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Biological solubilization of
phosphate rock by solid-
state cultivation to produce
eco-friendly fertilizers

Abstract — The objective of this work was to evaluate the solubilization
of phosphorus from a phosphate rock by Aspergillus niger, under solid-
state cultivation (SSC) in sugarcane (Saccharum officinarum) bagasse, by
maximizing the efficiency of citric acid production. The phosphate rock (IPR)
chosen for the study is a type of igneous rock with a very low phosphorus
solubility, obtained from the Itafés company, in Arraias, in the state of
Tocantins, Brazil. The rotatable central composite design (RCCD) was used
as a statistical tool to evaluate the effect of the concentrations of the carbon
source (sucrose) and of the IPR on the SSC medium as a strategy to improve P
solubilization. In the process without the IPR, there was a citric acid production
of up to 300 g per kilogram of substrate. The experiments in the RCCD
showed that the addition of the IPR affected citric acid production, with values
of solubilized P ranging from 1.44 to 2.72 g per kilogram of substrate and of
solubilized P yield from 12.96 to 48.94%. The analysis of the solubilized P/
sucrose ratio showed favorable conditions for P solubilization and citric acid
production. The obtained solubilized P values are promising considering that
the IPR has a very low solubilization, with only 8.6% P,0s. Overall, these
findings could contribute to the development of biotechnological processes
for producing eco-friendly phosphate fertilizers, as an alternative for a more
sustainable agriculture.

Index terms: Aspergillus niger, phosphate mineral, phosphate rock, solid-
state cultivation, sugarcane bagasse.

Solubilizagao biolégica de rocha fosfatica
por cultivo em estado sélido para
producao de fertilizantes ecolégicos

Resumo — O objetivo deste trabalho foi avaliar a solubilizacdo de fosforo
de rocha fosfatica por Aspergillus niger, em cultivo em estado sélido (CES)
em bagaco de cana-de-agucar (Saccharum officinarum), por meio da
maximizagdo da eficiéncia de produgdo de acido citrico. A rocha fosfatica
(IPR) escolhida para o estudo ¢ um tipo de rocha ignea com solubiliza¢do
de fosforo muito baixa, obtida da empresa Itafés, em Arraias, no estado do
Tocantins. Utilizou-se o delineamento composto central rotacional (DCCR)
como ferramenta estatistica para avaliar o efeito das concentragdes da fonte
de carbono (sacarose) e da IPR no meio para CES como estratégia para
melhorar a solubilizagdo de P. Para o processo sem a IPR, houve produgdo
de acido citrico de até 300 g por quilograma de substrato. Os experimentos
em DCCR mostraram que a adi¢cdo da IPR afetou a produgao de acido citrico,
com valores de P solubilizado de 1,44 a 2,72 g por quilograma de substrato
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e rendimento de P solubilizado de 12,96 a 48,94%. Além
disso, a analise da razdo P solubilizado/sacarose mostrou
condigdes favoraveis para solubilizacdo de P e producdo de
acido citrico. Os valores de P solubilizado s3o promissores,
ao se considerar que a IPR apresenta baixa solubilizagao,
com apenas 8,6% de P,Os. No geral, esses resultados
podem contribuir para o desenvolvimento de processos
biotecnologicos, para a producdo de fertilizantes fosfatados
ambientalmente favoraveis, como alternativa para uma
agricultura mais sustentavel.

Termos para indexacio: Aspergillus niger, fosfato mineral,
rocha fosfatica, cultivo em estado sélido, bagaco de cana-
de-agucar.

Introduction

Phosphorus is an important nutrient for plants and
is usually supplied in the form of soluble fertilizers
produced by chemical treatments of phosphate rock
(Vassileva et al., 2010). Different technologies have
been developed to process this type of rock and to
obtain new fertilizer products for a more sustainable
agriculture (Everaert et al., 2016; Benicio et al.,
2017). A potential alternative for obtaining soluble P
fertilizers is the use of P-solubilizing microorganisms
(PSMs) to promote the solubilization of phosphate
rock by biotechnological processes (Vassileva et al.,
2010; Mendes et al., 2015; Klaic et al., 2018).

