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ABSTRACT
  
Boron (B) is an essential plant nutrient, but can be toxic when present in excess. 
Boron is usually present as an uncharged molecule (H3BO3

0) in the soil solution 
and is highly mobile in most soils. Deficiency of B is therefore quite common 
in high-rainfall environments, especially on sandy soils. Boron fertilizers are 
commonly used to correct its deficiency in crops. The most commonly used 
fertilizers are soluble sodium borates (e.g., borax), but care should be taken with 
rates and placement of such B products, since elevated B concentrations may 
result in seedling toxicity and yield reduction. Moreover, significant leaching losses 
of applied B may occur in high-rainfall environments. Slow-release B sources 
reduce both the risk of seedling toxicity and of leaching, and can provide adequate 
supply of B over a longer period. This may allow for lower B rates or less frequent 
application compared to soluble fertilizers. The most commonly used slow-release 
B sources are sparingly soluble ores, such as colemanite. The limited data in 
the literature indicate that the release rate of B from slow-release sources in soil 
depends both on fertilizer characteristics and soil properties. However, more 
research is needed to predict the release rate of B from various B ores for given 
soil and climatic conditions. In recent years, slow-release coatings and matrices 
for N fertilizers have received considerable attention and these new technologies 
may potentially also be adopted for B-containing fertilizers.
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1. Introduction

Boron (B) is an essential micronutrient, required for 
normal growth and development of plants [1]. Under 
normal soil conditions, B in soil solution is present as 
boric acid (H3BO3), a non-ionized molecule. The reten-
tion of H3BO3 in soils is weak, making it vulnerable to 
leaching. Hence, B deficiency is most commonly ob-
served in coarse-textured soils in high rainfall regions 
[2]. Boron toxicity occurs most commonly in arid or 
semi-arid regions because of high natural B levels or 
because of the addition of B with irrigation water [3].

Boron fertilizers are used to correct B deficiency, but B 
fertilization can be challenging because of the narrow 
window between deficiency and toxicity and the limited 
mobility of B within most plants. High B concentrations 
at seedling stage may result in seedling toxicity, while 
leaching losses may result in insufficient B later in the 
season. Boron is notoriously known as the element for 
which toxicity and deficiency may occur concurrently 
in the same plant [4]. This review discusses B fertiliza-
tion, with particular focus on the use of slow-release 

fertilizers to overcome the aforementioned challenges.

2. Boron chemistry and mobility in soil

Boron is a member of the metalloid group and has in-
termediate properties between metals and non-metals. 
Essentially all B is in a trivalent (+3) oxidation state, 
but unlike its neighbour Al, B does not exist as trivalent 
cation but generally forms covalent bonds [5]. Boron 
in soil solution is present mainly as boric acid (H3BO3) 
or at high pH also as borate (B(OH)4

-), since the pKa is 
9.24. Boron adsorption by soil components is gener-
ally weak, and may occur on phyllosilicate clays [6], 
oxides and hydroxides [7], carbonate minerals [8] and 
organic matter [9].

Boron adsorption is dependent on soil properties. The 
adsorption increases with increasing pH, reaching a 
maximum around pH 9 [10]. Keren et al. [11] devel-
oped a phenomenological adsorption equation that 
takes into account the effect of pH on B adsorption, 
which was also applied to describe B adsorption by 
whole soils [12]. The equation can be written in the 
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form of the Langmuir equation:

Kc
Kcss



1max        (1) 

 
with s the adsorbed B concentration (mol kg-1), c the B 
concentration in solution (mol L-1) and K a pH-depen-
dent adsorption coefficient (L mol-1):     

The constants KBH, KB and KOH represent empirically 
defined affinity coefficients for binding of H3BO3 or 
B(OH)4

- and OH- to B-specific adsorption sites and Ka 
is the hydrolysis constant of H3BO3 (value of 5.9×10-

10 at 25 °C). The adsorption maximum, smax, is soil 
dependent and has been found in several studies to 
correlate most closely with clay content and/or CEC. 
Following relationship was derived from literature data 
[12-14]:

smax (mol kg-1) = clay (%) × 0.14 + 0.34    (3)

Based on this relationship and typical affinity coeffi-
cients reported in the literature [12], estimated Lang-
muir parameters for soils with different pH and clay 
content were derived (Table 1; parameters converted 
from mol- to mg-basis for easier comparison with most 
published values). The corresponding sorption iso-
therms are illustrated in Figure 1. A decrease in soil 
pH below 7 is expected to have little effect on B sorp-
tion, whereas an increase in soil pH from pH 7 to 9 
strongly increases sorption. These values are only es-
timates, as other soil properties (e.g., organic matter, 
type of clay minerals, etc.) may also affect B sorption, 
but these sorption isotherms are useful to discuss the 
effect of soil properties on mobility of B. The Langmuir 
isotherm can be simplified to a linear relationship in 
the low concentration range (c <K-1). 

