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RESUMO

O fosforo ¢ um elemento de multiplas fungdes perante a manutencao da vida. Suas principais
atribuicdes estdo relacionadas ao seu papel de nutriente, em que atua nos organismos como
componente estrutural de moléculas e na producao de energia. Por essas atribui¢des, o elemento
¢ fundamentalmente requerido dentro da cadeia alimentar, sendo essencial no desenvolvimento
dos vegetais, e por isso, altamente demandado no setor primario da economia. Por sua elevada
reatividade com oxigénio, o fosforo encontra-se na crosta terrestre sob a forma ionica de
ortofosfato (PO3 "), distribuido como minerais fosfaticos que constituem as rochas, principais
fontes para a producdo de fertilizantes de fosforo. Por ser um recurso natural finito com
crescente e acelerado consumo, suas reservas tendem a uma premente escassez. Devido a isso,
busca-se cada vez mais por inovagdo e otimizagdo de processos de producdo secunddria
(reciclagem de fosforo), além de estratégias inteligentes de uso das fontes primarias. Nesse
contexto, buscou-se nesse trabalho ampliar os estudos sobre fosfatos amazonicos no que
concerne caracterizacdo-diferencia¢do, e ainda, propor uma otimizacdo na reciclagem de
fosforo por precipitagdo de estruvita a partir de solugdo aquosa. Para alcancar o primeiro
objetivo, fosfatos de trés diferentes origens geoldgicas (ignea, intempérica e biogenética), na
regido amazonica, foram diferenciados por espectroscopia de infravermelho com transformadas
de Fourier (FTIR). As medidas foram realizadas nas regides do infravermelho proximo e médio
pelos métodos de: transmissdo, reflectancia difusa (DRIFT) e total atenuada (ATR). Além
disso, analises complementares de difratometria de raios-X e fluorescéncia de raios-X também
foram realizadas. Os resultados revelaram que os métodos por transmissao € DRIFT sdo os mais
adequados e recomenda-se utiliza-los, quando possivel, de maneira conjunta. As bandas
caracteristicas de PO4 foram observadas em todos os espectros nas faixas entre 1200 — 984 cm™
'e 634 —450 cm™!. A diferenciagio dos materiais foi dada pela presenca de bandas: (CO3)* nos
fosfatos igneos, AI2OH nos fosfatos intempéricos € NH4 no de origem biogenética. Ao final,
um banco de dados espectral para fosfatos foi estabelecido e as assinaturas espectrais
catalogadas. Para alcangar o segundo objetivo, uma otimizag¢do do processo de recuperacao de
P de solugdes aquosas por meio de sintese de estruvita foi realizada, e para tal, uma metodologia
de planejamento experimental sequencial (DOE) foi aplicada. Um planejamento Plackett-
Burman seguido de um Doehlert atuaram na defini¢ao dos fatores significativamente influentes
no processo de precipitagdo de estruvita e para otimizacdo empregou-se a metodologia de

superficie de



resposta em conjunto com a funcao desejabilidade. As respostas foram: recuperacao de fosforo
(medida quimica usual), padrao difratométrico e entalpia de decomposicao da estruvita
(medidas fisicas ndo usuais nesse tipo de estudo, portanto uma inovagdo). Além disso, analises
complementares de espectroscopia de fluorescéncia de raios-X, espectroscopia de
infravermelho, granulometria a laser e microscopia eletronica de varredura foram realizadas
nos produtos. Os resultados permitiram definir as melhores condi¢des de sintese: pH (10,2),
razdo N/P (>4) e concentragdo inicial de fosforo (183,5 mg/L), com recuperagdo de fosforo
superior a 70% e formacdo de estruvita e K-estruvita. Por fim, pode-se dizer que propostas
avancadas relacionadas a caracterizacdo quimica e estrutural, e otimizacdo de processo
concernentes a fosfatos foram estabelecidas com base em dois métodos: um analitico
(espectroscopia IV) e outro fisico-quimico (precipitagdo). Ambas as metodologias de
investiga¢do explanadas neste estudo contribuem na busca de solucdes alternativas de geragao

e uso dos recursos fosfaticos.

Palavras-chave: fosfatos; diferenciacao genética; FTIR; recuperacdo de fésforo; DOE.



ABSTRACT

Phosphorus is an element with multiple functions in view of the maintenance of life. Its main
attributions are related to its role as a nutriente, in which it acts in organisms as a structural
component of molecules and in the production of energy. Due to these assignments, the element
is fundamentally required within the food chain, being essential in the development of plants,
and therefore, highly demanded in the primary sector of the economy. Due to its high reactivity
with oxygen, phosphorus is found in the earth's crust in the ionic form of orthophosphate
(PO3"), distributed as phosphate minerals that form the rocks, main sources for the production
of phosphorus fertilizers. As it is a finite natural resource with increasing and accelerated
consumption, their reserves tend to a pressing shortage. Because of this, there is an increasing
search for innovation and optimization of secondary production processes (phosphorus
recycling), as well as smart strategies for using primary sources. In this context, this work
sought to expand studies on Amazonian phosphates with regard to characterization-
differentiation, and yet, to propose an optimization in the recycling of phosphorus by struvite
precipitation from aqueous solution. To achieve the first objective, phosphates from three
different geological origins (igneous, weathering and biogenetics), in the Amazon region, were
differentiated by infrared spectroscopy with Fourier transform (FTIR). The measurements were
carried out in the near and medium infrared regions by the methods of: transmission, diffuse
reflectance (DRIFT) and total attenuated (ATR). In addition, complementary analyzes of X-ray
diffraction and X-ray fluorescence were also performed. The results revealed that the
transmission and DRIFT methods are the most appropriate and it is recommended to use them,
when possible, together. The characteristic PO4 bands were observed in all spectra in the ranges
between 1200 — 984 cm™ and 634 — 450 cm™'. The differentiation of the materials was given by
the presence of bands: (CO3)* in igneous phosphates, Al2OH in weathering phosphates and
NHa in the biogenetic origin. At the end, a spectral database for phosphates was established and
spectral signatures were cataloged. To achieve the second objective, an optimization of the P
recovery process from aqueous solutions through struvite synthesis was carried out, and for
that, a sequential design of experiments methodology (DOE) was applied. A Plackett-Burman
design followed by a Doehlert acted in the definition of the factors significantly influencing the
struvite precipitation process and for optimization the response surface methodology was used
in conjunction with the desirability function. The answers were: phosphorus recovery (usual

chemical
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measure), diffractometric pattern and struvite decomposition enthalpy (physical measures not
usual in this type of study, therefore an innovation). In addition, complementary analyzes of X-
ray fluorescence spectroscopy, infrared spectroscopy, laser granulometry and scanning electron
microscopy were performed on the products. The results allowed to define the best synthesis
conditions: pH (10.2), N/P ratio (>4) and initial phosphorus concentration (183.5 mg/L), with
phosphorus recovery above 70% and formation of struvite and K-struvite. Finally, it can be said
that advanced proposals related to chemical and structural characterization and process
optimization concerning phosphates were established based on two methods: one analytical (IR
spectroscopy) and the other physical-chemical (precipitation). Both research methodologies
explained in this study contribute to the search for alternative solutions for the generation and

use of phosphate resources.

Keywords: phosphates; genetic differentiation; FTIR; phosphorus recovery; DOE.
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1 INTRODUCAO

1.1 APRESENTACAO

Apresenta-se esta monografia na forma estrutural tipica de 6 topicos principais: 1)
Introducdo, 2) Objetivos, 3) Revisdo bibliografica, 4) Materiais e Métodos, 5) Resultados e
Discussao e 6) Consideracdes Finais. Apenas ressalta-se que o topico 5 “Resultados e
Discussao” compreende a apresentacao de dois artigos resultantes dessa pesquisa: 5.1) Artigo
01: FTIR spectral signatures of amazon inorganic phosphates: Igneous, weathering, and
biogenetic origin, que encontra-se publicado no periddico Spectrochimica Acta Part A:
Molecular and Biomolecular Spectroscopy, € 5.2) Artigo 02: A sequential Plackett-Burman and
Doehlert design to optimize struvite precipitation as phosphorus recovery from wastewater
aiming fertilizer production, submetido ao periédico Chemical Engineering Journal. E uma vez
que as conclusdes estdo apresentadas nos sub-topicos 5.1 e 5.2, tem-se no topico 6 as

“Consideracgoes Finais”.
1.2 JUSTIFICATIVA

O fosforo ¢ um nutriente essencial para multiplas fungdes nos organismos vivos. Sua
principal atuagdo esté relacionada ao desenvolvimento dos vegetais, nos quais o elemento ¢ o
responsavel pela producdo de energia quimica, contribuindo diretamente nas etapas de
crescimento, florescimento e produgdo de frutos. Devido a isso, sua presenca em solos agricolas

e florestais se torna fundamental (Mullen 2019, Zimdahl 2015).

Na crosta terrestre o elemento é encontrado sob a forma idnica de ortofosfato (PO3 "),
caracteristicamente disposto como minerais fosfaticos, que sdo as principais fontes de fosforo
para a producdo de fertilizantes. Devido a isso, essas fontes tendem a ficar cada vez mais
escassas, tendo em vista que se trata de um recurso ndo renovavel e de excessiva demanda pelo
setor agricola, principalmente nos paises agroprodutores. Estimativas mostram que a demanda
pelo nutriente ultrapassara sua oferta até¢ 2035, e suas reservas chegarao ao esgotamento entre

aproximadamente 50-100 anos (Cordell et al. 2009, Smil 2000).

Nesse contexto global, estratégias sustentaveis de uso dos recursos fosfaticos vém sendo
buscadas. A maioria das alternativas de manejo desses recursos estdo atribuidas na recuperacao
secundaria de suas fontes (reciclagem de fosforo), seja naquele proveniente do processo de
beneficiamento/tratamento, seja naquele proveniente das etapas finais do ciclo do fosforo,

principalmente em 4aguas residuais (Daneshgar ef al. 2019; Desmidt et al. 2015). Além disso,



melhorias relacionadas ao uso dos recursos primarios sao também demandadamente buscadas,

e muitas delas carecem de tecnologias acerca da investigacao inicial das suas fontes.

Metodologias que contribuem para o detalhamento quimico e estrutural e/ou para a
otimizagdo de processos para obtencdo de fosfatos sdo de grande interesse cientifico e
tecnologico. Diversas propriedades de suas fontes podem ser estudadas através de técnicas
analiticas, contribuindo na caracterizagao ¢ diferencia¢ao visando sua funcionalidade como
fertilizante e garantindo o crescimento do arcabouco de dados sobre fosfatos. Além disso, tais
ferramentas podem implicar em melhorias nos diversos processos de reciclagem do nutriente,
incluindo os que sdo realizados a partir de solugdes aquosas através de métodos fisico-quimicos

como a precipitagao.

Nesse sentido, visando aprimorar as investigacdes acerca dos fosfatos e desenvolver
estratégias de uso de suas fontes, buscou-se nesse trabalho ampliar os estudos referentes a
caracterizagdo e diferenciag¢do de fosfatos amazonicos de origens distintas, e ainda, otimizar um
processo de reciclagem de fosforo tendo por base a precipitagdo de um composto cristalino
conhecido como estruvita a partir de solugdo aquosa. Além disso, tais propostas possuem o
intuito de permear o campo da inovagdo, quando se propde: diferenciacio de fosfatos
amazonicos por espectroscopia de infravermelho, técnica com poucos bancos de dados para
materiais inorganicos ¢ uma otimizagao da reciclagem de fosforo a partir de um planejamento
experimental sequencial com respostas térmicas e estruturais, essas pouco usuais neste tipo de

investigagao.



2 OBJETIVOS

2.1 GERAL

Ampliar os estudos sobre fosfatos amazonicos no que concerne caracterizagao-
diferenciac¢do e propor uma otimizagao na reciclagem de fosforo por precipitagao de estruvita

a partir de soluc¢ao aquosa visando seu uso como fertilizante.
2.2 ESPECIFICOS

e Investigar a quimica e estruturas cristalinas de diferentes materiais fosfaticos;

e Qualificar fosfatos naturais da regido amazonica a partir da diferencia¢ao genética por
espectroscopia de infravermelho com transformadas de Fourier;

e Identificar os principais grupos funcionais pertencentes as formacgdes fosfaticas da
regido amazonica e cataloga-los em um banco de dados pioneiro;

e Propor uma otimizagao para o processo de recuperagdo de fosforo por precipitagcdo de
estruvita a partir de aguas residuais usando estatistica aplicada: metodologia de
superficie de resposta, funcdo desejabilidade e modelos empiricos baseados em
regressao por minimos quadrados

e Estabelecer as melhores condi¢des de sintese de estruvita através da aplicagdo de uma
metodologia de planejamento experimental sequencial com respostas: quimica
(recuperacao de fosforo), térmica (entalpia de decomposicao da estruvita) e estrutural

(padrdo difratométrico) dos produtos de sintese.



3 REVISAO BIBLIOGRAFICA
3.1 FOSFATOS

O elemento quimico fosforo se apresenta distribuido na crosta terrestre sob a forma
ionica de ortofosfato (PO3 ) — também em variagdes como 4nions acidos de ortofosfato
(HPOi'e H,PO,) — comumente na forma de minerais fosfatos, entre tantos, destaca-se: apatita
“Cas(PO4)3(F,OH,Cl)”, lazulita “(Mg,Fe)Al2(PO4)2(OH)2)” e monazita “(Ce,La,Nd,Th)PO4”
(Attfield 1974, Straaten 2007, Zimdahl 2015). E simplesmente o elemento responsavel pela
producdo de energia quimica no desenvolvimento dos vegetais (crescimento, florescimento e
produgdo de frutos) e por isso ¢ indispensavelmente requerido no cultivo de solos agricolas e
florestais (Zimdahl 2015). Sua forma de expressdo idnica de ortofosfato ¢ igualmente
referenciada como fosfato inorgénico, o qual ¢ expresso comumente nos resultados de analises
quimicas na forma de pentdxido de fosforo (P20s) (Straaten 2007). Enquanto, o fosfato
organico ¢ aquele sob a forma de monoéster ou diéster (ligagdes C-O-P) existentes nas
moléculas de trifosfato de adenosina (ATP), DNA ou mesmo RNA, e também sob a forma de

polifosfatos orgénicos e fosfonatos (Angert ef al. 2011, Biinemann 2015, Huang et al. 2017).

Os minerais de fosfato estdo agrupados em rochas fosfaticas. Estas rochas sdo formadas
em diferentes ambientes geologicos, podendo ser de origem ignea, sedimentar, metamorfica,
biogenética ou provenientes do intemperismo (Straaten 2007, Van Straaten 2002). O grafico na
Figura 1 mostra a distribuicao das fontes de fosfato de acordo com sua origem.

Depositos

Biogenéticos _

Depésitos lgneos,

0,
fa

Figura 1- A distribuicdo dos recursos de fosfato no mundo. Adaptado de Ptacek (2016).

Os depdsitos sedimentares de fosfato correspondem a cerca de 75% de todos os recursos

minerais e a soma dos depositos igneos, metamorficos e intempéricos correspondem com ~ 17



%, enquanto os depositos de origem biogenética (guanos), que sdo provenientes da interacao
de rochas com excrementos de passaros e morcegos, correspondem com cerca de 3% das fontes
de fosfato (Ptacek 2016, Van Straaten 2002). Tanto em rochas fosfaticas igneas quanto
sedimentares, minerais do grupo da apatita constituem-se como fosfatos predominantes. A
apatita “Cas(F,CLLOH) (POas)3”, é essencialmente um fosfato de calcio que apresenta
transformagdes isomorficas de acordo com seu ambiente de origem, € pode comumente ser
denominada por fluorapatita, cloroapatita ou hidroxiapatita, dependendo da concentragdo idnica
dos ions F-, Cl" e OH". O Ca** também pode vir a ser substituido por outros cations bivalentes,
assim como, o radical (PO4)* pode ser substituido, parcialmente, por outros anions, formando

assim outros minerais do grupo da apatita (Dar & Khan 2017, Haldar & Tisljar 2014).

Em depdsitos de origem sedimentar, os cristais de apatita normalmente ocorrem
associados a calcita, dolomita, argilominerais e oxi-hidroxidos de ferro, como goethita e
hematita. Nesses depdsitos predominam as variedades de carbonato-apatita
“Cas(P0O4,C0O3)3.(OH,F)” e francolita ou carbonato-fluorapatita “Cas(PO4,CO3)3.(F,OH)”, que
geralmente sdo encontradas em massas criptocristalinas denominadas de colofano (Dar & Khan
2017). Outra massa criptocristalina de fosfato de célcio proveniente de processos sedimentares
¢ a fosforita, que consiste em uma variagdo amorfa da apatita, e possui depdsitos com elevadas

concentragdes de fosforo (Dar & Khan 2017, Haldar & Tisljar 2014).

Os depositos de fosfato sdo classificados como: fosfato de ferro-aluminio (Fe-Al-P),
fosfato de calcio-ferro-aluminio (Ca-Fe-Al-P) e fosfatos de célcio (Ca-P). Essas trés classes
constituem uma sequéncia natural de intemperizagdo dos depositos de rocha fosfatica, na qual
o fosfato de célcio representa a rocha matriz e as formas estaveis de fosfatos de ferro-aluminio
como a crandalita “CaAl3(PO4)2(OH)s-H20" e a vivianita “Fe3(POa4)3-8H20” representam o

estagio mais avancado de intemperismo (Ptacek 2016).

Além dos fosfatos mais comuns, que sdo extraidos de rochas e representam as fontes
mais plausiveis de uso, uma pequena parcela corresponde as outras diversas origens do anion,
que se constituem, em sua maioria, como fontes alternativas aos seus recursos primarios. Essas
fontes ainda pouco usuais sdo caracterizadas, principalmente, por serem residuais, tanto nas
fases iniciais do ciclo do fosforo como no uso de rejeitos do beneficiamento de rochas
fosfaticas, quanto nas fases finais do ciclo onde pode haver o uso do fosfato presente na

biomassa, nos excrementos de animais, nos residuos industriais e em aguas residuais.



Atualmente, as fontes alternativas sao alvo de importantes estudos que visam ampliar
suas usabilidades ou at¢é mesmo determinar processos que impliquem na
recuperagdo/reciclagem do recurso, visto as crescentes demandas pelo elemento em detrimento

das limitadas fontes que s3o disponiveis para uso.
3.1.1 Dinamica e ciclo do fésforo

A maior parte do fosforo no ambiente esta contido no sistema solo sob a forma de
minerais em rochas, principalmente como apatitas primarias. Por serem altamente insoliveis
estes minerais ndo estdo diretamente disponiveis para os organismos. A conversdao de formas
indisponiveis em ortofosfato dissolvido, que pode ser assimilado diretamente, ¢ realizada
através de diferentes reagdes de cardter geoquimico e bioquimico, por meio de varias etapas do
ciclo global do fosforo. Estas reacdes podem ocorrer espontaneamente em processos quimicos
no solo ou por intermédio de micro-organismos presentes no meio (Mullen 2019, Ruttenberg

2001).

