
 
 

 

 

 

 

 

 

Isocyanate microcapsules with biodegradable shell for 
high-performing adhesives 

 

Lucas Policarpo Pinto Gomes Marcelino 

 
Thesis to obtain Master of Science Degree in 

Materials Engineering 

 

 

 

Supervisors: Professor Ana Clara Lopes Marques 

                             Doctor Ant·nio Lu²s Gon­alves de Aguiar 

 

 

 

Examination Committee 

Chairperson: Jos® Paulo Sequeira Farinha 

Supervisor: Doctor Ant·nio Lu²s Gon­alves de Aguiar 

Member of the Committee: Mahboobeh Attaei 

 

 

November 2023 



ii 
 

Declaration 
 

I declare that this document is an original work of my own authorship and that it fulfils all the 

requirements of the Code of Conduct and Good Practices of the Universidade de Lisboa. 

 

 

 

 

  



 
iii 

 

Acknowledgements 
 

First, I would like to acknowledge the financial support by FEDER, in the scope of the Portugal2020 Project 

46991 and gratefully acknowledge Fundação para a Ciência e a Tecnologia (FCT) through the support of 

CERENA (Strategic Project FCT-UIDB/04028/2020). 

I want to extend my sincere gratitude to my supervisor Ana Marques, for her support, invaluable guidance, 

and for the remarkable opportunity she provided me with. I am particularly indebted to Ant·nio Aguiar, 

whose dedicated assistance and profound insights were indispensable throughout this work. His 

contributions played a pivotal role in achieving the objectives of this thesis. 

To the TPMI (Technology Platform on Microencapsulation and Immobilization) team thank you for taking 

me in and helping in the development on my work. I also wish to extend my appreciation to Isabel Pinho 

and CIPADE for their generous assistance. Being able to utilize their facilities and machinery significantly 

aided in the completion of this work. 

To my university friends and those outside of the academic realm, I want to express my heartfelt thanks. 

Through the ups and downs of this journey, your companionship, shared experiences, and encouragement 

was a source of constant motivation. 

Finally, my deepest and most heartfelt gratitude goes to my family - my parents, grandparents, brother and 

sister-in-law for their unwavering love and support, wisdom, and unconditional care. Their encouragement 

and belief in me have been a constant source of inspiration.   



 
iv 

 

Abstract 
 

Isocyanates are a family of chemical compounds characterized by the isocyanate (-NCO) group that are 

used in a wide variety of applications, for example, to produce foams, coatings, and adhesives. The 

footwear industry is a specific case where isocyanates are used to produce high-quality adhesive joints, 

but this organic compound is very toxic and can be a health hazard to the workers who deal constantly with 

this chemical. This downside made regulation necessary for the use of isocyanates.  

The objective of this work is to encapsulate aliphatic isocyanate with a biodegradable shell (PBAT or PBS) 

using the solvent evaporation technique, to mitigate the hazards associated with direct handling, while also 

protecting isocyanates against moisture and ambient factors. To ensure the viability of this method, the 

microencapsulation parameters were studied, and the microcapsules (MCs) were characterized using 

optical microscopy, SEM, NMR, FTIR and TGA to observe the shape and type of MCs formed, as well as 

to determine the payload and their behaviour when exposed to environmental conditions. The study of the 

behaviour of the MCs in the adhesive was studied using rheological measurements, peel, and creep tests.  

As a result, spherical and crack-free MCs were obtained containing three different isocyanates 

encapsulated. Core-shell and matrix-type MCs were obtained for PBAT and PBS, respectively, as shell 

material. A payload of ca. 68 wt% was observed and protection against the environment was achieved for 

two months at least. The suitability of these MCs to be used as cross-linking agents in high-performance 

adhesive formulations for the footwear industry was assessed in accordance with industry guidelines, in 

collaboration with CIPADE S.A.. The adhesive joints, when using encapsulated isocyanate, exhibited peel 

strength values between 3.28 and 5.34 N/mm, which are above the minimum required for the targeted 

footwear application, and improved creep resistance when compared with non-encapsulated isocyanate. 

Keywords: Isocyanate, Microencapsulation, Biodegradable Polymers, Adhesives  
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Resumo 
 

Os isocianatos s«o uma fam²lia de compostos qu²micos caracterizados pelo grupo isocianato (-NCO) que 

s«o utilizados em uma ampla variedade de aplica­»es, por exemplo, para produzir espumas, revestimentos 

e adesivos. A ind¼stria do cal­ado ® um caso espec²fico onde os isocianatos s«o utilizados para produzir 

juntas adesivas de alta qualidade, mas este composto org©nico ® t·xico e pode ser um perigo para a sa¼de 

dos trabalhadores que lidam constantemente com este produto qu²mico. Esta desvantagem tornou 

necess§ria a regulamenta­«o do uso de isocianatos. 

O objetivo deste trabalho ® encapsular isocianatos alif§ticos com um inv·lucro biodegrad§vel (PBAT ou 

PBS) utilizando a t®cnica de evapora­«o de solvente, para mitigar os riscos associados ao direto 

manuseamento, ao mesmo tempo que protege os isocianatos contra a humidade e fatores ambientais. 

Para garantir a viabilidade deste m®todo, os par©metros de microencapsula­«o foram estudados, e as 

microc§psulas (MCs) caracterizadas utilizando microscopia ·tica, SEM, RMN, FTIR e TGA para observar 

a forma e o tipo de MCs formadas, bem como para determinar a percentagem de isocianato encapsulado 

e o comportamento quando expostas ̈ s condi­»es ambientais. O estudo do comportamento das MCs no 

adesivo foi realizado por meio de medi­»es reol·gicas, ensaios de descascamento e flu°ncia. 

No final, foram obtidas MCs esf®ricas e sem fissuras contendo tr°s diferentes isocianatos encapsulados. 

MCs do tipo core-shell e matriz foram obtidas com PBAT e PBS, respectivamente, como material de 

inv·lucro. Uma percentagem de ca. 68 wt% de isocianato encapsulado foi observado e prote­«o contra o 

meio ambiente foi alcan­ada durante pelo menos dois meses. A adequa­«o destas MCs para serem 

utilizadas como agentes de reticula­«o em formula­»es adesivas de alto desempenho para a ind¼stria do 

cal­ado foi avaliada de acordo com as diretrizes da ind¼stria, em colabora­«o com a CIPADE S.A.. As 

juntas adesivas, utilizando isocianato encapsulado, apresentaram valores de resist°ncia ao 

descascamento entre 3,28 e 5,34 N/mm, estando acima do m²nimo exigido para a aplica­«o em cal­ado, 

melhor resist°ncia ¨ flu°ncia quando comparado com isocianato n«o encapsulado foi alcan­ada. 

Palavras-chave: Isocianato, Microencapsula­«o, Pol²meros Biodegrad§veis, Adesivos 
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Chapter 1. Introduction 
 

Isocyanates are important organic compounds used in a variety of industries and more specifically the 

footwear industry. Although the good properties they bring to a variety of products, isocyanates are toxic 

and can cause health problems to the workers who are regularly in contact with it. In recent years, the 

European Union has legislated the use of isocyanates, restricting, and ensuring the protection of the 

workforce. To ensure that the contact with the isocyanate is minimized and to cope with the new 

regulation imposed, microencapsulation of isocyanate emerges as a solution for the handling of these 

compounds.  

In this work, the microencapsulation of aliphatic isocyanates using biodegradable polymers to minimize 

the environmental impact was studied using two different polyesters (PBAT and PBS) and studied their 

applications in adhesives, for the footwear industry. Research in this field is not novel as evident in 

Figure 1. However, research on the encapsulation of isocyanates by biodegradable polymers, namely 

PBAT and PBS, has quite a high novelty, in the sense that no scientific papers were found for isocyanate 

MCs with PBS shell, and just one (from our team, TPMI) has been published using PBAT as shell for 

isocyanate. In this latter case isophorone diisocyanate (IPDI) was encapsulated, instead of 1,6-

hexamethylene diisocyanate (HDI). 

 

This dissertation is divided into six chapters. ñChapter 1. Introductionò gives an overview of the problem 

in hands. ñChapter 2. State of artò gives the current knowledge in the area of study. ñChapter 3. 

Methodologyò relates to the materials and techniques used for the production and characterization of 

microcapsules, the adhesive formulation, and the adhesive joint. ñChapter 4. Results and discussionò 

presents the results and discusses the outcomes of the work done. ñChapter 5. Conclusions and Future 

Workò wraps-up the most important success cases and challenges of this work, and reveals what shall 

be done in the future to achieve MCs with even better properties. ñChapter 6. Bibliographyò lists all the 

fonts of information used while carrying-out this work.   
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Figure 1. Number of publications about isocyanate encapsulation (on the left) and the use of biodegradable shells 
for microencapsulation (on the right). Search made at Web of Knowledge on September 2023 using the keywords 
ñisocyanate and microcapsulesò and ñbiodegradable and microcapsulesò. 
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Chapter 2. State Of the Art 
 

This chapter outlines the accumulated knowledge in the specific study area addressed in this thesis and 

provides an overview of essential concepts relevant to this study. Section ñ2.1 Isocyanatesò discusses 

the use and types of isocyanates. Section "2.2 Adhesives" aims to elucidate the concept of adhesives, 

delve into their diverse categories, examine their practical applications, elucidate their significance within 

the footwear industry and the hazards associated with isocyanate use. Section ñ2.3 Microencapsulationò 

elaborates on the employed techniques in the context of microencapsulation. Section ñ2.4 

Biodegradable Polymersò defines what makes a polymer biodegradable and the relevant polymers for 

this work. Section ñ2.5 Microencapsulation of isocyanateò presents an overview of the process of 

microencapsulation specifically applied to isocyanates. 

 

2.1. Isocyanate 

 

Isocyanates were first synthesized in 1848 by Wurtz and are a family of chemical compounds 

characterized by the -NCO group [1]. However, it was only in 1945 that isocyanate gained commercial 

importance as an alternative compound to natural rubber [1]. The versatility of isocyanates is vast, 

thanks to their capacity for various reactions combined with their diverse chemical structures. The 

isocyanate groups present a high reactivity towards common nucleophiles (-OH, -NH, -SH) resulting in 

the formation of urethane, urea or thiourethane groups, respectively. In Figure 2 the different reactions 

with the different nucleophiles are illustrated. As a result of these features, isocyanates are used in a 

wide variety of applications, for example, to produce foams, coatings, and adhesives [1-3]. Despite the 

advantages that they have, isocyanates are very sensitive to moisture (easily react with water) [1, 3]. 

 

 

Figure 2. Different reactions of isocyanate with different nucleophilic groups, with hydroxyl group, -OH (1), with 
water (2,3), with an amine group (3) and with a thiol group (4). 
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Isocyanates can be categorized based on their chemical structures, with the most common division 

being between aromatic isocyanates and aliphatic isocyanates. Additionally, they can be distinguished 

as mono-functional, di-functional or poly-functional when they have more than two -NCO groups [4].  

Aromatic isocyanates are recognized for containing an isocyanate functional group attached to an 

aromatic structure. This ring increases the electronic density near the isocyanate group, favouring a 

more positive charge in the carbon of the -NCO group. This turns the carbon more electrophilic which 

makes it more prone to react with nucleophiles. Among the commonly employed aromatic isocyanates, 

toluene diisocyanate (TDI), that can have these two different structures, and 4,4 ï diphenylmethane 

diisocyanate (MDI), presented in Figure 3, are prevalent. These isocyanates exhibit high reactivity and 

cost-effectiveness, making them well-suited for foam synthesis [4, 5]. 

Aliphatic isocyanates are isocyanates attached to an aliphatic chain. Aliphatic isocyanates distinguish 

themselves from aromatic counterparts by their superior resistance to discoloration, increased flexibility, 

and a lower glass transition temperature. On the other hand, aliphatic isocyanates are typically less 

reactive than aromatic. The more common application is for coatings, especially in cases where 

transparency is occasionally desired [4, 6]. The most common aliphatic isocyanates are isophorone 

diisocyanate (IPDI), 1,6-hexamethylene diisocyanate (HDI) and methylene bis(4-isocyanatecyclohexyl) 

(HMDI), depicted in Figure 4 [5].  

  

IPDI 

HDI 

HMDI 

Figure 4. Most common aliphatic isocyanates. 

TDI MDI 

Figure 3. Commonly employed aromatic isocyanates. 
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Isocyanates were initially employed as individual small molecules, but with the advancement of 

polyurethane technology, new types of isocyanates emerged through processes like dimerization, 

trimerization, and polymerization of these organic compounds [6]. These reactions are important to 

create, for example, crosslinking between chains [3, 5, 7]. Dimers (Figure 5) can be formed as a product 

of the spontaneous reaction of isocyanates, with the help of a catalyst or by exposure to high 

temperatures, they are not thermodynamically stable [3, 6, 8].  

 

The trimerization (Figure 6) has been commonly used, typically linked with the creation of an 

isocyanurate ring, enhancing the stability of the isocyanate at high temperatures.  Unlike dimers, this 

reaction necessitates the presence of various catalysts or elevated temperatures. Trimerization is an 

important reaction because it leads to branching, and is a very common procedure for HDI, IPDI and 

TDI [3, 6, 8]. 

Isocyanatesô versatility lends itself to various industries, encompassing the production of polyurethane 

foams, coatings, adhesives, sealants, and elastomers [9-12]. The wide structural diversity of 

isocyanates, along with factors such as formulation, processing techniques, and additives, allows for 

the creation of materials with a broad spectrum of characteristics, including strength, longevity, flexibility, 

water resistance, and electrical insulation [9]. Currently, HDI and other related isocyanates are 

commonly used in the footwear industry, the use of isocyanates as building blocks in the production of 

polyurethane for the sole and as a crosslinking agent in adhesives to connect the different parts of 

footwear makes it important in this industry. 

 

Uretdione 

Figure 5. Dimerization of isocyanate. 

Isocyanurate ring 

Figure 6. Trimerization of isocyanate. 
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2.2. Adhesives 

 

Adhesives may be defined as non-metallic materials that, when applied to material surfaces, effectively 

join them, and withstand separation. In our daily life, we commonly refer to them as glue, paste, or 

cement. Adhesives can be categorized through different criteria, including their physical state (solid or 

liquid), the materials they bond (paper adhesives, metal-to-metal, etc.), or the predominant chemical 

composition. Common chemical designations include epoxy, cyanoacrylate, polychloroprene, or 

polyurethane adhesives, among others [13, 14].  

Adhesives find applications across a wide spectrum of industries, extending from traditional sectors like 

wood and footwear manufacturing to highly demanding fields such as automotive, aerospace, and 

electronics. In some cases, adhesives take precedence over mechanical joining and welding [14-16]. 

 

2.2.1. Substrates and adhesives in the footwear industry 
 

Adhesives are the most used joining technology in the footwear industry along with stitching. The first 

ones, dating back to 1906, were crafted from nitrocellulose. In 1949 polychloroprene adhesives were 

introduced and from 1970 onward, polyurethane adhesives began to make their presence felt in the 

market. Today, a wide variety of adhesives started to be used and they have become an important 

building block in this industry [17]. 

The most important joint that we find in a shoe is the connection between the upper (comprising the 

vamp, toe, and quarters) and the sole (consisting of the insole, midsole, and heel), as depicted in Figure 

7. This joint is particularly demanding as it endures the highest levels of stress during the shoe's function 

[18]. 

The materials used for the upper and sole can vary according to the design and the selection of materials 

of the manufacturer. For the upper, the most common materials range from naturally derived options like 

leather to synthetic choices like polyvinyl chloride (PVC) and polyurethane (PU). Similarly, the sole can 

be crafted from some of the same materials as the upper or can incorporate vulcanized rubber or 

ethylene vinyl acetate (EVA), among other possibilities [17, 18]. To join these shoe parts, the footwear 

industry can use different types of adhesives to attach the sole and the upper. Examples of these 

adhesives include polychloroprene (PCP) and polyurethane (PU) adhesives. These adhesive options 

can be further classified into two categories: water-based and solvent-based adhesives [19]. 

Figure 7. Different constituents of a shoe. Retrieved from [17]. 
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Water-based adhesives are dispersions or emulsions of polymers in water. These adhesives offer 

significant advantages due to their non-toxic and non-flammable properties, promoting safer handling. 

Moreover, they deliver worthy performances. Nevertheless, they may have longer drying times 

compared to solvent-based adhesives. Additionally, they are typically more expensive due to a greater 

solid content in their formulation [19, 20]. 