cKcKss .dmax       (4) 

Other sorption models have also been applied to mod-

el the adsorption behavior of B in soils. The empiri-
cal Freundlich model generally describes the sorption 
isotherms well, but only applies for the soil and the 
conditions evaluated. Surface complexation models 
describe adsorption using an equilibrium approach, 
accounting for surface and aqueous speciation chang-
es as a function of pH and solution composition. The 
most commonly used surface complexation model to 
describe B sorption in soils is the constant capacitance 
model, which has been found to successfully describe 
B sorption over a range of soils [15].

Overall, the literature results indicate that B adsorption 
is weak in most soils. The strongest sorption is seen in 
soils with high clay content and high pH (8 or higher), 
but in soils with pH 7 or less, the retention is weak even 
in soils with heavy texture. Given the weak adsorption 
and hence high mobility of added B in most soils, one 
would expect soils in high rainfall environments to be 
mostly depleted in B. However, most soils have a to-
tal B concentration between 10 and 100 mg kg-1, but 
only a small part is in readily available form. Most of 
this B is in a sparingly soluble form, as several miner-
als in soils contain B as a structural component. The 
B content of phyllosilicates in particular is higher than 
that of most other minerals [16], explaining why often 
a positive correlation is seen between clay content 
and B concentration of soils. For instance, in a dataset 
with 17 European soils [17], there was strong corre-
lation (r=0.89) between clay content and total soil B 
concentration. In general, soils rich in clay have higher 
B concentration than sandy soils [18]. Boron occluded 
in minerals may already have been present in the par-
ent material, but may also originate from added B that 
has become irreversibly sorbed. Several studies have 
shown strong hysteresis in B sorption [19], which may 
be related to incorporation of B into tetrahedral sites of 
clay minerals [20].

As B retention is weak in most soils, B added in soluble 
form (boric acid or borate) can easily leach. Indeed, 
it has been long known that added fertilizer borate 
is vulnerable to leaching. For example, Kubota et al. 
[21] investigated leaching of borax in 10 field sites and 
observed that most B moved to a depth of 60 cm or 

)10.1)(101(
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


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pH clay (%) smax (mg kg-1) K (l mg-1) Kd (L kg-1)  
7 5 11 0.021 0.2 
8 5 11 0.039 0.4 
9 5 11 0.092 1.0 
7 20 34 0.021 0.7 
8 20 34 0.039 1.3 
9 20 34 0.092 3.1 
7 50 79 0.021 1.7 
8 50 79 0.039 3.1 
9 50 79 0.092 7.3 

 

Table 1. Estimated Langmuir parameters (smax and K) for B sorption in soil depending on soil pH and clay con-
tent. The Kd is the corresponding solid:liquid distribution coefficient at low B concentrations (c<K-1).
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deeper within 6 months in light-textured soils. Similar-
ly, Winsor [22] reported that over 85% of added borax 
was leached below 1 m depth after 40 cm rainfall over 
a 4-months period. Laboratory studies have confirmed 
the rapid movement of applied B in most soils [21, 23]. 
For instance, in a loamy sand soil at pH 6.9, break-
through of B was observed after about 3 pore volumes 
[23]. Given that Kd values for B sorption are <1 L kg-1 
in most soils except those with high pH and heavy 
texture (Table 1), a retardation coefficient (R) of <5 is 
expected for most soils, i.e., B is expected to move <5 
times slower compared to the water movement, which 
is much quicker than most other trace elements, which 
generally have Kd values >10 L kg-1 (i.e. R>50). The 
high mobility of B is also illustrated in Figure 1, which 
shows the movement of B added onto the soil surface 
at a rate of 1.0 kg B ha-1 after 60 cm of rainfall using the 
Langmuir sorption parameters estimated for the vari-
ous soil scenarios (Table 1).  

3. Boron in plants: deficiency and toxicity

Plants take up B from the soil solution. It was long 
believed that the uptake occurred only via a passive 
diffusion process through the lipid bilayer [24]. How-
ever, research in recent decades has demonstrated 
the presence of channel-mediated facilitated diffu-
sion and energy-dependent active transport, involving 
membrane transporters whose activity is regulated in 
response to B conditions [25]. 

