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Resumo 

Com as altas produtividades agrícolas, há a necessidade da fertilização química do solo, 

e o nitrogênio e o fósforo estão entre os macronutrientes primários indispensáveis para 

as plantas. Neste sentido, a demanda atual de uso de fertilizantes obriga que métodos 

mais racionais de uso destes compostos sejam desenvolvidos, buscando estratégias para 

aumentar e controlar a solubilidade das fontes utilizadas, além de evitar processos de 

imobilização, coalescência ou aglomeração, que comprometeriam a disponibilidade 

durante o processo de aplicação. Portanto, a proposta central deste trabalho foi estudar 

como a diminuição do tamanho de partículas fosfáticas através da dispersão do seus 

aglomerados influenciariam na sua cinética de solubilização. Para tanto iniciou-se o 

trabalho investigando diferentes materiais que poderiam agir como matriz dispersora. 

Uma das características principais desse trabalho foi trabalhar com matrizes dispersoras 

que também seriam fonte de nutriente, no caso, nitrogênio. Assim, estudou-se a 

preparação da matriz ureia:ureia-formaldeído pelo método simples de mistura e fusão 

dos materiais em fase sólida. De forma a obter materiais com diferentes graus de 

polimerização da ureia, diferentemente do observado pela literatura, onde só encontram 

a produção de uma matriz rígida (totalmente polimerizada) de ureia-formaldeído em 

fase líquida. A partir dos resultados de solubilização em água e até mesmo pelos ensaios 

de incubação em solo, verificou-se que o grau de polimerização da ureia influenciou 

fortemente a sua disponibilização em ambos os meios. Uma vez que a ligação entre a 

ureia e o formaldeído é uma ligação forte, procurou-se outro material para interagir com 

a ureia, mas fraca que a primeira. Assim, o amido surgiu como um excelente candidato 

para formação da matriz. Porém, quando se utiliza dessa fonte os teores de N final ficam 

muito baixo quando se pensa em fertilizante. Com intuito de aumentar o teor final de N 

na matriz adicionou-se a melamina na estrutura, uma vez que as reações de ureia-

melamina já são muito conhecidas na literatura, porém juntamente ao amido, ainda é um 

material pouco estudado para uso como fertilizante. Interessantemente a melamina 

mudou a morfologia dos compósitos de TPSUr (amido termoplástico:ureia) deixando-os 

mais homogêneos e rígidos. E ainda, pelos estudos em casa de vegetação, observou-se 

que a melamina não teve papel nutricional no período do experimento, porém modificou 

fortemente a cinética de disponibilização da ureia de forma a ser mais eficiente 

comparado à ureia pura. Estudada as possíveis matrizes, deu-se iniciou ao estudo da 
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dispersão das partículas fosfáticas em duas diferentes matrizes, recorrendo-se às 

matrizes mais simples para os primeiros ensaios. Assim a ureia pura e o amido 

termoplástico:ureia foram utilizados como as duas fontes dispersoras. Os resultados 

demonstraram que o método de dispersão foi eficiente para manter as partículas na 

escala nano tendo consequentemente uma maior solubilização em meio aquoso. Nesses 

ensaios, verificou-se também que a morfologia dos compósitos foi a característica 

principal para a melhor disponibilização de ambos os nutrientes. Realizou-se ainda os 

experimentos em solo e partir desses ensaios observou-se que a hidrólise da ureia, 

modificou o pH local dos compósitos desfavorecendo a complexação do fósforo solúvel 

e consequentemente deixando-o mais disponível no solo em comparação à fonte de 

fosfato comercial. 

 
Palavras-chave: Fertilizantes, Nitrogênio, Fósforo, Compósitos, Nanopartículas, Solo. 
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Abstract 

With high agricultural productivity, is necessary a chemical fertilization of soil, and 

nitrogen and phosphorus are the macronutrients indispensable for plants. In this sense, 

the current demand for fertilizer requires that more rational methods of using these 

compounds be developed, seeking strategies to increase and control the solubility of the 

sources used, as well as avoiding immobilization, coalescence or agglomeration 

processes, which would compromise availability during the application process. 

Therefore, the central proposal of this work was to study how the decrease of the size of 

phosphate particles through the dispersion of their agglomerates would influence their 

solubilization kinetics. For this, the work was started investigating different materials 

that could act as dispersing matrix. One of the main characteristics of this work was to 

work with dispersing matrices that would also be a source of nutrient, in this case, 

nitrogen. Thus, the preparation of the urea: urea-formaldehyde matrix was studied by 

the simple method of mixing and melting the solid phase materials. In order to obtain 

materials with different degrees of polymerization of urea, unlike the literature, where 

only the production of a rigid (fully polymerized) matrix of urea-formaldehyde in the 

liquid phase was found. From the results of solubilization in water and even by the 

incubation tests in the soil, it was verified that the degree of polymerization of the urea 

strongly influenced its availability in both media. Since the bond between urea and 

formaldehyde is a strong bond, another material is sought to interact with urea but is 

poorer than the former. Thus, starch has emerged as an excellent candidate for matrix 

formation. However, when using this source the final N contents are very low when one 

thinks of fertilizer. In order to increase the final N content in the matrix melamine was 

added in the structure since the reactions of urea-melamine are already well known in 

the literature, but together with the starch, it is still a material little studied for use as 

fertilizer. Interestingly, melamine changed the morphology of TPSUr (thermoplastic 

starch: urea) composites, making them more homogeneous and rigid. Also, by 

greenhouse studies, it was observed that melamine had no nutritional role during the 

experiment period, but strongly modified the kinetics of urea availability in order to be 

more efficient than pure urea. Studying the possible matrices, it was begun the study of 

the dispersion of the phosphate particles in two different matrices, using the simplest 

matrices for the first tests. Thus pure urea and thermoplastic starch: urea were used as 
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the two dispersing sources. The results demonstrated that the dispersion method was 

efficient to maintain the particles at the nanoscale consequently having a higher 

solubilization in the aqueous medium. In these tests, it was also verified that the 

morphology of the composites was the main characteristic for the better availability of 

both nutrients. And to close the work, soil experiments were carried out. From these 

results it was observed that the hydrolysis of the structural urea, modified the local pH 

of the composites, disfavoring the complexation of the soluble phosphorus in leaving it 

more available in the soil compared to the commercial source. 

 

Keywords: Fertilizers, Nitrogen, Phosphorus, Composites, Nanoparticles, Soil. 
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1. Introduction 

1.1 Motivation 

The growth of the world population implies in the increasing search for a 

highly productive agriculture.1 Technological advances due to agronomic research have 

resulted in an increase in agricultural production, mainly due to the development of new 

sources of fertilizers which, in this way, also contribute to avoiding the deforestation of 

new areas for food production.2-5 In Brazil, between 1970 and 2001 there was a 3.5 fold 

increase of the 16 main agricultural sources, while the use of fertilizers grew 4.4 times 

and the cultivated area grew only 1.5 times. Therefore, the productivity increase per 

planted hectare is directly linked to the gain in soil fertilization.6 In 2010, more than 

24.5 million tons of fertilizers were traded in Brazil.7 Although national fertilizer 

production grows at an annual rate of more than 8.5%, local capacity is not enough to 

supply domestic consumption, and imports of approximately 90% of potassium (K), 

70% of nitrogen (N) and 50% of the phosphorus (P) used in the fertilization of Brazilian 

lands.7,8 Among the three main primary macronutrients (nitrogen, phosphorus, and 

potassium), phosphorus is the least required (in mass) by plants but whose most limits 

production and one of the most used in fertilizers in Brazil. This situation results from 

the generalized lack of phosphorus in the soils of tropical regions, and especially from 

its strong interaction with the soil, especially in clayey soils or with high concentrations 

of Fe or Al, which leads to its immobilization and, therefore, unavailability. 

Phosphate fertilizers are produced by the chemical processing of 

phosphate rock, and most of the national phosphate rocks are of low reactivity and 

present high levels of iron and aluminum in their constitution, which provides low 

availability of phosphorus to crops if applied directly. In this way, soluble phosphate 

fertilizers have been used mainly in agricultural crops.9,10 The main characteristic of 

these fertilizers is the high solubility in water, however, it presents economic and 

industrial limitations that involve high energy consumption, high sulfuric acid 

expenditure and generation of high amount of waste.11,12 Therefore, the production 

process of soluble phosphate fertilizers increases their cost, a fact that has induced 

researchers to study alternative sources for phosphorus supplementation.13 

Alternative sources are understood to be those with less relative 

solubility in water and can be exemplified by heat treatment, partial acidification, 

addition of organic materials to the phosphate sources, or even the use of 
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microorganisms, in order to increase the solubility of the materials, resulting in higher 

relative agronomic efficiency and, in most cases, lower costs since it excludes the need 

to import raw material and formation of industrial waste involved in all the stages of 

production of this type of source of phosphorus.10 In recent years, the use of phosphate 

rock as the main source of supplementation has increased markedly, however, these 

products have very low solubility in water when compared to all commercial sources of 

soluble phosphate.14 However, phosphate rock use in the tropical regions has to be 

considered.  

In this context, nitrogen, the most required macronutrient and 

consequently applied in larger quantity in the management of the soil in several crops is 

also observed. Nitrogen fertilizers, especially urea, the main source of nitrogen used 

worldwide, are characterized as solid granulated fertilizer with concentration around 44 

and 46% of nitrogen in the amide form.15 Besides the high concentration of N, urea has 

other advantages such as lower manufacturing cost, transport, storage, application, low 

corrosivity and ease of mixing with other sources. However, as disadvantages, urea is 

highly susceptible to losses due to its high solubility in water, being lost to the 

environment by leaching or surface runoff, or by gaseous emissions of ammonia, nitric 

oxide, and nitrous oxide.16,17 According to Martha Júnior et. al. (2004),18 these losses 

can reach up to 50% of the applied N. Thus, in recent years, the industry has also turned 

to the production of alternative sources of urea, which are less prone to losses. Some 

technologies that may contribute to the more efficient use of this fertilizer, and 

consequently as solutions to the problems mentioned, are the use of slow or controlled 

release systems, the use of urease inhibitors and nitrification inhibitors, the coating of 

urea granules with polymer materials, the dispersion of urea in expansive clays and even 

the partial polymerization of urea.19-23 

1.2 Solubility and Particle Size 

An alternative to increasing the solubility of mineral phosphates or any 

source of low solubility is by reducing the size of their particles through top-down 

method or controlled precipitation of the same phases in nanometric sizes (bottom-up 

method), thereby increasing the contact surface of the substrate with the aqueous 

solution. The solubility of the particles in the medium is related to their size (d) 

according to the equation of Ostwald-Freundlich:24 

S = So. exp (4.SL.Vm/ RTd) (Equation 1.1) 
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where So is the solubility of the flat surface (minimum energy condition), SL is the 

solid-liquid interfacial energy, Vm is the molar volume of the solid phase, R is the gas 

constant and T is the temperature. From the analysis of the equation and graph presented 

in FIGURE 1.1 it is observed that when the term (4.SL.Vm/ RTd) tends to zero, the 

solubility of the particle tends to that of the flat surface, and the particle has minimal 

solubility. This condition is verified for large particles, where the solubility varies little 

with the size; conversely, when the term exponential is greater than 1 (d < 4.SL.Vm/ RT) 

the solubility of the particle increases and it tends to dissolve. Since the behavior of the 

equation is exponential, small variations in particle size may lead to significant 

increases in solubility. 

S8

d/nm

S

Maximum

 

FIGURE 1.1.Graph representing the increase in solubility in water of particles 

according to the decrease its particles size. 

Klaic et. al. (2017)25 studied a novel combined mechanical-biological 

approach to synthesize soluble phosphate from rock phosphate (RP) reactive (Bayóvar) 

having found that RP particle size was a played a key role in phosphate solubilization, 

with gains of up to 115% for solid-state fermentation. However, in previous 

experiments in the research group, Plotegher and Ribeiro (2016)26 showed that short 

milling times favored the solubilization kinetics, whereas long milling times were 

deleterious due to agglomeration effects. It was pointed out that agglomeration plays an 

important role in phosphate availability. 

A solution to prevent re-agglomeration of such particles is through their 

dispersion insoluble matrices so as to avoid agglomeration of the nanoparticles after a 

certain period of time and yet with the advantage of providing greater control of 
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solubility due to the gradual exposure of the particles to the medium according to the 

solubilization of the matrix, as may be exemplified in FIGURE 1.2. 

Time

particle

Matrixnm

 

FIGURE 1.2.Demonstration of the gradual release of nanoparticles due to dispersion in 

a matrix. 

On a different approach, Pereira et. al. (2012)19 produced 

nanocomposites based on the urea dispersion in montmorillonite clay matrices and 

verified that the clay acted as a physical barrier within the soluble material and was able 

to modify significantly its difusional behavior observed by the slow release of urea into 

water. The authors also concluded that the controlled release of urea from the 

nanocomposites decreased NH3 volatilization, resulting in a more homogeneous N 

availability in the soil and better synchronization with the nutritional demands of the 

plants. The kind of strategy can offer a practical option for increasing urea-N efficiency, 

reducing environmental impacts caused by NH3 loss, and at the same time increases the 

availability of phosphorus improving the quality of fertilization of both nutrient on low 

fertility soils such as found in tropical soils. 27 

1.3 Controlling solubility: Nanocomposites 

Composite materials are all those in which two distinct materials 

cooperate in a hybrid structure and the combination of these two component into a 

hybrid structure gives rise to multifunctional properties due to synergistic effects, 

arising from particle-particle interactions.28 Composites are basically composed of a 

continuous phase (matrix) and a dispersed phase, continuous or not. When the dispersed 

phase has at least one nanometer size dimension, they are called nanocomposites.29 

In this work on phosphate particles, the matrices for the formation of 

nanocomposites must necessarily be compatible with the surface of the nanoparticles - 
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hence hydrophilic - and it is desirable that they can be continuously processed, for 

example by extrusion. 

Urea presents as an excellent candidate the matrix not only for its 

nutritional character (source of N)30 but also for its hydrolysis, which upon release ions 

to the medium that can inhibit the complexion action of soil colloids. This matrix can be 

processed by extrusion at low temperatures, and the incorporation of hydrophilic 

materials such as exfoliated clay at the nanoscale has already been shown to be simple 

and scalable, as recently seen in a study on the urea/montmorillonite system. Pereira et. 

al. (2012)19 verified that the high solubility of urea was controlled by the presence of the 

exfoliated material, so that nanocomposites urea/nanoscale phosphates could be an 

interesting strategy for the integrated delivery of two macronutrients. 

Another candidate to dispersion the phosphates particles is starch, a 

polymer derived from agronomic-sources and found naturally in form of granules. In 

this condition, the starch does not have thermoplastic characteristics.31 In order to 

acquire this latter characteristic, is necessary the granular disintegration with consequent 

formation of a continuous phase due to a combination of mechanical, thermal energy 

and a plasticizer (water, glycerol, urea, etc.).32-35 Thereby, the starch becomes known as 

thermoplastic starch (TPS). TPS are materials that have been extensively studied 

because they are of renewable, biodegradable, abundant and low-cost sources.31,36-38 

One good example of starch used as a matrix is observed in Rychter et. 

al. (2016)23 where the authors successfully extruded starch-based films plasticizer by 

urea and used the final material as a fertilizer. Plant growth assessment, including 

determination of such parameters as fresh and dry matter of plants and their visual 

evaluation, has proved the stimulating effect of using extruded films on the growth and 

development of cultivated plants. But the drawback about this material was the low N 

content into the matrix, around 4.5%, in comparison to the commercial urea (45% of N). 
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2. Goals and Overview 

The hypothesis tested in this thesis was the effect of chemical 

modifications in polymeric structures (N-source fertilizers), aimed to be used as 

dispersing matrices for fertilizer nanocomposites, and after analyze the effect of other 

nutrient source (in nanometric scale) in the total nutrient dynamics (N and P). 

The current stage of fertilizer chemistry is based in simple molecules 

such as urea and NH4NO3, providing high N content per gram, but these materials can 

suffer from volatilization and lixiviation in soil. Tailoring large molecules may reduce 

these problems by increasing their long-term stability in soil, but at the same time, 

reducing the total nutrient content. Therefore, the challenge is to identify how to obtain 

optimum conditions regarding losses and concentration, which may also be balanced by 

the introduction of other nutrients in the composition – whose could be included as 

dispersed nanoparticles into the polymeric composition. At the same time, the literature 

does not provide a consensus about the effect (benefic or not) of reduced particle sizes 

in fertilizer efficiency. Finally, these fertilizers should be processed as granules for easy 

application in soil, which is a technical limitation. 

Therefore, general goal was to test if the matrix produced by fertilizer 

precursors, with different polymerization form/degrees (i.e., with high N contents) may 

be efficient to disperse nanoparticles of a mineral fertilizer to create a nanocomposite 

structure (i.e., hydroxyapatite, assumed here as a model of different P mineral sources), 

showing efficiency gains in N and P availability, simultaneously. 

 

Specific goals: 

 To test matrices alternatives for a future dispersion of phosphate phase 

particles; 

 To test matrix with higher content of nutrient (N) and with a intermediate 

solubility in water; 

 To test the effect of the mineral phase dispersion on their particle size and 

solubility; 

 To evaluate nanocomposites efficiency in more real conditions: study the 

dynamic of the soil in presence of nanocomposites. 
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Summary of each chapter 

The main idea of this thesis was to explore the production 

nanocomposites based on dispersion of phosphate particle in different matrices. For this 

purpose, new classes of low solubility nitrogen matrices based on melamine, starch 

intercalated urea/melamine (TPSUr-Mel), and urea-formaldehyde (UF) were developed. 

Thus, Chapter I describes the preparation and characterization of the urea-

formaldehyde matrix, which, in addition to the low solubility, is also a N source in 

contents closely to urea. In this Chapter we verified how the degree of urea 

polymerization directly influences the solubilization dynamics of the material in 

aqueous and soil media.  

Following these studies, we have proposed to study the correlation in 

weakly-bonded polymer blends, as the observed in TPSUr (thermoplastic starch 

plasticized with urea) with melamine - this compound presents 66% N in its constitution 

but is little studied as fertilizer, despite widely used in other industrial processes. In this 

way, Chapter II presents and describes the preparation of this new matrix based on the 

interaction of urea + melamine with thermoplastic starch. This chapter also describes 

the characterization of materials and discussions of the real role of melamine in the 

formation of composites, as well as the behavior of these materials in soil incubation 

studies and greenhouse experiments for maize cultivation. From this range of possible 

matrices for the dispersion of the phosphate particles, the study of multi-nutrient 

nanocomposites is depicted in Chapter III, which describes the process of isolation of 

nanometer-sized phosphate particles in different matrices with various solubilities and 

how this dispersion effectively increases the dissolution of mineral sources 

(hydroxyapatite - Hap), according to the central hypothesis of this work. In this step, 

pure urea was used as the matrix of high solubility and the thermoplastic starch: urea 

(TPSUr) as intermediate solubility in relation to the first, as the simpler matrices for the 

initial tests. Thus, throughout the chapter the role of the matrices in the availability of 

phosphate in the aqueous medium is described. 

Finally Chapter IV presents the incubation studies in soils, using the 

composites produced in the previous chapter, and how the interaction resulting from 

dispersion of Hap within the urea matrix reduced the phosphorus adsorption and 

provided higher sustained P availability after incubation in the soil. 
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3. - Chapter I: Seeking for Adequate Polymeric Fertilizers for 
Nanocomposites 

 

The content of this chapter is an 

adaptation of the manuscript entitled “A Novel, 

Simple route to produce Urea:Urea-

Formaldehyde Composites for Controlled 

Release of Fertilizers” by A. S. Giroto, Gelton G. 

F. Guimarães and Caue Ribeiro, published in Journal 

of Polymers and the Environment. 

 

Reference: J. Polym. Environ., 2017, DOI 

10.1007/s10924-017-1141-z. 
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3.1 Abstract 

Nitrogen loss through NH3 volatilization is a primary concern for urea as 

fertilizer due its fast hydrolysis by soil urease. To minimize this problem herein we 

developed a partially-polymerized urea-formaldehyde granule as a slow-release 

fertilizer, by melt stage process as a viable route for large-scale production. In this 

product the unreacted urea fraction acts as a fast release nutrient source while the 

polymerized fraction acts in longer times depending on the polymerization degree. This 

characteristic was analyzed by means of soil incubation experiments (up to 42 days), 

where the available NH4
+ contents along time indicated significant lower N losses 

compared to conventional fertilizer, even for low-polymerized materials. Residual N in 

the structure was kept stored in the soil for future use by plants, as desired in many 

agricultural practices, showing that this simple polymerization method provides a smart 

fertilizer controlled by chemical structure.  

