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Abstract 

 

Currently available polyurethane (PU) and polychloroprene (PCP) adhesives use isocyanates as 

cross-linkers, which are to be added to the adhesive pre-polymer, by the operator, during the 

adhesive application. New restrictions imposed by the Registration, Evaluation, Authorization 

and Restriction of Chemicals (REACH) regulations, on the use of diisocyanates, due to their 

toxicity, make pressure on the companies to develop safer products maintaining the quality of 

those currently available. The present work focuses on the microencapsulation of isocyanates 

species for the development of new formulations of PU and PCP adhesives, with main 

application in the footwear industry. The developed microcapsules (MCs), new solid cross-

linkers, release isocyanate where and when needed and eliminate direct contact between the 

operator and the toxic chemicals. 

This work employs two strategies for the encapsulation of monomeric, oligomeric and pre-

polymeric isocyanates: development of MCs with a polyurea (PUa) and PU/PUa shell, made by 

interfacial polymerization, as well as biodegradable MCs, composed of polycaprolactone (PCL) 

and polyhydroxybutyrate (PHB) shell, made by solvent evaporation, both cases combined with 

a microemulsion system. MCs with a core-shell morphology, a relatively narrow and monomodal 

size distribution, with a high encapsulation yield (60 to 80 wt% of their weight in isocyanate), 

and a satisfactory shelf-life were obtained. 

MCs with a biodegradable polyester shell, namely PCL, containing isophorone diisocyanate 

(IPDI), were considered the most suitable for the application in study. They display a good 

production process reproducibility and respond to both stimuli of pressure and temperature 

during the adhesive application. When added to the adhesive pre-polymer, at a weight 

concentration of 5%, these MCs lead to results identical to those obtained with adhesives 

formulated with the (non-encapsulated) commercial crosslinkers. This justifies their scale up 

production in a pilot line implemented at Cipade S.A., paving the way for commercial adhesive 

formulations without risks for the operators. 

Keywords: Microencapsulation; Adhesives; Isocyanate; Interfacial polymerization; Solvent 

evaporation. 
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Resumo 

 

Os adesivos de poliuretano (PU) e policloropreno (PCP) actualmente disponíveis utilizam 

isocianatos como agentes reticulantes, que necessitam de ser misturados com o pré-polímero 

adesivo, durante a aplicação, pelo operador. Devido à toxicidade do isocianato, o regulamento 

de Registro, Avaliação, Autorização e Restrições de Produtos Químicos (REACH) impôs novas 

restrições relativamente à utilização destes compostos, pressionando as empresas a 

desenvolver produtos mais seguros, sem prescindir da sua qualidade. O presente trabalho foca-

se na microencapsulação de isocianatos para o desenvolvimento de novas formulações de 

adesivos de PU e PCP, com principal aplicação na indústria do calçado. As novas microcápsulas 

(MCs), reticulantes sólidos, libertam as espécies de isocianato onde e quando necessário, 

eliminando o contacto direto entre o operador e os produtos químicos de toxicidade. 

Reportam-se duas estratégias para a encapsulação de isocianatos monoméricos, oligoméricos e 

pré-poliméricos: desenvolvimento de MCs com parede de poliureia (PUa) e PU/PUa, obtidas por 

polimerização interfacial, assim como MCs com parede biodegradável de policaprolactona (PCL) 

e polihidroxibutirato (PHB), obtidas por evaporação de solvente, ambas associadas a sistemas 

de microemulsão. Obtiveram-se MCs com morfologia núcleo-parede, distribuição de tamanho 

relativamente pequena e monomodal, elevado rendimento de encapsulação (entre 60 a 80% do 

peso em isocianato), e um tempo de vida útil satisfatório. As MCs com parede biodegradável, 

em particular de PCL, com diisocianato de isoforona (IPDI) encapsulado, foram consideradas as 

mais adequadas para a aplicação em estudo. Apresentam boa reprodutibilidade do processo de 

produção e respondem tanto ao estímulo de pressão como de temperatura durante a aplicação 

do adesivo. Quando adicionadas ao pré-polímero do adesivo, numa concentração mássica de 

5%, levam a resultados idênticos aos dos adesivos formulados com reticulantes comerciais (não 

encapsulados). Isto justifica a sua produção em escala, numa linha piloto implementada na 

Cipade S.A., abrindo caminho para formulações adesivas comerciais sem riscos para os 

operadores. 

 

Palavras-chave: Microencapsulação; Adesivos; Isocianato; Polimerização interfacial; 

Evaporação de solvente;  
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Chapter I - Introduction to the thesis 
 

Research motivation 
 

The market size for adhesives and sealants is projected to grow from 67.64 thousand million 

euros in 2021 to 81.28 thousand millions euros in 2026 [1]. The increase demand for adhesives 

is mainly related with its use in the medical industry, building and construction, and growth in 

the appliances industry [1]. However, adhesives are used in a wide variety of industries and 

applications as in the automobile, footwear, aeronautics, furniture, among others. Particularly, 

in the footwear industry there is a high requirement for adhesives as the industry depends on 

the assembly of the various components used for the shoes manufacture, for which different 

adhesives are used [2, 3]. The adhesive joint performance depends on several factors, including 

the joint design, the surface treatments, the type of adhesive and the type of substrate material 

to joint [2, 3]. The joining of the upper-to-sole joints is the most requiring process in footwear 

manufacturing as it demands a high bond strength. PCP and PU adhesives are the main adhesives 

used for this type of joints due to their high versatility and capability to join a wide range of 

materials, associated with their high strength resistance. PCP adhesives show good results with 

leather, textiles, vulcanized rubbers, among others. However, the increased use of plasticizers 

in plastic materials made it necessary to introduce the use of PU adhesives, which have a higher 

versatility and performance than PCP [2-5]. Both PCP and PU adhesives are currently supplied 

as two-component (2K) formulations, one a pre-polymer and the other a cross-linking agent, 

usually isocyanate-based. Although both adhesives can be used as one component (1k) adhesive 

(pre-polymer) the addition of a cross-linker can improve the final characteristics of the adhesive 

joint. PCP adhesives are limited by their poor heat resistance and bond strength, but by adding 

an isocyanate-based cross-linker it is possible to improve its thermal stability and cohesive 

strength, and, in many cases, it significantly increases the adhesion to certain substrates [2, 5]. 

Regarding PU adhesives, the addition of an isocyanate cross-linker highly increases the adhesive 

joint durability [2]. 

However, isocyanates have a high toxicity which is a primary concern when applied to adhesives. 

Isocyanates are powerful irritants, mainly affecting the mucous membranes of eyes, respiratory 

and gastrointestinal tracts as well as skin inflammation, when in direct contact, and its prolonged 

exposure can lead to severe asthma attacks and even death [6]. To prevent health hazards, on 

February 2020, the REACH committee approved the European Commission’s proposal for a 

restriction on diisocyanates. The Restriction, which applies from 24 August 2023, prohibits the 
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commercialization of diisocyanates as substances on their own and as a constituent in other 

substances or in mixtures for industrial and professional use when in concentrations above 0.1% 

wt [7]. 

The incorporation of isocyanate cross-linkers is essential in the footwear industry to provide a 

strong and long-lasting adhesive formulation fitter to the upper-to-sole joint, at concentrations 

well above 0.1wt% in the adhesive formulation. The footwear industry is one of the most 

important sectors of the Portuguese economy, globally recognized for its high-quality products. 

Accordingly, it is important to maintain the quality of its products and, at the same time, 

respecting the new regulations.  

With this thesis, in collaboration with Cipade, S.A., an adhesive producer/supplier, it is intended 

to develop a new PU and PCP adhesive formulation for the footwear industry in which the cross-

linkers are polymeric MCs containing the isocyanate species, crucial for the required high-quality 

adhesive joints. By protecting the isocyanate inside a polymeric MC, its direct contact with the 

operator is avoided. The isocyanate is only to be released during the joint preparation, by 

melting, due to the effect of temperature (up to 70oC), by breaking, due to the effect of pressure 

(4kg/cm2), or a combination of both. The new adhesive could be supplied as 1K, in which the 

MCs and the pre-polymer are mixed or as a 2K adhesive with both components being supplied 

separately. The schematical representation of the adhesion process with the 1K formulation, 

containing the MCs as cross-linkers, is depicted in Figure I. 1. 

 

 

 

Figure I. 1. Schematic representation of the adhesion process using the 1K adhesive formulation containing MCs as 
cross-linkers. 

 

Encapsulation is an evolving area with a significant importance in many industrial sectors as for 

example pharmaceutical, agrochemical, cosmetics, among others, with the MCs serving as 

storage, carrier and protector, of the encapsulated content, from the environment [8]. For this 
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application the MCs serve as storage as well as a protector avoiding the reaction of the 

isocyanates with the exterior environment, until the stimuli of pressure and/or temperature is 

applied during the adhesive joint preparation. It is mandatory that the encapsulated isocyanate 

does not contact the pre-polymer before the adhesive application (for 1K adhesive formulations) 

or does not react with the air moisture than could eventually penetrate the MCs’ shell (for 2K 

adhesive formulations). The major challenge of this thesis regards the development of suitable 

MCs, capable to encapsulate a satisfactory amount of isocyanate content, of at least 40% of the 

MCs total weight, at the same time offering an adequate protection from the environment, 

during a period of at least 3 months, and efficiently responding to the stimuli applied during the 

adhesive joint preparation, leading to the isocyanate release and its reaction, establishing cross-

linking points within the adhesive joint, at the desired moment.  

 

Cipade S.A.- Industry and research of adhesive products 
 

Cipade is a company that produces a complete range of products in all types of industrial glues 

for different industry sectors, such as footwear, wood, leather goods, building industry, 

automotive, paper, among others. The company started in 1968 and has been a certified 

company since 1995 under the ISO 9001, ISO 14001 and ISO 45001 standards. Cipade production 

is structured in three main production areas which are dry compounds (raw material) 

formulated for the production of solvent based glues, solvent based glues and water based 

glues. In parallel with the production activity, CIPADE devotes to research and development of 

adhesives. The company R&D activities are aimed at improving the performance of production 

processes, quality of manufactured products and product compatibility, to increase the 

company's competitive advantages in the market. 

 

Objectives and main contributions 
 

The aim of this thesis is to develop a solution to the 2K adhesives formulations used in the 

footwear industry, by avoiding the direct contact between the operator and the toxic isocyanate 

species, at the same time ensuring an identical performance to the adhesive formulations that 

are currently commercially available.  

Therefore, the objectives of this thesis are: 

1) Synthesis and development of polymeric MCs, containing encapsulated isocyanate species, 

with the necessary characteristics to be used as efficient cross-linkers for PU and PCP adhesives. 
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2) Experimental development and optimization of new adhesives formulations containing the 

polymeric MCs as cross-linkers. 3) Feasibility studies of the new adhesives at the CIPADE, S.A. 

using internal validation tests. 

 

Organization of the dissertation 
 

Chapter II contains the state of understanding regarding adhesive properties, its classification, 

and applications. The close relation between the adhesive and footwear industry is there 

clarified, as well as the details regarding the type of materials to adhere, difficulties encountered 

in the industry and the characterization tests and respective norms that usually apply.  

Microencapsulation is presented as the solution to avoid the direct contact between the 

operators and the toxic isocyanate species during the adhesive application process. First, it is 

given a brief explanation on microencapsulation following with an in-depth discussion of the 

state of the art regarding isocyanate microencapsulation. The strategy used to obtain MCs with 

the desired final characteristics is disclosed, and more details are given regarding the use of 

interfacial polymerization and solvent evaporation microencapsulation techniques: method, 

state of the art, and finally advantages and limitation of each. 

Chapter III regards the MCs characterization techniques and respective test conditions.  

The synthesis of MCs by interfacial polymerization in combination with a microemulsion system 

is addressed in Chapter IV. This chapter includes the optimization of the microemulsion 

stabilization, for which different emulsion stabilizers and combinations between them were 

tested, the effect of some parameters, as duration of the synthesis and isocyanates 

combinations used, as well as which active H sources lead to the most satisfying MCs. 

Chapter V regards the production of MCs by the solvent evaporation technique in combination 

with a microemulsion system. It includes a discussion on the polymers used for the shell 

formation, the effect of their molecular weight on the MCs characteristics, and the results of a 

design of experiment study with the aim of controlling the MCs size and size distribution. 

Finally, in chapter VI, the development and characterization of the new adhesive, containing the 

MCs are addressed. The cross-linking effect of each isocyanate in both the PU and PCP pre-

polymer is studied, followed by the optimization of the MCs’ percentage in the formulation. A 

conclusion on the most suitable MCs for this application is given, regarding the isocyanate type 

and polymeric shell composition. Lastly, Chapter VII presents a summary of the thesis together 

with main conclusions of this work. 
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Chapter II - State of understanding 
 

II.1 Adhesives 
 

Adhesives, when applied between the surfaces of same or dissimilar materials, are used to hold, 

fasten, or bond them together [1, 2]. Adhesives have been increasingly used as they are cost-

efficient, of simple and fast application, allow a homogeneous stress distribution between the 

bonded surfaces, can produce suitable joints for a wide range of mechanical loads, and can 

efficiently bond a variety of substrates, such as metals, alloys, composites, and natural materials 

[1-3]. Adhesives are an increasingly used alternative to mechanical joining methods, such as 

rivets, providing several advantages over conventional mechanical fasteners as for example its 

superior fatigue strength, homogeneous stress distribution, flexibility, resistance to corrosion, 

to damage and its low structural weight [1-3]. However, due to their organic nature, they have 

the disadvantage of its mechanical properties to be influenced by environmental factors such as 

moisture absorption, temperature, joining process and curing cycle parameters. Also, the 

bonded joint is considered permanent as it is very difficult to disassemble without suffering 

irreparable damages [2, 3]. Adhesives have been used in a large variety of applications, but it is 

estimated that over 20% are used for building and construction [1, 4]. Another emergent area 

of interest for adhesives refers to its application in lightweight composite structures, although 

both mechanical fasteners and adhesives can be used. Composites used in aircraft are usually 

joined by a combination of both methods while the composites used in automobiles are often 

joined only with adhesives [2, 5]. There are five main primary mechanisms that contribute to the 

development of an efficient adhesive bond, which are classified as mechanical adhesion, 

adsorption and wetting, chemical bonding, diffusion, and electrostatic adhesion. By mechanical 

adhesion, the bonding can be expected to be purely from the mechanical interlocking of the 

adhesive in both substrates, occurring only on a microscopic level. For this case, the adhesion 

properties are related with the adhesive viscosity, the geometry of the substrate pores, the 

counterpressure of the gas enclosed in the pore, the surface tension of the substrate, its wetting 

properties, and the degree of roughness of the substrates, with the shear strength increasing 

significantly with the increase of roughness [5]. The adhesive fills the pores, cracks, and 

indentations in the subtract surface, resulting in a mechanical anchoring once the adhesive has 

hardened [5]. In which regards the adsorption and wetting interaction, they occur due to the 

action of interatomic and intermolecular forces, as van der Waal forces, between adhesive and 

substrate. Although these are the weakest of all intermolecular forces, their contribution to the 

strength of the adhesive joints is significant [5-7]. Chemical bonding occurs by the reaction 
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between a functional group of the substrate and the adhesive. The substrates to adhere are 

usually subject to surface treatments to create compatible groups to promote the formation of 

strong covalent or hydrogen bonds [5, 7]. By diffusion the adhesion occurs through the 

interdiffusion of molecules between the adhesive and the substrate. This type of adhesion is 

particularly important when both the adhesive and substrate are polymers with relatively long-

chain molecules capable of movement. Finally, electrostatic adhesion takes place through 

attraction between moieties from charged or ionized surfaces, with different electrical 

potentials [8]. The schematical representation of each mechanism of adhesive bonding are 

represented in Figure II.1 

 

 

Figure II.1. Schematic representation of the adhesive bonding mechanisms: (a) mechanical interlocking; (b) by 
interatomic and intermolecular forces; (c) chemical bonding; (d) interdiffusion; (e) electrostatic adhesion. Image 
reprinted from [9], with permission. 

 

There is a large variety of adhesives, which can be classified according to Table II.1. 
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Table II.1 Adhesive classification. Adapted from [10]. 

 

 

 

 

 

 

 

 

 

 

 

There has been an increased use of adhesive bonding in all industries, with the diversity of 

substrates and the continuous development and introduction of new processes and materials 

contributing to its increasing market [1]. The use of the light weight composite structures in a 

variety of applications as in aeronautical, aerospace, and automotive industries, has also 

contributed to its increase [2, 4]. It is projected for the adhesives and sealants market to grow 

from 67.64 thousand million euros in 2021 to 81.28 thousand million euros in 2026 [2, 4]. 

 

II.1.1 Adhesives in the footwear industry 

 

The footwear and adhesive industry are in close association as adhesives are essential to join 

the several materials employed in the shoe manufacture [11-13]. A wide range of materials is 

used in this industry as for example synthetic leather, plastics materials, rubber and synthetic 

fibers [11, 13]. Different types of adhesives are applied for the shoe manufacture, depending on 

the materials to be joint, which will influence the application method, surface treatment, drying 

time, and adhesive hazard classification [14]. The upper-to-sole joint, which refers to the joint 

between the upper shoe and its sole, is the one with higher technical requirements in this 

industry, as it demands a high bond strength [13]. There are several methods that can be used 

to assemble the upper shoe with the sole, including by welding, molding, when pre-formed as 

units, or adhered [13]. When using adhesives, it is recommended, independently of the 

materials to be used, that the adhesive joint follows the standard EN 15307 regarding the 

Group Type 

Animal Gelatina; Casein; Albumen 

Vegetable Starch; Cellulose acetate; Cellulose nitrate 

Mineral Asphalt/Bitumen 

Elastomeric Natural rubber; SBR; Nitrile rubber; 

Polyurethane rubber; Silicone rubber 

Thermoplastic PVA; Polystyrene; Cyanoacrylates; liquid 

acrylic 

Thermosetting Phenol-formaldehyde; Urea-formaldehyde; 

Unsaturated polyesters; Epoxy resins; 

Polyurethane 
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minimum strength values, in the peel strength test, for the bonding of the upper-to-sole joint 

(Table II.2). 

