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RESUMO

O Brasil ¢ o quarto pais em demanda global de fertilizantes com um consumo médio anual de
40 milhdes de toneladas. Em torno de 85% da quantidade total de fertilizantes utilizados no pais
sao importadas. Com o aumento nos pregos € uma possivel caréncia de ureia no Brasil, ¢
importante o manejo consciente para evitar desperdicios. A falta de fertilizante encadeia uma
série de problemas socioecondmicos, a comegar pela elevagao nos precos de alimentos basicos,
como ja foi constatado em 2021, diminuindo a seguranca alimentar, aumentando a fome ¢ a
quantidade de pessoas abaixo da linha da pobreza. Fertilizantes de liberagdo controlada sao
grandes aliados visando uma menor necessidade em quantidade de fertilizante para se ter a
mesma eficiéncia no plantio, diminuindo custos tanto de transporte quanto de compra. Com a
liberagdo controlada de nitrogénio, a planta recebe a quantidade necessaria desse mineral
durante um tempo prolongado e ndo uma alta carga de imediato que vai se perdendo ao longo
do tempo como ¢ no caso da aplicagdo de ureia. Outro aspecto interessante do fertilizante de
liberacdo controlada ¢ a diminuicdo de perdas de nitrogénio por volatilizacdo e lixiviagdo,
levando a um menor risco de contaminacdo de solo e efluentes além da melhor gestdo de
recursos. O presente trabalho propde analisar diversos aspectos sobre um fertilizante
modificado a base de bentonita e ureia (BUF), visando obter dados sobre o mecanismo de
interacao entre estes dois compostos e analisar quais caracteristicas que viabilizam a liberagao
controlada de nitrogénio. Cerca de 20% da ureia presente no BUF esta intercalada nas camadas
de bentonita, mostrando que a intercalagdo ¢ eficaz, e a esfoliagdo obtida pelo processo de
extrusdo ¢ importante para a obtencao de um fertilizante de liberagdo lenta. Além disso, foi
possivel concluir que as moléculas de ureia estdo fortemente ligadas as camadas intermediarias
de bentonita no fertilizante BUF, especialmente cerca de 20% do contetido total de ureia. Essa
liberacdo mais lenta e sustentada de ureia confere ao BUF a importante caracteristica de um
eficiente fertilizante de nitrogénio de liberagdo lenta. A andlise de volatilizagdo de amonia no
solo mostrou que a ureia perde nitrogénio por volatilizagao 60% mais rapido do que o BUF.
Além disso, a metodologia do 4cido borico pdde ser validada em comparagao com os testes do
sensor de amonia. Foi possivel concluir que a volatilizagcdo da amonia € 68% maior do que a do
BUF no mesmo intervalo de tempo. Outro ponto a se observar € que a volatilizagdo de amonia
¢ mais rapida e elevada quando a ureia € usada como fertilizante do que quando a BUF ¢ usada.

Palavras-chave: Fertilizante nitrogenado. Volatilizacdo de amodnia. Liberacao controlada.



ABSTRACT

Brazil is the fourth country in global demand for fertilizers, with an average annual
consumption of 40 million tons. Around 85% of the total fertilizers used in the country are
imported. With the increase in prices and a possible shortage of urea in Brazil, it is essential to
manage it consciously to avoid waste. The lack of fertilizer triggers a series of socioeconomic
problems, starting with the rise in prices of basic foodstuffs, as has already been seen in 2021,
decreasing food security, increasing hunger, and the number of people below the poverty line.
Controlled-release fertilizers are great allies aiming at a lower need in fertilizer quantity to have
the same efficiency in planting, reducing costs in transportation and purchase. With the
controlled release of nitrogen, the plant receives the necessary amount of this mineral over a
prolonged period and not a high immediate load lost over time, as is the case with the
application of urea on the soil surface. Another exciting aspect of controlled-release fertilizer
is the reduction of nitrogen losses by volatilization and leaching, leading to a lower risk of soil
and effluent contamination, besides better resource management. The present work proposes to
analyze several aspects of bentonite-modified urea fertilizer (BUF), aiming to obtain data on
the interaction mechanism between these two compounds and analyze which characteristics
enable the controlled release of nitrogen. Around 20% of the urea present in the BUF is
intercalated in the bentonite layers, showing that intercalation is effective, and the exfoliation
obtained by the extrusion process is important for obtaining a slow-release fertilizer. In
addition, it was possible to conclude that the urea molecules are strongly bound to the
intermediate bentonite layers in the BUF fertilizer, especially around 20% of the total urea
content. This slower and more sustained release of urea gives BUF the important characteristic
of an efficient slow-release nitrogen fertilizer. Analysis of ammonia volatilization in the soil
showed that urea loses nitrogen through volatilization 60% faster than BUF. In addition, the
boric acid methodology could be validated against the ammonia sensor tests. It was possible to
conclude that the volatilization of ammonia is 68% higher than that of BUF in the same time
interval. Another point to note is that ammonia volatilization is faster and higher when urea is
used as a fertilizer than when BUF is used.

Keywords: Nitrogen fertilizer. Ammonia volatilization. Controlled release.



RESUMO EXPANDIDO

Introducio

O Brasil ¢ o quarto pais em demanda global de fertilizantes, com um consumo médio
anual de 40 milhdes de toneladas. Cerca de 85% do total de fertilizantes utilizados no pais sao
importados. Com o aumento dos precos € uma possivel escassez de ureia no Brasil, ¢ essencial
gerencia-la de forma consciente para evitar desperdicios. A falta de fertilizantes desencadeia
uma série de problemas socioecondmicos, a comecar pelo aumento dos precos dos alimentos
basicos, como ja foi visto em 2021, diminuindo a seguranga alimentar, aumentando a fome ¢ o
nimero de pessoas abaixo da linha da pobreza. Os fertilizantes de liberagdo lenta sdo grandes
aliados visando a uma menor necessidade de quantidade de fertilizante para ter a mesma
eficiéncia no plantio, reduzindo custos de transporte e compra. Com a liberagao controlada de
nitrogénio, a planta recebe a quantidade necesséria desse mineral. Outro aspecto interessante
do fertilizante de liberagdo lenta ¢ a reducdo das perdas de nitrogénio por volatilizacdo e
lixivia¢ao, levando a um menor risco de contaminagdo do solo ¢ dos efluentes, além de uma
melhor gestdo dos recursos. O presente trabalho se propde a analisar varios aspectos do
fertilizante de ureia modificado com bentonita (BUF), com o objetivo de obter dados sobre o
mecanismo de interacdo entre esses dois compostos e analisar quais caracteristicas permitem a
liberagdo lenta de nitrogénio. A primeira etapa foi quantificar a perda de volatilizagdo de
amonia de uma solu¢do padrdo de ureia e do fertilizante BUF na agua e no solo. As perdas por
volatilizagdo de nitrogénio foram avaliadas usando camaras estaticas equipadas com um
eliminador de nitrogénio. Os resultados obtidos nos permitiram validar a metodologia e
determinar a concentracdo maxima de nitrogénio liberada por volatilizagdo para cada amostra.
Os ensaios de volatilizacdo de amonia do solo fertilizado foram realizados durante 30 dias.
Foram realizados estudos dos efeitos das variagdes de pH e do tipo de solo sobre a estabilidade
dos fertilizantes. O estudo final foi conduzido para obter a cinética de volatilizacdo da amdnia,

os mecanismos de dessorc¢do e a quantificagdo da amdnia usando a metodologia Kjeldahl.

Objetivos

Este trabalho tem como objetivo analisar a cinética de volatilizagdo de amdnia de um

fertilizante de ureia modificado com bentonita (BUF), conhecer os mecanismos de interagao



entre 0 BUF e a ureia e quantificar a volatilizacdo de amonia para comparar os dois fertilizantes

e verificar a capacidade do BUF como um fertilizante de liberacdo controlada.

Metodologia

Para obter a volatilizacdo de amoénia dos fertilizantes no solo, foram preparadas camaras
de volatilizacdo despejando 200 g de amostra de solo e 20 mL de dgua deionizada em cada
camara. Os fertilizantes foram adicionados a cada camara para atingir uma concentracdo de
nitrogénio equivalente a 200 kg ha! de N. Um sensor de amonia (AKSO SGTP-NH3) foi
acoplado a camara de volatilizagdo para obter a concentra¢ao de amonia volatilizada dentro da
camara. Nas camaras que realizaram a analise do indicador de 4cido borico, 50 mL de 2% desse
sequestrante de amonia foram colocados em um recipiente cilindrico no meio da camara de
volatilizag¢do. O nitrogénio amoniacal na solu¢ao de H3BOs foi determinado por titulagdo com
4cido sulfarico 0,01 mol L', FTIR e XRD foram realizados para obter grupos funcionais de
ligagcdo quimica grupos funcionais e para monitorar a esfoliacdo e a intercalacdo da ureia na
bentonita para formar o BUF. Tanto o solo quanto os fertilizantes foram caracterizados segundo
sua concentracdo em nitrogénio total. Ensaios de campo foram conduzidos na Fazenda
Experimental da Universidade Federal de Santa Catarina durante 32 dias com o objetivo de
verificar a volatilizacdo de amonia dos fertilizantes aplicados ao solo, a partir da utilizagdo de
camaras semiabertas equipadas de esponjas contendo sequestrante de amoénia para a

determinag¢do pelo método de Kjeldahl.

Resultados e Discussao

Durante os estudos foi possivel observar que ja no estudo da liberacao de fertilizantes na
agua, foi possivel concluir que ha uma quantidade de ureia intercalada nas folhas de bentonita
e, além disso, na superficie da bentonita existem interagdes ion-dipolo entre essa nanoargila e
a ureia. Essas interacOes entre a bentonita ¢ a ureia no fertilizante BUF diminuem a
possibilidade de volatilizagdo da amodnia. Os resultados foram confirmados pela analise de
FTIR. Outra conclusdo obtida pela taxa de liberacdo em agua ¢ que 20% da ureia apresentada
no BUF esta intercalada nas camadas de bentonita, mostrando que a intercalagdo ¢ eficaz, e a
esfoliacdo obtida pelo processo de extrusdo ¢ importante para a obtencdo de um fertilizante de
liberagdo lenta. Além disso, foi possivel concluir que as moléculas de ureia estdo fortemente

ligadas as camadas intermediarias de bentonita no fertilizante BUF, especialmente cerca de



20% do conteudo total de ureia. Essa liberacao mais lenta e sustentada de ureia confere ao BUF
a importante caracteristica de um eficiente fertilizante de nitrogénio de liberagao lenta. Os
estudos de DRX confirmaram que as moléculas de ureia foram introduzidas nas folhas de
bentonita, levando a uma expansao na distancia entre as camadas, resultando em uma forte
ligagdo de H com grupos hidrofilicos da bentonita. O aumento da distdncia entre camadas
sugere uma esfoliagdo bem-sucedida da bentonita com ureia.

A analise de volatilizagao de amonia no solo mostrou que a ureia perde nitrogénio por
volatiliza¢do 60% mais rapido do que o BUF. Além disso, a metodologia do 4cido borico pdde
ser validada em comparacdo com os testes do sensor de aménia. Em resumo, uma descoberta
importante de nossa pesquisa € que as moléculas de ureia sdo intercaladas em folhas octaédricas
de bentonita, bem como quimicamente ligadas em sua superficie e poros, resultando em um
comportamento de liberagdo lenta para a dissolugdo da ureia, tornando esse fertilizante
modificado com ureia e bentonita 1til para aumentar a eficacia do fertilizante em aplicagdes
agricolas.

Outro aspecto importante ¢ o papel do pH do solo na regulagdo da volatilizacdo da
amonia, enfatizando sua importdncia em contextos agricolas e ambientais. As andlises
demonstram que o pH do solo influencia significativamente a transformagdo e o destino da
amonia no solo, sendo que as condigdes acidas favorecem o aumento da volatilizagao da
amonia. Os mecanismos subjacentes a essa relagdo envolvem o equilibrio dependente do pH
entre amonio e amonia, com niveis mais altos de pH promovendo a formacdo e perda de amonia
por volatilizagao.

Os estudos cinéticos nos permitiram observar que, quando o BUF entra em contato com
o solo, dependendo do valor do pH, a ureia € liberada da matriz de bentonita em uma difusdo
controlada, mas também dependente da esfoliacdo da bentonita. Além disso, foi possivel
concluir que a volatilizagdo da amonia ¢ 68% maior do que a do BUF no mesmo intervalo de
tempo. Outro ponto a se observar € que a volatilizacdo de amodnia € mais rapida e elevada
quando a ureia ¢ usada como fertilizante do que quando a BUF ¢ usada. Essa liberagdo mais
lenta e sustentada da ureia presente no BUF, confere a este fertilizante modificado a base de
bentonita a importante caracteristica de um eficiente fertilizante de nitrogénio de liberagao

lenta.



Consideracoes Finais

Este trabalho examinou a eficacia comparativa de um novo fertilizante de liberagao lenta
(BUF) em relagdo a ureia pura, concentrando-se em seu impacto na volatilizacdo da amonia.
As descobertas apresentadas aqui ressaltam a superioridade do BUF em relagdo a ureia pura em
aplicagdes agricolas. Uma das principais vantagens do BUF ¢ seu mecanismo de liberagao
controlada devido a intercalagdo da ureia nas lamelas de bentonita, minimiza efetivamente o
problema de volatilizacdo da amonia, garantindo que uma propor¢do maior do nitrogénio
aplicado seja utilizada pelas culturas. A natureza do BUF permite uma liberagdo mais gradual
e sustentada de nitrogénio, correspondendo a demanda de nutrientes das culturas ao longo do
tempo. Isso resulta em maior eficiéncia dos nutrientes, pois as plantas podem acessar o
nitrogénio quando necessario. A ureia pura, por outro lado, pode levar a desequilibrios e
desperdicios de nutrientes devido a sua rapida liberagdo. A redugdo das emissdes de amonia
contribui para melhorar a qualidade do ar e diminuir a poluicdo ambiental, o que ¢ uma
preocupacgdo significativa na agricultura atualmente. A ureia pura normalmente exige
aplicacdes mais frequentes para manter os niveis adequados de nutrientes, resultando em
aumento dos custos de mao de obra e fertilizantes. Por outro lado, o BUF permite uma aplicagao
que leva a um longo periodo de liberagdo do nitrogénio. Embora o BUF possa ter um custo
inicial um pouco mais alto em comparagdo com a ureia pura, seus beneficios em termos de
melhor rendimento das culturas, frequéncia reduzida de aplicacdo de fertilizantes e menores
perdas por volatilizagdo de amdnia fazem dele uma opgao econdmica para os agricultores no

longo prazo.

Palavras-chave: Fertilizante nitrogenado; Volatilizagdo de amonia; Liberagdo controlada.
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CONCEPTUAL DIAGRAM OF THIS STUDY

Bentonite-modified urea fertilizer for controlled release of nitrogen: kinetics of ammonia volatilization

The problem

Brazil is the fourth largest world consumer of fertilizers, and importation exceed 80% of
national consumption;

Actual conflicts and political tensions between Russia and Ukraine directly affect the price
and urea importation;

The increase in the price of urea leads to an increase in the price of staple foods for human
consumption, causing a socioeconomic problem;

The excessive use of urea as a fertilizer damages the soil, groundwater, and the atmosphere.

Proposed solution

A Bentonite-modified urea fertilizer (BUF) can be an alternative aiming at the controlled
release of nitrogen;

A controlled-release fertilizer (CRF) reduces the need for frequent soil fertilization, reducing
waste of resources, volatilization losses, and harmful effects on the environment;

Lower quantities use of fertilizers with the same efficiencies for agriculture minimizes socio-
economic problems such as lack of food security.

Who already did this?

There are just two papers about bentonite-urea fertilizer, and both studied just urea static
release in water and characterizations (Hermida and Agustian, 2019; Xiaoyu et al., 2013).

Research hypotheses

Is the proposed fertilizer more stable to environmental changes than pure urea?

What are the physicochemical interactions between bentonite and urea?

Is the BUF release of nitrogen significantly slower than pure urea?

Is nitrogen loss by ammonia volatilization in BUF substantially lower than pure urea?

Methodologies

Effects in urea release and ammonia volatilization of BUF and urea in water with different
pH, temperature, and agitation characteristics;

Effect of environmental changes on ammonia volatilization of BUF (soil type, pH, irrigation,
and fertilization system);

Study of urea desorption, ammonia volatilization kinetics, and nitrogen diffusion from BUF
applied into water and soil;

Comparison of BUF and urea nitrogen controlled release and ammonia volatilization.

Expected results

Propose a modified fertilizer with higher efficiency compared to pure urea;

Explore the mteraction mechanisms between clay mineral and urea aiming the controlled
release of nitrogen and reduced ammonia volatilization;

Report the mfluence of environmental aspects on fertilizer efficiency.
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1 INTRODUCTION

1. MOTIVATION

Brazil is the fourth country in global demand for nitrogen fertilizers, behind China,
India, and the United States. Above all, Brazil's dependence on fertilizer imports is a major
problem for the country's agronomic, economic, and social scenario. Around 85% of the total
fertilizers used in the country are imported. Brazil consumes 40 million tons of fertilizers per

year, 1/3 for each fertilizer group (NPK) (Table 1).

Table 1 Brazil's fertilizer consumption and importation needs.

Fertilizer Group Import Main suppliers
(NPK) percentage
Nitrogenated (N) 95% Russia, China, and Middle Eastern Countries
Phosphated (P) 75% China, Morocco, and Russia
Potassium (K) 95% Belarus, Canada, and Russia

Source: MAPA.

Nitrogen fertilizers are essential in all Brazilian agriculture, from commodity crops
such as soybeans, corn, and sugarcane; to family farming such as rice, beans, and vegetables.
Urea is the main fertilizer used due to the lowest cost per unit of nutrient among the nitrogen
fertilizers available on the market, with about 45% nitrogen in its total mass. (EMBRAPA,
2022). Russia is the second-largest producer of nitrogen fertilizers globally. Until December
2021, Russia was the largest supplier of fertilizers to Brazil, which imported a monthly average
of 7 million tons of urea. With the current war between Russia and Ukraine, the primary
expected reaction for the fertilizer market is an increase in price and, in the worst case, the
interruption of exports. In the first hours of the Russian attack on Ukraine, urea already showed
a 42% increase in value (ALVES, 2022).

Fertilizers make up a significant part of the production costs, historically representing
between 25% and 30% of crop investment. The ton of urea, for example, went from R$ 1,940
(Dec/2020) to R$ 5,355 (Dec/2021), according to Conab's Agricultural Inputs Report
(ANTUNES, 2022; CONAB, 2022). According to Alexis Maxwell, an analyst at Green

Markets, farmers may pass on the higher cost of fertilizers to consumers in lower crop yields
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and subsequent higher food prices. There are already severe concerns regarding cultivating
soybeans, corn, wheat, coffee, sugar, rice, beans, fruits, and other grains (MENDES, 2021a).

With rising prices and a possible shortage of urea in Brazil, conscious management to
avoid waste is essential. The lack of fertilizer triggers a series of socioeconomic problems,
starting with the increase in the prices of basic foodstuffs, as has already been seen in 2021,
decreasing food security, increasing hunger, and the number of people below the poverty line.

Controlled release fertilizers are great allies in reducing the need for fertilizer to have
the same efficiency in planting, reducing costs both in transportation and purchase. With the
controlled release of nitrogen, the plant receives the necessary amount of this mineral over a
prolonged period and not a high immediate load, as is the case with urea, which causes nitrogen
losses. Another exciting aspect of controlled-release fertilizer is the reduction of nitrogen losses
by volatilization and leaching, leading to a lower risk of soil and effluent contamination and
better resource management. The production of controlled-release nitrogen fertilizers has been
studied over the years. Polymers, urease inhibitors, or encapsulation are used in the formulation
and increase the final cost. Bentonite is a nanostructured clay mineral that is low cost and
environmentally friendly.

To the best of our knowledge, there are only two studies about bentonite-modified urea
fertilizer (HERMIDA & AUGUSTIAN, 2019; XIAOYU et al., 2013). Furthermore, both works
studied only the static release of urea in water. Thus, this study aims to analyze several aspects
of bentonite-modified urea fertilizer (BUF) to obtain essential data on the interaction
mechanism between bentonite and urea that allows the BUF to be classified as a controlled-
release fertilizer (CEF). Urea desorption, nitrogen diffusion, and ammonia volatilization
kinetics will also be studied. The main objective is to provide complete information about soil

and fertilization characteristics, fertilizer stability, nitrogen release, and ammonia volatilization.
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1.2 GENERAL OBJECTIVE

This work aims to analyze a bentonite-modified urea fertilizer (BUF) ammonia
volatilization kinetics, know the interaction mechanisms between BUF and urea, and quantify

ammonia volatilization to compare both fertilizers.

