction of total Si, Al and Fe in
most of the tropical soil samples (Table 2). Although the samples
extracted with mannitol were filtered over a 0.45 μm filter before
analysis, the high B, Si, Al and Fe concentrations in the mannitol
extraction can be an indication of colloidal particles (<0.45 μm) in the
extract because of the low salt level in the mannitol extraction. Although
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33.47
97.59
178.63
106.48
153.28
586.40
297.04
224.88
101.85
252.64

0.09
2.53
2.90
0.89
2.85
5.31
5.31
5.92
3.29
1.22

0.07
6.38
–
6.85
27.57
91.77
122.48
414.62
162.44
123.68

0.44
0.09
–
0.50
0.50
0.61
0.76
0.98
0.36
1.19

26.36
21.94
74.81
60.04
54.10
20.68
12.62
7.65
4.87
5.41

0.03
0.25
0.42
0.15
0.32
0.27
0.37
0.39
0.16
0.04

0.05
1.61
–
1.06
2.27
6.68
12.71
44.19
15.99
9.92

5.94
0.77
–
6.09
5.95
1.75
1.10
0.57
0.78
1.16

0.48
0.08
0.17
0.33
0.39
0.03
0.04
0.01
0.02
0.03

0.27
0.04
0.06
0.16
0.14
0.02
0.02
0.01
0.01
0.02

0.27
0.04
–
0.16
0.19
0.04
0.04
0.02
0.02
0.03

the ionic strength was not measured in the mannitol extraction, it was
possibly lower in the extracts from the tropical soils, due to a lower
concentration of charged ions because of prolonged weathering. More
over, the larger increase in pH relative to the original soil pH upon
addition of the (buffered, pH 7.3) mannitol extraction solution for the
tropical soils, can also favor the formation of colloids in the extract
(Kaplan et al., 1996; Kretzschmar and Sticher, 1998).
Additionally, the ligands in the mannitol extraction (mannitol, TEA
buffer), can form soluble complexes with Si, Al and Fe, thus enhancing
the solubility of B-containing minerals at alkaline pH. Kinrade et al.
(1999) found that poly-hydroxy alcohols, such as mannitol and sorbitol,
another commonly used polyol for B extraction (Goldberg and Suarez,
2014), form concentrations of stable complexes with silicate anions.
Moreover, these authors reported that the Si complexation with polyols
enhances silica solubility. It has also been shown that mannitol can form
complexes with metals (Doleźal et al., 1973), such as Fe (Doleźal and
Langmyhr, 1972). Similarly, the use of TEA buffer might also lead to
enhanced Fe and Al mineral dissolution, since it has been reported that
TEA can form stable complexes with Fe in alkaline solutions (Mohr and
Bechtold, 2001) as well as with Al (Karlsson et al., 2009), which can
possibly lead to dissolution of Fe/Al minerals. Since the TEA buffer is
also a typical component of the frequently used DTPA extraction for
measuring bioavailable Fe (Lindsay and Norvell, 1978), this possible
effect on mineral dissolution may be worth further investigation.
Modifications in the extraction protocols, such as shorter equilibra
tion time, lower concentration of mannitol or increasing the salt level of
the extraction, might reduce the risk of dissolution, or formation of
colloids, of non-reactive B. Measurements of Si, Al and Fe should thus be
included in experiments testing different extraction protocols, to assess
possible mineral dissolution, colloid formation, and associated mobili
zation of non-reactive B.
Overall, the KH2PO4 is the best extraction method to quantify reac
tive boron for both tropical and Dutch soils (Fig. 1). For soils D2, D3, B1,
B2 and B3, there seems to be either an under-estimation of reactive B by
the KH2PO4 extraction or an over-estimation of B adsorption by the
multi-surface model. However, the differences between B–KH2PO4 and
calculated reactive B are relatively small (Table 1). These soils are
characterized by a low pH and a high content of organic matter and
ferrihydrite. Using the multi-surface model to calculate the B speciation
in the KH2PO4 extraction has shown that B was still partly bound to
organic matter and ferrihydrite for these soils (Fig. S4). A twofold in
crease in PO4 concentration in the extraction solution would still lead to
a fraction of B that is bound to oxides instead of being extracted (results
not shown).
For soils D1, D4 and D5, either the KH2PO4 solution extracts more B
than is predicted by the model to be reactive, or the model underestimates adsorption for these samples. These are the soil samples
with the highest clay content and highest pH. The B adsorption to clay
particles was modelled using the adsorption parameters for ferrihydrite
and a surface area of 5 m2 g− 1. The latter could be an under-estimation
of the actual specific surface area but changing the SSA of the clay edges
did not have a large effect on the calculations (Fig. S3). Another
explanation might be that the KH2PO4 extraction potentially solubilizes
part of the B that is occluded in the clay minerals (Gaillardet and
Lemarchand, 2018; Hou et al., 1994), however, this is unlikely at the pH
4.5 of this extraction. The Si measured in the KH2PO4 extraction for soils
D1, D4 and D5 is higher than for the other Dutch soils (Table 2), which
might be due to competition with adsorbed Si by the added PO4
(Hiemstra, 2018). Additionally, the multi-surface model might
under-estimate B adsorption in these high pH soils. The model perfor
mance in describing pH dependent B solubility is further discussed in
Section 3.4.
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40.18
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21.06
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32.36
11.80
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–
11.27
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10.26
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Total