O ciclo do fosforo ¢ dividido em dois subciclos interrelacionados: o geoquimico e o
bioldgico, tendo-se o P inorganico como ponto central do ciclo global. O subciclo geoquimico
¢ caracterizado principalmente pelas diversas reacdes de intemperismo das rochas fosfaticas
primarias, formando minerais fosfatos secundarios de Ca, Al e Fe. Desse modo, os diferentes
fosfatos presentes em depositos minerais sdo passiveis de incorporacao no subciclo biolédgico,
o qual ¢ responsavel por solubilizar e ativar o foésforo para diversos processos no ambiente. No
subciclo bioldgico, o ortofosfato soluvel, disposto através da agao de micro-organismos, € entao
absorvido pelas plantas ou imobilizado na biomassa microbiana. Dessa forma, os fosfatos
inorganicos sao transformados em fosfatos organicos. O fosforo entdo ¢ devolvido ao solo por
meio dos excrementos e pela morte dos componentes da cadeia alimentar, podendo ser
incorporado diretamente ao humus estavel, tornando-se relativamente indisponivel para uso
vegetal e microbiano, ou dependendo do seu teor na massa residual o P pode passar pelo
processo de remineralizacdo, sendo transformado em ortofosfato durante a decomposicao
microbiana do residuo; e a parte restante de fésforo no residuo serd incorporado na biomassa

microbiana durante a decomposi¢ao (Mullen 2019).

Durante o intemperismo das rochas, no ambiente superficial, uma parte do fosforo ¢
lixiviado para fora do sistema com as dguas que saem pela superficie do solo ou percolam para
o lengol freatico (Ruttenberg 2001). Uma vez que chega aos corpos hidricos se incorpora a

cadeia trofica aquatica ou se acumula nos sedimentos de fundo, aonde ndo pode ser aproveitado



até que possa ser reincorporado a cadeia tréfica, reiniciando um novo ciclo (Condron et al.
2015, Mullen 2019). A partir do fluxo do ortofosfato que circula com a movimentacao das
aguas, novas conformacgdes sdo realizadas através de combinacdes i0nicas (Haldar & Tisljar

2014, Ruttenberg 2001). O ciclo do fosforo ¢ detalhado na Figura 2.
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Figura 2 — Ciclo do fosforo. Fonte: Cordell ef al. (2009).

Parte do fosforo ¢ ainda transportada e mantida em sistemas de fluxos naturais e/ou em
depositos de residuos, sendo provenientes de excrementos humanos e animais em escala
doméstica ou industrial. Esses efluentes ricos em fosfato orginico e inorgénico, além de outros
elementos, sdo conhecidos como 4guas residuais, sendo, portanto, tidos como fontes
secundarias de fosforo. O excessivo acimulo e despejo dessas aguas € capaz de gerar diversos

problemas ambientais, sendo o mais comum a eutrofizacao de corpos hidricos (Smil 2000).

3.1.2 Recuperacao de P de fontes secundarias

O somatdrio das fontes secundarias de fosforo, que engloba esgotos domésticos, dejetos
de animais, chorume e rejeitos dos digeridos na produ¢ao de bioenergia, dentre outros, ¢ de
aproximadamente 7 milhdes de toneladas por ano, o que corresponde com 40% do total global
de recursos de fosforo primario (Cordell et al. 2009, Zhang et al. 2020). Cordell et al. (2009)

ainda explanam diversas maneiras de como o foésforo pode ser recuperado e reutilizado como



fertilizante diretamente ou apoOs processamento intermediario. Sendo assim, uma das
alternativas citadas consiste na recuperagao do elemento a partir de excrementos humanos e

animais, que consistem em uma fonte renovavel e estdo constantemente disponiveis localmente.

O desequilibrio molar e as concentragdes variaveis do fosforo em esgotos limitam sua
reciclagem e reutilizagdo, provocando grandes perdas dentro do fluxo de residuos liquidos, o
que torna sua recuperacao um grande desafio (Booker et al. 1999, Mehta & Batstone 2013).
Como o ion ortofosfato ndo ¢ volatil, diferentemente do amoénio, e ainda apresenta tamanho
molecular semelhante ao de outros ions presentes em aguas residuais, a inica abordagem viavel
para sua recuperacdo em uma forma concentrada ¢ a precipitagdo como um sal insoluvel
(Booker et al. 1999). Segundo Li et al. (2019) e Verstraete et al. (2009), a recuperacao de
fosforo de esgotos e demais tipos de rejeitos liquidos sera altamente necessaria ¢ bastante

praticada, devido a grande demanda por fertilizantes e a provavel escassez do nutriente.

Dessa maneira, ao longo dos anos, diversas pesquisas avancaram dentro do contexto de
recuperagdo e reciclagem de nutrientes como o P a partir de efluentes liquidos, e em alguns
paises como Japdo, Canada, Suécia, Bélgica e Holanda, o uso de materiais com elementos
fertilizantes recuperados ja estd bem difundido (Castro 2014). Dentre os precursores em grandes
projetos de recuperacdo de nutrientes, o Japao se destaca por ser o lider em recuperacdo de

fosfato e por possuir varias plantas, em escala real, de recuperacao de P (Adnan et al. 2003).

Dada a atual conjuntura agricola mundial, tendo em vista a situacdo da ampla demanda
por fertilizantes, juntamente com a problematica frequente da elevada disposicao de elementos
nutrientes em aguas residuais, técnicas de recuperacao do elemento vém sendo amplamente
investigadas e difundidas. Dentre as técnicas desenvolvidas, uma que ganha grande destaque ¢
a precipitacdo quimica do elemento através da formagdo de diferentes fosfatos, e dentre os
fosfatos que geralmente sdo precipitados, pode-se destacar a estruvita, que ¢ um fosfato de

amonio e magnésio hexahidratado que possui grande potencial de uso como fertilizante.

Segundo Parsons & Doyle (2002), a recuperacao de nutrientes sob a forma de estruvita
pode ocorrer a partir de diferentes tipos de efluentes, como lixiviados de aterros, 4guas residuais
domésticas, industriais e agropecuarias e até mesmo com residuos de matadouros. Dependendo
do fluxo em que sdo gerados e tratados estes efluentes, o potencial de recuperacdo pode

ultrapassar 1000 mg de estruvita por litro de residuo (Parsons & Doyle 2002).

Visando uma alternativa de manejo de residuos agropecuarios, Schuiling & Andrade

(1999) investigaram o potencial do uso de esterco de bezerros como fonte para a obtencao de



estruvita. Nesse estudo, uma planta de grande escala para a recuperacdo de nutrientes foi
utilizada no local onde ocorria a deposicdo dos dejetos. Os resultados apresentados
demonstraram que 200 m® de residuos foram tratados, proporcionando a obten¢io de centenas
de kg de estruvita. Os dados referentes a recuperagao de nutrientes foram expressos a partir da
analise quimica do material obtido, o qual apresentou teores significativos de fésforo, magnésio

e potassio, explanando a efetividade do tratamento.

Estudos também utilizaram a urina humana como precursora de elementos nutrientes
para a precipitagao de estruvita. Etter ez al. (2011) investigaram a possibilidade da transferéncia
de fosforo da urina humana de uma comunidade do Nepal, para a forma¢do de um concentrado
fosfatico. Neste caso, o concentrado fosfatico encontrado foi a estruvita. Foram utilizados dois
reatores, o primeiro obteve uma eficiéncia correspondente a 90% de remogao de P, atribuindo-
se uma baixa dosagem de Mg; ja o segundo reator, que era baseado em processos de

sedimentacao, alcangou apenas 50% de remocao de fosforo.

Ronteltap et al. (2010) conduziram uma investigagdo acerca da precipitagao de estruvita
usando urina humana como fonte dos seus componentes quimicos. O processo foi analisado a
partir dos fatores que influenciavam no tamanho das particulas. Os resultados obtidos
mostraram que a urina hidrolisada real foi capaz de gerar cristais de estruvita maiores que 90
mm em pH 9 e na temperatura de 20 °C, com uma eficiéncia de remocao de fosforo de

aproximadamente 95%.

3.1.3 Estruvita

3.1.3.1 Definicao e caracteristicas

A estruvita (MgNH4PO4-6H20), ¢ um mineral pertencente ao grupo dos ortofosfatos,
cuja composicdo quimica possui concentragdes equimolares dos componentes i6nicos — PO4>",
NH4", Mg(6H20)*" — unidos sob a forma de cristais em ambientes aquosos caracteristicos com
elevados teores de amodnia e fosfato (Le Corre ef al. 2009, Tansel et al. 2018). Suas principais

propriedades estdo descritas na Tabela 1.

O fosfato de amonio e magnésio hexahidratado, como também ¢ chamada a estruvita,
foi inicialmente encontrado e descrito em um meio de terra turfosa acrescida de excrementos
de gado no solo embaixo de uma igreja na cidade de Hamburgo, na Alemanha. Outras
ocorréncias tipicas foram descritas em cavernas ¢ em depositos superficiais, onde ha formagdes

de guano de passaros e morcegos. As raras ocorréncias de estruvita na natureza podem estar
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geralmente associadas a newberita [Mg(PO3OH)-3(H20)], hannaita
[(NH4)2Mg3Ha(PO4)4-8(H20)], brushita [CaHPO4:2H20], e estercorita [NaNHsHPO4-4H20]
(Vollmar 1967).

Tabela 1-Caracteristicas quimicas dos cristais de estruvita.

Propriedade Valor
Peso molecular 247,42 g/mol
Massa exata 247,05 g/mol
Contagem de doagdes de ligagdo de hidrogénio 10
Contagem de aceite de ligagdes de hidrogénio 11
Contagem de atomos pesados 13 (sem H)
Complexidade 49,8
Area de superficie polar topologica 84,8 A2
Contagem de unidades ligadas covalentemente 9

Fonte: Adaptada do Centro Nacional de Informagdo Biotecnologica (2015)

Além das formagdes de guano, de forma geral, a ocorréncia espontanea de estruvita no
ambiente se da principalmente em meios bioldgicos, com graus representativos de alcalinidade
e turbuléncia. Com tais caracteristicas, as usinas de tratamento de dguas residuais industriais e
domésticas sdo ambientes comuns de formagdo de estruvita, o que vem a ser um problema
escalar, visto que nestes meios a estruvita ocorre como incrustacoes dentro de tubulagdes e em
superficies de equipamentos (Booker et al. 1999, Borgerding 1972, Doyle et al. 2003, Le Corre
et al. 2009, Ohlinger et al. 1998).

Um outro ambiente tipico onde hé a formagao de estruvita é dentro de sistemas urinarios
de animais, comumente nos rins, os quais possuem as caracteristicas € os componentes
fundamentais (compostos quimicos e pH) para a precipitacdo deste biomineral sob a forma de

algumas variedades de célculos renais (Chatterjee ef al. 2018, Elliot et al. 1958).
3.1.3.2 Cristaloquimica

A estruvita cristaliza no sistema ortorrombico, possuindo as células unitarias de sua
estrutura com as respectivas dimensdes: a = 6,941 £ 0,002 A, b=6,137+0,002 Aec=11,199
+ 0,004 A. Pertence entdo ao grupo espacial Pmn2; e possui duas moléculas dentro de cada
célula unitaria. Sua estrutura se estabelece basicamente em grupos i6nicos de fosfato (PO47) e
amdnio (NH4") tetraédricos com magnésio hexahidratado [Mg(6H20)**] octaédrico, unidos
através de ligagdes de hidrogénio, como pode ser visto na Figura 3 (Ferraris et al. 1986,

Whitaker & Jeffery 1970).
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Figura 3 - Estrutura da estruvita. Traduzido de Tansel ef al. (2018).

Os tetraedros regulares de PO4? possuem interagdes P-O com valor médio de
comprimento de 1,543 A. J4 os octaedros ndo-regulares de Mg-6H20 contém ligagdes Mg—H20
e H20—H de tamanhos médios iguais a 2,0810 A e 0,792 A respectivamente (Whitaker & Jeffery
1970). As moléculas de d4gua componentes da estruvita formam seis ligagdes de hidrogénio,
que por sua vez sao consideradas ligacdes extremamente curtas, estando entre as menores ja
vistas em compostos cristalinos hidratados. Estas ligacdes curtas das moléculas de 4gua sdo
menores do que as de ligagdes de separagdo intermolecular, tendo distancias variando de 263,0

a269,5 pm (Ferraris et al. 1986, Tansel et al. 2018, Whitaker & Jeffery 1970).

Cada ion de NH4" na estrutura da estruvita é cercado por cinco atomos de oxigénio,
tendo, portanto, uma das ligagdes N-O (comprimento de 2,818 A), como uma forte ligagio de
hidrogénio, sobrepondo-se as demais ligacdes presentes. A amonia pode ainda apresentar
ligacdes polifurcadas caso o grupo funcional tenha um nimero de coordenagdo maior que
quatro (Abbona & Boistelle 1979, Stefov er al. 2005). As ligagdes mais fortes dentro da
estrutura da estruvita sdo explicadas pelos seus relativos comprimentos, que sdo inversamente
proporcionais as forcas estabelecidas as mesmas. Por sua vez, ligacdes consideradas mais fortes

demandam maior energia para serem dissociadas (Tansel et al. 2018).
3.1.3.3 Formagao de estruvita

A formagao de estruvita ocorre por meio de um processo fisico-quimico conhecido por

precipitacdo. Fundamentalmente, para que haja a precipitacdo de estruvita, as concentragdes
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combinadas de PO4>", NHs" e Mg?" devem exceder o seu limite de solubilidade. Logo, toda a
quimica de precipitacao de estruvita esta intimamente ligada a solubilidade, sendo, portanto, o
fator chave do entendimento de sua formagao (Aage ef al. 1997, Ohlinger ef al. 1998, Parsons

& Doyle 2002, Taylor et al. 1963).

A solubilidade, por sua vez, esta relacionada com a disponibilidade dos ions formadores
de estruvita, a qual ¢ controlada por um sistema mutuo entre pH e a concentracao das espécies
totais dissolvidas. Devido a influéncia do pH para que haja a especiacdo dos componentes, ha,
consequentemente, o desencadeamento de variacdes da solubilidade da estruvita em relagdo ao

pH (Ohlinger et al. 1998, Taylor et al. 1963).

Os diagramas de especiacdo, de maneira individual, tanto para o fésforo sob a forma
de 4cido fosforico (H3PO4) quanto para a amonia, possuem perfis de concentragdo idnica em
solugdo aquosa bem definidos de acordo com a influéncia do pH. Porém, as caracteristicas de
especiacdo idnica podem ser facilmente alteradas/controladas por mudangas na temperatura do
sistema e no grau de supersaturagdo, bem como pela presenca de outros ions (Abbona et al.

1982, 1986, Bouropoulos & Koutsoukos 2000, Tansel ef al. 2018).

A formagdo de estruvita ¢ comumente representada pela Equagao 1. Esta equagdo ¢ uma
formula geral e simplificada de todo processo fisico-quimico envolvido na obtenc¢ao de estruvita

(Abbona et al. 1982, Le Corre et al. 2007, Parsons & Doyle 2002, Rahaman et al. 2008).
Mg?*t + NHf + PO}~ & MgNH,PO, - 6H,0 (1)

Devido as variagdes no pH ocasionadas pela formagdo de estruvita, a participacdo de
HPO4? na reagdo é usualmente mais indicada do que o ion PO4* em si, sendo, portanto, o
mecanismo de reagdo descrito na Equacdo 2, o mais completo, no que diz respeito ao processo

de diminui¢ao do pH com a formagao de estruvita (Schuiling & Andrade 1999).
Mg** + NHf + HPOZ™ + 6H,0 < MgNH,PO, - 6H,0( + H* )

Todavia, a reacdo exposta na Equagdo 3 é a rota de interagdo ionica que melhor
representa a formagdo de estruvita. Isso se da tanto por esta reagdo agregar a alteracdo de
equilibrio responsavel pelo aumento da concentragio de NH4*, ocasionada pela remogio de
NH3s, consequéncia da redu¢do do pH; quanto pelo tamanho dos ions, estrutura cristalina e

configuracdes atomicas (Tansel et al. 2018).

Mg?* + NH; + HPOZ™ + 6H,0 < MgNH,PO, - 6H,0s, ®)
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O processo de formagao de estruvita, tendo por fundamentacao o conceito quimico de
cristalizacdo e precipitacdo, consiste em um processo fisico-quimico de agrupamento id6nico em
arranjos ordenados de acordo com um padrdo de repeticdo. Este processo complexo ¢ explicado
por teorias termodindmicas que envolvem equilibrio quimico e solubilidade; e fatores cinéticos
que determinam as taxas de precipitacdo de acordo com a formacgao de nticleos e crescimentos

dos cristais.

Fatores influentes na formagao de estruvita

A precipitacdo de estruvita ¢ fundamentalmente marcada pela solubilidade das espécies
envolvidas na reacdo. Em suma, a determinagdo das caracteristicas de nucleacdo e crescimento
dos cristais, pautadas em termos de solubilidade, torna-se bastante complexa, visto as diversas
combinagdes ¢ variagoes de fatores que permeiam a fisico-quimica de cristalizagdao. Aspectos
influentes como a cinética e a termodinamica de reagao, os estados cristalinos iniciais dos
compostos, fendmenos de transferéncia de massa entre as fases solidas e liquidas, além de fortes
parametros como o pH, o indice de supersaturagdo e a presenga de espécies i0nicas diferentes,
sdo capazes de comprometer as etapas do processo de cristalizagao de estruvita (Le Corre 2006,

Morita et al. 2019).

a) pH
O pH ¢ um dos fatores termodinamicos de maior importancia no que diz respeito a
precipitagdo de estruvita, contribuindo diretamente na especiagdo quimica dos elementos
componentes da solucdo (fracdo quimica dos reagentes), juntamente com o produto de
solubilidade de atividade, afetando assim a supersatura¢do da solu¢cdo em funcao da formagao
de estruvita. Além disso, com o aumento do valor do pH até um valor 6timo, tem-se também a

diminui¢ado da solubilidade da estruvita formada (Aidar 2012).

A literatura reporta que devido as diversas condigdes do meio reacional, o pH 6timo ndo
estd fixado em um unico valor e sim ao longo de uma faixa de trabalho para que ocorra a
cristalizacdo. Esta faixa 6tima de pH pode variar entre valores de 7 até 12, sendo que a remogao
de fosforo da solugao ¢ proporcional ao aumento dos valores de pH dentro dessa faixa. Porém,
muitos estudos relatam a precipitacdo de estruvita em ambientes com pH entre 8 e 9 (Ali &
Schneider 2008, Babi¢-Ivanci¢ et al. 2006, Carballa et al. 2009, Celen et al. 2007, He et al.
2013, Negrea et al. 2010).
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Segundo Tansel et al. (2018), a ampla faixa de pH pressupde a existéncia de diversas
condigdes e diferentes mecanismos que podem resultar na formacdo de estruvita. Estas
variagdes dependem das interacgdes i0nicas e/ou formacao de outros cristais diferentes, porém

com caracteristicas semelhantes as da estruvita.

