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E agora, matéria desgracada

Satura banque funesto microbidtico.
Dissolvesse em paz aos seus semelhantes.
Latente. Aguarda a formagdo de nova molécula,

Compondo o caos em matéria bruta.



RESUMO:

O presente trabalho descreve o des envolvimento de fertilizantes de | iberagdo lenta a
partir de ativacdo mecanoquimica de misturas de matrizes lamelares naturais
(montmorilonita, talco, crisotila) ou sintéticas (Hidroxidos Duplos Lamelares (HDL) MgAl
e MgFe) com monohidrogeno fosfato de potassio. Este sal é utilizado na agricultura como
fertilizante convencional e € altamente soluvel em solugdo aquosa, o que implica em
grandes perdas devido a pr ocessos de | ixiviagdo ou at € mesmo fixagdo no s olo,
impossibilitando em todos os casos a utilizacdo dos nutrientes para as plantas. Devido a
estas caracteristicas, existe a necessidade da aplicagdo de grandes quantidades destes
produtos na agricultura. Portanto a idéia principal é obter o controle do fornecimento tanto
dos elementos que compdem o s al quanto dos elementos constituintes das matrizes
lamelares, e com isso, diminuir custos com adubacgédo exacerbada potencializando a
utilizacdo dos produtos alterando a solubilidade dos ions envolvidos. A metodologia
adotada consiste basicamente na moagem dos reagentes variando as condi¢des de
processamento, este processo € descrito como ativagdo mecanoquimica, e na presente
tese utilizou-se de forgas de atrito e friccdo como fonte de ener gia mecanica. Como
reatores tém os moinhos, que de acordo com suas caracteristicas intrinsecas
possibilitando o estudo sistematico da moagem em diversas situagbes. No presente
estudo foram utilizados trés diferentes moinhos: Moinho de zirconia, moinho de bolas de
alta energia, e moinho Herzog. Para todos os trés moinhos ha uma forte influéncia do
tempo de moagem e razdo molar dos reagentes submetidos & moagem, além disso, para
o moinho de bolas de alta energia observa-se também que a rotagédo pode influenciar
muito no produto formado. Na caracterizacdo das amostras, foram utilizadas diversas
técnicas de acordo com a necessidade de cada uma das partes desta tese. No entanto,
as técnicas de DRXP, MEV/EDS e RMN MAS mostraram-se altamente importantes para
acompanhamento e v erificacdo da e fetiva ativagdo mecanoquimica. A DRXP permitiu
observar a manutencdo daes trutura oua amorfizagdo dos precursores ou ai nda
formagdo de fase cristalina distintas. MEV/EDS pertmitiu investigar mudangas no
tamanho das particulas e no desaparecimento de morfologia ordenada, ap6s a ativagéo
mecanoquimica ou ainda af ormagdo de par ticulas com morfologias distintas e de
composig¢ao quimica distinta. E, as medidas de RMN permitiram observar mudangas nos
ambientes quimicos envolvidos, sugerindo a formagdo de compostos metaestaveis entre
metais provenientes das matrizes lamelares postassio, fésforo e oxigénio, além de outros
possiveis compostos como produtos. Apdés comprovada a ativagcdo mecanoquimica, nos
ensaios de | iberagdo dos nutrientes observou-se para todas as matrizes analisadas
comportamento lento de liberagdo. O percentual de liberagdo pode ser influenciado pela
composigao quimica das matrizes de partida, uma vez que cada uma pode pr oduzir
produtos semelhantes e distintos, por exemplo, SiO, a partir dos argilominerais, sendo o
silicio ausente nos hidroxidos duplos lamelares. Além disso, as condigbes de moagem
influenciam fortemente ndo s6 a formagéo de produtos diferenciados como também o
percentual de liberagao. Destacando, por fim, o potencial industrial de todos os materiais
produzidos, pois a metodologia pode ser adaptada para moinhos maiores, tais como o
moinho Herzog que inclusive demanda tempos de m oagem reduzidos, e ai nda os
precursores utilizados sdo de modo geral de baixo custo.

PALAVRAS-CHAVE:

Fertilizantes de liberagdo lenta, macronutrientes primarios, montmorilonita, talco, crisotila,
hidroxidos duplos lamelares, fosfatos sollveis, ativacdo mecanoquimica.



ABSTRACT:

The present work describes the development of slow release fertilizers from the
mechanochemical activation of mixtures of natural (montmorillonite, talc, chrysotile) or
synthetic (Lamellar Double Hydroxides (HDL) MgAl and MgFe) lamellar matrix mixtures
with potassium monohydrogen phosphate. This salt is used in agriculture as a
conventional fertilizer and is highly soluble in aqueous solution, which implies in large
losses due to leaching processes, or even fixation in the soil, making it impossible in all
cases to use the nutrients for the plants. Due to these characteristics, there is a need to
apply large quantities of these products in agriculture. Therefore, the main idea is to
control the supply of both the elements that make up the salt and the constituent elements
of the lamellar matrices, and with this, reduce costs with exacerbated fertilization,
potentiating the use of the products, altering the solubility of the ions involved. The
methodology used basically consists of the milling of the reagents varying the processing
conditions, this process is described as a mechanochemical activation, and in the present
thesis was used friction and friction forces as a source of mechanical energy. As reactors
the mills, according to their intrinsic characteristics it is possible the systematic study of
grinding in various situations. In the present study three different mills were used: zirconia
mill, high energy ball mill, and Herzog mill. For all three mills there is a strong influence of
the grinding time and molar ratio of the reactants submitted to milling; in addition, for the
high energy ball mill it is also seen that the rotation can greatly influence the formed
product. In the characterization of the samples, several techniques were used according
to the need of each part of this thesis. However, the techniques of XRD, SEM / EDX and
MAS NMR proved to be highly important for the monitoring and verification of the effective
mechano-chemical activation. The DRXP allowed to observe the maintenance of the
structure or amorphization of the precursors or even formation of different crystalline
phase, SEM/EDX allowed to investigate changes in particle size and in the disappearance
of orderly morphology, after the mechanochemical activation or the formation of particles
with distinct morphologies and di fferent chemical composition. And, the NMR
measurements allowed to observe changes in the chemical environments involved,
suggesting the formation of metastable compounds between metals from the lamellar
matrices potassium, phosphorus and oxygen, as well as other possible compounds as
products. After the mechanochemical activation, in the nutrient release assays, the slow
release behavior was observed for all the matrices analyzed. The release rate can be
influenced by the chemical composition of the starting matrices, since each matrix can
produce similar and distinct products, for example, SiO, from the clay minerals, the silicon
being absent in the lamellar double hydroxides. In addition, the grinding conditions
strongly influence not only the formation of differentiated products but also the percentage
of release. Finally, the industrial potential of all the materials produced is highlighted,
since the methodology can be adapted to larger mills, such as the Herzog mill, which also
requires reduced milling times, and the precursors used are generally low cost.

KEYWORDS:

Slow release fertilizers, primary macronutrients, montmorillonite, talc, chrysotile, HDL,
soluble phosphates, mechanochemical activation.
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1. Introducgao

No que diz respeito a nutricdo das plantas, novos produtos ou m étodos para
melhorar a gestao de nutrientes tornaram-se cada vez mais importantes para a resiliéncia
ambiental. Atualmente atencéo tem sido voltada para o desenvolvimento de fertilizantes
ecologicamente corretos, ou seja, que garantam a eficiéncia como nutriente sem agredir
0 meio ambiente. Para tal fim é que se busca o des envolvimento de fertilizantes de
liberacao lenta e/ou controlada, evitando consideravelmente a poluicdo de mananciais de
aguas erios pelo acumulo de nutrientes lixiviados de c ulturas agricolas, assim como
potenciais emissdes atmosféricas. Tais produtos sdo desenvolvidos de maneira a atrasar
a liberacdo de es pécies ou ions no solo, que muitas vezes se apresentam de modo
imediato, e isso implica em um maior tempo de residéncia dos nutrientes em camadas
disponiveis para plantas, o que garante o bom desenvolvimento das mesmas.

Ha uma diversidade de estudos relacionados com a producdo ou analise deste
tipo de f ertilizantes, no ent anto, no pr esente projeto pretende-se obter este tipo de
produto apar tir de ativacdo mecanoquimica de matrizes lamelares; ous eja,
argilominerais (trocadores catiénicos ou ndo) ou compostos lamelares sintéticos como é o
caso dos hidréxidos duplos lamelares (HDL); com monohidrogeno fosfato de po tassio
(KaHPO,).

A ativacdo mecanoquimica usada consiste basicamente em moer os materiais
lamelares (insoluveis), 0os quais possuem em sua estrutura elementos essenciais para os
vegetais (tais como Mg, Fe, Mn e Si) com monohidrogeno fosfato de potassio (soluvel -
fonte de K e P). A moagem promove alteragdes a nivel quimico-estrutural dos materiais
lamelares, o que pode tornar estes nutrientes disponiveis. De forma simplificada, a ideia é
transformar materiais lamelares totalmente insoluveis e monohidrogeno fosfato de
potassio, que é totalmente soluvel, em misturas de m ateriais em que todos possuam
solubilidade baixa e controlada.

Assim sendo, este estudo visa investigar sistematicamente o processo de ativagéo
mecanoquimica para obtencdo de fertilizantes del iberagcdo lenta sustentaveis,
envolvendo uma série de nutrientes essenciais, principalmente os macronutrientes P, K e
Mg.

Este estudo envolve basicamente: argilominerais (Parte 1), na qual é relatado os
resultados dos ensaios de caracterizacao e liberagédo que foram otimizadas as condi¢des
de moagem e as condi¢des fisico-quimicas do meio de liberagdo, para montmorilonita e
talco (sec¢do 1); em seguida também foi realizado um estudo envolvendo um argilomineral
de grande interesse em termos de saude publica, o amianto crisotila (se¢édo 2). Para a
parte que envolve os HDL (Parte 2) é relatada a influéncia da temperatura de

decomposicdo dos HDL formando os éOxidos nanoestruturados e das condi¢cdes de
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moagem, no comportamento de liberagdo dos nutrientes e caracterizacao das amostras,

bem como estudo cinético.

1.1 Introducao tedrica

Dentre os muitos fatores que influenciam e em muitos casos limitam o
crescimento das plantas como, por exemplo, oxigénio e gas carbdnico, a luz do sol que &
crucial na fotossintese e agua, ha também determinados nutrientes. Esses se subdividem
em macronutrientes: N, P, K, Ca, Mg e S (elementos em que os vegetais necessitam em
maior quantidade) e os micronutrientes, utilizados em menor quantidade porém né&o
menos importantes. Para este segundo grupo ha uma série de elementos: B, Cl, Cu, Fe,
Mn, Mo, Co, Ni, Zn, Si, entre outros (Li et. al., 2007; Gupta; Kening; Siyuan, 2008; Maria
et. al., 2011). Tais elementos afetam tdo fortemente as plantas que também séao
chamados de nutrientes essenciais a vida.

No solo existem trés partes basicas variaveis em porcentagem de ac ordo as
caracteristicas intrinsecas de cada solo. A parte sélida que é a po rcentagem maior do
solo composta por materiais organicos provenientes de residuos vegetais e animais e
podem se apresentar no solo nas mais variadas composi¢gbes destacando-se os acidos
hamicos que desempenham papel fundamental na fertilidade de um solo. A outra porgéo
da parte sélida do solo é atribuida a compostos inorganicos, em que o tamanho das
particulas se apresenta em uma larga regidao (2 mm até menor que 0,002 mm), dentre os
compostos inorganicos a parte mineral € s ubdivida em minerais primarios (quartzo,
apatitas, micas, calcarios, biotitas e plagioclasios) e em minerais secundarios (caulinita,
haloisita, montmorilonita, vermiculita e ilita).

A parte gasosa € constituida principamente de CO,, vapor de H,0O, O,, N,, estes
gases podem se apresentar em composi¢des variadas de acordo com a profundidade e
porosidade do solo, normalmente a umidade relativa do ar no solo € de 100% e esta é 0
principal veiculo de trocas gasosas.

Por ultimo a parte liquida, também chamada de solug¢édo do solo que desempenha
funcdes fundamentais neste ambiente, tais como, regulador térmico, na atuacdo em
funcdes metabdlicas da fotossintese, mas principalmente com relacdo ao assunto desta
tese, com relacdo ao transporte de espécies, pois € na solugéo do solo que se encontram
os nutrientes essenciais nhormalmente em suas formas disponiveis e aproveitaveis pelas
plantas, ou seja, a agua atuando como solvente é também o veiculo de transporte dos
nutrientes até a planta por capilaridade (Busato, 2008).

O problema é que eles nem sempre se encontram em quantidade suficiente e

adequada em solos. No caso do B rasil, por exemplo, a g rande maioria dos solos
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agricultaveis apresenta fertilidade baixa ou muito baixa (Figura 1). Ressaltando que os
niveis de cada um dos elementos essenciais influenciam fortemente na fertilidade de um

dado solo.

Figura 1- Quadro demonstrativo da fertilidade do solo brasileiro, (fonte: IBGE, elaborado
por MBAgro).

Fertilidade do solo

Além disso, o cultivo agricola intenso diminui ainda mais a concentragdo destes
elementos no solo, o que torna a fertilidade do solo ainda mais baixa, pois a grande parte
dos elementos e ions que as plantas absorvem nao retorna a terra de maneira
sustentavel, gerando uma extragdo de nutrientes de modo né&o renovavel (Balsan, 2006;
Santos; Salcedo; Galvao, 2008; Cruz et al.,, 2007). Isso porque, O processo que 0s
nutrientes passam ao migrarem do solo para as plantas e em muitos casos das plantas
para os animais, para entdo ap6s a m orte e decomposicdo das plantas e ani mais
retornarem ao solo para novo ciclo, ndo ocorre de modo equilibrado e sustentavel, em
muitos casos se trata de periodos geoldgicos.

Assim sendo, é fundamental a utilizagdo de produtos capazes e eficazes de
restabelecer os nutrientes essenciais para as plantas, mas de modo sustentavel
(Sanchez; Hernandez; Ruz, 2011; Machado; Souza, 2012). A reposi¢do nutricional do
solo para aplanta pode ser feita de modo direto, onde € a gregada ao solo maior
disponibilidade dos nutrientes em questéo e de forma indireta, exercendo uma influéncia

benéfica nas diferentes caracteristicas do solo, tendo carater corretivo. Contudo a
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utilizagao de adubos e corretivos depende intimamente de fatores agrocliméticos e tipo
de cultura, levando em consideragéo uma série de fatores intrinsecos ao uso de ambos.
Os fertilizantes minerais s&o assim classificados por serem constituidos
essencialmente por compostos inorganicos. Sdo denominados simples se formados por
apenas um composto quimico, com a possibilidade de fornecer mais de um nutriente.
Existem também os fertilizantes mistos que sdo compostos pela mistura de fertilizante
simples. Com relagdo ao am biente econdmico, a ut ilizagdo da ad ubagdo mineral
apresenta vantagens em relacao a adubacao organica, visto que fertilizantes minerais
implicam em menores custos de armazenagem, transporte e aplicacdo em funcéo da
quantidade de nutriente/massa de material. De modo geral, a conversdo de um nutriente
presente da matéria organica para forma disponivel pode ser lenta e ineficaz (Lee, 2010).
Além disso, fertilizantes organicos sdo muito mais eficazes como condicionantes
de solo do que como fertilizantes, em contra partida fertilizantes de origem mineral
satisfazem corretamente e rapidamente a fungédo de fertilizante. Como uma forma de
corrigir deficiéncias dos solos a adubac¢éo mineral fornece material ao solo que possa
melhorar em termos agricolas a relagéo fertilidade versus produgé&o. A Figura 2 mostra

um quadro simplificado de produgéo dos principais fertilizantes inorganicos.

Figura 2- ilustracdo de producdo de alguns fertilizantes (adaptado de:
http://www.ebah.com.br/content/ABAAAA3-AAH/aula-fertilizantes).
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Gas natural AE T amdnio
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No entanto, existem alguns problemas relacionados ao fornecimento de
nutrientes, muitos dos compostos que sao sintetizados para fornecer N, P e K, por
exemplo, sdo de modo geral altamente soltveis (Bertol et. al., 2011) e em alguns casos

20



volateis, ou ainda indisponiveis, estas propriedades originam problemas como lixiviagéo,
imobilizacdo e volatilizagcdo dos nutrientes. Estes problemas podem inclusive originar
problemas de poluicdo de corpos aquaticos, o que inclui a eutrofizacdo originada pelo
acumulo em demasia de fertilizantes na agua.

A eutrofizagdo ¢é es pecificamente relacionada com quantidade excessiva de
espécies quimica derivadas do ion fosfato, além de outros sais minerais, 0 que provoca o
aumento dapopul acdo de m icro-organismos dapar te superficial da agua.
Consequentemente se forma uma camada microbiolégica na s uperficie, impedindo a
penetracao dal uminosidade. Ou seja, impedindo ou limitando af otossintese nas
camadas inferiores, que por consequéncia ocasiona o déficit de oxigénio suficiente para
atender a de manda respiratdéria dos peixes e mamiferos aquaticos, estes acabam
morrendo acumulando matéria organica no meio. Nesse quadro, o0s agentes
decompositores (bactérias anaerébias facultativas) atuando na degradagdo da matéria
organica em altas concentragbes liberam toxinas que acabam piorando a s ituagéo,
inclusive alterando a qualidade da agua, que se torna impropria ao consumo humano
(Bina, 2008).

Por este motivo, surge a necessidade de desenvolver ou até mesmo modificar
estruturas ja utilizadas como fertilizantes e que contenham certa carga nutricional para as
plantas, e ainda possuam caracteristicas que diminuam ou el iminem os problemas
citados. A principal caracteristica para um produto ideal ou pr 6ximo ai sto éde
fornecimento lento ou controlado dos nutrientes presentes na matriz, 0 que caracteriza

fertilizantes de liberagao lenta (Figura 3).

Figura 3- llustragdo comparativa entre o fertilizante convencional e d e liberagéo lenta

(adaptado de: http://www.greenlifefert.com/our-technology/how-it-works/).

Absorgdo

Fertilizante
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Fertilizante
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D Aplicacdo D Reaplicacdo D Reaplicagdo
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Fertilizantes del iberagcdo lenta sdo caracterizados por retardararem a
disponibilidade dos nutrientes para absorgao e uso das plantas apés a aplicagéo, ou que
estenda sua disponibilidade no solo, e, portanto, para a planta, por um periodo maior do
que fertilizantes convencionais, e nao havendo necessidade de reaplicagdo (Nascimento,
2012). Ou seja, mesmo em condi¢des de sol e chuva moderados os nutrientes ndo séo
volatilizados ou lixiviados para camadas inferiores do solo, onde as raizes das plantas
nao os alcangam e, portanto impossibilitando o uso destes elementos. Ainda com relacao
este ultimo caso, os nutrientes frequentemente atingem os corpos aquaticos, e devido a
extensivo uso, estes acabam por serem contaminados.

O comportamento de | iberacdo de modo qualitativo é bas tante simples de ser
avaliado, todavia pode ser analisado em mais detalhes pelo desenvolvimento de modelos
cinéticos detalhados, no entanto, no caso do presente estudo, para algumas partes que o
compdem foram utilizados modelos cinéticos ja descritos na literatura, frequentemente
relacionados com isotermas de adsorgédo de espécies: pseudo-primeira ordem, pseudo-
segunda ordem e difus&o intraparticula.

Como a literatura relata principalmente estes modelos em processos de adsorgéo,
por analogia pode-se usar estes mesmo modelos para dessorc¢ao. O estudo de equilibrio
de dessorc¢ao é util para compreender melhor o mecanismo aproximado envolvido.

O modelo de Lagergren, também chamado de pseudo-primeira ordem, foi um dos
primeiro modelos estabelecidos para o e studo cinético de ad sor¢édo de um sistema
sélido/liquido. Pode ser representada da seguinte maneira:

ﬁ =k(X —Xx)

dt
Pode ser expressa pela sua forma linear:

k
log(g. —q.)=1lo S —
g(q. —q,)=log(q,) 3303

Onde: X: Capacidade de adsorgdo em equilibrio (mg.g™"); x: Capacidade de
adsorgdo em um tempo t (mg.g™"); k: Constante de taxa de adsorcdo de pseudo-primeira
ordem (min™"); t: tempo de reag&o (min); q.: Capacidade de adsorgao no equilibrio (mg.g”
"); qi: Capacidade de adsorgédo em um tempo t (mg.g™)

Todavia, para o modelo de pseudo-primeira ordem, tempos inferiores a 20 a 30
min de contato ndo se ajustam muito bem. Outro detalhe importante é que em muitos
casos ‘gq.’ € desconhecido, em processos muito lentos ou longos, €, por isso ‘q.’ é obtido
pela extrapolagdo dos dados experimentais (Ho e Mckay, 2000).

Outro modelo utilizado foi o de pseudo-segunda ordem, este também se baseia na

relagdo do sistema solido/liquido quanto a capacidade de adsor¢ao da fase sélido. Neste
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caso nao ha limitagbes quanto a faixa de tempo de contato (Ho e Mckay, 2000), podendo

ser descrito pela equagao a seguir:

dgr 2

A k(g -
4 (9.-9,)

Ou, pela sua forma linear:
1 1 1

— =+t

g9, kg, 4.

Onde: k: constante de velocidade de adsorgéo de pseudo-segundo ordem (g.mg’
" min™); qe: Capacidade de adsorgao no equilibrio (mg.g™”); q:: Capacidade de adsorcéo

em um tempo t (mg.g™"); t: tempo de reagéo (min).

E por fim, quando a e spécie as er adsorvida segue um modelo de difuséo
intraparticula; ou s eja, difunde-se da solu¢cdo para a fase sélida ou vice-versa; os
modelos de pseudo-primeira ordem e pseudo-segunda ordem n&o s&o aplicaveis
(Kannan e Sundaram, 2001). Neste caso a equagéo que representa este modelo pode

ser descrita da seguinte forma:
q, = kit”2 +C
Onde: K;: constante de velocidade de difuséo intraparticula; C: intersec¢ao da reta

ao eixo y (qy); q:: Capacidade de adsorgdo em um tempo t (mg.g™).

A verificagdo de qual dos modelos conhecidos podem ser aplicaveis as curvas de
liberacao dos fertilizantes desenvolvidos, pode fornecer constantes cinéticas aproximadas
que quando avaliadas em temperaturas diferentes e aplicadas a equagéo de energia de
ativagdo de Arrhenius atestam a confiabilidade do ajuste. Em outras palavras, se a
equacao utilizada para representar as curvas de liberagéo, reflete de fato a realidade.

No entanto, avaliagdo do comportamento cinético mais detalhado ainda é pouco
discutida com relagdo aos fertilizantes de | iberagéo lenta. Na literatura ha diversos
estudos que trabalham com a produgéo e avaliagcao de fertilizantes de liberagao lenta,
que na maioria das vezes é s uficiente para identificagdo do po tencial comportamento
lento (Xuet. al. 2005; Xu et al. 2004; Liang& Liu, 2006; Wu et. al. 2008; Silva, 2008;
Chandra; Ghosh; Varadachari, 2009; Yao et. al., 2013; Zhaohui, Yingpeng, Yan, 2013;
Yang et. al., 2013; Fukamachi, 2007).

Muitos dos materiais desenvolvidos envolvem o revestimento de fertilizantes
convencionais com polimeros, o0 que nem sempre representa a melhor alternativa, visto
que apos “rompimento” da capsula o material podera ser liberado rapidamente, e, além
disso, alguns polimeros podem apresentar efeito negativo no solo se ndo se forem

altamente biodegradaveis.
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Outros estudos bastante promissores para o desenvolvimento desta classe de
fertilizantes se inserem na utilizagdo de materiais lamelares, que podem alojar
temporariamente espécies de i nteresse no es paco interlamelar e.g. a utilizacdo de
hidroxidos duplos lamelares (HDL) para intercalagdo de nitrato, e uso como fertilizantes
de liberacédo lenta deste ion. Ainda com materiais lamelares ha o caso da intercalagdo de
ureia em caulinita que posteriormente ¢ liberada (Figura 4), destacando que no estudo de
Fukamachi 2007, onde a intercalagédo foi realizada mediante ativagdo mecanoquimica,
qgue sera detalhada em paragrafos subsequentes.

Figura 4- llustracdo da estrutura de caulinita intercalada com ureia em visao lateral.
(adapatado de Fukamachi, 2007).
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Ha também, alguns relatos de es tudos que utilizam matrizes lamelares e
fertilizantes convencionais como precursores, mas para obtengdo de m ateriais
completamente distintos, ou seja, as ativacbes mecanoquimicas envolvidas promovem
drasticas mudangas quimico-estruturais.

A importancia das ativagdes mecanoquimicas, ou ainda trituracdo ou moagem, é
conhecida ha muito tempo, mas apenas com relagdo a alteragbes na relagdo de area
superficial e volume do material triturado, somente a partir do século XX notou-se que a
moagem pode causar alteragdes na estrutura de compostos.

O conceito fundamental em uma ativagdo mecanoquimica consiste em promover
reagdes quimicas a partir de uma dada energia mecénica (Lewinskiet al., 2010; Frost et
al., 2003; Frost et al., 2001). Podem-se destacar algumas fontes principais para energia

mecanica que venha ser utilizadas em reag¢des quimicas e frequentemente relacionadas:
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ultrassom (Szabados et al., 2016; Li et al., 2016; Moghtada e Ashiri, 2018), microondas
(Wildfire et al., 2017; Sydorchuk et al., 2009; Trujillano et al., 2017), et ambém,
largamente utilizada a moagem (Wu et al., 2017, Frost et al. 2001; Yuan et al., 2014) em
que estdo inseridas principalmente forgcas de atrito, friccdo e cisalhamento.

Szabados et al. 2016, relatou a sintese de hidroxidos duplos lamelares (HDL) a
partir de sais de calcio e aluminio a partir de prévia moagem seguida de sonicagdo. A
sintese foi sistematicamente estudada na variagdo dos parédmetros de m oagem e
sonicagao, avaliando a formacao da estutura de HDL e ions intercalados estudados
(COs*, F, CI, Br e I). Os resultados mostraram que a etapa de sonicagdo reflete
positivamente na formacao de estruturas com maior arranjo estrutural.

Trujillano et al. 2017, relatou a sintese de hidroxissais duplos lamelares (HSDL) de
niquel e zinco utilizando-se micro-ondas. O anion intercalado foi o acetato, e, segundo os
autores o tempo de exposicado do sistema a radiagdo de micro-ondas pode al terar a
cristanilidade das estruturas obtidas.

Frost et al. 2001 relatou a modificagédo estrutural e quimica de caulinita a partir de
moagem realizadas até 4 h, neste estudo foi comprovado por diversas técnicas, tais
como DRXP, atestando que houve a delaminagéo concomitante com amorfizagéo deste
argilomineral, pois o pico d(001) perde intensidade com o aumento do tempo de moagem,
e, por fim, desaparece a partir de 4h de m oagem. De modo semelhante, as medidas de
FTIR mostraram ainda que as bandas de hidroxilas ligadas e c aracteristicas deste
argilomineral perdem intensidade e desaparecem, concluindo por fim que houve a
formagédo de um novo silicato, com baixa ordem estrutural.

Outro estudo envolvendo a sintese mecanoquimica de fertilizantes de liberagéo
lenta é relatado por Yuan et al.,, 2014, o qual utilou KOH, CaO e SiO, para produzir
estruturas amorfas baseadas na formacgdo entre K-Si-Ca-O, segundo os autores K* e
Ca®" foram incorparados na estrutura de SiO,, os resultados de liberagdo mostraram-se
mais promissores para o potassio.

Para tanto, na moagem em estado solido utiliza-se moinhos, que podem
apresentar uma infinidade de modelos diferentes, que permitem a variagédo das condigbes
de moagem como a velocidade, e, além disso, caracteristicas intrinsecas ao pr 6prio
equipamento, e.g. volume do reator, que utilizem esferas ou discos, etc. Na Figura 5 é
apresentado um esquema ilustrativo das principais partes envolvidas na moagem em um
moinho de bolas, frequentemente utilizado nas ativagbes mecanoquimicas.

A eficacia da ativacdo mecanoquimica reflete na obtencdo de um ou mais
produtos distintos dos reagentes de o rigem. Para facilitar isto é necessario o

conhecimento prévio dos reagentes a serem moidos, pois em muitos casos haveria
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apenas a diminuicdo do tamanho de par ticula de um dador eagente endoas ua

transformacgéo quimica, o que se enquadraria em um processo puramente fisico.

Figura 5- Layout geral da parte interna do moinho (a) e sec¢&o horizontal de um jarro de
moagem (b).
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Para tanto, no es tudo desenvolvido desta tese utilizou-se de pr ocedimento
descrito como ativacado mecanoquimica. A base da literatura utilizada descreveu ativagao
mecanoquimica entre um argilomineral (caulinita) e um fertilizante convencional (KH,PO,
e (NH4)H,PO,) (Solihin et al., 2011). Neste experimento os autores utilizaram o moinho
Pulverisette 7 (Fritsch), e variaram a rotacdo de moagem dos experimentos, que foram
conduzidos entre 100a700r pm eot empo fixado em 120 m inutos, os autores
observaram a amorfizagdo dos reagentes ap6s o processo de moagem, e este material
amorfo apresentou comportamento lento de liberagdo dos seus constituintes (K, P e N).

A partir deste e outros relatos ja mencionados da literatura, e conhecendo
caracteristicas e c omposi¢cées basicas de al gumas matrizes lamelares, é que foram
utilizados alguns argilominerais, que sao encontrados na natureza e alguns hidroxidos
duplos lamelares (HDL) passiveis de serem sintetizados de forma simples e rapida, a
partir de reagentes de baixo custo.

Quanto aos argilominerais existem dois diferentes tipos basicos na natureza, que
séo classificados de acordo com as semelhangas em composi¢cao quimica e na estrutura
cristalina, as estruturas do tipo 1:1 e estruturas do tipo 2:1. Nas estruturas do tipo 1:1,
estdo inseridos os grupos da caulinita, das serpentinas, dos argilominerais ferriferos e
nas estruturas do tipo 2:1 os grupos sao do talco-pircfilita, das micas, das esmectitas, das
vermiculitas, e da paligorsquita (atapulgita) — sepiolita (Figura 6).

As quatro dezenas de argilominerais distribuem-se nesses grupos. Industrialmente
pouquissimos argilominerais s&o utilizados, sendo a caulinita (caulim, “ball clay”; argila
refrataria; argila para construgdo civil), montmorilonita (bentonita, terra fuller), talco,

vermiculita e amianto crisotila (amianto branco) (Coelho et. al, 2007).
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Figura 6- Representacao esquematica da estrutura da Montmorilonita (a), do talco (b) e
da crisotila (c). (adaptado de: http://mineralogiaequimicadosolo.blogspot.com.br)
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Os argilominerais sao classificados como compostos lamelares por apresentarem
suas unidades estruturais (as lamelas), normalmente organizadas continuamente nos
eixos cristalograficos “a” e “b” (Grim, 1962) se empilhado ao longo da dire¢do “c” (diregéo
basal) (Arizaga, 2003). O empilhamento das lamelas na caulinita ocorre devido a
interacdo dos grupos aluminol (Al-OH), presentes na folha octaédrica, com a superficie
possuindo ligacdes siloxanicas (Si-O) da folha tetraédrica de uma lamela adjacente, por
meio de ligagbes de hidrogénio (Wypych; Satyanarayana, 2004).

Neste estudo em questéo trabalhou-se com argilominerais do tipo 1:1 e 2:1 (ricos
em magnésio e silicio). Um trocador catidnico dioctahedral que é a montmorilonita (Figura
a), cuja férmula quimica geral é (Ca,Na)o3(Al,Mg),SisO+10(OH),.nH,O, um n&o trocador
idnico triocahedral, ot alco (Mgs;Si;O4(OH),) (Figura b), além de u m argilomineral

trioctahedral nao trocador do tipo 1:1, a crisotila (Mg;Si,Os(OH),) (Figura c).
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Na natureza ocorre espontaneamente a transformagéo de um argilomineral do tipo
2:1 para o tipo 1:1. Esse processo de remoc¢ao do silicio da composi¢ao quimica dos
materiais inicia a partir da acédo de intemperismo sob os minerais primarios no material de
origem, tendo continuidade na pedogénese (formacgéo do solo) fazendo com que o solo
evolua atuando inclusive em minerais primarios e secundarios.

A dessilicacdo de silicatos pode oc orrer em varias etapas ou graus quanto a
remocéo de Si (Figura 7), a transformagao de um tipo para outro ocorre sob dessilicacao
mais avancadas, neste caso os silicatos primarios e os argilominerais 2:1 sao
transformados em argilominerais 1:1, como exemplo temos que: a pirofilita um
aluminosilicato do tipo 2:1 ((Si4;O10)Al,(OH,)) pela dessilicagéo avancada perde totalmente
uma das folhas tetraédricas de Si, e com isso formando a caulinita um aluminosilicato do
tipo 1:1 ((Si,0s5)Alx(OH,)), que por consequéncia se continuado a dessilicagéo intensa
origina a gibbsita, uma variedade polimérfica do Al(OH).

Para todas essas etapas grande parte do Si liberado durante o intemperismo de
argilominerais permanece nol ocal na forma de agregados amorfos de s ilica, nas
dimensdes de silte e areia. E importante ressaltar que o processo descrito, mas de modo
artificial é relatado pelo uso de uma base forte que possibilite a remog¢do da folha
tetraédrica de Si (Pereira, 2008; Pedron, 2007; Brighenti et al., 2012).

Figura 7- Descricao simplificada do processo de dessilicagdo da pirofilita.
A e
W W v
Soahhas e
K
W . Silica amorfa

Dessilicagio l

A ‘. ’, Caulinita
W/ W W

Silica amorfa

v v v
Dessilicacdo l

W () Gibbsita

_F-\d

28



Outra caracteristica importante dos argilominerais se refere ao seu carater de
trocador ou ndo trocador catidnico. O que ocorre é que, a pa rtir de substituicbes
isomorficas nas folhas octaédricas e tetraédricas, ha o ac umulo de carga residual na
estrutura, isso acontece, por exemplo, quando em um ambiente quimico neutro
octaédrico e composto por metais de carga lll ha substituicao de parte destes metais por
metais de carga Il. Note que, mantendo-se a mesma morfologia esta estrutura ndo sera
mais neutra, houve o e xcesso de c arga negativa (para este exemplo genérico), que,
portanto, necessitara ser contrabalanceada por um cation, normalmente hidratado.

A crisotila merece atencdo especial no trabalho, visto que é associada a
problemas respiratérios incluindo cancer de pulméo. Devido a caracteristica fibrosa deste
argilomineral, quando manipulado libera fibrilas de dimensdes micro e nanométricas no
ar, que podem ser inaladas, e entao alojadas nos alvéolos pulmonares que podem levar o
desenvolvimento de células tumorais (Lafaya et al., 2012; Korytkova et al., 2004; Bales e
Morgan 1985; Donaldson e Tran 2004; Bernstein et al., 2015).

Além disso, existe uma série de materiais produzidos a partir do fibrocimento, que
em sua composigcao apresentam cimento + fibras de crisotila na propor¢do aproximada de
90% de cimento e 10% de crisotila, por este motivo, é importante dar um destino correto
a esses materiais ap6s o seu uso. A legislagéo brasileira, através da resolu¢ao 348/2004
do Conama, artigo 3 e inciso |V cita que: “Classe “D”: sao residuos perigosos oriundos do
processo de c onstrugdo, tais como tintas, solventes, o6leos e out ros ouaq ueles
contaminados ou prejudiciais a saude oriundos de demoligdes, reformas e reparos de
clinicas radiologicas, instalagdes industriais e outros, bem como telhas e demais objetos
e materiais que contenham amianto ou outros produtos nocivos a saude”. Baseado nessa
premissa, residuos det elhas de fibrocimento ou outros artefatos contendo amianto
precisam ser descartados juntamente com residuos perigosos em aterros especializados
0 que implica em custos elevados.

Portanto, o interesse do uso de crisotila ou fibrocimento estd além da obtencéo de
potenciais fertilizantes de liberacado lenta, esta parte especifica do trabalha esta atrelada
ao tratamento mecanoquimico destes materiais, eliminando o potencial danoso a saude
humana e ainda produzindo materiais de valor agregado.

Ja, as estruturas dos HDL sao consideradas derivadas da brucita (Mg(OH),), a
qual pertence aum grupo de hidroxidos simples, comum para os hidroxidos de calcio,
manganés (ll), ferro (ll), cobalto (II) e niquel (Il) (Cursino, 2010). A estrutura da brucita
possui lamelas de octaedros levemente distorcidas, cujo centro & ocupado por céations
Mg%, coordenados por seis grupamentos hidroxilas situados nos vértices e, cada
hidroxila € c oordenada a trés cations magnésio, gerando uma estrutura tri-octaedrica,

onde todos os sitios octaédricos da estrutura estdo ocupados.
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De acordo com o postulado do principio de valéncias eletrostaticas de Pauling as
cargas envolvidas na estrutura dab rucita se cancelam gerando uma estrutura
eletronicamente neutra. Quando ocorrem substituicdes isomoérficas geradas pela
substituicdo de M g* por M** (M = metal), o excesso de c argas positivas na | amela
necessita a al ocacdo de anions hidratados no espaco interlamelar. Essa classe de
materiais apresenta potenciais usos em varias areas tando na area de pesquisas quanto
em aplicagdes industriais (Olanrewaju et al.,2000; Komarneni et al., 2003; Halma et al.,
2002; Chitrakar et al., 2011a; Arizaga et al., 2007; Gillman et al.,2008; Marangoni, 2009;
Olfs et al., 2009; Tongamp et al., 2008; Torres-Dorante et al.,2009; Chitrakar et al.,
2011b; Woo et al., 2011).

Figura 8- Representacao de trocas idnicas interlamelares, (adaptado de Silva 2012).
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Especificamente envolvendo a aplicacdo como fertilizantes, podem-se destacar
estudos realizados por Silva (2012), neste estudo foi avaliada a intercalagdo do ion nitrato
em HDL de c omposicdes: Mg®'Fe*" Mg*/AI*":Fe’+ e Mg*/AI**. Na aplicagdo destes
materiais em ensaios controlados em solugéo, observou-se que o nitrato presente na
regidao interlamelar é removido gradativamente para a solugdo, enquanto que oion
bicarbonato € alocado na regiao interlamelar, o que caracteriza o comportamento lento e
o potencial como fertilizantes desta classe. Essa substituicdo ocorre de acordo com a
preferencia de estabilizacdo da estrutura do HDL pelo contra ion (Figura 8), que sera

discutido posteriormente.
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Os HDL possuem uma formulagéo genérica descrita como [M?*,M** ,(OH),]*"(A™
)wn.YH20, onde M** e M?** s30 os cations metalicos e A € um anion com carga n- (Cursino,
2010; Marangoni, 2009). Neste estudo em especifico foram sintetizados HDL do tipo
hidrotalcita a partir do método de co-precipitacdo mediante pH constante, este método é
normalmente realizado em temperatura ambiente, sendo também possivel utilizar
temperaturas elevadas (até 55 °C). Outros fatores também podem afetar a qualidade e
caracteristicas gerais do material, sdo elas: a concentragao das solugdes e velocidade de
adicao. Esta ultima, quando lenta obtém-se materiais mais cristalinos.

Ha também outros métodos para obtengdo de HDL que serdo descritos a seguir:
no método do sal-6xido, uma dispersao do 6xido do metal divalente é utilizada para reagir
com uma solugdo do sal formado pelo cétion trivalente, esta ultima inclui o &nion a ser
intercalado. O principio deste método se baseia na hidrélise lenta do éxido do cation
bivalente (utilizando meio levemente acido). Por isso, o método do sal-6xido apresenta
limitagbes de acordo com a necessidade de que a parte divalente sofra hidrélise lenta e
ainda que o anion a ser intercalado forme um sal soluvel com o cétion trivalente e se
apresente estavel em meio acido.

Ha também o m étodo da sintese hidrotérmica, em que ambos os cations de
oxidos di e trivalente sdo dispersos em agua, aos quais se adiciona o acido do qual a
base conjugada pretende-se intercalar. Para este método, ha nec essidade de al tas
pressdes e temperatura, no entanto, como vantagem é possivel evitar a presenca de
sais.

Outro método usado se baseia na hidrélise da uréia que resumidamente consiste
em precipitar um hidréxido do cation metalico trivalente sob pH ligeiramente inferior ao da
precipitacdo do hi droxido do c ation metalico bivalente. Em seguida, as solu¢des séo
misturadas com controle de pH em um valor fixo através da adigéo simultdnea de NaOH
(aq).

Por fim, no método sol-gel a reagéo se da sob aquecimento em refluxo, formando
o gel apartir de uma solugéo alcodlica de et 6xido de magnésio (em HCI), com uma
solugdo de tri-sec-butdéxido de aluminio. Com o método sol-gel & possivel obter
compostos altamente puros com tamanho de poros controlados e elevada area superficial
(Marangoni, 2009).