The fact that B is essential for plants has been recog-
nized since the 1920s [26], but it is only in recent de-
cades that the molecular basis of this requirement has 
been unravelled. An important function of B in plants 
is the dimerization through borate cross-linking of a 
pectic polysaccharide (rhamnogalacturonan II, RG II) 
that is essential for cell wall integrity [25]. Apart from 
cross-linking of pectins, B has also been suggested 
to be essential for membrane function and metabolic 
activities [27].

In most plant species, B has restricted mobility, which 
means it cannot be easily remobilized from older to 
new plant parts. However, in plant species that pro-
duce significant amounts of polyols (sorbitol, mannitol) 
in source leaves, such as the woody Rosacea (apple, 
pear, Prunus spp.), B has been found to be phloem-
mobile, which is attributed to the formation of B-poly-
olcomplexes [28]. Boron deficiency in crops occurs if 
the B supply is insufficient to maintain B concentration 
in the plant at the level required for optimal growth. 
Because B is essential for cell wall development of the 
generative organs and is not phloem-mobile in most 
species, adequate supply is critical during the repro-
ductive phase [29]. Due to the limited mobility, defi-
ciency symptoms typically occur in meristematic tis-
sue (i.e., buds and young leaves) [28] (Figure 2). Plant 
species sensitive to B deficiency are mostly plants with 
relatively high B requirement and include Cruciferae 

Figure 1. Estimated sorption isotherms (top) and corresponding leaching profiles for 1 kg ha-1 soluble B applied at the surface after 60 cm of 
rainfall (bottom) for a soil with clay content of 5% (A), 20% (B), or 50% (C) and pH values as indicated in the graphs. The leaching profiles 
were modelled with Hydrus-1D [69], assuming a bulk density of 1.5 kg L-1, volumetric water content of 0.25, water flux (Darcy) of 0.3 cm d-1 
and dispersion length of 2 cm.
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(e.g., cabbage, cauliflower), some of the Chenopo-
diacea (e.g., sugar beet) and several fruit trees (e.g., 
apple, pear) [2].

While inadequate supply of B impairs plant growth, 
excess B can also have negative impact. Visual symp-
toms of B toxicity depend on the mobility within the 
plant. In most species, B is phloem-immobile, and B 
toxicity is usually manifested as marginal leaf burn in 
older leaves (Figure 2). In contrast, species in which B 
is phloem-mobile usually exhibit B toxicity as die-back 
in young shoots, profuse gumming in the leaf axil and 
brown lesions along stems and petioles [28]. Boron 
toxicity is relatively rare compared to boron deficiency 
and occurs mostly in (semi-)arid regions. Managing B 
toxicity can be achieved through amelioration of the 
soil or by using crops with high tolerance to B toxicity 
[30].

Boron nutrition can be challenging, because compared 
to most other nutrients, the range of optimal supply is 
relatively narrow, as is illustrated in Figure 3. The B 
uptake by plants is proportional to the concentration 
of available B in the medium. Growth reduction due to 
deficiency or toxicity can be related to internal tissue 
concentrations. If the supply is in the deficient range, B 
concentration in the tissue will fall to a minimum level 
required for optimal growth and plant growth will be 
reduced. Conversely, if the supply is in the toxic range, 
internal concentrations will reach a toxic level above 
which yield is also depressed. The threshold tissue 
concentrations for toxicity and deficiency depend on 
plant species and on the plant part, since B concen-
trations are usually not homogeneous within the plant 
but often higher in older than in new tissue. For the 
diagnosis of B deficiency, growing tissues need to be 
sampled if B is phloem-immobile, since the B concen-
tration in matured leaves may not reflect the B sta-
tus in the newly developing plant parts [28]. Critical B 
concentrations in the new leaves range from 2 to 20 

mg kg-1 for most plant species, and tend to be lower 
for monocots than for dicots [31], likely because of the 
lower pectin content of monocots [29]. Internal thresh-

(A)

(B)

Figure 2.(A) Toxicity symptoms observed in a first crop of canola grown on soil treated with MAP cogranulated with borax (1% B); and (B) 
deficiency symptoms observed in a second crop of canola grown on the same soil that was submitted to leaching. Pictures from ref. [67].

Figure 3. Hypothetical schematic illustration of the relationship bet-
ween B supply (soil solution B concentration), B in plant tissue and 
relative yield. In this example, the deficient level (indicated by the 
blue lines) in the plant tissue is 10 mg kg-1 and the toxic level (in-
dicated by the green lines) is 58 mg kg-1, which corresponds to an 
adequate range of soil solution B concentration ranging from 1 to 
5.5 mg L-1.
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monly used in guidelines regarding B status of the soil. 
HWB concentrations between 0.5 and 3 mg kg-1 are 
generally considered to be adequate, but this range 
also depends on crop species [37, 40]. For crops with 
low requirement, even 0.1 mg kg-1 may be sufficient 
[37]. 