1.3 SPECIFIC OBJECTIVES

The specific objectives of this work are:
a) Study the urea release, ammonia volatilization kinetics from BUF and urea in water and
soil;
b) Compare the effect of soil type and pH value on ammonia volatilization of BUF;
c¢) Determine the main physicochemical aspects in bentonite-urea interaction that provide slow

nitrogen release characteristics to BUF;
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2 LITERATURE REVIEW

This chapter presents a brief literature review on the relevant topics to this work.
Firstly, the fertilizer supply problems are due to high import requirements. Then, essential
information about nitrogen-based controlled-release fertilizers, and clay minerals are presented.
Finally, chemical interactions between urea and clay minerals are addressed. Lastly, a state of
the art about ammonia volatilization measurement methods are presented, and some results are

discussed highlighting ammonia volatilization from urea and controlled-release fertilizers.

2.1  FERTILIZER SUPPLY PROBLEMS

Brazilian dependence on fertilizer represents 85% of the total needed by the country.
For this reason, any logistical, political, or economic problems around the world causes an
impact on agriculture and the national economy.

Covid-19, which started in China in December 2019, quickly spread around the world,
and on March 11, 2020, the World Health Organization (WHO) raised the contamination status
to the pandemic. Many countries have enacted lockdowns, and hindered logistics, including
delivery, exporting, and importing of fertilizers. The price of raw materials needed to produce
agricultural inputs was also hampered, affecting mainly Urea and Monoammonium phosphate
(MAP) (LOPES, 2021).

In 2021, the government of Belarus suffered trade sanctions from the European Union
and the United States. As a result, the fertilizer supply was significantly reduced, which resulted
in high prices due to high demand. In addition, a hurricane hit Florida in August 2021,
disrupting fertilizer production and damaging ports in the United States, which limited
transportation, making container costs very high (CONEXAO CAMPO CIDADE, 2021).

As a consequence of the increase in fertilizer and production costs, the price of
products that reach the end consumer undergoes significant inflation. The increase in the price
of staple foods, such as potatoes, reflects the high cost of inputs, which have strong demand
from other crops, such as soybeans and corn. What increases the price of fertilizers are the main
grains because these represent the large volume of consumption. When wheat, rice, and corn
g0 up in price, they are the great drivers of demand for fertilizer. When the fertilizer price goes
up, it drives up the production costs of everything, triggering a chain price increase
(CONEXAO CAMPO CIDADE, 2021). Figure 1 shows the monthly average of urea imported
over the last five years (AGRINVEST COMMODITIES, 2021).
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Figure 1. Monthly average of urea imported by Brazil from 2017 to 2021.
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According to Bruno Lucchi (Technical Director of Confederation of Agriculture and
Livestock of Brazil), from January to September 2021, urea prices rose 70.1% (LUCCHI,
2021). The sharp rise is due to a combination of high international prices, high demand, shortage
of global supply, and logistical problems. And as these are vital components for the planting of
crops, agricultural production costs went up (FREITAS, 2021).

In December 2021, Russia was the leading fertilizer supplier in Brazil, accounting for
23.5% of total imports from January to November, considering all fertilizers. Figure 2 shows

the amount (in million tons) of urea imported from January to December 2021.
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Figure 2. Urea imported by Brazil in 2021.
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From January to December 2021, Brazil imported ~6 million tons of urea monthly,
14% more compared to 2020. Although the increase in Brazilian demand for fertilizers was the
primary fuel for this increase in imports, the national production of fertilizers remained
practically unchanged (MENDES(b), 2021; AGRINVEST COMMODITIES, 2021).

According to the data from the National Association for Fertilizer Diffusion (ANDA),
in 2019, an estimated 4.7% of Brazilian fertilizer deliveries (about 1.6 million tons) were
destined for coffee plantations, second only to soybeans, corn, sugarcane, and cotton

(ROSSETTT et al., 2021) (Figure 3).
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Figure 1. Use of fertilizers in Brazil per crop in 2019.
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growth of fertilizer consumption worldwide, justified by favorable exchange ratios for farmers
in comparison with most crops. Thus, the global fertilizer market outlook has been reflecting
the growing inability of supply to keep up with purchases by the leading consuming countries,
resulting in input shortages in some regions and rising prices to the highest levels in years for
the primary nutrients. In Brazil, the scenario of rising international prices still adds to the
significant currency devaluation recorded in 2021, resulting in fertilizer prices significantly
higher than in 2020. Urea prices increased by about 80% from 2020 to 2021 (ROSSETTI et al.,
2021). In 2021, the price of rice, a staple food for half of humanity, has risen, among other
factors, due to a rise in fertilizer costs for farmers in Asia (KNIGHT, 2021)

The preparations for the 2022/23 sugarcane harvest (April-March) in Brazil begin with
many uncertainties during the global crisis of fertilizers, which have had a historical high since

the beginning of the year and represent 50% of the costs of inputs in the crop. As a result,
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average fees have already increased by about 20%. With prices at record levels, many producers
started to substitute or ration some fertilizers (SIMIAO, 2021).

In 2021, Russia limited its fertilizer quotas for exports of complex fertilizers to 5.35
million tons and nitrogenous fertilizers to 5.9 million tons.

All over the northern hemisphere, farmers are already showing that the shock in the
supply of inputs has become a growing and more serious concern, in the face of the uncontrolled
rise of fertilizers, but mainly in front of the lack of product.

The lack of nitrogenous products is severe and a determining point for defining the
following crops in the 2022/23 season. The biggest shock should continue to be felt in the global
food inflation numbers. Rising production costs are pushing up food prices of all kinds.
Recently, wheat prices on the Chicago Mercantile Exchange hit their highest levels since 2012
(MENDES, 2021a).

The withdrawals among crops are the most diverse so far, with impacts of all kinds
being expected. Soybeans, corn, wheat, coffee, sugar, rice, beans, fruits, and other grains are all
food groups that are already signaling serious (MENDES, 2021b).

Geopolitical tensions in Russia (the second largest nitrogen producer) and Ukraine
have escalated into a war, and uncertainties over product availability have already boosted
prices. On the night of the first Russian attack on Ukraine, urea showed a 42% increase in value.
Urea prices have increased by 214% (REUTERS, 2022).

About a quarter of the fertilizers imported by Brazil in 2021 came from Russia, 22%
of the 41.6 million tons, totaling 15 billion dollars and 3.5 billion dollars spent in the Russian
market. Russia is home to two of the largest fertilizer producers on the planet: PhosAgro and
Uralkali. Both have Brazil as one of their main clients. (ANGELO, 2022). The substitution of
fertilizers supplied by Russia is neither perfect nor cheap, especially when it comes to nitrogen

fertilizers (SOUZA, 2022).

2.2 NITROGEN FERTILIZERS

Fertilizers are classified as any organic or inorganic material of natural or synthetic
origin that can be added to soil to supply one or more essential nutrients for plant growth and
development (SOIL SCIENCE SOCIETY OF AMERICA, 2008). According to the United
Nations Organization, the world population will reach 9.7 billion people in 2050 (UNITED
NATIONS, 2019); thus, food production will need to increase by 70% to achieve this food
request (SANTOS et al., 2015).
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Fertilizers are applied to the soil to increase agricultural productivity by providing
essential elements for plant growth; however, between 40 and 70% of nutrients are lost through
volatilization, erosion, and leaching (WU; LIU, 2008). The concentration of fertilizer lost varies
according to soil characteristics, environmental factors, crop, and application method
(AYOUB, 1999).

NPK fertilizers are composed of nitrogen, phosphorus, and potassium, and are expressed
as elemental N, phosphorus peroxide (P.O2), and potassium oxide (K»O), respectively
(MARTINS, 2013). Plants use nitrogen for growth, protein formation, and chlorophyll;
phosphorus promotes root, leaf, and fruit development; and potassium plays a vital role in stem
and root growth and, like nitrogen, is used in protein synthesis (CORRADINI; DE MOURA;
MATTOSO, 2010).

The primary source of nitrogen fertilizers is atmospheric N», transformed into ammonia
(NH3) by the Haber-Bosch process. In this process, fossil fuels provide N> and H' subjected to
high pressures and temperatures, resulting in NH3. Ammonia, in turn, serves as the raw material
for the main nitrogen-based fertilizers, urea, and nitric acid. Nitric acid can rise to different
nitrate fertilizers (CANTARELLA, 2007).

Nitrogen is an essential element for plants because it acts in the composition of ATP,
NADH, NADPH, chlorophyll, proteins, and enzymes. This element presents high mobility in
the soil, so it is of great interest to conduct studies to improve its absorption and metabolization
within the plant. Nitrogen fertilizers are highly soluble, leaving no residue in the soil, increase
soil acidity due to nitrification, cause a high salinity index, and generally do not have secondary
macronutrients in their formula, except for ammonium sulfate (BREDEMEIER;
MUNDSTOCK, 2000).

Ammonium sulfate presents the advantage of not suffering losses by volatilization even
if applied to soils with a pH higher than 7. In the ammoniacal form, this fertilizer has 20%
nitrogen and 24% sulfur, an attractive characteristic for soils lacking in S, as is the case in
several regions of Brazil (ANTONIO, 2012), due to the higher price per unit of nitrogen and
lower availability of this nutrient than urea and ammonium nitrate (CANTARELLA, 2007).

Ammonium nitrate has 33% nitrogen, half in nitric (NO3) and half in ammoniacal form
(NH4). Despite the high nitrogen concentration, this fertilizer can be used to manufacture
explosives, so its use is restricted and controlled by authorities worldwide (CANTARELLA,
2007; MALAVOLTA, 2006).

Ammonia (NH3) is generated as a result of nitrogen (N) degradation by ammonium ion

(NH4") deprotonation, especially in alkaline soils (Equation 1).
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NH4" + OH <NH; + H,0 (1)

Ammonium can react with sulfate aerosols to form ammonium sulfate in the atmosphere
and soil. Ammonia and ammonium sulfate increases acidification and eutrophication, causing
negative economic and environmental impacts (SHAH; WESTERMAN; AROGO, 2006). In
the absence of water, only mineral and non-volatile ammonium are present. In solution,
ammonium is dissociated into NH4+" and NHs. The main factors that affect ammonia
volatilization are the ammoniacal nitrogen concentration in solution (soil, plant, and effluent)
and its pH, the resistance to gas diffusion into the atmosphere, the soil type, and the temperature
(SOMMER et al., 2003). Air temperature is critical because both equilibrium constant (Kq) and
Henry’s law constant (Ky) depend on it. Ammonia and ammonium ion are derived from urea

hydrolysis obtained from ionization (Equation 2) and liquid-gas equilibrium (Equation 3).

NH4" (ag) + H20 <> NH3 (ag) + H30™" (aq ()
NH3 (ag) > NH3 () €)

Urea is the most employed nitrogen fertilizer because of its high concentration of
nitrogen (460 g-kg!-N), the restriction of ammonium nitrate as fertilizer, and the higher cost of
ammonium sulfate (CHIEN; PROCHNOW; CANTARELLA, 2009). Volatilization is
accentuated in alkaline soils and acidic and alkaline soils when urea is applied to the surface,
especially in flooded soils and at the early stage of plant growth. Urea [(NH2)>CO] hydrolysis
to ammonium bicarbonate [(NH4)HCO3] causes an increase in soil pH that induces ammonia
(NH3) volatilization (CHIEN; PROCHNOW; CANTARELLA, 2009; SOARES;
CANTARELLA; MENEGALE, 2012). Under the influence of physicochemical processes and
at the origin of ammonia volatilization, ammoniacal nitrogen (NHs" and NH3) is generally
transformed into nitrate by nitrification (Figure 4). Nitrate can be denitrified to nitrous oxide
(N20) and nitrogen (N2). Mineralization and denitrification are microbial facilitated processes

accompanied by emissions of nitrous oxide and nitric oxide (NO) (CELLIER et al., 2013).
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Figure 2. Chemical and biological reactions that affect ammonia volatilization.
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High pH in solution favors the formation of aqueous ammonia and hydrogen ion (right-
hand side of Equation 3), increasing NH3 concentration in solution and the gaseous phase. If
the soil has pH values below 7, the main ammoniacal-N form will be NH4"™ and the potential
for volatilization will be small. In contrast, if the soil presents higher pH values, the main
structure will be NH3, and the potential for volatilization will be more significant (DASGUPTA;
DONG, 1986).

The effect of initial soil pH can be overlaid by a strong interaction between the fertilizer,
like urea, and the soil solution that induces hydrolysis and precipitation reactions. In this case,
the soil cation exchange capacity (CEC) is essential, if the soil presents a large CEC, with high
NH4" retention, the volatilization potential of NH3 tends to reduce because of the adsorption of
NH4" on the exchange site and consequent reduction on NH4" concentration in soil solution
(EMEP/EEA, 2019).

Ammonia losses are also dependent on wind speed, soil buffering capacity, soil moisture
content, and low or high plant canopy. The presence of plant residues can increase urease
activity and, consequently, increase NH3 emission. Ammonia losses are higher in countries with
tropical and subtropical climates with average volatilization of 20 — 60% of the applied nitrogen
(BOUWMAN; BOUMANS, 2002; CANTARELLA et al., 2003, 2008; CHIEN; PROCHNOW;
CANTARELLA, 2009; LARA CABEZAS; KORNDORFER; MOTTA, 1997). The choice of
fertilizer and the application technique greatly influence volatilization. Depending on the

fertilizer used, once it is applied to the soil surface, there is a consequential loss due to the
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volatilization that occurs in the first hours after fertilization (CELLIER et al., 2013;
GENERMONT et al., 1998; HUIJSMANS; HOL; VERMEULEN, 2003; SOMMER et al.,
2003).

Nitrogen loss measurements are essential to correct fertilization, avoiding excess or lack
of this nutrient, economic losses, and negative environmental impacts. Nitrogen flow
measurement methods can be experimental, which allows the direct determination of emissions
of gaseous nitrogen compounds, or the use of models that are generally proposed to carry out

integrated assessments for long periods and large areas or to analyze evolutionary scenarios

(CELLIER et al., 2013).

2.2.1 Urea

Urea (CO(NH)2), also called carbamide, is a nitrogenous compound containing a
carbonyl group attached to two amine groups. In vivo, urea is formed in the liver via the urea
cycle from ammonia and is the end product of protein metabolism. Industrially, urea is obtained
through the reaction between ammonia (NH3) and carbon dioxide (CO.), under high pressure,
forming ammonium carbamate (NH>COONH4) (Equation 4), which is then dehydrated to give
rise to urea (Equation 5) (PEREIRA, 2014):

CO; + 2NH3 - NH2COONH4 4)
NH>COONH4 = CO(NH), + H,O (5)

When pure, urea presents around 47% nitrogen in its composition, being then the
nitrogen fertilizer with the lowest cost per unit of nitrogen and, consequently, the most used
molecule for supplementation of this mineral in the soil (DAL MOLIN, 2016). Urea can be
absorbed through both the leaves and the roots. As a fertilizer, it can be taken up directly or
after hydrolysis. The enzyme urease catalyzes the hydrolysis of urea, resulting in ammonium
carbonate (Equation 6); ammonium carbonate is highly unstable, breaking down into

ammonium, bicarbonate, and hydroxyl (Equation 7):

CO(NH2)2 + 2H20 > (NH4)2CO3 (6)
(NH4),CO3; + H,O - 2NH4" + OH + HCO3 (7)
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Ammonium, in turn, can be readily taken up by the plant, and converted into ammonium,
or, in aerated soils, nitrified by bacteria of the genus Nitrobacter and Nitrosomonas, originating
nitrate (NO3") up to 40 days after soil fertilization (DAL MOLIN, 2016; ROGERI et al., 2015).
The effectiveness of urea as a fertilizer can be reduced due to ammonia volatilization and nitrate
leaching (AARNIO, 1995).

Ammonium can be converted to ammonia and lost to the atmosphere, depending on the
cation exchange capacity, clay content (texture), pH, and soil temperature (BYRNES, 2000).
Due to the predominance of acidic soils in Brazil, the volatilization of nitrogen in the form of
ammonia is minimal when ammonia fertilizers are incorporated into the soil. However, when
nitrogen is added by applying urea to the soil surface, NH3 volatilization can be enhanced. The
increased susceptibility to volatilization occurs because the hydrolysis process of urea promotes
the elevation of soil pH around the granules due to the reactions of bicarbonate and hydroxyl
with hydrogen present in the soil (Equation 8) (CANTARELLA, 2007; ERNANI, 2008;
YAMADA; ABDALLA, 2006):

HCOs3 + H" » H2CO3 = COz + H,O (8)

This elevation in soil pH can lead to losses of between 8 and 77% of the applied
nitrogen (FARIA et al., 2014; LARA CABEZAS; SOUZA, 2009). In tropical countries, such
as Brazil, crops absorb between 50 and 70% of the nitrogen; therefore, about 40% of the N is
lost to the environment, resulting in a low return on the investment made in fertilization (FINK,
1992). Besides the high cost of frequent fertilization, this still causes environmental damage
because the excess nutrients can contaminate the atmosphere and the soil, besides groundwater
and rivers (PEREIRA, 2014). The ecological damage due to excess ammonium and oxidized
nitrogen compounds can cause algae blooms that, in turn, cause oxygen depletion. In the case
of blue and green algae, substances toxic to animals and humans are produced during blooming.
Another problem of excessive use of fertilizers is the toxicity of nitrate (NO3") and nitrite (NOy
), ions related to various diseases. Moreover, the excess of nitrogen compounds is also
associated with acid rain and the release of N>O and NO gases, which contribute to the
greenhouse effect and reduction of the ozone layer (RESENDE, 2002; SERRANO-SILVA et
al., 2011; SNYDER et al., 2009). Thus, the efficient use of fertilizers is essential for greater

productivity, economic return, and minimization of nutrient losses to the environment.
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2.2.2 Nitrogen losses

Several factors influence the availability of nitrogen for plants, such as climatic factors,
soil characteristics, type of crop, a form of sowing, and fertilization. Besides this, nitrogen is
susceptible to volatilization, leaching, and denitrification, which cause a loss in concentration
in the soil, leading to a deficiency of this nutrient for the plant.

What determines the predominance of one form of loss, or another, is the form in which
the nitrogen is found in the soil. If it is present in larger quantities in the ammonium form, the
loss by volatilization will be more pronounced; in the nitrate form, leaching and denitrification
will be predominant (DAL MOLIN, 2016).

Nitrogen present in the ammonium form is subject to deprotonation when the ground
around the molecule is elevated, giving rise to ammonia (NH3), a volatile gas under natural
conditions and can be lost to the atmosphere. The equilibrium reaction between ammonium and

ammonia is shown in Equation 9:

NH4" + OH < NH3 + H,0 )

The most influential factors in transforming ammonium into ammonia are the soil pH
and the type of fertilization. Volatilization is enhanced in alkaline soils with the use of ammonia
fertilizers, as well as in acidic soils with the application of urea on the soil surface (ERNANI,
2008). Ammonia volatilization is still pronounced when applied at high doses, in places of high
temperatures, on soils with medium humidity, on sandy soils, and when the application is made
on the surface (TASCA et al., 2011).

The nitrate form shows predominant loss by leaching. The anionic behavior of nitrate
prevents it from making specific bonds to the soil colloids, only electrostatic bonds occurring.
Thus, all nitrate is in the soil solution and susceptible to leaching by percolating water
(ARAUIJO et al., 2004; LORENSINI et al., 2012).

Denitrification also leads to nitrate loss in environments with little oxygen input, such
as rice in flooded cultivation. The low availability of O> makes nitrate the first molecule to
receive electrons due to the activity of anaerobic microorganisms. Thus, denitrification occurs
from the reduction of nitrate (NO3") to nitrous oxide (N20), a gas that in turn is lost to the

atmosphere (DAL MOLIN, 2016).
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2.3 CONTROLLED-RELEASE FERTILIZERS

The use of fertilizers is of great importance for the growth and quality of plants. Still,
there are many losses of minerals to the environment, reducing their absorption by the plants
and causing economic losses to the farmer. Nitrogen losses to the environment are around 40
to 70%, phosphorus losses are between 80 and 90%, and potassium losses are between 50 and
70%. (COSTA; VITTL; CANTARELLA, 2003; LARA CABEZAS et al., 1999; TRIVELIN et
al., 2002; WU; LIU, 2008b).

