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To optimize the economical cost of each unit of fertilizer applied and to reduce the environmental
contamination caused by nutrient losses, the development of highly efficient granulated fertilizers is
of great importance. This study proposes a strategy that consists of developing specific fertilizers
having nutrient release patterns that are dependent on plant activity in the rhizosphere. This type of
fertilizer is named “rhizosphere-controlled fertilizer” (RCF fertilizer). This fertilizer is based on the
introduction of an organomineral matrix composed of metal [Mg (Ca is also possible), Zn (Fe and
other metals are also possible)]–humic phosphates. The presence of this matrix modifies the nutrient
release pattern of the fertilizer. In this way there are two main nutrient fractions: (i) a water-soluble
fraction or “starter” fraction and (ii) a “rhizosphere-controlled” fraction insoluble in water but soluble
by the action of the rhizospheric acids released by plants and microorganisms. This study shows the
chemical and structural characterization of the organomineral matrix, as well as its efficiency in slowing
the nutrient release rate of the RCF fertilizer, principally with respect to P and N. It is demonstrated
how these properties of the matrix were also reflected in the significant reduction in both ammonia
volatilization and N leaching in a pot system consisting of wheat plants cultivated in a calcareous soil
and fertilized with a RCF fertilizer.
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INTRODUCTION

The development of highly efficient granulated fertilizers,
containing the principal mineral nutrients involved in plant
nutrition, is of great interest for at least two complementary
reasons: (i) the need to optimize the economical cost of each
fertilizer unit by increasing the ratio between yield and the
fertilizer unit applied and (ii) the need to decrease environmental
contamination deriving from nutrient leaching and nitrogen (N)
volatilization.

In principle, an effective way to control nutrient losses would
be to adapt the nutrient release from the fertilizer into the soil
solution to plant nutritional needs and activities. However,
whereas this approach is feasible in drip-irrigated plants
(fertigation), it is much more complicated in plants growing
without localized irrigation.

Equally, two complementary operational practices are nor-
mally used to adapt fertilizer nutrient release to plant activity

in nonirrigated crops: (i) to fractionate fertilizer application
during the plant cycle and (ii) to use slow-release fertilizers
(principally coated fertilizers). There arise, however, certain
problems associated with these practices. For instance, the
fractionation of fertilizer application involves additional eco-
nomical costs, whereas the nutrient release pattern of conven-
tional slow-release fertilizers is not specifically adapted to plant
nutritional needs. In fact, the nutrient release dynamics of coated
fertilizers principally depends on certain environmental condi-
tions such as soil moisture, soil temperature, and soil composi-
tion (1).

A possible alternative strategy would be to develop special
fertilizers having nutrient release patterns that depend on the
plant activity expressed in the rhizosphere through specific
chemical signals [“rhizosphere-controlled fertilizers” (RCF)].
It is well-known that plants have special mechanisms in the
roots that are activated as a function of their physiological status
(2). These mechanisms involve specific root actions that affect
the chemical and biological environment of the rhizosphere (3).
Among these actions both proton release (rhizosphere acidifica-
tion) (4, 5) and the release of certain organic acids with
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complexing ability have been well studied (6). A number of
studies have shown that both plants and microorganisms have
the capacity of releasing different types of organic acids to the
rhizosphere as a normal expression of their activity (7). This
capacity is especially enhanced under conditions of nutrient
deficiency (8, 9). These compounds include organic acids with
low molecular weight, such as citric acid or oxalic acid, and
special acidic compounds named siderophores (released by
microorganisms) and phytosiderophores (released by gramina-
ceus plants) (10). The main function of these organic acids
seems to be the mobilization of nutrients with metallic character
through the formation of stable complexes (11). Likewise, this
complexing capacity has also positive effects on certain anions
that can be blocked in the soil by the formation of water-
insoluble salts with metallic elements (12). This is the case of
certain phosphates, such as calcium phosphate or iron phosphate
(13).