 

Table II.2 Minimum upper-sole bond strength requirements in the footwear industry according to the standard EN 

15307. Adapted from [13] and [15]. 

Shoes Peel Strength per unit width 

(upper/sole)* 

Class A: Low stress when in use: Infants footwear, indoor 

footwear, fashion footwear 

 

≥2.5 N/mm 

Class B: Medium stress when in use: Town footwear, cold weather 

footwear, casual footwear 

≥3.0 N/mm, or ≥5.5 N/mm 

with material failure 

Class C: High stress when in use: Children footwear, general sports 

footwear 

≥4.0 N/mm, or ≥3.0 N/mm 

with material failure 

Class D: Very high stress when in use: Mountain footwear ≥5.0 N/mm, or ≥3.5 N/mm 

with material failure 

* Peel strength per unit width after a 4-day storage in standard atmosphere of 23ºC and 50% of relative 
humidity. 

 

II.1.1.1 Adhesives for the upper-to-sole joints 
 

Nitrocellulose adhesives were among the first to be introduced in the footwear industry, at 

1906, which were posteriorly replaced by PCP in 1949. PCP adhesives showed an increased 

versatility, being good to use with leather, textiles, and vulcanized rubbers [12, 13]. However, 

the introduction of plastic materials, containing plasticizers, made it necessary to introduce 

adhesives based on thermoplastic PU in 1970. Regarding the upper-to-sole joints, the solvent-

based PCP and PU contact adhesives are the most currently used adhesives, as they are the ones 

that can guarantee high demanding strength resistance joints. The bonding strengths obtained 

with the PCP and PU adhesives are similar, the main differences lying in the adequate substrates 

for each adhesive and the open time, which is longer for the PCP. As for the other parts of the 

shoe, styrene–isoprene–styrene (SIS), styrene–butadiene–styrene (SBS), styrene–butadiene 

rubber (SBR) latex and hotmelt (polyamide, EVA based), are the most used [13, 16, 17]. PU 

adhesives are characterized by their flexibility and performance at low temperatures, excellent 

adhesion and cohesion strength, and a rapid curing, forming covalent bonds when the 

substrates have active hydrogen atoms in the surface [13, 16, 18]. PCP adhesives have a chlorine 

atom in each monomer of the polymer which provides a strong polarity and enables the 
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development of physical interactions with the substrate. This type of adhesives has a high initial 

bond strength and the ability to form bonds with minimum pressure during the substrate’s 

assembly [13, 19, 20]. While PCP adhesives show good results with leather, textiles, vulcanized 

rubbers, among others, PU adhesives are essential to adhere plastic materials containing large 

quantities of plasticizers [15]. 

PU and PCP adhesives are both commercially available as 1K and 2K adhesives. 1K adhesives are 

supplied as one component which is responsible to form the adhesive joint usually by the effect 

of pressure [21, 22]. 2K adhesive formulations are supplied as two components, one is an 

adhesive pre-polymer and the second a cross-linking compound, usually isocyanate-based, the 

two to be mixed during the adhesive application. The 2K adhesives have the advantage of having 

an accelerated cure, as well as an increased resistance to temperature and durability, due to the 

cross-linking effect by isocyanates [13, 14, 17]. 

 

II.1.1.2 Joint preparation in the footwear industry 

 

The type of materials to be joint and the model of the shoe are the two main factors to have in 

consideration for the selection of the most suitable method to use. The model of the shoe 

dictates the joining method, which can be by adhesion, stitching or a combination of both. The 

type of substrate dictates the type of adhesive to use and the necessity or not to apply a surface 

treatment before the application [12, 14, 15]. There are four main types of surface treatments 

that can be applied to improve the final adhesion characteristics, which are the following: 

physical, chemical, primer, and solvent wiping [13]. Physical treatment regards the carding of 

the substrate by using sandpaper or abrasives, which increases the surface area, and the 

chemical treatment is used to change the polarity of the surface. An adhesive primer is usually 

a dilute solution of an adhesive in an organic solvent. Its application helps to optimize the 

adhesion, to improve the adhesive compatibility to the substrate or to modify certain 

characteristics of the joint, such as its peel. Finally, the solvent wiping is used to eliminate some 

agents present in the substrate surface that could lead to adhesion problems [13, 23-25]. As an 

example, leather has a porous nature that facilitates the adhesion, but it has a weak grain layer 

that must be firstly removed by roughening. In addition, for this case, it can be necessary to 

apply a primer, due to the presence of grease [15]. For the application of PU adhesives, after its 

application in both substrates, the solvents are let to dry for about 5 to 10 minutes, step after 

which the adhesive loses its tackiness. The adhesive must be subjected to an extra reactivation 

step, during which infrared radiation is applied during 2 to 6 seconds, leading to a surface 
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temperature between 55 to 80 °C, which allows the adhesive to soften and to have the necessary 

tackiness [17, 18]. Posteriorly, the two substrates are brought together and a pressure of 4 bar 

is applied for 5 seconds, the adhesive joint cools and the adhesive film dries in seconds [13]. 

Regarding the solvent-based PCP adhesive, it has a much longer open time which can range from 

a few minutes to hours, depending on the formulation. The dry adhesive film has tackiness at 

room temperature which avoids the need for the reactivation step [13, 14, 19]. PCP must be 

applied in both substrates to be bonded and allowed to dry for 15 to 20 minutes. After the 

solvent evaporation, a pressure of 4 bar must be applied during 5 seconds for the two substrates 

to be bonded [13]. 

 

II.1.1.3 Testing of the adhesive joints in the footwear industry 

 

There are two main mechanical properties of relevance when evaluating adhesive joints in the 

footwear industry: peel strength, and creep strength [13]. In particular, the minimum strength 

test requirements for the upper-to-sole joint creep test must follow the EN 15307 requirements 

(Table II.2)[13, 15]. The peel strength test, in the footwear industry, must follow the standard 

EN 1392. For this, the test must be done 72 hours after the substrates bonding at a speed of 100 

mm/min and using an angle of 180 °C, as depicted in Figure II.2 [26]. 

 

 

Figure II.2 Adhesive joint for peel test (dimensions in millimeters), following the EN 1392 [26]. Image reprinted from 

[13], with permission. 
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The peel strength is calculated by the ratio between the average force (Newton, N) and the 

average width (millimeter, mm) of the bonded joints. In addition, it is important to consider not 

only peel strength but also the type of failure, depicted in Figure II.3, which can provide useful 

information about the performance of the adhesive joint [27]. 

 

 

Figure II.3 Types of failure of an adhesive joint. Adapted from [27] and [28]. 

 

Adhesive failure occurs by delamination of the bonded layer, and it occurs due to an improper 

surface preparation, wrong adhesive selection or high peel stress. An improper surface 

preparation reduces the mechanical interlocking between adhesive and the substrate, while the 

selection of an inappropriate adhesive reduces its adhesion with the substrate [28]. Cohesive 

failure occurs at the adhesive, and it is due to a higher bonding strength between the adhesive 

and the substrate than its individual strength. Substrate failure occurs when the substrate fails 

before the adhesive. Cohesive failure or substrate failure is the preferred type of failure as the 

maximum strength of the joint has been reached [28, 29]. The creep strength allows to conclude 

regarding the resistance of the joint to the effect of temperature [13]. After the bonding of the 

substrates is complete, the specimen is subjected to 60 °C for 1h, after which it must be loaded 

with a constant weight of 1.5kg, as depicted in Figure II.4, for 10 minutes and the deformation 

of the specimen is measured in millimeters, while still loaded. After this analysis, the time 

necessary to obtain a complete separation is also determined [26].  
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Figure II.4. Adhesive joint for creep test following the EN 15307. Image reprinted from [13], with permission. 

 

II.2 Isocyanates toxicity 
 

Isocyanates are currently used in both PU and PCP 2K adhesives formulations, as cross-linkers. 

However, isocyanates are considered to have a high toxicity, which is a primary concern in the 

adhesive application. Isocyanates can be powerful irritants, leading to skin inflammation and 

affecting mucous membranes, as eyes, respiratory and gastrointestinal tracts [30]. It is also 

suspected that a prolonged exposure to isocyanates can cause cancer and severe damage to 

organs [31]. For these reasons, the REACH regulation approved, in February 2020, the European 

Commission’s proposal for restricting the use/commercialization of diisocyanates. According to 

Annex XVII of REACH (Council Directive 76/769/EEC of the European Union), from August 2023 

diisocyanates cannot be placed on the market as substances on their own, as a constituent in 

other substances or in mixtures for industrial and professional use(s), i.e. to be used by any 

worker or self-employed worker, in concentrations above 0.1% by weight [31]. From August 

2023, it should not be used unless it is in a concentration lower than 0.1% or if guaranteed that 

the industrial or professional user(s) have successfully completed training on the safe use of 

diisocyanates [31]. In the footwear industry, the adhesives used contain free diisocyanate in 

amounts well above 0.1% (m/m), as these are the amounts that enable to meet the demands of 

the adhesive joints in this sector. Thus, an adaptation, not only from the adhesive industry but 

other sectors, will be necessary to offer new products which are in accordance with the new 

regulations and those to come, at the same time guarantying the same quality of the products. 

 

II.3 Microencapsulation 
 

Microencapsulation is the process of enclosing solids or droplets of liquids or gases inside a 

second polymeric or inorganic material [32-34]. The process of encapsulation dates from 1930s, 

when Barrett Green, an employee of the National Cash Register Company, started to work on 
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encapsulation of a dye-precursor in gelatin spheres, by the coacervation technique, to develop 

a new typing paper. The process of a liquid microencapsulation was later patented, in 1955 [35]. 

The process of encapsulation developed by Barrett Green was the foundation for the 

development and application of MCs in various industries as pharmaceuticals, foods, cosmetics, 

nutritional supplements, agricultural, detergents, among others [35] . 

MCs are composed by two parts, the surrounding material which is usually referred as “shell” 

and the encapsulated material, referred as “core”. Microencapsulation is gaining importance in 

several industrial sectors as they serve various purposes, including i) protection of the 

encapsulated materials from detrimental conditions (increased stability); ii) separation of 

incompatible components iii) promotion of an easier handling iv) control of the moment at 

which the encapsulated compound is released v) control of the release profile of the core 

material vi) control of the release of different encapsulated materials [32, 34, 36]. According to 

their morphology, MCs can be classified as matrix-type or microspheres, mononuclear or core-

shell, and polynuclear MCs [37]. Representations of the referred morphologies are depicted in 

Figure II.5. 

 

 

 

Figure II.5. Schematic representation of the different MCs morphology, a) matrix-type microcapsule or microsphere b) 
mononuclear microcapsule or core-shell c) poly-nuclear microcapsules. The MCs shell is represented at white. Image 
reprinted from [38], with permission. 

 

Matrix-type MCs or microspheres are characterized for having the core homogeneously 

integrated within the matrix of the shell material, as for the mononuclear or core-shell MCs they 

are characterized by having a single core, surrounded by the shell or multiple layers of shell, 

lastly the polynuclear MCs have several different sized cores enclosed within the shell [36, 39]. 

There are different mechanisms by which the MCs can release its encapsulated content, which 
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can provide controlled, sustained, or targeted release of core material. The most common 

mechanisms are by diffusion of the core trough the shell, by mechanical rupture, dissolution, 

and melting/fusion of the shell, as depicted in  

Figure II. 6 [36, 38, 40]. Although less common, biodegradation can also lead to the release of 

the core material [36]. 

 

 

Figure II. 6. Representation of the MCs’ release mechanisms: (a) By the effect of temperature (melt) or solvent 
dissolution; (b) pressure (rupture); (c) through the MCs’ shell porosity (diffusion). 

 

The release profile can be controlled by the MCs’ characteristics as its pore size, shell chemical 

composition, shell thickness and permeability, among others. The today large abundance of 

polymers, both natural or man-made, provide a wide choice of shell materials, each offering 

different characteristics regarding permeability, elasticity, biodegradability, stiffness, and 

others. Although not so common, inorganic materials as silica and titania can also be used to 

obtain the MCs’ shell [36, 40]. There are several encapsulation techniques which can be broadly 

divided into two main categories, namely chemical and physical techniques, with the last being 

subdivided into physico-chemical and physico-mechanical techniques, according to Table II.3 

[36, 40]. The choice of the adequate microencapsulation method depends on the nature of the 

material used for the shell, as well as of the compound to be encapsulated. Different appropriate 

combinations of materials and synthesis methods can be used to produce MCs with a wide 

variety of compositional and morphological characteristics [36]. 

 

(a) 

(b) 

(c) 
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Table II.3 Techniques used for microencapsulation [40, 41]. 

Chemical Physical 

 Physico-chemical Physico-mechanical 

• Suspension polymerization 

• Emulsion polymerization 

• Interfacial polymerization 

• In-situ polymerization 

 

• Coacervation 

• Layer-by-layer assembly 

• Supercritical CO2-assisted  

• Phase separation 

• Ionic gelation 

• Spray-drying 

• Vibration nozzle 

• Fluidized bed coating 

• Centrifugal techniques 

• Vacuum encapsulation 

• Solvent evaporation 

 

Chemical microencapsulation techniques include those involving polymerization processes, 

using monomers, oligomers, or pre-polymers as starting materials for the shell formation [39, 

42]. By physical processes the starting materials for the shell are polymers, and no chemical 

reactions are involved. By a physico-chemical microencapsulation process the shell-forming 

material is previously dissolved, and the encapsulation occurs by precipitation of the polymer 

due to variations of pH value or electrolyte concentrations [36]. By the physico-mechanical 

methods, the process is based on physical and mechanical principles, with the formation of the 

shell depending only on solid–liquid phase transitions under the effect of temperature or by 

solubility reduction due to solvent evaporation [36, 43]. 

 

II.3.1 Interfacial polymerization – Encapsulation of isophorone diisocyanate 
 

Microencapsulation by interfacial polymerization involves chemical reactions on the surface of 

emulsion droplets, leading to the formation of the shell. The choice of the emulsion system 

depends on the hydrophilic/lipophilic nature of the compound to be encapsulated. The reaction 

takes place at the interface between the continuous and dispersed phases of the emulsion 

system, each containing a monomer or reactant. If the formed oligomers are soluble in the 

dispersed phase of the emulsion, then its diffusion inwards to the droplet occurs and a matrix-

type MC is formed. On the other hand, if the formed oligomers are soluble in the continuous 

phase, then the polymeric shell is formed at the emulsion droplet interface, leading to the 

formation of mononuclear, or core-shell, microcapsules [44]. This process is depicted in Figure 

II.7. 
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Figure II.7. Schematic representation of microencapsulation by interfacial polymerization, where the dispersed phase 
of the emulsion is represented as white (organic phase composed by the isocyanates) and, as blue, the continuous 
phase (aqueous solution), with the monomers of each phase represented as A and B, respectively. The encapsulated 
is represented at pink and the formed oligomers as blue stripes. Figure adapted from [44]. 

 

The encapsulation of a liquid isocyanate was reported for the first time by Yang et al., who 

described the microencapsulation IPDI as a healing agent via the interfacial polymerization 

technique [43]. Interfacial polymerization technique, in combination with an oil-in-water (O/W) 

microemulsion system, is the most common method reported for the isocyanate encapsulation. 

By this technique, there are at least two reactants in a pair of immiscible liquids. The water (W) 

phase of the emulsion system is usually composed by water, an emulsion stabilizer, and 

compounds with active hydrogen (H) groups, while the oil (O) phase is composed by the 

isocyanate. The two phases are dispersed into each other under a high shear rate. This is 

followed by the diffusion of the reactants which become in contact at the interface of the O 

droplets of the emulsion system. When in contact, polymerization reactions, represented in 

Figure II.8, lead to the formation of an initially thin PUa or PU polymeric shell. It should be noted 

that the initial reaction of water and isocyanate forms an unstable carbamic acid intermediate 

that immediately decomposes to amine and CO2 [42]. 
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Figure II.8 The reaction of isocyanates with a hydroxyl group, with water, and with an amino group. 

 

Further reactions will lead to the thickening of the shell until no more reactant species are in 

contact. Since the polymerization reactions are mainly controlled by diffusion, the growth’s rate 

of the MCs shell decreases as the shell thickness increases [45]. The high reactivity of the 

isocyanate with water or other active H sources makes it difficult to obtain MCs with a high core 

content. In addition, the possible diffusion of water from the air moisture to the inside of the 

MCs, while stored, leads, by reaction with the encapsulated isocyanates, to a low shelf-life of 

the MCs [46]. 

In 2008, Yang et al. used a toluene 2,4-diisocyanate (TDI) pre-polymer dissolved in 

chlorobenzene as precursor for the shell formation. The highly reactive TDI was posteriorly 

mixed with IPDI, and the solution was added to an aqueous phase, at 70 °C, composed by water 

and gum arabic (GA), an emulsion stabilizer, to form an O/W emulsion system. 1,4-Butanediol 

was posteriorly added, at 50 °C, to act as a chain extender. The temperature was switched of, 

and the emulsion was maintained under agitation until a solid shell was formed [43]. The TDI 

higher reactivity when compared with IPDI ensured the encapsulation of the last, while the TDI 

reacted with the aqueous phase reactants to form the polymeric shell. The obtained MCs are 

reported to contain up to 68 wt% of core content, composed both by IPDI and chlorobenzene. 