Em estudos detalhados com relacdo a obtengdo de HDL, ha orelato daforte
influéncia do raio idbnico dos cations envolvidos, devendo os cations divalentes se
encontrarem na regiao entre 0,65-0,80 Ae para os cations trivalentes entre 0,62-0,74 A,
com excecéo para o AI** (raio idnico de 0,50 A) (Forano, 2004).

Como ja descrito, este tipo de estrutura possui carga residual, e, € no espacgo

entre as lamelas (chamado de es pacgo interlamelar) é que as mais variadas espécies
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podem ser intercaladas. Espécies mais simples, tais como anions inorganicos comuns
(carbonato, sulfato, cloreto, e.g.), sdo mais facilmente alocadas nesta regido da estrutura,
e, tem como principal objetivo a compensacao de carga residual formada. No entanto, as
possibilidades sdo das mais diversas, por exemplo, anions organicos (corantes e anions
derivados de acidos orgénicos e.g.); polimeros anidnicos, etc.. A versatilidade é téo
grande que neste espago pode-se inclusive serem inseridos fragmentos de DNA
(Marangoni, 2009).

No presente estudo foram desenvolvidos materiais intercalados com o anion
carbonatos, que se encontra em primeiro lugar com relagdo a ordem da capacidade de

estabilizagéo dos anions inorganicos simples entre as lamelas dos HDL (Miyata, 1983).
CO,” >S0,” >>O0H >CI' >Br s NO, >T’

Com relacao ao fertilizante utilizado, para os estudos sistematicos por ativagéo
mecanoquimica com cada uma das matrizes lamelares descritas foi utilizado o mono-
hidrogeno fosfato de potassio ou fosfato de potassio dibasico (K;HPO,), tratado como
fertilizante convencional. Assim como o di-hidrogeno fosfato de potassio (KH,PO,) séo
compostos largamente utilizados como fertilizantes nas suas formas puras, ou
associados a outros fertilizantes tais como ureia ou fosfatos de amonio; mas, no entanto,
eles sdo altamente soluveis em agua, o que se insere na pr oblematica ambiental e
socioecondmica citada em paragrafos anteriores.

Além do us o como fertilizantes, o KH,PO, inclui também o us o na i ndustria
alimenticia e como fungicida, e a principal forma de se obte-lo é a partir de acido fosférico
reagindo com fonte de potassio, tais como na forma de carbonato ou hidréxido (Ono et
al., 1987; Fukami, 1990; ltoh et al., 1975), ajustando-se o pH em torno de 4,7. No caso do
Ko,HPQO,, é necessario o ajuste do pH para cerca de 9,7.

2H.PO, + K,CO; = 2KH,PO,
H,PO, + KOH - KH,PO,

Obtou-se em escolher a K;HPO, por possui um maior teor de K, em relagéo do
KH,PO,. Portanto, na ativagdo mecanoquimica entre os materiais lamelares e o K;HPO,,
produziu-se materiais com composi¢cao quimica atribuida a elementos essenciais, e, além
disso, apresentando comportamento de liberagéo lento, ou seja, sendo ecologicamente

corretos.
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2. Objetivo geral

Produzir a partir da ativacdo mecanoquimica de misturas de argilominerais ou
hidréxidos duplos lamelares com monohidrogeno fosfato de potassio (K;HPO,),
potenciais fertilizantes sustentaveis de liberagdo lenta, principalmente de P e K, e como

possiveis fontes de Mg, Fe e Si.

2.1 Objetivos especificos

Sintetizar hidroxidos duplos lamelares (HDL) com a composigdo M*%:M* (RM =
2:1) onde M*?= Mg*? e M**= AI"® e Fe*.

Realizar estudos sistematicos das condicbes de m oagem para cada sistema
envolvendo matriz lamelar e K;HPO,, incluindo planejamentos fatoriais.

Realizar estudos sistematicos das condig¢es fisico-quimicas do meio de liberacao,
restrito aos sistemas Montmorilonita (MMT):K,HPO, e Talco:K,HPO,.

Avaliar comportamento cinético de liberagdo, completo ou pontual, dos nutrientes
dos sistemas.

Comparar modelos cinéticos conhecidos na literatura com dados cinéticos obtidos.

Verificar influéncia da temperatura sob a constante cinética e calcular energia de
ativagao, restrito aos sistemas HDL/K;HPO,.

Avaliar influéncia de carboximetilcelulose (CMC) nos sistemas HDL/K,HPO,
quanto ao comportamento de liberagao lenta.

Caracterizar por DRXP, FTIR, MEV/EDS, TGA e RMN MAS os reagentes de
origem, as amostras moidas e os residuos sélidos obtidos ap6s etapa de liberagéo dos

nutrientes.

3. Materiais e métodos

3.1 Sintese dos HDL

Para a sintese dos HDL foi utilizado o método de co-precipitagdo (Cavani et al.,
1991: Beavers, 1999). A metodologia consiste basicamente do gotejamento simultaneo
de uma solugdo mista dos cations de interesse (Mg®":Al**; Mg*:Fe**) (no presente caso
razdo molar (RM) 2:1) conjuntamente com uma solug¢do de base forte, hidroxido de sodio
NaOH (1 Mol/L) contendo Na,CO; (0,5 Mol/L) (Figura 9) sob agitagdo constante.

A utilizacdo de excesso de Na,CO; garante a intercalacao de ions carbonato entre
as lamelas dos HDL (tipo hidrotalcita), o controle de pH e realizado pela adi¢do de base

ou de solugdo mista de s ais no meio reacional. Apdés a s intese e c aracterizagdo, os
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precursores foram calcinados em forno mufla, onde se utilizou rampa de aquecimento de

1 h até a temperatura de interesse (200, 300, 400, 500 °C) que se manteve por 3 h.

Figura 9- llustracao do aparato utilizado para a sintese de HDL por co-precipitagéo.

= Centrifugagéo
= Lavagem (3x)
= Secagem

Agitagdo constante =

%' Precipitado _— B

3.2 Moagem

3.2.1 Sistema argilomineral (MMT ou talco):K,;HPO,

Figura 10- Fotografia do moinho planetario de zircénia.
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Para promover reagbes mecanoquimicas foi utilizado um moinho planetario de
zircbnia, marca Fritsch, modelo Pulverisette 2, rotagéo de trabalho 70 rpm, controle de
tempo por até 60 minutos, vaso de zircénia de 10,5cm de didmetro, disco de zirconia
preso ao moinho por haste fixa (Figura 10). Foi realizado um planejamento fatorial 22 com
ponto central em triplicata, onde foi variado o tempo de moagem e a raz&o molar entre

cada argilomineral e K,HPO, (Tabela 1 e 2).

Tabela 2- Planejamento fatorial 2° das condigbes dem oagem dos istema
montmorilonita/K;HPO 4

Cddigo da Condig6es de moagem
Niveis
amostra Tempo (h) RM * (M)
MZMont1 - - 3 1:2
MZMont2 + - 9 1:2
MZMont3 - + 3 2:1
MZMont4 + + 9 2:1
MZMontPC 0 0 6 1:1

* RM — Razdo Molar entre montmorilonita ((Ca,Na)o3(Al,Mg),SisO10(OH),.nH,0) e
KoHPO,.

Tabela 3- Planejamento fatorial 22 das condi¢des de moagem do sistema Talco/K,HPO,

Cédigo da Condigées de moagem
Niveis
amostra Tempo (h) RM* (M)
MZTal1 - - 6 1:2
MZTal2 + - 12 1:2
MZTal3 - + 6 2:1
MZTal4 + + 12 2:1
MZTalPC 0 0 9 1:1

* RM — Razao Molar entre talco (MgsSi;O1o(OH),) e K;HPO,.

3.2.2 Sistema Crisotila:K;HPO,

Para promover reagées mecanoquimicas do sistema com crisotila e K;HPO, foram
utilizados dois moinhos de caracteristicas intrinsecas diferentes (Tabela 3 e 4). O
primeiro moinho planetario de zircénia (moinho Z), marca Fritsch, modelo Pulverisette 2,
rotacdo de trabalho 70 rpm, controle de tempo por até 60 minutos, vaso de zircénia de

10,5 cm de didmetro, disco de zircbnia preso ao moinho por haste fixa.
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Tabela 4- Planejamento fatorial 2° das condigbes dem oagem dos istema
Crisotila/K;HPO,4, em moinho Z.

Codigo Variaveis
da Niveis Pré-tratamento (h)
Tempo (h) Razao molar*
amostra
ZC1 - - - 6 6 1:2
ZC2 + - - 12 6 1:2
ZC3 - + - 6 12 1:2
ZC4 + + - 12 12 1:2
ZC5 - - + 6 6 2:1
ZC6 + - + 12 6 2:1
ZC7 - + + 6 12 2:1
ZC8 + + + 12 12 2:1
ZCPC** 0 0 0 9 9 1:1

* RM — Raz&o Molar entre crisotila (Mg3Si>O5(0OH),) e K;HPO,4 ** Ponto central.

Tabela 5- Planejamento fatorial 2° das condices dem oagem dos istema
Crisotila/K;HPO,4 em moinho HE.

Variaveis
Coddigo da
Niveis Tempo (h) Rotagao
amostra Raziao molar*
(rpm)
HEC1 - - - 6 200 1:2
HEC?2 + - - 12 200 1:2
HEC3 - + - 6 600 1:2
HEC4 + + - 12 600 1:2
HEC5 - - + 6 200 2:1
HEC6 + - + 12 200 2:1
HEC7 - + + 6 600 2:1
HECS8 + + + 12 600 2:1
HECPC** 0 0 0 9 400 1:1

* RM — Razéao Molar entre crisotila (Mg3Si>O5(0OH),) e K;HPO,4 ** Ponto central.

O segundo moinho foi um moinho de bolas de alta energia (moinho HE), marca
Fritsch, modelo Pulverisette 5, com um vaso de agata de 250 mL, 5 esferas de 4gata com
15 mm de di &metro, este ultimo equipamento permite variar ar otacdo de m oagem
(maximo 600 rpm) (Figura 11). A tabela 3 mostra o planejamento fatorial 2° utilizado para

o moinho planetario de zircénia.
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Figura 11- Fotografia do moinho de bolas deal ta energia. Adaptado de
http://www.directindustry.com/pt/prod/fritsch-gmbh-milling-and-sizing/product-15376-
350473.html.

Para o moinho de bo las de alta energia foi desenvolvido o planejamento
experimental 2%, no qual foram avaliadas as variaveis: tempo (6, 9, 12 h), rotagéo (200;
400; 600 rpm) e razdo molar RM (1:2; 1:1; 2:1M) (Tabela 4). Apdés o processo de
moagem, algumas amostras, livres de nano fibras de a mianto (ZC2 e HEC4), foram
tratadas a 100 °C por 6 h em um forno de laboratério para investigar a possibilidade de

formacgéo de fases cristalinas e / ou estabilidade térmica (a 100 °C).

Figura 12- Fotografia do moinho Herzog: viséo geral do equipamento (A), cAmara interna
do moinho (B) e vasos compativeis com o moinho (C). adaptado de: http://www.herzog-

maschinenfabrik.de/us/produkte/muehlen/hsm-100-hsm-250/.
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Os estudos envolvendo o fibrocimento foram realizados em moinho Herzog HSM
100 P (Figura 12), em que 15 g de fibrocimento contendo cerca de 10% de crisotila foi
moida em vaso de tungsténio de 275 mL, por tempos que variaram entre 1 € 16 min, o
moinho operou a 1420 rpm, até amorfizagdo da crisotila e diminuicdo do tamanho das
particulas do cimento. Também foi realizado um experimento com a adicdo de K;HPO,
com razao molar de 1:2 (crisotila:K;HPO,4) levando em consideracédo a porcentagem de

crisotila na telha, a amostra foi moida por 16 min.

3.2.3 Sistema HDL/K,;HPO,

Para as moagens dos sistemas envolvendo os HDL foi utilizado um moinho de
bolas de alta energia marca Retsch, modelo PM 100, com um vaso de agata de 250 mL,
10 esferas de agata de 10 mm de didmetro. O planejamento fatorial foi realizado em duas
etapas, a primeira envolveu a moagem dos HDL calcinados (200, 300, 400 e 500°C) com
K.HPO,, nesta etapa as condicbes de moagem foram mantidas fixas: 9h, razdo
estequiométrica 1:2 e 450 rpm. Em seguida foi desenvolvido o planejamento fatorial 22
em que foi analisado a variavel tempo (3, 6, 9h) e razdo molar RM (1:2; 1:1; 2:1) (Tabela
5). A partir das condi¢gdes de moagem otimizadas entre cada sistema HDL/K,HPOQO, foi
entdo incorporado ao sistema de moagem 20% em massa de carboximetilcelulose (CMC,
marca Acros, 2,5.10° u). A adicao foi realizada por trés métodos distintos (Tabela 6).

Tabela 6- Planejamento fatorial 22 das condi¢des de moagem do sistema HDL/K,HPO,

Cddigo Niveis Tempo (h) Raz&o molar (RM)
MgAI1 e MgFe1 - - 3 1:2
MgAI2 e MgFe2 + - 9 1:2
MgAI3 e MgFe3 - + 3 2:1
MgAl4 e MgFe4 + + 9 2:1
MgAIPC* e MgFePC* 0 0 6 1:1

*Ponto central.

Tabela 7- Descricdo dos trés métodos utilizados para incorporagdo de CMC nos
sistemas.

Sistema Método Tempo de Razdo em massa (HDL: Cadigo
moagem (h) K;HPO,):CMC

MgAl: Método 1 3 1,793:2,964:0,9506 HFC1
K;:HPO,:CMC Método 2 3 1,793:2,964:0,9506 HFC2
Método 3 9 1,793:2,964:0,9506 HFC3

MgFe: Método 1 3 1,798:1,483:0,7201 HFC4
K:HPO,:CMC Método 2 3 1,798:1,483:0,7201 HFC5
Método 3 9 1,798:1,483:0,7201 HFC6
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O primeiro envolveu a adigdo de CMC na mistura de HDL/K,HPO, previamente
moida e entdo nova moagem por 3 h. O segundo método envolve adicado de CMC moida
previamente por 3 hna mistura de HDL/K;HPO, previamente moida e ent 40 nova
moagem foi realizada por 3 h. Por fim, o ultimo método envolveu a moagem por 9 h da
mistura de C MC/HDL/K,HPO, sem moagens prévias. Tabela 6 contém os codigos das

amostras.

3.3 Estudos de liberagao de nutrientes (Fésforo, Potassio e Magnésio)

Nos estudos envolvendo a liberacdo dos nutrientes em solugdo para cada uma
das matrizes houve um controle sistematico diferenciado de cada uma das variaveis
presentes no processo. No entanto, de modo geral € pos sivel ilustrar o processo de
liberagdo na Figura 13, as variaveis estudadas em uma ou m ais partes do t rabalho

incluem: tempo, concentracdo de amostra em 10 mL de agua desionizada e temperatura.

Figura 13- llustragéo do processo de liberagdo dos nutrientes.

Tempo

Banho termostatico

vy =il v

Amostra Residuo
solido
Secagem e caracterizagdo -

k=1

Solugdo
Filtragdo, diluicdo e quantificacdo )

3.3.1 Sistema MMT/K,HPO,ou talco/K;HPO,

Nos estudos de liberacao primeiramente foi verificada a influéncia das condicdes
de moagem onde 25mg de amostra foram pesados em recipiente com tampa, ao qual
foram adicionados em 10 mL de agua desionizada. Foram realizados testes iniciais para
1 e 168 horas de liberacao e a variagdo percentual de liberacdo entre estes dois tempos.

Esses dados possibilitaram a escolha de duas amostras, para estas entao foram
estudadas as condig¢des fisico-quimicas do meio de liberagéo: em que se utilizou solugéo

tamponada em pH= 6,5; 7,0; 7,5; temperatura de 20, 25e 30° C e concentragcdo do

39



material sélido na solugdo de 25; 37,5; 50 mg/10 mL. Os ensaios foram conduzidos de
acordo planejamento fatorial 2° com ponto central (MZMont2PC e MZTal2PC) em
triplicata (Tabela 7).

Tabela 8- Planejamento fatorial 2° para os sistemas (MMT ou talco) com K,HPO,

Condig¢ées fisico-quimicas

Amostra Niveis Concentragao oH Temperatura

(mg/10mL) (°C)

MZMont2.1/ MZTal2.1 - - - 25 6,5 20
MZMont2.2 / MZTal2.2 + - - 50 6,5 20
MZMont2.3 / MZTal2.3 -+ - 25 7,5 20
MZMont2.4 / MZTal2.4 + o+ - 50 7,5 20
MZMont2.5 / MZTal2.5 - -+ 25 6,5 30
MZMont2.6 / MZTal2.6 + -+ 50 6,5 30
MZMont2.7 /| MZTal2.7 -+ + 25 7,5 30
MZMont2.8 / MZTal2.8 + 0+ 4 50 7,5 30
MZMont2PC* / MZTal2PC* 0 0O 37,5 7,0 25

*Ponto central.

Apbs esta analise, que possibilitou a avaliacdo das condigdes fisico-quimicas com
relacdo ao comportamento lento de liberagéo, foi conduzido um estudo de uma série de
pontos de liberagdo para obtencdo de uma curva cinética. Na quantificacdo da liberacéo
dos nutrientes utilizou-se da técnica de ICP EOS, em colaboragdo com o prof. Marco

Tadeu Grassi (Brasil) e o laboratorio de vulcanologia em Clermont-Ferrand (Franga).

3.3.2 sistemas de crisotila/K;HPO,

Para os estudos envolvendo al iberacdo dos sistemas de c risotila ou
fibrocimento/K,HPO, foram realizados testes pontuais. Utilizou-se 25 mg de amostra em
10 mL de agua desionizada e temperatura de 25 °C. Todas as amostras foram analisadas
para os tempos de 1 h e 168h. Utilizou-se da técnica de ICP EOS para determinagéo de
P, Ke Mg.

3.3.3 Sistema HDL : K;HPO,

Nos estudos de liberagdo dos sistemas HDL/K,HPO, n&o se variou as condi¢bes
fisico-quimicas do sistema de liberagéo, ou seja, foram utilizados 25 mg de material em
10 mL de agua desionizada, no entanto foram conduzidos experimentos sob

temperaturas de 10, 25 e 50 °C. Na analise do pré-tratamento dos HDL e para o estudo
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das condi¢bes de moagem foram verificados dois pontos de liberagéo (1 e 168 h), como
para outros estudos.

Utilizando-se da dosagem de liberacao de fosfato para verificagdo da obtencao de
um produto com liberacéo lenta, a metodologia utilizada para caracterizacao desta etapa
preliminar é baseada no método colorimétrico de azul de molibdénio. Em seguida a curva
de liberacdo completa (30 minutos até 31 dias), os teores de nutrientes liberados foram
medidos por ICP OES.

3.4 Verificagdo da influéncia do fibrocimento tratado no pH de solugées.

Dada a potencialidade de uso do fibrocimento tratado, como corretor de pH de
solos, foram feitos alguns experimentos em solugao de acido acético diluido (pH ~4) e em
agua deionizada. Os ensaios foram conduzidos por 0, 1, 2, 5, 10, 20, 30 minutos,
utilizando-se de 50 mg de amostra para 100 mL de solug¢do, sem agitacao.

Apo6s o tempo de 30 min foi coletado aliquotas da solugéo para determinagao de

espécies lixiviadas / dissolvidas.

4. Caracterizagoes

As amostras foram caracterizadas por DXRP, FTIR, TGA, MEV, MET e RMN

MAS. As concentragbes dos elementos foram determinadas por ICP OES (anexo lIl).

5. Resultados e discussao

PARTE 1 - Argilominerais naturais

A etapa preliminar do projeto refere-se a utilizagcdo dos argilominerais
montmorilonita (MMT), talco e crisotila, que mediante ativagdo mecanoquimica com
KoHPO, pudessem produzir potenciais fertilizantes sustentaveis de liberacdo lenta. Em
uma etapa inicial, os resultados das moagens dos reagentes mostraram que os
argilominerais quando moidos de f orma isolada (sem outros reagentes ou adi tivos)
passam por mudancgas estruturais significativas que séo verificadas por DRXP, BET,
FTIR, EPR, RMN MAS e TGA/DTG.

Identificou-se neste caso, por medidas de E PR, que possiveis reagdes de
oxirredug&o ocorrem envolvendo Mn e Fe (substituintes isomorficos naturais dos cations
Mg+2 da estrutura do talco e da MMT), durante o processo de moagem. No entanto, em
outra analise feita em paralelo, a estrutura do K;HPO, ndo passa por alteracbes

significativas quando moido isoladamente.
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Em sequencia a esta etapa preliminar, foram estudados sistematicamente os
métodos de moagem e/ou condi¢des fisico-quimicas de | iberacdo para os sistemas
contendo montmorilonita ou talco agora na presenca de K;HPO,. De modo que os dados
apresentados no corpo desta, em Secado 1, ndo incluem a descricdo do estudo preliminar
realizado para moagem dos argilominerais sem a presenca de K;HPO,. Compondo ainda
na Parte 1, tratando-se de matrizes lamelares naturais, os ensaios envolvendo crisotila ou

fibrocimento com K,HPO, s&o apresentados na integra na Secéo 2.

Secédo 1 - Matrizes contendo K;HPO, na preseng¢a de montmorilonita(MMT) ou talco

5.1 Resultados para otimizagdao de condic6es de moagem e/ou condigbes fisico-

quimicas do meio de liberagao

Para os difratogramas dos materias envolvendo o pl anejamento fatorial de
moagens entre montmorilonita e monohidrogeno fosfato de potassio (Figura 14) verifica-
se picos de difracdo de baixa intensidade para os pontos centrais (amostras MZMont 5-6-
7) sendo evidente apenas os picos de difragdo referentes ao quartzo (Q).

Figura 14- Difratogramas de raios X dos materias resultantes do planejamento fatorial 22
envolvendo MMT e K,HPO,.
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Pelos resultados de difratometria de raios X, no tempo de 9 h (amostras MZMont 2
e 4) os picos referentes aos reagentes ndo sdo mais observaveis, o que indica que o
processo de amorfizacao é favorecido com o aumento do tempo de ativagéo, no entanto,
a influéncia darazado molar A:F (Argilomineral:Fertilizante) ndo é e vidente para este
conjunto de am ostras. Para as amostras MZMont1 e MZMont 3 foi observado um
deslocamento do pico referente ao plano de difragdo 001 de 13,81 A para 11,19 A que
pode estar relacionado com a desidratagdo dos cations intercalados na estrutura da MMT
(Luna e Schuchardt, 1999).

42



Nos materiais resultantes do planejamento fatorial envolvendo moagens entre
talco e monohidrogeno fosfato de potassio (Figura 15) verificou-se que os picos de
ambos os reagentes nao sdo observados a partir dos pontos centrais do planejamento
(MZTal5-6-7), que é referente as condigdes de 9 h de moagem com razdo molar A:F de
1:1. Analogamente para as amostras MZTal4 e MZTal3 moidas por 12 h, os perfis dos
difratogramas sado 0s mesmo para os pontos centrais, ou seja em termos de amorfizagéo
dos reagentes 9 h sao suficientes.

Figura 15- Difratogramas de raios X dos materias resultantes do planejamento fatorial 22
envolvendo talco e K;HPO,.
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A influéncia do tempo de moagem ¢ evidente quando analisados os difratogramas
de raios X das amostras MZtal1 e MZtal2 que foram processadas com razao molar de
1:2, os picos referentes ao talco aparecem apenas para amostra MZTal1 e embora a
amostra MZTal2 apresente um pico alargado na regiao do plano (006) o estado amorfo é,
de modo geral, predominante.

Figura 16- Espectros de FTIR dos materiais resultantes do pl anejamento fatorial 22
envolvendo MMT e K,HPO,.
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A influéncia da raz&o molar no processo de amorfizacdo também é observada

gquando as amostras MZTal1 e MZTal3 sédo comparadas, sendo que para razao molar de
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2:1 (amostra MZTal3) é observada a total amorfizagéo, isso indica que o excesso de
argilomineral privilegia o fenémeno.

Os espectros de F TIR (Figura 16) dos materias resultantes da moagem
envolvendo MMT e K,HPO, estdo de acordo com os resultados propostos por DRXP,
pois as amostras MZMont1 e M ZMont3 ainda apresentam abandaem 3634cm’
referente a hidroxila da estrutura de MMT, que pode ser melhor visualizada na figura 16B
correspondente a regido de 4000-3000 cm™. J& para as demais amostras observa-se a
auséncia de todas as bandas de hidroxila ligada, assim como ndo é mais evidente a
presenca da banda em 525 cm™ atribuida a ligacéo Si-O do argilomineral, ou seja, com
excecdo das amostra MZMont1 e MZMont3, os espectros das demais amostras indicam
que o processo de desidroxilagdo mecanoquimica foi efetivo.

De modo geral as amostras apresentam o mesmo perfil espectral, com
alargamento na regiso em torno de 1000 cm™ correspondente a sobreposicédo aos modos
vibracionais de fosfato provenientes do sal e Si-O proveniente dos argilominerais.

Figura 17- Espectros de FTIR dos materiais resultantes do pl anejamento fatorial 22
envolvendo talco e monohidrogeno fosfato de potassio (A); espectros em triplicata da

amostra MZTal1 pelo método da pastilha de KBr (B); espectro da amostra MZTal1 pelo
método de DRIFT (C).
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O alargamento das bandas nessa regido ainda sugere que os modos vibracionais
nao sdo mais observados em comprimentos de onda discretos, ou seja, possivelmente o
processo de moagem promoveu maior desordem nas ligagcdes quimicas envolvidas, o
que esta de acordo com estruturas altamente amorfas.

A amostra MZTal1 apresenta-se discordante dos resultados de DRXP pois n&o
apresenta as bandas caracteristicas da ligagdo Mg-OH (3676 e 670 cm™), a hipotese
aceita para essa diferenca nos resultados é que a amostragem para a leitura de FTIR n&o
€ representativa, mesmo realizando-se a medida trés vezes a partir de trés amostragem
diferentes (Figura 17B).

No entanto, ao realizar a medida de es pectroscopia na regido do infravermelho
por refletancia difusa (DRIFT) (Figura 17C), que utiliza uma quantidade maior de amostra,
fica evidente a presenca da banda em 3676 cm™ de hidroxila ligada ao magnésio, desse
modo, estando de acordo com o resultado de DRXP desta amostra.

De acordo com a Figura 18, embora as porcentagens de liberagdo de P e K entre
168 horas e 1 hor a da amostra MZMont1 sejam maiores do que para as demais
amostras, os seus dados de c aracterizacdo nao i ndicam a predominéncia de es tado
amorfo, ou seja possivelmente a ativacdo ndo foi completa, restando reagentes
remanescentes do processo, sendo essa amostra descartada por ndo se encaixar nos
objetivos e interesse deste trabalho. J& a amostra MZMont2 apresentou o potencial
comportamento de liberagéo de interesse e apresenta o estado amorfo predominante.

Além disso, com exce¢do das amostras ja citadas, a par tir destes dados é
possivel verificar a alta influéncia da razédo molar (RM) na percentagem de liberagéo, uma
vez que para razbes molares de 1:1 e 2:1, os materiais formados apresentam um
comportamento de liberacao extremamente lento, tornando dificil a obtenc&o de dados de
liberagao devido ao tempo experimental que demandaria.

Figura 18- Ensaios de liberacdo padrdo dos materiais resultantes do sistema MMT:
K:HPO4,em 1 hora (A) e em 168 horas (B).
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O tempo de moagem neste caso viabiliza principalmente a formagao de um a

amostra predominantemente amorfa para 6 e 9h de m oagem. Desse modo, para os

ensaios subsequentes de liberagdo, utilizou-se a amostra MZMont2. A Tabela 8 mostra

detalhadamente os dados de liberacdo para 1h e 168 de liberacéo.

Tabela 8- Ensaios de liberacdo dos nutrientes, dos materiais derivados do s istema

MMT/K,HPO,.

Tempo  Amostra Al K Mg P Si
MZMont1 4,14 10,75 62,34 1297 19,85
MZMont2 4,14 6,34 165 1,52 17,31
MZMont3 2,16 14,85 7,18 6,05 14,56

1h MZMont4 3,76 9,61 13,34 0,00 14,00
MZMontPC 4,12 7,02 20,41 2,58 14,60
MZMontPC 3,93 4,41 1,64 8,07 16,50
MZMontPC 3,24 3,28 1,03 4,80 14,17
MZMont1 0,00 41,09 1,67 64,53 8,56
MZMont2 1,07 26,16 0,00 38,80 6,71
MZMont3 0,57 24,91 0,00 16,78 8,32

168 h  MZMont4 0,00 11,94 9,68 0,95 9,91
MZMontPC 0,00 11,22 12,49 18,80 7,90
MZMontPC 0,00 6,21 0,32 17,43 4,01
MZMontPC 0,00 12,15 0,41 13,64 10,21

Figura 19- Ensaios de liberagédo dos materiais resultantes do sistema talco/K,HPO, em 1

hora (A) e 168 horas (B).
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Para a Figura 19, envolvendo os resultados da liberagdo/dessor¢cao das amostras

de talco, a amostra MZTal1 mostrou os melhores resultados. No entanto, pelos mesmos

critérios descritos para as amostras do sistema com MMT, a amostra MZTal2 foi

identificada como apresentando os melhores resultados. Os dados de c aracterizagéo
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pelas mesmas razdes descritas anteriormente, foram cruciais para ndo escolher MZTal1,
amostra que apresentou a maior percentual de liberagao de P e K entre 168h e 1 hora.

Para os materiais do sistema envolvendo o talco, no que consiste a influéncia das
condicbes de moagem no processo de liberacao, sdo observadas as mesmas tendéncias
do que para o sistema da montmorilonita. A Tabela 9 um quadro mais detalhado para 1 h
e 168 h de liberagéo.

Os resultados de liberagao de P e K para o estudo envolvendo as condi¢des de
moagem foram analisados por analise de variancia (ANOVA), e os modelos que melhor
descreveram o fenémeno para sistema envolvendo montmorilonita sdo apresentados na
Tabela 10, e para o sistema envolvendo talco sdo apresentados na Tabela 11.

As escolhas foram feitas de acordo com o valor mais baixo para "P-valor’ (=0.05)
que significa que os resultados n&o s do aleatérios e que no p rocesso de a tivagéo
mecanoquimica é possivel identificar se o tempo e a razdo molar exercem influéncia na
liberagdo dos nutrientes de interesse. Os valores de F-criticos e F (os valores de F deve
ser maior do que os valores de F-criticos) também indicam que os resultados ndo séo
aleatérios.

Foi possivel também sugerir, de um modo qualitativo, qual varidvel é mais
influente no processo (aquela que possui o valor mais elevado de F). A ndo aleatoriedade
indica que as variaveis podem ser estudadas de ac ordo com a sua influéncia no

processo.

Tabela 9- Ensaios de liberacao de nutrientes dos materiais do sistema talco/K,HPO,.

Tempo Amostra K Mg P Si
MZTal1 16,06 8,70 13,57 23,86
MZTal2 10,19 9,62 12,93 18,45
MZTal3 12,35 3,58 13,58 9,47
1h MZTal4 6,70 2,75 24,81 10,92
MZTalPC 6,84 4,82 8,70 12,20
MZTalPC 12,39 4,19 591 11,12
MZTalPC 10,06 3,26 3,66 10,85
MZTall 52,33 0,48 68,60 19,99
MZTal2 46,36 0,77 50,74 19,72
MZTal3 42,49 1,55 28,51 14,72
168 h MZTal4 4495 2,68 34,20 27,49
MZTalPC 40,68 1,09 36,67 12,35
MZTalPC 46,64 0,60 41,45 17,72
MZTalPC 46,77 1,38 37,43 17,29
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De acordo com a Tabela 10, como os valores F sdo maiores que F-critico, ambas

as variaveis (tempo e razdo estequiométrica) possuem influéncia no percentual de

liberagdo, mas o tempo exerce um efeito maior. Além disso, o modelo apresenta um

baixo erro o que atesta a viabilidade da analise.

Tabela 10- Analise de variancia (anova) para os dados experimentais de liberacdo de
potassio em 168 horas, dos materiais obtidos do sistema MMT/K,HPO,.

Fonte da variagdo SQ Gl MQ F valor-P  F critico
Tempo 231,04 1 231,04 240,5664 0,040988 161,4476
Razao Molar 194,6025 1 194,6025 202,6265 0,04465 161,4476
Erro 0,9604 1 0,9604
Total 426,6029 3
a 0.05
Fonte da variagao SQ Gl MQ F valor-P  F critico
Tempo 231,04 1 231,04 240,5664 0,040988 39,86346
Raz&o Molar 194,6025 1 194,6025 202,6265 0,04465 39,86346
Erro 0,9604 1 0,9604
Total 426,6029 3
a 0.1

Tabela 11- Andlise de variancia (anova) para os dados experimentais de liberagcédo de
potassio em 1 hora, dos materiais envolvendo o planejamento fatorial do sistema

talco/K,HPO,.
Fonte da variacado SQ Gl MQ F valor-P  F critico
Tempo 12,96 1 12,96 1071,074 0,019446 161,4476
Razao Molar 33,1776 1 33,1776 2741,95 0,012156 161,4476
Erro 0,0121 1 0,0121
Total 46,1497 3
a 0.05
Fonte da variagéo SQ Gl MQ F valor-P  F critico
Tempo 12,96 1 12,96 1071,074 0,019446 39,86346
Razao Molar 33,1776 1 33,1776 2741,95 0,012156 39,86346
Erro 0,0121 1 0,0121
Total 46,1497 3
a 0.1

As amostras envolvendo o sistema talco/K,HPO,4, a tabela ANOVA (Tabela 11)

apresenta um baixo valor de P -valor e os valores de Fs &0 muito superiores em
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comparagédo com os valores F-criticos. Além disso, o valor de erro também é baixo, o que
leva a conclusdo que neste caso, para a analise de variancia a razdo estequiométrica
assumiu a maior influéncia no processo, no entanto, a variavel tempo também se mostra
influente.

Na investigacdo de algumas das condigdes fisico-quimicas no meio de liberagéo,
por exemplo, pH, temperatura e também a quantidade de amostra, o melhor ensaio de
liberagao foi escolhido de acordo com o valor mais elevado para 168 h, o menor valor
para 1 h; e também de acordo com os dados de: P e K, respectivamente. Assim, para o
sistema envolvendo a MMT/K,HPO,, a amostra MZMont2.5 apresentou os melhores
resultados (Figura 20). Ha a influéncia da temperatura e da a quantidade de amostra no
comportamento de liberagéo. O intervalo de pH estudado, ndo fica claro se este influencia
na porcentagem de liberagéo.

Figura 20- Influéncia das condigdes fisico-quimicas na liberagdo de nutrientes do sistema
MMT/K,HPO,4 em 1 hora (A) e 168 horas (B).
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Para o sistema envolvendo o talco/K,HPO,, MZTal2.7 apresentou os melhores
resultados de liberagéo (Figura 21).

A Tabela 12 e 13 apresenta um quadro mais detalhado para 1h e 168 horas de
liberagao. Notou-se que para ambos os sistema a temperatura de 30 °C e quantidade de
amostra de 25 mg em 10mL apresentaram os melhores resultados segundo o interesse
desta pesquisa. No entanto, a variavel pH estando na faixa proxima a neutralidade nao

apresenta grande influéncia dentro da regido estudada.

49



Figura 21- Influéncia das condig¢des fisico-quimicas na liberagdo de nutrientes do sistema
talco/K;HPO, ap6s 1 hora (A) e 168 horas (B).

P
1004 E Al 1004 N N K ®
80 N 80 N N N N %
c@eo. Sl N N
2% N 297
2] 3 L |5
] N S N ]
N
1 Ll Ll
N el RERAEERDL B

FEEEFFE LS LT

Tabela 12- Influéncia das condigbes fisico-quimicas nal iberacdo dos nutrientes do
sistema MMT/K,;HPO,.

Tempo Amostra K P
MZMont2.1 74,74 8,99
MZMont2.2 51,42 6,83
MZMont2.3 52,85 9,20
MZMont2.4 39,78 6,85
MZMont2.5 41,75 9,17

1h MZMont2.6 31,77 4,58
MZMont2.7 34,35 9,13
MZMont2.8 25,26 4,56

MZMont2.PC 36,26 6,10
MZMont2.PC 27,87 3,06
MZMont2.PC 32,72 3,06
MZMont2.1 93,64 31,82
MZMont2.2 77,57 25,05
MZMont2.3 68,43 27,28
MZMont2.4 70,79 25,21
MZMont2.5 86,78 45,64
168h MZMont2.6 76,53 34,01
MZMont2.7 86,44 45,46
MZMont2.8 76,97 38,41
MZMont2.PC 97,37 39,45
MZMont2.PC 77,93 33,29
MZMont2.PC 100,00 45,28
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No estudo das condigbes fisico-quimicas do meio, foi utilizada a analise ANOVA
pela regressao linear para estimar ainfluéncia das variaveis. Esta analise segue os
mesmos critérios que foram previamente descritos para as tabelas ANOVA anteriores
(Tabela 14 e 15). A diferenca é que nao pode mos avaliar as variaveis separadamente,
mas de uma forma geral. De qualquer maneira, os valores de ‘F — critico’ para ambos os
sistemas sdo muito mais baixos do que os valores de F. Isso significa que as variaveis
analisadas exercem influéncia no comportamento de liberagéo, além disso, os valores de

residuos sio baixos quando comparados com valores totais de soma quadratica (SQ).

Tabela 13- Influéncia das condigbes fisico-quimicas nal iberacdo de nut rientes dos
materiais resultantes do sistema talco/K,HPO,. Coédigos de a cordo com materiais e
métodos.

Tempo Amostra K P
MZTal2.1 100,00 19,58
MZTal2.2 49,14 11,78
MZTal2.3 81,10 18,32
MZTal2.4 42,82 13,44
MZTal2.5 61,55 12,90
1h MZTal2.6 30,05 8,43
MZTal2.7 40,55 8,17
MZTal2.8 31,74 7,92
MZTal2.PC 37,48 7,78
MZTal2.PC 41,69 7,65
MZTal2.PC 32,57 7,46
MZTal2.1 100,00 21,76
MZTal2.2 80,13 10,67
MZTal2.3 87,78 16,97
MZTal2.4 69,52 8,39
MZTal2.5 98,48 29,56
168h MZTal2.6 80,30 12,88
MZTal2.7 65,85 31,46
MZTal2.8 83,67 13,82
MZTal2.PC 76,46 10,14
MZTal2.PC 68,87 9,97
MZTal2.PC 82,08 9,80
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Tabela 14- Analise de variancia (anova) dos dados experimentais para a variagao de
liberacdo do fosforo liberado entre 1 h e 168 h dos materiais resultantes do sistema

MMT/K;HPOs,.

gl SQ MQ F F de significacéo
Regresséo 3 4541759 151,392 25,1897 0,004658
Residuo 4 24,0403 6,010075
Total 7 478,2162
a 0.05

Tabela 15- Andlise de variancia (anova) para os dados experimentais para a variagéo do
fosforo liberado entre 1 h e 168 h dos materiais resultantes do sistema talco/K,HPO,.

gl SQ MQ F F de significacéo
Regresséo 3 478,5772 159,5257 15,59801 0,011318
Residuo 4 40,90925 10,22731
Total 7 519,4865

a 0.05

5.2 Resultados de caracterizagdo das amostras otimizadas

A Figura 22 mostra os padrdes de difracdao de raios X em p6 (DRXP) dos
precursores antes e de pois da moagem. A MMT (Figura 22b) exibe, como esperado,
todos os picos caracteristicos deste argilomineral como relatado na ficha cristalografica

JCPDS 02-0008 e quartzo como impureza (indicado por Q), comum em argilominerais.

Figura 22- Difratogramas de raios X do K,HPO, (a), MMT (b), MMT/K,HPO, moido (c),
talco (d), talco/K;HPO4moido (e).
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O talco (Figura 22d) apresenta picos de difragdo caracteristicas e bem definidas
gue evidenciam um elevado nivel de cristalinidade (JCPDS 73-0147). O K,HPO, também
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tem elevada cristalinidade e aus éncia de quaisquer impurezas cristalinas (Figura 22a).
Ap6s aet apa de moagem, os padrbes de difracdo de raios X evidenciam um
desaparecimento completo dos picos de di fracdo dos argilominerais devido aum
processo de amorfizagdo, enquanto que os picos de difracdo de quartzo (SiO, - Q)
permanecem inalterados (Figura 22c, 22e).