5. Sources of boron 

Boron is naturally present in soil, but concentrations 
vary widely, ranging from 1 to >200 mg B kg-1, depend-
ing on the parent material and degree of weathering 
[41]. Boron is present in various minerals, e.g., in bo-
rosilicates and borates. Boron in minerals is often not 
readily soluble; usually, less than 5% of soil B is avail-
able for plant uptake [41]. Boron deficiency is most 
likely to occur in sandy soils in high-rainfall environ-
ments. Boron toxicity on the other hand is most likely 
to occur in (semi-) arid regions, where there is no or 
little removal by leaching and either the soil or irriga-
tion water have high B level [42]. Irrigation water is 
one of the main sources of high soil B levels resulting 
in toxicity [36], because of its continued use and con-
centration in the soil due to evapotranspiration. Safe 
concentrations of B in irrigation water have been re-
ported to be around 0.3 mg B L-1 for sensitive plants, 
around 1 mg B L-1 for semi-tolerant plants and 2-4 mg 
B L-1 for tolerant plants [43]. However, it should be kept 
in mind that the extent to which B will build up in the 
soil also depends on the excess irrigation water used, 
since a higher excess water results in more drainage 
and hence less build-up of B [44], so these values are 
only guidelines, and specific conditions need to be 
taken into account when assessing if irrigation water 
can safely be used without risking the accumulation of 
B in toxic amounts.  

Boron fertilizers are sourced from borate mineral de-
posits. The borate deposits of commercial value were 
formed in continental basins by concentration of wa-
ters enriched with B from volcanic emission [45]. Cole-
manite, kernite, tincal (crude borax) and ulexite are 
the most common borate minerals. The annual world 
production of borate minerals is around 2.2 million 
tonnes, expressed as B2O3 equivalent, and agriculture 
is estimated to comprise 14% of its use [46]. World-
wide, borate minerals are mined in Turkey, the United 
States, South America (Andes), Russia and China. 
Approximately 70% of the world supply comes from 
two corporate organizations – Eti Mine Works (Turkey) 
and RioTinto (US Borax) [47]. It is estimated that 72% 
of the world’s B reserves are located in Turkey.

6. Boron fertilization

6.1. Fertilizer sources

Boron fertilization is used in many B-deficient regions. 
The most common fertilizer sources are soluble sodium 
tetraborates (borax) in various states of hydration 
(Table 2). They are made by refining naturally occurring 

old concentrations for toxicity are also plant genotype 
dependent but usually are in the order of 50-200 mg 
B kg-1 [31]. A higher tolerance to B toxicity of plant cul-
tivars generally appears to be related to lower uptake 
(B exclusion), not to an ability to tolerate high tissue B 
concentrations [3]. However, some moderately tolerant 
species, e.g. Gypsophila sp., have been found to ac-
cumulate and tolerate relatively high tissue B concen-
trations [32]. In extremely B-tolerant species, such as 
Puccinellia distans, B tolerance seems to be the result 
of both B exclusion and high internal tolerance [32].

4. Soil testing

Given that large amounts of B in soil are occluded in 
minerals or irreversibly sorbed, it is no surprise that 
total B content is not a good predictor of plant availabil-
ity. In general, B extractable with mild extracts, such 
as (hot) water, dilute (0.01 or 0.02 M) CaCl2 or 0.01 M 
mannitol, show the best correlation with plant B con-
centrations [33]. Extraction with hot water is probably 
the most commonly used method to predict plant avail-
ability, and has performed well in many studies [34, 
35]. However, in other studies, hot water extraction 
gave poor predictions [36] and the method has also 
been criticized because variation in heating and cool-
ing rates, which changes the effective extraction time, 
is a significant source of variability [37]. In any case, 
results obtained with mild extractants such as hot wa-
ter, cold water and dilute CaCl2 generally correlate 
strongly with each other and therefore usually correlate 
similarly with plant uptake. Furthermore, no soil extract 
can ever give a perfect prediction of B availability to 
plants across soils and plant species, as plants may 
modify the rhizosphere soil and hence nutrient avail-
ability. For instance, Tsadilas et al. [38] tested a range 
of extractants and observed that B content in olive 
trees showed strongest correlation with ammonium-
oxalate extractable B (i.e., oxide-associated) whereas 
B concentration in barley correlated most strongly with 
water-extractable B. Furthermore, extractions do not 
account for the water content under in situ conditions, 
but use a fixed liquid:solid ratio. Since B is only weak-
ly buffered in soil, a lower water content results in a 
higher solution concentration. For instance, Mertens et 
al. [17] assessed the effect of B on root elongation of 
barley and found a positive relationship between ED50 
(added B rate that causes a 50% reduction) and water 
content of the soil, which was attributed to more dilu-
tion of B at high water content. Also, hot water extrac-
tion and most other extracts also release adsorbed B 
that is not directly available to plants. Because of more 
adsorption in alkaline and heavy textured soils, plants 
generally take up more B in acid or light-textured soils 
at a given level of hot water-extractable B (HWB) [39]. 
Finally, soil extraction is usually carried out on the top 
soil, but the highest B concentrations often occur in the 
subsoil [30]. 

