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Resumo

Fertilizantes fosfatados sdo amplamente utilizados para melhorar a produtividade agricola.
Entretanto, o processo de producgdo destes fertilizantes envolve altos custos e pode causar
danos ambientais. A aplicacdo de microrganismos capazes de solubilizar fosfatos (MSP) tem
sido considerada uma potencial estratégia para obter biofertilizantes via solubilizago
bioldgica da rocha fosfatica (RF), porém, a eficiéncia desse processo ainda € baixa. Dessa
forma, o objetivo desse trabalho foi desenvolver estratégias para aumentar a solubilizacdo da
RF pela acdo de MSP usando processos de cultivo microbiano por rota submersa (CSm) e
estado sélido (CES), além de propor novos produtos empregando o uso de MSP como agente
promotor de solubilizacdo. Inicialmente foi realizada a selecdo de um potencial MSP, na qual
o fungo Aspergillus niger se destacou. Em seguida, foi avaliada uma nova estratégia
mecanico-bioldgica para aumentar a solubilizacdo da RF. Nessa estratégia, a RF Bayovar
(origem sedimentar) foi ativada mecanicamente para diminuir o tamanho de particula, assim a
solubilidade pode ser aumentada em decorréncia da maior area superficial juntamente com a
alteracédo local do pH. Os resultados mostraram um aumento de solubilidade de 60% quando
utilizado o CSm e 115% em CES. A estratégia da ativacdo mecanica também foi estudada
com a RF Itafés (origem ignea), a qual mostrou um comportamento diferente da RF Bayovar,
com ganhos de solubilidade de 57% por CSm e 45% por CES. Ainda para a RF Itafds, foi
investigada uma estratégia utilizando fornecimento de sélidos por batelada alimentada
integrada a ativacdo mecanica, que levou a aumento de 78% na solubilizacdo desta rocha. A
fim de elucidar o mecanismo de acéo no processo de biosolubilizacéo, realizou-se um estudo
sobre o efeito dos &cidos organicos sob diferentes fontes de RFs. Os resultados mostraram que
0 &cido citrico e oxalico sdo os &cidos organicos com maior potencial para solubilizar RF. Foi
constatada sinergia entre os acidos citrico/oxalico e oxalico/gluconico quando presentes na
razdo 1:1 e 2:1, respectivamente, que potencializou a solubilizagdo. A partir dos
conhecimentos obtidos, desenvolveu-se um compdsito-fertilizante baseado na gelatinizacéo
de amido com simultanea dispersdo de particulas de RF mecanicamente ativadas e esporos de
A. niger. As caracterizacdes dos compdsitos mostraram um elevado grau de dispersdo das
particulas de RF na matriz de amido, além de um consideravel teor de P2Os entre 10-22%. A
solubilidade do fosforo contido no composito foi superior a 70% em somente 96 h. Além
disso, 0s esporos mantiveram-se viaveis ap0s 0 processamento e estocagem, garantindo um
tempo de prateleira de no minimo dois meses ao produto. Devido ao potencial dessa
tecnologia, foram também desenvolvidos compdsitos-fertilizantes a partir de dxidos de
minérios e de enxofre elementar, os quais sdo importantes para a nutricdo de plantas. Os
resultados mostraram que a matriz foi capaz de comportar uma alta carga de 6xidos (ZnO,
MnO e CuO) e enxofre elementar, assim como observado quando utilizado a RF. Os
experimentos de bio-ativagdo mostraram uma elevada solubilizacdo dos ¢xidos quando
utilizado enxofre na matriz de amido. O produto final obtido foi um gréanulo multi-nutriente,
fonte de Zn, Mn, Cu e S para as plantas. O compdsito multi-nutriente também foi avaliado no
sistema solo-planta e os resultados mostram que foi téo eficiente quanto as fontes comerciais
utilizadas. Conclui-se que os nanocompdsitos-fertilizantes obtidos neste trabalho constituem
um inovador conceito de “biorreator em granulo” como muitas possibilidades de aplicagao na
nutrigdo de plantas.

Palavras Chaves: Biofertilizantes, rocha fosféatica, solubilizacdo bioldgica, Aspergillus niger,
nanocomposito.



Abstract

Phosphate fertilizers are widely used to improve agricultural productivity. However, the
process of producing these fertilizers involves high costs and can cause environmental
damage. The application of phosphate solubilising microorganisms (PSM) has been
considered a potential strategy to obtain biofertilizers by biological phosphate rock (PR)
solubilization, but the efficiency of this process is still low. Thus, the objective of this work
was to develop strategies to increase the solubilization of RF by the action of PSM using
microbial culture processes by submerged route (SmC) and solid state (SSC), besides
proposing new products employing the use of PSM as agent promoter. Initially the selection
of a potential PSM was performed, in which the fungus Aspergillus niger was highlighted.
Then, a new mechanical-biological strategy was evaluated to increase the solubilization of the
PR. In this strategy, PR Baydvar (sedimentary origin) was mechanically activated to decrease
particle size, so the solubility can be increased as a result of the larger surface area together
with the local pH change. The results showed an increase of solubility of 60% when using
SmC and 115% in SEC. The mechanical activation strategy was also studied with the Itaf6s
PR (igneous origin), which showed a different behavior of Bayovar PR, with solubility gains
of 57% by SmC and 45% by ESC. Also for the PR Itafds, a strategy was proposed using a
system of solids supply by fed-batch integrated to the mechanical activation step increased the
solubilization of this rock in 78%. In order to elucidate the mechanism of action in the
biosolubilization process, a study was carried out to evaluated the effect of organic acids
under different RF sources. The results showed that citric acid and oxalic acid are the organic
acids with the greatest potential to solubilize PR. A synergistic relationship was found
between citric/oxalic acids as well as oxalic/gluconic acids when presented in molar ratio of
1:1 and 2:1, respectively, that potentiates the solubilization. Using the knowledge obtained, a
composite-fertilizer based on starch gelatinization was developed with simultaneous
dispersion of PR particles mechanically activated and encapsulation of A. niger spores. The
characterization of the composites showed a high degree of dispersion of the PR particles in
the starch matrix, besides a considerable content of P,Os between 10-22%. The solubility of
the phosphorus contained in the composite was greater than 70% in only 96 h. In addition, the
spores remained viable after processing and storage, ensuring a minimum shelf-time of two
months. Due to the potential of this technology, composites-fertilizers were also developed
from mineral oxides and elemental sulfur. The results showed that the matrix was capable of
carrying a high load of oxides (ZnO, MnO and CuO) and elemental sulfur, as observed when
using PR. The bio-activation experiments showed a high solubilization of the oxides when
sulfur was used in the starch matrix. The final product obtained was a multi-nutrient granule
source of Zn, Mn, Cu and S for the plants. The multi-nutrient composite was also evaluated in
the soil-plant system and the results show that they were as efficient as the commercial
sources used. Concludes, that the nanocomposite-fertilizers proposed in this work constituting
an innovative concept of "bioreactor in granule™ with many possibilities of application in the
nutrition of plants.

Keywords: Biofertilzers, phosphate rock, biological solubilization, Aspergillus niger,
nanocomposite.
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Introducao

O faésforo (P) é um dos principais nutrientes limitantes para o crescimento das plantas,
sendo necessario para desempenhar as diversas fungdes vitais no desenvolvimento das
plantas. Alguns fatores de crescimento associado ao fosforo sdo a melhoria na qualidade da
plantagdo, maior resisténcia a doencas e suporte ao desenvolvimento da planta por todo ciclo
de vida (Maravolta, 1980; Novais, 1991). Portanto, realizar uma fertilizacdo/suplementacéo
fosfatada adequada é essencial para aumentar o rendimento e produtividade na agricultura. A
suplementacdo de P é realizada principalmente na forma de fertilizantes fosfatados soluveis,
como o superfosfato simples (SSP) e superfosfato triplo (TSP). O consumo mundial de P para
agricultura entre no biénio 2016/2017 foi em torno de 46,9 Mt P,Os e ha previsdo de aumento
de 2% ao ano até 2020 (Heffer, 2017). Os fertilizantes fosfatados sdo produzidos pelo
processamento quimico da rocha fosfatica (RF), sendo que esse processo envolve alto
consumo de energia, uso de &cidos inorganicos fortes como o &cido sulfdrico e fosférico,
liberacdo de contaminantes gasosos, além da geracdo de subprodutos indesejaveis como o
fosfogesso (Canovas et al., 2018; CONAMA, 2011). Estudos tem mostrado que para cada
tonelada de P»Os sdo produzidas 5 toneladas de fosfogesso (CaSOa4.H.0), o acumulo de
subproduto pode gerar problemas como eutrofizacdo de lagos e rios (Canovas et al., 2018;
Tayibi et al., 2009). De acordo com os resultados de estudos divulgados pela Organizacéo
Mundial da Saude, os poluentes gasosos gerados pela industria de fertilizantes levaram a um
aumento da mortalidade e da morbidade na populacdo local onde estas inddstrias estdo
instaladas (CONAMA, 2011).

Uma alternativa quem vem sendo estudada para minimizar estes problemas, além de
diminuir os custos de processo, € a solubilizacdo da RF por rota biotecnolégica (Mendes et
al., 2015; Avdalovic et al., 2015; Vassilev et al., 2017). A solubilizacdo da RF por rota
biotecnoldgica consiste em aplicar um microrganismo para promover a solubilizacdo da RF,
sendo que o produto resultante desse processo de solubilizacdo vem sendo denominado de
biofertilizante fosfatado (Vassilev et al., 2006; Vassilev and Vassileva, 2003; Vassilev et al.,
2015; Vassileva et al., 2010). Nesse processo, 0 microrganismo atua como agente
solubilizador, transformando o fosforo insolivel presente na RF em formas sollveis
principalmente pela acidificacdo resultante da producdo de acidos organicos (lllmer and
Schinner, 1995; Kpomblekoua and Tabatabai, 1994; Mendes et al., 2014a; Nahas, 1996). Os
grupos hidroxila e carboxila dos acidos organicos podem sequestrar 0s céations

(principalmente o célcio) ligados ao fosfato e, posteriormente, converter o fosfato insolGvel
14



em formas sollveis (Kpomblekoua and Tabatabai, 1994). Por estas razbes é de grande
interesse estudar e desenvolver processos e novas tecnologias aplicando microrganismos
solubilizadores de fosforo (MSP) para producdo de biofertilizantes fosfatados, visto que a
solubilizacdo da RF por rota biotecnologica tem menor impacto a0 meio ambiente comparado

aos métodos classico de producdo de fertilizantes fosfatados.

Cultivos de MSP por suspensdo aerada (cultivo submerso, CSm) e em meio solido
(cultivo em estado solido, CES) sdo os principais processos utilizados para realizar a
solubilizacdo da RF pela rota biotecnoldgica. No CES, o substrato sélido umedecido €
suplementado com nutrientes e empregado para sustentar o crescimento e o metabolismo do
microrganismo (Stanton, 2002). J& no CSm, as células microbianas se desenvolvem em um
meio liquido gaseificado, com adi¢cdo de nutrientes para promover o crescimento do
microrganismo (Fazenda et al., 2008). Estudos realizados tém demonstrado o potencial de
utilizar MSP para solubilizar RF por ambas técnicas de cultivo, utilizando diferentes tipos de
RF, diferentes MSP e condicGes de processo (Mendes et al. 2015; de Oliveira et al., 2015;
Ogbo et al., 2010). Embora muitos fungos e bactérias tem sido reportado como bons MSP,
fungos filametosos sdo reconhecidos pela alta taxa de producdo de acidos organicos e podem
ser mais eficientes para promover a solubilizacdo da RF (Mendes et al. 2015; de Oliveira et al.
2015). Os produtos obtidos a partir desses processos de solubilizacdo tém demonstrado bons
resultados como fonte de P para as plantas quando avaliados no sistema solo-planta (Mendes
et al., 2017; Vassilev et al., 2017). Entretanto, a eficiéncia de solubilizacdo da RF por ambas
rotas biotecnologias ainda € baixa, o que leva a necessidade de desenvolver bioprocessos mais
eficientes, para aumentar a competitividade dos biofertilzantes frente aos produtos ja

disponiveis no mercado.

Uma classe de novos produtos para a agricultura baseada no desenvolvimento de
compositos-fertilizantes para promover a liberacdo controlada de nutrientes vem se
destacando recentemente (Giroto et al., 2014; Giroto et al., 2017). Entretanto, compdsitos com
a fungdo de promover o aumento de solubilidade de fontes de nutrientes de baixa reatividade
(como as RFs) ainda sdo pouco explorados. Existem trabalhos que promovem o
encapsulamento de MSP em materiais como alginato de célcio para posterior adi¢cdo destes
materiais ao solo ou mesmo a biorreatores, para a solubilizacdo de RP por cultivo submerso
(Jain et al., 2010; Schoebitz et al., 2013; Vassilev et al., 2017; Vassilev et al., 2015).
Entretanto, na maioria das matrizes utilizadas para o encapsulamento de microrganismos nao
se obtém uma boa dispersdo de material particulado, ou quase nenhum material pode ser
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dispersado conjuntamente com o0 encapsulamento devido a limitagdes dos tradicionais
métodos de processamento. Portanto, desenvolver um compdsito a partir de um material
compativel para promover boa dispersdo de minerais de baixa solubilidade e simultaneamente
encapsular microrganismos para promover a solubilizacdo dessas fontes de nutrientes seria

um conceito inovador de uma nova classe de fertilizantes.

Dessa forma, este estudo propde novas estratégias para melhorar a eficiéncia de
solubilizacdo da RF por ambas as rotas biotecnoldgicas para tonar estes processos viaveis
economicamente e ambientalmente corretos, além de contribuir para o desenvolvimento de
tecnologia para a producdo de biofertilizantes em larga escala. Também faz parte deste
trabalho, propor diferentes alternativas para produzir novos produtos fertilizantes baseados na
acao bioldgica do microrganismo para promover a solubilizacdo da RF e outras fontes de

nutrientes para as plantas.

Estrutura do trabalho

A apresentacdo dos estudos desenvolvidos ao longo do doutorado esta estruturada no
formato de Capitulos. Inicialmente, no Capitulo 1 é apresentada uma revisdo da literatura, na
qual se encontram informagdes relevantes para o entendimento do trabalho desenvolvido,

juntamente com 0s objetivos propostos.

No Capitulo 2 sdo apresentados os resultados obtidos durante o desenvolvimento da
primeira etapa do trabalho e refere-se ao estudo de selecdo do microrganismo com maior
potencial para solubilizar fosfato e de uma estratégia para aumentar a solubilidade da rocha
fosfatica Baydvar. A estratégia proposta neste estudo combina a ativagdo mecéanica da rocha
fosfatica associada a biosolubilizacdo por cultivo submerso e no estado solido. Além disso,
também é apresentada a caracterizagdo quimica e fisica desta rocha. Esses resultados estdo
apresentados na forma de artigo, publicado na revista International Journal of Mineral
Processing, intitulado “A novel combined mechanical-biological approach to improve rock
phosphate solubilization”.

No Capitulo 3 sdo apresentados os resultados obtidos no estudo do efeito do tamanho de
particula na solubilizagdo da rocha fosfatica Itafés por cultivo submerso e em estado solido. A
caracterizacdo detalhada desta rocha fosfatica assim como a andlise do efeito do teor de
solidos (concentracdo de rocha fosfatica) no processo de solubilizacdo sdo apresentados. A

estratégia de processo proposta para contornar os problemas oriundos da alta carga de sélidos
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e aumentar a eficiéncia de solubilizacdo também é discutida. Os resultados estdo apresentados
na forma de artigo submetido a revista Sustainable Chemistry & Engineering. O artigo é
intitulado “A fed-batch strategy integrated with mechanical activation improves the biological

solubilization of phosphate rock™.

A fim de melhor entender os mecanismos envolvidos na biosolubilizacéo do fosfato, foi
realizado um estudo de solubilizacdo de rochas fosfaticas de diferentes origens em &cidos
organicos de baixa massa molecular, cujos resultados sdo apresentados no capitulo 4. As
solubilizacdes das diferentes fontes de fosfatos minerais também foram realizadas em &cidos
inorgénicos e &gua, para comparacao dos resultados. Um estudo avaliando o sinergismo dos
acidos orgéanicos também foi realizado, aléem de um estudo cinético de solubilizagdo. Os
resultados desta etapa do trabalho estdo apresentados na forma de artigo em elaboracdo. O

artigo ¢ intitulado “Solubilization of mineral phosphate by organic acids”.

No capitulo 5 sdo apresentados os resultados relativos ao estudo do desenvolvimento de
um novo produto, um composito-fertilizante. Assim, é proposto um conceito inovador de um
“biorreator em granulo”, no qual os microrganismos se desenvolvem na estrutura do granulo
consumindo a matriz como fonte de carbono e produzindo acidos organicos.
Consequentemente, a acidez local aumenta promovendo a solubilizacdo das particulas de
rocha fosfatica dispersas na matriz. Esses resultados estdo apresentados na forma de artigo
submetido a revista Minerals Engineering. O artigo é intitulado “Nanocomposite of starch-

phosphate rock bio-activated for environmentally-friendly fertilization”.

No capitulo 6 sdo apresentados os resultados da etapa de aplicacdo da estratégia
proposta de “biorreator em granulo” para a obtengdo de compositos-fertilizantes com outras
fontes de nutrientes de baixa solubilidade, como os Oxidos metalicos e enxofre elementar.
Nesta etapa, também foram realizados ensaios em casa de vegetacdo para avaliar o efeito dos
compositos-fertilizantes no sistema solo-planta. Os resultados estdo apresentados na forma de
artigo em elaboracdo intitulado “Nanocomposites fertilizers biologically activated for an

efficient supply of sulfur and micronutrients to plants”.

Por fim, no Capitulo 7 sdo apresentadas as conclusbes e perspectivas do presente
trabalho.
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Capitulo 1

1. Revisdo Bibliogréfica

1.1. O fosforo e sua importancia para as plantas

O fosforo (P) € um elemento quimico de nimero atdbmico 15 (15 prétons e 15 elétrons),
massa atdbmica igual a 31. Existe naturalmente na natureza e pode ser encontrado em todo
globo terrestre, sendo vital para existéncia da vida no planeta. Nas plantas, o P é um dos
principais nutrientes limitantes para o crescimento e corresponde a aproximadamente 0,2% da
massa seca e, apesar da pequena quantidade, € indispensavel para melhorar a producéo

agricola de diversas culturas (Mullins, 2009).

O P (como fosfato, POs*) é um componente de compostos importantes das células
vegetais, incluindo fosfocarboidratos e fosfolipidios que comp&em as membranas vegetais de
todas as plantas (Goldstein et al., 1993). Este elemento € essencial na transferéncia de energia,
respiracdo e fotossintese (Krishnaraj and Dahale, 2014). A energia absorvida pela clorofila
durante a fotossintese é convertida em adenosina trifosfatada (ATP) e atua como primeira
fonte de energia requerida nos processos bioldgicos (Krishnaraj and Dahale, 2014). Dessa
forma, o P torna-se essencial para desempenhar as diversas fungdes vitais nas plantas. A
auséncia de P pode afetar a floracdo, a formacdo e maturacdo de frutos, o crescimento das
raizes e a multiplicacdo das células, sendo que o fésforo deve estar presente em uma forma
inorganica simples para que possa ser assimilado (Krishnaraj and Dahale, 2014). O
desenvolvimento de manchas arroxeadas nas folhas mais velhas, além do atraso no
florescimento, flolhas quebradicas e pequeno nimero de frutos e de sementes sdo indicios de
falta de fosforo (Krishnaraj and Dahale, 2014). Assim, para obter bons rendimentos no cultivo

de qualquer cultura, o fésforo é necessario e indispensavel.

O P é geralmente encontrado nos solos na forma de compostos de baixa solubilidade.
Em solos acidos, o fosfato reage com ferro (Fe) e aluminio (Al) formando fosfatos de Fe e Al.
Ja em solos alcalinos, reage com célcio (Ca) para formar fosfatos de Ca (Fontes and Weed,
1996). Entretanto, as plantas podem absorver apenas o P que esta dissolvido na agua presente
no solo (fosfato soltvel), que se encontra principalmente na forma de anions H.PO4 € HPO4*
(Fontes and Weed, 1996; Krishnaraj and Dahale, 2014; Mullins, 2009). Nesse contexto,

estudos tem demonstrado que a concentracdo de P soltvel na maioria dos solos é baixa,
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devido a reacGes de complexacdo que ocorrem com elementos como Fe, Al e Ca, como ja
citado, limitando assim o desenvolvimento das plantas. Estima-se que para obter bons
rendimentos para culturas como milho e soja, a concentracdo de P solGvel deve estar entre
200 e 300 mg Kg* de solo, entretanto essas concentracdes podem variar dependendo do solo
e das condigdes iniciais que o solo se encontra (Maravolta, 1980; Novais, 1991). Isto mostra a
necessidade e a importancia de realizar fertilizagdo fosfatada para suprir as necessidades
nutricionais das plantas aumentado a concentracdo de fosforo disponivel no solo para obter

bons rendimentos e produtividade agricola.

1.2. Reservas e tipos de rochas fosfaticas

As rochas fosfaticas (RFs) sdo a principal fonte de matéria-prima para producéo de
fertilizantes fosfatados e estdo sendo constantemente exploradas para suprir as altas demandas
das industrias de fertilizantes. Estima-se que as reservas mundiais atuais de RF sejam de
aproximadamente 16 trilhGes de toneladas (Souza and Fonseca, 2010). As reservas estdo
distribuidas por mais de 37 paises, entretanto apenas cinco paises (Marrocos, China, Estados
Unidos, Africa do Sul e Jordania) detém aproximadamente 85 % da producdo mundial (Souza
and Fonseca, 2010). O Brasil ocupa a sétima posicdo entre os paises produtores de RF no
mundo (UNEP, 2011). As principais reservas brasileiras estdo localizadas em Minas Gerais
(67 %), Goias (14 %) e Sdo Paulo (6 %). A principal jazida se encontra em Tapira (MG),
seguida das reservas de Patos de Minas (MG), Araxa (MG), Cataldo (GO) e Cajati (SP)
(Souza and Fonseca, 2010).

As RFs ou fosfatos naturais sdo minérios que possuem alguma fase cristalina rica em
fosforo. A denominacdo fosfatos naturais abrange uma gama de variagcdes nesses tipos de
minérios, quer seja em composicao, textura ou origem geoldgica. Porém todos apresentam
uma caracteristica em comum: sdo constituidos de minerais do grupo das apatitas (Toledo,
2001). Dessa forma, a apatita € um mineral de fosforo que pode ser representada de forma
geral como Ca1o(PO4)sX2, onde X pode sofrer substituicdo por fluor (F) (fluorapatita) ou cloro
(CI) (clorapatita) ou hidroxila (OH) (hidroxiapatita) (Toledo, 2001). A apatita também pode
apresentar substituicdo do grupo fosfato por um grupo carbonato, formando a carbonato-
fluorapatita (Ca,Na,Mq)10(PO4,CO3)s(F,OH)2 ou carbonato-hidroxiapatita
Cai10(P0O4,C0O3)(OH). (Chien, 1993; Toledo, 2001; Zapata, 2004). Normalmente, nenhuma
destas composi¢cdes simplificadas € observada na apatita natural, devido as inUmeras

substituicdes ocasionadas pela complexa formacao desses minerais.
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Os minerais apatiticos formaram-se sob diferentes regimes geoldgicos, além de terem
sofrido transformacgdes por intemperismo, lixiviacdo, reprecipitacdo e diversas contaminacdes,
0 que justifica a diversidade mineralogica deste material (Toledo, 2001). Os depdsitos
naturais podem ser divididos principalmente em duas categorias: 0s depositos sedimentares
ou metamdrficos e os depdsitos igneos ou magmaticos. Os depdsitos sedimentares possuem
uma origem complexa e variada, constituem aproximadamente 85 % da oferta mundial e,
estdo localizados principalmente nos Estados Unidos, sudeste do México, Marrocos, noroeste
do Saara e Oriente Médio (Toledo, 2001). Neste tipo de depoésito, 0s minerais predominantes
sdo apatitas com alto grau de substituicdo isomorfica de fosfato por carbonato e este tipo de
mineral é muitas vezes denominado de francolitas ou fosforitas (Chien, 1993; Toledo, 2001).
Ja os dep6sitos igneos, ou magmaticos, estdo presentes principalmente na Africa do Sul,
Rassia, Finlandia e Brasil, representando aproximadamente 15 % das reservas mundiais. O
principal tipo de apatita associado com este depdsito é a fluorapatita com baixa substituicéo
isomorfica (Toledo, 2001). No Brasil aproximadamente 95% das reservas de RFs sdo de

origem ignea (Loureiro et al., 2008).

As RFs também podem ser classificadas em fosfatos “duros” e “moles”. Os fosfatos
“duros” sdo apatitas que ndo tém ou apresentam baixa substituicdo isomorfica, geralmente de
origem ignea. Este tipo de fosfato constitui a maioria das reservas de RFs brasileiras (Toledo,
2001). Os fosfatos “moles”, geralmente de origem sedimentar, sdo apatitas de alto grau de
substituicdo isomorfica do fosfato por carbonato, resultando em um cristal imperfeito, poroso,
de alta area superficial. Geralmente este tipo de fosfato apresenta uma maior solubilizacédo
que os fosfatos “duros” (Chien, 1993).

Sendo assim, a grande diversidade de RFs existente é devido principalmente a sua
complexa formagdo. A caracterizacdo fisica e quimica é essencial para descobrir o tipo de
apatita e o grau de substituicdo isomdrfica. Geralmente fosfatos de baixa substituicdo
isomorfica (duros) sdo de dificil solubilizagdo, o que contribui para aumentar os custos de
processamento na producdo dos fertilizantes fosfatados. Essas caracterizagcbes também sdo

importantes para desenvolver estudos de solubilizagdo via processo biotecnologico.

1.3. Fertilizantes quimicos fosfatados e impactos ambientais

A producao tradicional de fertilizantes fosfatados é baseada no processamento quimico

da rocha fosfatica para obter fosforo inorganico soltvel. Fertilizantes fosfatados também
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podem ser definidos como o produto resultante do tratamento quimico do concentrado
fosfatico, que apresenta parte do P>Os soltvel disponivel para as plantas e que pode ter ainda
outros constituintes nutrientes ou micronutrientes agregados, além de estar com a forma e
tamanho adequados para sua utilizacdo na agricultura (CONAMA, 2011). Os principais
produtos originados desse processo sédo fosfato monoaménico (MAP); fosfato diamonico
(DAP); superfosfato triplo (TSP) e superfosfato simples (SSP).

O conjunto de operacBes unitarias no processo de producdo de fertilizantes fosfatados
envolve um alto consumo de energia, elevado gasto de acido sulfarico e acido fosforico assim
como a liberacdo de contaminantes no efluente gasoso, dentre os quais destacam-se material
particulado, tetrafluoreto de silicio (SiFa4), fluoreto de hidrogénio (HF), aménia (NH3), 6xidos
de enxofre (SOx) e oOxidos de nitrogénio (NOx), além da obtencdo de subprodutos toxicos
indesejaveis (CONAMA, 2011). De acordo com a Organizacdo Mundial da Saude, estudos
sobre os efeitos destes residuos gasosos evidenciam o aumento da mortalidade e da morbidade
na populacdo exposta aos poluentes gerados pela industria de fertilizantes (CONAMA, 2011).
A geracdo de subprodutos indesejaveis como o fosfogesso resultante do processo de
acidificacdo também é um problema que gera poluicdo ambiental devido ao baixo consumo

desse material (Canovas et al., 2018; Tayibi et al., 2009).