As amorfizagcdes das estruturas dos argilominerais utilizadas (MMT et alco)
também foram observadas em estudo preliminar, onde cada um destes materiais foi
moido isoladamente em moinho planetario de z irconia. Curiosamente, enquanto a
moagem de K,HPQO, isolado (Unico reagente no processo) ndo conduz a uma forte
modificagdo estrutural (Figura 23) ha apenas a inversdo de intensidade dos picos em
cada difratograma a partir de 3 h de moagem o que pode evidenciar uma moagem em
direcdes cristalograficas preferenciais, portanto, a presengca do argilomineral induz a
amorfizacdo completa deste sal. Esta diferengca pode s er atribuida a reatividade
superficial entre o K;HPO, e as particulas originadas da fragmentag¢éo dos argilominerais.
Figura 23- Difratogramas de raios X do K,HPO, (a) e apés moagem por 3 h (b), 6 h (c) e
9 h (d).
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Figura 24- Espectros de FTIR do K,HPO, (a), MMT (b), MMT/ K;HPO,moido (c), talco (d),
talco/K;HPO,4 moido (e).
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Nos espectros de F TIR (Figura 24), ambos os sistemas apresentam a
desidroxilagdo mecanoquimica devido ao aparecimento de uma banda larga na regiéo de
3700 cm™ a 3000 cm™, substituindo bandas de hidroxilas estruturais dos argilominerais e
formando moléculas de &g ua adsorvidas como produto, possivelmente, durante o
processo as ligacdes do tipo Metal-OH sejam substituidas por ligagdes do tipo Metal-O-R
(sendo R =K ou P).

Para ambos os sistemas ar egido em torno de 1000 c m™ caracteristica do
estiramento da ligagéo Si-O torna-se mais larga e é deslocada para menores numeros de
onda nas amostras moidas, possivelmente devido a formacdo de silica obtida por
amorfizagao do material.

Figura 25- Espectros de ?’Al RMN MAS da MMT (Aa) e MMT/K,HPO, moidos (Ab); (B)
#Si RMNMAS para a MMT (Ba), MMT/K,HPO, moido (Bb), talco (Bc) e talco/K,HPO,
moido (Bd); (C) *'P RMNMAS para oK ,HPO, (Ca), MMT/K,HPO, moido (Cb) e
talco/K;HPO,4 moido (Cc).
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Nos espectros de RMN MAS de Al de MMT in natura (Figura 25Aa), ambos

sitios octaédricos em & = 5,15 ppm e tetraédricos em & = 62,3 ppm sao evidenciados,
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Intensidade (u.a.)

Intensidade (u.a.)

assim como esperado. Apds a etapa de moagem envolvendo MMT:K,;HPQ,, o sinal de
Al em sitio octaédrico desapareceu (Tkac et al., 1994) enquanto o pico do sitio
tetraédrico foi ampliado e deslocado para cerca de & = 52 ppm que ¢é atribuido a sitios de

alumino-fosfato (AIPO,) (Lookman et al., 1977; Zhou et al., 2006; Fernandez et al., 2011;
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Wang et al., 2013), isso evidencia que o tratamento mecanoquimico destréi a estrutura
local da folha octaédrica do ar gilomineral. Nos espectros RMN para o nicleo de *°Si
(Figura 25B) nao existem alteracdes significativas antes e depois do da moagem.

Os sitios Q2, Q3 em torno de & = 84 ppm (Si (0OSi);OM, M = metal) e sitio Q4 a &
= 98 ppm ([Si (OSi)4]) estdo ainda presentes. Sitios do tipo Q4 estéo relacionados com a
estrutura de quartzo em todas as amostras até os argilominerais iniciais como um
contaminante natural. Deve-se ressaltar que, ap6s a moagem, as regides espectrais Q2 e
Q3 sé&o alargadas ainda mais.

Para os espectros de RMN de *'P (Figura 25C), as quatro bandas definidas sdo
tipicas de K,HPO, (anidro), especificamente localizadas a & = 5,81; 2,5; - 0,95 e - 5,33
ppm, €, apés moagem, foram substituidas por uma banda larga na regido de & = 10 a -20
ppm, com um maximo localizado no ambiente de pirofosfato em & = -5,4 ppm. Este
comportamento evidencia a ruptura da e strutura anidra do K;HPO, e a formagéo de
materiais amorfos.

Nos espectros de RMN de 2g;j para a amostra moida talco:K;HPQO,, a banda bem
definida localizada em & = -87,6 ppm observada para talco puro correspondente ao sitio
Q3, que é fortemente modificada levando a uma banda larga centralizada em & = -83
ppm correspondendo também em Q2 e Q4 (Si (SiO), (OH),, [Si (OSi)4], respectivamente).
Nos espectros de R MN de 3P, observam-se modificagbes semelhantes a des critas
previamente na presenca de MMT com a substituicdo dos sinais bem definidos por uma
ampla contribuicdo de ambiente quimico deslocada para a regido de ortofosfato (6 = 2,5
ppm) (Figura 25Cc) (Li et al., 2015), envolvendo provavelmente liga¢des do tipo Mg-O-P.
Os resultados de RMN MAS estdo de acordo com os resultados obtidos em DRXP e
evidenciaram ainda a formacao de materiais amorfos devido a ativacdo mecanoquimica
por moagem (Coelho et al., 2008; He et al., 2005; Martin et al., 2006; Masse et al., 2016).
Figura 26- Curvas de TGA da amostra MZMont2 (b), MMT (b), amostra MZTal2 (c),
Ko.HPO, (d), talco (e).

Massa (%)

200 400 600 80 1000
Temperatura (°C)

55



Os dados de TGA da MMT mostram dois eventos de perda de massa, o primeiro
até cerca de 200 °C, associados com a remogdo de & gua fisicamente adsorvida de
hidratagdo dos cations intercalados (7 % de umidade em 200 °C), eoev ento da
desidroxilagdo térmica na regido de 600-700 °C (12,51 % a 1000 °C) (Figura 26b). O talco
apresenta uma primeira etapa de perda que n&o esta bem definida, provavelmente,
devido a presenca de diferentes interacbes das moléculas de agua com os cristais
lamelares e um evento de perda de massa de 6,40 % que ocorreu a 1000 °C (Figura
26e), o qual é discordante do valor predito pela férmula molecular teérica (4,75 %),
devido a presenca de tracos de impurezas

O K;HPO, apresenta também um primeiro passo de remoc¢do de agua e, em
seguida, dois outros passos relacionados com a desidroxilagdo térmica (6,58 % a 1000
°C). Como pode ser visto nestes dados ambas as amostras ndo apresentam o
comportamento térmico caracteristico dos reagentes de partida o que reitera a efetiva
ativagdo mecanoquimica e formagao de um material distinto dos precursores, é evidente
apenas uma etapa de perda de massa de 12,51 % para MZMont2 e 10,32 % para
MZTal2 a 1000 °C, respectivamente, e é principalmente relacionada com agua adsorvida,
mas no caso de MZTal2 talvez também esteja relacionada com a perda de alguma outra
espécie volatil, por exemplo di6xido de carbono possivelmente adsorvido no processo. As

imagens de MEV s&o mostradas na Figura 27.

Figura 27- Imagens de MEV da MMT (A), talco (B), K;HPO, (C), MMT/K,HPO, moido (D),
talc/K;HPO,4 moido (E).
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As imagens de MEV da montmorilonita in natura sdo muito semelhantes ao que é
apresentado na literatura (Veiskarami et al., 2016). Os seus cristais ndo estdo claramente
definidos, no entanto, é possivel observar uma estrutura compacta formada por pequenos
cristais que lembram a caracteristica estrutura lamelar deste argilomineral. Por outro lado,
na imagem de MEV de K,HPO, s&o observados cristais grandes de aspecto fundido e
sem morfologia definida, isso, na verdade, fornecer uma interessante comparagdo com
as amostras moidas, que como pode ser visto, & formado por agregado de particulas
muito pequenas com nenhuma organizagao estrutural aparente (Figura 27D, 27E).

No caso de talco, as imagens MEV (Figura 27B) mostram claramente a estrutura
lamelar do argilomineral, de forma qualitativa. Quando comparado com a amostra moida,
as imagens sugerem uma enorme diminui¢do do tamanho de particula, o mesmo pode
ser verificado em comparagéo com imagens de K;HPO,. A questao é que, para ambos os
sistemas, observou-se que ot ratamento mecanoquimico fornece varias modificagbes
sobre o material moido, por exemplo, em termos de tamanho de particula e organizagéo

morfolégica em geral.

5.2 Resultados dos ensaios de liberagao/dessor¢ao dos nutrientes e estudo
cinético

O estudo cinético de liberagdo de nutrientes foi feito pela analise quantitativa da
concentracao de K, Mg e P em solugao versus tempo, sendo os resultados apresentados

na Figura 28.

Figura 28- Curvas de liberagcao de P e K para os sistemas: MMT/ K,HPO, (A) e talco/
KoHPO4(B).
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As analises de ICP OES foram realizadas em duplicata para Mg (Tabela 16 e 17)

e em triplicata para K e P. Considerando-se o fato de que o Mg faz parte da composicéo

57



do talco, a presenga de Mg em solugao poderia evidenciar uma lixiviagdo desse elemento
da estrutura do mineral. De forma semelhante, a MMT pode lixiviar alguns cations de
Mg?* a partir da folha trioctaédrica ou mesmo dos dominios interlamelares. No entanto, os
resultados da determinagdo de Mg mostram uma dispersdao muito alta dos dados de
liberagdo para poderem ser analisados pelos modelos usados, o0 que sugere um forte
comportamento heterogéneo dos materiais.

Para o sistema MMT/K,HPQ,, a liberagéo percentual (%) de K e P é apresentada
na Figura 28A. Os resultados mostram duas dindmicas de liberagcdo: uma liberagao
rapida no estagio inicial, seguida por um processo de liberagéo lenta. De fato, a metade
da quantidade total de K" é liberada em solugdo nas primeiras 24 horas (44%), enquanto
que levou 336 horas a mais (total 360 horas) para atingir o fim do processo de dissolugéo
(75% da concentracao inicial). A variagdo da concentracao de P por tempo segue quase
a mesma tendéncia. Durante as 24 horas de contato, 24% de fésforo é liberado
rapidamente. Nesta fase, a relacdo molar K/P é quase igual a 2 como para o fertilizante
KoHPO,.

Da mesma forma que para o sistema MMT/K,HPQO, para o sistema talco/K,HPO,,
os resultados da liberagdo de P e K (Figura 28B) mostram dois passos de liberagdo. Uma
liberagao rapida nas primeiras 4 horas que corresponde a 42,3% e 10,3% da carga total
de K e P respectivamente, isto é 60,3% para K e 24,3% para P da liberagéo total. Aqui
novamente, enquanto a curva de liberacdo de K atinge um patamar apdés 500 hor as
(69,6% de liberagado), a concentragéo de P ainda aumenta durante o periodo de analise
(744 horas, i.e. 31 dias), mesmo que uma atenuagcdo do comportamento de liberagéo

lenta seja claramente observada.

Tabela 16- Liberagdo de mg dos materiais resultantes do sistema MMT / K;HPO,.

Tempo (h) Liberacao (%) Desvio (+/-)

0,5 10,28 0,029
4 20,60 0

10 10,24 0,029
72 11,35 1,541
168 20,52 0,116
240 4,80 0,014
480 7,21 0,020
744 7,15 0,060

A comparagédo de a mbos os fertilizantes evidencia que quase am esma
quantidade de K ¢ liberada apés 31 dias de tempo de contato com agua enquanto que o

sistema talco/K,HPO, retém um alto teor de P. Obviamente, ambos liberam
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continuamente P aol ongo do tempo. A auséncia de um a relagdo clara entre as
concentragdes de K e P indica que ambas as espécies, K e HPO,* sofrem diferentes
propriedades de difusao e retencéo através das matrizes minerais. A constante cinética
(k) para o comportamento de | iberacdo e a c oncentragdo de | iberagdo no tempo de
equilibrio (mmol/L) de potassio e fésforo foram ajustadas utilizando a forma linear de
modelos de di fusdo pseudo-primeira ordem, pseudo-segunda ordem e di fuséo
intraparticular (Tabela 18) (Sprynskyy et al., 2011; Riahi et al., 2013; Yoon et al., 2014;
Neupane et al., 2014; Halajnia et al., 2013; Rout et al., 2015; Rout et al., 2014).

O modelo cinético de difusao intraparticular, o chamado modelo Higuchi, descreve
melhor a liberagdo de fésforo (P) para ambos os sistemas (Tabela 19). As curvas foram
sistematicamente analisadas de ac ordo com os pontos de | iberacdo e a pr incipal
diferenca entre estes dois sistemas & que para o sistema MMT/K,HPO, o comportamento
cinético, de acordo com os valores de R? e kg, é separado em duas etapas, sendo a
primeira mais rapida. Para o s istema talco/K;HPO,4, o0 aj uste dos pontos de dado s
tomados quer ao longo de todo o intervalo de tempo quer de ambos os passos tomados
individualmente, geram constantes de v elocidade, ky, com valores muito préximos
(0,0091 - 0,0111 mg / (g.min%?)).

Tabela 17- Liberagdo de mg dos materiais resultantes do sistema talco/K,;HPO,.

Tempo (h) Liberacéo (%) Desvio (+/-)
0,5 6,25 0,018
4 7,29 1,452
10 6,21 0,035
72 10,37 0,030
168 17,67 1,470
240 10,06 0,678
480 12,46 0,071
744 10,52 1,323

Tabela 18- Formulas matematicas dos modelos cinéticos utilizados.

Modelo cinético Forma linear do modelo

Pseudo primeira-ordem log (ge-qt) = log (qe) — k|(t/2.303)
Pseudo segunda-ordem t/qt = 1/(kiqe?) + tiqe

Difusao intraparticular qt = kg.t*®

Nota: t = tempo (min), ge = ion dessorvido no tempo de e quilibrio, gt = ion

dessorvido no instante t, k = constante da velocidade desorvente.
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Como esperado dos dados experimentais, a liberagdo de potassio apresenta um
comportamento cinético diferente, atribuido a ps eudo-segunda ordem (Tabela 20). No
caso do sistema MMT/K,HPOQO,, a modelagem sobre o total, primeiro e segundo passos
de liberacdo proporcionaram ajustes satisfatérios. Neste caso, quando comparado, no
primeiro passo o valor de K;, é da ordem de cem vezes maior do que 0 segundo passo, 0
que esta de acordo com ensaios experimentais. Por outro lado, de acordo com R?, os
parametros cinéticos do sistema talco/K,HPO, devem ser considerados a partir de toda a
gama de pontos da curva de liberagéo. O valor experimental para a liberagao de potassio

esta em total concordancia com os valores calculados obtidos com o ajuste global.

Tabela 19- Modelo cinético de difus&o intraparticular para liberagao de P.

Sistemas moidos Parametros cinéticos Faixa da curva de liberagao
Toda 1° etapa 2°etapa
Intercepcao 0,0323 0,0009 0,0921
MMT/K,HPO,
kg (Mg/(g.min®?)) 0,0091 0,0241 0,0062
R? 0,9735 0,9965 0,9979
Intercepcao 0,0452 0,0037 0,0373
talco/K;HPO, kg (Mg/(g.min®?)) 0,0091 0,0111 0,0094
R? 0,9980 0,9823 0,9934

Tabela 20- Modelo cinético de pseudo-segunda ordem para liberacao de K.

Sistemas Parametros cinéticos Faixa da curva de liberacao
Toda 1° etapa 2°etapa
ky (min”

MMT/KHPO, i (min”) 0,1589 5,4034 0,0532
ge (mg/g) 0,7396 0,5230 0,7615

R? 0,9967 0,9911 0,9979

Valor experimental de ge (mg/q) 0,7400

ki (min™) 0,06670  0,7414 0,0168

talco/K,HPO, qe (mg/g) 0,7375 0,5437 0,7850
R’ 0,9965  0,9871 0,9814

Valor experimental de ge (mg/g) 0,7200

5.3 Resultados de caracterizagdo dos residuos soélidos do processo de

liberagao/dessorgao

Para entender melhor os comportamentos de liberagéo dos fertilizantes e também

relaciona-los com suas propriedades quimicas, estruturais e det extura, técnicas de
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caracterizacao de estado sélido foram utilizadas para caracterizar alguns residuos, apos
alguns ensaios de liberagao. Verificou-se que ndo ha mudangas nos dados de DRX para
residuos obtidos apos processo de liberacdo das amostras envolvendo MMT/K,;HPQ,,
nos quais sdo evidenciados somente os picos de quartzo (Q), um contaminante natural
que ja estava presente no ar gilomineral de p artida (Figura 29). No entanto, para o
sistema envolvendo talco/K;HPO, foram observadas importantes mudancas estruturais
ap6s 30 minutos em solugdo (Figura 29c). Picos de difragdo bem definidos indicam a
cristalizagdo de uma nova fase. Esses picos de difragéo (indicado por *) correspondem
ao analogo mineral Estruvita de potassio (MgKPO,4.6H,0) (Graeser et al., 2008; Xu et al.,
2011).

Figura 29- Difratogramas de raios X dos residuos solidos resultantes das amostras:
MMT/K,HPO, apés 30 min (a), MMT/K,HPO, apds 31 dias (b), Talco/K;HPO,4 ap6s 30 min
(c), Talco/K;HPO,4 apds 7dias (d) e Talco/K,HPO, apds 31 dias (e).

Q= Quartzo * = K-Estruvita

Intensidade (u.a.)
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A partir de 7 dias de liberagéo (Figura 29d), a raz&o de intensidade relativa para a
fase cristalina é afetada principalmente na regido de 30° - 35° (26), o que indica um perfil
de difracdo diferente. Depois de 31 d ias (Figura 29e), as intensidades s&o fortemente
reduzidas devido a solubilizacdo parcial da MgKPO,.6H,0, levando a liberagéo de K e P
em solugdo. Quando o talco/K,HPO, € moido, provavelmente existe a formacao de
Estruvita de potassio (K-estruvita - MgKPO,.6H,0) no estado amorfo, e depois dispersa
em solucdo ocorre a estabilizacdo das ligacdes e entdo o material cristaliza. A
solubilizacdo da Estruvita de potassio permite a liberagéo lenta de K, P e Mg, sendo que
a quantidade liberada de K* é entdo dependente da presenca de Mg®*, e o fosfato como
contra ion.

Nos espectros de FTIR (Figura 30), para ambos os sistemas, os residuos apoés a
liberagdo mostram uma grande banda centrada a 1000 cm™ semelhante & observada
para os argilominerais precursores caracteristicos das liga¢cdes Si-O. A mudanca desta
faixa observada ap6s a moagem néo esta mais presente, provavelmente devido a re-

hidratagdo do composto. Para experimentos envolvendo os residuos de MMT /K;HPOQ,,
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como mostrado em DRXP (Figura 29), néo se observa qualquer modificagdo adicional
enquanto que para os residuos de talco/K,HPO, (Figura 30c, 30d, 30e), uma banda bem
definida centrada a 567 cm' é evidenciada, sendo caracteristica da deformacéo
assimétrica da ligacao P-O, sugerindo que houve mudangas nos modos de vibragdo de
fosfato devido a cristalizagdo de Estruvita de potassio, como evidenciado nos padrées de
DRXP. Apo6s 31 dias, a intensidade relativa da banda t ende a diminuir (Stefov et al.,

2004) em acordo com a liberagdo dos elementos e a solubilizagdo da Estruvita de
potassio.

Figura 30- Espectros de FTIR dos residuos soélidos resultantes das amostras: da
MMT/K,HPO, apés 30 min (a), MMT/K,HPO, apds 31 dias (b), Talco/K;HPO,4 ap6s 30 min
(c), Talco/K;HPO,4 apds 7dias (d) e Talco/K,HPO, apés 31 dias (e).
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Para verificar as modificagbes no ambiente quimico apds liberagdo, os
experimentos de RMN MAS também foram realizados nos diferentes residuos. Para os
residuos do sistemaMMT/K,HPQ,, as alteragbes estruturais observadas apdés a moagem
se mantém nos espectros de RMN de Al e #Si (Figura 31A, 31B). Pode-se apenas
destacar que o sinal largo de *'P fica mais deslocado para regido em torno de & = -10,4
ppm apos 31 dias de liberagao (Figura 31Cb).

Por outro lado, para os residuos do s istema talco/ K;HPO, apoés ensaios de
liberacdo, o sinal de *'P desloca-se para o ambiente de ortofosfato (5 = 5,6 ppm) (Figura
31Cc, 31Cd) de acordo com a formagéo de Estruvita de potassio. De forma interessante,
em um tempo mais longo (Figura 31Ce), os sinais entre 8 = 10 ppm e & = -10 ppm
aumentam a intensidade relativa destacando a modificagdo do ambiente de ortofosfato
em relacdo as espécies monodentadas, bidentadas e pirofosfato. O sinal de #Si nao
apresenta modificagbes em comparacdo com a amostra moida.

Alteracées morfolégicas apds ensaios de liberagdo também foram investigadas
por analise de MEV dos residuos (Figura 32). Como esperado, com base em analises

estruturais anteriores, os residuos envolvendo amostras de MMT/K,HPO, apds ensaios
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de liberagcao, mesmo ap6s 31 dias, ndo apresentam alteragées morfoldgicas significativas
(Figura 32B). Para os residuos de talco/K;HPO,, grandes mudangas morfolégicas foram
observadas em comparag¢do com amostra inicialmente moida, na qual exibia pequenas
particulas agregadas (Figura 27E). De fato, sistematicamente apds experiéncias de
liberacao (Figura 32C), sdo formados grandes cristais em forma de bastdes com
comprimento na faixa de dezenas de micrometros, observados conjuntamente com
particulas muito menores compativeis aos materiais de partida. Apos 7 dias (Figura 32D)
estes grandes bastbes compactos comegam a se desagregar, fato que € maximizado
ap6s 31 dias (Figura 32E).

Figura 31- Espectros de RMN MAS dos residuos solidos derivados das amostras: *’Al
MMT/K,HPO, ap6s 30 min (Aa) e ap6s 31 dias (Ab); 2°Si MMT/K,HPO4apds 30 min (Ba) e
apos 31 dias (Bb), Talco/K,HPO4apds 30 min (Bc), apos 7 dias (Bd) e apds 31 dias(Be).
*'P MMT/K,HPO,ap6s 30 min (Ca) apos 31 dias (Cb), Talco/K,HPO4apés 30 min (Cc),
apos 7 dias (Cd) e ap6s 31 dias (Ce).
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Para obter informagdes sobre a composicdo quimica das diferentes morfologias
observadas, foram realizadas medidas de EDS (Figura 33), evidenciando que o cristal
com morfologia caracteristica de bastdes &€ composto principalmente de elementos K, Mg
e P, em concordancia com a estrutura de E struvita de potassio (Graeser et al., 2008).

Este cristal tipo bastido é tipico deste mineral e suportado adicionalmente por padrdes
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DRXP. Além disso, o conteudo de nanoparticulas amorfas, principalmente elementos Si e

Mg, se ligam a fase derivada do talco.

Figura 32- Imagens de MEV dos residuos solidos resultantes das amostras:
MMT/K,HPO,4 apés 30 min (A), apés 31 dias (B), talco/K;HPO4apds 30 min (C), apds 7
dias (D) e ap6s 31 dias (E).

Figura 33- Analises de EDS para o residuo sélido derivado da amostra talco/K,HPO,,
apos 7 dias.
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Tal diferenca de comportamento dos sistemas ap6s a liberagdo pode estar
relacionada com a composi¢géo quimica dos argilominerais iniciais utilizados. A MMT, em
comparagdo com talco, ndo contém quantidade suficiente de Mg para formacgédo de
Estruvita de potassio levando a um mecanismo de liberag¢ao diferenciado.

Quando se compara os ensaios de liberagdo dos sistemas que envolvem
montmorilonita e talco, através da anélise dos residuos, € possivel afirmar que com a
ativagdo mecanoquimica € possivel obter fertilizantes de um comportamento de liberagcéo
lenta. Mais do que isso, com o presente estudo fica claro que para cada argilomineral
utilizado €& possivel formar também diferentes materiais, que incluem diversos
mecanismos de liberagcado o que demonstra o seu grande potencial.

Levando em consideracao os dados obtidos foi possivel identificar genericamente,
além dos reagentes, os possiveis produtos da ativagcdo mecanoquimica. No entanto, é
importante destacar que, dada a complexidade da reacéo, possa haver outros produtos
formados ndo descritos, ou ainda diferentes dos listados.

Para os experimentos envolvendo MMT a compreenséo do processo € ainda mais
complexa devido a sua composicao quimica. Na Figura 34 s&o listados alguns dos
possiveis produtos obtidos, nestes, mesmo que em pequenas quantidades, a formacao
de alumina (Al,O3), silica (SiO;) e oxido de magnésio (MgO) é praticamente certa, além
disso, muito embora possam ter sido formados os demais produtos a forma mais
aceitavel, dada as observacbes relatadas, &€ para compostos metaestaveis do tipo
(Mg,Al-O-P-0O-Si-O-K descrito em Figura 34(d).

Figura 34- Possiveis produtos gerados na ativagdo mecanoquimica do sistema

MMT/K,HPO,
Al,0, + AIPO, + Al;0,(PO,) + Al,0,(HPO,) + Al,0,(H,P0,),
(a)

MgO + Mg,(PO,), + Mg,0(HPO,) + Mg,0(H,P0,),
(Ca,Na), (Al Mg),5i,0,,(OH),.nH,0 + K,HPO, — > (b)
MMT Si0, + Si (0Si);0K
(c)
(Mg,Al)-0-P-0-5i-0-K
(d)

Com relagéo aos experimentos envolvendo talco ficaram mais claros os possiveis
produtos formados (Figura 35), principalmente devido a formagéo da estruvita de potassio
no residuo sélido. Mediante moagem acreditasse que sdo formados como produtos
principais: os Oxidos de magnésio (MgO), silica (SiO,) e estruvita de potassio
(MgKPO,4.6H,0) esta ultima cristaliza ap6s contato com agua. Outros possiveis produtos
também sdo listados, incluindo dittmarita amorfa (MgKPO4,.H,O) uma espécie

quimicamente semelhante a estruvita mas com grau de hidratagéo diferente.
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Figura 35-Possiveis produtos gerados na ativagdo mecanoquimicado sistema Talco
IK;HPO,,

MgKPO,.6H,0 + MgKPO,.H,0
(a)
MgO + Mg,(PO,), + Mg,0(HPO,) + Mg,0(H,PO,),
Mg,Si,0,0(0H), + K,HPO, — (b)
Talco Si0, + Si (0Si),0K
(c)
Mg-0-P-0-Si-0-K
(d)

5.4 Conclusoes parciais

Neste estudo, foi investigada a obt encdo de Fertilizantes Sustentaveis de
Liberacao Lenta por ativagdo mecanoquimica de misturas de MMT ou talco com K;HPO,.
Com base em varios dados de caracterizagéo foi possivel concluir que cada um dos dois
argilominerais possui um comportamento e mecanismos de reacgdo diferentes. Para
ambos os sistemas moidos, o estado amorfo é pr edominante e o es tudo cinético,
principalmente para os elementos fosforo e potassio, evidenciou um comportamento
caracteristico de liberagao, ou seja, baseado em dois passos principais de liberacéo, o
primeiro mais rapido que o segundo que tende ao estado de equilibrio.

A comparagao com modelos cinéticos conhecidos mostrou que cada elemento
estudado se encaixa em um modelo diferente. Globalmente, os sistemas baseados em
talco liberam mais lentamente e menos quantidade de K e P, analisando a situagéo
préxima ao equilibrio. Tal comportamento pode ser explicado pela formagéo de Estruvita
de potassio a partir de talco moido com K,HPO, evidenciado pela caracterizagédo
estrutural de residuos apoés liberacdo, esta estrutura atua ainda como um reservatério
inorganico de nutrientes (Mg, Ke P). Os sistemas mostram mecanismos de liberagéo e
comportamentos cinéticos diferentes, contudo potenciais fertilizantes com comportamento

de liberacao lenta foram obtidos com sucesso em ambos 0s casos.
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Secao 2 - Matrizes contendo K;HPO, com crisotila ou fibrocimento

5.1 Resultados de caracterizagdo das amostras

Os dados de DRXP envolvendo o moinho Z (Figura 36A) indicaram que a maioria
das amostras apresentou perfil amorfo ap6s moagem, mas algumas delas
(especialmente amostras de ZC5 a ZC7) ainda apresentam picos de difragdo basal da
crisotila residual, indicados por (002) e (004). Como esperado, a maior propor¢ao de
KoHPO, (RM 1:2, crisotila:K;HPO,) propiciou maior destruicdo de crisotila, acredita-se
que o sal de potassio possa atuar também como agente abrasivo, facilitando amorfizagéo
da matriz. E, para baixos tempos de moagem, aparentemente, ndo ha troca de energia
suficiente para destruir a estrutura cristalina da crisotila. Para o moinho Z o pré-
tratamento de crisotila, considerando os dados de DRXP, ndo mostrou influéncia direta
na amorfizagdo das misturas moidas, no ent anto, vale destacar que é um a etapa
fundamental para o desenvolvimento instrumental da moagem, uma vez que possibilita a
prévia desagregacao das fibrilas da crisotila.

Ainda para as amostras onde se utilizou menor RM (crisotila:K,HPO,), e 0 moinho
Z, é observada uma série emergente de picos de difragdo ampla na regido de 27 a 35 °
(em 20), possivelmente relativa a fases goetita (Gt) e hem atita (Ht) presentes como
impurezas no argilomineral de partida ou ainda 6xidos de ferro formados no processo de
moagem.

Nos difratogramas de raios X obtidos para o moinho HE (Figura 36B), foi possivel
verificar a formacao de estruvita de potassio (MgKPO,4.6H,0) (Graeser et al., 2008; Xu et
al.,, 2011) nas amostras de H EC6,7,8 por ativagdo mecanoquimica entre crisotila e
K.HPO, (ou seja, sem a necessidade de s uspensdo em agua como para o s istema
Talco/K,HPO, ).

Por outro lado a estrutura do crisotila é parcialmente retida. Estruvita de potassio é
usada como fertilizante (fonte de Mg, K e P) e ndo tem toxicidade para o ser humano, o
que fornece uma alternativa sustentavel e ecologicamente correta para uma nova rota de
tratamento de crisotila e artefatos de fibrocimento.

Analisando os dados de DRX para todas as amostras do moinho HE, a razéo
molar (RM) pode influenciar a formacgéo de estruvita de potassio (HECG,7,8), no entanto,
como observado, estando a crisotila em excesso (RM 2:1; crisotila:K;HPO,), esta pode
nao ser totalmente destruida no processo.

Portanto, amorfizacdo dac risotla eK ,HPO, € fortemente influenciada
primeiramente pela razido molar, na qual o reagente K;HPO, em excesso a favorece, e
em seguida pela velocidade de moagem, como é observado para as amostras HEC3 e
HEC4 (600 rpm).
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Figura 36- Difratogramas de raios X dos materiais resultantes dos istema
crisotila/K,HPQO,4, moidos no moinho Z (A), moinho HE (B) e ZC2 ou HEC4 tratados a 100
°C (C). * - K estruvita; Gt - Goetita; Ht - Hematita; Hr - Hornblenda; D - Dittmarita.
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Estas amostras juntamente com o ponto central (HECCP) apresentam um material
cristalino que podes er atribuido af ormagcdo dees trutura do tipo dittmarita
(MgKPO,4.H,0), frequentemente associada com estruturas dot ipo estruvita
(MgKPO,4.6H,0) e newberyita (Mg(PO;0H).3H,0). A formacao de dittmarita & preferencial
para reacgbes rapidas, no entanto, em presenca de excesso de agua e temperatura
ambiente pode se converter em estruvita (Zhenyu et al., 2012; Ribeira et al., 2007;
Sarkar, 1991; Koleva et al., 2011; Zhao et al., 2016). Para a amostra de ZC2 submetida
ao tratamento térmico a 100 °C observou-se a formagéo da fase cristalina de estruvita de
potassio. As fases Gt, Ht e 6xidos de ferro possivelmente presentes na amostra moida (a
27 - 35 ° (em 206)) desaparecem apos o tratamento térmico. O tratamento térmico da
amostra HEC4 n&o mostrou nenhum efeito, mostrando um padré&o de difragéo de raios X
muito similar com ou sem aquecimento das amostras (Figura 36C).

A imagem de M EV da crisotila (Figura 37A) mostra as estruturas fibrosas
caracteristicas (Modica et al., 1984), onde o s feixes de t amanho micrométrico séo

compostos de fibras nanométricas. A imagem de MEV de K,HPO, (Figura 37B) apresenta
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cristais compactos. E possivel observar que as amostras de ZC1, 2 e 3 (Figura 37C, 37D,
37E) ndo apresentam as caracteristicas fibras da estrutura de crisotila e c onsiste na
agregacéao de pequenas particulas numa rede aberta e algumas particulas agregadas, o
que pode indicar a formagédo de es truvita de potassio mal cristalizada. As particulas

nanomeétricas esféricas deformadas consistem de silica amorfa.

Figura 37- Imagens de MEV dos materiais: crisotila (A), K;HPO, (B), ZC1 (C), ZC2 (D) e
ZC3 (E).

Para as imagens MEV obtidas no moinho HE, observa-se um comportamento
distinto. A amostra HEC4 (Figura 38A, A') mostrou morfologia na forma de placas, ndo
caracteristica de crisotila ou K;HPO,. Essa morfologia pode ser atribuida a formagéo de
dittmarita (Zhenyu et al., 2012; Koleva et al., 2011; Zhao et a., 2016). Para todas as
outras amostras analisadas por MEV a presenca de fibras de crisotila € evidente, mesmo
que em menor concentragao.

Nas imagens de HEC7 observa-se claramente um grande cristal, que pode ser
atribuido a estruvita de potassio (*) e, em menor concentracdo, as mesmas pequenas

placas descritas para HEC4, além de algumas fibras isoladas de crisotila (Figura 38C").
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Figura 38- Imagens de MEV das amostras HEC4 (A,A"), HEC6 (B,B'), HEC7 (C,C") e

HECS8 (D), respectivamente. Estruvita potassica indicada por um *.

Os dados de TGA da crisotila mostram trés eventos principais de perda de massa,
o primeiro a 100 °C (1,5%), associado com a remocé&o de agua fisicamente adsorvida, em
seguida um evento atribuido a impurezas presentes na crisotila, tais como Fe(OH); e
talco (4,46% a 450 °C), e o evento da desidroxilagéo térmica na regido de 600-700 ° C
(21,03% a 1000 °C) (Figura 39). O valor de perda de massa teérico de 13% (levando a
formacgédo de Mg,SiO, e SiO,) é distante do valor observado experimentalmente para a
base seca em 500°C (17,4%), mostrando que a crisotila apresenta contaminagdes.

O K;HPO, também apresenta um primeiro passo de remogéo de agua e, em
seguida, dois outros passos relacionados com a desidroxilagéo térmica (6,67% a 1000 °
C). O valor tedrico para a decomposicédo do K,HPO, anidro a K;P,O; & de 3,79%,
relativamente distante do valor encontrado para a base seca em 180°C (5,7%),

acreditasse que o material apresente como contaminantes suas variagbes hidratadas
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K;HPO,.nH,O, por este motivo a variagdo entre o percentual de decomposigéo teorico e o
experimental.

As amostras analisadas para o moinho Z (Figura 39A), ndo apresentaram
comportamento térmico de dec omposi¢do caracteristico dos reagentes. Trés etapas
principais sdo observadas, apr imeira refere-se a eliminagédo de ag ua fisicamente
adsorvida (4,45% a 100°C), e a demais etapas possivelmente envolvendo decomposicéo

de Estruvita de potassio (~20% para todas as amostras a 1000 °C).

Figura 39- Curvas de TGA dos materiais resultantes do sistema crisotila/K,HPO,4, moidas

no moinho Z (A) e no moinho HE (B).
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Ja para o moinho HE (Figura 39B), as amostras analisadas que ainda apresentam
crisotila, assim como identificado por DRXP, por TGA apresentaram etapa caracteristica
de desidroxilacdo térmica de crisotila. A umidade caracteristica das amostras moidas
variou entre 10,34% e 15,8% (a 100 °C).

Cabe salientar que, a am ostra HEC4 n&o apr esenta evento de desidroxilacao
térmica de crisotila, e, além disso, apresenta um evento a 180 °C (17,67%) que néo é

observado para nenhuma outra amostra, assim como observado por DRXP e M EV
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acredita-se que o comportamento de decomposigéo térmica diferenciado seja atribuido a
desidratacdo de dittmarita formada durante a ativagcdo mecanoquimica (MgKPO,.H,0)
(Kongshaug et al., 2000; Koleva et al., 2014).

5.2 Resultados dos ensaios de liberagao/dessorgao dos nutrientes

No estudo cinético envolvendo ensaios com om oinho Z, considerando a
porcentagem de liberagdo de P e K (Figura 40), todas as amostras tém comportamento
caracteristico de liberagdo lenta. No entanto, ressalva-se aqui que apenas para as
amostras ZC2, 3, 4 é evidenciada total destruicdo de crisotila. A liberacdo para as
amostras ZC3 e ZC 4, respectivamente, de potassio apés 1 h foi de 24,65% (ZC3) e
16,97% (ZC4) e apds 168 h foi de 55,18% (ZC3) e 55,06% (ZC4). O mesmo para o
fosforo: 10,25% (ZC3) e 7,20% (ZC4) ap6s 1 h e 26,82% (ZC3) e 27,50% (ZC4) apds
168 h, respectivamente.

Figura 40- Liberagéo de nutrientes apos 1 h (A) e 168 h (B) dos materiais resultantes do
sistema crisotila/K;HPO,4, moidos no moinho Z.
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Em todos os casos observa-se claramente a liberagéo lenta de fosforo e potassio.
Por outro lado, magnésio apresentou comportamento diferenciado, este pode ser liberado
até cerca de 30 %, verificado para tempos iniciais de liberacéo (1 h). No entanto, mesmo
verificando certa porcentagem de liberagido, esta ndo se enquadra no comportamento
usual para liberagéo lenta, em que se observa a progressao no percentual de liberagéo,
neste de caso de 1 h para 168 h.

No caso do moinho HE (Figura 41), observou-se também o comportamento de
libertagao lenta, mesmo que a percentagem de nutriente de liberacdo em 1 h e 168 h
sejam maiores do que para os dados observados do moinho Z. Com o aumento da
velocidade de rotagdo do moinho HE, as quantidades de nutrientes que s&o liberados
diminuem (acentuando o carater lento de liberacao), considerando a liberacdo de Ke P a

72



razdo molar 1:2 apresentou os melhores resultados, com exce¢éo para HECris8 que
apresentou uma liberacdo de P muito mais lenta, provavelmente devido a formagéo de
um produto de solubilidade extremamente baixa. Como discutido, algumas amostras
(HEC 6, 7 e 8) apresentam formacao de estruvita de potassio usando uma RM de 2:1,
mas a propor¢ao de fosfato mais baixa nesses sistemas n&o leva a total amorfizagao da
crisotila. Devemos considerar HEC3 e 4 como um potencial produto, uma vez que a partir
unicamente da ativagdo mecanoquimica produzem dittmarita (MgKPQO,4.H,O), um material
nao toxico, fonte de K, P eM g, que, nestas amostras, apresentam potenciais
comportamentos caracteristicos de liberagéo lenta, e ndo contem fibras de crisotila nas
matrizes. A liberagdo de potassio para as amostras HEC3 e HEC4 ap6s 1h foi de
19,90% (HEC3) e 18,48% (HEC4), respectivamente e apds 168 h foi de 59,26% (HEC3) e
42,76% (HEC4). O mesmo para o fosforo: 22,78% (HEC3) e 15,99% (HEC4) apés 1 he
54,81% (HEC3) e 38,04% (HEC4) apds 168 h, respectivamente. O silicio nao foi avaliado,

mas deve seguir o comportamento de liberagdo do magnésio.

Figura 41- Liberagéo de nutrientes apos 1 h (A) e 168 h (B) dos materiais resultantes do
sistema crisotila/K,HPO,, moidas no moinho HE.
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No entanto, oc omportamento del iberagdo lenta, aparentemente n&o é
unicamente dependente da formacgéo de estruvita de potassio ou dittmarita; além disso,
ha evidéncias de que as nanoparticulas residuais de SiO, retardam a solubilizagdo dos
compostos formados, acentuando o carater de liberagéo lenta. Desta forma, pode-se
observar que com esta metodologia, podem ser formulados diferentes fertilizantes com
acbes de liberacdo programada (a demanda do produtor), podendo ser adaptaveis a

colheitas de estagdo de crescimento curtas e / ou longas.
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5.3 Resultados de caracterizacao dos residuos soélidos do processo de

liberagao/dessorcao

Ap6s ensaios de | iberagdo, alguns residuos foram secos e caracterizados por
DRXP, MEV e TEM, especialmente para amostras moidas que ndo apresentam fibrilas
de crisotila e indicam a presenca de estruvita de potassio ou dittmarita.

Para os residuos sélidos das amostras ZC1 e ZC2 (Figura 42A), obtidos no
moinho Z, observou-se o aumento da cristalinidade com o aumento do tempo de
liberagdo. O contato mais longo com agua permite a formacgéo de estruvita de potassio
bem cristalizada, concordando com a hi pétese da formacao, apdés a m oagem, deste
produto no estado amorfo.