Despite these drawbacks, HWB extraction can give a 
useful indication of the B status of the soil, and is com-
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when pH of the solution was increased to pH 5. Be-
cause the soil and macronutrient carrier affect the pH 
at soil:fertilizer interface, the solubility of nutrients in 
water may not necessarily be a good indication of the 
solubility under soil conditions. Other studies also have 
indicated that ulexite is relatively soluble, and may not 
behave as a slow-release fertilizer unless large par-
ticles are used [2]. Colemanite is less soluble, and is 
generally found to release B more slowly than soluble 
sources, with the B release rate in soil decreasing with 
increasing particle size [51, 56]. Overall, solubility of 
B minerals appears to decrease in the order: sodium 
borates (borax, kernite) > sodium calcium borates 
(ulexite) > calcium (magnesium) borates (colemanite, 
hydroboracite) > borosilicates (datolite, howlite). How-
ever, not only inherent solubility, but also particle size 
has a strong effect on the release rate of B in soil [56]. 
The solubility of B frits is variable, but generally low, so 
they need to be finely ground to be effective, and even 
then are more suited for maintenance fertilization than 
for correcting severe deficiencies [45].

6.2. Fertilizer rates and application

The B requirement of crops varies considerably, so 
recommended rates are crop-dependent. Also the 
manner of application, B status of the soil and B 
fertilizer source should be considered. In general, 
recommended rates range from 0.25 to 3 kg ha-1 

[57]. Boron fertilizer can be either soil-applied or as 
a foliar spray. Soil applications are generally used on 
field crops, but foliar applications are commonly used 
to correct deficiencies in fruit trees [58]. In general, 
foliar fertilization has been found to be more effective 
than broadcast soil application [59, 60], but repeated 
application may be necessary because of B immobility 
within the plant and judicious use is required to 

borax (tincal). The octaborate is made from borax and 
boric acid. It has high B content and is very soluble, 
making it the preferred source for foliar fertilizers. 
Boric acid is produced by reacting refined borax with 
sulphuric acid. It is highly soluble, but is not often used 
as fertilizer source because of its higher cost [45]. 
Several crushed ores have been used as potential 
slow-release sources and they are considered to be 
more suitable for use on sandy soils than borax [48]. 
Colemanite and ulexite are the ores most commonly 
used as B fertilizer sources. Other B ores mentioned 
in literature include kernite [49], datolite, hydroboracite 
[50], and howlite [51]. Furthermore, also B frits have 
been used as a slow-release B source. They are 
produced by melting silicates with powdered borates 
and their B concentration generally ranges between 
2 and 11%. Another slow-release source is BPO4, 
which is produced from phosphoric acid and boric acid 
[52, 53]. In recent years, also a few slow-release B 
fertilizers have been described in literature that use a 
slow-release matrix with borax incorporated [54, 55]. 

There are not many studies that compared various 
slow-release B fertilizers and because different stud-
ies often use different methods, comparison between 
studies is often not possible. Abat et al. [53] assessed 
the solubility and release rates of colemanite, ulexite, 
and of BPO4 synthesized at different temperatures 
(Table 3). They found that ulexite was about 10 times 
more soluble than colemanite, in agreement with ther-
modynamic solubility calculations using published 
solubility products. The solubility of the BPO4 com-
pounds decreased with increasing synthesis tempera-
ture. Colemanite and ulexite had an alkaline reaction 
in water and their solubility increased by acidifying the 
solution to pH 5, whereas the BPO4 compounds had 
an acid reaction in water and their solubility increased 