Além desses problemas, a aplicacdo massiva de fertilizantes quimicos sollveis como o
super fosfato simples e triplo para promover o crescimento de diversas culturas, tem resultado
na poluicdo dos solos e corpos hidricos, levando a problemas como eutrofizacdo de corpos
d’agua proximo a areas agricolas (Vassilev et al., 2015). Efeitos indiretos incluem a elevada
proliferacdo de algas e a mortalidade dos peixes devido a reducdo do nivel de oxigénio
(Conley et al., 2009; Nemery & Garnier, 2016). Frente a estes problemas, existe uma
tendéncia global em adotar préaticas de agricultura sustentavel e a utilizacdo de biofertilizantes
é uma alternativa que vem sendo proposta em diversas conferéncias ambientais (Kontic and
Kontic, 2012).

1.4. Microrganismos solubilizantes de fosfatos e mecanismos

O solo € um sistema que permite o desenvolvimento de diversos microrganismos (MOs)
e muitos deles sdo capazes de metabolizar e solubilizar formas insolUveis de fosfatos
inorgénicos presentes no solo (Krishnaraj and Dahale, 2014). Esta capacidade é conhecida

desde o inicio do século XX, quando pesquisas reportaram a importancia dos microrganismos
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para o ciclo do P (Goldstein et al., 1993). Desde entdo, muitos estudos tém sido conduzidos
para identificar e isolar microrganismos solubilizantes de fosfatos inorgéanicos a partir de
amostras de solos utilizando técnicas de screening (Hamdali et al., 2008; Mendes et al.,
2014a; Nautiyal, 1999). Embora existam muitos microrganismos solubilizantes de fosfatos,
poucos sdo eficazes, destacando-se os géneros de bactérias Bacillus, Pseudomonas e
Agrobacterium e de fungos Aspergillus e Penicillium (Krishnaraj and Dahale, 2014). O tipo
de fosfato que cada microrganismo consegue solubilizar pode variar bastante entre as
diferentes culturas. A grande maioria pode solubilizar fosfato de calcio (Caz(POa4)2),
entretanto poucos MOs conseguem solubilizar fosfato de aluminio (AIPO4) e ferro (FePOa)
(Mendes et al., 2014a). A eficiéncia de solubilizacdo ainda € menor para RFs devido a

complexidade e a diversidade da constituicdo mineraldgica (Mendes et al., 2014a).

O principal mecanismo de solubilizacdo de fosfatos inorganicos ocorre pela habilidade
bioquimica que alguns microrganismos tém de produzir metabolicos de baixa massa
molecular como &cidos organicos (Kpomblekoua and Tabatabai, 1994; Nahas, 1996; Nautiyal,
1999). Nesse contexto, a solubilizacdo e a producdo dos &cidos organicos ocorre
simultaneamente com a redu¢do do pH. Os grupos hidroxila e carboxila dos acidos organicos
podem sequestrar os cations (principalmente o calcio) ligados ao fosfato e, posteriormente,
converter o fosfato insoltvel em formas soltveis (Kpomblekoua and Tabatabai, 1994). Deste
modo, alguns acidos organicos como os acidos glucdnico, oxalico e, principalmente, o citrico
tem sido reportados como bons agentes quelantes e, deste modo podem agir solubilizando
fontes de fosfato (Ilimer and Schinner, 1995; Kpomblekoua and Tabatabai, 1994; Mendes et
al., 2014a). Entretanto, como as fontes de fosfatos minerais tem diferentes origens, sdo muito
heterogéneas e apresentam diferentes propriedades fisico-quimicas, os &cidos organicos

podem ter acdo diferente dependendo do tipo de mineral fosfatado.

A solubilizacdo também pode acontecer por outros mecanismos, porém o efeito desses
outros mecanismos tem baixo impacto na solubiliza¢cdo quando comparado a acéo dos acidos
organicos. Enzimas como fitase e fosfatase podem ser produzidas por microrganismos como
A. niger e a partir de reacfes enzimaticas podem catalisar a solubilizacdo de fosfatos
inorgénicos (Vassilev et al., 2007). A solubilizagdo também pode acontecer pela acidificagdo
do meio devido ao lancamento de prétons (H*) pela enzima ATPase durante a respiragao
celular (Illmer and Schinner, 1995). Alguns microrganismos, como as bactérias do género
Thiobacillus, podem promover a solubilizacdo por métodos indiretos, uma vez que essas
bactérias podem oxidar o enxofre elementar a sulfato que gera acidez no meio e promove a
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solubilizacdo do fosfato (Avdalovic et al., 2015; Calle-Castaneda et al., 2018). Entretanto,
para isso é necessario adicionar enxofre elementar, e o processo de oxidacdo € lento e muitas
vezes ndo e suficiente para promover uma solubilizacdo significativa da RF. No solo, a
solubilizacdo do fosfato também pode ocorrer por acidos humicos e fulvicos, que séo
produzidos durante a degradacdo de residuos vegetais (Krishnaraj and Dahale, 2014). O
mecanismo de solubilizacéo é similar ao dos acidos orgénicos, no qual os grupos hidroxila e
carboxila presentes nos acidos humicos e fulvico sequestram céations ligados ao fosfato e,

posteriormente, convertem o fosfato insollvel para forma soltvel.

Dessa forma, a sele¢cdo de um microrganismo eficiente em solubilizar diferentes fontes
de fosfatos e a compreensdo do mecanismo de solubilizagdo sdo etapas fundamentais para
obtencdo de um processo eficiente. Entretanto, fungos filamentosos como o Aspergillus. niger
sdo reconhecidos pela alta taxa de producdo de &cidos organicos (Papagianni, 2007) e podem
ser mais eficientes que as bactérias para promover a solubilizacdo da RF (Mendes et al. 2015;
de Oliveira et al. 2015). A forma de cultivo também pode interferir na eficiéncia do processo.
Nesse contexto, o cultivo destes microrganismos pode ser conduzido por suspensdo aerada
(cultivo submerso, CSm) ou meio sélido (cultivo em estado sélido, CES). Na sequéncia, estdo
comentados alguns dos principais trabalhos de solubilizacdo de fosfato via processo
biotecnoldgico.

15. Estado da Arte: Producdo de biofertilizantes fosfatados a partir de microrganismos
solubilizadores
1.5.1. Cultivo submerso (CSm)

O CSm é o tipo de cultivo no qual as células de microrganismos sao dispersas em um
meio liquido gaseificado suplementado com nutrientes para promover o crescimento (Fazenda
et al., 2008). Este tipo de cultivo apresenta grande potencial e vem sendo utilizado para
solubilizar RF. O CSm apresenta vantagens principalmente na instrumentacdo e controle do
bioprocesso, 0 que contribui para aumentar a eficiéncia de solubilizacdo da RF, além de
versatilidade na operacdo utilizando biorreatores (Fazenda et al., 2008). Nesse contexto,
alguns trabalhos tém sido desenvolvidos utilizando biorreatores para aumentar a eficiéncia de
solubilizacdo das RFs. Ahuja e Souza (2009) cultivaram Paecilomyces marquandii
(imobilizado em espuma de poliuretano) usando meio de cultivo Pikovskaya (modificado)
para solubilizar RF Hirapur (fluorapatita, 10% P) em biorreator airlift (4 L). Apds 48 h de
cultivo obtiveram uma concentracdo no final do processo de 370 mg L™ de P sollvel. O
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processo foi repetido por seis bateladas e a eficiéncia foi mantida. A RF foi adicionada ao
meio em uma concentracéo de 8 g L™ e a fonte de carbono usada foi amido 10 g L™.

O uso de microrganismos encapsulados também é mencionado como possivel estratégia
para aumentar a eficiéncia de solubilizacdo. Jain et al. (2010) estudaram a solubilizacdo da RF
(Fluorapatiata, Marrocos, 12,8% P) avaliando o efeito de Aspergillus awamori encapsulado e
disperso no meio de cultivo. Os resultados mostraram que o cultivo do fungo encapsulado em
alginato de calcio (340 mg L™ de P) e Agar (345 mg L de P) proporcionou uma maior
solubilizacdo da RF em relagdo ao cultivo com células dispersas (291 mg L™). Trabalhos
posteriores do mesmo grupo de pesquisa mostraram que os fungos encapsulados conservaram
0 mesmo rendimento ap6s 5 bateladas (Jain et al., 2011). Este aumento na solubilizagdo
também foi observado em outros estudos que utilizaram fungos encapsulados do género
Aspergillus (Vassilev et al., 1997; Vassilev et al., 2001; Vassilev et al., 2015; Vassileva et al.,
1998). O aumento na solubilizacdo é proporcionado pela maior producdo de acidos organicos
nessas condigdes e, consequentemente, maior solubilizagdo do fosfato (Vassilev and
Vassileva, 1992).

A composicdo do meio de cultivo é outro fator determinante para otimizar qualquer
processo fermentativo. Dessa forma, muitos estudos tém avaliado o efeito de diferentes fontes
de carbono e nitrogénio sobre o processo de solubilizacdo. Bhattacharya et al. (2015) estudou
o efeito de diferentes fontes de carbono e nitrogénio no cultivo de Aspergillus niger para
solubilizar fosfato de tricalcio. Os resultados mostraram que maltose, seguida de sacarose e
glicose, foram as fontes de carbono que proporcionaram maior solubilizacdo. Entre as
melhores fontes de nitrogénio se destacam o sulfato de amonio e nitrato de aménio. Srividya e
Pooja (2009) observaram a mesma relacdo de eficiéncia entre as fontes de carbono. Por outro
lado, Saber et al. (2009) reportaram a frutose seguida da glicose e xilose como melhores
fontes de carbono. Barosso et al. (2006) verificaram que a solubilizagdo do fosfato de célcio
foi aumentada na presenca de fontes de carbono como: manitol, maltose, galactose e glicose.
Entretanto, quando o fosfato de calcio foi substituido por fosfato de ferro, as fontes de
carbono que mais favoreceram a solubilizagédo foram galactose, sacarose e maltose. Estas
diferengas comportamentais tém sido constantemente relatadas na literatura principalmente
em relacdo a fonte de carbono. De forma geral, monossacarideos e alguns dissacarideos
(sacarose e maltose) sdo constantemente reportados como boas fontes de carbono, enquanto
fontes de nitrogénio amoniacal proporcionam maior producdo de A&cidos organicos e

solubilizagéo de fosfatos.
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A suplementacdo adequada de minerais no meio de cultivo também é muito importante
para qualquer processo fermentativo. Geralmente meios de cultivo para solubilizacdo de RF
tem baixa concentracdo de minerais (Nautiyal, 1999; Srividya et al., 2009), principalmente Fe,
Al e Mn, que exercem forte inibicdo na producdo de acidos organicos (Papagianni, 2007),
principal mecanismo de solubilizagdo das RFs (Fontes and Weed, 1996). Entretanto,
recentemente Oliveira et al. (2015) avaliaram a influéncia da suplementagéo dos minerais em
meio de cultivo definido Czapek’s. Os resultados mostraram que a adi¢do dos minerais ndo é
necessaria pois como as RFs possuem diversos minerais integrados a sua estrutura, 0s quais
sdo solubilizados simultaneamente ao longo da solubilizacdo do fésforo, fornecendo as

quantidades minimas necessarias para suprir as funcgdes basicas do fungo.

Também em relacdo ao meio de cultivo, durante a solubilizacdo do P outros elementos
quimicos presentes na RF também sdo solubilizados e passam a acumular no meio e alguns
desses elementos podem exercer efeito inibitdrio na solubilizacdo. Nesse contexto, Mendes et
al. (2013) estudaram a solubilizacdo da RF Araxa (Fluorapatita, Brasil, 13% P) por CSm com
Aspergillus niger utilizando meio sintético NBRIP (Nautiyal, 1999) suplementado com 3 g L
! de RF. Este tipo de RF, por ser uma fluorapatita, possui uma elevada quantidade de fluor (F)
presente na composicdo quimica e a caracterizacdo fisico-quimica mostrou, além do F, a
presenca de 52 elementos quimicos. A solubilizacdo do P foi monitorada juntamente com o0s
dos outros 53 elementos quimicos por 240 h e amostras foram coletadas a cada 12 h. Os
resultados mostraram forte inibicdo por ions F na solubilizacdo da RF, no crescimento do
celular e na producéo de &cido citrico. Esta inibicdo também foi reportada posteriormente por
Silva et al. (2014), sendo que outros ions como Fe, Al, Mn e Cu também provocaram inibicéo
moderada. Entretanto, apenas o Sr proporcionou um efeito positivo na solubilizacdo de RF.
Mendes et al. (2014b) estudaram formas de adsorver ions F°, utilizando alumina e biochar e 0s
resultados mostraram que a biochar foi mais eficiente para adsorver F, aumentando a

solubilizacdo da RF.

O extrato liquido obtido da solubiliza¢do via cultivo submerso também ja foi avaliado
no sistema solo-planta usando sistema de fertirrigacdo (Mendes et al., 2017; Vassilev et al.,
2017). Os resultados tém mostrado aumento do crescimento e absor¢do de fosforo pelas

plantas.
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1.5.2. Cultivo em estado sélido (CES)

O CES também é muito utilizado para producdo de biofertilizantes, sendo que neste tipo
de cultivo o substrato sélido umedecido é suplementado com nutrientes, o qual é empregado
para sustentar o crescimento e metabolismo do microrganismo (Stanton, 2002). O cultivo em
CES simula as condicdes de crescimento mais favordveis presentes no habitat natural do
microrganismo (Stanton, 2002) e, muitas vezes, proporciona uma maior solubilizacdo da RF
(Mendes et al., 2015). Uma importante vantagem da CES é a possibilidade de utilizar residuos
agroindustriais como fonte de carbono e energia para crescimento do microrganismo (Farinas,
2015).

Dentre os estudos de CES para solubilizacdo de fosfato, Vassilev et al. (1995)
reportaram o cultivo Aspergillus niger para solubilizar RF (fluorapatita, Marrocos, 12,8% P)
em trés diferentes tipos de substratos. Os resultados mostraram uma eficiéncia de 69% (292
mg L de P soldvel) de solubilizagio em residuo de casca beterraba suplementado com meio
Czapek apos 10 dias de cultivo. Vassielv et al. (1998) utilizaram as mesmas condi¢des de
cultivo e RF, porém como substrato foi usado torta de oliva (residuo da extracdo do éleo de
oliva) e obtiveram uma solubilizagdo com eficiéncia de 42% (168 mg L de P solGvel). Ogbo
(2010) também estudou a producdo de biofertilizante a partir da solubilizacdo da RF,
comparando Aspergillus niger e Aspergillus fumigatus isolados a partir da casca da mandioca
em decomposicdo. O meio para CES foi composto de 1% de mandioca crua como amido, 3%
de excrementos de aves e 96% casca seca de mandioca. O processo fermentativo durou 14
dias e foi conduzido com trés tipos de fosfato. Os resultados mostraram que Aspergillus
fumigatus obteve 41 mg L, 10 mg L e 4 mg L™ enquanto Aspergillus niger 47 mg L?, 10
mg L™ e 6 mg L, respectivamente, de fosforo solvel a partir de fosfato de tricalcio, fosfato
de aluminio e fosfato de ferro. Os resultados de solubilizacdo de ambos os fungos foram
similares, entretanto quando comparados com outros estudos da literatura podem ser
considerados baixos (Vassilev et al., 1995; 1998), o que pode ser atribuido ao tipo de

substrato utilizado.

Mendes et al. (2013) utilizaram um planejamento experimental para avaliar a influéncia
da fonte de carbono (sacarose) e da fonte de nitrogénio (sulfato de aménia) como
suplementacdo para um meio composto por bagaco de cana, aléem de avaliar a dosagem
maxima de RF. O efeito das variaveis foi avaliado frente a solubilizacdo de duas RFs
(Cataldo, 14,8% P e Araxa 14% P, Brasil) por 4 diferentes fungos. Entre os fungos analisados,

0 Aspergillus niger conseguiu solubilizar mais fosfato para as duas RFs. Os resultados do
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planejamento experimental demonstraram que o0 aumento na quantidade de sulfato de amonio
diminuia a solubilizacdo para o fungo A. niger, porém para os outros fungos a solubilizago
aumentava. Tanto 0 aumento na quantidade de sacarose como de RF suplementada favoreceu

a solubilizacdo para todos os fungos estudados.

Mendes et al. (2015) estudaram a solubilizagdo de RF Araxa por CES a partir do cultivo
de Aspergillus niger. Apos otimizacéo, obtiveram uma formulagdo com 856 mg de biochar
(proporciona principalmente a adsorcéo de F°), 250 mg de RF e 270 mg de sacarose e 6,2 ml
de agua por grama de bagaco de cana, e nessas condi¢fes conseguiram 8,6 mg de P solavel.
Apos o processo de solubilizagdo, foi realizada a secagem do biofertilizante a 70 °C, 350 °C e
500 °C. A secagem do material proporcionou uma reducdo de massa de 64% e concentrou 0
Protal para 4,4% a 350 °C, enquanto uma reducdo de massa de 77% e Potal de 7,4% a 500 °C
foram observados. O pH mudou para 3,5 (70 °C), 7,6 (350 °C) e 9,5 (500 °C). Posteriormente
foram realizados bioensaios em casa de vegetacdo e os resultados foram comparados aos do
fertilizante comercial superfosfato triplo (TSP). Todas as formulagdes de biofertilizantes
propostas proporcionaram maior crescimento e maior absorcdo de P pelas plantas quando
comparadas com o controle (sem fertilizacdo) e com o ensaio no qual foi apenas adicionado a
RF. Entre as formulagdes de biofertilizante, o melhor rendimento foi obtido quando seco a
500 °C, sendo que este rendimento foi equivale a 60 % do TSP.

1.5.3. Novas alternativas de produtos

A grande maioria dos trabalhos de solubilizacdo de RFs concentram-se nas rotas
classicas de cultivo microbiano onde a solubilizacdo acontece em um sistema fechado e
depois o material é aplicado ao campo (Mendes et al., 2017; Vassilev et al., 2017). Existem
trabalhos que promovem o desenvolvimento de formulacGes por CSm e CES e posteriormente
estas formulacBes com alta concentracdo de microrganismos é lancado ao solo juntamente
com a RF. Entretanto, a eficiéncia desse processo € baixa devido a alta mortalidade dos
microrganismos no solo e baixo contato entre microrganismo e RF. Uma alternativa é realizar
0 encapsulamento do microrganismo em matrizes como alginato e quitosa, para aumentar a
resitencia do microrganismo a oscilagfes climéaticas e choques mecénicos para posterior
adicdo ao solo. Porém, o contato entre microrganismo e RF ainda é baixo resultando na baixa
solubilizacdo do P (Jain et al., 2010; Schoebitz et al., 2013; Vassilev et al., 2017; Vassilev et
al., 2015). Apenas recentemente Mattiello et al. (2017) desenvolveram uma pastilha a base de
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enxofre elementar, oxido de zinco e Na-bentonita inoculada com células da bactéria
Acidithiobacillus thiooxidans, e mostraram que as bactérias inoculadas promoveram aumento
da oxidacdo do enxofre e a acidez gerada promoveu a solubilizacdo do éxido de zinco quando
acicionado ao solo. Portanto, esse estudo mostra que €& possivel desenvolver materiais
fertilizantes bioativados por microrganismos, O que inaugura uma nova rota de
desenvolvimento de fertilizantes granular com aplicagédo de microrganismo solubilizadores
para aumentar a solubilidade de fontes de nutrientes de baixa solubilidade, que é uma

interessante estratégia ainda pouco explorada.
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1.6. Objetivos
1.6.1. Objetivo geral

O objetivo deste trabalho foi desenvolver estratégias de processo para aumentar a
solubilizacdo de rochas fosfaticas e minérios de baixa solubilidade pela agdo de
microrganismos via cultivo microbiano e propor novas alternativas de produtos fertilizantes

baseados na acédo bioldgica.

1.6.2. Objetivos especificos
Para atender o objetivo geral, fez-se necessario o cumprimento das seguintes etapas:

1. Selecionar os microrganismos mais eficientes na solubilizacdo de rocha fosfatica;

2. Auvaliar da influéncia do tamanho de particula no processo de solubilizacdo com
diferentes tipos de rochas fosfaticas;

3. Avaliar a influéncia do teor de solidos no processo de solubilizacdo e desenvolvimento
de estratégias para aumentar a solubilidade da rocha fosfatica usando uma alta
concentracdo de solidos;

4.  Avaliar a influéncia de diferentes acidos organicos na solubilizacdo de diferentes rochas
fosfaticas;

5.  Desenvolver de novas alternativas de produtos para aumentar a solubilidade de rochas
fosfatica e de outras fontes de nutrientes de baixa solubilidade a partir a acdo de
microrganismos solubilizadores;

6. Avaliar a eficacia dos biofertilizantes propostos no sistema solo-planta em casa de

vegetacao.
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Capitulo 2

“A novel combined mechanical-biological approach to improve rock

phosphate solubilization”

Artigo publicado na revista International Journal of Mineral Processing, volume 161,
paginas 50-58, ano 2017.

O artigo apresentado propfe uma nova estratégia combinando 0S processos mecanico e
biolégico para aumentar a solubilidade da rocha fosfatica. A alternativa para acelerar o
processo de solubilizacdo foi promover a ativacdo mecanica da rocha fosfatica para reduzir o
tamanho de particula. Dessa forma, a solubilidade pode ser aumentada como consequéncia da
maior area superficial juntamente com a alteracdo local do pH, causada pela liberacdo de
acidos organicos produzidos durante o cultivo. Uma etapa inicial foi realizada para sele¢do do
microrganismo com maior potencial para solubilizar fosfatos minerais. Caracterizagdes
detalhadas desta rocha foram realizadas mostrando que se trata de uma rocha fosfatica de
origem sedimentar com um teor de P2Os em torno de 30%. Este artigo se refere aos objetivos
especificos 1 e 2: (1) Selecionar microrganismos mais eficientes para solubilizar fosfato de
rocha; (2) Avaliar a influéncia do tamanho de particula da rocha fosfatica no processo de
solubilizacdo. Os resultados mostraram que a estratégia proposta aumentou em 60% a
solubilidade da rocha quando utilizado o cultivo submerso e 115% quando utilizado o cultivo
em estado solido do fungo filamentoso A. niger. Esta estratégia pode contribuir para avacos
no desenvolvimento de fertilizantes via solubilizacdo biolégica buscando uma agricultura

sustentavel.
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Abstract

Phosphate chemical fertilizers are extensively used to improve agricultural productivity.
However, the production of these fertilizers is expensive and can cause environmental
damage. Alternatively, microbial solubilization of rock phosphate (RP) is a potential strategy
for obtaining biofertilizers. This paper proposes the use of a novel combined mechanical-
biological approach to produce soluble phosphate by cultivation of a selected strain of
Aspergillus niger using RP with particle sizes in the nanometric range. The effect of Baydvar
RP particle size on phosphate solubilization was analyzed for cultivations under submerged
(SmF) and solid-state fermentation (SSF). The RP particle size played a key role in phosphate
solubilization, with gains of up to 60% for SmF and 115% for SSF. The mechanical treatment
of RP, combined with the biological cultivation process, resulted in an optimized
solubilization of P, and it was shown that even short periods of milling could be highly
effective. This proposed strategy could contribute to advances in the current bio-based

economy and assist future developments in large-scale industrial production of biofertilizers.

Keywords: Biofertilizers; rock phosphate; phosphate fertilizer; fermentation; filamentous

fungi; Aspergillus niger.

31



1. Introduction

The manufacture of phosphate fertilizers constitutes one of the largest markets for
fertilizers in the agribusiness field, as phosphorus (P) is one of the main limiting nutrients for
plant growth. Global consumption of processed phosphate fertilizers in 2013/2014 was 40.3
Mt P2Os, and an annual increase of 1.5-2% is expected during the next five years (Heffer,
2015). Although phosphorus is abundant in many soil types, most of the P is not usually
readily available to plants, due to leaching and/or immobilization. The reason of decrease in P
availability is the formation of less soluble Fe, Al or Ca phosphates due to contact with
phosphate anions in soil (Fontes & Weed, 1996; Mendes et al., 2014). As a result, frequent
applications of soluble inorganic forms of P are required to ensure satisfactory plant growth.
Such applications of P to the soil are usually made in the form of chemical fertilizers.
However, traditional P fertilizer production is based on chemical processing of insoluble high-
grade mineral phosphate ore, which includes an energy-intensive treatment with sulfuric acid
at high temperature, in a process that is expensive and can potentially lead to environmental
damage (Vassilev et al., 2006; Vassilev & Vassileva, 2003).

The direct application of rock phosphate (RP) to the soil could be one way to minimize
pollution and reduce the costs of chemical treatment. However, it is widely accepted that
direct application of RP is not feasible, mainly due to limitations in terms of soil
characteristics and the long period of time required for the P to become available (Vassilev &
Vassileva, 2003). A potential strategy to accelerate this process is to reduce the RP particle
size to the nanometric range, where the solubility increases as a consequence of the greater
surface area (Enustun & Turkevich, 1960). Although this strategy has been shown to be
effective for some phosphate ores (Lim et al., 2003; Tonsuaadu et al., 2011), the associated
energy demand can be high, making the process not economically viable. Therefore, there is a
need for the development of novel strategies associated with particle size reduction that could
improve the solubilization of RP, such as local pH changes caused by organic acids released

during microbial growth.

There has been renewed interest in manipulating RP by means of biotechnological
processes, with emphasis on the use of P-solubilizing microorganisms (PSMs) (Vassilev et
al., 2015). The P-solubilizing activity of PSMs is determined by their ability to produce and
release metabolites such as organic acids that, through their hydroxyl and carboxyl groups,
chelate the cations (mainly calcium) bound to phosphate, with the latter being converted into

soluble forms (Kpomblekoua & Tabatabai, 1994). Although both bacterial and fungal PSMs
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have been reported (Chang & Yang, 2009), the aerobic fungi are especially recognized for
their high rates of organic acid production (Mendes et al., 2014).

Besides finding a suitable PSM, it is necessary to identify the most appropriate
cultivation method for accessing all of the phosphate present in RP. PSM cultures can be
performed as aerated suspensions (submerged fermentation - SmF), or using solid media
(solid-state fermentation - SSF). Although SmF has well-known industrial-scale advantages
related to bioreactor instrumentation and process control, SSF 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 SSF is the ability to use agro-industrial wastes as low-cost sources of carbon and
energy for microorganism growth and product formation. Recent studies have described the
potential of using microbial cultivations to improve phosphate solubilization under both SmF
(de Oliveira et al., 2015) and SSF (Mendes et al., 2015; Mendes et al., 2013b; Ogbo, 2010),
employing different rock phosphate sources, fungal strains, and process conditions. A recent
comprehensive review has gathered a large amount of information on strategies to obtain
biofertilizers by microbial cultivation (Vassilev et al., 2015). However, to the best of our
knowledge, there have been no previous studies exploiting the potential of a reduced particle
size to improve the solubilization of RP during microbial cultivation for biofertilizer
production.

