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ABSTRACT: Sulfur is currently a bottleneck for agronomic
productivity. Many products are based on the application of
elemental sulfur (S°), but the ability of the soil to oxidize them
is variable and dependent on the presence of oxidizing micro-
organisms. In this work, a composite was designed based on a
matrix of S° prepared by low-temperature extrusion, reinforced
by rock phosphate particles acting as P fertilizer, and with
encapsulation of Aspergillus niger as an oxidizing microorgan-
ism. This structure was shown to be effective in significantly
increasing S° oxidation while providing P by rock phosphate
dissolution in an acid environment. X-ray absorption near-edge
structure (XANES) spectra provided information about P fixa-
tion in the soil after dissolution, showing that the composite struc-
ture with A. niger modified the nutrient dynamics in the soil. This fully integrated material (a smart fertilizer) is an innovative
strategy for eco-friendly agronomic practices, providing high nutrient delivery with minimal source preprocessing.

KEYWORDS: Fertilizer, Phosphorus solubilization, Sulfur oxidation, Aspergillus niger, P speciation, XANES spectroscopy

■ INTRODUCTION

Soil sulfur deficiency has increased in the last decades and
provided a decrease in agronomic productivity. Recently, con-
siderable attention has been given to studying new fertilizers
based on N and S sources processed with multinutrients
compounds.1,2 The majority of fertilizer used in agriculture
does not provide SO4

2−, which is the actual nutrient absorbed
by plants.3,4 Many products are based on the application of
elemental sulfur (S°), which is cheap and widely available, but
the ability of the soil to oxidize them is variable and depends
on the presence of oxidizing microorganisms,5 besides soil
physical and chemical characteristics, soil moisture and
temperature, and particle size of S°.6 Hence, the development
of systems containing oxidizing microorganisms offers a way to
ensure efficient oxidation of S°. Research has shown that the
bacterium Acidithiobacillus thiooxidans can provide efficient
S° oxidation,7 but its low resistance to processing conditions
and low inoculation viability reduces the availability of the
microorganism. The filamentous fungus Aspergillus niger also
has the ability to oxidize sulfur,7−9 besides having a high capac-
ity for the production of beneficial organic acids such as citric
acid, oxalic acid, and gluconic acid, among others.10

However, incorporation of the spores of the microorganism
in fertilizers on a large scale is still a challenge. Granular sulfur

is used for direct spreading, but its production process leads
to highly fragile materials that are very liable to powder
formation, present low efficiency, and are difficult to inoculate.
In order to overcome these problems, in this work a composite
was designed based on a matrix of S° prepared by low-temperature
extrusion, reinforced with nanoparticles with a fertilizer role,
and encapsulation of A. niger to catalyze the S° oxidation pro-
cess and P solubilization. Mineral apatites are highly suitable
for this purpose, since P is also an essential element. Although
mineral phosphates do not provide readily available P to
plants,11 their nanoparticles have increased solubility.12 The
dispersion of apatites in the matrix also avoids agglomeration,
hence maintaining the higher solubility associated with the
nanometric size.13,14 The acidification provided by S° oxida-
tion can solubilize the mineral phosphates,15,16 in addition to
the natural acidification caused by the production of organic
acids by A. niger.12,17 The organic acids lead to acidification of
the medium and consequently provide increased phosphorus
solubilization.9,13 Only the simple mix of the S° with rock phos-
phates applied to the soil has not increased P solubility.16,18,19
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Thus, A. niger presents two mechanisms that may favor the
P solubilization: first, by natural acidification provide S° oxi-
dation and the second by organic acids production. Previous
works evaluated strategies of isolated form to increase solu-
bilization of phosphorus and did not evaluate the dynamics of
P after its release in the soil.
Furthermore, the use of starch as a processing additive can

provide a carbon source to support microorganism growth.
The resulting fully integrated material (a smart fertilizer) offers
an innovative strategy for eco-friendly agronomic practices,
offering high nutrient delivery and minimal source preprocessing.