The P-solubilizing activity of PSMs is determined
mainly by their ability to produce and release
metabolites such as organic acids that chelate cations
(mainly calcium) bound to phosphate (Kpomblekou-a
& Tabatabai, 1994; Illmer & Schinner, 1995; Mendes
et al., 2014). Among these organic acids, citric acid
has been reported to promote a solubilization of
phosphate rock comparable to the one achieved by
the conventionally used sulfuric acid (Schneider et
al., 2010; Liu et al., 2012; Lazo et al., 2017). However,
the biological P solubilization is affected by the
concentration of citric acid in the medium (Schneider
et al., 2010), with Aspergillus niger being a potential
PSM due to its high rates of growth and organic acid
production (Papagianni, 2007). Although most of
the A. niger strains are good producers of citric acid,
some may be more efficient than others (Mendes et
al., 2014; Li et al., 2016; Klaic et al., 2017). Therefore,
the selection of a fungal strain and of cultivation
conditions are crucial for the development of a process
for the biological P solubilization of phosphate rock.
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Microbes may be cultivated under liquid aerated
suspensions, known as submerged cultivation (SmC),
or using a solid medium, i.e., solid-state cultivation
(SSC). Although SmC has been widely wused
industrially, SSC can be particularly advantageous
for the cultivation of filamentous fungi, because it
simulates the natural habitat of these microorganisms
(Farinas, 2015). From the environmental perspective,
an important advantage of SSC is the ability to use
agro-industrial wastes as low-cost sources of carbon.
A potential substrate for SSC is sugarcane (Saccharum
officinarum L.) bagasse due to its properties and
availability, being used for the production of value-
added bio-products, such as enzymes and organic acids
(Soccol et al., 2008; Rodriguez-Zuiiga et al., 2011;
Sharan et al., 2015; Dezam et al., 2017). Therefore,
studies focusing on the development of bioprocess
strategies for the solubilization of phosphate rock
using sugarcane bagasse as a substrate for SSC could
potentially contribute to obtain eco-friendly fertilizers
for a more sustainable agriculture.

The objective of this work was to evaluate the
solubilization of phosphorus from a phosphate rock
by Aspergillus niger, under solid-state cultivation in
sugarcane bagasse, by maximizing the efficiency of
citric acid production.

Materials and Methods

The phosphate rock used for the assessment of P
solubilization is of the igneous type and presents a very
low P solubility. It was donated by the Itafés company
(Arraias, TO, Brazil), being called Itafés phosphate
rock (IPR).

As PSMs, the three following fungal strains were
subjected to a preliminary screening to determine
their capacity for organic acid production: 4. niger C,
obtained from Embrapa Agroindustria de Alimentos,
located in Rio de Janeiro, in the state of Rio de Janeiro,
Brazil; and A. niger 763 and Penicillium pinophilum
F14, from the collection of Embrapa Milho e Sorgo,
located in Sete Lagoas, in the state of Minas Gerais, also
Brazil. The A. niger ATCC 9142 strain was used as a
reference for citric acid production (Xie & West, 2009).
Spore suspensions were kept at -18°C and activated by
incubation on Petri dishes containing potato dextrose
agar, for 96 hours, at 30°C. Spore concentrations were
determined in a Neubauer chamber.
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The used substrate consisted of: sugarcane bagasse
untreated and pretreated by steam explosion, which
was donated by a local mill, called Usina Nardini
(Vista Alegre do Alto, SP, Brazil); and wheat bran,
acquired from Claro Agropecudria (Sdo Carlos, SP,
Brazil). The sugarcane bagasse samples were milled
and sieved, and the selected particle size was 1.0 mm <
diameter > 2.0 mm.