The present work proposes a novel combined mechanical-biological strategy for the
production of soluble phosphate. The alternative approach employed to accelerate the P
solubilization process involved reducing the RP particle size to the nanometric range, so that
phosphate solubility was increased because of the greater surface area and the local change of
pH caused by the release of organic acids during fungal growth. A preliminary screening of
fungal strains was carried out in order to select the PSM with greatest potential. The effect of
particle size on P solubilization by a selected strain of A. niger cultivated under SSF and SmF
processes was then evaluated using Bayovar rock phosphate (BRP) as a model material, since
this rock contains a significant amount of phosphatic phase (around 33% of P2Os). A detailed
physical-chemical characterization of the Bayovar rock was performed (using X-ray
diffraction, X-ray fluorescence, field emission scanning electron microscopy, and total surface
area measurements), and the kinetics of P solubilization were assessed for each cultivation

method.
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2. Materials and Methods
2.1. Bayovar rock phosphate (BRP)
2.1.1. Milling

The BRP powders were prepared by milling a commercial sample of BRP (from
Sechura, Peru) for periods of 2.5, 5, 10, 20, 40, 80, and 160 min, using an orbital mill
(Servitech CT 241, 0.5 HP) consisting of a porcelain jar (1000 mL) and alumina balls.

2.1.2. Physical-chemical characterization

X-ray diffraction (XRD) analyses were performed using a LabX XRD-6000
diffractrometer (Shimadzu, Japan) operated with Cu-Ka radiation (A = 1.54056 A), voltage of
30 kV, and current of 30 mA. The XRD patterns were recorded for 26 from 5° to 55°, using a

continuous scanning speed of 2° min.

X-ray fluorescence (XRF) employing the lithium tetraborate fusion technique was used
to analyze the ten most common oxides found in the ores. In addition, fluorine was
determined by potentiometric method using a selective ion electrode (ISE). The carbon was
determined using an inductive combustion furnace in an oxygen atmosphere with infrared

spectroscopy determination.

The morphology of the BRP samples was observed by field emission gun scanning
electron microscopy (FEG-SEM), using a JSM-6701F FEG microscope (JEOL, Japan).

Images were acquired using an accelerating voltage of 2 kV and secondary electron detection.

Total surface area measurements of the BRP samples were made by isothermal nitrogen
adsorption, using a Micrometritics ASAP 2020 instrument and the 5-point B.E.T. (Brunauer—
Emmett—Teller) method.

The solubilities of the BRP materials were evaluated in 2% (w/w) citric acid solution.
The solubilization experiments were carried out for 30 days in Falcon tubes. During the first
10 days of the experiment, daily samples were collected for determination of the degree of
phosphate solubilization. For the following 10 days, samples were collected every two days,
and for the last 10 days of the experiment, samples were taken every 5 days, giving 17
aliquots in total. The analysis of soluble phosphorus employed the colorimetric method

described in Section 2.5.
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2.2. Microorganisms

A preliminary screening of eight fungal strains was carried out to determine their
capacity for phosphate solubilization. Isolates of Aspergillus niger C (BRMCTAA 82),
Aspergillus niger 11T53A14 (BRMCTAA 20), and Aspergillus niger 3T5B8 were from the
Embrapa Food Technology collection (Rio de Janeiro, Brazil). Isolates of Penicillium
pinophilum F14 (BRMCMPC 483), Talaromyces rotundus F102 (BRMCMPC 485),
Talaromyces rotundus F105 (BRMCMPC 486), Penicillium pimiteouiense F40 (BRMCMPC
941), and Acremonium strictum F87 (BRMCMPC 484) were from the Embrapa Maize and
Sorghum collection (Sete Lagoas, MG, Brazil). Spore suspensions of the strains were kept at -
18 °C and were activated by incubation on Petri dishes containing potato dextrose agar for 96

h at 30 °C. The spore concentrations were determined using a Neubauer chamber.

2.3. Submerged fermentation (SmF)

The nutrient medium used in the pre-culture and during P solubilization was adapted
from the medium described by Pikovskaya (1948) and contained (w/v): glucose, 1%;
(NH4)2S04, 0.5%; NaCl, 0.2%; MgS04.7H20, 0.1%; KCI, 0.2%; MnS0O4.H20, 0.002%;
FeS04.7H20, 0.002%; yeast extract, 0.5%. Baydvar RP was added at 0.5% as the source of
insoluble phosphate. In the submerged fermentation process, the pre-culture was initiated in
500 mL Erlenmeyer flasks by adding a volume of spore suspension calculated to give a
concentration of 1.2x107 spores per mL of the nutrient medium. A 100 mL volume of the
nutrient medium was used in each experiment. The incubation was carried out for 48 h in an
orbital shaker incubator, at 30 °C and 220 rpm. Solubilization of P was initiated by
transferring a volume of pre-culture suspension corresponding to 10% (v/v) to the culture
medium with the same composition, with agitation for 96 h in an orbital shaker incubator at
30 °C and 220 rpm. After this period, the resulting material was vacuum filtered using
Whatman No. 1 filter paper and then centrifuged for 20 min at 12000 rpm and 20 °C. The
clear supernatant was analyzed using the colorimetric method described in Section 2.5. The
initial screening step carried out with the eight fungal strains described in Section 2.2 was
performed using the same SmF procedure outlined above, except that the insoluble phosphate
source was changed to tricalcium phosphate (Cas(PO4)2). All experiments were carried out in

triplicate, and the data were calculated as means * standard deviations.
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2.4. Solid-state fermentation (SSF)

Sugarcane bagasse (SB) ground to a particle size of 2 mm was used as a substrate for
SSF. The experiments were carried out in 250 mL Erlenmeyer flasks, with 5 g of SB in each
experiment and addition of BRP to a concentration of 5.0 g L. After sterilization at 120 °C
for 20 min, the medium containing SB and BRP was inoculated with 1.2x107 spores per g of
substrate. The initial moisture content of the treated SB was adjusted to 80% using the
nutrient solution (Pikovskaya medium), and the fermentation was performed at 30 °C for 96
h. Analyses of the solid-state fermentation products were performed after homogenization of
5 g of sample in 50 mL of distilled water (shaking the suspension at 200 rpm for 60 min). The
resulting material was vacuum-filtered using Whatman No. 1 filter paper and then centrifuged
for 20 min at 12000 rpm and 20 °C. Soluble P in the clear supernatant was determined by the
colorimetric method described in Section 2.5. All experiments were carried out in triplicate,
and the data were calculated as means + standard deviations.

2.5. Analytical method for determination of soluble P

The soluble P content was determined using a colorimetric method adapted from
Murphy and Riley (1986). Briefly, a 5 mL aliquot of the clear supernatant sample was reacted
with 2 mL of ascorbic acid solution (0.4 mol L), 0.2 mL of citric acid (0.03 mol L?), and 2
mL of a reagent consisting of 25 mL of a sulfuric acid solution (4.7 mol L), 5.5 mL of
ammonium molybdate solution (0.08 mol L), and 0.6 mL of antimony and potassium tartrate
solution (0.05 mol L?). This mixture was reacted at 50 °C for 15 min, forming a
phosphoantimonylmolybdenum blue complex. The concentration of the complex was

determined by UV-Vis spectrometry at a wavelength of 880 nm.

3. Results and Discussion
3.1. Fungal strain screening

Figure 1 shows the final pH values (pHrina) Of the media after SmF cultivations of the
eight prospective fungal strains, together with the corresponding soluble phosphorus
concentrations when tricalcium phosphate (Cas(POa4)2) was used as the source of insoluble

phosphate. This compound was used in the fungal screening step because it is a source of
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readily solubilized phosphate and is commonly used in growth media for the screening of
PSMs (Nautiyal, 1999).

It was observed that the increase in the available phosphate concentration was
accompanied by a decrease in the pH of the medium, compared to the non-inoculated medium
used as a control. Hence, there was a significant negative correlation between the amount of
soluble phosphorus and the pHsinal Of the cultivation media (r = -0.83). Gomes et al. (2014)
studied the solubilization of rock phosphate using soil microorganisms isolated from the
maize rhizosphere and obtained a similar negative correlation between pHrina and phosphate
solubilization (r = -0.89 for Itaf6s rock phosphate and r = -0.82 for Araxa rock phosphate).
Similar increases in the available phosphate concentration with decrease in the pH of the
medium were reported by Nahas et al. (1996) and Mendes et al. (2014).

@ Control

A. strictum F87
5 @ P. pinophilum F40

T. rotundus F102 P. pinophilum F14

A.niger 11T53A14 A.niger 3T5B8
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Figure 1. Final medium pH versus phosphate concentration solubilized by different
microorganisms cultivated under submerged fermentation using Pikovskaya medium, 96 h, 30
°C, 220 rpm, pHinitiat 7, and 5 g L™ of Cas(POa).. The dotted line in red represents the pH of a

reference 2% citric acid solution.

The beneficial effect of a more acidic solution on the solubilization of minerals
phosphates is the result of release of low molecular weight organic acids by the

microorganisms (Nahas, 1996). These organic acids exhibit chelation and complexing
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properties and can form soluble complexes with polyvalent cations from contact with rock or
minerals, thus releasing phosphate to medium (Kpomblekoua & Tabatabai, 1994; Nahas,
1996; Salih et al., 1989). It is important to note that the type of organic acid affects the degree
of phosphorus solubilization, and that solubilization can also occur due to the release of
protons resulting from respiration or the assimilation of NH4" present in the nutrient medium
(Illmer & Schinner, 1995).

Among the eight strains of filamentous fungi evaluated here, the Aspergillus niger fungi
showed the greatest potential for phosphate solubilization (Figure 1), with the highest rate of
solubilization achieved using A. niger C. This strain produced an acidic environment that was
comparable to that of a 2% (w/w) citric acid solution, which is the standard condition used in
tests of phosphate solubilization or releasing from rock phosphate and chemical fertilizers
(MAPA, 2013). The potential of strains of the filamentous fungus A. niger to solubilize
phosphate has been reported previously. Mendes et al. (2014) evaluated 57 strains of
Penicillium and Aspergillus isolated from soil samples and showed that P solubilization
varied from 6 to 100%, with the A. niger strains presenting the highest levels of solubilization.
Nevertheless, it is important to consider the potential of the other fungal species that presented
lower acidification profiles, because these fungi could exhibit symbiotic effects or lead to the
production of biostimulant substances when applied directly to the soil (Vassilev et al., 2015).

Based on the results of fungal screening using the solubilization of tricalcium phosphate
in a liquid medium, the three most effective fungal strains (A. niger C, A. niger 3T5B8, and A.
niger 11T53A14) were selected for further evaluation. Their potential to solubilize
phosphorus during submerged (SmF) and solid-state fermentation (SSF) cultivation processes
was studied using a Baydvar rock phosphate (employed here as a model RP material).

3.2. Bayovar rock phosphate (BRP) characterization

Detailed characterizations of the original and milled samples of BRP were carried out in
order to understand the physical and chemical nature of the source of phosphate used in the
fermentation processes. The crystalline phases of the BRP were assessed using X-ray
diffractometry (Figure S1, Supplementary Material). The main crystalline phases observed
were quartz (SiO2, PDF2 diffractogram file #01-089-8935) and a phosphate phase
corresponding to a type of apatite, fluorapatite (Cai0(POas)s.F2, PDF2 diffractogram file #01-
087-2462). In previous studies (Chien, 1993; Lim et al., 2003; McArthur, 1985; Zapata,
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2004), using rock phosphates from the Sechura region of Peru, it was shown that the main
mineralogical phase in this rock is a carbonate-fluorapatite composite, francolite (Caio[(POa)s-
x(COz)x]F2), which characteristically shows the substitution in crystal structure of some of the

phosphate groups in the molecule by carbonate groups.

Table 1 displays the chemical analysis results for 10 oxides determined by X-ray
fluorescence, fluorine determined by specific ion analysis, and carbon measured by infrared
spectroscopy. These results confirmed the identification of the quartz phase observed using
XRD, as well as the presence of a phosphate-rich phase. A simple mineralogical analysis

showed that this phosphate phase represented about 75% (by mass) of the rock.

Table 1: Chemical analysis of the Bayovar rock phosphate.

Oxide % mass
SiO2 4.42
Al;03 0.96
Fe203 0.87
CaO 46.6
MgO 0.53
TiO2 0.07
P20s 30.73
Na2O 1.98
K20 0.30
MnO 0.01
Loss on ignition 10.57
Total 97.04
F(*) 2.236
C(**) 2.23

(*) — Fluorine determined by specific ion analysis.
(**) — Carbon determined by infrared spectroscopy.

Physical characterization of the BRP samples obtained using the different milling times
was performed by SEM. The micrographs showed that a longer milling time resulted in a

smaller rock phosphate particle size (Figure 2), and that for a short milling time (such as 2.5
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min), there was only deagglomeration of the particles. An effect on particle size only occurred
after 5 min of grinding, when the first submicron particles were evident. These observations
were supported by the surface area results (Figure 2), which showed that while the specific
surface area of the sample milled for 2.5 min was approximately the same as that of the
original sample, the values increased by more than 50% for the samples milled for 80 and 160
min. Previous studies of grinding mills (Lim et al., 2003; Tonsuaadu et al., 2011) have shown
that each specific assembled system (mill and grinding medium) has an optimal time for
obtaining the smallest particle size and consequently the greatest relative surface area. After
this time, particle deformation can cause agglomeration, resulting in a constant or decreased
total surface area available for adsorption.

The energy consumption for BRP grinding was calculated for all time according to the
Bond Law (Table S1, Supplementary Material) (Sadrai et al., 2006; Thomas & Filippov,
1999). The results showed a high reduction in particle size in the first 10 min of grinding
which was confirmed by increasing surface area. The energy consumption in 10 min of
grinding (0.0549 HP) is about 1/3 smaller than energy consumed in 160 min (0.1489 HP),
moreover, the particle size obtained at 10 min of grinding was as efficient as 160 min when
evaluated the effect of BRP particle size on solubilization (Section 3.4). This shows that the
grinding can be stopped in 10 min, avoiding energy expenditure. In the next step, evaluation
was made of the effect of particle size on the BRP solubilization process in the presence of A.

niger cultivated under SmF and SSF.
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3.3. Baydvar rock phosphate solubilization under SmF and SSF

Figure 3 shows the concentrations of solubilized phosphorus obtained using the three
selected strains of A. niger cultivated under submerged fermentation (Figure 3a) and solid-
state fermentation (Figure 3b), with the original Bayovar RP (without milling, surface area of
19.3 m? g1) as the insoluble phosphate source. The solubilization patterns were the same as
those obtained for the solubilization of Cas(POas)> using these three strains (Figure 1),

indicating that the Bayovar RP was suitable for use as a model of mineral phosphates.

A) 350 - 7
] " 40% I Soluble Phosphate (mg L™)| |
T: 300 ~““ Rl pHﬁnal - 6

o |
£ 2504
[7) |
2
o 200 -
S s
2 150
150 - T
8 S
o |
o2 100 -
e
S |
[e] .
o 50
04
Control A. niger C A. niger 3T5B8 A. niger 11T53A14
Fungi
100 — 7
B) [ Soluble Phosphorus (mg L™)| |
~ . B pH
< . final | 6
-l
o 807 20%
é o
")
2
o 60
<
Q
0
2
o 404
2
e}
3
o
o 204
04
Control A. niger C A. niger 3T5B8  A. niger 11T53A14
Fungi
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g Lt Bay6var RP. b) Solid-state fermentation using sugarcane bagasse, 96 h, 30 °C, moisture
80%, pHinitial 7, and 5 g L™ Bayo6var RP.

For cultivations under SmF, the maximum solubilized phosphate concentration was 280
mg L (corresponding to 40% solubilization), achieved using the A. niger C strain (Figure
3a), which also exhibited the lowest final pH. For SSF cultivations, the maximum solubilized
phosphate concentration was 67 mg L™ (20% solubilization), using the A. niger 3T5B8 strain
(Figure 3b). However, for SSF the A. niger C strain also presented a very satisfactory
solubilization of 58 mg L™ (17% solubilization) (Figure 3b). Application of Tukey’s test
(95% confidence level) showed that there was no significant difference between the
phosphate solubilization results achieved using these two Aspergillus strains under SSF. In
both cases, the final culture pH remained above pH 4. However, there were significant
differences between the P solubilizations obtained in the SmF and SSF cultivations. These
differences were expected, because SmF provided greater contact between the particles and
the acidic medium, compared to SSF. Consequently, there were greater differences among the

strains in the case of SmF.

The results demonstrated the versatility of these microorganisms in solubilizing an
insoluble source of phosphate under different cultivation systems. However, as expected,
phosphate solubilization using the Baydvar RP (Figure 3) was lower than using tricalcium
phosphate (Figure 1). This was because the solubilization capacity of microorganisms varies
according to the type of phosphate present. Tricalcium phosphate is a pure source of
phosphate that is readily solubilized at pH around 4 (Bengtsson et al., 2007; Mendes et al.,
2014), while Bayovar RP is a highly insoluble phosphate source that has a more complex
structure (fluorapatite, as found in the characterization assays) containing many chemical
elements including Mn, Zn, Fe, and Al (Table 1). Thus RFs needs more strong conditions
than tricalcium phosphate for solubilization, for example, a higher concentration of organic
acid and lower pH (Mendes et al., 2014). In this way, organic acids production during the
solubilization process as mentioned above is the main mechanism for RFs solubilization,
because they promote the reduction of pH and can complex cations (metals) present in the RF
that are released to the medium together with the phosphorus solubilization (Bengtsson et al.,
2007). Fluoride present in fluorapatite rocks can also be released (Bengtsson et al., 2007) and
it has a negative effect on biomass production and organic acid production, this causes a

strong reduction on RP solubilization (Mendes et al., 2013a).
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Based on these findings, the A. niger C strain was selected for further evaluation of the
effect of the Baydver RP particle size on phosphorus solubilization under SmF and SSF, since
this fungal strain presented the greatest potential for phosphorus solubilization among the

microorganisms tested.

3.4. Effect of rock phosphate particle size during SmF and SSF

The effect of the Bayovar RP particle size on phosphorus solubilization was evaluated
using the selected A. niger C strain cultivated under both SmF and SSF with BRP that had
been milled for different times (Figure 4). It was observed that reduction of the RP particle
size to the nanometric range could potentially increase the solubility of the phosphate due to

the greater surface area.
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Milling of the rock phosphate for 10 min increased the surface area (SA) from 19.30 to
22.22 m? gt, which under SmF resulted in a solubility increase of 60%, compared to the
solubility achieved with the original rock particles. Soluble phosphorus values up to 450 mg
L (65% solubilization) were achieved using SmF and the RP particles obtained from the size

reduction process (Figure 4a).

These results are very promising, compared to values reported previously. Vassileva et
al. (1998) studied the solubilization of Moroccan RP (a sedimentary rock with solubility
similar to that of Baydvar) and obtained a soluble phosphorus concentration of 200 mg L
(52% solubilization) using A. niger cultivated under SmF. In other work, Vassilev et al.
(2001) obtained 226 mg L (55%) solubilization of Moroccan RP using A. niger under SmF.
In both studies, the initial rock concentration was 3 g L™ (with a particle size smaller than
1mm) and the solubilization efficiency was up to 55%. Here, use of an initial rock
concentration of 5 g L™ (with a particle size around 1um) resulted in solubilization efficiency
of up to 65%, showing that reduction of particle size was highly effective for improving the
efficiency of solubilization of BRP during SmF cultivations.
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When A. niger C was cultivated under SSF, a maximum phosphorus concentration of
125 mg L (36% solubilization) was achieved using reduced size particles with SA of 22.22
m? g (Figure 4b). This represented an increase in phosphorus solubility of around 115%,

compared to the solubilization achieved using the original particle size.

The results therefore indicated that the manipulation of RP particle size could
significantly improve phosphorus solubilization under both SmF and SSF. To the best of our
knowledge, this is the first work in which RP particle size in the nanometric range has been
considered as an important variable affecting the solubilization efficiency. An important
finding was that for both SmF and SSF fermentation processes, the increase of surface area
favored phosphorus solubilization up to a certain point, after which further increases were no
longer effective (or even reduced the solubilization). A possible explanation for this was the
agglomeration of particles of reduced sizes. In the case of SmF, the presence of agglomerates
in the liquid medium could act to decrease diffusion of the organic acids (the main
solubilization agents) produced during fermentation, hence decreasing the solubilization of
phosphate. Similarly, in SSF the presence of agglomerates could lead to slower diffusion of

organic acids into the interior of the rock particles on the substrate surface.

Since the increase in surface area only promoted solubility up to a certain point, there
was also an optimal point for the reduction in particle size. This optimum point can be seen in
Figure 4, where the highest solubility for both fermentation processes was obtained at a
surface area of 22.22 m? g* (10 min of milling), corresponding to the smallest particle size
that could be used without the negative interference of agglomeration. Further reduction in
particle size resulted in reduced final phosphate solubility. The existence of this phenomenon,
which was observed for the first time in this work, indicates that pretreatment of the RP prior
to the solubilization process (obtaining an optimal particle size) may be an important factor to

consider for increased efficiency of RP solubilization in fermentation processes.

After determining the best particle size for use in the SmF and SSF cultivation systems,
the next step was to consider the kinetics of solubilization, which is a key process parameter
in the continuous acidification during fungal cultivation. A study of the solubilization kinetics
was carried out using BRP at the selected particle size, with determination of the temporal

profiles of phosphorus solubilization under SmF and SSF.
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3.5. Kinetics of rock phosphate solubilization

Figure 5 shows the solubilization temporal profiles for the SmF and SSF fermentation

processes using the BRP particle size corresponding to 22.22 m? grock ™.
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In both processes, maximum solubilization was achieved within 96 h, with values of
442 mg L (63% solubilization) for SmF (Figure 5a) and 138 mg L™ (40% solubilization) for
SSF (Figure 5b). However, within 72 h of cultivation, soluble phosphorus concentrations of
435 mg L (62% solubilization) for SmF and 133 mg L (38% solubilization) for SSF were
already achieved. The differences between the values obtained after 72 and 96 h were not
significant (Tukey’s test, 95% confidence level). The phosphate solubilization period obtained
here for SSF (72 h) was shorter than the cultivation periods reported in the literature, which
range between 7 and 14 days (Mendes et al., 2015; Ogbo, 2010). This is possibly due to the
simultaneous effect between the reduction of the particle size of the phosphate rock and the

potential of A. niger C strain to solubilize inorganic phosphates.

In order to interpret the Kinetics of the rock phosphate solubilization, a reference test
was performed using a 2 wt.% citric acid medium (assumed representative of the type of acid
produced by the strains) at initial pH 2.5. This reference procedure, widely used for the
evaluation of phosphate solubility, was adapted from previous studies (Lim et al., 2003;
Tonsuaadu et al., 2011; Zapata, 2004). Figure 6 shows the temporal profiles for solubilization

of four BRP particle sizes in the citric acid solution.
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Almost total phosphate solubilization was found in all cases, confirming that the
medium was sufficiently acidic to drive the process. However, differences were observed in
the Kkinetic profiles, with the original material requiring 30 days to be almost completely
solubilized, while the material milled for 10 min reached maximum solubilization in 8-10
days. The material milled for 160 min presented almost the same solubilization kinetics,

which reinforced the existence of an optimum milling time (under the conditions used).

The results suggested that the maximum phosphate solubilization observed for the A.
niger C strain was related to the balance of organic acids produced in the medium. It is
notable that the maximum solubilization found for the SmF process after 4 days (64%) was
approximately the same as the value observed after 4 days in the reference experiment with
citric acid. This finding further highlights the potential of the proposed mechanical-biological

approach for the solubilization of rock phosphate.

4. Conclusions

The results showed that the manipulation of rock phosphate particle size significantly
enhanced phosphorus solubilization under both SmF and SSF, with gains of up to 115%.
Phosphate solubilization was favored up to a certain point as the particle size decreased, after
which further increase of surface area was no longer effective, highlighting the importance of
this variable in bioprocess development to produce biofertilizers. In overall, our findings
demonstrated that the mechanical treatment combined with biological cultivation is a potential
strategy for phosphorus solubilization, and even short periods of milling can be highly
effective in improving the solubilization of RP. To the best of our knowledge, this is the first
work in which rock phosphate particle size in the nanometric range has been considered as an
important variable affecting the solubilization efficiency during microbial cultivation. This
proposed strategy could contribute to advances in the current bio-based economy and assist

future developments in large-scale industrial production of biofertilizers.
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Supplementary Material
Section |

Determination of the milling energy

The energy consumption for BRP milling was calculated for each time according to the
Bond Law (Sadrai et al., 2006; Thomas & Filippov, 1999). This methodology has as main
characteristic to use the index friction of the mill that depends on the nature of the solid.

-W =k C Wi [(1/ X1¥2) + (1/ X2Y2)] = Bond model.
W - Energy consumption (HP).

X1 = Particle size initial (cm).

X2 - Particle size final (cm).

Wi = Friction index (kWh ton™) (13.23).

C - Capacity of the mill (ton h*) (0.0003).

k = Constant of Bond (0.134).

Table S1: Energy consumption for BRP milling for each time

) . o Average
Time Milling Superficial _
Diameter Energy (HP)

(min) Area (m? g?)
(Hm)

Original 19.3 138.00 £ 23 0.0000
2.5 19.7 8.00+4 0.0122

5 21.5 7.00 £ 3.00 0.0142

10 22.2 0.70 £0.30 0.0549
20 25.2 0.20£0.60 0.1143

40 27.7 0.16 + 0.04 0.1284

80 29.3 0.15+0.05 0.1327
160 30.3 0.12 +0.03 0.1489
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Supplementary Material
Section 11

Figures

Fig. S1. XRD pattern of original (not milled) Bayovar phosphate rock.

X o - Quartz
X - Fluorapatite

Relative Intensity (u.a.)

26 (degree)

Fig. S1.
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Capitulo 3

“A fed-batch strategy integrated with mechanical activation improves the

biological solubilization of phosphate rock”
Artigo submetido na revista Sustainable Chemistry & Engineering

Nesse estudo foi avaliado o efeito do tamanho de particula e teor de solidos da rocha fosfatica
Itafés na solubilizacdo do fosforo durante cultivo submerso e em estado solido do fungo
filamentoso Aspergillus niger. A rocha fosfatica Itafds utilizada neste estudo apresenta
caracteristicas diferentes da rocha fosfatica BayOvar estudada no Capitulo 2 e, entender
comportamento de diferentes tipos de minerais fosfatados no processo de biosolubilizacdo é
necessario para desenvolver bioprocessos eficientes. Caracteriza¢bes detalhadas desta rocha
foram realizadas e mostraram que se trata de uma rocha fosfatica de origem ignea com um
teor de P2Os em torno de 20%. Os resultados mostraram que associar a reducdo do tamanho
de particula ao processo de biosolubilizacdo da rocha fosfatica foi determinante para aumentar
a eficiéncia de solubilizacdo via cultivo microbiano. O aumento na solubilizacdo da rocha
fosfatica Itafds foi de 57% usando cultivo submerso e de 45% usando cultivo em estado
solido, para uma ativagdo mecanica de apenas 10 min. Entretanto, a0 aumentar o teor de
solidos no meio (concentracdo da rocha fosfatica) foi observado um efeito de inibi¢cdo no
crescimento microbiano e na acidez produzida, consequentemente, a eficiéncia de
solubilizacdo reduziu para altas concentracdes de rocha fosfatica. Nesse sentido, foram
propostas estratégias de processo para minimizar os efeitos de inibigdo e aumentar a eficiéncia
de solubilizagdo. Utilizando uma estratégia de batelada alimentada de sélidos foi possivel
reduzir os efeitos de inibicdo e aumentar a eficiéncia de solubilizacdo. O processo integrado
usando uma ativacdo mecanica junto ao sistema de batelada alimentada de solidos
proporcionou um aumento de 78% na solubilizacdo da rocha fosfatica Itafds, quando
comparado ao processo convencional. Este artigo se refere ao objetivo especifico 2 e 3: (2)
Avaliacdo da influéncia do tamanho de particula da rocha fosfatica e, (3) Avaliacdo do efeito

do teor de sélidos no processo de solubilizacao.
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Abstract

Solubilization of phosphate rock (PR) by microorganisms is an environmentally sustainable
alternative to chemical processing for production of phosphate fertilizers. However, the
biosolubilization efficiency has been limited by the PR solids content of cultivation systems,
and is still low for practical applications. Here, we propose a fed-batch strategy coupled with
mechanical activation to improve the biological solubilization of PR. An initial systematic
study of the effect of the particle size of Itafés phosphate rock (IPR), a low reactivity
phosphate mineral (P20s, 20%), on the microbial solubilization of P revealed that the particle
size played a key role in IPR solubilization. Increases of available phosphate of up to 57%
under submerged cultivation and 45% for solid-state culture were observed for rocks that been
milled for only 10 min. A fed-batch procedure was proposed in order to increase the solids
content while maintaining the P solubilization efficiency, resulting in a remarkable increase of
78% in P solubilization, compared to the conventional process. This proposed strategy could
potentially contribute to the future development of biotechnological processes for the large-

scale industrial production of phosphate fertilizers that are environmentally sustainable.