The IPDI content varied from 63 to 45 wt% depending on the mechanical agitation rate 

employed in the synthesis and consequently the final MCs’ size [43]. Most of the efforts, 

reported in the state of the art, regarding isocyanate microencapsulation refer to the 

encapsulation of monomeric IPDI for self-healing applications, following similar synthesis 

methodologies than the one reported by Yang et al [43].  
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II.3.1.1 Active H sources and microcapsules’ shell composition 

 

Several parameters which influence the isocyanate encapsulation have been studied and 

optimized over the years. The presence of chemicals with active hydrogen (H) groups, available 

to react with the isocyanate species (active H sources), or cross-linkers, as well as the MCs’ shell 

composition were evaluated by several authors. Some examples of active H source reported in 

the state of the art are the glycerol, 1,4-butanediol and 1,6-hexanediol for a PU shell formation 

and DETA, triethylenetetramine (TETA), PEA D230 and PEA D400 (which are both commercial 

polyether amines) for a PUa’ shell. Regarding the precursors for the shell formation, TDI pre-

polymers are commonly used although there are also some studies referring methylene 

diphenyl diisocyanates (MDI) pre-polymers for this purpose. Double layered MCs of PU/ 

Poly(urea formaldehyde) (PUF) and PUa/melamine formaldehyde (MF) have also been reported. 

Sondari et al. reported, in 2010, on the encapsulation of IPDI intended for self-healing 

applications using a TDI pre-polymer as the shell forming material, which was synthesized using 

a TDI monomer and glycerol. After the O/W emulsion was obtained, glycerol was also added as 

polyol [47]. In 2013, Credico et al. reported MCs containing IPDI prepared using two different 

shell compositions: PU and a bi-layer PU/PUF shell. The PU MCs were obtained by interfacial 

polymerization of a TDI pre-polymer using 1,4-butanediol as active H source. As for the PU/PUF 

MCs, interfacial polymerization was initially used to form the PU shell, followed by in situ PUF 

microencapsulation [48]. The IPDI content of the PU and PU/PUF MCs was of 50 and 72 wt% 

respectively, with a drop to 47 wt% after 6 months for the PU MCs. In 2015 Kardar et al. studied 

the effect of different polyols including 1,4-butanediol, 1,6-hexanediol and glycerol on the 

encapsulation of IPDI, by interfacial polymerization, for self-healing purposes. A TDI pre-polymer 

was used for the shell formation, which was synthetized using a TDI monomer and each one of 

the polyols previously mentioned [49]. During the interfacial polymerization reaction each 

polyol was also added to the synthesis to promote the PU shell formation. The author refers on 

a lower IPDI encapsulation content using glycerol, with a difference of 25 wt% when comparing 

with the MCs obtained with 1,6-hexanediol [49]. In 2016, Ming et al. reported on the 

encapsulation of IPDI in PUa/ MF double-layered MCs, using a TDI pre-polymer for the PUa shell 

formation. Three different active H sources were used, namely TETA, PEA D230 and PEA D400. 

Not only the active H sources have led to different encapsulation contents but also contributed 

with different morphological features to the final MCs. Active H sources with longer soft 

segment led to lower encapsulation contents. In accordance, TETA has led to the MCs with a 

higher encapsulation, 78.09 wt% of IPDI, which decreased only 2.97% after a heat-moisture 

treatment for 2h. However, since TETA has no soft segments, the PUa shell was relatively brittle 
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[50]. In 2020, Sun et al. studied the effects of different shell materials for the IPDI encapsulation, 

using DETA as active H source. An MDI pre-polymer and of polymethylene polyphenyl isocyanate 

(PAPI) were used as shell materials, in addition to a composite shell of polyvinyl alcohol 

(PVA)/PUa. Regarding the composite shell, PVA formed intramolecular hydrogen bonds and the 

PUa moieties were obtained by the reaction of PAPI with DETA [51]. The MCs with a composite 

shell were the ones with the higher IPDI encapsulation content. It was concluded that not only 

the shell material played an important role for the encapsulation, but also the MCs’ size, as 

previously reported by Yang et al. The bigger the MCs, the higher the encapsulation [51]. No 

values were commented regarding the MC’s shelf-life. 

Two main strategies have been reported intended to lead to a higher encapsulation content: i) 

the use of an isocyanate with a higher reactivity intended for the shell formation, ideally a pre-

polymer as a PU or PUa shell can be quickly achieved; ii) the use of active H sources, or cross-

linkers, which contribute not only to decrease the reaction time but also to bring some 

hydrophobicity and an increased cross-linking to the MC’ shell. By decreasing the reaction time, 

the exposure of the isocyanate to the W phase is decreased and, with it, the extent of the 

polymerization reactions, leading to a higher encapsulation content. The hydrophobicity of the 

shell, as well as the storage conditions, with no moisture, seem the most significant parameters 

for an extended MCs’ shelf-life. 

Table II. 4. resumes the isocyanates species used for the MCs shell formation, the used active H 

sources and type and amount of encapsulated content of the MCs referred in this chapter. 
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Table II. 4. Resume of the isocyanate species and active H sources used for the MCs shell formation as well as type and 
amount of encapsulated isocyanate of the MCs referred in this chapter. (II.3.1.1 Active H sources and microcapsules’ 
shell composition). 

Reference 
Isocyanate precursors for 

the shell formation 

Encapsulated 

isocyanate 

Active H 

sources 

Core content  

(isocyanate or its 

mixture with solvents) 

[43] TDI pre-polymer IPDI 
1,4 - 

butanediol 
68 wt% 

[47] TDI pre-polymer IPDI Glycerol - 

[48] 

Desmodur L-75 (aromatic 

polyisocyanate based on 

TDI) for the synthesis of PU 

(PU/PUF shell) 

IPDI 
1,4-

butanediol 
50 wt% 

[49] TDI pre-polymer  IPDI 

1,4-

butanediol 
57 wt% 

1,6- 

hexanediol 
64 wt% 

Glycerol 39 wt% 

[50] 

TDI pre-polymer for the 

synthesis of PUa  

(PUa/MF shell) 

IPDI 

TETA 80.68 wt% 

PEA D230 78.09 wt% 

PEA D400 77.50 wt% 

[51] MDI pre-polymer and PAPI  IPDI DETA 67.4 wt% to 79.2wt% 

 

II.3.1.2 Microcapsules’ size and size distribution – Emulsion stability 

 

Besides the MCs’ core content and shelf-life, it is also important to be able to control the MCs 

size and size distribution. As the interfacial polymerization reactions occur in the O/W emulsions 

interface, the size of the O droplets dictates the size of the final MCs. 

Emulsion systems, even when the two phases are immiscible liquids, are thermodynamically 

unstable and tend to breakdown over time. There are several emulsion destabilization 

phenomena, which are gravitational separation, flocculation, Ostwald ripening and coalescence, 

schematically depicted in Figure II.9. Gravitational separation phenomena occur by 

sedimentation or creaming of the emulsion droplets, due to the viscosity differences of the W 

and O emulsion phases. Flocculation occurs when two or more droplets associate with each 

other while maintaining their individual integrities and Ostwald ripening, due to mass diffusion 

from smaller to larger droplets [52-55]. Coalescence or Ostwald ripening are irreversible 
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emulsion destabilization phenomena, as a change in droplet size occurs, which makes it 

impossible to restore the emulsion initial state [56]. 

 

 

Figure II.9. Schematic representation of emulsions destabilization phenomena, with the dispersed phase represented 
by light gray and the continuous phase by dark gray. From [56] under an open access Creative Common CC BY license. 

 

To avoid this destabilization phenomena, stabilizers are usually used in the dispersant medium 

of the emulsion system, which can be surfactants, amphiphilic polymers, or solid particles [53]. 

Surfactants stabilize the emulsion by forming an electrostatic or steric barrier around the 

emulsion droplets, which decreases attractive interactions [54]. Polymers act by the entropic 

effect caused by the entanglement of polymeric chain’ segments in the emulsion droplets 

interface, limiting conformational rearrangements. Regarding solid particles, its adsorption 

creates a mechanical barrier against coalescence. An alternative to common stabilizers is the 

use of rheology or texture modifiers, which, by increasing the viscosity of the continuous phase, 

help to restrict the droplets movement and to increase its kinetic stability [53]. 

Particularly, for O/W emulsion systems, the instability is a result of gravitational separation and 

flocculation, which might lead to coalescence of the O droplets [53, 57]. The polysaccharide GA 

is one of the stabilizers most commonly used in the synthesis of isocyanate containing MCs 

obtained by the interfacial polymerization method. GA has a good water solubility, low solution 

viscosity, good surface activity, and ability to form a protective film around emulsion 

droplets[58, 59]. There are several studies reporting on the optimization of the GA 

concentrations in the W phase, intended to increase the stability of the O/W emulsion and 

consequently lead to smaller and more homogeneous MCs [51, 59, 60]. Huang et al. report on 

the study of different GA concentrations and its effect on the MCs’ final morphology. The 

authors tested GA concentrations ranging from 2 to 10 wt% in the W phase, observing a 

significant decrease in the MCs size when the GA concentration increased from 1.5 to 3 wt%, 
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followed by a plateau with the MCs maintaining similar diameters for GA concentrations above 

3 wt% [59]. Xiang et al. have also tested different GA concentrations of 5, 7.5 and 12.5% in the 

W phase and concluded that as the GA concentration increased the sphericity and uniformity of 

the MCs improved [60]. GA in a concentration above 12.5% has been shown to significantly 

increases the aqueous solution viscosity, which strongly leads to a reduction in the MCs size as 

two stabilization effects are combined, the effect of GA as a polysaccharide and its rheological 

effect as viscosity modifier [60]. In addition to GA, and although not so common, it has been 

reported the use of other stabilizers for this purpose. Some examples are the Tween80, 

Tween20, Sodium dodecyl sulfate (SDS), SPAN20, PVA, dodecyl benzene sulfonate (SDBS) and 

combinations of GA with cetrimonium bromide (CTAB), PVA with SDS and SDBS with 

polyvinylpyrrolidone (PVP) [51, 61, 62]. Sun et al. studied the effect of several stabilizers and its 

concentration on the final MCs’ characteristics. A decrease on the MCs size with the increase of 

the stabilizer concentration, up to a certain amount, was observed. GA was the stabilizer leading 

to bigger MCs, and which needed to be present at higher concentrations [51]. It is composed by 

arabinogalactan (868.4%), arabinogalactan protein (10.4%), and glycoprotein (1.24%), with its 

emulsifying property attributed only to arabinogalactan protein, which explains its use in a 

greater amount for achieving stable emulsions [58]. A combination of SDBS/PVP and PVA were 

concluded to be the best emulsifying systems [51]. 

 

II.3.2 Interfacial polymerization – Encapsulation of other isocyanate species 

 

Besides IPDI it has already been reported the encapsulation of other isocyanates species by 

interfacial polymerization, although in a significantly less extent. An example is the 

hexamethylene diisocyanate (HDI), either in the form of monomer, dimer, and trimer. Huang et 

al. and Wu et al. report on the encapsulation of its monomeric form, by using an MDI pre-

polymer and an urea formaldehyde (UF) pre-polymer, respectively [59, 63]. Wu et al. have also 

encapsulated an HDI dimer using the same shell material [63]. Nguyen et al. encapsulated an 

HDI trimer using a more reactive commercial MDI, Suprasec 2020 [46]. 

For the encapsulation of the monomeric HDI in PU MCs, Huang et al. used an MDI pre-polymer 

as shell material and 1,4-butanediol as active H source [59]. The obtained MCs had a maximum 

core content of 63 wt%, which dropped to 45 wt% while stored in an open-air environment for 

a month, and to below 20 wt% upon its immersion in water for 24 hours [59]. For the 

encapsulation of both the monomeric HDI and the HDI dimer, in PUF MCs, Wu et al., used a UF 

pre-polymer as shell precursor and the MCs were obtained by in situ polymerization. The author 

reports on an encapsulation content ranging from 82–90 wt%, with a reduction to 78% in 45 
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days. For the production of the MCs containing liquid HDI-trimer, Nguyen et al. reported on the 

use of an MDI-trimer and a 2,4,6-triaminopyrimidine for the shell formation [46, 63]. Several 

functionalizing agents were tested for the shell, namely the 2-ethylhexylamine, 3,4-

difluorobenzylamine, 1H,1H,2H,2H-Perfluorodecylamine, and combinations between them. This 

were to bring some hydrophobicity to the shell and to increase the MCs’ core content. The use 

of hexamethyldisilazane (HMDS) was also tested, aimed to induce reactions between isocyanate 

groups to reinforce the PUa shell structure. The use of HDMS enabled to obtain a core-content 

of 76 wt% of HDI, and the hydrophobic functionalization improved the encapsulation content by 

18 to 27 wt% when compared to non-functionalized MCs [46]. 

The referred works all report on the encapsulation of HDI, which although slightly more reactive 

than IPDI, was able to be encapsulated as a monomer, a dimer and a trimer. The encapsulation 

of higher molecular weight (MW) isocyanates has also been reported, although in a significantly 

small extent. In 2019 Ma et al. was able to encapsulate liquid PAPI dissolved in n-hexadecane, 

using the same isocyanate for the shell formation and without the addition of any active H 

source. The encapsulation content, composed by both PAPI and n-hexadecane, was of 77 wt%, 

decreasing to 59.7 wt% within a 6-month period [64]. In 2020, Lubis et al. reported on the 

encapsulation of polymeric 4-4 diphenyl methane diisocyanate, with 31% of –NCO content, 

using the same for the shell formation and 1,4 butanediol as active H source. The obtained MCs 

had an encapsulated content that varied from 60.8 to 63.5 wt% of the total MCs weight. 

However, the MCs were poorly spherical, with some aggregation and big sizes and size 

distribution varying from ca. 50 to 300 µm [61]. Lastly, Xiang et al., in 2022, refer the 

encapsulation of an aliphatic isocyanate pre-polymer using a commercial polyurethane (Bayer 

L-75), which is an aromatic polyisocyanate based on TDI, along with 1,4 butanediol, for the shell 

formation. The encapsulated content varied from 31.56% to 40.88% [60]. 

The state of the art regarding isocyanates microencapsulation mainly refers to MCs with a 

PU/PUa shell enclosing monomeric or low MW isocyanate species. Although the encapsulation 

of monomeric isocyanates, by interfacial polymerization, is widely documented in the state of 

the art, improvements regarding these MCs shelf-life, size to core content and size distribution 

are still a necessity. Also, the state of the art regarding the encapsulation of oligomeric or pre-

polymeric isocyanate species is very scarce, mainly due to the high viscosity and reactivity of 

these species which leads to MCs with a poorly spherical shape, large size distributions and low 

encapsulation yield. 
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II.3.3 Microplastics in isocyanate microencapsulation 

 

Interfacial polymerization in combination with an O/W emulsion is a well-established method 

for isocyanate microencapsulation. However, the MCs obtained by this method are not 

considered to be biodegradable making then microplastics. In 2021, the ECHA completed a 

restrictions proposal regarding the use of intentionally added microplastics in products available 

at the European Union/European Economic Area market [65]. Following the European 

Commission request, ECHA proposed that the concentration of microplastic in a mixture should 

not exceed 0.01%, which is equivalent to its ban. The proposal is still to be approved but it is 

expected to come into force [65, 66]. 

Some PUs have been reported to present some biodegradability, to a certain extent, depending 

on the properties of the polymer as for example its molecular orientation, crystallinity, cross-

linking and the presence of certain chemical groups which can promote degradability by certain 

enzymes [67]. 

In 2019, Xiao et al. reported on the production of PU MCs containing encapsulated IPDI 

presenting some biodegradability when subjected to simulated physiological conditions. For the 

MCs’ production, a polycaprolactone (PCL) diol and poly(ethylene glycol) were made to react 

with an MDI to form a PU pre-polymer to be further used for the shell formation [68]. The PU 

MCs, obtained by interfacial polymerization, exhibited some degradation into smaller fragments 

after exposed to phosphate buffer saline solution for 30 days. However, there is no reference to 

further degradation after this time. 

The strategy followed in this thesis to address the microplastics issue took into account the 

employment of biodegradable plastics for the MCs’ shell. The next sub-chapter explains the 

theory behind the MCs’ preparation process in this case. 

 

II.3.4 Solvent evaporation 

 

As an alternative to the absent or limited biodegradability of the MCs obtained by interfacial 

polymerization, it is possible to obtain biodegradable MCs using other techniques.  

The solvent evaporation technique has been used to obtain MCs by precipitation. By this method 

no chemical reactions occur, and the MCs are obtained only by physical phenomena. Instead of 

monomers or pre-polymers as starting materials for the shell formation, in this case, polymers 

(including bio-derived and biodegradable polymers) can be used, offering a wider range of 

options.  
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By this technique, a first aqueous phase is dispersed into an organic phase composed by a 

dissolved polymer, forming the primary emulsion system, W1/O. This emulsion is then dispersed 

into an aqueous phase containing an emulsifier, leading to the double W1/O/W2 emulsion 

system formation. The double emulsion is then left under agitation until all the solvent present 

in the O phase has evaporated, leading to the polymer precipitation at the W1/O emulsion 

interface and to the MCs formation [69]. 