No caso de residuos sélidos recuperados das amostras moidas no moinho HE, a
amostra HEC4 (Figura 42B), ap6s 1h de ens aio de liberacdo, apresenta o mesmo perfil
de difragcdo de raios X como observado para a amostra moida, e referente a dittmarita,
mas apds 7 dias haa formacgédo de estruvita de pot assio. Assim como ja relatado, a
conversao de dittmarita em estruvita de potassio e vice-versa € conhecida na literatura, e
€ dependente das variaveis do meio, tais como: velocidade de ativagido, presséo,
concentracdo de reagentes, quantidade de agua do meio, temperatura, etc. Para a
amostra HEC7 e HECS8, como esperado, a estrutura da crisotila permanece e os picos de
Estruvita de pot assio diminuem fortemente a sua intensidade, o que obviamente é

consequéncia da solubilizagéo deste material na solugao.

Figura 42- Difratogramas de raios X dos residuos sélidos dos materiais resultantes do
sistema crisotila/K;HPO,4, moidos no moinho Z (A) apos liberagdo: ZC1 1 h (Aa) e 168 h
(Ab); ZC2 1 h (Ac) e 168 h (Ad); moinho HE (B) apos liberagédo: HEC4 1h (Ba) e 168h
(Bc), HEC7 1h (Bc) e 168h (Bd); HEC8 1 h ( Be) e 168 h ( Bf). Estruvita de pot assio
indicada por (*).
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Nas imagens de MEV dos residuos da amostra ZC2 (Figura 43A, 43A') foram
verificadas duas morfologias distintas, grandes hastes atribuidas a estruvita de potassio

(*), como identificado nos dados DRXP, e outra morfologia semelhante a u ma folha
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amassada, predominantemente amorfa. Acreditasse que es ta ultima estrutura seja
formada por 6xidos provenientes de crisotila.

Para as imagens dos residuos da amostra HEC4 (Figura 43B, 43C) observa-se
claramente a manutencdo de pequenas placas de dittmarita apés 1 hde | iberagéo e
depois a formacao de estruvita de potassio apés 7 dias de liberagdo. O residuo HECS8
(Figura 43D) apds 7 dias de liberagédo também foi caracterizado por MEV, apresentando

as fibrilas de crisotila como também indicado por DRXP.

Figure 43- Imagens de MEV dos residuos solidos das amostras derivadas do sistema
crisotila/K,HPO,: ZC2 apds 168 h de | iberagéo (A, A'), HEC4 ap6s 1 h (B) e depois de
168 h del iberagdo (C) e HECS8 apds 168 h de liberacdo (D). Estruvita de potassio
indicada por (*).

A crisotila é observada nas amostras que utilizam RM de 2: 1 ja que nado existe
Ko.HPO, suficiente para conversdo de c risotila em MgKPO,.H,O, MgKPO,.6H,O e
SiO,/MgO a partir de ativagdo mecanoquimica, porém, usando RM de 1: 2, a formagéo
dos produtos descritos é favorecida. Com isso, acreditasse que existam duas reacgbes
quimicas preferenciais no sistema crisotila/K;HPO,, e séo influenciadas pelas condigbes
de moagem utilizadas e intrinsecas de c ada moinho, visto que, para o moinho Z a
formacéo de estruvita de potassio € preferencial, ja para o moinho HE além da estruvita
de potéassio € possivel obter dittmarita, e neste ultimo caso sem a presenca de crisotila

residual.
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Como complemento do que ja foi observado, o m aterial obtido a partir dos
residuos do moinho Z, ndo caracterizado como estruvita de potassio e a dittmarita, foram
caracterizados também por MET e difracdo de elétrons em area selecionada (SAED)
(Figura 44 e Tabela 21).

Figure 44- Imagens de MET da amostra HEC4 apés 1h de liberacao (A) e ZC2 apds 7h
de liberacao (C) e seus respectivos espectros de difracdo de elétrons (SAED) (B e D).

200 nm

O material observado nos residuos do moinho Z, identificado principalmente como
SiO, e em menor grau como MgO, também foi investigado por MET / SAED (Figura 44C,
44D). Os resultados mostraram um perfil amorfo, perfeitamente de acordo com os dados
DRX. A silica amorfa também pode ser obtida por lixiviacdo acida prolongada das folhas

de magnésio octaédrico a partir de estruturas de crisotila.

Tabela 21- Distancias interplanares da dittmarita obtidas pela DRXP e SAED (*).

d (A) XRD 26 (XRD) d (A) SAED
2,32 38,9 2,32
2,79 32,1 2,76
3,33 26,8 3,03
4,62 19,2 4,51

* dados obtidos da Figura 44.
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5.4 Resultados de caracterizagdo dos ensaios de m oagem envolvendo telha de

fibrocimento

Para os ensaios de moagens envolvendo telha de fibrocimento (Eternit) (Figura
45) composta por aproximadamente 90% de cimento e 10% de crisotila, observou-se a
diminuicdo e por fim auséncia dos picos desta ultima com o aumento dotempo de
moagem.

As moagens foram conduzidas em até 16 min onde ndo s 8o mais evidentes os
picos de crisotila em d(002) e d(004), claramente identificados na telha sem tratamento
mecanoquimico. Isso demonstra que as fibras foram destruidas, sendo transformadas em
silicato amorfo.

Dos constituintes do fibrocimento (calcita (Ca - CaCO;), e outros compostos de
célcio, tais como aluminatos e silicatos ((Ca0);SiO,, (Ca0),SiO,, (Ca0);Al,03), além de
outros compostos em menor teor (quartzo (Q - SiO,), MgO, dolomita (D - MgCa(CO3),) e
minérios de f erro (Isaia, 2008), foram predominantemente observados a c alcita, a
dolomita e o quartzo.

Excetuando o q uartzo, noq ual a sua estrutura é resistente a ativacéo
mecanoquimica, os picos relativos aos materiais cristalinos se tornaram alargados e de
intensidade relativa menor com a evolugdo da moagem, o que indica a diminui¢do do
tamanho das particulas e aumento do grau de amorfizagao.

Figura 45- Difratogramas de raios X dos materiais resultantes das moagens envolvendo

telha de fibrocimento (FC) isolada e com K;HPO,.
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Ademais, na amostra moida por 16 min com adi¢do de K;HPO, (RM 1:2; crisotila:
K>HPO,, respectivamente) observou-se forte amorfizagdo das fases envolvidas, tanto nos
componentes da telha de fibrocimento quanto ao Ko;HPO,.

Apbs este experimento restaram apenas os picos referentes ao quartzo (Q) e em

menor teor, carbonato de célcio (Ca) em 29,4 (26 - graus), ou seja, aparentemente a
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presenca do sal de fosfato, mesmo que em pequena quantidade, pode influenciar
ligeiramente e positivamente o processo de amorfizagdo da mistura.

Na Figura 46 pelas imagens de MEV é possivel identificar as fibras de crisotila
presentes na telha, dada sua morfologia caracteristica. Ao longo do processo de ativagéo
mecanoquimica, representado pelas imagens obtidas para 4 min de moagem, verificou-
se areducdo da concentracdo de crisotila no material moido, além da diminuicdo do
tamanho das fibras. Apds 16 min de moagem, assim como descrito por DRXP, as fibrilas
da crisotila ndo s&o mais observadas na mistura, restando apenas agregacgao de
particulas de dimensbes sub-micrométricas.

Figura 46- Imagens de MEV para: telha sem tratamento (A,A’); telha moida por 4 min
(B,B’); telha moida por 16 min (C,C’) e telha moida por 16 min com K,HPO, (D,D’).

-3 '

Tw

De modo geral, as caracteriza¢cdes por MET (Figura 47) reiteram com maiores
detalhes e r esolugédo o q ue foi descrito por MEV. Pode-se acrescentar ainda que o
material resultante, de acordo com sua composi¢éo quimica e mineraldgica é ideal para

ser utilizado como condicionador (fonte de Mg, Si e Ca) e corretivo de solos acidos pela
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atuacao do calcario calcitico (CaCOs;) e dolomitico (MgCa(COs),), em substituicdo a
produtos comerciais. Aqui se observa que as particulas que compde a amostra moida por

16 minutos tém dimensdes nanométricas.

Figura 47- Imagens de MET para: telha sem tratamento (A,A’); telha moida por 4 min
(B,B’); telha moida por 16 min (C,C’).
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5.5 Resultados da analise da aplicabilidade na correcao de pH e testes pontuais de

liberagao dos nutrientes

Como ja destacado, as amostras a partir de fibrocimento apresentam-se ricas em
materiais carbonaceos, estes materiais, tais como a calcita (CaCO,), sdo resistentes a
ativagdo mecanoquimica.

Os produtos finais ap6s a ativacdo mecanoquimica sédo potencialmente eficazes
na correcao de pH de solos, alguns ensaios em solugéo foram realizados com 100 mg de
cada amostra (Figura 48). Nestes ensaios, foi utilizado 100 mL de uma solugéo diluida de
acido acético de pH préximo a 4,0, para simular a condicdo de pH de um solo acido que
necessitasse de corregcdo. Observou-se que houve a elevagado do pH de 4,05 para 7,15
no caso da telha de fibrocimento moida por 16 min, e elevagéo do pH de 4,05 para 6,62
no caso da telha de fibrocimento moida por 16 min com K,HPOQO,, ambos os experimentos
ap6s 10 min sendo que ap6s esse tempo é estabelecido a condigéo de equilibrio (medido

até 30 min).
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Os ensaios realizados em 100 mL de agua deionizada serviram como parametro
comparativo, visto que para as amostras apresentadas a elevagao do pH se dd em até 3
unidades, independente do pH inicial. No entanto, assim como para os ensaios em acido
acético, o pH se estabiliza apds 10 min da amostra em solugéo.

Figura 48- Ensaios de correcao de pH em agua deionizada (a, b) e em solugéo diluida de
acido acético (c, d).
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Apds 30 min dos ensaios de correcdo de pH foram coletadas aliquotas da solugao
para analise de elementos de interesse (Tabela 22). Verificou-se a liberagéo de calcio e
magnésio para todos os ensaios, além disso, 0s ensaios conduzidos em solugéo de acido
acético apresentaram-se com maiores teores destes elementos, possivelmente o acido
utilizado favorece a lixiviagao.

Muito embora, infelizmente ndo tenha sido possivel analisar os teores de fésforo e
potassio por estarem muito diluidos na matriz, e, portanto com teores abaixo do limite de
detecgédo, os dados pontuais verificados para célcio e potassio concordam com a ideia de
obtencéo de produtos com potencial para uso como condicionadores de solo. Ou seja,
além de pos sibilitarem a correcédo de solos com pH acido, ainda agregam elementos

quimicos essenciais para nutricdo das plantas.

Tabela 22- percentual de liberacao ap6s ensaios de corregéo de pH.

Amostras
Agua deionizada Sol. Acido acético
Elementos FC:K,;HPO, — FC:K,;HPO, —
FC -16 min FC -16 min
detectados 16 min. 16 min.
Ca 13,26 13,92 26,52 17,01
Mg 13,95 13,04 18,61 15,22
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5.6 Conclusoes parciais

A partir deste estudo, com objetivo principal de reduzir e/ou eliminar a
periculosidade da crisotila e/ou artefatos de fibrocimento mediante agregacéo de valor na
obtencdo de um produto viadvel para industria; para cada moinho em condigcbes
especificas de moagem este objetivo foi realizado com sucesso.

Destacando ainda af ormacgdo de di ferentes produtos a par tir dos mesmos
reagentes, para tal, mudou-se unicamente o reator (moinho) e em consequéncia as
condigdes da ativagdo mecanoquimica. Com isso, foi verificada a formagéo de fosfato de
potassio e magnésio, com diferentes quantidades de agua de cristalizagéo, e também, a
formacéo de 6xidos de magnésio e silicio.

Os ensaios de liberagdo mostraram que mesmo na presenca de crisotila residual
do processo de moagem, € observado um potencial comportamento lento de liberagéo de
potassio e fosforo, indicando ainda liberagcdo de m agnésio. Além disso, os testes
envolvendo o fibrocimento tratado demonstraram alto potencial do produto obtido como
condicionador e corrector de solos. Estas caracteristicas viabilizam o uso dos produtos
formados como potenciais produtos comerciais.

Assim, considerando estes dados é pos sivel formar materiais ndo toxicos
utilizando tratamento mecanoquimico entre os sais de crisotila e f osfatos, o processo
pode formar fertilizantes amorfos e/ou cristalinos de liberacéo lenta, ambos os produtos

com maior valor agregado no cenario econémico-ambiental.
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PARTE 2 - Hidréxidos duplos lamelares (HDL)
5. Resultados e discussao

5.1 Resultados de caracterizagdo das amostras

A quantidade de agua dos precursores HDL foi reduzida usando a temperatura de
calcinagéo a 200 ° C para evitar a ag lomeragdo das particulas e impedir a moagem
adequada. Mas, como consequéncia, as cristalinidades diminuem como observado na
Figura 49b. Apés moagem, todas as misturas contendo HDL (Mg/Al e Mg/Fe) tornaram-
se amorfas (Figura 49c, 49f), que consistem em Oxidos mistos amorfos obtidos pela
desidroxilagdo mecanoquimica dos HDL. E importante destacar também que ndo ha
evidéncia de picos de difracdo de K,HPO, nas misturas moidas. Como descrito
anteriormente para outros sistemas, quando o K;HPO, € moido isoladamente, este nao
se torna amorfo, assim na presenca de Oxidos mistos amorfos de HDL pode ter sido

decomposto, formando novas espécies amorfas.

Figura 49- Difratogramas de raios X das amostras: HDL MgAI (a), HDL MgAI calcinado
(b), MgAIl calcinado/K,HPO, (c), HDL MgFe (d), HDL MgFe calcinado (e), MgFe
calcinado/K,HPO, (f) e K;HPO, (g) .

Intensidade (u.a
[

26(Graus)

Nas medidas de FTIR das misturas moidas observou-se uma sobreposi¢cao dos
materiais de partida, apresentando a banda caracteristica de carbonato presente no HDL
calcinado a200° C, que permaneceu na estrutura mesmo apdés a ativagéo
mecanoquimica com o sal de fosfato (ndo mostrado).

Ap6s calcinagdo a 200 °C (Figura 50D, 50E), as particulas derivadas do HDL
apresentam-se mais agregadas, mas am orfologia lamelar caracteristica ainda é
evidente. K,HPO, (Figura 50C) apresentam cristais grandes e por ativagéo
mecanoquimica ha grandes mudancgas na sua morfologia. A imagem das particulas na
mistura moida MgAI - calcinado/K;HPO, (Figura 50F) apresenta cristais de aparéncia

82



fundida, no entanto para a imagem da mistura moida MgFe - calcinado / K;HPO, (Figura
50G) foi observada aredugdo dotamanho das particulas e am bos os sistemas néo

apresentam as morfologias caracteristicas do precursores (HDL e K;HPO,).

Figura 50- Imagens de MEV para as amostras: MgAl (A), MgFe (B), K;HPO,4 (C), MgAl
calcinado (D), MgFe calcinado (E), MgAl calcinado/K;HPO, moido (F) e M gFe
calcinado/K;HPO,4 moido ).

Na analise de RMN de ?’Al para o HDL MgAI (Figura 51Aa), apenas o ambiente
octaédricos em d = 5,15 ppm & observado, assim como esperado para estruturas do tipo
hidrotalcita contendo aluminio. Apds a et apa de moagem entre MgAl - calcinado e
K,HPO, (Figura 51Ab), o sinal de ?’Al octaédrico continua presente, (Tkac et al., 1994) no
entanto, surge o pico do ambiente tetraédrico em & = 52 ppm que ¢ atribuido a sitios de
alumino-fosfato (AIPO,) (Lookman et al., 1977; Zhou et al., 2006; Fernandez et al., 2011;
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Wang et al.,, 2013), isso evidencia que o tratamento mecanoquimico afeta a estrutura
local da lamela formando sitio tetraédricos. O sinal em torno de & = -1,95 ppm pode estar
atribuido a espécies do tipo AI(OH),H.,PO, (Lookman et al., 1997), formadas pela

ativacdo mecanoquimica.

Figura 51- Espectros deR MN do %Al nas amostras MgAl (Aa), MgAl -
calcinado/K;HPO,(Ab) e espectros de RMN do *'P nas amostras K,HPO,(Ba), MgAl -
calcinado/K,HPO, (Bb).
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Nos espectros de RMN de *'P (Figura 51B), as quatro bandas definidas sao
tipicas de K,;HPO, (anidro), especificamente localizadas em & = 5,81; 2,5; - 0,95 e - 5,33
ppm. Apds ativagdo mecanoquimica entre MgAIl - calcinado e K,HPO,, estas bandas
foram substituidas por uma regido alargada entre & = 10 a -20 ppm, com os ambientes de
ortofosfato (& = 5,81 ppm), e fosfato monosubstituido (& = 2,5 ppm) ligeiramente mais
definido que os demais. Assim como evidenciado para os outros sistemas ja
apresentados, este comportamento evidencia a ruptura da estrutura anidra de K,HPO, e

a formacéo de materiais amorfos com a matriz de HDL.

5.2 Resultados dos ensaios de liberagao/dessor¢ao dos nutrientes e estudo

cinético e termodinamico

A Figura 52 mostra o comportamento de liberacdo de fosfato realizado na primeira
etapa deste estudo (9h de moagem e RM 1:2 (HDL:K,HPQ,). Para o sistema envolvendo
HDL de MgAI, as calcinagbes acima de 400 ° C tém um efeito negativo, induzindo a
precipitacdo de ions fosfato ap6s 168 h . Consequentemente, a v ariacdo dataxa de
liberagdo é negativa, enquanto que o comportamento de sistemas envolvendo HDL de
MgAl calcinado a 200 °C a 300 °C, esta de acordo com o comportamento de liberagcéo
lenta caracteristico. Esta mesma tendéncia é observada para o sistema envolvendo

MgFe, principalmente para o precursor calcinado acima de 200 °C. Aparentemente séo
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formados materiais insoluveis gerados a partir da reacao de 6xidos mistos e fosfato. Na
segunda fase do estudo, sobre a investigagdo das condigbes de moagem a partir de
experimento fatorial 22, foi realizado nointuito de i nvestigar melhor as condicdes de

moagem quanto a sua influéncia sob o comportamento de liberagédo utilizando-se dos
HDL calcinados a 200 °C (Figura 53).

Figura 52- Ensaios de | iberacdo de f 6ésforo a 1 hora e 168 hor as para as amostras
derivadas dos sistemas Mg,Al(OH)e(CO3).2.5H,0/K;HPO, (A) e
Mg.Fe(OH)g(CO3).3H,0/K,HPO, (B) calcinados a 200° C (a), 300°C (b), 400°C (c) e
500°C (d).
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Nesta parte, o tempo de moagem e a razdo molar dos reagentes foram variados,
os quais foram mantidos fixos para a primeira etapa (9h de m oagem e RM 1:2).
Observou-se a partir dos ensaios de liberagdo que para ambos os sistemas a moagem de

9 h mostrou a maior diferenga de liberagao de fosfato entre 1 h e 168 h ( comportamento
de interesse).

Figura 53- Analise do efeito das condigbes de moagem sobre a percentagem de liberagao
de fosforo para as amostras MgAl - calcinado/K,HPO, (A) e MgFe - calcinado/K;HPO,
(B). Codigos das amostras de acordo com a Tabela 5.
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No caso do sistema envolvendo MgFe observa-se um comportamento
caracteristico de liberagdo lenta para uma RM 2:1, enquanto que o sistema envolvendo
MgAI obteve-se bons resultados para RM 1:2 e 2:1. Portanto, para o sistema envolvendo
MgAl, a condicao de RM 1:2 foi escolhida para continuar o estudo, correspondente ao
menor valor de liberagcdo em 1 hora (49,19 %), e depois de 168 hor as cerca 20 % foi
liberado (total de 68,22 %). Esse sistema n&o atingiu 100% de |iberagdo mesmo em

longos periodos (Figura 53).

Figura 54- Ensaios de liberacdo para MgAl — calcinado / K,HPO, (A, B) e MgFe —
calcinado / K;HPO, (C, D).
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Os estudos cinéticos completos de liberagédo foram feitos pela analise quantitativa
da concentracdo de K e P em solucao versus tempo, realizados em trés temperaturas
diferentes (10, 25 e 50 °C), onde cada experimento foi realizado em duplicata (Figura 54).
Estes dados permitiram calcular e avaliar a constante cinética (k) e a concentragao no
tempo de equilibrio (mmol/L), ajustando a forma linear de pseudo-primeira ordem,

pseudo-segunda ordem e m odelos de difusdo intraparticular (Sprynskyy et al., 2011;
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Riahi et al., 2013; Yoon et al., 2014; Neupane et al., 2014; Halajnia et al., 2013; Rout et
al., 2015; Rout et al., 2014).

Para ambos os sistemas, os resultados da | iberacao percentual (%) de K e P
mostram duas dindmicas principais de liberacdo: uma liberagdo mais rapida no estagio
inicial, seguida por um processo de | iberagdo lenta, tal como para outras matrizes
estudadas neste trabalho. De modo geral a variagdo da temperatura afeta o percentual
de liberacdo tanto na primeira etapa como na segunda etapa, em alguns casos alterando
significativamente a transi¢do entre elas, outra observagédo importante € que no caso do
nutriente P para o s istema MgFe — calcinado/K,HPO, , o efeito da temperatura é
extremamente pronunciado.

Para a determinacdo do melhor modelo cinético a partir dos dados estudados,
analisaram-se os valores R? e concordancia entre os valores de concentragdo do

elemento dessorvido no tempo de equilibrio experimental e calculado (Tabela 23 e 24).

Tabela 23- Estudo cinético para o sistema MgAl — calcinado/K;HPO,,

Elemento Temperatura (°C) Parametros cinéticos
Pseudo-segunda ordem
- ge 2 Valor experimental de
< M (mgg) R e (mglg)
10 0,0702 1,32 0,997 1,31
25 0,134 1,46 0,999 1,44
50 0,519 1,43 0,999 1,44
10 0,0847 0,722 0,995 0,717
P 25 0,342 0,462 0,999 0,453
50 0,481 0,738 0,999 0,733

Tabela 24- Estudo cinético para o sistema MgFe — calcinado/K,;HPO,,

Elemento Temperatura (°C) Parémetros cinéticos
Pseudo-segunda ordem
I qge 2 Experimental ge
< <) (mgig) (mg/g)
10 0,311 0,447 0,998 0,443
25 1,06 0,594 0,999 0,592
50 0,631 0,542 0,999 0,541
Difus&o intraparticula
= k:“fjn(;gsl%g Intercepto R2
10 0,001 0,002 0,993
25 0,003 0,001 0,995
50 0,008 0,00008 0,980

Nota: t = tempo (min), ge = ion dessorvido no tempo de equilibrio, gt = ion dessorvido no

instante t, k = constante cinética.
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Os sistemas mostram-se fortemente dependentes datemperatura do meio de
liberagao. Para o sistema MgAl — calcinado/K;HPO,4, o modelo cinético melhor ajustado
foi o de ps eudo-segunda ordem para todas as temperaturas estudadas e am bos os
elementos analisados (K e P). Observa-se também uma clara tendéncia de aumento da
constante cinética (k) de acordo com o aumento da temperatura (para o K de 0,0702 min’
' para 0,519 min" e para oP de 0,0847 min"'para 0,481 min®, a 10 °C e 50 °C
respectivamente).

Ja para osistema MgFe — calcinado/K,HPO, (Tabela 24) foi observado um
comportamento distinto entre os dois elementos principais estudados. Para a liberacao do
potassio ndo houve uma clara tendéncia de aumento ou diminuigdo da constante cinética
(k), isto & um forte indicio de que, mesmo para o modelo melhor ajustado para a curva de
liberagao (neste caso pseudo-segunda ordem), a expressdo matematica do processo de
liberacao (dessorgao) é mais complexa do que tal qual foi utilizada.

Em contra partida, os estudos envolvendo o elemento P para o sistema MgFe —
calcinado/K,HPO, mostraram clara tendéncia do aumento da constante cinética kd em
funcdo do aumento da temperatura, e para este nutriente 0 modelo melhor ajustado foi o
de difusao intraparticula.

Partindo dos ensaios de liberacdo em trés temperaturas € possivel ainda, analisar
os dados obtidos pela equagdo de A rrhenius em que as constantes cinéticas e
temperaturas se relacionam, sendo possivel obter valor de energia de ativagéo (Ea) do

processo de liberagdo, bem como fato pré-exponencial (A).

Ea

k=Ade *T

Sendo: k = constante de velocidade especifica; A = constante pré-exponencial; Ea
= Energia de ativagéo; R = constante dos gases; T = Temperatura;

E, sua forma linear:

Eal

In(k) =1In(A4) "R T

Graficamente In (k) em fungdo de 1/T, em comportamento ideal, deve fornecer
uma reta de R? proximo ouigual a 0,999. Os valores de constante pré-exponencial
podem ser obtidos pelo coeficiente linear e a energia de ativa pelo coeficiente angular
(Ea/R). A Figura 55, mostra os graficos tracados de acordo com a forma linear da
equagao de Arrhenius, e, novamente é possivel observar pontos de comportamento
anbmalos para os calculos envolvendo o nutriente K dos istema MgFe -
calcinado/K,HPO,.

Os demais nutrientes analisados mostraram-se de ac ordo com a e quagdo de
Arrhenius, com isso os dados de Ea e A obtidos podem ser considerados, e, inclusive,

comparados no caso do nutriente P (Tabela 25). Percebe-se que a energia de ativagéo
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deste elemento para o sistema MgAl — calcinado : K;HPO,4 € menor que para o sistema
MgFe — calcinado/K,;HPO,. Em outras palavras, isso significa dizer que para este ultimo
sistema ha uma barreira energética maior para que ocorra o processo de liberacdo

(dessorcgéo).

Figura 55- Linearizacao da equacgéo de Arrhenius para obtengéo da energia de ativagéo e
fator pré-exponencial.
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Tabela 25_ Valores obtidos para fator pré-exponencial (A) e energia de ativacédo (Ea).

Amostra Elemento A* Ea (kJ mol™)
MgAl — calcinado : P 11,073 452,29

KoHPO4 K 13,606 556,07
MgFe — calcinado : P 9,6332 560,30

KoHPO, K 4,0663 167,65

* fator pré-exponencial.

5.3. Caracterizagéo dos residuos sélidos do processo de liberagdo/dessorcao

Os dados de DRXP dos residuos solidos de ambos os sistemas apo6s ensaios de
liberagao (Figura 56) mostram mudancgas importantes entre 30 minutos e 168 h (7 dias).
Na primeira etapa del iberacdo haa formagdo dees truvita de pot assio
concomitantemente a estrutura de HDL é reconstruida, isto esta fortemente relacionado

89



com a taxa de liberagdo mais rapida. Como ja apresentado neste documento, estruvita de
potassio € uma fonte disponivel de nutrientes Mg, K e P, de modo que apoés liberar os
seus componentes até 168 h ndo ha mais estruvita de potassio, restando como material
insoluvel, o HDL reconstruido. Aparentemente parte das espécies derivadas do fésforo
(H,PO,4 elou HPO4*) pode estar sendo alocada no espaco interlamelar, o que caracteriza
a segunda etapa de liberagcdo mais lenta.

A reconstrucdo dos HDL agrega ainda mais valor ao c arater ecolégico destes
materiais, sendo que o uso de HDL é relatado como condicionador de solo. Ou seja, o
material produzido além de fornecer nutrientes para as culturas agricolas geraria um
subproduto (HDL reconstruido) que participa ativamente do controle de umidade e da
concentragdo de ions dissolvidos na solug¢do do solo.

Figura 56- Difratogramas de raios X dos residuos sélidos obtidos dos sistemas MgAl -
calcinado/K;HPO, ap6s 1h (a) e 168h (b) e MgFe — calcinado/K,;HPO, apdés 30 minutos
(a) e 168h (b).
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Em comparagédo com precursores e amostras moidas para ambos os sistemas, as
imagens MEV (Figura 57) apresentam fortes alteragdes morfoldgicas, as quais estao
totalmente de acordo com os dados do DRXP.

Em tempos iniciais de liberagdo, em 30 minutos em especifico (Figura 57A, 57C)
existem para ambos os sistemas apr esenca de cristais semelhantes a bas tbes,
caracteristicos da estruvita de potassio e também nanoparticulas provavelmente
compostas por 6xidos mistos amorfos provenientes da estrutura de HDL.

Como discutido para os resultados de D RXP, as imagens de M EV para os
residuos apo6s 168 h de liberagéo (Figura 57B, 57D) ja ndo evidenciaram a presencga de
cristais de estruvita de potassio. Para o sistema MgAl existem grandes aglomerados
compactos provavelmente compostos pela agregacdo de pequenas particulas de HDL.
No caso do sistema MgFe aparentemente existem algumas particulas agregadas com
morfologia ndo definida. Os cristalitos de estruvita de potassio identificados para os dois

residuos apos 30 minutos de ensaio de liberagéo foram analisados por mapas de EDS.
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Figura 57- Imagens de MEV dos residuos resultantes dos sistemas MgAl -
calcinado/K;HPO, ap6s 1h (A) e 168h (B), também de residuos MgFe - calcinado/K,HPO,
ap6s 30 minutos (C) e 168h (D).

Figura 58- Mapas de EDS do residuo MgAl - calcinado/K,;HPO,4 ap6s 30 minutos.

.-
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Observa-se nas imagens dos materiais resultantes de ambos os sistemas que os
elementos esperados Mg, P e K estdo homegeamente distribuidos nas imagens,
mostrando estarde acordo com a composi¢do da estruvita de potassio. Além disso, os
metais Al e Fe ndo se apresentam concentrados nas regides de estruvita de potassio e

sim de forma homogénea dentro da amostra (Figura 58 e 59).

Figura 59- Mapas de EDS do residuo MgFe - calcinado/K,;HPO,4 ap6s 30 minutos.

K Fe

Nos espectros de RMN de #’Al dos residuos sélidos (Figura 60A), observa-se
logo ap6s 30 minutos de liberagdo o desaparecimento do pico de Al(lV), restando o pico
do AIl(VI), em concordancia com a reconstrugdo da es trutura de H DL MgAl, como
verificado por DRXP. O sinal, que, para amostra moida apareceu em torno de & = -1,95
ppm aparentemente se deslocou para © = -4,90 ppm ap6s 30 minutos de liberacdo.Para
tempos de 7 e 31 di as, o mesmo sinal desaparece, isto ocorre pela desestruturacao de
Al(OH);H,PO, liberando H,PO, na solugdo e formando AI(OH)," para reconstruir a
estrutura de HDL.

Nos espectros de RMN de *'P (Figura 60B), os ambientes quimicos bem definidos
que aparecem no reagente de origem (K;HPO, anidro), aparentemente para o residuo
ap6s 30 minutos, estes ambientes estdo mais bem definidos que para amostra moida, no
entanto, para 7 e 31 dias é observado o alargamento dos 4 sinais originais, centralizados

em ambiente de fosfato mono-substituido.
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Figura 60- Espectros de RMN de ?’Al dos residuos sélidos resultantes dos sistemas MgAl
- calcinado/K,;HPO, apés 30 min (Aa), 7 dias (Ab) e apdés 31 dias (Ac) e espectros de
RMN de *'P dos sistemas MgAI - calcinado/K,HPO, ap6s 30 min (Ba), 7 dias (Bb) e apds
31 dias (Bc).
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Assim como descrito para os ensaios envolvendo MMT e talco, com os dados
obtidos até o momento, foi possivel identificar genericamente, além dos reagentes, os
possiveis produtos da ativagdo mecanoquimica. Nao descartando a possibilidade de
existirem outros produtos ou ainda produtos diferentes dos relatados.

Para os experimentos envolvendo ambos os sistemas de HDL os produtos
envolvidos nas etapas do pr ocesso sdao de m odo geral semelhantes. Destacando
principalmente a formacédo de estruvita de potassio amorfa a partir da moagem, e dos
Oxidos dos metais proveninentes das estruturas de HDL. Em seguida, com suspens&o em
agua e secagem ha melhor cristalizagdo de estruvita de potassio concomitante com a
reconstrucéo das estruturas de HDL (Figura 61).

Figura 61- Possiveis produtos gerados na ativagdo mecanoquimica d os sistemas
HDL/K;HPO,,

MgKPO,.6H,0
(a)
MgO + Mg,(PO,); + Mg,0(HPO,) + Mg,;0(H,PO,),

Mg,Al(OH)(C05)y5.2.5H,0 (b)
ou + KZH PO4 —_—
Mg,Fe(OH)(CO5), 5.3H,0 Fe,0,+ Fe(PO,) + Fe,0,(HPO,) + Fe,0,(H,P0,),
HDL ou (c)

AlLO, + AIPO, + ALLO,(PO,) + Al,O,(HPO,) + Al,O,(H,PO,),

(Al ou Fe)-0-P-O-Mg-O-K
(d)
Mg,Al(OH)¢(CO; ou PO,),.n.5H,0
ou (e)
Mg,Fe(OH)4(CO;0u PO,),.nH,0
HDL(reconstruido)

Dos possiveis produtos obtidos, destes, mesmo que em pequenas quantidades, a

formacgédo de alumina (Al,O,;), silica (SiO,) e oxido de magnésio (MgO) € uma hipétese
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provavel, além disso, a formacao de compostos metaestaveis do tipo (Al ou Fe)-O-P-O-

Mg-O-K descrito na Figura 61(d) € altamente aceitavel.

5.5. Resultados de caracterizagao dos ensaios envolvendo a incorporagao de CMC

Apbs extensa analise com relagédo a caracterizacao das amostras obtidas a partir
de HDL e K,HPO,, também foi realizado um estudo envolvendo a incorporagdo de CMC
na matriz. Os ensaios foram conduzidos seguindo trés diferentes métodos descritos em
‘Materiais e métodos’.

Com relagdo aos dados de DRXP (Figura 62) é importante destacar que a
moagem de CMC, unicamente, ndo mostrou alteragdes mesmo quando esta € moida por
3h, mantendo seu halo amorfo caracteristico na regido em 15 e 30 20 (graus) (Biswal e
Singh, 2004). No entanto, ao ser moida conjuntamente com MgAl - calcinado e K,;HPO, o
halo amorfo caracteristico de C MC nao € mais observado, indicando que o pol imero
possa ter passado por modificacbes em sua estrutura a partir da ativagcdo mecanoquimica
com os outros componentes da mistura.

No entanto, para os ensaios envolvendo a incorporacdo de CMC na mistura de
MgFe - calcinado e K;HPO, o halo amorfo da CMC se mantém, todavia com intensidade
relativa menor. Outra observagéo importante de se destacar € que mesmo com a adi¢céo
do polimero, tanto os picos de HDL quanto do K;HPO, desapareceram, obtendo entdo

amostras com estado amorfo predominantes.

Figura 62- Difratogramas der aios x dos materiais resultantes dos experimentos
envolvendo CMC.

(003) A (003)  (006)  (009) B

015 018y (110) (116)
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(006)  (009)

Intensidade (u.a.)

Intensidade (u.a
{K/

26 (graus) 26 (graus)

Com relagdo as imagens de M EV (Figura 63) foram observadas drasticas
modificagbes morfoldégicas com relacdo a carboxymethylcellulose (CMC), sua morfologia
na forma de bastdes irrequlares com dimensbdes micrométricas ndo é observada para

ambas as amostras moidas (Biswal e Singh, 2004). Estas verificagbes corroboram com
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os dados de DRX, e indicam que o polimero sofreu modificagdes morfoldégicas mediante
a ativagdo mecanoquimica com as misturas de HDL e K;HPO,.

As amostras moidas apresentam algumas diferencas entre elas, quando
envolvendo a moagem com MgAIl — calcinado a amostra apresenta-se na forma de
grandes agregados de aspecto fundido, esta caracteristica ja& foi observada para a
amostra envolvendo a moagem de MgAl - calcinado e K;HPO,4 unicamente e consistem
provavelmente de um compésito em que a CMC atua como matriz nos quais os cristalitos
do HDL estdo embebidos. Ja para aam ostra envolvendo a m oagem com MgFe —
calcinado, sao observados aglomerados menores de pequenas particulas sem aspecto
fundido.

Figura 63- Imagens de MEV da CMC in natura (A), amostra HFC2 (B) e amostra HFC4

5.6 Resultados dos e nsaios de | iberagdo / dessorgdo dos nut rientes e est udo

cinético envolvendo a incorporagao de CMC

Analisando os trés métodos utilizados para incorporagdo de CMC no sistema de
moagem contendo MgAIl - calcinado, observou-se que aam ostra HFC2 quando
comparada com os resultados dos ensaios de liberagdo do sistema otimizado sem adigao
de CMC o comportamento de liberagado € mais lento na primeira etapa de liberagao (1 h).
Vale lembrar que a amostra HFC2 foi obtida apés moagem por 3 h a partir da CMC
previamente moida por 3h e da mistura de MgAl — calcinado com K,HPO, previamente
moida por 9h (RM 1:2, todas as moagens a 450 rpm). No entanto, para 168 h de
liberagao (representando a segunda etapa de liberagéo) ndo ha mudancgas significativas
no comportamento de liberacdo. Os demais métodos utilizados ndo mostraram alteracdes

positivas para este sistema (Tabela 26).
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Tabela 26- Porcentagem de liberagédo dos elementos para amostras envolvendo MgAl —
calcinado, K;HPO, e CMC.

Tempo de Cadigo da Al Mg P K

liberagao amostra

1h HFC1 ND ND 6,60 16,3
HFC2 446 ND 8,05 22,99
HFC3 ND ND 11,11 21,72

168 h HFC1 503 ND 73,26 100,0
HFC2 959 ND 62,28 92,57
HFC3 6,01 ND 69,45 9240

ND = ndo detectado (% < 0,0001 mg/L)

Como foi observado anteriormente em estudo utilizando MgFe — calcinado moido
com K;HPO, o comportamento de liberacdo de P é extremamente lento. J& com adig¢édo
de CMC no s istema de moagem a partir do método utilizado na am ostra HFC4, a
quantidade de liberagdo de P observado em 168 h aumenta (sem CMC 9,92%(") e com
CMC 33,38%), melhorando a viabilidade de uso deste material como fertilizante, visto
que, embora de maneira lenta os elementos nutritivos devam ser liberagdo na solugéo,
para entdo serem utilizados pelas plantas.

E, além disso, ainda comparando com os ensaios de liberagdo sem adigdo de
CMC, na etapa inicial de liberacdo (1 h) para P e K houve diminuicdo na quantidade
liberada, e a quantidade de K liberada em 168 h apresentou-se ligeiramente menor (sem
CMC 99,40%(") e com CMC 82,72%), o que corrobora para acentuar o c arater de
liberacao lenta deste fertilizante. Os demais métodos utilizados ndo mostraram alteragbes
positivas para este sistema (Tabela 27).

Como descrito em ‘Materiais e métodos’, a amostra HFC4 identificado como mais
promissora na influéncia positiva no comportamento de liberagéo, foi preparada a partir
da: mistura de MgFe — calcinado com K,HPO, previamente moida por 9h (RM 1:2, 450
rpm) posteriormente moidos por 3 h com CMC sem tratamento prévio.

Em estudo cinético mais completo, para K e P, foi possivel observar com mais
clareza as influéncias da presenca de C MC na m atriz, quanto ao c omportamento de
liberagdo quando comparado com os estudos realizados a 25 ° C sem adigdo de CMC
(Figura 64).

! Valores obtidos a partir da Figura 64.
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Tabela 9- Porcentagem de liberagao dos elementos para amostras envolvendo MgFe —

calcinado, K;HPO, e CMC.

Tempo de Cadigo da Fe Mg P K

liberagao amostra

1h HFC4 ND ND 2,39 12,9
HFC5 ND 2,30 6,22 25,36
HFC6 ND ND 5,86 17,11

168 h HFC4 ND ND 33,38 82,72
HFC5 ND ND 28,19 80,56
HFC6 ND ND 31,99 76,41

ND = ndo detectado (% < 0,0001 mg/L)

Figura 64 — Curvas de liberacdo para P e K da amostra HFC2 (a,b) e da amostra HFC4
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Nota-se que, para amostra HFC2, seguindo o que ja foi observado para os dados
pontuais (1 h e 168 h), com adigdo de CMC a primeira etapa inicia-se com percentuais de
liberagdo menores, e, considerando o desvio padrdo dos ensaios, observou-se que para

etapa mais lenta (a partir de 168 h at é 744 h) houve percentuais de liberagdo maiores
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para P, sem mudancas significativas para K. Estes s&o fortes indicios que a por ¢éo
polimérica incorporada ao m aterial é pot encialmente influente no ¢ omportamento de
liberacdo dos nutrientes.

Isto se verifica ainda mais expressivamente com relagdo as curvas de liberagéo
para a amostra HFC4. Em tempos iniciais de |l iberagcdo o percentual de P liberado é
ligeiramente menor comparado com amostra sem CMC. O que chama mais atengéo €
que ao longo da curva de liberagédo, ha o aum ento do percentual de liberacdo quando
comparado com a matriz sem CMC (em 744 h, sem CMC 25,12 % e com CMC 40,42 %),
ressaltando que para o P nesta matriz a inteng&o é torna-lo mais disponivel i.e. aumentar
o percentual de liberag&o ao longo do tempo.