Before the solubilization experiments, the [PR was
dried at 110°C for 48 hours to reduce humidity content
and was ground for 10 min in the CT-241 orbital
mill (Servitech, Tubarao, SC, Brazil), consisting of a
porcelain jar and alumina balls (Plotegher & Ribeiro,
2016; Klaic et al., 2017). The phosphate rock was then
stored in dry boxes at room temperature for further
characterizations and use in the experiments. The
IPR was characterized by X-ray fluorescence, using
the lithium tetraborate fusion technique to analyze
the ten most commonly found oxides in the ores. The
morphology of the IPR samples was observed by field
emission gun scanning electron microscopy (FEG-
SEM), with the JSM-6701F FEG microscope (JEOL,
Akishima, Tokyo, Japan). Images were captured using
an acceleration voltage of 2 kV and secondary electron
detection. Particle size was determined by dynamic
light scattering analyses with the high-performance
particle size analyzer ZetaSizer (Malvern Panalytical
Ltd, Malvern, UK). The total surface area of the samples
was measured by isothermal nitrogen adsorption, using
the ASAP 2020 instrument (Micromeritics, Norcross,
GA, USA) and the five-point Brunauer-Emmett-Teller
method.

The SSC experiments were carried out in 250-mL
Erlenmeyer flasks using the untreated and pretreated
sugarcane bagasse and wheat bran as a substrate in
a 3:1 proportion (Dezam et al., 2017). The total mass
used in each experiment was 3.0 g dry biomass. The
initial moisture content was adjusted to 75% (W/v)
using the nutrient solution adapted from Kumar et
al. (2003), consisting of (wt%): 20% sucrose, 0.25%
(NH4),SO4, 0.1% KH,PO,, 0.025% MgSO, 7H,0, and
0.004% CuSO,, at pH 6. The moist substrate was then
sterilized at 121°C for 30 min. After autoclaving, 4.0%
methanol were added to the medium. A concentration
of 107 spores per gram of substrate was also added, and
the SSC was carried out, at 30°C, for seven days. After
the cultivation period, the sample was homogenized
for the extraction of organic acids by adding 1:15 (w/v)
of distilled water, at 200 rpm agitation, at 30°C, for

30 min. The resulting material was vacuum-filtered
and centrifuged for 20 min at 8,000 rpm and 4°C. All
experiments were carried out in triplicate, and the data
were calculated as means+standard deviations.

The concentrations of gluconic, oxalic, and citric
acids were determined by the high-performance liquid
chromatography (HPLC) system of Waters Corporation
(Milford, MA, USA), which consisted of: W515 HPLC
pumps, W717 injector, and W486 UV reader, besides
the Aminex HPX-87H column (Bio-Rad, Hercules,
CA, USA) and 5.0 mmol L sulfuric acid solution as
the mobile phase, at a flow rate of 0.6 mL min™! with
isocratic pumping. Medium pH was measured with
a glass electrode, and titratable acidity was obtained
by titrating a sample containing 10 mL extract acid
with a 0.01 mol L' NaOH solution, using about three
drops of a solution of phenolphthalein 1.0 wt% as an
indicator. Total reducing sugars were obtained by
the 3,5-dinitrosalicylic acid method (Miller, 1959)
after the samples, prepared according to Dezam et al.
(2017), were neutralized. Total reducing sugars and pH
parameters were assessed over a 144-hour period. The
soluble P content was determined by the colorimetric
method adapted from Murphy & Riley (1962).

A rotatable central composite design (RCCD)
with eight runs plus five central points was used to
determine the effects of the two following independent
variables: sucrose and rock phosphate concentration.
The investigated ranges were: 22.5-52.5 g per kilogram
of substrate for sucrose and 0.5-1.5 g per kilogram of
substrate for rock phosphate. The response variables
were: citric acid production (gram per kilogram of
substrate), solubilized or soluble P (gram per kilogram
of substrate), efficiency of solubilization (percentage
of solubilized phosphate rock), remaining sugar (gram
per kilogram of substrate), and final pH. The statistical
analysis of the RCCD was carried out using the
Statistica, version 8.0, software (Statsoft Inc., Tulsa,
OK, USA).

