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Use of sparingly soluble micronutrients sources for citrus production
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SUMMARY

Despite a diverse array of micronutrient fertilizers is manufactured in the world, plant nutritional
disorders remain a challenge for many growers. In Brazil, boron (B), zinc (Zn) and manganese
(Mn) are the most limiting micronutrients to citrus production. In the soil, B is prone to leaching
losses and the metallic nutrients are less available to the plants due to the lower mobility and high
fixation to the colloids of the clay fraction. Therefore, foliar applications have represented a major
strategy for micronutrient supply to citrus trees, even though; efficiency of such practice is still
debated. Differential agronomic responses of sources are attributed to the companion ion of the
chemical species, the solubility in water and the particle size of the fertilizer granules. The purpose
of this review is to discuss the role of sparingly soluble fertilizer in the nutrition of citrus plants.
The development of suspension concentrates, based on sparingly soluble inorganic micronutrient
sources, is the single most significant advance in technology recently that has resulted in a wide
range of commercial products for growers. The sparingly soluble sources when applied to the soil
reduce adsorption of the metal. In foliar sprays, the particles adhered to the leaf surface can serve
as a solid phase to restore the micronutrient supply during a prolonged growth phase of the leaf.
In both situations, the gradual release of the nutrients may reduce absorption rate and the risk of
phytotoxicity. Satisfactory results for the use of sparingly soluble sources were demonstrated,
but further studies are necessary to validate the efficacy of foliar application of sparingly soluble
sources, which will enable the registration of these products with the official regulatory agencies
and allow the recommendation to the citrus growers.

Index terms: fertilizer efficacy, microparticles, plant nutrition, foliar spray.
Uso de fontes de micronutrientes pouco soliiveis para a producio de citros
RESUMO

Apesar da variedade de fertilizantes contendo micronutrientes fabricadas no mundo, os
disturbios nutricionais das plantas continuam sendo um desafio para muitos produtores. No Brasil,
o boro (B), o zinco (Zn) e 0 manganés (Mn) sdo os micronutrientes mais limitantes para a produgao
de citros. No solo, o B é propenso a perdas por lixiviacdo e os micronutrientes metalicos estdo menos
disponiveis para as plantas devido a menor mobilidade e a maior fixag¢ao a matriz coloidal do solo.
Portanto, as adubagdes foliares representaram uma estratégia importante para o fornecimento de
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micronutrientes as arvores citricas, embora a eficiéncia dessa pratica ainda seja debatida. As respostas agrondmicas
diferenciais das fontes sdo atribuidas ao ion complementar das espécies quimicas, a solubilidade em agua e ao
tamanho de particula dos granulos de fertilizantes. O objetivo desta revisdo ¢ discutir o papel de fontes fertilizantes
pouco soluveis na nutrigdo de plantas citricas. O desenvolvimento de suspensoes concentradas, produzidas a partir
de fontes de micronutrientes inorganicos pouco soluveis, € 0 avanco mais recente de tecnologia que resultou em uma
ampla gama de produtos comerciais para produtores. As fontes pouco soliveis quando aplicadas no solo reduzem a
adsorc¢ao do metal. Em pulverizagoes foliares, as particulas aderidas a superficie da folha podem servir como uma
fase solida para restaurar o suprimento de micronutrientes durante uma fase de crescimento prolongada da folha.
Em ambas as situagdes, a liberagao gradual dos nutrientes pode reduzir a taxa de absorg¢ao e o risco de fitotoxicidade.
Resultados satisfatorios foram demonstrados para o uso de fontes pouco soltveis, contudo, mais estudos ainda sdo
necessarios para comprovar a eficacia da aplicagdo foliar dessas fontes, o que viabilizara o registro desses produtos

junto as agéncias reguladoras oficiais e permitira a recomendagao aos citricultores.

Termos de indexacao: eficiéncia fertilizante, microparticulas, nutricdo mineral de plantas, adubagao foliar.