O caso do K, como se apresenta altamente disponivel, o objetivo principal é tornar
a disponibilidade mais lenta i.e. diminuir o percentual liberado ao longo do tempo. E isso
se verifica claramente para a etapa inicial de liberacao de K, e também para os pontos de
liberagdo intermediarios (entre 72 h e 240 h).

O fato da adigdo de C MC na m atriz manter e melhorar o c omportamento de
liberagao dos nutrientes K e P € uma importante verificagéo para tornar os produtos cada
vez mais controlados de acordo com a demanda. E, além disso, € um ponto positivo para
producdo versatil, visto que, cabendo os devidos testes, possam ser utilizados outros

biopolimeros na forma de pé6 ou plastificados.

5.7 Conclusodes parciais

Neste estudo, utilizando-se de HDL calcinados e apar tir da ativagéo
mecanoquimica com K,HPO, para preparagédo de fertilizantes de liberacdo lenta foram
observados resultados promissores principalmente com relacdo ao comportamento lento
de liberacao de P e K. Os estudos envolvendo o efeito da calcinagédo dos HDL mostraram
que o tratamento térmico a 200 °C é suficiente para produzir um material adequado para
0 processo de moagem, proporcionando bons resultados de liberagdo, em temperaturas
de calcinagdo superiores aes ta € observada possivel precipitacdo de fosfato para
tempos de liberagdo a partir de 168 h, inviabilizando o uso como fertilizantes de liberagéo
lenta.

Com relagédo as condicbes de moagem, de acordo com a regido estudada para
cada variavel, para ambos os sistemas é necessario pelo menos 9 h de moagem, no
entanto, para ar azdo molar (RM) o sistema MgAl - calcinado/K;HPO, apresentou
melhores resultados utilizando RM de 1:2, ja para o sistema MgFe - calcinado/K,HPO, foi
a RM de 2:1.
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O comportamento de liberagéo para ambos os sistemas estudados mostraram-se
fortemente dependentes da temperatura do meio, para MgAl - calcinado / K;HPO, o efeito
da mudanca de temperatura esta inserido principalmente nav ariacdo da c onstante
cinética de reacgéo.

De modo geral, o estudo envolvendo HDL possibilita o total controle do processo
de producado dos materiais de interesse, uma vez que parte de precursores possiveis de
serem sintetizados. Além disso, a natureza anidnica dos precursores HDL de partida
possibilita um estudo diferenciado dos precursores naturais, como sdo os casos dos

sistemas envolvendo argilominerais.

6. Conclusao geral

Considerando todos os problemas socioambientais causados pelos fertilizantes de
alta solubilidade, que séo altamente utilizados atualmente em agricultura para garantir o
fornecimento de alimento para a populagédo do globo, logo, o desenvolvimento de novos
produtos ecologicamente corretos, tais como apresentados neste estudo, sdo de extrema
importancia no melhoramento do gerenciamento de nutrientes essenciais para a vida, e
em paralelo reduzindo ou eliminando problemas citados.

O estudo contou com a utilizagcdo de um a metodologia relativamente simples,
inclusive de carater ambientalmente correto, uma vez que, para sintese dos produtos é
totalmente livre de solventes, e ndo apresentando qualquer tipo de residuo téxico. Foram
utilizados dois tipos principais de m atrizes, que, a partir de ativagdo mecanoquimica
formassem compostos metaestaveis, cristalinos ou n&o. O primeiro refere-se a utilizagéo
de argilominerais trocadores catidnicos ou nao, especificamente montmorilonita, talco e
crisotila, esta ultima, como relatado, é um material toxico para saude humana, surge
entdo o grande interesse em desenvolver um método adequado para seu tratamento e
ainda agregacao de valor ao material formado.

O segundo, na utilizacdo de hidroxidos duplos lamelares, uma possivel aplicagédo
industrial possibilita o controle total das etapas de preparacdo dos produtos, pois, sdo
facilmente sintetizados com uma vasta possibilidade de composigdo quimica, além de
apresentarem natureza anibnica, o que pode apresentar-se como um diferencial com
relacdo aos argilominerais.

A caracterizagdo dos materiais tanto apdés serem moidos quanto a andlise dos
residuos sélidos, mostrou observagdes interessantes com a possibilidade de formagéo de
diversos materiais que podem ser utilizados como fontes de elementos fertilizantes,
principalmente estruvita de potassio. O comportamento cinético para todos os materiais

formados mostrou-se caracteristico para fertilizantes de comportamento lento de
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liberagao, com isso, a cinética de liberagcédo envolvida em cada sistema é variavel, mas de
modo geral, todas as matrizes estudadas apresentaram-se eficazes para com o objetivo

principal do projeto desta tese.
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Anexo lll (Descrigao técnicas das caracterizagoes)

Difragéo de raios X, método do p6 (DRXP)

As medidas de difragdo de raios X (DRX) das amostras e reagentes foram obtidas
depositando-se os materiais em porta-amostra de vidro plano, utilizando-se de um
difratdmetro Shimadzu modelo XRD-6000. Foi utilizada uma fonte de radiagdo da
lampada de cobre Cukq (A = 1,5418 A), corrente de 30 m A e tensdo de 40 kV e uma

velocidade de 2 °.min™" e passo de 0,02 graus.

Espectroscopia Vibracional na R egido do Infravermelho com transformada de Fou rier
(FTIR)

Os espectros de infravermelho foram obtidos pelo modo transmissdo em um
equipamento Bio-Rad, Modelo FTS 3500GX, mediante o us o de pastilhas de KBr de
concentracdo de amostra de aproximadamente 1%, com acumulagéo de 32 varreduras

na faixa dos 400 aos 4000 cm™ e resolugdo de 2 cm™.

Microscopia Eletrénica de Varredura (MEV) e Espectroscopia de E nergia Dispersiva
(EDS)

As medidas de microscopia eletrbnica de varredura foram obtidas utilizando um
microscopio JEOL (JSM-6360LV), com uma tenséo de 15 kV. As amostras em p6 foram
depositadas em porta-amostra, utilizando-se uma cola adesiva. Depois de submetidas as
analises de EDS, para evitar eletrizacdo, as amostras foram metalizadas para obtencgéo

das imagens.

Analise térmica (termogravimétrica — TGA e analise térmica diferencial - DTA)

As medidas simultaneas de TG A/DTA foram realizadas em um equipamento
Mettler Toledo TG/s-DTA 851 E. As amostras foram alocadas em cadinhos de platina
com capacidade para 150 uL e submetidas a um programa de aquecimento de 10 °C.min"

' sob fluxo de oxigénio de 50 mLmin™', no intervalo de temperatura de 25 °C — 1000 °C.
Ressonéancia Magnética Nuclear de sélido (RMN-sdélido)

Os espectros de RMN foram obtidos em um espectrémetro Bruker Advance 111 400
operado a um campo de 9,4 T, usando uma sonda Bruker CPMAS, rotor de 4 mm, e com

a amostra girando numa frequéncia de 12 kHz.

Medidas de Area Superficial (BET)
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Isotermas de adsor¢édo de nitrogénio foram obtidas em um analisador de sorg¢éo
de gas QUANTACHROME, modelo NOVA 2000e. As amostras foram pré-tratadas com
aquecimento a 300 °C sob vacuo durante duas horas. As analises correram sob
temperatura de nitrogénio liquido. As areas superficiais especificas das amostras foram

calculadas utilizando o método com pontos-multiplos Brunauer-Emmet-Teller (BET).

ICP OES
As concentragbes dos elementos de interesse foram obtidas utilizando-se de um
equipamento ICP OES marca Varian, modelo 720-ES, fluxo de gas de aproximadamente

1,5L/min, taxa de absorgao de amostras de ~1,5 mL/min.
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ABSTRACT:

The present work describes the development of slow release fertilizers from the
mechanochemical activation of mixtures of natural (montmorillonite, talc, chrysotile) and
synthetic (Lamellar Double Hydroxides (LDH) MgAl and MgFe) lamellar matrix mixtures with
potassium monohydrogen phosphate. This salt is used in agriculture as a conventional
fertilizer and is highly soluble in aqueous solution, which implies large losses due to leaching
processes, volatilization or even fixation in the soil, limiting the efficiency of the nutrients for
the plants. Due to these characteristics, there is a need to apply large quantities of these
products in agriculture. Therefore, the main idea is to control the supply of both the elements
coming from the soluble salt as well as the constituting elements of the lamellar matrices.
Such approach could reduce costs with exacerbated fertilization, potentiating the use of the
products and decreasing the solubility of the ions involved. The methodology used basically
consists of the milling of the reagents varying the processing conditions. This process is
described as a m echanochemical reaction, and in the present thesis friction forces were
used as a source of mechanical energy. According to the intrinsic characteristics of the mills
used as reactors, it is possible to study in a systematic manner the grinding in various
situations. In the present study, three different mills were used: zirconia mill, high energy ball
mill, and Herzog mill. For all three mills, there is a strong influence of the grinding time and
molar ratio of the reactants submitted to milling. In addition, for the high energy ball mill, it is
known that the rotation can greatly influence the formed product. For the characterization of
the samples, several techniques were used according to the nature of the compounds used.
Particularaly, PXRD, SEM / EDX and S olid State NMR techniques proved to be highly
efficient for the monitoring and verification of the mechano-chemical reaction, and to highlight
the amorphization of the precursors and/or the formation of a distinct crystalline phase.
SEM/EDX showed after the mechanochemical activation the changes in particle size, the
disappearance of precursor morphologies, and the formation of particles with distinct
morphologies and different chemical composition. Using NMR measurements significant
changes in the chemical environments involved were evidenced, suggesting the formation of
metastable compounds between metal cations from the lamellar matrices, phosphorus and
oxygen, as well as other possible compounds as products. After the mechanochemical
reaction, in the nutrient release assays, the slow release behavior was observed for all the
matrices analyzed. The release rate can be influenced by the chemical composition of the
starting matrices, since each matrix can produce similar and distinct products, for example,
SiO, from natural clays which is not possible in the LDH products. In addition, the grinding
conditions strongly influence not only the formation of different products but also the
percentage of release. Finally, the industrial potential of all the materials produced is
highlighted, since the methodology can be adapted to larger mills, such as the Herzog mill
and also requires low milling times, and generally the use of low cost precursors.

KEY-WORDS:

Slow release fertilizers, primary macronutrients, montmorillonite, talc, chrysotile, LDH,
soluble phosphates, mechanochemical activation.



LIST OF ABBREVIATIONS

BET — Isortherms of Brunauer, Emmett and Workshop

CMC - Carboxymethylcellulose

DRIFT - Diffuse Reflectance Infrared

DRXP - Powder X-ray Diffraction method

EDX - Energy Dispersion X-ray Spectroscopy

EPR - Electronic Paramagnétca Resonance

FTIR - Infrared with Transformad of Fourrier

LDH - Layered Double Hydroxide

LDHSL - Lamellar Double Hydroxysalt

ICP EOS - Inductively Coupled Plasma Optical Emission Spectrometry
TEM - Transmission Electron Microscopy

SEM - Scanning Electron Microscopy

MMT - Montmorillonite

NMR MAS - Nuclear Magnetic Resonance, Magic-Angle Spinning
SAED - Electron Diffraction in Selected Area

TGA - Thermogravimetric Analysis.
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I- Introduction

Concerning plant nutrition, new products or methods to improve nutrient management
have become increasingly important for environmental resilience. Nowadays attention has
been focused ont he development of eco-friendly fertilizers, products that guarantee
efficiency as a nutrient without harming the environment. To this purpose, the main objective
is the development of fertilizers of slow and / or controlled release, avoiding pollution of water
and river sources by the accumulation of leached nutrients from agricultural crops, as well as
potential atmospheric emissions. These products are developed in a way to delay the
release of species or ions in the soil, which often occurs immediately using ordinary fertilizers
due to their high solubility. So the mainly idea is longer residence time of the nutrients in
layers available to plants, which guarantees the good development of the plants.

There is a diversity of studies related to the production or analysis of this type of
fertilizers, however, in the present project it is intended to obtain this kind of product from the
mechanochemical reaction between lamellar matrices; (cation exchangers or not) or
synthetic lamellar compounds such as layered double hydroxides (LDH); with soluble
phosphates (specifically K;HPO,). It is worth noting that in the initial design the use of LDH
was not foreseen, however, due to the establishment of the project in collaboration with the
Université Clermont Auvergne in France, LDH were included.

The mechanochemical process used consists basically of grinding the lamellar
(insoluble) materials, which have in their structure essential elements for plants (such as Mg,
Fe, Mn and Si) with dibasic potassium phosphate (high soluble source of K and P). The
milling process promotes chemical and structural alterations of the lamellar materials, which
can make these nutrients available, and, in addition, form metastable compounds with
phosphates which end up m odifying the high solubility of the salt. In a simplified form, the
idea is to transform insoluble lamellar materials and dibasic potassium phosphate, which is
highly soluble, into mixtures of materials in which all components have low and controlled
solubility.

Thus, this study aims to systematically investigate the mechanochemical activation
process to obtain sustainable slow release fertilizers. The study involves a num ber of
essential nutrients, mainly the macronutrients P, K and Mg.

This study basically involves studies with: clay minerals (Part 1), in which the results
of characterization tests and r elease are reported conjointly with the optimization of the
milling conditions and the physico-chemical conditions of the release medium, for
montmorillonite and talc systems. Then a study involving a clay mineral of great interest in
terms of public health, chrysotile asbestos was carried out. For the last part that involving

LDH (Part 2), special attention has been devoted to the influence of the thermal treatment of



the LDH leading to nanostructured mixed oxides and to the grinding conditions. The nutrient
release behavior and the characterization of the samples and residues, as well as kinetic

study were also studied.

II- Generalities on fertlizers

Considering the many factors that influence and in many cases limit the growth of
plants such as oxygen and carbon dioxide, sunlight (crucial in photosynthesis) and w ater,
certain nutrients play also a key role. They are subdivided into macronutrients: N, P , K, Ca,
Mg and S (elements in which plants need more) and micronutrients, used in smaller
quantities but not less important. For this second group there are a number of elements such
as B, Cl, Cu, Fe, Mn, Mo, Co, Ni, Zn, Si, among others (Li et al., 2007; Gupta; Kening;
Siyuan, 2008; et al., 2011). These elements are also called essential nutrients to life.

In the soil there are three basic variable parts in percentage according to the intrinsic
characteristics of each soil. They are:

- The solid part that is the greater percentage of the soil composed of organic materials from
vegetal and animal residues and inorganic materials. The organic portion can appear in the
soil in the most varied compositions such as humic acids which play a fundamental role in
the fertility of a soil. The other portion of the solid part of the soil is attributed to inorganic
compounds, in which the size of the particles occurs in a wide range (2 mm to less than
0.002 mm). Mineral matter is subdivided into primary minerals (quartz, apatites, micas,
limestone, biotite, plagoclase) and secondary minerals (kaolinite, haloisite, montmorillonite,
vermiculite, ilite)

- The gaseous part consists principally of CO,, H,O, O,, N, vapor. These gases may be
present in varied compositions according to soil depth and porosity, normally the soil relative
humidity is 100% and this is the main vehicle for gas exchange.

- Finally, the liquid part, also called soil solution that plays fundamental functions in this
environment, such as, thermal regulator, in the performance in the metabolic functions of
photosynthesis, but mainly in relation to the subject of this thesis, in the transport of species.
It is in the soil solution that the essential nutrients are usually found in their available forms
and can be used by the plants, i.e. water acting as solvent is also the transport vehicle of the
nutrients to the plant by capillarity (Busato, 2008).

The problem is that, usually, these nutrients are not in sufficient and adequate
quantity in soils. In the case of Brazil, for example, the vast majority of arable soils have low
or very low fertility, emphasizing that, the level of each essential element in soil strongly

affects the soil fertility.



In addition, intense agricultural cultivation further reduces the concentration of these
elements in the soil, which makes soil fertility even lower, since most of the elements and
ions taken by the plants do not return to the soil in a sustainable way, generating a nutrient
extraction in a non-renewable way (Balsan, 2006; Santos, Salcedo and Galvao, 2008; Cruz
et al., 2007). In these processes, the nutrients migrate from the soil to the plants and in many
cases from the plants to the animals, so after the death and decomposition of the plants and
animals the nutrients return to the soil for a new cycle, and this cycle does not occur in a
balanced and sustainable way, in many cases it is geological periods.

Therefore, it is essential to use efficient and capable products to restore essential
nutrients to plants, but in a sustainable way (Sanchez; Hernandez; Ruz, 2011; Machado;
Souza, 2012). The nutritional replacement in the soil can be done directly, where it is added
to the soil leading to greater availability of the nutrients; and indirectly, exerting a beneficial
influence on the different soil characteristics, in having a corrective character. However, the
use of fertilizers and/or correctives depends closely on agroclimatic factors and type of crop,
taking into account a series of factors intrinsic to the use of both.

Mineral fertilizers are thus classified as essentially composed of inorganic
compounds. They are called simple if formed by only one c hemical compound, with the
possibility of providing more than one nutrient. There are also mixed fertilizers that are based
on simple fertilizer blends.

Regarding the economic environment, the use of mineral fertilization has advantages
over organic fertilization, since mineral fertilizers imply lower costs of storage, transport and
application as a function of the amount of nutrient / mass of material. In general, the
conversion of a nutrient present from the organic matter to the available form can be slow
and ineffective (Lee, 2010).

In addition, organic fertilizers are much more effective as soil conditioners than as
fertilizers. Mineral fertilizers satisfy the fertilizer function correctly and efficiently. As a way to
correct soil deficiencies, mineral fertilization provides soil material that can improve the
relation between fertility versus yield in agricultural terms.

However, there are some problems related with nutrient delivery, many of the
compounds that are synthesized to provide N, P and K, for example, are generally highly
soluble (Bertol et al., 2011) and in some cases volatile, or still unavailable. These properties
cause problems such as leaching, immobilization and evaporation of nutrients. These
problems can even lead to problems of pollution of aquatic bodies, which includes
eutrophication caused by the over-accumulation of fertilizers in the water.

Eutrophication is specifically related to excessive amount of phosphates, in addition
to other mineral salts, which causes the increase of microorganism’s population in the

superficial part of the water. Consequently, a microbiological layer is formed on the surface,
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blocking the light penetration, limiting photosynthesis in the depper layers of water. This
consequently causes oxygen deficit compromising the respiratory demand of aquatic fish and
mammals, which end up dying accumulating organic matter in the environment. In this
context, decomposing agents (facultative anaerobic bacteria) acting on the degradation of
organic matter in high concentrations release toxins that end up worsening the situation, in
altering the quality of the water, which becomes unfit for human consumption (Bina, 2008).

In addition, when nutrients are leached, the roots of the plants do not reach them and,
when the nutrients reach the aquatic bodies, due to the high amount used these end up by
contaminating the environment.

For these reasons, it is extremely important to develop new materials or even modify
structures already used as fertilizers that containig nutrients in order to design their
characteristics to reduce or eliminate the socio-environmental problems mentioned
previously. The main characteristic for an ideal product is the slow or controlled supply of the
nutrients present in the matrix, which characterizes slow release fertilizers.

Slow-release fertilizers are characterized by delaying the availability of nutrients for
absorption and use of the plants after application, or by extending their availability in the soil,
and therefore to the plant, for alonger period than conventional fertilizers, and ideally no
need for reapplication (Nascimento, 2012). That is, even in moderate sun and rain conditions

the nutrients are not volatilized or leached to lower soil layers.

lll- Theoretical model to analyse slow-release kinetics

The release behavior in a qualitative way is quite simple to evaluate, but it can be
analyzed in more detail by using detailed kinetic models. In the case of the present study, for
some parts that composed the thesis kinetic models known in the literature were used.
These kinetic models are related to adsorption kinetics of species: pseudo-first order,
pseudo-second order and intraparticle diffusion.

As the literature mainly reports these models in adsorption processes, by analogy we
can use these same models for desorption phenomenon. The study of desorption equilibrium
is useful to better understand the mechanism involved.

The Lagergren model, also called pseudo-first order, was one of the first models
established for the kinetic study of adsorption of a solid / liquid system. It can be represented

as follows:

dx
k(X -
7 (X —x)

It can be expressed by its linear form:
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At where:

X: Adsorption capacity at equilibrium (mg.g™)

x: Adsorption capacity at time t (mg.g™)

k: Pseudo-first order adsorption rate constant (min™)
t: reaction time (min)

ge: Adsorption capacity at equilibrium (mg.g™)

q¢: Adsorption capacity at time t (mg.g™")

However, for the pseudo-first-order model times less than 20 to 30 min of contact
time do not fit very well. Another important detail is that in many cases 'q¢' is unknown, in
very slow or long processes, and therefore 'g.' is obtained by extrapolation of the
experimental data (Ho and Mckay, 2000).

Another model used was the pseudo-second order. It is also based on the solid /
liquid system in relation with the adsorption capacity of the solid phase. In this case there are

no limitations on the contact time (Ho and Mckay, 2000). It can be described by the following

equation:
dqt 2
=k(g —

dt (qe qt)

Or, by its linear form:
1 1 1
—=—+—t

g9, kg, 4.

At where:

k: adsorption rate constant of pseudo-second order (g.mg™".min™)
ge: Adsorption capacity at equilibrium (mg.g™)
q:: Adsorption capacity at time t (mg.g™')

t: reaction time (min)

And finally, when the species to be adsorbed follows an intraparticle diffusion model;
i.e. diffuses from the solution to the solid phase; the models of pseudo-first order and
pseudo-second order are not applicable (Kannan and Sundaram, 2001). In this case the

equation representing this model can be described as follows:
g =kt +C
At where:

k;: intraparticle diffusion rate constant



C: intersection of the line with the y-axis (qt)

;. Adsorption capacity at time t (mg.g™)

The kinetic models, known in the literature, may be applicable to the release curves of
the developed fertilizers and also provide approximate kinetic constants which can attest the
reliability of the adjustment when evaluated at different temperatures and applied to the
Arrhenius activation energy (Ea) equation. In other words, if the equations used represent
the release, curves are actually close to reality.

However, evaluation of the more detailed kinetic behavior is not discussed deeply in
the literature with regard to slow release fertilizers. There are several studies that work with
the production and evaluation of slow-release fertilizers, which is often enough to identify the
potential for slow release behavior (Xu et al., 2004; Liu & Liu, 2006; (1998), Chen, Ghosh
and Varadachari, 2009, Yao et al., 2013, Zhaohui, Yingpeng, Yan, 2013, Yang et al., 2013
and Fukamachi, 2007).

Many of the developed materials involve the encapsulation of conventional fertilizers
by polymers, which are not always the best alternative, since after "capsule rupture" the
material can be released quickly and, in addition, some polymers may have a negative effect
on the soil if they are not highly biodegradable. Other promising studies for the development
of this class of fertilizers include the use of lamellar inorganic materials. In the following part,
the main characteristic of layered compounds used in this work, are introduced focusing on
clay minerals, which are found in nature and some layered double hydroxides (LDH) that can

be easily synthesized in laboratory.

IV Inorganic layered matrices

IV-1 Clay minerals

Concerning clay minerals (Bergaya and Lagaly, 2013), there are two different basic
types in nature, which are classified according to similarities in chemical composition and
crystalline structure: the 1: 1 structures and the 2: 1 structures. The 1: 1 structures include
kaolinite, serpentines, and ferriferous clay minerals while the 2: 1 structures the groups
correspond to talc-pyrophyllite, micas, smectites (Montmorillonite), vermiculites, chlorites and
palygorskite (attapulgite) - sepiolite (Figure 1).

The four dozen clay minerals are distributed in these groups. Industrially very few clay
minerals are used: kaolinite (kaolinite, refractory clay, building clay), montmorillonite
(bentonite, fuller earth), talc, vermiculite and chrysotile asbestos (Coelho et al. 2007). The

clay minerals are classified as lamellar compounds because they have their structural units
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(lamellae), usually organized continuously in the crystallographic axes "a" and "b" (Grim,
1962) stacked along the "c" direction (basal direction), (Arizaga, 2003). The lamellar stacking
occurs due to the interaction of the alumino groups (Al-OH), present in the octahedral sheet,
with the surface having siloxanic bonds (Si-O) of the tetrahedral sheet of an adjacent lamella,

by means of hydrogen bonds (Wypych; Satyanarayana, 2004).
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Figure 1 - Schematic representation of the structure of Montmorillonite (a), talc (b)
and chrysotile (c).

In this study, we particularly worked with 1: 1 and 2: 1 clay minerals (rich in
magnesium and silicon): a di octahedral cation exchanger which is the montmorillonite
(Figure 1a), whose general chemical formula is (Ca, Na), 3(Al, Mg).Si;O10(OH).nH,0, and a
non-trivalent ion exchanger, the talc (Mgs;Si;O1,0OH),) (Figure 1b), in addition to a 1: 1
trioctahedral non-exchanger clay, the chrysotile (Mg3;Si,Os(OH),) (Figure 1c).

In nature, the transformation from 2: 1 type clay to type 1:1 occurs spontaneously.

This process of removal of the silicon from the chemical composition of the materials starts
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from the weathering action under the primary minerals in the material of origin, having
continuity in the pedogenesis (soil formation) causing the soil evolution and acting also in
primary and secondary minerals.

Silicate desilication can occur in several stages or degrees of Si removal. The
transformation from one type to another occurs under more advanced desilation (Figure 2),
in which case the primary silicates and 2: 1 clay minerals are transformed into 1: 1 clay
minerals, as for example, the pyrophyllite, anal uminosilicate of the type 2: 1
(Si4O10)Alx(OHy)) by the advanced desilcation loses one of the tetrahedral Si layers, and thus
kaolinite an aluminosilicate of the type 1: 1 ((Si,O5)Al,(OHy,)), is formed, which consequently
if intense desilication is prolonged leads to gibbsite (Al(OH)s).

For all these steps, most of the Si released during the weathering of clay minerals
remains in place in the form of amorphous aggregates of silica, in the dimensions of silt and
sand. It is important to emphasize that the process described, can also occur by the use of a
strong base that allows the removal of Si (Pereira, 2008; Pedron, 2007; Brighenti et al.,
2012).
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Figure 2 - Exemplary description of the desilication process.

Another important characteristic for natural clay minerals concern their properties as
cation exchanger. From isomorphic substitutions in the octahedral and tetrahedral sheets,
there is the accumulation of residual charge in the structure. This happens, for example,

when in an octahedral neutral chemical environment composed of divalent metals there is
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substitution of part of these metals by trivalent metals. Note that, while maintaining the same
morphology, this structure will no longer be neutral, there was an excess of a charge (for this
generic example), which would therefore need to be counterbalanced by another species
(usually a cation).

In this work, Chrysotile takes special attention as it is associated with respiratory
problems including lung cancer. Because of its fibrous characteristics, this clay-like material,
when manipulated, releases micro- and nanometric fibrils into the air, which can later be
inhaled, and then lodged in the pulmonary alveoli, which can lead to the development of
tumor cells (Lafaya et al., 2012; Korytkova et al., 2004, Bales and Morgan 1985, Donaldson
and Tran 2004, Bernstein et al., 2015).

In addition, there are a number of materials produced from asbestos cement, which in
their composition contain cement and chrysotile fibers in the approximate proportion of 92%
cement and 8% chrysotile. For this reason, it is important to give a correct destination to
these after used. Brazilian law, through Conama Resolution 348/2004, Article 3 and Section
IV, states that: "Class" D ": hazardous waste arising from the construction process, such as
paints, solvents, oils and other contaminated or harmful materials health care from
demolitions, repairs and repairs to radiological clinics, industrial and other facilities, as well
as tiles and ot her objects and m aterials containing asbestos or other products harmful to
health. Based on this premise, asbestos-based tile waste or other asbestos-containing
artifacts need to be disposed of with hazardous waste in specialized landfills, which entails
high costs.

Therefore, the interest in the use of chrysotile or asbestos cement is beyond the
availability of potential slow release fertilizers. This specific part of the work is linked to the
mechanochemical treatment of these materials, eliminating potential harmful to human health

and still producing value added materials.

IV-2 Layered Double Hydroxides (LDH)

LDH are the second class of layered materials that has been studied. LDH structures
are considered to be derived from brucite (Mg(OH),) structure, which belongs to a group of
simple hydroxides common to calcium hydroxides, manganese (ll), iron (Il), cobalt (ll) and
nickel (II) (Cursino, 2010). The structure of the brucite displays slightly distorted octahedra
lamellae, whose center is occupied by Mg*" cations, coordinated by six hydroxyl groups
located at the vertices, and eac h hydroxyl is coordinated to three magnesium cations,
generating a tri-octahedral structure, where all the octahedral sites of the structure are

occupied.
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According to postulate of the Pauling electrostatic valence principle, the charges
involved in the brucite structure cancel out generating an electronically neutral structure. In
LDH strucutre, the isomorphic substitutions of M?** by M** (M = metal), promotes differences
of the amount of charge in the material and the presence of positively charged layers. In
order to compensate the excess charge generated, anions are intercalated in between the
LDH layers. This behavior is of interest in terms of anionic exchange capacity and object of
studies in several areas like photophysic, heterogeneous catalysis, drug delivery, polymer
science, etc. (Olanrewaju et al., 2000; Komarneni et al., 2003; Halma et al. (2003), and
Gillman et al., 2008, Marangoni, 2009, Olfs et al., 2009, and Torres-Dorante et al., Chitrakar
et al., 2011b; Woo et al., 2011; Taviot-Guého et al., 2017).

LDH have a generic formulation described as [M?*1,M>*(OH).J*"(A™)yn.yH,O, where
M** and M*" are the metal cations and “A” is an anion with n- charge (Cursino, 2010;
Marangoni, 2009). In detailed studies regarding LDH formation, there is a strong influence of
the ionic radius of the involved cations, with the divalent cations being in the region between
0.65-0.80A and for the trivalent cations between 0.62- 0.74 A, except for AI** (ionic radius
0.50 A) (Forano, 2004; Forano et al., 2013).

As already described, this type of structure has residual charge, and varied anionic
species can be hous ed between the lamella structure (called interlamellar or interlayer
space) (Figure 3). Simpler species, such as common inorganic anions (carbonate, sulfate,
phosphates e.g.), are more easily allocated in this region of the structure, and consequently
they compensate the residual charge formed. However, the possibilities are of much more
diverse, including organic anions (dyes and c arboxyls e.g.); anionic polymers and et c
(Taviot-Guého et al., 2017). The versatility is so great that in this space one can even insert
DNA strands (Marangoni, 2009).

In the present study, carbonate intercalated LDH materials were prepared, that is, the
intercalated inorganic anion used for the study was carbonate, which ranks first with respect
to the order of the stabilizing capacity of the simple inorganic anions in the LDH layers
(Miyata, 1983).

C0O,” >80,” >>OH >Cl' >Br *NO; >T

In the application of these materials in standardized solutions, it was observed that
the nitrate present in the interlamellar region is gradually removed to the solution, whereas
the bicarbonate ion is allocated in the interlamellar region, which characterizes the slow
behavior and the potential as fertilizers of this class of materials (Silva, 2012). This
substitution occurs according to the preference of stabilization of the LDH structure by the
counter ion. Similar behaviour was also reported starting from phosphate intercalated LDH

as described later (Everaert et al., 2016; Benicio et al., 2016).
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Figure 3- Schemtaic representation of LDH structure

LDH are simple and inexpensive to synthesize on laboratory and industrial scales
(Rives 2001; Duan et al. 2006, Forano et al. 2013). The preparation of LDH materials can be
carried out using several methods allowing to tailored physical and c hemical properties.
Usually, specific precautions must be taken to obtain pure LDH phase relative to pH to
ensure a pure LDH phase formation avoiding impurities and to limite contamination with
carbonate anions.

Direct coprecipitation at variable or constant method is the most commonly used
synthetic approach based on the mixture of a mixed M(Il)/ M(lll) salt solution with a basic
solution (NaOH, KOH, and NH3).To promote the LDH chemical homogeneity and purity, it is
necessary to work at fixed pH, The value of pH during the coprecipitation reaction has a
crucial effect on the chemical, structural, and textural properties of the phases. Interestingly,
this method appears well-adapted to tune the chemical compositions of LDH in terms of
M"/M" ratio and to prepare ternary and q uaternary LDH composition. Moreover, alarge
variety of organically modified LDH matrices can be m erely prepared in performing the
coprecipitation in presence of anionic organic species in the reaction medium during the
coprecipitation. This method is usually performed at room temperature, but it is also possible
to use higher temperatures (up to 55 ° C). Other factors may also affect the quality and
general characteristics of the material, such as the concentration of the solutions and the
speed of addition. Lower the addition rate, better the crystallinity. The nature of the solvent
involved during the coprecipitation and particularaly the use of organic solvent (ethanol,
ethylene glycol...) strongly modifies LDH textural properties (Prévot and Tokudome, 2017).

There are also other methods for obtaining LDH which will be described below:

- the urea method : urea (or hexamtehylamine...) is used as a base retardant to
promote the precipitation. In this case, the nucleation step can be separated from particle
growth, and ageing is prevented from the beginning. The hydrolysis rate of urea can be
controlled by temperature increase induced either by conventional heating, hydrothermal

treatment or microwave hydrothermal method. As for direct coprecipitation, parameters such
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as the concentration of reactants, the urea/metal salt ratio, the reaction temperature and the
aging time influence the particle size.

- the salt-oxide method also called induced hydrolysis. Typically, a suspension of an
insoluble divalent metal oxide is used to react with a solution of the trivalent metal salt, the
latter including the anion to be intercalated. The principle of this method is based on the slow
hydrolysis of divalent cation oxide (using slightly acid medium). Therefore, the salt-oxide
method has limitations link to the need for the divalent part to undergo slow hydrolysis and
and even though the anion to be intercalated forms a soluble salt with the trivalent cation and
stable in acid medium.

- the hydrothermal synthesis, wherein both cations of di and trivalent oxides are
suspended in water; whereafter is added the acid of which the conjugate base is intended to
be intercalated. For this method, there is aneedf or high pressures andt emperature.
However, as an advantage it is possible to avoid the presence of residual salts.

- the mechanochemical synthesis. Starting from insoluble MIl/ MIl presucrors such as
metal hydroxides, oxides or metal carbonate hydroxides, LDH syntheses were described as
an eco-friendly porcess limiting the impurities formation and subsequent cleaning step (Qu et
al., 2016; Qu et al., 2017). Various LDH chemical compositions were reported such as ZnAl,
MgAl, CaAl and LiAl.

- finally, the sol-gel method. The reaction takes place under refluxing, forming the gel
from an al coholic solution of magnesium ethoxide (in HCI) with a solution of aluminum tri-
sec-butoxide. With the sol-gel method it is possible to obtain highly pure compounds with
controlled pore size and high surface area (Marangoni, 2009). Note that polyol method
involving metal acetate precursor hydrolysis in polyol medium under reflux was also reported
to prepare acetate intercalated LDH displaying also higher surface area (Prévot et al. 2005).

To modify the LDH structural and textural properties, different in situ or post-synthesis
treatments can also be applied to the ‘as-prepared’ samples such as microwave, ultrasound

and hydrothermal treatments.

V Slow-release fertilizers involving inoganic lamellar matrices

One approach to developp innovative slow-release fertilizers consists on the use of
the interlamellar domain of layered inorganic matrices such as clay minerals or LDH as a
nutrient reservoir. In this way, the intercalation of urea in kaolinite and its subsequent release
was described (Figure 4) (Fukamachi, 2007). In the study of Fukamachi 2007t he
intercalation was carried out by mechanochemical reaction, which will be det ailed in the

following.
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Figure 4 - lllustration of kaolinite structure interspersed with urea in side view.

(adapted from Fukamachi, 2007).

In a similar strategy, LDH intercalated by nitrate or phosphate were prepared and
used as slow release fertilizers of these ions. E veraert et al (2016) reported that
hydrogenophosphate intercalated MgAl was up to 4.5 times more efficient than a soluble
phosphate based fertilizer in acidic soils.

There are also some reports of studies that use lamellar matrices and conventional
fertilizers as precursors, but in a complete different strategy, compared to the intercalation
one. In these cases, mechano-chemical reactions are involved promoting drastic chemical-
structural changes (Solihin et al, 2011). The importance of mechanochemical reactions, or
even crushing, has been known for along time, but only with regard to changes in the
surface area and volume ratio of the crushed material. It is only from the twentieth century
that the grinding was evidenced to cause changes in the structure of compounds
(Dubinskaya, 1999).

The fundamental concept in a m echano-chemical reaction is to promote chemical
reactions from some mechanical energy (Lewinski et al., 2010; Frost et al., 2003; Frost et al.,
2001). For this purpose, in solid-state milling, specific equipment known as mills are used,
which can present a multitude of different models that allow the variation of milling
conditions, e.g. speed, and, in addition, intrinsic characteristics to the equipment itself , e.g.
reactor volume, using spheres or disks, etc. In the Figure 5 is presented an illustrative

scheme of the main parts involved in grinding in a ball mill.

17



> Planetary Disc

> Jug for grinding

Jugs for
grinding

__, Reagentsto be
— milled
> Grinding balls

Figure 5- General layout of the inner part of the mill (a) and horizontal section of a
milling jug (b).

The efficacy of the mechano-chemical reaction reflects in obtaining one or more
products distinct from the original reactants. In order to facilitate this, it is necessary to know
the characteristics of reagents to be ground, since in many cases there would only be a
decrease in the particle size of a given reagent which would fit into a purely physical reaction
and not its chemical transformation.

Frost et al. 2001 reported the structural and chemical modification of kaolinite from
grinding performed up to 4 h. In this study it was proved by several techniques, such as
PXRD that there was the concomitant delamination with amorphization of this clay. Indeed,
the peak d (001) loses intensity with the increase the grinding time, and, finally, disappears
after 4h of grinding. Similarly, the FTIR measurements showed that the hydroxyl bands
characteristics of these clay minerals lost intensity and di sappeared. Finally the authors
concluded that a new crystallized silicate material was formed.

Belskaya et al (2015) reported a mechanochemical synthesis of LiAl-LDH using solid
nitrate lithium and aluminum trihydroxide (atomic relation of Li:Al 1:2, respectively). In the
synthesis, milling speed and time milling were varried, and the products were sucessful used
as heterogeneous basic catalysts.

Another study involving the mechanochemical synthesis of slow-release fertilizers is
reported by Yuan et al., 2014. In this study, KOH, CaO and SiO, were used to produce
amorphous structures based on K-Si-Ca-O formation. According to the authors, K* and Ca**
were incorporated into the SiO, structure; the release results were more promising for the
potassium nutrient.

In their work, Solihin et al., 2011 studied the properties of materials obtained from
kaolinite and a c onventional fertilizer (KH,PO, and (NH4)H,PO,) by mechanochemical
reaction in using a P ulverisette 7 ( Fritsch) mill and in varying the milling rotation of the
experiments, which were conducted between 100 and 700 r pm and the time set in 120

minutes. The authors observed the amorphization of the reactants after the milling process,

18



highlighting that this amorphous material showed slow release behavior of constituents K, P
and N.

In the developed study of this thesis a similar strategy was used based on
mechanochemical reaction. The present study was carried out using lamellar structures and
a conventional fertilizer.

Potassium dihydrogen phosphate (KH,PO,) was used as an ordinary fertilizer, for the
systematic studies by mechanochemical reaction in presence of lamellar matrices. As well as
potassium monohydrogen phosphate (K,HPO,), both phosphates are compounds widely
used as fertilizers in their pure forms, or associated with other fertilizers such as urea or
ammonium phosphates. But, however, they are highly soluble in water, which is part of the
environmental and socioeconomic problems mentioned in previous paragraphs. In addition to
the use as fertilizers, theirs use is also included in the food and fungicide industries, and the
main way to obtain potassium phosphates is from phosphoric acid reacting with a potassium
source, such as in the form of carbonate or hydroxide (Ono et al., 1987; Fukami, 1990; Itoh
et al., 1975).

2H.PO, + K,CO, — 2KH,PO,

H,PO, + KOH — KH, PO,

In this work, Montmorillonite, talc and chrysotile three different clay minerals were
studied as well as carbonate intercalated Mg?/Fe**and Mg*/AP* LDH which were

synthesized using the co-precipitation method at constant pH from nitrate metal salts.

General Objective

To produce from mechanochemical reactions of mixtures of clay minerals or layered
double hydroxides with dibasic potassium phosphate (K.HPO,), potential slow release
fertilizers, mainly as possible sources of P and K, and potentiallyof Mg, Fe and Si according

to the inorganic lamellar matrices involved.

Specific objectives

To synthesize structures of layered double hydroxides (LDH).

To carry out systematic studies of the grinding conditions for each system involving
lamellar matrix and K,;HPOQy,, including factorial planning.

To carry out systematic studies of the physicochemical conditions of the release
medium, restricted to MMT: K,HPO, and Talc: K;HPO, systems.

To evaluate the kinetic behavior of complete or punctual release of the nutrients of

the systems.
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To compare kinetic models known in the literature with kinetic data obtained.

To check the influence of temperature under the kinetic constant and calculate
activation energy, restricted to LDH: K,;HPO, systems.

To evaluate the influence of carboxymethylcellulose (CMC) onthe LDH: K;HPO,
systems for slow release behavior.

To characterize by XRD, FTIR, SEM / EDX, TGA and CP-MAS NMR the original

reagents, ground samples and solid residues obtained after nutrient release step.
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Part 1, studies involving montmorillonite, talc and chrysotile.