The solvent-based adhesives are composed of a polymer dissolved in an organic solvent or mixture of 

organic solvents. These are the most frequently employed adhesives in the footwear industry, so a more 

in-depth description of them will be presented in the next sub-chapter. 

These two categories can be divided even further into two types of adhesives: one-component (1K) and 

two-component (2K) adhesives. 1K adhesives, only have one component, the adhesive, and just depend 

on themselves to form the adhesive bond reacting with active hydrogens on the substrateôs surface [1, 

21]. This way, they are much easier to apply, and they come at a lower cost. 2K adhesives have two 

components A and B. Component A is the adhesive and component B is the hardener, crosslinking 

agent [21]. They are used when the objective is to speed up the curing process, and increase the 

resistance to temperature, durability and/or in places where moisture cannot penetrate through the 

adhesive. Thus, in the 2K adhesives, the components are supplied separately to increase the lifetime 

of the product. Due to the crosslinking, 2K adhesives present better mechanical properties than 1K and 

have better control over the cure of the adhesive [1]. 

 

2.2.1.1. Polychloroprene and polyurethane adhesives  
 

Solvent-based PCP adhesives have similar bonding strengths to PU adhesives. The fundamental 

difference between PCP and PU is the open time that is longer for PCP and is tackiness at room 

temperature without the need for temperature. PCP adhesives can form bonds with minimum pressure 

after long open assembly periods. Table 1 shows the composition of these adhesives in phr (parts per 

hundred parts of rubber) [19, 22]. 

 

Solvent-based polyurethane adhesives are flexible, perform well at low temperatures, are cohesive, 

have outstanding adhesion strength and rapid curing times. They also have the advantage of having 

good wettability for a wide variety of materials [23]. 2K adhesives are common for this category of 

adhesives, with the crosslinking agent typically being an isocyanate compound. Once the adhesive has 

been applied to the substrate, it is left to dry and loses its tackiness. PU adhesives restore their tackiness 

through heat activation. This implies that the adhesive softens and allows the two substrates to bond 

when subjected to elevated temperatures upon application. Subsequently, after curing, the joint is heat 

resistant. 
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Table 1. Typical composition of PCP and PU adhesives [19]. 

Raw Materials Quantity (phr) 

PCP 100 

Resin 30 

MgO 4 

ZnO 5 

Water 1 

Antioxidant 2 

Solvent mixture 500 

PU 100 

Resin 0-5 

Fumaric Acid 0-3 

Silica/nitrocellulose 0-10 

Solvent Mixture 500 

 

2.2.2. Hazards and regulation of isocyanate 
 

Despite the use of isocyanates in a large range of applications, isocyanates are toxic components, and 

in a factory, they can be found in different stages of the production process. Prolonged exposure to 

isocyanate vapours and/or aerosols in the workplace environment can lead to various symptoms in 

workers. Isocyanates are powerful irritants of the mucous of the eyes and of the respiratory tract [24]. It 

is also considered corrosive to the skin and eyes [25]. The most common effect is in the respiratory 

system, with the development of respiratory illnesses such as occupational asthma, bronchitis and 

rhinitis. The risk of developing conjunctivitis was also observed. In contact with the skin, it can lead to 

dermatitis [26]. Other symptoms, such as immunologic problems, have been reported, albeit not to the 

same extent as those previously discussed [1]. 

In recent years, the European Commission has been actively engaged in reducing the utilization of 

isocyanates to safeguard workers in the EU. When their use is deemed essential, ensuring safety will 

be prioritized through workforce training. Starting in 2023, regulations will be implemented to ensure the 

safe handling of this compound [27]. 
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2.3. Microencapsulation 

 
Microencapsulation of isocyanate species has emerged as a valuable solution with dual benefits. 

Microencapsulation offers a protective shield around isocyanate molecules and ensures the safety of 

workers and end-users. Moreover, this approach enhances the stability of isocyanates, a critical factor 

for their storage and transportation. By encapsulating them, the risk of premature reactions or 

degradation is minimized, thereby increasing the shelf life and reliability of these essential chemical 

compounds. Therefore, microencapsulation of isocyanates is an approach with great potential and has 

the benefit of complying with the recent REACH (Registration, Evaluation, Authorisation and Restriction 

of Chemicals) regulation on isocyanates. 

2.3.1. Definition and application 
 

Microencapsulation is the process of enclosing a solid, liquid, or gas to produce small particles called 

microcapsules, with a size between a few microns to a few millimetres [28, 29]. The goal of 

microencapsulation is to coat an active compound with an encapsulating agent, denominated as the 

wall material, often composed of polymers [30]. Encapsulation is necessary for a variety of reasons, 

including protecting the core material from degradation interaction with environmental factors such as 

UV light, moisture, or chemicals, thus extending its shelf life. It also enables precise or targeted release 

of an active ingredient, allowing gradual release over time or at specific intervals. Additionally, 

encapsulation aids in the safe handling of toxic materials, and the ability to treat liquids as solids [31-

33]. 

The release of the active ingredient might happen using a variety of mechanisms, including mechanical, 

heat or pH changes. This enables the encapsulated substance to be released precisely and under 

optimal conditions [34]. This concept is used for different applications, such as food technology [33, 35-

37], fragrances [38-41], the pharmaceutical industry [33, 42-44], agriculture [45-47] and energy storage 

[48-50]. 

MCs are classified according to their morphology, Figure 8, and it depends on how the core material is 

distributed in the MC [32, 33, 51]. The morphology depends on the wall material and the process 

selected for the production. The basic morphologies are mononuclear (or core-shell) that contains a 

shell around the core; polynuclear, with multiple cores encased in the shell; matrix, in which the core 

material is evenly distributed on the shell material; multi-wall, when more than one wall in the MC occurs; 

irregular, when a spherical shape is not obtained in the MC. 

 

Figure 8. Different morphologies of microcapsules. Adapted from [51].  
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2.3.2. Microencapsulation Technology 

 
There is a wide variety of technologies that can be employed to produce MCs. These techniques can 

be divided into three groups: chemical, physical, and physico-chemical methods [31]. Figure 9 discloses 

some of the most relevant methods. 

 

Figure 9. Categorization of the microencapsulation methods, showing the most relevant microencapsulation 
techniques and their main features. Adapted from [48]. 

2.3.2.1. Interfacial polymerization and in situ polymerization 
 

In situ polymerization (Figure 10) is a technique in which the polymerization process takes place within 

the continuous phase, with all the necessary reagents contained within that phase. The formed polymer 

migrates and deposits on the surface of the droplet to generate the wall forming the microcapsule [30].  

Utilizing precipitants, modifying temperature, adjusting pH, or altering solvent conditions can be effective 

in regulating the deposition of the polymer into the core. 

In interfacial polymerization (Figure 10), the basic mechanism is very similar to in situ, but it creates a 

polymer wall through polymerization on the core material. This technique involves two reactive 

monomers, each dissolved in a different phase. When these monomers come into contact at the 

interface, they react with each other, leading to the formation of a polymeric film. The formation of the 

wall around the core takes place in two steps: the first one is the deposition of the monomer or oligomer 

at the oil droplet surface, and the second one is the thickening of the wall. The polymerization occurs in 

the interface, and the initial wall can limit the diffusion of the reactants. Polycondensations/polyaddition 

are the common reactions that occur using monomers such as multifunctional isocyanates and 

multifunctional acid chlorides. A co-reactant such as amide can be added to the water phase and a shell 

of polyurea is formed when an amide reacts with isocyanate or polyamide when the amide reacts with 

acid chloride. If isocyanates react with monomers containing hydroxyl groups, then a polyurethane shell 

is formed [30]. 
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2.3.2.2. Coacervation 
 

Coacervation is a method employed to induce phase separation of polymers within a solution, resulting 

in the formation of a protective shell or coating around the active compound  [33]. The coacervate is the 

phase with a higher concentration of the colloid component, while the phase in equilibrium is the 

equilibrium solution. The technique can be described in four different stages (Figure 11): (a) suspension 

of the core material particles in the liquid phase, (b) secretion of the coacervate from the colloid 

component, (c) deposition of liquid polymer around the core, (d) gelation and solidification of the wall. 

The segregation can occur by a change of pH, or a variation in the electrostatic energy by changing the 

ionic strength of the system [52].  

 

 

 

 

 

 

Figure 10. Microencapsulation using in situ polymerization (on top) and interfacial polymerization (at the bottom) 
techniques. Adapted from [41]. 

Figure 11. Coacervation as a microencapsulation technique. (a) suspension of the core material particles in the 
liquid phase, (b) secretion of the coacervate from the colloid component, (c) deposition of liquid polymer around the 
core, (d) gelation and solidification of the wall. Obtained from [41]. 

!ǉǳŜƻǳǎ ǎƻƭǳǝƻƴ Ҍ 
ƳƻƴƻƳŜǊ ! ŀƴŘ .  
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2.3.2.3. Spray Drying 
 

Spray drying (Figure 12) is a technique embraced by a diverse range of industries for its adaptability 

and scalability on an industrial level, characterized by its continuous processing capabilities. Spray 

drying also provides an efficient method for encapsulating materials of various sizes. This technology is 

used in the food industry to produce a wide variety of products such as capsules of oils and flavours 

[30, 33, 53]. The process can be divided into different steps: preparation of the emulsion, 

homogenization of the dispersion, atomization of the emulsion and drying of the MCs. In the first step, 

itôs formed a solution with the active ingredient and the shell material, the viscosity of this solution must 

be controlled by being low enough to prevent air inclusions in the MCs and to not form elongated and 

large droplets that increase the drying rate. The obtained solution is atomized into small droplets in a 

heated air stream supplied by the drying chamber. The short time that the MCs are exposed to the high 

temperatures and the rapid evaporation keeps the material below the chamberôs temperature. Thus, 

there are no solvent residues, and a washing and filtration process is not required being the MC collected 

with the help of a cyclone.  

The operating conditions of the process play a key role in the efficiency of the process with more 

importance the feed rate, the air inlet and air outlet temperature [51]. The rate of feed delivered to the 

atomizer is adjusted to ensure that each droplet reaches the desired temperature before it encounters 

the surface of the drying chamber. The air inlet temperature is directly proportional to the microcapsuleôs 

drying rate. If a low inlet temperature is applied, the evaporation rate is low and causes the formation of 

MCs that agglomerate easily. Nonetheless, a high inlet temperature can cause excess evaporation and 

cracks in the shell which, consequently, accelerates the release of the active ingredient faster than 

expected. The outlet temperature cannot be controlled during the process due to being dependent on 

the inlet temperature, but it is important to keep in mind this parameter to ensure that no damage to the 

MCs collected occurs [51].  

 

Figure 12. Set up of the spray-drying method. Obtained from [41]. 
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2.3.2.4. Solvent Evaporation  
 

The process of solvent evaporation consists of several steps, starting with the dissolution of the active 

ingredient in a solvent, which forms the dispersed phase. Then, the solution containing the shell material 

is emulsified into the continuous phase. The solvent is then extracted from the dispersed phase by the 

continuous phase, accompanied by evaporation of the solvent. This results in the conversion of 

dispersed phase droplets into solid particles. Lastly, the MCs are recovered and dried to remove any 

residual solvent, as illustrated in Figure 13 [54]. This technique is one of the physical methods used to 

produce MCs. 

 

Emulsion  

An emulsion is a mixture of at least 2 immiscible liquids, usually oil and water, with one of the liquids 

being dispersed as small spherical droplets in the other. Different types of emulsions can be used, and 

the classification is dependent on the composition of the droplet in the system (Figure 14). If the system 

consists of oil droplets in a continuous water phase is called an oil-in-water emulsion (o/w), if the 

dispersed phase is water and the continuous phase is an oil, it is labelled a water-in-oil emulsion (w/o). 

Multiple emulsions can also be obtained such as oil-in-water-in-oil (o/w/o) and water-in-oil-in-water 

(w/o/w). The criteria for using these different types of emulsions comes from the interaction that the 

active ingredient has with water. If the active component is hydrophobic, then an o/w emulsion can be 

used, but if the component to encapsulate is hydrophilic then a w/o or a w/o/w emulsion can be used 

[55].  

Figure 13. Solvent evaporation technique to produce MCs. Adapted from [54]. 

Figure 14. Different types of emulsions. Obtained from [55]. 

hǊƎŀƴƛŎ tƘŀǎŜ 
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Dispersed phase 

The dispersed phase comprises the polymer, the active ingredient, and the solvent employed for 

polymer dissolution. The polymer is chosen according to the application of the MCs, so biodegradability 

and biocompatibility are important criteria to have in mind. But non-biodegradable polymers have also 

been used, PMMA (poly(methyl methacrylate)) for example [56]. The interactions polymer-active 

ingredient-solvent need to be considered when choosing the polymer. The solvent, should meet some 

criteria such as being able to dissolve the chosen polymer and active ingredient, being poorly soluble in 

the continuous phase, being highly volatile and having a low boiling point. In addition to these 

fundamental components, supplementary elements can be introduced. For instance, a co-solvent may 

be incorporated to facilitate the dissolution of the active ingredient if it is not completely soluble in the 

primary solvent. Additionally, a porosity generator can be included to create pores within the MCs, 

enhancing the shell's degradation rate and consequently, the release rate. Hexane can be employed for 

this purpose. [57].  

Continuous phase 

The continuous phase acts as the medium where the dispersed phase is uniformly spread, maintaining 

its continuous state throughout the entire process. In the continuous phase, the use of a surfactant is a 

very common practice to ensure that agglomeration and coalescence do not occur while the evaporation 

of the solvent occurs and stabilizes the emulsion by reducing the surface tension of the continuous 

phase. Surfactants for emulsions are amphiphilic, which means that one part has affinity to water 

(hydrophilic) and the other more affinity to non-polar solutions (hydrophobic). The increase in surfactant 

concentration, until the critical micelle concentration (CMC), reduces the size of the MCs. Other 

components can be present in the continuous phase such as antifoam. When the stirring speed is very 

high, foaming can occur and it will disturb the formation of the MCs so antifoam can be used to decrease 

this phenomenon [57].  

Mechanism of the Process 

For an efficient microencapsulation process is it important to consider the interactions between the 

different components in the droplet. The dispersed phase has three components, the polymer, the 

solvent, and the material to encapsulate. To achieve effective encapsulation, all three components must 

be capable of mixing with each other. Figure 15 displays an example of a ternary phase diagram and 

the evolution of the process. The process starts in point ñAò, for example, and throughout the process, 

there is a transition from a ternary system to a biphasic due to the evaporation of the solvent. The solvent 

diffuses to the continuous phase, and although they are not miscible, the solvent has some solubility in 

the continuous phase and will evaporate in the air-liquid interface (Figure 15). When the system starts 

this transformation, it passes a binodal line, this means that phase separation will start to occur, and 

nucleation and growth of rich polymer regions will begin to occur in the droplet. This process will continue 

until the solvent is gone from the oil phase and follows the phenomena seen in Figures 16. The polymer 

and core are not soluble in water and are not volatile, hence stay in the droplet. The polymer-rich 

domains migrate to the surface of the droplet where the concentration of solvent is higher, and the core-
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rich domains will migrate to the centre where the solvent concentration is lower. (Figures 15 and 16) [28, 

56]. 

 

 

 

 

 

 

 

 

 

 

Process Parameters 

The study of the parameters of the solvent evaporation technique is important to understand the MCs 

that are obtained at the end of this encapsulation process. Changing the number and geometry of the 

impellers, reactor geometry, stirring speed, emulsifier quantity, and the viscosity of both the dispersed 

and continuous phases are crucial parameters that influence the morphology of the MCs. Increasing the 

stirring speed intensifies the shear force exerted by the impeller, resulting in the formation of smaller 

droplets, consequently yielding MCs of reduced size. The increase of the amount of emulsifier until a 

certain concentration in the water phase will make the amount of emulsifier at the surface of the droplet 

higher and so the droplet will be smaller because coalescence and agglomeration between them will 

not happen so easily, by consequence the MCs size will be lower. The viscosity of the different phases 

is important to take into account, increasing the viscosity of the dispersed phase increases the size of 

the MCs [57, 58]. Nevertheless, altering any of these parameters, individually or in combination, has the 

potential to affect the stability of the emulsion and results in the creation of particles with unfavourable 

characteristics. Additionally, certain factors may exhibit indirect correlations, so modifying them could 

have counterproductive outcomes. 