INTRODUCTION

Micronutrients are supplied in smaller amounts
compared with macronutrients to newly planted citrus
trees, even though shortage of micronutrients can affect
plants as a result of vigorous growth of canopy, and
consequently micronutrient deficiencies can affect orchards.
Therefore, a balanced supply between macronutrients and
micronutrients is needed for optimum tree development
and fruit yield. Citrus micronutrient deficiencies are
commonly observed on highly weathered tropical soils,
uncultivated soils, shallow soils with high water table,
extremely sandy areas, and calcareous soils originated
from marine sediments (Quaggio & Piza, 2001; Zekri
& Obreza, 2003).

Boron (B), zinc (Zn) and manganese (Mn) are the most
limiting micronutrients to citrus production in Brazil, due
to low contents in the soil rock parent material and to the
specific adsorption that occurs with the colloidal matrix of
cultivated soils. Furthermore, the availability of cationic
micronutrients is still regulated by the soil reaction, being
reduced at high pH values (Lindsay, 1979).

There is a range of micronutrient fertilizer products
manufactured in the world, even though their distribution
and affordability varies with geographical regions. Thus,
micronutrient disorders still remain problematic for many
growers (Bell & Dell, 2008). Studies continue to be
developed to improve the application of micronutrients in
agricultural systems. There are few reports that demonstrate
the effectiveness of micronutrient applications via soil,
since these are preferentially applied via foliar, because
of the easiness of distribution of small quantities and the
possibility to mix with pesticides (Fageria et al., 2009;

Hippler et al., 2015a). However, foliar applications offers
practical limitations such as: (i) a single application is
rarely performed for micronutrients and this application
is always associated with other cultural practices, which
are usually conducted at the moment for the best control
of pests / diseases and not necessarily in the moment of
greater demand of micronutrients by the plant; (ii) the
micronutrients have low mobility in the plant, being
necessary new applications to the main flushes of growth;
(ii1) low amounts of micronutrients shall be sprayed in
the plants to avoid toxicity, mostly associated with saline
effects of products causing leaf injuries; (iv) in addition
to all these factors, with the aim of reducing production
costs citrus growers have also reduced spraying volumes
per application in citrus groves, which aggravates cited
problems (Boaretto et al., 2002, 2004; Clapp, 2009;
Fernandez et al., 2013).

The development of concentrated suspensions, based
on sparingly soluble inorganic micronutrient sources
(Moran, 2006) is the single most significant advance
in technology, which has resulted in a wide range of
commercial products available to the growers (Bell &
Dell, 2008).

In order to improve the efficiency of sparingly soluble
sources of micronutrients, those are mainly used as micro
or nanoparticles, nevertheless, a better understanding of
their effectiveness and mode of use is required, especially
for foliar application. In the Brazilian legislation, the
fertilizers registered for foliar fertilization must present
completely soluble micronutrients what does not allow
registration of these for use. This review discuss information
that demonstrate advantages and disadvantages on the
use of sparingly soluble sources in the citriculture that
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can contribute with decision making of practical and
legislative purposes associated to the fertilizer industry
and growers.

FERTILIZER SOURCES: PHYSICAL AND
CHEMICAL CHARACTERISTICS

Fertilizers containing micronutrients are grouped
into inorganic, synthetic chelates, organic complexes
and gel based frits. Among the most common inorganic
sources are oxides, carbonates, phosphates, oxysulfates,
sulfates, chlorides and nitrates, of which the last three
cited are the most used sources for foliar applications
in citrus production, and found for sale as a series of
foliar fertilizers varying in concentrations not only of
micro but also of macronutrients (Fagundes et al., 2010;
Quaggio et al., 2010). For micronutrient supply via soil,
the sulfates are the most commonly used fertilizers due
to their physical properties that allow them to be mixed
with other fertilizers (Shaver et al., 2007).

Macedo et al.