MAS NMR and EPR study of structural changes in talc and montmorillonite induced by
grinding
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Highlights

- Montmorillonite and talc were submitted to solid state mechanochemical activation
- Both clay minerals were dehydroxylated and transformed into amorphous materials
- Redox reactions of substitutional Fe*® and Mn*? were detected by EPR

- Mechanochemical treatment induces not only physical changes but also chemical reactions

Abstract

Mechanochemical activation is a s imple and efficient procedure for changing the
chemical and physical properties of single materials or mixtures thereof. Besides promoting
the reduction of particle size, amorphization and formation of metastable materials, the
process promotes chemical reactions and defects and generates free radicals, which can
cause redox processes in the solid-state. This paper reports the milling process in the solid-
state of 2:1 clay minerals, montmorillonite and talc, that differ by their cation exchange
capacity, and s ystematic monitoring of the formation of products, emphasizing the redox

reactions in the constituent metals of these clay minerals.

Keywords: Mechanochemical activation, 2:1 clay minerals, redox reactions.
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Introduction

Solid-state mechanochemical activation consists of milling materials to increase their
reactivity, allow reactions in the solid-state and decrease the decomposition temperature,
causing structural defects and s tructural transformation, the formation of metastable
amorphous or hybrid materials, etc. (Garcia et al., 1991; Mingelgrin et al., 1978; Vizcayno et
al., 2010; Mendelovici, 2001; Petra et al., 2015; Ramadan et al., 2010; Sanchez-Soto et al.,
1997; Galimberti et al., 2014). One of the applications of this process is to obtain material for
sustainable slow release fertilizers (Solihin et al., 2011; Solihin et al., 2010; Zhang et al.,
2009), by combining an insoluble clay mineral and a soluble phosphate, yielding phases with
low solubility. The effectiveness mainly depends on s toichiometric proportions, time and
speed of milling.

The mechanisms of this process and the chemical composition of the low solubility
materials obtained mainly began to be elucidated with the use of solid-state NMR spectra
(Borges et al., 2015). However, redox reactions and formation of free radicals still require
elucidation. Electron paramagnetic resonance (EPR) enables investigation of these
phenomena as well as identifying inorganic radicals, since it is highly sensitive to
paramagnetic species such as Fe*" and Mn?* (Siqueira et al., 2011; Kudynska, et al., 1989).
These species often occur as substitutional elements at low concentrations in the structures
of clay minerals.

This paper reports the effects of milling on structural changes of raw montmorillonite
and talc as potential matrices to obtain sustainable slow release fertilizer. Both raw materials
belong to 2:1 clay minerals (their structures are composed of a central flat octahedral sheet
sandwiched by two flat tetrahedral sheets). The main objective is to investigate the redox
reactions and structural changes. In addition to having different chemical compositions,
montmorillonite is a cation exchanger while talc has a neutral structure, but both have
isomorphic paramagnetic species as substituents, mainly in the octahedral sheet, which can
be monitored by EPR. This technique was used to monitor the changes of these

paramagnetic species in the milling process.

Materials and methods
Montmorillonite (SWY—Z = (Caoj2N30’32K0!05)[A|3’01Fe(m)o’41Mno,o1Mgoy54Ti0’02]
[Si7 98Al0,02]020(0OH),) was supplied by the Clay Minerals Society, while the commercial talc

(idealized formula - MgsSi;O10(OH),) was supplied by the company Magnesita - Brazil.

Experimental
The solid-state mechanochemical reactions were performed at 70 rpm (0.2876 g

force) for 3, 6 and 9 hours for montmorillonite and 6, 9 and 12 hours for talc. All reactions
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were performed in a planetary Fritsch Pulverisette 2 mill, consisting of a zirconium vessel
with 10.5 cm diameter and zirconium disk attached to the mill by a fixing rod.

The samples were previously placed in ac losed chamber for aw eek, under
controlled humidity of 40%, and then the hygroscopic moisture content was measured in a
Shimadzu MOCG63u moisture balance, with straight type halogen heater.

Fourier-transform infrared (FTIR) spectra were obtained in a Bio-Rad FTS 3500GX
spectrometer with accumulation of 32 scans, resolution of 4 cm™, employing KBr tablets at a
mass ratio of 1:100 (sample:KBr).

Thermal analysis curves (thermogravimetry -TGA and differential thermal analysis -
DTA) were obtained for the samples and reagents, using a Mettler Toledo TG/s DTA 851 E
analyzer, using 150 uL alumina crucibles and a temperature ramp of 10 °C min™, under
oxygen flow of 50 mL min™.

The EPR spectra were obtained at ambient temperature (~ 25 °C) in a Bruker EMX
spectrometer operating at X-band (9.5 GHz ~) employing 100 kHz modulation frequency and
5000 G of amplitude modulation.

NMR spectra in solid form were acquired with a Bruker AVANCE 400 spectrometer
operating at 9.4 Tesla, to observe “’Al and ?°Si nuclei at 104.2 and 79.5 MHz, respectively,
equipped with a 4 mm multinuclear solids probe and spinning at the magic angle at 5000 Hz.
The MAS NMR spectra of ?’Al were acquired from 32K points, 1K scans, by applying 90°
excitation pulses and relaxation time of 1 s. On the other hand, the spectra of 2°Si MAS NMR
were acquired from 32K points, 2K scans, by applying a 15° excitation pulse and a relaxation
time of 5 s. The spectra were processed by applying an exponential multiplication in FIDs by
factors of 200 and 100 Hz respectively, followed by Fourier-transform for completion to 64K
points. To observe the percentage of individual species, the ?°Si NMR spectra were
deconvoluted, whereas %Al spectra were integrated.

Nitrogen adsorption isotherms were obtained in a Quantachrome NOVA 2000e gas
sorption analyzer. The samples were preheated to 100 °C under vacuum for two hours and
subjected to analysis at 77K. The specific surface areas of the samples were calculated

using the multi-point Brunauer-Emmet-Teller (BET) method.

Results and discussion

The X-ray diffraction patterns showed that the amorphization of the montmorillonite
and talc structures occurred within 3 and 6 hours of milling, respectively. After that time, we
only observed characteristic peaks of quartz (Q), a natural mineral contaminant in clays

(Boulingui et al., 2015), which resists the milling process (Figure 1A-B).
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Figure 3 - X-ray diffraction patterns of raw montmorillonite (Aa) and samples after milling for
3 h (Ab); 6 h (Ac); 9 h (Ad); raw talc (Ba) and samples after milling for 6 h (Bb); 9 h (Bc); 12
h (Bd)

The main interest in obtaining amorphous metastable structures from clay minerals is
that they tend to be more reactive than in crystalline state, allowing them to establish bonds
with other reagents, i.e. phosphates. When layered hydroxides structures are ground, they
collapse, mainly by friction forces where dehydroxylation reactions occur and mixtures of
nanostructured oxides are obtained, with highly structural defects. Although X-ray diffraction
patterns provide important information about the nature of structural modifications, the
mechanochemical dehydroxylation process can only be confirmed by FTIR.

In the FTIR spectra of the montmorillonite milled for 3 hours, a broad band w as
observed in the range of 3700-3000 cm™ (Figure 2Ab), replacing the sharp and well-defined
bands in the raw clay mineral spectra (3635, 3400 and 3160 cm™), which are characteristics
of O-H bonds, connected to metal centers (Figure 2Aa) (Kinninmonth et al., 2013; Celik &
Onal, 2014).

4000 3000 2000 1500 1000 500 4000 | 3000 1800 1000 500
Wavenumber (cm'™) Wavenumber (cm")

Figure 4 — FTIR spectra of raw montmorillonite (Aa) and samples after milling for 3 h (Ab); 6
h (Ac); 9 h (Ad); raw talc (Ba) and samples after milling for 6 h (Bb); 9 h (Bc); 12 h (Bd).
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In the FTIR spectra of talc changes were noted after 6 h of milling (Figure 2Bb), as
was already the case for X-Ray diffraction data (Figure 1B), changes were noted after 6 h of
milling. The bands at 3676 and 670 c m™', characteristic of Mg-OH bonds, vanished
completely, attesting to the process of dehydroxylation (Du & Yang, 2009; Ptacek et al.,
2013). For both samples, the bands around 1000 cm™, characteristic of the Si-O stretching,
became broader due to ahi gher degree of chemical heterogeneity caused by the
amorphization process. Likewise, the bands around 520 cm™ and 465 cm™ for
montmorillonite and 465 c m™ and 470 cm™ for talc, related to Al-Si-O and Si-O-Si bonds,
respectively, became broader as the milling time increased.

In general, changes in the profile of spectra of samples, both involving
montmorillonite and talc, were observed after the milling process, which suggests a tendency
for amorphization of montmorillonite and talc phases as already observed by XRD.

The TGA curve for raw montmorillonite showed two mass loss events, the first up to
100 °C, associated with the removal of physisorbed water and water coordinated to the
intercalated cations (7% moisture up to 400 °C), and the other in the region of 600-700 °C,
associated with the structural dehydroxylation process (11.53% at 1000 °C) (Figure 3Aa).
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Figure 5 — TGA curves of raw montmorillonite (Aa) and samples after milling for 3 h (Ab); 6 h
(Ac); 9 h (Ad); raw talc (Ba) and samples after milling for 6 h (Bb); 9 h (Bc); 12 h (Bd).

In the TGA curves of the milled samples involving montmorillonite, a single weight
loss step was observed beginning at about room temperature up to about 700 °C. This mass
loss event indicated that mechanochemical dehydroxylation processes occurred, as also
evidenced by FTIR measurements (Figure 2Ab). When the milling time increased, the mass
loss decreased, which indicates the formation of more hydrophobic amorphous materials.

As expected, talc was substantially anhydrous (0.3 mass loss up to 600 °C) and a
mass loss event of 4.78% occurred at 1000 °C (Figure 3Ba). This agrees with the value
predicted from the ideal formula (4.75%), which demonstrates that the talc used had high

purity. Although the milled samples showed a similar profile to montmorillonite, even after
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milling for 9 hours (Figure 2Bd), talc had a small sharp mass loss in the region of 800 °C,
characteristic of thermal dehydroxilation or formation of a new phase as orthorhombic
Enstatite (MgSiO;) (Sanchez-Soto et al., 1997).

Mass loss events are best described by DTG curves. For montmorillonite, the maxima
of the DTG peaks occurred at temperatures of 82.7 °C and 673.3 °C, where the first peak
was shifted to higher temperatures in the ground material, while the second peak relating to
dehydroxylation was not observed. The displacement of the first peak to higher temperatures
can perhaps be attributed to the formation and adsorption of water molecules in the
amorphous structures making it difficult to release. In the DTG curve (Figure 4A) of the
sample ground for 9 h, an event was observed at 378.7 °C, probably related to the mass loss

of some amorphous material susceptible to decomposition, perhaps carbonate.
0.01

495
0.00 A ) B
0.004
o0\ 7T 201]
5-0.04- ~ 0027
5 Y S 008
o LN & 0034
50064 \ g7 [T d Q
i 2 0.04-
0,08
; -0.054
- 4 827
0.10 -0.06 880.7
0 100 200 300 400 500 600 700 800 900 1000 0 100 200 300 400 500 600 700 800 900 1000
Temperature (°C) Temperature (°C)

Figure 6 - DTG curves of raw montmorillonite (Aa) and samples after milling for 3 h (Ab); 6 h
(Ac); 9 h (Ad); raw talc (Ba) and samples after milling for 6 h (Bb); 9 h (Bc); 12 h (Bd).

For talc, the DTG curves showed peaks at 495 and 880.7 °C (Figure 4Ba), since the
milled samples exhibited a more complex superposition of mass loss events. These events
are consistent with those observed for the samples of montmorillonite.

The BET curves of montmorillonite (Figure 5A) can be classified according to the
IUPAC as of the IV type, indicating mesoporous materials associated with capillary
condensation in the pores.

The milled samples presented type lll isotherms related to nonporous or macroporous
solids, having adsorbate-adsorbate interactions. However, despite the differences in N,
adsorption and desorption isotherms, all samples showed the H4 type hysteresis according

to IUPAC classification, which can be related to the narrow slit pore type.
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Figure 7 - Adsorption and desorption nitrogen isotherms of raw montmorillonite (Aa) and
samples after milling for 3 h (Ab); 6 h (Ac); 9 h (Ad); raw talc (Ba) and samples after milling
for 6 h (Bb); 9 h (Bc); 12 h (Bd).

The increase in surface area of the samples compared to raw montmorillonite maybe
can be explained by the reduction in the particle size in the milled material (Table 1). In
addition, the values of volume and average pore radius for montmorillonite milled for 3 h
approximately doubled in comparison to the raw mineral. It believes that this change,
concerning pore size, may be influenced by the formation of amorphous species, and it also
includes increasing the matrix disorder.

Unlike the experiments with montmorillonite, the isotherms of talc and the milled
samples (Figure 5B) had the same type lll with the type H4 hysteresis. As described for the
montmorillonite sample, this indicates the existence of nonporous or macroporous materials

with relevant adsorbate-adsorbate interactions and pores of the narrow slit type.
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TABLE 10 — TEXTURAL PROPERTIES TO MONTMORILLONITE, TALC AND TREATED
SAMPLES.

Milling Time  surface area  Pore volume Average pore

Sample (h) 2 (m%.g™) (cm®.g™) radius (A)
In natura 11.03 0.05443 15.41
Montmorillonite 3 17.05 0.14500 29.43
6 14.88 0.08701 15.30
9 16.75 0.08994 15.40
In natura 5.711 0.03331 17.31
Talc 6 17.25 0.08264 15.38
9 7.606 0.03896 19.30
12 4.958 0.02420 17.11

The sample milled for 3 h had values about three times higher that of talc, but these
values decreased with increased milling time thereafter (Table 1). The sample milled for 9 h
showed lower values than for the raw clay mineral. This behavior has the same explanation
as for variations in pore volume of montmorillonite.

In the study involving montmorillonite, to intent to examine the effect of milling to the
clays ability to absorb water as a qualitative evidence of hydroxyls groups, the hygroscopic
moisture content decreased when milling time increased (Table 2).

This behavior can be associated with the mechanochemical dehydroxylation process
of the mineral matrix. It believes that through this process the bound hydroxyls of the clay
can react, forming water molecules, consequently reducing the amount of hydroxyls
functional groups, which in turn reduces the water absorption capacity by hydrogen bonding.

With the same intent, for talc, after the mechanochemical treatment, the hygroscopic
moisture content increased, and in addition the sample milled for 3 h reached a maximum,
after which the values decreased and s tabilized at about 9 h o f milling (Table 2). This
behavior suggests that for talc, the mechanochemical dehydroxylation does not occur
directly, but possibly (as discussed in the BET results) there are intermediate structures still
populated by hydroxyl groups. We believe that after the initial milling, the layered crystals
delaminate or break perpendicularly, which ultimately exposes a much larger amount of
hydroxyl, increasing the interaction of the sample with water molecules. Then a second step
occurs with increasing milling time, where dehydroxylation predominates although not

completed.
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TABLE 2 — MOISTURE CONTENT TO MONTMORILLONITE, TALC AND TREATED
SAMPLES.

% hygroscopic moisture

Sample Milling time (h) o
(average * standard deviation)
In natura 3.30*0.19
3 2.09+0.23
Montmorillonite
6 1.77 £0.19
9 1.31+0.28
In natura 0.62+0.14
6 1.47 £ 0.23
Talc
9 1.13+0.23
12 1.13 £ 0.21

As already shown, the literature reports isomorphic substituents in clay minerals such
as Fe** and Mn?* (Reddy et al., 2008). These structural paramagnetic species can provide
further relevant information about the intermediary species formed during the
mechanochemical treatment and E PR is a very sensitive technique to study this aspect,
which could be used to trace the evolution of mechanochemical reaction.

For raw montmorillonite (Figure 6A), signals are observed at about g ~ 9, g = 4.5,
characteristic of Fe** in distorted rhombic sites, and also 6 lines between g=22and 1.9,
assigned to structural Mn?* (Padlyak et al., 2010; Reddy et al., 2008).
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Figure 8 — EPR spectra of raw montmorillonite (Aa) and samples after milling for 3 h (Ab); 6 h

(Ac); 9 h (Ad); raw talc (Ba) and samples after milling for 6 h (Bb); 9 h (Bc); 12 h (Bd).

After 3 hours of milling, only the signals of Fe** remained. Moreover, there was no
evidence of Mn?*. It is believed that manganese undergoes a mechanochemical oxidation

reaction (Fuentes & Takacs, 2013), which can be explained by the occurrence of micro high
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temperature spots in the oxidation process (Lefebvre et al., 2012). The probable product is y-
Mn,O,, formed by the oxidation and dehydration of Mn(OH), (Greenwood & Earnshaw,
1997). The signal at g = 2.01, which was also present in the raw clay mineral, refers to the
structure of oxygen based free radicals.

However, the EPR spectra of the talc samples showed different behavior than those
observed for montmorillonite. The signal of Fe®* was not as obvious at about g = 4.4 in the
spectrum (Figure 6B). It believes that although the Fe** concentration is very low and
positioned on the edge of the crystal, there is a predominance of Fe?*, which is EPR silent.
After the mechanochemical treatment, Fe?* oxidizes to Fe**, evidenced by the EPR signal.
The Mn?* oxidation process was not observed as it was for samples of montmorillonite. This
means that the species of Mn?* are preserved in their original structure even after milling,
which supports the TGA results, indicating the partial preservation of the crystalline structure.
The signal at g = 2.01 was not apparent in the raw clay mineral, i.e., there were no signals
relating to defects of the structure entering in the magnetic resonance. However, from 3 h
milling, the spectra evidenced this signal, indicating the strong influence of mechanochemical
activation in generating free radicals.

In the NMR spectra, the chemical shift is depended mainly on the electron density of
the nucleus being observed, therefore directly related to donor or withdrawing group like
oxygen bonded or coordinated to these groups (Guarino et al., 1997).

In figure 7A, montmorillonite sample showed signals in the ?Si MAS NMR spectra at
around -96 ppm and - 110 ppm, where silicon atoms are bonded to oxygen atoms,
characteristic of 2:1 aluminosilicates (Q% (Si(OSi);OM; M = metal) or three-dimensional

structure (Q*) ([Si(OSi)s]), characteristic of quartz present as impurity (He et al., 2005).
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Figure 7 — Si MAS NMR spectra of raw montmorillonite (Aa) and samples after milling for 3
h (Ab); 6 h (Ac); 9 h (Ad); raw talc (Ba) and samples after milling for 6 h (Bb); 9 h (Bc); 12 h
(Bd).
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After milling the montmorillonite sample all the signals were maintained, indicating the
same sites were still present. However, the signal observed at the site Q° became enlarged,
probably due to amorphization of the clay mineral structure and obtaining of a mix of silicon
species (Figure 7A). Moreover, the same level of organization was maintained for the signal
attributed to quartz, regardless of the milling time, as already attested by the X-ray diffraction
(Figure 1A).

In contrast, in the ?Si MAS NMR for talc spectrum only had a signal at - 96 ppm,
related to the Q° sites (Figure 7B) (Martin et al., 2006). In the NMR spectra of the samples
when subjected to milling showed a gradual disruption of the structure and the formation of
new silicon sites. Due to the lower concentration of quartz in the sample before milling, the
signal at -110 ppm was not detected and the new signals were detected at around -91.0 and
-110 ppm, related to Q?(Si(SiO),(OH),) and Q* sites, respectively (Coelho et al., 2008).

The deconvoluted #°Si MAS NMR spectra of montmorillonite milled for 3 hours and

talc milled for 6 hours can be seem in Figure 8.

Figure 8 — ?°Si MAS NMR deconvoluted spectra of samples after milling montmorillonite for 3
h (left) and talc for 6 h (right).

It can be observed in the quantitative data (Table 3) that in the milled montmorillonite
the signal attributed to the Q°sites is reduced from 65.09 % to 59.29%, given place to the Q*
sites (increase from 34.91 to 40.71%). In the case of talc, the percentage of the Q° of raw
sample is reduced from 100 to 57.12% (Table 3) while the Q? sites increase from zero to
54.07% for sample milled for 6 h and then progressively is reduced for the sample milled for

more time, reaching the value of 29.45% in the sample milled for 12 hours.
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TABLE 3 — SILICON PERCENTAGE IN DIFFERENT SITES OF RAW AND MILLED
SAMPLES.

Samples Mill time(h) %Q? %Q° %Q*
In natura 0 65.09 34.91
Montmorillonite 3 0 64.78 35.22
6 0 63.17 36.83
9 0 59.29 40.71
In natura 0 100.00 0
Talc 6 54.07 38.04 7.89
9 32.73 62.05 5.22
12 29.45 57.12 13.43

The disorganization of the Q° site of the montmorillonite caused by milling as
indicated in the ?°Si MAS NMR spectra (Figure 7 and 8) may implying a c hange in the
coordinated AlOg octahedral arrangement, since the Q? site is coordinated with aluminum.
This change is confirmed by the signal appearance at 54.1 ppm for the tetrahedral
arrangement of AlIO, (Figure 9) in ground samples andt he concomitantly lower signal
intensity at -1.70 ppm due to the octahedral arrangement of AlOg (O’Dell et al., 2007; Vyalikh
et al., 2009; Isobe et al., 2003). Thus, these data indicate a greater number of amorphous
silicon sites and c hanges in the chemical environment of aluminum sites after milling
process, including some of them similar to amorphous quartz in the case of silicon sites, so
this could improve the reactivity of these clay minerals. Table 4 shows the percentage of
aluminum percentage in different sites of raw montmorillonite and milled samples. The
aluminum site are transformed from pentacoordinated (reduced from 100 to 35.4%) into
tetracoordinated (increased from zero to 64.60%) being these data consistent with the #°Si
MAS NMR spectra.
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Figure 9 - Al MAS NMR spectra of raw montmorillonite (a), and samples after milling for 3 h
(b); 6 h (c); 9 h (d). * Side rotating bands.

TABLE 4 — ALUMINUM PERCENTAGES IN MONTMORILLONITE SAMPLES.

Samples Milling time (h) % AN 9% AIVY

In natura 0 100.00

o 3 64.65 35.35
Montmorillonite

6 64.60 35.40

9 70.08 29.92

Conclusions

The investigation of mechanochemical processes by the usual techniques (i.e. XRD,
FTIR and TGA/DTA), although very important to understand the chemical and physical
changes in samples, do not provide by themselves evidences of how the reaction occurs and
what kind of chemical environments are involved. This type of data is extremely important for
the synthesis of new structures, or even to detect potential interactions with other ions, i.e.
phosphates, so only characterization by NMR MAS can provide details about the original
species and those formed by the milling process. Additionally, the EPR results indicated that,
in this case, the mechanochemical process has an oxidative nature, as a consequence of
physical and also chemical solid-state reactions. Finally, the EPR technique also allowed

identifying defects and behavior of paramagnetic species in the samples.
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Highlights

- Montmorillonite and talc were mechanochemically activated with K;HPO,.
- Clay minerals: K;HPO,4 molar ratios and times of milling were evaluated.

- The mixture obtained with talc produces, a s truvite analogue, MgKPQO,.6H,0, a s low-

release fertilizer.
- Talc based material displays a slower release behavior compared to montmorillonite.
1. Introduction

Currently, most inorganic fertilizers containing N, P and K have high solubility or are
volatile. Thus they can be easily lost through the action of wind and water, and as a
consequence pollute the atmosphere and water bodies, in the latter case by accumulation of
nutritive elements, causing eutrophication [1]. These characteristics lead to the use of huge
amounts of fertilizers to ensure food production and the negative effects became worse.
Moreover, the increasing scarcity of phosphate resources threatens food security and
requires changing the approach to fertilizer management. In this context, the study of

environmentally friendly methods and products is important.
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One possibility is based on the development of sustainable slow-release fertilizers
(SSRF). According to the literature reports they can be synthesized by many methods [2-7].
The main one consists to mix the soluble fertilizer with different substances, mainly polymers
to limit the diffusion. A few years ago, the mechanochemical activation method was also
reported as an interesting approach to produce SSRF [8-10], being a simple method that
does not require solvents. For instance, Zhang et al. [8] described the synthesis of KMgPO,
and NH;MgPO, by milling Mg(OH), with KH,PO, and NH4H,PO,, respectively, and found
slow-release behavior, with only 20% of HPO,* being release after 500 h. Many variables in
the formulations and/or production processes can affect the slow-release behavior of the
product [11]. Interestingly, the use of different clay minerals in the mechanochemical process
was also described as producing efficient SSRFs. Clay minerals are of particular interest
since they are abundant and environmentally friendly. Kaolinite, for instance, when milled
with KH,PO,4 or NH;H,PO, produces amorphous phases that can release K, N and P slowly
[9, 11].

To better understand the behavior of the SSRFs, the study of the release kinetics and
mechanisms is of great interest. Even if solubilization and r elease/delivery of chemical
species are common physico-chemical processes involved in many applications most of the
studies have been reported on the mechanisms and kinetics involved for drug formulation
and delivery [12]. The release of plant nutrients from natural or formulated compounds
involves similar processes; however the mechanisms have been less investigated than for
drugs. Controlled release of fertilizers involves similar processes, such as dissolution,
erosion, diffusion, adsorption/desorption, ion exchange and swelling, which depend on many
physico-chemical parameters such as the solubility and s urface properties of the solid
compounds, the permeation characteristics of the medium (pore size and connectivity) and
other physico-chemical parameters of the surrounding environment (pH, temperature and
ionic strength). However, chemical fertilizer systems are in many respects quite different,
since they do not involve encapsulation of organic molecules (namely drugs) in polymeric

matrices or hydrogels.

Mathematical models that describe the kinetics of the overall release (dissolution and
diffusion) have been widely discussed in the literature for drug delivery. [13] Some of these
models have also been us ed to evaluate the performance of SSRFs, such as natural

phosphate rocks or synthetic compounds loaded with phosphate. [14]

Briefly, two main competitive phenomena must be c onsidered: i) the release is
controlled by the dissolution process (zero-order kinetics), through either the erosion of the

whole matrix (homogeneous erosion) or surface erosion [14]; orii) the release is controlled by
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the diffusion process, so Fick’s second law or the Higuchi equation can be applied,
depending on the solubility of the shell or the core active species. The first-order model
depends only on the initial concentration (Cy). It often better reflects osmotic processes or
chemical elimination with no change in the morphology of the solid during dissolution. The
pseudo first-order model introduces in the equation a release coefficient that attenuates the
change of C/C, over time. The Higuchi model is widely used to fit drug delivery phenomena
due to its realistic description of the release conditions (Co>>Cs,, unidirectional diffusion, low

impact swelling, constant diffusivity, Ceq<1/3Csat).

In this study, two clay minerals (montmorillonite — MMT, a 2:1 dioctahedral cationic
exchanger, and talc, a 2:1 trioctahedral nonionic exchanger) were milled with K;HPO,, an
ordinary soluble potassium and phos phorus source. The main objective was to form
metastable partially soluble materials by milling K;HPO, with clay minerals under various
milling conditions and then to monitor the structural, chemical and morphological changes
using PXRD, FTIR, TGA, SEM, EDX and solid-state NMR. In a preliminary step, the milling
conditions and physico-chemical conditions of the K and P release were systematically
studied and then the release behaviors were investigated, when the kinetic parameters were

calculated.

2. Materials and methods

KoHPO, was purchased from Aldrich, montmorillonite (SWy-2 -
(Cao.12Nao.32Ko.05)[A|3.o1Fe(m)o.mMno.mMgo.54Tio.02][Si7.9sA|0.021020(OH)4) from the source clay
collection of the Clay Minerals Society, while the commercial talc (idealized formula —

MgsSi4O10(OH),) was kindly donated by the Brazilian company Magnesita.

A planetary Fritsch Pulverisette 2 mill, consisting of a zirconium vessel with diameter
of 10.5 cm and zirconium disk attached to the mill by a fixing rod, with working speed of 70
rom (0.2876 g force), was used for mechanochemical activation. Fertilizers were
systematically prepared at three clay mineral/K,HPO, molar ratios (MR - 1:2; 1:1; 2:1) and
the solid mixtures were milled for 3, 6 and 9 ho urs for the samples containing MMT, and for
6, 9 and 12 hours for the talc, according to our previous results describing the milling and
amorphization of pure clay minerals [15]. The experiments were designed using a2 2
experimental design and central point in triplicate, to fix the milling conditions (not shown).
Based on the obtained results in terms of HPO,* loading, MR = 1:2 was further used in this
study for both clay minerals, with a milling times of 9 h and 12 h for MMT and talc,

respectively. Only these last samples were fully characterized.
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In order to evaluate the ability of MMT and talc mechanically activated with K;HPO,
to release nutrients, mainly K, Mg and P, the milled solids were suspended in aqueous
solutions (25 mg/10 mL) for a period of time in the range of 30 min until 31 days. The pH
conditions were fixed at 6.5 and 7. 5, and t emperature at 30 ° C, close to normal soil
conditions in Brazil. These release conditions were fixed using a 2° experimental design (not
shown). The solids were then separated by filtration and concentrations of the released
elements were evaluated using an ULTIMA C inductively coupled plasma optical emission

spectrometer from HORIBA-Jobin-Yvon. The analyses were conducted in duplicate.

Powder X-ray diffraction (PXRD) data were obtained using a P analytical X’pert
diffractometer with a CuKa radiation (A= 1.54155 A). Fourier-transform infrared spectroscopy
(FTIR) measurements were carried out on solid products using a T hermo Nicolet 5700
spectrometer, employing KBr tablets at a mass ratio of 1:100 (sample:KBr) with a resolution

of 4 cm™ and accumulation of 64 scans.

The solid state 2’Al, *'P and *°Si NMR spectra were acquired using a Bruker AVANCE
400 spectrometer operating at 9.4 Tesla, equipped with a 4 mm zirconia multinuclear solids

probe and magic angle spinning at 5000 Hz.

Thermal analysis curves (thermogravimetry (TGA) and differential thermal analysis
(DTA)) were obtained with a TG-DTA SETSYS Evolution analyzer from SETARAM using 150

mL alumina crucibles and a temperature ramp of 5 °C/min under a air flow of 50 mL/min.

The scanning electron microscopic (SEM) images were obtained using a Cambridge
Scan 360 SEM operating at 1 kV and a Zeiss supra 55 FEG-VP operating at 3 keV. To be

imaged the samples were mounted on conductive carbon adhesive tabs.

3. Results and discussion
3.1. Solid state characterizations of MMT/K,HPQO, and Talc/K;HPO, milled samples

Figure 1 shows the powder X-ray diffraction (PXRD) patterns of the precursors before
and after different conditions of milling. MMT (Fig. 1b) displays, as expected, all the
characteristic reflections of this clay mineral as reported in the JCPDS 02-0008 card, along
with quartz as impurity (indicated by Q). Talc (Fig. 1d) presents well-defined characteristic
diffraction lines, evidencing high crystallinity level (JCPDS 73-0147). K;HPO, also presents

high crystallinity and absence of any impurities (Fig. 1a).
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Figure 1 - XRD patterns of K;HPO,4 (a), MMT (b), milled MMT/K,HPO, (c), talc (d) and milled
talc/K;HPO4 (e). MR = 1:2 and milling times of 9 h and 12 h for MMT and talc, respectively.

After the milling step, the PXRD patterns showed complete disappearance of the
diffraction lines for both clay mineral and K,HPO, precursor. Obviously milling MMT or Talc
with K,HPO, leads to a strong amorphization with the loss of the structural signature of the
precursors. Such amorphization under milling was previously described for raw clay
minerals. [15]. However, milling of pure K;HPO, (not shown) does not lead to any structural
modification. The loss of crystal order can then be attributed to surface reactivity between
KoHPO, and the clay mineral particles. One must notice that quartz (Q) diffraction lines

remained unchanged (Fig. 1c and e) after milling.

The mechanochemical treatment of clay minerals with KH,PO, leads to the
dihydroxylation of the silicate layers as shown by the FTIR spectra (Fig. 2). Indeed, for both
systems, the structural hydroxyl bands of the clay minerals (band at 3625 and doublet at 662,
670 cm™ for talc and band at 3675 cm™ for montmorillonite) [16] disappear and are replaced
by broad bands in the region of 3700 cm™ to 3000 cm™, typical of OH vibrations of hydrogen
bonded OH and ads orbed water molecules, formed during mechanochemical surface
activation.

For both systems, the region around 1000 cm™, characteristic of the Si-O stretching,
became broader and shifted for the milled samples at higher energy. This could be explained

bythe formation of amorphous silica formed during the reaction of the material.
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Figure 2 — FTIR spectra of K;HPO,4 (a), MMT (b), milled MMT/K,HPO, (c), talc (d) and milled
Talc/KoHPO,4 (e). MR = 1:2 and milling times of 9 h and 12 h for MMT and talc, respectively.
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Figure 3 - 2’Al MAS NMR spectra of MMT (Aa) and milled MMT/K,HPO, (Ab); ?*Si MAS NMR
spectra of MMT (Ba), milled MMT/K,HPOQ, (Bb), talc (Bc) and milled talc/K,HPO, (Bd); *'P
MAS NMR spectra of K;HPO, (Ca), milled MMT/K,HPO, (Cb) and milled talc/K;HPO, (Cc).
MR = 1:2 and milling times of 9 h and 12 h for MMT and talc, respectively.

In the Al MAS NMR spectra of raw MMT, (Fig. 3Aa), both an octahedral site at 5=
5.15 ppm and a tetrahedral site at 6= 62.3 ppm sites were present, as expected. After the
milling step involving MMT/K,HPO,, the sign of octahedral #’Al disappeared [17] while the
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tetrahedral signal was enlarged and displaced to around 6= 52 ppm. This can be attributed to
the presence of aluminophosphate (AIPO,) sites [18-21], showing that the mechanochemical
treatment strongly affects the local structure of the dioctahedral layer.

In the ?Si MAS NMR (Fig. 3B), no significant changes were observed before and
after the milling step. Q2, Q3 sites at around &= 84 ppm (Si(OSi);OM; M = metal) and Q4 site
at 6= 98 ppm ([Si(OSi)4]) were still present. After milling, the Q2, Q3 spectral region was
further broadened. Q4 related to quartz structure was present in all samples, even the raw
clay minerals, as a contaminant.

In the *'P MAS NMR spectra (Fig. 3C), the four typical sharp signals of anhydrous
Ko.HPO,, located specifically at 6= 5.8, 2.5, - 0.9 and - 5.4 ppm, were replaced by a broad
signal in the region of 6= 10 to -20 ppm, with a maximum located in the pyrophosphate
environment at 8= -5.4 ppm. This behavior evidences the disruption of the anhydrous
Ko,HPO, structure and formation of amorphous materials.

For the milled talc/K,HPOQO,, solid state NMR experiments also evidence the structural
modifications. The ?°Si MAS NMR spectrum, shows a net change of the well-defined signal
located at & = -87.6 ppm observed for pure talc, corresponding to the Q3 site, replaced by a
large band located at 6= -83 ppm, corresponding also to Q2 and Q4 sites (Si(SiO),(OH), and
[Si(OSi)4] respectively).

In the *'P MAS NMR spectra, similar modifications as previously described for MMT
based SSRF were observed, with the replacement of the well-defined signals by a broad
chemical environment, shifted to the orthophosphate region (& = 2.5 ppm) (Fig. 3Cc) [22],
probably involving Mg-O-P bonds. Obviously, the solid state NMR results were in good
agreement with the results obtained by PXRD and further evidenced the formation of

amorphous materials due to mechanochemical activation by milling [23-26].

200 400 600 800 1000
Temperature (°C)

Figure 4 - TGA curves of the milled MMT/K,;HPO, (a), raw MMT (b), milled talc/K;HPO, (c),
K;HPO, (d) and raw talc (e). MR = 1:2 and milling times of 9 hand 12 h for MMT and talc,

respectively.
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Thermogravimetric analyses (Fig. 4) were performed for all precursors and milled

samples in order to investigate the effect of mechanochemical treatment on composition.

Thermal decomposition of raw MMT (Fig. 4b) showed two mass loss events, the first
with a maximum weight loss at 100 °C, associated with the removal of sorbed water and
hydration of intercalated cations (8.3 % moisture weight loss at 400 ° C). A second loss
occurred, centered at 668 °C, corresponding to the dehydroxylation of the layers (4.2%),

leading to a total loss of 12.5%.

The TGA curve of K;HPO, displayed a multistep decomposition which was completed
at 500 °C (Fig. 4d) with a first step of removal of sorbed water (1.1% at 200 °C) and then two
other steps related to thermal dehydroxylation and K4,P,O7 formation (6.6 % at 1000 °C).

Since the MMT/K,;HPO,4 molar ratio was fixed at 0.5 for preparation of the composites,
if mixture was a simple physical mixture, then the thermal decomposition should correspond
to the sum of individual events for each material, that is a theoretical total loss of 8.6% for the
MMT/K,HPO, compound. The experimental data indicated a higher total weight loss (10.3 %)
for the milled sample, despide the MMT dehydroxylation during milling evidenced by FTIR
analysis and further confirmed by the absence of the decomposition step at 668°C. These
results evidence that mechanochemical treatment led to a higher sorption of water probably
due to crystals size reduction (Fig. 4a). It should also be under lined that the thermal
decomposition of MMT/K,HPO, did not show a multi-step decomposition as for the
precursors, but instead a slow continuous process that ended around 650 °C. This evidences
that nanostructured materials were obtained displaying high surface area and open internal
spaces containing high amounts of water, which are released in abr oad range of
temperatures. Weakly bonded water molecules usually start to ber emoved at room

temperature, progressing to higher temperature as the interactions with the solid increase.

For a phy sical mixture of talc and K,HPOQO,, the total expected is be 6.5%, while
experimentally we obtained 13.7% (Fig. 4c). Mechanochemical treatment of talc/K,HPO, led

to a substantial change in the chemistry of the composite inducing a higher weight loss.

Individual decomposition of talc (Fig. 4e) (2.0% continuous loss up to 680 ° C,
followed by 4.4% loss up to 1000 °C) and K;HPO, is not seen anymore. The maximum
weight loss per degree was measured at 129 °C (4.7 %; i.e., 34.1 % of the total loss),
attributed to the loss of sorbed water molecules. Clearly, TGA analysis evidenced that the
milling step strongly modified the thermal behavior of the components, with modified sorbed

water content and dehydroxylation events.
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The morphological modifications under milling were investigated using SEM. The
MMT images (Fig. 5A) indicated the presence of ill-defined small crystals forming a compact
structure, as already reported in the literature [27]. In turn, raw talc (Fig. 5B) displayed thin
and large platelet like particles in the range of 3-20 mm, characteristic of the layered
structure of the clay mineral [28]. The SEM image of K;HPO, (Fig. 5C) showed huge crystals

with a molten surface.

Figure 5 - SEM images of MMT (A), talc (B), K;HPO, (C), milled MMT/K,HPQO, (D) and milled
talc/K,HPO, (E). MR = 1:2 and milling times of 9 h and 12 h for MMT and talc, respectively.

After the milling step (Fig. D and E), SEM images evidenced for all the precursorsi.e.,
clay minerals and K;HPO,, substantial morphological modification in terms of particle size
and aggregation state. Indeed, for both clay minerals used, the milling step led to similar

morphologies based on the aggregation of small particles in an open network.

The precursor particle shapes were strongly modified, with a net decrease in the
particle size in the range of few hundred nm. Such morphological modification strongly

supports the precursor amorphization previously evidenced by the other techniques.
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3.2. Kinetics study

In this study, the kinetics of nutrient release were ascertained by quantitative analysis
of the concentration of K, Mg and P in solution versus time (Fig. 6). Since K;HPO, was used
for P loading, the K/P molar ratio was 2 for all milled precursors. Because Mg is part of the
composition of talc, the presence of Mg in solution could evidence decomposition of the
mineral structure. Similarly, MMT can leach some Mg?* cations from the dioctahedral brucite-
like under hydrolysis. However, the results of Mg analysis showed dispersion of data points
too high to be fitted using one of the applied models, indicating strongly heterogeneous
behavior of the materials and will not be di scussed here. However, measured Mg?*

concentrations were rather low to be effective on the mechanism of phase transformations.

For the MMT/K,HPQO, system, the percentages of K and P released are shown in
Figure 6. The results show two release patterns: a fast release at the earlier stage of the
reaction, followed by a slow-release process. Indeed, half the total released amount of K*
was delivered in solution in the first 24 hours (44%), while it took 336 hours more (total 360
hours) to reach the end of the dissolution process (75% of the initial concentration). The
variation of P concentration with time followed nearly the same tendency. During the first 24
hours of contact time, 24% of phosphorus was released quasi instantaneously. At this stage,

the K/P molar ratio was nearly equal to 2, as for the loaded K,HPO, fertilizer.
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Figure 6 — Release assays of MMT/K,;HPO, system (A) and talc/K;HPO, system (B). MR =
1:2 and milling times of 9 h and 12 h for MMT and talc, respectively.