This technique enables to use biodegradable polymers as shell material for the MCs formation, 

with PCL being the most referred in the literature for this use. PCL is an aliphatic polyester with 

low glass transition temperature and a melting point of 60 °C with its biodegradability occurring 

by means of bulk ester hydrolysis into carboxylic acids and alcohols [70-73]. PCL has been widely 

studied as MCs’ shell material mainly for controlled drug release applications due to its 

biocompatibility and FDA approval for use in humans [70, 71]. However, most works reporting 

its use refer to the encapsulation of hydrophilic compounds, usually temperature sensitive, by 

means of a W/O/W emulsion system [74-78]. 

For the encapsulation of isocyanates using this technique, it is necessary to use an O/O/W 

emulsion system, since the core content would not be hydrophilic but lipophilic. 

 

II.3.4.1 Double emulsion system 

 

Emulsions can be divided into simple emulsion systems, consisting of two immiscible liquids 

dispersed in one another or double/multiple emulsion systems consisting of three or more 

different fluids, as depicted in Figure II.10. 

 

 
 

Seifriz W. reported, in 1924, on double emulsions system formation, for the first time, classifying 

them as complex polydisperse systems, which can be placed into two categories: W/O/W or 

O/W/O [79]. Although W/O/W is the most commonly double emulsion system used in 

combination with the solvent evaporation technique, there is also reference, in the state of the 

Figure II.10. Schematic representation of the emulsion’s classification types, with the water phase 
of the emulsion system represented by the light gray color and the oil phase by dark gray color.    
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art, for the use of O/O templates and, more commonly, W/O/O double-emulsion systems. 

Microencapsulation using an O/O emulsions have been reported later on by Sturesson et al., 

1993, regarding the encapsulation of timolol maleate using poly(1actic-coglycolic acid) through 

the solvent evaporation method, leading to a drug load of about 2% (w/w) [80]. The use of O/O 

templates or the adaptation of the latter one in a double emulsion system brought the possibility 

to obtain a higher encapsulation yield for water soluble compounds since these species tend to 

diffuse to the aqueous outer phase on the conventional emulsion systems [81, 82]. Despite its 

importance, references regarding the use of O/O emulsion systems are still reduced, mainly due 

to the difficulty to achieve a stable system. For that it is essential to identify appropriate solvent 

pairs that drive phase separation into an emulsion. The most referred combinations regard the 

use of nonpolar solvents for the polymer dissolution, such as hydrocarbons, and highly polar 

solvents (e.g., dichloromethane, polyols, formamide, and methanol), and mineral or vegetable 

oil for an external O phase [82]. Jelvehgari M. and Montazam S. H. reported on encapsulation of 

theophylline using W/O/O and O/O emulsion systems through solvent evaporation/extraction 

technique using various shell forming materials, obtaining a high encapsulation yield of 90% with 

Eudragit RS and an O/O template [81]. Ramesh D. V. studied the encapsulation of Vitamin B12 

in PCL microspheres by the solvent evaporation technique using the following emulsion systems: 

O/O, W/O/W, and O/O obtained by melt, in which the Vitamin B12 was added directly in melted 

PCL without the need of a solvent. The most favorable result was obtained with the O/O 

template [82]. Iwata and McGinity have developed a multiple emulsion system of the W/O/O/O 

type trough which multiphase MCs of poly(lactic-co-glycolic acid) (PLGA) containing W/O 

emulsions were prepared by solvent evaporation technique, using acetonitrile for the polymer 

dissolution and mineral oil for the continuous phase, obtaining loading efficiencies of 80-100%. 

[83]. In addition, W/O/O templates have also been described by Zheng et al. as a method to 

produce double-shell MCs containing a hydrophilic content, with a PU/PMF shell through 

combinations of both interfacial polymerization and polymer precipitation techniques [84]. 

 

II.3.4.2. Microencapsulation for adhesive formulations 

 

Microencapsulation can be of use in adhesive industry to increase the compatibility of certain 

ingredients, to minimize component poisoning and product degradation [38]. Other advantage 

offered by microencapsulation is the possibility to activate the adhesive at a specified time [85]. 

However, despite the offered advantages very little development has been carried out in this 

field. In the adhesive industry, encapsulation can be used to enclose a reactive component, a 
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catalyst or a cross-linker, enabling the production of latent adhesives. This type of adhesive is 

not active until the breakage of the MCs at the desired moment. It is also possible to encapsulate 

other incompatible, sensitive, or volatile compounds of adhesive formulations, as antioxidants, 

flame retardants, solvents, biocides, dyes, among others [38, 86]. 

Most of the work reported in the state of the art combining microencapsulation and adhesives 

refers to self-healing applications. As a title of example Yuan et al. described on the 

encapsulation of a liquid epoxy resin adhesive, composed by a mixture of diglycidyl ether of 

bisphenol A and 1-butyl glycidyl ether in MCs with a PUF shell, to be used as a healing adhesive 

to self-healing composites [87]. Celestine et al. encapsulated anisole with dissolved poly(methyl 

methacrylate) (PMMA) in PU/PUF MCs to be part of a self-healing PMMA formulation. The MCs 

were only to release the core content when subjected to a fracture. When subjected to a Mode 

I fracture, while in the PMMA matrix, the MCs were able to release its content and lead to a 

healing efficiency of 89% after 3 days, for a formulation containing 5 wt% of MCs [88]. Although 

in a fewer amount there are also some publications regarding the encapsulation of curing agents 

for adhesives formulations. Zhang et al. reported, in 2019, on the encapsulation of 2-

phenylimidazole to act as an accelerator to a 1K epoxy thermoset resin. Imidazole is one of the 

most used accelerators for epoxy resins, however its intrinsic high reactivity, even when at room 

temperature, makes it unfeasible to be added directly to the resin formulation. Here the MCs 

act as latent accelerators, only releasing the encapsulated component by the effect of 

temperature, allowing the addition of the imidazole to the formulation [89]. You et al., refer, in 

2020, the production of MCs via microfluidic-assisted fabrication, containing oxalic acid, and by 

using ethoxylated trimethylolpropane triacrylate pre-polymer for the shell formation. The MCs 

are intended to be used on UF pressure-sensitive adhesives for plywood boards [90]. Also, in 

2020 Ni et al. reported on polyetherimide (PEI) shell’ MCs containing a multi-polyaniline (MPAN) 

on its core, to be released due to an external stimulus of pressure, heat or light. The MCs were 

able to release the core content at the temperature of 120 °C leading to the epoxy resin cure 

[91]. In 2021 Messersmith et al. reported on the encapsulation of a polyol cross-linker, glycerol, 

and a tertiary amine catalyst, DABCO, to be added to a polyurethane adhesive intended to a 

rapid cure under water. The MCs were composed by a PUa shell and demonstrated to be able 

to release its content in response to a mechanical stimulus [92]. 

Regarding the production of MCs containing encapsulated isocyanate species for adhesive 

formulations, in 2020 Lubis et al. reported on the encapsulation of polymeric 4,4 methylene 

diphenyl isocyanate in PU MCs to be used for the modification of urea UF adhesives. The authors 

showed an increased performance of the adhesive with the addition of the MCs when comparing 
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with the UF adhesive on its own. However, it is referred the importance of reducing the MCs 

size, which reached 300 µm, to improve its performance [93]. 

The application of MCs in adhesive formulations is still very scars, in particular the use of 

isocyanate containing MCs. For the MCs to be used as cross-linkers, in adhesive formulations, it 

is necessary for them to respond to the stimuli applied during the adhesive application, have a 

good dispersion in the adhesive, have small sizes and size distributions (to guarantee a good 

homogeneity) and, in case of 1K adhesives, need to resist the solvent present in the formulation. 

In this work, the development of adequate MCs, with the required characteristics, is here 

addressed, as well as the formulation of a final PU and PCP adhesive containing the new solid 

cross-linkers. 
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Chapter III - Testing and characterization 
 

III.1 Emulsions testing and characterization 
 

The stability of the O/W emulsion systems is directly correlated with the size and size 

distribution of the MCs. For that purpose, emulsions were evaluated both under static and 

dynamic conditions, by optical microscopy and sedimentation tests. The following tests were 

used to evaluate the O/W emulsions that were combined with the interfacial polymerization 

process for the achievement of the MCs. 

 

III.1.1 Optical microscopy 
 

An optical microscope, Kruss MSZ 5600 (Hamburg, Germany) was used to evaluate the emulsion 

stability and droplets’ size variation over time. The emulsions were studied both while at rest 

(static conditions) and during the MCs’ synthesis (dynamic conditions), subject to a stirring at 

400 rpm, for a maximum of 30 minutes. Interfacial polymerization reactions take place at the 

emulsion droplets surface, and it is not possible to guarantee that no solid film has been formed 

after that time. For the emulsion evaluation under static conditions, photographs were taken 

after 10 minutes of emulsification and after 20 minutes at rest, which corresponds to 30 minutes 

of synthesis. For the evaluation at dynamic conditions, the photos were taken after 10 minutes 

of emulsification and after 15 minutes under mechanical agitation, which is equivalent to 20 

minutes of synthesis. The photographs were used to determine the average diameter and size 

distribution of the emulsion droplets, using the Fiji software in a sample of 100 droplets per 

image [1].  

 

III.1.2 Emulsion stability – Sedimentation tests 
 

Gravitational separation is one of the most common emulsion instability mechanisms when the 

two phases have a significant density disparity, and, in particular for O/W emulsions, creaming 

is the most predominant phenomenon [1]. Due to this, the creaming index (CI) is usually used to 

study O/W emulsions stability, by using the following Equation 1: 

𝐶𝐼 = 100
𝐻𝑆

𝐻𝐸
 

where Hs is the height of the serum layer and HE the total height of the emulsion [2].  

Equation 1 
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However, the emulsion gravitation separation was evaluated by calculating the sedimentation 

volume fraction instead of the CI, for two main reasons: i) isocyanates lead to such an increase 

of the O phase density that it surpasses that of the W phase, with a consequent tendency for 

the droplets to move downwards  (sedimentation) [1, 3]; ii) the emulsions are polydisperse in 

terms of droplet size distribution, having different sedimentation velocities, as schematically 

represented in Figure III.1. The smaller droplets remain dispersed in the upper part of the 

emulsion during a prolonged time not allowing to form a clean serum layer during the time of 

the study, which is required for the CI calculation [4]. 

 

 

Figure III.1. Schematic representation of the sedimentation phenomenon observed in a polydisperse emulsion system. 
The dispersed phase of the emulsion is represented by orange spheres, which corresponds to the oil phase of the 
emulsion, composed by the isocyanates. Image reprinted from [5]. 

 

For these reasons, instead of the CI it was determined the sedimentation volume fraction of the 

emulsion, by using the following Equation 2:  

𝑆𝑒𝑑𝑖𝑚𝑒𝑛𝑡𝑎𝑡𝑖𝑜𝑛 =
𝜋 × 𝑟2 × ℎ0

𝜋 × 𝑟2 × ℎ
 

 

where h is the total height of the initial emulsion in the vessel, h0 is the height of the sediment 

formed at the bottom, as depicted in Figure III.2, and r is the radius of the vessel used to calculate 

the volume. 

 

 

Equation 2 
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Figure III.2. Visual explanation of the h (total height of the initial emulsion) and h0 (height of the sediment) used for 
Equation 2. 

 

For the sedimentation tests, the emulsions were prepared using an organic dye, Oil Red O dye 

(Sigma Aldrich, USA) in the O phase, to better distinguish both phases. After the emulsification, 

a 30 ml sample was collected to a vessel of 2.6 cm of diameter by 7.7 cm of heigh. The collected 

sample was let at rest and followed for 30 minutes. During that time photographs were taken at 

periodic intervals of 1 minute, during the first 5 minutes, and then every 2 minutes. The 

photographs were used to calculate the sedimentation volume fraction of the emulsion. 

 

III.1.3 Viscosity 
 

The viscosity of the W phase of the emulsions systems were measured to understand its effect 

on the emulsion stabilization. For that purpose, it was used a BROOKFIELD DV-II+Pro digital 

viscosimeter, with a CFE - 52 spindle, at a speed of 60 rpm and a temperature of 20 °C. All the 

measurements were made in triplicate. 

 

III.2 Microcapsules testing and characterization  
 

In the course of this work, the MCs were characterized according to their morphological 

characteristics, their core content, shelf-life, chemical resistance, behavior in the adhesive pre-

polymer and capacity to release its content during the adhesive application.   

The morphological characterization of the MCs, namely its morphology type, physical chape, size 

and size distribution, were accessed by microscopy techniques. The MCs chemical composition, 

quantification of its core content and shelf-life were confirmed by Fourier transform infrared 
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spectroscopy, thermogravimetric analysis, and its derivative. Differential scanning calorimetry 

were used to confirm the melting temperature of the MCs’ shell as well as the MW of the 

polymers used for its MCs’ production. 

 

III.2.1 Optical microscopy 

 
Optical microscopy was used during the MCs production process, to evaluate the emulsion’ 

droplets size and stability, as well as to assess the MCs’ shell maturity during the process, i.e. its 

rigidity, which enabled to qualitatively evaluate its capacity to endure the vacuum filtration 

process. For bigger sized MCs, its final morphology was, in some cases, accessed by optical 

microscopy, however scanning electron microscopy was the preferred technique for that 

purpose.  

The optical microscope used was a Kruss MSZ 5600 optical microscope (Hamburg, Germany). 

 

III.2.2 Scanning electron microscopy (SEM) 

 
SEM was used to characterize the MCs regarding its morphological type, shell’ roughness, 

porosity, shell thickness, average diameter and size distribution. For that purpose, the samples 

were immobilized in a sample holder by using a conductive double-sided adhesive tape and 

coated with a conductive 15 nm layer of gold-palladium (Au/Pd) thin film, through sputtering, 

by using a turbomolecular pumped coater, Quorum Technologies sputter coater, model Q150T 

ES (Lewes Road, Laughton, UK). The average diameter, size distribution, and shell thickness of 

the MCs were evaluated using photomicrographs obtained through SEM and employing the Fiji 

software in a sample of 100 MCs [6]. 

Three different SEM equipment’s were used, namely: 

A field emission gun scanning electron microscope FEG-SEM operating at 15 kV, JEOL JSM7001F 

(JEOL, Tokyo, Japan). The elemental analysis over the MCs’ sample was carried out using an 

Oxford Energy Dispersive Spectrometer (EDS) light elements detector, model INCA 250. 

An analytical scanning electron microscope, model Hitachi S2400 (Chiyoda, Tokyo, Japan), with 

Bruker light elements EDS detector. 

A Phenom ProX G6 benchtop SEM (ThermoScientific, Waltham, MA, USA) equipped with an EDS 

with integrated element identification (EID) software. 
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III.2.3 Fourier transform infrared spectroscopy (FTIR) 
 

FTIR spectroscopy was used to confirm the chemical structure of the MCs’ shell and to assess 

the relative encapsulation yield (Y value), which represents an indirect measure of the 

isocyanate encapsulation efficiency, used to evaluate the shelf-life of the MCs. For that purpose, 

the FTIR spectra were obtained at 4 cm−1 resolution and 8 scans of data accumulation, between 

500 and 4000 cm-1. 

The following Equation 3 was used to determine the Y value:  

𝑌 =
𝐴𝑟𝑒𝑎𝑁𝐶𝑂 (2260 𝑐𝑚−1) 

𝐴𝑟𝑒𝑎𝑠ℎ𝑒𝑙𝑙 (𝑥)
 

where Y is considered a relative, indirect measure value of the isocyanate encapsulation 

efficiency, Area NCO (2600 cm
-1

) the area of the isocyanate’ NCO peak and Area shell (x), the area of a 

peak regarding the MCs’ shell that does not significantly change over time. For PU and PUa MCs, 

it was used the area of the peak at 1300 cm-1 related to the C-O stretching vibration and, for the 

PCL and PHB MCs’ the area of the peak at 1720 cm−1 related to the polymer’s carbonyl group. 

The FTIR peaks areas were obtained by using the Origin Pro 2016 software [7].The Y value and 

the corresponding methodology herein described to calculate it, have been previously reported 

in published papers under my co-authorship [5, 8-10]. 

By comparing the Y value obtained after the MCs synthesis with that of the 3 months old MCs, 

it is possible to conclude about its shelf-life, directly related to the shell permeability to 

moisture. If the MCs’ shell does not offer enough protection, moisture can diffuse to the MCs 

interior and react with the free NCO groups, leading to a loss of encapsulated compound, 

together with an increase of the shell’s thickness and a decrease of the Y value. 

The FTIR equipment used was a Spectrum Two from PerkinElmer (Waltham, MA) equipped with 

a UATR Two accessory. 

 

III.2.4 Thermogravimetric analysis (TGA) 
 

TGA resulting thermograms and its derivative curves (DTG) were used to quantify the amount 

of the MCs’ core content and to conclude about its aging, as well as to corroborate the FTIR 

findings regarding the MCs’ composition. The analyses were performed under a controlled 

nitrogen atmosphere with a flow of 200 mL/min, at a temperature increase rate of 10 °C/min, 

in the range 30−600 °C. The equipment used was a Hitachi STA 7200 Thermal Analysis System 

(Ibaraki, Japan). 

Equation 3 
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III.2.5 Gel permeation chromatography (GPC) 
 

GPC enabled to study the MW of the polymers used to obtain the MCs’ shell, namely of the PCL 

and PHB, and to evaluate the effect of the microencapsulation process on the MW of the 

polymeric MCs’ shell. For that purpose, all the samples were prepared at a concentration of 5 

g/L in tetrahydrofuran (THF). The calibration curve was established by using polystyrene 

standards from PSS – Polymer Standards Service GmbH. For the analysis it was followed an 

isocratic method using THF as the mobile phase at a flow rate of 1 mL/min at 40 °C. 