In this context, a possible approach to the development of
RCF fertilizers might be to obtain a fertilizer having a solubility
in soil solution that is principally governed by interaction
between RCF particles and the organic acids present in the
rhizosphere. Consequently, a design of effective RCF could
involve the development of fertilizers containing two main
nutrient fractions. First, the “starter” fraction has the function
of assuring adequate onset of the plant cycle: in the case of
germinated seeds the root implantation in the soil and the
creation of the rhizosphere, and in the case of perennial plants
the adequate start of the productive cycle. This fraction would
be composed of those nutrients soluble in water. Second, the
“rhizosphere-controlled” fraction has the function of covering
plant nutritional needs for the rest of the plant cycle, while
minimizing nutrient losses. This fraction would be formed by
those nutrients that are released by the action of rhizospheric
organic acids and may consist of an organic or inorganic matrix
formed by water-insoluble compounds that can be solubilized
by the action of rhizospheric organic acids. This matrix could
constitute a kind of structural network in which the nutrients
not directly included in the matrix composition can be inserted.
In fact, a number of studies have demonstrated the efficiency
of certain inorganic salts as nutrient carriers probably due to
their solubility in the rhizospheric organic acids. This is the
case of Vivianite, an iron phosphate that has proven to be
effective to correct iron chlorosis (14).

There exist other fertilizers that depend on the soil microbial
activity to release the nutrients. That is the case of certain urea
polymers (i.e., urea-formaldehyde) or the combination of
nitrogen fertilizers with inhibitors of ammonium nitrification
and/or urea hydrolysis in soils (15). These fertilizers, however,
are not significantly affected by the rhizospheric organic acids
(15).

In this work we describe (i) the manufacture, chemical–struc-
tural characterization, and solubility of a potential RCF matrix
formed by the reaction of phosphoric acid (or an acid source of
phosphate) with magnesium oxide (or carbonate) (calcium oxide
or calcium carbonate are also suitable) and iron (or zinc) oxide
(or carbonate) in the presence of a humic acid (16). This reaction
leads to the formation of chemical species involving phosphates,
Mg, Zn, and humic substances (MHP compounds) (16). Also
described are (ii) the manufacture of a complete NPK fertilizer
containing MHP (RCF fertilizer), (iii) the nutrient release pattern
of the RCF fertilizer, and (iv) the efficiency of this RCF fertilizer
to provide available nutrients for wheat plants cultivated in a
calcareous soil while minimizing nitrogen leaching and am-
monium volatilization.

MATERIALS AND METHODS

Preparation and Physicochemical Characterization of the RCF
Matrix. The RCF matrix proposed in this study consists of metallic
phosphates prepared in the presence of a humic acid: metallic
humic–phosphates (MHP) (16).

Preparation of MHP. The different types of MHP were obtained by
reaction of phosphoric acid (68% w/w) (49.3% P2O5) with magnesium
oxide (72% MgO) and zinc carbonate (52.14% Zn) in the presence of
different concentrations of a humic acid extracted from leonardite (HA).
The relative proportions of the different ingredients in the reaction in
the absence of HA was 56.6% of phosphoric acid (68% w/w), 31% of
magnesium oxide, and 12.4% of zinc carbonate. This is the sample
named MP1.

The relative proportions in percentage of HA with respect to MP1
in MHP samples were 0, 0.6, 3, 6, 9, and 11. The different MHP
samples obtained were named MP1 (no HA), MHP-HA1 (0.6% HA;
99.4% MP1), MHP-HA2 (3% HA; 97% MP1), MHP-HA3 (6% HA;
94% MP1), MHP-HA4 (9% HA; 91% MP1), and MHP-HA5 (11%
HA; 89% MP1). The reaction was carried out at room temperature and
atmospheric pressure and with continuous stirring as described in ref
16.