The salts with sulfates, chlorides and nitrates are soluble
in water and the oxides and carbonates are sparingly
soluble in water. Oxysulfates are oxides of copper (Cu),
Mn and Zn with different degrees of solubility in water
depending on the amounts of sulfuric acid added in their
production route (Table 1). Water solubility of ZnO is
low and depends on the physical and chemical nature of
the product, which are still influenced by manufacturing
process. For instance, the maximum solubility of ZnO
estimated by the dissolution kinetics of Zn (Zn?*) ions
from oxide powders is a function of pH and is affected
by the product purity and the size of the powder
particles (McBeath & McLaughlin, 2014). In that case,
low solubility sources with smaller particle sizes favor
plant nutrient uptake due to the larger contact surface
(Volkweiss, 1991; Abreu et al., 1996). Crushed B ores,
particularly colemanite and ulexite, for example, have
been used as fertilizers. Notwithstanding, the uncertainty
about the availability of micronutrients from sparingly
soluble sources, due to varying composition and amounts
of insoluble materials, has limited their use for annual

Table 1. Water solubility of inorganic micronutrients sources for the fertilizer industry

Compound Formula Element content (%) Water solubility
Boron - crushed ores
Colemanite 2MgO.B,0,.H,0 variable Slightly soluble
Datolite 2Ca0.B,0,.28i0,.H,0 variable Slightly soluble
Hydroboracite Ca0.MgO0.3B,0,.6H,0 variable Slightly soluble
Calcium borate CaB,0,(OH),.H,O Sparingly soluble
Copper
Cuprous oxide Cu,0 89 Sparingly soluble
Manganese
Manganese carbonate MnCO, 47 Sparingly soluble
Manganous oxide MnO 77 Insoluble
Manganese dioxide MnO, 63 Insoluble
Manganese oxysulfate xMnSO,.xMnO 30-50 Variable
Molybdenum
Molybdenum trioxide MoO, 60 Slightly soluble
Zinc
Basic zinc sulfate ZnS0O,.4Zn(OH), 55 Slightly soluble
Zinc oxide ZnO 50-80 Sparingly soluble

The term “sparingly soluble” means that the product is not totally insoluble, particularly when present in small particle
sizes (with a large surface area). This terminology reflects recent technological advances in micronutrient product
formulation (Moran, 2004). Slightly soluble are products less soluble them the sparingly soluble. Source: Adapted

from Bell & Dell (2008).
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species, but not in perennial crops (Bell & Dell, 2008),
such as citrus and coffee.

The immediate effectiveness of micronutrient oxide
fertilizer sources can be low and, to be effective over
time, they should be evenly applied and mixed into the
soil to maximize the contact; on the other hand they
can be ineffective when applied in a granular form.
Several studies have published results showing that the
effectiveness of granular Zn oxysulfates is related to
their water solubility. It has been recommended that the
water-soluble Zn content be above 40-50% of the total
Zn to be effective to supply Zn (Gangloff et al., 2002;
Slaton et al., 2005). In a few countries, metal slags are
used as a source of micronutrients, particularly Cu (Bell
& Dell, 2008).

Animportant aspect to choose the source of micronutrient
for leaf spraying is the deliquescent point (POD) of the
fertilizers, which is defined as the relative humidity value
at which the salt becomes a solute, so the lowest is the
POD of a salt, the earliest it will dissolve after exposure
to ambient humidity (Fernandez & Eichert, 2009). The
sparingly soluble sources, with POD above relative
humidity, when applied to the leaves, theoretically prevail
as solutes and the penetration of the leaf is prolonged.
The effectiveness of products with a high POD can be
improved by the use of adjuvants with wetting properties.
Salts with low POD may be more effective in the early
stages of application, but may be more prone to cause
phytotoxicity (Fernandez et al., 2013).

Sparingly soluble sources of micronutrients have been
studied primarily in the area of nanotechnology, where
nano-materials can be used for the design of new fertilizers
(Naderi et al., 2011). This new technical can be used to
release nutrients gradually according to plant demand, or
be designed to prevent the immobilization of nutrients in
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the soil, allowing plants to take up the nutrient directly,
and thereby improve the nutrient uptake (DeRosa et al.,
2010). The size of particles found in fertilizers with
Mn carbonate and Zn oxide sources for soil application
were suspensions with 90% of the particles in size
150-300 and 200-800 nm, respectively (Hippler et al.,
2015a), and those are considered microparticles. Materials
that are smaller than 100 nm in at least one dimension
are generally classified as nanomaterials (Wiesner et al.,
20006) (Figure 1).