However, the phosphate release was much slower in the second time interval.
Interestingly, phosphate delivery followed linear behavior versus time with very small
variation of P concentration over time. After 60% of release (744 hours, end of experiment),
the release of phosphate was still occurring. In this second period of the experiment (after

the initial 24 hours), the K/P molar ratio was no longer stoichiometric, and the phosphorus
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concentration in solution exceeded that expected for a pure K,HPO, delivery. These two

different phenomena apparently arise from two distinct dissolution/diffusion processes.

Like for the MMT/K,HPQO, system, for the talc/K,;HPO, system, results for the release
of P and K (Fig. 6B) showed two release steps: a fast release in the first 4 hours, reaching
42.3% and 10 .3% of K and P total amount loaded, followed by slower release in the
remaining period, reaching total release of 60.3% for K and 24.3% for P. Here again, while
the K release curve reached a plateau after 500 hours (69.6% of release), the P
concentration still increased over the remaining experimental period (744 hours, or 31 days),

although the rate was clearly slower.

The comparison of both SSRF efficiencies evidenced that nearly the same amount of
K was released after 31 days of contact time with water for both systems while the
talc/K,HPO, retained most of the P. Obviously, both SSRFs continuously released P over
time. The absence of a clear relation between K and P concentrations indicates that both
species, K and HPO,* have different diffusion and retention properties through the inorganic

matrices.

The kinetic constant (k) for the release behavior and the release concentration at
equilibrium time (mmol/L) of potassium and phosphorus were fitted using the linear form of
pseudo-first order, pseudo-second order andi ntraparticle diffusion models (Table 1)

according models used in the literature [29-34].

The intraparticle diffusion kinetic model, the so-called Higuchi model, better described

the phosphorus (P) release for both systems (Table 2).

TABLE 1 — MATHEMATIC FORMS OF KINETIC MODELS USED.

Kinetic model Linear form of model
Pseudo-first order log (9e-qt) = log (ge) — k4(t/2.303)
Pseudo-second order t/q; = 1(koQe’) + t/qe
Intraparticle diffusion q; = ka.t*?

Note: t = time (min), q. = ion desorbed at equilibrium time, q= ion desorbed at time t, k =

desorbed rate constant.

47



The curves were systematically analyzed according the release range points, and the
main difference between these two systems was that for the MMT/K,HPQO, system the kinetic
behavior, according R? and K, values, was separated into two steps, the first one faster than

the second one.

TABLE 2 - KINETIC INTRAPARTICLE DIFFUSION MODEL FOR P NUTRIENT RELEASE.

Milled system Kinetic parameters Release curve range
All 1° step 2°step
Intercept 0.0323 0.0009 0.0921

MMT/ K,HPO,
Kq (mg/(g min®®))  0.0091  0.0241  0.0062

R? 0.9735  0.9965  0.9979

Intercept 0.0452 0.0037 0.0373

talc/ K;HPO, Kg (mg/(g min®®))  0.0091 0.0111 0.0094
R? 0.9980  0.9823  0.9934

For the talc/K,;HPO, system, the fits of the data points taken either over the entire
range of time or both steps taken individually, gave satisfactory results. The calculated rate

constants, Ky, had the same value (0.0091 — 0.0111 mg/(g.min°®)).

As expected from the experimental data, potassium release presented different
kinetic behavior, fitted by a pseudo-second order equation (Table 3). In the case of the
MMT/K,HPO, system, modeling over the total, first and second release steps gave
satisfactory fits. In this case, when compared, in the first step the K, value was on the order
of a hundred times larger than the second step, which is in full agreement with experimental
assays. On the other hand, according to the R? value, the kinetic parameters of the
talc/K,HPO, system must be c onsidered from the entire release curve range. The
experimental value for K release was in total agreement with the calculated values obtained

with the overall fit.

48



TABLE 3 - KINETIC PSEUDO-SECOND ORDER MODEL FOR K NUTRIENT RELEASE.

Milled system Kinetic parameters Release curve range
All 1° step 2°step
Ky (min™) 0.1589 5.4034 0.0532
MMT/ K,HPO, ge (Mg/qg) 0.7396 0.5230 0.7615
R? 0.9967 0.9911 0.9979
Experimental g, (mg/g) 0.7400
Ky (min™) 0.06670  0.7414 0.0168
ge (Mg/g) 0.7375 0.5437 0.7850
talc/ K;HPO,
R® 0.9965 0.9871 0.9814
Experimental g, (mg/g) 0.7200

3.3. Structural and textural characterizations of residues upon release.

To better understand the release behaviors of both SSRFs and relate them to their
chemical, structural and textural properties, solid-state characterization techniques were
applied for residue samples after some release assays. The XRD data for the MMT/K,HPO,
solid residues (Fig. 7a and b), isolated after release assays at different times, did not display

significant structural changes compared to the starting milled product (Fig. 1).

On the contrary, for the talc/K,HPO,4 mixture, important structural changes were
observed after 30 minutes in solution (Fig. 7c). Thin and well-defined diffraction lines
appeared, indicating the crystallization of a new phase. These diffraction lines (indicated by
*) correspond to K-struvite mineral (MgKPQ,.6H,0) [35,36]. From 7 days of release (Fig. 7d),
the relative intensity ratio in the crystalline phase was affected. Indeed, in the 30° - 35° range
the diffraction patterns were very different. The chemical composition of the precipitated
phase could be nearly the same, while structural defects or different hydration states could
explain these slightly different structural properties. After 31 days (Fig. 7e), the peak
intensities were greatly reduced which is attributed to the partial solubilization of the
MgKPO,.6H,0, evidenced by the K and P release in solution. When talc/K,;HPO,4 was milled,
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the amorphous compound produced was able during hydration to form well-crystallized K-
struvite which upon solubilization allows the slow release of K, P and Mg, the amount of K*

released being then dependent on the presence of Mg?*, which counterbalances PO4>.

* = K-Struvite
e Q=Quartz

Intensity (a.u.)

5 10 15 20 25 30 35 40

26 (Degree)
Figure 7 - XRD patterns of MMT/K,HPO, residues after 30 min (a), MMT/K,HPO, residues
after 31 days (b), talc/K,HPO, residues after 30 min (c), talc/K,HPO, residues after 7 days

(d) and talc/K,HPO, residues after 31 days (e). MR = 1:2 and milling times of 9 h and 12 h for
MMT and talc, respectively.

On the infrared spectra for both systems’ residues after release (Fig. 8), a large band
was present centered at 1000 c m™, similar to the one obs erved for the precursor clay
minerals, characteristic of the Si-O bonds. The shift of this band observed after milling was

no longer present, probably due to compound rehydration.

567

e
o
M
N
B

a

o

Transmittance (a.u.)

4000 3000 1800 1500 1200 900 600

Wavenumber (cm™)

Figure 8 - FTIR spectra of MMT/K,HPO, residues after 30 min (a), MMT/K,HPO, residues
after 31 days (b), talc/K;HPO, residues after 30 min (c), talc/K,HPO, residues after 7 days

(d) and talc/K,HPO, residues after 31 days (e). MR = 1:2 and milling times of 9 h and 12 h for
MMT and talc, respectively.
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For experiments involving MMT/K,HPOQO, residues, as shown in the XRD patterns (Fig.
7), no further modification occurred, while for talc/K;HPO, residues (Fig. 8c,d,e), awell-
defined band centered at 567 cm™ appeared, characteristic of phosphate groups, suggesting
there were changes in phosphate vibrational modes due to the K-struvite crystallization, as
evidenced in the PXRD patterns. After 31 days, the band’s relative intensity tended to

decrease [37], in good agreement with the element release and K-struvite solubilization.

In order to verify modifications in the chemical environmental after release, solid-state
NMR experiments were also carried out on different residues. For MMT-based residues, the
structural changes observed after milling were retained in the *’Al spectra and 2°Si MAS
NMR (Fig. 9).
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Figure 9 - Al MAS NMR (A) and #Si MAS NMR (B) and *'P MAS NMR spectra (C) of
MMT/K,HPO, residues after 30 min (a) and after 31 days (b), talc/K,HPO, residues after 30
min (Bc, Cc), after 7 days (Bd, Cd) and after 31 days (Be, Ce).
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In particular, the large *'P signal was more displaced, to around 3= -10.4 ppm, after
31 days of release (Fig. 9Cb). On the other hand, for talc-based residues after release
assays, the *'P signal is displaced to the orthophosphate-like environment (5= 5.6 ppm) (Fig.
9Cc and Cd) according to K-struvite formation. Interestingly, at longer times (Fig. 9Ce), the
signals between &= 10 ppm and &= -10 ppm increased in relative intensity, highlighting the
orthophosphate-like environment modification toward monodentate, bidentate and

pyrophosphate species [22]. The #Si signal was unmodified compared to milled SSRF.

Morphological changes after release assays were also investigated by SEM analysis
of residues (Fig. 10). As expected based on previous structural analyses, the residues
involving MMT/K,HPO, samples after release assays, even after 31 d ays, displayed no

significant morphologic changes (Fig. 10B).

On the contrary, for the talc/K,HPO, residues, huge morphological changes were
observed compared to the starting milled sample, showing small aggregated particles (Fig.
5E). Indeed, systematically after the release experiments (Fig. 10C), large rod-like crystals

with length in the range of tens of micrometers were observed together with much smaller

particles, comparable to the starting materials.

Figure 10 - SEM images of MMT/K,HPO, residues after 30 minutes (A), 31 days (B) and
talc/K,HPO4 residues after 30 minutes (C), 7 days (D) and 31 days (E).
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After 7 days (Fig. 10D), these large compact rods started to delaminate, leading to

larger rods. After 31 days, the rod like crystals were even more degraded (Fig. 10E).

To get insight into the chemical composition of the different morphologies observed,
EDX mapping experiments were performed (Fig. 11), evidencing that the rod-like crystals

were mainly composed of K, Mg and P, in good agreement with a K-struvite structure [35].

Figure 11- EDX mapping analyses of talc/K,HPO, residues after 7 days.

Such rod-like crystals are typical of this mineral and f urther supported by PXRD
patterns. Besides this, the content of amorphous nanoparticles, mainly Si and Mg, were
associated with talc amorphization. Such difference between the two clay mineral systems’
behavior upon release can be correlated with the chemical composition of the starting clay
minerals used. Since MMT does not contain as much Mg as talc, K-struvite formation is not

favored, leading to a different release mechanism.

4. Conclusions

Considering all the socio-environmental problems caused by the highly soluble
fertilizers that are used nowadays in the agriculture, the development of new environmentally
friendly product is extremely important to improve the nutrient management. In this study, the
design of novel SSRF was investigated by mechanochemical process involving clay minerals

(MMT and talc) and K,HPO, as precursor. Based on various characterization data, it was
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possible to conclude that each clay mineral has different behavior and reaction mechanism
under milling. For both milled systems, the amorphous state is predominant. The kinetics
study, mainly for phosphorous and potassium, evidenced a slow-release characteristic
behavior, as reported in the literature, i.e., based on two release steps, the first one faster
than the second one, which tended to equilibrium. The kinetic modeling showed different
models for each element studied. Overall, the talc based systems released K and P slower
and in smaller final percentages. Such behavior can be explained by the K-struvite formation
in milled talc/K,HPO,, as evidenced by the structural characterization of residues after
release and promoted by the important amount of Mg into talc precursor. These residues
further act as an inorganic reservoir. Fertilizers with slow-release behavior were successfully
obtained from both clay mineral systems by this approach, leading to different release

mechanisms and kinetic behaviors.
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Abstract

Chrysotile fibers pose a threat to public health due to their association relation to
respiratory malignant lung disease such as cancer. For this reason, they must be stored and
discarded appropriately, including after treatment, which raises costs. In the present study,
insoluble chrysotile fibers were milled in solid state with highly soluble K;HPO,, destroying
both structures, making the chrysotile nontoxic and generating a new material with potential
for use as sustainable slow-release fertilizer (SSRF) containing mainly K and P. Based on
the mills, milling conditions and chrysotile/K;HPO, molar ratios used, Mg originating from
chrysotile fibers reacted with K and P from dibasic potassium phosphate and w ere
transformed into MgKPO,4.H,O, MgKPO,4.6H,O and pr obably a m ixture of amorphous
SiO,/MgO. In this study, a zirconia planetary mill and high-energy ball mill were used, both of
them produced SSRF. In conclusion, it was possible to synthesize high-value and extremely
useful materials for agriculture using a harmful waste. The release rate can be tailored by
controlling chrysotile/K;HPO, molar ratios, grinding speed and time, which makes the

process even more promising for farming applications.

Key-words: slow-release; solid-state mechanochemical activation; macronutrients; chrysotile;

fertilizer

1. Introduction

Chrysotile, or white asbestos, is a fibrous hydrated magnesium silicate with the ideal
formulation Mg3Si>Os(OH),, a mineral of the serpentine group whose structure is formed by
octahedral brucite-like (Mg(OH),) sheets covalently bonded w ith tetrahedral tridymite-like
(SiO,) sheets, forming nanotubes, which are packed in bundles in the macroscopic fibers
(Lafaya et al., 2012; Korytkova et al., 2004; Bales and Morgan, 2004). Chrysotile’'s use has
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been banned in many countries due to the risk to health, since it is linked with lung diseases
such as cancer (Korytkova et al., 2004; Donaldson and Tran, 2004; Bernstein et al., 2015;
Gualtieri et al., 2009). Products containing chrysotile can release their fibers into the
environment when being handled or just by weathering, contaminating the soil,
watercourses, animals andt he human beings. Considering that chrysotile is used in
thousands of different products, including roofing tiles and containers to store drinking water,
which need to be replaced periodically, there is a consensus that these materials need to be
discarded properly or destroyed.

The literature reports many different methods to destroy or detoxify chrysotile
(Spasiano and Pirozzi, 2017). The method combining hydrated oxalic acid and silicates such
as tetraethoxysilane (SiH,0CgO,), although efficient, takes at least 30 days to complete the
reaction (Turci et al., 2007; Valouma et al., 2017). Thermal and hydrothermal treatments are
the most efficient and commonly applied methods, but since high temperatures and/or strong
acids are used, it is costly and in the last case, the excess acid needs to be neutralized
before disposal in the environment (Kusiorowski et al., 2013; Nam et al., 2014; Anastasiadou
et al., 2010; Belardi and Piga, 2013). Atrtificial carbonatization can produce useful nontoxic
materials from chrysotile such as hydromagnesite (Mgs(COs;)4(OH),) and m agnesite
(Mg(COs)), but, once more, this process requires high temperatures and long treatment times
(Radvanec et al., 2013). Mechanochemical activation has also been successfully used to
treat some wastes (Li et al., 2017), including chrysotile articles, leading to amorphous inert
materials that can be used for other purposes like construction (Plescia et al., 2003; Guo et
al., 2010).

Based ont his brief description, and c oncerning about the development of
methodologies and products which respect the state of socio-ecological resilience (Farley
and Voinov, 2016), the present study aimed to obtain inactive chrysotile fibers to eliminate
their toxicity, and al so to produce value-added products, specifically a s ustainable slow-
release fertilizer (SSRF). The mechanochemical method used consists basically of milling
chrysotile and K;HPO, mixtures in the solid state, with the objective of producing amorphous
and/or crystalline materials, which can slowly release nutrients from insoluble chrysotile (Mg
and Si) and from soluble K;HPO, (K and P). Expected products were potassium struvite
(MgKPO,4.H,0O) and Dittmarite (MgKPO,.6H,0), reported to be pos sible products from
magnesium-containing matrices (Graeser et al., 2008; Borges et al., 2017), as well as being
a source of P, K and Mg, essential nutrients for plants in general. To investigate the effects of
milling conditions such as chrysotile:K;HPO,4 molar ratio (MR), milling time and speed and
pretreatment processes, the release behavior was systematically studied by an experimental
design and the residual materials were analyzed after contact with water, using inductively

coupled plasma atomic emission spectroscopy (ICP-OES).
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The samples were also characterized by several instrumental techniques, like X-ray
diffraction (XRD), scanning electron microscopy (SEM), transmission electron microscopy

(TEM), selected area electron diffraction (SAED) and thermogravimetric analysis (TGA).

2. Materials and methods.

Ko:HPO, was purchased from Neon Quimica — Brazil (99%) and chrysotile fiber with
length below 2.0 mm (SAMA7ML) (idealized formula — Mg;Si,Os(OH),) was donated by
SAMA S/A — Mineragdes Associadas (Minagu - GO, Brazil). As already described (Wypych
et al., 2005), the chrysotile used presents some contamination as talc (MgsSi;O+o(OH),) and
iron oxides (goethite, hematite) mainly magnetite (Fe;0,).

Two types of mills were used, the first one (Z mill) (Table 1) a planetary Fritsch
Pulverisette 2, consisting of a zirconium vessel with 10.5 cm diameter and zirconium disk

attached to the mill by an attachment rod, working at a fixed speed of 70 rpm.

TABLE 1 - 2 EXPERIMENTAL DESIGN FOR THE Z MILL.

Sample Conditions
code Levels Pretreatment (h)*  Milling time (h) MR**
ZC1 - - - 6 6 1:2
ZC2 + - - 12 6 1:2
ZC3 -+ - 6 12 1:2
ZC4 + o+ - 12 12 1:2
ZC5 - -+ 6 6 2:1
ZC6 + -+ 12 6 2:1
ZC7 -+ 4 6 12 2:1
ZC8 + o+ o+ 12 12 2:1
ZCCP 0O 0 O 9 9 1:1

* Chrysotile grinding in 10 mL of double distilled water;** Chrysotile:K,HPO, molar ratio;
ZCCP - Central point.

The second investigated mill, (HE Mill) (Table 2) was a Fritsch Pulverisette high-
energy ball mill, with a 250 ml agate bowl containing 15 agate balls with 10 mm diameter. In
the Z mill, the pretreatment time (6, 9 or 12 h), milling time (6, 9 or 12 h) and molar ratios
(MR) (chrysotile:K,HPO, - 1:2, 1:1 or 2:1) were investigated according to a 2° experimental
design with central point (ZCCP), evaluated in triplicate. The pretreatment consisted of
previous chrysotile milling in 10 ml of double distilled water and then drying. This process
facilitates the disaggregation the chrysotile bundles into fibers or occasionally single fibrils

(nanotubes).
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TABLE 2 - 2° EXPERIMENTAL DESIGN FOR THE HE MILL.

Sample Conditions
code Levels Milling time (h) Rotation (rpm) MR*
HEC1 - - - 6 200 1:2
HEC2 + - - 12 200 1:2
HEC3 - + - 6 600 1:2
HEC4 + + - 12 600 1:2
HEC5 - - + 6 200 2:1
HEC6 + - + 12 200 2:1
HEC7 - + 4 6 600 2:1
HEC8 + + o+ 12 600 2:1

HECCP 0 0 O 9 400 1:1

* Chrysotile:K;HPO, molar ratio; HECCP - Central point.

In the HE mill, the milling time (6, 9 or 12 h), rotation (200, 400 or 600 rpm) and molar
ratio (chrysotile:K,HPO, - 1:2, 1:1 or 2:1) were also investigated according to a2 ®
experimental design with the central point, evaluated in triplicate (HECCP).

Subsequent to the milling process, some samples, free of chrysotile fibers (ZC2 and
HEC4), were treated in solid state at 100 °C for 6 h in a laboratory oven to investigate the
possibility of maximizing the crystalline phases to help the characterization.

The X-ray diffraction (XRD) measurements were performed using a Shimadzu XRD-
6000 diffractometer, with CuKa radiation source of A = 1.5418 A, current of 30 mA and
tension of 40 kV. The samples were placed in silica glass sample holders. The diffraction
patterns were acquired using 2 theta degrees, with a dwell time of 2° min™ and step of 0.02
degrees. The scanning electron microscopic (SEM) images were obtained using a
Cambridge Scan 360 SEM operating at 1 kV and a Zeiss supra 55 FE G-VP operating at
3keV. For these observations, the samples were mounted on conductive carbon adhesive
tabs and submitted to gold sputtering. Thermogravimetric analysis (TGA) was performed with
a 4000 TGA Perkin Elmer equipment, using 150 pL alumina crucibles and a temperature
ramp of 10°C/min at a synthetic air flow of 35 mL/min, in the temperature range of 25° C-
1000 °C. Transmission electron microscopy (TEM) and s elected area electron diffraction
were performed by depositing the sample material on a 3mm Formvar coated copper grid in
a JEOL JEM EX-Il microscope, at 80 kV. Gold was used as internal standard for indexation
of the samples.

The release studies were performed to verify the influence of the grinding conditions

using 25 mg of each sample in 10 ml of deionized water, where initial tests were performed
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at 1 and 168 h release and the percentage release between these two assays was also
considered. As already mentioned, to quantify the nutrient release, the ICP-OES technique
was used. The spectrometric determinations were carried out in a T hermo Scientific
simultaneous axial view ICP-OES spectrometer (model iCAP 6500) and the ThermoiTeVa
Analyst version 1.2.0.30 program was used for data treatment. The operating conditions are
shown in Table 3. Gas argon was supplied by White Martins, with purity of 99.998%, and
was previously purified in an appropriate filter system.

A stock reference solution containing 1000 mg L™'of P (Specsol®) and also stock
reference solution containing 1000 mg L™ of the analytes K and Mg (AccuStandard) were
used to compose the multi-elemental standard solutions used for calibration, in the

concentration range from 0.01 to 2.0 mg L™of the analytes in 1.0% v/v HNOs.

TABLE 3 - CHARACTERISTICS AND OPERATING CONDITIONS USED FOR ANALYSIS
BY ICP-OES.

Parameter Characteristics
Radiofrequency 40 MHz
Radiofrequency power 1150 W
Plasma gas flow 12.0 L min™
Aucxiliary gas flow 1.0 L min™
Gas flow in the 0.7 L min™
nebulizer
Torch Quartz for axial view
Nebulizer Concentric
Replicates 3
Analytical lines K (l): 766,490 nm; Mg (Il): 280,270 nm

P (I): 213,618 nm

(I) Atomic line, (II) lonic line.

3.1 Results and discussion of precursors and samples characterization.

For the Zmill, most of the samples (Fig. 1A) showed an amorphous profile after
milling, but in some of them (especially samples ZC5 to ZC7, with lower chrysotile:K;HPO,
MR), basal diffraction peaks of residual chrysotile were still present, indexed as (002) and
(004). None of the samples indicated the presence of crystalline K,HPO,, suggesting
structural collapse.

For the Zmill, the chrysotile pretreatment did not have a direct influence onthe

amorphization of the ground mixtures. However, it is worth noting that this is a fundamental
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instrumental step, since it allows the previous disaggregation of the chrysotile bundles into
fibrils. The absence of chrysotile diffraction peaks was observed only for the samples ZC2,
ZC3, ZC4 and ZC8. Except for ZC8, all these samples had high chrysotile:K;HPO, MR (1:2).
Also for the Z mill and the samples with molar ratio of 1:2 (ZC1 to ZC4), an emergent series
of broad diffraction peaks in the region of 20 to 35 ° (in 20) was observed, indicating the
presence of other compounds, probably goethite (Gt) (Manecki et al., 2006), hematite (Ht)
(Pradhan et al., 2012) or even complex structures of hornblende (Hr). As in all samples, the
Ko,HPO, structure was destroyed only in the presence of chrysotile. We believed that
potassium salt acts as an abrasive agent, facilitating amorphization of the matrix. Using low
milling or activation times, apparently there is not enough energy to destroy the crystalline
structure of chrysotile, as indicated by comparing samples ZC1 and ZC5 with ZC7.

In the X-ray diffraction patterns obtained for the HE mill (Fig. 1B), it was possible to
verify in samples HEC 6 to 8 (i.e., without pretreatment in water) the formation of potassium
struvite (MgKPOQO,.6H,0) (Graeser et al., 2008; Xu et al., 2011). On the other hand, the
chrysotile structure was partially retained due to the lower MR. Potassium struvite is used as
fertilizer, as a source of Mg, K and P, and has no toxicity to human beings, making this
treatment a sustainable and ecologically correct alternative for recycling chrysatile.

Therefore, amorphization of chrysotile and K,HPO, is strongly influenced first by the
MR, favored by the excess of K;HPO,, and then by the milling speed, as observed by
comparing samples HEC1 and HEC2 (200 rpm) with HEC3 and HEC4 (600 rpm) and HEC5
and HEC6 (200 rpm) with HEC7 and HEC8 (600 rpm).

The last two samples, including the obtained in the central point (HECCP) showed
crystalline material (just by mechanochemical activation), which can be attributed to
formation of a dittmarite (D) type structure - MgKPO,.H,O. This structure is often associated
with  potassium struvite type structures (MgKPO,.6H,O) and also newberyite
(Mg(PO3;0H).3H,0). The formation of dittmarite is preferred for rapid reactions, but in the
presence of excess water and at room temperature it can be converted to struvite (Zhenyu et
al., 2012; Koleva, 2005; Sarkar, 1991; Koleva et al., 2011; Koleva et al., 2014; Zhao et al.,
2016).

For ZC2 sample submitted to thermal treatment at 100 °C, improvement of the
potassium struvite crystallinity was observed (Fig. 1C). The Gt, Ht and Hr phases present in
the milled sample (at 27 - 29 ° (in 28)), they are probably masked by the potassium struvite
crystalline formation after the thermal treatment. HEC4 did not show any effect, having a very
similar XRD pattern (Fig. 1C).

64



HPO
HPO, KO
002

Chrysotile 020 022
FEC A A
HEC A A,

Chrysotile 020 022

N

M,
b .LW% M wilh Fod
[t G MMMWM | HECS AN A el
200 | HECE A SO, N

o ] [HEGE -
%WMM% MMMWMM

0 15 20 25 30 35 40 5 10 15 20 25 30 35 40
2 Theta °) 2 Theta (°)

Intensity (a.u.)
2

Intensity (a.u.)
%f

GUHYHr c

WWM%
2C2100°C

Dp

Intensity (a.u.)

D
D
HE4 D D

HE4 100°C

5 10 15 20 25 30 35 40
2 Theta (°)

Figure 1 - X-ray diffraction patterns of chrysotile/K,HPO, system milled in the Z mill (A), HE
mill (B) and ZC2 or HEC4 samples treated at 100 °C (C).* - K struvite; Gt — Goethite; Ht —
Hematite; Hr — Hornblende; D — Dittmairite.

The SEM image of chrysotile (Fig. 2A) shows the characteristic fibrous structures
(Zhao et al., 2016; Modica et al., 1984), where the micrometric bundles are composed of
nanometric fibers.

The SEM image of K;HPQO, (Fig. 2B) shows compact crystals. In ZC1, 2 and 3 ( Fig.
2C-E), the characteristic fibers of the chrysotile structure are absent and the structures
consist of an aggregation of small particles in an open network with some aggregated
particles, which can indicate the formation of Hr structures, or even Gt, Ht and poorly
crystallized potassium struvite. These structures originate from the magnetite, present as
impurity.

These results are consistent with the XRD results (Fig. 1A). As also attested by EDX
(not shown), the submicrometric particles forming white areas around the agglomerates
consist basically of amorphous silica, which is understandable since the other elements (Mg,

P and K) were consumed to form potassium struvite and/or dittmarite.
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Figure 2 - SEM images of chrysotile (A), K;HPO, (B), samples ZC1 (C), ZC2 (D), ZC3 (E),
respectively.

In the SEM images obtained from the sampled from the HE mill, different behavior is
observed (Fig. 3). HEC4 (Fig. 3A,A") shows plate-like morphology, not characteristic of
chrysotile or K;HPO,4. This morphology can be at tributed to the formation of dittmarite
(Zhenyu et al., 2012; Koleva et al., 2011; Koleva et al., 2014; Zhao et al., 2016). For all other
samples analyzed by SEM, the presence of chrysotile fibers is evident, although in low
concentrations. In addition, the images of HEC7 reveal large crystals, which can be attributed
to potassium struvite (indicated by an *), and to a lesser extent, to the same small plates
described for HEC4, characteristic of dittmarite, besides some isolated chrysotile fibers (Fig.
3C'), the same as for HECS8 (Fig. 3D).

In the thermogravimetric curves (Fig. 4), the most noteworthy observation is that the
samples processed in the Z mill (Fig. 4A), underwent smaller mass loss (around 20%) than
those ground in the HE mill (Fig. 4B) (around 30-35%), indicating that the former samples’
structure was more thoroughly destroyed. This was also observed in the XRD (Fig. 1) and
SEM results (Fig. 2 and 3). The chrysotile TGA trace shows three major mass loss events,
the first at 100 °C (1.5%), associated with the removal of physically adsorbed water, then an
event attributed to chrysotile impurities, such as talc (MgzSi;O1,(OH),) (4.46% at 450 °C),
and the thermal dehydroxylation event in the region of 600-700 °C (21.03% at 1000 °C) (Fig.
4). The theoretical mass loss value of 13% (leading to the formation of Mg,SiO, and SiO,) is

different from the experimentally observed value for the dried base at 500 ° C (17.4%),
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probably due to the presence of talc as a natural contaminant (Wypych, et al., 2003). The
amount of talc in chrysotile is variable due to regional metamorphism, contact metamorphism
or hydrothermal processes.

Figure 3 - SEM images of HEC4 (A/A’), HEC6 (B,B’), HEC7 (C,C’) and HEC8 (D),
respectively. K-Struvite indicated by an *.
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Figure 4 - Thermogravimetric (TGA) curves of samples ground in Z mill (A) and HE mill (B).
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Ko.HPO, also shows a first water removal step and then two other steps related to
thermal dehydroxylation. The theoretical value for the decomposition of anhydrous K,;HPO,
into K4P,0; is 3.79%, relatively far from the value found for the dried at 180 °C (5.7%),
possibly due to the presence of contaminants like K;HPO4.3H,O. The samples from the Z
mill (Fig. 4A) did not show thermal decomposition behavior characteristic of reagents,
indicating the structure was destroyed. Two or three main steps are observed, the first one
refers to the elimination of physically adsorbed water (around 150 °C), with the other step(s)
possibly involving the decomposition of potassium struvite (~ 20% for all samples at 1000
°C).

Most of the samples ground using the HE mill (Fig.4B) presented the chrysotile
thermal dehydroxylation event, as well the chrysotile structure identified by XRD and the
fibers identified by SEM. The characteristic moisture of the milled samples varied between
14.7% and 19.1% (at 150 °C). Interestingly, HEC4 does not present a pronounced thermal
dehydroxylation event of chrysotile, but does present an event at 180 °C (17.7%), which is
not observed for any other samples. Since this was observed by XRD and SEM, we assume
that the different thermal decomposition behavior is attributed to the dehydration of dittmarite
formed during the mechanochemical reaction (MgKPO,) (Koleva et al., 2014; Kongshaug et
al., 2000).

3.2 Results and discussion of kinetic study

In the kinetic study involving the samples produced in both mills, the samples from
the Z mill show slower release behavior than those from the HE mill, but all samples have
characteristic slow release behavior. For the Z mill samples, no clear influence can be
observed on slow release behavior by the destruction of the chrysotile fibers, but for HE mill
the samples free of chrysotile (HC3 and H C4, dittmarite formation)or others with low
concentration of chrysotile (HEC7 and HECS8, K-struvite formation) present slower release
behavior too.

In the samples from both mills, as expected, the amount of nutrients released
increased with longer contact with the solution, from 1 to 168 h (Fig. 5A,B and Fig. 6 A,B).
The release of potassium from ZC3 and ZC4 after 1 hwas 24.6% (ZC3) and 17.0% (ZC4),
while after 168 h it was 55.2% (ZC3) and 55.1% (ZC4). The same occurred for phosphorus:
10.2% (ZC3) and 7 .2% (ZC4) after 1 h and 26.8% (ZC3) and 27 .5% (ZC4) after 168 h,
respectively.

In all cases, the slow release of phosphorus and potassium is clearly observed. On
the other hand, magnesium has different behavior, where the release is very slow and did
not behave like a SRF.
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Figure 5 - Release of nutrients after 1 h (A) and 168 h (B) for Z mill.

In the case of the HE mill (Fig. 6A,B), the slow release behavior of K and P was also
observed, even though the percentages of nutrient release after in 1 h and 168 h were higher
than for the Z mill. With increasing speed of the HE mill grinding, the amounts of nutrients
released decreased (accentuating the slow release character), considering the release of K
and P, the molar ratio 1:2 presented the best results (samples HEC3 and HEC4), except for

HECS8, which presented much slower P release, probably due to the formation of compounds
with extremely low solubility.
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Figure 6 - Release of nutrients after 1 h (A) and 168 h (B) for HE mill.

As discussed, some samples (HEC 6-8) showed formation of potassium struvite using
MR of 2:1, but the lower phosphate ratio in these systems did not lead to total amorphization
of chrysotile structure. HEC3 and HEC4 should be viewed as having commercial potential,
since just by mechanochemical activation it was possible to produce dittmarite
(MgKPO,4.H,0), anont oxic source of K, P and Mg, which in these samples exhibited
characteristic slow release behavior. Additionally, they did not present chrysotile fibers.

The potassium release for HEC3 and HEC4 after 1 h was 19.9% (HEC3) and 18.5%
(HEC4), respectively and after 168 hit was 59.3% (HEC3) and 42.8% (HEC4). The same
pattern was observed for phosphorus: 22.8% (HEC3) and 16.0% (HEC4) after 1 h and 54.8%
(HEC3) and 38.0% (HEC4) after 168 h, respectively.
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The silicon concentration in the solution was also evaluated, but as expected, the
release in water was close to zero. Nevertheless, there was some evidence that the residual
SiO, nanoparticles delay the solubilization of the evaluated elements, accentuating the slow-
release character. It should be considered that under acidic conditions, silicon can also be
released, which is ani mportant nutrient for many plants in the form of H,SiO4. It is
designated by the Association of American Plant Food C ontrol Officials as a “ beneficial
substance” (Tubana et al., 2016). It can be seen that by this method, different fertilizers with
programmed release actions (important to farmers) can be formulated, adaptable to crops

with different growing season lengths.

3.3 Results and discussion of solid residues after release essays

After the release assays, some residues were dried and characterized by XRD, SEM
and TEM, especially for milled samples that did not present chrysotile fibers or show K-
struvite and dittmarite formation. For the solid residues of ZC1 and ZC2 (Fig. 7A), an
increase of crystallinity with increasing release time was observed. The longer contact with
water allows the formation of well crystallized potassium struvite, as does the thermal
treatment described (Fig. 1C). In the case of solid residues produced in the HE mill, HEC4
(Fig.7B) after 1 h of release testing presented the same X-ray diffraction profile (dittmarite) as
observed for the milled sample, but after 7 days potassium struvite was formed.

The conversion of dittmarite into potassium struvite and vice versa has been reported
in the literature to be dependent on reactive environmental variables, such as reaction rate,
pressure, reagent concentration, amount of water in the medium, temperature, etc. For
HEC7 and HECS8, as expected, the chrysotile structure remained unchanged andt he
intensities of the potassium struvite peaks decreased markedly, a c onsequence of the

solubilization of this material in water.
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Figure 7 - XRD patterns of solid residues for Z mill (A) and for HE mill (B).* - K-Struvite; 002

and 004 indicate the basal peaks of chrysotile.
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In the SEM images of the ZC2 residues (Fig. 8A,A"), two distinct morphologies were
found: large crystals, attributed to potassium struvite (*), as shown in the XRD data, and

another morphology, similar to a predominantly amorphous kneaded paper sheet, composed

basically of silicon and magnesium.

(B) and after 168 h of release (C); HECS8 after 168 h of release (D). K-Struvite indicated by

an *.

In the HEC4 images (Fig. 8B,C), the maintenance of small dittmarite plates after 1 h
of release andthen formation of potassium struvite after 7 day s of release is clearly
observed. Residues of HEC8 (Fig. 8D) after 7 days of release were also characterized by
SEM, showing the chrysotile fibrils, as also indicated by XRD. Chrysotile fibers were
observed in samples using a MR of 2:1 since there was not enough phosphate salt to
convert chrysotile to MgKPO,.H,O, MgKPO,6H,O andS i0O,/MgO from the
mechanochemical activation. But using a MR of 1:2, the formation of the described products
was preferential.

As a complement to what was already observed, HEC4 residue at 1 h (Dittmarite)
was also characterized by MET and selected area electron diffraction (SAED) (Fig. 9). The

results were strongly correlated with the XRD data (Fig. 1 and Table 4).
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200 nm

Figure 9 - TEM images (A,C) and SAED spectra (B,D) for the sample HEC4 after 1 h of

release.

The material observed in the Z-mill residues, identified mainly as SiO, and to a lesser
extent as MgO, was also investigated by MET/SAED (Fig. 9C,D). The results showed an
amorphous profile, in accordance with the XRD data. Amorphous silica can also be obtained
by selective long-term acid leaching of octahedral magnesium sheets from chrysotile

structures (Wypych et al., 2005).

TABLE 4 — INTERPLANAR DISTANCES OF DITTMARITE OBTAINED BY DRXP AND

SAED (*).
d (A) XRD 26 (XRD) d (A) SAED
2.32 38.9 2.32
2.79 32.1 2.76
3.33 26.8 3.03
4.62 19.2 4.51

* Data obtained from Figure 9B.

4. Conclusion
This study demonstrated the destruction of the chrysotile structure and consequently
reduction and/or elimination its hazardous substances, aggregating value to the resulting

residues when the milling activation is performed in the presence of K,HPO,. Several
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parameters, using two different mills, were investigated (milling times, activation times, mill
speed and chrysotile:K;HPO,4 molar ratios).

We observed that different products were obtained (dittmarite and potassium struvite,
magnesium phosphates with different amounts of water) from the same precursors (insoluble
chrysotile and soluble K;HPO,) just by changing the mechanochemical activation
parameters.

The release tests conducted in water showed that even in the presence of residual
chrysotile from the milling process, it is possible to observe aslow release behavior of
potassium, phosphorus and magnesium and absence of silicon release, at least not in
double distilled water. This feature enables the use of the products formed as slow and
sustainable release fertilizers (SSRF).

Consequently, considering these data, it is possible to synthesize nontoxic and
extremely useful materials for agriculture using a relatively cheap mechanochemical process
from mixtures of chrysotile and potassium mono-hydrogen phosphate. The process can form
amorphous and/or crystalline slow-release fertilizers, both products with great added-value
from the economic and environmental standpoints. Furthermore, the release rate can be

easily tailored to suit the growing cycles of many crops.
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Abstract: This study describes the behavior of potential sustainable slow-release fertilizer
(SSRF), obtained by mechanochemical activation of mixtures of layered double hydroxides
(LDH) Mg,AI-CO; and Mg,Fe-CO; and soluble K;HPO,. The effect of LDH thermal treatment
before milling, the milling time (using a high-energy balls mill) and LDH: K,HPO, molar ratio
(MR) were investigated. The samples were characterized by XRD, FTIR, solid-state NMR,
SEM and EDX. Phosphate release essays shown that the phosphate solubility is reduced
(60% release at 168 hf or MgAI/K,HPO, composite and 5.4% released at 168 h for
MgFe/K,HPO, composite), while the solubility of amorphous structures from LDH can be
increased, which characterize the expected slow release behavior of a SSRF. The influence
of the presence of carboxymehthylcellulose on the release properties was also investigated
showing that the slow release behavior was improved constituting an important verification to

improve the control production according to the demand.

Key-words: Slow-release; fertilizers; mechanochemical activation; phosphates; LDH.

1- Introduction

Concerning plant nutrition, new products or methods to improve the nutrients management
have become more and more important for environmental resilience. Most inorganic
fertilizers currently used in agricultural have high-solubility or are volatiles, which can pollute
the environment and w ater resources through nutrients accumulation causing e.g.
eutrophication of water resources. Such properties induce the use of excessive amounts of
fertilizers to ensure the food production, which make more pronounced the negative effects.
In the same scenario economic losses are generated with these non-sustainable nutrient
supplies.

Based on these statements and considering that food production is an essential activity for

human life, the development of new methods and products are of great importance. The
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literature reports different strategies to produce SSRF by coating (An et al., 2017;
Muhammad and Sulaiman, 2016); encapsulation in polymeric matrices (Qiao et al., 2016;
Zhang et al., 2014); intercalation into layered structure (Bernardo et al., 2016; Woo et al.,
2011) etc. In the present study, the mechanochemical method (Solihin et al., 2011) was
investigated. Few years ago, the mechanochemical activation method was described as an
efficient way to produce SSRF, involving mixtures of neutral (Borges et al., 2015; Solihin et
al.,, 2011) or cationic insoluble clay minerals in the presence of soluble phosphates
(potassium and phosphorus sources) (Borges et al., 2016).

Clay minerals, as an atural component in the environment, present great varieties of
structures, chemical compositions and el ectronic characters that provide huge options to
obtain different SSRF. But, to improve the automation of SSRF production increasing the
potential for industrial application, this study extends the research area in an other kind of
inorganic matrices: the layered double hydroxides (LDH) which are easily synthezised, on
contrary for the clay mineral analogous, providing the production control of the precursors.
There are many methods to syntheses LDH e.g.: coprecipitation, induced hydrolysis,
mechanochemical (Qu et al., 2016a; 2016b), sol-gel (Saikia et al., 2017; Ahmed et al., 2017),
etc.