3.3. Boron speciation in soils

D1
D2
D3
D4
D5
B1
B2
B3
B4
B5

Table 2
The Si, Al, Fe and B measured in the soil digestion and the HNO3, KH2PO4 and mannitol extraction of the Dutch (D1-5) and Burundian soils (B1-5). The bold numbers show that Si in HNO3 is relatively high for the
temperate soils (D1-5), while for the tropical soils (B1-5) in mannitol. The same holds for Fe. Al is highest in HNO3 for temperate soils, and in both extractions for the tropical soils.
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Based on the B measured in 0.01 M CaCl2, the geochemical reactive B
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was calculated. In addition, from this modelling calculation the distri
bution of B over the solid and solution phase can be obtained. This
predicted B speciation for the 10 soil samples is shown in Fig. 2. The
model predicts that most of the geochemical reactive B is in the solution
phase, with a minimum of 68% for soil D5. The adsorption to dissolved
organic matter is negligible and maximal 1% of boron in solution was
calculated to be bound to DHA. This finding is consistent with previous
studies that have shown that B is mainly present as free dissolved B
instead of being bound to dissolved organic matter (Pédrot et al., 2008;
Pokrovsky and Schott, 2002). From the inorganic aqueous species that
were considered in the modelling (Table S1), B(OH)03 was predicted to be
most important, representing >99% of all B in solution.
Our modeling results show that the contribution of the reactive
surfaces for boron adsorption is different for the tropical and temperate
soils: in the temperate soils, organic matter contributes mainly to B
adsorption, whereas oxides play the most important role in the tropical
Burundian soils. The difference in solid phase B speciation between the
temperate and tropical soils can be explained by pH, the amount of
reactive surfaces and PO3−
4 loading. The tropical soils in our dataset are
characterized by a low pH, and it has been shown that under these
conditions ferrihydrite exhibits the largest B adsorption capacity of all
reactive surfaces considered, according to the multi-surface model (Van
Eynde et al., 2020). In addition, as shown in Fig. S1, the exclusion of PO4
in the modelling led to a higher reactive B concentration calculated by
the model, due to an increased B binding to oxides.
It has been previously shown that B amended to a variety of soil
systems binds only weakly to the solid phase (Mertens et al., 2011).
Fig. 2 shows that the same holds for the reactive B that is in situ present
in soils. It has been stated before that the interaction of B with the soil
solid phase controls the B in solution and consequently B bioavailability
(Goldberg, 1997; Keren et al., 1985). However, the multi-surface
modelling calculations show that the interaction of natural reactive B
with the solid phase is limited, and that a substantial part of the
bioavailable boron will be in the solution phase. Other processes than
adsorption will therefore be more important for buffering bioavailable B
in the soil solution. Next to atmospheric input via precipitation and
aerosol deposition, two potential processes in soils might be important
for B replenishment to the soil solution; B originating from mineral
weathering (Su and Suarez, 2004), and from mineralization of organic