Keywords: Phosphate rock, Particle size, Biological solubilization, Aspergillus niger,

Organic acids, Fed-batch.
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1. Introduction

Phosphorus (P) is a key nutrient for plants that is usually supplied in the form of soluble
fertilizers produced by expensive chemical treatments of phosphate rock (PR), leading to
several environmental concerns 1 2. Novel technologies have been developed to processing of
PR 3 as well as new fertilizers products for a sustainable agriculture  °. An innovative and
attractive alternative for obtaining soluble P fertilizer is the use of P-solubilizing
microorganisms (PSMs) to solubilize PR in biotechnological processes ' 2 ® 7. The P-
solubilizing activity of PSMs is determined mainly by their ability to produce and release
metabolites such as organic acids that chelate cations (principally calcium) bound to
phosphate &1°. Aerobic fungi are especially noted for their high rates of growth and organic

acid production !, and Aspergillus niger has been widely recognized as a potential PSM & 12
13

Recent studies concerning biotechnological routes for PR solubilization have discussed
the selection of PSMs using different screening methods 426, as well as process conditions
(including C and N sources, initial pH, inoculum size, and duration of cultivation) 2% and
quantification of the organic acids produced in the microbial cultivation 8 13 2! In previous
work by our group, we found that the PR particle size influenced phosphate solubilization,
with gains of over 60% for solid-state culture and 115% for submerged culture 2. However,

this effect can vary depending on the type of rock (sedimentary or igneous).

To the best of our knowledge, biosolubilization processes are still strongly limited by
the PR solids content in the cultivation system. There is a negative correlation between the
amount of P solubilized and the P yield with increasing PR doses 2% 2%, Therefore, the
challenge in achieving an economically and industrially feasible process is to develop a
strategy to solubilize all the available phosphate in PR at high solids contents. This strategy
could contribute to the development of a commercial bioproduct in the form of a liquid
biofertilizer with high P concentration, which could be used for direct application in
agriculture. The effectiveness of liquid biofertilizers has been demonstrated previously in the
fertirrigation of Trifolium repens plants, which resulted in a significant improvement in plant
growth and increased P uptake 2. However, novel bioprocess engineering strategies focusing

on ways to make this process industrially competitive remain to be further investigated.

Therefore, here we propose a fed-batch strategy coupled to mechanical activation to

simultaneously increase the biological solubilization of PR and the effective solids content.
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Itaf6s phosphate rock (IPR), an igneous rock, was selected as a model of a very low solubility
phosphate source typically rejected for industrial fertilizer production, despite its high
phosphate content (P.Os, 20%), due to its difficult chemical processing and high associated
costs. The findings indicated that biosolubilization using fed-batch addition of solids, with
optimization of PR size and bioprocess conditions (microorganism, pH, and biomass), was
more efficient than using sequential or conventional solubilization modes. These results could
contribute to the development of a feasible industrial bioprocess for PR treatment and

environmentally sustainable fertilizer production.

2. Materials and methods
2.1. Itaf6s phosphate rock

The Itafés phosphate rock (IPR) was kindly donated by ITAFOS in Arraias (Tocantins
State, Brazil). The IPR was dried at 110 °C for 48 h in order to reduce the humidity content
and was then ground for periods of 2.5, 5, 10, 20, 40, and 80 min in an orbital mill (Model
CT-251, Servitec) consisting of a porcelain jar and alumina balls % 25, After treatment, the
materials were stored in dry boxes at room temperature for further characterization (Section

2.2) and for use in the solubilization experiments (Sections 2.4 and 2.5).

2.2. Physical-chemical characterizations

X-ray diffraction (XRD) analyses of the IPR samples were performed using a LabX
XRD-6000 diffractometer (Shimadzu, Japan) operated with Cu-Ka radiation (A = 1.54056 A),
voltage of 30 kV, and current of 30 mA. The diffractograms were recorded for 20 from 5° to
55°, using a continuous scanning speed of 2° mint. X-ray fluorescence (XRF) employing the
lithium tetraborate fusion technique was used to analyze the ten commonest oxides found in
the ores. In addition, fluorine and carbon were determined using specific ion analysis and
infrared spectroscopy, respectively. The morphology of the IPR samples was observed by
field emission gun scanning electron microscopy (FEG-SEM), using a JSM-6701F FEG
microscope (JEOL, Japan). Images were acquired using an acceleration voltage of 2 kV and
secondary electron detection. Total surface area measurements of the IPR samples were made
by isothermal nitrogen adsorption, using a Micromeritics ASAP 2020 instrument and the 5-

point B.E.T. (Brunauer—Emmett-Teller) method.
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2.3. Microorganism

The filamentous fungus Aspergillus niger C (BRMCTAA 82) was obtained from the
Embrapa Food Technology collection (Rio de Janeiro, RJ, Brazil). This fungus was selected
from among eight filamentous fungi as the best for rock phosphate solubilization 2. Spore
suspensions of the fungal strain were kept at -18 °C in a solution of water with glycerol (10
wt.%) and NaCl (0.9 wt.%). Spores were germinated at 30 °C in Petri dishes containing
potato dextrose agar. After 96 h, a suspension of grown spores was harvested by adding

distilled water. The spore concentration was determined using a Neubauer chamber.

2.4. Submerged culture (SmC)

In the microbial cultivations under submerged culture, the pre-culture was initiated in
500 mL Erlenmeyer flasks by adding a volume of spore suspension calculated to give a
concentration of 1.2x10” spores per mL of the nutrient medium. The nutrient medium was
adapted from the medium described by Pikvoskaya 2® and contained (w/v): glucose, 1%;
(NH4)2S04, 0.5%; NaCl, 0.2%; MgS04.7H20, 0.1%; KCI, 0.2%; MnS0O4.H>0, 0.002%;
FeS04.7H20, 0.002%; yeast extract, 0.5%. A 100 mL volume of the nutrient medium was
used in each experiment. The incubation for the pre-culture step was carried out for 48 h in an
orbital shaker incubator, at 30 °C and 220 rpm. Solubilization of P was initiated by
transferring a volume of pre-culture suspension corresponding to 10% (v/v) to 100 mL of
culture medium with the same composition, with agitation for 96 h in an orbital shaker
incubator at 30 °C and 220 rpm. In this cultivation step, IPR was added at 5 g L* as the
source of insoluble phosphate. After this period, the resulting suspension was vacuum-filtered
using Whatman No. 1 filter paper, followed by centrifugation for 20 min at 12000 rpm and 20
°C. The clear supernatant was analyzed using the colorimetric method described in Section
2.8 and the pH, titratable acidity, and microbial biomass were measured as described in
Section 2.11. All experiments were carried out in triplicate and the data were calculated as

means + standard deviations.

2.5. Solid-state culture (SSC)

Sugarcane bagasse (SB) ground to a particle size of 2 mm was used as the solid

substrate for SSC. The experiments were carried out in 250 mL Erlenmeyer flasks, with 5 g of
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SB in each experiment. After sterilization at 120 °C for 20 min, the medium containing SB
and IPR was inoculated with 1.2x107 spores per g of substrate. The initial moisture content of
the treated SB was adjusted to 80% using the nutrient solution (Pikovskaya medium, as
described in Section 2.4), and the fermentation was performed at 30 °C for 96 h. After the
cultivation period, the sample was homogenized in 50 mL of distilled water (shaking the
suspension at 200 rpm for 60 min). The resulting material was vacuum-filtered using
Whatman No. 1 filter paper and was then centrifuged for 20 min at 12000 rpm and 20 °C.
Soluble P in the clear supernatant was determined by the colorimetric method described in
Section 2.4. All experiments were carried out in triplicate and the data were calculated as

means + standard deviations.

2.6. Sequential solubilization

A. niger was cultivated under SmC, without the presence of IPR, for 144 h (as described
in Section 2.4), followed by removal of the biomass by filtration and centrifugation. The
culture medium extract obtained was used for solubilization of the IPR for a further 24 h, at
30 °C and 220 rpm, resulting in a total process time of 168 h. The medium was again filtered
and centrifuged to remove the IPR particles, and the phosphorus solubilized in the liquid
fraction was determined as described in Section 2.8. This strategy was evaluated using solids
contents of 5, 10, and 15 g L1, All experiments were carried out in triplicate.

2.7. Simultaneous solubilization with fed-batch addition of solids

For solubilization with fed-batch addition of solids, A. niger was cultivated under SmC
for 48 h, in the absence of IPR (as described in Section 2.4), after which the IPR was added at
predetermined times (48, 72, 96, and 120 h). At each time, a solids content of 2.5 g L™ was
added, up to a final solids content of 10 g L. This strategy was only performed with the
solids content of 10 g L. After 168 h, the medium was filtered and centrifuged to remove the
fungal biomass and PR particles, and the phosphorus solubilized in the liquid fraction was

determined as described in Section 2.8. All experiments were carried out in triplicate.
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2.8. Determination of soluble phosphorus

The soluble P content was determined using a colorimetric method adapted from
Murphy and Riley ’. Briefly, a 5 mL aliquot of the clear supernatant sample was reacted with
2 mL of ascorbic acid solution (0.4 mol L), 0.2 mL of citric acid (0.03 mol L), and 2 mL of
a reagent consisting of 25 mL of a sulfuric acid solution (4.7 mol L), 5.5 mL of ammonium
molybdate solution (0.08 mol L), and 0.6 mL of antimony and potassium tartrate solution
(0.05 mol L7). This mixture was reacted at 50 °C for 15 min, forming a
phosphoantimonylmolybdenum blue complex. The concentration of the complex was

determined by UV-Vis spectrometry at a wavelength of 880 nm.

2.9. Determination of soluble calcium, aluminum, and iron

The amounts of calcium (Ca), iron (Fe), and aluminum (Al) released were determined
by flame atomic absorption spectroscopy (FAAS), using a Perkin Elmer PinAAcle 900T
instrument operated in flame atomization mode. The analytical conditions for Ca were a
wavelength of 422.67 nm, slit width of 0.7 nm, and flame mixture of synthetic air at 10 L min’
1 and acetylene at 2.7 L min™. The conditions for Al were a wavelength of 309.27 nm, slit
width of 0.7 nm, and flame mixture of nitrous oxide at 6 L min* and acetylene at 7.5 L min™.
The conditions for Fe were a wavelength of 248.33 nm, slit width of 0.2 nm, and flame
mixture of synthetic air at 10 L min™ and acetylene at 2.5 L min™.

2.10. Determination of organic acids

The concentrations of gluconic, oxalic, and citric acids were determined using a Waters
HPLC system equipped with W515 pumps, W717 injector, and W486 UV reader. An Aminex
HPX-87H column (Bio-Rad) was employed, with 5 mM sulfuric acid solution as the isocratic
mobile phase, at a flow rate of 0.6 mL min™. The injector and column temperatures were 4 °C
and 65 °C, respectively. The organic acids were detected at 210 nm. Gluconic, oxalic, and
citric acid standards were obtained from Sigma-Aldrich (organic acid kit). All the experiments

were performed in triplicate and the data were calculated as means * standard deviations.
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2.11. Determination of pH, titratable acidity, and microbial dry mass

The pH of the medium was measured with a glass electrode and titratable acidity was
determined by titrating a sample containing 10 mL of acid extract with 0.1 M NaOH solution,
using about three drops of a solution of phenolphthalein (1 wt.%) as indicator. The microbial

biomass was determined as the dry weight after drying at 70 °C for 48 h.

3. Results and discussion
3.1. Characterization of Itafés phosphate rock

A detailed characterization of the original and milled samples of IPR was carried out in
order to understand the physical and chemical nature of the phosphate source used in the
bioprocess. The X-ray diffractograms (Supporting Information, Section 2, Fig. S1) revealed
crystalline phase constituents corresponding to alpha-quartz (SiO2, PDF2 pattern file #01-
089-8934) and apatite (Cas(PO4)30OH or Cas(POa4)sF or Cas(PO4)3Cl, PDF2 pattern file #01-
086-0740). Minor phases such as kaolinite (Al2Si.Os(OH)4) or berlinite (aluminum phosphate,
AlIPO4, PDF2 pattern file #01-076-0228) may also have been present, but the diffraction
patterns were not conclusive. The presence of a large amount of crystalline quartz phase
evidenced the igneous origin of this rock 28, All the identified phases were consistent with the

chemical analysis results shown in Table 1.

Fluoride and chloride were also detected in significant amounts (Table 1), indicating
that the apatite phase was probably mostly fluorapatite and/or chlorapatite. Mineralogical
analysis (Supporting Information, Section 1) suggested that the chloride may have all been in
the form of KCI, while fluoride was present as fluorapatite (Cas(POa)3F), considering the
higher affinity of F for calcium-based phases 2% *°. The mineralogical analyses also showed

that the phosphate phase contained in this rock was about 50% (w/w).
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Table 1: Chemical analysis of the Itafds phosphate rock.

Oxide species Mass %

SiO2 36.40
Al203 4.60
Fe203 2.03
CaO 30.40
MgO 0.52
TiO2 0.22
P20s 20.29
Na2O 0.30
K20 0.88
MnO 0.10
Loss on ignition 4.33
Total 100

F* 1.87

Cl** 1.50
CH** 0.96

(*) Fluoride determined by specific ion analysis. (**) Chloride
determined by specific ion analysis. (***) Carbon determined by
infrared spectroscopy.

Physical characterization of the IPR samples obtained using different milling times was
performed by SEM. The micrographs showed that a longer milling time resulted in smaller
IPR particle size (Supporting Information, Section 2, Fig. S2), while short milling times (such
as 2.5 min) only resulted in de-agglomeration. An effect on particle size only occurred after 5
min of grinding, when the first submicron particles became apparent. These observations were
supported by the surface area results (Table 2), which showed that the specific surface area of
the sample milled for 2.5 min was approximately the same as that of the original sample.
However, the specific surface area increased by about 70% for the material milled for 10 min

and more than 3-fold for the material milled for 80 min.
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Table 2: Specific surface area of the Itafés phosphate rock, according to milling time.

Millling Time Surface Area
(M? grock'™)

Natural 301

2.5 min 3.02

5 min 3.8

10 min 513

20 min 716

40 min 8.30

80 min 9.12

3.2. Effect of particle size on P solubilization

Fig. 1 shows the effect of the IPR particle size on P solubilization using A. niger
cultivated under both SmC (Fig. 1a) and SSC (Fig. 1b) with IPR that had been milled for
different periods of time (Table 2). For both cultivation methods, there were significant
increases in P solubilization as the specific surface area increased, with a maximum of 70%
solubilization achieved under SmC with IPR milled for 80 min. This represented an increase
of 90% in P solubilization, compared to the natural IPR. Under SSC, the solubilization of P
achieved using the same particle size was 61%, representing an increase of around 110%,
compared to the natural IPR. In addition to the positive effect of the smaller size of the IPR,
greater P solubilization could have resulted from enhanced interaction between the rock

particles and the organic acids produced by A. niger.

These results indicated that the milling time had a greater influence in the case of
igneous rocks, compared to sedimentary rocks, since in earlier work 2 we showed that this
process only resulted in a limited increase in the specific surface area of Baydvar rock (a
sedimentary rock). This behavior was directly related to the rock friability, which is generally
higher for igneous rocks. However, the optimum milling point had not yet been reached, with
the solubilization efficiency tending to stabilize with the reduction of particle size.
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Figure 1. Phosphorus solubilization and pHsinal for A. niger cultivation using different particle
sizes. @) Submerged cultivation for 96 h using Pikovskaya medium, 30 °C, 220 rpm, pHinitiai 7,
and 5 g L IPR. b) Solid-state cultivation for 96 h using sugarcane bagasse, 30 °C, 80%
moisture, pHinitia 7, and 5 g L IPR.

The results showed that manipulation of the rock phosphate particle size significantly
enhanced phosphorus solubilization under both SmC and SSC. However, the mechanical
activation could also have affected other constituent phases of the IPR. Therefore, in order to
obtain a better understanding of the effect of particle size on the solubilization of IPR,
evaluation was made of solubilization of the elements Ca, Fe, and Al present in the IPR. In
addition, production of the main organic acids was quantified for all the grinding times. Since
SmC was more effective than SSC for phosphate solubilization, and considering that SmC
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and SSC showed similar features during the solubilization processes, in the next experiments

only SmC was used as a model microbial cultivation process.

3.3. Effect of particle size on Ca, Fe, and Al solubilization and organic acid production

Table 3 shows the organic acids (citric, oxalic, and gluconic) and soluble Ca, Fe, and Al
produced after 96 h of SmC cultivation using the different particle sizes. Low concentrations
of soluble Ca were observed in all cases, corresponding to about 1% of the total Ca in the
IPR. These low values could have been due to the precipitation of calcium oxalate following
reaction with oxalic acid & 2!, which would decrease the levels of Ca and oxalic acid in the
solution. This hypothesis was in agreement with the low amount of oxalic acid detected in the
medium after the solubilization process. Nevertheless, the concentration of soluble Ca

increased slightly with higher surface area of the IPR.
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Table 3: Effect of particle size under metals solubilization and acids organic production by submerged fermentation at 30 °C, 220 rpm for

96h.

Millin/Sup. P (%) Solubilized Metals (mg L) Organic Acids (mg L)
Area. 0

(Min|m?/g) Solubilized P Ca Fe Al Citric Oxalic | Gluconic
Natural| 3.01| 41+5 |a| 157+6 | a | 981+052 |a|051+001|a| 1.16+0.29 |al] 3+1 |a|12+1|a|151+6]| a
2.5]3.02 49+2 | b | 188+16 | b |1065+0.38 |ab|053+0.02| a| 1.78+0.19 |a|] 3+1 |a|14+1 |ab|[139%9|ab
5|3.28 57+3 | c| 223+5 | c[11.24+026| b |051+0.02|a| 2.87+0.83 |b 0 15+1 |bc|125+7]| b
10]5.13 63+2 |d| 245+12 | d [11.68+0.14|c |050+0.01|a| 6.54+1.01 |b 0 17+1 |cd|107 2| c
20|7.16 66+4 | d| 255+18 | d [11.73+0.09 |cd|0.52+0.03| a|1827+1.10 |c| 2+1 |a|19+1 |de|96+3 | d
40]8.30 73+5 |de| 285+15 |de| 12.07 +0.27 |de| 0.56 +0.06 |ab| 29.66 + 0.86 |d 0 21+2 |ef|[91+2 | d
801]9.14 77+5 |e| 300+8 | e [12.34+0.16|e |059+0.03| b |45.03+4.11 |e 0 22+1 | f|95+2 | d

* Different letters mean that there is significant difference among treatments, tukey’s test, 95% confidence level.
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The release of Fe during the solubilization process was minimal, at around 0.5 mg L
for all IPR particle sizes, representing 0.7% of the initial amount of Fe. However, soluble Al
showed a significant increase with IPR particle surface area, especially for material milled for
more than 20 min. This effect was probably associated with the lower pH of the medium
induced by the fungal activity. Since the Al phases are fully soluble at pH <4 (according to
the Pourbaix diagram for Al 31), local acidification leads to complete Al phase dissolution.
This effect is less important for Fe solubilization, since significant solubilization is only

expected at pH <2 3,

The main mechanism of IPR solubilization was complexation involving the organic
acids produced by the microorganism &1°, which could be influenced by the particle size. The
production of gluconic acid decreased with the particle surface area, probably due to an
adverse effect of soluble Al . Oxalic acid production was likely to have been higher than the
values shown in Table 3, due to precipitation in the form of the calcium salt, as mentioned
previously. Citric acid production was minimal, since the environmental conditions (C and N
concentrations, pH, and dissolved oxygen) were not ideal. Furthermore, Al and Fe at low
concentrations can cause substantial inhibition of citric acid production *. Other organic acids

may also have been produced during the microbial cultivation, but were not identified.

These hypotheses were confirmed by the temporal profiles of acid production observed
using the IPR sample milled for 10 min (Fig. 2). The results showed that oxalic and gluconic
acids were produced in higher amounts during the initial period, followed by subsequent large
decreases, while the total titratable acidity continuously increased. This strongly indicated that
these acids precipitated as complexes, mainly with Ca (but possibly also with Al), with the
acidity resulting from solubilization of the IPR. Citric acid production remained consistently
low, as expected. These results were corroborated by the solubility of Ca in the medium, as
well as by the total IPR solubilization (Figs. S3 and S4, Supporting Information). Ca showed
a maximum soluble fraction after 24 h of reaction, tending to precipitate with organic acids,
while IPR continued to be solubilized. On the other hand, the soluble Al and Fe fractions
showed increasing trends, due to the pH reduction, despite the fact that these ions may also

form complexes with organic acids 3% 33,
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Figure 2. Temporal profiles of organic acids production during submerged cultivation for 96
h. Conditions: 30 °C, 220 rpm, pHinitial 7, and 5 g L™ IPR (5.13 M? grock ™).

3.4. Bioprocess strategies to improve phosphate rock solubilization

The optimization of P solubilization required the selection of suitable process
parameters that avoided undesirable effects of the IPR on A. niger growth during the reaction.
In order to clearly reveal the effects of such parameters, an intermediate condition (10 min
milling) was chosen. Fig. 3a shows the effect of the solids content on the production of
microbial biomass. Higher solids content led to a reduction in biomass production, especially
during the first 72 h, with similar trends for solids concentrations from 5 to 15 g L. The
biomass concentration at 72 h was 12.68 g L™ for the cultivation without IPR, while values of
8.06 g L™ (47% inhibition), 7.11 g L (53% inhibition), and 6.20 g L™ (58% inhibition) were
obtained for the cultivations with solids contents of 5, 10, and 15 g L, respectively. This
could have been due to attrition and friction among the solid particles and the microorganism,
which increased in line with the concentration of rock particles in the medium, hence
restricting microbial growth, as observed previously by Xiao et al. 3. Another inhibitory
effect could have been associated with F release into the medium, as suggested by Mendes et

al. % and Silva et al. %, since IPR is probably a fluorapatite (Table 1).
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Figure 3. Temporal profiles of the effect of the solids content on a) biomass concentration, b)

titratable acidity, c) pHsinai, and d) phosphorus solubilization during submerged cultivation of

A. niger at 30 °C, 220 rpm, and pHinitial 7.
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Fig. 3b shows the effect of the solids content on the pH of the cultivation medium. In
the cultivation without rock, the pH showed a rapid decrease to around pH 2.3 within 48 h,
followed by a decrease to pH 1.9 at 168 h. Fast decreases of pH were also observed in the
cultivations with IPR, although the values were only reduced to around pH 3 within 48 h.
After that, small differences were observed in the pH values, according to the solids content
used in the fermentation. Therefore, addition of IPR to the medium had a negative effect on
the decrease of pH, and the effect was slightly greater when higher solids contents were used.
A similar trend was observed for the effect of the solids content on the titratable acidity (Fig.
3c), indicating the effect of solids content or soluble Al on the production of organic acids by
A. niger, in agreement with Papagianni et al. 1*. Consequently, the efficiency of solubilization

of PR decreased, as shown in Fig. 3d.

In order to minimize the inhibitory effects of the IPR during A. niger cultivation and
increase the solubilization of P, two process strategies were investigated: sequential
solubilization, and solubilization with fed-batch addition of solids. In the sequential
solubilization strategy, the main objective was to optimize organic acid production in the first
stage, by cultivation of A. niger without IPR, which was then followed by the solubilization of
IPR in the second stage. Therefore, A. niger was cultivated without IPR for 144 h and the acid
extract obtained was used for solubilization of the IPR during a further 24 h, totaling 168 h.
Fig. 4 compares the results with those obtained for conventional solubilization with and
without mechanical activation. The solubilization efficiency decreased with the solids content,
despite slight increases in solubilized P, in agreement with the results shown in Fig. 3d. The
use of mechanical activation resulted in a large increase in solubilized P, compared to the
process without activation. However, the conventional process using mechanical activation
showed no significant difference (Tukey’s test, 95% confidence level) in the solubilization

efficiency, compared to the sequential process with mechanical activation.
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Figure 4. Phosphorus solubilized by sequential solubilization and conventional solubilization
with and without mechanical activation, using three solids contents. Different letters indicate

significant differences among treatments (Tukey’s test, 95% confidence level).

In the fed-batch strategy, the IPR was added at predetermined times, with four additions
(at 48, 72, 96, and 120 h) of 2.5 g L%, totaling 10 g L™ of solids. The goal of this strategy was
to optimize the organic acid production in the first 48 h, with subsequent additions of small
amounts of solid throughout the cultivation, in order to reduce the inhibition effect. The
temporal profiles for IPR solubilization, microbial biomass, pH, and titratable acidity using
the fed-batch strategy are shown in Fig. 5.

The IPR solubilization efficiency (Fig. 5a) increased to 37% (320 mg L) at 168 h,
which was statistically superior (Tukey's test, 95% confidence level) to the efficiency
achieved under sequential solubilization (30%) and conventional solubilization (32%), using
the same solids content of 10 g L. The temporal profile (Fig. 5b) for the first 48 h was
similar to that for the process carried out without IPR, indicating an absence of inhibitory
effects. However, after the first IPR addition, the biomass concentration in the medium
decreased by 25%, the pH increased to 3, and the total acidity remained constant until the end

of the cultivation.

These results showed that use of the fed-batch strategy in the IPR solubilization process

led to improved solubilization efficiency, compared to the conventional simultaneous process.
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The amount of P solubilized increased by 15%, relative to the conventional process (with
mechanical activation), and by 21%, relative to the sequential solubilization, for a load of 10 g
L solids consisting of mechanically activated rock. Moreover, when compared with the
conventional process using IPR without mechanical activation, a substantial improvement of
78% in solubilization efficiency was achieved using the integrated fed-batch process and

mechanical activation.
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Figure 5. Effect of fed-batch addition of solids during the submerged cultivation of A. niger
at 30 °C, 220 rpm, and pHinitia 7. @) Soluble phosphorus, b) biomass, pH, and titratable
acidity.
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The solubilization achieved using the fed-batch addition of solids/mechanical activation
strategy could be considered highly promising, when compared with the results reported
elsewhere for conventional processes and similar PR (igneous origin). Saber et al.
cultivated A. niger under SmC using a similar igneous PR (fluorapatite rock from Giza,
Egypt) and obtained 99.7 mg L of soluble phosphorus after 216 h. Schneider et al. %, using
similar conditions, obtained 281 mg L™ of soluble phosphorus after 192 h of cultivation using
hydroxyapatite rock from Cataldo, Brazil. Mendes et al. ?* also cultivated A. niger under SmC,
using Araxa rock from Brazil, and obtained 74.4 mg L of soluble phosphorus after 144 h. In
this work, the maximum soluble P concentration obtained was about 350 mg L™ after a
process time of only 120 h. These findings showed that the fed-batch addition of
solids/mechanical activation strategy was able to minimize the inhibitory effect and increase

phosphate solubilization.