Due to the high loss of minerals contained in fertilizers, and in particular nitrogen losses,
the study and use of fertilizers with increased efficiency have been of great importance for
increasing agricultural production, as well as for minimizing environmental pollution and
economic losses (DU et al., 2008; MACHADO et al., 2011; TANG; KWON; LECKIE, 2009).
Stabilized fertilizers can be defined as ones that present one or more stabilizing mechanisms
that provide nutrient conservation in the applied form (TRENKEL, 2010). These fertilizers are
produced so that losses to the soil and atmosphere are reduced, thus increasing the nutrient
uptake by the crop. Fertilizers with increased efficiency are slow-release, controlled-release
fertilizers, or stabilized fertilizers (CANTARELLA, 2007). Although not officially
distinguished, slow-release fertilizers are usually products of microbial degradation, such as
urea-formaldehyde or urea-aldehyde, while controlled-release fertilizers are mostly coated with
sulfur films or polymers (TRENKEL, 2010).

Controlled release is applied in several areas to reduce the overdosage of drugs or
agrochemicals and keep the concentration of active ingredients constant in the medium and
according to need. Controlled release fertilizers contain nutrients required by the crop so that
their availability is prolonged, increasing the intervals of application of the fertilizer in the soil
(TRENKEL, 2010). The term "controlled-release fertilizer" is correct when the rate, pattern,
and duration of the minerals release are known and adjustable during fertilizer production.
However, the use of the term "slow-release fertilizer" requires the observation of a slower rate
of release than usual but does not require the exact definition of the rate, pattern, and duration
of release. The European Committee for Standardization has established three criteria that slow-
release products must meet, these being: a maximum of 15% of the components can be released
within 24 h, the release rate of these components cannot exceed 75% within 28 days, and at
least 75% must be released within the time indicated (CEN, 2001; SHAVIV, 2001).

Slow or controlled release fertilizers present a gradual availability of the minerals they

contain. Thus, the availability of nutrients can be adapted to the needs of specific crops or even
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to the characteristics of the soil, allowing greater use of the fertilizer and consequently a lower
cost to the producer. This gradual availability of minerals can be presented by fertilizers through
coatings with polymers or proteins, making it semi-permeable; through the use of water-soluble
compounds of low molecular weight, which are hydrolyzed slowly; or means that are still being
studied (TRENKEL, 2010).

The use of these fertilizers has increased due to the constant need to increase
productivity, decrease environmental damage, and reduce costs (SANTOS et al., 2015). These
materials also have soil conditioning properties, improving water availability for the plants.
Controlled release fertilizers present as advantages the regular supply of nutrients to the crop,
a lower frequency of fertilization, reduction of losses, and reduction of root damage due to high
salt content, among others (MESSA et al., 2016).

Thus, several materials have been studied to find solutions for a controlled release of
nitrogen and other macronutrients and reduce losses by volatilization, leaching, and
denitrification. The coating of urea granules with polymers, with sulfur, as well as the use of
urease inhibitors, have been widely studied, but they have low adherence to service due to the
high final cost of the product (GAGNON; ZIADI; GRANT, 2012; NASCIMENTO et al., 2013;
SINGH et al., 2013). Other studies are being carried out to develop fertilizers with greater
efficiency and lower costs, such as the incorporation of nutrients in composites or

nanocomposites.

2.3.1 Composite materials

To produce controlled-release fertilizers, composite materials are formed, which have a
continuous phase as a matrix and a dispersed phase as reinforcement or modifier, which
combine in a hybrid structure. The final product presents the properties of interest of two initial
constituents. If the dispersed phase has a manometric order dimension, this material will be
called a nanocomposite (WANG et al., 2001). The combination of a polymeric material with a
clay mineral can, for example, confer differentiated mechanical, thermal, and diffusion
properties of great interest (REN et al., 2008).

Many studies have been carried out to develop composite fertilizer materials for
controlled or slow-release, most of which are nitrogen compounds (PEREIRA, 2014). These
materials can decrease nitrogen loss by leaching and volatilization and increase the soil's water-
holding capacity (YANG et al., 2013). The intercalation of urea complexed with magnesium

into montmorillonite was studied by Kim et al. (2011) significant considerable suppression of
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NH3 and N>O emission and greater N uptake by the crops as a consequent higher yield. Bortolin
et al. (2013) have demonstrated that a hydrogel formed from polyacrylamide, methylcellulose,
and montmorillonite shows a 200 times slower release of urea than pure urea. These studies
indicate that clay minerals, especially montmorillonite, have attractive bases for slow or

controlled release fertilizers.

2.3.2 Clay minerals

Clays are natural, earthy materials composed of fine minerals, which acquire plasticity
when moistened, and are formed essentially by hydrated silicates of aluminum, iron, and
magnesium (SANTOS, 1989). Clays are composed mainly of clay minerals and may contain,
in smaller concentrations, organic matter, soluble salts, oxides, hydroxides, quartz, calcite,
dolomite, feldspar, and amorphous minerals. The clay minerals, such as montmorillonite,
correspond to the majority crystalline phase of the clays (GUGGENHEIM; MARTIN, 1995;
SANTOS, 1989). Clay minerals can be defined as hydrated silicates with a layered crystalline
network or fibrous structure (KAMPF; CURI, 2003; SANTOS, 1989) or as phyllosilicate
minerals and other minerals that render the clay plastic and harden by drying or calcination
(GUGGENHEIM; MARTIN, 1995).

Clay minerals consist of fitted tetrahedral sheets and octahedral sheets that form stacked
layers of varying numbers. The tetrahedral sheets are composed of individual tetrahedrons (ZO4
coordination groups, where Z = Si or Al) that are linked together by basal oxygen (Figure 5a).
Octahedral sheets consist of individual octahedrons (coordination group YOs, where Y = Al,
Fe or Mg and O = O or OH) joined together laterally by sharing octahedral edges (Figure 5b)
(KAMPF; CURI, 2003; LEE; TIWARI, 2012). When a tetrahedron and an octahedron are
joined, a 1:1 layer is formed. When two tetrahedral layers overlap a central octahedron layer, a

2:1 layer is formed.
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Figure 3. (a) Tetrahedra of ZO4 (where Z = Si or Al) joined by sharing basal oxygen; (b)
octahedra of YO¢ (where Y = Al, Mg or Fe, and O = O or OH) joined by sharing edges.

® = oxygen
& = silicon

@ = hydroxyl or oxygen
= Al Mg, etc.

Source: Pereira (2014).

Smectites correspond to one of the most important groups of clay minerals present in
soils and sediments, with a 2:1 structure. This group includes the montmorillonite, nontronite,
saponite, hectorite, sauconite, beidellite, and volconscoite. (BORCHARDT, 1989; SANTOS,
1989).

2.3.3 Montmorillonite

Montmorillonite, the most common clay mineral of the smectite group, has the two
leaves of the tetrahedral sites occupied by Si*" ions and two-thirds of the octahedral sites filled
by A" and Mg*" (Figure 6). Its general formula is Mx(Als-Mgx)SisO20(OH)s, its particles
present sizes that can vary from 2 pm to 0.1 um and are blade-shaped (SINHA RAY;
OKAMOTO, 2003).
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Figure 4. 2:1 structure of montmorillonite.

o Oxygen @ Hydroxyl @ Al Fe, Mg
* Silicon or Al

Source: Pereira (2014).

The isomorphic substitutions that occur inside the crystals are related to the presence of
Mg?". Isomorphic substitutions are exchanges between cations of similar size and different
charges at the site of crystal lattice formation. These substitutions within the layers generate an
imbalance of charges on the external surfaces and in the interlayer regions, causing an excess
of a negative charge, which is then compensated by the adsorption of hydrated cations (K*, Na*,
and Ca®") in the interlamellar spaces, which can be exchanged for others of the same charge.
Thus, the montmorillonite lamellae are essentially hydrophilic (BIDADI; SCHROEDER;
PINNAVAIA, 1988; SARIER; ONDER; ERSQOY, 2010). The type of montmorillonite is
defined by the predominant exchangeable cation, if this cation is Na', it is sodium
montmorillonite, and if the predominant cation is Ca*", it is said to be calcium montmorillonite
(MALLA et al., 1993; SANTOS, 1989).

When anhydrous montmorillonite, especially sodium montmorillonite, comes into
contact with moist environments, the exchangeable cations become hydrated, and the basal
spacing increases due to water entry. With water entry, the interlamellar cations become
susceptible to being exchanged, stoichiometrically, for other charge-balancing cations. This
property of montmorillonite clay minerals is called cation exchange capacity (CEC) (MALLA
et al., 1993; SANTOS, 1989).
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Montmorillonite presents interesting dispersion properties, besides its structure being
composed of lamellae with a thickness of around 1 nm, resulting in a high specific area
(PEREIRA, 2014). The most exciting properties of montmorillonite are high cation exchange
capacity (CEC), high surface area, high adsorption capacity, and high plasticity. The high
plasticity of this clay mineral results from the attraction forces between its particles and the
lubricating action of the water present in the interlamellar spaces (MURRAY, 2000). An
exciting feature of its properties is the reduced permeability to gases and liquids. The
montmorillonite nanolayers have barrier properties, increasing the tortuosity of the diffusion
path of water and oxygen molecules, for example (MA et al., 2013).

Montmorillonite is the main component of bentonite clay, and this is an abundant
mineral in Brazil, where reserves are geographically distributed as 44.2% in Parana, 24.1% in

Sao Paulo, 21.2% in Paraiba, 8.5% in Bahia, and 2.0% in Rio Grande do Sul (SILVA, 2012).

2.4 BENTONITE- UREA INTERACTIONS

Little is known about what interactions occur between bentonite and urea. Therefore,
one of the objectives of this work is to study the aspects related to this possible interaction. It
1s already known that bentonite can trap some liquids such as animal urine in its interior without
releasing an odor, which in most cases is due to the volatilization of ammonia.

Bentonite is a low-cost product that is widely found in nature, is environmentally
friendly, presents high cation exchange capacity (CEC), and promotes an increase in the
efficiency of urea as fertilizer. Clay minerals are lamellar or fibrous nanostructures and are
chemically composed of alum, iron, or magnesium metasilicates. When in contact with water,
bentonite acquires some plasticity and becomes rigid after drying. Its high cation exchange
capacity, large surface area, strong absorption, and swelling power have made bentonite a high-
interest product for new technologies (ZOU et al., 2009).

An extruded material made of urea and montmorillonite (Mt) shows intercalation in
interlamellar spaces (DJOUANI, 2011). A composition of 1:1 urea-montmorillonite presents a
reduced urea crystallinity, indicating an interaction between urea and Mt, which does not occur
if a higher concentration of urea is used in the formulation. The urea fraction in urea-Mt is
crystalline, even if the interaction between both products can reduce it. This crystallinity of urea
supports the hypothesis that Mt is a disperse phase, resulting in interlamellar displacement

because of the insertion of urea (PEREIRA et al., 2012).
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In extrusion, the solubilized urea intercalates in clay lamellar spaces, forming a
correctly composite. If urea additions are made, they will not interfere in Mt interlamellar

spaces but will crystallize independently, forming tiny urea crystals (Figure 7).

Figure 5. Urea intercalation in montmorillonite by extrusion process.
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In some experiments, Pereira et al. (2012) noted that urea and montmorillonite not
extruded do not show any difference in urea release, proving that any interaction between urea
and Mt occurs without previous processing as the extrusion. On the other hand, extruded 1:1

urea-Mt material retarded the urea release in water for up to 120 h (Figure 8).

Figure 6. Urea released from pure urea and urea-Mt extruded material.
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As stated at the beginning of this section, little is known about the interactions between
bentonite and urea, but the work proposed by Pereira et al. (2012) presents exciting findings.
These results clearly show that the intercalation of montmorillonite by urea is effective and is
the central aspect of urea-Mt interaction. Despite this, more can be done to deeply understand
the interactions between urea and bentonite, mainly considering the chemical element rather

than the physical only.
2.5 AMMONIA VOLATILIZATION MEASUREMENT METHODS

2.5.1 Enclosure methods

The enclosure method is based on the insertion of the fertilized soil system into a closed-
static chamber, which restricts air exchange, or a semi-open chamber that allows diffusive
exchange. Ammonia mass recovered on a trapping medium, and the volatilization chamber area
are the base for ammonia flux (¢) determination. In a close-dynamic chamber, ammonia flux

(mg/m?s) is determined as shown in Equation 10 (SHAH et al., 2012).

$=(CouCin) 5 (10)

where Cin and Cout are the measured aerial ammonia concentration Cy (mg/m?) in the inlet and
exhaust airstreams, respectively; Q is the airflow rate (m?/s) provided by a fan or compressed
air; and A is the surface area (m?).

Depending on how Cg is calculated, ammonia flux can be in real-time or as an average
time. Ammonia flux can also be estimated from Equation 1 by wind tunnel experiments, an
enclosure method. In this case, the tunnel is open at one end and has a fan at the other end,

through which the ambient air is pulled over (SHAH et al., 2012).
2.5.2 Nitrogen recovery method
The method of nitrogen recovery is based on an N balance that includes all nitrogen

addition and loss pathways, allowing the determination of total N recovered and the relative

ammonia losses. This method may induce some errors in ammonia flux estimation because
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volatilization and denitrification can simultaneously result in ammonia and other N gaseous
species loss. In this case, the loss of gaseous nitrogen species can be underestimated

(JAMBERT; SER; DELMAS, 1997; SHAH et al., 2012).

2.5.3 Efficiency study of volatilization measurement methods

Svensson (1994) developed an equilibrium concentration technique using a dynamic
chamber. The chamber was composed of plastic coverture (0.4 m x 0.3 m x 0.18 m) and
equipped with a battery fan (Figure 9). Ammonia flux was determined by the meteorological

law of resistance (Equations 11, 12, and 13):

d):(ceq'ca,z)Kz,a (1 1)
$n=(Cen-Ca)3 (12)
¢Ch:(ceq'cch)Kz,ch (13)

where Ceq is Cg (mg/m?) at the soil-air interface and Ca is Cg at external ambient air; Ccr and
C. are Cg values leaving and entering the chamber; K. and K n are mass transfer coefficient
(m/s) outside and inside the chamber; and ¢cn is the ammonia flux at the chamber. Equations 12

and 10 are identical in an adequately vented chamber (SVENSSON, 1994).

Figure 7. Dynamic chamber equipped with a battery fan to airflow.

Air mixing fan

Air sample
Transparent plastic l (ammonia)
cover ‘ '
I —/
Air inlet — 2
— (0 —\
Plastic —— l
container Air outlet

Source: Svensson (1994).
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Two ammonia traps of acid-soaked filters were placed into the volatilization chamber.
One sampler has the filter exposed to the ambient air responsible for the molecular and turbulent
ammonia flux and the other to the bottom, responsible only for molecular flux (Figure 10). The
values of trapped ammonia, molecular diffusivity of ammonia in the air, and the physical
dimensions of the samplers, Ccn and C,, be obtained. Therefore, Ceq combines 11 and 12

equations, and the ammonia flux can be calculated. (SVENSSON, 1994).

Figure 8. Passive diffusion samplers for measuring NHj3 in the air (a) for concentration

measurements and (b) for determining the laminar boundary layer.

(a) Lid with membrane (b) Lid with absorption filter
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Source: Svensson (1994)

Mulvaney et al. (1997) developed an efficient and cost-efficient enclosure chamber
using a Mason-jar for routine chemical extraction in the laboratory for inorganic nitrogen
volatilization analysis of soil, water, and Kjeldahl digests. Some authors also applied this
diffusion chamber to study ammonia volatilization and analyze t. Franzen et al. (FRANZEN et
al., 2011) tested commercial ammonia volatilization inhibitors. In turn, Stiegler et al. (2011)
performed a trapping efficiency study with ammonium sulfate enriched with a known amount
of 1N to trace the fate of the NH3 applied to a turfgrass-based system.

Rogers et al. (2017) investigate the efficiency of a static diffusion chamber constructed
as described by Mulvaney et al. (MULVANEY et al., 1997) in which the enclosure can be
opened and closed to remove and replace the acid trap (Figure 11). To achieve an NHj
conducive environment while minimizing N mineralization, immobilization, and nitrification,
the soil pH was maintained at 7.8. To conduct the efficiency analyses, ammonium chloride
(NH4Cl) was applied at two rates of NH4-N applied to the chambers, 45 mg and 90 mg.
Volatilized NHs and NH3 were captured with boric acid and disposed into the chamber in a

Petri dish. Chambers were sampled in time intervals in which Petri dishes trap were removed
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and replaced for subsequent sampling. Two methods were applied to determine ammonia
volatilization: a mass balance measured by the difference in inorganic-N used and inorganic-N
recovered and comparing the amount of nitrogen collected in the trap to the amount of nitrogen

used.

Figure 9. Diffusion chamber made of Mason-jar.
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Source: Mulvaney et al. (1997); Rogers et al. (2017); Stiegler et al. (2011).

Marchal and Debell (1980) studied and compared four methods to measure ammonia
flux from urea-based fertilizers applied on forest soils: closed-static, semi-open, closed-
dynamic, and N recovery (!°N) methods. For chamber methods, the data were collected for 24
days and 41 days for N recovery experiments. The experiments were conducted with forest-
grade urea (220 kg N/ha) on forest soil with vegetation cut on the surface. The experimental
apparatus was made of Plexiglas and two ammonia traps composed of polyfoam disks soaked
in H2SOs4.

Black et al. (1985) compared closed-dynamic chamber and N recovery methods in a 6-
day study with urea (100 kg N/ha) applied on a 10 mm high pasture. The enclosure chamber
was made of a 23 cm diameter PVC pipe inserted 7 cm into the soil. Urea was broadcast into
the pipes sealed with clear Perspex covers. Acid traps (H2SO4) were placed into the chambers
and were replaced daily for volatilized ammonia quantification.

Cadre et al. (2005) proposed an improvement on a laboratory system to estimate
ammonia volatilization of low ammonia flux over a short timescale. The volatilization chamber
was composed of a cylindrical glass (8.4 cm in diameter and 14.7 cm in high) equipped with
two polyethylene tubes in the lid, one for the air inlet and the other for the air outlet (Figure

12). A pump provided the air flux through the chamber, and the airflow rate was monitored by
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one volumetric airflow meter. The chamber was connected with an acid trap (H2SO4) to capture
the volatilized ammonia. Air humidity and NH3 content were controlled by a purifier containing
H>SO4 and water. The efficiency of this method was determined by the ammonia volatilization

of an ammonium chloride solution.

Figure 10. Volatilization chamber.

Air

Volatilization chamber —> Pump

Volumetric air
flowmeter

Collector

Ammonia scrubber

and humidity control N fertilizer

Soil Acid traps

Source: Cadre et al.(2005).

Monaco et al. (2020) experimented with a similar Cadre et al. (2005) apparatus (Figure
13). An essential difference between these studies is placing a photoacoustic trace gas analyzer
(P-TGA) system into the glass jar collector proposed m by Monaco et al. (2020). The authors

conducted simultaneously an acid trap method to compare the results obtained by P-TGA.
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Figure 11. Volatilization measurement system. Unbroken and dotted lines refer to Teflon and

nylon tubes, respectively.
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Soares et al. (2012) conducted experiments in volatilization chambers under controlled
laboratory conditions. The chambers were made of cylindrical glass vessels with a capacity of
1.5 L and fed with air by a compressor. These chambers are closed at the top but with two holes
of 0.5 cm in diameter and 5 cm below the lid. The experiments were conducted with surface-
applied urea (300 kg N/ha) on cultivated soil classified as Red Latosol by EMBRAPA (2006).
Volatilized ammonia was trapped into glass flasks containing boric acid and pH indicators
(methyl red plus and bromocresol green). The boric acid solution was replaced daily until
ammonia volatilization. Ammonia was determined by procedures presented by Cantarella and

Trivelin (2001).

2.5.4 Summary of results — efficiency of methods

The studies presented by some authors showed the efficiency and applicability of

laboratory apparatus and methodologies to determine ammonia volatilization. A summary of
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these studies’ ammonia losses after soil fertilization results is presented in Figure 14. The results

will be discussed next.