HA was first purified using the International Humic Substances
Society (IHSS) methodology without including the HF-HCl mixture
treatment. In short, 10 g of nondried leonardite was weighed in a 250
mL flask to which 0.1 M NaOH was added until all the air had been
displaced. After 48 h ofstirring at 25 °C in darkness, the supernatant
containing the unfractionated humic extract was separated from the
solid fraction by centrifugation at 7650g for 30 min. The HA was
obtained by acidifying an aliquot of the alkaline extract containing the
humic and fulvic acids obtained from leonardite, with 6 M hydrochloric
acid (HCl) down to a pH of 1.5. After 12 h, the acidified sample was
centrifuged at 7650g for 30 min to separate the precipitated humic acid
from the supernatant containing the fulvic acids and other acid-soluble
organic compounds. After humic acids had been washed with water to
eliminate Cl- contamination, these were freeze-dried. The main
composition of the purified HA was 58.47% C, 1.46% N, 2.69% H,
25.76% O, 0.01% P, 0.99% S, 1.02% Fe, and 0.95% Al. The contents
of C, H, and N in HA were obtained using elemental analysis (LECO
CHN 2000), whereas the contents of P, S, Fe, and Al were obtained
by ICP-OES spectrometry (Thermo Elemental Co. Iris Intrepid II XDL).
The content of O was calculated by difference. The main acidic
functional group concentration, obtained using potentiometric analysis,
was 1.98 mmol g-1 HA of carboxylic groups and 1.18 mmol g-1 HA
of phenolic groups.

To investigate the new water-soluble and water-insoluble chemical
species formed in the reaction, samples of MHP-HA5 weighing 8 g
were stirred with 1 L of deionized water for 1 h. The water was then
removed under suction in a Büchner-type funnel. The residue remaining
in the filter paper was washed with two 80 mL portions of deionized
water and dried in an oven for 24 h. These samples were named WWS-
MHPHA5.

All of the different products were homogenized using a mill and a
mortar before analysis.

Chemical Analysis of the Different Nutrient Fractions in MHP. The
concentrations of total (HCl 35%), water-soluble and soluble in citric
acid (2%), and neutral ammonium citrate (0.96 M; 65 °C temperature)
of phosphorus (P), zinc (Zn), and magnesium (Mg) were analyzed
following the official methods of analysis (17). The fraction of MHP
insoluble in water but potentially soluble in the rhizospheric acids was
evaluated by studying the fraction soluble in neutral ammonium citrate.

Structural Characterization of MHP. The structural characterization
of MHP samples was carried out using X-ray diffractometry, scanning
electron microscopy (SEM), and energy dispersion spectroscopy (EDS).

The samples were scanned using a Bruker D8 X-ray powder
diffractometer at a starting point of 2.0 2-theta (degree) and an end
point of 80.0 2-theta (degree) with a step size of 0.020 2-theta (degree)
and a dwell time of 1 s and using Cu radiation at 40 kV and 30 mA.
To detect the new water-soluble and water-insoluble chemical species
formed in the MHP reaction, the X-ray powder diffraction patterns
corresponding to MP1, magnesium phosphate, magnesium oxide, zinc
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carbonate, zinc phosphate, MHP-HA5, and WWS-MHPHA5 were
systematically compared (Supporting Information).

For the EDS study the samples were scanned in a Philips model
XL30CP scanning electron microscope (accelerating voltage of 15 kV)
using an EDAX Phoenix energy disperse spectroscopy analyzer.
Qualitative elemental composition analysis was carried out on selected
areas, which were also photographed at 3000×.

The samples were also scanned in a Zeiss model DSM-940A
scanning electron microscopy (accelerating voltage of 15 kV) with a
DISS Point Electronic GmbH image acquisition and processing system.
The samples were placed on an adhesive connected by silver and glue
to an aluminum support with an earth wire. Before being scanned, the
samples were shaded with gold during 2 min at 15 mA in a vacuum
atmosphere using an Emitek K550 sputter-coater. Finally, they were
photographed at 3000×.

Study of Phosphorus Solubility in MHP Samples in Water and
Sodium Citrate oVer Time. The solubility of MHP samples in water
and sodium citrate (0.96 M) at pH 5.0, 7.0, and 8.5 was studied at
different extraction times. The ammonium citrate solvent was replaced
by sodium citrate to avoid the precipitation of magnesium ammonium
phosphate.

The procedure is described briefly: 0.4 g of each MHP sample was
weighed in 50 mL plastic bottles and diluted to 40 mL with each
extraction reagent. The mixture was shaken in a Heidolph reax 2 model
mixer overhead at the minimum speed, and at defined times aliquots
of the solution were taken with a 1 mL syringe. These times were 5,
10, 15, 30, 50, 80, 120, 240, 360, and 480 min. Subsequently, the aliquot
was filtered with 0.45 µm polypropylene filters, and 200 µL was diluted
to 10 mL with sodium citrate at pH 4 to avoid humic acid and
phosphates precipitation. The extractions were carried out at 25 °C.