■ MATERIALS AND METHODS
Microorganism. The filamentous fungus Aspergillus niger C was

obtained from the Embrapa Food Technology collection (Rio de
Janeiro, RJ, Brazil). This organism was previously selected for rock
phosphate solubilization by Klaic et al.12 Fungal spore suspensions
were kept at −18 °C and activated by incubation on Petri dishes
containing potato dextrose agar for 96 h at 30 °C. After activation,
spores were collected by adding distilled water, and a suspension of
spores was obtained. The spore concentrations were determined using
a Neubauer chamber.
Production of Composites. Sulfur (Sigma-Aldrich, St. Louis,

MO) (size < 150 μm), rock phosphate (RP) from Patos de Minas
(Vale Fertilizantes, SP, Brazil), corn starch (Amidex 3001, Ingredion,
IL, USA), and urea (Synth, Saõ Paulo, Brazil) were all used as
received. As a reference, comparative experiments were performed
using single superphosphate (SSP), since this commercial fertilizer is
based on mineral phosphate phases with some sulfur content. The
phosphate minerals were received premilled, with a particle size of
around 256 nm. Physico-chemical characterization of the RP is
available in the Supporting Information (Table S1).
First, the materials were prehomogenized using a 1:1 ratio of RP

(50%) and sulfur (50%), followed by melt mixing using a torque
rheometer (Rheodrive Rheomix OS4 mixer, Polylab) operated at
60 rpm for 10 min at 120 °C. After air drying, the samples were ground
to below 500 μm prior to further incorporation (composite RP/S°).
Sulfur (S°), RP, or composite RP/S°, in different proportions, was
added to a gel of corn starch dispersed in water (10 wt %) and
gelatinized at 90 °C, as described by Giroto et al.,20 with mechanical
stirring (model 713DS, Fisatom) at 3000 rpm for 5 min, followed
by cooling to 30 °C for the incorporation of A. niger spores (1.2 ×
107 spores per gram of the material) (composites St/RP, St/S° and
St/RP/S°). The samples were dried at 50 °C with air circulation
(model MA035/2, Marconi), ground to below 500 μm, and stored in
dryboxes. All of the materials studied are summarized in Table 1.
The morphologies of the samples were analyzed by scanning

electron microscopy (SEM). X-ray tomography was employed to
analyze the granule homogeneity and microstructure. Details con-
cerning sample characterization and the properties of the raw materials
are provided in the Supporting Information.
Kinetics of SO4

2− and PO4
3− Release. The release of phos-

phorus from SSP, RP, and the composites (RP/S°, St/RP, and St/RP/S°)

was evaluated using citric acid solution (20 g L−1).21 Portions of 0.5 g
of each source, in triplicate, were placed in 50 mL volumes of the 2%
citric acid solution in 125 mL Erlenmeyer flasks and kept in a constant
temperature room at 25 °C. The samples were agitated for 30 min at
120 rpm using an orbital shaker, and the suspensions were then
filtered through C 42 filter paper (Unifil, Germany) prior to deter-
mination of soluble P.

An incubation experiment (using submerged fermentation) was
performed to measure the potential of A. niger for sulfur oxidation and
phosphorus solubilization in a liquid nutrient medium (Czapek Dox)
with initial pH 7, as proposed by Grayston et al.8 The cultivation
experiments were performed in 250 mL Erlenmeyer flasks, adding
50 mL of the nutrient medium to supply the minimal conditions
required for spore germination and fungal growth. The experiments
were standardized so that the P contents were the same (200 mg L−1)
as RP, RP/S°, St/RP, and St/RP/S°. For all samples, besides S° and
St/S° composite, the concentration of S added to the culture medium
was approximately 5000 mg L−1. The incubation was carried out with
independent samples for 3, 6, 9, and 12 days using an orbital shaker
incubator at 30 °C and 220 rpm in triplicate. After each period the
resulting material was vacuum filtered using Whatman No. 1 filter
paper and centrifuged for 15 min at 11 000 rpm and 20 °C. The clear
supernatant was analyzed to determine the SO4

2− derived from
S° oxidation, as well as soluble phosphorus. The SO4

2− content was
expressed as a percentage of the total S°, and the available P was
expressed as a percentage of the total P added to the liquid medium.
The methods for determination of sulfate and phosphorus were based
on standard procedures.22−24 The experimental steps are detailed in
the Supporting Information.

Soil Experiments: Sulfur Oxidation and Phosphorus
Solubilization. The oxidation of S° and solubilization of P were
evaluated in a soil incubation experiment after incorporation of the
composite samples in an Oxisol collected from the surface layer
(0−20 cm) of an agricultural soil in the region of Saõ Carlos in Saõ Paulo
State, Brazil, which was characterized according to its physical and
chemical aspects.25−27 Details of the soil characteristics are provided
in the Supporting Information (Table S2).