matter that originates from plant material (Gaillardet and Lemarchand,
2018). Evidence for both processes have been found in previous studies.
For example, isotopic measurements in forest stands have shown that
the B in solution in the upper soil layers appears to be mainly originated
from decomposing vegetation (Cividini et al., 2010; Lemarchand et al.,
2012). On the other hand, a similar study showed that for two soil
profiles rich in clay minerals the B behavior was not controlled by bio
logical cycling but most probably by chemical weathering (Noireaux
et al., 2014). Kot et al. (2016) measured B in leachates from litter and
leaves, and found higher B concentrations and fluxes than the ones
estimated from chemical weathering or atmospheric deposition for the
global biogeochemical cycle of boron (Park and Schlesinger, 2002).
They concluded that the turnover of organic inputs is the main source for
bioavailable B in soils.
The question arises how these results from forests stands can be
translated to agricultural top soils, where above ground biomass is
largely removed from the field after the growing season. Given that
adsorption contributes only minor to the bioavailable boron pool and
that both mineralization of organic matter and chemical weathering
have been suggested as potential processes that resupply boron in the
soil solution, we have performed a regression analysis between B con
centrations in the CaCl2 and the SOC and clay content of the soils. These
results are shown in Fig. S5. For the Burundian soil samples, there is a
tendency that the largest B in CaCl2 is found for those soils with the
highest organic carbon content, while this is not the case for the Dutch
soils. For the latter, the relation between B in CaCl2 and clay content
seems to be more important. Even though organic matter represents the
most important adsorption surface for the Dutch soils (Fig. 2), chemical
weathering might be more important for buffering bioavailable boron.
Although the regression was done based on a small set of soils (n = 5),
these results can be indicative that different processes such as mineral
ization and chemical weathering can be important for buffering
bioavailability of B in the different soil sets of this study.
3.4. Model performance to describe pH dependent B solubility in soils
Adsorption experiments on reactive surfaces have shown that B
adsorption increases with increasing pH up to a maximum at around pH
8–10 (Goldberg and Glaubig, 1985; Lemarchand et al., 2005; Van Eynde
et al., 2020). In line with these results, we found for all soil samples a
decreasing B concentration in the 0.01 M CaCl2 with increasing pH
(Fig. 3). The decrease in B with increasing pH, calculated as ΔB/ΔpH
was between 0.1 (B4) and 6 μmol L− 1 (D1) per unit of pH. Except for soil
D1 and D4, the experimental data shows that the decrease in B con
centration with increasing pH is related to the soil organic carbon con
tent (Fig. S6). This is also predicted by the multi-surface model: a
decrease in B concentration with increasing pH is due to an increase in B
adsorption to soil organic matter (Fig. S7) and for soils with higher SOC,
a larger decrease in B concentration with increasing pH is consequently
predicted by the model.
Both modelling predictions and experimental data show that from
pH > 6, more than 50% of reactive boron is in the solid phase, mainly
adsorbed to solid organic matter (Fig. S7).
In Fig. 3, the dashed line (model 2) shows model calculations in
which the B solubility was calculated with KH2PO4-extracted B as input
for reactive B. The latter was chosen since the B in this extraction
method differed the least from the calculated reactive B by the model
(Fig. 1). In terms of absolute prediction levels with KH2PO4–B as input, it
can be seen that for some soils the B concentrations in the CaCl2
extraction are over-estimated by up to a factor of 5 (D1), and for some
soils under-estimated by up to a factor of 2 (D3).
In order to assess model performance irrespective of the chosen
extraction method, the pH dependent B solubility was calculated using
as input the reactive B as it was calculated based on the B measured in
0.01 M CaCl2 at the original soil pH. This is shown as the solid line
(model 1) in Fig. 3. Looking at these modeling calculations, it can be