3.2 Introduction 

Urea is one of the main sources of N used due to its high concentration 

(46% N) that allows concentrated formulations at lower costs compared to other 

sources.39 However, this fertilizer shows less efficiency than other nitrogen sources for a 

large number of crops in different soils and climates, due to different causes, such as 

NO3
- leaching, NH3 volatilization, and its toxic effect on the plants at the beginning of 

the vegetative period.40-42 These factors not only contribute to reducing the efficiency of 

urea, biomass production, and economic cultivation but also are an important source of 

environmental pollution. 

One of the alternatives to reduce these losses is to reduce urea 

hydrophilicity, allowing its application as slow release fertilizers. In this scenario, urea 

formaldehyde (UF) was the first synthetic nitrogen fertilizer produced with low 

solubility and it belongs to the first group of materials specially developed on a 

commercial scale for the slow release of nitrogen.43-45 Studies have verified that N-

release from an organic polymer occurs in stages similar to those adopted for urea in 

agriculture.46-48 However, most of the research into this polymer synthesis reports the 

production in the liquid phase, as seen by many patents.49-53 This process is difficult to 

control, generally leading to fast polymerization with poor processability. Besides that, 

the literature does not show strategies for partial polymerization, i.e., all the available 

products are based on fully-polymerized systems. Therefore, the nutrient release is often 
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too long for practical application, meaning that the nutrient is available for longer 

periods than the requested by a plant growth. This fact explains why urea-formaldehyde 

polymers are not popular as controlled release fertilizers, despite their higher N content 

compared to other commercial products. In recent research from our group, we 

proposed a novel nanocomposite material based on the exfoliation of montmorillonite 

into the matrix of a urea/urea-formaldehyde polymer.44 A remarkable aspect of this 

process was the use of a formaldehyde solid precursor instead of the most common 

formaldehyde solution. Despite its simplicity, this method was limited as to the 

maximum amount of urea in composition (around 80%), and by the need of partial urea 

solubilization for a plastic mixture. Considering the basic strategy, herein we propose to 

investigate the polymerization in the urea melt stage, by also using the formaldehyde 

precursor previously mixed as powders. The results showed that by this simple method 

it is possible to obtain dense urea: urea-formaldehyde composites, and with very high N 

contents (comparable to commercial products), and with nutrient release easily 

controlled by the composition. 

 

3.3  Experimental 

Raw materials - used in composite formulations were urea (Synth) and 

paraformaldehyde (Sigma-Aldrich) with molecular formula showed in FIGURE 3.1. 

The urea was previously milled to 300 mm in a TE-330 hammer mill (Tecnal, Brazil). 

(a) (b)

 

FIGURE 3.1. Molecular structure of urea (a) and (b) paraformaldehyde. 

Preparation of Materials - Composites were prepared with different 

molar ratios of urea and paraformaldehyde (Ur/Pf) as 1:1, 1:0.5 and 0.5:1, respectively. 

The urea-formaldehyde polymer was formed by reaction of formaldehyde with an 

excess of urea. In the first stage, urea is hydroxymethylated by the addition of 

formaldehyde to the amino groups. This reaction actually is a series of reactions that 

lead to the formation of mono-, di-, and trimethylolureas. The second stage of urea-

formaldehyde resin synthesis consists of condensation of the methylolureas to low 
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molecular weight polymers. The exact ratio, of course, is dependent on the reaction 

conditions employed in the addition reaction.44 Paraformaldehyde is a formaldehyde 

polymer with a polymerization degree between 8 and 100. This polymer de-polymerizes 

in water and heat.54 Thus, the use of paraformaldehyde allows control of the urea 

solubility inside the composite by the extension of the polymerization reaction. The 

precursor materials (urea and paraformaldehyde) and water (9 wt.%) were pre-

homogenized and mixed-melted using a torque rheometer (Polylab RHEODRIVE 

Rheomix mixer and OS4) under the conditions of 60 rpm for 10 min at 90°C. After 

mixing, the samples were cured at 80°C in an oven for 12 h and subsequently stored at 

90°C until completely dry. The nomenclature given to each composition and the 

elementary composition is presented in TABLE 3.1. 

TABLE 3.1.Nomenclatures of composites, molar ratio, and their total nitrogen %.The 

raw materials used are indentified by initial Ur for urea and Pf for paraformaldehyde. 

Nomenclature 
Molar ratio 

(Ur/Pf) 
Total 

Nitrogen (%) 
Urea - 46.89 

Ur/Pf 1:0.5 1:0.5 41.29 
Ur/Pf 1:1 1:1 40.33 

Ur/Pf 0.5:1 0.5:1 28.21 

Characterizations - The materials were initially characterized by 

scanning electron microscopy (SEM) using a JSM6510 microscope (JEOL). Samples 

were previously fixed onto carbon tapes and coated with thin layer of gold in an 

ionization chamber (BALTEC Med. 020).  

The imaging by SEM was carried out using the secondary electron mode. 

The optical image from paraformaldehyde was done using an optical microscopyL2800 

Biological Microscope (BEL Photonics, Brazil).  

X-ray diffractograms (XRD) were obtained using an XRD 6000 

diffractrometer (Shimadzu). The relativeintensity of diffraction was registered in the 

angular range (2Ɵ) of 3–40°, using a Cu Ka incident beam (k = 0.1546 nm) and 

scanning speed of 1° min-1 at 30 kV voltage and 30 mA current. 

Thermal degradation of samples was evaluated in the 25°C - 600°C range 

using a Q500 analyzer (TA Instruments, New Castle, DE, USA) under the following 

conditions: sample size 10.0 ± 0.5 mg, synthetic air atmosphere (80% N2and20% O2) 

with 60 mL min-1 flow, heating rate of 10°C min−1. 
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For differential scanning calorimeter (DSC), samples were heated from 

25 to 300°C under a nitrogen flow of 60.0 ml min-1in a DSC Q100 (TA Instruments, 

USA). The linear heating rate used in both analyses was 10°C min-1. 
13C solid-state nuclear magnetic resonance (NMR) measurements were 

performed on a Bruker (Karlsruhe, Germany) 400 MHz to1H (9.4T) spectrometer using 
13C cross polarization magic angle spinning (CPMAS) technique in a 4 mm broad 

band1H/X MAS probe head. The following parameters and values were used: speed 

spinning of 8 kHz, 901H pulse length of 2.3 us, contact time 2 ms, spectral width 50 

kHz, 20 Hz of line broadening, and a recycle delay of 3s. Hexamethylbenzene (HMB) 

was used as external reference standard at 17.2 ppm for methyl-carbons. All the NMR 

experiments were carried out with 4096 scans. 

Fourier Transform Infrared (FT-IR) analyses were performed on a 

Bucker spectrometer using a spectral resolution of 4 cm−1. 

Evaluation of urea release in water - The urea release in water at 25°C 

and natural pH for each polymer was examined following a method adapted from 

Tomaszewwska and Jarosiewicz (2002).55 The total N organic content in each 

composite formulation was determined by elemental analysis (Thermo Finnigan Model 

Flash 1112EA). These results (TABLE 3.1) were used to calculate the amount of 

material used in the release tests. Briefly, samples were soaked in water at 25 °C and 

were constantly homogenized by gentle stirring using an orbital shaker during 5 days. 

Pure urea was also tested as a control experiment. The urea concentration in solution 

was determined by UV–Vis spectrophotometry in a 1601PC spectrophotometer 

(Shimadzu, Japan) according to the method reported by With et. al. (1961).56 Curves of 

the percentage of solubilized urea as a function of time were then obtained. The 

measurements were replicated three times under identical laboratory conditions for each 

type of composite formulation. 

Release and transformation of N in soils - The release of urea from the 

composites was also evaluated in two Oxisols, both were collected in the surface (0-20 

cm) in an area with agricultural activity in the municipality of São Carlos, Brazil. 

Before use, the soil samples were air-dry and crushed to pass through a 2 mm screen. 

The soil chemical and physical properties are reported in TABLE 3.2. The pH (H2O) 

was determined with a glass electrode (soil:water ratio, 1:1); organic C by the Walkley-

Black method;57cation-exchange capacity (CEC);58 soil texture analysis was determined 
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by the pipette method;59 water-holding capacity (WHC);58 and urease activity using the 

buffer method of Tabatabai and Bremner (1972).60 

To compare the urea release and N transformations, soil samples were 

incubated with urea or composites at a ratio of soil:N (1000:1 g.g-1) placed in 125 mL 

polyethylene screw-cap bottles as Urea, Ur/Pf 1:1, 1:0.5 and 0.5:1. The samples were 

incorporated into the soils and soil moisture content was standardized at 80% WHC 

with the addition of deionized water. A container with 5 ml of 4% boric acid (Sigma-

Aldrich) was added in the polyethylene bottles, to capture the volatilized ammonia 

(NH3) during the incubation period. Samples were incubated for 0, 1, 3, 7, 14, 21 and 42 

days under controlled air temperature and humidity. Analyzes were performed after 

each incubation period. Determinations were carried out via volatilization of boric acid 

by titration with HCl 0.01 mol L-1 (Synth) and then the soil mineral N was extracted by 

KCl 1 mol L-1 (Vetec) at the extractant:soil ratio (10:1). In order to paralyze the urease 

activity, 5 mg L-1 of phenyl mercuric acetate (Sigma-Aldrich) from the extraction stage 

was added to the extraction solution. The suspension remained under stirring for 1 hour 

and was then filtered with the use of as low filter with a diameter of 12.5 cm (Nalgon). 

The extract was stored in a polyethylene bottle with a volume of 100 mL at 5°C in a 

refrigerator. 

The ammonium (NH4
+) and nitrate (NO3

-) levels in the extracted soil 

were analyzed by the colorimetric method.61,62 The contents recovered in each N 

fraction were expressed as percentages referring to the N applied as urea or composites. 

The profile of the volatilization of ammonia (NH3) and the formation of NH4
+ in soil 

was presented by the average values accompanied by their respective standard 

deviations. Differences among treatments by total recovery as NH3 volatilized and 

exchangeable NH4
+ and NO3

‒ after aerobic incubation were assessed by analysis of 

variance (ANOVA) and when the F test was significant, differences among treatments 

were compared by the Tukey test (P <0.05). 
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TABLE 3.2.Chemical and physical properties of the studied soils. 

Oxisol Red-Yellow Red 

pH (H2O) 5.4 5.0 
Organic C (g kg-1) 7.6 7.0 
CECa(cmolc kg-1) 4.8 4.2 
Sand (g kg-1) 667 433 
Silt (g kg-1) 19 35 
Clay (g kg-1) 314 532 
WHCb(g kg-1) 140 200 
Urease activity (mg N kg-1 h-1) 9.7 7.1 

aCEC, cation exchange capacity 
bWHC, water-holding capacity 

 

3.4 Results and discussion 

In previous works urea and formaldehyde were used to synthesize UF 

(urea-formaldehyde) resins and the reaction was always performed in aqueous 

solution.49-51 Here, in order to improve the yield and stabilization of UF resins, 

paraformaldehyde was used as the raw material and the reaction was performed in urea 

melt. This work proposes using just the mixing-melting between urea and 

paraformaldehyde follow by cure and drying of materials, avoiding large amounts of 

water in addition to acids and basic reagents used to control the reaction medium. 

Therefore, the data for characterization of formed polymers are presented below. 
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FIGURE 3.2.XRD patterns for neat urea, paraformaldehyde, and formulations of 

urea/paraformaldehyde at different molar ratios. 

FIGURE 3.2 shows XRD patterns of the pure urea and paraformaldehyde 

and composites with different compositions. The pattern of neat urea and 

paraformaldehyde showed typical peaks at 2ɵ=22.5°, 24.7°, 29.3°, 31.8°, 35.5°, 37.3° 

and 22.9°, 34.3° for the precursor materials, respectively. By the XRD patterns of 

samples, it was possible to verify the polymerization by a wide band in the reacted 

samples, which is characteristic of a semi-crystalline material. This band is proportional 

to the molar ratio of paraformaldehyde in mixtures, i.e., the polymerization is directly 

influenced by the amount of this compound, as expected. This is consistent with the 

findings for Roumeli et. al. (2012),63 who observed the highest amorphous proportion in 

urea: formaldehyde composites at a ratio of 0.5:1 (Ur/Pf), i.e., excess formaldehyde. 
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FIGURE 3.3.DSC curves for neat urea, paraformaldehyde and polymers. 

DSC experiments were used to confirm the thermal behavior of the 

polymerization reaction among components. FIGURE 3.3 shows DSC profiles for neat 

components and mixtures, where the endothermic peak of paraformaldehyde at 123 ºC 

is absent in any of the mixtures – which is an indicator that this component was totally 

consumed during the polymerization step, as reported by Yamamoto et. al. (2016)44 

Regarding urea, melting at 135 °C and decomposition between 150<T<210°C are 

clearly seen.64 As presented in FIGURE 3.2 for the Ur/Pf0.5:1 polymer (which is 

supposed to be a fully polymerized material, since paraformaldehyde is in 

stoichiometric excess), the shift to 246°C and 286°C is confirming the complete 

polymerization (probably associated with degradation steps). For the other samples, 

peaks suggesting to free urea degradation were still present (162°C and 178°C). 
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FIGURE 3.4.TGA (a) curves and DTG (b) of Ur/Pf formulations and their neat 

precursors. 

FIGURE 3.4 shows the TGA/DTG curves for neat precursors and 

polymers. This analysis confirms the polymerization degree of different samples. In the 

urea TGA curve, three distinct thermal events are visible, urea decomposition onset 160 

ºC<T<210 °C and degradation around 237 °C (loss of amine groups) and around 292 °C 

degradation of polymerized fractions.64 It was also observed that paraformaldehyde 

shows a single mass loss step at 150 °C, which is related to a direct volatilization 

process – confirming that the peak at 123°C in DSC (FIGURE 3.3) is associated with 

this process. For Ur/Pf 0.5:1 sample a significant (68%) mass loss at the range 174 – 

384 °C corresponding to depolymerization/volatilization/decomposition of Ur/Pf 

polymer followed by a second mass loss around 20% due to an initial degradation of the 

polymer chain. Considering that the proportion 0.5:1 is relative to the material more 

polymerized a residual of 8.54% is observed after 600 ºC probably due to strong 

crosslinking formed between urea and formaldehyde groups in the final material. The 

thermal profile of sample 0.5:1 shows consequently more degradation peaks in the DTG 

curve, related to the presence of the urea-formaldehyde polymer. This was also seen in 

the Ur/Pf 1:1 sample but with a less amount of residual material (5.43%) probably 

owing a lower amount of urea polymerized in comparison to the previous material with 

a higher proportion of paraformaldehyde (0.5:1). While the material Ur/Pf 1:0.5 had no 
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weight left after 600 ºC. This was expected since Ur/Pf stoichiometry for full 

polymerization is at least 0.5:1, thus the others materials should be classified as urea:UF 

composites due to free urea still presented. However, even in these materials, DTG data 

reveal that the majority of the material is polymerized since the main peak weight loss is 

at 280 °C for all polymers. These results showed that the 0.5:1 ratio is necessary if 

complete urea polymerization is desired.65 Furthermore, the results showed that Ur/Pf 

polymers synthesized by melt condensation polymerization have lower free 

formaldehyde content, high thermal stability, and better stability during storage.66 
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FIGURE 3.5.SEM micrographs for (a) pure urea, (b) Ur/Pf 1:0.5, (c) Ur/Pf 1:1, (d) 

Ur/Pf 0.5:1 and (e) optical image from paraformaldehyde. 

FIGURE 3.5 shows SEM micrographs of the pure urea and obtained 

polymers and paraformaldehyde optical image. The urea shows regular size particles 

larger than 50µm.The morphology of the Ur/Pf 1:0.5 (FIGURE 3.5b) shows that the 

surface is composed of rod-shaped and fibrous crystals formed above a homogenous 

surface, referred to as unreacted urea. For the sample Ur/Pf 1:1, the reaction leads to 

large amounts of thicker needle-shaped particles, indicating the higher polymerization 

degree, as supposed. Finally, Ur/Pf 0.5:1 showed a smooth and homogeneous surface, 

which indicates the change in morphological evolution during polymerization – since 

previous results show the complete urea polymerization in this material. As observed by 

the optical image, the paraformaldehyde resembles small granular, near-spherical 

particles, whose morphology is not seen in the polymerized samples. This indicates that 

the needle-shaped structures are resultant of the polymerization reaction, by a re-
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crystallization mechanism, and are not remnants of the precursor materials. This needle-

shaped structures tend to coalesce to larger rods, leading to almost continuous phases, as 

seen in Ur/Pf 0.5:1 sample. Therefore, it may be proposed that this shape results from 

the formation of small seeds in liquid/dissolved phase, precipitating over urea granules. 

Following, the growth of needle-shape structure is defined by the preferential growth in 

high-energy planes, which is surpassed by isotropic growth in high crystallization 

extension, leading to bigger crystals by classical growth or coalescence. This is almost 

similar to the crystal growth from melt, typically seen for metals and many other 

polymers crystallized from solution.65 
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FIGURE 3.6.The spectrogram of 13C NMR of urea and polymers, (b) FTIR 

transmittance spectra of pure urea, neat paraformaldehyde, Ur/Pf 1:0.5, Ur/Pf 0.5:1 and 

Ur/Pf 1:1. 

The 13C NMR analyses were performed upon the synthesis of polymers 

in order to better understand the chemical structure formed after curing process, as seen 

in FIGURE 3.5a. Based on 13C chemical shifts it is possible to evaluate the presence of 

various functional groups on the polymers. TABLE 3.3 summarizes the chemical shifts 

confirming the proposed reactions as showed in FIGURE 3.7. In the first step, the 

hydroxymethylation refers to the addition of up to three formaldehyde molecules with a 



20 
 

 
 

urea bi-functional molecule thereby producing hydroxymethyl ureas, as noted by the 

chemical shift around 65-66 ppm and 71-72 ppm. In some cases, hydroxymethylation 

conditions (slightly alkaline pH and temperatures around 70 °C) also favor the 

formation of methylene ether bridges between hydroxymethyl urea as observed for the 

polymer Ur/Pf 1:1 at 76 ppm. These ether bridges may later undergo rearrangement to 

form methylene bridges (-CH2-), thereby releasing formaldehyde molecules. 

H – N – C –N –H– –

=O

H H

=O

H

C

H

H – N – C –N –H– –

=O

H H

H2O

Urea Urea
Formaldehyde

Water

 

FIGURE 3.7.Polymerization reaction of the urea-formaldehyde polymer. 

The second stage, acid condensation, prevails oligomer Ur/Pf 

conformation. The hydroxymethyl ureas, the free urea, and free formaldehyde react to 

form linear or partially branched molecules with average or high molecular weights. 

The type of bridge predominantly formed at this stage is the methylene bridge with 

chemical shifts around 47-48ppm, 53-54 and 60-61ppm as observed for all materials. In 

the third synthesis step, the second portion of urea reacts with the free formaldehyde 

producing more hydroxymethyl ureas. It was possible to verify the formation of species 

with different degrees of free urea substitution.  

For the chemical shifts shown there is a priority formation of mono-

substituted urea for materials with the 1:1 and 1:0.5, materials with lower 

polymerization degrees and the formation of di-substituted urea for the polymer Ur/Pf 

0.5:1, the polymer with the highest polymerization degree. This material also exhibited 

chemical shifts regarding branched chemical groups.65-68 It was not observed any 

paraformaldehyde band left (in the region of 80–90 ppm) which is attributed to single 

carbon present (reactive formaldehyde oligomer) as also observed by Hoong et. al. 

(2015)69; Fan et. al. (2009)70 and Tomita et. al. (1994)71 showing that all 

paraformaldehyde was polymerized.  
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TABLE 3.3.13C NMR solid chemical shifts of some of the structural fragments that 

appear in the Ur/Pf resins showed in FIGURE 3.5. 