To compare S° oxidation and P solubilization from RP in soil,
triplicates of 50 g samples of soil were placed in 100 mL polyethylene
screw-cap bottles. Addition was made of 10 mg of P as single
superphosphate (SSP), rock phosphate (RP), or the RP/S°, St/RP,
and St/RP/S° composites. Sulfur was added in the form of 100 mg of
S° or St/S° composite. After complete incorporation of the fertilizers
in the soil, the moisture content was adjusted to 80% of water holding
capacity (WHC) using distilled water. The samples were monitored in
independent units for each period before incubation (day 0) and after
30 and 60 days of keeping the bottles at a constant temperature of
25 °C under aerobic conditions. The water content was kept constant
during the incubation. After each incubation period, the total soil
sample was air dried and then crushed to pass through a 2 mm screen.
The pH was determined as proposed by Embrapa,26 and the
exchangeable sulfate (SO4

2−) was extracted using ammonium acetate
solution.24

The available P was extracted with anionic resin using an anion
exchange membrane (AMI 7001S, Membranes International Inc.,

Table 1. Proportions of Starch (St), Rock Phosphate (RP), Elemental Sulfur (S°), and A. niger Spores (per g of total
composite) Used in the Compositesa

fertilizers St (%) RP (%) S° (%) RP/S° (%) spores (per g) P2O5 (%) S (%) Ca (%)

single superphosphate (SSP) 23.0 8.0 18.0
rock phosphate (RP) 32.0 0.6 48.3
elemental sulfur (S°) 95.0
composite (RP/S°) 50.0 50.0 7.3 78.8 12.0
composite (St/RP)* 33.3 66.7 2 × 107 21.3 0.4 32.1
composite (St/S°)* 33.3 66.7 2 × 107 63.2
composite (St/RP/S°)* 33.3 66.7 2 × 107 4.8 52.4 8.0

aTotal contents of P2O5, S, and Ca determined by X-ray fluorescence analysis of single superphosphate (SSP), RP, S°, and the composites.
Asterisks indicate samples with A. niger spores.
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Ringwood, NJ, USA).28 Portions of 2.5 g of soil were placed in 50 mL
polyethylene centrifuge tubes, together with 40 mL of distilled water
and a 10 cm2 AMI strip. The resulting suspensions were agitated for
16 h. The AMI strips were then removed from the tubes and washed
to remove soil from the surfaces. The P absorbed by the AMI strip
was extracted with 40 mL of 0.5 mol L−1 HCl under gentle agitation
in an orbital shaker for 2 h.
Phosphorus Speciation in Soil. After incubation, the soil

samples were analyzed using P K-edge X-ray absorption near-edge
structure (XANES) at the soft X-ray spectroscopy (SXS) beamline of
the Brazilian Synchrotron Light Laboratory (LNLS) in Campinas
(Saõ Paulo State, Brazil). The XANES data were collected in
fluorescence mode in energy ranging between 2120 and 2250 eV with
an energy step equal to 1.0 eV. In the region from 2149 to 2157 eV
the energy step employed was equal to 0.2 eV. The analysis was
performed by merging from 4 to 12 collected spectra with the spectra
of all samples being normalized in the same conditions through
Athena software.29

The phosphorus speciation in soil through XANES technique was
performed with a similar procedure already reported.30−34 In this way,
the P distribution was analyzed in terms of the forms bonded to
aluminum (P-Al), iron (P-Fe), calcium (P-Ca), and organic com-
pounds (organic-P) using several mineralogical sources of these
elements. The following reference materials were studied: hydrox-
yapatite (Ca5(PO4)3(OH)), aluminum phosphate (AlPO4), iron phos-
phate (FePO4), calcium phosphate (Ca3(PO4)2), phytic acid, lecithin,
and three adsorbed phosphate samples (phosphate adsorbed on
gibbsite (P-Al), goethite (P-Fe), and hematite (P-Fe)). The contri-
bution of each species to the total P (P-Total) was estimated by linear
combination fitting (LCF) in the energy range from −10 to 30 eV,
performed with the Athena software.29 First, several combinations of
the reference compounds were tested, and based on previous results,
the combination with the lowest R factors was selected. For this
analysis, the control soil (without P fertilization and before
incubation) and soil samples (composed of three replicates) from
each treatment, after 30 and 60 days of incubation, were ground in an
agate mortar.