 

 

 

Emulsion Droplet 

Evaporation 
of solvent 

Migration of 
polymer-rich phase 

Evaporation of 
all the solvent 

Microcapsule 
Polymer-rich phase at 

the interface 
Phase Separation 

Figure 16. Mechanism of the formation of MCs in the solvent evaporation method. Adapted from [56]. 

Figure 15. Ternary phase diagram Solvent-Polymer-Core Material (on the left). Diffusion and evaporation 
mechanism of the solvent in the solvent evaporation method (on the right). Retrieved from [28] and [57].  
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2.4. Biodegradable Polymers 

 

Nowadays, plastics are used in a wide variety of applications, most of them single-use, like packaging 

due to being lightweight and their good mechanical properties. This leads to a problem of waste disposal, 

and because traditional petrol-derived plastics are not easy to degrade, they accumulate in the 

environment. This fact stimulated the research and development of biodegradable polymers that started 

to be on the market in the 1980s [59, 60]. 

Biodegradation is a process that takes place with the help of enzymes and/or microorganisms. This 

process occurs in two steps. Initially, occurs the fragmentation of the polymer into lower molecular weight 

species, facilitated by both abiotic factors such as water, UV, pH, and weathering, as well as biotic factors 

including microbes and enzymes. Subsequently, the fragments undergo bioassimilation and 

mineralization. The end-products should only comprise water, carbon dioxide, biomass, and methane 

[59, 60]. 

The biodegradability of polymers depends on different factors: chemical structure, molecular weight, the 

degree of crystallinity, and glass transition temperature. They can be derived from fossil fuels or 

biobased. The most important class that is being studied is polyesters. Polyesters are a type of polymer 

defined by the presence of ester bonds in their chemical structure. This hydrolysable group within the 

polymer chain is susceptible to microbial attack, and it is the primary factor contributing to their 

degradation. Previous works show that the balance of hydrophilicity/hydrophobicity of the polyester 

molecules is crucial for the enzymes to bind and the subsequent hydrolytic action of the enzyme [61, 

62]. Various polyesters have been extensively investigated, leading to the emergence of biodegradable 

polymers such as polylactic acid (PLA), polycaprolactone (PCL), polyhydroxyalkanoates (PHAs), 

polybutylene adipate terephthalate (PBAT) and polybutylene succinate (PBS) [60, 63]. 

PBAT is a synthetic polymer formed through the polycondensation of three fossil-based monomers, 

butanediol, adipic acid and terephthalic acid (Figure 17). The polymer presents a density of 1.21 g/cm3, 

a melting point in the interval of 116-122 ÜC and a glass transition temperature of -30 ÜC. It presents a 

Young Modulus around 55 MPa, a great elongation at break (700%) and has a tensile strength of 21 

MPa [64]. It is used for packaging applications and mulch film for agriculture. This polymer is 

biodegradable but is more resistant to hydrolysis at mild conditions and significant attack by 

microorganisms directly, due to the aromatic ring and so biodegradation is slower compared to other 

polyesters [64, 65]. 

PBS is a polyester that is produced using two monomers, succinic acid and 1,4-butanediol with the 

structures in Figure 17. These monomers are derived from petrol, but can also be obtained via bacterial 

fermentation, making them potentially bio-based [62]. This polymer is a white semi-crystalline 

thermoplastic with a density of 1.25 g/cm3. It exhibits a melting point within the range of 90-120 ÜC and 

a low glass transition temperature, typically around -45 ÜC to -10 ÜC. The Young Modulus of PBS varies 

from 300-500 MPa, depending on the degree of crystallinity. PBS has been applied in different fields 

such as agriculture, packaging, and biomedical [62]. It has already undergone investigation in 
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microencapsulation for purposes like drug delivery [66] and agriculture use [67] for instance. Its 

biodegradability is especially attractive for single-use plastics because it degrades at a high rate during 

a short period of time [68-70].  

Table 2 compiles the properties of both PBAT and PBS, and the main difference and both polymers 

resides on the mechanical properties, where PBAT reveals significantly tougher than PBS. When 

comparing the biodegradability of these two polymers, a study comparing the two illustrates that the 

biodegradation of PBS is much faster than PBAT, in the range of some months [71].  

 

Table 2. Properties of PBAT and PBS [62, 65]. 

Polymer 
Density 
(g/cm3) 

Melting 
Point (ÜC) 

Glass Transition 
Temperature (ÜC) 

Young Modulus 
(MPa) 

Elongation at 
Break (%) 

PBAT 1.21 116-122 -30 55 Ó 700 

PBS 1.25 90-120 -45 to -10 300-500 300 

 

 

 

 

butanediol succinic acid 

 PBS 

butanediol adipic acid 

terephtalic acid 

PBAT 

Figure 17. Monomers and polymer structure for PBAT and PBS. 
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2.5. Microencapsulation of isocyanate 

 
The encapsulation of isocyanate started being studied with the goal of producing isocyanate 

microcapsules as a healing agent and found different fields of applications such as polyurethanes, epoxy 

resins and concrete [72, 73]. Typically, the production process involved interfacial polymerization, 

wherein isocyanate was not only employed as an active ingredient for encapsulation but also served as 

a monomer for shell formation [73, 74]. Different types of shells were obtained from organic ones such 

as polyurethane, polyurea, or a combination of the two and later inorganic materials such as nano-silica 

(SiO2) [75] and nano-iron oxide (Fe3O4) [76] started to be introduced as a shell material. Other 

microencapsulation techniques were also used such as in situ polymerization [77, 78] and coacervation 

[79]. IPDI stands out as one of the most frequently encapsulated isocyanates, although other choices 

such as MDI [80], TDI [76] and HDI [81] are also encountered. Different authors were able to encapsulate 

isocyanate with different weight percentages (wt%), but the maximum obtained was around 80 wt% [82]. 

The sizes acquired display a wide range, with authors demonstrating the ability to produce MCs ranging 

from a few microns to nearly a millimetre in size [83, 84]. The stability of the MCs is dependent on the 

material of the shell, nonetheless, it is observed loss of a considerable amount of encapsulated 

isocyanate over time. Isocyanate encapsulation for adhesives started to be published more specifically 

about epoxy resins and using polymers such as PMMA for the walls. Initially, it was studied for metal 

joints and having in mind the use for self-healing of the joint [85, 86]. Over time, research into 

encapsulating isocyanates gained significance, driven by restrictions on isocyanate use. Researchers 

started coming up with solutions for footwear and wood adhesives and so, a new wave of research 

emerged using the most common technique which is interfacial polymerization. For wood adhesives, 

the research is focused on interfacial polymerization and in situ polymerization. The properties of the 

adhesive were improved with the capsules, having good stability and high isocyanate content (around 

80 wt%). In the context of footwear applications, some approaches have been explored but interfacial 

polymerization is the most used, with IPDI being the most studied isocyanate in this context [87, 88].  

Biodegradable polymers were not being used for the encapsulation of isocyanate being more used for 

drug delivery [57], for example. However, they started to be an option to avoid the polyurethane shell 

that is not biodegradable, and sometimes very hard to break and release the isocyanate content. The 

research group that fostered this work was pioneer in the development of biodegradable capsules 

containing isocyanates, with the first publication dating back to 2020 [89]. The first biodegradable 

polymer tested was PCL with good results and then, other biodegradable polymers came after these 

such as PLA, PBAT and PCL/PLA blend used to encapsulate IPDI [89-91]. The encapsulation of IPDI 

was observed and with a high content, around 68 wt% for the PBAT MCs. The adhesive maintained the 

requirements necessary to be applied in the industry. All of these were obtained using the solvent 

evaporation technique and present good stability after. Therefore, considering the recent past of the 

research group, the primary objectives of the research presented in this dissertation were to further 

enhance and refine the manufacturing process of biodegradable MCs, enhance the encapsulation of 

isocyanates, and evaluate the resulting products and their application in adhesives according to 

industrial standards. 
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Chapter 3. Methodology 
 

In this chapter, the methodology employed for the fabrication of PBAT and PBS MCs, as well as the 

adhesive joints, will be elucidated. 

 3.1. Materials 
 

The isocyanates used, namely the monomeric HDI (Desmodur È H), the trimer (Desmodur È N3900) 

and the prepolymer (Desmodur È DN) were kindly supplied from Covestro AG (Leverkusen, Germany). 

Dichloromethane (>99.8%, HPLC grade) and Chloroform (>99.8%, HPLC grade) were supplied by 

Fisher Chemical (Porto Salvo, Portugal). PBAT (PBAT Ecoflex È; Mw= 91,808 g/mol) was acquired from 

BASF (Ludwigshafen, Germany). PBS was kindly supplied by Cabopol (Porto de M·s, Portugal). The 

emulsifier poly(vinyl alcohol) (PVA) (98-99% hydrolysed, 57,000-67,000 Da) was obtained from Alfa 

Aesar (Haverhill, MA, USA). Gum arabic (general purpose grade) was supplied by Fisher Chemical 

(Porto Salvo, Portugal). The PU-based adhesive with the commercial name Plastik 6275 and the 

emulsifier Celvol 540 (PVA 87-88% hydrolysed, called Celvol throughout this thesis) were kindly supplied 

by CIPADE S.A. (S«o Jo«o da Madeira, Portugal). All products were used without any further 

purification. 

3.2. Production of microcapsules 
 

3.2.1. Production of PBAT microcapsules 
 

The MCs were produced by a combination of an oil-in-water emulsion (o/w) and solvent evaporation 

technique. The production protocol is based on a work published in 2023 by the research group where 

the dissertation was conceived [91]. However, this work uses different isocyanates and a PBAT from a 

different supplier. Table 3 presents the base parameters of the study. At room temperature, 3.25 g of 

PBAT was dissolved in 25 g of dichloromethane (DCM) and magnetically stirred until all pellets were 

dissolved. Then, the PBAT solution was added to 6.8 g of isocyanate species and mixed for 5 min, 

forming the organic phase (OP). Concurrently, the water phase (WP) consisted of a 3 wt% solution of 

PVA with a total weight of 50 grams. Subsequently, the OP was added to the WP while subject to 

mechanical stirring (750 rpm) with the aid of an impeller, as illustrated in Figure 18. The emulsion was 

left stirring for 4 hours and then, the MCs were vacuum filtrated using a B¿chner funnel, B¿chner flask 

and a vacuum pump. The collected MCs were then thoroughly washed with deionized water multiple 

times and left to air dry for 24 hours. Finally, the dried MCs were stored in a desiccator at room 

temperature. The yield of the synthesis was calculated using equation (1), where ñmtotalò is the total mass 

of PBAT and isocyanate used for the synthesis and ñmMCsò is the mass of MCs obtained after filtration 

and drying. This process was used for all three isocyanates.   
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Table 3. Parameters used for the production of PBAT. 

 

 

 

 

Additionally, it was studied the variation of process parameters using HDI, specifically the %wt of PVA 
and the stirring speed (Table 4).  

Table 4. Parameters used to study the influence of the stirring speed and the amount of PVA. 

Parameter 
Stirring Speed 

(rpm) 
PVA (g) polymer (g) DCM (g) HDI (g) 

Stirring 
Speed 

500 1.5 3.25 25 6.8 

750 1.5 3.25 25 6.8 

1000 1.5 3.25 25 6.8 

3000 1.5 3.25 25 6.8 

Amount of 
PVA 

750 0.5 3.25 25 6.8 

750 1 3.25 25 6.8 

750 1.5 3.25 25 6.8 

750 2 3.25 25 6.8 

Figure 18. Scheme of the production of PBAT MCs with isocyanate as the active ingredient. 

3.2.2. Production of PBS microcapsules 
 

Given the lack of prior research on the microencapsulation of isocyanate with PBS, as a starting point, 

the same parameters used for the successful encapsulation with PBAT were employed for PBS MCs. 

In the study of PBS MCs production, the parameters to produce spherical and loose MCs were first 

investigated, followed by the encapsulation of the different isocyanate species using the best identified 

parameters. This study was performed using different emulsifiers (PVA, Gum Arabic and Celvol). The 

optimal parameters are stated in Table 5. The production method, as previously illustrated, remains 

unchanged, with only variations in the quantities employed, the solvent, and the emulsion stabilizer.  

Table 5. Parameters to produce PBS MCs. 

 

Stirring Speed (rpm) PVA (g) WP (g) Polymer (g) DCM (g) Isocyanate (g) 

750 1.5 50 3.25 25 6.8 

Stirring Speed (rpm) Celvol (g) WP (g) Polymer (g) Chloroform (g)  Isocyanate (g) 

750 1 50 2.25 25 4.7 



 
20 

 

3.3. Stability of microcapsules in solvents 
 

Some studies showed that the percentage of encapsulated isocyanate tends to decrease due to 

exposure to environmental conditions. Hence, the shelf life of the MCs was studied to assess the period 

they could be stored without any significant modifications. For this study, a portion of the MCs was 

placed in a desiccator at room temperature (20ï25 ÁC), while the remaining MCs were exposed to an 

environment with relative humidity (RH) ranging from 35% to 50% at room temperature (20ï25 ÁC). The 

MCs were stored in and out of an exicator. After 1, 2 and 3 months, the amount of isocyanate was 

calculated to evaluate the shelf life of the MCs.  

When the MCs are applied in the adhesive, they will be in contact with solvents as stated before in 

Chapter 2. These solvents can be aliphatic hydrocarbons, ketones, and esters, among others [92]. 

Therefore, the behaviour of the MCs in different solvents was studied, in terms of isocyanate content 

evolution along the time of exposure to the solvent. For this, 0.1 g of MCs were introduced in 5 ml of 

different solvents (water, acetone, hexane, and ethyl acetate) and characterized after 1 day, 3 days and 

1 week in the solvent. 

3.4. Characterization of the Microcapsules 
 

3.4.1. Optical Microscopy and Scanning Electron Microscopy (SEM) 
 

To follow the evolution of the emulsion during the synthesis and the morphology of the MCs it was used 

an optical microscope Kruss MSZ 5600 optical microscope (Hamburg, Germany). 

To analyse with more detail the external and internal morphology and the surface morphology of the 

MCs, scanning electron microscopy (SEM), Phenom ProX G6 benchtop SEM (ThermoScientific, 

Waltham, MA, USA), was used. The samples were immobilized in a sample holder by using a conductive 

double-sided adhesive tape and coated with a 15 nm layer of a conductive Au/Pd thin film, through 

sputtering, using a turbomolecular pumped sputter coater from Quorum Technologies, model Q150T 

ES (Lewes Road, Laughton, UK).  

Additionally, microscopy played an important role in determining the average diameter of the MCs. The 

diameters were measured using the Fiji software (ImageJ/Fiji 1.53k) [93] using data sets of 250 

measurements. The diameters are represented by their mean average and standard deviation values. 

The D25, median (D50) and D75 were also obtained. 

3.4.2. Fourier Transformed Infrared Spectroscopy (FTIR) 
 

FTIR is a spectroscopic technique used to study the presence of specific chemical bonds in a material, 

by the absorption of infrared light at specific frequencies (wavenumbers). This technique was used to 

check the presence of isocyanate (NCO) species, and therefore to follow e.g. the evolution of the 

encapsulated isocyanate species while the MCs are immersed in the different solvents and to check if 

the formation of polyurea (PUa) has occurred. With this in mind, it was used a Spectrum Two FT-IR 
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spectrometer from PerkinElmer (Waltham, MA, USA) equipped with a UATR Two accessory. The spectra 

were captured with a resolution of 4 cm-1 and data accumulation of 16 scans. 

3.4.3. Thermogravimetric Analysis (TGA) 
 

Thermogravimetric analysis is a thermal analysis technique where the mass of the sample is measured 

with the increase of temperature. The loss of mass at specific temperature ranges reveals different 

phenomena that can occur in the sample. The technique (TGA, Hitachi STA 7200 thermal analysis 

system (Ibaraki, Japan)) was used to study the percentage of encapsulated isocyanate, and the thermal 

stability of the MCs. Between 5 and 10 mg of sample were put into an aluminium pan and heated from 

35 to 600 ÁC at a rate of 10 ÁC/min with a nitrogen feed rate of 200 mL/min. For the stability tests the 

samples were heated from 35 to 600 ÜC at a rate of 20 ÜC/min with a nitrogen feed rate of 200 mL/min. 

From the TGA technique was also studied its first derivative, the derivative thermogravimetric (DTG). 