Ariyanto ef al. (2014), demonstraram em seu estudo o efeito do pH sobre a nucleacao
espontanea da estruvita, que de acordo com os experimentos realizados, notou-se que conforme

o aumento do pH inicial das solugdes o tempo de indugdo para a cristalizagao foi reduzido.

b) Razdo de supersaturac¢do

Em conjunto com o pH, a razdo de supersaturacdo (SSR) se estabelece como uma
varidvel fundamental para o controle da precipitacdo de estruvita (Aidar 2012, Le Corre 2006).
Sabe-se, de modo geral, que quanto menor a SSR mais eficiente serd a reacdo e a geragao de
precipitado, porém essa correlagdo ndo € fixa para a precipitacao de estruvita, devido as diversas

condi¢cdes nas quais podem ocorrer a sua formacao (Aidar 2012, Forrest et al. 2008).

A regido de metaestabilidade do meio reacional possui relativa importancia na SSR. De
modo que independentemente da existéncia de estimulos termodindmicos iniciais para a
cristalizagcdo primaria de estruvita, pode ocorrer a formagao secundaria, desde que dentro da
regido de metaestabilidade. Portanto, quando ha as condigdes necessarias juntamente com uma
razdo de supersaturagdo moderada, os cristais obtidos sdo de maiores tamanhos (>1mm)

(Forrest et al. 2008, Regy 2001).

Kofina & Koutsoukos (2005), demonstraram que a precipitagdo espontanea de estruvita
era dependente da supersatura¢do da solug¢do, ocorrendo através de mecanismos de difusdo
superficial, tendo uma dependéncia de alta ordem de cristaliza¢do na faixa de supersaturagao
entre 2,07 e 4,29. Porém, esta faixa de SSR para que haja precipitacdo pode variar entre 1 ¢ 5,
ndo havendo um ponto 6timo determinado (Adnan ef al. 2003, Bouropoulos & Koutsoukos

2000, Le Corre 2006).

c¢) Temperatura

A temperatura se apresenta como um fator de menor impacto sobre formagdo de
estruvita (Durrant et al. 1999). Este parametro age como fator coadjuvante na especiagdo idnica,
podendo alterar as condigdes para a cristalizacdo do material. Temperaturas mais elevadas
podem influenciar na diminui¢do do pH, o que torna mais dificil a precipitacdo de estruvita.

Dados de estudos laboratoriais com composicdes idnicas limitadas, apesar de ndo serem
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totalmente representativos das condicdes nas estagdes de tratamento de aguas residuais,
explicitam que a temperatura ambiente (~ 20-35°C) proporciona a eficiente precipitacdo de
estruvita (Battistoni ez al. 2000, Fattah et al. 2008, Loewenthal et al. 1994, Miinch & Barr 2001,
Muster et al. 2013, Ohlinger et al. 1998, Uysal et al. 2010)

A temperatura também ¢ capaz de influenciar no crescimento dos cristais, pois contribui
para mudancas nas taxas relativas de difusdo e integracdo da superficie dos cristais (Le Corre
2006). Elevadas temperaturas geralmente promovem o crescimento dos cristais através de
mecanismos de difusdo, enquanto que em temperaturas mais amenas o crescimento ¢ dado por
fendmenos de integragdo de superficie (Jones 2002). A temperatura ainda influencia na forma
e tipo do tamanho dos cristais, e dependendo das concentragdes iOnicas presentes pode afetar
na natureza do cristal formado, podendo ser geradas outras fases que ndo sdo de interesse

(Babi¢-Ivancic et al. 2002).

Diversos autores também investigaram a influéncia da temperatura na decomposicao da
estruvita. Seus resultados mostraram que a decomposicao ¢ dependente da temperatura, das
taxas de aquecimento e do pH (Babi¢-Ivanci¢ et al. 2002, 2006, Bhuiyan et al. 2008, Farhana
2015, Frost et al. 2004, Huang et al. 2015, Saerens 2020). As variagdes de temperatura podem
ocasionar transformagdes na estrutura do produto, devido a provavel perda de amonia e de dgua
estrutural. Fases como bobierrita, dittmarita, phorrosslerita, newberita e hayesita podem ser
geradas apos a decomposicao da estruvita provocada pelas perdas graduais de amoénia e
moléculas de 4gua (Bhuiyan et al 2008, Farhana 2015, Saerens 2020). Portanto, a
decomposicdo da estruvita sob condi¢des de aquecimento isotérmico seco em temperaturas
entre 40 °C e 60 °C ndo ocasiona perdas de massa bruscas nem a liberagdo de amdnia (Novotny

2011).

d) Concentracdo de fosforo

Necessariamente, para que ocorra a precipitacao de estruvita, a concentracdo de P-PO4
deve ser superior a 50 mg/L.. Concentragdes menores tendem a conduzir a formagdo de outros
ou até mesmo nenhum precipitado (Adnan et al. 2003). De acordo com Bitton (2010) para que
ocorra uma recuperagao de P eficiente a concentracdo minima de P-PO4 no meio reacional deve

ser acima de 40 mg/L.
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e) Presenca de outros ions

Geralmente, em investigacdes realizadas em laboratério sobre as condigdes para a
formacao de estruvita, os sistemas aquosos estabelecidos sdo preparados para conter um grupo
limitado de ions e as condigdes minimas para a composi¢ao da estruvita. Todavia, em sistemas
mais comuns de formacdo de estruvita, seja natural ou industrial, os ions presentes ndo se
reduzem a apenas os necessarios para a formagao da mesma (Laridi ef al. 2005, Tansel et al.

2018).

Diferentes tipos de ions podem ser encontrados nos mais diversos ambientes 0s quais a
estruvita é formada, sendo eles: Fe*, Fe?*, Ca®", Na', K*, ClI*, SO4*, COs>, HCOs', silicatos,
oxalatos e também ions organicos. A presenca desses ions, bem como suas dadas concentragdes,
afeta diretamente toda a dindmica de interagdes e agrupamentos dos ions dentro de

determinados sistemas (Booker ef al. 1999).

Como consequéncia das diversas interagdes ocorridas pela presenca de inimeros ions
nas solugdes, ha a possivel alteragdo dos perfis de especiacao idnica de H3PO4 e amonia (NH3),
de acordo com o pH do meio. Esta alteracdo se da por meio de interagdes iOnicas e nao
covalentes, juntamente com o alinhamento e agrupamento dos ions em diferentes grupos,
ocasionando a formagdo de outros compostos, como pode ser observado na Figura 4, onde ¢
demonstrada esquematicamente algumas intera¢des entre os proprios ions de formagdo da
estruvita, que dependendo de algumas condi¢des, como variagcdes no pH, podem gerar outras

formacgoes cristalinas (Tansel ef al. 2018).

Mg*2

t OH Mg(OH),
' Mg,(PO,) -
: pH MgBHPo“ Dittmarita Mg(NH,)(PO,)-H,0
1 4
4 Newb ;
| = Mg (H,P0O,), e“f ef_‘ﬂa Mg(PO,0H)-3H,0
Estruvita  Q\eassgp DODIEMIE Meg,(PO,),8H,0
MgNH,PO, 6H,0 Cattiita Mg,(PO,),-22H,0
/ \ Phosphorrosslerita MgHPO,-7H,0
P04'3 NH4+
t oH NH,OH
1
: pH (NH,);PO,
VR (NH,), HPO,
: NH,H,PO,

Figura 4 - Esquema basico de interagdo idnica de formagdo de estruvita e outros compostos cristalinos. Traduzido
de Tansel et al. (2018).
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A formagdo de estruvita, bem como a de outros solidos possui uma interdependéncia
com as variagdes das concentragdes idnicas nos sistemas aquosos ¢ do pH da solugdo. Os
cristais de estruvita podem conter em sua estrutura apenas os seus ions principais, porém em
diferentes propor¢des. Todavia, estes ions podem sofrer substituigdes pelos outros ions
presentes na solucao, dependendo das suas disponibilidades, ocasionando assim a formagado de
outros cristais aparentemente similares a estruvita, porém com composi¢ao quimica diferente.
Estes cristais obtidos por substituigdes na estrutura da estruvita sao conhecidos como estruvitas

analogas (Ravikumar et al. 2010).

De acordo com Ravikumar et al. (2010), as principais substitui¢des idnicas que ocorrem

sdo de ions amodnio NH4" por K, Rb*, Cs; e dos ions bivalentes Mg?* por Ca**, Zn*" e Cd*".
2.1.3.4 Importancia global da obten¢do de estruvita

De forma geral, a precipitacdo de estruvita se estabelece como um processo de multiplo
interesse e finalidades, visto que sua producdo contribui de maneira positiva na solucio de
problemadticas globais. A principio, sua obtengdo ¢ geralmente atrelada a utilizagdo de aguas
residuais como fonte de seus componentes quimicos. Logo, a precipitacdo de estruvita serve
como um processo de remog¢do e recuperagdo simultanea de fosforo, nitrogénio, magnésio e
potassio de efluentes liquidos (Fattah 2004, Fattah ef al. 2008, Shih et al. 2017, Suzuki et al.
2007). Esse processo ¢ bastante indicado para aguas residuais com nutrientes em concentragdes
consideraveis, que sdo agentes de contamina¢do e que podem ocasionar eutrofizacdo e outras
consequéncias de cunho ambiental (Bendoricchio ef al. 1993, Capodaglio et al. 2003, Carey &
Migliaccio 2009, Siciliano et al. 2020).

A recuperacdo e reutilizacdo de nutrientes ¢ uma forma eficaz de reduzir riscos para o
meio ambiente e para a sociedade, de modo que o processo permite vantagens em atividades
como saneamento e agricultura (Mayer et al. 2016, Rittmann et al. 2011). Como exemplo, no
contexto de saneamento, se tratando da qualidade da dgua, recuperar elementos como fosforo e
nitrogénio combate impactos devastadores da poluicdo de corpos hidricos, causados
principalmente pela fertilizacdo excessiva e pela deterioragdo proveniente do uso humano
diario. Para a agricultura, a capacidade de reciclar o fosforo em fun¢do do abastecimento
alimentar local ou nacional, minimiza os riscos da futura escassez do elemento, seja pela
auséncia da fonte natural ou por questdes econdmicas e interrupcdes geopoliticas (Mayer ef al.

2016).



18

A estruvita ¢ amplamente utilizada para a reciclagem de nutrientes de dguas residuais
devido a sua capacidade de agregar em um precipitado de pureza relativa, grandes quantidades
de fosforo e nitrogénio, contendo apenas vestigios de impurezas (Daneshgar et al. 2018,
Huygens et al. 2019). Levando em consideragdo sua composi¢do quimica e propriedades
estruturais bem definidas, a estruvita se estabelece como um material de grande interesse para
a industria de fertilizantes. O produto também conhecido por MAP, ¢ um fertilizante de
liberacdo lenta de elevada eficiéncia e que pode ser comercializavel (Miinch & Barr 2001,

Rahman et al. 2014).

Em paises nos quais a agroindustria ¢ uma forte atividade, o uso da estruvita contribui
na redu¢do do custo do fosfato, sendo capaz de aumentar a produtividade das safras e a
seguranga alimentar através de uma fonte renovavel (Mayer ef al. 2016). Em muitos paises, a
dependéncia de importacdes de rocha fosfatica bem como das matérias-primas secundarias de
processamento de fertilizantes fosfatados, ocasionam elevados custos no produto final (Romer
& Steingrobe 2018). Em contrapartida, o investimento a médio e longo prazo no
desenvolvimento de fertilizantes alternativos como a estruvita, ¢ altamente estimulado para
tornar a atividade agricola menos onerosa, mesmo que atualmente os custos envolvidos no
tratamento de efluentes ¢ no uso de reagentes complementares promova um relativo

desequilibrio dessa intengao.

Além disso, a utilizacdo de fertilizantes inorganicos processados de baixo custo
caracterizam-se por apresentar algumas desvantagens. Dentre os prejuizos mais comuns, pode-
se destacar a rapida liberacdo de nutrientes, devido as elevadas taxas de solubilidade, o que
contribui no processo de lixiviagdo do solo; e a presenca de metais pesados e/ou residuos
prejudiciais ao sistema solo e as aguas subterraneas (Langergraber & Muellegger 2005). Nesse
sentido, a estruvita apresenta-se como um fertilizante de alta efetividade, pois atua com baixa
solubilidade, e portanto tem a lenta libera¢do de nutrientes (Achat et al. 2014, Talboys et al.
2016), e pode ser produzido com minima contaminacdo por metais pesados (Antonini et al.

2012).

A baixa solubilidade total da estruvita est4 vinculada a sua ligeira solubilidade de P em
agua (1-5%), e elevada solubilidade de P em &cido citrico (43-51%) (Cabeza et al. 2011). Por
ser um fertilizante de liberacao lenta, a estruvita pode fornecer uma fonte de foésforo de longo
prazo para o desenvolvimento de culturas agricolas. Em comparacdo com formas prontamente

soluveis de P, que apresentam o nutriente de maneira mais limitada, principalmente no
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momento mais demandado pelas culturas — crescimento das plantas — (Veneklaas et al. 2012),

a estruvita condiciona uma melhor eficiéncia (Withers et al. 2014).

Os beneficios da dissolugdo mais lenta da estruvita, como a menor adsor¢do de P na
solucdo do solo e menores taxas de liberacao de P para o escoamento superficial, implicam na
sua utilizacdo para o aumento de produtividade das culturas em favor da menor aplicagdao de
composi¢des fertilizantes. Sendo assim, a produtividade tende a ser mantida ou aumentada com
um menor impacto ambiental, sendo economicamente vantajoso para a industria agricola e com

um insight sustentavel (Talboys et al. 2016).
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4 MATERIAIS E METODOS
4.1 PARTE I CARACTERIZACAO-DIFERENCIACAO DE FOSFATOS AMAZONICOS
4.1.1 Materiais

Para esta investigacdo foram utilizadas seis amostras de rochas fosfaticas, as quais
podem ser observadas na Tabela 2, onde estdo indicadas as suas procedéncias e as
nomenclaturas adotadas.

Tabela 2- Origem e Codigo das amostras.

Nome da amostra Origem Cédigo
Padrao IPT 18B Jacupiranga — SP IPT 18B
Fosfato Igneo Sdo Félix do Xingu — PA 1P
Fosfato Intempérico 1 Bonito — PA WP1
Fosfato Intempérico 2 Bonito — PA WP2
Fosfato Intempérico 3 Bonito — PA WP3
Fosfato Biogenético Carajas — PA BP

Os materiais de referéncia IPT 18B e IP sdo oriundos de fontes igneas e sdo utilizados
na formulacao de fertilizantes quimicos. O material de referéncia IPT 18B (Hama & Zucchini
2011), consiste de uma amostra proveniente de um dos maiores complexos minerais de fosfato
do Brasil, onde ocorre a produgdo de rocha fosfatica e seus processados, como acido fosfoérico
e superfosfato simples.

As amostras de fosfatos de Bonito-Para correspondem ao deposito de rochas fosfaticas
de origem intempérica, as quais sdo empregadas na producao de fertilizante termofosfato. As
trés amostras extraidas deste depodsito correspondem as trés camadas que compde o perfil
intempérico, sendo estas: WP1 correspondente a camada da base do perfil; WP2 representante
da por¢ao intermediaria; ¢ WP3 equivalente a camada do topo do perfil.

O fosfato biogenético representa um espeleotema fosfatico coletado na Serra dos
Carajas-Par4, ressalta-se que esta amostra ndo representa um deposito fosfatico empregado na
industria de fertilizantes, porém, os seus depoésitos correlatos, aqueles formados em ilhas
ocednicas pela deposi¢do de excrementos de aves, sdo comumente utilizados na fertilizagao do
solo.

Todas as amostras foram submetidas a pulverizagdo em almofariz de 4gata da Retsch,
modelo RM 200 e homogeneizadas via pilha alongada, com excecdo do material de referéncia

IPT18B, uma vez que este ja estava devidamente pulverizado ¢ homogeneizado.
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4.1.2 Métodos
4.1.2.1 Espectroscopia de Infravermelho com Transformadas de Fourier

As investigacdes espectroscopicas foram realizadas nas regides do infravermelho
proximo — Near-IR (11.000 — 4.000 cm™) e do infravermelho médio — Middle-IR (4.000 — 400
cm 1), em um espectrometro de infravermelho com transformadas de Fourier da Thermo
Scientific, Nicolet iS50 FTIR.

Na regiao Near-IR utilizou-se uma fonte de luz branca com beam splitter de CaF: e
detector de PbSe; e na regido Middle-IR foi utilizada uma fonte de IR com beam splitter de KBr
e detector de KBr DTGS. Todas as medidas foram obtidas com 100 scans e resolugdo de 8 cm”
1.

A medida na regido Near-IR s6 permite um método de medigdo, por reflectancia difusa
(DRIFT- Diffuse Reflectance Infrared Fourier Transform), a qual foi empregada. Enquanto na
regido Middle-IR uma comparagao entre os métodos de transmissao, reflectancia difusa e total
atenuada (ATR- Attenuated Total Reflectance) foi realizada.

As analises na regido Near-IR foram realizadas pelo método DRIFT com uso de amostra
pura e disposta de forma randomica. Para a obtencao das medidas na regiao Middle-IR pelo
método de reflectancia difusa (DRIFT), as amostras foram diluidas em uma propor¢ao de 90%
de KBr e preenchidas no porta-amostra de forma randdmica. Para o método de transmissao,
foram preparadas pastilhas prensadas contendo 150 mg de KBr e ~ 2 mg de amostra. No método
ATR utilizou-se ~ 9 mg de amostra sem adi¢cao de KBr, empregando-se o0 modulo ATR iS50

com cristal de diamante.
4.1.2.2 Caracteriza¢do mineraldgica por difratometria de raios-X

As medidas foram realizadas em um difratometro Empyrean da Malvern PANnalytical
com anodo de Co (Ka1=1.789010 A), com foco fino longo de 1800W, filtro KB de Fe, detetor
de area do tipo PIXcel3D-Medpix3 1 x 1 em modo de varredura com uma tensao de 40 kV e
corrente de 35 mA, tamanho do passo 0.0065652° em 26, com varredura de 2° a 110°, fenda
divergente 1/4° e anti-espalhamento 1/2°, méscara 15 mm e tempo/passo de 20,280s. As
medidas foram realizadas empregando-se o método do pd em amostras previamente
desaglomeradas e homogeneizadas, com montagem em backlounding. A interpretacdo das
respostas foi realizada com o auxilio do software X’Pert HighScore Plus também da

PANalytical, utilizando os bancos de dados PAN ICSD e PDF2.
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4.1.2.3 Analise quimica elementar por espectrometria de fluorescéncia de raios-X

A determina¢do dos elementos maiores ¢ menores das amostras foi realizada
empregando-se a técnica de fluorescéncia de raios-X. Foi utilizado um espectrometro WDS
sequencial, modelo Axios Minerals da marca PANalytical, com tubo de raios X cerdmico, anodo
de rodio (Rh) e maximo nivel de poténcia 2,4 KW. As leituras das amostras foram realizadas em
disco prensado com 1 g de amostra para 30% de cera; e os resultados foram interpretados com o
auxilio do software Super(Q Manager também da PANalytical.