Structural fragment 
Name of group/ 
Typical signal 

(ppm) 

Chemical shift/ppm 

Samples (Ur/Pf) 

1:0.5 1:1 0.5:1 

-C-NH-CH2-NH-C-

=O =O

 

Methylenes 
47-48 

 
46.9 

 
47.02 

 
47.0 

-C-N-CH2-NH-C-_

=O =O

 

 
53-54 

 
- 

 
- 

 
54.0 

-C-N-CH2-N-C-_

=O =O

_  

 
60-61 

 
61.0 

 
60.82 

 
60.1 

-C-NH-CH2-OH

=O

 

Hydroxymethyls 
65-66 

 
- 

 
65.12 

 
65.8 

CH2

-C-N-CH2-OH

=O

_
_  

CH2-OH

-C-N-CH2-OH

=O

_
 

 
 

71-72 

 
 
- 
 
 

 
 
- 

 
 

71.0 
=O

-C-NH-CH2-O-CH2-N-C-

=O

_

R(R = H or -CH2-)  
 

Dimethylene 
ethers 

74.4-75.5 

 
- 

 
76.0 

 
- 

O=

N-C-N  

Carbonyl 
regions 

 

 
 

160.8 

 
 

160.3 

 
 

159.8 

 

FIGURE 5.6b shows a comparison of FT-IR spectra from 4000 to 400 

cm-1 between pure urea, neat paraformaldehyde, and Ur/Pf polymers. All the changes of 

amine stretching vibration frequency indicate the formation of Ur/Pf polymer, which 

was consistent with previous work.63,65,72 It was possible to see that multiple and broad 

peaks in the Ur/Pf resin spectra are mainly due to the polymer structure complexity. The 

bands at 3439 and 3336 cm-1 correspond to N–H asymmetric and symmetric stretching 

of urea as shown for pure urea and Ur/Pf 1:0.5 clearly exhibit that the same stretching 

frequency disappears and shifts to higher regions (3422 cm-1) after the reaction for 

Ur/Pf 1:1 and Ur/Pf 0.5:1.73 The broad peak around 3350–3450 cm-1 can be also 

162
160-161
159-160

158.5 -159.0

Free urea 
Monosubstituted urea 
Disubstituted urea
Trisubstituted urea
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attributed to the hydrogen bonded O–H and N–H. The fact that this band is rather broad 

may be attributed to monomers such as water and formaldehyde, whose O–H group 

may form hydrogen bonds with reactive functional groups such as CH2OH, NH2, and N-

H, as observed by Jada (1988).74 But no band was found in the regions of 1097 to 905 

cm-1 (C-O aliphatic ether) referent to paraformaldehyde indicating that no residue of this 

material was presented in final polymers.75 Also, it is important to mention that the free 

–NH2 group has a characteristic peak at 3440 cm-1, while the bonded –NH group at 

3340 cm-1.62 In spectra for urea, the characteristic bands of amide I, II, and III are 

around 1680, 1612 and 1463 cm-1, respectively. These peaks are assigned to the C–O 

stretching of amide I and II, as well as the –N–H scissors of amide I. The multiple peaks 

at 1460–1470 cm-1 may be attributed to C–H bending vibrations of the CH2–N group, 

while the small peaks in the area of 1320–1450 cm-1can be assigned stretching of 

groups like CH2OH, CH3, and CN as observed also by Zhong et. al. (2017)76 The shift 

has also been assigned to C–H stretching and –O–H bending vibrations of alcohol, but 

in Ur/Pf 1:1 theses peaks almost disappear. The fact that in the pure UF resin spectrum, 

the peak is centered at the area of 3410 cm-1 in the space of Ur/Pf 0.5:1, indicates that 

the amount of bonded –NH is higher compared to the free –NH2. The 1255 cm-1 peak is 

attributed to both the asymmetric stretch of N–CH2–N and the asymmetric stretch of –

C–O–C– of ether linkages.73 Also, the peak at 2958 cm-1 becomes sharper and more 

distinct, which along with the absence of the 2900 cm-1 peak of the asymmetric C–H 

alcohol stretches, indicates that quantity of ether and methylene linkages is increased in 

the cured resin and thus, a cross-linking process has evolved.  
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FIGURE 3.8.Kinetics of urea release at 25ºC in an aqueous medium (neutral pH) for 

commercial urea and Ur/Pf polymers. 

FIGURE 3.8 shows the urea release profile in water (full immersion) for 

all samples. It is noteworthy that all materials had a slowed behavior in the urea release, 

even the non-completely polymerized sample (Ur/Pf 1:0.5) when compared to urea. The 

degree of polymerization plays a key role in this process since the release time and the 

equilibrium value over 50 hours was directly dependent on the polymer content. It was 

observed that Ur/Pf 1:0.5 showed a behavior very close to pure urea. Considering that 

this sample is characterized by a partially polymerized structure, this release may 

correspond to the solubilization of that unreacted urea, but also to the polymer itself – 

since this is probably a low molecular weight polymer, it is possible that the structure 

presents some solubility and then, part of the solute correspond to oligomers or soluble 

polymeric chains. However, this suggests that the time for total urea release for this 

polymer may be greater than 120 h, i.e., 5 days of complete immersion in water. For 

other materials, urea releases of only 30% and 20% for Ur/Pf 1:1 and 0.5:1 were 

observed, respectively, at the end of 50 hours (equilibrium time). This value is almost 

constant until the end of the experiment, suggesting that the maximum solubilization 

degree was attained. Altogether, this full immersion test is very aggressive and may not 

correspond to real conditions in the field, where the moisture level is limited by the soil 

uptake capacity. 
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FIGURE 3.9.Fertilizer N recovery as NH3 volatilized during the aerobic incubation of 

urea (Ur), or polymers (Ur/Pf) applied to the (a) Red-Yellow Oxisol and (b) Red Oxisol. 

Data are shown as a mean of triplicate incubations with bars to indicate the standard 

mean error. 

Therefore, in order to analyze the release of nitrogen for the prepared 

materials in near-real conditions, incubation experiments were performed, and the 

influence of soil moisture and temperature on the volatilization of NH3 and formation of 

NH4
+ and NO3

- were analyzed – as seen in FIGURE 3.9, 3.10 and TABLE 3.4, 

respectively. The samples behavior was clearly influenced by the polymerization extent. 

FIGURE 3.9 shows the N recovery as NH3 volatilized during aerobic 

incubation of Ur or polymers (Ur/Pf) applied in both type soils studied. The rapid urea 

release from the Ur treatment demonstrated the high NH3 volatilization exceeded 60%, 

an amount poorly affected by the soil type (Red-Yellow or Red Oxisol). However, the 

hydrolysis of urea was faster in the Red-Yellow than Red, which can be observed by the 

over 50% ammonia volatilization until the first week for the Red-Yellow soil, while 

Red soil attained this level only at the third week. This result can be attributed the much 

higher urease activity and higher sand content of the Red-Yellow soil, as reported in 

TABLE 3.2, which intensifies the NH3 volatilization trend. The high NH3losses from 
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urea in the incubation experiment can be attributed to low CEC of both soils (TABLE 

3.2) agreeing with Guimarães et. al. (2016).77 

The polymerization of urea with paraformaldehyde provided control of 

urea release, even in the partially polymerized sample (Ur/Pf 1:0.5) in both soils and 

inhibited the N losses (FIGURE 3.9). This sample was characterized by a reduced 

polymerization degree evidenced by structural analysis (TABLE 3.3) which intensified 

the release of urea during the incubation period. Before urea hydrolysis, the breaking of 

the fragment structure and release of the urea molecule into the soil is necessary. This 

breaking can be attributed to the microbial activity in soil that was faster for the 

treatment with low rate paraformaldehyde. It is important to notice that, even with this 

sample presenting a possible significant amount of low molecular weight polymers, by 

the synthesis conditions, these soluble molecules were also effective to reduce the total 

NH3 volatilization. 
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FIGURE 3.10.Fertilizer N recovery as ammonium (NH4
+) during the aerobic incubation 

of urea, or polymers (Ur/Pf) applied to the (a) Red-Yellow Oxisol and (b) Red Oxisol. 

Data are shown as an average of triplicate incubations with bars to indicate the standard 

mean error. 
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FIGURE 3.10 shows recovery of exchangeable NH4
+ during the 

incubation period in the Oxisols. The NH4
+content reflects production through urea 

hydrolysis, primarily consumption via NH3 volatilization and low effect of nitrification. 

For both soils, the unamended urea shows a fast NH4
+ content increase until the first 

week after application in the soil, however, it is followed by a decrease provided by the 

loss of N from ammonia volatilization. The polymers provide a more constant and 

homogeneous NH4
+release during the incubation period. Unfortunately, the content of 

NH4
+ from Ur/Pf composites was low during the six-week study attributed to high 

control urea release, which is consistent with the evidence of the increase rate of 

paraformaldehyde in the treatments. The smallest polymerization of Ur/Pf 1:1 and Ur/Pf 

1:0.5 provided higher of NH4
+ release than Ur/Pf 0.5:1 during incubation in Red-Yellow 

and more consistent for Ur/Pf 1:0.5 than other treatments in Red Oxisol. No definite 

explanation can be offered for low nitrification, which remained lower than 3.5% during 

the incubation period for both soils. 

TABLE 3.4 compares the fertilizer N recovery as total volatilized NH3, 

and total exchangeable NH4
+ and NO3

‒ after aerobic incubation intervals of urea and 

composites (Ur/Pf) in two Oxisols. In both soils, the total N losses from urea alone 

showed similar behavior exceeding 60%. In contrast, the Ur/Pf 1:0.5 treatment did not 

exceed 8%, while the treatment with the highest polymerization degree showed 

insignificant N losses. This advantage evidences the efficiency of the paraformaldehyde 

to control urea release and N losses. Similarly, the lower total NH4
+ content of 

composites compared to the Ur treatment can be attributed to the more gradual release 

of urea. Therefore, the increase of the polymerization paraformaldehyde percentage 

decreases NH4
+ content in the soil. However, the Ur/Pf polymers present high urea 

content without release to the soil after six weeks of incubation, which could be released 

in the longer period. 
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TABLE 3.4.Fertilizer N recovery as NH3 volatilized and exchangeable NH4
+ and NO3

‒ 

after aerobic incubation of Red-Yellow or Red Oxisol. 

 Treatment Total NH3 Total NH4
+ Total NO3

- Residual N 
R

ed
-Y

el
lo

w
 

 % % % % 

Ur 60.4 a1 33.2 a 3.24 a 3.16  

Ur/Pf 1:0.5 5.02 b 15.5 b 3.51 a 75.97 

Ur/Pf 1:1 0.35 c 12.2 c 3.38 a 84.07 

Ur/Pf 0.5:1 0.35 c 7.1 d 2.84 a 89.71 

R
ed

 

Ur 62.16 a 27.26 a 2.75 a 7.83 

Ur/Pf 1:0.5 7.51 b 8.47 b 1.86 a 82.16 

Ur/Pf 1:1 0.28 c 4.33 c 2.80 a 92.59 

Ur/Pf 0.5:1 0.28 c 2.06 c 2.30 a 95.36 
1Mean values reported from triplicate incubations. Values within a column followed by the same 
letter do not differ significantly by the Duncan test at P< 0.05. 

The total N recovery as NH3, NH4
+, and NO3

- from unamended urea was 

96% for Red-Yellow and 92% for Red Oxisol (TABLE 3.4). In contrast, the total N 

recovery of composites does not exceed 24%, which demonstrates that these 

compounds have more than 75% N to be released after 42 days. The N recovery as 

exchangeable NO3
‒ did not show differences between the treatments, with values not 

exceeding 3.5% for Red-Yellow and 2.8 for Red Oxisol. 

3.5 Conclusions 

The results showed a simple method, based on mixing- melt of urea with 

different amounts of paraformaldehyde, that was effective to produce N controlled 

release materials. The composition plays a key role in the release profiles since the 

polymerization extent was shown as the mechanism needed to delay N solubilization. 

This was only possible by controlling the in-situ production of formaldehyde through 

the degradation of a solid precursor, paraformaldehyde, in processing conditions 

comparable to the expected for melt extrusion. It is worthy to mention that, in this 

strategy, the conventional setup for polymer extrusion processing may be easily adapted 

to produce this kind of fertilizer, which is an important technological advance compared 

to the conventional fertilizing products. This also influences on the actual chain length, 

i.e., the partial polymerization was shown as an effective strategy to produce oligomers 

and low-molecular-weight polymers, which will interact faster to the soil biota – 
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releasing the nutrient. Also, the soil profile, analyzed in two Oxisol, was seen as an 

important factor for release: soils with higher urease activity induced higher polymer 

solubility, however at low levels – indicating that these materials can avoid 

volatilization effects, even in the low-polymerized materials (with higher free urea 

contents). Finally, considering that the polymers are expected to continue their 

degradation behavior, the residual N in the structure is maintained for further use in the 

soil, as desired in many agricultural practices. 

 



29 
 

 
 

4. - Chapter II: Increasing the N content in Polymeric Matrices 

 

The content of this chapter is an 

adaptation of the manuscript entitled “Modification 

of Thermoplastic Starch used as a Matrix for N 

Fertilizers” by Amanda S. Giroto, Gelton G. F. 

Guimarães, Rodrigo Garcia, Luiz A. Conalgo, Artur 

Klamczynski, Greg M. Glenn and Caue Ribeiro,  

under preparation. 
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4.1. Abstract 

Nitrogen is an essential element for plant growth. Among of all nitrogen 

fertilizers urea is considered the most widely used due its high N content but its 

potential is limited by its high solubility in water and losses up to 50% is related. To 

overcome this problems a range of technologies have been developed with the aim of 

improving the urea efficiency. All alternatives imply in reducing final N content. In this 

sense, this work describes a study a one-step method to prepare slow-release nitrogen 

fertilizer through the modification of thermoplastic starch by blending with melamine. 

Therefore, characterizations and release kinetics was done for the composite as well as 

the greenhouse experiments to show how the true role of melamine in the composites 

fertilizers. 

4.2. Introduction 

Nitrogen (N) is an essential element for plant growth, and N deficiency 

has been considered as the most important limiting factor for crop yield.78 Urea is 

considered the most widely used N fertilizer due its high N content but its potential is 

limited by its high solubility in water and losses related to leaching out and run offs, 

while fixing by soil particles as a neutral organic molecule is limited. To overcome this 

problems a range of technologies have been developed as slow or controlled release 

systems, use of urease enzyme inhibitors and nitrification inhibitors, coating with 

polymeric materials, the dispersion of urea in expansive clays and even the partial 

polymerization of urea, with the aim of improving the urea efficiency.79,80  

An interesting and new solution is the urea intercalation within matrices 

constituted by chemically or physically cross-linked polymers, which retards its release 

to water or soil.81-85 In this sense natural hydrophilic polymers as cross-linkers or 

blends, such as starch, are preferred to synthetic polymers because of their nontoxic, 

low cost, renewable and biodegradable characteristics.23,81,86-89 However, all these 

modifications imply in reducing final N content, indicating that the total nutrient 

availability is compromised by the application technology. On the other hand, other N-

based molecules are poorly studied compared to urea, despite having higher N contents. 

A typical example is melamine (C3N6H6), a trimer of triazine, which is composed by 

66% of N. This molecule also interacts to urea by hydrogen bonds in amine groups, but 

its biodegradability is much slower than urea, despite complete.90 The application of 
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melamine-intercalated blends may increase the total N content but also contribute to 

stronger interactions among urea and starch, leading a novel class of fertilizer products. 

Therefore in this present study a one-step method to prepare slow release 

nitrogen fertilizer has been proposed. In our approach, extrusion process was used to 

incorporate N into a thermoplastic starch with a modifier agent, melamine, that was 

responsible for blending between urea and starch. However, the relationship between 

the reaction conditions, material structure and long-term release behavior of fertilizer-

loaded by this composite has not been thoroughly investigated. 

4.3. Experimental 

Materials - The corn starch Melojel (30% amylose and 70% 

amylopectin) containing 12% moisture was purchased from National Starch and 

Chemical Company (Bridgewater, New Jersey). Urea reagent grade 98% and melamine 

99% were purchased from Sigma-Aldrich (St. Louis, Missouri). Urea was milled using 

a Willey mill equipped with 1mm screen, other materials were used as received.  

Samples preparation - The starch-based material has been prepared as 

follows: 66% of starch (as is) was mixed with 34% of urea (w.w-1), and then suitable 

amount of melamine, as given in TABLE 4.1. All components were mixed for 10 min in 

plastics bags until homogenization was achieved. The extrusion of materials was 

performed using co-rotating twin screw extruder (model Micro 18 Leistritz, Germany) 

with L/D = 30:1 and equipped with driving and mixing elements. The extruder was 

setup with 6 heating zones at temperatures of 70, 80, 90, 105, 105 and 105 °C, and 

rotating speed of 150 rpm to obtain the materials in fast condition of processing and 80 

rpm for the materials with a slower processing conditions. Feed rate was kept at 23-25 

g.min-1 while water was pumped directly into the extrusion chamber on the first 

temperature zone at a rate of 4 g min-1. After the processing the materials were left at 

room temperature and after drying were cut into small pellets. Thus, the materials were 

designed in according their mass ratio between urea and melamine amount and the 

processing speed (fast or slow), respectively as shown in TABLE 4.1. 
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TABLE 4.1.Nomenclature, mass ratio of urea (Ur) and melamine (Mel), used in the 

composites production, percentage of urea and the percentage of nitrogen (N) and 

carbon (C) total present in the raw materials and composites. 

Materials Ur/Mel ratio % Urea % N Total % C total 

Urea - 100 46.41 19.09 
Melamine - - 67.10 27.43 
TPSUr - 34 16.46 29.87 
1:2 Fast 1:2 11 23.28 34.90 
2:1 Fast 2:1 22 19.05 33.35 
1:2 Slow 1:2 11 20.65 35.41 
2:1 Slow 2:1 22 18.81 34.13 

The total nitrogen and carbon organic content in each composite 

formulation was determined byy elemental analysis (model 2400, PerkinElmer, 

Massachusetts, USA) in order to quantify the actual mass fraction of N in each material. 

The nitrogen results obtained were used to calculate the amount of material used in the 

release tests (TABLE 4.1). 

Characterizations 

Scanning electron microscopy - Samples were mounted onto aluminum 

specimen stubs using double-sided adhesive carbon tabs (Ted Pella, Redding, CA). All 

specimens were coated with gold–palladium for 90 s in a Denton Desk II sputter coating 

unit (Denton Vacuum U.S.A, Moorestown, NJ). Specimens were viewed in a Hitachi 

S4700 field emission scanning electron microscope (Hitachi HTA, Japan) at 5 kV. 

Thermogravimetric analysis (TGA) - The thermal analyses of the 

composites and the precursors was measured in a PerkinElmer Pyris1 TGA 

Thermogravimetric Analyzer (Norwalk, CT). The samples (10 mg± 0.2) were heated 

from 35 to 600 °C at a rate of 10 °C min-1 under nitrogen atmosphere at a flow rate of 

20 mL min-1. 

X-Ray diffraction (XRD) - A Shimadzu XRD6000 diffractometer was 

used to conduct X-ray diffraction analyses (XRD) of the nanocomposites. The relative 

intensity was registered in a diffraction range (2θ) of 3-40°, using a Cu-Kα incident 

beam (λ=0.1546 nm). The scanning speed was 1° min-1, the voltage and current of the 

X-ray tube were 30 kV and 30 mA, respectively. 

FT-Raman Spectroscopy - Raman spectroscopy measurements were 

performed in a FT-Raman spectrometer (Bruker RAM II with a Ge detector), equipped 

with a Nd:YAG laser with wavelength centered at 1064 nm. Ultraviolet–visible diffuse 
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reflectance spectroscopy (DRS) was carried out with a Cary 5G spectrometer in the total 

reflection mode with an integration cell and scanned wavelength range of 200-800 nm. 
13C Nuclear magnetic resonance - 13C solid-state NMR measurements 

were performed in a 9.4 T (400 MHz for 1H) Avance III NMR Bruker spectrometer 

(Karlsruhe, Germany). The 13C spectra were acquired with cross-polarization magic 

angle spinning (CPMAS) technique in a 4 mm MAS probe. The acquisition parameters 

were: Spinning rate of 8 kHz, 1H 90o pulse of 2.3 us, contact time of 2 ms, spectral 

width of 250 ppm, and recycle delay of 3 s. Hexamethylbenzene (HMB) was used as 

external reference standard at 17.2 ppm for methyl carbons. All the NMR experiments 

were carried out with4096 scans. 