3.4.4. Titration 
 

Titration is an analytical technique where a solution of known concentration (titrant) is used to determine 

the concentration of an unknown solution (analyte). The titrant is added from a burette to a known 

quantity of the analyte until the reaction is complete. In this case, it was used to determine the %NCO 

groups in isocyanates, with some modifications to fit the MCs. Titration was done according to the 

standard ASTM D 2572 [94]. The protocol used was the following, in a beaker it was weighted around 

0.5 g of MCs, then it was added 50 mL of acetone. To ensure that the isocyanate encapsulated was 

released from the MCs the solution was put in an ultrasonic bath for 20 minutes. Then, it was added 10 

mL of a di-n-butylamine solution (toluene, 1 M) and magnetic stirred for 30 minutes with an indicator (3 

drops), bromophenol blue (0.5 wt% in isopropyl alcohol). The titration is performed using hydrochloric 

acid, HCl, (water, 1 M) until there is a change of colour from blue to yellow. This process was repeated 

three times for every sample. A blank (no MCs) was also performed. Titration was only used for PBAT 

MCs because as it is shown later, PBS MCs are not core-shell and so, not all the isocyanate is released 

to the medium which makes this technique unfitted to study PBS MCs. 

With the titrations it was possible to calculate the %NCO groups according to equation 2, where ñVBlankò 

is the volume, in mL, of HCl that is consumed when there are no MCs in the solution; ñVSampleò is the 

volume of acid consumed when MCs are present; Í is the mass of MCs (g); CHCl is the molar 

concentration of HCl (1 in this case); 42.02 is the molecular weight (g/mol) of the isocyanate group. 

ὔὅὕ Ϸ
Ȣ

ρππ ς                        

The value in equation 2 is obtained considering the mass of the polymer in the MCs. So, to know the 

weight percentage of NCO groups and to compare with other techniques, we use equation 3, NCO (%) 

MCs  is the value we obtain for equation 3.; NCO(%)Isocyanate is the percentage of isocyanate groups in the 

encapsulated isocyanate. Depending on the isocyanate, this value may differ, and it is found in the 

isocyanateôs datasheet (49.7% for HDI; 23% for trimer; 21.3% for prepolymer). 
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3.4.5. Nuclear Magnetic Resonance (NMR) 
 

NMR spectroscopy is a technique used to determine the molecular structure at an atomic level of a 

sample by applying an external magnetic field. 1H NMR spectra were acquired in a Bruker Avance III 

400 spectrometer (Karlsruhe, Germany) with deuterated chloroform (CDCl3) as solvent. To quantify the 

isocyanate, present in the MCs, an internal standard (4-chloro-3-methylphenol) was selected because 

it has peaks that do not overlap with those of the isocyanates. The NMR samples were prepared 

immediately prior to their assessment to prevent any potential reactions between the internal standard 

and the compounds. A signal at 6.50 ppm ï 6.75 ppm from the internal standard and the isocyanatesô 

signals at 3.3 ppm (HDI), 3.8 ppm (trimer or prepolymer) were selected for direct correlation [95]. To 

calculate the wt% of isocyanate in the MCs, it was used equation 4, but for the monomeric isocyanates. 

In the equation, ñnstdò is the mol value of the standard; ñkò is a theoretical ratio between the signal of the 

used standard and isocyanate when the amount of both is equivalent (k= 0.5 for HDI and 0.4 for HDI 

based-trimer); ñMisocyanateò stands for the molecular weight of the isocyanate; ñrò is the ratio obtained 

between the signal of the standard; ñmMCsò refers to the mass of the MCs. 

ὍίέὧώὥὲὥὸὩ ύὸϷ
ὲ Ὧ ὓ

ὶ ά
ρππ  τ 

The quantification of the isocyanate prepolymer was performed using a calibration curve. This calibration 

curve was obtained by changing the mass of this isocyanate, the ratio of the signals will be different 

(Figure 19) and so, a curve can be obtained. When MCs are used, it is possible to quantify the 

isocyanate percentage using the curve seen in Figure 20.  

Figure 19. 1H NMR spectra with the ratio of the signals obtained and mass of isocyanate. 



 
23 

 

3.5. Production and characterization of the adhesive joints 
 

3.5.1. Adhesive Formulation 
 

For adhesive production and viscosity analysis measurements, the hardener (isocyanate), at 5 wt%, 

was mixed with Plastik 6275 glue (commercial PU adhesive, containing OH groups). The selection of 

this percentage was based on earlier findings that demonstrated superior results compared to 

concentrations of 2.5 wt% or 7.5 wt%  [90].  

3.5.2. Viscosity of the adhesive 
 

The analysis of adhesive viscosity aimed to investigate the release of isocyanate from the MCs and 

observe the impact of encapsulation. A Modular Compact Rheometer (MCR) Series ï MCR 92 from 

Anton Paar (Graz, Austria) was employed, having a cone-and-plate system composed of a measuring 

cone PP25 with a diameter of 25 mm. Disposable dishes EMS/CTD 600, with a diameter of 54 mm, from 

Anton Paar (Graz, Austria) were used. Firstly, the viscosity of the glue (Plastik 6275) with only the 

isocyanate was measured. Subsequently, the influence of MCs was studied, maintaining the same 

percentage of isocyanate. The conditions used in the rheometer were the following: around 1 mL of 

adhesive formulation was introduced in the disposable plate, a shear rate (‎) from 1 to 1000 s-1, a gap 

of 1 mm between the cone and the plate was maintained. The software calculated the viscosity by 

interpolating a data set of 21 points in an interval of 21s. For each test, three measurements at 25 ÜC 

were performed. 

3.5.3. Adhesive joint manufacture and dispersion of MCs in the substrate 
 

Pairs of substrates with dimensions of 13 cm x 3 cm of Neolite, a synthetic rubber normally used to 

replace leather, were subjected to chemical treatment with 2190 Halinov (CIPADE S.A.). They were left 

to dry for an hour at room temperature. The adhesive formulation was applied on the substrates with a 

brush in an area around 10 cm x 3 cm and allowed to dry for 15 minutes at room temperature. The films 

formed on the substrates were activated by IR radiation for 6 seconds at around 70 ÜC. Then, the 

substrates were bonded and subjected to a pressure of 4 bar for 10 seconds. Afterwards, the adhesive 

joints were stored for a week in standard conditions (23 ÜC, 50% relative humidity) to guarantee that the 

Figure 20. Calibration curve for the calculation of HDI-based polymer inside the MCs 
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cure of the adhesive was complete. In Figure 21 and 22 a scheme of the process to produce the joints 

is illustrated and the machines used for the activation and pressing of the adhesive joints. The dispersion 

of the adhesive in the substrate was studied to see how the MCs were going to be distributed along the 

surface. This was done by visual inspection of the substrate.  

 

3.5.4. Peel strength test 
 

The peel strength test determines the necessary force to separate the substrates by applying a constant 

speed, with this test it is possible to understand whether the failure of the joint will occur in the adhesive 

or in the substrate, for instance. The characterization was executed using a universal testing machine 

Instron 5566 and following the standard EN 1392 [96], at the facilities of CIPADE SA, with the tests 

repeated three times for each test at an angle of 180Ü and at a crosshead speed of 100 mm/min. In 

Figure 23, it is possible to see an example of a test conducted during the research work. 

Figure 21. Scheme representation of the production of the adhesive joints. 

Figure 23. Peel test being performed in an adhesive joint. 

Figure 22. Reactivation of the adhesive (on the left) and pressing of the adhesive joints (on the right). 



 
25 

 

3.5.5. Creep test 
  

The creep test was carried out to assess the resistance of the adhesive joint to temperature. An effective 

cross-linking promoted by the presence of isocyanates contributes to such resistance. This process 

involves exposing the sample to high temperatures while hanging with a weight (constant load) at the 

same time to measure the opening of the joint. This property is important considering that footwear may 

undergo substantial temperature fluctuations, such as those encountered in a display vitrine of a shop 

or in working conditions. The test was performed while the specimen was suspended at different 

temperatures for 2 hours with a weight of 300 g, starting at 60 ÜC and increasing in steps of 10 ÜC until 

reaching 90 ÜC. The displacement was measured at the end of the two hours. These tests are an 

adaptation of the standard EN 1392 and were performed at CIPADE S.A.. For every test, three adhesive 

joints were considered. Figure 24 shows the creep test being performed in the adhesives studied in this 

work. 

 

Figure 24. Creep test being performed in adhesive joints. 
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Chapter 4. Results and Discussion 
 

The objective of this work is to encapsulate isocyanate with a biodegradable shell using the solvent 

evaporation technique. These MCs are intended for use in adhesives, and therefore they need to obey 

to specific criteria for successful application.  

The initial requirement is the size of the MCs, ideally falling within a diameter range of 50-100 Õm. This 

size ensures good dispersibility, and facilitates the production process, namely filtration. Additionally, 

these MCs should have a core-shell structure, enabling the simultaneous release of isocyanate. 

Furthermore, they should exhibit minimal agglomeration and a loose structure, ensuring easy dispersion 

upon application to the substrate. 

In terms of chemical stability, the formation of polyurea during both production and storage is 

undesirable. Finally, the encapsulation of isocyanate cannot drastically alter the properties obtained 

without the encapsulated isocyanate. 

4.1. Production and characterization of MCs 
 

The study of the production parameters is important to know which ones have a bigger impact on the 

final size, morphology, and isocyanate content. The two parameters studied were the stirring speed and 

the amount of emulsifier used (PVA in this case).  

4.1.1. Variation of production parameters for the achievement of PBAT MCs 
 

4.1.1.1. Stirring Speed 
 

The stirring speed is one of the more important parameters to achieve the formation of MCs and regulate 

their dimensions. It imposes a shear stress on the emulsion, and it is tangled with the interfacial tension 

of the oil droplets. As the stirring speed increases, the size of the droplets decreases, provided that the 

shear stress exceeds the surface tension of the droplet. Despite this, an increase in agitation can make 

the droplets burst and cause the loss of emulsifier on the surface of the droplets by the inclusion of air 

in the emulsion. With the decrease of the stirring speed, the surface tension gains a larger role, and the 

MCs have a higher diameter. Coalescence of droplets might also happen, contributing to an increase in 

size. [57]. Four different stirring speeds were studied (500, 750, 1000, and 3000 rpm). 

Table 6 shows the parameters and the yield of the MCs produced by changing the stirring speed. The 

yield of the process was always around 70% and this was due to some losses that occurred during the 

process, for example, the transferring of the organic phase to the continuous phase, losses in the 

filtration process, and during the control process in the microscope. Unfortunately, due to a very high 

agitation (3000 rpm) a high loss of final product occurred and because of that, the yield was not possible 

to be calculated. 
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Table 6.Yield obtained when changing the stirring speed. 

 

 

 

 

 

 

 

*Value not possible to calculate due to high loss of final product in the filtration step 

Figure 25 displays the MCs produced with the different stirring speeds. Upon examining the morphology, 

microscopy techniques confirm that the acquired MCs exhibit a spherical shape and validate the 

previously observed size reduction. With the increase in agitation, the MCs seem to have a rougher 

surface and are less loose. In the case of those generated at 3,000 rpm, there is evidence of the 

formation of rectangular shapes. These shapes are indicative of the formation of polyurea (PUa), which 

occurs when the isocyanate comes into contact with water during the production process, demonstrating 

poor protection of the droplet. 

Parameter 
Stirring 

Speed (rpm) 
PVA 
(g) 

Yield 
(%) 

Stirring 
Speed 

500 1.5 78.1 

750 1.5 77.9 

1000 1.5 77.2 

3000 1.5 -* 

Figure 25. Optical microscopy (on the left) and SEM images (on the right) of the morphology of the MCs by 
changing the stirring speed.  
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As predicted theoretically and observed in the images obtained, the increase in agitation results in the 

production of MCs with reduced size, decreasing from 133 Õm to 7 Õm. The change in the stirring speed 

had a great impact on the size of the obtained MCs. The standard deviation also decreases making the 

distribution of sizes narrower. Figure 26 displays the histograms of the distribution of sizes of the MCs 

and the data tells that the distribution of sizes tends to concentrate on the left having a higher frequency 

than the ones on the right side (right-skewed histograms). Table 7 adds the values of D25, median (D50) 

and D750. The median is lower than the mean size and the values of D25 and the D50 get closer to the 

mean and median size with the increase in agitation. Meaning that the lower the agitation larger is the 

distribution of sizes of the MCs produced. Thus, the agitation rate is a pivotal factor determining the size 

of the MCs, resulting in larger capsules at lower agitation and considerably smaller ones with higher 

stirring speeds, ranging from about one hundred microns to just a few microns. According to the 

requirements for this application, the MCs produced with 750 rpm are the ones that have a more 

attractive size. 

Table 7. Mean size, standard deviation, D25, median, and D75 for the different stirring speeds. 

 
 

Mean size 
(Õm) 

Standard 
Deviation (Õm) 

D25 (Õm) 
Median 
(Õm) 

D75 (Õm) 

500 rpm 133 48 97 127 166 

750 rpm 71 25 54 67 84 

1000 rpm 33 13 24 30 39 

3000 rpm 7 2 6 7 8 

Figure 26. Histograms for the distribution of diameters changing the stirring speed (mean Ñ standard deviation). 
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Encapsulation of isocyanate was verified by FTIR spectroscopy and Figure 27 displays the FTIR spectra 

of the raw materials. The most prominent peaks found for PBAT shell are the carbonyl group (C=O) 

stretching vibrational band at 1714 cmī1, the stretching vibration of the C-O-C bond at 1270 cmī1 and a 

peak from the bending of the out-plane =C-H bond at 727 cmī1. For the HDI, the presence of a high 

quantity of isocyanate can be confirmed by the intense band peaked at ca. 2260 cmī1, ascribed to 

N=C=O stretching vibrational frequency. The peak at 1354 cmī1 is related to the asymmetric bending 

vibration of CH2 attached to an NCO group. 

Looking at the FTIR data from the MCs in Figure 28 we observe the merge of the two spectra seen 

before for the different stirring speeds. The encapsulation of the isocyanate is confirmed (green zone) 

and the polymeric shell is denoted at the purple region. Peaks associated with the formation of PUa 

could emerge at the region delimited in red. The signal around 3290 cmī1 (red region) is linked to the 

stretch of N-H group and the other at a wavenumber of 1598 cmī1 the bend of the -NH bond and another 

peak that can appear at 1627 cmī1 is related to the stretching of the carbonyl bond (C=O) (red region). 

The spectra of MCs obtained at 1000 rpm and 3000 rpm show signs of more PUa. 

 

 

 

 

 

 

 

 

Figure 27. FTIR spectra of the raw materials PBAT and HDI. 
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Figure 28. FTIR spectra for the different stirring speeds. 
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The thermograms of the raw materials and the normalized derivative weight (DTG) are presented in 

Figure 29. In both cases the degradation only occurs in one step with the DTG having one defined peak. 

Therefore, the quantity of encapsulated isocyanate can be calculated using this technique. 

The MCs thermograms (Figure 30) are the merge of the raw materials thermograms. TGA shows the 

percentage of encapsulated isocyanate in the MCs, with 500 and 750 rpm having similar values, 63 wt% 

and 64 wt% respectively of encapsulated isocyanate. For the MCs produced with a higher agitation, the 

percentage of isocyanate decreases. For 1000 rpm the encapsulated isocyanate is around 62 wt% and 

for 3000 rpm is in the order of 61 wt%. These lower values are explained by the formation of PUa that 

is proven by the appearance of a peaks around 340 ÜC and 450 ÜC in the DTG. 

 

The formation of more polyurea with the increase in the stirring rate can be explained by the increase 

of the interface water-droplet. The isocyanate becomes more exposed to the continuous phase and 

reacts more easily than with a lower stirring speed. With these results, we can deduce that the MCs 

produced at 750 rpm are the ones who follow more closely the criteria defined for the MCs with a good 

size and the highest amount of encapsulated isocyanate. 
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Figure 29. Thermograms (on the left) and DTG (on the right) of the raw materials. 
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Figure 30. Thermograms (on the left) and DTG (on the right) of the produced MCs with different stirring speed. 
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4.1.1.2. Amount of PVA 
 

The quantity of emulsifier plays a crucial and necessary role in the production of MCs. A surfactant is 

present to diminish the interfacial tension between the continuous and dispersed phase, ensuring the 

stability of droplets by preventing their clumping and merging using electrostatic and/or steric repulsion 

mechanisms. The one used in this study is polyvinyl alcohol (PVA). As the quantity of PVA increases, 

the size decreases due to enhanced droplet stabilization, which in turn makes the coalescence process 

more difficult. The concentration of the emulsifier can be increased until a certain amount called critical 

micelle concentration where no change in the interfacial tension will occur when we increase the 

concentration of the emulsifier. However, the risk of depletion flocculation increases and the coalescence 

of particles can come as a downside [57]. This study employed the most effective stirring speed 

previously determined and used five different PVA concentrations to evaluate the best performance. The 

result of the yield and the parameters are shown in Table 8, and they are consistent with those previously 

obtained for the stirring speed.   