Foram realizados testes de perda ao fogo (uma técnica gravimétrica de perda de massa) para
todas as amostras, utilizando 1 g de cada amostra submetidas a temperatura constante de 1000 °C

por 1 hora em forno mufla.

42 PARTE II OTIMIZACAO DA SINTESE DE ESTRUVITA
4.2.1 Materiais

Para a preparagdo da agua residual sintética foram utilizadas solugdes estoques contendo
os ions envolvidos na sintese: POs*, NH4", Mg?**, K" e Ca*’, além de uma solugio de NaOH
para ajuste de pH. Cada solugdo estoque foi obtida a partir da dissolugao dos compostos (Tabela
3) em agua deionizada. As concentragdes das solugdes foram estimadas de acordo com a

perspectiva dos planejamentos experimentais utilizados no estudo (Secdo 4.3).

Tabela 3— Reagentes utilizados na composi¢ao da dgua residual e na anélise de P

Reagente Férmula quimica Fabricante
Fosfato de Potassio Monobasico KH,PO4 Exodo Cientifica
Cloreto de Amonio NH,4C1 Neon
Cloreto de Magnésio Hexahidratado MgCl,-6H,0 Neon
Hidroéxido de Sédio NaOH Neon
Cloreto de Potassio KCl Vetec
Cloreto de Calcio Anidro CaCl, Vetec
4.2.2 Métodos

4.2.2.1 Sintese de estruvita em agua residual sintética

O processo de sintese de estruvita foi realizado em um ambiente planejado sob
condi¢des favordveis a sua precipitacdo em ordem estabelecida nos planejamentos
experimentais (Secdo 4.3). As sinteses foram realizadas no Laboratério de Analises Quimicas

do Instituto de Geociéncias da UFPA.
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A principio, houve o preparo da agua residual sintética, a qual foi composta pela mistura
em proporcoes definidas das solugdes estoque de Fosfato de potassio, Cloreto de amonio,
Cloreto de magnésio hexahidratado, Cloreto de potassio e Cloreto de calcio. Desse modo, cada
mistura elaborada de agua residual apresentou um volume final correspondente a 2L, de
maneira que os volumes adicionados de cada solucdo estoque foram estabelecidos de acordo
com as concentragdes estipuladas para os ions. A aferi¢ao do volume final foi realizada com

agua deionizada.

Para a realizagdo da sintese, a dgua residual foi submetida a uma agitagcdo constante com
o auxilio de um agitador mecanico para fluidos de baixa densidade da marca Fisatom®, modelo
711. Durante a etapa de mistura foi realizado o ajuste do pH com a solu¢do de NaOH 1M. Os
valores de pH foram verificados com um medidor de pH de bancada da marca Simpla®, modelo
PH140. Apo6s a agitagdo, a solugdo com precipitado foi submetida ao repouso para conseguinte
decantacao do material. Desse modo, apds a etapa de repouso, a solugao foi filtrada a vacuo em
funil de placa sinterizada com papel de filtro quantitativo Whatman (@ 150 mm). O material
recuperado passou por secagem em estufa a 40 °C durante 48 horas e o sobrenadante foi
armazenado e refrigerado para posteriores analises. Os precipitados obtidos pela sintese, apos
a secagem, foram desaglomerados, homogeneizados, separados em aliquotas e encaminhados
para as analises. Todo o processo de sintese estd ilustrado, de maneira simplificada na Figura

5.
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Figura 5 — Esquema simplificado da sintese de estruvita.
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E importante ressaltar que variaveis do processo de sintese como a taxa e o tempo de
agitacdo, o tempo de repouso e o pH foram condicionados pelos planejamentos de experimentos

utilizados no estudo.

4.2.2.2 Analises

As analises do estudo foram realizadas em diferentes laboratorios, sendo: DRX, FTIR e
DSC-TG no Laboratério de Caracterizacdo Mineral (LCM), a Determinacdo de P no
Laboratorio de Analises Quimicas e DTP no laboratério de Mineralogia e Geoquimica Aplicada
(LAMIGA), todos no Instituto de Geociéncias (IG) da Universidade Federal do Para (UFPA);
as analises de FRX e MEV foram realizadas no Laboratério de Caracterizagdo Tecnoldgica

(LCT) da Universidade de Sao Paulo (USP).

Determinacdo do fosforo recuperado

A analise do contetido de fosforo foi realizada nas solug¢des sobrenadantes coletadas
apos a reagdo de precipitacdo. As andlises foram conduzidas seguindo o método
espectrofotométrico azul de molibdénio (“4500-P Phosphorus” 2018), em um
espectrofotometro marca Varian, modelo Cary 50 Probe. Para as anélises, foram utilizados 10
mL de cada solu¢do sobrenadante em 20 mL de solugdo redutora de molibdato de amonio (2%),

acido sulfurico (3M) e 4cido ascorbico (0,1M).

A determinacao do contetido de fosforo teve por objetivo a obten¢ao de dados para
calcular a taxa de recuperagao de fosforo (Prec) em cada corrida experimental dos planejamentos
realizados. O calculo da Prec utilizando os dados de concentragdo de P foram realizados

utilizando a Equacao (4):

Prec = % x 100 4)

Po

onde, Cp, consiste na concentragdo inicial de PO4-P da 4gua residual sintética; e Cp € a

concentragdo de POs-P da solucdo apds a sintese.

Difratometria de Raios-X (DRX)

A técnica de difratometria de raios-X foi empregada visando a identificagdo das fases
presentes nos produtos de sintese. O método seguiu as mesmas condi¢des indicadas no item

3.1.2.2, onde foram descritas detalhadamente como as medidas foram tomadas. Um profile fit
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foi realizado nos difratogramas para padronizar o perfil difratométrico dos produtos com

estruvita.

Fluorescéncia de Raios-X (FRX)

A andlise quimica elementar dos produtos de sintese foi realizada em um espectrometro
de fluorescéncia de raios-X modelo Zetium da Malvern PANalytical, na calibragdo STD-1
(Standatless), relativa a anélise sem padrdes dos elementos quimicos entre o fluor e o uranio.
As amostras foram preparadas sob a forma de pastilhas prensadas e os valores foram

normalizados a 100%.

Calorimetria Exploratoria Diferencial (DSC) e Termogravimetria (TG)

As medidas de DSC-TG foram realizadas em um termoanalisador NETZSCH modelo
STA 449F3 Jupiter, com analisador térmico simultaneo da NETStanton Redcrof Ltda e forno
cilindrico vertical de platina. Foi utilizada uma faixa de temperatura entre 25°C e 1000°C em
atmosfera de nitrogénio com fluxo de 50 mL/min. A taxa de aquecimento empregada foi de
5°C/min, tendo-se um cadinho de platina como referéncia. Foram utilizadas ~10 mg de amostra.
As entalpias de degradacao dos produtos foram medidas através do DSC com fluxo de calor.
Essa técnica permite relacionar, proporcionalmente, a drea de um pico com a variacdo de
entalpia através de um fator de calibracdo dependente da temperatura. O fator de calibragdo foi
determinado com as seguintes substancias e respectivos pontos de fusdo: In (156.6 °C), Sn
(231.9°C), Bi (271.4°C), Zn (416.6 °C), Al (660.6 °C) e Au (1064.4 °C). A variagdo de entalpia
nos picos (AH) é determinada pela Equagio 5, e suas respostas sdo dadas em J.g"!'. A técnica
consiste em estabelecer a razdo entre a area do pico e as mudangas na entalpia usando uma
temperatura dependente do fator de calibragdo (Paz et al. 2016).

tfinal

f [fluxo de calor (t) — linha da base interpolada (t)]dt (5)

tinitial

AH =+ 4 = -
T TmK mK

Onde: A4 ¢ a area do pico, m (g) ¢ massa da amostra, ¢ K ¢ uma constante empirica

relativa a sensibilidade do sensor.

Espectroscopia de Infravermelho com Transformadas de Fourier (FTIR)

As andlises de FTIR foram utilizadas para determinar os grupos funcionais presentes
nas amostras estudadas a partir suas respectivas vibragdes na regido do infravermelho. Os dados

espectrais foram obtidos na regido do infravermelho médio (MIR-middle infrared), com fonte
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de IR, beam spliter de KBr e detector de KBr DTGS. Todas as medidas foram realizadas sob o
modo de transmissdao em pastilhas de KBr (propor¢do: 2 mg de amostra/150 mg de KBr), e
tomadas a 100 scans, com resolugdo espectral de 4 cm™. A aquisi¢io e tratamento dos dados

foram realizados com o auxilio do software OMINIC.

Distribuicao do Tamanho de Particulas (DTP)

As andlises de distribuicdo do tamanho de particulas foram realizadas em um
granuldmetro por difracdo a laser ANALYSETTE 22 MicroTec Plus. As amostras foram
dispersas em agua, com medidas tomadas a 100 scans, obscuracdo do feixe de 15%, com
intervalo de tamanho medido entre 0,08 — 2000.00 um, com respostas calculadas pelo modelo

de Mie.

Microscopia Eletréonica de Varredura (MEYV)

As analises morfologicas foram realizadas a fim de identificar as estruturas e as texturas
dos produtos de sintese. As micrografias foram obtidas através de um microscopio eletronico
de varredura marca Thermo Fisher Scientific, modelo Quanta 650 FEG. As analises foram
tomadas utilizando elétrons retroespalhados e elétrons secunddrios, com voltagem de

aceleragdo constante de 15.0 kV e distancia de trabalho ~ 14 mm.

4.2.3 Planejamento experimental e modelagem estatistica

Essa etapa da pesquisa foi baseada em uma metodologia de planejamento experimental
sequencial. Inicialmente, um planejamento Plackett Burman foi aplicado com o objetivo de
identificar e estimar os fatores significativos dentro do processo de sintese. Apos serem
estabelecidos os fatores que ndo apresentaram relativa influéncia, esses foram fixados e um
novo planejamento de segunda ordem com matriz de Doehlert foi realizado a fim de se
determinar os pontos 6timos dos fatores realmente significativos a partir de modelos de

regressao utilizando metodologia de superficie de respostas (RSM) e fungdo desejabilidade.

Todos os experimentos foram realizados de forma randomizada e seguidos pela
determinagdo de residuos ajustados (obedecendo aos pressupostos de independéncia,
aleatoriedade, homocedascidade e normalidade) e testes ANOVA com intervalo de confianca

de 95%. A analise estatistica dos dados foi realizada com o programa Statistica®.
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3.2.3.1 Planejamento Plackett Burman

O planejamento experimental Plackett Burman, foi utilizado a fim de estabelecer a
triagem dos fatores estudados neste processo de sintese. O planejamento consistiu em um PB-
12 com 8 fatores independentes testados em dois niveis, resultando em 12 corridas
experimentais. A matriz de experimentos do planejamento ¢ mostrada na Tabela 4 com

variaveis codificadas.

Tabela 4-Planejamento PB-12 com fatores codificados

Fatores Codificados Resposta

Xi X2 X5 Xa X5 Xo X7 Xs Prec (%)
1© 1 -1 1 -1 -1 -1 1 1
20 1 1 -1 1 -1 -1 -1 1
3@ -1 1 1 -1 1 -1 -1 -1
402 1 -1 1 1 -1 1 -1 -1
500 1 1 -1 1 1 -1 1 -1
6® 1 1 1 -1 1 1 -1 1
7D -1 1 1 I -1 1 |
gD -1 -1 1 1 1 -1 1 1
9™ -1 -1 -1 1 1 1 -1 1
10 1 -1 -1 -1 1 1 1 -1
11® -1 1 -1 -1 -1 1 1 1
12® -1 -1 -1 -1 -1 -1 -1 -1

* Ordem dos experimentos

Experimento”

Os fatores avaliados, bem como as faixas consideradas nesse planejamento foram
selecionadas a partir de dados de processo reportados por diversos autores. A escolha dos
fatores foi pautada no arcabougo tedrico ¢ metodologico que destacaram importantes aspectos
fisico-quimicos para o processo de sintese de estruvita. Os fatores de processo foram:
concentragdo inicial de fosforo, pH da 4gua residual sintética, razdes molares iniciais NH4/POu4,
Mg/PO4e K/POs, presenca de Ca, tempo e a taxa de agitagdo. As descricdes dessas variaveis e

0s seus respectivos valores sdo mostrados na Tabela 5.

A triagem dos fatores através do planejamento PB-12 foi estabelecida a partir da taxa
de recuperagao de fosforo — Prec (%) — que foi considerada como a resposta do planejamento
em conjunto com a analise qualitativa das fases formadas nos produtos de sintese. A analise das
fases por DRX avaliou a formacdo de estruvita como resposta positiva em detrimento da

formacao de outras fases ou a nao formacgao de material cristalino.
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Tabela 5-Fatores e niveis do planejamento PB-12

Niveis

Fatores codificados Fatores originais . 1
X Concentracao de fosforo (mg/L) 78 310
X pH 9 11
X3 N:P 1 3
X4 Mg:P 1 2,5
Xs K:P 1 2
X6 Presenga de Ca (mg/L) 0 100
X5 Tempo total (Min) 15 50
Xs Taxa de agitagdo (RPM) 100 300

3.2.3.2 Planejamento Matriz de Doehlert

Para se determinar os pontos otimos de sintese foi necessario a aplicacdo de um
planejamento experimental de segunda ordem. Desse modo, levando-se em consideracao os
fatores significativos observados através do PB-12 juntamente com a determinagdo da regido
experimental, um planejamento em Matriz de Doehlert para trés fatores foi implementado. Os
fatores estudados foram: pH (X:), razdo N/P (X2) e a concentracdo inicial de fosforo (X3). A
Tabela 6 mostra o planejamento completo com os fatores codificados e reais. Portanto, foram
realizadas 15 corridas experimentais, considerando os trés fatores independentes e trés
repeti¢des no ponto central. Duas respostas foram utilizadas nesse planejamento: a taxa de
recuperagdo de fosforo — Prec (%) € a entalpia do pico endotérmico de decomposicao da estruvita

- AH (J.g'") com metodologia adaptada de Meira (2020).

Os fatores codificados foram transformados nas variaveis reais de acordo com a

Equagdo 6.

AW ©
T\ av; *

Onde X; € o valor codificado do fator; Ui é o valor real do fator; Ui é o valor do ponto
central dentro da faixa experimental; AUi ¢ a faixa de variagao do fator i e a ¢ o limite de valor

codificado para cada valor.

O método de sintese de estruvita foi otimizado segundo:
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(a) Analise dos efeitos principais e interagdes dos fatores de acordo com as respostas
experimentais do planejamento em Matriz de Doehlert;

(b) Regressao linear por minimos quadrados para os fatores com efeitos significativos e
geracdo de modelos estatisticos de predi¢ao;

(c) Aplicacao da funcdo desejabilidade para a otimizagao simultanea.

Tabela 6-Matriz de Doehlert para o experimento com fatores codificados e valores experimentais

. Valores experimentais Fatores Codificados Respostas
Run pH N/P P (mg/L) X X, X P-Rec (%) AH(J.g")
1@ 11 2,5 155 1 0 0
20 10,5 4 155 0,5 0,866 0
3O 10,5 3 250 0,5 0,289 0,817
46 9 2,5 155 -1 0 0
5® 9,5 1 155 -0,5  -0,866 0
610 9,5 2 60 -0,5  -0,289  -0,817
70 10,5 1 155 0,5 -0,866 0
8(12) 10,5 2 60 0,5 -0,289 -0,817
9(D 9,5 4 155 -0,5 0,866 0
10U 10 3,5 60 0 0,577  -0,817
11® 9,5 3 250 -0,5 0,289 0,817
120 10 1,5 250 0 -0,577 0,817
13© 10 2,5 155 0 0 0
1404 10 2,5 155 0 0 0
15049 10 2,5 155 0 0 0

*Ordem dos experimentos

Os demais fatores utilizados na sintese e que ndo foram significativas na etapa de
triagem tiveram seus valores fixados para todos os experimentos nesta segunda fase do estudo.
Desse modo, a razao Mg/P foi fixada em 1 e a K/P foi igual a 2, o tempo de sintese foi fixado

em 35 minutos e a agitacdo em 200 rpm e nao houve a adi¢do de Ca.
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ABSTRACT

The characterization of phosphates is generally hampered by the variability of their sources, the complex-
ity of the mineralogical assemblies and/or the thermochemical transformations undergone. Fourier trans-
form infrared (FTIR) spectroscopy can characterize and differentiate phosphates in a practical and
efficient way. In this sense, in order to differentiate phosphates from different Amazonian deposits and
establish a spectral database, initially small because it is starting, six samples of phosphate rocks were
analyzed by FTIR spectroscopy in the near-IR and middle-IR regions using the transmittance, attenuated
reflectance, and diffuse reflectance methods. X-ray diffraction and X-ray fluorescence spectroscopy were
also used as complementary analyses. The IR results revealed that the transmittance and diffuse reflec-
tance methods are the most suitable for the analysis of phosphate materials, and they should be used
together whenever possible. The identification of the PO, bands, as well as of the (CO,Y", AlL,OH, and
NH4 bands, allowed the differentiation of the phosphate materials according to their geological source
and the establishment of a database of the studied materials by both the transmittance and diffuse reflec-
tance methods.

@ 2021 Elsevier B.V. All rights reserved.

1. Introduction

(Mg, Fe)Al;(PO,);(0OH),); and monazite, (Ce,La,Nd Th)PO, [1-3].
Phosphorus is simply the element responsible for the production

The chemical element phosphorus is distributed in the Earth's
crust in the ionic form of orthophosphate (PO} ), as well as in vari-

ations such as acid orthophosphate anions (HPO; and H,PO,),
which commonly exist in the form of phosphate minerals, among
which the following stand out: apatite, Cas(PO,4);(F,0H,Cl); lazulite,

# Corresponding author.
E-mail address: pvcamps97@gmail.com (PV. Campos).

https://doi.org/10.1016/j.5aa.2021.119476
1386-1425/@ 2021 Elsevier B.V. All rights reserved.

of chemical energy in plant development (growth, flowering, and
fruit production) and therefore it is indispensably required in the
cultivation of agricultural and forest soils [3]. Its ionic expression
form of orthophosphate is also referred to as inorganic phosphate,
which is commonly expressed in the results of chemical analyses
in the form of phosphorus pentoxide (P:0s) [2]. While, organic
phosphate is phosphate in monoester or diester form (C-O-P
bonds) existing in the molecules of adenosine triphosphate (ATP),
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DNA, and RNA, and in the form of organic polyphosphates and
phosphonates [4-6].

Plants use inorganic phosphate to produce organic compounds
necessary for life. The cycle begins with the leaching of the phos-

phate mineral and the release of the (PO;™) anion into the soil,
which is absorbed by plant roots and transported to cells, which
use it to store and transport energy in the form of ATP; thereafter,
phosphorus is incorporated into the consumer trophic chain. Phos-
phorus is returned to the soil through droppings and the death of
food chain components. That is, since phosphorus makes up bio-
mass, with the death of plants and animals this element returns
to the soil through the action of decomposers, which use biomass
as food [7]. In the soil, organic phosphorus can be adsorbed, precip-
itated, and/or remineralized; thus, phosphorus moves in a cycle
[5,7-9].