The small size of the nanoparticles promotes a larger
surface area that modifies the properties of the product,
this technology associated with fertilizers can release the
nutrient in a prolonged and controlled manner, ensuring the
sustainable development of plants, economic benefits, and
environmental safety when applied in soil (Subramanian &
Sharmila Rahale, 2012) and foliar (Mosanna & Khalilvand,
2015). Also, the micronutrient supply can be done in
smaller amounts than when using common fertilizers
(Batsmanova et al., 2013; Subramanian et al., 2015).

WAYS OF SUPPLYING MICRONUTRIENTS

The application of soluble and sparingly soluble
sources in young orange plants showed that fertilizers
containing Mn and Zn applied in the soil were able
to increase the levels of these micronutrients in the
roots system and especially in the new growing flushes
developed after fertilization, which represent the main
nutrient sinks in the plants. Although the plants exhibited
lowest concentrations of Mn and Zn in the leaves when
receiving either Mn carbonate or Zn oxide, respectively,
compared with sulfates, the less soluble sources promoted
higher dry mass production of roots, leaves, and branches
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Figure 1. Scale of microparticles and nanoparticles. Source: Authors.
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in response to fertilizer applications in a sandy loam soil.
Also, the plants grown in the soil with the highest rates of
Mn and Zn by the sulfates, showed visual symptoms of
metal toxicity, mainly to Mn, characterized by necrotic
spots on leaves (Hippler et al., 2015a).

In the soil, the metallic nutrients are less available to the
plants due to the lower mobility and higher adsorption to
the colloids of the clay fraction. The less soluble sources
like oxides, carbonates or phosphates when applied to the
soil, gradually release the nutrients into the soil solution,
which may reduce absorption rate and consequently
the risk of phytotoxicity, and in addition, also reduce
adsorption of the metal to the soil (Bradl, 2004; McBeath
& McLaughlin, 2014).

In seed treatment, the sparingly sources provide less
nutrients to plants compared to the soluble sources,
but avoid symptoms of toxicity, like as occurred in
citrus fertilization (Hippler et al., 2015a), since when
the effectiveness of ZnSO, and ZnO were compared in
supplying Zn for maize seeds, authors verified that the
first one was able to promote higher uptake of Zn by
plants, however, reducing seedling emergence percentage,
probably due to salinity, while Zn oxide did not present
such harmful effect (Prado et al., 2007). Similar results
were found by testing Cu sulfate formulations in maize
seed treatments, with a high uptake of Cu by plants
accompanied by toxic effects to seeds (Luchese et al.,
2004). Seed treatment with CuCO, and ZnO increased
both, root and shoot concentration and accumulation of
Cu and Zn in maize seedlings (Dias & Cicero, 2016).

The management of micronutrients in the field is
carried out with the supply of these nutrients via soil or
sprayed in the leaves. In the soil, as previously reported,
nutrients applied, especially metals, are less available
to plants, and the supply is difficult due to the variation
in micronutrient availability in soil solution, which is
dependent on the type of soil (Alloway, 2008; Hippler et al.,
2015b). For citrus the efficiency of Zn fertilizers depends
on the fertilizer source and the soil texture, since the Zn
fertilizer use efficiency, based on the recovery rate in
the plants, was as high as 4% when a water-soluble Zn
source was used in a sandy loam soil, but it was only 0.1%
when a less soluble ZnO source was used on the clay soil
with the highest Zn adsorption capacity. All these later
must be taken into account by guidelines for fruit crop
fertilization via soil, in substitution or complementation
of foliar fertilization (Hippler et al., 2015b).