Compound (Common name) Formula % B 

Borax and refined borates   
Disodium tetraborate decahydrate 
(borax penta) Na2B4O7.10H2O 11.3 

Disodium tetraborate pentahydrate 
(borax deca) Na2B4O7.5H2O 15.2 

Disodium octaborate tetrahydrate Na2B8O13.4H2O 20.9 
Anhydrous borax (dehybor) Na2B4O7 21.5 
Boric acid H3BO3 17.5 

Crushed or refined oresa   
Kernite Na2B4O6(OH)2·3H2O 14.9 
Ulexite NaCaB5O9.8H2O 13.3 
Colemanite Ca2B6O11.5H2O 15.8 
Hydroboracite CaMgB₆O₈(OH)₆·3H₂O 15.7 
Datolite CaBSiO4(OH) 6.8 
Howlite Ca2B5SiO9(OH)5 13.8 

Other sparingly soluble compounds   
Boron frits (boric oxide glass) 2-11 
Boron phosphate BPO4 10.2 

 

Table 2. Boron compounds used as fertilizer

a : The reported B contents are for the pure minerals. Fertilizer products may contain impurities and, hence, may have 
different B contents.
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cm. It is estimated that at ten days after application, 
concentration close the granule (<4 cm) would be in 
the toxic range, while concentrations further away (>6 
cm) would be in the deficient range (Figure 4a) and 
that it would take around a year for the fertilizer B to 
be evenly spread in the topsoil. These issues can to 
some extent be resolved by combining B with a mac-
ronutrient fertilizer [57]. When a macronutrient fertilizer 
is enriched with a B source to reach a concentration 
of 0.5% B in the fertilizer, a rate of 1 kg B ha-1 corre-
sponds to an inter-distance between granules around 
5 cm, and the concentrations around the granule are 
expected to be in the adequate range for most crops 
(Figure 4b). Micronutrients can be combined with the 
macronutrient fertilizer either by incorporation during 
granulation or compaction, or as a coating post-granu-
lation. Coatings provide more flexibility than incorpora-
tion to obtain specific grades, but care must be taken 
to ensure the coating is homogeneous and adheres 

avoid toxicity [48]. Soil-applied B fertilizer can be 
either banded or broadcast. Banding is usually more 
effective [60], but broadcasting is often recommended 
to reduce the risk of seedling toxicity [48].

Boron fertilizers may exist as single-compound fertiliz-
er, e.g., granular borax, in which case they are usually 
co-blended with a macronutrient fertilizer. However, 
there are several disadvantages of using a blend [57]. 
Segregation may occur during handling or application, 
resulting in an uneven field distribution of the B fertil-
izer. Also, given the high B content and low B fertilizer 
rates needed, the number of B-containing granules 
for a given area is relatively low when using a single-
compound fertilizer. This may result both in higher risk 
of seedling toxicity, for seedlings close to a granule, 
and deficiency, for plants further away from the fertil-
izer application point. For instance, at a rate of 1 kg 
B ha-1 and with granules of circa 50 mg weight, the 
inter-distance between granules would be around 24 

Boron source 
Unadjusted pH Adjusted to pH ~ 5 

B (mg L-1) pH B (mg L-1) 

Sodium borate (borax) 5736 a 9.37 5892 a 
Ulexite 2733 9.29 4385 a 
Colemanite 246 9.35 3507 
BPO4 
500 C 1 h 15.8 2.3 200 
500 C 24 h 11.2 2.5 140 
800 C 1 h 5.3 3.4 25 
800 C 24 h 4.1 3.4 20 
1000 C 1 h 1.9 3.7 5.0 

1000 C 24 h 0.2 4.4 0.5 

 a: The mineral was completely dissolved (undersaturated solution)

Table 3. The solubility of finely ground boron sources in water without pH adjustment or when pH is adjusted to 5. The BPO4 compounds 
were synthesized by heating the reaction mixture of H3PO4 and H3BO3 at various temperatures for 1 h or 24 h (Results from ref [53]).

Figure 4. Estimated concentration profile of B around a fertilizer granule 10 days after application for a granule containing (A) 5 mg easily 
soluble B or (B) 0.25 mg easily soluble B. Note the different scales of the y-axes. The concentration profiles were modelled using the analyti-
cal solution for spherical diffusion from a point source [70], assuming a bulk density of 1.43 kg L-1, volumetric water content of 0.25, tortuosity 
factor of 0.19, Kd of 0 (no sorption) and diffusion coefficient in water of 1.12x10-5 cm2 s-1.
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well to the granule. In general, co-granulation is most 
commonly used for large-tonnage products, whereas 
coating is mainly used to add micronutrients to spe-
cialty fertilizers [57].