Table 8. Parameters and yield of the MCs produced changing the PVA amount. 

 

 

 

 

 

 

 

A noticeable contrast exists between the MCs created with a low PVA content (0.5, 1 and 1.5g) and 

those with a higher content (2g and 2.5g) is seen in Figure 31. For the ones with low amount the MCs 

are spherical and loose with no cracks observed. The MCs formed using 2 and 2.5g are spherical but 

seem to be agglomerated and the formation of PUa is very visible covering the MCs with needle-like 

structures. A decrease in size is observed when decreasing the amount of PVA. 

 

Parameter 
Stirring 

Speed (rpm) 
PVA 
(g) 

Yield 
(%) 

Amount of 
PVA 

750 0.5 63.7 

750 1 76.8 

750 1.5 77.9 

750 2 77.4 

750 2.5 75.22 
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Figure 32 and Table 9 show how the size distribution changes with variations in surfactant concentration. 

The histograms show a predominant clustering of results towards lower values. It is evident that an 

increase in surfactant quantity leads to a reduction in the size of the resulting MCs, decreasing their size 

from 196 to 29 Õm. The median size values are smaller than the mean, which is evident from the right-

skewed histograms. 

  

 

 

Figure 31. Optical microscopy (on the left) and SEM images (on the right) of the MCs produced changing the 
amount of PVA. 
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Table 9. Mean size, standard deviation, median of the change in the amount of PVA. 

 

 

 

 

 

  

The chemical studies for the MCs in Figure 33 show that isocyanate was encapsulated in the PBAT shell 

with the peaks appearing in FTIR (green region for isocyanate and purple for PBAT). The peaks of PUa 

(red zones) also appear throughout the different concentrations of PVA but are more prominent for the 

ones with higher amounts of PVA, as seen in microscopy images. The thermograms in Figure 34 show 

that the encapsulation of isocyanate, 62 wt% for 0.5 g, 60 wt% for 1 g, 64 wt% for 1.5 g and the lower 

values were obtained with 2 g and 2.5 g, 55 wt% and 51 wt%, respectively. The formation of polyurea 

for these two samples was already foreshadowed by the SEM images, and a high amount of it was 

formed, 10 wt% of PUa for 2 g of PVA and 2.5 g of PUa for 5 wt% PVA. The normalized derivative weight 

also confirms this formation of polyurea by the high intensity of the peaks when compared with the other 

samples and by the formation of a new peak for higher temperatures. 

 
Mean size 
(Õm) 

Standard 
Deviation 
(Õm) 

D25 (Õm) 
Median 
(Õm) 

D75 (Õm) 

0.5 g PVA 196 115 94 173 285 

1 g PVA 138 72 80 127 191 

1.5 g PVA 71 25 54 67 84 

2 g PVA 62 23 45 62 78 

2.5 g PVA 29 7 23 29 34 

Figure 32. Histograms of the change in the amount of PVA (mean Ñ standard deviation). 
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The high amount of polyurea formed when we increase the concentration of PVA is caused by the 

increase in the water-droplet interface, as a result of the decrease in the size of the droplets, making the 

reaction between water and HDI take place easily. The results of this study show that the best results 

were obtained with the concentration of 1.5 g of PVA in terms of size, morphology, and encapsulated 

isocyanate. When comparing the impact of the two parameters studied, the stirring speed is the one that 

changes more effectively the size of the MCs. The increase in the amount of PVA made the formation 

of PUa more common than when the stirring speed was increased.   

 

 

 

 

 

100 200 300 400 500 600

0

20

40

60

80

100

W
e
ig

h
t 
L
o
s
s
 (

%
)

Temperature (ºC)

 0.5 g PVA

 1 g PVA

 1.5 g PVA

 2 g PVA

 2.5 g PVA

100 200 300 400 500 600

0,0

0,2

0,4

0,6

0,8

1,0
N

o
rm

a
liz

e
d
 D

e
ri
v
a
ti
v
e
 W

e
ig

h
t 
(D

T
G

)

Temperature (ºC)

 0.5 g PVA

 1 g PVA

 1.5 g PVA

  2 g PVA

  2.5 g PVA

Figure 34. Thermograms (on the left) and DTG (on the right) for the change of the amount of PVA. 

Figure 33. FTIR spectra for the different stirring speeds. 
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4.1.2. Production of PBAT MCs with different aliphatic isocyanates, based on HDI 

 
An optimized protocol for a specific type of polymer or isocyanate could be less ideal for another type 

of polymer or isocyanate species. Nevertheless, in this work, the most successful parameters obtained 

from the study conducted for HDI encapsulation, were used for the encapsulation of the trimer 

(Desmodur N3900) and the prepolymer (Desmodur DN). These two isocyanates are HDI-based and are 

very commonly used in the industry. HDI has the problem of having a high vapor pressure (0.05 mmHg 

at 25 ÜC) [7], hence, it is normally converted to a trimer or a prepolymeric structure to increase the 

molecular weight and decrease the vapor pressure. The trimer employed in this work differs from the 

commonly employed trimer in that it possesses an asymmetrical structure. This characteristic is 

advantageous because, unlike symmetrical, asymmetrical trimers offer lower viscosity, which is a 

beneficial feature in most applications [3]. 

The encapsulation of the different isocyanates was achieved with a yield for the monomer of 77.9%, for 

the trimer 75.3% and for the polymer 76.3%. The morphology of the MCs obtained using the different 

isocyanates is visible in Figure 35. The MCs do not present any cracks on the surface and in general 

are smooth and loose. Spherical MCs were obtained for the monomer and trimer. For the encapsulated 

prepolymer, filament-shaped MCs along with round MCs are observed, which could be debris and /or 

shapeless MCs. Through SEM, it was not possible to identify any traces of PUa. The inside of the MCs 

with monomer were observed and the MCs formed are core-shell type (Figure 36). 

 

 

Figure 35. Morphology of the MCs with different isocyanates. Optical microscopy (on top) and SEM images (on the 
bottom). 
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Table 10 shows the size characteristics of the MCs. There is an increase in size explained by the 

increase in viscosity when we use the trimer or the polymer. For the trimer the viscosity is around 730 

mPa.s and for the polymer about 1250 mPa.s. Values are superior to the ones of the monomer that has 

only a viscosity of 3 mPa.s. The increase in viscosity favours the formation of bigger droplets because 

it prevents the droplet's breakdown process. By increasing the stirring rate and the amount of emulsifier 

it would be possible to witness a decrease in size. In figure 37 the histograms are presented, and the 

same phenomena happen as before with an accumulation of values of size to the right, resulting in a 

median size value below that of the mean size. D25 and D75 also show some broadening of the results. 

 

 

Figure 37. Histograms with the different isocyanates (mean Ñ standard deviation). 

Figure 36. SEM images of PBAT-monomer MCs showing the core-shell type MCs. 

0 100 200 300
0

20

40

60

80

100

 

 

F
re

q
u
e
n
c
y

Diameter (mm)

0 100 200 300
0

20

40

60

80

100

 

 

F
re

q
u
e
n
c
y

0 50 100 150 200
0

20

40

60

80

100

Mean = 104 ± 53 

Mean = 100 ± 54 

MCs-PBAT-Polymer

MCs-PBAT-Trimer

 

 

F
re

q
u
e
n
c
y

MCs-PBAT-Monomer

Mean = 71 ± 25 



 
37 

 

Table 10. Statistical values of the size of the MCs with different isocyanates. 

 

The MCs were subjected to NMR, TGA and FTIR analysis for qualitative and quantitative assessment. 

Figure 38, 39 and 40 present the 1H NMR spectra of the individual raw materials and MCs. The NMR 

signals were assigned according to their corresponding structures, and the 1H NMR spectra of the MCs 

demonstrate a significant alignment with the spectra of the raw materials. The split at 3.3 ppm is 

assigned to the -CH2 near the isocyanate groups into two signals (a triplet and a multiplet) is caused by 

the isocyanurate ring that is present in the trimer and the polymer. The trimer and the HDI-based polymer 

have similar structures as seen in the spectra. The PUa formation affects the signals of the hydrogen 

protons, particularly the protons directly correlated with the isocyanate group [91]. The absence of 

unexpected peaks or changes in multiplicity or chemical shifts in the MCs' spectra indicates that 

significant isocyanate polymerization did not occur during MCs production. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Mean 
size (Õm) 

Standard 
Deviation 
(Õm) 

D25 (Õm) 
Median 
(Õm) 

D75 (Õm) 

MCs-PBAT-Monomer 71 25 54 67 84 

MCs-PBAT-Trimer 100 54 56 90 131 

MCs-PBAT-Polymer 104 53 62 89 135 

Figure 38. 1H NMR spectra for the PBAT, monomer and the obtained MCs. 

PBAT 

Monomer 

MCs-PBAT-Monomer 
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Figure 39. 1H NMR spectra for PBAT, trimer and the obtained MCs. 

MCs-PBAT-Trimer 

Trimer 

Figure 40. 1H NMR spectra for PBAT, polymer and the obtained MCs. 

MCs-PBAT-Polymer 

Polymer 
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The characterization using FTIR was also performed and the spectra of the three isocyanates were 

studied (Figure 41). The peak around 2260 cmī1 is attributed to the stretching of N=C=O. The monomer 

has a higher intensity because it has a higher content of isocyanate groups compared with the other two 

isocyanates. The isocyanurate ring signals are observed at 1680 cmī1 and 764 cmī1, they come from 

the stretching of the C=O group at the heterocycle and the skeletal vibration of the isocyanurate ring, 

correspondingly. Asymmetric bending of CH2, when attached only to carbons, is around 1460 cmī1 and 

1356 cmī1 when attached to isocyanate groups. The peak at 1426 cmī1 is related to asymmetric bending 

of CH2 for the ones directly linked to the isocyanurate ring visible only for the trimer and the polymer.  

The FTIR spectra for the MCs are shown in Figure 42 and it is the merge of the signals obtained for 

PBAT and the encapsulated isocyanate showing the successful encapsulation of isocyanate (green 

zone) and the specific peaks for PBAT (purple) and the peaks of the isocyanurate ring (orange). The 

signals related to the PUa formation are only observed for the monomer. 
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Figure 41. FTIR spectra of the three different encapsulated isocyanates. 
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Figure 42. FTIR spectra of the MCs produced using the different isocyanates. 
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The thermograms of the different isocyanates (Figure 43) were obtained and it is observed that only HDI 

has one degradation step. The trimer and the HDI-based polymer have several degradation steps, two 

for the trimer and three for the polymer. These events occur within the temperature range of 190ÁC to 

515ÁC, a range previously documented for isocyanurates and polyurethanes, attributed to the thermal 

stability of the isocyanurate ring [97-99]. Hence, TGA is not very suitable to obtain the percentage of 

encapsulated isocyanate for the HDI-based isocyanates serving only as a qualitative method. Figure 44 

depicts the thermograms of the produced MCs, showing clear evidence of the encapsulation of various 

isocyanates and the convergence of the thermograms with the raw materials. Notably, a new peak in 

the normalized derivative weight emerges at around 325ÁC, which is more pronounced for the monomer 

and indicates the formation of PUa. 
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Figure 43. Thermogram (on the left) and DTG (on the right) of the isocyanates used. 
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Figure 44. Thermogram (on the left) and DTG (on the right) of the MCs with different isocyanates. 
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In an attempt to assess the isocyanate content within the MCs and determine whether there was any 

loss of isocyanate, TGA, titration, and NMR spectroscopy were employed for this investigation. 

Theoretically, the value of encapsulated isocyanate is around 68%. In Table 11 the obtained values are 

presented. The TGA can only be used for the monomer (HDI) due to only having one step of degradation. 

According to TGA, the percentage of encapsulated monomer is around 63.7 wt%, a good value of 

encapsulated isocyanate. Titration with 60 wt%, 64% and 65.3 wt% for the monomer, trimer, and 

polymer, respectively. NMR (figures 97, 98 and 99 in the appendix) gave values closer to the theoretical 

value, with values around 65.3 wt% for the monomer, 63.3% for trimer and 67.7 wt% for the polymer. 

Based on these findings, it is evident that the encapsulation was successful, resulting in a high content 

of encapsulated isocyanate, surpassing what has been achieved in similar studies [90, 91].  

Table 11. Characterization of the encapsulated isocyanate using TGA, titration and NMR. 

 

 

 

 

 

4.1.3. Study of the impact of the production parameters on the PBS MCs production 
 

 Although there are some examples, albeit very few, PBS has never been employed for encapsulating 

isocyanates. Therefore, the study of this system and the influence of production parameters is of high 

importance, in order to achieve the highest possible quality product (PBS MCs loaded with isocyanates).  

To begin, the polymer previously used, PBAT, was replaced with PBS, and dichloromethane was 

swapped for chloroform due to PBS's greater solubility in chloroform compared to dichloromethane. The 

reaction parameters were the same as when we started with PBAT (Table 3), therefore, it was used 3.25 

g of PBS, 25 g of chloroform, and 6.8 g of HDI. In Figure 45, the resulting MCs are observed. MCs with 

irregular shapes and sizes were formed. Problems during the production arose due to the immiscibility 

of the isocyanate (HDI) in the polymeric solution and an increase in chloroform (up to 30g) was 

necessary.  

 
TGA 
(wt%) 

Titration 
(wt%) 

NMR (wt%) 

MCs-PBAT-Monomer 63.7 Ñ 0.5 60.0 Ñ 0.8 65.3 Ñ 1.2 

MCs-PBAT-Trimer n.a. 64.3 Ñ 1.2 63.3 Ñ 0.5 

MCs-PBAT-Polymer n.a. 65.3 Ñ 1.7 67.7 Ñ 1.2 

50 mm500 mm

Figure 45. PBS MCs produced using the same production parameters to produce PBAT MCs. Optical microscopy 
image (on the left) and SEM image (on the right) 
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In Figure 46, the FTIR spectra of the raw materials and the produced MCs are presented. The specific 

peak of PBS at 1710 cm-1 is attributed to the stretching of C=O of the ester group. The stretching of the 

-C-O-C- link is observed at 1140 cm-1. The peak at 1045 cm-1 is the stretching of the -O-C-C bond. At 

1330 cm-1 the vibration of -CH2 groups are assigned. The spectrum of the MCs presents a merge of the 

spectra from HDI and PBS. No peaks of PUa are observed meaning a good encapsulation of the 

isocyanate.  

Figure 47 ensures that PBS has only one degradation step with only one defined peak on the DTG. 

Regarding the MCs, even with irregular shapes, they present a high content of isocyanate (more than 

60 wt%) as observed in the thermogram of Figure 48. Two degradations steps occur for the MCs, 

characteristic of the PBS and HDI. The percentage of encapsulated isocyanate is around 61 wt%. The 

formation of PUa is not observed (no thermal event at 325 ÜC). 
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Figure 46. FTIR spectra of the raw materials and the MCs formed. 
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Figure 47. Thermogram (on the left) and DTG (on the right) of raw materials. 
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After this, in an effort to optimize the production of spherical MCs, an attempt was made to produce 

hollow MCs. Initially, the same parameters as before were employed, but without the use of isocyanate. 

Under these conditions, the formation of MCs was observed (as shown in Figure 49), albeit in a very 

limited quantity, and the MCs were accompanied by debris. This observation indicates that the emulsion 

is not sufficiently stable to produce all of the desired spherical MCs. 

Then, to try to stabilize the emulsion, the polymer amount was reduced from 3.25 g to 2.25 g. This 

change not only helped to increase the number of MCs formed but also decreased the amount of 

irregular and not defined products. This modification was also necessary due to the solubility problem 

of the isocyanate in the polymer solution. However, this variation was still not enough, so to try to 

stabilize the emulsion properly, the amount of surfactant was increased to 2.5 g. With this adjustment, 

hollow MCs of PBS were obtained as seen in Figure 50 but still some debris of polymer were formed. 