4. Conclusions

Bioprocess strategies were developed for improving the efficiency of solubilization of
IPR. Use of a fed-batch strategy coupled with mechanical activation led to a 78% increase in
solubilization, compared to a conventional process. Mechanical activation was proved to be a
potential strategy for increasing the solubilization of IPR, with solubility gains of around 57%
using SmC and 45% using SSC, employing IPR milled for only 10 min. Investigation of the
influence of the solids content on microbial biomass, total acidity, and pH revealed negative
effects on these variables, when compared to the process without phosphate rock. Such
limitations were overcome by employing the fed-batch addition of solids, resulting in
increased IPR solubilization. This proposed strategy could contribute to future developments
aimed at implementing large-scale industrial production of environmentally sustainable

phosphate fertilizers by biotechnological processes.

Supporting Information

Section 1 shows mineralogical analysis calculations. Section 2, Figure S1. X-ray
diffractometry (XRD) pattern of Itafés phosphate rock; Figure S2. Field emission gun
scanning electron microscopy (FEG-SEM) micrographs and specific surface area of Itafds

rock phosphate subjected too different milling times; Figure S3. Temporal profiles of calcium,
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aluminum and iron solubilization by submerged cultivation; Figure S4. Temporal profiles of
phosphorus solubilization and pH by submerged cultivation.
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Supporting Information
Section 1
Mineralogical analysis calculations

Considering that all the fluoride determined comes only from the fluorapatite phase we can

calculate the molar fractions of each element.
Chemical structure fluorapatite (Cas(POa4)3F)

Molar fraction of fluoride (Xr), phosphorus (Xp) and calcium (Xca):

X, = MMF!uor'ida _ 19 = 0.0377
P - - - "
MMFEuarﬂ'przrira 204
X, = MMPho:,‘::hor:u' _ 93 = 0.1850
P - - - "
MMF::LE'?“E','EJEEE'?"EI 504
X, = MMCE!cium — 200 = 0.3970
FoMM 504

Fluprapatira

Making the ratio Rra between the two molar fractions will have the molar ratio between

fluoride and calcium in fluoropatite.

X,  0.0377
R, = = = 0.0950
ca ¥, 03970

Having the value of the ratio and the amount of fluoride determined by the technique we can
calculate the amount of calcium that makes up the fluorapatite.

F 1.87%
o= = Rpce = —— = 0.0950 —— Ca = 19.68%
o a

Transforming this value into calcium oxide.

Ca=56
Calg, =

= 27.56%
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Subtracting the amount of calcium oxide to fluorapatite CaOra form the total value CaOrotal
determined will have the percentage of calcium oxide in other phases.

CaOpener prases = CA0roeq — CaOp, = 30.40% — 27.56% = 2.84%

Making the ratio of fluoride to phosphorus we can determine the amount of phosphorus that

comes from this phase.

Xz 00377

Rpp = — = = 0.2050
P x, 01840

Based on the fluoride content, we determine the amount of phosphorus in this phase.

F 1.87%%
E = RFP = T =0205 —— P =912%

Transforming this value into phosphorus peroxide.

912142

PZUEFE = T

Adding the percentages determined for the fluorapatite phase will have the mass quantity that

it represents inside the phosphate rock.

%Fa =% F +%Ca0g, + %P, 05, = 1.87% + 27.56% + 20.89% =BU 320

80



Section 2

Figures
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Figure S1. X-ray diffractometry (XRD) pattern of original (not milled) Itafésphosphate rock

[X - Cas(PO4)3(OH), PDF2 pattern file #01-086-0740; * - SiO,, PDF2 pattern file #01-089-
8934; 0 - AIPO4, PDF2 pattern file #01-076-0228]
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Figure S3. Temporal profiles of calcium, aluminum and iron solubilization by submerged
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Figure S4. Temporal profiles of phosphorus solubilization and pH by submerged cultivation
at 96 h, 30 °C, 220 rpm, pHinitiar 7 and 5 g L2 IPR (5.13 m? grock ).
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Capitulo 4

“Solubilization of phosphate rocks by organic acids”
Artigo em elaboracéo

O principal mecanismo de solubilizacdo das rochas fosfaticas pela acdo de microrganismo é a
producdo de &cidos organicos. Nesse sentido, entender o processo de solubilizacdo de
diferentes rochas fosfaticas por diferentes acidos organicos é essencial para desenvolver
estratégias para aumentar a eficiéncia de solubilizacdo da rocha fosféatica via cultivo
microbiano, uma vez que o metabolismo do microrganismo pode ser manipulado para
producdo do acido organico de interesse. Dessa forma, este estudo tem por objetivo avaliar a
solubilizacdo de trés fontes de fosfatos utilizando nove &cidos organicos diferentes,
comparando com dois acidos inorganicos fortes e com a solubilizacdo em agua. O fosfato de
tricacio foi usado como material referéncia de alta solubilidade para comparagdo com duas
rochas fosfaticas de caracteristicas contrastantes, a rocha fosfatica Baydvar (origen
sedimentar) e a rocha fosfatica Itafés (origen ignea), ja caracterizadas e estudadas,
respectivamente nos Capitulos 2 e 3. Os resultados mostraram diferentes eficiéncias de
solubilizacdo entre os &cidos utilizados e entre as fontes de fosfatadas. Os acidos organicos
citrico e principalmente o acido oxalico foram os &cidos organicos mais eficientes para
promover a solubilizacdo das fontes fosfatadas. Nesse contexto, um estudo avaliando o
sinergismo entre 0s &cidos organicos e a cinética de solubilizacdo das fontes fosfatadas nos
acidos tambem foi realizado e observou-se uma relacdo de sinergismo entre acido citrico e
oxalico (1:1) e entre &cido oxalico e gluconico (2:1) que potencializou a solubilizacdo das
rochas fosfaticas. Este estudo se refere ao objetivo especifico 4. Avaliacdo da influéncia de
diferentes acidos orgénicos na solubilizacdo de diferentes fontes de fosfato. Estes resultados
fornecem um melhor entendimento dos mecanismos de acdo dos &cidos organicos na

solubilizacdo/dissolucédo das rochas fosfaticas.
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Abstract

The biological solubilization of phosphate rock (PR) is an attractive alternative to obtain
fertilizers from biotechnological process. This method consists on the use of P-solubilizing
microorganisms (PSMs), which can be cultivated by submerged cultivation or solid-state
cultivation. The P-solubilizing activity of PSMs is determined by their ability to produce and
release metabolites such as organic acids. However, the effectiveness of the biological
solubilization of PRs depends on the type of the organic acid produced during the microbial
cultivation. Therefore, a systematic study on the solubilization of PRs was carried out using
nine organic acids of low molecular mass as well as two inorganic acid and water. Three
phosphates sources were evaluated, including two PRs and a reference mineral. Our findings
showed that the type of organic acid can significantly influence the solubilization of the PR,
being that oxalic acid showed the best performance to promote the PR solubilization. In
addition, a synergistic relationship between citric and oxalic acids, and between gluconic and
oxalic acids was observed, which potentiated the solubilization of the PRs, compared with the
same concentration of sole organic acids. The results provided a better understanding of the

mechanisms of action of organic acids on the dissolution of PRs.

Keywords: Biosolubilizatio, rock phosphate, phosphorus release, organic acids, synergistic.
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1. Introduction

The biological solubilization of phosphate rock (PR) is an attractive alternative to obtain
fertilizers by using processes that are more environmentally sustainable. This method consists
on the use of P-solubilizing microorganisms (PSMs), which can be cultivated in aerated
suspensions (submerged cultivation), or using solid media (solid-state cultivation) (Mendes et
al., 2015; Vassilev et al., 2017; Vassileva et al., 2010). The P-solubilizing activity of PSMs is
determined by their ability to produce and release metabolites such as organic acids.
However, the effectiveness of the biological solubilization of PRs depends of type of the
organic acid produced (Park et al., 2017), since each organic acids have different
characteristics and properties such as degree of dissociation, position and type of functional
groups, and chemical affinities of chelating agents for the metals (Illmer & Schinner, 1995;
Kpomblekoua & Tabatabai, 1994; Lazo et al., 2017; Mendes et al., 2014; Nahas, 1996).

In addition, the effect of organic acid on PR dissolution may change in relation to the
origin of the phosphate mineral (sedimentary or igneous origin) (Lazo et al., 2017) due to the
physical and chemical differences of these PR (Chien, 1993; Lim et al., 2003; McArthur,
1985; McArthur et al., 1986; Zapata, 2004). It is therefore reasonable to assume that studies
on P-solubilization using distinct types of phosphate minerals are necessary to understanding
the mechanisms of action of organic acids on the dissolution of the PRs. Such understanding
would allow the development of strategies to improve the efficiency of biological
solubilization of the PR. For instance, metabolic engineering studies could be applied to
manipulate the metabolism of microorganisms in order to produce the higher levels of the

organic acid specific for the solubilization of each phosphate mineral.

Here, a systematic study on the solubilization of PRs in organic acids of low molecular
mass was carried out. Three different mineral phosphates were used, including two phosphate
rocks (Bayovar phosphate rock, sedimentary origin and Itafés phosphate rock, igneous origin)
and a reference mineral (tricalcium phosphate). The solubilization experiments were
performed using nine organic acids with different properties, and the results were compared
with two strong inorganic acids and water. The Kinetics of solubilization of these minerals and
the synergism effects among selected organic acids were also studied by using the
methodology of experimental mixture design as a statistical tool. The results provided a better
understanding of the mechanisms of action of organic acids on the dissolution of PRs of

different origins.
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2. Materials and Methods
2.1. Organic acids

The organics acids (ascorbic, acetic, formic, gluconic, malic, succinic, oxalic, tartaric
and citric acid) were supplied by Sigma-Aldrich (acids with pure phase > 99 wt.%, except
gluconic acid with a pure phase of 49-53%). The inorganic acids used were sulfuric acid (95-
98% purity) and hydrochloric acid (36.5-38% purity), supplied by Synth and Dinamica,

respectively.

2.2. Phosphate materials

The phosphate sources used were tricalcium phosphate (TCP) supplied by Synth with
43.46 wt.% P»0s, Bayovar phosphate rock (BPR), which is a sedimentary rock originate from
Sechura (Peru) with 30.72 wt.% P2Os (Klaic et al., 2017) and Itafés phosphate rock (IPR),
which is an igneous rock originate from Arraias (Brazil) with 20.29 wt.% P,Os. The two
phosphate rocks were dried at 110 °C for 48 h to reduce the humidity contents and were then
ground for 10 min in an orbital mill (model CT-251, Servitec) consisting of a porcelain jar
and alumina balls (Plotegher & Ribeiro, 2016). After treatment, the materials were stored in

dry boxes prior to use in the solubilization experiments.

2.3. Solubilization assays

The solubilization experiments were carried out using the methodology recommended
by Ministry of Agriculture and Livestock from Brazil (MAPA, 2013) to evaluate the
solubility of phosphate rocks. All acid solutions were standardized relative to the citric acid
solution 2 wt.% (0.104 mol L™1). The total phosphorus added was also standardized to 0.886 g
L for all phosphate materials. Thus the mass added for TCP, BPR and IPR was 0.10 g, 0.33
g and 0.50 g, respectively. The experiments of solubilization were performed in 250 mL
Erlenmeyer flasks, containing 50 mL of the acidic solution and the phosphate material. The
solubilization was carried out for 6 h in an orbital shaker incubator (Innova 42), at 30 °C and
220 rpm. All the experiments were performed in triplicate. After the incubation period, the
resulting material was vacuum filtered through Whatman No. 1 filter paper, followed by
centrifugation for 15 min at 10,000 rpm and 20 °C. The clear supernatant was analyzed using

the colorimetric method described in Section 2.6 to determine the amount of soluble
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phosphorus released. All experiments were carried out in triplicate, and the data were
calculated as means + standard deviations.

2.4. Kinetic solubilization

The experiments to determine the temporal profile of solubilization were carried out as
described in Section 2.3, but collecting samples at 6 h, 12 h and days 1, 2, 3, 4, 5, 7, 10 and
15. The phosphorus solubilized in the liquid fraction was determined as described in the
Section 2.6. All experiments were carried out in triplicate, and the data were calculated as

means + standard deviations.

2.5. Experimental design

To evaluate the synergistic effect among the organic acids on the solubilization of the
phosphate materials it was applied as statistical tool the methodology of experimental mixture
design (EMD) set up as a Simplex Centroid Design of three components (Delabona et al.,
2013). This methodology can evaluate the effect/synergism of three organic acids (Xi: citric
acid, Xo: oxalic acid and Xa: gluconic acid). The experimental design comprised 12
experiments, including 3 center points. The randomized conditions for these experiments is
presented in Table 1. The experiments were carried out as described in Section 2.3 at triplicate
and phosphorus solubilized in the liquid fraction was determined as described in the Section
2.6. All the EMD and analysis was performed with Statistica® 8.0 statistical software
(Statsoft Inc., Tulsa, OK, USA).

2.6. Determination of soluble phosphorus

The determination of phosphorus solubilized was based on the method reported by
Murphy and Riley (1986) and modified by Drummond and Maher (1995). Briefly, a 5 mL
aliquot of the clear supernatant sample was reacted with 2 mL of ascorbic acid solution (0.4
mol L), 0.2 mL of citric acid (0.03 mol L?), and 2 mL of a reagent consisting of 25 mL of a
sulfuric acid solution (4.7 mol L-1), 5.5 mL of ammonium molybdate solution (0.08 mol L),
and 0.6 mL of antimony and potassium tartrate solution (0.05 mol L™). This mixture was

reacted at 50 °C for 15 min, forming a phosphoantimonylmolybdenum blue complex. The
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concentration of the complex was determined by UV-Vis spectrometry at a wavelength of 880

nm.

3. Results and Discussion
3.1. Effect of the type of organic acids on phosphate solubilization

Figure 1 shows the solubility of three phosphate materials on twelve different media
after 6 h of incubation at 30 °C under low agitation (40 rpm). The tricalcium phosphate was
used as a reference material and the results were compared with two mineral phosphates, BPR
and IPR. The media used were nine different organics acids (ascorbic, acetic, formic,
gluconic, malic, succinic, oxalic, tartaric and citric acid) as well as two inorganic acids
(sulfuric and hydrochloric acid). The water was used as a control owing the low solubility of
these phosphate materials in this medium. The main idea of this set of solubilization
experiments was to identify the organic acids with high potential for solubilization of each
type of mineral phosphate.

Tricalcium phosphate TCP solubility (Figure 1a) was above 40% for all the different
acids evaluated. The highest solubilization among the organic acids was observed in citric and
tartaric, reaching 80% and 75%, respectively. Notably, these solubilization efficiencies are
statistically the same as the ones achieved by the inorganic acids (sulfuric and hydrochloric
acid). In addition, the organic acids gluconic, oxalic and succinic also showed a solubilization
efficiency statistically similar to the one of sulfuric acid. Thus, the results show that there is a
large amount of organic acids with potential to solubilize TCP, since they showed a

solubilization comparable to strong inorganic acids.

89



100
90 1(2) Tricalcium Phosphate

80 a a
0 b h_ p %
60 |

50 c c
40__ [
30
20
10

and—‘

Solubilization (%)
2]

F F N A qC  HC A AE 66 A (O
W p o (T W o g o e e

=
100
90 (b) Bayovar Rock Phosphate
80 a
S b b
g 60 b b
= 50
N 40
S 30
= C c .. ¢ ¢
° ] c
0 10
0] d
VIA T T T T T T T T T T T
«a‘is"o 0 " 03-60?0‘“{\1 cpﬁ'\c- *dq\o Gé‘f;\o 0_’5{\: é@‘\‘& c; &'\050@1‘.\;0{‘5‘\0
100 e il
90 1(C) Itafos Rock Phosphate
80 a
= 70
(=]
—_ b
c 60 b
o 4
= 904
© ]
B 404 c
‘S ] C
2 30
5 1
© 204
U_ l/IEI T VIAV% T T VI | 1 T T T T
A, I A g0 o G & AD AL
qqawpot P‘ge ﬁoﬁ':;\\} cP“‘ ‘3‘9\9}0,9& ot? < é-{é cs o ‘}@Gﬁpﬂé

.
- . o
Organic Acids

Figure 1. Efficiency solubilization of phosphate materials in organic acids at 40 rpm, 30 °C
for 6 h. a) Tricalcium phosphate. b) Bayovar rock phosphate. c) Itafés rock phosphate.
Different letters indicate significant difference among the treatments (ANOVA with Tukey’s

test, 95% confidence level).
90



Bayovar phosphate rock (BPR) presented an average solubilization of 60% in citric,
oxalic and tartaric acids (Figure 1b), which is statistically similar to the one achieved in
sulfuric acid. Maximum BPR solubilization was achieved using hydrochloric acid (82%),
while in organic acids ascorbic, acetic, formic, gluconic, malic and succinic was only around
20%. For all organic acids tested, it was observed a lower solubilization efficiency for BPR
when compared to TCP, except for oxalic acid. This difference in the solubility can be
explained mainly by differences in chemical structure between BPR and TCP, since BPR is a
natural phosphate with two crystalline phases of high chemical stability (Cao & Harris, 2008;
Green & Watson, 1982) - one corresponding to alpha-quartz and another corresponding to a
phosphate-rich fluorapatite phase (Klaic et al., 2017) - TCP can be easily solubilized at pH
close to 4 (Bengtsson et al., 2007).

For the Itafs phosphate rock (IPR), oxalic acid was the best organic acid to promote
the solubilization, reaching a solubilization of 60% which was statistically similar to the one
achieved using sulfuric acid (Figure 1c). The hydrochloric acid also promoted the highest
solubilization, as previously observed for BPR and TCP. In addition, the IPR solubilization in
citric and tartaric acid was around 30% and in ascorbic, formic, acetic, gluconic, succinic and
malic did not exceed 10%. The results show that there is a greater difficulty to promote the P
solubilization from the IPR than from the BPR. This can also be explained by the difference
in the chemical structure of these materials. Although both rocks have a complex
composition, IPR is a mineral of igneous origin and has a higher amount of quartz and a
fluoropatide phase with less isomorphic substitutions compared to the BPR (Chien, 1993; Lim
et al., 2003; McArthur, 1985; McArthur et al., 1986; Zapata, 2004). This makes the IPR

harder and more difficult to solubilize compared to BPR.

In overall, these results showed that the type de organic acid has a great influence in the
solubilization of the different phosphate materials. A possible explanation for this influence is
the number of hydroxyl and carboxylic groups as well as their position in the molecule of
organic acid. Therefore, organic acids with more hydroxyl and carboxylic groups tend to be
more efficient for promoting the P solubilization due to the better ability to chelate the cations
(mainly calcium) bounded to phosphate, with the latter being converted into soluble form
(Illmer & Schinner, 1995; Kpomblekoua & Tabatabai, 1994; Lazo et al., 2017; Mendes et al.,
2014; Nahas, 1996). This effect was predominant for TCP, in which the monocarboxylic acids

(acetic, formic, and gluconic) were less efficient than the dicarboxylic (malic, succinic,
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tartaric) and tricarboxylic (citric acid) on phosphate solubilization. Interestingly, the oxalic

acid, that is a dicarboxylic acid, was an exception to this behavior.

The differential solubilization response observed for oxalic acid on TCP was also
reproduced for both PRs, which showed the highest potential to solubilize the PRs among the
organic acids studied, with efficiencies comparable to the ones achieved using strong
inorganic acids, sulfuric (used in the industrial fertilizer production process) and hydrochloric.
A statistical analysis (Tukey’s test, 95% confidence) showed that there was no significant
difference in the solubilization efficiency of TCP, BPR and IPR when oxalic acid was used.
This is even more interesting if we take into consideration that BPR and IPR are phosphate
materials that present great complexity and their mineralogical structure makes their
solubilization much more difficult when compared to TCP. Our hypothesis is that PRs that
present the mineralogical constitution with phosphate phases of higher chemical stability -
higher amount of quartz and apatites of low isomorphic substitution, such as observed in IPR
- are more susceptible to be solubilized by organic acids with a higher degree of dissociation
than tricarboxylic acids which are constantly cited as good promoters of solubilization, since
that oxalic acid is a dicarboxylic acid (pKal = 1.27; Pka2 = 4.21) (Gelb, 1971) and citric acid
is a tricarboxylic acid (pKal = 3.13 ; Pka2 = 4.76; pka3= 6.40) (Silva et al., 2009).

Although our results showed that the citric, tartaric and mainly the oxalic acid were the
best acids to solubilize the mineral phosphates, previous literature studies have also reported
the gluconic acid is a potential solubilizing agent for PRs (Taktek et al., 2017; Wagh et al.,
2016; Xiao et al., 2015; Zhou et al., 2017) . Our results showed that gluconic acid seems to
have more influence on calcium phosphate sources such as TCP, since the complexing
constant of this acid with Ca is similar to the constants of citric and oxalic acid (Mendes et al.,
2014). Based on these findings, a kinetics of solubilization was also performed using gluconic
acid, oxalic acid and citric acid as well as sulfuric acid and water (control) to better
understanding the mechanisms of solubilization involved in the action of these acidson TCP,
BPR and IPR.

3.2. Temporal profiles of solubilization

Temporal profiles of P solubilization for TCP, BPR and IPR in the organic acids citric,
oxalic, and gluconic acid as well as in sulfuric acid and water (control) are shown in Figure 2.

The results confirm the low solubility of these phosphate mineral in water, since even after 15
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days it was not exceed 1% of P solubilization for all phosphate sources. However, the P
solubilization was very significant for all of the organic acids used, but different temporal
profiles were observed. In addition, there was an oscillatory behavior in the P solubilization
curves that may be due effects of precipitation and complexation of the phosphate (PO4>) as
other solubilized elements in solution (Ca%*, Fe**, AI** and Mg?*) (Bengtsson et al., 2007;
Misra, 1999).

TCP solubilization (Figure 2a) showed a similar temporal profile of P solubilization in
sulfuric, citric and oxalic acid reaching 100% in only 2 days, while the P solubilization in
gluconic acid not exceed 80% even in 15 days. For the BPR (Figure 2b), there was no
statistical difference in P solubilization during the first 6 h among sulfuric, oxalic and citric
acid. After this period, the P solubilization was more intense in sulfuric acid reaching a
solubilization close to 100% of P available in the BPR in only 3 days. In contrast, the P
solubilization using gluconic acid not exceed 40% even in 15 days. It is also possible to
observe that there was a higher solubilization rate using oxalic acid than in citric acid.
Moreover, the temporal profile of solubilization in oxalic acid was only slightly lower than in
sulfuric acid. As for the temporal profiles of solubilization for IPR (Figure 1c), acid citric and
gluconic did not exceed 40% and 20%, respectively, even in 15 days. Interestingly, the
temporal profile of solubilization of IPR using oxalic acid was similar to when BPR was used.
Considering that IPR is a P source more complex than BPR, this indicates that oxalic acid has

a better potential than citric acid to solubilize complex sources of phosphorus.

The solubilization time profile helped to confirm the positive effect of citric acid and
especially of oxalic acid as phosphorus solubilizing promoting agents from complex mineral
sources. Although the superior effect of oxalic acid compared to citric acid and gluconic acid
is proven, these acids are produced by the same metabolic cycle (Krebs cycle) and many
times when it is desired to optimize oxalic acid production during microbial cultivation there
may be co-production of citric and gluconic acids (Sazanova et al., 2016; Yang et al., 2017).
Therefore, due to the different characteristics and properties of these organic acids, a study
was developed in the next set of experiments to evaluate the mixing effect on the
solubilization of TCP, BPR and IPR.
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3.3. Effect synergistic among organic acids

To evaluate the synergistic effect among the three organic acids: citric acid (CA), oxalic
acid (OA) and gluconic acid (GA) under P solubilization from FTC, BPR and IPR, it was
established a Simplex Centroid Design of three components. Table 1 summarizes the different
combinations of citric acid, oxalic acid, and gluconic used in the experiments and the
responses obtained as a percentage of P solubilized.

Table 1. Experimental matrix design, Simplex Centroid Design to evaluate the synergistic

effect among the organic acids on the solubilization of phosphate materials.

Run CA OA GA TCP BPR IPR
(molL) (moll™) (mollh) (%) (%) (%)
1 0000 0104 0000  CLLE SLOBE SLE
2 0035 0035 0035 23 %28E 4w
3 0520 0520 0000  °3SSF  OWE 7
4 0.000  0.000  0.104 635-;? 2%_%761 9(-)?;;
5 0104 0000 0000  Op08*  ASTLE 2T
6 0035 0035 0035 oot BOE 058
7 0017 0017 0070 °l2rE AHE 3B
8 0035 0035 0035 7‘23851 53%% * 636‘}&151
9 0000 0520  0.520 722-317; 6%%5; t 697%2‘1 *
10 0070 0017  0.017 Gfb%goi 5%-_793i 4567_9151
11 0520 0000 0520 Oyt STOTE 22Ok
12 0017 0070 o017  O¥UE xS0k

The statistical analysis showed that for TCP solubilization all three organic acids (CA,
OA and GA) presented a statistically significant positive influence on the efficiency of
solubilization, since p-values were smaller than 0.05 for each of these components. Although,
there were mixing points (run 2, 6 and 8) that the TCP solubility increased, interactions
between the components (CA-OA, CA-GA, and OA-GA) were not significant (p-values >

0.05). Therefore, there is no synergistic effect among these organic acids in the TCP
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solubilization. The statistical analysis enabled the definition of a linear model to estimate the
TCP solubilization in terms of the concentrations of the components CA, OA, and GA in the

solution medium, as described by Eq. (1).

TCP (% solubilized) = 68.77 = [AC] + 67.71 = [0A] + 66.72 = [GA] Eq.(1)

In addition, these results indicated that the most significant effect on TCP solubilization
was the concentration of CA, followed by the OA and GA, as revealed by Eq. (1). This result
is in agreement to the efficiency observed in Figure 1a for TCP solubilization. In terms of
BPR, the statistical analysis showed that all three organic acids (CA, OA and GA) are
statistically significant with positive effect to promote the solubilization. Also, there were
significant interactions of second-order between the components CA-OA and OA-GA which
potentiate the solubilization, while the interaction between CA-GA was not significant (p-
values > 0.05), as described by Eqg. (2). These results agree with the results in Table 1, since
that the mixing between citric acid and oxalic acid (run 3) and oxalic acid and gluconic acid
(run 9) promote a better P solubilization that the pure citric, oxalic and gluconic acids (run 1,
4 and 5).

BPR (% solubilized )
= 45.04x[CA] + 47.80x[0A] + 29.25x[GA] + 47.55[CAx0A]
+ 78.95x[0AxGA] Eq.(2)

In the same way, the statistical analysis showed a similar effect for IPR solubilization
that resulted in a second-order relationship for the components CA-OA and OA-GA which
potentiate the solubilization, however as observed for BPR, the interaction between CA-GA

was not significant (p-values > 0.05), as described in Eq. (3).