■ RESULTS AND DISCUSSION

Characterization of the Materials. Table 1 shows the
nutrient concentrations for all of the fertilizers and composites

with the relative amounts of the raw materials and the effective
nutrient values. Despite the low reactivity of RP, due to its
igneous origin, it presented higher concentrations of P and Ca
than the soluble commercial fertilizer used as a reference (SSP).
The composites showed higher concentrations of S° and lower
concentrations of P and Ca compared to SSP due to the
elevated concentration of elemental sulfur. Significant concen-
trations of P and Ca were observed for the materials obtained
only by combination of RP and S°.
The SEM images of S° (recrystallized from the melt) and RP

are shown in Figure 1. The sulfur particles (Figure 1a) pre-
sented large and dense structures after melting, while the RP
particles presented heterogeneous granulometry after grinding
(Figure 1b), probably due to reclumping of the particles, but
still with agglomerate diameters smaller than 100 μm. The RP/
S° composite (Figure 1c) exhibited a homogeneous dispersion
of RP particles in the S° matrix, as indicated by the elemental
distribution in the composite (Figure 1d). Figure 1d also pre-
sents the energy-dispersive X-ray spectroscopy (EDS) analysis
of a selected region, with P points distributed across the com-
posite surface. Strong P points were due to agglomerated RP
particles, but nonetheless, a homogeneous distribution was
maintained in the S° matrix.
Figure 2 presents the X-ray tomography cross-sectional

images of the composites after the encapsulation of RP/S° in
the starch matrix. The encapsulation of the particles of S°, RP,
and the RP/S° composite in the starch matrix can be identified
by the color scale distribution, which corresponds to the density
of the material. No agglomeration effects were observed for any
of the composites. It can be seen that there was good dispersion
of S° in the starch matrix, characterized as dense material due to
the higher homogeneity among starch and sulfur (Figure 2c).
Figure 2d−f shows micrographs of the surface structures,
indicating that (as shown by the microtomography) the starch
matrix was compatible with all of the materials, avoiding agglom-
erated parts. Figure 2f shows spheroid shapes with diameters
larger than 12 μm on the surface of the composite, identified as
A. niger spores. Hence, the starch matrix encapsulated the spores,

Figure 1. Scanning electron micrographs of (a) sulfur from the melt (S°), (b) rock phosphate (RP), and (c) the RP/S° composite. (d) Scanning
electron micrograph and distribution of the elements S, P, and O in the RP/S° composite, obtained by EDX analysis.
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protecting them against possible changes occurring in the
environment. In addition, the encapsulation maintained the
spores viable for a longer period, allowing them to be activated
when incorporated into the culture medium or moist soil.
Phosphorus Release in Citric Acid Solution. The

results for phosphorus solubilization in citric acid solution
(Figure 3) showed that dispersion of the RP particles in the S°

matrix (RP/S° composite) or in the starch matrix (St/RP
composite) acted to increase the solubility of P by around

3-fold compared to the original RP. This behavior can also be
seen for the St/RP/S° composite (RP dispersed first in the S°
matrix, followed by encapsulation in starch) with solubilization
of around 60% of the total P applied, which was 6-fold higher
than for pristine RP. This was consistent with the findings of
Giroto et al.13,14 for dispersions of hydroxyapatite powders.

Phosphorus Solubilization and Sulfur Oxidation in
Submerged Fermentation. An initial set of experiments was
carried out to analyze the potential of A. niger for sulfur
oxidation, consequently leading to phosphorus solubilization.
Figure 4a shows the P solubilization and pH during the
incubation period under submerged cultivation for the St/RP
and St/RP/S° composites as well as the solubilization of RP
(control) and RP/S° without A. niger spores. The results demon-
strated that the RP particles dispersion during processing of
the St/RP and St/RP/S° composites and the bioactivation of
the A. niger resulted in greater P solubilization (of around
30%) compared to the RP and RP/S° composites without
spores (3−5%) after incubation for 3 days. This confirmed that
use of the starch matrix was effective in keeping the
encapsulated A. niger spores inactive and viable, only allowing
fungal growth when the composites were placed under
favorable environmental conditions (Supporting Information,
Figure S1). In all cases, the spores remained viable after
30 days storage at room temperature, indicative of a consid-
erable shelf life.
After incubation for 6 days, P solubilization from the St/RP/S°

composite increased to around 85% of total available P, while the

Figure 3. Phosphorus release from single superphosphate (SSP), rock
phosphate (RP), and composites RP/S°, St/RP, and St/RP/S° in 2%
citric acid solution. Different letters indicate significant difference between
the treatments (ANOVA with Tukey’s test, 95% confidence level).