The morphology of the MCs is different from the ones obtained with a PBAT shell with the surface being 

rough rather than smooth. This can be explained by the higher degree of crystallinity of PBS (35-45%), 

when compared with PBAT (around 15%) [100, 101]. 
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Figure 48. Thermogram (on the left) and DTG (on the right) of the formed MCs. 

Figure 49. Hollow PBS MCs. Optical microscope (on the left) and SEM (on the right). 
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Once the shape of the MCs was improved, the focus returned to loading them with isocyanates. The 

amount of HDI used for the encapsulation was altered to meet the same percentage of encapsulated 

isocyanate (68 wt%) as with PBAT (4.7 g in this case). The influence of the amount of isocyanate was 

studied with three different amounts 4.7 g (68 wt%), 2.25 g (50 wt%) and 1.13 g (33 wt%). 

The introduction of isocyanate led to the agglomeration and coalescence of the MCs, especially with a 

higher amount of HDI, Figure 51. For 4.7 g and 2.25 g the morphology is very irregular with different 

shapes and sizes. Only for 1.13g of isocyanate does the sphericity start to appear and dominate. This 

indicates that the introduction of isocyanate destabilizes the emulsion. 

 

 

 

 

 

 

 

 

 

 

 

The MCs FTIR spectra, Figure 52, show the typical signals of the raw materials and corroborate the 

encapsulation of isocyanate (green region) with the PBS polymer (purple region). The formation of PUa 

is slightly apparent, indicated by discernible peaks, although they exhibit very low intensity, in the red 

region. 

 

 

30 mm

Figure 50.  Optical microscope image (on the left) and SEM image (on the right ) showing the spherical hollow PBS 
MCs. 

300 mm

100 mm

200 mm

30 mm

Figure 51. SEM images of the effect of the variation of the amount of HDI on the morphology of the MCs. 

0 g 1.13 g 
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Figure 53 shows the thermogram and DTG of the MCs, and the encapsulated isocyanate is around 22 

wt%, 39 wt% and 60 wt% for 1.13g, 2.25 g and 4.7g of isocyanate, respectively. The DTG shows two 

peaks with more intensity. A peak around 250 ÜC appears that can be attributed to the formation of 

oligomers of HDI. The formation of PUa around 325 ÜC and 450 ÜC appears for 1.13 and 2.25 g with the 

peak at 325 ÜC slightly hidden by the PBS degradation peak. 

. 

As the initial criteria were not met and only a small quantity of isocyanate could be encapsulated by 

spherical MCs, a revised approach was explored in an attempt to enhance emulsion stability. Hence, a 

different emulsifier was tried out to see if we could obtain rounded MCs with a high content of isocyanate. 

Firstly, Gum Arabic was studied due to its smaller molecular weight compared to that of PVA [102]. 

Different concentrations of Gum Arabic (5 wt%, 10 wt% and 15 wt%) were tested. The parameters used 

are listed in Table 5. Figure 54 shows the results of the use of Gum Arabic as an emulsifier. With 5 wt% 
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Figure 53. Thermogram (on the left) and DTG (on the right) for the different isocyanate amounts for PBS MCs. 

3500 3000 2500 2000 1500 1000 500

4.7 g

2.25 g

T
ra

n
s
m

it
ta

n
c
e
 (

a
.u

.)

Wavenumber (cm
-1
)

1.13 g

Figure 52. FTIR spectra of PBS MCs with different amount of isocyanate. 
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or 10 wt% some MCs are formed with a round shape, but the presence of debris is more pronounced. 

Only with 15 wt% it is possible to obtain a stable emulsion and, therefore, good and well-defined MCs.  

 

The FTIR spectra shows (Figure 55) that the encapsulation of isocyanate occurred for all the different 

concentrations of Gum Arabic. It appears that PUa was not formed during the process, as only peaks of 

the isocyanate and the polymer used as the shell were observed.  

 

TGA confirms the encapsulation of isocyanate (Figure 56), as also concluded by FTIR and allows to 

determine the percentage of encapsulated isocyanate. It is 42 wt%, 46 wt% and 61 wt% for 5, 10 and 

Figure 54. Optical microscope (on top) and SEM images (on the bottom) of the structure of the MCs produced using 
different concentration (wt%) of Gum Arabic. 

Figure 55. FTIR spectra of the MCs produced using different concentrations of gum Arabic. 



 
47 

 

15 wt% of Gum Arabic, respectively. This shows that when we have a stable emulsion, the encapsulation 

of isocyanate increases. 5 wt% and 10 wt% have encapsulation values close to each other but an overall 

lower encapsulation since the emulsion was not so stable as for 15 wt% of Gum Arabic.  

While gum Arabic encapsulation yields favourable results, it requires a substantial amount of emulsifier 

to stabilize the emulsion. Consequently, an alternative emulsifier, Celvol, was tested. This surfactant is 

also PVA-based, but the hydrolysis degree is lower and has a higher molecular weight, which means it 

is more soluble in water than the PVA used before and the adherence to hydrophobic surfaces is higher 

as well [103]. With Celvol, spherical MCs with the target percentage of encapsulated isocyanate were 

successfully produced, utilizing the production parameters outlined in Table 12. The same parameters 

were applied to produce MCs with the other two aliphatic isocyanates as well. The MCs formed using 

this emulsifier can be seen in Figure 57. The MCs produced present a spherical shape and as seen 

before a rougher surface than PBAT MCs. This is attributed to the higher crystallinity of PBS. Between 

the different types of isocyanates, there are no major differences at the surface. The formation of 

filaments with DN does not occur. Unlike PBAT, the PBS MCs are matrix type. As seen in Figure 58, the 

inside of the MCs is not hollow with the isocyanate being dispersed in the PBS matrix. As a result of 

being matrix type, is expected a change in behaviour concerning the release of the isocyanate. 

Table 12. Production parameters to produce PBS MCs. 

 

Stirring Speed (rpm) Celvol (g) WP (g) Polymer (g) Chloroform (g)  Isocyanate (g) 

750 1 50 2.25 25 4.7 

Figure 56. Thermogram (on the left) and DTG (on the righgt) of the MCs produced using different concentrations of 
Gum Arabic. 
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The mean size of the MCs can be observed in Table 13 and the histograms in Figure 59. The MCs with 

the monomer are the ones who present a smaller size, of 39 Õm, while the MCs with the trimer have a 

size of 62 Õm, and the ones with the HDI-based polymer have a size of 59 Õm. The larger MCsË size 

obtained with the trimer and polymer HDI was explained before and is caused by the higher viscosity of 

these two isocyanates. The histogram shows the distribution of the values measured, and only for the 

monomer we have a right-skewed distribution. As indicated in Table 13, 75% of the MCs have a 

maximum length diameter of 51 Õm for MCs-PBS-Monomer, 84 Õm for MCs-PBS-Trimer, and 81 Õm for 

MCs-PBS-Polymer. 

 

  

Figure 57. Microscopic imagem (on top) and SEM images (on the bottom) of the PBS MCs with different 
encapsulated isocyanates.  

20 mm40mm

Figure 58. SEM images of the morphology of the inside of the PBS MCs. 
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Table 13. Mean size and statistical parameters of the PBS MCs. 

 

 

 

The chemical characterization of this new PBS MCs was done by 1H NMR, FTIR and TGA. Figure 60, 

61 and 62 present the 1H NMR spectra of the raw materials and the 3 different types of MCs. The NMR 

signals were assigned based on their respective structures, and the 1H NMR spectra of the MCs exhibit 

a good merging with the spectra of the raw materials. No extra peaks or changes in the multiplicity or 

chemical shifts in the MCsô spectra occurred, which indicates that a significant isocyanate polymerization 

did not occur during the emulsion or filtration stage. 

 

 

 

 
Mean size 
(Õm) 

Standard 
Deviation (Õm) 

D25 (Õm) Median (Õm) D75 (Õm) 

MCs-PBS-Monomer 39 21 23 34 51 

MCs-PBS-Trimer 62 27 36 65 84 

MCs-PBS-Polymer 59 26 37 58 81 

Figure 59. Histograms for PBS MCs with different isocyanates (mean Ñ standard deviation). 
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Figure 61. 1H NMR spectra for the raw materials and the PBS MCs with trimer. 

MCs-PBS-Trimer 

Trimer 

Figure 60. 1H NMR spectra for the raw materials and the PBS MCs with monomer. 
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The FTIR spectra of the MCs (Figure 63) can be considered a merge of the PBS (purple region) and 

isocyanates spectra since the comparison of the spectra of raw materials with the spectra of MCs allows 

us to discard the presence of new peaks. The isocyanate encapsulation is verified by the presence of a 

peak around 2260 cmϖĭ (in the green region). Peaks associated with the isocyanurate ring are evident 

for the trimer and polymer (in orange). Peaks attributed to PBS are observed, and there are no peaks 

indicating the formation of PUa (in the red zone). 
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Figure 63. FTIR spectra of the PBS MCs with different aliphatic isocyanates. 

Figure 62. 1H NMR spectra for the raw materials and the PBS MCs with polymer. 
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The thermograms in Figure 64 confirm the data provided by the FTIR spectra by showing the success 

of the encapsulation of isocyanate. As detailed in the preview section by PBAT MCs, the trimer and 

polymer are more difficult to study by TGA due to the multiple degradation steps occurring between 190 

ÁC and 515 ÁC. Consequently, a precise evaluation of the MCs' payload and PUa formation is 

complicated. Nonetheless, by comparing the peak ratios of the individual isocyanates with those of the 

MCs it is possible to infer that very few polyurea was formed. This is a positive aspect of these MCs 

compared to the PBAT ones, where the formation of PUa, especially for HDI, occurred easily. 

The percentage of encapsulated isocyanate was studied by TGA and NMR. Titration became a useless 

characterization method because the PBS MCs are matrix type, consequently, not all the encapsulated 

isocyanate is released to the medium, underestimating the value of isocyanate present in the MCs. 

Table 14 displays the payload values. The values acquired are remarkable with practically no loss of 

isocyanate happening in all samples. For the monomer, the values are very close to the theoretical value 

(68 wt%). The values for the trimer and the polymer, although also surprisingly high, are superior to the 

theoretical value. This can be explained by an inadvertently higher use of isocyanate in the MCsË 

production or a lower amount of polymer that changes the theoretical percentage of encapsulated 

isocyanate. These values also explained why no PUa was observed, meaning that PBS protects better 

than PBAT the isocyanate from reacting with humidity/water during the production. Between the different 

isocyanates used, almost no difference is visible, with the three of them being easily encapsulated in a 

PBS matrix. The NMR spectra are present in the appendix (Figure 100, 101 and 102).  

Table 14. Values of encapsulated isocyanate for the PBS MCs. 

 

 

 

 

 TGA (wt%) NMR (wt%) 

MCs-PBS-Monomer  67 Ñ 0.5 67.5 Ñ 0.5 

MCs-PBS-Trimer n.a. 70 Ñ 1 

MCs-PBS-Polymer n.a. 69.7 Ñ 2.1 
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Figure 64. Thermograms (on the left) and DTG (on the right) of the PBS MCs with different aliphatic isocyanates. 
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4.2. Stability of the microcapsules  
 

4.2.1. Storage of PBAT MCs  
 

A portion of the MCs was placed in a desiccator at room temperature (20ï25 ÁC), while the remaining 

MCs were exposed to an environment with a relative humidity (RH) ranging from 35% to 60% at room 

temperature (18ï25 ÁC). The MCs stability was monitored using FTIR and TGA for 1, 2 and 3 months. 

The test was performed for the MCs with the three different encapsulated isocyanates.  

When monomer-encapsulated MCs were placed inside a desiccator, there was a gradual reduction in 

the concentration of isocyanate over three months. The FTIR spectra (Figure 65) show the loss and 

transformation of isocyanate into PUa. During the initial two months, the rise in PUa concentration is not 

particularly prominent, as indicated by the red zones. However, after three months, PUa becomes 

predominant in the spectra, with almost no isocyanate remaining, and the peak exhibits very low 

intensity, denoted by the green zone. The thermogram (Figure 66) shows this decrease in isocyanate 

and an increase in PUa. The DTG also makes this clear by showing a decrease in the intensity of the 

isocyanate-related peaks and a corresponding increase in the intensity of the PUa peaks. The formation 

of oligomers of isocyanate also takes place and is evident in the appearance of the peak around 250 

ÜC. According to the thermograms, the percentage of encapsulated isocyanate was 66 wt% immediately 

after production, which decreased to 57 wt% after one month, 53 wt% after two months, and 46 wt% 

after three months. The loss is significant, and it is advisable to store the MCs ideally for a period ranging 

from one to two months. 
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Figure 65. FTIR spectra of the MCs-PBAT-Monomer inside a desiccator before and for three months. 
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The MCs with the monomer stored at room conditions have a superior loss when compared to those 

stored inside the desiccator. This is displayed by the FTIR spectra in Figure 67 where we observe a 

swift reaction between isocyanate and water, leading to PUa peaks being more intense at an earlier 

stage than the MCs stored inside, even after 2 months. After 3 months, the isocyanate peak nearly 

disappears. The thermograms (Figure 68) reinforce the same information as FTIR with a more brutal 

decrease of isocyanate than seen formerly. The DTG illustrates the increase in PUa formation and the 

formation of isocyanate oligomers. According to the thermograms, after production, the percentage of 

encapsulated isocyanate was 66 wt%, after 1 month 47 wt%, 19 wt% after two months and 8 wt% after 

three months. These are not the ideal conditions for the storage of the MCs and, as a result, they should 

be stored in an environment where the humidity is as low as possible to increase their shelf life. 

 

 

 

 

 

 

 

 

 

 

 

Figure 66. Thermogram (on the left) and the DTG (on the right) of the MCs-PBAT-Monomer before and after three 
months stored in a desiccator. 
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Figure 67. FTIR spectra of the MCs-PBAT-Monomer outside a desiccator before and for three months. 
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The reduction in the amount of isocyanate in MCs containing the trimer is also evident and is visible in 

Figure 69. It is shown that the formation of PUa takes some time with the peaks starting to be more 

visible after 2 months. After 3 months, the decrease is higher with a bigger reduction of the isocyanate 

peak. The PUa peaks are less intense because the trimer has fewer NCO groups than the monomer. 

The thermograms (Figure 70) illustrate the same decrease in encapsulated isocyanate. The DTG can 

give more information indicating a decrease in the initial peak and reveals the formation of PUa through 

the heightened peak around 325 ÜC.  

 

 

Figure 68. Thermogram (on the left) and the DTG (on the right) of the PBAT MCs with monomer encapsulated 
before and after three months stored at room conditions. 
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Figure 69. FTIR spectra of the MCs-PBAT-Trimer inside a desiccator before and for three months. 
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The MCs containing the trimer, when stored outside, experience a more rapid loss than inside the 

desiccator due to the humidity present in the environment. In Figure 71 the FTIR spectra are presented 

and upon comparison with Figure 69, the behaviour appears analogous for both samples, whether they 

are stored inside or outside the desiccator. After 2 months the PUa peaks seem more prominent and in 

the next month the PUa peak is more developed, and the isocyanate peak decreases in intensity. The 

thermogram (Figure 72) illustrates the gradual reduction in the trimer quantity over time. However, the 

DTG analysis more effectively depicts this decline, showcasing the diminishing isocyanate peak and the 

formation of PUa. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 70. Thermogram (on the left) and the DTG (on the right) of the PBAT MCs with trimer encapsulated before 
and after three months stored in a desiccator. 
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Figure 71. FTIR spectra of the MCs-PBAT-Trimer outside a desiccator before and for three months. 
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The HDI-based polymer is the one that stands out from the three different isocyanates. Throughout the 

3 months, the loss is little when stored inside a desiccator. When examining the FTIR spectra (Figure 

73), it appears that the isocyanate peak remains relatively stable, and while the PUa peak is formed, its 

intensity remains quite low. In the thermograms, the overlapping of the curves makes it challenging to 

identify any losses. However, the DTG (Figure 74) analysis does reveal some losses of isocyanate, 

primarily with the sole peak decreasing at approximately 370 ÜC of three months. The PUa peak is not 

observed but the formation is confirmed by the FTIR spectra.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 72. Thermogram (on the left) and the DTG (on the right) of the MCs-PBAT-Trimer before and after three 
months stored at environmental conditions. 
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Figure 73. FTIR spectra of the MCs-PBAT-Polymer inside a desiccator before and for three months. 
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The MCs left out of the desiccator have different behaviour with the FTIR spectra (Figure 75) showing 

the decrease in the isocyanate peak and the increase visible of both PUa-related peaks. During the 

initial months, the thermograms exhibit overlap, but in the last month, a more pronounced decrease 

becomes evident. The DTG (Figure 76) shows a decrease in the peak around 277 ÜC and 370 ÜC. This 

demonstrates that the environmental conditions deteriorate the isocyanate encapsulated in all cases. 