Figure 12. Nitrogen recovery as volatilized ammonia from fertilized soil.
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Rogers et al. (2017) studied NHj3 volatilization from 45 and 90 mg of initial nitrogen
concentration in a closed-static chamber. This study was performed using artificial soil (sand
and CaCO:3) to avoid other N transformations than NHs. After 40 h of analysis, cumulative
ammonia volatilization reached 51% and 40% of total applied N for 45 mg and 90 mg of N
used, respectively (Figure 15). The authors observed that nitrogen determinations obtained by
the acid trap and mass balance method showed no significant difference. The authors concluded
that questions remained concerning the system's efficiency due to the chamber's opening and

closing to remove and replace the acid trap.
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Figure 13. Cumulative percentage of N volatilized from 45 and 90 mg of applied N. Adapted
from Rogers et al. (2017).
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Soares et al. (2012) studied the volatilization of pure urea applied on the soil surface
with or without urease and nitrification inhibitors. For pure urea applied to the soil surface,
there was a recovery of 80% total nitrogen and 37% volatilized ammonia (Figure 16). This
method was less effective than other studies’ results. However, this result remains a good
recovery percentage because it is not an efficient technique study. It is conducted with urea

applied on the soil surface and not a pure solution with a known amount of nitrogen.
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Figure 14. Cumulative ammonia volatilization of pure urea and urea with an inhibitor of
urease. Adapted from Soares et al. (2012).
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Cadre et al. (2005) studied the efficiency and application of a closed-dynamic system
with two o acid traps. The efficiency study was conducted only by analyzing NH3 volatilization
from an ammonium chloride solution pH 8.0. The authors also studied ammonia volatilization
from soil samples treated with solubilized fertilizer pellets. With water as a medium, the closed-
dynamic chamber allowed 98% of total N recovery in the first acid trap, proving its efficiency
(Figure 17). Ammonia volatilization from treated soil reached 12% of total N applied, 39%
lower than other studies for the same method, probably due to airflow, fertilization type, and
soil difference. The authors concluded that it is necessary to control air humidity and avoid
deposition on walls because it is a strong dink for ammonia, inducing a considerable

underestimation.
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Figure 15. Efficiency of ammonia volatilization chambers (%). Adapted from Cadre et al.
(2005).
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Mulvaney et al. (1997) also studied the efficiency of a closed-static chamber method by
applying a standard solution prepared with (NH4)2SO4, KNO3, and NaNO-, allowing the
recovery of a known amount of applied nitrogen. Without soil, the total N recovery was 97%.
The analysis conducted with soil resulted in 66% recovery. The volume and concentration of
H3S04, as well as the concentration of N (mg), applied) were studied to recover 97% of N, and
the results are presented in Table 2. The authors concluded that this method is efficient. Still,
before routine use in the laboratory, the analysis should be done to check complete recovery

from a known amount of N applied.

Table 2. Conditions for 97% N recovery from different concentrations and volumes of H3;BOs.

Adapted from Mulvaney et al. (1997).

H3BO3 H3BO3 volume Maximum amount Time (h)
concentration (g/L) (mL) of N (mg)
20 3 0.3 28
20 7 2.0 72
40 4 4.0 30

Marshall and Debell (1980) showed that the restricted airflow reduced ammonia flux in
the closed-static chamber, resulting in lower ammonia volatilization, reaching 14% of

volatilization before 25 days of analysis. The semi-open chamber showed final volatilization of
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17%, while the closed-dynamic chamber allowed volatilization of 24%. The higher ammonia
flux, and consequently higher volatilization, was obtained from the closed-dynamic chamber

method, and it was assigned to the airflow (Figure 18).

Figure 16. Ammonia volatilization (%) from semi-open, closed-static, and closed-dynamic

chambers. Adapted from Marshall and Debell (1980).
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It isn’t easy to compare all works mainly because of the time of analysis of each
research. Although, it is possible to conclude that analyzing the method’s efficiency is more
effective to do experiments in a water medium with a standard solution made of ammonium
chloride, for example, as seen in Cadre et al. (2055) Mulvaney et al. (1997) works.

Close findings are presented by Rogers et al. (2017) and Mulvaney et al. (1997), who
studied ammonia volatilization by standard solutions applied to the soil. Rogers et al. (2017)
observed 40% volatilization from the 90 mg/N standard solutions, slightly less than the 66%
obtained by Mulvaney et al. (1997). Some factors that may have provided this difference are
the artificial soil used by Rogers et al. (2017) to reduce volatilization and the time. While Rogers
et al. assays were performed over two days, Mulvaney et al. assays were carried out over three
days.

Unlike Rogers et al. (2017), Cadre et al. (2005), and Mulvaney et al. (1997), the other
researchers were not looking for validation of a methodology but rather volatilization tests by

the same methods.
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Finally, it is possible to conclude that closed-static, closed-dynamic, and semi-open
methodologies are reproducible, with a particular eye for closed-static chambers. This
volatilization chamber is less expensive, easier to build and handle, can be adapted to be kept
closed during the entire experiment to avoid underestimations, and is widely cited in the
literature as an efficient apparatus to measure ammonia volatilization under laboratory

conditions. A summary of the general aspects of each cited paper can be seen in Table 3.
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Table 3. Comparison of ammonia losses obtained by enclosure methods and total N recovery (as % applied N) for different studies.

Author

Method

Days of

analysis

Chamber type

The efficiency of N

recovery (%)

Cited by (selected)

Rogers et al.,

2017

Soares et al.,

2012

Cadre et al.,

2005

Mulvaney et al.,

1997

Marshal and
Debell, 1980

45 and 90 mg of N of
ammonium chloride solution
applied in artificial soil and
ammonia acid trap.

Urea applied on the soil
surface with or without urease
and nitrification inhibitors
Ammonium chloride solution
and fertilizer pellets were

applied to soil samples. Acid

traps are used.

Use standard solutions a
known amount of applied
nitrogen in water and soil.

Urea applied on soil.

2

20

10

42

Closed-static

Closed-dynamic

Closed-dynamic

Closed-static

Closed -static,
closed-dynamic,
and semi-open

chambers

45 mg/N: 51%
90 mg/N: 40%

Pure urea: 28% Urea +

inhibitors 6%

Water: 98%

Soil: 12%

Water: 97%
Soil: 66%

Closed-static: 13%
Closed-dynamic: 24%

Semi-open: 17%

Kira et al. 2019; Loomis et al., 2020; Rogers et al., 2019

Pan et al., 2016; Timilsena et al., 2005; Bordonal et al.,
2018; Linquist et al, 2013; Cantarella et al., 2018;
Zaman et al., 2012.

Ruijter et al., 2010; Vaio et al., 2008; Monaco et al.,
2012; Bertora et al., 2010; Vaillant, 2007; Smit et al.,
2008; Stratton, 2014; Abeed et al.,2021.

Khan et al., 2001; Stevens et al., 2005; Jacinthe et al.,
1998; Adesemoye et al., 2010; Adams et al., 2011.

Bouwman et al., 1997; Schlesinger and Hartley, 1992;
Fenn and Hossner, 1995; Gioacchini et al., 2002;
Barbanti et al., 2006; Goud et al., 2011; Johansson,
1984.
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2.6 OPPORTUNITY AND INNOVATION

The main problem of Brazilian agriculture is the high need for fertilizer imports. Brazil
is the only country in the world with large-scale agricultural production without autonomy in
fertilizer supply. Brazil has large capacities for fertilizer production, but between 2016 and 2020
four Petrobras fertilizers plants were closed, instead of building new factories. The last plant to
close was the Parana Nitrogenated Fertilizer Plant (Fafen-PR), in 2020 (CHAPOLLA, 2022).
Petrobras sold in February 2022 the Nitrogen Fertilizer Unit in Trés Lagoas, Mato Grosso do
Sul, to the Russian Group ACRON (Figure 19). This plant is estimated to be in operation by
2027 with a daily production of 3,600 tons of urea (BARROS, 2022).

Figure 17. Nitrogen Fertilizer Unit in Trés Lagoas, Mato Grosso do Sul.

Source: Barros (2022).

The federal government intended to launch a national fertilizer plan in December 2021,
but there was a delay. Currently, 85% of the fertilizer used by farmers is imported from Russia.
With the plan, the President estimates to bring this rate down to about 60% (CHAPOLLA,
2022). The new planned plant will have easy access to natural gas since the Brazil-Bolivia gas
pipeline passes close to the site. Other plants that had been leased by Petrobras, in Bahia and
Sergipe, need to bring natural gas by ship (BARROS, 2022).

Even decreasing the import requirement to 60%, this is still a high value. Also,
pandemics and geopolitical conflicts will continue to occur, and farmers need to be increasingly
prepared for a shortage in fertilizer supply. The use of alternative technologies and new

knowledge can help the producer increase production efficiency without increasing the cost.
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Urea is usually applied directly to the soil resulting in high ammonia losses by
volatilization. With the increase in prices and a possible shortage of urea in Brazil, it is crucial
to manage it consciously to avoid waste. The need for fertilizer triggers a series of
socioeconomic problems, starting with the rise in prices of basic foodstuffs and biofuel, as has
already been seen in 2021, decreasing food security and increasing the hunger and the number
of people below the poverty line.

The ideal fertilizer releases nutrients synchronously with the crop's nutritional needs.
In traditional N fertilization with urea, this ideal fertilization can be achieved doing consecutive

applications as N availability decreases (Figure 20).

Figure 18. Ideal fertilization in a traditional system.
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The use of controlled-release fertilizers (CEF) is an excellent alternative to applying
urea directly to the soil because these fertilizers promote a release of nitrogen according to the
plant's needs. This more prolonged release period allows the acquisition of smaller quantities
of fertilizer, leading to a lower impact of the purchase cost of these fertilizers on the final
consumer. Also, the use of CEF allows for only one application and avoids both the excess

nitrogen in the soil and the lack of N in the plant (Figure 21).



51

Figure 19. Ideal fertilization with controlled-release fertilizer.

A

Controlled-release
fertilizer

Ideal N
release

1 application Time

Another exciting aspect of controlled-release fertilizer is the reduction of nitrogen
losses by volatilization and leaching, leading to a lower risk of soil and effluent contamination
and better resource management. The production of controlled-release nitrogen fertilizers has
been studied over the years, but generally, polymers, urease inhibitors, or encapsulation
increases the cost of the final product. Bentonite is a low-cost nanostructured clay mineral
widely found in Brazil. The fertilizer production based on bentonite and urea allows us to
combine the high concentration of nitrogen in urea and the positive characteristics of bentonite.

The development and application study of a controlled-release fertilizer made of
bentonite and urea can be an efficient, cost-effective, and environmentally friendly alternative
to replace pure urea fertilizer. The bentonite-modified urea fertilizer (BUF) can improve the
agricultural performance in fertilizer/crop, reducing the urea amount needed. Decreasing the
Brazilian need for urea importation is essential in this critical moment and in the future. A lower
urea use results in higher socioeconomic and environmental security, maintaining basic food
prices, and reducing soil, atmosphere, and water damages.

However, to be used at an agricultural level, controlled-release fertilizer technology
requires a breakthrough, mainly related to reducing costs and increasing knowledge about
physicochemical interactions, nutrient desorption kinetics, and efficiency to field applications.
As discussed, urea can be successfully inserted into bentonite interlamellar space by extrusion.
This material can present exciting properties such as controlled-release nitrogen and lower
ammonia volatilization than pure urea. Different methodologies are applied to study fertilizer
efficiency, as shown in this section. A successful nitrogen release protocol must guarantee good
fertilizer stability over the process conditions and reuse the analysis chamber for several cycles.

Thus, the sample characterization and measurement of release kinetics and ammonia
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volatilization using acceptable methods can be a potential solution to consecrating a new and

controlled-release fertilizer to be applied in agricultural fields.
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3 EXPLORING THE INTERACTION OF BENTONITE AND UREA FOR
IMPROVED NITROGEN RELEASE IN FERTILIZERS

3.1 INTRODUCTION

Fertilizers are defined as any organic or inorganic material of natural or synthetic origin
that can be added to soil to supply one or more essential nutrients for plant growth and
development (VAIO et al., 2008). According to the United Nations Organization, the world
population will reach 9.7 billion people in 2050 (DEPARTMENT OF ECONOMIC AND
SOCIAL AFFAIRS, 2022). To meet the demand for food, there is a need to increase food
production by 70% (SANTOS et al., 2015). Fertilizers are applied to the soil to increase
agricultural productivity by providing essential elements for plant growth. However, between
40% and 70% of nutrients are lost through volatilization, erosion, and leaching (WU; LIU,
2008a). The amount of fertilizer loss varies based on factors such as soil characteristics,
environmental conditions, crop type, and method of application (AYOUB, 1999).

The primary source of synthetic nitrogen fertilizers is atmospheric N2, transformed into
ammonia (NH3) by the Haber-Bosch process. In this process, fossil fuels provide nitrogen and
hydrogen, which are subjected to high pressures and temperatures, resulting in NH3;. Ammonia
is the primary raw material for producing nitrogen-based fertilizers such as urea and various
nitrate fertilizers (CANTARELLA, 2007).

Nitrogen is an essential element for plants because it acts in the composition of ATP,
NADH, NADPH, chlorophyll, proteins, and enzymes. Due to its high mobility in soil,
conducting studies to enhance the absorption and metabolism of nitrogen within the plant is of
significant interest. Nitrogen fertilizers are highly soluble and do not leave any residue in the
soil. They can increase soil acidity due to nitrification and have a high salinity index. Typically,
nitrogen fertilizers do not contain secondary macronutrients in their formula, except for
ammonium sulfate (BREDEMEIER; MUNDSTOCK, 2000).

Ammonia is generated as a result of nitrogen degradation by ammonium ion (NH4")
deprotonation, especially in alkaline soils. Ammonium can react with sulfate aerosols to form
ammonium sulfate in the atmosphere and soil. Ammonia and ammonium sulfate increase
acidification and eutrophication, causing negative economic and environmental impacts
(SHAH; WESTERMAN; AROGO, 2006). In the absence of water, only mineral and non-
volatile ammonium are present. In solution, ammonium is dissociated into NH4" and NH3. The

main factors that affect ammonia volatilization are the ammoniacal nitrogen concentration in
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solution (soil, plant, and effluent) and its pH, the resistance to gas diffusion into the atmosphere,
the soil type, and the temperature (SOMMER et al., 2003).

Urea [(NH2)>CO] is the most employed nitrogen fertilizer because of its high
concentration of nitrogen (460 g-kg!-N) and presents the lowest cost per unit of nitrogen
(CHIEN; PROCHNOW; CANTARELLA, 2009; DAL MOLIN, 2016). The volatilization of
urea is more pronounced in alkaline soils, where the pH is above 7.5. In these soils, the urea is
rapidly converted into ammonia gas by the enzyme urease, which is active under high pH
conditions. Urea hydrolysis to ammonium bicarbonate [(NH4)HCO3] causes an increase in soil
pH that induces ammonia volatilization (CHIEN; PROCHNOW; CANTARELLA, 2009;
SOARES; CANTARELLA; MENEGALE, 2012).

High pH in solution favors the formation of aqueous ammonia and H', increasing NH3
concentration in the solution and the gaseous phase. If the soil has pH values below 7, the main
ammoniacal-N form will be NH4", and the potential for volatilization will be small. In contrast,
if the soil presents higher pH values, the main structure will be NH3, and the potential for
volatilization will be more significant (DASGUPTA; DONG, 1986).

The effect of initial soil pH can be overlaid by a strong interaction between the fertilizer,
like urea, and the soil solution that induces hydrolysis and precipitation reactions. In this case,
the soil cation exchange capacity (CEC) is essential. If the soil presents a large CEC, with high
NH4" retention, the volatilization potential of NH3 tends to reduce because of the adsorption of
NH4" on the exchange site and consequent reduction of NH4" concentration in soil solution
(EMEP/EEA, 2019).

Ammonia losses are also dependent on wind speed, soil buffering capacity, soil moisture
content, and low or high plant canopy. The presence of plant residues can increase urease
activity and, consequently, increase NH3 emission. Ammonia losses are higher in countries with
tropical and subtropical climates with average volatilization of 20% — 60% of the applied
nitrogen (BOUWMAN; BOUMANS, 2002; CANTARELLA et al, 2008; CHIEN;
PROCHNOW; CANTARELLA, 2009; LARA CABEZAS; KORNDORFER; MOTTA, 1997).

Due to the high loss of minerals contained in fertilizers, and in particular nitrogen losses,
the study and use of fertilizers with higher efficiency have been of great importance for
increasing agricultural production, as well as for minimizing environmental pollution and
economic losses (DU et al., 2008; MACHADO et al., 2011; TANG; KWON; LECKIE, 2009).

Slow or controlled-release fertilizers present a gradual availability of the minerals they
contain. Thus, the availability of nutrients can be adapted to the needs of specific crops or even

to the characteristics of the soil, allowing greater use of the fertilizer and consequently a lower
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cost to the producer. Fertilizers can achieve a controlled release of minerals by employing
different techniques. One approach involves coating the fertilizers with polymers or proteins,
creating a semi-permeable layer. Another technique utilizes water-soluble compounds with a
low molecular weight that undergo gradual hydrolysis. Additionally, research is ongoing to
identify novel methods for achieving controlled release of minerals through fertilizers.
(TRENKEL, 2010).

The use of these fertilizers has increased due to the constant need to increase
productivity, decrease environmental damage, and reduce costs (SANTOS et al., 2015). These
materials also have soil conditioning properties, improving water availability for the plants.
Controlled-release fertilizers offer several advantages over traditional fertilizers. They provide
a steady and consistent supply of nutrients to the crops, which leads to better plant growth and
higher yields. Additionally, they require less frequent application, which can result in cost
savings and less labor. Controlled-release fertilizers also reduce nutrient losses due to leaching
and volatilization, which is beneficial for the environment. Furthermore, they can help reduce
root damage caused by high salt concentrations in the soil, promoting healthier and more robust
plants. (MESSA et al., 2016).

Several materials have been investigated to address the challenge of achieving a
controlled release of macronutrients like nitrogen while minimizing losses due to leaching,
denitrification, and volatilization. Coating urea granules with polymers or sulfur, as well as
using urease inhibitors, has been extensively researched. However, these methods have limited
practical application due to their high cost. To overcome this challenge, researchers are
exploring alternative approaches such as developing fertilizers with increased efficiency and
lower costs. For instance, the integration of nutrients into composites or nanocomposites is a
promising area of investigation.(GAGNON; ZIADI; GRANT, 2012; NASCIMENTO et al.,
2013; SINGH et al., 2013). Nanocomposites based in bentonite clay and organic molecules are
a low-cost effective option, compared to the others cited composites, to obtain slow-release
fertilizers once bentonite occurs naturally in mines worldwide, and it has a nonexpensive and
large-scale extraction (HELAL et al., 2023). The development of novel slow-release fertilizers
based on clay minerals are a promising area of research that has gained increasing attention
from scientists and academics due to their unique properties as nanomaterials.

This paper proposes the study of a slow-release nitrogen fertilizer based on a
montmorillonite matrix. Montmorillonite is the main component of bentonite, a nanostructured
clay mineral formed essentially by aluminosilicates with high hydro plasticity, and and ability

to exchange ions in aqueous solution (SANTOS, 1989). Montmorillonite presents suitable
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dispersion properties, besides its structure being composed of lamellaec with a thickness of
around 1 nm, resulting in a high specific area (PEREIRA, 2014). Important features of
montmorillonite are high CEC, high surface area, and high adsorption capacity, besides
remarkable plasticity. Moreover, it presents reduced permeability to gases and liquids, because
the nanolayers have barrier properties, increasing the tortuosity of the diffusion path of water
and oxygen molecules, for example (MA et al., 2013).

The present study provides a detailed characterization of a slow-release urea
nanocomposite based on intercalation into montmorillonite obtained by an extrusion process.
This process is based on the intercalation of urea molecules in the interlayer spaces of

montmorillonite to form a bentonite-modified urea fertilizer (BUF).

3.2 MATERIAL AND METHODS
3.2.1 Materials

Bentonite, bentonite-urea fertilizer pellets (Figures la and 1b), Red Latosol, and
Quartzenit Neosol were provided by T-Minas (Quatro Barras, PR, Brazil). Urea ([(NH2).CO],

was obtained from Neon (Figure 20c).