Results and Discussion

The type of sugarcane bagasse and fungal strain
affected organic acid production (Figure 1). The
untreated bagasse resulted in a higher organic acid
production for all strains evaluated. Among the
different strains, 4. niger 763 and A4. niger C showed
a higher organic acid production, reaching 228+3 and
200£3 g acid per kilogram of substrate, respectively.
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These values were even higher than the one found for
A. niger 9142, which is considered a reference strain
for organic acid production (Xie & West, 2009). In a
previous report on SSC with endophytic fungi strains,
the highest organic acid production was of 135.5 g
per kilogram of substrate for Aspergillus awamori
09 (Dezam et al., 2017). Therefore, the organic acid
production obtained in the present work can be
considered interesting when compared with those of
earlier studies.

The pretreatment of the lignocellulosic biomass
used as a solid substrate for SSC aims to facilitate
microbial access to carbohydrates (Soccol et al., 2008;
Arenas-Cardenas et al.,, 2017). However, the used
steam-explosion pretreatment can also release some
compounds, such as furan derivatives, weak acids, and
phenolic compounds, which can act as inhibitors of
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Figure 1. Effect of type of sugarcane (Saccharum
officinarum) bagasse on organic acid production and pH
variation of four different strains of filamentous fungi. 4.
niger, Aspergillus niger; and P. pinophilum, Penicillium
pinophilum.

biochemical reactions (Alvira et al., 2010; Vasconcellos
et al., 2015). Phenolic compounds, for instance, are not
only able to inhibit but also to deactivate the enzymes
produced by microorganisms (Ximenes et al., 2010;
Vasconcellos et al., 2015). Therefore, for the present
study, whose objective is to improve organic acid
production, the use of untreated sugarcane bagasse can
be considered both technically and economically more
favorable, since it avoids the pretreatment step.

Besides the concentration of organic acid being
produced, the type of acid is also important for
phosphate solubilization (Vassilev et al., 2006; Kubicek
et al., 2011). In the present work, the most produced
organic acid was citric acid, and A. niger C was the
strain with the highest production of 242+2.84 and
265+0.90 g citric acid per kilogram of substrate for
the untreated and pretreated bagasse, respectively
(Table 1). Citric acid is the most versatile, widely-used,
and important acid produced by fermentation (Soccol et
al., 2006). In addition, this acid’s high water solubility
and chelating properties due to three carboxyl groups
are key characteristics in the solubilization of phosphate
rock by A. niger (Xiao et al., 2013; Klaic et al., 2018).

The evaluation of the time profile for citric acid
production by A. niger C (Figure 2 A) showed that,
under SSC using untreated sugarcane bagasse, there
was a marked increase in production from 48 up to 96
hours, and, afterwards, a steady increase. According to
the literature, the kinetics of acid formation is usually
different from that of 4. niger growth due to lag time,
also known as maturation time (around 40 hours). This
is the period during which the culture has taken up all
the ammonium ions but has not yet started producing
citric acid (Papagianni, 2007). The highest production
of citric acid (312.543 g kg') was achieved after 144
hours of cultivation, leading to a medium with pH of
2.2.

Table 1. Production of different organic acids by four fungal strains using untreated (UN) and pretreated (PT) sugarcane
(Saccharum officinarum) bagasse as a substrate for solid-state cultivation. The values were obtained by the high-performance

liquid chromatography analysis.

Organic acid Aspergillus niger 9142 Aspergillus niger C Aspergillus niger 763 Penicillium pinophilum F-14
(g per kg of substrate)" UN PT UN PT UN PT UN PT
Citric 23+0.05 22+0.06 242+2.84 265+0.90 88+1.45 89+1.23 0.0 0.0
Oxalic 0.0 240.12 540.11 6+0.02 540.07 6+0.03 0.0 0.0
Gluconic 1+0.01 1+0.02 1+0.02 140 0.0 0.0 9+0.04 440.05
Acetic 8+0.04 4+0.07 3+0.08 8+0.03 6+0.10 8+0.06 3+0.02 1+0.05
Formic 2+0.02 0.0 0.0 0.0 0.0 0.0 0.0 0.0