IPR (% solubilized)
= 26.50x[CA] + 48.02x[0A] + 14.16x[GA] + 119.24[CAx0A]
+ 129.82[0AxGA] Eq.(3)

It is observed that with the exception of the FTC, there were mixing effects
(interactions) between citric acid and oxalic acid as well as oxalic acid and gluconic acid that

potentiated the solubilization of RFs. In sequence, the models used to describe the effects on
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TCP (Eg. (1)), BPR (Eg. (2)), and IPR (Eq. (3)) were used to generate the contour plots
shown in Fig. 3a—c, respectively. The contour plot for BPR and IPR presented an adjust of
0.81 and 0.78, whereas the contour plot for TCP was lower than 0.1. The low adjustment for
TCP is due to the low individual effect among the organic acids and due the variability of the
experimental data. In addition, error of the model observed was 6.65%, 7.67% and 9.70% for
TCP, BPR and IPR, respectively.

The mixture contour plot generated from models were used to delineate the optimum
mixing regions that potentiated P solubilization. Although, there were no significant
interaction effects for TCP, the mixture contour plot for TCP (Figure 3a) show an optimum
tending to citric acid. This can be explained by the increase in the concentration of citric acid,
since the solubilization effect was higher for citric acid than for oxalic and gluconic acid. In
addition, the mixture contour plots for BPR and IPR (Figure 3b-c) were similar and an
optimum region containing binary and ternary mixtures was found where higher
solubilization efficiency was obtained when compared to the solubilization of pure acids.
Therefore, by analyzing the contour plots in relation to the interaction effects, an optimal
region can be observed where there is molar ratio of 1:1 between citric and oxalic acid which
potentiated the solubilization, regarding to the interaction between oxalic acid and gluconic
acid a molar ratio of 2:1 was observed.

The model was validated using points chosen within the regions of maximum
solubilization delimited by the contour plots, as shown in Table 2. Although, the experimental
results of validation differed from that obtained by the model, they are within the error

predicted by the model.

Table 2. VValidation of the solubilization models obtained for TCP, BPR and IPR.

CA OA GA Experimental Model
(mol L) (mol L) (mol L?) (Solubilized %) (Solubilized %)

TCP 0.090 0.007 0.007 75.01 +£4.59 68.53 + 6.65
0.042 0.062 0.000 62.98 +6.91 58.13 +7.67
0.000 0.069 0.035 60.01 + 7.33 59.16 + 7.67
0.042 0.062 0.000 71.88 £5.44 68.03 £ 9.70
0.000 0.069 0.035 66.73 +7.12 65.40 +9.70

Run

BPR

IPR
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Figure 3. Contour plots showing the synergistic effect among citric, oxalic and gluconic acid
on solubilization of phosphate minerals at 40 rpm, 30 °C for 6 h. a) Tricalcium Phosphate. b)

Baydvar phosphate rock. c) Itafés phosphate rock.
98



4. Conclusions

Our findings showed that the type of organic acid can significantly influence the
solubilization of the phosphate rock. The oxalic acid showed a remarkable performance for
the solubilization of phosphate present in complex minerals. In addition, a synergistic
relationship between citric acid and oxalic acid, and between gluconic acid and oxalic acid
was observed, which potentiated the solubilization of the phosphate rocks, compared with the
same concentration of organic acids pure. The results support a better understanding of the
mechanisms of action of organic acids on the solubilization of the PRs. These findings can
contribute to the development of biotechnological routes for microbial solubilization of RP,
since the cultivation conditions can be manipulated using metabolic engineering tools to favor

the microbial production of organic acids with high P-solubilizing efficiency.
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Capitulo 5

“Nanocomposite of starch-phosphate rock bioactivated for environmentally-
friendly fertilization”

Artigo submetido na revista Minerals Engineering

A partir dos conhecimentos adquiridos com os estudos envolvendo a selecdo do
microrganismo, os ensaios de solubilidade em meio de cultura, o efeito do tamanho de
particula, assim como o efeito dos &cidos organicos na dissolugcdo da rocha fosfatica, foi
possivel propor uma estratégia para desenvolver um compdsito-fertilizante granular baseado
na ativacdo bioldgica. O compdsito proposto é processado a partir da gelatinizardo do amido e
composto por rocha fosfatica mecanicamente ativada e esporos de Aspergillus niger. Estudos
foram realizados para maximizar a carga de rocha dispersa na matriz ao mesmo tempo que
uma elevada dispersdo dessas particulas pude-se ser obtida. As caracterizacBes dos
compdsitos mostraram um elevado grau de dispersdo das particulas de rocha fosfatica na
matriz de amido, além de um consideravel teor de P2Os entre 10-22%, comparado a
fertilizantes comerciais como o superfosfato simples que apresenta um teor de P,Os entre 18-
22%. A solubilidade do fésforo contido no composito foi superior a 70% em somente 96 h
apos realizada a bio-ativacdo. Estes compdsitos-fertilizantes podem ser considerados um
inovador conceito de um “granulo biorreator”, onde os microrganismos se desenvolvem na
estrutura do granulo, consumindo a matriz como fonte de carbono e produzindo acidos
organicos. Consequentemente, a acidez local aumenta promovendo a solubilizacdo das
particulas de rocha fosfatica dispersas na matriz. Os resultados obtidos neste estudo suportam
o0 desenvolvimento de uma nova classe de biofertilizantes ativados biologicamente a partir do
uso de minerais fosfatados de baixa qualidade. Os resultados estdo apresentados na forma de
artigo e referem-se ao objetivo especifico 5: (5) Desenvolvimento de novas alternativas e
novos produtos-fertilizantes para aumentar a solubilidade de rochas fosfatica a partir a agdo de

microrganismos solubilizadores.
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Abstract

The use of natural phosphate rock as a source of phosphorus for plant growth is considered
more environmentally friendly, compared to conventional chemical fertilizers. However, the
very low solubility of the phosphate present in natural rocks limits its practical application. To
overcome this limitation, a composite was developed based on the dispersion of
nanoparticulate phosphate rock in a polysaccharide matrix of starch, as an integrated strategy
to facilitate application and provide a supporting substrate for an acidulant microorganism,
Aspergillus niger. The bioactivation of the nanocomposite resulted in a remarkable
solubilization of up to 70% of the total available phosphate in very low solubility phosphate
rocks (Bayovar and Itafés) and 100% of the total available phosphate in a reference mineral
(hydroxyapatite), in only 96 h. Such approach employing bioactivation of starch-phosphate
rock nanocomposites significantly contributed to improve P-solubilization, opening new

routes for the development of smart fertilizers based on polysaccharide matrix.

Keywords: Biofertilizers, phosphate rock, phosphorus release, gelatinized starch, Aspergillus

niger.
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1. Introduction

Phosphorus (P) is an essential nutrient for plant growth, but it generally presents low
availability in tropical soil due to the high reactivity of soluble forms of P with iron and
aluminum, forming low solubility compounds ! 2. As a result, periodic phosphate fertilization
is required in order to achieve high crop productivity 3. Conventional P fertilizers are usually
high solubility compounds such as mono-ammonium phosphate (MAP), but their production
processes are environmentally harmful due to the chemical treatment of the phosphate rock
(PR) with high concentrations of sulfuric acid and phosphoric acid * 4. Furthermore, the high
solubility of these fertilizers frequently leads to environmental impacts, resulting in
eutrophication of water bodies in the vicinity of agricultural areas. Indirect effects include
algae growth and fish mortality due to reduction of oxygen levels > °. Other studies have also
reported that intensive soil fertilization with conventional P fertilizers may have an impact on

the proliferation of some microorganisms present in the soil microflora 78

The direct use of ground phosphate rock (PR) is an attractive alternative for fertilization,
since the absence of previous chemical treatment results in reduced environmental impacts
and lower costs, with the additional advantage that the lower solubility of PR allows greater
control of phosphate release **. However, the high chemical stability of phosphate rocks, due
the presence of the apatite phase and apatite-related crystallization effects > 13, means that
solubility is much lower than required in practical applications 1°. The solubility of PR is quite
low even in acidic soils, limiting the direct use of PR as fertilizers, especially for short cycle
crops 418, Therefore, a major challenge is to identify processing strategies that allow faster
solubilization of the PR, preferably from material applied in the field, accessing the entire
phosphate content and ensuring that the solubilization occurs during a period of time suitable
for the needs of the plants.

One way to overcome the low solubility of PR is to use P-solubilizing microorganisms
(PSMs) that are able to accelerate the solubilization process 121, The P-solubilizing activity
of PSMs is determined by their ability to produce and release metabolites such as organic
acids, which contain hydroxyl and carboxyl groups that chelate the cations (mainly calcium)
bound to phosphate, with the latter being converted into soluble forms 2% 222°  Free and
encapsulated P-solubilizing microorganisms can be applied to soil in order to increase the PR
solubilization % 26, The advantages of using encapsulated PSMs in soil include increased of

shelf time and protection of the microorganisms from adverse environmental effects 3 19 26:27,
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Despite the potential advantages of using encapsulated PSMs, the traditional
encapsulation techniques (such as alginate and chitosan encapsulation) do not employ the
simultaneous dispersion of PR particles during the encapsulation of the microorganisms ° 26,
Therefore, the development of a material integrating both PR particles and microorganisms
could be a potential way to promote a higher interaction between the organic acids produced
and the rock particles, thus maximizing the P solubilization. Gelatinized starch offers
advantageous characteristics for use as a matrix for simultaneous encapsulation of PSMs and
dispersion of RF particles, since is a cheap, abundant, and biodegradable natural polymer 2820,
In addition, the polysaccharide matrix can be metabolized by PSMs (such as Aspergillus
niger) to support growth and the production of organic acids 3! 32, This could be considered as
an innovative concept for a “bioreactor in a granule”, where the microorganism development
is favored by the granule structure, thus increasing the local organic acid production for

efficient PR solubilization.

In this work, nanoparticulate composites were developed based on the dispersion of
mineral phosphate in a polymeric gelatinized starch matrix containing spores of Aspergillus
niger. Three different mineral phosphates were used in the experiments, including two
phosphate rocks (Baydvar and Itafés) and a reference mineral (hydroxyapatite). Detailed
physical-chemical characterizations of the three materials were performed using X-ray
diffraction, X-ray fluorescence, field emission scanning electron microscopy, and surface area
measurements. The morphologies of the composites were investigated using X-ray
tomography to observe the dispersion of the mineral particles in the starch matrix.
Experiments were performed to evaluate the effect of bioactivation of the composite by A.
niger, leading to phosphorus solubilization. The final products obtained were novel types of
solid biofertilizers, suitable for application to the soil in order to supply the phosphorus
requirements of plants. The results support the development of a new class of smart
biofertilizer, which could open up new applications for formulations containing poorly
soluble mineral phosphates.

2. Materials and Methods
2.1. Microorganisms.

The filamentous fungus Aspergillus niger C (BRMCTAA 82) was obtained from the
Embrapa Food Technology collection (Rio de Janeiro, RJ, Brazil). This fungus was selected
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from among eight filamentous fungi as the best for solubilization of phosphate rock 2! and it
was used here as a model of microorganism to evaluate the biological P solubilization. Spore
suspensions of the fungal strain were kept at -18 °C in a solution of water with glycerol (10
wt.%) and NaCl (0.9 wt.%). Spores were germinated at 30 °C in Petri dishes containing
potato dextrose agar. After 96 h, a suspension of grown spores was harvested by adding
distilled water. The spore concentration was determined using a Neubauer chamber.

2.2. Materials

Standard corn starch (St) (Amidex 3001, 30% amylose and 70% amylopectin), kindly
supplied by Corn Products Brazil, and glycerol (Synth) were used to prepare the gelatinized
starch matrices. The phosphate sources used were hydroxyapatite (Hap) (Sigma-Aldrich,
>90% pure phase), Baydvar phosphate rock (BPR), which is a sedimentary rock originating
from Sechura (Peru), and Itafés phosphate rock (IPR), which is an igneous rock originating
from Arraias (Brazil). The two phosphate rocks were dried at 110 °C for 48 h to reduce the
humidity contents and were then ground for 10 min in an orbital mill (model CT-251,
Servitec) consisting of a porcelain jar and alumina balls ® 2L, After treatment, the materials
were stored in dry boxes prior to use in preparation of the composites (Section 2.3) and for

characterization (Section 2.4).

2.3. Preparation of the composites

Composites containing starch, phosphate, and spores were prepared by first gelatinizing
the starch (St) by dispersion of 5 wt.% in a solution of distilled water and 1% glycerol,
maintaining the mixture at about 90 °C for 30 min, under stirring, until a sticky gel was
formed. The phosphate particles, at the desired sizes (mechanically activated by 10 min of
grinding; Section 2.2), were then transferred to the beaker and dispersed in the starch gel by
vigorous shaking for 15 min, as described by Giroto et al. 2. After reducing the temperature
to 30 °C, a suspension of Aspergillus niger spores (prepared as described in Section 2.1) was
incorporated to a concentration of 2x107 spores per g of the composite material. The mixed
gel was kept at 40 °C under air circulation for at least 24 h to obtain a solid gel. The dried
composite was triturated in a laboratory knife mill (model MAQ048, Marconi) and particles
smaller than 4 mm were collected by sieving and stored in dry boxes, prior to the

characterization (Section 2.4) and solubilization experiments (Section 2.5). All the composites
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were prepared using the same procedure. The different proportions of the phosphates used to
produce the composites are shown in Table 1, together with their nomenclatures.

Table 1. Compositions of the materials in terms of starch, phosphate source, and spores. The

maximum percentage of phosphate in each material is also shown.

Amount (g) Spores*
Composite Starch Hydroxyapatite Baydvar Itafos P20s
(St) (Hap) (BPR)  (IPR) (%)
St/Hap Control 15 15 - - - 21.73
St/Hap 1:1 15 15 - - 2x107  21.73
St/Hap 1:1.5 15 24 - - 2x10"  26.94
St/Hap 1:2 15 30 - - 2x107  28.97
St/BPR Control 15 - 15 - - 15.36
St/BPR 1:1 15 - 15 - 2x10”  15.36
St/BPR 1:1.5 15 - 24 - 2x10”  18.90
St/RPB 1:2 15 - 30 - 2x10"  20.48
St/IPR Control 15 - - 15 - 10.15
St/IPR 1:1 15 - - 15 2x10”  10.15
St/IPR 1:1.5 15 - - 24 2x107  12.49
St/IPR 1:2 15 - - 30 2x10"  13.53

*Spores per g of total mass of composite

2.4. Characterization of the phosphate rocks and composites

All the phosphate rocks and composites were characterized by X-ray diffraction (XRD),
using a LabX XDR-6000 diffractometer (Shimadzu, Japan) operated with Cu-Ka radiation (A
= 1.54056 A), voltage of 30 kV, and current of 30 mA. XRD patterns were recorded at 26 of
5-70°, using a continuous scanning speed of 2° min™t. Chemical analyses were performed by
X-ray fluorescence (XRF), using the lithium tetraborate fusion technique, with determination

of the 10 commonest oxides found in ores. The morphologies of the materials were observed
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by field emission gun scanning electron microscopy (FEG-SEM), using a JSM-6701F
microscope (JEOL, Japan) operated at an acceleration voltage of 15 kV, with a working
distance of 10 mm and a secondary electron detector. The specific surface area was
determined by isothermal nitrogen adsorption, using a Micromeritics ASAP-2020 instrument,
according to the 5-point B.E.T. (Brunauer—Emmett—Teller) method. The particle
morphologies were analyzed using X-ray microtomography (model 1172, SkyScan), with the
composite samples placed in a rotating steel support. The images were acquired using the
following parameters: unaltered, spatial resolution (voxel size) of 2 mm, 0.3° step rotation,
180° rotation, and averaging of 6 frames. The images were reconstructed from the
tomographic sections using NRecon software (SkyScan), using the following settings:

smoothing 5, ring artifact correction 5, and beam hardening correction of 60%.

2.5. Bioactivation and solubilization of the composites

Incubation experiments were conducted to evaluate the synergy among starch matrix
and the encapsulated A. niger for improving the solubilization of the mineral phosphorus. The
incubation experiments were performed using submerged cultivation. The liquid nutrient
medium used in the submerged cultivation and during P solubilization was adapted from the
medium described by Pikvoskaya 3 and had the following composition (w/v): glucose, 1%;
(NH4)2S04, 0.5%; NaCl, 0.2%; MgS04.7H20, 0.1%; KCI, 0.2%; MnS0O4.H20, 0.002%;
FeS04.7H20, 0.002%; yeast extract, 0.5%. The cultivations were performed in 500 mL
Erlenmeyer flasks, employing 100 mL of the nutrient medium and addition of the composites
at a ratio of 2% (w/v). The incubation was carried out for 96 h in an orbital shaker incubator,
at 30 °C and 220 rpm. All the experiments were performed in triplicate. After the incubation
period, the resulting material was vacuum filtered through Whatman No. 1 filter paper,
followed by centrifugation for 20 min at 12,000 rpm and 20 °C. The clear supernatant was
analyzed using the colorimetric method described in Section 2.6 to determine the amount of

soluble phosphorus released.

2.6. Determination of soluble phosphorus

The determination of phosphorus was based on the method reported by Murphy and

35

Riley ** and modified by Drummond and Maher *, employing an acidified solution of

ammonium molybdate (Synth, Brazil) containing ascorbic acid (Synth, Brazil) and antimony
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(Synth, Brazil), which causes the formation and reduction of phosphomolybdic acid. This
mixture was allowed to react at 50 °C for 15 min, forming a phosphoantimonylmolybdenum
blue complex. The concentration of this complex was determined by UV-Vis spectrometry at

a wavelength of 880 nm, using a Lambda 25 spectrophotometer (Perkin Elmer).

3. Results and Discussion

3.1. Characterization of the Hydroxyapatite (Hap), Bayovar phosphate rock (BPR), and
Itafos phosphate rock (IPR)

A detailed characterization of the Hap, BPR, and IPR minerals was carried out in order
to evaluate the chemical and physical natures of these sources of phosphate used to produce
the composites. The XRD patterns of the minerals are shown in Figure 1. The Hap
diffractogram only showed the crystalline phase corresponding to hydroxyapatite
(Cas(PO4)30H) (PDF2 pattern file #01-086-0740), confirming the chemical analysis by X-ray

fluorescence (Table 2). No secondary phases were present.
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Fig. 1. XRD patterns of pure hydroxyapatite and the Itafés and Bayovar phosphate rocks.
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The XRD pattern of BPR revealed two main crystalline phases, one corresponding to
alpha-quartz (SiO2, PDF2 pattern file #01-089-8934) and another corresponding to a
phosphate-rich fluorapatite phase (Cas(POa4)3F, PDF2 pattern file #01-087-2462). Both phases
were confirmed by chemical analysis (Table 2). Previous studies have shown that the main
crystalline phase in this rock is a type of modified fluorapatite 1% % In this fluorapatite
(francolite or carbonate-fluorapatite, Caio[(PO4)s-x(CO3, SO4)x]F2), some phosphate groups
(PO4>) in the crystalline reticulum can be substituted by carbonate (COs%) or sulfate (SO4%)
groups. This results in modification of physicochemical properties of the material, such as its
reactivity and solubility 10 36 38.40.41 |t was not possible to identify other minor phases in the
XRD pattern of BPR (Figure 1).

Table 2. Chemical analysis of the phosphate sources by X-ray fluorescence, and specific

surface areas.

Hydroxyapatite  Itafds Bayovar
Oxide species (Hap) (IPR) (BPR)
Mass %

SiO» 0.11 36.4 4.42
Al2O3 <0.10 4.60 0.96
Fe203 0.03 2.03 0.87
CaO 51.3 30.4 46.6
MgO 0.44 0.52 0.53
TiO2 <0.01 0.22 0.07

P20s 43.46 20.29 30.72
Na.O 0.24 0.30 1.98

K20 0.02 0.88 0.30

MnO <0.01 0.10 0.01

Loss on ignition 5.02 4.33 10.57
Total 100.74 100.07 97.03
Specific szurf?ce area 59.7 51 999

(m*g™)
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The XRD pattern of IPR revealed the presence of three crystalline phase constituents.
Analogously to BPR, high intensity peaks corresponded to alpha-quartz SiO> (PDF2 pattern
file #01-089-8934). Two phosphate-rich phases were present, corresponding to an aluminum
phosphate, berlinite (AI(PO4)s, PDF2 pattern file #01-076-0228), and a hydroxyapatite
(Cas(PO4)30H, PDF2 pattern file #01-086-0740). All the identified phases were consistent
with the results obtained in the chemical analyses (Table 2).

Morphological analysis using SEM showed that Hap consisted of agglomerates of small
rounded nanoparticles <100 nm in size (Figure 2a). BPR showed agglomerates around 500
nm in size (Figure 2b), while IPR showed the largest aggregates of around 1 um (Figure 2c).
These results were supported by the surface area analyses, where Hap, with the smallest
particle size, had the largest surface area (59.7 m? g1), followed by BPR (22.2 m? g) and IPR
(5.1 m? g1). The phase identification and chemical analysis results indicated that IPR was
less brittle than BPR, due to a higher concentration of alpha-quartz. When the two rocks were
ground under the same conditions, lower efficiency of the grinding process was observed for

IPR, resulting in a size distribution with larger particles, compared to BPR.
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Fig. 2. X-ray tomography cross-sectional images of the composites: (a) St/Hap Control
(without fungal spores), (b) St/Hap 1:1, (c) St/Hap 1:1.5, (d) St/Hap 1:2, 1 St/IPR Control
(without fungal spores), (f) St/IPR 1:1, (g) St/IPR 1:1.5, (h) St/IPR 1:2, (i) St/BPR Control
(without fungal spores), (j) StBPR 1:1, (I) St/BPR 1:1.5, and (m) St/BPR 1:2.
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Therefore, the materials presented differences in their chemical structures, with different
phosphate phases as well as different morphologies. In the next step, the X-ray
microtomography technique was used to characterize the dispersion of the particles in the

starch matrix after formation of the composites.

3.2. Characterization of the composites

Recent studies have reported that reducing the particle size to the nanoscale can
improve the solubility of PR ® 2%, Therefore, the mechanical activation of the RF by reduction
to the nanoscale before encapsulation was employed as a potential strategy to improve the
interaction of the PR particle with the starch matrix and the microorganisms.

Figure 3 shows X-ray microtomography images of the composites. The bright dots in
each image show the dispersion of the particles in the starch matrix. The Hap particles (Figure
3a-d) were homogeneously distributed in the matrix, due to their small size. An increase of
the Hap concentration in the starch matrix did not lead to the formation of agglomerates, so it
was possible to obtain composites containing higher phosphate levels (% of P20s), with the

same degree of particle dispersion.

The morphologies of the composites produced using IPR and BPR are shown in Figure
3e-h and Figure 3i-m, respectively, revealing a tendency for particle agglomeration.
Furthermore, the larger aggregate size affected the dispersion of IPR and BPR in the matrix,
resulting in composites with lower homogeneity, compared to Hap. However, the two rock-
based materials showed similar dispersions, indicative of similar surface availability, despite
the different particle sizes and surface areas. This suggests that considering this aspect,
solubilization in these materials would be similar, so any difference could be attributed to the
chemical structures. On the other hand, the presence of smaller particles in the Hap-based
materials would favor greater solubilization, compared to the rock-based materials, especially
considering the higher solubility of the hydroxyapatite phase, compared to fluorapatite and
other phosphate phases present in the rock materials.

The XRD patterns of composites St/Hap 1:1, St/Hap 1:1.5, St/Hap 1:2, and pure Hap
showed the same profiles (Figure S1, Supporting Information). It could therefore be
concluded that the structure of the phosphatic material remained the same after dispersion and
production of the composites. In the next step, the effect of bioactivation by A. niger on

solubilization was evaluated for all the products (Table 1).
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Fig. 3. FEG-SEM micrographs and specific surface areas for a) hydroxyapatite, b) Bayovar
phosphate rock, and c) Itafés phosphate rock.

3.3. Effect of bioactivation on solubilization of the composites

An initial set of experiments was carried out to evaluate the potential of the A. niger
spores encapsulated in the starch matrix to solubilize the available phosphorus in the
composites produced using the three different mineral phosphates (Hap, BRP, and IPR). In
these experiments, the composites were incubated in a liquid Pikovskaya nutrient medium
(described in Section 2.5) with a minimum amount of carbon (1% glucose) to provide the
conditions required for spore germination and fungal growth. A visual comparison between
the nanocomposite (solid granules) and the resulting structure after 96 h of bioactivation
reveals that the polymeric structure is continuously replaced by the microorganism biomass

(Figure S2 — Supporting Information). The microorganism biomass still keeps the
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nanocomposite structure, which is supposed to be very favorable for its effects over the

dispersed PR nanoparticles.

The temporal profiles of phosphorus solubilization and pH are shown in Figure 4 for the

Hap, BPR, and IPR composites. As expected, when the composite was placed under favorable

environmental conditions, germination occurred, with fungal growth within the composite and

organic acid production. The secretion of organic acids resulted in acidification of the

medium and increased phosphorus solubilization, compared to control experiments performed

using composites without any fungal spores (Figure 4). In all cases, the spores in the

composites remained viable after 30 days of storage at room temperature.
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Fig. 4. Temporal profiles of phosphorus solubilization and pH for the Hap, BPR, and IPR

composites. A) Composite St/Hap Control (without A. niger spores), St/Hap 1:1, St/Hap

1:1.5, and St/Hap 1:2. B) Composite St/BPR Control (without A. niger spores), St/BPR 1:1,
St/BPR 1:1.5, and St/BPR 1:2. C) Composite St/IPR Control (without A. niger spores), St/IPR

1:1, St/IPR 1:1.5, and St/IPR 1:2. Different letters indicate significant difference among the

treatments (ANOVA with Tukey’s test, 95% confidence level).

Figure 4A shows the temporal profiles for the solubilization of phosphorus as P2Os from

the composites with three different ratios of starch to hydroxyapatite (1:1, 1:1.5, and 1:2),
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using a fixed concentration of A. niger spores. The results of a control experiment
(hydroxyapatite to starch ratio of 1:1), without fungal spores, are also included in Figure 4A.
After 24 h of incubation, all three St/Hap composites with A. niger spores showed higher
solubility than the control treatment. The increased P2Os solubilization obtained using the
inoculated composites could be attributed to the acidification of the medium by organic acid
production, as shown by a decrease of the pH to around 2 after 96 h of incubation, for all three

inoculated St/Hap composites.

Phosphorus solubilization increased after 48 h of incubation, with 50 to 80% of the total
P>Os present in the hydroxyapatite composites solubilized at pH between 3 and 4 (Figure 4A).
After 72 h of incubation, with pH between 2 and 3, 100% phosphorus solubilization was
observed for the St/Hap 1:1 composite, while values of 90% and 77% were obtained for
St/Hap 1:1.5 and St/Hap 1:2, respectively. After 96 h of incubation, the St/Hap 1:1 composite
maintained a solubilization value of 100%. However, the St/Hap 1:2 composite stabilized at
78% solubilization, despite the fact that the pH at the end of the incubation period was around
2.

In contrast, the pH of the control treatment (not inoculated) showed only a small
reduction within 24 h and remained close to pH 6 until the end of the incubation period. This
could be attributed the buffering capacity of the material itself, which was also observed for
the control treatments of the composites obtained using BPR and IPR as phosphate sources
(Figures 4B and 4C).