The equipment used was a Jasco system (Tokyo, Japan) equipped with a refractive index 

detector, model RI4030 and an ultraviolet-visible (UV−Vis) detector, model UV-4070 (set at 254 

nm). The equipment is equipped with a SDV (styrene-divinylbenzene) precolumn and a set of 

two SDV linear columns. 

 

III.2.6 Differential scanning calorimetry (DSC) 
 

The DSC analysis enabled to confirm the melting temperature of the PCL polymer, used for the 

MCs’ shell fabrication. The DSC analyses were performed using a DSC Q200 V24.4 differential 

scanning calorimeter, from TA Instruments (New Castle, Delaware, USA) under a controlled 

nitrogen atmosphere with a flow of 50 mL/min and a temperature increase rate of 10 °C/min, in 

the range of 20 to 300 °C. 

 

III.2.7 MCs’ behavior to temperature 
 

To evaluate the thermos-responsive MCs behavior to temperature, two different tests were 

performed: 

In a first test the MCs were placed in an oven at 30 °C and exposed to increasingly higher 

temperatures, until melted. This enabled to confirm the maximum temperature at which the 

MCs can be exposed without melting. The oven’s temperature was increased by 10 °C each hour 

and the MCs were optically evaluated. 

In a second test, the MCs were added to an adhesive pre-polymer formulation, which contains 

OH groups available to react (OH pre-polymer), supplied by CIPADE S.A (São João da Madeira, 

Portugal), and exposed to 50 °C in an oven. This test enabled to study the responsiveness of the 

MCs’ shell to temperature. The melting of the MCs’ shell leads to the isocyanate release and 

contact with the OH pre-polymer with consequent formation of urethane crosslinks, which 
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contributes to an increase of the pre-polymer viscosity. The viscosity of the pre-polymer was 

monitored along the time, including that of reference samples which consisted of only the pre-

polymer, without MCs, exposed to both 50 °C and at RT. The viscosities were measured every 

10 minutes, during a period of 1 hour, at 27 °C, using a multi speed digital cone and plate 

viscometer with variable control, from REL (London, United Kingdom). 
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Chapter IV - Interfacial polymerization technique in combination with a 

microemulsion system: Reactional parameters and strategies 
 

This chapter exposes the production of MCs by the interfacial polymerization technique in 

combination with an O/W microemulsion system. By this technique, the MCs synthesis occur 

due to polymerization reactions on the emulsion droplets interface, which leads to the 

formation of the polymeric shell. Several strategies and reactional parameters optimizations are 

reported in this chapter, intended to improve the MCs final characteristics in particular to 

increase its encapsulation yield and shelf-life as well as to reduce the MCs size distribution. A 

laboratorial scale-up of the MCs production process is also described, which refers to an increase 

of the reactional volume from 1.5L to 10L.    

 

Published papers with results exposed in this chapter: 

• Loureiro, M. V.; Mariquito, A.; Vale, M.; Bordado, J. C.; Pinho, I.; Marques, A. C. “Emulsion 

Stabilization Strategies for Tailored Isocyanate Microcapsules”, Polymers 15 (2023) 403. 

Doi: 10.3390/polym15020403 

 

IV.1 Materials 
 

The materials used for the MCs production, by the interfacial polymerization technique in 

combination with a microemulsion system, can be classified as isocyanates, active H sources, 

and emulsion stabilizers. All reagents used are listed in Table IV. 1 and the essential information 

regarding the isocyanates and the active H sources are described on Table IV.2 and Table IV.3 , 

respectively. 
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Table IV. 1. Reagents used in the MCs production by the interfacial polymerization technique, with the respective 
commercial name, purity, and manufacturer. 

Classification Chemical Commercial name Purity Manufacturer 

Isocyanate 

Isophorone diisocyanate (IPDI) Desmodur® I 98% Covestro AG 

Methylene diphenyl diisocyanate 
(MDI) 

Ongronat® 2500 - BorsodChem 

Suprasec® 2234 - CIPADE S.A. 

Toluene diisocyanate (TDI) 
Desmodur® RFE - Covestro AG 

Desmodur® RC - CIPADE S.A. 

Active H 
source 

Polyetheramine Jeffamine® D2000 - Huntsman 

Poly(ethyleneimine (PEI) - ≤99% Sigma-Aldrich 

Triethoxy(octyl)silane (n-OTES) - 97% Sigma-Aldrich 

1,6-Hexanediol - 97% Acros Organics 

Emulsion 
stabilizers 

Gum arabic (GA) - >95 Fisher Chemical 

Poly(vinyl alcohol) (PVA) - - Alfa Aesar 

Polyoxyethylenesorbitan 
Trioleate 

Tween® 85 ≥50% 
(GC) 

Sigma-Aldrich 

Sorbitan laurate Span® 20 ≥44% 
(GC) 

Fluka 

Poly(ethylene glycol)-block-
poly(propylene glycol)-block-
poly(ethylene glycol) 

Pluronic® 

P 123 
- Sigma-Aldrich 

- Dabco® DC193  Air Products 
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Commercial 

name 

Chemical 

Structure 

ρ,20ºC 

(g.cm-3) 

η,20ºC 

(mPa.s) 

NCO content 

(%) 
Properties 

Desmodur® I 

 

1.049 15 ≥ 37.5 

Aliphatic diisocyanate with 

two isomers, cis and trans, 

with the same reactivity. 

Secondary -NCO group has 

a higher reactivity (for 

most cases) than the 

primary -NCO group.  

Ongronat® 

2500 

 

1.24 520-680 30-32 Oligomeric MDI. 

Suprasec® 

2234 
1.13 2500 15.9 Pre-polymeric MDI.  

Desmodur® 

RFE 

 

1.000 3 7.2 ± 0.2 

Aromatic poly-isocyanate 

pre-polymer supplied as a 

solution of tris(p-

isocyanatophenyl) 

thiophosphate (27%) in 

ethyl acetate. 

Desmodur® 

RC 

 

1.01 3 7.0 ± 0.2 

Supplied as a solution of a 

poly-isocyanurate of TDI 

(35%) in ethyl acetate. 

Table IV.2. Isocyanates used for the MCs synthesis by the interfacial polymerization technique and respective chemical 
structure, density, viscosity, NCO content and main properties. 

https://www.google.pt/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&ved=2ahUKEwjnp6rixurdAhUDTBoKHTxDAaQQjRx6BAgBEAU&url=https://www.chemicalbook.com/ChemicalProductProperty_EN_CB5875311.htm&psig=AOvVaw3JloFxRWgrSK6wvhwvMOSo&ust=1538665760543608


59 
 

Table IV.3. Active H sources used for the MCs synthesis by the interfacial polymerization technique and respective 
chemical structure and type. 

Name Chemical Structure Type of active H source 

Polyetheramine (PEA) 

(Jeffamine® D2000)  
Amine 

Poly(ethyleneimine) (PEI) 

 

Amine 

Triethoxy(octyl)silane 

(n-OTES)  

Silane 

(Latent active H source) 

1,6-Hexanediol  Polyol 

Diethylenetriamine (DETA) 
 

Amine 

 

IV.2 Experimental: MCs synthesis by Interfacial polymerization technique in 

combination with a microemulsion system 
 

PUa and PU/PUa MCs were synthesized via an O/W microemulsion system combined with in-

situ polymerization at the O/W droplets surface. 

The synthesis of MCs by interfacial polymerization involves, at least, two reactants in a pair of 

immiscible liquids, which is typically achieved by an O/W micro-emulsion system. The 

continuous aqueous solution is composed by one or more reactants with NH or OH groups and 

at least one emulsion stabilizer, as for the dispersed phase it is composed by the isocyanates. To 

obtain the microemulsion, the two phases are mixed together and subjected to a high shear 

rate. This is followed by the diffusion of the reactants, which become in contact at the interface 

of the O droplets of the emulsion system and begin to react to form an initially thin PUa and/ or 

PU/PUa polymeric shell, composed mainly by oligomers or pre-polymeric species. The 

isocyanate reacts readily and quicker with water, resulting in the formation of an unstable 

carbamic acid intermediate that immediately decomposes to amine and CO2 [1]. Amines react 

with isocyanates and are autocatalytic, further leading to PUa formation [1]. In case of polyols 

in the W phase, PU is also formed. With further polymerization reactions the thickness of the 

initially thin polymeric shell surrounding the O phase droplets increases in thickness until no 

more reactant species are allowed to be in contact. In this synthesis technique, the 

polymerization reactions are mostly controlled by the diffusion of the W phase reactants to the 

O phase of the emulsion, which leads to a decrease of the MCs’ shell growth’s rate as the shell 
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thickness increases. The main reactions that take place during the synthesis of MCs by interfacial 

polymerization are summarized in Figure II.8 and Figure IV.1. 

In more detail, for the O/W microemulsion preparation, both phases were mixed under vigorous 

stirring, at 3400 rpm with the use of an Ultra-Turrax, IKA T25 digital (Germany), during 10 min 

at a predefined temperature. The microemulsion was then submitted to mechanical stirring, 

using an Heidolph RZR 2051 (Germany) mechanical stirrer, under a controlled temperature. 

After 10 minutes under mechanical agitation, the OH and or NH reactants, from now on 

designated as active H sources, were added to the emulsion. When the MCs’ shell had attained 

enough maturity, they were filtrated using a vacuum filtration system, while washed with water. 

The final MCs were dried at atmospheric pressure and room temperature for 48 h before stored. 

The maturity of the MCs shell was constantly evaluated, during the time of the synthesis, by 

means of optical microscopy, using a Kruss MSZ 5600 optical microscope (Hamburg, Germany). 

The general synthesis procedure is depicted in Figure IV.1. 

 

 

Figure IV.1. Schematic representation of the MCs’ synthesis process by the interfacial polymerization 
technique combined with a micro-emulsion system. 
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There are several parameters which are considered as reactional variables. Table IV. 4 lists the 

ranges of temperature used, synthesis duration, emulsification time and mechanical agitation 

used. The choice of the synthesis temperature, duration and emulsification time was made 

having into consideration the reactivity of the isocyanates employed in the synthesis. The choice 

of the mechanical agitation to use was based on the viscosity and density of the O phase. 

 

Table IV. 4. Reactional variables in the synthesis of MCs by interfacial polymerization technique and ranges 
used.  

Reactional parameters Ranges 

Synthesis temperature 40 - 70 °C 

Synthesis duration 1h – 5h 

Emulsification time 5 – 10 minutes 

Emulsification stirring  3200 rpm – 3600 rpm 

Mechanical stirring 380 – 600 rpm 

 

The isocyanates, active H sources and emulsion stabilizer used are described in Table IV.2 and 

Table IV.3. 

A scale-up of the synthesis process is described in the sub-chapter “VI.4 Scale-up of the 

syntheses processes”. For that, a 10L water heated jacketed glass reactor was used and, for the 

heating system, a Huber (Offenburg, Germany) heating bath circulation thermostat, model CC-

304B coupled with a thermal bath, at 30 °C. For the emulsification, an ULTRA-TURRAX (model 

T50, from IKA (Staufen, Germany)) was used. An ULTRA-TURRAX (model T50, from IKA (Staufen, 

Germany) was used for emulsification. 

 

IV.3 Results and discussion: Reactional parameters and strategies 
 

The most reported technique for the isocyanates microencapsulation is by an O/W 

microemulsion system combined with interfacial polymerization. However, there are still some 

challenges regarding this process, particularly the usually wide size distributions of the obtained 

MCs, a low encapsulation yield, and short shelf-life. To decrease and control the MCs size 

distribution, several emulsion stabilizers, and different combinations between them, were 

tested. As for the encapsulation yield, the effect of the synthesis duration and temperature were 

tested, as well as the combined effect of using active H sources on the W phase and two different 
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isocyanates on the O phase of the emulsion. For the MCs’ shelf-life, the effect of different 

isocyanates for the shell formation and different active H sources, to improve the MCs’ shell 

hydrophobicity, were studied. 

Figure IV.2 depicts the schematic representation of the strategies adopted to optimize the PUa 

and PU/PUa MCs obtained by interfacial polymerization technique.  

 

 

Figure IV.2. Schematic representation of the strategies adopted to optimize the MCs obtained by the interfacial 
polymerization technique.  

 

IV.3.1 Synthesis duration and temperature 
 

The MCs’ shell formation occurs in two mains steps. Primarily, an initial thin PUa and/or PU/PUa 

shell, composed by oligomers or pre-polymeric species, is formed, followed by an increase of 

the shell thickness, due to the continuing of the polymerization reactions. The extent of the 

reaction is controlled by diffusion, and the shell growth rate tends to decrease as the shell 

thickness increases [2, 3]. 

Optimizations in Interfacial Polymerization

MCs Encapsulation 
Yield

Controled by the extent of 
the reaction between the 

isocyanates and the 
reactive groups in the W 

phase.

Synthesis duration and 
temperature

Use active H sources and 
two isocyanates

MCs shelf-life

Intrinsically correlated 
with the reaction of the 
encapsulated isocyanate 
with available OH or NH 

groups. 

Isocyanate used for the 
shell formation

Active H sources 

MCs Size Distribution

Defined by the emulsion 
droplets’ size and stability

Improvement of the 
emulsion stabilization 

systems
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The influence of the synthesis duration on the MCs’ shell thickness and morphology was 

assessed. For that, samples of MCs were filtrated at different times during syntheses done at 70 

°C and at 30 °C, and evaluated by SEM. The syntheses were followed for 5h, and the samples 

collected after 30, 120 and 300 minutes. The reactants used for both syntheses were identical 

and are described in Table IV.5, as well as the reactional parameters, with exception of the 

temperature. 

 

Table IV.5. Emulsion composition and active H source for the synthesis of the MCs used to study the effect of the 
synthesis duration on the MCs’ shell thickness and morphology. 

Water phase 

(wt%) 

Oil phase 

(wt%) 

Active H source 

(wt% of the W phase) 

Water 

Gum arabic 

(93 wt% of the emulsion) 

Ongronat® 2500 (Shell) 

IPDI (Core content) 

(7 wt% of the emulsion) 

Diethylenetriamine 

(DETA) (4 wt%) 

 

Figure IV.3 shows the evolution of the MC’s size and the ratio of shell thickness to MC’s diameter 

(S/D ratio) over the duration of the syntheses. The MCs’ size was not significantly affected by 

the duration of the synthesis as its average size only varied ca. 11 µm during the process, for the 

synthesis at 30 °C, and 1.5 µm for the synthesis at 70 °C, which represents a variation of 17 and 

1.9% of the overall MCs’ size, respectively. On the contrary, the S/D ratio increased, mainly for 

the syntheses conducted at 30 °C. This can be explained by the necessary time for the shell to 

be formed, the quicker its formation the sooner the reactants diffusion tends to decrease as well 

as the shell growth rate. Indeed, higher temperatures promote the transfer of the aqueous 

reactants to the O phase by increasing its diffusion and partition coefficient which results into 

an increase in the reaction rate [3-5]. It is most likely that the initial barrier around the O 

emulsion droplets was formed earlier in the synthesis at 70 °C, slowing the condensation 

reactions and protecting the isocyanate to be encapsulated. These results confirm that the shell 

growth occurs inwards, consuming the isocyanate to be encapsulated.  

After 5h of synthesis, the MCs obtained at 30 °C have several debris and show some aggregation, 

which is not observed for the MCs obtained at 70 °C, as depicted in Figure IV.4. This indicates 

that these MCs were still maturing and were not ready to undergo vacuum assisted filtration. 
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In agreement with the obtained results, it was chosen to further use higher, rather than lower, 

temperatures for the MCs’ synthesis.  

In a second study, the effect of the synthesis duration on the MCs’ encapsulation yield was 

evaluated. For that purpose, MCs’ samples were collected during the synthesis and evaluated 

by FTIR, which was used to calculate the Y value. For this study, the reactants used for the 

synthesis are described in Table IV.6. 

 

 

 

 

 

Figure IV.3. Results of MCs’ average size (a) and S/D ratio (b), obtained at different times during the MCs synthesis at 30 °C 
and at 70 °C. 

(b) 
(a) 

Figure IV.4. SEM photomicrographs of the MCs’ obtained at 30 °C and at 70 °C. 

400µm 400µm 

Synthesis at 30 °C Synthesis at 70 °C 
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Table IV.6. Emulsion composition and active H source used for the synthesis of the MCs used to study the effect of 
the synthesis duration on the encapsulation yield. 