Figure 2. X-ray tomography cross-sectional images of the composites (a) St/RP, (b) St/RP/S°, and (c) St/S°. SEM images of (d) St/RP,
(e) St/RP/S°, and (f) St/S°. (g) Magnified SEM image of the St/S° composite, showing S° crystals (yellow) and an A. niger spore (brown) in the
structure.
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St/RP composite showed P solubilization of 38% over the
same period, evidencing the synergy among A. niger and S° in
acidifying the medium. The solubilization of P continued to
increase, reaching values of 100% and 90% for the St/RP/S°
and St/RP composites, respectively, after 12 days of incu-
bation. In the case of the materials without fungus, the RP/S°
composite showed release of only 8% of the total available P,
while for pure RP, the release was only 0.5%. Interestingly, the
pH values of the samples were similar and remained almost the
same (around pH 3) after incubation for 12 days, suggesting
that the solubilization involved dynamic ion exchange (such as
by the replacement of phosphate in the RP structure by organic
anions). This showed that the solubilization was governed
probably by the total amount of counterions available for
phosphate release, which was not necessarily associated with
variation in pH. In addition, the buffering capacity of the RP
can also have affected the reduction of the pH during the
incubation.
Therefore, solubilization of P from the St/RP/S° and St/RP

composites was substantially higher than from the PR/S° and
RP composites, evidencing that the inoculation of A. niger was
responsible for increasing the solubilization. A. niger by itself
promoted acidification of the medium due to the production of
organic acids such as citric, oxalic, gluconic, malic, succinic,
and tartaric acids, among others, as also observed by Li et al.38

(Supporting Information, Figure S1). These acids can form
complexes with calcium, iron, aluminum, and other metals pre-
sent in the structure of the phosphate material, hence releasing
phosphate groups to the medium. This has been reported as

the main mechanism for solubilization of inorganic phosphate
by microorganisms. However, other studies have shown that
A. niger can also promote the oxidation of sulfur to sulfate.7

This process acidifies the medium and also results in increased
P solubilization, as evidenced by the higher solubilization of
P from the St/RP/S° composite compared to the composite
without S° (St/RP). In order to obtain a better understanding
of the effect of sulfur oxidation on phosphorus solubilization,
the oxidation of S° (Figure 4b) was monitored simultaneously
with the total acidity from the organic acids produced by
A. niger (Supporting Information, Figure S2).
Figure 4b shows the S° oxidation for all of the composites

and for the S° control (without A. niger). The St/RP/S°
composite showed oxidation of around 10% of the initial S°
in 3 days, while the St/S° composite showed oxidation of only
2%. No oxidation signals were observed for the other com-
posites. However, after 12 days, the St/S° and St/RP/S°
composites showed increases of S° oxidation to 20% and 16%,
respectively. It should be noted that in these experiments it
was decided to use very high S° contents in order to reveal
the effects associated with the structure of the composite
(including the action of the microorganism). Therefore, the
data corresponded to oxidation levels exceeding 40 mg S°,
providing high SO4

2− concentrations in the culture medium
(above 800 mg L−1). In contrast, the RP/S° composite and S°
presented oxidation of only 0.7% and 1%, respectively, without
any microorganism present. These results confirmed the
role of A. niger in promoting the oxidation of S° to the sulfate
form (SO4

2−), as described by Grayston,8 Li et al.,9 and

Figure 4. Temporal profiles of (a) phosphorus solubilization in culture medium and pH for treatments using RP (control, without A. niger) and the
composites RP/S°, St/RP, and St/RP/S° and (b) elemental sulfur oxidation in culture medium and pH for treatments using S° (control, without
A. niger) and the composites RP/S°, St/S°, and St/RP/S°. Different letters indicate significant difference between the treatments (ANOVA with
Tukey’s test, 95% confidence level).
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Mattiello at al.7 The increase in total acidity during the incu-
bation experiments was directly related to the amount of sulfur
oxidized (Supporting Information, Figure S1). Therefore, the
greatest changes in total acidity were found for the composites
that presented the highest S° oxidation rates. These results
indicated that the highest P solubilization obtained for the
St/RP/S° composite could be attributed to bioactivation of the
composite, followed by S° oxidation and increased acidification.
Sulfur Oxidation and Phosphorus Solubilization in