During rock weathering in the surface environment, some phos-
phorus leaches out of the system in the water leaving the soil sur-
face or percolating to the water table [10]. Once it reaches a water
body, it is incorporated into the aquatic trophic chain or accumu-
lates in bottom sediments, where it cannot be used until the
trophic chain can reincorporate it and start a new cycle |8,9]. From
the orthophosphate flow that circulates with the movement of
water, new conformations are generated through ionic combina-
tions [10,11]. These associations occur in the form of minerals
(more than 460 species), which in turn make up rocks [11].

Phosphate rocks are formed in different geological environ-
ments and may be of igneous, sedimentary, metamorphic, bio-
genetic, or weathering origin [2,12]. Sedimentary phosphate
deposits correspond to approximately 75% of all mineral resources,
and the sum of igneous, metamorphic and weathering deposits
corresponds to ~ 22%, while deposits of biogenetic origin (guanos),
which are derived from the interaction of rocks with bird and bat
droppings, correspond to approximately 3% of phosphate sources
[12,13]. Minerals of the apatite group are predominant phosphates
both in igneous and sedimentary phosphate rocks. The apatite
Cas(F,CLLOH)(PO,); is essentially a calcium phosphate that has iso-
morphic transformations according to its environment of origin,
and can commonly be called fluorapatite, chlorapatite, or hydrox-
yapatite, depending on the ionic concentrations of the F, Cl", and
OH- ions. Ca* can also be replaced by other bivalent cations, and
the (PO4)* radical can be partially replaced by other anions, thus
forming other minerals of the apatite group [11,14]. In deposits
of sedimentary origin, apatite crystals usually occur associated
with calcite, dolomite, clay minerals, and iron oxyhydroxides, such
as goethite and hematite. In these deposits, the carbonate-apatite
Cas(P04,CO4)3-(0OH,F) and francolite or carbonate-fluorapatite Cas( -
P04, COs3)s-(F,OH) varieties predominate and are usually found in
cryptocrystalline masses called collophane [14]. Another cryp-
tocrystalline mass of calcium phosphate from sedimentary pro-
cesses is phosphorite, which consists of an amorphous variation
of apatite and has deposits with high phosphorus concentrations
[11,14].

Phosphate deposits are classified as iron-aluminum phosphate
(Fe-Al-P), calcium-iron-aluminum phosphate (Ca-Fe-Al-P), and cal-
cium phosphates (Ca-P). These three classes constitute a natural
weathering sequence of phosphate rock deposits, in which the cal-
cium phosphate represents the matrix rock and stable forms of
iron-aluminum phosphates such as crandallite CaAl;(PO,);(OH)s-
‘H;0 and vivianite Fe;(P04);-8H;0 represent the most advanced
weathering stage [13].

Faced with a chemical characterization of phosphate materials,
the instrumental analytical technique known as infrared (IR) spec-
troscopy has become indispensable. However, solid databases that
gather spectroscopic data about agricultural phosphates are of lim-
ited worth, as these data exist in a dispersed and, in most cases,
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nonuniform manner. IR spectroscopy is a technique that can gener-
ate spectral graphical responses that relate the vibrational
wavenumber and the absorbance of IR radiation from the interaction
of electromagnetic IR radiation with matter [ 15]. Due to its simplic-
ity, speed, and relatively low cost, this technique has become one of
the most important in the characterization of materials, becoming
widely spread in the identification and quantification of organic
compounds and, less commonly, in inorganic materials [16-18].
Fourier transform infrared (FTIR) spectrometers were introduced
in the 1970 s and replaced instruments with dispersive IR systems.
Thisled to alargeincrease in the sensitivity and resolution of spectra,
as well as a reduction in analysis time [19]. As FTIR spectrometers
advanced, measurements performed under the transmission
(TRM) method improved with the emergence of reflectance analysis
methods [20]. Thus, different IR analytical methods came into exis-
tence,whichare chosen according tothe nature andstate of the sam-
ple, as well as the spectral region of interest [21].

Transmission analyses are characterized by using small
amounts of samples diluted in KBr pellets, which commonly
require adequate preparation [22]. Measurements by diffuse
reflectance (diffuse reflectance infrared Fourier transform, DRIFT)
and attenuated reflectance (attenuated total reflectance, ATR) are
well known for their practicality and for their low interference
originating from sample preparation. However, some limitations
associated with instrumentation can be observed in these modes
of analysis, such as destabilizations relevant to the signal/noise
ratio generated by attenuated total reflectance and interference
effects (Restrahlen effects) related to the particle size and to the
IR wavelength in the diffuse reflectance method [17,2223].

One of the main characteristics of IR spectroscopy is the identi-
fication of organic and inorganic chemical compounds, which
makes it a widely used tool in the differentiation of mineral species
with similar internal structures (isomorphic minerals) and, conse-
quently, similar analytical standards. This is observed in some iso-
morphic minerals of the phosphate group, whose identification
and differentiation by X-ray diffraction is hampered because they
have the same diffractometric pattern [24,25].

In recent years, even with its increase in phosphate production
for agribusiness, Brazil remains a major global importer of fertiliz-
ers. Regional prospecting studies were conducted throughout the
territory by the Brazilian Geological Survey to delimit areas with
potential for phosphate exploitation and thus reducing Brazil's
dependence on importing this mineral input [26]. In such prospec-
tive studies, chemical analyses of P and other chemical elements
remain the main mineral exploration tool, combined with other
mineralogical characterization techniques, especially X-ray diffrac-
tion. There is no information available on the use of IR spec-
troscopy as an auxiliary analytical technique in mineral
prospecting projects of this nature.

In this context, different phosphates from the Amazon region
were investigated in comparison with a reference phosphate mate-
rial, with the objective of contributing to the establishment of an IR
spectral database for phosphates, initially small because itis starting
(six samples). The absorption bands corresponding to the phosphate
bonds were evaluated, as were their variations according to theanal-
ysis methods (transmission, diffuse reflectance, and attenuated
reflectance) and the near-IR (NIR) and middle-IR (MIR) spectral
regions.

2. Materials and methods

2.1. Materials

Six samples of phosphate rocks were used in this study, whose
origin and nomenclature are shown in Table 1.
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The reference material IPT 18B and the sample IP are from
igneous sources and used in the formulation of chemical fertilizers.
The IPT 18B reference material [27] corresponds to a sample from
one of the largest phosphate mineral complexes in Brazil, known as
the Jacupiranga alkaline complex, located in the southeastern part
of Sdo Paulo state, where phosphate rock and its processed prod-
ucts, as phosphoric acid and simple superphosphate, are produced.
The Jacupiranga complex consists of alkaline and ultrabasic rocks
with associated carbonatite manifestations, which constitute a
phosphate deposit of magmatic affiliation. The sample IP was
obtained from S3ao Félix do Xingu, a region located in center-
south of Para state, in the context of the Central Amazon Province
of the Amazonian Craton. The IP sample is associated with carbon-
atite rocks intruded in sedimentary vulcan sequences of the Iriri
group. This phosphate is still undergoing prospecting studies for
mining.

The phosphate samples from Bonito, northeast of Para state,
correspond to the deposition of phosphate rocks of weathering ori-
gin, which are used in the production of thermophosphate fertil-
izer. The three samples extracted from this deposit correspond to
the three layers that make up the weathering profile, namely,
WP1, corresponding to the profile base layer; WP2, representative
of the intermediate portion; and WP3, equivalent to the top layer
of the profile. This phosphate deposit corresponds to a mature
and complete lateritic profile formed, possibly, from sedimentary
rocks enriched with primary phosphorus from the Parnaiba Basin
[28].

The biogenic phosphate (BP) represents a phosphate spe-
leothem collected in Serra dos Carajas, Southeast of Para State. This
material was formed by the interaction of products from the bat
decomposition with the iron caves host rocks, such as lateritic
crusts and jaspilite saprolites [24]. This sample does not represent
a phosphate deposit used in the fertilizer industry, but its related
deposits, which are formed in oceanic islands by the deposition
of bird droppings, are commonly used in soil fertilization.

All samples were pulverized in a Retsch RM 200 agate mortar
and homogenized using the elongated pile method, except for
the two samples IPT18B and IP, as they were already properly pul-
verized and homogenized.

2.2. Methods

The spectroscopic investigations were performed in the NIR
(11,000-4,000 cm™") and MIR (4,000-400 cm™ ') regions in a Nico-
let iS50 FTIR spectrometer from Thermo Scientific. In the NIR
region, a white light source, a CaF, beam splitter, and a PbSe detec-
tor were used. In the MIR region, an IR source, KBr beam splitter,
and KBr DTGS detector were used. All measurements were
obtained with 100 scans at 8 cm™' resolution. Only one measure-
ment method can be used in the NIR region, diffuse reflectance
(DRIFT), which was used. In the MIR region, the Transmission,
DRIFT, and ATR methods were compared.

The analyses in the NIR region were performed by the DRIFT
method using a pure sample randomly arranged. To obtain the
measurements in the MIR region by the DRIFT method, the samples

Table 1
Phosphate samples and their origins.

Sample name Origin Code

Standard IPT 18B Jacupiranga, S3o Paulo IPT 18B
Igneous Phosphate Sdo Félix do Xingu, Pard P
Weathering Phosphate 1 Bonito, Para WP1
Weathering Phosphate 2 Bonito, Para WP2
Weathering Phosphate 3 Bonito, Para WP3
Biogenetic Phosphate Carajds, Pard BP
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were mixed with KBr in a 10% sample/90% KBr weight ratio and
randomly filled into the sample holder. For the Transmission
method, pressed tablets containing 150 mg of KBr and ~ 2 mg of
sample were prepared. In the ATR method, ~9 mg of sample was
used without the addition of KBr, using the built-in diamond ATR
module (iS50 ATR).

For the complementary mineralogical and chemical analyses,
the following techniques were used:

X-ray diffractometry was performed with a Malvern PANalyti-
cal Empyrean diffractometer with a Co anode (Ka1 = 1.790 A), Fe
Kp filter, 40 kV voltage, 35 mA current, step size of 0.0065652° in
20, scanning from 3° to 111° 1/4° divergent slit, 1/2° anti-
scattering slit, 15-mm mask, and time/step of 20.280 s.

X-ray fluorescence spectrometry (XRF) using an Axios Minerals
WDS sequential spectrometer from Malvern PANalytical, with a Rh
anode and power of 2.4 KW, The measurements were performed in
tablets pressed with 1 g of sample, with a final concentration of
30% wax. To obtain the loss on ignition (LOI) values, 1 g of each
sample was calcined in a muffle furnace at 1000 °C for 1 h.

All the above analyses were performed in triplicate.

3. Results and discussion
3.1. Chemical and mineralogical composition

3.1.1. Igneous phosphates

The igneous phosphates (IP and IPT 18B), although from differ-
ent regions, had similar chemical and mineralogical compositions
(Table 2 and Fig. 1). Both samples consisted predominantly of P
and Ca. In the IP sample, these constituents were essentially
related to apatite, while in the IPT 18B sample, in addition to apa-
tite, there were carbonates, calcite (Ca(COs)), and dolomite (CaMg
(COs),), conferring an increase in the LOI percentage over the sam-
ple without carbonates (IP).

LOI values also refer to the hydroxyl constituents of the hydrox-
yapatite variety that are present together with fluoroapatite, which
is corroborated by the levels of F in the samples. According to the
diffractometric pattern, the apatite group crystallizes in the hexag-
onal system and is found in the spatial group P 65/m. The apatite
group is a rare example of a mineral group with solid anion solu-
tions, which, depending on the predominance of fluorine, chlorine,
or hydroxyl, can be established as fluorapatite, chlorapatite, or
hydroxyapatite, respectively [29].

The IPT 18B sample also contained mica (K(Mg,Fe)s(OH)AlSis-
0,p) and although its basal plane (001) showed high intensity,
the low Si and Al levels (Table 2) indicated low concentrations of
this mineral. The marked intensity of the (001) plane was attribu-
ted to the preferential orientation effect.

3.1.2. Weathering phosphates

The samples of weathering origin also had similar chemical
(Table 3) and mineralogical compositions (Fig. 2), even though they
were from different layers of the same deposit. These samples con-
sisted mostly of aluminum phosphate minerals, thus conferring
high levels of P and Al

These aluminum phosphates occurred in the form of
crandallite-goyazite, woodhouseite-svanbergite, and wardite
(NaAl3(P0O4)2(0OH),-2H,0), the latter being present only in sample
WP3 (Fig. 2). Similar to the apatite group, these minerals represent
solid solutions with a high capacity for complete ion exchange,
with Ca distributed in the crandallite (CaAl;(POy4),(OH)s-H,0) and
woodhouseite (CaAl;(P0,4)(SO4)(OH)s) phases and Sr present in
the goyazite (SrAl;(PO,)(POs0H)(OH)s) and svanbergite (SrAl;(-
P0,4)(SO4)(OH)g) structures [28,30-32].
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Table 2
Chemical compaosition of igneous phosphates obtained by XRF.
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Samples Constituent (%)
P20s Ca0 F Fe;0z S5i0; Al0z MgO 5r0 K20 Naz0 MnO LOI

P 36.8 56 2.8 09 0.5 0.8 <01 - <01 B 0.1 20

IPT 18B 324 554 0.9 03 1.6 0.6 2.1 0.6 0.3 0.1 <01 5.6
LOL: loss on ignition at 1000 °C; <0.1: elements below the limit of quantification; -: undetected elements.
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Fig. 1. Mineralogical composition of igneous phosphates {Ap: apatite; Cal: calcite; Dol: dolomite; M: mica).

Table 3
Chemical compaosition of weathering phosphates obtained by XRF.

Samples Constituent (%)

P05 A'zOg Si05 Ca0 Sr0 Fez 04 TiO2 504 Na 0 K0 Lol

Wwr1 16.9 228 239 5.2 3.6 9.0 1.5 1.9 0.2 - 146

Wp2 245 289 4.4 83 6.7 3.5 2.8 32 0.1 - 174

Wr3 135 335 30.4 1.4 13 23 0.7 0.4 1.8 0.2 14.6

(LOI) loss on ignition at 1000 °C; (-) undetected elements.

In this deposit, crandallite-goyazite was the main phosphorus
mineral, followed by the woodhouseite-svanbergite phases. These
minerals were more highly concentrated in sample WP2, thus rep-
resenting the main mining ore raw material for the production of
thermophosphate fertilizer [28]. These minerals are known as min-
erals APS (aluminum-phosphate-sulfate), and belong to the solid
solution alunite-jarosite, which in turn are established in the crust
through different environmental conditions, mainly from weather-
ing [33]. According Costa et al., (2016) [28], among the APS miner-
als there is the alunite supergroup, where crandallite and
woodhouseite groups are embedded, so that the crandalite group
together with its crandallite-goyazite solid solution present the
most common minerals, mainly in lateritic formations.

In the WP3 sample, along with aluminum phosphate minerals,
kaolinite and quartz were present, which conferred an enrichment
of Si and, to a lesser degree, of Al The weathering phosphates also
had as accessory minerals anatase on all samples and muscovite
mica only at the WP3 sample, as determined by the presence of

Ti and K in the chemical analyses (Table 3) and by the low-
intensity peaks in the X-ray diffractograms (Fig. 2).

3.1.3. Biogenic phosphate

BP, described by Albuquerque et al., (2018) [24] as a phosphate
speleothem formed in iron caves in the Carajas region of Para, has
high P and Fe levels (Table 4) and is directly related to the presence
of iron phosphate minerals. These compounds occur predomi-
nantly in the form of spheniscidite (Fes(NH4)(OH)(PQ4).(H20),)
as well as strengite (FePO4-2H,0) (Fig. 3). In addition to these min-
erals, biogenetic phosphate has quartz crystals as an accessory
phase. Spheniscidite and strengite result from the interaction of
iron rocks with the phosphate product of the biogenetic alteration
of bat droppings (guano) [24].
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Fig. 2. Mineralogical composition of weathering phosphates (Cr-Goy: crandallite-goyazite; Woo-Svn: woodhouseite-svanbergite; Wrd: wardite; Qz: quartz; Kin: kaolinite;

Ant: anatase; Ms: muscovite).

Table 4
Chemical composition of biogenetic phosphate obtained by XRF.
Sample Constituent (%)
P05 Fe;05 Si0; K:0 Al;05 MgO n0 TiO, LOI
BP 335 44.4 08 1.0 04 02 02 01 19.0
(LOI) loss on ignition at 1000 °C.
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Fig. 3. Mineralogical composition of biogenetic phosphate (Sph: spheniscidite; Str: strengite; Qz: quartz).

3.2. FTIR

3.2.1. MIR region
3.2.1.1. Comparison between analysis methods. The comparison of

The sets of spectra for the MIR region, obtained using the Trans- the methods used in the analyses in the MIR region of phosphates

mission, ATR, and DRIFT methods, as well as the spectral responses

of different origins is shown in Fig. 4. This comparison allowed us

in the NIR region obtained by DRIFT, are presented in the following to select the most appropriate technique for each material.

sections according to the method of analysis and their genetic

sources.

The spectra obtained by the ATR method showed the greatest
differences in both the intensity and the position of the bands. In
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the spectral region below 1500 cm™', slight band displacements
and suppressions were observed, while in the region between
3700 and 3100 cm!, there was attenuation of the absorption
bands attributed to the presence of OH and H,0.

The Transmission and DRIFT analyses showed the greatest sim-
ilarities, with more intense absorption bands and better resolution.
In these two methods, the bands of the water molecules were also

1,04
3
|
E 0,5
0.0 T T T T T T ' T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (em')
1.0+
=
=
g
= 0,54
H
2
i
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——DRIFT
—_—TRM
T T T T T T T
4000 3500 3000 2500 2000 1500 1000 300

Wavenumber (cm™)
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0.0

T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm)

Fig. 4. Infrared spectra of (a) IP, (b) WP2, and (c) BP obtained by ATR, DRIFT, and
TRM.
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accentuated, probably due to the absorption promoted by the use
of KBr (Fig. 4).

Thus, given the suppression and attenuation of the absorption
bands observed with the ATR method, the identification of the
functional groups of the phosphate samples was based here on
the spectra obtained either by the Transmission or by the DRIFT
method.

3.2.1.2. Structural dynamics of phosphates. All IR spectra of the
phosphate materials showed bands assigned to phosphate ion
(PO,4)*, characteristically identified between the 1200-984 cm™'
and 634-450 cm ™! regions [25,34-50]. A more detailed interpreta-
tion of the spectra according to the analytical method is shown in
the supplementary material. . It is important to note that (PO,)*
ions usually have two types of vibrations induced by IR radiation:
bending deformational vibrations of the O-P-0 fragment () and
asymmetric stretching vibrations of the P-O bond (v.s). For solid
materials, vibrations that are theoretically IR-inactive can also be
visualized in the generated spectra [25]. Thus, bending and stretch-
ing vibrations were also observed both in the symmetric and asym-
metric modes in the spectra obtained for the studied phosphate
materials.