The concentration of phosphorus in solution was analyzed using a
ICP-OES spectrometry (Termo Elemental Co. Iris Intrepid II XDL).
The study was carried out in duplicate.

Preparation of a NPK-RCF Fertilizer Containing MHP. A granulated
complete fertilizer was manufactured in a pilot plant using MHP-HA5
as RCF matrix as described in ref 16 (16). The NPK-RCF fertilizer
had the following nutrient equilibrium: 19% N, 9% P2O5, 11% K2O.
The product contained 4% MgO and 2% Zn. Potassium chloride and
urea were chosen to provide K and N. Therefore, the product contained
only ureic nitrogen. The MHP-HA5 matrix was the source of P, Mg,
and Zn. The content of MHP-HA5 in the RCF-NPK fertilizer was fixed
at 30% according to previous studies (16). The size of the granules
was 95% between 2 and 4 mm.

Nutrient Release Pattern in Water of the NPK-RCF Fertilizer.
To evaluate the effect of the RCF matrix (MHP-HA5) on the pattern
of the nutrient release in water of the NPK-RCF fertilizer, samples of
the NPK-RCF fertilizer and the corresponding NPK fertilizer without
the RCF matrix (in this case the source of P was simple superphosphate)
were studied using the methodology described by Cartagena and Diaz
Lopez (15) to evaluate slow-release fertilizers with some modifications.
Briefly, 1 g of the samples was placed in a Büchner-type funnel of 3.5
cm of diameter with a 2 µm filter paper. Ten deionized water
applications of 10 mL were passed through the product, added without
creating turbulences, and filtered by gravity. The filtrates were weighed,

diluted, and analyzed for N, P, and K contents. N content was analyzed
through the determination of ammonium prior to urea hydrolysis using
urease (18). P and K were directly analyzed using ICP-OES
spectrometry.

Nutrient Solubility in Sodium Citrate of the NPK-RCF Fertilizer.
A complementary study on the solubility of the different nutrients
present in the NPK-RCF fertilizer in sodium citrate (pH 7) was also
carried out, following the above-described methodology for the study
of the solubility of the RCF matrix (MHP) in sodium citrate over
time.

Efficiency of the RCF-MHP Process To Reduce Nitrogen Losses.
Ammonia Volatilization Study. The degree of ammonia volatilization
associated with urea and the urea included in the NPK-RCF fertilizer
was studied using an in vitro system as described in ref 18. Soil
incubations were carried out in 250 mL bottles containing 100 g of a
calcareous soil with 20% of sand (2–3 mm) and a fertilizer amount
equivalent to 0.0874 g of nitrogen.

In short, moistened air swept out the volatilized ammonium into a
100 mL vessel with 80 mL of 1% boric acid that trapped the
ammonium. This solution was eventually titulated with 0.01 N HCl
using a pH-meter.

The treatments employed were a control treatment that consisted of
granulated urea and the RCF treatment containing urea in RCF-NPK
19–9–11 granules. Both the granules of urea and NPK-RCF had a size
between 2 and 3 mm in diameter. The treatments were applied on the
soil surface and on the soil surface plus organic matter (0.7 g of wheat
straw), in duplicate. Wheat straw was previously cut in pieces of 0.5
cm in size. The organic matter (wheat straw) was added to increase
microbial activity and favor urea hydrolysis. The soil used had the
following composition: pH 8.14; electrical conductivity at 25 °C, 0.21
dS m-1; organic matter content, 12.8 g kg-1; 1.4 g kg-1 N; 11.22 mg
kg-1 P; 0.18 cmolc kg-1 K; 1.28 cmolc kg-1 Mg; 25.96 cmolc kg-1

Ca; 0.95 cmolc kg-1 Na; 2.92 mg kg-1 Fe; 0.30 mg kg-1 Cu; 0.22 mg
kg-1 Zn; 2.84 mg kg-1 Mn; CaCO3, 473 g kg-1 %; sand, 272.6 g kg-1;
silt, 292.8 g kg-1; and clay, 434.6 g kg-1.