Tests 

Evaluation of nitrogen releases in water - The nitrogen release in water 

at 25 °C and neutral pH for each composite were examined using the same initial 

amount of nitrogen for each material in according to the total nitrogen from each 

composite. Briefly, samples were soaked in water at 25 °C and were uniformly 

homogenized by gentle stirring using an orbital shaker (Thermo scientific) for 5 days. 

Pure urea was also tested as a control and in this case to calculate the amount of urea 

solubilized the solution was analyzed using the method adapted from Tomaszewska and 

Jarosiewicz (2002)55. Curves of the nitrogen-released (%) as a function of time were 

then, calculated using the analyses of nitrogen residual after each time of experiment. 

The measurements were performed in three replications under identical laboratory 

conditions for each type of composite formulation. 

Carbon Mineralization - Composites were analyzed for degradation in 

soil conditions using Microoxymax respirometer equipped with CO2 sensor (Columbus 

Instruments, Columbus, US). Soil was purchased from local hardware store and 

screened to obtain particles smaller than 1.4 mm. The samples were ground to pass 100 

micrometer screen and analyzed for Carbon and Nitrogen content (ALS International, 

Tucson, US). Samples (0.20 g) were loaded to the chambers containing 20 g of soil 

hydrated to 58% moisture and kept at 30 ºC. Chambers were connected to the CO2 

sensor and the CO2 emission was recorded in 2 hours intervals over three weeks period. 

All samples were run in triplicates. Percentages of carbon mineralization based on total 

carbon content obtained from elemental analyses were calculated. 

Release and transformation of N in soils - The release of nitrogen from 

the composites was evaluated in an Oxisol soil, collected in the surface (0-20 cm) in an 
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area with agricultural activity in Brazil. Before use, the soil samples were air-dry and 

crushed to pass through a 2 mm screen. The chemical and physical properties of soils 

are reported in TABLE 4.2. The pH was determined with a glass electrode (soil:water 

ratio, 1:1); organic C by the method of Walkley-Black;57 cation-exchange capacity 

(CEC) by Embrapa (1979);58 soil texture analysis was determined by pipette method;59 

water-holding capacity (WHC) by Embrapa (1979)58. 

TABLE 4.2.Chemical and physical properties of soils used. 

Soil pH CECa Ca2+ 
Organic 

C 
Sand Silt Clay WHCb 

  

(cmolc kg-1) 
(cmolc 
dm3) 

(g kg-1) 

Red 
Yellow 

5.4 4.8 234 7.6 667 19 314 140 

Loam 
Sandy 

7.2 5.4 591 2.3 880 40 80 120 
aCEC, cationexchange capacity  
bWHC, water-holding capacity 

To compare the N release and its transformations, soil was incubated 

with urea or urea/melamine composites on the ratio of soil:N (1000:1 g g-1) and placed 

in 125 mL polyethylene screw-cap bottles. The samples were incorporated into the soils 

with moisture content standardized in 80% WHC with the addition of de-ionized water. 

A container with 5 ml of 4% boric acid (Sigma-Aldrich) was added in the polyethylene 

bottles, to capture the volatilized ammonia (NH3) during the incubation period. Samples 

were incubated for 0, 1, 3, 7, 14, 25 e 42 days under controlled temperature (25 ºC).  

Nitrogen release was determined by N remaining in the composites after 

each incubation period, which was quantified by elemental analysis (CHN). The NH3 

volatilization was determined by titration of boric acid with HCl 0.01 mol L-1 (Synth) 

and then the N mineral soil was extracted by KCl 1 mol L-1 (Synth) in the ratio 

extractant:soil (10:1). In order to inactivate the urease enzyme, a solution of 5 mg L-1 of 

phenyl-mercuric acetate (Sigma-Aldrich) was added to the extraction stage. The 

suspension was stirred for 1 h, then it was filtered using filter with diameter 12.5 cm 

(Nalgon). The extract was stored in a polyethylene bottle with a volume of 100 mL at 5 

°C in a refrigerator. 

The levels of ammonium (NH4
+) in the extracted soil were analyzed by 

the colorimetric method proposed by Kempers and Zweers (1986).61 The contents 

recovered in each N fraction were expressed as percentages referring to the N applied as 
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urea or composites. The profile of the volatilization of ammonia (NH3) and the 

formation of NH4
+ in soil is presented by the average values accompanied by their 

respective standard deviations. Differences among treatments by total recovery as NH3 

volatilized and exchangeable NH4
+ after aerobic incubation were assessed by analysis of 

variance (ANOVA) and when the F test was significant, differences between treatments 

were compared by Tukey test (P <0.05). 

Dry matter production and N recovery efficiency - For the greenhouse 

experiment a low-fertility soil was used. Sandy-Loam soil was collected from Lathrop 

area California, United States sampled to a depth of 20 cm from a pasture site. Before 

use, the soil was air-dried and crushed to pass through a 2 mm screen. The soil 

physicochemical characterizations were done and the results could be observed in 

TABLE 4.2.  

The efficiency of the fertilizers was analyzed by N uptake seeds from 

sweet corn greenhouse experiment. Plastic pots with approximately 3.5 kg of the soil 

used. A completely randomized design with seven treatments: control (without 

fertilization), pure urea, melamine, and composites (1:2 Fast; 2:1 Fast; 1:2 Slow; 2:1 

Slow) and four replications for each treatments. The soil in each pot was treated with a 

solution (50 mL) containing supplying  2.91 g of P and K (as K3PO4), 0.5207 g of S (as 

(NH4)2SO4), 0.103 g of B (as H3BO3), 0.0168 g of Cu (as CuSO4), 0.0280 g of Mn (as 

MnSO4), 0.0716g Zn (as ZnSO4), and 0.0013 g Mo (as Na2MoO4), which was prepared 

according to Novais et. al. (1991).91 The soil was then moistened with distilled water to 

70% of water-holding capacity. Ten seeds were planted per pot, and thinning was done 

four days later to obtain a final stand of five plants per pot. Soil moisture content was 

maintained by applying water once a day. The composites were applied to the surface of 

moist soil among plants, which supplied 700 mg of N (as urea or urea + melamine) to 

each of 28 pots. After 60 days the aerial parts were cut above the soil and placed in 

paper bags. The aerial parts were put to dry in a forced-air oven at 70 °C for 24 h, and 

the dry matter was then weighed and ground to < 1 mm with a Wiley mill, for 

determining the total dry matter content. The N recovery by all plants was evaluated 

using a CHN elemental analyzer (model 2400, PerkinElmer, Massachusetts, USA) to 

measure the recovery of N from fertilizers. These parameters were analyzed statistically 

by ANOVA using Tukey´s honest with significant difference at P < 0.05. 
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4.4. Results and Discussion 

The extruded composites processed with different ratio of Ur/Mel did not 

show any visual difference. The differences were observed in the composites extruded 

at different speeds. The composites extruded at lower velocity produced flexible 

materials, which can be easily bend whereas the materials processed at higher velocity 

became more brittle. The visual differences between materials can be observed by 

FIGURE 4.1. To understand the difference in the composites they were analyzed by 

SEM, TGA, XRD and Raman vibrational spectroscopies, and 13C high resolution solid 

state NMR spectroscopy. 

 

TPSUr 2:1 Slow 1:2 Slow2:1 Fast 1:2 Fast  

FIGURE 4.1.Images of composites after pelletized and dried. 

FIGURE 4.2 shows SEM images of the surfaces and cross-sections of 

native maize starch and the composites. FIGURES 4.2a and a’ show the images of 

native maize starch granules in two different magnifications. These FIGURES show 

spheroid shapes with diameters ranging from 1 to 15 μm, similar to starch structures 

reported by Chen et al. (2017).92 FIGURES 4.2b and b’ show the SEM images of 

composite formed by the extrusion of starch and urea (Ur) that is known as 

thermoplastic starch-Ur (TPSUr).To obtain the TPSUr composite it was necessary to 

destroy the original structure of starch granules by heating it in the presence of water 

and urea, at temperatures over 80 ºC. FIGURE 4.2b’ show needle like structures in 

TPSUr composite that is different than the ones observed for pure starch. It seems that 

urea disrupt intermolecular and intermolecular hydrogen bonds of the native starch and 

transforming it in plastic like structure.34,35,93-95 However, in this case a low 

compatibility between the materials was observed. Melamine was added to improve the 

mechanical properties and the amount of nitrogen in TPSUr fertilizer and its effect is 

demonstrated in the SEM images of FIGURE 4.2c to 4.2f. 
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FIGURE 4.2.SEM images obtained from surface of composites: (a) native corn starch 

(b) TPSUr, (c) 2:1 Slow, (d) 1:2 Slow, (e) 2:1 Fast and (f) 1:2 Fast. 

FIGURE 4.2c and 4.2d presents the images of the composites produced 

by the addition of melamine (Mel) to starch/urea matrix at extrusion rates slow and with 

different proportion of Ur-Mel (2-1 FIGURE 4.2c, c’ and 1-2 FIGURE 4.2d, d’) and 

fast extrusion rates (2-1 - FIGURE 4.2c, e’ and 1-2 -FIGURE 4.2d f,f'). These Figures 

(2c to 2f) showed that Mel cause an effective change in TPSUr-Mel structure, with a 

much more plastic structure, independent of the Ur/Mel ratio or extrusion speed. 

However, the images of FIGURES 4.2e and 2f show that the extrusion at higher speed 

(80 rpm) affected the macroscopic structures of the composites with large pore than the 

composites processed at slower speed that is a much more compact materials 

(FIGURES 4.2c and 2d). These larger pores can be related to the formation of gas 

bubbles (water evaporation) during extrusion and reducing the water content and 

consequently producing a less flexible material. To the best of our knowledge, this is 

the first time that melamine was used to improve starch with urea compatibilization in 

extrusion process.  
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FIGURE 4.3.Comparison between (a) TGA and (b) DTG profiles for the precursors and 

composites. 

FIGURE 4.3 presents the TGA and DTG curves of urea, melamine, 

TPSUr and TPSUr-Mel composites. The degradation of the melamine occurs in one step 

between 260 and 330 ºC with a maximum rate loss at 312 ºC. A low residual weight 

(around 2 wt. %) is obtained at high-temperature. Urea melts at 133 ºC and first mass 

loss was observed between 133 ºC and 190 ºC, refereeing to the decomposition of 

urea.96 The mass loss stage with a maximal peak in 238 ºC is relative to urea 

decomposition followed to the third stage (270–302 ºC), where the mass loss became 

much gentler than that in the first and second stages with complete degradation at after 

450 ºC.97,98 TPSUr showed a behavior between of native starch and urea. Three regions 

were also verified for this material, peaks in around 113 ºC shows a beginning 

decomposition of urea excess, followed by urea decomposition into the structure (205 

ºC) and the break and degradation of chain polymeric of starch in 292 ºC.  

TGA curves of composites demonstrate that the two components react 

together leading to a thermal stabilization of the system for a temperature higher than 

400 ºC especially, for the fast treatments. Decomposition curves of materials with an 

excess of urea are similar to a pure urea, with initial weight loss in the same 

temperatures that for TPSUr curves. The presence of melamine in the composites 

increases the thermal degradation temperature by approximately 10 ºC with respect to 

samples without a starch chain. Moreover, whereas urea, starch and melamine are 
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totally degraded at 600 ºC, the 1:2 and 2:1 Fast materials still exhibit a residual weight 

around 20 wt.% at this temperature, due possibly by formation of graphitic carbon 

nitride (g-C3N4) as observed by Carvalho et. al. (2017),99 produced above 560 ºC, by 

condensation of melamine or melon as reported by Jurgens et.al. (2003).100 The 

TGA/DTG results also show that the fast extrusion process has more influence in the 

composite than the Ur/Mel ratio. 

10 20 30 40 50

native starch

In
te

n
si

ty
/a

.u
.

2/degree

TPSUr

Melamine

Urea

1:2 Slow

2:1 Fast

1:2 Fast

2:1 Slow

 

FIGURE 4.4.X-ray diffractograms of starch, TPS-Ur, Ur and Mel and the composites. 

FIGURE 4.4 shows the typical A-type diffractograms of maize with 30% 

amylose. The A polymorph has signature doublet at 2ɵ = 17.1º and 18.1º in addition to 

strong reflections at 2ɵ = 15.1 and 23º. The broad peak from 10 to 60º that has been 

assigned to amorphous amylopectin. On the other hand all the extrudes starch materials 

did not shows the A-type amylose peaks only a broad signal from 10 to 60º that is 

typical of the amorphous materials. The sharp peaks in the diffractograms have been 

assigned to Urea (TPSUr sample) and melamine in 1:2 samples. Although the urea and 

melamine reflections overlap most amylose peaks, the composites diffractograms clear 

show that the extrusion process destroy the crystalline structure of the native maize 

starch. Therefore, XRD method, which reflects the presence of long-range crystalline 

structures,101 did not give much information about the influence of the Ur-Mel ratio and 

extrusion process. 
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FIGURE 4.5.(a) FT-Raman spectroscopy of native starch, urea, melamine, TPSUr and 

composites, (b) details of the region between 2890 to 2980 cm-1 and (c) expansion of 

the region between 465 to 510 cm-1. 

The samples were analyzed by FTIR spectroscopy, which detects 

vibration of the chemical bonds that change the bond dipole moment, showing a strong 
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overlap between the starch, urea and melamine peaks. Therefore this technique was not 

efficient to study the influence of Ur/Mel ratio and extrusion procedure in the TPSUr 

composites. FT-Raman spectroscopy detects the vibration that does not change bonds 

dipole moments, that is less common that the vibrations detected by FTIR. The FT-

Raman spectra for starch, urea, melamine, and the TPSUr composites are shown in 

FIGURE 4.5. The assignments of starch bands have been published elsewhere.102 The 

strongest peaks are the C-H signal at approximately 2910 and 480 cm-1, that have been 

assigned to C-H symmetric and asymmetric stretching modes and to skeletal modes of 

pyranose ring (C–C–O) modes, respectively. These two bands do not overlap urea or 

melamine peaks and were used to monitor starch crystallinity (FIGURE 4.4). Mutungi 

et. al. (2012)102 used these two peaks and the signal at 865 cm-1, as an internal reference, 

to measured the crystallinity of cassava starches. The peak at 2910 cm-1, shows a strong 

correlation (r= 0.93) band width measured as FWHM and crystallinity, indicating that 

that the C-H are sensitive to conformation and packing of polymer  chains. The peak at 

480 cm-1 shows band shift to lower values and band sharpening have been correlated to 

starch crystallinity, with correlation coefficient r=0.95 and 0.98 respectively. 
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FIGURE 4.6.Solid state 13C NMR spectrum of (a) TPSUr, native corn starch and urea, 

(b) composites with Fast treatment and (c) composites with Slow treatment spectrums.  

High resolution nuclear magnetic resonance (HRNMR) is more sensitive 

to interactions among organic structures, giving detailed information for local 

interactions. FIGURE 4.6 shows the cross polarization magic angle sample spinning 

(CPMAS) high-resolution solid-state 13C NMR spectra of TPSUr, native maize starch 

and urea and composites with and slow treatment. Both starch and urea/melamine 

signals can be used to evaluate the effects of the processing in the composites. The 

starch spectra show C1 carbon peak at approximately 100 ppm, C4 at 83 ppm, C2, C3 

and C5 at approximately 73 ppm and C6 at 62 ppm.103 The precise chemical shift values 

in the different starch samples present in FIGURE 4.6a depend on water content and 

presence of crystalline and non-crystalline structures. These shifts depend on local 
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electron densities around carbon atoms due to conformational effects.104 Therefore, 

different conformational populations due different crystalline structure and amorphous 

structures can be measured using solid-state 13C CP/MAS spectra. Tan et. al. (2007)105 

shows that here is a high correlation between all for starch carbons peaks and starch 

crystallinity.106 

The crystallinity of the native starch can be observed by the multiple C1 

peaks of starch that reflects different conformations of crystalline and non-crystalline 

chains. In TPSUr spectrum the C1 carbon shows a peak at 103 ppm that is typical of no 

crystalline starch indicating that the preparation procedure is reducing the crystallinity. 

The C1 peak became featureless in the TPS-Ur-Mel composites indicating that the 

procedure destroys most of the starch crystallinity. The intensity C4 peat at 83 ppm has 

also been used to monitor starch crystallinity. C4 intensity is normally inverse 

correlated to crystallinity. FIGURE 4.6b spectrum shows that C4 intensity increases 

from starch to TPSUr and to the other composites. The effect of crystallinity of C2, C3 

and C5 peak ~73 ppm direct correlates with peak resolution, i.e. starch>TPSUr> others 

starches composites. The C6 is also correlated to crystallinity. The more crystalline 

starch shows sharp peak at 62 ppm and it shift to low chemical shift and lower intensity 

in amorphous one. Therefore the CP/MAS solid-state 13C NMR show that crystallinity 

was larger in starch>TPSUr> TPS-Ur-Mel Slow >TPS-Ur-Mel Fast. Therefore 13C 

CPMAS NMR spectra, that depend on the local environment of the nucleus, was more 

useful than XRD for these samples, which depends on long-range order to show the 

microscopic difference between the formulations and extrusion process. The 13C MAS 

NMR spectra of TPS-Ur-Mel composites also show two signals at 167.5 and 169.2 

ppm, with relative intensity of 1.5:1, that have been assigned to melamine and a small 

peak at 162 that has been assigned to urea carbon. The two melamine peaks have been 

reported in literature and indicates that there is two not magnetic equivalent carbons in 

solid state. The detailed analysis of chemical shifts and line width did not show strong 

interaction between melamine, urea and starch, suggesting that the material have a blend 

(instead of a real cross linked) structure. The intensities of the carbonyl 13C signal of the 

urea, in all samples are very low compared with the urea concentration in the samples, 

varying from 34 to 11% (w.w-1) in TPSUr to TPS-Ur-Mel 1:2. The first hypothesis for 

the small urea 13C signal was the weak dipolar interaction of the urea carbonyl group 

with the hydrogen of the amino groups, that is necessary to enhance carbon signal via 

cross polarization. However, the weak dipolar interactions of carbonyl groups have been 
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enough to enhance 13C carbonyl signal of proteins and other organic molecules and 

therefore it cannot be the only factor for the weak urea signal.  

The explanation of the very low 13C intensity of the carbonyl group is 

very long 1H spin-lattice relaxation times (T1) in crystalline urea. The T1of 1H in 

crystalline urea, at approximately 300 k is in the order of 1 hour that means that is 

necessary about 5 hours for 99.33% recovery of the 1H magnetization.107 Therefore, the 

transition of the 1H of urea in crystalline state is almost totally saturated, in the recycle 

delays of 5s, used in the CPMAS experiments. Consequently there is very low 1H 

magnetization to be transfer to 13C, via cross polarization and the process is very 

inefficient.  

Kristensen et. al. (2004)108 pointed out that the long 1H relaxation time 

and inefficient cross polarization difficult the record of the 13C signal of crystalline urea. 

They also pointed out that this long relaxation times make urea an excellent probe for 

cellulose surface investigation. They demonstrate that the urea 13C signal obtained by 

CPMAS is only related to the mobile urea molecules interacting to the cellulose surface. 

If the urea was deposited, as microcrystal, rather than interacting to cellulose surface, 

the 13C carbonyl signal is expected to be insignificant. These considerations lead that 

only urea interacting with other polymers are actually observed in CPMAS experiments, 

using short recycle time, also true for the 13C signal of urea in TPSUr composites. 

Therefore, the small urea peak in FIGURE 4.6a may come only from the mobile urea 

molecules that interact with starch and is not due to the crystalline urea with very long 

T1. 

The kinetic study of nitrogen release was performed to understand the 

different releases behavior of each nitrogen source on water (TABLE 4.3 and FIGURE 

4.7). 
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FIGURE 4.7.Urea release rate as a function of time for pure urea and each of the 

composites at pH 7 and 25 ºC in water. 