(OThe lactic, succinic, tartaric, and malonic organic acids were quantified but not detected at significant concentrations.
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Regarding citric acid productivity, the most
interesting value was obtained with A. niger C in 120
hours — 2.5 g citric acid per kilogram of substrate per
hour or 60 g citric acid per kilogram of substrate per
day (Figure 2 B). This productivity value is notably
superior to those previously reported. The maximum
citric acid productivity found by Khosravi-Darani &
Zoghi (2008) was about 22 g per kilogram per day
for A. niger 9142 under SSC using crude sugarcane
bagasse. Yu et al. (2018) observed a maximum
productivity of 2.3 g L' per hour when using repeated-
fed batch fermentation by A. niger immobilized on a
porous foam. Therefore, the ability of strain A. niger
C to produce expressive amounts of organic acids, in
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Figure 2. Time profile for citric acid production, total sugar
consumed, and pH values during solid-state cultivation of
the Aspergillus niger C strain using untreated sugarcane
(Saccharum officinarum) bagasse as a solid substrate (A),
as well as citric acid productivity (gram acid per hour) (B).

particular of citric acid, under SSC using untreated
sugarcane bagasse as a substrate, justifies the further
investigation of this strain and of these cultivation
conditions to promote the solubilization of the P from
the IPR, an igneous rock with a very low P solubility.

Regarding the chemical analysis of the IPR
(Table 2), an effective content of 20.3 wt% P,0s,
which is around 8.86 wt% P, was observed. Moreover,
there was a considerable amount of SiO, (36.4 wt%),
evidencing the existence of a quartz phase. A detailed
characterization of the IPR carried out by Klaic et al.
(2018) showed the predominance of two main phases:
quartz and apatite; the latter is a type of fluorapatite
(Cas(PO,)sF).

The taken micrographs show the morphology of the
IPR (Figure 3), which presents a smooth surface with
low roughness due to the high amount of quartz in its
chemical structure. A tendency to form some particle
agglomerates after the mechanical activation of the IPR
was also observed. The surface area of the IPR was 3.2
and 5.13 m? gl without and with mechanical activation,
respectively, which shows an increase of around 60%.
Regarding the particle distribution profile, particle
size was below 80 nm with mechanical activation
and above 160 nm without mechanical activation.
Even though mechanical activation can contribute to
increase the solubilization of the IPR, its crystalline
phase with a high amount of quartz — characteristic
of phosphate rocks of igneous origin — makes it hard
and difficult to solubilize (Chien, 1993). Therefore,
using an optimized microbial citric acid production

Table 2. Chemical analysis of the phosphate rock from the
Itafoés company, located in Arraias, in the state of Tocantins,
Brazil.

Oxide species Mass (%)
SiO, 36.40
AlLO; 4.60
Fe,0; 2.03
CaO 30.40
MgO 0.52
TiO, 0.22
P,0s 20.29
Na,O 0.30
K,O 0.88
MnO 0.10
Loss at ignition 4.33
Total 100
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system can be an interesting strategy to improve the
solubilization of P from the IPR.

In order to evaluate the integration of the IPR in the
citric acid production system being studied, the RCCD
was used, varying the concentration of the carbon
source (sucrose) and the amount of the IPR in the SSC
of A. niger with sugarcane bagasse. Table 3 summarizes
the conditions of the SSC and the results for the
dependent response variables citric acid, solubilized P,

~ %

Particle size distribuition

-

Particle size (nm)

Particle size distribution

PSP IPELOOS

Particle size (nm)