Figure 20. Visual aspects of: (a) bentonite-urea fertilizer (BUF); (b) pure bentonite; (c) pure

urea.
OF S —
Yoo - o

The following chemicals (purchased from Neon) were used: magnesium oxide (MgO
97%), sulfamic acid (H3NSO3 98%), sulfuric acid (H2SO4 0.1 N), boric acid (H:BO3 99.8%),
bromocresol green (C21H14BrsOsS 99%), methyl red (as a water-soluble salt) (CisHisN3O2
99%), ammonium sulfate ((NH4)2SO4 99%), sodium nitrite (NaNO2 99%), sodium sulfate
anhydrous (Na2SO4 99%), pentahydrate copper sulfate (CuSO4:5H20 98%), phenolphthalein
in solution (C20H1404 1%), hydrochloric acid (HCI 0.1 N) and ethanol (C2HeO 95%)were used

as well. All chemicals were of analytical grade and used without further purification.
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3.2.2 Characterization methods

Soil active acidity was determined by the pH in water with a ratio of soil/water of 1:1 in
volume. Soil samples (10 cm?) were placed into a becker, and 10 mL of water was added. After
30 min, the mixture was stirred, and the pH was measured.

Total nitrogen was determined by the Kjeldahl method (BREMNER. J. M., 1965). In
this method, N in the sample is reduced into NHs" by H2SO4 digestion with salts and catalysts
to accelerate the reaction.

Powdered samples of bentonite, urea, and BUF blended with potassium bromide (1 mg
of sample to 200 mg of KBr) were analyzed by Fourier-Transform Infrared (FTIR)
spectroscopy. The objective was to identify chemical bonds and consequently, the functional
groups presented in urea, T-Minas bentonite (Bentonite), and T-Minas fertilizer (BUF). For
spectrum integration of each sample, 24 times scan at 4 cm™' scanning resolution was done.
Samples were scanned in the region of 4000-400 cm™ IR spectra.

Powdered samples of bentonite, urea, and bentonite-urea fertilizer (BUF) were analyzed
by X-Ray Diffraction (XRD) to access their crystallinity. The samples were scanned between
5° to 60° (20) in an X-ray diffractometer with monochromatic Cu Ka radiation (A = 0.1546
nm), continuous scanning at 0.05° scanning speed, and a measuring time of 0.8 s per step,
operating at 40 kV and 40 mA. The interplanar spacing (d) was obtained from Bragg’s Law
diffraction equation (Equation 14).

2d sin® = nA (14)

where 7 is the order of reflection (n=1), and © is the refraction angle.

3.2.3 Release rate of urea in water

To investigate the urea release of BUF and pure urea in the function of time, 0.45 g
corresponding nitrogen was placed in a beaker with 50 mL of deionized water. The beakers
were sealed to reduce evaporation losses. Aliquots of 1 mL were collected at different intervals

over 10 days and centrifuged for 20 min at 4000 rpm (KASVI, K14-0815C) (Figure 21).
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Figure 21. Scheme of the methodology for measuring the release rate of urea.
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Another release rate analysis was conducted, over 24 h, by separating the sample from
the water with a dialysis tube cellulose membrane (avg. flat width 43 mm, Sigma-Aldrich),
permeable to water and urea, to protect the samples avoiding the dispersion of the particles and
to maintain a low urea concentration around urea and BUF, for example. In this case, as urea is
released, it continuously diffuses out of the membrane because of the concentration gradient,
reflecting the acceleration of the release of urea out of the system (membrane) as shown in
Figure 22. The determination of released urea concentration in an aqueous solution was based
on measuring the absorbance of the sample using a UV-vis spectrophotometer (Hitachi U-1900
UV-Vis) at 435 nm, according to the method of Petersen & Petersen (1961).

To investigate the urea release kinetics from water BUF and pure urea dissolution,
different mathematical models were assessed (BRUSCHI, 2015). The kinetics were determined
by the best fit of experimental data versus time. The kinetic models are fitted with the first-
order release model (Eq. 15). The semiempirical power law model of Korsmeyer-Peppas was

also used to determine de diffusion type (Eq. 16). (KORSMEYER; PEPPAS, 1981)

Log Q. = Log Qy — K, t/2.303 (15)
Q¢ = Kyp t" (16)
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where Qq is the fraction of urea released (%) at each time point (t); Qo is the initial percentage
of urea (%); K is the first-order release kinetic constant (h™!); Kxp is the release kinetic constant
according to the Korsmeyer-Peppas’ model (h!); n is the diffusion exponent.

The value of the diffusion exponent n in the Korsmeyer-Peppas’ model indicates the
urea release mechanism. The type of release correlated with the n value is shown and described

in Table 1. Higuchi’s relase model corresponds to an n = 0.5 (HIGUCHI T., 1963).

Table 4. Type of diffusion related to the diffusion exponent value.

Diffusion exponent Type of diffusion
value
0<n<045 Hindered Fickian diffusion (diffusive release and non-

swellable matrix)
n =045 Fickian diffusion (diffusion is the main release mechanism)
045<n<1.0 Non-Fickian diffusion (release follows both diffusion and
erosion-controlled mechanisms)
n=1.0 Zero-order diffusion (kinetics governed by degradation and

relaxation or degradation of monolithic systems)

3.2.4 Ammonia determination in air

3.2.4.1 Ammonia volatilization of fertilizer in water
To determine NH4" losses by volatilization, the mass of 1.0 g of urea and 1.28 mg of
BUF were poured into the volatilization chambers with an aliquot of 20 ml of deionized water
and mixed with 0.2 mg of MgO. As a control, water was also added into the volatilization
chamber and mixed with 0.2 mg of MgO. A Petri dish with a boric acid indicator was attached
to the jar lid, and the chamber was closed. The volatilization chamber was maintained at 25 °C
for diffusion. After 48 h of complete diffusion of NH3 into the H3BOs3 solution, the petri dish
was removed from the chamber, and 5 ml of deionized water was added to the plate.
Ammonium-nitrogen in the H3BOs solution was determined by titration with 0.0025 M H2SO4
from a micro burette (Figure 22). The N amount liberated by air diffusion was calculated from
Equation 17.
[NJ=(S—-C)*T (17)
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where [N] is the concentration of N in ug mL™!; S (mL) is the volume of H2SOs4 used
in the titration of the sample; C (mL) is the volume of H2SO4 used in the titration of control;

and T is the titer of titrant (for 0.0025 M H2SO4, T =70 ng N mL™).

Figure 22. Scheme of the methodology for measuring the ammonia volatilization of the

fertilizers in water.
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3.2.4.2 Ammonia volatilization of fertilizer in soil

To obtain ammonia volatilization of fertilizers in the soil, volatilization chambers
(Figure 4) were prepared by pouring 200 g of soil sample and 20 mL of deionized water into
each chamber. Pure soil and soil with bentonite were the control reference in each experiment
(MULVANEY etal., 1997; ROGERS et al., 2017; STIEGLER et al., 2011). The fertilizers were

added to each chamber to achieve a nitrogen concentration equivalent to 200 kg ha™! of N.
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Figure 23. Closed static volatilization chamber with soil + fertilizer equipped with: (a) an

ammonia sensor; (b) a boric acid indicator.
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An ammonia sensor (AKSO SGTP-NH3) was coupled to the volatilization chamber to
obtain the concentration of volatilized ammonia inside the chamber (Figure 23a). In chambers
that conducted boric acid indicator analysis, 50 mL of 2% of this ammonia sequestrant was
placed into a cylinder container in the middle of the volatilization chamber (Figure 23b).
Ammonium-nitrogen in the H3BO; solution was determined by titration with 0.01 mol/L
sulfuric acid was carried out on days 0, 2, 3, 12, and 30. For this analysis, 1 mL of the boric
acid indicator was extracted from the container, and the same volume was replaced with a new
boric acid solution. The experiment was conducted in triplicate for each fertilizer and control.
Ammonia was adsorbed by a 2% boric acid solution with bromocresol green and methyl red. A
comparison between both methods to measure the ammonia concentration was done to validate
the sensor use, once it simplifies the overall procedure with less intervention in the volatilization
chamber.

Volatilized ammonia was determined by titration with 0.01 mol/L sulfuric acid standard
solution on various days of incubation. The cumulative volatilized ammonia was determined

using Equation 18 (FERTAHI et al., 2020).

RN

Q= (18)

Cm,
where Qq is the cumulative amount of volatilized ammonia (ppm); V. (mL) is the sampling
volume; Vo (mL) is the initial volume of the experimental medium; C; (g) and Cr(g) are the
correspondingly representative concentrations of N at sampling time t and at the last sampling

time; Cm, (g) is the total weight of nitrogen in the fertilizer.
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3.3 RESULTS AND DISCUSSION

3.3.1 Identification of functional groups

Figure 5 shows the FTIR spectra of bentonite, urea, and BUF. BUF has identical spectra
as urea but with lower signals. These less marked signals can be seen as physical interaction
between urea and bentonite. As is marked in Figure 24, it is possible to see that BUF has a
signal at the 1035 cm™! wavenumber due to a Si-O-Al bending, corresponding to the octahedral
layers of the aluminosilicate characteristic of montmorillonite clays (DE OLIVEIRA et al.,
2016). The absorption band at 1620 cm! is attributed to the angular vibration of the OH group
related to the adsorbed water in bentonite and C=0 from the amide group (CONH>) of urea, as
well as the N-H bending (DE OLIVEIRA et al., 2016). With the results of FTIR spectra, it is
seen that bentonite and urea have some interaction as Van der Walls and electrostatic attraction

(Figure 25).

Figure 24. FTIR spectra of bentonite, bentonite-urea fertilizer (BUF), and pure urea.
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The FTIR spectra of BUF displayed peaks due to bentonite and urea, confirming the
presence of urea in the bentonite matrix. Evidence of successful exfoliation of bentonite and
interaction between bentonite and urea are provided by the N-H bending vibrations (1640 cm’!
and 3450 cm™), O-H stretching vibration (3698 cm™'), and carbonyl stretching vibrations of
urea (1700 cm™). The wavenumber shift in silicon—oxygen bond from 1035 cm™' in the
bentonite FTIR pattern to 1029 cm ™! in the BUF pattern is due to electron density changes in

the bentonite layers as a result of intercalation with urea molecules. This shift in Si-O stretching
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frequency suggests that there are important interactions between bentonite and urea to form
BUF (Figure 25). Similar results were found by Mdusanka et al. (2017) for encapsulated urea
in hydroxyapatite and montmorillonite (MADUSANKA et al., 2017).

Figure 25. Zoom in FTIR spectra of bentonite and bentonite-urea fertilizer (BUF) to show Si-

O and O-H stretching shifts after bentonite-urea extrusion.
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Figure 26 presents a schematic diagram of the proposed binding mechanism of urea
with bentonite. Where is possible to note the hydrogen bond with the H present in urea molecule
and the oxygen of the bentonite adsorbed water as seen in 3600 cm-1 vibration of Figure 5. This
reaction forms ammonium carbonate ((NH4)2COs3), which in contact with water, forms
ammonium that is available to plants, avoiding volatilization in the form of ammonia. Another
important interaction between urea and bentonite is the ion-dipole bond between the Ca®" and
the oxygen from the reaction of the urea, in this case O*". Electrostatic bonds are also present
in the bentonite-urea interaction as N-C=O of urea and functional groups containing O of
bentonite, which can prevent N loss through ammonia volatilization. Also, we have electrostatic

attraction between NH4" and negatively charged surfaces.



Figure 26. Schematic diagram of the proposed binding mechanism of urea with bentonite.
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3.3.2 Exfoliation and intercalation of urea in bentonite

64

X-ray diffraction analysis proceeded to monitor the exfoliation and intercalation of urea

into bentonite to form bentonite-urea fertilizer (Figure 27).

The interlamellar distance is calculated by Bragg's law, presented in Equation 14. In this

case, to determine the distance d, the wavelength, 4, is given by 0.1542 nm, referring to the

wavelength of Cu radiation; the n is given by 1, and the angle 8 is observed in the graph.

Figure 27. X-ray diffraction (XRD) patterns of bentonite, bentonite-urea fertilizer (BUF), and

pure urca.
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Most of the diffraction angle signals present in urea also appear in the BUF pattern (22°,
24°,26°,29°,31°, 35°, and 39°), but with less intensity due to a decrease in crystallinity of the
urea compared to the BUF. It occurs because of the extrusion process between bentonite and

urea.

Figure 28. Graph adapted from Lagaly, Fernandes & Weiss (1976) showing the increase in the
basal space (doo1) of montmorillonite clays as a function of the chain size of quaternary salt
cations, n. (number of carbon per chain), which influences the formation of monolayers (I),
bilayers (I’-II), and pseudo trilayers (II’) between the lamellae (LAGALY; FERNANDEZ
GONZALEZ; WEISS, 1976).

227 I

Furthermore, the XRD pattern of bentonite allowed studying the interlamellar distance
that is a characteristic of basal separation on montmorillonites, observed by the displacement
of the diffraction angle. To obtain this displacement, Bragg’s law is applied, in which the
diffraction angle theta (o) is proportionally inverse to the interplanar distance d. If there is a
decrease in the diffraction angle, consequently there is an increase in the interplanar distance.
Figure 28 shows the increase in basal space (doo1) from [ and I’, and I and II’. Figure 29 shows
an important shift in the position of the doo1 peak (20 = 5°), to a low angle (20 = 6°) suggesting
an interplanar spacing change in the bentonite matrix (SHUKLA; THAKUR, 2010). The
interplanar expansion between bentonite (=14 A) and BUF (d=18 A) was 4 A (Figure 28).
According to Djouani et al. (2011) and Pereira et al. (2012), this interplanar displacement
confirms the intercalation of urea in the interlamellar spaces (DJOUANI et al., 2011; PEREIRA
et al., 2012).
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Figure 29. Basal space shift in X-ray diffraction (XRD) patterns of bentonite-urea fertilizer
(BUF) and bentonite.
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The diffraction angle o is inversely proportional to the interplanar distance d. Therefore,
the decrease in the diffraction angle occurs due to the increase in the interplanar distance.

The introduction of urea molecules into bentonite sheets increases the interlayer
spacing. Bentonite has a hydrophilic interlayer space that allows the migration of urea
molecules through strong H bonding with hydrophilic groups. Urea organic molecules
migration led to an expansion in the interlayer distance.

The increase in the interlayer distance suggests a successful exfoliation of bentonite with
urea as well as shows that are different bending sites of interaction (MADUSANKA et al.,
2017).

3.3.3 Ammonia volatilization of fertilizer extract

Urea presents 45% of total nitrogen and BUF presents 35%, a 10% difference in the
concentration of this nutrient. To know the maximum of ammonia that would volatilize from
BUF and Urea, extracts of the same mass of these two fertilizers were analyzed and the total
amount of ammonia volatilized was obtained in a 48 h essay. Pure distilled water was taken as

a control reference to both fertilizer and BUF (Table 5).
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Table 5. Ammonia volatilization from urea and BUF extracts.

Fertilizer Fertilizer concentration Total N content Ammonia volatilized

(mg/mL) (ppm) (ppm)
Urea 5.0 2250 1402 £ 60
BUF 6.4 2250 721 £ 60

The fertilizers extract study showed that BUF released around 50% less ammonia than
the same concentration of urea. Even in the liquid medium condition, it was possible to
conclude that there is an amount of urea that is interlayered into bentonite sheets and that there
are ion-dipole interactions between bentonite and urea that occurs in the negative surface of
bentonite. These interactions decrease the amount of nitrogen species available for
volatilization to occur, showing less nitrogen loss in the form of ammonia for BUF than for

pure urea.

3.3.4 Urea release rate in water

The urea release rate analysis in deionized water was conducted to compare the release
of pure urea and bentonite-urea fertilizer (BUF), as well as to observe if there are some
interactions between urea and bentonite (Figure 30a). Urea achieved 100% dissolution after 25
h of the experiment. BUF showed a slow urea release in the water medium, reaching a release
of 80% after 225 h. A second study (Figure 30b) was conducted using a cellulose dialysis
membrane to keep the aqueous medium with virtually zero urea concentration and increasing
the chemical potential for urea release. In other words, avoiding the effect of urea diffusivity in
a bulk aqueous medium once no stirring was applied in any cases. This effect is evidenced by
the reduction in the slow-release potential of BUF and the faster dissolution of urea because of
the osmotic pressure between the inner and outer parts of the membrane (BORTOLIN et al.,
2013; PEREIRA et al., 2012; TOMASZEWSKA; JAROSIEWICZ, 2002). Urea presented
100% of dissolution after 2 h of exposition. BUF showed a slower dissolution compared to pure
urea, reaching 78% of dissolution after 10 h of analysis. These results, similar to the unprotected

experiments, prove that there is an important intercalation of urea in bentonite sheets.
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Figure 30. Release rate of urea, in water, as a function of time for pure urea and bentonite-urea
fertilizer at pH 7 and 25 + 2°C: (a) directly in water, and (b) with the fertilizers protected by a

dialysis membrane.
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After 10 h or 225 h of analysis with or without dialysis membrane, a plateau begins to
form in the BUF urea release rate. At this point, around 20% of nitrogen was not released, and
it is possible to conclude that this 20% is the amount of urea that is intercalated into the
bentonite layers, which requires more time to release or the plant extraction. The remain
fertilizer has mass fraction 60/40, bentonite/urea. This result clearly shows that the intercalation
of bentonite by urea is effective. About 80% of urea dissolved in water (from 0 to 200 h) from
BUF, probably the released nitrogen specie had a bond with the bentonite surface and pores. It
occurs because, during the extrusion process, the exchangeable cation Ca”* present on the
bentonite surface and pores is replaced by NH4" These results are similar to those found by
Pereira et al. (2012) in which the authors noted a fast total dissolution of urea and around 80%
of release by different bentonite-urea ratio modified fertilizers.

Figure 31 shows the experimental data fitted by Eq 15 as well as the linearized form of
Eq. 16. It is possible to observe the Kornmeyer-Peppas model presented the best fit. This model
is generally used to analyze the release of an active compound from a matrix when the diffusion

mode is not well known or when one or more types of phenomena are involved.



69

Figure 31. Comparison of release kinetics of BUF and urea in water, without and with dialysis

membrane, using first-order kinetics and the diffusion behavior with the Korsmeyer-Peppas

model.
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BUF has a Fickian diffusion according to the KP model, which presented an n value
was 0.45 indicating diffusion is the main release mechanism. The Fickian model of BUF
indicates that the diffusion rate of urea decreases when the concentration in the medium
increases. This diffusion-controlled mechanism, as in the case of a water-soluble active
compound, comes from a homogeneous matrix with a slow-release behavior (MADUSANKA
et al., 2017). Thus, it can be deduced that when BUF contacts soil, depending on pH value and
moisture level, urea will be released from the bentonite matrix in a slow and controlled
diffusion. For urea, the diffusion behavior was a Hindered Fickian with a n value of 0.40. This
diffusion mechanism indicates that there is a release of a non-swellable matrix.

The release kinetics of urea and BUF protected by a dialysis membrane are shown in
Figure 30. The best fitting was also obtained for both fertilizers with KP model. In this study,
BUF fertilizer presented an n value of 0.45, showing a Fickian release, that follows a diffusion
mechanism, as well as in the analysis without membrane. Urea shows an n value of 0.47, when

the release mechanism is controlled mainly by diffusion but also by erosion. The value of the
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release constant of the KP model (Kkxp) was 8 h! for BUF and 44 h' for urea, showing a urea
release from BUF around 6 times slower than pure urea.

If the value of n is 0.5, is a particular case that represents the Higuchi model, and in this
case, there is a diffusion-controlled mode, similar to what is presented for BUF. In the case of
n value is 1, the kinetics governed by degradation and relaxation or degradation of monolithic
systems, and also is a particular case that represents a zero-order model. The gradual release of
urea present in BUF is shown in Figure 30, in which the release of urea is slow and gradual as
identified in the literature for slow-release fertilizer MADUSANKA et al., 2017; PEREIRA et
al., 2012). In this case, it is possible to conclude that urea molecules are tightly bonded to
bentonite interlayers, especially about 20% of their total content. This slower and sustained urea

release gives BUF the important characteristic of an efficient slow-release nitrogen fertilizer.

3.3.5 Ammonia volatilization of fertilizer in soil

To study ammonia volatilization of fertilizers in the soil, neosol was limed until reach a
pH of 7.0. The loss of nitrogen as volatilized ammonia was studied in a 30-day essay with BUF
and urea as fertilizers. Bentonite and pure soil were taken as control.

Figure 32 shows the cumulative results obtained of volatilized ammonia in ppm. Since
day two, it was possible to see a difference between urea and BUF volatilization. While BUF
released 22 + 1 ppm of ammonia, urea released 69 + 4 ppm. After fertilization, nitrogen loss by

ammonia's volatilization in urea is 150% higher than BUF.