The IR spectra obtained for the igneous phosphate samples
(Fig. 5) showed absorption bands in the spectral range from 1182
to 1005 cm~!, which were mostly attributed to the asymmetric
stretching vibrations of the P-O bond. The bands observed in the
634-539 cm~' and 516-451 cm™' regions were related to the
deformation vibrations in the plane of the O-P-O bond, which
were symmetric deformation in the first region and asymmetric
deformation in the second.

In addition to the absorption bands corresponding to the PO,
functional group in the igneous phosphates (Fig. 5), a set of bands
attributed to the carbonate ion (CO5)*" was present in the 1458-
1427 cm~! and ~ 870 cm™! regions [25,34,36,42,48 51]. The twin
bands in the 1458-1427 cm ' region, with more symmetrical

! —1p
—— IPT 18B

Transmittance

Vool
—

1600 1400 1200 1000 800 600 400
Wavenumber (cm!)

Fig. 5. Infrared spectra of igneous phosphates in the 1700-400 cm ™' region: (1)
Spectra obtained by the TRM method; (2) spectra obtained by the DRIFT method.
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Fig. 6. Infrared spectra of weathering phosphates in the 1700-400 cm ™! region: (a)
WP1, (b) WP2, and {c) WP3.

and defined shapes in the IP sample and wider in the IPT 18B sam-
ple, corresponded to the asymmetric stretching vibrations of the
C-0 bond. In turn, the band at 870 cm™!, which was more intense
with the DRIFT method, was attributed to the symmetric deforma-
tion vibrations of the C-0-C bond. In the IPT 18B phosphate, two
absorption bands were also identified at 717 and 672 cm~!, which
were attributed to the asymmetric deformation vibrations of the
C-0-C bond [34]. The presence of bands indicative of the (COs)*"
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Fig. 7. Infrared spectra of biogenetic phosphate in the 1900-400 cm ' region.
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Fig. 8. Infrared spectra of igneous phosphates in the 4000-2400 cm ' region
obtained by the TRM (1) and DRIFT methods (2).

ion in igneous phosphates was associated with bonds with calcium
in the structure of apatite, as well as in the structures of calcite and
dolomite, which were present in the phosphate standard.
Because the weathering phosphate samples contained a broad
mineralogical assemblage, they showed greater band overlapping,
including in the 1200-1009 cm~' and 625-452 cm™' regions cor-
responding to the stretching and deformation bands of the phos-
phate group, respectively (Fig. 6). Despite their greater spectral
complexity, it was possible to highlight some important attributes,
such as the presence of bands related to stretching (672 cm™',
588 cm~',~470 cm~! and ~ 460 cm~ ') and deformation vibrations
(~1180 cm~', ~1040 cm~?, and 800 cm ') vibrations of the bonds
of the AlLOH structure; and the single band at ~ 620 cm™' was
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Fig. 9. Infrared spectra of weathering phosphates in the 4000-2400 cm ! region obtained by the TRM (1) and DRIFT methods (2). Highlighted bands correspond to the OH

molecules of the kaolinite structure.
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Fig. 10. Infrared spectra of biogenetic phosphate in the 4000-2500 cm™ ! region.

the product of the stretching of the bonds of the Al(0/OH)g struc-
ture [52-57]. The presence of groups with Al in their composition
was consistent with the structures of aluminum phosphate miner-
als such as crandallite-goyazite, woodhouseite, wardite and also
clay mineral kaolinite.

The presence of quartz was indicated by the stretching vibra-
tion bands of the Si-O bond and by the deformation vibration
bands of the Si-0-Si fragment. These bands were also observed
in the region where the bands corresponding to the phosphate
and aluminate groups occurred, in the 1120-1000 cm~ X
540 cm™', and 470 cm™' regions [36,58-61]. The bands corre-
sponding to Si0; together with those of the aluminous groups in
the WH3 sample were also associated with the presence of kaolin-
ite (Fig. 6).

Asin the igneous phosphates, the same process of association of
the (CO3)* ion to some mineral structures occurred in the weath-
ering phosphates, because the asymmetric stretching bands of the
C-0 bond that appeared in the 1478-1400 cm™' region were
related to the presence of Ca in the structures of crandallite and
woodhouseite [53,56].

As can be observed in Fig. 7, the infrared spectra of the bio-
genetic phosphate sample, in addition to showing the phosphate
bands that occurred in the 1152-984 cm™' region representing
stretching vibrations and the 634-465 cm™' region representing
deformation vibrations, there was also a stretching vibration band
corresponding to the N-H bond in the 3045-3033 cm™' region
(Fig. 10), as well as a deformation band in the plane of the H-N-
N bond at 1428 cm ' (Fig. 7), both related to the NH, molecule
[62]. In addition, a deformation vibration band corresponding to
the Al-OH-Fe bond was observed at ~ 840 cm ™! [63].

As seen in Figs. 8, 9, and 10, in the spectral region above
1600 cm!, there were mostly absorption bands related to hydro-
xyl and water molecules. Deformation bands were observed in the
2146-1630 cm™! interval, corresponding to the H -O- H bond,
while there were stretching vibration bands corresponding to
structural or surface O-H in the 3700-3110 cm™' region (Figs. 8-
10) [34,36,4345-47,61]. More specifically, in the WP3 sample
(Fig. 9), the bands between 3700 and 3520 cm~' were directly
related to the OH molecules present in the octahedral layers of
kaolinite [17,21].

3.2.2. NIR region

Overtone and stretching/deformation combination bands of the
fundamental mode region are usually formed in the NIR region,
which can theoretically be calculated from the wavenumbers of
the bands generated in the MIR region [17.64]. For this reason,
the assignment of functional groups becomes quite difficult, even
if there is a lower band overlapping different groups on either side.
Data regarding the assignment of bands in the NIR region to inor-
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Fig. 11. Comparison of the infrared spectra of igneous, weathering, and biogenetic phosphates in the NIR region.

ganic compounds are quite limited. In the case of phosphate mate- Despite the difficulty of obtaining bands characteristic of the

rials, these data are scarce due to the weak dipole moment of the phosphate group, in the IPT 18B and BP samples, there were com-
P-0 bond [65]. bination bands (v + 8) of the surface P-OH bond, which were
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Fig. 12. Differentiation of the infrared spectra of igneous phosphates (a), weath-
ering phosphates (b), and biogenetic phosphate (c).

observed in the 4651 cm™' region in the IPT 18B sample and at

4657 cm™! in the spectrum of the BP sample [66,67]. In IPT 18B,
this combination of vibration modes is related to the structure of
apatite, possibly to its hydroxyapatite isomorphic variation. In
the case of BP, this combination band is consistent with the
spheniscidite structural framework.
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As in the MIR region, the bands assigned to the OH molecules
were easily defined and identified in the NIR spectral region
(Fig. 11). The bands attributed to the first overtone of the OH
stretching vibration (2vgy) were observed in all phosphate materi-
als with bands between 7270 and 6340 cm ', which indicated the
presence of structural OH [17,67,68]. In the region close to
5200 cm ™', the samples showed stretching and deformation com-
bination bands (vgy + 6on) of surface water molecules [17,66,67],
with the exception of IPT. In addition, the weathering phosphates
showed bands related to the combination of the stretching vibra-
tions of OH with the deformation vibrations of the Al,OH group
(Vou * 8aiaion) in the regions close to 4580 cm™' and 4530 cm™'
[17]. The presence of the Al;OH group can also be indicated by
bands close to 7067 cm~"', which were observed in the aluminum
phosphate samples [68]. In the WP3 sample, these bands may have
been related to both the structure of the aluminum phosphate
minerals and the structure of kaolinite.

3.2.3. Differentiation of phosphate materials by IR

Based on the spectral data obtained in the MIR region together
with the compositional and structural information for each phos-
phate material, it was possible to differentiate them according to
origin. This differentiation was mainly based on the spectral bands
related to functional groups bound or not to phosphate minerals,
as well as the spectral profile obtained for each genetic origin
(Fig. 12).

Igneous phosphates were differentiated by their simple compo-
sition, marked mainly by phosphate and carbonate bands. Their
spectra, in addition to showing similarity in the positions of the
absorption bands, were similar due to their profiles, which showed
narrow and sharp phosphate bands. In turn, the spectra of weath-
ering phosphates showed less intense and broader bands, possibly
attributed to the overlapping of bands related to different func-
tional groups of both phosphate minerals and silicates. The weath-
ering phosphate materials could also be differentiated both by the
presence of SiO bands and of Al;OH bands, the latter being present
in the MIR and NIR regions. Similar to igneous phosphates, bio-
genetic phosphate, although formed in a supergenic environment,
had an IR spectrum with sharp and narrow bands both for the
phosphate group and for the NH,, FeO, and FePO, bands. These
compounds are the main components that make biogenetic phos-
phate different from other genetic groups.

4. Conclusions

FTIR analysis allowed the differentiation of Amazonian phos-
phates according to their geological origin through the definition
of the main bands of the PO, group in the MIR region and some
bonds with the OH group in the NIR region.

The identification of other functional groups interconnected or
not to phosphate minerals also contributed to the genetic differen-
tiation of the studied materials, with (CO5)*" bands being charac-
teristic of igneous phosphates, Al;OH and SiO bands specific to
weathering phosphates, and NH, bands and components bound
to Fe related to biogenetic phosphates.

The establishment of the characteristic regions of the stretching
and bending vibration bands of PO,, as well as of the other func-
tional groups, also contributed to the establishment of a database
of phosphate materials from the Amazon region using transmit-
tance and diffuse reflectance analytical methods.

The comparison of the FTIR analysis methods in the MIR region
also made it possible to establish the best modes of analysis of
solid phosphate compounds. The transmittance or diffuse reflec-
tance method is recommended, and whenever possible, the two
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methods should be applied together, complementing spectral
responses.
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Abstract

The precipitation of struvite from wastewater is a potential alternative for the recovery of
nutrients, especially phosphorus, which is an essential macronutrient for agriculture but can be
harmful to the environment when improperly disposed of in water bodies. In addition, struvite
has elements of great added value for agricultural activity (P, N, and Mg) and is therefore
considered a sustainable alternative fertilizer. In its formation process, several intervening
physicochemical factors may be responsible for the production yield levels. Optimization
processes can help to define and direct the factors that truly matter for precipitation. In this
context, a sequential design of experiments (DOE) methodology was applied to select and
optimize the main struvite precipitation factors in wastewater. Initially, a screening was
performed with eight factors with the aid of Plackett-Burman design, and the factors with a real
influence on the process were identified. Then, a Doehlert design was used for optimization by
applying the response surface methodology and the desirability function. The results were used
to identify the optimal points of the pH (10.2), N/P ratio (>4), and initial phosphorus
concentration (183.5 mg/L); these values had a greater effect on phosphorus recovery and the
production of struvite, which was confirmed through thermochemical analysis of the
decomposition of its structure by differential scanning calorimeter - glass transition

temperature (DSC-TG) and phase identification by X-ray diffraction (XRD). The determination
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of the best synthesis conditions is an enormous contribution to the control of the process

because these conditions lead to better yields and higher levels of phosphorus recovery.

Keywords: DOE, Phosphates, Phosphorous recovery, Optimization, Struvite, Combined

responses

1 Introduction

Phosphorus is a nutrient of great relevance and one of the most essential elements, if not
the most essential, for all living organisms on planet Earth [1-3]. Due to its high reactivity,
phosphorus is available on Earth’s crust in the ionic form of orthophosphate (PO} "), which is
characteristically distributed as phosphate minerals. Its biological importance is based on the
constitution of genetic material in the form of monoesters or diesters (C-O-P bonds) that exist
in the molecules of adenosine triphosphate (ATP), DNA, and RNA as well as its role in the
production of chemical energy that ensures the development of living beings, especially plants.
Plants fundamentally depend on phosphorus for the vital functions of growth, flowering, and
fruit production, and they transform inorganic phosphorus from minerals present in the soil into
organic phosphorus [3].

During the phosphorus cycle, phosphate ions are leached from phosphate rocks,
released into the soil, and then absorbed through the roots of plants. This activity constitutes
one of the final stages of the geochemical phosphorus subcycle. In the biological subcycle,
plants synthesize phosphate by transforming it into an energetic and structural component [4].
Phosphorus, now in the form of a molecular constituent of living beings, follows the trophic
chain as it is consumed and transferred among organisms, which in turn release phosphorus
through excrement and/or death. Thus, phosphorus returns to the soil by the action of
decomposers and can participate in several reactions that make it available again to plants or
that immobilize it in microbial biomass [3—6].

In the biological subcycle, phosphorus naturally follows its course; some of it is kept
in the soil solution and some of it is transported to water bodies. However, the excessive human
consumption of phosphate resources and the large deposition of urban and industrial wastes
negatively drive the accumulation of this element in water bodies [7-9]. Phosphorus
bioaccumulation poses a certain threat to the ecological environment and can cause several

environmental problems, such as the eutrophication of rivers and lakes [7—12].
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Sustainable actions to address the phosphorus cycle have been debated for decades
because in addition to the numerous losses and immobilizations during its cycle, its main
source, which has a geological origin, is a finite and nonrenewable resource [13]. Temporal
estimates show that existing phosphate reserves will be depleted in the next 50-100 years
[13,14]; more optimistic forecasts estimate that these sources will last for approximately 100-
400 years, given technological advances and the possible exploitation of new stocks [15,16].
This impact is due to the increasing exponential growth of the world population and increasing
demands for food. Food production is in turn conditioned by the global agricultural market,
which depends on fertile soils, pesticides, and favorable edaphoclimatic conditions [13,17,18].
In this global context, strategies for using phosphate resources are required, and the search for
alternative and sustainable sources is necessary. Strategies for the recovery and/or recycling of
phosphorus from wastewater (domestic and industrial sewage) have been shown to be viable
and promising, with the reclaimed phosphorus being used for fertilizer.

Different wastewater technologies for phosphorus recovery have been developed and
researched [19,20]. Many of these technologies are based on the physicochemical process of
precipitation [21,22] and produce calcium and magnesium inorganic phosphates [20]. Among
the precipitation products, magnesium ammonium phosphate hexahydrate, or struvite
(MgNH4PO4-6H20), is notable, which is a mineral that has a large added value. Its
orthorhombic crystal structure consists of equimolar chemical proportions of the ions
PO}~,NH;} and Mg?* [23-25], all of which are plant nutrients. Struvite is characterized as a
qualitatively slow-release fertilizer with a low solubility and a low metal content [26]. The
physicochemical properties that permeate the crystallization of struvite are conditioned mainly
by the pH, the concentration and proportion of ionic components, and the presence of impurities
[24,27]. Several other compounds tend to coprecipitate with struvite, and the formation of
calcium phosphates (brushite, amorphous calcium phosphate) and other magnesium phosphates
(bobierrite and brucite), in addition to similar struvites, which are generated through different
isomorphic substitutions in the structure of the solid solution, is possible [25,28,29].

Many methods to develop and/or optimize the struvite precipitation process have been
proposed. Certain statistical tools and methodologies are key to this goal. Kumar and Pal (2013)
[30] studied the optimal concentrations of ammonium, phosphate, and magnesium ions during
the precipitation and recovery of struvite from raw wastewater from a coke plant and developed
a hybrid process by proposing a regression model considering the removal of NH4-N as a
response. Optimal parameters of struvite synthesis were also stipulated by Capdevielle et al.

(2013) [31], who investigated the effects of the mixing rate, temperature and Ca, Mg, and N
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concentrations on the precipitation of struvite from synthetic wastewater. Daneshgar et al.
(2019) [32] investigated the effects of the pH, the presence of calcium, and the concentration
of nitrogen on the efficiency of phosphorus recovery through struvite precipitation by applying
chemical modeling together with the response surface methodology (RSM). The RSM was also
used by Thant Zin and Kim (2019) [33], who promoted the optimization of struvite production
from food processing wastewater and sewage sludge ash as a function of variations in the pH
and N and Mg concentrations.

Statistical methods can be used to investigate the effects of the variables that affect a
process and quantitatively determine the efficiency factors to thereby optimize the process to
make it economically feasible. Multivariate experimental designs are tools that have a high
efficacy for optimization and enable the simultaneous evaluation of several factors by using
reduced amounts of experiments. The applicability of these designs is conditioned by the
process responses, which enables the detection of significant effects, the determination of
optimal regions, the generation of adjusted optimization models and the analysis of optimal
points with combined responses if the process has more than one response variable [32]. In
addition, experimental designs are the basis for the application of the RSM, which can be used
to determine the impact of variations in the degrees of freedom of the factors at the optimal
points [32,34].

Experimental designs are widely disseminated and commonly used for the optimization
of various processes. The precipitation of struvite from wastewater has been a recent target in
experimental designs aiming to identify the best production conditions given the various
physicochemical reaction factors that can affect the process and its purpose of use [32,35].
Some studies have used Box-Behnken or central composite designs to evaluate the impact of
some reduced variables and to optimize the synthesis process through responses such as
phosphorus recovery [32], the mean particle size of precipitated struvite [36], and the removal
of ammonium [30].

Screening designs such as the Plackett-Burman and second-order designs in a Doehlert
matrix are rare in studies on the optimization of struvite synthesis. The principle of the Plackett-
Burman experimental design is the investigation of factors influencing the process, which can
be fixed or eliminated when used in other designs [34,37]. The Doehlert matrix consists of a
multivariate design that is highly effective in generating second-order models. This design
shows a uniform distribution of points within an experimental interval, with several unequal
levels proportional to the importance of each variable. In addition, the Doehlert design requires

a smaller number of experiments compared to other types of design, such as the central
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composite design and the Box-Behnken design, which also have a high degree of efficiency
[38,39].

In this context, this study aimed to identify the best conditions for struvite precipitation
through the recovery and recycling of nutrients from wastewater. Thus, a sequential
experimental design methodology was applied to determine the factors affecting the process
through a Plackett-Burman design and to optimize the synthesis through a Doehlert matrix
design together with the RSM and the desirability function, which enabled the establishment of
an optimized experimental area, regression models for the synthesis, and identification of the
optimal points for struvite precipitation with combined responses. In addition to using designs
that are uncommon in studies on struvite production, this study also aimed to investigate the
structure of the precipitated material, the details of the phases formed, and the combination of
phosphorus recovery and the thermochemical results of the degradation of the struvite structure

from enthalpy variations as second-order design responses.

2 Materials and methods

2.1 Synthetic wastewater preparation and synthesis of struvite

The synthesis of artificial wastewater was conducted in a simple reaction system.
Solutions of KoaHPO4, NH4Cl, MgCl2[16H20, KCl, and CaClz with deionized water were used
to prepare the synthetic wastewater in 2.5 L reactors at room temperature (26 °C £ 1 °C).
Sodium hydroxide (NaOH) 1 M was used during the synthesis to adjust the pH. The input
stoichiometry of the solutions was established according to each experimental design applied,

and the pH of the reaction medium, the agitation rate, and the reaction time were also defined.