As observed by FIGURE 4.7 urea had a quickly solubilization in the 

early experiments hours. All composites had a lower solubilization in comparison to 

urea. TPSUr showed a behavior more controlled, releasing 75% until 24 hours. After 

this point the release rate becomes constant. This was due to the fast solubilization of 

urea weakly interacted with starch and the rest will be available during the polymer 

degradation. This behavior was also identified for the composites. 2:1 Slow had a fast 

release of urea but more controlled than the TPSUr. During materials processing, in the 

condition slow, both composites became more plastic due to a greater dispersion of the 

urea into the polymer. While in the fast condition the composites had a lower dispersion 

of the urea and a porous structure. As expected, the 2:1 Fast material was to have a 

faster release but the poor dispersion created regions with large amounts of 

agglomerated material, which hindered the diffusion of water and consequently the 

lower release of urea.. It was clearly observed that materials with higher melamine 

contents had a longer availability of urea due to higher interactions between the amine 

groups of urea, melamine and starch. The final of N released for 1:2 Fast at the end of 

the experiment has the same level of release as the 1:2 Slow even though the materials 

had a different morphology. It is worth remembering that the percentage of N residual 

not released until 120 hours are strongly bound in the polymer matrix, and can be 

released in longer periods of experiments or in conditions related to the degradation of 

the polymer matrix of the starch. 
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TABLE 4.3. Statistical parameters for nitrogen release in water for each composite. 

Samples Adjusted parameters R² Initial 
Release 
a/(1+b) 

a   b c 

Urea 100 (93.6; 110.8)*** 0.2 (0.1; 0.3)** 0.02 (-0.004; 0.05). 0.94 83.3 
TPSUr 80.4 (76.7; 84.1)*** 1 (0.7; 1.3)*** 0.1 (0.04; 0.2)** 0.98 40.2 
1:2 Slow  51.7 (30.1; 73.3)** 4.2 (1.9; 6.5)** 0.03 (0.01;0.05)* 0.96 9.9 
2:1 Slow  79.6 (67; 86.3) *** 6 (-0.6; 12.7). 0.17 (0.02; 0.31)* 0.96 11.4 
1:2 Fast  34.9 (21.8; 48)** -0.14 (-0.5; 0.2) 0.04 (-0.3; 0.4) 0.16 40.6 
2:1 Fast  79.1 (20.9; 137.2)* 2.5 (-0.04; 5). 0.03 (-0.01; 0.1) 0.85 22.6 
Logistic model: y=a/(1+b*exp(-c*time)). t-test signif. codes:  *** 0.001; ** 0.01; * 0.05; ¨ 0.1 

 

The behaviors of the composite fertilizers in terms of nitrogen release in solution 

to evaluation of the controlled release behavior of the materials tested. The profiles N 

releases (% N release) are shown in FIGURE 4.7. The mathematical model (Equation 2) 

was fitted to the experimental values for N released (FIGURE 4.7). 

ŷ = (a/(1+b*exp(-c*t)))                          (Equation 4.1) 

where a/(1+b) is the initial response for the nitrogen release; b is the induction time or 

period required for the system to reach steady-state release; c is the kinetic order of the 

response with respect to rate. The significance level for all analyses was 5%.109 

As can be observed by TABLE 4.3, urea has an instant release of 83.3% 

in only 2 hours of contact with water. The 1:2 Fast composite had an initial release 

behavior very close to the TPSUr around 40%. However, the TPSUr releases 80% of 

the total N while the 1:2 Fast still retains 65% of the N structure at the end of the 

experiment. It is also noted that 2: 1 Fast had an initial release 2 times higher than 2:1 

Slow. In this case, the porosity of the material was the key to the higher solubilization 

rate. It can be said that the porosity was responsible for the faster release of urea in the 

first periods of time, and after the release of the free and weakly interacted urea, the 

dispersion became responsible for the greater availability of the urea that was trapped in 

the polymer network. 
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FIGURE 4.8.Mineralization of native starch and composites during first 21 days. 

The respirometry test was employed to study biodegradation of 

composites with different urea/melamine ratios. Results of biodegradation of native 

starch and composites are shown in FIGURE 4.8. Composites contained between 33.78 

and 35.45%carbon and 18.74 and 20.9% of nitrogen (TABLE 4.1). The total 

degradation calculated on the basis of carbon ranged from 62.6% in 1:2 Fast to 77.2% in 

2:1 Slow. In general, although the differences are small, samples containing 1:2 

urea/melamine ratio the mineralization percentage was lower than in samples where the 

ratio between urea-melamine was 2:1. One could argue that this result indicates that 

samples containing more urea were more available to soil organisms than those with 

more melamine. Also, there was no statistical difference between slow and fast 

treatments within given urea/melamine ratio. 

A study of the release and transformation of N in soil from urea or 

composites in a soil incubation was done to verify the role of these composites in a 

more real conditions. FIGURE 4.9 shows the profile of the release and transformation 

of N in soil from urea or composites in different period of incubation.  

The pure urea was solubilized in the first few hours after application to 

the soil. On the other hand, the composites presented high residual N content after the 

incubation period (FIGURE 4.9a). The N source (urea or melamine) and the processing 

condition (Slow or Fast) influenced the release of N in the soil. The treatments with 

higher proportions of urea (2: 1) presented a higher N release and consequently a lower 
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N content than treatments with proportions (1:2). Similarly, the Fast processing 

condition contributed to the higher release of N relative to the Slow condition due to the 

higher porosity of the 1: 2 Fast and 2:1 Fast composites presented in FIGURE 4.2 (d) 

and (f). The formation of pores or channels in these composites increased the 

percolation of water in the composite and favored the release of N-urea by diffusion. 

Thus, the 1:2 Slow composite, which contains a lower proportion of urea and less 

pore/channel formation, had a lower release of N and consequently a higher residual N 

content after incubation of the composites to the soil. In contrast, the 2:1 Fast 

composite, which contains a higher proportion of urea and increased pore/channel 

formation, had higher N-urea release reflecting the lower residual N content. 

FIGURE 4.9b shows the percentage of N lost by NH3 volatilization after 

incubation of urea or composites applied to the soil. The NH3 volatilization profile is 

influenced by the release rate of N-urea in the soil. Urea, due to its rapid solubilization / 

release in the soil, showed the highest NH3 volatilization with values close to 50% after 

14 days of incubation. The processing condition (Slow and Fast) did not influence NH3 

volatilization, regardless of urea/melamine ratio used in the composition. The 2:1 Slow 

and Fast composites presented low volatilization up to 14 days, but the N losses were 

increasing reaching values close to 25% at the end of the incubation period. On the 

other hand, composites with a higher proportion of melamine (1:2 Fast and Slow) 

presented insignificant losses of N by volatilization. This result can be attributed to two 

factors: the higher proportion of N in the form of melamine and the interaction between 

urea-starch-melamine that delays the release of urea in the soil. Thus, the lower N loss 

by NH3 volatilization of the composites can be attributed to a lower proportion of N in 

the urea form and to the release control provided by melamine/starch. 

FIGURE 4.9c shows the fraction of mineral N available in the soil, in the 

form of NH4
+, during the incubation period of urea or composites. Under the conditions 

under which the experiment was evaluated, the availability of N-NH4
+ in the soil results 

from the N-release profile and the loss of N-NH3. Urea due to rapid 

release/solubilization showed a high availability of N-NH4
+ (~ 45%) between 7 and 14 

days of incubation, however, this availability have reduced due to intense N loss by 

NH3 volatilization. On the other hand, the availability of N-NH4
+ from the composites 

presented increasing increments after the first days of incubation, reaching values 

between 17 to 26% from the 28th day of incubation, from 1:2 and 2:1 composites, 

respectively. It should be noted that the availability of N-NH4
+ from the 2:1 Slow and 
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Fast composites was similar to urea availability from the 28th day of incubation, 

although these composites still presented around 60 and 53% residual N (remaining N 

in the pellet after incubation period), respectively. Thus, in addition to the same N 

content in the soil provided by urea during 42 days of incubation, the composites 

present high residual N content, attributing to these composites potential for soil N 

fertilization in medium and long periods. 
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FIGURE 4.9.(a) Percentage of Nitrogen recovery from the composites after the 

incubation period and (b) Percentage of volatilized ammonia (NH3) during the aerobic 

incubation of urea or composites applied to the soil and (c) N recovery as ammonium 

(NH4
+) during the aerobic incubation of urea or nanocomposites applied to the soil. Data 

shown as a mean of triplicate incubations with bars to indicate the standard deviation of 

means. 



51 
 

 
 

FIGURE 4.10 shows the results of dry matter production by corn plants 

and N recovery efficiency (RE) from urea and composites fertilization. The dry matter 

content by corn fertilized with urea, TPSUr and composites 2:1 Slow or Fast were 

similar and presented values above 20 g pot-1 FIGURE 4.10a. This result reflects the 

availability of N-NH4
+ from the 2:1 and urea composites that were similar after 28 days 

of incubation and higher than the observed availability for the 1:2 composites. Probably 

the smaller release of N in a short period of time, provided by 1:2 composites did not 

allow the adequate development of maize plants, reflecting four times smaller dry 

matter yield in relation to corn plants fertilized with urea or composites 2:1. In addition, 

melamine-only fertilization did not alter dry matter production in relation to unfertilized 

plants (Control), where low yield (1.5 g pot-1) corresponded to the low natural 

availability of N from Loamy Sandy Soil. 

FIGURE 4.10b shows the apparent recovery efficiency of N (RE) relative 

to the total nutrient applied to the soil in the form of urea and/or melamine. As observed 

in the dry matter production, the RE of the 2:1 composites were similar to the efficiency 

of urea with values greater than 30%. In contrast, 1:2 composites presented RE values 

close to 5%, confirming the low N release from these composites during the period 

evaluated. In addition, the low RE value of 1:2 composites can be attributed to a higher 

proportion of N in the form of melamine (66%) since this source has the low release of 

its structural N in short time interval.90 Confirmation of this information can be 

confirmed by the low RE (close to 1%) for maize plants fertilized with melamine alone. 

Unlike the urea that is rapidly converted to mineral N in the soil, after its hydrolysis by 

the enzyme urease present in the soil, the structural N present in the melamine molecule 

is converted to N-NH3 after its biodegradation.90 Thus, the release of N is favored and 

occurs more rapidly in soils with greater microbial activity. However, the low organic C 

content of Loamy Sandy soil (TABLE 4.2) is indicative of low microbial activity and, 

consequently, of the slow mineralization of the melamine molecule and the supply of N. 
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FIGURE 4.10.(a) Accumulation of above ground dry matter and (b) N recovery by corn 

plants with fertilized with melamine, TPSUr, pure urea or composites, and (c) N 

recovery considering only the N applied in the urea form. Treatments having the same 

letter do not differ significantly (P < 0.05) by Tukey test. 
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Another factor that can be attributed to the low RE value of 1:2 

composites is the higher urea dispersion (between the starch chains, in the form of 

blends - it controls/reduces the release of urea). The results observed so far indicate that 

the effect of melamine present in the composites (1:2 and 2:1) was more expressive in 

the control of urea release rather than the source of N for plants grown in a short period 

of time. Thus, a new RE calculation was performed considering only the N from urea. 

FIGURE 4.10c shows the RE in relation to N applied to the soil only in 

the form of urea. In this condition, the RE from the 2: 1 composites were higher than 

40%, but similar efficiency was observed for pure urea. However, it is noteworthy that 

the mass of N in the form of urea provided by the 2:1 composites was 33% smaller in 

relation to the urea treatment. This result suggests that the N-urea provided by the 

composites was better utilized by corn plants, with a saving of 33% of N-urea which 

was replaced by N as melamine. In addition to acting in the control of urea release, 

melamine present in the composites is expected to supply N to the plants in longer 

periods of cultivation or in new cycles. The low dose of N-urea provided by the 

composites 1:2, 66% lower relative to the urea treatment, may have compromised the 

development of the plants leading to a lower use of N. Finally, the results indicated that 

the urea-melamine interaction controlled the release of N-urea and consequently 

increased the efficiency of N from urea. However, melamine did not present potential as 

a source of N to plants in a short time interval. 

4.5. Conclusions 

In conclusion, the extrusion process was successfully used to incorporate 

N-melamine into a thermoplastic starch with a modifier agent. The results indicated that 

the processing conditions was the key role to obtain more homogeneous materials due 

to more dispersion of urea. Characterization demonstrated the formation of a structure 

of the type blend between urea-melamine-starch, responsible for retard the urea 

solubilization and consequently its hydrolysis. This means that the availability of N-

NH4
+ from composites was similar to urea after the 28th day of incubation. Furthermore, 

composites still presented a percentage residual of N around 60 and 53% available to be 

used in longer periods. Finally, the results indicated that the urea-melamine interaction 

controlled the release of N-urea and increase the efficiency of use of N from urea.  
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5. - Chapter III: A Nanocomposite – How the dispersion affects the 
total Nutrient Availability 

 

The content of this chapter is an 

adaptation of the article entitled “Controlled 

Phosphate Release From Hydroxyapatite 

Nanoparticles Incorporated into Biodegradable, 

Soluble host matrices” by Amanda S. Giroto, 

Suzane C. Fidélis and Caue Ribeiro, published in 

RSC Advances. 

 

Reference: RSC Adv., 2015, 5, 104179. 
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5.1. Abstract 

We report in this paper a strategy to prepare nanocomposite fertilizers 

based on the dispersion of hydroxyapatite (Hap) into urea and thermoplastic starch at 

nanoscale, where Hap was assumed as a model for poorly soluble phosphate phases, 

such as phosphate rocks. Our experiments revealed the role of particle agglomeration on 

the effective phosphate release, showing that Hap dispersion within two water-soluble 

matrices (urea and thermoplastic starch/urea) is an effective strategy to increase Hap 

solubility. Aspects such as matrix solubility, morphology and Hap loading were detailed 

studied. Also, these structures showed an interesting slow-release of urea, i.e., the 

materials were at the same time a system for faster release of poorly soluble phosphate 

phases and slow release of very soluble nitrogen source (urea). Our results support the 

development of a new class of smart fertilizers, with release properties tailored by 

nanostructure. 

 

5.2. Introduction 

Fertilizers supply is one of the key aspects of high productivity in 

agriculture, chiefly for the macronutrients nitrogen (N), phosphorus (P) and potassium 

(K). Among NPK, Phosphorus is the least macro element required by plants, however 

this nutrient has limited the agricultural production due to its low availability in soils, 

especially in tropical areas.110 Unfortunately, the low solubility of phosphate rocks 

limits their direct application as a fertilizer. As a consequence, phosphate rocks have 

been converted into soluble phosphate fertilizers by using chemical means.111 An 

alternative to this issue would be increasing the solubility of phosphate minerals by the 

aid of nanotechnology. This technology has been proposed as an emerging approach 

with enormous potential to improve the effectiveness of agricultural fertilizer.112 Due to 

the very small size and high surface to volume ratio, nanoparticles are expected to 

dissolve faster than their bulk counterparts.113,114 The distinctive properties of 

nanoparticles could be used to design more efficient P fertilizers as well.6 Some works 

have shown that the reduction of the particle size of soluble phosphate rocks improves 

their agronomic effectiveness115 because of the increase in the dissolution rate and 

higher probability of the nanoparticles to interact with the roots.116,117 This concept was 

also recently used by Montalvo et. al. (2015)118 who evaluated the use of hydroxyapatite 
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nanoparticles as a potential P-fertilizer with improved efficiency based on the 

hypothesis that nano-sized particles can diffuse more easily through the soil to reach the 

plants. The dispersion of P-fertilizers within organic matrices could also be combined 

with the particle size reduction approach as well as  techniques that avoid particle re-

agglomeration. Recently, Liu and Lal (2014)119 investigated the use of hydroxyapatite 

nanoparticles (15 nm) dispersed into carboxymethyl cellulose as a novel P-fertilizer 

which exhibited enhanced efficiency and lower eutrophication risk than conventional 

water-soluble calcium phosphate. Therefore the organic matrix could also serve as an 

electrostatic barrier to hinder the fixation of phosphate nanoparticles in soil, principally 

in those with higher contents of humic acid as reported by Wang et. al. (2012).120 

Organic matrices used in the formation of nanocomposites must 

necessarily be compatible with the hydrophilic surface of the phosphate nanoparticles, 

and it is also desirable that the matrix/phosphate nanoparticles formulation could be 

continuously processed, e.g. by extrusion. Two interesting candidates to be used as a 

matrix are urea and thermoplastic starch. Urea is a water soluble compound and the 

main N-fertilizer used for agricultural crops, while thermoplastic starch has lower 

solubility and has been extensively studied as a polymer matrix of nanocomposites due 

to its renewable, biodegradable, plentiful and inexpensive aspects.  

Hence, the objective of this work was to examine the solubility in water 

of nano-scaled inorganic phosphate particles and their interactions with matrices of 

different solubility: urea and thermoplastic starch (TPS). This works further describes 

how the release process of PO4
3- ions can be tailored by nanocomposite production 

strategies. The use of nanocomposites could support the further development of a new 

class of smart fertilizers, which will permit new applications for poorly soluble 

phosphate mineral phases. 

 

5.3. Experimental 

Preparation of Nanocomposites Ur/Hap - The nanocomposites were 

prepared by mixing urea (Ur) and hydroxyapatite (Hap) at different urea/Hap ratios 

(w.w-1 basis) of 1:1 (50% Hap), 2:1 (33% Hap), and 4:1 (20% Hap) according to a urea 

melt processing method adapted from the method used by Pereira et. al. (2012).19 The 

nanocomposite samples were produced using a torque rheometer (Polylab 

RHEODRIVE Rheomix mixer and OS4) under the conditions of 60 rpm for 10 min at 

100 °C. The materials were dried at room temperature for 24 hours. The 



57 
 

 
 

nanocomposites were designated as Ur/Hap 1:1, Ur/Hap 2:1, Ur/Hap 4:1 with respect to 

the urea/Hap mass ratio, respectively. 

Preparation of Nanocomposites TPS:Ur/Hap - The thermoplastic starch 

(TPS) was obtained by a physical mixture of corn starch, urea (Ur) and distilled water at 

a mass proportion of 56/24/20, respectively. To this blend there was added 1% (w.w-1) 

of stearic acid and 1% (w.w-1) of citric acid. This final TPS:Ur formulation was 

processed in a co-rotating double screw extruder (L/D = 40, ZSK-18 Coperion model) 

equipped with driving and mixing elements. The extruded was setup with 6 heating 

zones at temperatures of 100, 110, 115, 120 at 130 °C to 120 °C, and rotating speed of 

150 rpm to obtain TPS:Ur blends in the form of pellets. The TPS:Ur/Hap 

nanocomposites with Hap mass contents of 50, 30 and 20% were synthesized by 

premixing and processing the powders (starch, urea, stearic acid, citric acid, and Hap) 

by extrusion under the same processing conditions used for the pure TPS:Ur blend. The 

samples were named as TPS:Ur/Hap 1:1, TPS:Ur/Hap 2:1 and TPS:Ur/Hap 4:1, 

respectively. 

Characterizations 

Size measurements - Dynamic light scattering (DLS) analyses were 

carried out on a High Performance Particle Zeta Sizer (Malvern Instruments) to obtain 

the average particle sizes. 1 mg of Ur/Hap nanocomposite sample was transferred to a 

25 ml glass bottle, which contained 10 ml of distilled water. Before the DLS 

measurements, the solution was sonicated (Bransom 450 W) for 10 min in order to 

disperse the Hap particles within the solution. For the TPS-based nanocomposites, the 

samples were kept in liquid nitrogen until complete freezing, and then ground with the 

aid of a mortar and pestle. About 1 mg of sample powder was placed into 10 ml of 

acetone and sonicated under equal conditions prior to the DLS measurements. 

X-ray diffraction - A Shimadzu XRD6000 diffractometer was used to 

conduct X-ray diffraction analyses (XRD) of the nanocomposites. The relative intensity 

was registered in a diffraction range (2θ) of 3-40°, using a Cu-Kα incident beam 

(λ=0.1546 nm). The scanning speed was 1° min-1, the voltage and current of the X-ray 

tube were 30 kV and 30 mA, respectively. 

Scanning electron microscopy - The morphology of the samples was 

analyzed by means of scanning electron microscopy (SEM) using a JEOL microscope 

model JSM 6510. The samples were dispersed over a carbon tape pasted on the surface 
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of a metallic disc (stub). Then, the disc was coated with carbon in a Leica EM SCD050 

chamber and imaged using the secondary electron mode. 