Figure 32. Cumulative volatilized ammonia from BUF and urea was applied to neosol (pH 7)
for 30 days of analysis, by boric acid methodology.
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As shown in Figure 32, it is possible to conclude that urea ammonia volatilization is
60% faster than BUF since BUF took 30 days to reach volatilization of around 222 ppm. In

contrast, urea needed only 12 days to get the same point.

3.3.6 Boric acid methodology validation
To investigate the methodology based on boric acid as an ammonia sequestrant in air,
studies with volatilization chambers equipped with boric acid were compared with

volatilization chambers equipped with the ammonia sensor. The results are shown in Figure 33.

Figure 33. Comparative data regarding the cumulative release rate of ammonia (ppm) obtained

by the methodologies of boric acid and ammonia sensor.
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With this study, the boric acid methodology could be validated, due to its similarity of
results when compared to the use of the ammonia sensor (Figure 33). With the experimental
results, we could compare both methodologies and obtain a linear fit with an R? of 0.9993,

showing the validation of the boric acid methodology to ammonia volatilization studies.
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3.4 CONCLUSIONS

In essence, our study presents a straightforward and efficient approach for creating
nanocomposites by intercalating bentonite clay into urea. Even in extreme conditions such as
the release rate of fertilizers in water, it was possible to conclude that there is an amount of urea
that is interlayered into bentonite sheets and that there are ion-dipole interactions between
bentonite and urea that occurs in the negative surface of bentonite. These interactions between
bentonite and urea in BUF fertilizer decrease the possibility of ammonia volatilization. The
results were confirmed by FTIR analysis. Another conclusion obtained by the release rate in
water is that 20% of urea presented in BUF is intercalated into the bentonite layers, showing
that the intercalation is effective, and the exfoliation gotten by the extrusion process is important
to obtain a slow-release fertilizer.

The kinetic studies allowed us to deduce that when BUF contacts soil, depending on pH
value and moisture level, urea will be released from the bentonite matrix in a slow and
controlled diffusion. Furthermore, it was possible to conclude that urea molecules are tightly
bonded to bentonite interlayers in BUF fertilizer, especially about 20% of the urea total content.
This slower and sustained urea release gives BUF the important characteristic of an efficient
slow-release nitrogen fertilizer. XRD studies confirmed that urea molecules were introduced
into bentonite sheets leading to an expansion in the interlayer distance, resulting in strong H
bonding with hydrophilic groups of bentonite. The increase in the interlayer distance suggests
a successful exfoliation of bentonite with urea.

Ammonia volatilization analysis in soil showed that urea loses nitrogen by volatilization
60% faster than BUF. In addition, the boric acid methodology could be validated in comparison
to ammonia sensor tests.

In summary, an important finding from our research is that urea molecules are
intercalated into octahedral sheets of bentonite as well as chemically bonded in its surface and
pores, resulting in slow-release behavior for urea dissolution, making this bentonite-urea-

modified fertilizer useful for enhancing fertilizer efficacy within agricultural applications.
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4 AMMONIA VOLATILIZATION KINETICS FROM BENTONITE-UREA
FERTILIZER IN SOIL

4.1 INTRODUCTION

Ammonia volatilization, characterized by the conversion of ammonium (NH4") to
ammonia (NH3) gas and subsequent release into the atmosphere, is a key pathway of N loss
from fertilizers. Traditional fertilizers, such as urea, are particularly susceptible to rapid
volatilization, necessitating innovative approaches like bentonite-urea fertilizers to reduce N
losses. This paper delves into the kinetics of ammonia volatilization from such fertilizers,
aiming to shed light on their potential benefits and application strategies. Apart from the
economic implications, ammonia volatilization can lead to environmental issues such as air
pollution by the elevated NHj levels, affecting human health; soil and water acidification
because of NHj3 deposition; and NH3 emissions may contribute to eutrophication of nearby
water bodies, harming aquatic ecosystems. Fertilizers are applied to the soil to increase
agricultural productivity by providing essential elements for plant growth; however, between
40 and 70% of nutrients are lost through volatilization, erosion, and leaching (WU; LIU, 2008a).
The concentration of fertilizer lost varies according to soil characteristics, environmental
factors, crop, and application methods (AYOUB, 1999).

Urea (CO(NH)>2), also called carbamide, is a nitrogenous compound containing a
carbonyl group attached to two amine groups. In vivo, urea is formed in the liver via the urea
cycle from ammonia and is the end product of protein metabolism. Industrially, urea is obtained
through the reaction between ammonia (NH3) and carbon dioxide (CO.), under high pressure,
forming ammonium carbamate (NH2COONH4), which is then dehydrated to give rise to urea
(PEREIRA, 2014). When pure, urea presents around 47% nitrogen in its composition, being
then the nitrogen fertilizer with the lowest cost per unit of nitrogen and, consequently, the most
used molecule for supplementation of this mineral in the soil (DAL MOLIN, 2016). Urea can
be absorbed through both the leaves and the roots. As a fertilizer, it can be taken up directly or
after hydrolysis. The enzyme urease catalyzes the hydrolysis of urea, resulting in ammonium
carbonate; ammonium carbonate is highly unstable, breaking down into ammonium,
bicarbonate, and hydroxyl. Ammonium can be converted to ammonia and lost to the
atmosphere, depending on the cation exchange capacity, clay content (texture), pH, and soil
temperature (BYRNES, 2000). The increased susceptibility to volatilization occurs because the

hydrolysis process of urea promotes the elevation of soil pH around the granules due to the
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reactions of bicarbonate and hydroxyl with hydrogen present in the soil (CANTARELLA,
2007; ERNANI, 2008; YAMADA; ABDALLA, 2006). This elevation in soil pH can lead to
losses of between 8 and 77% of the applied nitrogen (FARIA et al., 2014; LARA CABEZAS;
SOUZA, 2009). In tropical countries, such as Brazil, crops absorb between 50 and 70% of the
nitrogen; therefore, about 40% of the N is lost to the environment, resulting in a low return on
the investment made in fertilization (FINK, 1992). Besides the high cost of frequent
fertilization, this still causes environmental damage because the excess nutrients can
contaminate the atmosphere and the soil, besides groundwater and rivers (PEREIRA, 2014).
The ecological damage due to excess ammonium and oxidized nitrogen compounds can cause
algae blooms that, in turn, cause oxygen depletion. In the case of blue and green algae,
substances toxic to animals and humans are produced during blooming. Another problem of
excessive use of fertilizers is the toxicity of nitrate (NO3") and nitrite (NO2"), ions related to
various diseases. Moreover, the excess of nitrogen compounds is also associated with acid rain
and the release of N>O and NO gases, which contribute to the greenhouse effect and reduction
of the ozone layer (RESENDE, 2002; SERRANO-SILVA et al., 2011; SNYDER et al., 2009).
Thus, the efficient use of fertilizers is essential for greater productivity, economic return, and
minimization of nutrient losses to the environment.

Urea is the most employed nitrogen fertilizer because of its high concentration of
nitrogen (460 g-kg!-N), the restriction of ammonium nitrate as fertilizer, and the higher cost of
ammonium sulfate (CHIEN; PROCHNOW; CANTARELLA, 2009). Volatilization is
accentuated in alkaline soils and acidic and alkaline soils when urea is applied to the surface,
especially in flooded soils and at the early stage of plant growth. Urea [(NH2)>CO] hydrolysis
to ammonium bicarbonate [(NH4)HCO3] causes an increase in soil pH that induces ammonia
(NHs) volatilization (CHIEN; PROCHNOW; CANTARELLA, 2009; SOARES;
CANTARELLA; MENEGALE, 2012).

High pH in solution favors the formation of aqueous ammonia and hydrogen ion,
increasing NH3 concentration in solution and in gaseous phase. If the soil has pH values below
7, the main ammoniacal-N form will be NH4" and the potential for volatilization will be small.
In contrast, if the soil presents higher pH values, the main form will be NH; and the potential
for volatilization will be greater (DASGUPTA; DONG, 1986).

The effect of initial soil pH can be overlaid by a strong interaction between the
fertilizer, as urea, and the soil solution that induces hydrolysis and precipitation reactions. In
this case, the soil cation exchange capacity (CEC) is important, if the soil presents a large CEC,

with high NH4" retention, the volatilization potential of NH3 tends to reduce because of the
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adsorption of NH4" on the exchange site and consequent reduction on NH4" concentration in
soil solution (EMEP/EEA, 2019).

Ammonia losses are also dependent on wind speed, soil buffering capacity, soil
moisture content, and low or high plant canopy. The presence of plant residues can increase
urease activity and, consequently, increase NH3; emission. Ammonia losses are higher in
countries with tropical and subtropical climates with average volatilization of 20 — 60% of the
applied nitrogen (BOUWMAN; BOUMANS, 2002; CANTARELLA et al., 2003, 2008;
CHIEN; PROCHNOW; CANTARELLA, 2009; LARA CABEZAS; KORNDORFER;
MOTTA, 1997). The choice of fertilizer and the application technique greatly influence
volatilization. Depending on the fertilizer used, once it is applied to the soil surface, there is a
consequential loss due to the volatilization that occurs in the first hours after fertilization
(CELLIER et al., 2013; GENERMONT et al., 1998; HUIJSMANS; HOL; VERMEULEN,
2003; SOMMER et al., 2003).

Nitrogen loss measurements are essential to correct fertilization, avoiding excess or
lack of this nutrient, economic losses, and negative environmental impacts. Nitrogen flow
measurement methods can be experimental, which allows the direct determination of emissions
of gaseous nitrogen compounds, or the use of models that are generally proposed to carry out
integrated assessments for long periods and large areas or to analyze evolutionary scenarios
(CELLIER et al., 2013).

Hence, the objective of this paper is to review and summarize laboratory measurement
methods of ammonia emission, pointing the efficiency and the weaknesses of each method
presented.

The process of ammonia volatilization can be understood through a series of chemical
and physical mechanisms such as urea hydrolysis through the action of urease enzymes,
producing NH4" ions and bicarbonate ions (HCO3"); transformation of NH4" ions, that are
subject to soil adsorption, ion exchange, and microbial activity, influencing their fate; and
volatilization, mainly in alkaline conditions. Bentonite-urea fertilizers modulate these
mechanisms by delaying urea hydrolysis, potentially reducing NH3 volatilization.

Several factors can impact the kinetics of ammonia volatilization from bentonite-urea
fertilizer as the soil pH, because alkaline soils favor volatilization; temperature that affects the
activity of urease enzymes; the adequate soil moisture, because moist soils retain NH4" ions;
and the proportion of bentonite in the fertilizer formulation.

Red Latosols, with their inherent low nutrient content and high weathering intensity,

present unique challenges for agriculture. To enhance crop productivity, farmers often resort to



76

nitrogen-based fertilizers, including controlled-release fertilizers (CRFs). However, a
significant fraction of the applied N can be lost to the atmosphere through ammonia
volatilization, leading to economic losses and environmental problems.

Understanding the kinetics of ammonia volatilization from bentonite-urea fertilizer in
soil is critical for modern agriculture. This knowledge empowers farmers and researchers to
develop effective strategies for optimizing nutrient use efficiency, protecting the environment,
and enhancing crop productivity. Ongoing research and practical applications are essential for

addressing this complex issue and ensuring sustainable nutrient management in agriculture.

4.2 MATERIAL AND METHODS
4.2.1 Materials
4.2.1.1 Bentonite and soil

Bentonite and bentonite-urea fertilizer pellet (BUF) were provided by T-Minas. Red
Latosol was collected from Palma Sola, Santa Catarina, Brazil. Quartzarenic Neosol was
collected from Florianopolis, Santa Catarina, Brazil.
4.2.1.2 Chemicals

The following chemicals were used: urea (100%, Neon), magnesium oxide (98%,
Neon), sulfamic acid (98%, Neon), sulfuric acid (0.1 N, Neon), boric acid (99.8%, Neon),
bromocresol green (99% Neon), methyl red (as a water-soluble salt) (99% Neon), ammonium
sulfate (99%, Neon), sodium nitrite (99%, Neon), sodium sulfate anhydrous (99%, Neon),
pentahydrate copper sulfate (98%, Neon), phenolphthalein in solution (1%, Neon), Nessler’s
reagent, hydrochloric acid (0.1 N, Neon) and ethanol (95%, Neon) were used as well. All

chemicals were of analytical grade and used without further purification.

4.2.2 Laboratory experimental unities

Experimental closed-static unities were built according to Mulvaney et al. (1997),
Rogers et al. (2017), and Stiegler et al. (2011) propositions with adaptations (Figure 34).
Volatilization chambers were prepared by pouring 200 g of soil sample into each chamber. Pure
soil and soil with Bentonite were the control in each experiment. Fertilizer was added to each
chamber to achieve an N concentration equivalent to 3 g of N. In chambers that were conducted
boric acid indicator analysis, 50 mL of 2% of this ammonia sequestrant was placed into a
cylinder container in the middle of the volatilization chamber. An ammonia sensor (AKSO
SGTP-NH3) was coupled to the volatilization chamber to obtain the concentration of volatilized

ammonia inside the chamber. The soil pH was corrected to reach pHs between 5 and 7.
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Figure 34. Closed static volatilization chamber with an ammonia sensor.
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4.2.3 Field experiments

The work was carried out at the Experimental Farm of the Federal University of Santa
Catarina, located in Floriandpolis, state of Santa Catarina, in southern Brazil. According to the
Koeppen climate classification, the farm is located in a sub-region with a constantly humid sub-
tropical climate, with no dry season and a hot summer. Normal rainfall ranges from 1270 to
1600 mm per year. The average annual relative humidity is around 82%, with total annual
sunshine from 2021 to 2166 hours (ALVARES et al., 2013). The experiment was carried out in
March and April 2023. Typical Hydromorphic Quartzarenic Neosol according to the Brazilian
Soil Classification System (EMBRAPA, 2018). It is therefore a predominantly sandy soil, with
a dark color due to the high content of organic matter present and the common presence of
water in the soil, due to the high water table.

The soil analysis of the tillage area showed the following chemical characteristics
determined on samples taken from the 0-20 cm layer: pH in water 5.8; Al 0.0 mmolc dm?; Ca
5.3 mmolc dm™; Mg 3.7 mmolc dm™; K 22.0 mg dm?; P 3 mg dm™; MO 4.8 g dm>.

The experimental plots (4x4m each) were established with soil preparation corrected
with lime, potassium, and phosphorus in a total area of 1250 m? (Figure 35). The experimental
design was completely randomized with 5 replications per treatment, giving a total of 20

experimental plots (1 species x 4 treatments x 5 replications).
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Figure 35. Experimental design where T1 are the control; T2 are pure urea; T3 are BUF; and

T4 are soil with bentonite.
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The experiments were settled up using a tropical grass forage specie, Brachiaria
brizanth (Piatd) which was subjected to different sources of nitrogen fertilizer: control without
nitrogen, conventional nitrogen fertilizer (urea), BUF and Bentonite also as a control.

Ammonia volatilization from the treatments was assessed using semi-open chambers
(Figure 36), like the model described by Nommik (1976), which were in each of the trays before
the application of the fertilizers. After installing the chambers, the fertilizers were distributed
evenly over the bare soil, according to the over the bare soil, depending on the treatment and at

a standard dose equivalent to 125 kg ha™! N.

Figure 36. PVC volatilization chamber with two ammonia sequestrant sponges.
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The system consisted of a PVC pipe base inserted into the soil, and two polyurethane

foam disks (with a density of 0.23 g cm, 2 cm thick and an area of 314 cm?) soaked in 45 ml of
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a 0.5 N phosphoric acid + glycerin solution (5% v/v) were placed inside the pipe, in 45 ml of a
0.5 N phosphoric acid + glycerin (5% v/v) solution. The disk positioned in the upper part of the
chamber acts as a trap for potential contamination with NH3 present in the air, while the disk
positioned at 10 cm has the function of capturing NH3 volatilized from the area under the
chamber.

Ammonia volatilization was assessed over a period of 32 days, with quantifications
(trap changes). In each of the evaluations, both disks (bottom and top) were replaced with new
ones with new ones, also soaked in acid+glycerin solution. The replaced lower disk was placed
in a plastic bag and stored in a refrigerator for later quantification of the of the captured NHs.
The quantification process begins by extracting/washing each foam in 400 ml of a 0.0005 N
solution of sulfuric acid. The concentration of NH3 in the extracted aliquots was determined in
duplicate by distillation (Kjeldahl distiller) followed by titration. The sampling frequency was
as follows: 4, 8, 12, 16, 20, 24, 28 and 32 days after the treatments were applied.

4.2.4 Volatilized ammonia
Volatilized ammonia was determined by the Kjeldahl method (BREMNER;
MULVANEY, 2015). In this method, N in the sample is reduced in NH4" by H>SO4 digestion

with salts and catalysts to accelerate the reaction.

4.2.5 Volatilized ammonia in volatilization chamber

Ammonia was adsorbed by a 2% boric acid solution with bromocresol green and
methyl red. Volatilized ammonia was determined by titration with 0.01 mol/L sulfuric acid
standard solution on days 0, 2, 3, 15, and 30 of incubation. The cumulative volatilized ammonia
was determined using Equation 18 (FERTAHI et al., 2020). where Cum.R. is the cumulative
amount of release N; V. is the sampling volume; Vy is the initial volume of the experimental
medium; Ciand Crare the correspondingly representative concentrations of N at sampling time

t and at the last sampling time; Cm, is the total weight of nitrogen in the fertilizer.

VY C, + VoC
Cum.R, =% (18)
o

In addition to the boric acid indicator methodology, we also tested the volatilization
only with an ammonia sensor (AKSO SGTP-NH3) into the volatilization chamber to obtain the

concentration of volatilized ammonia inside the chamber.
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4.2.6 Urea release and ammonia volatilization Kinetics

The kinetics were determined by the best fit of experimental data versus time. The
ammonia volatilization kinetic was fitted with the first-order release model (Eq. 15). The
semiempirical power law model of Korsmeyer-Peppas was used to determine de diffusion type

for urea release kinetics (Eq. 16). (KORSMEYER; PEPPAS, 1981)

Log Q; = Log Qq — K, t/2.303 (15)
Qc = Kip t" (16)

where Qq is the fraction of urea released (%) at each time point (t); Qo is the initial percentage
of urea (%); K, is the first-order release kinetic constant (h™!); Kkp is the release kinetic constant
according to the Korsmeyer-Peppas’ model (h!'); n is the diffusion exponent.

The value of the diffusion exponent n in the Korsmeyer-Peppas’ model indicates the
urea release mechanism. The type of release correlated with the n value is shown and described

in Table 6.

Table 6. Type of diffusion related to the diffusion exponent value.

Diffusion exponent Type of diffusion
value
0<n<045 Hindered Fickian diffusion (diffusive release and non-

swellable matrix)
n =045 Fickian diffusion (diffusion is the main release mechanism)
045<n<1.0 Non-Fickian diffusion (release follows both diffusion and
erosion-controlled mechanisms)
n=1.0 Zero-order diffusion (kinetics governed by degradation and

relaxation or degradation of monolithic systems)
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4.3 RESULTS AND DISCUSSION

The cumulative release rate of ammonia was obtained for urea and BUF in latosol and
neosol, at pH 5.5 and 7.5, in order to notice the influence of the soil type and the pH in ammonia
volatilization (Figure 37). The volatilized ammonia measurement was done by boric acid
method and ammonia sensor. The ammonia sensor was used in order to validate the boric acid

method.

Figure 37. Cumulative release rate of ammonia at 25 °C £+ 2°C in Red Latosol and Quartzarenic

Neosol at pH 5.5 and 7.5; with ammonia sensor.
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A lower ammonia volatilization was observed in pH 5.5 compared to both Neosol and
Latosol at pH 7.5. The pH is the most important variable that affects ammonia volatilization. In
both Neosol and Latosol, pure urea presented about 20% more ammonia volatilization than
BUF. After 15 days of analysis, the soils with pH 7.5 showed an ammonia volatilization about
80% higher than the soils with pH set to 5.5.