Multiple pairwise comparisons among treatments were made using
Fisher’s least significant difference (LSD) method, with the overall
R-level set at 0.05 and 0.1.

Soil–Plant Study. To investigate the effect of a RCF type fertilizer
on plant development and N losses, the growth and N leaching in a
plant–soil system formed by wheat plants (Triticum aestiVum cv. Farak)
cultivated in an alkaline and calcareous soil were studied. We compared
the effects of the RCF-NPK 19–9–11 fertilizer with that of a
corresponding standard fertilizer with the same chemical composition
for K (KCl) and N (urea). The P in the standard fertilizer was introduced
as simple superphosphate.

The plants were cultivated in pots of 6.6 L and 30 cm height (seven
plants per pot and six pots per treatment). The culture substrate used
consisted of a mixture (50:50 w/w) of the soil used in volatilization
studies with sand (diameter ) 0.5–1.5 mm). The leachate corresponding
to each pot was collected twice per week.

The treatments were a control without fertilization; T1, which
received the standard NPK fertilization consisting of the application
of 8–15–15 NPK at sowing and urea before tillering; and T2, which

Table 1. Chemical Analysis of the Different MHPs Synthesized Using European Official Methods

MP 1 MHP-AH1 MHP-AH2 MHP-AH3 MHP-AH4 MHP-AH5

Mg (%) P (%) Zn (%) Mg (%) P (%) Zn (%) Mg (%) P (%) Zn (%) Mg (%) P (%) Zn (%) Mg (%) P (%) Zn (%) Mg (%) P (%) Zn (%)

totala 13.97 14.04 7.30 13.98 10.59 7.35 13.55 10.37 7.25 13.26 9.92 7.02 12.60 9.38 6.73 12.94 9.75 6.89
citricb 12.55 13.58 6.78 12.84 10.43 7.22 12.43 10.39 7.14 12.03 9.94 6.89 11.78 9.53 6.71 11.46 9.58 6.60
citratec 12.74 9.69 6.79 12.79 10.54 7.45 11.85 9.83 6.88 12.16 9.82 6.86 11.49 9.36 6.61 11.32 9.32 6.60
waterd 1.95 4.08 0.05 1.68 3.70 0.04 1.73 3.67 0.06 1.57 3.59 0.08 1.49 3.45 0.07 1.92 3.98 0.44

extracted/total ratio extracted/total ratio extracted/total ratio extracted/total ratio extracted/total ratio extracted/total ratio

Mg P Zn Mg P Zn Mg P Zn Mg P Zn Mg P Zn Mg P Zn

citric 0.90 0.97 0.93 0.92 0.98 0.98 0.92 1.00 0.99 0.91 1.00 0.98 0.93 1.02 1.00 0.89 0.98 0.96
citrate 0.91 0.69 0.93 0.91 1.00 1.01 0.87 0.95 0.95 0.92 0.99 0.98 0.91 1.00 0.98 0.87 0.96 0.96
water 0.14 0.29 0.01 0.12 0.35 0.01 0.13 0.35 0.01 0.12 0.36 0.01 0.12 0.37 0.01 0.15 0.41 0.06

a Soluble in HCl 35%. b Soluble in citric acid 2%. c Soluble in neutral ammonium citrate 0.96 M. d Soluble in water.
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Figure 1. Scanning electron microscopy of MP1 (A), MHP-HA5 (B), and WWS-MHPHA5 (C).
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received the RCF-NPK fertilizer at sowing. The dose of nitrogen per
pot was equivalent to 180 kg ha-1. All treatments received the
equivalent to 52.2 kg ha-1 of P2O5 and 52.5 kg ha-1 of K2O.

After 60 days, plants were harvested and the shoot, grain, and root
dry matters were obtained. The shoot content of the main mineral
nutrients was also evaluated.

The total N content in the leachate was analyzed using micro-
Kjeldahl methodology. The concentration of the different nutrients in
the shoot was analyzed using ICP-OES, except in the case of total N,
which was analyzed using elemental analysis (LECO CHN-2000).

Multiple pairwise comparisons among treatments of the different
parameters studied were made using Fisher’s least significant difference
(LSD) method, with the overall R-level set at 0.05.