X-ray Computed Micro-tomography - A pellet of each sample was placed 

in a rotating steel support and analyzed on a micro-tomography scanner (model 1172, 

SkyScan). The image acquisition process was conducted using the following 

parameters: unfiltered, spatial resolution (voxel size) of 2 μm, 0.3° step rotation, 180° 

rotation and 6 frames for average process (averaging).The image reconstruction process 

of the tomographic sections was done by using the NRecon software (SkyScan) in 

which the following parameters were used: smoothing -5; ring artifact correction -5, and 

beam hardening correction of 60%. 

Solubility Tests 

Phosphate release rate in acid solution - Previously, an apparatus was 

arranged by placing a known mass of each sample inside dialysis membranes (Sigma-

Aldrich, St. Louis, MO, USA) with dimensions of 15 cm x 7.5 cm which were 

immersed into a becker (500 mL) with citric acid solution 2% (w.w-1), incubated and 

kept in a chamber at controlled temperature of 25 °C (347 Fanem CD). Aliquot parts (1 

mL) were collected at different time intervals up to 144 hours. The phosphate 

quantifications were performed in triplicate. Concomitantly, it was also performed a test 

using only pure hydroxyapatite as a control experiment. The determination of 

phosphorus was based on the method reported by Murphy and Riley (1962)121 which 

consists of an acidified solution of ammonium molybdate (Synth, Diadema, SP, Brazil) 

containing ascorbic acid (Synth, Diadema, SP, Brazil) and a small amount of antimony, 

which causes the formation and reduction of phosphomolybdic acid. The maximum 

absorption of the phosphomolybdenum blue formed in the presence of antimony occurs 

at a wavelength of 880 nm.  

Urea release rate in acid solution - Urea solubilization experiments were 

performed simultaneously with the phosphorus solubilization tests, according to a 

method adapted from Tomaszewska and Jarosiewicz (2002).55 The concentration of 

urea in solution was determined by UV-Vis spectrophotometer (Shimadzu-1601PC).56 

Each measurement was done in triplicate under identical experimental conditions for 

each sample. 
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5.4. Results and discussion 

X-ray diffraction (XRD) results for pure Hap and Ur, and their 

corresponding nanocomposites are shown in FIGURE 5.1. The XRD patterns of all 

Ur/Hap nanocomposites displayed peaks ascribed to the Hap nanoparticles.122 It can be 

seen the presence of a peak at 11 of 2ɵ in the pure Hap pattern which is related to the 

Hap lamellar phase.123–126 This peak was absent in the nanocomposite patterns probably 

due to intercalation of urea into the lamellar space of Hap. As showed by Zuo et. al. 

(2009)126 the intercalation with DNA resulted in a remarkable reduction of this peak, 

with some displacement. This strategy is the same used to analyze polymer clay 

nanocomposites, where the (001) space in clay is analyzed through XRD.127,128 The 

XRD pattern of pure Ur exhibited a set of peaks at 23, 25, 29, 32, 36, 37 of 2ɵ, which 

were still present, even showing lower intensity, in the XRD patterns of the 

nanocomposites. The decrease of the urea peak intensity can be explained by the 

chemical interactions between Ur and Hap as previously reported by Kottegoda et. al. 

(2011)129 The further analysis of the peak at 22 of 2ɵ strongly indicates the breakdown 

of the urea crystalline structure due to strong interactions with the Hap nanoparticles 

(FIGURE 5.1b). Then, one can expect that the XRD patterns, as well as other 

characterizations, are very influenced by this urea domains, which have the same 

features of pristine urea. Since the patterns reveal some small modifications in peak at 

22–22.5º, this notices that the urea crystallization process was affected by Hap addition, 

but probably only in the interfaces. In Ur/Hap 4:1, better Hap dispersion probably 

affected by the higher interface area, as seen by the relative Hap size (as seen in 

FIGURE. 5.3). In Ur/Hap 1:1, Hap agglomeration indicated lower interface areas, which 

is consistent to the other characterizations.  
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FIGURE 5.1.(a) XRD patterns of pure Hap, pure Urea and Ur/Hap nanocomposites; 

(b)expanded region of the peak at 22° relating to urea in the Ur/Hap nanocomposites. 

Scanning electron microscopy (SEM) was applied to characterize the 

morphology of the pure Hap and Ur/Hap nanocomposites (FIGURE 5.2). The Hap 

nanoparticles (FIGURE 5.2a were seen as solid agglomerates of very small 

nanoparticles (smaller than 100 nm) with atypical round-like morphology. The 

morphology of the Hap nanoparticles remarkably changed for each nanocomposite 

sample (FIGURE 5.2b-d), which may be a result of the urea intercalation process as 

observed by Pereira et. al. (2002).19 In fact, the best dispersed structure was observed 

for the Ur/Hap 4:1 nanocomposite sample, which consisted of Hap nanoparticles 

separated by large domains of Ur. The Ur domains was found to be crystallized in the 

nanocomposite structure which supports the hypothesis that urea acted as a host matrix 

for the Hap nanoparticles. These results are concordance with the more intense Ur peaks 

in the Ur/Hap nanocomposites observed by XRD (FIGURE 5.1). 
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FIGURE 5.2.SEM images of (a) pure Hap and the Ur/Hap nanocomposites (b) Ur/ Hap 

1:1, (c) Ur/Hap 2:1, and (d) Ur/Hap 4:1. 

The phosphate solubility could be potentially increased by diminishing 

the size of its particles or by improving the dispersion of the particles, since the particle 

solubility of the particles depends on its size.130 Since mineral phosphates have low 

solubility in water, turning them into very well dispersed small particles could promote 

an increase of surface area to interface the soil, consequently increasing the phosphate 

release rate. Complete solubilization of Ur was observed when the Ur/Hap 

nanocomposites were immersed into water, finely dispersing the Hap nanoparticles to 

the aqueous medium. Accordingly, it was possible to verify the influence of the Hap 

agglomeration concerning the different degrees of dispersion of the Hap nanoparticles 

within the nanocomposites matrix. The size of the Hap nanoparticles was determined by 

DLS for all nanocomposites samples after dissolution in water (FIGURE 5.3). It can be 
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observed that the original agglomerates in pure Hap exhibited an average size of 618 

nm. This is the largest size of agglomerates of Hap nanoparticles that could be found in 

the nanocomposite samples, as earlier observed by SEM (FIGURE 5.2). 
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FIGURE 5.3.Influence of the Ur content on the Hap particle size. The scheme shows the 

state of aggregation of the Hap nanoparticles in the Ur/Hap nanocomposites. 

It was also suggested by SEM that the Ur matrix was able to reduce the 

Hap agglomeration because of the dispersion and immobilization of the Hap 

nanoparticles over its surface. DLS measurements further confirms this observation as 

the average Hap particle sizes for the nanocomposite samples Ur/Hap 1:1, Ur/Hap 2:1 

and Ur/Hap 4:1 were found to be 249, 80, and 31 nm, respectively. Thus, the size of the 

Hap nanoparticles may be directly related to the content of Ur in the Ur/Hap 

nanocomposites, that is, the larger the urea content the smaller the Hap nanoparticles 

size. Possibly, the Hap nanoparticles were separated from each other by the continuous 

Ur domains, which ultimately prevented re-agglomeration of Hap in the nanocomposite, 

as illustrated in the scheme of FIGURE 5.3. 
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FIGURE 5.4.Solubilization rate of phosphate and urea as a function of time for pure 

Hap, pure Ur and Ur/Hap nanocomposites. Tests were done at pH 2 and temperature of 

25 °C. 

FIGURE 5.4a shows the phosphate release trend for the produced Ur/Hap 

nanocomposites in comparison with pure Hap. It can be noted that pure Hap has a low 

solubilization rate in acid medium, reaching only 37 % of solubilized phosphate over 

144 hours. By analyzing the nanocomposite behavior, it may be noted that all 

formulations showed higher phosphate release rates compared with pure Hap, for 

example 60 % for Ur/Hap 4:1. A particular aspect is the kinetics observed for each 

system. It can be observed that there was a clear correlation between the agglomeration 

degree of the Hap nanoparticles and the percentage of released phosphate. The sample 
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with smallest Hap particle size (Ur/Hap 4:1) exhibited the highest phosphate 

solubilization extent (100%). This result was clearly followed in extent by those found 

for the Ur/Hap 2:1 and Ur/Hap 1:1 nanocomposite samples, which displayed Hap 

particles sizes gradually larger, and consequently released 70 % and 50 %, respectively, 

of their total phosphate content. 

The use of urea as a host matrix for Hap was interesting because of its 

high solubility in water and high commercial importance in agriculture. Thus urea 

release tests were also done for the Ur/Hap nanocomposites, as depicted in FIGURE 

5.4b. The total dissolution of pure Ur occurred within 3 hours due to the saturation of 

the solution around the urea granule surface. However, it can notice that all 

nanocomposite samples presented a delayed urea solubilization of up to 144 hours. It 

may be suggested that the interfacial chemical interactions between Ur and Hap (urea 

adsorption) are responsible for the delayed dissolution of the Ur matrix, considering the 

fact that urea was not totally free to react with water. 

It is worth mentioning that the urea dissolution tests (complete 

immersion) were performed under very aggressive conditions. Even so the Ur release 

rates were comparable to values found for other controlled release systems designed 

with basis on different concepts, as observed by Wu and Liu (2008)131 for polymeric 

coatings in NPK granules. This denotes that the values found for the Ur/Hap are 

promising. In conventional application conditions, the samples would be exposed to low 

water contents, and one can expect a better urea retention effect for the Ur/Hap 

nanocomposites. 

In order to analyze the influence of the matrix solubility on the phosphate 

release rate, similar amounts of Hap were dispersed in a TPS:Ur blend matrix. FIGURE 

5.5 shows the XRD patterns of the pure components (TPS, Hap, Ur) and TPS:Ur/Hap 

nanocomposites containing different contents of Hap.  
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FIGURE 5.5.XRD patterns of Hap, pure TPS:Ur blend and nanocomposites 

TPS:Ur/Hap 1:1, TPS:Ur/Hap 2:1, and TPS:Ur/Hap 4:1. 

Peaks associated with the granular native starch were not observed in the 

XRD pattern of the pure TPS:Ur blend, indicating that the extrusion process 

successfully produced a continuous matrix. Only peaks related to the presence of urea 

crystals can be seen in the XRD pattern of the pure blend. Furthermore, peaks related to 

the presence of Ur and Hap were notice able in the XRD patterns of the TPS:Ur/Hap 

nanocomposites. There was also a halo between 5 and 20° of 2θ which is related to the 

amorphous TPS portion of the nanocomposites. It is also observed a peak at 

approximately 22° of 2θ which can be ascribed to the presence of free urea domains in 

the polymeric network of TPS.132 



66 
 

 
 

100µm 50µm

100µm

100µm

50µm100µm

(a)

50µm

(d)

(b)

500µm

500µm

500µm

500µm

500µm x100

x30 x100 x1000

x100 x500

x30 x100

x30 x100 x500

50µmx500

 

FIGURE 5.6.SEM images of pure TPS:Ur (a), nanocomposites TPS:Ur/Hap 1:1 (b), 

TPS:Ur/Hap 2:1 (c), and TPS:Ur/Hap 4:1 (d). 

The complete disruption of starch is verified in FIGURE 6a by the 

occurrence of a continuous material with smoothed surface.94 Large Ur crystals were 

not observed in the SEM image of the TPS:Ur blend, indicating that they were well 

embedded into the TPS structure. It was visibly observed that Hap played an important 

role on the TPS:Ur/Hap nanocomposite morphology evolution: all nanocomposites 

showed a porous architecture (FIGURE 5.6b-d), which is probably because of the 

release of moisture from starch during the extrusion process, generating structural voids 

controlled by the nanocomposite mechanical resistance – which is possibly related to 

different Hap amount. A good chemical compatibility between the TPS and Hap is 

suggested by the homogeneous phase material resulting from the mixture between TPS 

(matrix) and the Hap nanoparticles. 

In order to examine the porous structure of the TPS:Ur/Hap 

nanocomposites, a non-destructive X-ray tomography analysis was carried out. In this 
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case, a full 3D image of internal structure of the samples was generated, which was 

useful to analyze the internal porosity resulting from the extrusion process.  
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FIGURE 5.7.Cross-sectional images of the nanocomposites Ur/Hap and TPS:Ur/Hap/ 

obtained by X-ray micro-tomography. 

Typical cross-sectional views shown in FIGURE 5.7 revealed that the 

presence of Hap was responsible for the formation of large porous in the structure of the 

TPS:Ur/Hap nanocomposites. The Ur/Hap nanocomposites were found to possess a 

dense microstructure, which was in accordance with the processing conditions used 

(Hap incorporation from melted urea). It is then expected that the large porosity of the 

TPS:Ur/Hap nanocomposites will facilitate the release of phosphate, since this will 

increase the total surface area accessible for dissolution. On the other hand, the compact 

structure of the Ur/Hap nanocomposites confirms that the Hap dissolution is driven by a 

previous dissolution of the Ur matrix. 

FIGURE 5.8 displays the particle size distribution of Hap present in the 

TPS:Ur/Hap nanocomposite after complete dissolution in water. It is verified that the 

pure TPS:Ur matrix imparted a similar dispersion effect on Hap as that found in the case 

of the pure Ur host matrix. The Hap particle size decreased by approximately 85 % in 

comparison with pure Hap. There was no significant difference between the average 

size values found for the TPS:Ur/Hap nanocomposites. The result can be explained by 

re-agglomeration of small portions of Hap particles after dissolution of the 

nanocomposites, as illustrated by the drawing in FIGURE 5.8. 
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FIGURE 5.8.Distribution of Hap particle size of Hap occurring in the TPS:Ur/Hap 

nanocomposites. 

The phosphate release evolution for the TPS:Ur/Hap nanocomposites in 

acid solution over time is presented in FIGURE 5.9a. All the TPS:Ur/Hap 

nanocomposites exhibited initial phosphate release faster than that observed for the 

Ur/Hap nanocomposites. The samples TPS:Ur/Hap 4:1, 2:1 and 1:1 presented phosphate 

release percentages of 90, 57 and 32 % after 24 hours, respectively. The largest 

phosphate percentage released both at initial and equilibrium point was noted for the 

nanocomposite containing the lowest content of Hap nanoparticles, probably due to the 

high hydrophilicity of the TPS:Ur matrix.  

The different values found for the solubilization of phosphate are related 

to strong interactions between the TPS and Hap, and the high dispersion degree of the 

Hap nanoparticles within the TPS:Ur matrix. These interactions could have acted as a 

chemical barrier against the phosphate solubilization. It can also be observed that the 

TPS:Ur/Hap 1:1 sample presented a phosphate release similar to that of pure Hap. 

Furthermore, it is also noted the physical barrier effect imposed by the Hap 

nanoparticles, since the phosphate release rate was fully related to the swelling degree 

of the starch granules. 

Urea release experiments were further conducted for the TPS:Ur/Hap 

nanocomposites (FIGURE 5.9b). All nanocomposites released Ur in a manner slower 

than the Ur solubilization. Additionally, it is verified that the nanocomposites 
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containing high Hap contents presented a delayed urea release at same time, suggesting 

that the Hap nanoparticles acted as a physical barrier against the Ur solubilization. 
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FIGURE 5.9.Phosphate solubilization rate (a) and urea solubilization rate (b) at 25 °C 

and pH 2 as a function of time for pure Hap, pure Ur, and TPS:Ur/Hap nanocomposites. 

A comparison between both types of nanocomposites developed in this 

study revealed that the TPS:Ur/Hap nanocomposites presented faster releases of 

phosphate and urea than the Ur/Hap nanocomposites, which are probably due to the 

water accessibility through their highly porous matrices. Also, the TPS:Ur/Hap 

nanocomposites depicted a matrix less hydrosoluble and more rigid than Ur, meaning 

that the Hap nanoparticles were probably better isolated within their structure. 

Observing the release behaviors, one can notice different trends of diffusion between 
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the Ur/Hap and TPS:Ur/Hap nanocomposites. A comparison between the phosphate 

release curves also allowed ascertaining which diffusion model driven the solubility of 

each nanocomposite. The release involves several mechanisms, including desorption 

from the surface of the polymeric matrix, diffusion of the active compound through the 

pores of the polymer matrix or the polymer wall, the disintegration of the nanoparticles 

and subsequent release of the active compound, and dissolution and erosion of the 

matrix or wall. TABLE 5.1 shows the constant values obtained according to the 

equation proposed by Rigter and Peppas (1987),134 whose the kinetic parameter settings 

are given by Equation 1: 

Mt/Meq=Ktn              (Equation 5.1) 

where t is the time, K is the diffusion constant that depends on the type of 

material and the permeation medium, n is the difusional exponent which gives 

information about the type of transport mechanism for a given solute, and Mt and Meq 

are the phosphorous concentration released at a time t and at the steady state, 

respectively. The parameter n values typically range from zero to one, where values of 

0.5 correspond to a typical difusional release process and values of 1 means a zero order 

kinetic process. The n values greater than 1 indicate that the release is highly retained by 

a strong barrier, so that the total dissolution of the solute to the medium occurs at an 

infinite time.135 Despite the Rigter and Peppas equation has been normally used to 

explain the slow/controlled release of molecules hosted by polymeric spheres, it can be 

used in the present case as an indicative of the real solubility of the Hap nanoparticles 

when shielded by the Ur and TPS:Ur matrices. In fact, since the solubilization is a 

difusional process, Equation 5.1 estimates the effect of the host matrix on the phosphate 

release. 

TABLE 5.1. Kinetic parameters of phosphate release obtained by the Rigter and Peppas 

model. 

Materials n K (s-1) 

Hap 2.200±0.326 0.000689 
Ur/Hap 4:1 0.3350±0.051 18.3707 
Ur/Hap 2:1 0.4508±0.084 6.9374 
Ur/Hap 1:1 0.4729±0.087 4.9760 
TPS:Ur/Hap4:1 0.0538±0.011 77.6700 
TPS:Ur/Hap 2:1 0.3373±0.051 19.1463 
TPS:Ur/Hap 1:1 0.1220±0.047 21.4819 
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The very low K value for pure Hap, along with the high n exponent is an 

indicative of low solubility of Hap under the experimental conditions. Despite the n 

value does not have a specific meaning, this can be interpreted as the high barrier for 

bare solubility in agglomerated powders, which was expected for Hap. For Ur/Hap 

nanocomposites, the n values approached 0.5, which indicates a classical diffusion 

mechanism, expected for freestanding nanoparticles (as proposed here). The K values 

were in accordance with the Hap content, i.e., higher Hap contents indicate lower 

release rates, as expected. On the other hand, the TPS:Ur/Hap nanocomposites showed 

much higher K values, which can be interpreted as a faster phosphate release when 

compared with the Ur/Hap nanocomposites. However, the lower n values (below 0.5 

and without a clear tendency) show that the TPS played a role in prolonging the 

phosphate release time, which is probably associated with the swelling of the TPS:Ur 

matrix after some period of immersion into water. In fact, this is possible because the 

porous structure of the TPS:Ur/Hap nanocomposites can facilitate the release of 

phosphate at short times, but the structure is likely to be modified by swelling, 

obstructing the water transport over longer times. In this case, it is noticeable that the 

TPS:Ur/Hap 4:1 sample presented a n value close to zero, which is interpreted as a zero-

order dissolution mechanism – close to that expected for very soluble phosphate 

sources.  

5.5. Conclusions 

In summary, our experiments showed the role played by the 

agglomeration of mineral phosphate powders on the effective solubilization of 

phosphate (i.e., phosphate release), demonstrating that it is possible to tailor a 

nanocomposite by finely dispersing hydroxyapatite (assumed here as a model for 

mineral phosphate fertilizers) within two matrices with different levels of 

hydrosolubility. The matrix solubility was found to be less important than the water 

accessibility in the nanocomposite structure, since the porous TPS:Ur matrix exhibited 

better phosphate release when compared with a dense urea matrix. However, it is 

important to notice that both types of host matrices are innovative, since TPS:Ur/Hap 

nanocomposites may provide a very fast phosphate release, whereas Ur/Hap 

nanocomposites enable an appropriate phosphate release with a delayed urea 

solubilization. The Hap-loaded nanocomposites are also interesting coupled fertilizers, 

since both components have nutritional effect in agricultural crops (i.e., as a source of P 
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and N). These results could support the development of a new class of smart fertilizers, 

which can open new ways of applications for poorly soluble phosphate mineral phases. 
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6. Chapter IV: How Soil Intrinsic Features affect Nanocomposites 
Nutrient Availability 

 

 

The content of this chapter is an 

adaptation of the article entitled “Role of Slow-

Release Nanocomposite Fertilizers on Nitrogen 

and Phosphate Availability in Soil” by Amanda S. 