Water phase 

(wt%) 

Oil phase 

(wt%) 

Active H source 

(wt% of the W phase) 

Water 

Gum arabic 

(93% of the emulsion) 

Desmodur® RC (Core content) 

(7% of the emulsion) 
- 

 

A very reactive polyisocyanurate of TDI, Desmodur® RC, was used both to be encapsulated and 

for the shell formation. The synthesis of these MCs is considerably quick, occurring in less than 

15 minutes, due to this isocyanate high reactivity. To conclude about the synthesis duration 

effect, a sample was collected after 5, 8, 10 and 15 minutes from the beginning of the synthesis 

and evaluated by FTIR (Figure IV.5 (a)). The encapsulated isocyanate can be detected by the 

band peaked at ca. 2260 cm-1, which corresponds to the N=C=O bond stretching vibration. The 

MCs’ polymeric shell exhibits characteristic peaks at 1730–1715 cm-1 and at 1700–1680 cm-1, 

related to the presence of the PU and PUa carbonyl groups vibration peaks, respectively, at 1214 

cm-1, related to the presence of the C–O–C group, and at 1300 cm-1, due to C–O stretching. The 

NCO peak, at 2260 cm-1, its found to decrease in intensity with the progression of the synthesis 

and is no longer visible for the sample collected after 15 minutes, indicating that there is no 

more free, unreacted, isocyanate species. Figure IV.5 (b) shows the evolution of the Y value over 

the course of the synthesis, for which the value calculated for the MCs_5min. was considered to 

be 100%. It is clear the correlation between a longer duration of the synthesis and the decrease 

in the encapsulated content. Nevertheless, the maturity of the shell is also to consider. The first 

collected sample, MCs_5min., was evaluated over time, by FTIR-ATR (Figure IV.5(c)), while 

stored at room temperature and 60% of relative humidity. After the MCs filtration, the 2260 cm-

1 peak has a significant intensity which rapidly decreases to be no longer detectable in the 

spectra of the MCs stored for a week, indicating that the MCs no longer had unreacted, 

encapsulated isocyanate after that period. This occurs due to the isocyanate reaction with OH 

or NH groups that might get in contact, usually OH groups from the air moisture that can enter 

the MCs interior trough the shell.  

By comparing the photomicrographs of the MCs obtained after 5 and 15 minutes of synthesis, 

Figure IV.6, the difference in the shell is notorious, with the 5min._MCs having holes in its 

surface, not visible in the 15min._MCs. This might have occurred due to the lack of time for a 

homogeneous shell to be formed and/or to the inability of the 5min._MCs to endure the vacuum 

filtration process. 
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(a) 

(c) 

(b) 

Figure IV.5. FTIR-ATR of MCs samples collected at different times during the synthesis (a). Variation of the Y value 
(b) and FTIR-ATR spectra of the MCs_5min. 2 and 7 days after the MCs’ synthesis. 

MCs_5min. MCs_5min. 

MCs_15min. MCs_15min. 

Figure IV.6. SEM photomicrographs of the MCs collected after 5 and 15 minutes of synthesis. 

100µm 10µm 

100µm 10µm 
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The duration of the MCs’ synthesis has a notorious impact on the both the encapsulation yield 

and maturity of the MCs’ shell, with longer reaction times leading to a lower isocyanate content 

and a more mature shell. It is essential to achieve a compromise between the optimum reaction 

time to achieve a sufficiently mature shell while enabling the encapsulation of a significant 

amount of unreacted isocyanate. It was implemented to filtrate several aliquots over the 

synthesis duration to better understand the moment at which the MCs can stand the vacuum 

assisted filtration process, and, as this, optimize the synthesis duration. 

 

IV.3.2 Use of two isocyanates and active H sources 
 

The synthesis of MCs by the interfacial polymerization technique involves the reaction of OH or 

NH groups, present in the emulsion W phase, with the isocyanates of the O phase. The higher 

the extent of the reaction the lower the available encapsulated isocyanate. Aimed at increasing 

the encapsulation yield, the use of two isocyanates in the O phase of the emulsion, one to be 

encapsulated and the other, the most reactive, to form the shell, was tested. To complement 

this strategy, active H sources were added to the aqueous phase of the emulsion, as an attempt 

to lead to a quicker initial shell formation. This initial and immature shell reduces the diffusion 

of water species into the O phase of the emulsion and decreases the extent of the shell 

formation, ideally contributing to a higher encapsulation content. The use of active H sources 

can also impact the morphology and final properties of the MCs. Molecules with different 

structures can influence the morphology, porosity, permeability, and thermal and mechanical 

resistance of the shell, which have an impact on the release performance and/or the shelf-life 

of the MCs [2]. Active H sources with a higher functionality have more readily available sites for 

reaction, leading to a higher degree of cross-linking and, therefore, an increased hardness of the 

shell. Linear structures decrease the mechanical resistance of shell. On the other hand, branched 

active H sources lead to a thicker shell formation due to the presence of bulkier groups. It is 

therefore important to have the chemical structure of the active H source into consideration 

during its selection, to meet the required specifications for the MCs. 

This combined strategy was studied on the encapsulation of Suprasec®2234 and later used for 

the encapsulation of Ongronat® 2500. Suprasec®2234 is a pre-polymeric MDI, which makes its 

encapsulation particularly difficult, due to its higher reactivity and a high viscosity, of 2500cP. 

Usually, for these cases, organic solvents are added to the O phase of the emulsion, to decrease 

its viscosity [6, 7]. The isocyanate used for the shell formation was Desmodur® RC which is a 

poly-isocyanurate of TDI with a low free NCO value, supplied in 75% of ethyl acetate, and a 
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viscosity of 3cP. Its low viscosity contributes to decrease the one of the O phase, avoiding the 

need for extra organic solvent.  

The SEM images and respective size distribution of the MCs obtained with one and two 

isocyanates in the O phase are shown in Figure IV.7. The decrease of the O phase viscosity 

(Suprasec® 2234 and Desmodur® RC) has a positive impact on the MCs’ morphology. They 

exhibit a narrower and monomodal size distribution. It has been reported that emulsions with 

less viscous dispersed phase lead to MCs with narrower size distributions, as opposed to those 

with a higher viscosity [8]. As the dispersed phase viscosity increases, the size of the largest and 

smallest drops tends to increase and decrease, respectively. For higher viscosities there is some 

resistance for the droplets to deform under shear rate and an increased difficulty for the 

emulsion stabilizers to adsorb around the emulsion droplets, resulting in larger droplets [9-11]. 

The formation of smaller sized droplets seems to be correlated with the droplets rupture, by 

pressure, by drop-vortex collisions or by its elongation into threads prior to the break-up, due 

to viscous stresses [10, 12]. 

 

 

When encapsulating pre-polymeric isocyanates, it is difficult to accurately quantify the 

encapsulation content by thermogravimetric techniques, as there are overlaps of thermal 

events from the MCs’ core content and the shell. Due to this, the encapsulation of 

Figure IV.7. SEM photomicrographs of the MCs obtained with one and with two isocyanates (a) 
and (b) in the O phase of the emulsion, respectively. Respective size distribution (c) and (d). 

One_Isocyanate_MCs  

(Suprasec®2234) 

Two_Isocyanate_MCs 

(Suprasec®2234 and Desmodur®RC) 

 

(a) 

(b) (d) 

(c) 

500µm 

100µm 
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Suprasec®2234 and the MCs’ shelf-life was evaluated by FTIR, using the relative encapsulation 

yield (Y). The FTIR spectra of the MCs obtained with one and two isocyanates in the O phase of 

the emulsion are exposed in Figure IV.8. Unfortunately, for this case, it is not possible to 

compare the Y value between the two samples in study as the backbone of the isocyanates used 

for the shell formation is different, which will influence the wavenumber and intensity of the 

respective peaks. However, it is possible to state that the MCs to which were added two 

isocyanates had a significantly higher encapsulation content, confirmed by the differences in the 

N=C=O bond stretching peak vibration, at 2260 cm-1.   

 

 

In addition to the use of two isocyanates in the O phase of the emulsion, it was tested the 

addition of several active H sources, and combinations, in the W phase. Table IV.7 lists the 

synthesis compositions for the MCs to which active H sources were added, as well as for a 

reference. All syntheses were carried out under the same emulsification and mechanical stirring 

velocities, temperature range, organic and aqueous mixture, and so it is reasonable to assume 

that the morphological and encapsulation yield differences among samples are due to the 

different active H sources. It is to notice that the maturity of the MCs was continuously evaluated 

during the synthesis and so the reactions times were optimized for each case. 

 

 

 

Figure IV.8. FTIR-ATR spectra of the MCs obtained with one and with two 
isocyanates in the O phase of the emulsion. 
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Table IV.7. Microcapsules’ acronyms and emulsion composition. 

 

Three different types of active H sources were tested, namely a silane, a polyol and polyamines. 

The isocyanate NCO groups react with the OH or NH groups from the active H sources to form 

urethane or urea moieties, respectively. The main factor influencing the activity and reaction of 

these chemicals in emulsions are their solubility and diffusion rate towards the emulsion 

droplets interface [13]. Reactions in emulsions interfaces can be controlled by diffusion or by 

activation. Reactions with a low activation energy are controlled by diffusion, as its reaction time 

is negligible in comparison with that required for the diffusion of the molecules to occur. For 

cases with reaction times much higher than those required for the diffusion of the reactants, 

the reactions are controlled by activation [13]. 

The reaction of the isocyanates NCO group with NH groups has a higher reaction rate than that 

with OH groups. Silanes can be considered ‘‘latent’’ active H sources, since, when added to the 

synthesis, they are not readily able to react. It is expected that the n-OTES addition to the W 

phase would lead to its alkoxy groups hydrolysis, with the formation of silanol groups. These 

may react among each other by polycondensation reactions, leading to the formation of siloxane 

MCs acronym 
Water phase 

(wt%) 

Oil phase 

(wt%) 

Active H source 

(wt% of the W phase) 

Time of 

synthesis 

Ref_MCs 

Water  

Gum arabic 

 

(89% of the 

emulsion) 

Suprasec® 2234 

 (Core content) 

 

Desmodur® RC 

 (Shell) 

 

(11% of the 

emulsion) 

- 2h20 

n-OTES_MCs n-OTES (0.72 wt%) 1h45 

Hexanediol_MCs 

1,6-Hexanediol 

aqueous solution at 5 

0wt%  

(5.8 wt%) 

2h10 

PEI_MCs 

Aqueous solution of 

PEI at 17 wt% (2.2 

wt%) 

1h40 

Jeffamine_MCs 

Aqueous solution of 

Jeffamine D 2000 

at 17wt% (2.2 wt%) 

1h20 

PEI_n-

OTES_MCs 

Aqueous solution of 

PEI at 17 wt% (2.2 

wt%) 

n-OTES (0.72 wt%) 

1h50 
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moieties, but also with the isocyanate’ NCO groups leading to the formation of urethane 

moieties, forming a PU/PUa/Silica hybrid shell. 

The photomicrographs of the obtained MCs are displayed in Figure IV.9, where a general view 

of each sample is displayed. All the syntheses led to loose, disaggregated MCs, with a fairly 

spherical shape, however with distinct size distributions. Both MCs to which the n-OTES was 

added show some roughness. Its 8-carbon aliphatic chain of hydrophobic nature, have low 

affinity with the W phase and might contribute to local inhomogeneous compositions and 

reaction kinetics, together with the different diffusion rates of the active H sources, water and 

isocyanates present in the O phase [14, 15]. This different reaction kinetics and diffusion rates 

might have contributed to the roughness of the shell.  

 

 

On Figure IV.10 are a photomicrograph of a broken MCs, on the left, and of a broken shell, on 

the right, confirming its core-shell morphology, which is the desired morphology that enables a 

higher encapsulation content. 

 

 

 

 

Figure IV.9. SEM photomicrographs of the MCs obtained using different active H sources as well as the Ref_MCs, 
for which it was not added any active H source during the synthesis. 

500 µm 300 µm 

500 µm 500 µm 500 µm 

100 µm 
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Figure IV.11 depicts the size distribution histograms for all the MCs in study, and in Table IV.8 

the maximum value for each case, which corresponds to the mode of the MCs sizes. The 

presence of n-OTES as ‘‘latent’’ active H source was found to lead to a multimodal and more 

heterogeneous MC’s size distributions, while the Ref_MCs and the PEI_MCs are the ones 

showing a lower heterogeneity. N-OTES might led to a less stable emulsion, due to its 

hydrophobicity and its tendency to lead to local inhomogeneous compositions and reaction 

kinetics. The same phenomena might have occurred with the addition of Jeffamine® D2000, due 

to its repeating oxypropylene hydrophobic backbone, as this MCs also have a broad size 

distribution comparing not only to the Ref_MCs but also to the ones to which PEI and Hexanediol 

were added. 

 

 

 

Figure IV.10. SEM photomicrographs of a purposefully broken MC (left) and of 
half a MCs’ shell (right). 

100 µm 100 µm 

Figure IV.11. Size distribution histograms of the MCs obtained with different active H sources, as well as the 
Ref_MCs, to which it was not added any active H source during the synthesis. 
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The FTIR spectra of the MCs as well as those of the active H sources and unreacted isocyanates 

are exposed in Figure IV.12. The presence of an intense band peaked at ca. 2260 cm-1, in all the 

MCs’ spectra, related to the presence of a N=C=O bond stretching vibration, confirms the 

presence of encapsulated, unreacted, isocyanate species. The PU and PUa MCs’ shell 

composition is confirmed by the presence of its carbonyl groups vibration peaks, detected at 

1730–1715 cm-1 and at 1700–1680 cm-1, respectively, and from the presence of C–O–C group at 

1214 cm-1 and C–O stretching at 1300 cm-1. Both PU and PUa were expected as the Desmodur® 

RC reaction with the water forms PUa while its eventual reaction with GA forms PU. Although 

the GA is added to the synthesis as an emulsion stabilizer, it has several OH groups possible to 

react with the isocyanates present in the O phase, and thus act as a polyol. For all the samples, 

the carbonyl peak ascribed for the PU has a higher intensity than the one of PUa, indicating a 

more significant contribution of the first in the MCs’ shell composition. The MCs with the most 

intense PUa carbonyl peak are the ones with PEI. The n-OTES has characteristic peaks at 1103 

cm-1 and at 1076 cm-1, from the Si-O-CH2-CH3 group. Unfortunately, these peaks cannot be 

detected in the MCs to which n-OTES was added during the synthesis. It has been reported that 

the peak related with the Si–O–Si asymmetric stretching vibrations (TO component) is located 

at ca. 1070 cm-1, whereas the presence of a shoulder at ca. 1200 cm-1 corresponds to the LO 

component of the asymmetric stretch [16]. Its absence in the MCs’ spectra indicates the lack of 

a hybrid PU/PUa/Silica shell. The Desmodur®RC is very reactive, quickly forming an initial thin 

polymeric shell around the O droplets, which makes this synthesis probably quite fast for the n-

OTES silane to have time to hydrolyse and posteriorly react with the isocyanate. Although it was 

not possible to show evidence of the hydrolysis, condensation, or polymerization of the silane, 

i.e of the hybrid character of the n-OTES and PEI_n-OTES_MCs, it is still possible for some n-OTES 

molecules to be entrapped in the MCs’ shell structure. 

 

Table IV.8. Maximum value (mode) obtained in the MC’size distribution histogram.   

MCs’ 

acronym 

Ref_

MCs 
n-OTES_MCs Hexanediol_MCs 

PEI_

MCs 
Jeffamine_MCs 

PEI_ 

n-OTES_MCs 

MC’s 

diameter 

(mode) (μm) 

21.5 

38.8 

112.9 

237.1 

60.1 28.6 119.4 
40.4 

212.5 
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The relative encapsulation yield (Y) was used to conclude regarding the MCs’ encapsulation 

efficiency, exposed in Table IV.9. All the MCs to which active H sources were added during the 

synthesis present a higher encapsulation yield than the Ref_MCs. The faster formation of the 

MCs’ shell, due to the reaction between the NCO groups from Desmodur® RC and the extra 

active H sources, created an early barrier between the NCO groups and the aqueous medium, 

which led to a higher amount of encapsulated isocyanate. For the Ref_MCs, the formation of 

the shell is only due to the reaction between the isocyanate and the less reactive OH groups 

from the water and, possibly, with GA, leading to a slower shell formation, which increases the 

exposure of the isocyanate to the W phase. 

Right after the synthesis, the PEI_n-OTES_MCs and the n-OTES_MCs are the ones which exhibit 

a higher encapsulation content. In contrast with PEI, the Hexanediol and the Jeffamine® D2000 

only have two reactive groups per molecule, offering far less reactive H groups. Hexanediol was 

chosen due to its small linear molecule which could be associated with a fast diffusion through 

the immature shell towards the O phase. The higher Y value of the Jeffamine_MCs, comparing 

with that of the Hexanediol_MCs, is explained by the faster reaction of primary amines with the 

NCO groups, which have a relative uncatalyzed reaction rate, at 25 °C, 1000 times higher than 

that of primary hydroxyls and water [17]. 

 

 

Table IV.9. Relative encapsulation yield (Y value) calculated for each sample, by using the FTIR spectra of the as-
prepared MCs.  

MCs’ 

acronym 
Ref_MCs n-OTES_MCs Hexanediol_MCs PEI_MCs Jeffamine_MCs 

PEI_n-

OTES_MCs 

Y value 2.94 3.41 3.33 4.15 3.65 4.38 

Figure IV.12. FTIR-ATR spectra of the isocyanates and active H sources used for the MCs’ synthesis (a) and of the 
obtained MCs (b). 

(a) (b) 
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On Figure IV.13 is the evolution of the Y value of each sample, while stored at room temperature 

and 60% of humidity, over time. Although all the active H sources contributed to a more 

protective shell, the most promising shelf-life was obtained for the Jeffamine_MCs and for the 

PEI_n-OTES_MCs, corresponding to a loss of 49% and 43%, respectively, of the Yi after 3 months. 

Hexanediol_MCs were the ones showing the most significant decrease of the Yi, of 67%. 

Jeffamine® D2000 has repeating oxypropylene units in its backbone, which brings some 

hydrophobicity to the MCs, contributing to prevent moisture from penetrating across the shell. 

PEI brings an enhanced cross-linking to the shell, that comes from the branched structure rich 

in NH groups and the n-OTES, due to its long aliphatic carbohydrate chain, is anticipated to 

contribute to increase the shell hydrophobicity.  