Hence, to extend the shelf life, the best option is to store them in an environment with low humidity as 

possible.  
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Figure 75. FTIR spectra of the MCs-PBAT-Polymer outside a desiccator before and for three months. 

 

Time 0 

Figure 74. Thermogram (on the left) and the DTG (on the right) of the PBAT MCs with HDI-based polymer 
encapsulated before and after three months stored at environmental conditions. 

Time 0 
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In Table 15, a sum up of the data obtained in this chapter is exhibited.  

 

Table 15. Summary of the storage test performed for PBAT MCs. 

 

4.2.2. Tests of stability in solvents 
 

The PBAT and PBS MCs were tested in four different solvents over time: water, ethyl acetate, acetone, 

and hexane. These solvents are present in the adhesive formulation and the goal is to analyse the 

behaviour of the MCs in the solvents to understand if a 1K adhesives can be produced. 

4.2.2.1. PBAT MCs 
 

In the case of MCs of PBAT with HDI in a water environment (as shown in Figure 77), the formation of 

PUa occurs very rapidly, and within just three days, there is no detectable isocyanate remaining. After 3 

days, the signal for the -NCO group disappears and the peaks of polyurea become more prominent. 

The TGA also shows a decrease in the isocyanate with no presence of this compound after three days. 

 

 

 

 MCs-PBAT-Monomer MCs-PBAT-Trimer MCs-PBAT-Polymer 

Inside 
Desiccator 

Loss of 20 wt% of 
isocyanate after 3 months 

Uncontrollable formation of 
PUa after 2 months 

Negligeable loss observed 
after 3 months 

Outside 
Desiccator 

Loss of 59 wt% of 
isocyanate after 3 months 

Uncontrollable formation of 
PUa after 2 months 

Intense loss of isocyanate 
groups after 1 month 

Figure 76. Thermogram (on the left) and the DTG (on the right) of the MCs-PBAT-Polymer before and after three 
months stored at environmental conditions. 
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In ethyl acetate (Figure 78) the MCs are lixiviated and lose almost their entire quantity of isocyanate in 

one day with the value of isocyanate present being less than 10 wt% according to the TGA. In the FTIR 

spectra, it is possible to observe a decrease in the peak related to the isocyanate groups, but the signal 

corresponding to PUa does not increase in the same manner, which indicates the leaching. The same 

features occurred in acetone as shown in Figure 79. In hexane (Figure 80), the MCs lost less isocyanate, 

but the formation of PUa was more pronounced. 

  

  

Figure 77. MCs-PBAT-Monomer in water for 3 days. FTIR spectra (on the left) and TGA (on the right). 

Figure 78. MCs-PBAT-Monomer in ethyl acetate for 1 week. FTIR spectra (on the left) and TGA (on the right). 
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For MCs with the HDI-based trimer, it is noticed that water penetrated easily through the MCs resulting 

in, after one week, nothing left of isocyanate groups while the PUa peaks became prominent (Figure 

81). The DTG shows a decrease in isocyanate (DTG peak around 280 ÜC) and an increase in PUa. 

When immersed in the other solvents (Figure 82, 103 and 104 in the appendix) for a week, there was a 

loss of isocyanate, but still a small amount remained. The FTIR spectra and thermograms exhibited 

similar trends as observed in the water samples, with a decrease in the first peak (NCO) and an increase 

in the second peak (PUa) over time. The leaching of the MCs exposes the isocyanate to the 

environment, making the formation of PUa progressively easier as time elapses. 

  

Figure 80. MCs-PBAT-Monomer in acetone for 1 week. FTIR spectra (on the left) and TGA (on the right). 

Figure 79. MCs-PBAT-Monomer in hexane for 1 week. FTIR spectra (on the left) and TGA (on the right). 
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The MCs with the HDI-based polymer follow the same pattern as displayed before. Just after 3 days in 

water (Figure 83) they do not present any evidence of isocyanate groups in the FTIR spectra and an 

increase in the PUa formation occurred. The information given by DTG shows the decrease in the first 

peak around 270 ÜC and the increase and differentiation of the peak at 350 ÜC into two, one at 360 ÜC 

and another at 400 ÜC corresponding to the increase of the formation of PUa and the degradation of 

PBAT, respectively. For the organic solvents (Figures 84, 105 and 106 in the appendix), the decrease in 

the isocyanate content happens also, but still, some of the isocyanate is still present in the MCs after 

their lixiviation. The FTIR spectra show this reduction of the isocyanate group and the continuous 

formation of PUa with the peaks consistently appearing through the studied period. Furthermore, the 

precise concentration of various solvents in the adhesive formulation remains unknown. The fact that 

the PBAT MCs are core-shell also influences the results making the reaction with water easier and 

facilitating the lixiviation of the isocyanate. 

Figure 81. MCs-PBAT-Trimer in hexane for 1 week. FTIR spectra (on the left) and DTG (on the right). 

Figure 82. MCs-PBAT-Trimer in water for 1 week. FTIR spectra (on the left) and DTG (on the right). 
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4.2.2.2. PBS MCs 
 

In the case of PBS MCs with HDI, it is evident that in water, the isocyanate disappears within 3 days as 

observed in the FTIR spectra (Figure 85). TGA results reveal that after one day, over 20 wt% of the 

isocyanate remains within the MCs. The formation of PUa is clearly indicated by the increased intensity 

of the related peaks in FTIR. 

 

 

 

 

Figure 83. MCs-PBAT-Polymer in water for 1 week. FTIR spectra (on the left) and DTG (on the right). 

Figure 84. MCs-PBAT-Polymer in hexane for 1 week. FTIR spectra (on the left) and DTG (on the right). 
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In ethyl acetate (Figure 86), the lixiviation happens very quickly leaving almost nothing, less than 10 

wt% after a week. Acetone (Figure 87) causes nearly complete isocyanate leaching after 1 week. 

Regarding the MCs in hexane (Figure 88), there appears to be a slightly higher level of protection. It is 

worth noting that the intensity of the peak in FTIR is still greater than that of the other solvents. 

Additionally, the TGA results show that less than 10 wt% of the isocyanate remains, which is a favourable 

outcome when compared to the other substances. 

Some peaks of polyurea can appear after exposure to the organic solvents (not water), however this 

might be due to the filtration process needed to collect MCs from the solvents, and humidity that can 

form this polymer. The isocyanate does not react with the solvents (except water) because they do not 

have an active hydrogen to react with. 

 

 

 

 

Figure 85. MCs-PBS-Monomer in water for 1 week. FTIR spectra (on the left) and TGA (on the right). 

Figure 86. MCs-PBS-Monomer in ethyl acetate for 1 week. FTIR spectra (on the left) and TGA (on the right). 
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In the case of PBS MCs containing the HDI-based trimer, it is observed a loss of the isocyanate after 

one day in water, as displayed in the FTIR (Figure 89) spectrum. The DTG also shows this decrease in 

isocyanate content with the first peak decreasing and the second peak increasing showing the formation 

of PUa. In ethyl acetate (Figure 107 in the appendix) also occur loss of the isocyanate groups after 1 

week, as presented in FTIR. Both hexane and acetone (Figure 89 and 108 in the appendix) have similar 

behaviour with the presence of isocyanate in FTIR and DTG after one week. 

 

Figure 87. MCs-PBS-Monomer in acetone for 1 week. FTIR spectra (on the left) and TGA (on the right). 

Figure 88. MCs-PBS-Monomer in hexane for 1 week. FTIR spectra (on the left) and TGA (on the right). 
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The PBS MCs with the HDI-based polymer presented the same features as the other PBS MCs in 

solvents. In water, the peak of the isocyanate group disappears after three days (Figure 91). In contrast, 

in the other solvents (Figure 92, 109 and 110 in the appendix), the isocyanate peak was still observed 

after one week. Hexane exhibited a higher intensity compared to ethyl acetate and acetone, where the 

peaks decreased but some signal was still discernible. The DTG analysis of hexane corroborates the 

information from the FTIR spectra by showing the persistence of the isocyanate peaks over time. 

 

 

 

Figure 89. MCs-PBS-Trimer in hexane for 1 week. FTIR spectra (on the left) and DTG (on the right). 

Figure 90. MCs-PBS-Trimer in water for 1 week. FTIR spectra (on the left) and DTG (on the right). 
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After observing all the different MCs in the different solvents, it can be summarized that MCs suffer 

losses in all cases. Water is the most critical solvent consuming always the entire encapsulated 

isocyanate after a week. For the other solvents and across the three different isocyanates, MCs often 

manage to retain a small portion of isocyanate, with a significant portion escaping from the capsule 

within a day. Hexane is the organic solvent that lixiviates less the polymer shell/matrix. Considering this 

study, in the adhesive formulation the protection conferred by the polymer will only last a few days with 

the release of the isocyanate being quite quick although the concentrations of the solvents can be very 

different. The exposure to the environment may have interfered with the results due to the lixiviation 

making the isocyanate more exposed and able to react during the filtration after immersion of the MCs 

in the solvent and during the drying after filtration. When comparing the two different polymers, no major 

differences are observed. The fact that PBS MCs are matrix type does not seem to influence the tests, 

as they exhibit a similar behaviour to that of PBAT MCs that are core-shell.  

Figure 92. MCs-PBS-Polymer in hexane for 1 week. FTIR spectra (on the left) and DTG (on the right). 

Figure 91. MCs-PBS-Polymer in water for 1 week. FTIR spectra (on the left) and DTG (on the right). 
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4.3. Production and characterization of adhesive joints 
 

4.3.1. Viscosity measurements 
 

For the viscosity analysis, an adhesive formulation was prepared by mixing the hardener (isocyanate), 

at 5 wt%, with Plastik 6275 (commercial PU adhesive). The analysis of the viscosity of the adhesive 

formulation is intended to evaluate the crosslinking potential of different isocyanates and 

microencapsulated isocyanates, as well as the protective features provided by MCs. Viscosity 

measurements were conducted on the various formulations over a 7-day period. This study was only 

conducted for the PBAT MCs. 

Figure 93 presents the results of the viscosity measurements, first just using the isocyanates and then 

the MCs loaded with the isocyanates. Table 18 and 19 in the appendix present the values obtained. At 

a first glance, it is possible to notice that the not encapsulated isocyanates have an exponential increase 

in viscosity after 1 week. The study of the viscosity of the trimer (encapsulated and not encapsulated) 

on the seventh day was not possible because already had solidified, with the viscosity raising so much, 

that it was not possible to be measured by the equipment. The behaviour of the trimer is explained by 

the fact that these isocyanate molecules contain three isocyanate groups, making the crosslinking of 

the chains easier to occur. Thus, making the transition from a sol to a gel faster compared to the other 

two isocyanates which after seven days, have lower values for the viscosity.   

The encapsulation appears to protect and retard the reaction of the isocyanate with the free hydroxyl 

groups of Plastik 6275, decreasing the curing speed of the adhesive, as observed in the figure below. 

These results corroborate those from the tests of the MCs in the solvents. The tests in the solvents show 

that, normally, after one day, most of the encapsulated isocyanate leaves the MC. Lixiviation of the MCs 

need to happen so that contact between the two components occurs. This phenomenon leaves the 

isocyanate free to react with the hydroxyl groups. Hence, the microencapsulation significantly delays 

the raise in viscosity of the adhesive formulation. 
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Figure 93. Results of the viscosity measurements for the not encapsulated isocyanate (on the left) and the 
encapsulated isocyanate (on the right). 
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4.3.2. Dispersion test 
 

In the production of the adhesive joints, once the adhesive formulation has been applied, the substrates 

are allowed to sit and let the solvent in Plastik 6275 evaporate. After the evaporation, on top of the 

substrate, an adhesive film with the MCs is formed. The dispersion of the MCs can offer insights into 

the behaviour of the adhesive joint during their mechanical characterization. 

Figure 94 displays the substrates with the films formed. When using only Plastik 6275 on the substrate, 

a smooth surface is observed. Regarding MCs with HDI, the PBAT MCs exhibited uniform dispersion. 

When dealing with PBS MCs, achieving dispersion is a straightforward process, and the MCs appear to 

be well-distributed within the substrate.  For the trimer, the formation of lumps (white spots in the 

substrate) occurred in the process and so the isocyanate was not well dispersed throughout the surface 

of the joint. This happened for both PBAT and PBS MCs. The HDI-based polymer exhibited the same 

phenomena as the trimer, with both types of MCs forming aggregates or lumps. The formation of these 

agglomerates creates defects in the adhesive that will influence the mechanical properties. 

Plastik 6275 Plastik 6275 +    
MCs-PBAT-Monomer 

Plastik 6275 +    
MCs-PBAT-Trimer 

Plastik 6275 +    
MCs-PBAT-Polymer 

Plastik 6275 +    
MCs-PBS-Monomer 

Plastik 6275 +    
MCs-PBS-Trimer 

Plastik 6275 +    
MCs-PBS-Polymer 

Figure 94. Dispersion of the MCs on the surface of the adhesive's substrate. 



 
70 

 

In summary, with the dispersion tests on the substrates, it was apparent that the MCs loaded with HDI 

exhibited the best dispersion, potentially resulting in improved performance in the final adhesive 

products. The poorer dispersion of the other MCs may be due to their larger size or different surface 

characteristics of the shells, leading to increased clumping. However, this aspect may be offset by the 

adhesive strength, assessed through peel and creep tests, which the HDI-trimer and polymer may offer. 

4.3.3. Peel strength tests 
 

The peel strength is an important parameter for assessing whether the encapsulation of isocyanate has 

an impact on the mechanical properties of the joints. This test follows the standard EN 1392 that informs 

about the test parameters and how to interpret the obtained results. In Table 16 the required upper-sole 

bond strength is displayed. According to these values, depending on the value obtained, the adhesive 

joint can be used for different types of footwear, ranging from infant footwear to mountain footwear. The 

minimum required strength so that the adhesive joint can be applied in the footwear industry is 2.5 

N/mm. In an adhesive, the failure of the adhesive bond can be categorized in 3 different types. Adhesive 

failures occur when the crack propagates through the adhesive-substrate interface, implying that the 

adhesion of the adhesive to the substrate is low. Cohesive failure is the propagation of a crack by the 

break of chemical bonds within the adhesive material. Last, the material failure is the collapse of the 

substrate with no harm to the adhesive or the interface.  

Table 16. Minimum upper-sole bond strength requirements in the footwear industry according to standard EN 
1392. Adapted from [104]. 

Shoes Peel Strength per unit width (upper/sole) 

Infant footwear 
Indoor footwear 
Fashion footwear 

Ó 2.5 N/mm 

Men and women town 
footwear 

Cold weather footwear 
Casual footwear 

Ó 3.0 N/mm, or Ó 2.5 N/mm with material failure 

Children footwear 
General sports footwear 

Ó 4.0 N/mm, or Ó 3.0 N/mm with material failure 

Mountain footwear Ó 5.0 N/mm, or Ó 3.5 N/mm with material failure 

 

 

In Figure 95 and Table 20 (in the appendix) the results of the peel strength tests done according to the 

footwear industry standards are presented.  All the values are above the threshold value, meaning that 

the application in footwear can be executed. For the joints with the glue and not encapsulated 

isocyanate, there is a general increase in peel strength compared with the value obtained for the glue. 

Only HDI (monomer) has a decrease in strength, a justification for this could be the high volatility of this 

compound, which causes isocyanate to be lost during the drying and reactivation step. The trimer is the 

one that presents a higher strength owing to the crosslinking that the several isocyanate groups provide. 

The polymer isocyanate has a high standard deviation, but it is a good hardener of the adhesive. When 

introducing the encapsulated isocyanate, the peel strength decreases in the majority of the cases, 
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namely for the encapsulated HDI trimer and polymer. This decrease is expected by the sometimes-poor 

distribution of isocyanate in the substrate and the agglomerated MCs acting as a defect in the joint. The 

only case where an increase is observed in MCs-PBAT-Monomer and MCs-PBS-Monomer. This 

difference could be explained by the high volatility of the HDI monomer as stated before and, in this 

case, encapsulating this isocyanate reveals to be an advantage to prevent its premature release. The 

improvement of properties with the use of MCs reinforces this feature. These results are also due to the 

good dispersion of the MCs containing the HDI monomer, that was visible at the surface of the substrate, 

as stated before. Between the different shell materials, PBAT is the one that appears to predominantly 

minimize the effects of the microencapsulation of isocyanate. This may perhaps be explained by the 

high elongation at break of PBAT, presenting more plasticity compared to PBS.  