Fig. 2. B speciation in the 10 soil samples calculated by the multi-surface
model based on the B measured in the 0.01 M CaCl2 extraction. The B is
distributed in the solution phase as inorganic B species (>99% as B(OH)3) and
bound to dissolved organic matter (as humic acid, DHA), and in the solid phase
bound to oxides, solid organic matter (as humic acid, SHA) and Clay. The soils
D1-D5 are the 5 Dutch soils, while soils B1–B5 are the 5 Burundian soils (soil
properties are shown in Table 1).
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Fig. 3. pH dependent B concentration for all 10 soil samples.
Red markers show B concentration at natural soil pH. B and
pH were measured in 0.01 M CaCl2 after 24 h. Modeling
calculations were performed using either the calculated
reactive B based on the measured B in CaCl2 at original pH
(CaCl2) (Model 1) or using the B measured in 0.05 M KH2PO4
as input for reactive B (Model 2). The soils D1-D5 are the 5
Dutch soils, while soils B1–B5 are the 5 Burundian soils (soil
properties are shown in Table 1). (For interpretation of the
references to color in this figure legend, the reader is referred
to the Web version of this article.)

seen that in general, the model predicts for most soils a too weak pH
dependent B solubility when compared to the experimental data. This is
most pronounced for the soils with the lowest organic matter content,
namely soil D1 and D4. With increasing pH, the model calculates on
average a decrease in B concentration of 0.65 μmol L− 1 pH− 1 when all 10
soils are considered, which is lower than the 1.84 μmol L− 1 pH− 1 found
based on the experimental data. Based on the pH dependent B

speciation, it seems that B adsorption to organic matter at high pH is
underestimated by the model.
4. Conclusions
In this study, we used a multi-surface model to understand the
chemical speciation of B in soils, which includes B in solution as boric
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acid and borate, and B bound to dissolved humic acids, as well as B
adsorption on clay mineral edges, oxides and solid humic acids. Taking
the B measured in 0.01 M CaCl2 as the starting point, reactive B was
calculated with the model as the sum of dissolved and adsorbed B. Our
results show that these calculations are most comparable to the reactive
B concentration estimated by a 0.05 M KH2PO4 extraction for the soils in
this study. The alternative 0.43 M HNO3 and 0.2 mannitol +0.1 M TEA
buffer extractions resulted in higher estimates of reactive B concentra
tions, probably due to dissolution of B-containing Si, Fe and Al minerals
and/or due to the formation of colloidal particles because of the low salt
level in the latter extraction solution. Caution should thus be taken when
using these extraction methods to quantify reactive B for determination
of plant available B. For the mannitol extraction, changes in the
extraction protocol (e.g. concentration, change of buffer solution,
addition of salts) might lead to better measurements of reactive B that is
potentially available for plant uptake.
Measurements of pH dependent B solubility showed that the B in
0.01 M CaCl2 decreases with increasing pH. Except for two soil samples,
the largest decrease in B concentration with increasing pH was found for
the soils with the highest organic carbon content. This is also predicted
by the model, due to an increase in B adsorption with an increase in pH.
The multi-surface model tends to underestimate the adsorption of B by
organic matter at higher pH values, resulting in a weaker pH de
pendency predicted by the model than shown by the experimental data.
Speciation calculations based on our model show that oxides are
most important for B adsorption in acidic soil from the humid tropics,
while organic matter is more important for temperate and high pH soils.
However, the interaction of the natural reactive B with the solid phase is
limited for soils with pH(CaCl2) lower than 6. Future studies should
focus on non-equilibrium processes that buffer bioavailable B in agri
cultural top soils, such as organic matter mineralization and mineral
weathering. These results will further enhance the understanding of B
speciation and bioavailability in soils, and improve the development of
B management strategies.
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