In order to better understand the effect of pH on ammonia volatilization, another
experiment was conducted by fertilizing soils with corrected pHs between 5 and 7.5 (Figure

38).
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Figure 38. Cumulative release rate of ammonia from Urea and BUF at 25 °C £ 2°C in Red

Latosol at pH 5.0, 5.5, 6.0, 6.5, 7.0, and 7.5.
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The tests were conducted for pure urea and BUF in triplicate for each pH during 60
days of incubation. We can see from the graph that at pHs above 7.0 volatilization is more
pronounced, while at pHs below 6.0 the loss is less. From the data obtained, it can be concluded
that the critical pH for volatilization is 6.5, and that below this pH there is less loss. So, it is
visible that in soils with a pH below 6.5 the loss of nitrogen through volatilization is similar for
both fertilizers, both pure urea and the BUF protected fertilizer. Is important to highlight that
in Brazil, soil pH is commonly adjusted to between 6.0 and 6.5.

With regard to the accumulated loss of N-NH3, there were differences between the
treatments in all the evaluation period. The N loss from BUF amounted to 26.4 kg N ha'! at the
end of 32 days, equivalent to 19.6% of the N applied. The total accumulated loss of N-NHj3 in
pH 7.5 was 50% lower when BUF were used instead urea. inhibitors. And that's when we
consider the entire 32-day period.

The lower loss of N in BUF compared with pure urea is shown in Figure 39. So, it is
possible to conclude that urea molecules are tightly bonded to bentonite interlayers. This slower
N loss gives BUF the important characteristic of an efficient fertilizer for minimizing ammonia

volatilization.



&3

Figure 39. Cumulative volatilization of ammonia from Bentonite, Control (pure soil), Urea and

BUF in Neosol on days 0 to 32.
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The reduction in cumulative loss of N when using BUF were about 71% compared to
ordinary urea. It is important to note that the accumulated losses of N-NH3 from the BUF (2

mg) after day 15 were statistically similar throughout the final evaluation period.

Figure 40. Comparison of ammonia volatilization kinetics from BUF and urea in Neosol, using

First Order model.
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In the equations of first-order kinetics model describing the ammonia volatilization
process of pure urea and BUF, it was found that the lowest ammonia volatilization values
(indicates the stabilization value of the volatilization process) belong to BUF (0.6%), 68%

lower than urea (1.9%). The first-order model shows that the ammonia volatilization 1is
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concentration-dependent, in other words, the higher the concentration, the faster is the
volatilization. The first order rate of ammonia volatilization increased from 0.01 (day™') to 0.03
(day™) for urea, while for BUF the first order rate remained at 0.0025 (day™). These results
shows that BUF is a potential fertilizer to be used in place of pure urea, as it grants a lower and
constant loss of nitrogen, while urea presents rapid, increasing and higher losses.

Figure 41 shows the experimental data fitted by Korseyer-Peppas model. This model is
generally used to analyze the release of an active compound from a matrix when the diffusion

mode is not well known.

Figure 41. Comparison of urea release kinetics from BUF and urea in Neosol, using Korsmeyer-

Peppas model.
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BUF has a Non-Fickian diffusion in soil according to the KP model, which presented a
n value of 0.83 indicating that the release mechanism is controlled by both diffusion from the
bentonite matrix as well as the erosion of this nanoclay. The diffusion-controlled mechanism,
as in the case of a water-soluble active compound as urea, comes from an homogeneous matrix
with a slow-release behavior (MADUSANKA et al., 2017). Thus, it can be concluded that when
BUF contacts soil, urea was released from the bentonite matrix in a slow and controlled
diffusion but also by a gradual erosion of the fertilizer pellet. For urea, the diffusion behavior
was a Hindered Fickian with a n value of 0.40. This diffusion mechanism indicates that there is
a release of a non-swellable matrix. The value of the release constant of the KP model (Kkp)
was 0.03 h! for BUF and 1.31 h™! for urea, showing a urea release from BUF around 44 times

slower than pure urea.
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44 CONCLUSIONS

This study showed the critical role of soil pH in regulating ammonia volatilization,
emphasizing its importance in agricultural and environmental contexts. The findings presented
herein demonstrate that soil pH significantly influences the transformation and fate of ammonia
in the soil, with acidic conditions favoring increased ammonia volatilization. The mechanisms
underlying this relationship involve the pH-dependent equilibrium between ammonium (NH4")
and ammonia gas (NH3), with higher pH levels promoting the formation of NH3, which is more
susceptible to volatilization.

This research also demonstrate that bentonite-urea fertilizer (BUF) stands out as a
significantly more efficient and sustainable choice compared to urea in terms of reduced and
slower ammonia volatilization. Ammonia volatilization is a key concern in modern agriculture
due to its adverse environmental and economic consequences. The slower release of nitrogen
from BUF when compared to urea, significantly reduces the immediate formation of ammonia
gas when the fertilizer is in contact with the soil. The slower release, due to the inherent
physicochemical properties of bentonite clay, as the octahedral sheets, results in a substantial
decrease in ammonia volatilization compared to traditional urea fertilization. This reduced
ammonia loss not only preserves valuable nutrients for plant uptake but also has profound
implications for environmental conservation by mitigating the release of ammonia into the
atmosphere, where it can contribute to air pollution and ecosystem damage. In addition, the
formation of urea requires the use of fossil fuels, i.e. non-renewable energy. Therefore, in
addition to minimizing the environmental impact of excessive fertilization, BUF is a fertilizer
of interest because it reduces the carbon footprint due to a lower need for urea and,
consequently, a lower production of this nitrogenous compound.

Furthermore, BUF efficiency is not limited to reducing ammonia volatilization; it also
extends to enhancing nitrogen use efficiency, reducing the need for frequent applications, and
minimizing the risk of over-fertilization. This translates into tangible economic benefits for
farmers and a more sustainable approach to nitrogen management in agriculture.

The kinetic studies allowed us to observe that when BUF contacts soil, depending on
pH value, urea releases from the bentonite matrix in a controlled diffusion but also dependent
of the bentonite exfoliation. Furthermore, it was possible to conclude that ammonia
volatilization is 68% higher than BUF in the same period. In addition, ammonia volatilization

is faster and higher when urea is used as fertilizer than BUF is used. This slower and sustained
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urea release gives BUF the important characteristic of an efficient slow-release nitrogen

fertilizer.

5 FINAL CONSIDERATIONS

In conclusion, this thesis has examined the comparative efficacy of a new slow-release
fertilizers (BUF) versus pure urea, focusing on their impact on ammonia volatilization and
nitrogen release. The findings presented here underscore the superiority of BUF over pure urea

in agricultural applications. The final considerations can be summarized as follows:

e Reduced Ammonia Volatilization: One of the key advantages of BUF over pure
urea is its ability to significantly reduce ammonia volatilization. Ammonia
volatilization is a major concern in agriculture, as it leads to nitrogen loss,
environmental pollution, and decreased fertilizer efficiency. BUF, with its
controlled-release mechanism because of the urea intercalation into bentonite
lamellas, effectively moderates this issue, ensuring that a higher proportion of

applied nitrogen is utilized by crops.

e Enhanced Nutrient Efficiency: BUF nature allows for a more gradual and
sustained release of nitrogen, matching the nutrient demand of crops over time.
This results in improved nutrient efficiency, as plants can access nitrogen when
needed, reducing the risk of nutrient loss by volatilization. Pure urea, on the other

hand, can lead to nutrient imbalances and waste due to its rapid release.

e Lower Environmental Impact: The reduced ammonia volatilization associated
with BUF not only benefits crop yield but also has a positive impact on the
environment. Lower ammonia emissions contribute to improved air quality and
a decrease in environmental pollution, which is a significant concern in

agriculture nowadays.

e Longer Lasting Effects: BUF formulation has the advantage of providing
nutrient availability for an extended period. This not only benefits the current

crop but also has carryover effects for subsequent crops. In contrast, pure urea
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typically requires more frequent applications to maintain adequate nutrient

levels, resulting in increased labor and fertilizer costs.

e Economic Viability: While BUF may have a slightly higher upfront cost
compared to pure urea, its long-term benefits in terms of improved crop yields,
reduced fertilizer application frequency, and lower ammonia volatilization

losses make it a cost-effective choice for farmers in the long run.

In conclusion, the results strongly support the claim that BUF, by decreasing ammonia
volatilization and providing a sustained nutrient supply, outperform pure urea as a fertilizer
option. Considering the pressing global challenges related to food security, environmental
sustainability, and climate change, the adoption of controlled-release fertilizers like BUF
emerges as a promising solution. Our research reinforces the notion that slow-release fertilizers
can play a pivotal role in optimizing nutrient management strategies, minimizing ammonia
volatilization, and promoting a more environmentally friendly and economically viable
approach to modern agriculture. It is imperative that farmers, politicians, and investors
recognize the advantages of slow-release fertilizers as BUF and consider its widespread

adoption as a crucial step towards a sustainable and responsible future for agriculture.



88

6 REFERENCES
AARNIO, T. Mineralization of ¢ and n and nitrification in scots pine forest soil treated
with nitrogen fertilizers containing different proportions of urea and its slow-releasing

derivative, ureaformaldehyde. /S. I./, v. 27, n. 10, p. 1325-1331, 1995.

ALVARES, Clayton Alcarde; STAPE, José¢ Luiz; SENTELHAS, Paulo Cesar; DE
MORAES GONCALVES, José Leonardo; SPAROVEK, Gerd. Koppen’s climate classification
map for Brazil. Meteorologische Zeitschrift, /S. 1/, v. 22, n. 6, p. 711-728, 2013. DOI:
10.1127/0941-2948/2013/0507.

ANTONIO, C. Ureia recoberta com So, Cu e B em soca de cana-de-acucar colhida

sem queima. 2012. Universidade de Sao Paulo, /S. 1./, 2012.

ARAUJO, A. R.; LUIS, J.; CARVALHO, N.; ROBERTO, L.; GUILHERME, G.;
CURI, N.; MARQUES, J. J. Movimentac¢ao de nitrato de amonio em colunas de solo. Ciéncia
e Agrotecnologia, /S. [/, v. 28, n. 3, p. 537 a 541, 2004.

AYOUB, Ali T. Fertilizers and the environment. Nutrient Cycling in
Agroecosystems, /S. ./, v. 55,n. 2, p. 117-121, 1999. DOI: 10.1023/A:1009808118692.

BIDADI, H.; SCHROEDER, P. A.; PINNAVAIA, Thomas J. Dielectric properties of
montmorillonite clay films: Effects of water and layer charge reduction. Journal of Physics
and Chemistry of Solids, /S. 1/, v. 49, n. 12, p. 1435-1440, 1988. DOI: 10.1016/0022-
3697(88)90117-5.

BORCHARDT, G. A. Montmorillonite and other smectite minerals. Minerals in soil
environments, /S. [./, n. July 1977, p. 293-330, 1989. DOI: 10.13140/RG.2.1.1292.2966.

BORTOLIN, Adriel; AOUADA, Fauze A.; MATTOSO, Luiz H. C.; RIBEIRO, Caue.
Nanocomposite PAAm/methyl cellulose/montmorillonite hydrogel: Evidence of synergistic
effects for the slow release of fertilizers. Journal of Agricultural and Food Chemistry, /S.
l.],v.61,n.31, p. 7431-7439, 2013. DOI: 10.1021/;f401273n.

BOUWMAN, A. F.; BOUMANS, L. J. M. Estimation of global NH 3 volatilization
loss from synthetic fertilizers and animal manure applied to arable lands and grasslands. /S. ./,

v. 16, n. 2, 2002.



&9

BREDEMEIER, C.; MUNDSTOCK, C. M. Regulagdo da absor¢ao e assimilagdo do
nitrogénio nas plantas. Ciéncia Rural, /S. [/, v. 30, n. 2, p. 365-372, 2000. DOL:
10.1590/s0103-84782000000200029.

BREMNER. J. M. Total nitrogen. Methods of Soil Analysis: Part 2. Chemical and
Microbiological Properties, /S. ./, v. 9, n. 1070, p. 1149-1178, 1965.

BREMNER, J. M.; MULVANEY, C. S. Nitrogen—Total. /S. L/, p. 595-624, 2015.
DOI: 10.2134/AGRONMONOGR9.2.2ED.C31. Disponivel em:

https://onlinelibrary.wiley.com/doi/full/10.2134/agronmonogr9.2.2ed.c31. Acesso em: 7 mar.
2023.

BRUSCHI, Marcos Luciano. Mathematical models of drug release. Strategies to
Modify the Drug Release from Pharmaceutical Systems, /S. ./, p. 63-86, 2015. DOLI:
10.1016/b978-0-08-100092-2.00005-9.

BYRNES, B. H. Liquid fertilizers and nitrogen solutions. /n: International Fertilizer
Development Center: Fertilizer manual. [s.l: s.n.]. p. 20—44. DOI: 10.1007/978-94-017-
1538-6.

CADRE, Edith L. E.; GENERMONT, Sophie; DECUQ, Céline; RCOUS, Sylvie;
CELLIER, Pierre. A laboratory system to estimate ammonia volatilization. /S. ./, v. 25, p. 101-
107, 2005. DOI: 10.1051/agro.

CANTARELLA, H. Nitrogénio. /In: NOVALIS, Roberto Ferreira; ALVAREZ, Victor
Hugo; BARROS, Nairam Félix; FONTES, Renildes Lucio F.; CANTARUTTI, Reinaldo
Bertola; NEVES, Julio César Lima (org.). Fertilidade do Solo. 1. ed. Vigosa, MG: Sociedade
Brasileira de Ciéncia do Solo, 2007. p. 375 a 470.

CANTARELLA, H.; JR, D. Mattos; QUAGGIO, J. A.; RIGOLIN, A. T. Fruit yield of
Valencia sweet orange fertilized with different N sources and the loss of applied N. /S. [/, n.
1979, p. 215-223, 2003.

CANTARELLA, Heitor et al. Ammonia volatilisation from urease inhibitor-treated

urea applied to sugarcane trash blankets. /S. 1./, n. August, p. 397401, 2008.

CANTARELLA, Heitor; TRIVELIN, Ocheuze. Determinacdo de nitrogénio



90

inorgénico em solo pelo método da destilacdo vapor. /n: Analise quimica para avaliacdo da

fertilidade de solos tropicais. Campinas: Instituto Agrondmico, 2001. p. 270-276.

CELLIER, Pierre; ROCHETTE, Philippe; HENAULT, Catherine; GENERMONT,
Sophie; LAVILLE, Patricia; LOUBET, Benjamin. Les émissions gazeuses dans le cycle de

I’azote a différentes échelles du territoire : Une revue. Cahiers Agricultures, /S. [/, v. 22, n.

4, p. 258-271, 2013. DOI: 10.1684/agr.2013.0641.

CHIEN, S. H.; PROCHNOW, L. I.; CANTARELLA, H. Recent Developments of
Fertilizer Production and Use to Improve Nutrient Efficiency and Minimize
Environmental Impacts. 1. ed. [s.l.] : Elsevier Inc., 2009. v. 102 DOI: 10.1016/S0065-
2113(09)01008-6.

CORRADINL E.; DE MOURA, M. R.; MATTOSO, L. H. C. A preliminary study of
the incorparation of NPK fertilizer into chitosan nanoparticles. Express Polymer Letters, /S.

[.],v.4,n. 8, p. 509-515, 2010. DOI: 10.3144/expresspolymlett.2010.64.

COSTA, M. C. G.; VITTI, G. C.; CANTARELLA, H. Volatilizagdo de N-NH3 de
fontes nitrogenadas em cana-de-agtcar colhida sem despalha a fogo. Revista Brasileira de
Ciéncia do Solo, /S. ], v. 27, n. 4, p. 631-637, 2003. DOI: 10.1590/s0100-
06832003000400007.

DAL MOLIN, S. J. Desempenho De Fertilizantes Nitrogenados Na Volatilizacdo De
Amonia, Na Lixiviacdo E No Rendimento Do Feijoeiro. /S. L./, p. 86, 2016.

DASGUPTA, Purnendu K.; DONG, Shen. Solubility of ammonia in liquid water and
generation of trace levels of standard gaseous ammonia. Atmospheric Environment (1967),

[S. 1], v.20,n. 3, p. 565-570, 1986. DOI: 10.1016/0004-6981(86)90099-5.

DE OLIVEIRA, C. 1. R.; ROCHA, M. C. G.; DA SILVA, A. L. N.; BERTOLINO, L.
C. Characterization of bentonite clays from Cubati, Paraiba Northeast of Brazil. Ceramica, /S.

[.],v.62,n.363,p.272-277,2016. DOL: 10.1590/0366-69132016623631970.

DEPARTMENT OF ECONOMIC AND SOCIAL AFFAIRS, Population Division.
World Population Prospects 2022. [s.]: s.n.]. Disponivel em: www.un.org/development/

desa/pd/.



91

DJOUANI, Fatma; HERBST, Frederic, CHEHIMI, Mohamed M.; BENZARTI,
Karim. Synthesis, characterization and reinforcing properties of novel, reactive
clay/poly(glycidyl methacrylate) nanocomposites. Construction and Building Materials, /S.
l.],v.25,n. 2, p. 424-431, 2011. DOI: 10.1016/j.conbuildmat.2010.01.003. Disponivel em:
http://dx.doi.org/10.1016/j.conbuildmat.2010.01.003.

DU, C.; TANG, D.; ZHOU, J.; WANG, H.; SHAVIV, A. Prediction of nitrate release
from polymer-coated fertilizers using an artificial neural network model. Biosystems

Engineering, /S. [./,v. 99, n. 4, p. 478486, 2008. DOI: 10.1016/j.biosystemseng.2007.12.003.

EMBRAPA. Brazilian Soil Classification System, 2018. Disponivel em:
https://www.embrapa.br/busca-de-publicacoes/-/publicacao/1094001/brazilian-soil-

classification-system.

EMEP/EEA. Air pollutant emission inventory guidebook 2019. Technical guidance to
prepare national emission inventories. Appendix 3.D - Crop production and agricultural soils.
[S. L], p. 1-38,2019.

EMPRESA BRASILEIRA DE PESQUISA AGROPECUARIA - EMBRAPA.

Sistema Brasileiro de Classificacdo de Solos. Brasilia, DF.
ERNANI, P. R. Quimica do solo e disponibilidade de nutrientes. Lages, SC.

FARIA, L. A.; NASCIMENTO, Carlos Antonio Costa Do; VENTURA, Barbara
Paquier; FLORIM, Gabriela Perissinotto; LUZ, Pedro Henrique de Cerqueira; VITTI,
Godofredo Cesar. Hygroscopicity and ammonia volatilization losses from nitrogen sources in
coated urea. Revista Brasileira de Ciéncia do Solo, /S. ./, v. 38, n. 3, p. 942-948, 2014. DOI:
10.1590/s0100-06832014000300026.

FERTAHI, Saloua; BERTRAND, Isabelle; ILSOUK, Mohamed; OUKARROUM,
Abdallah; AMJOUD, M’Barek B.; ZEROUAL, Youssef;, BARAKAT, Abdellatif. New
generation of controlled release phosphorus fertilizers based on biological macromolecules:
Effect of formulation properties on phosphorus release. International Journal of Biological
Macromolecules, /S. [/, v. 143, p. 153-162, 2020. DOI: 10.1016/j.ijbiomac.2019.12.005.
Disponivel em: https://doi.org/10.1016/j.ijbiomac.2019.12.005.

FINK, A. World fertilizer use manualParis, Francelnternational Fertilizer Industry



92

Association, , 1992.

FRANZEN, David; GOOS, R. Jay; NORMAN, Richard J.; WALKER, Timothy W.;
ROBERTS, Trenton L.; SLATON, Nathan A.; ENDRES, Gregory; ASHLEY, Roger;
LUKACH, John. Field and laboratory studies comparing nutrisphere-nitrogen urea with urea in
north Dakota, Arkansas, and Mississip. /S. [/, v. 4167, n. May, p. 1198-1122, 2011. DOI:
10.1080/01904167.2011.558162.

FRENEY, J. R.; SIMPSON, J. R. Gaseous loss of nitrogen from plant-soil systems.
1. ed. Canberra, Australia: Springer Science+Business Media Dordrecht, 1983. DOI:
10.1007/978-94-017-1662-8 5.

GAGNON, B.; ZIADI, N.; GRANT, C. Urea fertilizer forms affect grain corn yield
and nitrogen use efficiency. Canadian Journal of Soil Science, /S. 1./, v. 92, n. 2, p. 341-351,
2012. DOI: 10.4141/cjss2011-074.

GENERMONT, S.; CELLIER, P.; FLURA, D.; MORVAN, T.; LAVILLE, P.
Measuring ammonia fluxes after slurry spreading under actual field conditions. /S. ../, v. 32, n.

3, p. 1-6, 1998.