0

Figure 3. Micrographs and particle size distribution —
obtained by field emission gun scanning electron microscopy
(FEG-SEM) — of phosphate rock from the Itafés company,
located in Arraias, in the state of Tocantins, Brazil, without
(A) and with (B) mechanical activation.
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phosphate rock solubilization yield (%), residual sugar,
and final pH. The amount of citric acid produced
varied from 68.06 to 118.85 g per kilogram of substrate
in runs 8 and 10, respectively. These values are lower
than that of 300 g per kilogram of substrate achieved
without the addition of the IPR. However, the residual
sugar in the system, ranging from 11.81 to 35.62 g per
kilogram of substrate in runs 8 and 6, respectively, was
higher than that in the experiments without the IPR.
These data show that there was a lower conversion of
sucrose into citric acid, compared with the condition
without the IPR, with a residual sugar of 4.0 g per
kilogram of substrate. A possible explanation for this
result is related to the presence of Fe and Al in the
IPR (Table 2), since even low concentrations of these
elements in the cultivation medium can negatively
affect the production of citric acid (Klaic et al., 2018).
Despite the lower citric acid production, the final pH
was similar to the one of the cultivation without the
IPR, ranging from 2.7 to 2.9. These SSC conditions
resulted in solubilized P values from 1.44 to 2.72 g per
kilogram of substrate in runs 7 and 8, respectively, and
in a solubilization yield of phosphate rock from 12.96
to 48.94% in runs 1 and 7.

The statistical analysis showed that, for citric acid
production, both independent variables — sucrose and
IPR concentration — were statistically significant,
since the p-values were smaller than 0.05 for each.
Furthermore, there were significant second-order
interactions between the independent variables.

The statistical analysis also enabled the definition
of models to describe the observed effects on the
response variables citric acid production, solubilized P,
and solubilized phosphate rock, as well as to generate
the contour plots shown in Figure 4 A—C, respectively.

The model defined to estimate citric acid production
in terms of the concentrations of sucrose (SC) and IPR
is described by the following equation:

Citric acid production = 74.20 + 1.25SC - 0.03SC? +
5.771PR - 0.57IPR? + 0.11SC x IPR

The model was validated by the analysis of variance
(Anova), with a calculated F-test about 23 times the
tabulated one for 5% probability and a coefficient of
determination (R?) of 0.71.

Regarding the amount of solubilized P, the statistical
analysis showed that only the IPR concentration was
significant (p<0.05), presenting a linear and quadratic
effect, as described by the following equation:
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Solubilized P = 1.85 - 0.111PR + 0.00861PR?

In this case, the model was also validated by the
Anova, with a calculated F-test about 11 times the
tabulated one for 5% probability and a R? of 0.82.

A similar effect was found for the solubilization yield
of phosphate rock (percentage of solubilized phosphate
rock), as only the IPR concentration was significant (p
< 0.05), also presenting a linear and quadratic effect,
as described by the following equation:

Solubilized phosphate rock (%) = 68.19 - 8.35IPR +
0.311PR?

The defined model was validated by the Anova,
with a calculated F-test about 100 times the tabulated
one for 5% probability and a R? of 0.98.

The results showed an optimal range for citric acid
production between 20—45 g sucrose per kilogram
of substrate and between 5-10 g IPR per kilogram
of substrate (Figure 4 A). However, when the
solubilization of phosphate rock was analyzed, two
distinct responses were observed for the amount of
solubilized P and the solubilization yield of phosphate
rock. The solubilization yield was higher for lower [PR
concentrations, whereas the amount of solubilized P
(available P or soluble P) was higher for higher IPR
concentrations in the culture medium.

The potential of organic acids to promote the
solubilization of phosphate rock is determined by their
ability to chelate cations (mainly calcium) bound to
phosphate (Kpomblekou-a & Tabatabai, 1994; [llmer &

Schinner, 1995; Mendes et al., 2014; Lazo et al., 2017).
Therefore, the negative correlation between the amount
of solubilized P and the solubilization yield of the P
from the IPR might be explained by the insufficient
citric acid production to promote the solubilization of
all the added IPR. Another possible explanation is the
limited contact of the IPR particle with the citric acid
produced during microbial cultivation, due to the low
diffusion rates of the citric acid in the solid-culture
medium.