After the precipitation reaction, the solution was filtered in a vacuum separation process
with quantitative filters (150 mm). The material obtained was dried in an oven at 40 °C for 48
h. After drying, the material was deagglomerated, homogenized, and subjected to phase analysis

by powder X-ray Diffractometry (XRD).

2.2 Analytical methods

2.2.1 Phosphorus recovery
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The phosphorus content in the supernatant solutions was analyzed using the
molybdenum blue spectrophotometric method. The phosphorus content was determined by
calculating the phosphorus recovery rate (Prec) of the experimental runs. The calculation of Prec

using the P concentration data was performed using Eq. (1):

Cp, — C
Proc = —POCP " % 100 (1)
0

where Cp, is the initial PO4-P concentration of the synthetic wastewater, and Cp_ is the POs-P

concentration of the solution after synthesis.
2.2.2 Phases analysis

The phase analysis of the products obtained by precipitation was performed in a
Malvern PANalytical Empyrean diffractometer with a Co anode (Kol = 1.789010 A), with
1800 W long fine focus, an Fe K filter, a PIXcel3D-Medpix3 area detector 1 x 1 in scanning
mode with a voltage of 40 kV and a current of 35 mA, a step size of 0.0065652° in 260, with
scanning from 2° to 110°, a divergent slit at 1/4°, and antiscattering at 1/2°, a 10 mm mask, and
a time step of 19.266 s. The results were interpreted using X’Pert HighScore Plus software
version 4.9, from PANalytical, using the COD database [40]. A profile fit (pseudo-Voigt
function) was performed on the diffractograms to standardize the diffractometric profile of the

products with struvite.
2.2.3 Elementary chemical analysis

The elemental chemical analysis of the synthesis products was performed in a Malvern
PANalytical Zetium X-ray fluorescence spectrometer in the STD-1 calibration (Standardless)
relative to the nonstandard analysis of the chemical elements between fluoride and uranium.

The samples were prepared in the form of pressed pellets, and the values were normalized to

100%.

2.2.4 Thermal analysis
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The differential scanning calorimeter - glass transition temperature (DSC-TGQG)
measurements were performed in a NETZSCH thermal analyzer model STA 449F3 Jupiter with
a simultaneous thermal analyzer from Stanton Redcroft and a platinum vertical cylindrical
oven. A temperature range between 25 °C and 1000 °C was used in a nitrogen atmosphere with
a flow rate of 50 mL/min. The heating rate was 5 °C/min, with a platinum crucible as a
reference. Approximately 10 mg of sample were used. The enthalpies of product degradation
were measured by using the DSC with heat flux. This technique enables the area of a peak and
the enthalpy variation to be proportionally related through a temperature-dependent )
calibration factor. The calibration factor was determined using the following
substances and respective melting points: In (156.6 °C), Sn (231.9 °C), Bi(271.4 °C), Zn (416.6
°C), Al (660.6 °C), and Au (1064.4 °C). The enthalpy variation at the peaks (AH) was

determined by Eq. 2, and the responses are presented in J.g™!.

tfinal
A
AH=4+—=—— f [heat flux (t) — interpolated baseline (t)]dt
tinitial
where A is the peak area, m (g) is the sample mass, and K is an empirical constant relative to

the sensor sensitivity.
2.2.5 Particle size distribution

The particle size distribution analyses were performed in a granulometer using an
ANALYSETTE 22 MicroTec Plus laser diffraction instrument. The samples were dispersed in
water, the measurements were taken with 100 scans, a beam obscuration of 15%, and size

intervals between 0.08 and 2000.00 um, and the responses were calculated using the Mie model.
2.2.6 Fourier transform infrared spectroscopy

The Fourier transform infrared spectroscopy (FTIR) measurements were performed in
an infrared spectrometer with Thermo Scientific Fourier transform, model Nicolet iS50 FTIR.
The spectral data were in the mid-infrared (MIR) region, with an IR source, a KBr beam splitter,
and a DTGS KBr detector. All measurements were performed under the transmission mode
with KBr pellets (ratio: 2 mg of sample/150 mg of KBr), and 100 scans were taken with a

spectral resolution of 4 cm™!.

2.2.7 Scanning electron microscopy
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Morphological analyses were performed to identify the structures and textures of the
synthesis products. Micrographs were obtained using a Thermo Fisher Scientific Quanta 650
FEG scanning electron microscope. The analyses were performed using backscattered and
secondary electrons, with a constant acceleration voltage of 15.0 kV and a working distance of

~ 14 mm.
2.3 Experimental design and statistical modeling

This study was based on a sequential experimental design methodology. In the first
stage, a Plackett-Burman design was applied to identify and estimate the significant factors
within the synthesis process. In the second stage, after establishing the values of the factors that
did not show significance, a second-order design with a Doehlert matrix was performed to
determine the optimal points of the factors from the regression models using the RSM and the

desirability function.

All experiments were performed randomly. The residuals of the experimental values
and the values obtained by the multiple regression models (which obeyed the assumptions of
independence, randomness, homoscedasticity, and normality of the residuals) were compared,
and analysis of variance (ANOVA) tests were performed with a confidence level of 95%.
Statistical analysis of the data was performed using the outputs generated by Statistica®

software version 13.1.
2.3.1 Plackett-Burman design

The Plackett-Burman experimental design was used to screen the variables studied in
this synthesis process. This type of design is used to screen a large number of factors, which
can affect the responses in the analysis of a process of interest [34]. The design consisted of a
PB-12 with 8 independent factors tested at two levels, which resulted in 12 experimental runs
(see section 3.1). The factors evaluated in this design, as well as their levels, were selected from
process data reported by several authors. The choice of factors was based on the theoretical and
methodological framework, which highlighted important physicochemical aspects of the
struvite synthesis process. The process factors studied, with their respective units and codes,
were the initial phosphorus concentration (mg.L™!, X1), the pH of the synthetic wastewater (X2),
the initial molar ratios (NH4/PO4, X3; Mg/PO4, X4; and K/POs, Xs), the presence of Ca (Xe), the

time (min, X7), and the agitation rate (rpm, Xs).
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The screening of the parameters through the PB-12 design was established based on the
phosphorus recovery rate “Prec (%), which was considered to be the design response variable,
and the qualitative analysis of the phases formed in the synthesis products. The XRD analysis
of the phases was performed to evaluate the formation of struvite as a positive response

compared to the formation of other phases or the nonformation of crystalline material.
2.3.2 Doehlert Matrix design

By considering the selection of significant factors for the phosphorus recovery rate
response, it was possible to establish a second-order design for the optimization of the synthesis
based on the first-order experimental design. Thus, a Doehlert design for three factors was used,
and the response variables were the phosphorus recovery rate “Prec (%) and the enthalpy of the

endothermic peak of struvite decomposition “AH (J.g™!)”.

In this design, the total experimental domain was determined through a minimum
number of experiments, which was related to the number of factors considered in the study. As
a simplified representation, k factors determine the number of experiments based on the formula

k?+ k+ 1 by economically planning the ideal number of experimental runs.

In this step, the effects of three factors were investigated: the pH (Ui), the N/P ratio

(U2), and the P concentration (Us), which were related to the variables coded according to Eq.

3.
U, — U,
L= L l 3
X; (AUi> 3)

where X i is the coded value of the variable; Ui is the actual value of the variable; Ui is the

center point value within the experimental range (Eq. 4); and AUi is the range of variation of

factor i (Eq. 5).

0 - Upper limit of (U;) + Lower limit of (U;)

i (4)
2

_ Upper limit of (U;) — Lower limit of (U;)
B 20(1-

)

AU;

where ai is the coded limit value for each factor.

The experimental domain is shown in Table 1. The design matrix is detailed in section

3.2.

Table 1. Factors and experimental domain.
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Experimental field _
Coded factor Factor . P. - Ui AU i
i ower limi er limi
(Xi) L limit Upper limit
X Us: pH 9 11 10 0.5
X5 U,: N/P 1 4 2.5 0.5
X3 Us: Pinitia (mg/L) 60 250 155 95

3 Results and discussion
3.1 Plackett-Burman design

A PB-12 design was performed to determine the factors affecting the synthesis of
struvite. The experimental matrix with coded and actual factors for the response (Prec) is detailed

in Table 2.

Table 2. PB-12 design matrix.

Run’ Natural units Coded units Response
X1 X X5 Xo X5 Xo X7 Xz X1 X2 X3 X4 Xs X6 X7 Xs Prec (%)

1© 310 9 3 1 1 no 50 300 1 -1 I -1 -1 -1 1 1 56.8
20310 11 1 25 1 no 15 300 1 1 -1 1 -1 -1 -1 1 90.3
3@ 78 11 3 1 2 no 15 100 -1 1 1 -1 1 -1 -1 -1 63.3
4012310 9 3 25 1 yes 15 100 1 -1 1 1 -1 I -1 -1 98.2
500310 11 1 25 2 no 50 100 1 I -1 1 1 -1 I -1 86.1
6% 310 11 3 1 2 yes 15 300 1 1 1 -1 1 1 -1 1 99.4
70 78 11 3 25 1 yes 50 100 -1 1 1 1 -1 1 I -1 98.3
guh 78 9 3 25 2 no 50 300 -1 -1 1 1 1 -1 1 1 42.8
90 78 9 1 25 2 yes 15 300 -1 -1 -1 1 1 1 -1 1 95.3
109 310 9 1 1 2 yes 50 100 1 -1 -1 -1 1 1 1 -1 89.2
11® 78 11 1 1 1 yes 50 300 -1 I -1 -1 -1 1 1 1 96.9
12 78 9 1 1 l1 no 15 100 -1 -1 -1 -1 -1 -1 -1 -1 71.1

* The numbers in parentheses indicate the order of the experiments
3.1.1 Product characterization

Fig. 1 shows the phase characterization of the products obtained through the Plackett-
Burman design experiments. Six experimental runs showed struvite formation (Fig. 1a). Among
them, race numbers 8 and 12 stand out because they presented better yields regarding the
intensity of the main peak of struvite (di11 = 4.25 A) in the refined (Fit Profile) diffractometric
pattern (Table 3). In runs 1, 3, 8, and 12, the peaks related to the crystalline planes (002), (012),
and (004) of the struvite structure showed a high relative intensity, which can be explained by
the preferred orientation of the crystals. The material obtained in experiment no. 3, in addition
to containing struvite as the main phase, also showed the formation of its isomorphic potassium
analog (K-struvite), which is corroborated by the slight displacements in the struvite peaks (Fig.

la). These displacements occur as a function of the unit cell contraction due to the replacement
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of NH4" ions (1.40 A) with K™ (1.33 A) [41,42]. The presence of a struvite analog in sample
no. 3 is related to the concentration of K* ions in the wastewater, which was slightly higher than
the proportion of the ammonium concentration (Table 2); this result is consistent with the
substitutions in the unit cell. In addition, the radius of the cation affects the stability of the
structure, which consequently increases with larger cations [43]. Therefore, more struvite than
K-struvite was formed due to the structural stability provided by the NHa"ion compared to the

stability provided by K*.

The synthesis products obtained in experiments 4 and 10 also formed struvite as a single
phase (Fig. 1a); however, the phase in both experiments showed low intensity peaks (Table 3),
indicating a low conversion. This low conversion into struvite was due to the presence of Ca>"
in the wastewater from these runs, which “competes” with Mg?* and is responsible for the
formation of amorphous calcium phosphate (ACP) as a coprecipitated material. In
supersaturated and alkaline media with high pH values and in the presence of Ca, P, and Mg,

the coprecipitation of ACP with other calcium phosphate compounds may be common

[28,44,45].

Table 3. Diffractometric data of struvite: d111 (4.25 A).

Run FWHM" Intensity (cts) Area (cts.°20)
1 0.094 747.89 77.1

3 0.107 940.62 104.4

4 0.095 485.22 41.3

8 0.098 1668.9 174.6

10 0.0867 248.02 15.9

12 0.131 1740.5 200.2

* Full width at half maximum

The diffractograms of the other experiments (Fig. 1b) show the formation of undesired
phases in the process, such as brucite (Runs 2, 5, and 7) and bobierrite (Runs 2 and 5), as well
as the formation of amorphous material (Runs 6, 9, and 11). The precipitation of the brucite and
bobierrite phases had a direct correlation with the high Mg/P ratio and the more alkaline
medium (pH 11). In the experiments in which there was an absence of crystalline phases, the
formation of ACP was assumed to be due to the presence of calcium in solution with a lower
supersaturation ratio, given the proportions of Mg (Runs 6 and 11) and/or ammonium (Run 9)
at the lower levels. The presence of other competitive ions strongly affects the struvite

formation process.
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Fig. 1. Diffractometric patterns of the precipitates obtained according to the experimental Plackett-Burman design
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3.1.2 Analysis of the main effects and interactions

In conjunction with the phase analysis from the diffractograms of the PB-12 design
experiments, a statistical analysis using the phosphorus recovery rate (Prec) was performed. The
phosphorus recovery values obtained after the synthesis process using PB-12 are shown in

Table 2.

Most tests showed phosphorus recovery rates above 70%, which indicates a high
efficiency in the synthesis process. However, according to the analysis of the phases in the
products, not all experiments were efficient for the formation of struvite. From the runs with
phosphorus recovery rates higher than 90% (Runs 2, 4, 6, 7, 9, and 11), only experiment 4
showed struvite formation, but the peak intensity was reduced (Fig. 1). The product of
experimental run 10 showed a similar behavior, with a low conversion into struvite even with
a high phosphorus recovery rate (89.2%). Only in experiment 12 was observed a high
conversion into struvite with a high phosphorus recovery rate (71.1%). The products with a
high phosphorus recovery rate and without the presence of struvite correspond to those with the
formation of amorphous calcium phosphate, which is more favorable than struvite when

calcium is present in the reaction medium.

Table 4 shows the statistical analysis of the main effects of the operational factors
evaluated in the PB-12 design for the phosphorus recovery rate response. The response data
were subjected to a regression analysis to evaluate the p-value with a confidence level of 95%.
The analysis of the results showed that only the initial phosphorus concentration (X1), the pH
(X2), the molar ratio N/P (X3), and the presence of Ca (Xc) were statistically significant for the
response. The greatest effect of the X¢ factor in Table 4 is because calcium reacts in the
formation of calcium phosphate, which in this context is established as ACP. In this sense, this
factor is comparatively the most significant and positive factor, but it is undesirable because it

unfavorably affects the formation of struvite.

The analysis of the values of the p descriptive level and the F statistics contained in
Table 4 allows us to conclude that the factors X4, X5, X7, and Xs were not statistically significant

in the phosphorus recovery.
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Table 4. Analysis of the main effects of the PB-12 design variables.

Factor Effect Std. Error  p-value F-value
P concentration (X;)  8.6768 2.590749 0.044087" 11.2168
pH (X2) 13.4928 2.590749 0.013760°  27.1239
N/P (X3) -11.6635 2.590749 0.020466°  20.2679
Mg/P (X4) 5.7361 2.590749 0.113670 4.9021
K/P (Xs) -5.9252 2.590749 0.106244 5.2306
Ca (Xe) 27.8429 2.590749 0.001723"  115.4989
Time (X7) -7.9125 2.590749 0.055248 9.3277
Mixing rate (Xs) -4.1363 2.590749 0.208642 2.5490

*p < 0.05 (Statistically significant values)

3.2 Doehlert design

Based on the results obtained from the Plackett-Burman design, a second-order
experimental design (Doehlert design) was performed with the statistically significant factors.
The other factors that were not influential had their values fixed, considering the economic
constraints of the synthesis: Mg/P ratio = 1/1, K/P ratio = 2/1, absence of calcium, time = 30

min, and mixing rate = 200 rpm. Table 5 shows the matrix of experiments used.

Table 5. Dochlert experiment matrix and response Py (%).

. Natural units Coded units Response
Run pH N/P Pinitial X X> X3 Prec (%)
1@ 11 2.5 155 1 0 0 55.9
2@ 10.5 4 155 0.5 0.866 0 74.8
30 10.5 3 250 0.5 0.289 0.817 74.7
46) 9 2.5 155 -1 0 0 41.5
5® 9.5 1 155 -0.5  -0.866 0 35.8
60 9.5 2 60 -0.5  -0.289  -0.817 30.2
70 10.5 1 155 0.5 -0.866 0 52.3
8(12) 10.5 2 60 0.5 -0.289  -0.817 31.6
9UD 9.5 4 155 -0.5 0.866 0 65.8
1049 10 3.5 60 0 0.577  -0.817 51.5
11® 9.5 3 250 -0.5  0.289 0.817 67.9
12 10 1.5 250 0 -0.577  0.817 65.6
13© 10 2.5 155 0 0 0 64.1
1444 10 2.5 155 0 0 0 67.4
1543 10 2.5 155 0 0 0 63.2

* The numbers in parentheses indicate the order of the experiments
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3.2.1 Analysis of the response: phosphorus recovery

The phosphorus recovery results for each test of the Doehlert matrix are shown in Table
5. The variation in the recovery rate was established in a range of values between 30 and 75%.
Similar recovery rates have been found in other studies on the production of struvite from
wastewater. Crutchick and Garrido (2011) [46] obtained struvite crystallization with a
phosphorus recovery efficacy of 64% for industrial wastewater and 60% for synthetic
wastewater. In the present study, it is noteworthy that all research was conducted using synthetic

wastewater.

Experimental runs 2 and 3 showed the best Prec responses: 74.8 and 74.7%, respectively.
These results can be explained by the relationship between the relatively higher pH value and
the higher N/P ratios [2]. The lowest phosphorus recovery rates were observed in experiments
5, 6, and 8, with values close to 30%. These lower recoveries may have been related to the low

concentrations of NH4 and P (Table 5).
3.2.2 Product characterization

The diffractograms in Fig. 2 show the phase analysis of some of the products obtained
through the Dochlert design. All experiments presented struvite as the main phase. In some
cases, struvite analogs were also formed (Runs 1, 7, and 8). The formed struvite analog acts as
a compensatory phase and is not detrimental to the synthesis objective because it has K in its
composition, which is a highly valuable nutrient [47], and it contributes to the recovery of

phosphorus from wastewater for use as a slow-release fertilizer.
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Fig. 2. XRD patterns of the products obtained in experiments 2 and 8 according to the Doehlert Matrix design.
Abbreviations: Stv: struvite; K-Stv: K-struvite.
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Due to the formation of struvite as the main phase in all the samples, the adopted
experimental region constituted the optimal synthesis region (thermodynamically stable region
for struvite). This fact is corroborated by the elemental chemical analysis of the products, which
quantitatively shows the presence of the elements that make up the struvite (Table 6). The high
values of P in the products expressed by P2Os varied between 46 and 51%, while the values of
Mg expressed by MgO were between 25.4 and 30.2%, and the values of ammonium + hydroxyls
expressed by the loss on ignition were between 5.2 and 19.1%. The variations in the loss on
ignition levels were mainly due to the formation of K-struvite in some experimental runs, which
is confirmed both by the phase analysis and by the K20 values, which increased at the expense
of the loss on ignition values in runs 1, 7, and 8. This increase was due to the isomorphic

substitutions between K* and NH4" that occur in the struvite structure.