Giroto, Gelton G. F. Guimarães, Milene Foschini 

and Caue Ribeiro, published in Scientific Reports. 

 

Reference: Sci. Rep., 2017, 7, 46032. 
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6.1. Abstract 

Developing efficient crop fertilization practices has become more and 

more important due to the ever-increasing global demand for food production. One 

approach to improving the efficiency of phosphate and urea fertilization is to improve 

their interaction through nanocomposites that are able to control the release of urea and 

P in the soil. Nanocomposites were produced from urea (Ur) or extruded thermoplastic 

starch/urea (TPSUr) blends as a matrix in which hydroxyapatite particles (Hap) were 

dispersed at ratios 50% and 20% Hap. Release tests and two incubation experiments 

were conducted in order to evaluate the role played by nanocomposites in controlling 

the availability of nitrogen and phosphate in the soil. Tests revealed an interaction 

between the fertilizer components and the morphological changes in the 

nanocomposites. TPSUr nanocomposites provided a controlled release of urea and 

increased the release of phosphorus from Hap in citric acid solution. The TPSUr 

nanocomposites also had lower NH3 volatilization compared to a control. The 

interaction resulting from dispersion of Hap within an urea matrix reduced the 

phosphorus adsorption and provided higher sustained P availability after 4 weeks of 

incubation in the soil. 

6.2. Introduction 

Nitrogen (N) and Phosphorus (P) are two important macronutrients 

responsible for the growth and yield of agricultural crops. Developing efficient 

fertilization practices has become more and more important due to the ever-increasing 

global demand for food products. About 40–70% of N and 80–90% of P applied as 

normal fertilizers are lost to the environment or chemically bound in the soil and are 

unavailable to plants.132,136-139. These losses come at a large economic and 

environmental cost. The low efficiency of P fertilizers is attributed to the formation of 

Fe- and Al-based oxides, especially in tropical soils. Most of the P released from 

organic matter and that added as fertilizer is rapidly scavenged by soil minerals and 

turned into fixed or insoluble inorganic compounds that are not susceptible to 

leaching140. Thus, soil PO4
3- concentrations are typically very low (less than 0.01 to 1.00 

ppm)141,142. On the other hand, high NH3 volatilization due to a rapid hydrolysis of urea, 

leads to an accumulation of NH4
+ and increase the soil pH. 
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Recently, the use of slow release fertilizers (SRF) has been considered to 

be a promising strategy to improve the utilization of macronutrients.132,143,144 Slow-

release fertilizers have many advantages over conventional fertilizers, confirmed in 

different cultures such as improved fertilizer use efficiency in potato,145,146 better 

matching of nutrient demand in crops,147 and increased P recovery in barley.148 Many 

studies propose novel developments, such as attapulgite-based fertilizers149,150 or urea-

templated oxalate-phosphate-amine a novel slow-release fertilizer.140 The overall effect 

is that less fertilizer is needed which lowers the potential negative effects from over-

fertilization.90,151 Beyond this, slow release fertilizers are designed to release their 

nutrient contents gradually in order to coincide with the nutrient requirement of plants. 

These fertilizers can be physically prepared using engineered matrices as a way to 

control their release rate.21,143 Currently, degradability of attention towards 

environmental protection issues.152 Furthermore, matrices must be compatible with the 

surface properties of fertilizers, i.e., they should be hydrophilic. As previously proposed 

by our group,21 interesting candidate matrices for SRF are thermoplastic starch and urea. 

Urea is one of the most important synthetic fertilizers worldwide due to its low cost and 

high N content. On the other hand, starch is a cheap, largely available and 

biodegradable natural polymer that has been extensively used as an encapsulating 

matrix of agrochemicals. When plasticized by alcohols or even by urea, starch is known 

as thermoplastic starch (TPS). Composite materials made of starch and urea have not 

been successfully tested as a conventional urea-based fertilizer displaying a prolonged 

N release profile.  

In addition to controlling the release of urea, the starch matrix could 

improve the efficiency of phosphate fertilization. The combination of urea and 

phosphate within a single matrix has the potential of decreasing P fixation in the soil.141 

The high pH created in the starch matrix from the conversion of urea to NH4
+may able 

to change the dynamic of chemical fixation of phosphorus in the soil.153. Therefore, the 

dispersion of phosphate-rich minerals into urea and thermoplastic starch as a 

nanocomposite produced by extrusion could provide control over the release of urea and 

increase the availability of P in soil. 

In the present work, we report on a strategy to use nanocomposites 

produced from TPS, urea, and phosphate as a slow release fertilizer matrix. The 

synergistic roles played by the host matrices in preventing immobilization of phosphate 

and volatilization of nitrogen when in contact with soil were studied in detail. 
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6.3. Experimental 

Raw materials - The raw materials used in the nanocomposite 

formulations were: urea (Synth, Brazil), hydroxyapatite (Sigma-Aldrich, USA), Amidex 

3001 (Corn Products, Brazil) citric acid (Synth, Brazil), and stearic acid (Vetec, Brazil). 

A commercial simple superphosphate (SSP) (Heringer, Brazil) was used for comparison 

purposes. Other materials were used as received. 

Preparation of Nanocomposites - The nanocomposites having urea as a 

matrix were prepared by mixing urea (Ur) and hydroxyapatite (Hap) at 20 and 50 wt.% 

Hapratios (w.w-1 basis) using a urea mixed-melt processing method. The 

nanocomposites were produced on a torque rheometer (Polylab RHEODRIVE Rheomix 

mixer and OS4) under conditions of 60 rpm for 10 min at 100°C, and further dried at 

room temperature for 24 hours. These nanocomposites were designated as UrHap50 and 

UrHap20.The nanocomposites comprising thermoplastic starch (TPS) as a matrix were 

obtained from a physical mixture of corn starch, urea (Ur) and distilled water at a mass 

proportion of 56/24/20, respectively. Stearic acid 1% (w.w-1) and 1% citric acid (w.w-1) 

were added to this blend. This final formulation was processed on a co-rotating twin 

screw extruder (L/D = 40, ZSK-18 Coperion model) equipped with conveying and 

kneading elements. Six heating zones on the extruder were set at temperatures of 100, 

110, 115, 120 and 120°C. The extruder was operated with a rotating speed of 150 rpm 

and the extrudated was extruded through a rod die to obtain TPSUr (TPS+Ur) blends in 

the form of rods that were subsequently pelletized. The TPSUr/Hap nanocomposites 

with Hap mass contents of 50 and 20 wt. % were produced by mixing and processing 

the powders (starch, urea, stearic acid, citric acid, and Hap) by extrusion using the same 

processing conditions used to obtain the pure TPSUr blend. These nanocomposites were 

designated as TPSUr/Hap50 and TPSUr/Hap20, respectively. Both types of materials 

have been previously described by Giroto et. al .(2015).21 

Characterization of materials - Scanning electron microscopy (SEM) was 

performed on a JSM6510 microscope (JEOL) (Thermo Scientific NSS coupled or 

linked). Samples were previously fixed onto carbon stubs and coated with thin layer of 

gold in an ionization chamber (BALTEC Med. 020). SEM imaging was carried out 

using the secondary electron mode. Thermal degradation of samples was evaluated in 

the range 25 °C–600 °C using a Q500 analyzer(TA Instruments, New Castle, DE, USA) 
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under the following conditions: sample size of 10.0 ± 0.5 mg, synthetic air atmosphere 

(80% N2 and 20% O2) with flow of 60 mL.min-1, and heating rate of 10 °C.min−1. 

Release Tests in solution - Determination of phosphorus content was 

based on the method reported by Murphy and Riley (1962)122. An apparatus was 

arranged by placing different mass of each sample into a beaker with capacity of 600 

mL containing citric acid solution 2% (w.w-1) in order to obtain the same final 

concentration (250 mg L-1) of phosphorus for each material. The mixture was incubated 

at controlled temperature of 25 °C and agitation of 45 rpm (347 Fanem CD). Aliquot 

parts were collected at different time intervals up to 144 hours for phosphate 

quantification in triplicate. Concomitantly, quantifications were performed for tests 

involving pure Hap and SSP as a control experiment. Urea release experiments were 

performed parallel with phosphorus solubilization tests according to the method adapted 

from Tomaszewska and Jarosiewicz (2002)55.The concentration of urea in solution was 

determined by UV-Vis spectrophotometer (Shimadzu-1601PC). Each measurement was 

done in triplicate under identical experimental conditions for each sample.56 The final 

concentration of urea (1250 mg.L-1) was also standardized in order to have the same 

final concentration of urea for all materials. 

Release and transformation of Nitrogen in Soil - Release of urea from 

nanocomposites was evaluated in a Red-Yellow Oxisol which was collected at 20 cm 

depth at a pasture site in São Paulo. The soil was previously dried in air and sieved 

through a 2 mm screen. Physical-chemical characterizations provided the following soil 

parameters: 667 g kg-1 (sand), 19 g kg-1 (silt) and 314 g kg-1 (clay), according to soil 

texture analysis by the pipette method;59 water-holding capacity58 of 140 g kg-1; pH 

(H2O) 5.3; organic C content of 7.5 g kg-1 by the Walkley-Black method;57 available P 

content of 1.9 mg kg-1, total N content of 1.06 g kg-1 by Kjeldahl method;154; cation-

exchange capacity (CEC)58 of 4.77 cmolc kg-1, remaining phosphorus (P-rem)155 content 

of 20 mg L-1, potential acidity15 (H + Al) of 3.8 cmolc kg-1and urease activity of 9.63 

mg urea N hydrolyzed kg-1 soil h-1 by a modified Tabatabai and Bremner (1972)60 buffer 

method. The incubation system used was similar in design to the unit described by 

Bremner and Douglas (1971)156 with the modifications proposed by Guimarães et. al. 

(2016)78. Samples of soil (10 g sample) were incubated with urea or nanocomposite at a 

soil:N ratio of 1000:1 (g.g-1) in polyethylene bottles com capacity of 125 mL. The 

samples were weight with this amounts (Ur: 21.32 mg.g-1; UrHap20 26.60 mg.g-1; 

UrHap50 41.70 mg.g-1; TPSUr/Hap20 87.34 mg.g-1 and TPSUr/Hap50 118.80 mg.g-1). 
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Samples were incorporated into the soil which was humidified to 80% of its water 

retention capacity with the addition of deionized water. A container with 5 mL of 4% 

boric acid solution was added to the polyethylene bottles for scavenging the volatilized 

ammonia (NH3) during the incubation period. Incubation was performed for 0, 1, 3, 7, 

14, 25 days under controlled temperature and relative humidity. 

Volatilized NH3 was quantified by titration of boric acid with HCl (0.01 

molL-1). Mineral N produced during incubation was extracted by shaking the soil 

sample with 100 mL of KCl (lmol.L-1)containing phenylmercuric acetate (5 mg.L-1) as a 

urease inhibitor (soil:solution ratio of 1:10). Afterwards, the suspension was kept under 

stirring for 1 hour and filtered with slow filter paper (diameter 12.5 cm).The resulting 

soil extract was stored in 100 mL polyethylene bottles at 5 °C. 

The ammonium (NH4
+) and nitrate (NO3

-) levels in the soil extracts were 

determined by the colorimetric methods of Kempers and Zweers (1986)61 and Yang et. 

al. (1998)62, respectively. The contents recovered in each N fraction were expressed as 

percentages in relation to the N added to soil in the form of urea or nanocomposite. 

Replicate data of NH3 were adjusted to the Logistic model, which allowed estimating 

the total content of volatilized N and the time required to volatilize 25% of the N added 

to the soil. Recovery of N as NH4
+ in soil was adjusted to the Rational model, which 

permitted estimating the maximum recovery of NH4
+, time of maximum NH4

+ recovery, 

curve tangent at 6 days and the NH4
+ recovery at the end of the incubation. The adjusted 

models were presented by their average values and respective standard deviations. 

Differences between means values were determined by analysis of variance (ANOVA). 

Duncan´s multiple comparison test was used to compare all pairs of treatments 

previously determined as significant by the F test. The significance level was set at 0.05.  

Release and Availability of Phosphorus in Soil - The release of 

phosphorus to soil was evaluated using the Red-Yellow Oxisol described in the 

previous section. Soil samples (50 g sample-1) were incubated with Hap, SSP or 

nanocomposites at soil:P ratio of 5000:1 (g g-1) in 300 mL capacity transparent plastic 

bags. Distilled water was then added to raise the soil moisture to 80% of its moisture 

holding capacity. Samples were incubated for 42 days at controlled temperature and 

relative humidity. Soil moisture was monitored throughout all experiment and distilled 

water was added to maintain the moisture at 80% when necessary. 

After the incubation period, the soil samples were dried in air sieved 

through a 2 mm screen. The available P was extracted with water and anionic resin as 
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proposed by Quaggio and Raij (2001).157 The extraction of P with water was performed 

at water:soil rate of 1:5). 5 g of soil were stirred in 25 mL of water for 30 min in 50 mL 

capacity Falcon tubes. After stirring, the suspension was centrifuged at 3000 rpm for 15 

min and the supernatant (extract) was collected for available P determinations. This 

extraction procedure was repeated three times. The contents of P (P-water) and (P-resin) 

were measured by molecular absorption spectrometry. The available P content of the 

soil at the initial time of incubation (0 day) was also determined. The pH (H2O) of soil 

was measured (soil:water ratio, 1:2,5) with a glass electrode of samples at initial time (0 

day) and 42 days after incubation. 

Available P contents were expressed as a percentage of the total P 

applied to the soil. The percentages of P extracted with water were expressed as a sum 

of three successive extractions. Differences between means values were determined by 

analysis of variance (ANOVA) and F test. Differences between pairs of treatment 

means were determined by Duncan-test at significance level of 0.05. 

6.4. Results and discussion 

TABLE 6.1 shows the content of P and N in the pure urea, single 

superphosphate (SSP), hydroxyapatite (Hap) and in the nanocomposites. The 

nanocomposites presented reduced of nutrient contents in relation to the original 

materials due to incorporation of Hap in urea or TPSUr polymer. Their N and P 

contents were verified to fall between 3 and 8% and from 8.4 to 38%, respectively, 

which are amounts comparable to those comprised in commercial fertilizers. 

TABLE 6.1.The content of P and N in the nanocomposites. 

Composites Fertilizers P (g Kg-1) N (g Kg-1) 
Urea - 450 
SSP 100 - 
Hap 150 - 
UrHap50 80 240 
UrHap20 40 380 
TPSUr/Hap50 50 84 
TPSUr/Hap20 30 115 

FIGURE 6.1 shows SEM images of the nanocomposites, as well as the 

morphologies of pure Hap and SSP (materials used in control experiments). As 

observed in FIGURE 6.1a, Hap powder is comprised of nanometric particles with 

agglomerate sizes around 100 – 300 nm. SSP powder is characterized by micrometric 
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agglomerates, FIGURE 6.1b. However, careful observation of FIGURE 6.1b reveals the 

nanometric structure of SSP which is characterized by many small particles in the 

agglomerate. These features may influence the solubilizing profile of both materials 

since the dissolution dynamics is dependent on the surface accessibility – which is 

related to particle size. In FIGURE 6.1(c), the characteristic morphology of urea 

appeared crystallized as platelets with sizes larger than 100 µm. The SEM micrograph 

of TPSUr in FIGURE 6.1d exhibits a relatively homogeneous surface, indicating the 

efficiency of urea in plasticizing starch. 

 

FIGURE 6.1.SEM images of the materials precursors (a) Hap, (b) SSP, (c) Urea, (d) 

TPSUr, (e) UrHap20, (f) UrHap50, (g) TPSUr/Hap20 and (h) TPSUr/Hap50. 

All nanocomposites showed a complex structure, which is clearly seen in 

FIGURES 6.1e, f, g, and h. TPSUr and urea matrices produce a continuous phase in 

which Hap nanoparticles are embedded, and generally, phase separation is not observed. 

In this case, the nanocomposite samples can be assumed to be homogeneous, although 

TPSUr is characterized by a continuous, porous structure, whereas urea produces a more 

granular, friable matrix – as seen by the small particle sizes obtained.  
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FIGURE 6.2.(a) Thermogravimetric analysis of materials and (b) derivate. 

FIGURE 6.2 shows the thermogravimetric profiles of the precursors 

materials and nanocomposites. It is possible to see that Hap presents a weight loss of 

only 5% while SSP has a maximum weight loss of 10%.26 These thermal events are 

related to elimination of physically bonded and structural water molecules (FIGURE 

6.2a). TPSUr shows the typical degradation curve of urea-plasticized starch with 

appearance of a final residue content of 30%, possibly due to strong interaction between 

urea and starch.34,35. Four of the most significant decomposition stages of pure urea 

were identified by Chen and Isa (1998).98 The first weight loss starts at 118 °C before 

the urea melting point (133 °C) until complete urea oxidation at around 380 °C. The 

nanocomposite UrHap50 shows a thermal degradation behavior largely represented by 

the urea degradation, thus showing the same degradation temperatures. The 

nanocomposite UrHap20 comprised the lowest Hap content but presented the highest 

dispersion of urea within the matrix. This proves that high Hap dispersion accounted for 

the increased thermal stability of the nanocomposites, as seen from the changes in the 

temperature of the first urea degradation stage, at about 20 °C, in FIGURE 6.2(b). This 

behavior is due to strong interactions between Hap nanoparticles and urea, as signs of 

degradation related to free urea are not observed in the thermal profiles of the 

nanocomposites. TPSUr/Hap 50 and 20 have a thermal degradation behavior mainly 

represented by degradation of the TPSUr polymer matrix. A decrease of about 8 ºC was 
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observed in the thermal stability of starch phase of TPSUr/Hap20 when compared with 

the degradation peak of the pure polymer network (FIGURE 6.2b). This is probably 

because of small polar molecules inside the structure that would accelerate the 

breakdown of starch chains, as reported by Giroto et. al. (2014).129 The final residue in 

all nanocomposites refers to the Hap phase when present. 
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FIGURE 6.3.The release rate of urea as a function of time for pure urea and each of the 

composites at pH 7 and 25ºC. 

The use of urea as dispersing matrix for Hap was an interesting choice 

since urea is highly water soluble and is of great agronomic importance. Release rates 

(produced in FIGURE 6.3) were then determined to assess the functionality of the 

nanocomposites on urea solubilization. It can be observed rapid dissolution of pure urea 

within only two hours. The nanocomposites UrHap50 and UrHap20 displayed 

solubilizing behavior very similar to that of pure urea, and reached equilibrium between 

10-15 h. A slower urea release behavior was observed for the nanocomposites based on 

TPSUr matrix. The nanocomposite containing 50% Hap (TPSUr/Hap50) provides a 

solubilizing urea extent of only 55%. Additionally, it was possible to verify a different 

behavior for the nanocomposite TPSUr/Hap20. The presence of Hap induced the 

formation of pores throughout the nanocomposite granule structure. These pores 

allowed the solution to flow out, which facilitated solubilizing of urea comprised in the 
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polymer matrix. It can be seen that part of urea used to plasticize starch ended up being 

encapsulated by the TPSUr matrix, thereby reducing its contact with water. 
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FIGURE 6.4.Percentage of volatilized ammonia (NH3) during the aerobic incubation of 

urea or composites applied to the soil. Data are shown as a mean of triplicate 

incubations with bars to indicate the standard deviation of the mean. 