RESULTS AND DISCUSSION

Chemical and Structural Features of MHP (RCF Matrix).
As for the physical characteristics of the reaction for the
preparation of MHP, when the different ingredients were mixed,
the mixture was first fluid, but became solid in 2–3 min. The
temperature reached values around 109 °C. In the presence of
HA the dynamics of the reaction did not change very signifi-
cantly, but the texture of the solid formed was smoother and
softer, thus suggesting the formation of new compounds

involving HA. In fact, this effect of HA was proportional to
HA concentration.

Regarding the solubility of the different nutrients in the
extraction reagents used, in general the proportion of the
different elements soluble in citric acid and ammonium citrate
was near 100% (Table 1). Only in the absence of HA (MP1)
was the percentage of P soluble in ammonium citrate lower
(around 70%). However, the presence of HA was associated
with a significant increase in this parameter (around 100%)
(Table 1) (the results obtained when sodium citrate was used
were similar; data not shown). In the case of the water-soluble
fraction, the proportion of P soluble in water was around 30%
in the absence of HA (MP1) (Table 1) with a slight increment
being observed in the presence of HA (Table 1). However, in
the case of Mg and Zn the proportion of the water-soluble
fraction was very low. This fact suggests that the P water-soluble
fraction may be principally related to the presence of free
phosphoric acid (in fact, the final pH of the mixture was around
3) and that this fraction may be controlled by modifying the
proportion of phosphoric acid used in the reaction with respect
to the other ingredients, principally magnesium oxide and zinc
carbonate.

Figure 2. MP1 and MHP-HA5 solubility kinetics in water and sodium citrate at different pH values.
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In principle, these results indicate the suitability of the MHP
process to prepare the RCF matrix, because we obtain a principal
fraction (around 70%) insoluble in water but soluble in
ammonium citrate (this fraction, the RCF matrix, is considered
to be the fraction soluble in the rhizospheric acids) and a minor
fraction (around 30%) soluble in water (this fraction is included
in the starter fraction). Moreover, the water-soluble (starter)
fraction can be controlled by modifying the phosphoric acid/
(magnesium oxide + zinc carbonate) ratio in the reaction
mixture.

As for the structural composition of MHP, the results obtained
from the X-ray diffractograms suggest that the process of
preparation of MHP principally leads to the formation of new
water-insoluble chemical species (Supporting Information Figure
SI 1). These results are in agreement with those concerning
nutrient solubility, discussed above, that indicated that the P
water-soluble fraction seemed to be principally related to free
phosphoric acid. As far as the nature of these new chemical
species is concerned, our results suggest that they may involve
phosphate, Mg, Zn, and HA. In this way, they could be formed
of double phosphates of Mg and Zn associated with HA through
metal bridges.

This hypothesis was confirmed by the results obtained in the
EDS study. Thus, as can be observed in Figure 1A, the reaction
in the absence of HA (MP1 samples) led to the formation of
phosphates containing Mg and Zn. The proportion of Mg and
Zn in the phosphate varied depending on the crystal particle
analyzed (data not shown). When the reaction was carried out
in the presence of HA (MHP-HA5 samples), a clear formation
of phosphate–humic complexes of Mg and Zn was observed
(Figure 1B), which was reflected in the presence of significant
relative concentrations of C, P, O, Zn, and Mg in the crystal
particles analyzed. The disappearance of phosphate–humic
complexes with high C content in the sample corresponding to
the water-insoluble fraction of MHP-HA5 (WWS-MHPHA5)
(Figure 1C) reveals that water solubility increases in line with
HA concentration in the complexes. This result confirms that
obtained in the study of the variation in the P water-soluble
fraction as a function of HA concentration (Table 1).

In summary this study indicates that the process of preparation
of MHP is associated with the formation of new chemical
species consisting of phosphate–metal (Mg, Zn)–humic com-
plexes having water solubility that is directly related to the
relative concentration of the humic system in these complexes.
In any case the relative proportion of the water-soluble fraction
of these complexes is of little significance when compared with
that corresponding to water-insoluble compounds.