Soil Experiments. Figure 5a shows the results for P release
from the composites and fertilizer incorporated in the soil at
time zero and after 30 and 60 days of incubation. As expected,
the single superphosphate fertilizer (SSP) presented high
solubility in the soil, with 60% of P solubilized, relative to the
total P applied. The RP/S°, St/RP, and St/RP/S° composites
showed up to 3.4-fold increases of P solubilization, compared
to RP, for the same incubation time. The increases could be
attributed exclusively to the effect of dispersion, as evidenced
by the release of P in citric acid, due to the absence of the
natural acidification provided by A. niger. However, there was
rapid fixation of P by the soil colloids during the incubation
period, which for SSP reduced the availability of P in the soil to
12% after 30 days of incubation, while the St/RP/S° composite
showed an increase in P solubilization from 5.2% to 6.7%. After
60 days of incubation, the availability of P from all of the
composites became similar to that of RP. The reductions of the
pH of the soils fertilized with the composites RP/S°, St/RP,
and especially St/RP/S° were consistent with the expected
action of A. niger in S° oxidation and organic acids production,

as discussed in Phosphorus Solubilization and Sulfur Oxidation
in Submerged Fermentation.
Nevertheless, it was not possible to analyze P solubilization

without considering the immobilization of P by other mineral
fractions. This effect, widely known as a major difficulty in
phosphate fertilization, probably occurred during these experi-
ments, since part of the released P was shown to be unavailable
for extraction after the 30-day incubation, especially in the case
of the soluble SSP source (Figure 5a). Therefore, S° oxidation
and pH were monitored in the soil (Figure 5b). Compared to
the S°, all of the composites showed greater oxidation of
elemental sulfur. In the case of the St/RP/S° composite, there
was oxidation of over 12% of the total S applied in the soil after
60 days of incubation, while oxidation of only 2.5% was
obtained for the pristine S°, and the other composites showed
oxidation of around 3.5% during the same period. The St/RP/S°
treatment also presented a greater decrease of soil pH compared
to the other treatments. The higher S° oxidation observed for
the St/RP/S° composite, compared to the material containing
only starch and sulfur (St/S°), could be explained by the pre-
sence of available nutrients such as P and Ca derived from the
phosphate rock, which could have favored the growth and
metabolism of A. niger.

Phosphorus Speciation in Soil. Although the previous
experiments indicated that small fractions of P were available
in the soil after 30 days of incubation, it is not clear if this was
related to unreacted material (such as undissolved rock) or to
further immobilization events associated with the kinetics of
P in the soil. In recent years, several investigations have

Figure 5. Temporal profiles of (a) phosphorus solubilization in soil and pH for treatments using SSP, RP (control, without A. niger), and the
composites RP/S°, St/RP, and St/RP/S° and (b) elemental sulfur oxidation in soil and pH for treatments using S° (control, without A. niger) and
the composites RP/S°, St/S°, and St/RP/S°. Different letters indicate significant difference between the treatments (ANOVA with Tukey’s test,
95% confidence level).

ACS Sustainable Chemistry & Engineering Research Article

DOI: 10.1021/acssuschemeng.8b02511
ACS Sustainable Chem. Eng. 2018, 6, 12187−12196

12192

http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.8b02511/suppl_file/sc8b02511_si_001.pdf
http://dx.doi.org/10.1021/acssuschemeng.8b02511


demonstrated that P species in soil can be studied by X-ray
absorption spectroscopy (XAS), especially in the XANES
region, where the dominant species of P can be estimated using
linear combination fitting (LCF).30−37 To this, a weighted sum
of XANES spectra from selected P standards are fit to the
spectrum from a sample, since P K-edge XANES spectra for
standard compounds provided clear spectral features in the pre-
edge, white-line peak and postedge regions, which is important
to identification of P species in the studied soil samples.30−34