GUGGENHEIM, S.; MARTIN, R. T. Definition of clay and clay mineral: Joint report
of the AIPEA nomenclature and CMS nomenclature committees. Clays and Clay Minerals,

[S. 1], v.43,n. 2, p. 255-256, 1995. DOI: 10.1346/CCMN.1995.0430213.

HELAL, Mohamed I. D.; EL-MOGY, Mohamed M.; KHATER, Hassan A.; FATHY,
Muhammad A.; IBRAHIM, Fatma E.; LI, Yuncong C.; TONG, Zhaohui; ABDELGAWAD,
Karima F. A Controlled-Release Nanofertilizer Improves Tomato Growth and Minimizes
Nitrogen Consumption. Plants, /S. [/, v. 12, p. 1-15, 2023. DOI: https://doi.org/10.3390/
plants12101978 Academic.

HIGUCHI T. Mechanism of Sustained- Action Medication. Journal of
pharmaceutical sciences, /S. 1./, v. 52, p. 1145-1149, 1963.

HUIJISMANS, J. F. M.; HOL, J. M. G.; VERMEULEN, G. D. Effect of application
method , manure characteristics , weather and field conditions on ammonia volatilization from
manure applied to arable land. /S. L/, v. 37, p. 3669-3680, 2003. DOI: 10.1016/S1352-
2310(03)00450-3.



93

JAMBERT, C.; SER, D.; DELMAS, R. Quantification of N-losses as NH 3 , NO , and
N 2 O and N 2 from fertilized maize fields in southwestern France. /S. L/, p. 91-104, 1997.

KAMPF, N.; CURI, N. Argilominerais em solos brasileiros. /n: CURI, N
MARQUES, J. J.; GUILHERME, L. R. G.; LIMA, J. M.; LOPES, A. S.; ALVAREZ V., V. H.
(org.). Topicos em ciéncia do solo. Vicosa, MG: Sociedade Brasileira de Ciéncia do Solo,

2003. p. 1-54.

KIM, K. S. et al. Suppression of NH3 and N20 emissions by massive urea intercalation
in montmorillonite. Journal of Soils and Sediments, /S. /./,v. 11,n. 3, p.416-422,2011. DOI:
10.1007/s11368-010-0326-z.

KORSMEYER, Richard W.; PEPPAS, Nikolaos A. Effect of the morphology of
hydrophilic polymeric matrices on the diffusion and release of water soluble drugs. Journal of
Membrane Science, /S. ./, v.9,n. 3, p. 211-227, 1981. DOI: 10.1016/S0376-7388(00)80265-
3.

LAGALY, G.; FERNANDEZ GONZALEZ, M.; WEISS, Armin. Problems in layer-
charge determination of montmorillonites. Clay Minerals, /S. [./,v. 11,n. 3, p. 173-187, 1976.
DOI: 10.1180/claymin.1976.011.3.01.

LARA CABEZAS, A. R.; TRIVELIN, P. C. O.; BENDASSOLLI J. A.; DE
SANTANA, D. G.; GASCHO, G. J. Calibration of a semi-open static collector for
determination of ammonia volatilization from nitrogen fertilizers. Communications in Soil
Science and Plant Analysis, /S. [/, v. 30, n. 3-4, p. 389406, 1999. DOI:
10.1080/00103629909370211.

LARA CABEZAS, W. A. R.; KORNDORFER, G. H.; MOTTA, S. A. Volatilizagao
de N-NH3 na cultura de milho: II. avaliacdo de fontes solidas e fluidas em sistema de plantio

direto e convencional. /S. 1./, v. 1997, n. 1, p. 489-496, 1997.

LARA CABEZAS, W. A. R.; SOUZA, Marcos André. Volatilizacio de amonia,
lixiviagdo de nitrogénio e produtividade de milho em resposta a aplicagdo de misturas de uréia

com nsulfato de amonio ou com Gesso agricola. Revista Brasileira de Ciencia do Solo, /S.

l.],v.32,n.6,p.2331-2342,2009. DOIL: 10.1590/50100-06832008000600012.

LEE, S. M.; TIWARI, D. Organo and inorgano-organo-modified clays in the



94

remediation of aqueous solutions: An overview. Applied Clay Science, /S. [./, v. 59-60, p. 84—

102, 2012. DOI: 10.1016/j.clay.2012.02.006.

LORENSINI F.; CERETTA, Carlos Alberto; GIROTTO, Eduardo; CERINI, Jackson
Berticelli; LOURENZI, Cledimar Rogério; DE CONTI, Lessandro; TRINDADE, Mateus
Moreira; DE MELO, George Wellington; BRUNETTO, Gustavo. Lixiviagdo e volatilizacao de
nitrogénio em um Argissolo cultivado com videira submetida a adubagao nitrogenada. Ciencia

Rural, /S. [.],v.42,n.7,p. 1173-1179, 2012. DOI: 10.1590/S0103-84782012005000038.

MA, L.; FU, Dan Dan; GAN, Meng Yu; ZHANG, Feng; LI, Zhi Tao; LI, Sha.
Characterization and anticorrosive properties of poly(2,3-dimethylaniline)/ Na+-
montmorillonite composite prepared by emulsion polymerization. Journal of Applied

Polymer Science, /S. ..], v. 130, n. 6, p. 4528-4533, 2013. DOI: 10.1002/app.39364.

MACHADO, L. D. M.; LUCENA, Cicero Cartaxo De; SANTOS, Dierlei; SIQUEIRA,
Dalmo Lopes De. Slow-release and organic fertilizers on early growth of Rangpur lime Uso de
fertilizante de liberagdo lenta e organico no crescimento inicial de limoeiro ’ cravo ’. [S. L/, p.

359-365, 2011.

MADUSANKA, Nadeesh; SANDARUWAN, Chanaka; KOTTEGODA, Nilwala;
SIRISENA, Dinaratne; MUNAWEERA, Imalka; DE ALWIS, Ajith; KARUNARATNE,
Veranja; AMARATUNGA, Gehan A. J. Urea—hydroxyapatite-montmorillonite nanohybrid
composites as slow release nitrogen compositions. Applied Clay Science, /S. ./, v. 150, n.
May, p. 303-308, 2017. DOIL:  10.1016/j.clay.2017.09.039.  Disponivel em:
http://dx.doi.org/10.1016/j.clay.2017.09.039.

MALAVOLTA, E. Manual de nutricio mineral de plantas. Sao Paulo: Agronomica
Ceres, 2006.

MALLA, P. B.; ROBERT, M.; DOUGLAS, L. A.; TESSIER, D.; KOMARNEN]I, S.
Charge heterogeneity and nanostructure of 2:1 layer silicates by high-resolution transmission
electron microscopy. Clays and Clay Minerals, /S. [/, v. 41, n. 4, p. 412-422, 1993. DOI:
10.1346/CCMN.1993.0410402.

MARSHALL, Valin G.; DEBELL, Dean S. Comparison of four methods of measuring
volatilization losses of nitrogen following urea fertilization of forest soils. /S. /./, v. 563, n.

August, p. 549-563, 1980.



95

MARTINS, G. W. Metodologias para producio de fertilizante de liberac¢io lenta
por reticulagdo de alginato de sédio com cloreto de célcio. 2013. Universidade Federal do

Rio de Janeiro, /S. 1./, 2013.

MESSA, L. L.; FROES, José Daniel;, SOUZA, Claudinei F.; FAEZ, Roselena.
Hibridos de quitosana-Argila para encapsulamento e liberagdo sustentada do fertilizante nitrato
de potéassio. Quimica Nova, /S. /], v. 39, n. 10, p. 1215-1220, 2016. DOI: 10.21577/0100-
4042.20160133.

MONACO, S.; SACCO, D.; PELISSETTI, S.; DINUCCIO, E.; BALSARI, P,
ROSTAMI, M.; GRIGNANI, C. Laboratory assessment of ammonia emission after soil
application of treated and untreated manures. [S. 1/, n. 2012, p. 65-73, 2020. DOL:
10.1017/S0021859611000487.

MULVANEY, R. L.; KHAN, S. A.; STEVENS, - W B; MULVANEY, C. S;
STEVENS, W. B. Improved diffusion methods for determination of inorganic nitrogen in

soil extracts and water. [s.l: s.n.].

MURRAY, H. H. Traditional and new applications for kaolin, smectite, and
palygorskite: A general overview. Applied Clay Science, /S. ./, v. 17, n. 5-6, p. 207221,
2000. DOI: 10.1016/S0169-1317(00)00016-8.

NASCIMENTO, C. A. C.; VITTI, Godofredo Cesar; FARIA, Leticia de Abreu; LUZ,
Pedro Henrique Cerqueira; MENDES, Fernanda Latanze. Ammonia volatilization from coated
urea forms. Revista Brasileira de Ciéncia do Solo, /S. /./, v. 37, n. 4, p. 1057-1063, 2013.
DOI: 10.1590/s0100-06832013000400022.

NOMMIK, Hans. Further observations on ammonia loss from urea applied to forest
soil with special reference to the effect of pellet size. Plant and Soil, /S. ./, v. 45, n. 1, p. 279—
282, 1976. DOI: 10.1007/BF00011151.

PEREIRA, E. I. Estudo do processo de liberacao lenta de fertilizantes a partir de

nanocompositos de matriz ureia. 2014. Universidade de Sao Carlos, /S. 1./, 2014.

PEREIRA, Elaine I.; MINUSSI, Fernando B.; DA CRUZ, Camila C. T.; BERNARDI,
Alberto C. C.; RIBEIRO, Caue. Urea-montmorillonite-extruded nanocomposites: A novel

slow-release material. Journal of Agricultural and Food Chemistry, /S. L/, v. 60, n. 21, p.



96

5267-5272,2012. DOI: 10.1021/j£3001229.

REN, J.; TAO, Yu; LI, Hang; REN, Tianbin; YANG, Shuang. Studies on
morphologies and thermal properties of poly(lactic acid)/polycaprolactone/organic-modified

montmorillonite nanocomposites. Polymers and Polymer Composites, /S. [/, v. 16, n. 2, p.

101-113,2008. DOI: 10.1002/pc.

RESENDE, A. V. Agricultura e qualidade da agua: Contaminacio da agua por
nitratoPlanaltina, DFEmbrapa Cerrado, , 2002. Disponivel em:
http://www.cpac.embrapa.br/publicacoes/search pbl/1?q=Qualidade da agua.

ROGERI, D. A.; ERNANI, Paulo R.; LOURENCO, Késia S.; CASSOL, Paulo C.;
GATIBONI, Luciano C. Mineralizagdo e nitrificacdo do nitrogénio proveniente da cama de
aves aplicada ao solo. Revista Brasileira de Engenharia Agricola e Ambiental, /S. [./,v. 19,

n. 6, p. 534-540, 2015. DOI: 10.1590/1807-1929/agriambi.v19n6p534-540.

ROGERS, Christopher W.; ROBERTS, Trenton L.; NORMAN, Richard J.; ROGERS,
Christopher W.; ROBERTS, Trenton L.; NORMAN, Richard J. Evaluation of Ammonia
Recovery from a Laboratory Static Diffusion Chamber System. Communications in Soil
Science and Plant Analysis, /S. [/, v. 48, n. 3, p. 326-331, 2017. DOLI
10.1080/00103624.2016.1269801.

SANTOS, B. R.; BACALHAU, Fabiana Britti; PEREIRA, Tamires Dos Santos;
SOUZA, Claudinei Fonseca; FAEZ, Roselena. Chitosan-montmorillonite microspheres: A
sustainable fertilizer delivery system. Carbohydrate Polymers, /S. [./, v. 127, p. 340-346,
2015. DOI: 10.1016/j.carbpol.2015.03.064.

SANTOS, P. S. Ciéncia e tecnologia de argilas. 2. ed. Sao Paulo: Edgard Blucher,
1989.

SARIER, N.; ONDER, E.; ERSOY, S. The modification of Na-montmorillonite by
salts of fatty acids: An easy intercalation process. Colloids and Surfaces A: Physicochemical
and Engineering Aspects, /S. [/, v. 371, n. 1-3, p. 4049, 2010. DOLI:
10.1016/j.colsurfa.2010.08.061. Disponivel em:
http://dx.doi.org/10.1016/j.colsurfa.2010.08.061.

SERRANO-SILVA, N.; LUNA-GUIDO, Marco; FERNANDEZ-LUQUENO, Fabian;



97

MARSCH, Rodolfo; DENDOOVEN, Luc. Emission of greenhouse gases from an agricultural
soil amended with urea: A laboratory study. Applied Soil Ecology, /S. L./, v. 47, n. 2, p. 92—
97,2011. DOI: 10.1016/j.aps0il.2010.11.012.

SHAH, Sanjay B.; WESTERMAN, Philip W.; AROGO, Jactone. Measuring ammonia
concentrations and emissions from agricultural land and liquid surfaces: A review. Journal of
the Air and Waste Management Association, /S. [/, v. 56, n. 7, p. 945-960, 2006. DOI:
10.1080/10473289.2006.10464512.

SHAH, Sanjay B.; WESTERMAN, Philip W.; AROGO, Jactone; SHAH, Sanjay B.;
WESTERMAN, Philip W. Measuring Ammonia Concentrations and Emissions from
Agricultural Land and Liquid Surfaces: A Review. [S. L], v. 2247, 2012. DOL:
10.1080/10473289.2006.10464512.

SHAVIV, A. Advances in controlled-release fertilizers. Advances in Agronomy, /S.
l.],v.71,n. December 2001, p. 149, 2001. DOI: 10.1016/s0065-2113(01)71011-5.

SHUKLA, Namrata; THAKUR, Awalendra K. Nanocrystalline filler induced changes
in electrical and stability properties of a polymer nanocomposite electrolyte based on
amorphous matrix. Journal of Materials Science, /S. ./, v. 45, n. 15, p. 42364250, 2010.
DOI: 10.1007/s10853-010-4519-z.

SILVA, T. H. C. BentonitaDepartamento Nacional de Producao Mineral (DNPM), ,
2012.

SINGH, J.; KUNHIKRISHNAN, A.; BOLAN, N. S.; SAGGAR, S. Impact of urease
inhibitor on ammonia and nitrous oxide emissions from temperate pasture soil cores receiving
urea fertilizer and cattle urine. Science of the Total Environment, /S. [/, v. 465, p. 56-63,
2013. DOI: 10.1016/j.scitotenv.2013.02.018. Disponivel em:
http://dx.doi.org/10.1016/j.scitotenv.2013.02.018.

SINHA RAY, S.; OKAMOTO, Masami. Polymer/layered silicate nanocomposites: A
review from preparation to processing. Progress in Polymer Science (Oxford), /S. /./, v. 28,

n. 11, p. 1539-1641, 2003. DOI: 10.1016/j.progpolymsci.2003.08.002.

SNYDER, C. S.; BRUULSEMA, T. W.; JENSEN, T. L.; FIXEN, P. E. Review of

greenhouse gas emissions from crop production systems and fertilizer management



98

effectsAgriculture, Ecosystems and Environment, 2009. DOI: 10.1016/j.agee.2009.04.021.

SOARES, Johnny Rodrigues; CANTARELLA, Heitor; MENEGALE, Marcella Leite
de Campos. Ammonia volatilization losses from surface-applied urea with urease and
nitrification inhibitors. Soil Biology and Biochemistry, /S. 1./, v. 52, p. 82-89, 2012. DOL:
10.1016/j.s0i1b10.2012.04.019. Disponivel em: http://dx.doi.org/10.1016/j.s0i1bi0.2012.04.019.

SOMMER, S. G.; GENERMONT, S.; CELLIER, P.; HUTCHINGS, N. J.; OLESEN,
J. E.; MORVAN, T. Processes controlling ammonia emission from livestock slurry in the field.
European Journal of Agronomy, /S. [/, v. 19, n. 4, p. 465-486, 2003. DOI: 10.1016/S1161-
0301(03)00037-6.

STIEGLER, J. Chris; RICHARDSON, Michael D.; KARCHER, Douglas E.;
ROBERTS, Trenton L.; NORMAN, Richard J. Field-Based Mecasurement of Ammonia

Volatilization Following Foliar Applications of Urea to Putting Green Turf. Crop Science, /S.
l.],v.51,p.1767-1773, 2011. DOI: 10.2135/cropsci2010.09.0507.

SVENSSON, L. A New Dynamic Chamber Techque for Measuring Ammonia
Emissions from Land- Spread Manure and Fertilizers. Acta Agriculturae Scandinavica,

Section B - Soil & Plant Science, /S. [./, v. 44, n. 1, p. 3546, 1994.

TANG, C. Y.; KWON, Y. N.; LECKIE, J. O. Effect of membrane chemistry and
coating layer on physiochemical properties of thin film composite polyamide RO and NF
membranes. I. FTIR and XPS characterization of polyamide and coating layer chemistry.

Desalination, /S. 1./, v. 242, n. 1-3, p. 149-167, 2009. DOI: 10.1016/j.desal.2008.04.003.

TASCA, F. A.; ERNANI, Paulo Roberto;, ROGERI, Douglas Antonio; GATIBONI,
Luciano Colpo; CASSOL, Paulo Cézar. Volatilizagio De Amdnia do solo apos a aplicagdo de

ureia convencional ou com inibidor de urease. Revista Brasileira de Ciencia do Solo, /S. /./,

v.35,n. 2, p. 493-509, 2011. DOI: 10.1590/S0100-06832011000200018.

TOMASZEWSKA, Maria; JAROSIEWICZ, Anna. Use of polysulfone in controlled-
release NPK fertilizer formulations. Journal of Agricultural and Food Chemistry, /S. L/, v.

50, n. 16, p. 4634-4639, 2002. DOI: 10.1021/jf0116808.

TRENKEL, M. E. Slow and Controlled Release and Stabilized Fertilizers: An

Option for Enhancing Nutrient Use Efficiency in Agriculture. Second edition, IFA, Paris,



99

France, October 2010 Copyright 2010 IFA. All rights reserved. Paris, France: International
Fertilizer Industry Association, 2010.

TRIVELIN, P. C. O.; OLIVEIRA, Maum Wagner De; VITTI, André Cesar; GAVA,
Glauber José De Castro, BENDASSOLLI, José Albertino. Perdas do nitrogénio da uréia no
sistema solo-planta em dois ciclos de cana-de-agticar. Pesquisa Agropecuaria Brasileira, /S.

l.],v.37,n.2,p.193-201, 2002. DOI: 10.1590/50100-204x2002000200011.

VAIO, Nicolas; CABRERA, Miguel L.; KISSEL, D. E.; REMA, John A
NEWSOME, J. Frank; CALVERT, Vaughn H. Ammonia Volatilization from Urea-Based
Fertilizers Applied to Tall Fescue Pastures in Georgia, USA. Soil Science Society of America

Journal, /S. 1./, v.72,n. 6, p. 1665-1671, 2008. DOI: 10.2136/sss2j2007.0300.

WANG, K. H.; CHOI, Min Ho; KOO, Chong Min; CHOI, Yeong Suk; CHUNG, In
Jae. Synthesis and characterization of maleated polyethylene/clay nanocomposites. Polymer,

[S. 1], v.42,n. 24, p. 9819-9826, 2001. DOI: 10.1016/S0032-3861(01)00509-2.

WU, L.; LIU, M. Preparation and properties of chitosan-coated NPK compound
fertilizer with controlled-release and water-retention. Carbohydrate Polymers, /S. 1./, v. 72,

n. 2, p. 240-247, 2008. a. DOI: 10.1016/j.carbpol.2007.08.020.

WU, Lan; LIU, Mingzhu. Preparation and properties of chitosan-coated NPK
compound fertilizer with controlled-release and water-retention. Carbohydrate Polymers, /S.

[.],v.72,n. 2, p.240-247,2008. b. DOI: 10.1016/j.carbpol.2007.08.020.

YAMADA, T.; ABDALLA, S. R. S. Nitrogénio e enxofre na agricultura brasileira.
Nitrogénio e Enxofre na agricultura brasileira, /S. ./, p. 1-16, 2006.

YANG, Y.; TONG, Zhaohui; GENG, Yuqing; LI, Yuncong; ZHANG, Min. Biobased
polymer composites derived from corn stover and feather meals as double-coating materials for

controlled-release and water-retention urea fertilizers. Journal of Agricultural and Food

Chemistry, /S. ./, v. 61, n. 34, p. 8166-8174, 2013. DOI: 10.1021/jf402519t.



	MergedFile
	MergedFile
	MergedFile

		2024-01-17T14:20:49-0300


		2024-01-17T14:59:30-0300