As for the nature of these phosphate–metal–humic complexes,
previous studies carried out in our laboratory indicated that these
compounds are principally formed by metal bridges between
the humic molecules and phosphate (19, 20). These studies also
revealed that the level of stability of this type of complex is
similar to that of the corresponding humic–metal
complexes (19, 20).

Degree of Solubility of MHP (RCF Matrix) in Water and
Sodium Citrate over Time. The results concerning the solubil-
ity of P over time in water and sodium citrate of MHP samples
obtained in the presence (MHP-HA5) and in the absence of HA
(MP1) are presented in Figure 2. In the study using sodium
citrate, we employed three different pH values (5, 7, and 8.5)
to match the main pH values of acidic, neutral, and alkaline
soils.

In general, MP1 samples presented the maximum of solubility
in water (around 16%) after 50 min of extraction. The presence

of HA in MHP (MHP-HA5) caused a slight increase in water
solubility, although the extraction rate was slower than in the
case of MP1.

The solubility study in sodium citrate showed slightly
different results depending on pH value. Thus, at pH 5, both
MP1 and MHP-HA5 presented a rapid extraction of P (around
100% of the total P) but, in this case, the extraction rate
corresponding to MHP-HA5 was faster that that of MP1. A
similar result was obtained at pH 8.5. At pH 7, however, P
extraction was slower, reaching a first maximum around 85%
after 30 (MHP-HA5) and 50 (MP1) min of extraction, which
increased up to 100% after 500 min of extraction.

These results confirm the results obtained in the analysis of
the main P fractions in MHP (Table 1). The fact that in this
study P water solubility is around 16–18%, whereas in the
application of the official method of analysis it was around
30–40%, may be explained by the different times of contact of
the product with the solvent in both methods.

On the other hand, this study also confirms the suitability of
MHP as RCF matrix, because it presents a rather low water
solubility, whereas the solubility in sodium citrate was rapid
and totally independent of pH value.

Application of the RCF Matrix (MHP) in the Preparation
of a NPK-RCF Granulated Fertilizer: Effect on Fertilizer
Properties. Effect of RCF Matrix on the Release Pattern of

Figure 3. Cumulative water solubility of N, P, and K for different granulated
fertilizers: control NPK (19–9–11) fertilizer, NPK-RCF (19–9–11) fertilizer,
and urea.
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Nutrients in RCF-NPK Fertilizer. In Figure 3 we present the
results concerning the nutrient release pattern in water
corresponding to a NPK-RCF fertilizer (RCF 19–9–11)
containing MHP (MHP-HA5) as RCF matrix, the equivalent
NPK fertilizer (19–9–11), and urea.

In the case of N, whereas both the NPK fertilizer and urea
presented a rapid release of N (100% for urea and 70% for NPK
fertilizer in the first leachate; and 100% for NPK fertilizer in
the sixth leachate), the RCF-NPK fertilizer presented a slower
release that was reflected in a degree of N release of 30% in
the first leachate that increased to a stable value of 60% in the
eighth leachate. These results show both the efficiency of the
RCF matrix to decrease the release rate of the water-soluble
fraction of N present in RCF-NPK fertilizer and the capacity
of the RCF matrix to retain a significant fraction (around 40%)
of N that is potentially soluble in rhizospheric acids. This
retention of urea molecules in the RCF matrix could be related
to both the formation of a kind of coating with MHP and the
capacity of HA to form stable complexes with urea through
the formation of H-bonds.

In the case of K, the slow-release effect of RCF matrix is
significant but less important that in the case of N (Figure 3).
This result was expected due to the monovalent character of K
and its high mobility in water.

Finally, in the case of P, RCF-NPK fertilizer presented a slow-
release rate of this nutrient, whereas the equivalent NPK
fertilizer presented a rapid release of the P fraction soluble in
water (monocalcium phosphate). This result is in agreement with
the presence of superphosphate in the standard fertilizer.

These different results were also reflected in the physical
appearance of each fertilizer after water washing (Figure 4).
Whereas the RCF-NPK fertilizer maintained the granular
skeleton, both the equivalent NPK fertilizer and urea were totally
disaggregated. The mineral residue observed in NPK fertilizer
corresponded to the calcium sulfate and dicalcium phosphate
present in superphosphate.