In the tests performed, much of the failure occurred in the substrate material. Despite the decrease in 

strength that the use of HDI trimer and polymer MCs caused, the fact that the failure of the joint occurred 

in the material, makes the joints possible to be used in all types of footwear, passing the 3.5 N/mm mark. 

So, encapsulating any of these isocyanate species does not compromise the application of these 

adhesives in the envisaged application. The only exception is the joint with MCs-PBS-Polymer that 

cannot be applied in mountain footwear, the more demanding between the different categories. 

After the peel test, the substrates show a complete rupture of the capsules. Hence, it can be inferred 

that the MCs successfully released the isocyanate during the adhesive joint manufacturing process, and 

the presence of the polymers (PBAT or PBS) does not have an adverse effect on the peel strength of 

the adhesive joint. These outcomes are aligned with the standards expected in the footwear industry. 

  

 

 

Figure 95. Results of the peel strength test using the MCs. 

Pla
st
ik
 6

27
5

M
on

om
er

M
C
s-

PBAT-M
on

om
er

M
C
s-

PBS-M
on

om
er

Trim
er

M
C
s-

PBAT-T
rim

er

M
C
s-

PBS-T
rim

er

Pol
ym

er

M
C
s-

PBAT-P
ol
ym

er

M
C
s-

PBS-P
ol
ym

er

0

1

2

3

4

5

6

7

P
e

e
l 
s
tr

e
n
g

th
 p

e
r 

u
n

it
 w

id
th

 (
N

/m
m

)



 
72 

 

4.3.4. Creep tests 
 

The primary function of isocyanate in the upper-sole bond sort of adhesive is to enhance the crosslinking 

within the adhesive joint, thus leading to increased resistance to creep and heat. The creep test enables 

to test the creep strength, a parameter directly linked to the adhesive's ability to withstand temperature 

variations under continuous stress without structural damage. This attribute is particularly important 

because footwear frequently experiences significant temperature variations during storage, exposure, 

and usage. In Table 17 the results of the creep tests are presented for only Plastik 6275, Plastik 6275 

with encapsulated and not encapsulated isocyanate. 

The results of the creep test of 6275 show that the temperature resistance is very low. With the opening 

of the adhesive starting at 60 ÜC and at 70 ÜC full opening occurs. When isocyanate is added to the 

adhesive, the expected result is an increase in creep resistance. This increase in creep resistance is 

observed for the non-encapsulated isocyanate as well.  

In the case of the monomer and trimer, the opening of the joint starts at 60 ÜC, reaching full opening at 

90ÁC for the monomer. However, for the isocyanate polymer, no opening is observed for the range of 

temperatures studied. This means that this isocyanate is more effective in enhancing creep resistance 

due to an already present polymeric chain.  

In the case of encapsulated isocyanates, the release of isocyanate led to an increase in creep resistance 

due crosslinking phenomena. In the MCs with HDI encapsulation, the opening was diminished until the 

higher temperature (90Á C) was reached, at which point full opening occurred in all the joints. For MCs 

with HDI, displacement commenced only at 80ÁC, signifying that encapsulation effectively shields the 

isocyanate from early evaporation or degradation, resulting in enhanced results. These findings align 

with the outcomes of the peel tests as well. 

In the case of the trimer, opening was observed in the PBAT MCs, while there was no opening at all in 

the PBS MCs. As for the polymer, microencapsulation with PBAT maintained the previously observed 

properties without microencapsulation, but with PBS MCs, a decline in properties became apparent, 

culminating in full opening at 80ÁC. Therefore, MCs-PBS-Trimer and MCs-PBAT-Polymer are the optimal 

choice for temperature-resistance adhesive joints.  

The degradation of properties of the adhesive joint happens mainly due to the defects imposed in the 

deposition of the adhesive formulation with the formation of agglomerates of MCs that will not disperse 

the isocyanate on the interface evenly. Consequently, decreasing the crosslinking and causing the 

premature opening of the adhesive. This is seen in the case of MCs-PBAT-Trimer and MCs-PBS-

Polymer. The poorer result of these two joints could be explained by a higher concentration and higher 

number of agglomerates formed than in the other joints.  

An interesting fact is that the presence of the polymer shell in the adhesive formulation can increase the 

resistance to creep by the incorporation of the MCsô shell in the formula after the release of isocyanate 

with both polymers used having good mechanical properties (PBAT good plasticity and PBS good 

rigidity). This is exemplified with MCs with encapsulated HDI where the opening of the adhesive joint 
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barely occurs compared with the non-encapsulated HDI. Resistance to opening occurs until 90ÜC. 

Hence, the fact that PBS MCs are matrix type, does not seen to negatively influence the mechanical 

properties of the joint and the release of isocyanate in the formulation. Also, the difference in behaviour 

can be concluded to derive mainly from the quality of MCs dispersion withing the adhesive layer and not 

so much on the type of MCs. The quality of MCs dispersion within the adhesive layer can be optimized 

in a production line once all process parameters are controlled. 

  

Table 17. Creep test results of the adhesive joints. 

Sample 60 ÜC 70 ÜC 80 ÜC 90 ÜC 

6275 1.0 Ñ 0.3 cm Full Opening Full Opening  Full opening 

6275 + Monomer 0.33 Ñ 0.05 cm 1.2 Ñ 0.7 cm 9.3 Ñ 1.0 cm Full opening 

6275 + MCs-PBAT-
Monomer 

0 Ñ 0 cm 0 Ñ 0 cm 0.77 Ñ 0.25 cm Full opening 

6275 + MCs-PBS-Monomer 0 Ñ 0 cm 0 Ñ 0 cm 0 Ñ 0 cm Full opening 

6275 + Trimer 0 Ñ 0 cm 0.27 Ñ 0.05 cm 0.63 Ñ 0.12 cm 2.8 Ñ 1.0 cm 

6275 + MCs-PBAT-Trimer 0.067 Ñ 0.09 cm 0.57 Ñ 0.17 cm 1.7 Ñ 0.9 cm 3.1 Ñ 0.8 cm 

6275 + MCs-PBS-Trimer 0 Ñ 0 cm 0 Ñ 0 cm 0 Ñ 0 cm 0 Ñ 0 cm 

6275 + Polymer 0 Ñ 0 cm 0 Ñ 0 cm 0 Ñ 0 cm 0 Ñ 0 cm 

6275 + MCs-PBAT-Polymer 0 Ñ 0 cm 0 Ñ 0 cm 0 Ñ 0 cm 0 Ñ 0 cm 

6275 + MCs-PBS-Polymer 0 Ñ 0 cm 0.87 Ñ 0.05 cm Full opening Full opening 
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Chapter 5. Conclusions and Future Work 
 

The objective of this study was to assess the feasibility of producing MCs using a biodegradable shell 

material for the purpose of enclosing aliphatic isocyanates, with a focus on their utilization in adhesive 

bonding within the footwear industry, with no harm to the workers and promoting higher sustainability. 

The manufacture of MCs using PBAT and PBS as shell materials proved successful when employing 

various isocyanates (HDI monomer, trimer, and polymer) as active components. These MCs met the 

specified requirements, imposed by the industry, exhibiting a spherical structure with no formation of 

cracks or holes.  

This study is the first to report the encapsulation of isocyanate in a PBS matrix with notable results and 

to study the encapsulation of HDI-based isocyanates using the solvent evaporation method. The yield 

of the process was relatively high (Ó70%) with a high content of isocyanate loading in the MCs produced, 

if compared to the literature on this topic. The production parameters have an important impact on the 

shape and size of the final MCs, with the stirring speed having a bigger influence on the size distribution 

than the amount of stabilizer. To enhance the MCs' shelf life, it is advisable to store them in a low-

humidity environment with the MCs with HDI-based polymer having a higher storage lifetime with almost 

no PUa formation over 3 months.  

The formation of one-component adhesives can be accomplished but with a very low lifetime, due to the 

lixiviation of isocyanate through the shell, and/or its reaction with water. The application of the MCs in 

the adhesives was very successful with the joints satisfying the requirements of the footwear industry, 

according to the peel and creep tests performed. The peel tests show, in most cases, a decrease in the 

peel strength of the adhesive joints containing encapsulated HDI-based isocyanates, due to some 

heterogeneity of the MCs distribution within the adhesive joint. It can be concluded, however, that the 

encapsulation of these isocyanate species does not compromise the envisaged application, since the 

peel strength is above the target. The creep resistance, in general, was increased using 

microencapsulated isocyanates in the joint, with less displacement happening in the adhesive joint. 

Between the two types of MCs, PBAT MCs presented better behaviour in the peel tests and in the creep 

tests. Hence, the MCs with higher potential for application in the footwear industry are the MCs-PBAT-

Polymer with the best combination of morphology, storage and mechanical properties inferred in the 

adhesive joint. Ultimately, the microencapsulation of isocyanate emerges as a good method for the 

protection of workers who apply this compound in the industry, diminishing the contact and the harm of 

the handling of this organic compound. Moreover, no negative impact in terms of adhesive joint 

performance, on the contrary, arises from the use of encapsulated isocyanates.  

The production line for production of the MCs developed in this work was 

implemented at CIPADE SA, in July 2023. In figure 96 it is possible to observe the production line and 

the commercial product developed as a result (Cipadur MC). 

In future work, a more in-depth study of the PBS MCs needs to be conducted to understand the shelf 

life of the MCs and the effect of the environment on their storage. The study of the viscosity of the 
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adhesive formulation with PBS MCs can also be performed to assess if its behaviour would be similar 

to that of the PBAT MCs. The study of a different microencapsulation technology to produce these MCs 

in specific can be also an interesting path forward. For example, spray-drying is a well-known technology 

that might be able to produce these MCs in the future. 

Some of the results presented in this thesis are reported in the paper, submitted to publication at Applied 

Materials Today in September 2023: Biodegradable microcapsules of poly(butylene adipate-co-

terephthalate) (PBAT) loaded with aliphatic isocyanates for adhesive applications, by Ant·nio Aguiar, 

Lucas P. Marcelino, Ant·nio Mariquito, Carla L. Sim»es, Ricardo Sim»es, Isabel Pinho and Ana C. 

Marques. 

 

 

 

 

 

Figure 96. Production line for the production of MCs (on the left) and commercial product developed, Cipadur MC 
(on the right). 
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Appendix 
 

 

 

 

Figure 97. 1H NMR spectra of MCs-PBAT-Polymer (13.8 mg) + 4-chloro-3-methylphenol (7.2 mg), in CDCl3. 

Figure 98. 1H NMR spectra of MCs-PBAT-Polymer (15.3 mg) + 4-chloro-3-methylphenol (4.73 mg), in CDCl3. 

 

 



 
82 

 

 

Figure 99. 1H NMR spectra of MCs-PBAT-Polymer (14.2 mg) + 4-chloro-3-methylphenol, in CDCl3. 

 

 

Figure 100. 1H NMR spectra of MCs-PBS-Monomer (14.7 mg) + 4-chloro-3-methylphenol (7.8 mg), in CDCl3. 
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Figure 101. 1H NMR spectra of MCs-PBS-Trimer (14.7 mg) + 4-chloro-3-methylphenol (8 mg), in CDCl3. 

Figure 102. 1H NMR spectra of MCs-PBS-Polymer (13.5 mg) + 4-chloro-3-methylphenol, in CDCl3. 
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Figure 105. MCs-PBAT-Trimer in acetone for 1 week. FTIR spectra (on the left) and DTG (on the right). 

Figure 104. MCs-PBAT-Polymer in acetone for 1 week. FTIR spectra (on the left) and DTG (on the right).  

Figure 103. MCs-PBAT-Trimer in ethyl acetate for 1 week. FTIR spectra (on the left) and DTG (on the right). 
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Figure 107. MCs-PBS-Trimer in ethyl acetate for 1 week. FTIR spectra (on the left) and DTG (on the right). 

Figure 106. MCs-PBAT-Polymer in ethyl acetate for 1 week. FTIR spectra (on the left) and DTG (on the right). 

Figure 108. MCs-PBS-Trimer in acetone for 1 week. FTIR spectra (on the left) and DTG (on the right). 
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Table 18. Values of the viscosity for the adhesive formulation with non-encapsulated isocyanate. 

 0 days (Pa.s) 1 day (Pa.s) 2 days (Pa.s) 4 days (Pa.s) 7 days (Pa.s) 

6275 3.84 Ñ 0.1 9.59 Ñ 0.43  9.80 Ñ 0.16 11.20 Ñ 0.36 14.94 Ñ 0.50 

6275 + 
Monomer 

3.84 Ñ 0.1 10.66 Ñ 0.69  11.70. Ñ 0.71 34.37 Ñ 4.62 47.35 Ñ 2.58 

6275 + Trimer 3.84 Ñ 0.1 11.63 Ñ 0.82 12.57 Ñ 0.47 26.93 Ñ 3.05 - 

6275 + 
Polymer 

3.84 Ñ 0.1 10.92 Ñ 0.39 11.53 Ñ 0.65 21.17 Ñ 3.16 42.15 Ñ 1.93 

 

 

Figure 109. MCs-PBS-Polymer in ethyl acetate for 1 week. FTIR spectra (on the left) and DTG (on the right). 

Figure 110. MCs-PBS-Polymer in acetone for 1 week. FTIR spectra (on the left) and DTG (on the right). 
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Table 19. Values of the viscosity for the adhesive formulation with encapsulated isocyanate. 

 
0 days 
(Pa.s) 

1 day (Pa.s) 2 days (Pa.s) 
4 days 
(Pa.s) 

7 days 
(Pa.s) 

6275 3.84 Ñ 0.1 5.45 Ñ 0.13 5.77 Ñ 0.27 5.78 Ñ 0.05 8.15 Ñ 0.41 

6275 + MCs-PBAT-
Monomer 

3.84 Ñ 0.1 10.95 Ñ 0.47 11.95. Ñ 0.49 12.79 Ñ 0.92 27.29 Ñ 2.31 

6275 + MCs-PBAT-
Trimer 

3.84 Ñ 0.1 16.21 Ñ 1.04 18.71 Ñ 2.59 28.01 Ñ 2.54 - 

6275 + MCs-PBAT-
Polymer 

3.84 Ñ 0.1 11.52 Ñ 0.36 13.06Ñ 0.85 18.67 Ñ 1.3 35.32 Ñ 4.69 

 

 

 

Table 20. Values obtained for the peel strength test. 

Sample 
Average 
force/width 
(N/mm) 

Maximum 
strength (N) 

Average 
strength (N) 

Average 
force/width 
(N/mm) 

Plastik 6275 

5.3 162.14 118.76 

4.84 Ñ 0.43 4.94 237.97 185.66 

4.27 269.36 238.05 

Monomer 

3.92 149.06 117.58 

4.01 Ñ 0.09 4.09 154.29 122.81 

 

MCs-PBAT-
Monomer 

4.64 193.52 139.15 

5.34 Ñ 1.89 3.45 141.22 103.48 

7.93 308.58 237.84 

MCs-PBS-
Monomer 

3.75 145.14 112.37 

4.56 Ñ 0.61 5.23 192.21 156.82 

4.71 176.52 141.4 

Trimer 

7.04 273.28 211.18 

6.16 Ñ 0.64 5.55 189.60 166.62 

5.89 215.75 176.84 

MCs-PBAT-Trimer 

4.30 146.45 129.03 

5.03 Ñ 0.52 5.38 176.52 161.41 

5.42 184.37 162.55 

MCs-PBS-Trimer 
4.52 163.44 135.46 

4.06 Ñ 0.45 
3.61 139.91 108.16 

Polymer 

4.66 175.21 139.84 

4.90 Ñ 0.37 4.61 103.30 78.27 

5.42 176.52 132.68 

MCs-PBAT-
Polymer 

5.43 193.52 162.99 

4.82 Ñ 0.45 4.36 201.36 130.95 

4.66 209.21 139.76 

MCs-PBS-Polymer 

3.34 138.60 100.22 

3.28 Ñ 0.19 3.03 121.60 90.80 

3.48 135.99 104.37 

 

 

 

 