FIGURE 6.4 shows ammonia volatilization results from urea or 

nanocomposites in soil incubation experiments. The rapid N-release from urea or 

nanocomposites UrHap50 and UrHap20 in soil can be observed by the intense NH3 

volatilization that occurred over 7 days of incubation, with values of N loss equal or 

higher than 50 % in relation to the total N applied as urea. In contrast, NH3volatilization 

losses for nanocomposites TPSUr/Hap20did not exceed 46 % until the second week of 

incubation, indicating a slower N-release behavior. This finding can be attributed to the 

controlled release of urea by the thermoplastic starch (TPS), the amended urea 

TPSUr/Hap50 presented the higher controlled behavior with inexpressive 

NH3volatilization during the incubation period. As evidenced in FIGURE 6.3, the urea 

encapsulated by the TPS matrix had reduced contact with the solution. Moreover, the 

highest rate of TPSUr/Hap50 compared to TPSUr/Hap20 processed by extrusion 

promoted a greater control over the NH3 volatilization by the lower N-release extent or 

by some interaction between ammonium and phosphates in soil. A little advantage was 

evidenced for the nanocomposite UrHap50with respect to N losses in relation to the 
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unamended urea, which may be attributed to the same interaction. The high NH3 

volatilization rate (about 50 % of the N-urea applied) in this soil could be attributed to 

the rise of pH caused by urea hydrolysis, combined with the low soil CEC and buffer 

capacity, which created conditions favorable for NH3 volatilization. This behavior was 

also observed for Guimarães et. al. (2016).78 The authors worked with similar chemical-

physical characteristics to the soil used in this work and using the similar incubation 

system. They observed a N losses from unamended urea ultimately exceeded 50% for 

the Assis soil (CEC of 3.5 cmolc kg-1 and pH 5.3), as compared to more than 70% for 

the Bloomfield soil that was lower in CEC (1.2 cmolc kg-1) and higher in pH 6.9.In 

addition, the incubation system utilized can be intensified the NH3 volatilization due to 

the limited diffusion of N in the small sample of soil used this incubation experiments. 

The volatilization model of ammonia was well adjusted to all 

nanocomposites, except for TPSUr/Hap50 which showed inexpressive N losses over the 

incubation intervals (TABLE 6.2). Following a Logistic model – y = A. (1+B.e-C.t)-1, 

where A is the maximum NH3volatilization expected (or total N volatilized); C is a 

recovery factor and B is the weight of delayed release on the total volatilization. In this 

model, when C > 1, the release tends to the conventional release, whereas when 0 < C < 

1 the delays are more representative on the total profile.  

TABLE 6.2. Model adjusted for volatilization of ammonia (NH3), total nitrogen 

volatilized in the incubation period, and time spent to volatilize 25% (Time 25%) of the 

N applied to the soil from urea or composites. 

Treatment Logistic Model Total N volatilized Time 25 % 

  
% days 

Ur ŷ = 56.1/ (1 + 640.4 e (-2.08 t)) 56.1 d1 2.9 a 

UrHap50 ŷ = 50.0 / (1 + 513.2 e (-2.01 t)) 50.0 c 3.1 a 

UrHap20 ŷ = 55.4 / (1 + 840.6 e (-2.03 t)) 55.4 d 3.1a 

TPSUr/Hap50 - 1.0 a - 

TPSUr/Hap20 ŷ = 45.6 / (1 + 133.3 e (-0.87 t)) 45.6 b 5.5 b 
1
Mean values reported from triplicate incubations. Values within a column followed by the same 

letter do not differ significantly by the Duncan’s test at a significance of 0.05. 

The unamended urea sample exhibited the highest loss of total N as 

NH3volatilization and it differed from the other composites, UrHap50 and 

TPSUr/Hap20. However, it is similar to that of nanocomposite UrHap20. The 

nanocomposite TPSUr/Hap20 showed a reduction of 10 % of the N loss compared with 

urea. Moreover, the NH3 losses occurred more gradually from TPSUr/Hap20, requiring 
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5.5 days to volatilize 25% of the total N added to soil, whereas unamended urea 

required 2.9 days to reach the same volatilization extent. Further evidence of controlled 

volatilization is the lower C recovery factor for the nanocomposite TPSUr/Hap20 in 

relation to the other treatments. The latter finding shows that TPS was effective in 

controlling the urea release, however, this process was influenced by the rate of Hap, as 

evidenced in the nanocomposite TPSUr/Hap50, which showed only 1 % of the N 

volatilized due to the very low urea release extent. The advantage of the UrHap50 

nanocomposite, cannot be attributed to the control urea release, since both treatments 

volatilized 25% of the total N incubated in the soil in same time. 
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FIGURE 6.5.N recovery as ammonium (NH4
+) during the aerobic incubation of urea or 

nanocomposites applied to the soil. Data shows as a mean of triplicate incubations with 

bars to indicate the standard error of the mean. 

FIGURE 6.5 compares the five treatments in terms of N recovered as 

exchangeable NH4
+ before and after incubation intervals. N recoveries values reported 

in FIGURE 6.5 indicate production of NH4
+ through urea hydrolysis after release of 

unamended urea or nanocomposites, and consumption by NH3 volatilization. The NH4
+ 

levels had maximum accumulation until the third day of incubation. However, the 

increase in NH3 volatilization after 3 to 7 days (FIGURE 6.4) led to a gradual decrease 

in NH4
+ recovery continued throughout the incubation period. When compared to pure 

urea, the nanocomposite TPSUr/Hap20exhibited significantly lower exchangeable NH4
+ 

content after 1 and 3 days of incubation, but this difference became insignificant after 
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the first week of incubation. The lower NH4
+content of the nanocomposite 

TPSUr/Hap50 may be attributed to its very low urea release. It is noteworthy that the 

recovered N as NH4
+ for samples Ur, UrHap50 and UrHap20, are consistent with the 

final NH3 volatilization: in general, the unrecovered N corresponds approximately to the 

volatilized content. On the other hand, the sample TPSUr/Hap20 presented a final N 

recovery of 30% and a volatilized NH3 content of 45%. This indicates that a significant 

N amount still remains into the nanocomposite structure, and could be released over 

longer times. In fact, this result is consistent with the lower recovery factor of this 

sample (C = 0.87), as shown in TABLE 6.2. Finally, the very low N recovery values for 

the nanocomposite TPSUr/Hap50, associated with the negligible NH3 volatilization, 

strongly suggests that this sample is still undergoing the N releasing process. 

TABLE 6.3.Model adjusted for N recovery as ammonium, maximum recovery NH4
+ 

(max NH4
+),time that occurred the max NH4

+ (t max), tangent curve in 6 days (tg 6), 

and recoveryNH4
+in the final incubation period (Final NH4

+)of urea or nanocomposites 

in soil. 

Treatment Rational models max NH4
+ t max tg 6 Final NH4

+ 

  
% days 

 
% 

Ur ŷ = (0.5t2)/ (1 - 0.71t + 0.19t2) 77 c1 2.9ab -0.46 c 29.8 b 

UrHap50 ŷ = (0.81t2)/ (1 - 0.92t + 0.32t2) 76 c 2.2 a -0.31 b 28.3 b 

UrHap20 ŷ = (0.83t2)/ (1 - 0.92t + 0.32t2) 79 c 2.2 a -0.33 b 29.6 b 

TPSUr/Hap50 ŷ = (0.05t2)/ (1 - 0.54t + 0.14t2) 07 a 3.8 c -0.04 a 4.0 a 

TPSUr/Hap20 ŷ = (0.5t2)/ (1 - 0.59t + 0.19t2) 52 b 3.5bc -0.25 b 30.2 b 
1
Mean values reported from triplicate incubations. Values within a column followed by the same letter do 

not differ significantly by the Duncan’s test at a significance level of 0.05. 

Owing to ammonium content in soil is a result of  urea hydrolysis and 

ammonia volatilization process, kinetics parameters of NH4
+recovery were estimated to 

study the N transformation within the soil (TABLE 6.3). The samples Ur, UrHap20 and 

UrHap50presented similar maximum recovery of NH4
+, which exceeded 75% of the 

total N incubated in the soil, and occurred at the same time, between 2.2 and 2.9 days. 

However, the nanocomposite TPSUr/Hap20 showed a lower maximum NH4
+ recovery 

and delayed the formation of ammonium in the soil in relation to unamended urea. The 

nanocomposite TPSUr/Hap50 showed the lowest formation of NH4
+, indicating that 

TPS and Hap prevent the urea release. The values below the tangent curve at 6 days 

indicate that the slowed transformation of ammonium to ammonia in the soil and the 
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NH4
+content was more homogeneous over the incubation period. The ammonium 

contents after the incubation period (25 days) were similar, between 28.3 to 30.2% of 

the N applied to soil, except for the nanocomposite TPSUr/Hap50, which had a low 

urea release profile. The latter finding may be attributed to the little soil ability to retain 

ammonium as its CEC and buffer capacity are low, which standardized the ammonium 

content in the soil. Although the nanocomposite TPSUr/Hap20 presented ammonium 

content similar after the incubation period, the control over the urea release provided a 

smaller N loss by volatilization and maintained a more constant NH4
+ content in the 

soil. 

The rational model can be interpreted as a balance of a solubilizing curve 

(from fertilizer), which is the only source of NH4
+, and volatilization – as shown in 

FIGURE 6. In fact, the content at equilibrium is a soil characteristic, and may vary over 

time. Then, during 3 – 7 days, all the samples presented a metastable feature, i.e., this 

NH4
+ remained available to the soil but started to volatilize because it was not used in 

any fixation process.  

TABLE 6.4.Recovery of N as exchangeable nitrate (N-NO3
-) during aerobic incubation 

of urea or nanocomposites in soil. 

Treatment 
Recovery of NO3

- after incubation period (days)/ % 

1 3 7 14 25 

Ur 0.64 ± (0.05)1 0.83 ± (0.10) 1.57 ± (0.03) 1.56 ± (0.05) 0.80 ± (0.03) 
UrHap50 0.78 ± (0.02) 1.77 ± (0.01) 1.33 ± (0.06) 1.68 ± (0.04) 1.83 ± (0.05) 

UrHap20 0.45 ± (0.04) 1.12 ± (0.05) 0.84 ± (0.01) 1.36 ± (0.10) 0.80 ± (0.04) 

TPSUr/Hap50 0.73 ± (0.07) 1.41 ± (0.05) 1.25 ± (0.03) 1.03 ± (0.09) 1.16 ± (0.06) 

TPSUr/Hap20 0.60 ± (0.04) 1.11 ± (0.04) 1.61 ± (0.03) 1.65 ± (0.05) 
1.63 ± (0.   

03) 
1Mean values reported from three replicate soil cores, with standard deviations in parentheses 

TABLE 6.4 shows the recovery of NO3
-during aerobic incubation of urea 

or nanocomposites in soil. The low nitrate level during incubation can be attributed to 

limited nitrification of NH4
+, which did not exceed 2% from N-urea incubation soil and 

did not present a consistent profile in evaluated period. No definite explanation can be 

offered for the latter finding. However, the low nitrification in coarse-textured soils was 

also reported by Guimarães et. al. (2016),78 using the similar incubation system. The 

authors report that nitrification was limited by the extensive loss of urea-derived NH4
+-
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N through volatilization. The high concentration of ammonia (NH3) inhibits the activity 

of bacteria of the genus Nitrobacter responsible for nitrification from NO2
- to NO3

-158. 
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FIGURE 6.6.The release rate of phosphorus as a function of time for Hap, SSP and each 

of the nanocomposites at pH 4 and 25 ºC.  

The solubilizing curves of Hap for the nanocomposites were compared 

with those of Hap and SSP, as represented in FIGURE 6.6. Analyzing the behavior of 

the nanocomposites, it can be noticed that all samples presented a higher Hap release 

compared to pure Hap and SSP. This means was increase of over 40% for all composite 

total release time for Hap and SSP, which both released at the same time only 60 and 

68% Hap respectively. It can be proved that the morphology of all nanocomposites 

before grinding was effectively responsible for the phosphate solubilization. The 

nanocomposite matrix containing urea had a dense structure in which the solubilization 

of Hap occurred only after complete solubilization of the urea structure. On the other 

hand, the TPSUr/Hap nanocompositespresented faster releases of phosphate and 

ureathan the Ur/Hap nanocomposites, which is probably due tothe water accessibility 

through their highly porous matrices. In fact, this is possible because the porous 

structure of the TPSUr/Hap nanocomposites could facilitate the release of phosphate at 

short times, but the structure is likely to be modified by swelling, obstructing the water 

transport over longer times.21 The original structures of the materials were modified by 

grinding and therefore their release profiles were modified as well. As can be seen from 
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FIGURE 6.6, there is no significant difference between the total amounts of Hap 

released for each nanocomposite. 

The P-source release from Hap, SSP or nanocomposites applied to soil 

was evaluated after 42 days of aerobic incubation with controlled temperature and 

humidity. The fraction of available phosphorus (labile) in the soil after the incubation 

period and at the start of incubation (0 day) was extracted in water and anionic resin. 

The availability of P in the soil showed a similar behavior for both extractors, but with 

different extents. The anion exchange resin promoted a large extraction of the available 

P fraction, with values between 44 and 97% of the total P applied to the soil, whereas 

water extracted a small part of the available P fraction, with values between 1 and 26%. 

TABLE 6.5.Available P in soil fraction extracted with water (P-water) and extracted by 

anion resin (P-resin) after the aerobic incubation period SSP of Hap and 

nanocomposites compared to the P applied to the soil.  

Treatment 
% P available 

P
-w

at
er

 

0 day 42 days 

P
-r

es
in

 

0 day 42 days 

Hap 21.0 ab1 2.9 c 96.2 a 44.1 d 

SSP 25.9 a 3.4 c 91.8 a 49.1 d 

UrHap20 19.6 b 25.6 a 97.5 a 87.3 a 

UrHap50 19.9 b 22.3 a 81.9 a 88.6 a 

TPSUr/Hap20 11.4 c 0.7 d 76.0 a 62.6 bc 

TPSUr/Hap50 4.6 d 10.6 b 69.2 a 73.8 ab 
1
Mean values reported from triplicate incubations. Values within a column followed by the same letter do 

not differ significantly by the Duncan’s test at a significance level of 0.05. 

TABLE 6.5 shows the fraction of available P in the water at the start (0 

day) and after incubation period (42 days), relative to the total P incubated in soil. The 

SSP and Hap had similar water solubility at the start of incubation, an average of 26 and 

21% of the total P, respectively. The dispersion of Hap within the urea matrix, as in the 

nanocomposites UrHap50 and UrHap20, did not increase the release of P compared 

with pure Hap. Conversely, the TPSUr matrix decreased the release of P from Hap. This 

result could be attributed to the high water solubility of Hap, similar to that of SSP, 

which did not reflect to the effect of dispersion of the soluble matrix as urea, when 

applied to the soil. The TPSUr array can be assigned to the retention effect and control 

of release provided by the polymer. It acted as a physical barrier, retarding release of P 
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to soil, different from that observed in the release solution of 2% citric acid (FIGURE 

6.6). 

After the incubation period (42 days), there was a reduction of the labile 

fraction of P in soil extracted with water for SSP and Hap, in comparison with the P 

available at the start of the incubation. This reduction can be attributed to the P 

adsorption by soil colloids. The Oxisol used in the incubation experiment has favorable 

characteristics that are indicative of high adsorption of P in soil, such as low pH, low 

available P content, low P remaining and high acidity potential159. Additionally, the 

prevalence of Fe and Al oxides in Oxisol makes them more effective with regard to 

adsorption of phosphoros.160 

Nanocomposites UrHap50 and UrHap20 showed greater P availability 

after the incubation period, showing a decreased adsorption of P by the soil compared 

with SSP and Hap. This result can be explained by two factors: the first is related to 

raise of pH of the soil around the particles due to urea hydrolysis, which can reach pH 

between of 8 to 9.161-163 The second factor is the interaction between the NH4
+ ions 

formed during the hydrolysis of urea and anion P release from Hap, providing a 

reduction in the adsorption of phosporus.153 

TABLE 6.6.pH value after aerobic incubation period of soil, SSP, Hap and 

nanocomposites in soil. 

Treatment 

pH after incubation period  ∆ pH 2 

0 day 42 days  0 day 42 days 

Soil 5.19 ± (0.04)1 4.94 ± (0.03)  - - 
Hap 6.09 ± (0.04) 4.85 ± (0.02)  0.90 - 0.08 
SSP 4.91 ± (0.02) 5.24 ± (0.04)  - 0.28 0.30 
UrHap20 6.36 ± (0.03) 7.20 ± (0.01)  1.17 2.26 
UrHap50 7.09 ± (0.05) 7.90 ± (0.05)  1.90 2.97 
TPSUr/Hap20 5.84 ± (0.01) 6.30 ± (0.06)  0.65 1.37 
TPSUr/Hap50 6.31 ± (0.02) 7.58 ± (0.06)  1.12 2.65 

1 Mean values reported from three replicate soil cores, with standard deviations in parentheses.2Difference 
in pH of each treatment relative to soil. 

TABLE 6.6 shows the pH change after the incorporation of the fertilizers 

or nanocomposites in the soil at the initial time (0 day) and 42 days after the incubation. 

The soil pH increased for Hap and composites treatments at the initial time, that can be 

attributed to the higher pH of these sources (pH ≈ 6 for Hap and 7 for urea) compared to 
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the initial soil pH (pH = 5,19). On the other hand, it was observed a small decrease in 

the soil pH after SSP incorporation, related to its acid character. After 42 days of 

incubation, the pH of the soil fertilized with Hap or SSP remained close to the pH of the 

soil without fertilization, with pH around 5.However, in this same period, the soil 

fertilized with the nanocomposites preserve higher pH in relative of the soil without 

fertilization, with values between6.30 to 7.90. The latter findings are to be expected due 

the high hydrolyses of urea in the soil with low CEC and buffer capacity. 

Thus, the results indicate that the interaction between urea and Hap, both 

nanocomposites UrHap50 and UrHap20, provided a more homogeneous phosphorus 

availability during the incubation period. On the other hand, nanocomposites 

TPSUr/Hap that have lower urea content and control of P release had lower availability 

of P and greater heterogeneity. 

As previously mentioned, the available P estimated by anionic resin 

showed the same behavior of P extracted by water of different treatments, however, the 

resin provided the extraction of a larger fraction of P-labile (TABLE 6.5). After 42 days 

of incubation of Hap and SSP in soil, the P availability decreased by 42 and 52%, 

respectively, demonstrating the high adsorption P in the soil under these conditions, as 

discussed above. On the other hand, nanocomposites containing Ur/Hap showed little 

variation during the same period and presented a high availability of P with values 

between 82 and 97% relative to the total P applied to the soil. Similarly, the 

nanocomposites containing TPSUr/Hap also had the most homogeneous phosphorus 

availability during the incubation period, but with lower values ranging between 62 to 

76%. 

6.5. Conclusions 

The control over the nutrient release and homogenous availability of 

nutrients in soil are desirable characteristics of fertilizers that have promoted increasing 

interest in research. The strategy involving dispersion of mineral phosphate sources into 

urea and thermoplastic starch (TPSUr) have great potential, allowing the control N-

release and increasing P-availability in soil. In the conditions tested in this work, the 

interaction between Hap and urea are probably the responsible factors that reduced 

phosphorus immobilization and consequently provided greater P availability in soil 

during the incubation period. 
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7. General Conclusions 

In this thesis, it was demonstrated the produce of different nutrient 

matrices for dispersion of phosphate particles. In accordance with the results shown and 

based on proposed goals, it can be concluded that the dispersion of the particles in these 

matrices provides the viable alternative for improving the performance fertilizers. Also, 

other remarks may be highlighted: 

 The results showed that by this simple method (melt-mixing 

process using precursors in form powders ) it was possible to obtain dense urea: urea-

formaldehyde composites, and with very high N contents and with nutrient release 

easily controlled by the composition; 

 The insertion of the melamine in the TPSUr matrix was 

fundamental in the substitution of the urea bonds directly with the starch. The presence 

of melamine and the processing conditions were the key roles for the production of 

more homogeneous and compact materials. According to the greenhouse trials, 

melamine did not present a nutritional role in short periods of experimentation but 

created a favorable environment for a greater availability of urea; 

 The results demonstrated that it was possible to tailor a 

nanocomposite by finely dispersing hydroxyapatite (within two matrices with different 

levels of hydrosolubility. The matrix solubility was found to be less important than the 

water accessibility in the nanocomposite structure, since the porous TPS:Ur matrix 

exhibited better phosphate release when compared with a dense urea matrix; 

 The strategy involving dispersion of mineral phosphate sources 

into urea and thermoplastic starch (TPSUr) have great potential, allowing the control N-

release and increasing P-availability in soil. In the conditions tested in this work, the 

interaction between Hap and urea are probably the responsible factors that reduced 

phosphorus immobilization and consequently provided greater P availability in soil 

during the incubation period. 
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