 

 

The addition of active H sources to the MCs synthesis is expected to also influence its mechanical 

properties. It is desired for the MCs to be sufficiently robust to survive transportation and the 

blending within the pre-polymer formulation, but at the same time be able to burst during the 

adhesive joint preparation, by the effect of the applied pressure. The siloxane moieties of the n-

OTES can be responsible to promote an improved mechanical strength and thermal resistance 

to the MCs. As for the addition of PEI, the resulting increased cross-linking of shell typically 

results in more stable MCs with higher thermal and mechanical resistance. Jeffamine® D2000, 

due to its long repeating oxypropylene units is expected to bring some flexibility to the shell.  

Figure IV.13. Y value variation over time, for all the MCs in study, while stored 
at room temperature and 60% of humidity. 
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One of the main problems associated with the PU/PUa MCs are the high toughness of its shell, 

which makes it difficult for some of the MCs to break during the adhesive application, especially 

when encapsulating such reactive isocyanate species. Although the PEI_n-OTES_MCs were the 

ones with the higher encapsulation content and the most promising shelf-life over the period of 

three months, its increased cross-linking, from PEI, and enhanced mechanical properties, from 

n-OTES, might difficult its breakage during the adhesive application. Jeffamine® D2000 provides 

an increased flexibility to the MCs’ shell, an improvement to the relative encapsulation yield and 

an increased shelf-life, when comparing with the Ref_MCs, which makes this an interesting 

active H source for the current application.  

This strategy was applied for the encapsulation of other highly reactive isocyanate, 

Ongronat®2500, an oligomeric MDI with increased functionality. Desmodur® RC was used for 

the shell formation with to two different active H source combinations, namely Jeffamine 

D®2000 and the combination of PEI and n-OTES, according to the Table IV. 10.  

 

 

The photomicrographs of both MCs samples are displayed in Figure IV.14, along with the 

respective size distribution histograms. Both syntheses led to loose, disaggregated MCs, with a 

fairly spherical shape. As in the MCs obtained with Suprasec®2234, the ones with the 

combination of PEI and n-OTES have a rougher surface, while the O_Jeffamine_MCs have a 

smoother surface.  

 

MCs acronym 
Water phase 

(wt%) 

Oil phase 

(wt%) 

Active H source 

(wt% of the W phase) 

Time of 

synthesis 

O_Jeffamine_MCs Water  

Gum arabic 

 

(91% of the 

emulsion) 

Ongronat® 2500 

 (Core content) 

 

Desmodur® RC 

 (Shell) 

 

(9% of the emulsion) 

Aqueous solution of 

Jeffamine D 2000 

at 17 wt% (2.2 wt%) 

75min. 

O_PEI_n-OTES_MCs 

Aqueous solution of 

PEI at 17 wt% (2.2 

wt%) 

n-OTES (0.72 wt%) 

45min. 

 Table IV. 10. Microcapsules’ acronyms and emulsion composition. 
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Figure IV.15 exposes the FTIR spectra of the active H sources, unreacted isocyanates and of the 

MCs, after the synthesis and aged by 3 months. The presence of the N=C=O bond stretching 

vibration peak, at ca. 2260 cm-1, confirms the presence of the encapsulated isocyanate. By the 

Pu and PUa carbonyl peaks, at 1730–1715 cm-1 and at 1700–1680 cm-1, respectively, it is possible 

to confirm the MCs’ shell composition which is mainly composed by PU, for both cases. Although 

only a NH terminated active H source was used for the O_Jeffamine_MCs synthesis, promoting 

the PUa formation along with the water, the PU peak is still more intense. This is probably due 

to the significantly higher concentration of GA, ca. 10 times higher, in the W phase compared to 

Jeffamine® D2000. When looking at the 3 months old MCs, it is possible to notice an increase in 

the PUa formation, indicating that water, from the air moisture, must have entered the MCs and 

reacted with the encapsulated Ongronat®2500. The n-OTES has strong peaks at 1103 cm-1 and 

at 1078 cm-1, which can be seen in the O_PEI_n-OTES_MCs, confirming the presence of the silane 

in the MCs’ shell. The Si–O–Si asymmetric stretching vibration, located at 1070 cm-1 is not visible 

in the MCs’ spectra, indicating that the lack of a hybrid PU/PUa/Silica [16]. 

Due to the overlap of thermal events in these samples thermograms, Figure IV. S1, from 

Supplementary Information, the quantity of encapsulated content was not possible to be 

quantified from TGA. Instead, the Y value was used to conclude regarding the encapsulation 

yield and shelf-life. The Y values of the as prepared and 3 months aged MCs, are displayed at the 

O_PEI_n-OTES_MCs 

O_Jeffamine_MCs 

(a) 

(b) (d) 

(c) 

Figure IV.14. SEM photomicrographs of the O_PEI_n-OTES_MCs (a) and of the O_Jeffamine_MCs (b), 
as well as the respective size distribution histograms. 

400 µm 

400 µm 
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Table IV.11. Similarly, to the results obtained for the encapsulation of Suprasec® 2234, the 

combination of PEI with n-OTES led to the higher encapsulation content and shelf-life.  

 

 

 

 

The strategy of using two isocyanates in the O phase of the emulsion, one to be encapsulated 

and the other to form the shell, in combination with active H sources in the W phase, has 

enabled to obtain PU/PUa MCs containing oligomeric and pre-polymeric isocyanate species. The 

active H sources have also a role in the MCs characteristics influencing its morphology, porosity, 

permeability and thermal and mechanical resistance, which directly impact the MCs 

performance as cross-linkers in the adhesive. 

The majority of isocyanate containing PU/PUa MCs reported in the state of the art refer the 

encapsulation of monomeric species. The encapsulation of higher MW isocyanates mainly refers 

to the encapsulation of PAPI, more precisely PAPI 44V20 [6, 7]. This isocyanate has an NCO 

content of approximately 30, which is equivalent to the one of Ongronat® 2500. It is to refer that 

the NCO content of Suprasec® 2234 is of 15.9. To the best of my knowledge, the encapsulation 

of an isocyanate with such low NCO content and such high reactivity, was not yet reported.  

Table IV.11. Relative encapsulation yield (Y value) calculated for each sample, by using the FTIR spectra of the as-
prepared MCs and 3 months aged MCs, while at room temperature and 60wt% of relative humidity. 

MCs’ acronyms Y value Y (%) 3 months after the synthesis 

O_Jeffamine_MCs 8.67 38.06 

O_ PEI_n-OTES _MCs 14.54 52.75 

Figure IV.15. FTIR-ATR spectra of the isocyanates and active H sources used for the MCs’ synthesis (left) as well as of 
the MCs after the synthesis and after stored for 3 months at room temperature and 60% of relative humidity (right).  
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IV.3.3 Effect of the isocyanate source, used for the shell formation, on the 

microcapsule’s final properties 
 

The diffusion of air humidity to the MCs interior is the major obstacle to PU and PUa MCs’ shelf-

life, leading to its decrease. As different isocyanates can affect the thermal, mechanical, and 

morphological properties of the MCs’ shell, due to distinct intermolecular interactions, it is here 

proposed that different isocyanates can also lead different permeabilities of the shell to the air 

moisture diffusion [18, 19]. 

Three different isocyanates were tested for the shell formation, namely Ongronat®2500, 

Desmodur® RC and Suprasec® 2234. Its general properties and chemical structure are exposed 

in Table IV.2. Ongronat®2500 and Suprasec® 2234 are MDIs with different polymerization 

degrees and functionality. Desmodur® RC is a poly-isocyanurate of TDI. The MCs’ synthesis 

parameters are summarized on Table IV.12. The Desmodur® RC was added to the respective 

synthesis having into consideration that 65% of its composition is ethyl acetate. The amount of 

IPDI was maintained for the three syntheses. 

 

 

 

Figure IV.16 exposes The SEM photomicrographs of the obtained MCs. Ongronat and Desmodur 

RC_MCs are loose and disaggregated and have a spherical morphology. On the contrary, the use 

of Suprasec®2234 led to irregular aggregates. Several attempts were made to optimize this MCs 

synthesis though without success. Suprasec®2234 is an isocyanate with a significantly higher 

viscosity which might have contributed to the emulsion destabilization, due to the resistance of 

the O droplets to deform under the applied shear rate, and the difficulty to achieve a good 

Table IV.12. Microcapsules’ acronyms and emulsion composition. 

MCs acronym W phase 

W phase 

(wt% in the 

emulsion) 

O phase 

O phase 

(wt% in the 

emulsion) 

Isocyanate for the 

shell formation (% 

in the O phase) 

Ongronat_MCs 

Water 
 

Gum arabic 
 

Jeffamine® 
D2000 

90 wt% 
Isocyanate 

for the 
shell 

formation 
 

IPDI (core 
content) 

10 wt% 
Ongronat® 2500 

(30%) 

Suprasec_MCs 90 wt% 10 wt% 
Suprasec® 2234 

(30%) 

Desmodur 

RC_MCs 
88 wt% 12 wt% 

Desmodur®RC 

(48.75%) 
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dispersive mixture of droplets. Regardless the aggregated particles, the Suprasec_MCs were 

used to draw conclusions regarding the use of this isocyanate on the MCs’ properties.  

 

 

The Ongronat_MCs have a broader size distribution than the Desmodur_RC_MCs, shown in 

Figure IV.17, which might be related to its higher viscosity (520-680 mPa.s), compared to the 

one of Desmodur® RC (3 mPa.s). It was not possible to conclude about the Suprasec_MCs size 

distribution, as the Fiji software uses the area of a circle to calculate the MCs’ diameter. 

 

 

Figure IV.18 shows the thermograms and respective derivative curves of the MCs and those of 

IPDI and the isocyanates used for the shell formation. The ones corresponding to the aged MCs, 

by 3 months, are available in Figure IV. S2., at the Supplementary Information. Due to the 

polymerization degree of the IPDI on the aged MCs, the Y value was used to conclude about the 

MCs shelf-life. IPDI has its first thermal event starting above 100 °C, with the major mass loss 

occurring at 225 °C, while the MDIs have its most significant loss occurring between 200 and 350 

°C, approximately. Desmodur® RC has 65 wt% of ethyl acetate, with its thermal event occurring 

at lower temperatures than that of the isocyanate, which occurs between 430 and 500 °C, 

approximately. The decomposition of the PUa and PU shell, in particular the soft segments, start 

Figure IV.16. SEM photomicrographs of the MCs obtained using different isocyanates for the shell formation. 

Figure IV.17. Size distribution histograms of the Ongronat_MCs (left) and of the Desmodur_RC_MCs (right). 
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to occur typically around 300 °C [20]. Having this into account, the first slope of the as-prepared 

MCs thermograms was used to quantify the encapsulated isocyanate, IPDI, with its values listed 

in Table IV.13 along with the ones of the relative encapsulation yield, determined by FTIR. The 

FTIR spectra are available in Figure IV. S3, from Supplementary Information. It is to notice that, 

for this study, the Y values are not comparable between different synthesis, as the MCs’ shell 

composition varies, and it should only be used to draw conclusions about the MCs’ shelf-life.  

The MCs encapsulation content, calculated by TGA, did not significantly varied between the 

different synthesis. By interfacial polymerization technique, the main factor affecting the 

encapsulated content is the quick formation of a physical barrier between the W phase and the 

O phase (isocyanates) of the emulsion. Suprasec® 2234 and Ongronat® 2500 are both MDIs with 

a high degree of polymerization resulting in MCs with similar encapsulation contents. 

Desmodur® RC was expected to lead to the highest degree of encapsulation, what was not 

observed. This isocyanate is a polyisocyanurate of TDI which has a significantly lower free NCO 

content than the MDIs in study, meaning lesser free groups to react, promoting a quicker shell 

formation. The Desmodur_RC_MCs’ DTG shows some higher MW isocyanates, at ca. 230 °C, not 

visible for the other MCs. Adding, this isocyanate led the to MCs with the poorer shelf-life, with 

a decrease of almost 67% in the Y value in a period of 3 months, while stored at room 

temperature and 60% of relative humidity. This might be due to the Desmodur® RC bulky 

aromatic trifunctional monomer, a structure with potentially more free volume, which might 

lead to a lesser protective shell, enabling some further reactions between the W phase and the 

IPDI. In contrast, the shell resulting from the MDI is expected to be more packed and more 

crystalline [21]. It is reported that the permeation in polymers occurs preferentially in non-

crystalline regions and, the higher the crystalline content, the lower the permeability [19, 21]. 

The MDIs led not only to a higher encapsulation yield but also to a better shelf-life, particularly 

the Ongronat® 2500. MCs obtained with this isocyanate, have the better resistance to the air 

moisture permeability, from the Y value. Ongronat® 2500 is, from the isocyanates in study, the 

most promising to be used for the envisaged MCs’ shell formation. 

The resistance of each MCs’ shell to organic solvents and water diffusion, while immersed, was 

also evaluated, and the results are exposed on Chapter VI. 
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*Range of temperatures used for the encapsulated isocyanate quantification. The temperature range varied slightly 

depending on the MCs thermograms. 

Table IV.13. Mass loss (%) of encapsulated IPDI (by TGA), relative encapsulation Yield (Y) calculated using the FTIR 
spectra obtained after the synthesis and 3 months later. The Y3 is given as a percentage of Yi. 

MCs’ acronym 

Mass loss (%) from TGA 

(encapsulated isocyanate) 

(115 – 320 °C *) 

Initial relative 

encapsulation yield (Yi) 

Y3 (%) 3 months 

after the 

synthesis 

Ongronat_MCs 42.34 15.9 41.0 

Suprasec_MCs 43.47 15.8 38.7 

Desmodur RC_MCs 37.68 30.8 33.1 

Figure IV.18. Thermograms of the isocyanates used for the MCs’ synthesis and of the obtained MCs (left), 
and respective derivatives (right), normalized by the division of each point by the maximum value. 
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IV.3.4 Emulsion stabilization 
 

The results exposed in this sub-chapter “IV.3.4 Emulsion stabilization” are published in our paper 

“Emulsion Stabilization Strategies for Tailored Isocyanate Microcapsules”[22]. 

In MCs synthesis by interfacial polymerization, the size of the emulsion droplets typically defines 

the size of the final MCs, as the polymerization reactions occur at the droplets interface leading 

to the formation of the shell. As so, the stabilization and control of the emulsion droplets sizes 

throughout the synthesis is of great importance to be able to tailor the final MCs sizes and size 

distribution. For O/W emulsion systems, the most common instability phenomenon is a result 

of gravitational separation and flocculation, which might lead to coalescence [23, 24]. 

With the intend to obtain small sized MCs, with a narrow size distribution, and with no to little 

variation between the initial O droplets size to that of the final MCs, several emulsion stabilizers, 

and different combinations between them, were tested. The used stabilizers are described in 

Table IV. 14.  

 

 

Each of these stabilizers was tested in different concentrations and combinations. A general 

overview for all cases can be found at the Table IV. S1, from Supplementary Information. 

The polysaccharide GA was here used as the benchmark as it is the most commonly used 

emulsion stabilizers, reported in the literature, for the synthesis of PU/PUa MCs by interfacial 

polymerization combined with an O/W emulsion system. It has a good water solubility, low 

solution viscosity, good surface activity, and ability to form a protective film around emulsion 

droplets. However, GA needs to be used in high amounts to lead to a stable emulsion.  

Table IV. 14. Stabilizers used for the O/W emulsion stabilization and respective HLB and molecular weight. 

Type of stabilizer  Stabilizer HLB Molecular Weight (Da.) 

Polysaccharide  Gum arabic (GA) n.a. 250 000 

 

Surfactant 

 DC® 193 12 3 200 

 Span® 20 8.6 346 

 Tween® 85 11 16.04 

 Pluronic® P123 8 5 800 

Polymer  PVA n.a. 57 000 -66 000 
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All the tested surfactants were chosen having into consideration its hydrophilic–lipophilic 

balance (HLB) value, which ranged from 8 to 12 as, for an O/W emulsions system, it must be 

higher than 8. However, from all the four different surfactants tested, only DC193 led to a stable 

emulsion. DC193 is a non-ionic silicone surfactant and was chosen not only based on its HLB 

value but also on its low surface tension and its use in the PU and footwear industry. 

SPAN20 and Tween85, which are both hydrocarbon chain surfactants, led to a complete 

emulsion destabilization while under mechanical agitation and no MCs were obtained. This is 

possibly due to their lower HLB values of 11 and 8.6, respectively, when comparing with the 

ones of DC193, which gives them a lower affinity for the W phase. Pluronic® P-123 is a non-ionic, 

difunctional block copolymer with terminating primary hydroxyl groups, and, depending on the 

tested concentration, it led to a completely or partial destabilization of the emulsion. For the 

cases of partial destabilization, the resultant particles had big dimensions and an irregular 

morphology and were not considered viable for this application.  

Partially hydrolysed PVA, is a non-toxic and biodegradable water-soluble polymer and was used 

as a rheology modifier, intended to increase the continuous phase viscosity and, as this, reduce 

the tendency for the emulsion droplets to suffer from sedimentation and coalescence. 

The emulsion stabilization mechanisms of polysaccharides, surfactants and rheology modifiers 

are schematized in Figure IV.19.  

 

 

Figure IV.19. Schematic representation of the emulsion droplets stabilization by polysaccharides, surfactants, and 
rheology modifiers. Image reprinted from [22] under an open access Creative Common CC BY license. 

 

The best 5 emulsion stabilization systems, which represented different strategies, are listed in 

Table IV.15 along with its concentrations and the O and W phases emulsion compositions. A 

general overview of all cases tested can be found in Table IV. S1, from the Supplementary 

Information. Optical microscopy photographs, of all the emulsions tested, were taken after 10 

minutes of emulsification (at the end of the emulsification) and after 15 minutes under 

mechanical stirring, as it is not possible to guarantee that no solid film has been formed after 
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that time. The optical microscopy photographs are reported on Table IV. S2, from the 

Supplementary Information. 