Significant response in increase foliar Zn to field-grown
trees was observed only in the third year after initiation
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the application of ZnSO, in a medium-texture Oxisol
(Quaggio etal., 2003), the same was found for coffee trees,
since when applied high amounts of Zn (600 g Zn plant™)
in the soil, it increased Zn in leaves and toxicity symptoms
was found only 2 years after application, been the Zn
retained in wood parts (Tezotto et al., 2012). For citrus,
the accumulation of ®Zn labeling also occurred mainly
in the roots and woody organs, which may be important
reserve organs for this nutrient (Hippler et al., 2015b). This
difficult to uptake metals by the leaves when applied to the
soil, justified the complementation by foliar application,
mainly for metallic micronutrients (Quaggio et al.,
2003). Thus, the application of micronutrients in the
soil should be thought in a preventive way, while the
application of micronutrients via foliar can be thought
also in a corrective way, since it acts quickly in the peak of
demand (Fernandez et al., 2013). In Brazil, the guidelines
for citrus growers recommend preventive micronutrient
applications in soil and leaves, which have increased
fruit production (Quaggio et al., 2010). In other places,
such as Florida (USA), micronutrient foliar application is
based on visual deficiency symptoms or low leaf analysis
values (Obreza et al., 2010). The preventive effect of
the application is important, once when symptoms of
micronutrients deficiency in the plants are observed,
damages caused at the cellular level has already occurred
(Bell & Dell, 2008)

Foliar application is an effective method and the
most widely used for micronutrients application in the
citriculture, due to the easiness of distribution of small
amounts of micronutrients in large areas (Camargo, 1991),
as well as the possibility of adding nutrients with other
products in the spray solution (Fernandez et al., 2013).

In order to improve the effectiveness of foliar sprays,
micronutrients that present low mobility in the phloem
should be applied to the main vegetation flushes (Spring
and Summer), when the leaves are still young and have
little developed cuticle, which facilitates absorption
and supplies more efficiently the micronutrients to
new developing organs (Boaretto et al., 2002, 2004).
In addition, it should be noted that leaf nutrient sprays are
often applied as mixtures in the spray tank with adjuvants
and agricultural pesticides. Therefore, efficacy of foliar
fertilizers, in combination with some adjuvants and plant
protection products, may differ from when the nutrients
are applied alone (Fernandez et al., 2013). In this way,
the compatibility between the fertilizer source and the
pesticides is of paramount importance, so that one product
does not interfere with the efficiency of the other.
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The validation of the efficacy of microparticulate and
nanoparticulate sources is important to improve aspects
of foliar spraying, since these fertilizers have a stable
suspension capacity and controlled solubility in aqueous
solution, which decrease the interaction with other spray
products, reducing problems in the area of application
technology. They also have very low phytotoxicity even
at high concentrations applied in young leaves, when
compared to the soluble sources (Li et al., 2012). Since
the total amount of ions absorbed by the leaves is limited
by the area of the cuticle covered by the sprayed solutes,
the effectiveness of the sparingly soluble suspensions can
potentially be improved by increasing the leaf spray area,
which is a better strategy than increasing the micronutrient
concentrations in the solution (Du et al., 2015).

Zinc oxide is among the most widely used manufactured
nanoparticles in industrial, commercial, and medicinal
products. In a recent study, it was suggested that ZnO
nanoparticles may have potential as fertilizers of
improved effectiveness for foliage application. A single
foliar spray of Zn and B nanoparticulate increased the
concentration of the micronutrient in the pomegranate
leaves, with increasing from the control to the higher
doses (Davarpanah et al., 2016). Leaf sprays with ZnO
in nanoparticles led to a 26-30% increase in peanut yield
when compared to ZnSO, used at higher doses in two
different seasons (Prasad et al., 2012).

Sparingly soluble fertilizers maintain nutrient support
to the plant for a long time and reduce the risk of toxicity
immediately after application, as well as reduce the

frequency of application (Westfall et al., 1999). In sparingly
soluble fertilizers, the particles adhered to the leaf surface
can serve as a solid phase to restore the micronutrient
content during a growth phase, due to the fact that the
particles are strongly retained on the leaf surface during
along term (Fernandez & Brown, 2013; Du et al., 2015).

In contrast, foliar application of soluble sources generally
results in higher uptake of the micronutrient by the leaves
compared to a suspension of low solubility source, at a
first moment (Zhang & Brown, 1999; Erenoglu et al.,
2002; Peryea, 2006), but soon, there is a decrease in the
rate of absorption by leaves (Du et al., 2015). Also, a
common symptom of toxicity in the application of foliar
fertilizers is the occurrence of “leaf burning”, which may
be a consequence of cell disruption due to large differences
in osmotic pressure across the cell wall, especially in
younger leaves (Greenway & Munns, 1980). This type of
damage has higher occurrence with compounds of high
salt index (Clapp, 2009).