In order to properly assess the P species in the soil, analysis
using the P K-edge XANES technique was performed to
quantify the P fractions associated with aluminum (P−Al), iron
(P-Fe), calcium (P-Ca), and organic compounds (P-organic)
(Support Information, Figure S3). Figure S3a shows the profiles
for P K-edge XANES spectra, chosen as representative standard
compounds of the expected forms of phosphate immobilization.
These included three P-containing phases (monobasic calcium
phosphate (FMC), phytic acid, and hydroxyapatite) and three
surface-immobilized P phases (P-goethite, P-gibbsite, and
P-hematite). The XANES spectra for reference compounds
present their typical features, in good agreement with the
literature,30−34 Figure S3a. Indeed, in Figure S3a it is possible
to observe that XANES spectra for hydroxyapatite present a
post-white-line shoulder at around 2155 eV, which has been
attributed as an indication of Ca−P compounds, and the pre-
sence of a secondary post-white-line peak at 2164 eV, sug-
gesting different degrees of crystallinity of the P compounds.30−34

XANES spectra for P-absorbed solids including P adsorbed to
gibbsite and ferrihydrite showed a more pronounced intensity
of the white-line peak, which is considered as an indication of
P-sorbed species compared to P minerals.30−34 According to
the literature, for organic P species any clear pre- or postedge
features could be observed.30−34

Figure S3b shows the representative spectrum profiles for
the samples incubated for 60 days. Table 2 summarizes the
relative distributions of the immobilized P phases after incu-
bation for 30 and 60 days compared to SSP, RP, and the soil
(control) before incubation. The soil showed a P distribution
with a predominance of P-organic “phytic acid” (85.5%) and
low presence of P-goethite (5%) and FMC (9.5%) without
significant immobilization in Al phases. The total P content
of the soil before fertilization was very low (0.5 mg kg−1)

(Supporting Information, Table S2), suggesting that further
P immobilization was associated with the added P. As expected,
the results for SSP confirmed that this sample mainly consisted
of the FMC phase. Nevertheless, smaller fractions of apatite
(38%) and P-organic (14%, probably as a contaminant) were
also observed. The RP was (unexpectedly) almost an apatite
(hydroxy- or fluoroapatite), and there were no immobilized
P fractions before the incubation.
After incubation for 30 days, the results for the soil fertilized

with SSP indicated that a significant fraction of P (44%) was
immobilized as phytic acid, reflecting the biological activity in
the soil. This was in agreement with the results shown in
Figure 5a, indicative of a substantial reduction of the total
available P in this system. For the samples after 60 days of
incubation, the system maintained the same characteristics
with some reprecipitation of FMC but within statistical margins
of error. However, the results for the soil fertilized with RP
indicated that the apatite was solubilized in this time interval and
reprecipitated mainly as P-hematite. This was a very important
result, because it indicated that the high amount of Fe (6.92%
by mass) (Supporting Information, Table S1) in the RP com-
position was the key parameter affecting P immobilization.
Since the solubilization occurred closest to the iron mineral
phase, the kinetics of P immobilization was very fast compared
to SSP, as also seen in the P-goethite content. After 60 days of
incubation, the immobilization as phytic acid increased, pro-
bably due to soil biological activity, but a significant amount of
P immobilized in iron phases was still present, consistent with
the results obtained for extractable P.
In the case of the composite materials, the immobilization of

P was affected by the dynamics of soil acidulation. The soil
fertilized with RP/S° showed a small pH reduction due to
S° oxidation. This small reduction acted to reduce the immo-
bilization of P in iron phases (compared to the soil fertilized
only with RP), probably due to increased solubility of Ca in
neighboring granules. According to Mendes et al.,39 FMC and
other Ca phases are fairly soluble at pH below 4.5. Therefore,
higher Ca concentrations may increase FMC precipitation, as
observed here, with precipitation values of 54% and 38% after
30 and 60 days, respectively. It should be noted that the
measured pH corresponded to the average soil pH, rather than
the local value at the granule surface. Small decreases were