Behavior similar to that observed for the hydroxyapatite composite was found for
phosphorus solubilization from the composites obtained with the three different ratios of BPR
in starch (1:1, 1:1.5, and 1:2), using the same fixed concentration of A. niger spores (Figure
4B). There was intense acidification of the medium in the first 24 h, with a decrease of the pH
from 6.8 to around 4, which provided a suitable acidified environment favoring phosphorus
release from the St/BPR composites. However, the acidification stabilized after 48 h, with pH
close to 3 reached after 96 h, indicative of lower organic acid production, compared to the
medium containing St/Hap, for which the pH reached around 2 (Figure 4A). Therefore, lower
P>Os solubilization from the St/BPR composites could be a consequence of different effects:
lower organic acid production, less particle dispersion than in the St/Hap composites, and

especially differences in the chemical structures of the materials.
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The St/BPR composites showed highest solubilization at a ratio of 1:1, with 40% of the
available P2Os solubilized after 96 h, while even lower solubilization yields were obtained for
the ratios 1:1.5 and 1:2, corresponding to 25% and 22% of available P2Os, respectively. The
St/BPR 1:1 composite showed a higher yield at all the times evaluated, with a constant
increase in the release of P2Os up to 96 h, while the St/BPR 1:1.5 and St/BPR 1:2 composites
showed only a slight increase in the solubilization after 48 h. Hence, the St/BPR 1:1 and
St/Hap 1:1 composites showed greater phosphorus solubilization efficiencies, compared to the
composites containing higher amounts of phosphate, with continuous increases of phosphorus
solubilization during the course of the incubation. This indicated that an optimum balance
between the composite components was required in order to achieve good dispersion in the

polysaccharide matrix and efficient production of organic acids.

Figure 4C shows the temporal profiles of phosphorus solubilization as P,Os from the
composites produced using dispersion of IPR in starch at three different ratios (1:1, 1:1.5, and
1:2), using a fixed concentration of A. niger spores, together with the profile for a control
treatment (1:1) without fungal spores. The composites containing IPR presented P.Os
solubilization below 30% during the entire incubation period. Intense acidification of the
culture medium was observed during the first 24 h, with the pH subsequently stabilizing at
around 3. This acidic medium provided effective solubilization of P.Os in all the St/IPR
composites up to 72 h, but there were no further significant increases after this period.

Comparison of the composites produced using the three sources of phosphate (Figure 4)
showed that St/Hap presented the highest phosphorus solubilization efficiency, followed by
St/RPB and St/RPI. These differences were expected, due to the different chemical
compositions and physical characteristics (surface area and structure) of these phosphate

materials, as shown in the characterization analyses (Section 3.1).

The hydroxyapatite used here as a model source of phosphate had a higher surface area
and smaller particle size, compared to the two PRs (Table 2), which favored the solubilization
process. Hydroxyapatite is a pure source of phosphate that can be readily solubilized at pH
around 4 “2. The number of isomorphic substitutions (replacement of anionic PO4* groups by
COs% groups) affects the chemical structure and stability of the material, and mineral
phosphate with a greater number of isomorphic replacements tends to be more soluble 10 36-3¢
41 This could explain the higher solubility of BPR, compared to IPR, since the number of
isomorphic substitutions is higher in BPR than in IPR. In addition, the heterogeneous

chemical composition of PRs could reduce the solubility of these sources, compared to the
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Hap evaluated here as model source of apatite. Elements such as Fe, Al, and Mn were present
in the chemical compositions of the PRs (Table 2) and could have been simultaneously
solubilized together with the phosphorus *3. Even at low concentrations, these metals can
inhibit the production of organic acids 4, hence reducing the acidification of the medium.
This effect was indicated by the pH reduction profiles shown in Figure 4. For the St/Hap
composites, the pH gradually decreased to pH 2 during the incubation period (evidencing a
higher production of organic acids, compared to use of the PRs), while the PR-based
composites showed rapid decreases of pH in the first 24 h, with stabilization at around pH 3.5

after 48 h of incubation.

The acidification of the medium and consequent lowering of pH was due to the
production of organic acids such as citric, oxalic, gluconic, malic, succinic, and tartaric acids,
among others, characteristic of A. niger metabolism 2% %, These acids can form complexes
with calcium, iron, aluminum, and other metals present in the structure of the phosphatic
material, hence releasing phosphate groups into the medium. This has been reported to be the

main mechanism for solubilization of inorganic phosphate by microorganisms 2% 22-24,

In addition, the phosphorus ratios used in the composites produced with the different
phosphate sources could have influenced the solubilization efficiency. Mendes et al.
reported a negative correlation between the amount of P2Os solubilized and total P2Os, when
the PR dose was increased. This phenomenon was also observed here, with the acidity only
differing slightly among the composites produced with the same phosphate source, indicative
of a limitation on the amount of PR that could be solubilized according to this mechanism. As
a result, the solubilization efficiencies were lower for the composites with higher contents of
P20s. In order to circumvent this limitation, a second set of incubation experiments was
performed with a reduction and standardization of the P.Os mass added to the medium. The
composites St/Hap 1:1, St/BPR 1:1, and St/IPR 1:1 were selected, due their better efficiencies

shown in the bioactivation and solubilization experiments.

3.4. Effect of bioactivation on solubilization of the composites after standardization of

P20s mass

This set of incubation experiments employed a standardized mass of added P20s (530
mg of P.Os per kg of solution), so the amount of P added was always the same, but the total
mass of the material added varied due to the different phosphorus contents of the materials.
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The standardization of P2Os is an established procedure for analysis of the solubilities of
different phosphate sources . The amount of P,Os mass added was standardized according to
the recommendations of Malavolta “¢ and Novais “° (around 458 mg of P,Os per kg of soil).
For this set of experiments, a ratio of 1 kg of liquid medium to 1 kg of soil was considered to

reproduce typical conditions involving the application of phosphate fertilizers to soil.

Figure 5 shows the phosphorus solubilization and pHrina Values for selected composites,
using a fixed mass of P>Os and incubation for 96 h. The St/Hap 1:1 composite showed a
profile similar to that found previously (Figure 4A), with 100% solubilization of P20s.
However, the solubilization efficiencies obtained for the composites containing PR were
significantly improved, with values of 75% for St/BPR 1:1 and 72% for St/IPR 1:1. This
indicated that the organic acids produced in the first set of experiments did not provide
sufficient acidity to solubilize the excess P2Os content in the composite, in a finite medium,
while when actual fertilization conditions were used, the quantity of organic acids produced
was sufficient to provide up to 70% solubilization of the PRs, in only 96 h.

PHfinal
70 65 60 55 4,0 3,5 3,0 2,5
P a
b

»n
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8. St/Hap 1:1
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Fig. 5. Soluble phosphorus and pHyinai for the composites St/Hap 1:1, St/BPR 1:1, St/IPR 1:1,
and the control (without A. niger spores), with standardization of the P.Os mass, after 96 h at
30 °C and 220 rpm. Different letters indicate significant difference among the treatments
(ANOVA with Tukey’s test, 95% confidence level).
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Application of Tukey’s test at the 95% confidence level (Figure 5) showed that there
were no significant differences in phosphate solubilization between the St/BPR 1:1 and
St/IPR 1:1 composites. This was a very promising finding, because it indicated that the
composites provided the same solubilization efficiencies for sedimentary (BPR) and igneous
(IPR) phosphate rocks, in only 96 h. The higher solubility of sedimentary rocks is widely
reported in the literature 3 41, For example, Schneider et al. *° evaluated the biosolubilization,
by A. niger, of a sedimentary phosphate rock (from North Carolina, USA) and two igneous
phosphate rocks (from Cataldo, Brazil, and Kapuskasing, Canada). It was shown that the
sedimentary rock (5.4% solubilization) was more soluble than the igneous rocks (4.4% and
4.0% solubilization, respectively), after 192 h. This highlights the effectiveness of the strategy
applied in the present work, which provided a high solubilization efficiency, in a relatively
short period of time, for phosphorus from igneous rocks with lower reactivity (such as the

Itafés mineral) that are found in many countries, including Brazil **.

The results obtained here confirmed the potential of the nanocomposites as a smart
strategy for phosphate fertilization, since the granules provided adequate phosphate
concentrations, as well as a source of carbon and energy for the growth of A. niger and

production of the organic acids required for phosphate release.

4. Conclusions

Our findings showed that the gelatinized starch matrix is an ideal material for the
simultaneous dispersion of rock phosphate and encapsulation of A. niger, thus maximizing the
effect of the microbial solubilization of the P-sources. Such favored results towards P
solubilization observed with the bioactivation of the starch-phosphate rock nanocomposite is
likely related to the combined role of the starch as a dispersion matrix and as a carbon source
for adequate microorganism development. The composites prepared with the Bayovar
(reactive) and Itafds (unreactive, low solubility) phosphate rocks demonstrated potential as
biofertilizers, with phosphorus solubilization of up to 70% in 96 h from the standardized
phosphorus mass employed in the medium. These nanocomposites open up new routes for the
development of smart fertilizers in which microorganisms provide solubilization of inorganic
phosphorus found in unreactive minerals that are abundant and inexpensive sources of

phosphate.
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Capitulo 6

“Nanocomposites fertilizers biologically activated for an efficient supply of

sulfur and micronutrients to plants”
Artigo em elaboragéo

Sdo crescentes as pesquisas relacionadas a tecnologia de fertilizantes e um tema em evidéncia
é o desenvolvimento de estratégias para aumentar a solubilidade de fontes de nutrientes de
baixa reatividade, de forma a fornecé-los adequadamente as plantas. Nesse contexto, destaca-
se 0 potencial dos compositos-fertilizantes apresentados no Capitulo 5, que se mostraram
eficientes para aumentar a solubilidade de fontes fosfatadas de baixa solubilidade. Entretanto,
a tecnologia desenvolvida também pode ser aplicada a outras fontes de nutrientes de baixa
solubilidade como minerais ricos em macro e micronutriente, entre outras fontes pouco
reativas, mas com interesse para o setor de fertilizantes. Assim, nesta etapa do trabalho foi
avaliado o potencial dessa estratégia para promover o aumento de solubilidade de Oxidos
minerais (fonte de micronutriente) e para a oxidacdo do enxofre elementar (fonte de
macronutriente) pela agdo de um microrganismo usando o conceito de “granulo biorreator”
desenvolvido no Capitulo 5. Os resultados deste estudo mostraram que a tecnologia dos
compositos-fertilizantes também foi eficiente para comportar uma alta carga de oOxidos e
enxofre elementar, além do encapsulamento de A. niger, garantido prote¢do ao microrganismo
e tempo de prateleira ao produto. O produto final obtido foi um granulo multi-nutriente, fonte
de Zn, Mn, Cu e S para as plantas. Experimentos realizados em casa de vegetacdo no sistema
solo-planta comprovaram o potencial destes compositos fertilizantes, com resultados similares
aos obtidos com fertilizantes comerciais. Os resultados estdo apresentados na forma de artigo
e referem-se aos objetivos especificos 5 e 6: (5) desenvolvimento de novas alternativas de
produtos para aumentar a solubilidade de rochas fosfatica e outras fontes de nutrientes de
baixa solubilidade a partir a acdo de microrganismos solubilizadores, (6) Avaliacdo da

eficacia dos biofertilizantes propostos no sistema solo-planta em casa de vegetacao.

130



Abstract

Many commercial fertilizers are based on the application of elemental sulfur (S°) and oxides
to supply sulfate and micronutrients to plants. However, the soil ability to solubilize oxides
and promote the S° oxidation is low, since it is dependent of the presence of microorganisms
capable of carrying out such biological reactions. To overcome this limitation, different
strategies have been explored to increase the availability of sources of nutrients of low
solubility, such as oxides and S°. Herein, we proposed to develop a composite based in the
gelatinization of starch with dispersion of oxides and S°, and addition of Aspergillus niger
spores, which act towards increasing the availability of these sources of micronutrients. All
the different composites produced (St/Zn, St/Mn, St/Cu, St/Mix and St/Mix+S) increased
solubility of the dispersed material. Nevertheless, the St/Mix+S presented the best results of
solubilization for oxides, besides being a source of multi-nutrient (S, Zn, Mn and Cu). The
St/Mix+S also showed considerable shelf time and when evaluated under greenhouse
conditions, it showed an efficiency comparable to the experiment carried out with soluble
commercial fertilizer for the cultivation of Italian ryegrass (Lolium multiflorum Lam.). This
strategy opens a new route for development of smart fertilizer capable of making feasible the

use of source of micronutrients of low solubility for plant nutrition.

Keywords: Oxides solubilization, Elemental sulfur oxidation, Starch gelatinization,

Aspergillus niger.
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1. Introduction

Although micronutrients are required in small amounts, they are indispensable for the
plant to close its vegetative cycle and increase productivity (Liu & Lal, 2015; Malavolta,
1980; Martinez-Ballesta et al., 2010). Until sometime ago, there was almost no concern about
the monitoring of micronutrients in the soil, but with the constant use of the land, lack of crop
rotation as well as erosion and leaching there was a reduction of these elements to critical
levels, mainly in soils poor in organic matter (Malavolta, 1980). Currently, monitoring of
micronutrients in soil has become more common, with the micronutrients such as boron (B),
copper (Cu), manganese (Mn), zinc (Zn), molybdenum (Mo), among others being added to
the soil in the form of fertilizer of high solubility such as salts, sulfates, nitrates and
phosphates (Malavolta, 1980; Martinez-Ballesta et al., 2010). However, these types of
fertilizers besides high cost, are produced from the chemical processing of their respective

oxides with inorganic acids, which can cause several environmental impacts.

The direct use of oxides is an attractive alternative for fertilization, since the absence of
previous chemical treatment results in reduced environmental impacts and lower costs, with
the additional advantage of presenting a higher content of the element than the salts. Although
many commercial fertilizers are based on the use of oxides, the high chemical stability of the
oxides limits the solubility of these materials to a level much lower than the required in
practical applications (Heinonen et al., 2017). Therefore, there is a need to identify
alternatives that allow improving the solubilization of the oxides, preferably of the material
which will be applied in the field, thus accessing the entire micronutrient available and
ensuring that the solubilization occurs during a period of time suitable for the needs of the

plants.

An interesting alternative is the application of microorganisms to promote the
solubilization of the oxides in the field. The filamentous fungi Aspergillus niger has been
applied to promote the phosphorus solubilization from phosphate minerals (Klaic et al., 2017;
Mendes et al., 2015) as well as bioremediation and bioleaching of metals from mining ores
(Bhalerao, 2012; Bhalerao & Puranik, 2007; Ong et al., 2017; Sutjaritvorakul et al., 2017,
Tejomyee, 2013). Besides, previous studies also revealed that A. niger can promote the
biological oxidation of elemental sulfur that presents similar limitation towards solubilization
as the oxides (Grayston et al., 1986). However, the application of microorganisms to improve
the solubilization of oxides is still little explored as well as the development of efficient ways

of promoting the interaction of the oxide with the microorganism when applied to the field.
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Thus, the major challenge is to develop a material that would favor the integration of both
oxides particles and microorganisms in a single granule to promote oxide solubilzation that
could be processed and stored, thus when applied in the field the granule would be activated

to allow microorganism growth to solubilize the oxide.

The purpose of this work was to evaluate whether A. niger is able to solubilize metals
from oxides and understand the mechanisms of solubilization. An innovative method to
produce a composite was proposed based on the dispersion of nanoparticles of oxides in a
polysaccharide matrix (polymeric gelatinized starch) and simultaneous encapsulation of A.
niger spores. Three oxides model (ZnO, MnO and CuO) besides elemental sulfur (S°) were
used to produce different configurations of composites. The oxides were physical-chemical
characterized as well as the composites produced. Experiments were performed to evaluate
the effect of bio-activation of the composite by A. niger and consequent oxides solubilization.
The shelf time of the composites was also evaluated. The final products obtained were novel
types of composite-fertilizer bio-activated with A. niger to promote the solubilization of
source of nutrients of low solubility to plants. This study provides a basis for the development
of a new class of smart biofertilizer, which could open up new applications for formulations

containing poorly soluble mineral oxides.

2. Materials and Methods
2.1. Microorganism

The filamentous fungi Aspergillus niger C (BRMCTAA 82) was obtained from the
Embrapa Food Technology collection (Rio de Janeiro, RJ, Brazil) and selected among 8
filamentous fungi as the best to solubilize phosphate rock by Klaic et al. (2017). Spores
suspensions of the fungi strain were kept at -18 °C in a solution of water with glycerol (10%
wt.) and NaCl (0.9% wt.). Spores were germinated on Petri dishes containing potato dextrose
agar at 30 °C. After 96 h, a suspension of grown spores was harvested by adding distilled

water. The spore concentration was determined using a Neubauer chamber.

2.2. Materials

Standard corn starch (St) (Amidex 3001, 30% amylose and 70% amylopectin) was

kindly supplied by Corn Products Brazil and urea was from Synth, SP, Brazil. Elemental
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Sulfur (86 wt.%) was from Sigma-Aldrich, St. Louis, MO. Zinc oxide (ZnO), manganese
oxide (MnO) and copper oxide (CuO) were supplied by Heringer Fertilizers Brazil. All the
materials were used as received. Detailed characterizations of the three oxides were carried
out in order to evaluate the chemical and physical natures of these sources (described in
Section 2.5).

2.3. Preparation of the composites

The nanocomposites were prepared first by starch (St) gelatinization, through dispersion
of starch 8 wt.% and urea 1 wt.% in distilled water (250 ml). The gelatinization process was
carried out by keeping the dispersed starch at about 90 °C for 30 min under stirring until a
sticky starch paste gel was formed, following the protocol proposed by Giroto et al. (2014).
Then the oxides particles were transferred to the medium and their dispersion in the starch gel
was accomplished by vigorous agitation for 15 min. The oxides were added to the starch paste
gel in a proportion of 1:2 among starch (33.6 wt.%) and oxide/mix of oxides (66.4 wt.%). For
the composites with elemental sulfur, the oxides were mixed with the elemental sulfur using a
beaker and spatula for further dispersion in the starch gel. The different proportion of the
starch, oxides and elemental sulfur used to produce the nanocomposites are shown in Table 1
as well as their nomenclatures. After the oxides dispersion, the temperature was reduced to 30
°C, and Aspergillus niger spores were incorporated (spore suspension were prepared as
described in Section 2.1) to achieve a concentration of 1x102 spores per gram of the material.
The mixed gel was kept at 30 °C with air circulation for at least 12 h to obtain a solid gel. The
dried composite was ground in a laboratory knife mill (Marconi, model MAO048) and the
particles between 1-4 mm were collected with a sieve and stored in dry boxes prior to
characterization (described in Section 2.4) and for experiments of bio-activation (described in

Section 2.6). All composites were prepared using the same procedure.
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Table 1: Composition of composites produced in terms of starch, metallic oxides and
elemental sulfur. The final available percentage of Zn, Mn and Cu in each material is also

included.
% in Mass
% of the material added in the formulation % of element in final product
; : Elemental
Composite Zinc Manganese Copper Zinc Manganese Copper Sulfur
Starc . . , Sulfur
Oxide Oxide Oxide

) (Zno) (Mno) (cuo) () @) (Mn)  (Cu) (S
St/ZnO 33.44 66.66 - - - 39.48 - - -
St/MnO 33.44 - 66.66 - - - 33.31 - -
St/CuO 33.44 - - 66.66 - - - 14.70 -
St/Mix 33.44 13.70 16.23 36.73 - 8.11 8.11 8.11 -
St/Mix+S 3344 6.40 7.58 17.17 35.52 3.79 3.79 3.79 3055

2.4. Characterization of oxides and composites

The specific surface area of the three oxides were determined by isothermal nitrogen
adsorption using a Micromeritics ASAP-2020 instrument, according to the 5-point B.E.T.
(Brunauer—-Emmett—Teller) method.

The particle size for the three oxides was also determined. For that, aliquots (2 mg)
were transferred to a 25 ml glass bottle, which contained 10 ml of distilled water and
sonicated using Ultrasonic Homogenizer Sonicate for 5 min and 30% of intensity, posteriorly
the particle size distribution was measured using a Particle Zetasizer analyzer (Malvern

Instruments).

X-ray fluorescence (XRF) for the three oxides were performed to identify the most
common chemical components present in oxide structure using the lithium tetraborate fusion

technique.

The morphologies of the three oxides and of the nanocomposites produced were
observed by field emission gun scanning electron microscopy (FEG-SEM), using a JSM-
6701F microscope (JEOL, Japan) operated at an acceleration voltage of 15 kV, with a
working distance of 10 mm and a secondary electron detector. Then, the disc was coated with

carbon in a Leica EMSCDO050 chamber and imaged using the secondary electron mode. Semi-
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quantitative atomic compositions were evaluated by energy-dispersive X-ray (EDX)
spectroscopy using an EDX Link Analytical device (Isis System Series 200) coupled with a

LEO 440 scanning electron microscope.

In addition, the nanocomposites were also analyzed using X-ray microtomography
(MicroCt) (model 1172 SkyScan) to observe the particle morphologies and degree of particle
dispersion of oxides in the starch matrix. The composite samples were placed in a rotating
steel support and the images were acquired using the following parameters: unaltered, spatial
resolution (voxel size) of 2 mm, 0.3° step rotation, 180° rotation, and averaging of 6 frames.
The images were reconstructed from the tomographic sections using NRecon software
(SkyScan), applying the following settings: smoothing 5, ring artifact correction 5, and beam

hardening correction of 60%.

2.5. Submerged cultivation

Experiments were carried out to evaluate the potential of A. niger to solubilize metallic
oxides under submerged culture. First, the pre-culture was initiated in 250 mL Erlenmeyer
flasks using 50 ml of nutrient medium by adding a volume of spore suspension calculated to
give a concentration of 1.2x107 spores per mL of the nutrient medium. Czaped Dox nutrient
medium was used as described by Grayston et al. (1986) contained (w/v): sucrose, 3%);
NaNOs, 0.3%; NaCl, 0.2%; MgCl2.7H20, 0.05%; KCI, 0.05%; KH2POs, 0.1%. The
incubation for the pre-culture step was carried out for 48 h in an orbital shaker incubator, at
30 °C and 220 rpm. Solubilization of oxides was initiated by transferring a volume of pre-
culture suspension corresponding to 10% (v/v) to 50 mL of culture medium with the same
composition. In this cultivation step, oxides were added and the suspension consisting of cells
and oxides were kept for 96 h in an orbital shaker incubator at 30 °C and 220 rpm. The mass
of oxides added was standardized at 2.5 mg in relation to the element for 50 ml of volume.
Thus, the masses of ZnO, MnO and CuO added were 4.22 mg, 5.00 mg and 11.34 mg,
respectively. After the bio-activation period, the resulting suspension was vacuum-filtered
using Whatman No. 1 filter paper, followed by centrifugation for 20 min at 12000 rpm and 20
°C. The clear supernatant was analyzed for the determination of Zn, Mn and Cu solubilized
using Inductively Coupled Plasma (ICP). All experiments were carried out in triplicate and

the data were calculated as means + standard deviations.
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2.6. Bio-activation of the composites

Incubation of the nanocomposites in a liquid medium was conducted to evaluate the
potential of A. niger encapsulated in matrix germinate and solubilize the metallic oxides as
fungi grew. The nutrient medium used was Czapek Dox as described in Section 2.5.
Cultivations were performed in 250 mL Erlenmeyer flasks by adding a volume of 50 mL of
the nutrient medium. The incubation was carried out in an orbital shaker incubator, at 30 °C
and 220 rpm. The mass of element added was standardized to obtain the same concentration
in solution (50 mg L). Thus, the masses of composites St/Zn, St/Mn, St/CuO, St/Mix and
St/Mix+S added were 6.33, 7.50, 17.00, 30.8 and 65.96 mg, respectively. All experiments
were carried out at triplicates. After this period, the resulting material was vacuum filtered
using Whatman No. 1 filter paper and then centrifuged for 15 min at 11000 rpm and 20 °C.
The clear supernatant was analyzed to determination of Zn, Mn and Cu solubilized using

Inductively Coupled Plasma (ICP).

2.7. Determination of sulfur-oxidation in liquid medium

The sulfate (SO4%) from the oxidation of S° were analyzed for turbidmetric as proposed
by Camargo et al. (2009). The method is based on the BaSOs precipitation after addition of
BaCl, into the solution and the SO4> concentration was estimated by the solution turbidity.
Then concentration of SO4% were determined by UV-Vis spectrometry at a wavelength of 420

nm in a Lambda 25 UV-Vis Spectrophotometer (Perkin Elmer).

2.8. Soil-plant experiments

The efficiency of St/Mix+S composites as fertilizer sources of Zn, Mn, Cu and S to
plants was evaluated in a greenhouse experiment conducted at Embrapa Pecuaria Sudeste, in
Séo Carlos, S&o Paulo State, Brazil. The composites were applied in two Oxisols, a sandy
loam and a clay soils, which are low in organic matter and poor in Zn, Mn, Cu and S content.
The both soils were collected from a pasture site at a depth of 0-20 cm. Before use, the soil
was air-dried, crushed to pass through a 2 mm screen for obtaining a homogeneous soil
granulometry, and chemically and physically characterized (van Raij et al., 2001; Vanraij et
al., 1986). The chemical and physical properties of both soil is shown in Table S1 at

Supplementary Material.
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Following a randomized complete block design with three treatments and four
replications, and four additional pots to serve as unlabeled controls (without fertilization of S,
Cu, Zn, Mn), thus, the 6 pots were each filled with 3 kg of soil. At the start of the experiment,
the base saturation “V” of the soils were increase to 60% by applying liming, according by
Cantarella and Furlani (1997). The soil samples were homogenized and incubated for 30 days

with the moisture content of the soil maintained close to 70% of its water retention capacity.

About 20-30 Italian ryegrass (Lolium multiflorum Lam.) seeds were sown at 1 cm depth
in soil surface. The initial fertilization with macro and micronutrients (except Zn, Mn, Cu and
S) was performed immediately after the sowing of Italian ryegrass, with applied 82 mg kg™ of
P and 70 mg kg* of N as diammonium phosphate (DAP) in soil surface. Also, was applied
into each pot a solution containing: 130 mg kg™ of N (as urea); 118 mg kg™ of P and 150 mg
kg* of K (as KH2POs); 0.8 mg kg™ of B (as H3BOs); and 0.15 mg kg™ (as (NH4)sM07024),
which was prepared according to Novais et al. (1991). The St/Mix+S composites fertilizer
was transferred to the surface of the soil, at a rate to supply 100 mg kg™ of S and 12 mg kg
of Cu, Zn and Mn, respectively. The S and micronutrients also were supplied in the same ratio
as (mixture of oxides + elemental Sulphur) or as (soluble sources of micronutrients “CuCly;
ZnCl, and MnCl,” + source commercial S° “Sulphurgan®”). The fertilizers applied in each
treatment were implemented to the surface of the soil. After fertilization and sowing of Italian
ryegrass, soil moisture was adjusted by irrigation whenever necessary (visual determination)
by gently applying water. After emergence of Italian ryegrass, thinning was carried to obtain a

final stand of five plants per pot.

The dry matter production by Italian ryegrass was evaluated in 5 consecutive cuts,
made to a height of 5 cm for subsequent regrowth at 40, 55, 70, 90, and 130-days days after
fertilization. Plant material collected in each cut was dried in a forced-air oven at 70°C for 72

h, and the material was then weighed and ground to < 1 mm with a Wiley mill.