However, the interaction of the NPK-RCF fertilizer with
sodium citrate (0.96 M; pH 7) solubilized the different nutrients
present in the fertilizer (P, N, and K) (Figure 5). This result
indicates the potential solubility of the NPK-RCK fertilizer in
the rhizospheric organic acids.

In summary, these studies show the capacity of the RCF
matrix (MHP) to significantly affect the release rate of the
nutrients contained in the RCF-NPK fertilizer in water, prin-
cipally in the case of N and P. These results have been obtained
including 30% of the RCF matrix in the fertilizer. Other studies
showed that we could alter the nutrient release pattern by
modifying the proportion of RCF matrix in the composition of
the RCF-NPK fertilizer (data not shown) (16). Likewise, the

Figure 4. Final texture of the different granulated fertilizers after 10 water washings of the treatments: NPK-RCF 19–9–11 (A), control NPK 19–9–11 (B),
and urea (C).

Figure 5. Solubility of the nitrogen (A), phosphorus (B), and potassium
(C) contained in NPK-RCF (19–9–11) in sodium citrate (pH 7) over time.
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results obtained from the interaction of the NPK-RCF fertilizer
with sodium citrate also indicate the potential release of the
different nutrients present in the fertilizer as a consequence of
the action of the rhizospheric acids.

Effect of RCF Matrix on the Nitrogen Losses Associated with
the Application of a RCF-NPK Fertilizer in a Soil–Plant System.
To evaluate if the specific nutrient release pattern of the RCF-
NPK fertilizer studied is also reflected in an effective control
of nutrient losses in a plant–soil system, we investigated the
ammonia volatilization and N leaching associated with a pot
system consisting of wheat plants cultivated in an alkaline
and calcareous soil.

As for ammonia volatilization, the results obtained (Figure
6) indicate that under conditions of both high (in the presence
of wheat straw in soil surface) and low urease activity, the
treatment with the RCF-NPK fertilizer was associated with a
significant reduction of ammonia volatilization. This result is
probably related to the presence in RCF-NPK fertilizer of a
fraction of ureic-N that is retained in the RCF matrix (around
40%; Figure 3).

In relation to N leaching, the treatment with the RCF-NPK
fertilizer was also related to a significant reduction in the total
N leached associated with pot irrigation (Figure 7). This fact
was also associated with a general increase of growth parameters
in those plants treated with the RCF-NPK fertilizer with respect
to those fed with the equivalent NPK fertilizer, although these
increments were not significant at p < 0.05 (Table 2). In
principle, this effect on plant growth may also involve the action
of the humic fraction present in the fertilizer, because many
studies have shown the capacity of humic substances to improve
plant growth and mineral nutrition (21, 22). Regarding shoot
nutrient concentration, there were no significant differences
between the plants fed with the RCF-NPK fertilizer and those
receiving the equivalent NPK fertilizer (data not shown).

In summary, this study shows the suitability of the use of
phosphate–metal (Mg, Zn)–humic complexes (MHP com-
pounds) as RCF matrix in RCF-type fertilizers. Thus, MHP
contains a significant fraction that is insoluble in water, but
soluble in ammonium (sodium) citrate at different pH values
and, potentially, in rhizospheric acids. This fact explains the
significant effect of the presence of MHP in a granulated
fertilizer, modifying its nutrient release pattern, principally in
relation to N and P. These effects were also reflected in the
significant reduction in both ammonia volatilization and N
leaching associated with an application of a RCF-NPK fertilizer
in wheat plants cultivated in a calcareous soil.

ABBREVIATIONS USED

MP, metal phosphates; MHP-HA, metal–humic–phosphates;
WWS-MHPHA, without water-soluble metal–humic–phos-
phates; RCF, rhizosphere control fertilizer; SEM, scanning
electron microscope; N, nitrogen; K, potassium; P, phosphorus;
P2O5, phosphorus oxide; K2O, potassium oxide; HCl, hydro-
chloride acid; Fe, iron.

Supporting Information Available: X-ray diffractograms of
the RCF matrix are shown in this section (Figure SI 1). This
material is available free of charge via the Internet at http://
pubs.acs.org.
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