7. Advantages of slow-release fertilizers

Sodium borates are most commonly used as a B fertil-
izer source, but they are highly soluble, which increas-
es both the risk of seedling toxicity and of leaching 
losses, which may result in deficiency later in the sea-
son. Slow-release fertilizers release the nutrients at a 
slower rate than fertilizers in which the nutrient is read-
ily available and hence extend the availability to the 
plant [61]. Ideally, the release of a slow-release source 
should be slow enough to protect against leaching and 
seedling toxicity, but fast enough to provide nutrients 
in a reasonable time frame for crop growth. 

7.1. Less risk of seedling toxicity

In a recent study [62], toxicity of several B sources co-
granulated with MAP or MOP was assessed using a 
newly developed method. A granule was placed in the 
centre of a soil-filled Petri dish, canola was densely 

seeded and grown for 12 days, after which the area 
of the non-vegetated zone was determined (Figure 5). 
No B toxicity was observed around granules with 2% B 
as BPO4 synthesized at high temperature. Ulexite and 
borax showed the highest toxicity. Colemanite also 
showed considerable toxicity when cogranulated with 
MAP, but not when cogranulated with MOP. This effect 
of macronutrient carrier could be explained by lower 
pH and high P concentrations around the MAP gran-
ule, which result in lower Ca2+ activity because of the 
precipitation of Ca phosphates, resulting in enhanced 
dissolution of colemanite [63]. The visual toxicity ef-
fects corresponded well with the chemical analysis 
of the soil in concentric circles around the soil, which 
showed that toxicity roughly occurred when HWB con-
centrations exceeded 5 mg kg-1 (Figure 5). Mortvedt 
and Osborn [64] also pointed out that high concentra-
tions around boronated granules may result in seed-
ling toxicity, as they found that concentrations near 
granules with 2% B as a soluble B source were in the 
toxic range for canola even at 8 weeks after applica-
tion. They suggested toxicity could be prevented by 
decreasing B content of the granule or by using a less 
soluble B source. The lower risk of toxicity with slow-

Figure 5. (Left) Pictures (original and after image processing) of Petri dishes with a granule of MAP +2% B (top) or MOP + 2% B (bottom) 
applied in the centre, at seven days after fertilizer application and plant seeding. (Right) The hot water-extractable B (HWB) concentrations in 
the same Petri dishes at 12 days after fertilizer application in the soil at 7.5-15 mm or >15 mm from the fertilizer application site. The dashed 
line indicates a HWB concentration of 5 mg kg-1, which is considered to be toxic for many species. Results from Ref. [62].
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release sources has also been demonstrated in field 
trials. For instance, Winsor [49] found that the yield 
of hairy indigo was reduced at borax rates of 22.4 kg 
ha-1 (corresponding to 2.6 kg B ha-1), which was attrib-
uted to B toxicity, as visual toxicity symptoms were ob-
served. Crop injury was much more severe with borax 
than with colemanite at the same rate of B. 

7.2. Less leaching

The other advantage of a slow-release B source is 
that its gradual release more closely matches the plant 
demand, reducing the risk that mobile nutrients are 
leached away before they are required by the plant. 
This lower risk of leaching with slow-release sources 
has been demonstrated in several studies. In a lab-
oratory study comparing B leaching from different B 
sources cogranulated with MAP, it was found that B 
from ulexite and borax had completely leached after 
a few pore volumes, whereas 42% or >80% was still 
retained in the soil for the colemanite and BPO4 com-
pounds respectively [63]. Saleem et al. [65] assessed 
leaching from borax, powdered and granular coleman-
ite in column studies, and found that leaching losses 
were greatest for the borax treatment and lowest for 
the granular colemanite. In a field leaching study on a 
loamy sand [51], borax leached out of the topsoil very 
rapidly, while howlite leached slowly, with concentra-
tions in the topsoils changing little over a 12-months 
period. Colemanite was found to be intermediate be-
tween the soluble highly sodium borate and the spar-

ingly soluble borosilicate. Winsor [56] compared reten-
tion of borax and colemanite of various particle sizes 
in a sandy soil (Figure 6). He found that after 3 weeks 
(25 cm rainfall), only 9% of the B added as borax was 
recovered in the top 15 cm. Also fine colemanite (<0.4 
mm) leached quite quickly, as evident from elevated 
B concentrations in the subsoil after 15 weeks (52 
cm rainfall). Coarse colemanite, on the other hand, 
showed a gradual release of B and less leaching, as 
was evident from its persistence in the topsoil and low 
concentrations in the subsoil.