Table 2. Relative Distributions of Each P Species Obtained from XANES analyses in the Samples (mean of three replicates) of
Single Superphosphate (SSP), Rock Phosphate (RP), Soil Control (without P fertilization), and Soil Fertilized with SSP, RP,
RP/S°, and St/RP/S° after 30 or 60 Days of Incubation

samples
phytic acid
(P-organic) goethite (P-Fe)

hematite
(P-Fe) apatite (P-Ca) FMCa (P-Ca) gibbsite (P-Al) factor R pHb

single superphosphate (SSP) 0.138 (0.038) 0.380 (0.012) 0.482 (0.030) 0.006
rock phosphate (RP) 0.017 (0.107) 0.060 (0.083) 0.923 (0.042) 0.002
soil control 0.854 (0.053) 0.050 (0.037) 0.095 (0.099) 0.013 4.80
soil fertilized with SSP (30) 0.442 (0.055) 0.558 (0.051) 0.013 4.74
soil fertilized with SSP (60) 0.350 (0.063) 0.650 (0.060) 0.018 4.62
soil fertilized with RP (30) 0.158 (0.040) 0.675 (0.097) 0.167 (0.034) 0.023 4.75
soil fertilized with RP (60) 0.131 (0.068) 0.025 (0.025) 0.477 (0.046) 0.367 (0.043) 0.005 4.65
soil fertilized with RP/S° (30) 0.151 (0.049) 0.307 (0.111) 0.542 (0.077) 0.016 4.53
soil fertilized with RP/S° (60) 0.117 (0.027) 0.505 (0.080) 0.378 (0.042) 0.005 4.33
soil fertilized with St/RP (30) 0.276 (0.015) 0.173 (0.042) 0.219 (0.062) 0.333 (0.027) 0.001 4.25
soil fertilized with St/RP (60) 0.280 (0.027) 0.253 (0.074) 0.221(0.098) 0.246 (0.049) 0.005 4.37
soil fertilized with St/RP/S° (30) 0.588 (0.069) 0.412 (0.124) 0.023 3.84
soil fertilized with St/RP/S° (60) 0.042 (0.021) 0.051 (0.190) 0.171 (0.045) 0.736 (0.029) 0.004 3.77
aMonobasic calcium phosphate. bSoil pH after incubation.
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probably related to surface pH effects associated with the
higher SO4

2− contents in this system.
In the systems inoculated with A. niger, the production of

organic acids led to higher phytic acid fractions. Organic acids
such as citric and oxalic acids are good complexation agents for
Ca and Fe, hence affecting the availability of Ca. The most
remarkable result was found for the St/RP/S° system, where
the material presented the same characteristics as RP/S° in
terms of local acidulation but the higher SO4

2− production
led to a harsher pH, causing Al solubilization. According to
the Pourbaix diagram40 for Al, aluminum phases (including
oxides) are highly soluble at pH < 4, with subsequent
reprecipitation as P-Al phases. This probably occurred in a
diffusion zone (Scheme 1) where the pH was reduced to the
average soil pH and Al phases could reprecipitate. This is
interesting to note since the Pourbaix diagram for Fe indicates
that hematite should only be highly soluble at pH < 1,
providing further evidence that P-hematite was not favored in
this system. Concerning the uncertainty in XANES results,
since the interpretation of the statistical parameters in the
linear combination fit is considered a challenge, several papers
reported consistent results based on this approach.30−37 Indeed,
the mean expected deviation reported for this protocol35−37

does not have a significant difference in phosphate immobiliza-
tion behaviors in each condition. Therefore, despite the fact that
these results do not exclude the need of future pot and in-field
trials for clear evidence of agronomic effects, XANES data give
evidence that our composite strategy can positively affect the
P availability, which is important for effective phosphate man-
agement.

■ CONCLUSIONS
A simple and viable method was developed to produce a
composite consisting of a nutrient matrix (S°), with the
structure formed by another nutrient source (rock phosphate),
resulting in a multinutrient material. The inclusion of A. niger
provided a means for improved S° oxidation and concomitant
faster P release. The proposition of a granule fertilizer with
a simultaneous dispersion of particles of phosphate rock,
elemental sulfur, and A. niger spores can allow the reduction of
preprocessing (e.g., for soluble fertilizer production) and
reduces the indirect costs related to the conventional acid

solubilization process and waste treatment. Soil incubation
studies, probed by XANES, indicated that the composite
structure played a role in nutrient fixation and immobilization,
showing that nutrient dynamics was governed by the local pH.
The immobilization was influenced by the other components
of the mineral P source (especially Ca, Fe, and Al) rather than
by the soil composition. The innovative concept of “granule
bioreactor” fertilizer, where the microorganism grows in the
granule after application in the soil, provides the S° oxidation
and the P solubilization from in nature nutrient sources by an
eco-friendly process. These results provide a background for a
new generation of multifunctional smart fertilizers that provide
better nutrient recovery by plants.
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