LDH structure occurs naturally as hydrotalcite mineral, the ideal generic formula, is described
as [M* M (OH)I* (A™)yn.yH20, M" and M" corresponding metal cations, A being anions.
Presenting the brucite-like structure, LDH is built of M(OH)s octahedra, where M" to M"
isomorphic substitution in different ratios provide residual positive charge, that is stabilized by
anionic species e.g. PO4>, CO;?% NOj located in the interlayer space (Marangoni et al.,
2008). In one hand, the use of LDH was investigated for enviromental remediation and
phosphate adsoprtion. For instance, Luengo et al (2017) studied LDH matrix synthetized by
co-precipitation method for phosphate adsoprtion andt he results showed promising
environmentally friendly material to be used in aquatic systems. In another hand, it was
reported that it is possible to take advantages of the LDH anionic exchange properties to
developp SSRF. For instance, Everaert et al (2016) reported that hydrogenophosphate
intercalated MgAl was up to 4.5 times more efficient than a soluble phosphate based fertilizer
in acidic soils. Hatami et al (2018) also reported some important essays on adsorption and
desorption of phosphate using Zn-Al LDH matrix, in silumated soil solution. The results
evidenced that the pH strongly affects the phosphate adsorption that decrease by increasing
pH.

In this work, LDH prepared by co-precipitation method (Frederick et al., 2016), and calcined
at various temperatures (LDH: Mg,Al(OH)e(CO3).3H,O and Mg,Fe(OH)s(CO3).2.5H,0) were
milled with soluble fertilizer and applied as Mg?* sources. K,HPO, was used as K* and PO,*

/ HPO,* source, which is an ordinary high-soluble fertilizer. Firstly, the release essays were
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performed to verify the effect of the thermal treatment on LDH precursors before milling with
soluble phosphate. Secondly, the influence of the milling conditions on the release behaviour
was investigated to define the best ones and to perform the complete kinetic and
thermodynamic studies. The effect of the addition of a polymer the carboxymethylcellulose

(CMC) in the process and on the release profil was also carried out.

2- Experimental Procedure

In the first step, Mg,Al(OH)s(CO3)05.3H,O (MgAIl) and Mg,Fe(OH)g(CO3)05.2.5H,O (MgFe)
LDH were synthesized by co-precipitation as reported in the litterature. (Forano et al., 2013)
Briefly, the metal solution was prepared from nitrate salts with a molar ratio of 2:1 (0.66:0.33
mol/L) and added at a constant rate simultaneously with a solution containing NaCO; (0.5
mol/L) and NaOH (2 mol/L). The rate of basic solution addition was controlled automatically
to maintain the pH at 10.5 for both matrices. At the end of the addition the precipitates were
collected by centrifugation cycle, washed three times with deionized water before to be dried
at room temperature. After synthesized, the samples were calcined at different temperatures
(200, 300°C, 400°C and 500°C) during 4 hours under air. Then each material was milled for
9h with molar ratio (MR) of 1:2 with K;HPO,4 (LDH: K,HPO,) to verify the effect of the thermal
treatment on the performances of SSRF after grinding. In the second stage, the influence of
the grinding conditions was investigated in varying time (3, 6, 9 h) and molar ratios (MR) of
LDH: K,HPO, (1:2, 1:1, 2:1), according to an experimental design 22 (table 1). The release
experiments were performed under isothermal conditions at 10, 25and 50 °C using
concentration of 25 mg / 10 ml SSRF in deionized water. The molybdenum blue method was
used to quantify the phosphorus percentage in the residual solution after 1 h and 168 h for
the first and second step, while in the complete release experiments ICP-AES was used to
determine Mg, K and P concentrations in the residual solution after several times (range 30
minutes-31days).

From the optimized grinding conditions between each LDH: K;HPO, system,
carboxymethylcellulose (CMC) was then incorporated at 20% in weight to the grinding
system. The addition was performed by three different methods (Table 2).

The first involved the addition of CMC with the previously milled LDH: K;HPO,4 mixture and
then further grinding for 3 h. The second method involves adding pre-ground CMC for 3 h in
the previously ground LDH: K;HPO, mixture and then grinding again for 3 h. Finally, the latter
method involved milling the CMC: LDH: K;HPO, mixture for 9 h without previous milling.
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Table 1 - Experimental design 22 using LDH matrices calcined at 200°C

Code Levels Time (h) Molar ratio (MR)
Mg/Al1 and Mg/Fe1 - - 3 1:2
Mg/Al2 and Mg/Fe2 + - 9 1:2
Mg/AI3 and Mg/Fe3 - + 3 2:1
Mg/Al4 and Mg/Fe4 + + 9 2:1
Mg/AICP* and Mg/FeCP* 0 0 6 1:1

*CP (Central Point)

Table 2 — Description of the three methods used to incorporate CMC into the systems LDH
matrices calcined at 200°C.

System Method Time milling Weight ratio (LDH: Code
(h) K;:HPO,):CMC

MgAl: Method 1 3 1.793:2.964:0.9506 HFCA
K:HPO,:CMC Method 2 3 1.793:2.964:0.9506 HFC2
Method 3 9 1.793:2.964:0.9506 HFC3

MgFe: Method 1 3 1.798:1.483:0.7201 HFC4
K;HPO,:CMC Method 2 3 1.798:1.483:0.7201 HFC5
Method 3 9 1.798:1.483:0.7201 HFC6

Powder X-ray diffraction (PXRD) data were obtained using a Panalytical X'pert
diffractometer with a CuKa radiation (A= 1.54155 A). Fourier-transform infrared spectroscopy
(FTIR) measurements were carried out on solid products using a T hermo Nicolet 5700
spectrometer, employing KBr tablets at a mass ratio of 1:100 (sample:KBr) with a resolution
of 4 cm™ and accumulation of 64 scans.

The solid state ?’Al, *'P and °Si NMR spectra were acquired using a Bruker AVANCE 400
spectrometer operating at 9.4 Tesla, equipped with a 4 mm zirconia multinuclear solids probe
and magic angle spinning at 5000 Hz.

Thermal analysis curves (thermogravimetry (TGA) and differential thermal analysis (DTA))
used to calculate the water content into LDH precursors, were obtained with a T G-DTA
SETSYS Evolution analyzer from SETARAM using 150 mL alumina crucibles and a
temperature ramp of 5 °C/min under air flow of 50 mL/min.

The scanning electron microscopic (SEM) images were obtained using a Cambridge Scan
360 SEM operating at 1 kV and a Zeiss supra 55 FEG-VP operating at 3 keV. To be imaged

the samples were mounted on conductive carbon adhesive tabs.

3- Results and Discussion
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3.1. Influence of LDH thermal treatment

As confirmed by the figure 1, pure carbonate LDH were obtained by coprecipitation for both
LDH compositions with an interlayer distance of 0.76 nm and 0.78 nm for MgAI-CO3; and
MgFe-COj; respectively, which is in agreement with the literature value of 0.78 nm (Donato et
al, 2012). The presence of carbonate was further confirmed on the FTIR spectra by the
presence of the intense band at 1354 cm™. (Figure 2)

In a first attempt, the mechanochemical reaction was carried out in using these as —
prepared LDH materials, demonstrating that the LDH hydration level strongly limits the
efficiency of the milling process and does not allow to produce new potential SSRF.
Consequently, an LDH dehydration step was performed by thermal treatment at different
temperatures before the milling step. As it was already reported in the litterature (Rives,
2001), the MgAI-COs structure is partially maintained after calcination at 200 °C (Figigure 1)
with a net decrease of the intensity of the diffraction lines. At 300 °C, the diffraction lines
characteristic of the basal spacing disappeared while the other characteristic hkl lines of LDH
partially remain. For both matrices, calcinations at 400 and 500 ° C (and even at 300 °C for
MgFe-CO;) lead to the mixed oxides formation evidenced by the presence of the
characteristic diffraction lines located at 35.4, 43.4 and 63.0 26(degree). On the FTIR spectra
(Figure 2), the increase of calcination temperature lead to the decrease of the characteristic
carbonate band traducing the CO;* decomposition conjointly with the net decrease of the
amount of water. The region characteristic of M-O-M bonds also changes because of the
structure dehydroxylation and t he oxides and m ixed oxides formation as evidenced by
PXRD.
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Figure 1- PXRD data of Mg,Al(OH)s(CO3).3H,O (Aa); Mg.Fe(OH)s(CO3).2.5H,0O (Ba) and
LDH calcined at: 200°C(Ab; Bb); 300°C (Ac; Bc); 400°C (Ad; Bd); 500°C (Ae; Be)

respectively.
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Figure 2 — FTIR data of Mg,Al(OH)s(CO3).3H,0O (Aa); Mg,Fe(OH)s(CO;).2.5H,0 (Ba) and
calcined samples at: 200°C(Ab; Bb); 300°C (Ac; Bc); 400°C (Ad; Bd); 500°C (Ae; Be)
respectively.

Then to define the best calcinations temperature for the development of SSRF based on
calcined LDH precusors, a first screening was performed by miling the calcined materials
with KoHPO,4. After milling (9 hours, 450 rpm and 1:2 RM, all samples involving both LDH
composition (Mg/Al and Mg/Fe) became amorphous (Figure 3 and 4). That is also important
to highlight there is no evidence of K;HPO, difraction peaks in the milling samples. When
milled isolated K;HPO,4 does not became amorphous, so in the presence of thermally treated
LDH it can be amorphized forming conjointly with calcined LDH materials new amorphous
species.

In the FTIR measurements of ground samples an overlap of starting materials was observed
(Figure 5 and 6), presenting the characteristic band of carbonate present in LDH calcined at
200 °C and at 300 °C, which remained in the structure even after the mechanochemical
reaction and the phosphate characteristic bands. For milled samples from LDH calcined at
400 °C andat 500 °C carbonate bands are nol onger present in the spectra, but
characteristic PO,> bands are mainly observed.
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Figure 3— XRD data of Mg,Al(OH)s(CO3).3H,0 calcined at: 200°C(Aa); 300°C (Ba); 400°C
(Ca); 500°C (Da). Milled samples (Ab; Bb; Cb; Db) and K,HPO, (Ac; Bc; Cc; Dc) respectively.
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Figure 4 — XRD data of Mg,Fe(OH)s(CO3).2.5H,0 calcined at: 200°C(Aa); 300°C (Ba); 400°C
(Ca); 500°C (Da). Milled samples (Ab; Bb; Cb; Db) and K;HPO, (Ac; Bc; Cc; Dc) respectively.
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Figure 5 — FTIR data of Mg,AlI(OH)s(CO3).3H,0 calcined at: 200°C(Aa); 300°C (Ba); 400°C
(Ca); 500°C (Da). Milled samples (Ab; Bb; Cb; Db) and K,HPO, (Ac; Bc; Cc; Dc) respectively.
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Figure 6 — FTIR data of Mg.Fe(OH)e(CO3).2.5H,0 calcined at: 200°C(Aa); 300°C (Ba);
400°C (Ca); 500°C (Da). Milled samples (Ab; Bb; Cb; Db) and K,HPO, (Ac; Bc; Cc; Dc)
respectively.

Figure 7 shows the phosphate release behavior performed in the first stage of the kinetic
study (9h of milling and 1:2 MR). It is important to remind that LDH are insoluble materials
while K;HPO, is completely soluble in water. For the Mg/Al system the LDH precursor
calcinations above 400 °C has a negative effect, inducing further phosphate ion precipitation
after 168 h. Consequently, the release rate variation is negative (62.2% at 168h a gainst
68.4% at 1h), whereas the behavior of systems involving LDH Mg/Al calcined at 200 to 300
°C is in agreement with a slow-release behavior (49.2% to 68.2% when LDH is calcined at
200°C). For the MgFe LDH system, less P relase is observed in any cases, the maximum
(56%) being obtained for MgFe calcined at 500°C after 1 hin contact with water (68% P
release is obtained with MgAI/KH,PQO,). For all conditions, P release decrease when
materials are contacted with water from 1 ht o 168 h. Apparently, insoluble materials

generated from the reaction of mixed oxides and phosphate ions are formed.
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Figure 7 — Phosphate release essays at 1 hour and 168 hours for

Mg.AI(OH)e(CO3).3H,0/K,HPO, system (A) and Mg,Fe(OH)s(CO3).2.5H,0/K,HPO, system
(B) LDH calcined at 200 °C (a), 300 °C (b), 400 °C (c) and 500 °C (d).
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Figure 8 — SEM images of Mg,Al(OH)e(CO3).3H,O (A), Mg.Fe(OH)s(CO3).2.5H,O0 ( B),
K;HPO, (C), MgAl calcined at 200 °C (D), MgFe calcined at 200 °C (E), MgAl,/Ko:HPO, (F),
MgFezooleHPO4 (G)
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According to these results, it was performed a deeper characterization of the LDH
Mg,AI(OH)s(CO3).3H,O sample calcined at 200°C and subsequently milled with K,;HPO, for 9
h using 1:2 molar ratio, (MgAl,,/Ko:HPO,), and o f the LDH M g,Fe(OH)s(CO3).2.5H,0
sample calcined at 200° C andm illed with K;HPO, by 9hus ing 2:1 molar ratio
(MgFe20/K:HPO,).

The main Al NMR signals (74,4%) of MgAl (Figure 9Aa) pointed at 8,65 ppm is

characteristic of Al"

cations in octahedral environment, as expected for aluminum-containing
hydrotalcite structures (Yu et al., 2015; Vyalikh et al., 2009). The broad but low intense peak
(25,6%) centered at 0 ppm may be assigned to amorphous aluminum hydroxide Al(OH);. As
discussed by Gro Nielsen and coworkers (Pushpara;j et al., 2015).

After the milling step between MgAl-calcined and K,HPO,, the octahedral ?’Al signal remains
present, (Tkac et al., 1994) however, two additive peaks appear at & = 52 ppm and 6 =-1.95
ppm, typical respectively of AI** tetrahedraly and octahedraly coordinated. These two peaks
can be a ttributed to alumina (Brown et al., 2003). This evidence suggests that the
mechanical activation of MgAl,,/Ko:HPO, mixture strongly affect these two structures leading

to a diffusion of AI** cation from Oh to Td sites.
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Figure 9 — NMR spectra of ZTAl in the samples: Mg,Al(OH)s(C0O3).3H,0 (Aa) MgAl/K:HPO,

(Ab) and P NMR spectra in samples K;HPO, (Ba), MgAlxn./K:HPO, (Bb).

In the *'P NMR spectra (Figure 9B), the four defined bands are typical of K,HPO,
(anhydrous), specifically located at & = 5.81; 2.5; - 0.95 and 5.33 ppm (Li et al., 2015). After
the mechanochemical reaction between calcined MgAl and K,HPO,, the 3P NMR signal
broaden over a large spectral width (& = 10 to -20 ppm) due to both a strong amorphisation
and a change in the P environment. We must notice the orthophosphate environments (6 =
5.81 ppm) and the monosubstituted phosphate (6 = 2.5 ppm) are slightly more defined than

the others.

88



3.2. Study of the release behaviour

In the second stage of the study, the investigation of the grinding conditions from an
experimental design 2%, was performed in order to further investigate the release behaviour
of LDH calcined at 200 °C. In this study the grinding time and the molar ratio of the reactants
were varied, while they were kept fixed for the first stage (9 h of milling and 1:2 MR). It was
observed from the release assays that for both systems (MgAI/K,HPO, and MgFe/K,HPQO,)
9 h grinding showed the largest difference of phosphate release between 1 hand 168 h. In
the case of Mg/Fe system an SSRF behavior was obtained for a 2:1 molar ratio, while the
Mg/Al system gives good results for both 1:2 and 2:1 molar ratio. Therefore, for the Mg/Al
composite, the condition of 9h grinding of a 1:2 molar ratio MgAI/K,HPO, composite was
chosen to further investigate the SSRF behaviour. This system provides the lowest release
value after 1 hour, and and additionnal 20% release after 168 hours. However it did not

reach 100% release even at long times (Figure 10).
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Figure 10 — Milling conditions effect on percentage of phosphate release of MgAl,go/KoHPO,
(A) and MgFe,n0/KHPO,4 (B). Sample codes according Table 1.

The complete kinetic release study was performed by monitoring the K and P concentrations
versus time. The studies were duplicated at three different temperatures (10, 25 and 50 °C) .
Figure 11 displays the P and K released concentrations for the different systems. From these
data, the plots were fitted with different kinetic models (the pseudo-first order or Lagergren
model, the pseudo second order and the intraparticular diffusion models [(Riachi et al., 2013;
Yoon et al., 2014; Neupane et al., 2014; Halajnia et al., 2013; Rout et al., 2015; Rout et al.,
2014)) that may account for the diffusion pathways of PO,> and K* ions from the bulk and the
surface of the different inorganic phases and the kinetic constants (k) were calculated from

the best reliable models.
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For both MgAI/K;HPO,4 and MgFe/K,HPO, systems as for other matrices studied in this work
(montmorillonite, talc and chrysotile systems), the results show two dynamics of release: a
fast release at the initial stage that occurs over a period of about 24h, followed by a slow
release that may evolved till 744 h ( last experiment data point) and probably over.
Comparison of the R-squared (R?) regression fit factors, calculated from the fit of the
linearized forms of the kinetic models and ag reements between the experimental and
calculated concentration values of the desorbed element at the equilibrium time (Tables 3
and 4) allowed us to assigned the best kinetic models.

The best fits were obtained for a pseudo-second order kinetic diffusion process that accounts
for a rate process limited by the rate of diffusion of the ions in the pores of the collapse
matrices (Borges et al.,, 2017). Kinetic values for P and K release of MgAly,y,/K;HPO,
experiments set at the three different temperatures are given in Table 3.
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Figure 11 — Release essays for MgAl,oo/Ko:HPO, (A, B) and MgFesq, / KoHPO, (C, D).
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Table 3 — Kinetic analysis for MgAlygo/K:HPO4

Nutrient Temperature (°C) Kinetic parameters

Pseudo-second order

ky (min™) ae R? Exp. de (Mg/g)

K (mg/q)

10 0.0702 1.32 0.997  1.31

25 0.134 1.46 0999  1.44

50 0.519 1.43 0.999  1.44

10 0.0847 0.722 0.995 0.717
P 25 0.342 0.462 0.999  0.453

50 0.481 0.738 0.999  0.733

Note: t = time (min), g, = desorbed ion at equilibrium time, g; = desorbed ion at time t, k =
kinetic constant.
Constant rate values of K and P are in the range of 0.0702 min™ — 0.519 min™ and do not

seem each other correlated. As K,HPO, was strongly reacted with the LDH matrix under
milling, both K* and PO4> species release from the dissolution and ion exchange reactions of
different mineral phases. Moreover they must display different interactions with matrix
surfaces. The kinetic is strongly dependent on the temperature of the release medium. There
is a clear tendency of kinetic constant (k) increase with temperature from 0.0702 min™ to
0.519 min™ at 10°C and 0.0847 min™ to 0.481 min" at 50°C for K and P respectively. As
expected dissolution and ion diffusion processes involved in the mechanisms of K and P
releases are activated by thermal energy.

Table 4 — Kinetic analysis for MgFe,o/K:HPO,
Nutrient Temperature (°C) Kinetic parameters

Pseudo-second order

. qe 2
kIl (min™) R Exp. ge (mg/q)
K (mg/g)
10 0.311 0.447 0.998 0,443
25 1.06 0.594 0.999 0,592
50 0.631 0.542 0.999 0,541
Intraparticular diffusion
kd (mg/
_ 0(5 9l Intercept R?
P min~"))
10 0.001 0.002 0.993
25 0.003 0.001 0.995
50 0.008 0.00008 0.980

Note: t = time (min), ge = desorbed ion at equilibrium time, qt = desorbed ion at time t, k =
kinetic constant.
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The MgFexnn/K:HPO, system (Table 4) displays different release behaviour either between K
and P but also in comparison with the MgAl,/K.HPO, composite. In any case and similarly
to MgAl/K:HPO,4, 100% of K is released after 744 h. The K release process is fast, well
fitted by a pseudo-second order model, and affected by thermal activation. Mawimum kinetic
rate is obtained at intermediate temperature 25°C (1.06 min™) suggesting competition
between opposite mechanisms.

The release of P by the MgFe,,o/Ko;HPO, solid is far away different from the other kinetic
behaviors. First of all, a small fraction of loaded P is released over the experiment duration
10.8%, 25.1% and 32.5% at 10°C, 25°C and 50°C respectively. At 50°C, equilibrium of
release is nearly reached, while for lower thermal activations the process is far to be
completed. Modelling these kinetic plots gave best results for an intraparticular diffusion
mechanism.

In such case, the overall release process is controlled by one or more diffusion steps
(surface, pore, grain boundary, external diffusions) and the release constant rate is limited by
the overall diffusion rate given by the fit (Table 4).

Clearly PO, diffusion through MgFe,o/K.HPO, particles is very slow (k; < 0.008 min™" at
50°C). This slow down effect arises from the substitution of AI** by Fe* in the LDH. The
strong reactivity between Fe®*" and PO,> leads to the formation of insoluble Fe/PO, phases
and decreases the mobility of the free PO, anions inside the fertizer bulk.

To better describe these different kinetic behaviour, the activation energy (Ea) was

processed using the Arrhenius equation which relates the kinetic constants to the

_Ea

temperature according the equation k=A4e " \where A is the pre-exponential factor. If an
ideal Arrhenius behavior is followed, then Ink = f(1/T) must be linear. Ea is calculated from
the slope (-Ea/R). Arrhenius plots for the four K release experiments are reported in figure
12.

Only two systems follow the ideal Arrhenius model, K release by MgAlyul/K,HPO, (Figure
12B) and P release by MgFe0/K.HPO, (Figigure 12C). Corresponding Ea and A are given
in Table 5.
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Figure 12 — Linearization of the Arrhenius equation to obtain activation energy and pre-
exponential factor for P release from MgAl,./K:HPO, (A) and MgFe,0o/K:HPO, (C) and for K
release from MgAl,oo/K:HPO, (B) and MgFegp0/KoHPO, (D).

Table 5— Ea and A values form Arrhenius model.

Solid Elements A* Ea (kJ)
MgAl2qol/KoHPO, K 13.606 556.07

* pre-exponential factor.

3.3. Structural and textural characterizations of residues upon release at 25 °C

To get more insight on the process involved during the release, the residues were
characterized. The PXRD data for solid residues of both systems under release essays
(Figure 8) show major changes between 30 minutes and 168 h (7days). In the first release
step, K-struvite is formed concomitantly with the LDH structure rebuilding. This rapid phase
transformation promotes the fast K and P release rate. K-struvite (KMgPO,:-6H,0) is the
structural analogue of the NH,-struvite which is used as a bioavailable source of Mg, K and P

nutrients for plant growth.
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Solubility of NH,-struvite was a subject of many studies (Hanhoun et al., 2011). Data from the
literature reports pKs values from 9.41 to 13.15. Kinetic may be quite fast according the
cristal morphology (Babic-lvancic et al., 2002).

We observed that after 168h of release there is no more cristallized K-struvite in the solid
residue andt hen LDH-rebuild rest as ani nsouble material. Consequently LDH layer
composition might undergo noticeable modifications as part of Mg®* must be transfered from

the initial MgAl calcined LDH to the struvite phase.

(003)
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(018)
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(113)

Intensity (a.u.)

200
Figure 13 — PXRD data for solid residues for: MgAl,o/K,HPO, after 1 h (a) and 168 h (b) and
MgFe2oo/K.HPO, after 30 minutes (c) and 168 h (d)

Comparison of SEM images (Figure 14) of precursors ands olid residue for both
MgAl0/KoHPO, and MgFe,oo/KoHPO, systems show strong morphological changes, in full
agreement with PXRD data. K-struvite is presented as large rod-like crystals and al so
nanoparticles probably composed of amorphous mixed oxides from LDH.

As discuss for PXRD results, SEM images for the residues after 168h of release (Figure 14B
and 14D) no longer present K-struvite crystals. For Mg/Al system there are huge compact
crystals probably composed of the aggregation of small LDH particles. In the case of Mg/Fe
system apparently there are some aggregated particles with ill-define morphology.

The potassium struvite crystallites, identified for the two residues after 30 minutes of release
assay, were analyzed by EDX mapping. In this case, the chemical composition of the formed
material, ie, Mg, P and K, was verified. In addition, the metals Al and Fe are not concentrated

in the regions of potassium struvite, respectively (Figure 15 and 16).
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Y . ~ e e e A . ‘:3." - {
Figure 14 - SEM images of MgAlxo/K.HPO, residues after 1 h ( A) and 168 h ( B), also of
MgFe20/KoHPO, residues after 30 minutes (C) and 168 h (D).

Figure 15 — EDX images of MgAl,oo/K,HPO, residues after 30 minutes.
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K Fe

Figure 16 — EDX images of MgFe,,/KoHPO, residues after 30 minutes.

These structural change are also confirmed by *’Al NMR analysis of the various solid
residues. From the Al NMR spectra (Figure 17A), the Al(IV) peak at 52 pmm disappears
after 30 minute release, remaining the Al(VI) peak, in agreement with the reconstruction of
the structure of LDH MgAI. At the same time, a new signal appears at & = -4.90 ppm after 30
min release and then disappear for a longer period of time (7 and 31 days). Such a upfield
signal may be assigned to a amorphous aluminum hydroxide species that forms in parallel to
Mg diffusion to struvite and then dissolve and precipitate as an amorphous LDH phase when
Mg is release during the Struvite solubilization. These observations are still under
investigations.

In the *'P NMR spectra (Figure 17B), well-defined chemical environments appearing in the
parent reagent (anhydrous K,HPQ,), apparently for the residue after 30 m inutes these
environments are better defined than for ground sample, however, for 7 and 31 day s the
enlargement of the 4 original signs, centralized in mono-substituted phosphate environment

is observed.
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Figure 17 — Solid state NMR spectra of 2TAl for the solid residues of the MgAl0o/KoHPO,
systems after 30 min (Aa), 7 days (Ab) and after 31 days (Ac) and *'P NMR spectra of the
MgAl.0/K.HPO, systems after 30 min (Ba), 7 days (Bb) and after 31 days (Bc).

3.4. Characterization results of assays involving the incorporation of CMC

In order to better tune the K and P release kinetic of the four studied composites and
particularly to slow down the process at the earlier stage of release carboxymethylcellulose
(CMC) was used as a binder to densify the assemblies of LDH and K,HPOQO, cristallites. New
composites made of calcined LDH, K,HPO, and CMC were prepared. The assays were
conducted following 3 different methods described in Materials and Methods.

PXRD data of CMC/LDH/K,HPO, composites are shown in Figure 18. As already published
by Biswal and Singh(2004), milling does not affect CMC structure whose broad diffraction
pattern feature in the region of 15° to 30° (26) is characteristic of amorphous biopolymer.
However, when milled together with MgAl,q/K:HPO, the characteristic CMC diffraction peak
is not observed. This indicates that under mechano-chemical reaction with LDH and K;HPO,
CMC has undergone strong structural modifications and is probably highly dispersed in the
mineral composite matrix.

Differently, incorporation of CMC in the MgFe,,/K,;HPO,4 mixture is less reactive since the
CMC wide peak is maintained, but with lower relative intensity. Another important
observation to note is that even with the addition of the polymer, both the LDH and K,HPO,

peaks disappeared, obtaining samples with predominant amorphous state.
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Figure 18 - X-ray diffractograms for K,HPO, (Ag and B g), Mg,Al(OH)¢(CO3).3H,O (Aa),
Mg,Fe(OH)s(CO3).2.5H,0 (Ba), CMC (Ab and Bb), CMC milled for 3 h (Ac and Bc) and
samples: HFC1 (Ad), HFC2 (Ae), HFC3 (Af), HFC4 (Bd), HFC5 (Be) and HFC6 (Bf).

The SEM images (Figure 19) evidence drastic morphological changes on
carboxymethylcellulose (CMC), its long micrometric morphology is not observed for both
ground samples (Biswal and Singh, 2004). These observations corroborate with the XRD
data, indicating that the polymer was modified by mechano-chemical reaction with the LDH
and K;HPO, mixtures.

The samples analyzed showed some differences between them. When the MgAl - calcined
grinding was performed, the sample presented in the form of large aggregates with a molten
appearance, this characteristic was already observed for the sample involving the grinding of
MgAI - calcined and K ;HPO, without CMC. For the sample involving the grinding with

calcined MgFe, smaller agglomerates of small particles without molten appearance are

observed.

Figure 19 — SEM images of CMC (A), CMC milled with: MgAl/K.:HPO, (B),
Mg Fesgo/KoHPO, (C)
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3.5 Results of nutrient release / desorption assays andk inetic study involving the

incorporation of CMC

It was observed that all samples with CMC displays a slower release behavior in the first
release stage (1 h) compared to the correspondant composite without CMC (Figirue 11).
However, for 168 h release (second release step) just the sample HFC2 presents the same
release behavior (with and without CMC), the others samples present higher percentages of
release (decreasing slow release character), thus only the sample HFC2 was considered to
futher studies. The other protocoles used did not show sensible difference (Table 6). It must

1>

be noticed that there is a leaching of AI** but no release of Mg?*. The chemical composition

of the rebuilt MgAIl LDH is necessarily different from the initial one.

Table 6 - Percentage release of the elements for samples involving CMC/MgAl,oo/KoHPO,.

Release time Code Al Mg P K

1h HFC1 ND ND 6,60 16.3
HFC2 446 ND 8.05 23.0
HFC3 ND ND 111 21.7

168 h HFC1 503 ND 733 100
HFC2 959 ND 623 92.6
HFC3 6.01 ND 69.5 924

ND = not detected (% < 0,0001 mg/L)

For the CMC/MgFexn/K:HPO, composite, interestingly when CMC is milled with
MgFe2/K.HPO, following the HFC4 method (Table 2) the P release % observed at 168 h
was increased (without CMC 9.921% and with CMC 33.38%), improving the viability of using
this material as SSRF, since the extremely slow release behavior is not feasible onthe
agricultural scenario.

In addition, still comparing with the release assays without addition of CMC, there was a
decrease in the amount released in the initial stage of release (1 h) for P and K, and the
amount of K released at 168 h presented slightly lower (with CMC 82.72% without CMC
99.40%), which corroborates to emphasize the slow release character of this fertilizer. The
other methods used did not show positive changes for this system (Table 7). In conclusion,

the HFC4 sample was identified as the most promising SSRF.
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Table 7 - percentage release of the elements for samples involving CMC/MgFe»0/K:HPO,

composite.

Release time Code Fe Mg P K

1h HFC4 ND ND 2,39 12,9
HFC5 ND 2,30 6,22 25,36
HFC6 ND ND 5,86 17,11

168 h HFC4 ND ND 33,38 82,72
HFC5 ND ND 28,19 80,56
HFC6 ND ND 31,99 76,41

ND = not detected (% < 0,0001 mg/L)

Figure 20 display the kinetic of K and P releases (25°C) by CMC containing milled
composites (HFC2 and HFC4) and anal ogous composites without CMC (MgFe2q/K:HPO,

and Mg FegooleH PO4)
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Figure 20— Comparison between release curves with CMC andw ithout CMC:

MgAl>0/KoHPO, system HFC2 (A, B) and MgFes0/K.HPO,4 system HFC4 (C, D).

Note that for the HFC2 sample, following what has already been observed for the punctual
data (1 hand 168 h ) with addition of CMC the first step starts with smaller release
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percentages, considering the standard deviation of the tests. It was observed that for the
slower stage (at 744 h) there were higher release percentages for P without significant
changes for K. These are strong indications that the polymer portion incorporated into the
material is potentially influential in nutrient release behavior.

This is even more significant in relation to the release curves for the HFC4 sample. At initial
release times the percentage of released P is slightly higher compared to the sample without
CMC, and, along the release curve, this effect becomes even more pronounced (at 744 h,
without CMC 25.12% and with CMC 40.42%), emphasizing that in this matrix the presence of
CMC allow to make P more available i.e. to increase the percentage of release over time. In
the case of K which is highly available, the CMC leads to a slight decrease of the percentage
released over time for the initial release phase, and also for the intermediate release points
(between 72 h and 240 h).

These results highlight that the addition of CMC in the milling process modifies the release
behavior of the nutrients K and P making the products more controlled according to the
demand. In addition, it is a good point for versatile production, since other biopolymers in the

form of powder or plasticizers may be used, depending on the expected release properties.

Conclusions

In this study, using the mechanochemical reaction between calcined LDH and K,HPO, to
prepare SSRF, promising results were observed with respect to the slow release behavior of
P and K. The studies scrutinized the effect of the temperature of LDH calcination showing
that a thermal treatment at 200 °C is sufficient to produce a suitable material for the grinding
process which displayed good release results. Higher calcination temperatures, promote
phosphate precipitation for longer release times (168 h), making compounds unsuitable as
SSRF.

Regarding the grinding conditions, according to the region studied for each variable, for both
systems at least 9 h of milling are necessary while for the molar ratio (RM) the better results
are obtained using 1: 2 MR and 2: 1 MR for the MgAl - calcined / K,HPO, system and the
MgFe - calcined / K;HPO,4, RM system respectively.

The release behavior for both studied systems was strongly dependent on the temperature of
the medium, for MgAl,./K:HPO, the effect of the temperature change is mainly inserted in
the variation of the reaction kinetic constant. For MgFe,,/K,HPO,, changes were also
observed in the kinetic release model, according to the temperature of the medium.
Furthermore, the addition of carboxymethyl cellulose allows tuning the release properties

enhancing the release percentage of phosphate.
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Finally, this study involving LDH matrices allows the development of the SSRF production
process. The nature of the starting synthetic LDH precursors enables a di stinct study

compared to systems involving natural precursors, such as clay minerals.
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General conclusion

Considering all the socioenvironmental problems caused by high solubility fertilizers, which
are currently widely used in agriculture to guarantee the supply of food to the population of
the globe, the development of new ecologically correct products, as presented in this study,
is extremely importance in improving the management of essential nutrients for life, and in
parallel reducing or eliminating environment problems reported.

The study relied on the use of a relatively simple methodology, including an environmentally
correct one, since for product synthesis it is totally solvent-free and does not contain any
toxic residue. Two main types of matrices were used, which, from the mechano-chemical
reaction, formed metastable, crystalline or non-crystalline compounds. The first matrices
refer to the use of clay minerals or cation exchanger, specifically montmorillonite, talc and
chrysotile. In the montmorillonite and talc essays it was used a planetary mill with speed
milling of 70 rpm, time milling for montmorillonite (9 h) was lower than for talc (12 h) probably
because talc is much more cristalline considering PXRD data. In this part of the study for talc
system cristalline potassium struvite formation was identified in the solid residues after
release esssays. The absence of this sctructure for montmorillonite system is probably
influenced by Mg®* concentration and the presence of others cations as Ca®* and AI*"

The last clay mineral, as reported, is a toxic material for human health, and then there is
great interest in developing a suitable method for its treatment and added value to the
formed material with non toxic character. In this part, the results showed the strongly
influence of using two different mills, producing in the milling step different cristalline phases
(potassium struvite and dittmarite) by destroying asbestos structure and K;HPO,.

The second matrices, include the use of layered double hydroxides (LDH), a pos sible
industrial application makes possible the total control of the preparation stages of the
products, since they are easily synthesized with a large possibility of chemical composition,
besides being anionic in nature, which can be presented as a differential compared to clay
minerals. For this part, milling conditions were also crucial for the aimed product, and
differently compared to clay minerals a dehydration step was required, but using LDH as
lamellar matrices, besides a good SSRF (including potassium struvite formation in the solid
residues), the products can be regenerate in LDH structures that represent an important soil
conditioner. The studies performed using CMC also provide some promising results leading
to a total control on slow release properties.

The characterization of the materials ground and also the analysis of the solid residues,
showed interesting observations with the possibility of formation of several materials that can
be used as sources of fertilizing elements, mainly potassium struvite. The kinetic behavior for

all materials designed showed the characteristic slow-release performance, thus, the release
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kinetics involved in each system is variable.In general, potassium is released faster than
phosphate that is strongly influenced by lamellar matrix, e.g. phosphate using
montmorillonite is relased faster than in using Mg.Fe(OH)e(CO3).2.5H,0 (at 168 h and 25 °C,
72.0% and 9.92% respectively) .

Developing SSRF represents is anew tendency for ecological materials, in addtion
mechanochemical processes are usually free of uwanted residues, so futher studies are
encouraged, considering different matrices, specially industrial waste - such as asbestos
cement — or even using others salts (ordinary fertilizers), different polymers matrices, and

also different reactors (mills) as it was observed they may strongly influence the final product.
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Résumé

Ces travaux de these ont porté sur le développement de nouveaux engrais a relargage contr6lé grace a la mise en
ceuvre d’un procédé de mechanosynthése a partir de mélanges contenant des composés lamellaires soit naturels
(montmorillonite, talc et chrysotile) soit synthétiques (les Hydroxydes Doubles Lamellaires (HDL) a base de
Mg, d’Al et de Fe) et de monohydrogénophosphate de potassium. Ce sel est déja utilisé en agriculture en tant que
fertilisant conventionnel. Toutefois sa forte solubilité en solution aqueuse induit des pertes importantes lors de
I’épandage via des procédés de lixiviation, de volatilisation ou encore de fixation dans les sols, limitant ainsi
I’efficacité des nutriments pour les plantes. Il est alors nécessaire d’en utiliser des quantités excessives pour
observer une efficacité en agriculture. Aussi la principale alternative est de contrdler 1’apport en éléments venant
d’une part du sel soluble mais également des constituants chimiques des matrices lamellaires impliquées. Une
telle approche pourrait réduire les colts en permettant une fertilisation accrue tout en en diminuant la solubilité
des ions impliqués. La méthode utilisée consiste a broyer les réactifs ensemble en modifiant les conditions de
broyage utilisées. Afin d’évaluer les modifications structurales induites par le broyage, les échantillons obtenus
sont caractérisés al’aide de différentes techniques de caractérisation du solide, en fonction des éléments
chimiques impliqués. La diffraction des rayons X (PXRD), la microscopie électronique a balayage couplé avec
un analyseur (SEM-EDX) et les méthodes spectroscopiques SSNMR, FTIR, RAMAN, RPE...) se sont avérées
pertinentes pour réaliser le suivi des réactions de mechanosynthése et mettre en évidence une amorphisation des
matrices précruseurs et éventuellement la formation de nouvelles phases cristallisées. La microscopie montre
sytématiquement une modification importante de la taille des particules avec perte de la morphologie des
matériaux précurseurs et parfois apparition de nouveaux cristaux de forme bien définie ayant une composition
chimique différente. Grace a la spectroscopie RMN a 1’état solide il est possible de mettre en évidence de fortes
modifications de 1’environnement chimique aprés mechanosynthése, suggérant la formation de composés
métastables impliquant des cations métalliques issus des phases lamellaires, du phosphore et de ’oxygene. Les
realargage contr6lé quelle que soit la matrice lamellaire précurseur impliquée dans le procédé. La vitesse de
relargage des nutriments est influencée par la nature et la composition chimique de la matrices de départ, sachant
qu’en fonction de leur composition chimique des produits différents peuvent étre formés.

Key-words: Fertilisant a relargage controlé, macronutriments primaires, montmorillonite, talc, chrysotile, LDH,
phosphates solubles, mechanochimie.

Abstract

The present work describes the development of slow release fertilizers from the mechanochemical activation of
of natural (montmorillonite, talc, chrysotile) and synthetic (Layered Double Hydroxides (LDH) MgAl and
MgFe) lamellar matrix mixtures with potassium monohydrogen phosphate. This salt is used in agriculture as a
conventional fertilizer and is highly soluble in aqueous solution, which implies large losses due to leaching
processes, volatilization or even fixation in the soil, limiting the efficiency of the nutrients for the plants. Due to
these characteristics, there is a need to apply large quantities of these products in agriculture. Therefore, the main
idea is to control the supply of both the elements coming from the soluble salt as well as the constituting
elements of the lamellar matrices. Such approach could reduce costs with exacerbated fertilization, potentiating
the use of the products and decreasing the solubility of the ions involved. The methodology used basically
consists of the milling of the reagents varying the processing conditions. For the characterization of the samples,
several techniques were used according to the nature of the compounds involved. Particularly, PXRD, SEM /
EDX and spectroscopic (SSNMR, FTIR, RAMAN, EPR...) techniques proved to be highly efficient for the
monitoring of the mechano-chemical reaction, and to highlight the amorphization of the precursors and/or the
formation of a distinct crystalline phase. SEM/EDX showed after the mechanochemical activation the changes in
particle size, the disappearance of precursor morphologies, and the formation of particles with distinct
morphologies and different chemical composition. Using solid state NMR measurements significant changes in
the chemical environments involved were evidenced, suggesting the formation of metastable compounds
between metal cations from the lamellar matrices, phosphorus and oxygen, as well as other possible compounds
as products. After the mechanochemical reaction, in the nutrient release assays, the slow release behavior was
observed for all the matrices analyzed. The release rate can be influenced by the chemical composition of the
starting matrices, since each matrix can produce similar and distinct products, for example, SiO, from natural
clays which is not possible in the LDH products.

Key-words: Slow release fertilizers, primary macronutrients, montmorillonite, talc, chrysotile, LDH, soluble
phosphates, mechanochemical activation.
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