7.3. Adequate B supply over a longer period

Slow-release sources keep available nutrient con-
centrations in soil solution at a lower level than read-
ily soluble sources, resulting in less risk of seedling 
toxicity and leaching loss. The nutrient level is hence 
sustained at an adequate level over a longer period of 
time. This is illustrated in Figure 7, which shows the 
HWB concentration in the top soil at different times af-
ter fertilizer application to a sandy soil [56]. For borax 
and fine colemanite, HWB concentrations were ini-
tially high, with fine colemanite even showing higher 
B concentrations and greater injury to native plants 
than borax, because B applied as borax got quickly 
leached to the subsoil due to heavy rains in the first 
weeks. The HWB concentration declined rapidly for 
these two sources to <0.25 mg kg-1, a level that may 
be inadequate for many plant species, after 15 and 26 
weeks for borax and fine colemanite, respectively. In 

(A) 3 weeks (25 cm rainfall) (B) 15 weeks (55 cm rainfall)
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Figure 6. Concentration profiles of hot water-extractable B (HWB) at 3 weeks or 15 weeks after fertilizer application for a sandy soil treated 
with 6.5 kg B ha-1 as borax, fine colemanite (<0.4 mm) or coarse colemanite (0.8-2 mm). Graphs based on data from Winsor [56].
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contrast, coarse colemanite showed gradual release 
of B and persistence in the topsoil during 52 weeks 
(Figure 7). Similarly, Winsor [49] observed that cole-
manite (<0.8 mm) caused no injury to hairy indigo at 
a rates of 22 kg ha-1 (3.5 kg B ha-1), and caused only 
a marginal injury at a rate of 45 kg ha-1 (7 kg B ha-1), 
whereas borax at similar rates showed severe injury 
and strong yield reduction. In a field study assessing 
B supply from various B fertilizer to pine trees [66], it 
was observed that coarse-ground (>2 mm) ulexite and 
colemanite were greatly superior to borax in providing 
a steady, adequate supply of B to the trees.

The use of slow-release B fertilizers also extends the 
residual effect for subsequent crops. In silt and clay 
soils, even soluble B fertilizers may have a substantial 
residual effect because of retention of B in the soil, but 
in sandy and/or acid soils, B is leached easily (Figure 
1) and residual effects of soluble sources are expected 
to be small in regions with considerable rainfall. Abat 
et al. [67] conducted a pot trial growing two crops of 
canola with regular simulated rainfall, using different 
B sources cogranulated with MAP applied at the start 
of the experiment. In the first crop, plants grown on 
the treatments with the most soluble sources (borax 
and ulexite) showed elevated tissue B concentrations, 
toxicity symptoms and slight yield reduction, while in 
the second crop, shoot B concentrations were margin-
al (< 20 mg kg-1) and the plants displayed deficiency 
symptoms. In contrast, the plants grown with the less 
soluble sources (BPO4) showed no toxicity or deficien-
cy symptoms and no yield reduction in either of the 
crops. Saleem et al. [68] found that borax and pow-
dered colemanite showed similar B availability for two 
seasons of rice on a calcareous soil, with powdered 
colemanite slightly better than borax in the second 

season, whereas granular colemanite (0.3 mm) was 
less effective, likely due to slow dissolution in the cal-
careous soil. Based on the limited literature data, it ap-
pears that relatively coarse colemanite (around 1 mm) 
may be a good B source on acid sandy soils, whereas 
finer colemanite or coarse ulexite may be a better B 
source on pH-neutral or alkaline soils, because of the 
slower dissolution of these basic ores under alkaline 
conditions. 

Because slow-release sources prolong B availability 
and reduce leaching losses, they may allow to use 
lower rates or less frequent application of B fertilizer, 
provided they sustain a release that meets the plant 
demand. Dissolution rates of slow-release B fertilizers 
are dependent on soil characteristics, the B source 
used (inherent solubility and particle size) and the 
manner of application. Slightly soluble B minerals such 
as colemanite have been demonstrated to be suitable 
as slow-release B source and are relatively cheap. 
However, more research is needed to reliably predict 
release rates of B from relevant slow-release sources 
under field conditions. In recent years, slow-release 
fertilizers which use slow-release matrices or coatings 
have received considerable attention, mostly for nitro-
gen fertilizers. Similar techniques may also be applied 
to produce slow-release B fertilizers (see for instance 
ref. [54]), but so far there appear to be no published 
studies which assessed the effectiveness of such fer-
tilizer under field conditions.
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