Foliar absorption of sparingly soluble fertilizers in
suspension will be influenced by relative humidity and
POD as discussed above. After the deposition of the
suspended particles on the leaf surface, it is expected
that the moisture at the contact interface between the
fertilizer particles and the leaf surface will create a situation
similar to a saturation state (Boulard et al., 2002, 2004)
(Figure 2). The foliar absorption rate and the dissolution of
particles deposited on the surface after the foliar treatment
are improved under high relative humidity (Schonherr,
2001, 2006).
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Figure 2. Scheme for the availability of sparingly soluble sources of micronutrients applied in leaves. Source: Authors.
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THE BRAZILIAN REGULATORY ISSUES

According to the Normative No. 5, February 23,2007
(Brasil, 2007), of the Ministry of Agriculture, Livestock
and Supply in Brazil (MAPA 2007) that rules definitions
and standards for specifications and guarantees, tolerances,
registration, packaging and labeling of mineral fertilizers,
intended for agriculture - mineral fertilizers, when destined
to the foliar application must present nutrients totally
soluble in water with minimum concentration guarantees
declared: 0.02% of B, 0.1% Mn, 0.05 Cu and 0.1% Zn
in solid products and 0.01% of B, 0.02% Mn, 0.05% Cu
and 0.1% Zn in fluid products. Thus, the registration of
fertilizer sources for foliar application is restricted to those
soluble in water, limiting the registration of sparingly
soluble sources independently of their micronutrient
supply efficiency and benefits in the application. For soil
application, micronutrients products must have at least
60% of the nutrient content soluble in a solution containing
2% of citric acid.

SPARINGLY SOLUBLE SOURCES IN
FOLIAR APPLICATION FOR CITRUS:
PRELIMINARY RESULTS

In an experiment carried out with nursery citrus
plants, comparing two sources of Cu, a water-soluble
(Cu sulfate) and a sparingly soluble (Cu oxicarbonate)
with Cu in microparticles, leaf sprayed of solution
with low (50 mg L), adequate (100 mg L") and high
(200 mg L") concentration of Cu, and a non-sprayed
control, the results showed that both Cu sources have
provided adequate concentrations of the micronutrient
in the leaves and increase concentration in wood parts.
Although, the plants fertilized with Cu sulfate showed
higher concentration of the micronutrient in leaves and
wood parts and higher indirect content of chlorophyll
(SPAD) than those fertilized with Cu microparticulate.
The dry matter of the canopy increase with increasing in
the Cu dose without difference between sources, showing
that the Cu is fulfilling its role in the development of citrus
with both sources applied (Unpublished data).

In similar circumstances, but with B and Zn, other
two experiments were carried out comparing different
micronutrients sources; two water-soluble (Zn sulfate
and boric acid) and an insoluble source (Zn borate) as
microparticles. Each source was leaf sprayed at a low
(43 mg L' B; 200 mg L' Zn), adequate (129 mg L' B;
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600 mg L' Zn) and high (387 mg L' B; 1800 mg L' Zn)
concentration of B and Zn; a non-sprayed control was
also evaluated. According to what occurred with the
micronutrient Cu, the soluble source provided higher
leaf content of B with the highest dose compared to the
others. In contrast, Zn reached higher leaf content with
the highest dose of Zn borate. Both sources provided
increased concentrations of B and Zn with increased
doses applied in the leaves, and the sources increased
Zn in woods with increasing dose, without differences
between the sources. Plants showed an increase in leaf
area and dry matter of canopy up to the adequate dose
for both sources, and in the high dose, these parameters,
present a decrease due to excess Zn micronutrient, mainly
in the Zn borate source, validating the Zn activity from
the sparingly soluble fertilizer.

PERSPECTIVES

In this paper, we reinforce the necessity to validate
the efficacy of micro and nanoparticulate sources, as
well as, to develop new fertilizer sources to improve the
availability of micronutrients to citrus in both, soil and
foliar application. Although the first results are satisfactory
with regard to the possibility of using sparingly soluble
sources of micronutrients in soil and foliar applications,
further studies, that validate the efficiency of these sources,
mainly for the registration of foliar use, are still necessary.
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