Table 6. Chemical composition of the Doehlert design products by XRF.

Runs
Components
2 3 4 5 6 7 8 9 10 11 12 13
P05 463 482 48 51 502 497 49 483 51 498 50.7 47.8 499
MgO 30.1 255 254 268 262 261 302 272 271 264 27 256 26.1
K20 12.8 948 921 349 102 579 153 124 263 6.05 345 106 853
LOI 104 168 17 186 133 183 52 11.7 19.1 176 188 159 154

(LOI) loss on ignition at 1000 °C

The FTIR chemical analysis of the functional groups showed a great similarity in the
responses of the products obtained. Fig. 3 shows the results of experimental runs 3 and 7, and

the bands characteristic of struvite are exposed.

Wide, asymmetric, and well-structured bands were observed in the region between
3500 and 2300 cm!. These bands are attributed to the vibrations of asymmetric stretching of
the OH" group and vibrations of symmetric and asymmetric stretching of the N—H bond of the
NH4" group (Fig. 4) [42,48]. These bands have wide and asymmetric shapes due to the forces
of the hydrogen bonds in the struvite structure, mainly those attributed to water molecules, and
the possible overlapping of bands caused by the presence of various functional groups [48]. The
bands located in the ranges of 3500 to 3000 cm™ are characteristic of the stretching vibrations
of the H-O-H molecules of crystallization water, while the bands observed at the wavelength ~
2360 cm™! are attributed to the stretching vibrations of the H-O-H of the crystallization water
molecules cluster [48-50]. Deformational vibrations of the flexion mode of the H-O-H
molecule refer to the bands present between 1680 and 1600 cm™ [48,51]. A band positioned at

~ 760 cm’! indicates vibrations related to weak H bonds between water molecules.



58

The infrared spectra also show two bands characteristic of the NH4" functional group.
The band close to 1475 cm™ is attributed to the deformation vibrations in the plane of the H—
N-H bond, while the band located in the region between 905 and 895 cm™! can be attributed to
the H bond of the ammonium-water interaction [52] and/or the deformation vibration of the O—
H fragment bound to Mg?" [49]. The ionic group (PO4)*" was identified through the bands that
are attributed to the strong asymmetric stretching vibrations of the P-O bond (~ 1005 cm™), the
symmetrical deformation vibrations in the plane of the O — P — O bond (~ 570 cm™), and the
asymmetric strain vibrations in the plane of the O — P — O bond (~ 460 cm™') [48,51-53]. The
formation of small bands at positions ~ 436 cm™ and ~ 690 cm™ can be attributed to the

vibrations of metal-oxygen (Mg-O) bonds [49,53,54].
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Fig. 3. Infrared spectra obtained for experiments 3 and 7 according to the Doehlert Matrix design

The products obtained in the Doehlert experiments also showed very similar thermal
behaviors and were divided into three thermal response groups. Fig. 4 shows the DSC-TG
representative curves of the three groups: group 1, which corresponds to runs 1, 7, and 8 and
contains struvite and the struvite analog, as represented by run 1 in Fig. 4a; group 2, which
corresponds to runs 2, 5, 12, 13, and 15 and contains struvite alone, as represented by run 2 in
Fig. 4b; and group 3, which corresponds to runs 3, 4, 6, 9, 10, 11, and 14 and contains struvite
alone, but with a difference in the content of the events in relation to group 2, as represented by

run 6 in Fig. 4c.
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Struvite undergoes decomposition at low temperatures (above 40 °C) and is affected by
the heating rate [55]. Thus, by using a heating rate of 5 °C/min, the first decomposition events
in the DSC curves appeared between 55.6 and 105 °C. The endothermic peaks at ~ 60 °C were
observed only in the samples of group 1, which correspond to the presence of the struvite
analog, while the endothermic event at ~ 100 °C occurred markedly in all samples because it
corresponds to the presence of struvite in all products. This event (single, double, or even
multiple) corresponds to the collapse of the struvite family structure, and the simultaneous loss
of ammonia with the loss of structural water [56,57]. When the water loss precedes the loss of
ammonia, an intermediate monohydrate crystalline phase called dittmarite (MgNH4PO4-H20)

is formed, as shown in Eq. 6.
MgNH4P04 " 6H20(s) - MgNH4P04 ' HZO(S) + SHZO(Q) (6)

The TG curves (Fig. 4) show that the main mass loss occurred between 50 and 110 °C.
However, the curves are constant only at ~ 300 °C, because struvite shows significant water
loss above 60 °C and is completely transformed into dittmarite at approximately 100 °C. Thus,
the dittmarite is then thermally stable between 90 °C and 230 °C and completely dehydrated at
~ 300 °C. Heating above 300 °C transforms the dittmarite into an amorphous phase, Eq. 7
[57,58]. The mass loss values were between 40 and 51.5% (Table 7), thus corroborating the
consecutive losses of water and ammonia. Similar values were observed by Frost et al. (2004)
[55], who found mass losses of ~ 42% during struvite decomposition. For those products
considered to have a high conversion into struvite (Runs no. 2 and no. 3), the values obtained
can be considered equal to the theoretically predicted value of 51.42%; 44.08% corresponds to
water loss, while 7.34% represents the loss of NH4[55].

MgNH,PO, - H,0(5) > MgHPO,(5) + NHy(g) + H,0(y) (7)
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Fig. 4. DSC-TG curves of the products obtained in runs (a) no. 1 — group 1, (b) no. 2 — group 2, and (c) no. 6 —
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Exothermic peaks at ~ 650-720 °C were also observed in the DSC curves. Group 1 (Fig.
4a) 1s marked by the presence of a multiple event with a low formation energy; group 2 (Fig.
4b) also presented a multiple event in this region but with higher energies; and group 3 (Fig.
4c) presented a simple event with a higher formation energy. These exothermic events represent
the phase transformation of the material structure, in which the amorphous phase is transformed

into the crystalline form of magnesium pyrophosphate (Mg2P207) (Eq. 8) [42,57-59].

2MgHP04(S) - Mg2P207(s) + H20(g)
(&)

The reaction heat values involved in the endothermic reactions between 55.6
and 105 °C are highlighted in Fig. 4 (AH = - A.m".K’!, see also Eq. 2), for the representatives
of the three groups observed, and Table 7 shows the values for all products. The products of
group 1 had the lowest enthalpy values (823-918 J.g™"), which can be explained by the fact that
the corresponding precipitates consist of both struvite and the struvite analog, so that the amount
of ammonia is lower when compared to the amount of ammonia in “true” struvites; this is due
to the replacement of NH4" with K in the solid solution. Thus, the other two groups of products
with similar thermal profiles, with only “true” struvite, presented enthalpies of decomposition

higher than 1015 J.g™'.

Table 7. Losses of mass and enthalpies of decomposition of the products obtained in the Doehlert design.

Run Am (%) AH (J.gh)
1 44.07 895
2 47.98 1078
3 48.60 1029
4 49.94 1103
5 44.96 1057
6 48.20 1081
7 41.07 823
8 43.66 918
9 49.65 1061
10 48.81 1076
11 49.29 1015
12 47.87 1054
13 47.21 1076
14 50.70 1051
15 51.46 1071

The particle size distribution was similar for most products, i.e., a very fine material but

with well-developed particles. Product no. 2 (Fig. 5a) had a D90 of 22 pm; it was the finest
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product and had two modes, the smallest of which represented the population of ultrafines (D10
of 5 um). The other products had D90 values between 80 and 130 um, as can be observed for

product no. 7 in Fig. 5b, a result similar to that of the other products.
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Fig. 5. Particle size distributions: (a) Run 2, (b) Run 7.
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The mean diameter was 16.3 um for product no. 2, and it was between 48.7 and 53.8
um for the other products. Similar results for particle sizes were found by Kozik et al. (2013)
[60], who noted mean particle diameter values between 12.6 and 50.2 um. The aforementioned
authors attributed the particle size variations to variations in the pH and mixing time. Thus, by
stablishing a fixed mixing time, there were no major changes in the particle diameter of the

products obtained in the design.

The morphology of the products is shown in the micrographs of Fig. 6 a-c (run 2) and
d-f (run 7). In the analyzed products, crystals characteristic of the struvite orthorhombic
structure were formed, which confirms the analysis of the obtained phases. Most crystals had
simple needle-shaped morphologies. Some crystals presented their morphology as X-shaped
twin crystals with dendritic growth (Fig. 6b) and as larger crystals with faceted structures (Fig.
6f). These changes in morphology may be due to the structural remnants caused by transitions
during synthesis [2]. The crystals formed in the product of run 7, which has struvite and K-
struvite, did not show large differences when compared to the crystals formed in run 2, in which
only struvite was found. This finding explains why there is no structural change between the

phases, with only an ionic change occurring at the NH4" site [61].
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Fig. 6. Micrographs of the products obtained by precipitation. (a) - (¢): Run 2; (d) - (f): Run 7.

3.3.3 Statistical modeling and analysis

The recovery of phosphorus from wastewater through precipitation processes and

struvite crystallization is sometimes a joint process that depends on the physicochemical
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conditions. Thus, a statistical analysis involving the factors screened in the PB-12 design was
performed with a second-order design. The pH (X1), the molar ratio N/P (X2), and the initial P
concentration (X3) were then analyzed in a three-factor Doehlert matrix (Table 5), and the
responses were the recovery rate of P (Prec) and the enthalpy of the endothermic peak of struvite
decomposition (AH). Investigations of the individual and combined effects of the factors were
performed using Statistica software. The coefficients of the second-order regression models for
both responses were determined, and the response surfaces and contour lines were obtained to
analyze the functional relationships between the levels and the responses and to perform a
simultaneous optimization by applying the desirability function within the stipulated

experimental domain.

Table 8 shows the ANOVA of the Doehlert design for the two responses.

Table 8. ANOVA results for the of operational variables in each response variable

Phosphorus recovery Enthalpy variation
Source df SS MS F P SS MS F P
X 1 240.816 240.816 24.2438  0.004383"  9.77544  9.775444  237.4597  0.004185"
X2 1 320.330 320.330 32.2488  0.002358"  1.40460 1.404598 34.1197  0.028080"
X 1 917.223 917.223 92.3400  0.000207°  4.12160  4.121599  100.1196  0.009841"
X7? 1 29.149 29.149 2.9345 0.147379 1.13150 1.131497  27.4857  0.034510"
X3 1 1497.589  1497.589  150.7674  0.000063*  0.02976  0.029760 0.7229 0.484741
X3? 1 181.562 181.562 182785  0.007899"  0.17769  0.177691 43164 0.173343
X1Xa 1 14.000 14.000 1.4094 0.288475 4.17581 4175813  101.4365  0.009715"
X1X3 1 14.130 14.130 1.4225 0.286501 0.46436  0.464363 11.2801 0.078372
X2 X5 1 25.573 25.573 2.5745 0.169502 0.82189  0.821890 19.9649  0.046614"
Lack of fit 3 39.406 13.135 2.5606 0.293257 0.68841 0.229471 5.5742 0.155876
Pure error 2 10.259 0.08233 0.041167
Total 14 3190.441 23.96243

(df) degree of freedom, (SS) sum of square, (MS) mean square, (F) Fischer test, (p) significance probability
*n < 0.05 (Statistically significant values)

The phosphorus recovery results indicate that all the factors studied in the linear forms,
together with the quadratic forms of the terms Xi (pH) and X3 (P concentration), were
significant (p <0.05) and should therefore be considered in the elaboration of the model. In
addition, none of the interactions between the factors were significant, indicating that, for the
high phosphorus recovery rates, the factors act in isolation, without the dependence of one in
relation to the others, however, each factor is individually important for obtaining better yields

in the process as a whole. Regarding the thermal decomposition of struvite, the pH (X1), the
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N/P ratio (X2), their respective second-order effects (Xi% and X2?), and the interactions between
the pH and the ratio N/P (X1 X2) and between the N/P ratio and the initial P concentration (X2
X3) were significant. The P concentration was a noninfluential factor in its independent (X3)
and quadratic (X3?) forms; in addition, its interaction with pH (X1 X3) was also not statistically

significant.

Table 8 shows that the regression models proposed for both the phosphorus recovery
and enthalpy variation responses did not lack fit and that their respective coefficients of multiple
determination, R? = 0.985 and R? = 0.968, were able to explain more than 96% of the
experimental variabilities. Thus, the fitted models obtained for Prec (Eq. 9) and AH (Eq. 10) can
predict the formation of struvite with the desired quality because, as indicated by the values of
the coefficients of determination, the correlation between the experimental values and those

predicted by the models is significant for both responses.

Proe = 64.94 + 7.76X, — 8.17X? + 26.23X, + 31.60X5 — 15.56X2 (9)

AH = (32.65 — 1.56X; — 0.54X2 + 1.76X, — 1.46X2 + 2.04X, X, — 1.65X,X5)2  (10)

The response surfaces of the effects of the pH (X1), the N/P ratio (X2), and the initial P
concentration (X3) on phosphorus recovery and the enthalpy of decomposition are shown in
Fig. 7. Greater phosphorus recoveries were obtained for a pH close to 10, N/P ratios equal to or
greater than 4, and a P concentration equal to 250 mg/L, as shown in Fig. 7 a-c. The values
determined for the pH and the N/P ratio are consistent with the results of other optimization
studies on phosphorus recovery, which have shown that the pH should be higher than 9.5, and
the N/P ratio should be above 2 [31,32]. The response surface graphs in Fig. 7 d-f show that for
greater enthalpies of the endothermic peak indicative of struvite decomposition, the synthesis
conditions should include pH values between 9 and 10, N/P ratios greater than 2.5, and

phosphorus concentrations greater than 60 mg/L.
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Fig. 7. 3D response surfaces indicating the effects of the input parameters (pH, N/P, and Piyitiai) on phosphorus
recovery (a-b-c) and the enthalpy of the endothermic peak of struvite degradation (d-e-f).

3.3.3.1 Simultaneous optimization

Table 9 shows the parameters used in the global desirability function for a better struvite
yield, considering phosphorus recovery and the enthalpy variation of the endothermic peak,

which represents the decomposition of the formed structure.
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Table 9. Parameters assumed in the global desirability function.

Parameters assumed in optimization
Low  Medium High s t

Prec (%) 10 55 100 2 5
AH (J.g'") 822.8 962.9 1103 2 5

Response variables

The analysis of the global desirability function in Fig. 8 allowed us to determine the
operational conditions to maximize the precipitation of struvite from wastewater. Thus, the pH
should be 10.2, the molar ratio N/P should be equal to or greater than 4, and the initial
phosphorus concentration should be 183.5 mg/L. The results indicate a global desirability
coefficient of 0.99965, which is considered excellent [62].
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Fig. 8. Profiles of the desirability function for the simultaneous optimization of responses.
4 Conclusion

A sequential experimental design methodology was applied to determine the main
factors affecting the struvite precipitation process and to determine the optimal points of struvite

synthesis for the recovery of nutrients in wastewater, especially phosphorus.
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The Plackett-Burman screening plan showed that the most influential factors in the
synthesis were the pH, the molar ratio N/P, and the initial phosphorus concentration. In addition,
the presence of calcium was shown to be closely related to the formation of the amorphous
phase, which makes it detrimental to the expected yield of struvite. The Mg/P and K/P ratios,
together with the reaction time and the mixing rate, were not statistically significant; therefore,

they did not affect the phosphorus recovery and the associated struvite precipitation.

The second-order design in the Doehlert matrix, in which only the positive significant
factors were used, was used to determine an optimized experimental area and to generate
regression models with a good fit for the two response variables studied (Prec and AH). The
RSM results show that the optimal points for a good phosphorus recovery yield are pH = 10,
N/P ratio > 4, and Pinitial = 250 mg/L; for the formation of struvite, as described by the enthalpy
variation of the endothermic peak of degradation of its structure, the optimal points of the
variables are pH = 9-10, N/P ratio > 2.5, and Pinitia > 60 mg/L. In an optimization involving the
two responses simultaneously, the analysis of the desirability function data indicated pH =10.2,

N/P ratio > 4, and Pinitial = 183.5 mg/L as optimal points.

The crystalochemical analyses of the synthesis product also demonstrated the efficiency
in the formation of struvite within the optimal experimental region. The XRD results show that
struvite and its potassium analog were the only phases formed under the synthesis conditions,
corroborated by the FTIR and DSC-TG analyses, which showed bands and peaks characteristic
of these phases.

The establishment of the main intervening factors and the optimal synthesis values and
intervals can be used to determine the best yield ranges for struvite production and phosphorus
recovery. Thus, this research has great importance within the global context of the
environmental impacts caused by the phosphorus in wastewater and the search for alternative

solutions for obtaining fertilizers.
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6 CONSIDERACOES FINAIS

Propostas avangadas relacionadas a caracterizagdo quimica e estrutural, e
otimiza¢do de processo concernentes a fosfatos foram estabelecidas com base em dois

métodos: um analitico (espectroscopia IV) e outro fisico-quimico (precipitacdo).

Fosfatos de origem natural, caracteristicos de diferentes localidades da regido
amazonica, foram qualificados por meio de uma diferenciacdo genética através do uso da
técnica de FTIR. Espectros nas regidoes MIR e NIR foram gerados e suas respostas
permitiram a determinagdo das faixas espectrais caracteristicas das bandas referentes ao
grupo fosfato, além de identificar outros grupos funcionais como o (CO3)*" em fosfatos
de origem ignea, o Al2OH e SiO em fosfatos intempéricos € NH4 e componentes de Fe
nos fosfatos de origem biogenética. Essas informagdes especificas de cada material
permitiram iniciar um banco de dados espectral de FTIR de fosfatos amazonicos, que
pode vir a ser de grande utilidade no desenvolvimento de outras pesquisas relacionas aos
fosfatos ou mesmo como uma ferramenta de qualificacdo de fosfatos dentro do setor

industrial.

Uma rota de sintese alternativa e sustentdvel foi otimizada através de uma
metodologia de planejamento experimental sequencial, promovendo assim a recuperacao
secundaria de fosfatos de aguas residuais através da precipitacdo de estruvita. Um
planejamento Plackett-Burman definiu estatisticamente a importancia do pH, da razdo
N/P e da concentragdo inicial de fésforo na obtengdo de estruvita, além disso mostrou que
a presenca de outros ions como o Ca ¢ prejudicial dentro do sistema de sintese. O
planejamento de segunda ordem de Doehlert especificou os pontos otimos de sintese
através da aplicacdo da metodologia de superficie de resposta e da fungdo desejabilidade,

gerando assim modelos empiricos baseados por minimos quadrados.

Tanto o banco de dados de respostas espectrais de FTIR quanto a otimizacao da
sintese de estruvita a partir de dguas residuais sdo tidas como potenciais ferramentas no
estudo pertinente aos fosfatos. Essas informagdes contribuem positivamente no uso
sustentavel dos recursos fosfaticos e na busca por solugdes alternativas para a produgdo

de fertilizantes.
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