3. Results and Discussion
3.1. Zinc oxide, manganese oxide, copper oxide, and composites characterizations

A detailed characterization of the ZnO, MnO, and CuO was carried out in order to
evaluate the chemical and physical nature of these commercial materials for subsequent
production of the composites. Table 2 shows the chemical composition of these materials,

their particle size and superficial area. The ZnO and MnO showed relatively high purity, but
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the purity of the CuO was only 28% having also significant concentrations of Al.Oz (11%),
SiO2 (19%), SO3 (8%), CaO (11%) and Fe2O3 (15%). We emphasize that Ca and S are also
important macronutrients for the development of plants and are generally in low availability
in soils, being present in the composition of commercial fertilizer such as single

superphosphate (Martinez-Ballesta et al., 2010).

Table 2. Chemical analysis by X-ray fluorescence for zinc, manganese and copper oxide,

their superficial area and particle size.

Oxides (% in Mass)

Composition 7m0 MO o
7n0 73.726 0.105 2.462
MnO 0.069 64.572 0.724
Cuo 0.060 0.028 27618
NazO 22.967 0.07 0.786
MgO 0.330 0.038 0.799
ALOs 0.766 4.271 10.749
Si0, 0.557 6.185 18.923
P,0s 0.004 0.258 0.690
SOs 0.873 0.079 8.365
K20 0.044 1.264 0.827
Ca0 0.209 0.504 11.125
Ti0, Nd* 1,619 0.503
FexOs 0.285 17,705 1471
NiO 0.038 0.054 0.093
SnO; Nd* 0.016 0.454
BaO 0.005 3.224 0.965
PbO 0.067 0.009 0.207
Total 100 100 100

Specificsurfacearea 6,7 9.2588 5.3589
(m=g")

Particle Size 446446 325456 302451

(nm)

*Nd: Not detected

Regarding the physical properties of the materials, ZnO presented a larger particle size
(around 446 nm) and a lower surface area (1 m? g*) when compared to other two materials,
probably due to the more crystalline morphology of this material, as can be observed in

micrographs shown in Figure 1 A. On the other hand, a rough morphology was observed for
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MnO and CuO, as shown in Figure 1B and 1C, respectively. In addition, it was possible to
observe from the morphological analyzes a tendency of formation of agglomerates for the
three oxides (Figure 1 A-C).

The dispersion of the particles of oxides in the starch matrix forming the composites
was analyzed using X-ray microtomography, as shown in Figure 1 (D-H) for composites
St/Zn, St/Mn, St/Cu, St/Mix and St/Mix+S, respectively. The bright dots in each image show
the dispersion of the particles in the starch matrix. This analysis revealed that ZnO particles
were homogeneously distributed in the starch matrix. In addition, for the composites St/Mn
and St/Cu as well as St/Mix it was observed a higher tendency for particle agglomeration,
resulting in composites with lower homogeneity when compared to St/Zn. The composite
St/Mix+ S was also very homogeneous, but some small agglomerate smaller than 100 um
were observed. This shows that the elemental sulfur (S°) added in this composite had a good
interaction with the matrix of starch, thus increasing dispersion of the oxides, despite their
smaller quantity. The elemental distribution in the composite St/Mix+S was also analyzed by
Energy-Dispersive X-ray (EDX) spectroscopy (Figure 1 1), corroborating the results and

showing that S, Zn, Mn and Cu are homogeneously distributed in the matrix.
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(A) Zinc Oxide

(D) St/Zn (E) St/Mn

(G) St/Mix (H) St/Mix+S

Figure 1. FEG-SEM micrographs for A) ZnO, B) MnO and C) CuO. The X-ray tomography
cross-sectional images of the composites are also included in D) St/Zn, E) St/Mn, F) St/Cu,
G) St/Mis and H) St/Mix+S. 1) Scanning electron micrographs of distribution of the elements
(S, Zn, Mn and Cu) in the composite St/Mix+S by EDX analysis

3.2. Biosolubilization of the oxides under submerged cultivation

This set of experiments was carried out to evaluate the potential of A. niger in
solubilizing the oxides under submerged cultivation and to understand the mechanisms of
solubilization involved. Figure 2 A shows the temporal profiles of solubilization for ZnO,
MnO and CuO during submerged cultivation of A. niger (free-cells) as well as the control
experiments (without A. niger inoculation). In the first 24 h of A. niger cultivation, all three
oxides showed a remarkable higher solubility than the control treatment. The increased in the
solubilization could be attributed to the acidification of the medium owing the organic acid

production by A. niger, since the solubilization increase with the reduction of the pH (Figure
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2B). The solubility of ZnO and MnO was around of 41% and 50% after only 24 h of
cultivation, respectively. Nevertheless, the solubilization for the three oxides increased
gradually to 80% for ZnO, 74% for MnO and 45% for CuO at 96 h. The temporal profiles of
solubilization for the ZnO and MnO were similar, while the temporal profile for the CuO was
less intense, probably due to some antimicrobial effect that this type of oxide can present
when in high concentrations (Araujo et al., 2018; Mayorga et al., 2018). A similar study
evaluating the potential of microbial solubilization of oxides (MnO2, Fe;O3,CuQO and granular
metallic zinc) had been previously performed using the filamentous fungi Trichoderma
harzianum (Altamore et al. 1999). However, the results found in this study in terms of
efficiency of solubilization of oxides by A. niger were much superior.

These results indicate that the mechanisms for oxides solubilization are similar to the
mechanisms reported for bioleaching wherein the solubilization of the oxides is a
consequence of acidification of medium by the production of organic acids such as citric acid,
oxalic acid, gluconic acid among others (Bahaloo-Horeh & Mousavi, 2017; Chaerun et al.,
2017; Rasoulnia & Mousavi, 2016). The effect these three organic acids as promoter agents of
oxide solubilization was demonstrated by carrying out solubilization experiments using water
as a control (Figure S1, Supplementary Material). For the three oxides analyzed, the solubility
in water was less than 0.1%, while the solubility of the three oxides was highly significant for

most of the organic acids, except for zinc oxide and manganese oxide in oxalic acid.

Other possible mechanisms involved in the oxides solubilization could be related to the
presence of some compounds with at least two hydrophilic reactive groups (e.g., phenol
derivatives) which can also be excreted into the culture medium during the cultivation
process. Such compounds also dissolve heavy metals by direct displacement of metal ions
from the ore matrix by hydrogen ions and by the formation of soluble metal complexes and
chelates (Bosecker, 1997). In the case of manganese, metal solubilization may also be due to
enzymatic reduction of highly oxidized metal compounds (Bosecker, 1997; Mohanty et al.,
2017).

In overall, these results demonstrate the potential of A. niger to improve the
solubilization of metallic oxides and open up new routes for the development of smart
fertilizers in which microorganisms promote the solubilization of oxides to supply
micronutrients for plants. Given such positive results, in the next step of the study we
proposed to design a composite based in the dispersion of oxides nanoparticles with
simultaneous encapsulation of A. niger with the objective of obtaining a composite-fertilizer
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granular product that could be easily applied in the field.
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Figure 2. Temporal profiles of solubilization (A) and pH values (B) for ZnO, MnO and CuO
and controls (without A. niger) during submerged cultivation of A. niger using Czapek Dox
medium, 30 °C, 220 rpm, pHinitial 7.

3.3. Bio-activation of composites prepared using individual oxide dispersion

Three composites were initially designed (St/Zn, St/Mn and St/Cu, described in Section
2.3) and an initial set of experiments was carried out to evaluate the possible synergy among
starch matrix, oxide particles and encapsulated A. niger to promote the solubilization of the

oxides present in the materials. In these experiments, the composites were incubated in a
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liquid nutrient medium (described in Section 2.6) to provide the minimum conditions required
for spore germination and fungal growth.

The Figure 3 shows the results in terms of solubilization achieved by the bio-activation
of the composites St/Zn, St/Mn and St/Cu and their respective controls (without A. niger
spores). The temporal profiles of solubilization (Figure 3A) show that the composites were
bio-activated at different times. The St/Zn and St/Mn were rapidly bio-activated by A. niger
spore germination and proliferation of fungal biomass in the granule structure, resulting in the
reduction of pH and increase of the solubilization of the respective oxides. However, St/Cu
was only bio-activated after 48 h of incubation, as evidenced by the starting of pH reduction
and oxides solubilization. These delay in A. niger spores activation can be due to the
protection (physical barrier) conferred by encapsulation with starch that may impair the water
diffusion for spore germination. The longer delay observed for St/Cu can also be attributed to
fungicidal effect of CuO, as observed in previous studies (Araujo et al., 2018; Mayorga et al.,
2018).

Despite the delay observed in the bio-activation of the composites, the starch matrix
was efficient to maintain the A. niger spores viable after the processing step, as bio-activation
was very efficient to promote the solubilization. For instance, the composite of St/Mn showed
an intense positive temporal profile of solubilization during the first 96 h reaching a
solubilization of around 80%. After that, the solubilization increased at smaller rate, reaching
close to 100% in 288 h. As for the composites of St/Zn and St/Cu, the temporal profile of
solubilization were less intense during the first 96 h, but reached final values of solubilization
around 90% and 70% in 288 h, respectively. In general, St/Mn and St/Cu composites
promoted similar solubilization efficiencies to the experiments using only oxide under
submerged culture during 96 h, but solubilization using St/Zn was slightly lower. Although
there was no increase in the solubilization of these materials the strategy of processing of

these composite as a granule allow the application of these materials in the field.

144



A)100{ = St4Zn &
J e SUZ”Cnntro\ é l
~A- St/Mn _ e
=801 .« stmn % I i
°\ ontrol o $
-~ @ St/Cu 1
§ 601 o sticu i o
O Control J. ;
N g
— 40' N % IR
5 .
S 201 E
2] m
0 - Wl @ e & ¢
G T C
B) foogoq g b
6 - ;
5 4
I 4
G 1 = suzn i B
3_ © Suanontrol é h § .
A St/Mn & i
2 « SUMnControl ’ i : =
®  St/Cu
o StCu_
1 T T onrin v T T T T T T T d T
0 48 96 144 192 240 288

Time (h)
Figure 3. Bio-activation of St/Zn, St/Mn, St/Cu composites and controls (without A. niger
spores) using Czapek Dox medium, 30 °C, 220 rpm, pHinitia 7. A) Temporal profile of
solubilization. B) Temporal profile of pH values in the medium.

3.4. Bio-activation of composites using a mix composition

The effect of dispersion of three oxides in the same matrix was also evaluated as a
proposal for a composite multi nutrient with ability to solubilize simultaneously the
micronutrients Zn, Mn and Cu. This designed composite was named as St/Mix. Figure 4
shows the temporal profile of solubilization for micronutrients from the bio-activation St/Mix
besides of temporal profile of pH during the incubation period in submerged culture. The
micronutrients solubilization intensified from 48 h due to the increase of the acidity of the
culture medium. The oxides mixture in the bio-fertilizer did not affect the activation of the A.

niger spore which occurred at the same time observed for the St/Zn, St/Mn and St/Cu
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composites (Fig. 3). The Zn and Mn solubilization from St/Mix composite remained high,
with values above 90% after 288 hours of incubation. However, the Cu solubilization shown a
small decrease compared to the St/Cu composite, reducing its solubilization from 75 to 65%.
As expected, oxides solubilization from without A. niger spores were less than 1% up to 288
h, due to their small pH change during the incubation period. On the other hand, the culture
medium acidification provided by organic acids production was the main key factor
nanocomposite St/Mix solubilization.

Therefore, the biocomposite St/Mix was effective to solubilizing simultaneously three
oxides besides enabling the simultaneous application of micronutrients in the soil through a
single bioactive granule for plant nutrition. However, to optimize the effect this innovative
concept of granule composite multi nutrient, we studied the integration of the elemental sulfur
in matrix, since the oxidation of elemental sulfur promotes acidity generation that can
potentiate the solubilization of the oxides present in the matrix. In addition, the elemental

sulfur is a macronutrient important to plant.
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Figure 4. Bioactivation of St/Mix composite and control (without A. niger spores) using
Czapek Dox medium, 30 °C, 220 rpm, pHinitiar 7. A) Temporal profile of solubilization. B)
Temporal profile of pH values in the medium.

3.5. Bio-activation of composites using a mix composition with sulfur

Sulfur is currently a bottleneck for agronomical productivity, and the vast majority of
available commercial fertilizer products does not provide adequate conditions for SOs*
production in soil, which is the actual form that this nutrient is absorbed by plants (Scherer,
2001, Evans et al., 2006; Stanistawska-Glubiak et al., 2014). Many commercial products are
based on the application of elemental sulfur (S°), which is cheap and widely available, but the
soil ability to oxidize them is heterogeneous and dependent of the presence of oxidizing

microorganisms (Horowitz & Meurer 2007). In this context, A. niger fungus has also the
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ability to oxidize sulfur (Grayston et al, 1986; Li et al, 2010). The oxidation reaction of S°
also produces acidity in the medium, so this acidity can also contribute to the solubilization of
the oxides (Calle-Castaneda et al., 2018; Grayston et al., 1986; Mattiello et al., 2017). Given
these characteristics, this element is ideal to be used in the matrix, since it is an important
macronutrient for the plants and when oxidized generates acidity in medium which potentiates
the solubilization of the oxides. Therefore, composites using S° were also produced (Table 1)
and incubation experiments to evaluate the bio-activation, oxides solubilization and S°

oxidation were carried out.
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Figure 5. Bioactivation of St/Mix+S composite and control (without A. niger spores) using

Czapek Dox medium, 30 °C, 220 rpm, pHinitia 7. A) Temporal profile of solubilization. B)

Temporal profile of pH values in the medium. C) Temporal profile of sulfur-oxidation.
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Figure 5 shows the bio-activation of St/Mix+S and temporal profiles of solubilization
for Zn, Mn and Cu, as well as the temporal profiles of pH and sulfur oxidation. The St/Mix+S
composite presented a faster bio-activation when compared to the composites analyzed
previously (St/Mix, St/Zn, St/Mn and St/Cu). This could be possible due to the lower amount
of oxides present in the matrix, specially CuO. In the first 24 h of incubation, there was an
intense acidification of medium with a pH reduction to around 4.5. In contrast, the pH of the
St/Mix and other composites showed no acidification in this same period. The acidification of
the medium continued to increase, as evidenced by a pH reduction to around 4 at 48 h. This
acidification was efficient to promote a large increase in the solubility of ZnO and MnO, close
to 100% in only 48 h of the total of Zn and Mn available in St/Mix+S. Nevertheless, the
temporal profile of solubilization CuO from St/Mix+S was similar to the composite St/Mix
and St/Cu, not exceeding 60% even after 288 h. It was also observed that after the solubility
of ZnO and MnO reached 100%, there was a small reduction in the amount of Zn and Mn in
solution, which could be related to the complexation and precipitation effects (Lau & Hsu-
Kim, 2008; Michael et al., 2014; Nie et al., 2014).

The S° oxidation was also evaluated, showing that approximately 50% of the S°
available in composite was oxidized in only 96 h (Figure 5 C). This could have contributed to
an increase in the acidity of the medium, which may have potentiated the solubilization of the
oxides, mainly for ZnO and MnQO. After 96 h of incubation, A. niger continued to promote S°
oxidation but with a lower intensity, and the oxidation did not exceed 80% even in 288 h (12
days). These results demonstrate the potential of this composite as a fertilizer granule source
of multi nutrient (S, Zn, Mn and Cu) to plant nutrition. Despite these very promising results, it
is important that the composite maintain efficiency over time, so experiments evaluating the
shelf time of St/Mix+S were performed, since that is an important property for the

development of commercial products based on microorganisms.
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Figure 6. Effect of the shelf time on bio-activation of St/Mix+S and control (without A. niger

spores) using Czapek Dox medium, 30 °C, 220 rpm, pHinitia 7 after 288 h of incubation.

Figure 6 shows the effect of the shelf time on the bio-activation of the A. niger spores
encapsulated in the starch matrix of St/Mix+S after 10 and 60 days of storage in plastic bags
at room temperature. The results show that the composite was bio-activated and fungal
growth promoted a similar solubilization after being stored for 10 and 60 days. This result
demonstrates that the composite St/Mix+S has a high potential to be used as commercial
product. Therefore, in the next step of the study, the effect of St/Mix+S composite was
evaluated in a soil-plant system and its performance was compared to the ones achieved using

commercial fertilizer and controls treatments.

3.6. Soil-plant experiments

This set of experiments was carried out to evaluate the bio-activation of the efficacy of
the composite St/Mix+S in a soil-plant system in comparison to commercial fertilizers. Figure
7 summarizes the results for the dry matter production from Italian ryegrass during 130 days
of growing on two types soils of distinct characteristics, namely a clay soil and a sandy loam
soil. As expected, the two selected soils responded differently to fertilization, as can be
visualized in the images of the ryegrass in the fifth cut and after 130 days of planting (Figure
7A-B).

After 130 days, the average of dry matter production among all treatments in the clay
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soil (24 g pot?) (Figure 7 A) was higher than sandy loam soil (20 g pot™) (Figure 7 B).
However, the actual increase due to fertilization was higher in the sandy loam soil with an
increase of up to 16 g pot™* provided by fertilization with the St/Mix+S composites, compared
to control treatment. This result can be attributed to the lower S concentration of the sandy
loam soil (Table S1, Supplementary Material) that limited the ryegrass growth from the 3rd
cut (70 days after planting/fertilization) as shown in Figure 7 F.

The total dry matter produced of ryegrass cultivated in clay soil after 130 days (Figure 7
C) when fertilized with St/Mix+S was around 30 g pot?, which is similar to the values
achieved using commercial sources of high solubility (CuClz; ZnClz; MnCl, + Sulphurgan®)
and statistically (Tukey’s test at the 95% confidence level) higher than the treatment with the
insoluble sources (Oxides + Elemental Sulfur) and the control as well. For the ryegrass
cultivated in sandy loam soil (Figure 7 D), the dry matter after 130 for all the treatments with
fertilizer application were higher than the control, but they did not show any statistically
difference (Tukey’s test at the 95% confidence level). Nevertheless, the treatment with
St/Mix+S composite showed the highest average dry matter produced (25 g pot™). Such
positive results achieved using the composite St/Mix+S are also evidenced in the data of the
dry mass over time, for both type of soils (Figure 7 E-F).

Therefore, the results demonstrate the remarkable potential of the St/Mix+S composite
to increase the solubility of these materials mainly in the soil, showing similar results to
sources used commercially. However, it is also necessary to quantify the S, Cu, Zn and Mn
content in the plants, as well as the recovery efficiency from each fertilizer to fully evaluate
the efficacy of the proposed St/Mix+S composite, since the higher nutrient content in the dry
matter reflects in a better nutritional quality of the forage. Therefore, chemical analyzes for
nutrients quantification in the dry matter is being carried out and the results will be included

to this work/section.
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Figure 7. Soil-plant experiments. Effect of accumulated dry matter of Italian ryegrass (Lolium
multiflorum Lam.) using four treatments of fertilizers “soil (Control)”, “Oxides + Elemental
Sulfur”, “St/Mix+S composite” and sources “CuCly; ZnClz; MnCl, + Sulphurgan®’. A)
Picture, Italian ryegrass cultivated in clay soil after 130 days. B) Picture, Italian ryegrass
cultivated in sandy loam soil after 130 days. C) Dry matter of Italian ryegrass cultivated in
clay soil after 130 days. D) Dry matter of Italian ryegrass cultivated in sandy loam soil after
130 days. E) Dry matter accumulation of Italian ryegrass cultivated in clay soil. F) Dry matter

accumulation of Italian ryegrass cultivated in sandy loam soil.

4. Conclusion
Our findings show that the proposed composite based on the dispersion of nanoparticles
of oxides and sulfur in a polysaccharide matrix with A. niger spores is a promising source of
multi-nutrient for plant development. We demonstrated that the A. niger is a potential fungus
to promote the biological solubilization of oxides as well as the bio-oxidation of S°. All the
composites produced (St/Zn, St/Mn, St/Cu, St/Mix and St/Mix+S) increased solubility of the
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dispersed material in the matrix, with the St/Mix+S composite presenting the best results of
solubilization of the oxides, besides being a source of multi-nutrient. A good interaction of the
S° with the starch matrix was observed which increased the dispersion of the oxides and
potentiated the solubilization due to the higher medium acidity. A high oxidation of S° was
also observed, showing that A. niger was efficient to promote both reactions during the bio-
activation of the composite. The St/Mix+S composite was also evaluated after two months of
storage and the efficiency remained similar to the initial one. Greenhouse experiments in a
soil-plant system showed a similar efficiency to the ones achieved using commercial fertilizer
in terms of plant biomass. These findings demonstrate the application of the St/Mix+S
composite as a fertilizer granule which is a source of multi-nutrients (S, Zn, Mn and Cu) and
open new routes for development of smart fertilizer capable of making feasible the use of low

solubility source of nutrients required for efficient plant development.
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Supplementary Material
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FS 1. Solubility of oxides in a solution of organic acids 2 wt.%.

Prepare 100 ml of an organic acid solution (2 wt%) in a 250 ml beaker. Heat until slightly
boiled and add 1 g of the sample (oxide). Cover the beaker with watch glass and keep in slight
boiling for 10 min. Then, turn off and allow to cool to room temperature, transfer to a 200 ml
volumetric flask and complete the volume with distilled water and homogenise. Keep at rest
for 10 min and filter using filter paper (medium to fine porosity). From the filtrate obtained

the concentration of the micronutrient was determined by ICP.

Ministério da Agricultura, Pecuaria e Abastecimento (MAPA). 2013. Manual de métodos

analiticos oficiais para fertilizantes e corretivos. Brazil.
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Table S1: Chemical and physical properties of soil studied

Soil pH? K Ca Mg H+Al CTC? V¢ P S Zn Cu Fe Mn OC* Sand Silt  Clay

........................... mmolc kg™t ..o, % ceernrnenenennnneens MY K i USRI o Il (o R
Sandy loam 51 1.3 9.0 2 35 47 26 4 5 06 09 14 2 8 663 34 303
Clay 5.8 0.7 19 9 25 54 53 4 15 03 96 21 2.5 13 319 218 463

'pH = determined in H,0O

2CEC = cation-exchange capacity.

3V = percentage of soil base saturation.

40C = total organic C.
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Capitulo 7

Conclusoes

A producdo de fertilizantes a partir da solubilizacdo biolégica de minerais de baixa
reatividade é uma tecnologia em desenvolvimento e encontra-se diante de desafios para
aumentar a competitividade frente aos produtos ja disponiveis no mercado. Desenvolver
novas estratégias de processo para aumentar a eficiéncia de solubilizacdo via cultivo
microbiano, desenvolver novas alternativas de produtos fertilizantes e identificar
microrganismos com potencial para solubilizacdo s&o algumas das contribuicdes que deste
estudo. Pelos resultados apresentados neste trabalho e considerando os objetivos estabelecidos

inicialmente, podemos concluir:

» O fungo Aspergillus niger tem potencial para promover a solubilizacédo de diferentes
fontes de fosfatos minerais, entre rochas fosfaticas de origem sedimentar e ignea. O
fungo A. niger também foi eficiente para solubilizar 6xido de zinco, Oxido de
magnésio e 6xido de cobre, além de promover a oxidacao do enxofre elementar.

> A ativacdo mecanica da rocha fosfatica promove a reducdo do tamanho de particula
aumentando a interacdo deste material com os &cidos organicos produzidos durante o
cultivo microbiano e consequentemente a solubilizacdo. Os resultados mostram que a
estratégia de associar a ativacdo mecanica ao processo de solubilizacdo foi
determinante para aumentar a eficiéncia de solubilizacdo da rocha fosfatica via
cultivo submerso e cultivo estado solido. Embora, devido as diferentes propriedades
fisico-quimicas das rochas a ativagcdo mecanica resulta em diferentes eficiéncias de
solubilizacdo. Observou-se que a rocha Bayovar (sedimentar) foi menos suscetivel
moagem tendendo a formar aglomerados que limitaram a solubilizagdo durante o
cultivo, ja para rocha Itafos (ignea) houve aumento de solubilidade para todos os
tempos de moagem estudados.

» Os solidos presentes no meio de cultivo exercem efeito negativo sob a biomassa
microbiana, diminuindo a acidez do meio e prejudicando a solubilizagdo da rocha
fosfatica. A estratégia de batelada alimentada de sélidos foi eficiente para diminuir
os efeitos de inibicdo, aumentado a acidez e promovendo aumento da solubilidade da

rocha fosfatica. A estratégia integrada utilizando ativagdo mecénica da rocha
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fosfatica, sequida de um processo de cultivo submerso utilizando batelada alimentada
de s6lidos promoveu um aumento de solubilidade de 77%, quando comparada com o
material natural sem ativacdo mecanica utilizando processo convencional de
solubilizacéo.

Os estudos de solubilidade das rochas fosfaticas em acidos organicos mostraram
diferentes eficiéncias de solubilizacdo entre os &cidos utilizados, sendo que entre 0s
acidos organicos a solubilidade das fontes fosfatadas testadas (fosfato de tricalcio,
rocha fosfatica Bayovar e rocha fosfatica Itafés) foi maior em &cidos citrico e
oxalico. Observou-se uma relacéo de sinergismo entre cido citrico e oxalico (1:1) e
entre acido oxalico e gluconico (2:1) que potencializou a solubilizagdo das rochas
fosfaticas.

Os compositos-fertilizantes constituem uma tecnologia com elevado potencial para
promover o aumento de solubilidade da rocha fosféaticas e de fontes de nutrientes de
baixa solubilidade como dxidos e enxofre elementar que podem ser utilizadas para
nutricdo vegetal. A matriz polimérica produzida a partir da gelatinizardo do amido
tem papel chave na producdo destes composito-fertilizantes, pois proporciona uma
elevada dispersdo de particulas com simultdneo encapsulamento de esporos do
microrganismo. Essas condi¢cbes promovem sinergia entre microrganismo e
particulas que maximiza a solubilizacdo devido ao elevado grau de dispersao obtido
durante o processamento do compdsito. O encapsulamento promoveu uma protecao
aos esporos que aumenta o tempo de prateleira do produto, logo abre condi¢des para

ser comercializado.
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Sugestdes para trabalhos futuros

Para trabalhos futuros, sugere-se:

» Auvaliar o efeito do co-cultivo de Aspergillus niger com outros microrganismos por
cultivo submerso e estado solido a fim de tentar maximizar a solubilizacdo de rochas
fosfaticas e outras fontes de baixa solubilidade.

» Desenvolver estudos avaliando a co-inocula¢do nos compdsitos. O fungo Trichoderma
harzianum pode ser uma boa opcdo, pois é amplamente utilizado como agente de biocontrole.
Logo, pode-se agregar valor ao composito, fornecendo um composito-fertilizante ativado
biologicamente por Aspergillus niger junto a um microrganismo promotor de biocontrole.
Alguns fungos do género Trichoderma também podem produzir bioestimulantes que
potencializam o crescimento das plantas.

» Avaliar o encapsulamento bactérias do género Thiobacillus principalmente nos
compositos-fertilizantes a base de enxofre e Oxidos, uma vez que, essas bactérias sdo
eficientes para promover a oxidacdo do enxofre elementar, logo podem ser mais habeis que 0s
fungos para esta funcao.

» Pesquisar por novas alternativas de polimeros de baixo custo que podem ser utilizados
para desenvolver compdsitos-fertilizantes e aumentar o tempo de prateleira dos
microrganismos encapsulados.

» Auvaliar o efeito da adicdo de microrganismos solubilizados em fertilizantes agro-

minerais a fim de potencializar a solubilizacdo dos minerais presentes nestes fertilizantes.
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