Among the obtained values, the one of 2.72 g
solubilized P per kilogram of substrate in run § can
be considered interesting when compared with those
of previous studies. Vassilev et al. (2007) found a
concentration of 2.06 g solubilized P per kilogram
of substrate, whereas Mendes et al. (2013) reported
a concentration of up to 259 mg L' solubilized P
(equivalent to 2.59 g solubilized P per kilogram of
substrate) when cultivating 4. niger in solid state using
a similar rock phosphate concentration. However, both
studies used a rock from Morocco, of sedimentary
origin, and with a high solubilization, with 12%
P,0s, differently from that used in the present study,
which is from Brazil, of igneous origin, and with a
low solubilization, with 8.6% P,Os. This makes the
current findings even more motivating, since there is
a greater solubilization with a rock of less favorable
solubilization.

Table 3. Matrix of the rotatable central composite design used to evaluate the influence of sucrose and rock phosphate
concentrations on citric acid production and phosphate rock solubilization.

Run Independent variable Dependent variable
Sucrose Phosphate rock Solubilized P Solubilized Citric acid Residual sugar Final Solubilized
(g per kg of (gperkgof  (gofsoluble Pperkg phosphaterock (g perkg of (g per kg of pH P/sucrose
substrate) substrate) of substrate) (%) substrate) substrate)
1 22.5(-1) 15 (1) 1.94 12.96 84.19 34.90 2.86 8.64
2 52.5(1) 5(-1) 1.63 32.60 77.09 14.71 2.88 3.10
3 22.5(-1) 5(-1) 1.57 31.31 97.44 31.79 2.85 6.96
4 52.5(1) 15 (1) 1.85 12.34 97.25 15.08 2.85 3.53
5 16.35 (-1.41) 10 (0) 1.68 16.77 109.54 25.56 2.88 10.26
6 58.65 (1.41) 10 (0) 1.56 15.59 104.74 35.62 2.78 2.66
7 37.5(0) 2.95(-1.41) 1.44 48.94 118.46 33.62 2.75 3.85
8 37.5(0) 17.05 (1.41) 2.72 15.95 68.06 11.81 2.88 7.25
9 37.5(0) 10 (0) 1.64 16.43 114.82 30.41 2.82 438
10 37.5(0) 10 (0) 1.63 16.32 118.85 29.40 2.79 435
11 37.5(0) 10 (0) 1.61 16.13 117.31 31.61 2.82 4.30
12 37.5(0) 10 (0) 1.62 16.27 116.44 30.19 2.85 4.31
13 37.5(0) 10 (0) 1.52 15.24 114.62 28.62 2.84 432
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Figure 4. Contour plots showing the influence of the
sucrose and rock phosphate concentrations on citric acid
production (A), solubilized phosphorous (B), and yield of P
solubilization (C).
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A significant relationship was observed between
the carbon source supplementation (concentration
of sucrose) and amount of solubilized P (Table 3).
The best results were 10.26 for the solubilized P/
sucrose ratio and 1.68 g per kilogram of substrate for
solubilized P, both in run 5. Although the latter value
1s 38% lower than that of the P solubilized in run 8§,
it allows an economy in sucrose supplementation of
56% and a production of citric acid 60% higher. This
finding can be considered of great importance, as it
could contribute to reduce the costs of the biofertilizer
production process.

Conclusions

1. The solubilization by Aspergillus niger of the
phosphorus from an igneous phosphate rock from the
Itafés company (IPR) can be significantly improved
by adjusting the conditions of solid-state cultivation in
sugarcane (Saccharum officinarum) bagasse.

2. The concentrations of carbon source and IPR play
an important role in citric acid production efficiency
and amount of solubilized P.

3. Favorable conditions for solubilized P and citric
acid production could be achieved by the analysis
of the solubilized P/sucrose ratio, with an economy
in sucrose supplementation and improvement in the
production of citric acid.

4. The obtained P-solubilization values are
promising, considering that the IPR is an igneous rock
of very low solubilization, obtained from Arraias, in
the state of Tocantins, Brazil.
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