 

 

 

For O/W emulsion systems, the most common instability phenomenon is a result of gravitational 

separation, in particular the occurrence of creaming [23, 24]. However, in this case, the droplets 

tend to sediment, as Ongronat®2500 greatly contributes to increase the O phase density, to a 

final value of 1.114 g/cm3. Gravitational separation phenomena in emulsions can be reduced by 

decreasing the density difference between the W and O phases, by increasing the viscosity of 

the continuous phase, or by decreasing the size of the emulsion droplets [25]. 

Figure IV.20 show the photographs of the selected emulsion at 0, 15 and 30 minutes after the 

emulsification, while at rest and, Figure IV.21 shows the volume percentage of sediment along 

the time, determined from the first.  

DC193 was the stabilizer that led to the higher degree of sedimentation as well the only leading 

to the occurrence of coalescence. This last phenomenon may also contribute to a quicker 

sedimentation, as it increases size of the emulsion droplets. The poorer stabilization might be 

correlated with the small size of DC193 molecule, compared to the other stabilizers in study, 

which makes it more difficult to avoid the attractive interactions between the isocyanate 

droplets [26]. The combining effect of GA and DC193 led to improvements in the emulsion 

stability when comparing with the two stabilizers acting alone. As for the use of PVA as a 

rheology modifier, it led to significant improvements in decreasing the sedimentation. With the 

use of 2 wt% of PVA it was possible to increase the viscosity of the continuous phase to 5.78 cP, 

and to 7.64 cP, when in combination with GA, which demonstrated to significantly decrease the 

gravitational separation phenomena in emulsions [7, 8]. 

 

MCs’ Acronym Water phase Oil phase 
Emulsion stabilizer 

(wt% added to the W phase) 
GA_MCs 

Water 
Emulsion stabilizer 
Jeffamine® D2000 

 

(93 wt% of the 
emulsion) 

Ongronat®2500 
IPDI 

 
(7 wt% of the 

emulsion) 

GA (5%) 
DC_MCs DC193 (4%) 

GA_DC_MCs 
GA (4%) 

DC193 (1%) 
PVA_MCs PVA (2%) 

GA_PVA_MCs 
GA (1.30%) 
PVA (2%) 

Table IV.15. Microcapsules’ acronyms and emulsion composition 



86 
 

 

 

 

Figure IV.22 compares the best performing emulsion, obtained with GA and PVA, i.e. the one 

that suffered less sedimentation, with the one obtained with DC193. After 30 minutes at rest, 

the density of droplets in the emulsion phase stabilized by DC193 is significantly less than that 

of the emulsion phase stabilized by GA_PVA, and the occurrence of coalescence in the sediment 

phase is notorious, revealing some inadequacy of the DC193 for this application. 

 

Figure IV.20. Visual observation of the emulsions used to obtain the GA, DC, GA_DC, PVA, and GA_PVA MCs, over a 
period of 30 min. From left to right: oil and water phase before emulsification, right after emulsification, 14 and 30 
min after emulsification (static conditions). 

Figure IV.21. Evolution of the sedimentation volume fraction over time, of all 
the reported emulsions in study, while at rest (static conditions). 
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In addition to the static tests, the emulsion systems were also evaluated when under dynamic 

conditions. For that purpose, the emulsions were followed by optical microscopy during the first 

25 minutes of the synthesis. As was observed for static conditions, the emulsion stabilized by 

DC193 was the only suffering from coalescence (Figure IV.23), with no major changes reported 

in the other stabilizing systems. 

 

 

Figure IV.24 exposes the SEM photomicrographs of the obtained MCs. All the syntheses led to 

loose MCs, with a core-shell morphology and a spherical shape, excepting the one with DC193 

as stabilizer, which led to some irregular shaped MCs and debris. The MCs show some roughness 

or buckling due to fluid-induced shear forces related with the mechanical stirring and due to 

inhomogeneous reaction kinetics between the isocyanate, the added active H sources and 

water. Another explanation is a slow shell formation that leads to an initially thin and flexible 

Figure IV.22. Optical microscopy photographs of the emulsion that suffered less sedimentation 
(GA_PVA_MCs emulsion) and the one stabilized with DC193. Optical photographs of the 
emulsions while under emulsification (left) and after 30 minutes at rest (right), emulsion and 
sediment portions. 

Figure IV.23. Optical microscopy photographs of the DC_MCs’ emulsion during the 
first 25 minutes of the synthesis. Left: after 10 minutes of emulsification at 3200 rpm 
using the Ultra-Turrax; Right: after the following 15 minutes under mechanical 
stirring at 400 rpm (dynamic conditions). 
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shell preceding the reduction of the MCs size, due to the progress of the interfacial 

polymerization reactions [14, 15, 27]. 

 

 

The combining effect of DC193 and GA, at a ratio of 1:4, led to the smallest MCs. It is possible 

that both the strong steric effect of the GA and the low surface tension provided by the DC193 

surfactant contributed to the emulsion stability in the GA_DC_MCs synthesis. It has been 

referred that when the two stabilizers coexist and reach an equilibrium state, the silicone 

surfactant preferentially migrates to the emulsion droplets interface, and when this is at low 

concentrations the GA can also partially adsorb [12]. Indeed, the DC193/GA ratio of ca. 1:1 led 

Figure IV.24. SEM images of the obtained MCs at 80x amplification (left). SEM images of isolated MCs’ 
cross sections deliberately crushed (obtained at different magnifications). MCs’ size distribution (right). 
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to bigger MCs with a broader size distribution, as can be seen in Table IV. S2, from 

Supplementary Information. 

Figure IV.24 depicts the MCs’ size distribution histograms and, Table IV. 16 the maximum value 

for each case, which corresponds to the mode of the MCs sizes. It is important to refer that no 

debris or non-spherical MCs were considered for the size distribution determination, which is 

particularly relevant for the DC_MCs. 

 

 

 

All the samples follow a monomodal distribution with GA_MCs having the broadest profile. On 

the other hand, the combination of GA with DC193 led to the narrowest, with most of the MCs 

having between 14.8 and 45 µm in diameter. PVA, present at only 2 wt%, greatly increased the 

viscosity of the aqueous solution to 5.8 cP. By comparing with GA that, when present at 5 wt% 

lead to a viscosity of 1.3 cP, it is possible to state that PVA is a more efficient rheology modifier, 

which plays an important role in emulsion stabilization. However, a further increase of the PVA 

concentration was found to lead to bigger sized MCs and a larger size distribution, which might 

be associated with an excessive viscosity of the continuous phase. The same has occurred to the 

GA_PVA emulsion, with a viscosity of 7.6 cP, resulting in larger MCs compared to the PVA_MCs. 

For the GA_PVA emulsion two different effects can be acting on the emulsion. The higher 

viscosity of the aqueous phase requires more energy to break the O phase into smaller droplets 

and hinders the diffusion of GA and adsorption onto the O droplets, contributing to a less stable 

emulsion [28, 29]. Also, it has been reported that excessive free, non-adsorbed, polysaccharide 

emulsifiers on the continuous phase of O/W emulsions can lead to depletion-induced 

flocculation [28, 29]. O/W emulsion system with excess free polymer in the W phase can suffer 

from depletion-induced flocculation through an osmotic effect, as there is a region surrounding 

each droplet where the polymer concentration is depleted. This results in an osmotic pressure 

between the depletion zone and the bulk polymer solution, with a thermodynamic tendency for 

the decreasing of the water volume in this zone. When the two O droplets approach each other, 

the system tends towards droplet association and drives flocculation [30, 31] 

There is an optimum viscosity value for the continuous phase to lead to a stable emulsion, 

namely between 5-6 cP for the present system. 

MCs’ acronym GA_MCs DC_MCs GA_DC_MCs PVA_MCs GA_PVA_MCs 

MC’s diameter (mode) 

(μm) 
92.74 80.15 28.24 40.85 65.32 

Table IV. 16. Maximum value (mode) obtained on the MCs’ size distribution histogram.  
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Figure IV.25 represents the average diameter of the O emulsion droplets at the end of the 

emulsification process, after 10 minutes under mechanical agitation and of the final MCs. DC193 

led to the largest variation between the initial emulsion and the final MCs’ size, even when 

excluding the debris and non-spherical particles, followed by GA. GA_PVA_MCs suffered a final 

variation identical to the one obtained with GA, however with a more noticeable destabilization 

in the first 10 minutes. PVA_MCs suffered the lowest variation, which proves the PVA capability 

as stabilizer, offering the possibility of a better tuning of the MCs. By using PVA as emulsion 

stabilizer it is possible to define the MCs size by controlling the size of the initial emulsion 

droplets.  

 

 

 

Figure IV.26 shows the ATR-FTIR spectra of the MCs and those of the isocyanates, active H 

source, and stabilizers. The presence of encapsulated unreacted isocyanate is confirmed by the 

presence of the NCO peak at 2260 cm-1 in the MCs spectra. By the similarity of the MCs’ NCO 

peak with that of the IPDI it is possible to confirm that this is the encapsulated isocyanate, and 

not Ongronat®2500. 

The presence of PU and PUa can be confirmed by the presence of its respective carbonyl peaks, 

at 1780-1760 cm-1 and 1760-1700 cm-1, respectively, and by the peak at 1214 cm-1 from the C–

O–C group and at 1300 cm-1 from the stretching of C–O linkages. PUa carbonyl groups are clearly 

detected in all the MCs spectra while the ones from PU are only slightly visible. DC_MCs are the 

Figure IV.25. Oil emulsion droplets average diameter at the end of the 
emulsion preparation (10 min), after 10 min under mechanical agitation 
(20 min), and of the final MCs (180 min). 
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ones which exhibit a stronger PU carbonyl peak, which suggests that DC193 OH end groups 

reacted with the Ongronat® 2500 in a higher extent than the other stabilizers. Indeed, a broad 

band between 1115 cm-1 and 1060 cm-1 in the DC_MCs and GA_DC_MCs spectra indicate the 

presence of siloxane (Si-O-Si) groups brought by DC193 [16, 32]. An additional EDS analysis, 

Table IV. S3 and Figure IV. S5, from the Supplementary Information, confirmed the presence of 

Si atoms in the DC_MCs. The presence of GA and PVA cannot be confirmed by ATR-FTIR as none 

of its characteristic peaks can be identified, or are hidden, in the respective MCs spectra. 

 

 

The Y value of the as-prepared MCs (Yi), and those aged by 3 months, with the latter given as a 

percentage of Yi, were used to conclude about the MCs shelf-life. The obtained values are 

reported in Table IV. 17. For the period of 3 months, most of the MCs had a decrease in the Y 

value between 37.7 and 54.2%. The GA_DC_MCs had the most significant decrease, of almost 

66%, possibly because these MCs smaller, therefore, with a larger surface area which 

contributes to a greater diffusion of air moisture to its core and the consequent isocyanate 

polymerization.  

The thermograms and respective derivative curves of the MCs, as well as those of the 

isocyanates used in the synthesis, are represented in Figure IV.27. The major mass loss of IPDI 

occurs at 225 °C, while the Ongronat®2500 has its most significant loss occurring at 294 °C. The 

PUa and PU MCs’ shell decomposition, especially the soft segments, start to occur typically 

around 300 °C, as can be seen in Figure IV. S6, from Supplementary Information [19]. Having this 

into account, the first mass loss in the MCs thermograms was considered to calculate the 

amount of encapsulated isocyanate which is listed in Table IV. 17. All the MCs have around 30 

wt% of unreacted encapsulated isocyanate, with exception for PVA_MCs and GA_PVA_MCs, 

Figure IV.26. FTIR spectra of the isocyanates, active H source, and stabilizers (left). FTIR spectra of the MCs 
(right). 
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both having ca. 46 wt%. PVA is the emulsion stabilizer that is expected to have the lowest 

contribution to the MCs´ shell as it does not act at the emulsion droplet interface, stabilizing 

only by increasing the viscosity of the W phase, which might explain the larger encapsulation 

observed.  
 

 
 

 

*Range of temperatures used for the encapsulated isocyanate quantification. The temperature range varied 

depending on the MCs thermograms. 

MCs’ acronym 

Mass loss (%) from TGA 

(encapsulated isocyanate) 

(from 116-188 to 320 °C *) 

Initial relative 

encapsulation yield (Yi) 

Y3 (%) 3 months 

after the 

synthesis 

GA_MCs 31.2 wt% 14 50.3 

DC_MCs 30.6 wt% 13.7 62.3 

GA_DC_MCs 32.9 wt% 14.3 34.2 

PVA_MCs 46 wt% 15.3 45.8 

GA_PVA_MCs 46.3 wt% 16.1 53.3 

Table IV. 17. Mass loss (%) of encapsulated IPDI (by TGA), relative encapsulation Yield (Y) calculated using the FTIR 
spectra obtained after the synthesis and 3 months later. The Y3 is given as a percentage of Yi. 

Figure IV.27. Thermogram of the as-prepared MCs and the respective derivative curves (top). Thermogram 
of the isocyanates and the respective derivative curves (bottom), normalized by the division of each point by 
the maximum value. 
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To conclude, all the studied stabilization systems enabled loose, spherical, and core-shelled MCs, 

with the exception of DC193. 

PVA and its combination with GA led to a significant reduction of the gravitational separation 

phenomenon, with the continuous phase viscosity having the most significant impact in the 

emulsion stabilization. The MCs obtained with the combination of both these stabilizers were 

also the ones with the highest encapsulation content (46.4 wt%). However, PVA alone, besides 

leading to a similar encapsulation amount, showed a better performance during the MCs’ 

synthesis leading to the smallest variation in size of the droplet to particle process, and allowing 

a finer tuning and control of the MCs’ size. Rheology modification is found to be the most 

effective strategy to stabilize O/W emulsion systems for the PUa MCs´ synthesis by interfacial 

polymerization. The increased viscosity of the continuous phase, achieved with PVA at 2 wt% in 

the W phase of the emulsion, is shown to be an effective strategy for this purpose. 

 

IV.4 Scale-up of the syntheses processes 
 

A laboratorial scale-up of the synthesis process was made at IST facilities, with the intent to 

produce a higher number of MCs to be tested in the pre-polymer by CIPADE and, posteriorly, by 

its customers. The laboratorial scale-up refers to a reaction volume increase from 1.5L to 10L, 

which corresponds to an increase of almost 7 times its initial volume. The initial volume was 

already scaled-up from an initial protocol which involved a reactional volume of 77ml. The 77ml 

reactional volume was used to make the initial studies regarding the choice and impact of the 

active H sources and isocyanates used on the synthesis. All the other reactional optimizations 

were made using the 1.5L volume. The transition to 10L required adaptations to the process, 

more specifically to the filtration process, represented by an asterisk in the flow diagram, Figure 

IV.28, as it became a time-consuming operation.  
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As per request of the company CIPADE, Suprasec®2234 containing MCs were the selected ones 

for the scale up tests. Table IV.18 lists the emulsion composition and time of synthesis for both 

cases. 

 

 

The reaction apparatus of the small-scaled synthesis as well as for the scaled-up volume are 

depicted in Figure IV.29. In Figure IV.30, are exposed the major steps of the MCs’ synthesis 

process, with the microscopy photographs obtained in each phase as well as of the final MCs. 

Table IV.18. Microcapsules’ acronyms and emulsion composition for the pre-scale-up and for the scale-up volume. 

MCs acronym 
Synthesis 

volume 

Water phase 

(wt%) 

Oil phase 

(wt%) 

Active H source 

(wt% in the W 

phase) 

Time of 

synthesis 

Pre-scale-up_MCs  1.5L Water 

Gum arabic 

 

(89% of the 

emulsion) 

Suprasec® 2234 

(Core content) 

 

Desmodur® RC 

(Shell) 

 

(11% of the 

emulsion) 

Aqueous 

solution of 

Jeffamine D 

2000 

at 17 wt% (2.2 

wt%) 

1h20 

Scale_Up_MCs 10L 1h 

Figure IV.28. Flow diagram of the PU/PUa MCs’ synthesis by the solvent evaporation method, for a volume 
of 10L. With an * are represented two additional steps added to the MCs synthesis in the scale-up process.  
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Initially the O phase, composed by the Suprasec®2234 and the Desmodur®RC, is added to the W 

phase by a glass funnel connected with a metallic tube, which allows the O phase to enter 

directly in the water. This is followed by the emulsification. The ULTRA-TURRAX is then manually 

exchanged for the mechanical stirrer, and the active H source, Jeffamine® D2000 is added. Once 

the MCs attain enough maturity, the stirring is stopped, and the MCs are let to sediment. This 

step is followed by the decantation of the upper water phase, and the filtration and washing of 

the MCs. 

 

 

 

Thermal Bath 

Mechanical Stirrer 

Water Circulator 

Reactor 

Ultra-Turrax 

Figure IV.29. MC’s synthesis apparatus used for the pre-scale-up (left) and for the scaled-up volume (right). 

Figure IV.30. Photographs of the several steps used for the MC’s fabrication namely the addition of the O phase to 
the W phase, emulsification, polymerization phase and MCs’ filtration, with respective optical photographs of the 
reactional medium and final MCs. 
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The SEM photomicrographs of both samples are exposed in Figure IV.31, along with the MCs 

size distribution histogram. Both syntheses resulted in loose MCs, with the V0_MCs having a 

bimodal size distribution and the 5V0_MCs a monomodal distribution. 

 

 

The scale-up process resulted in a decrease of the medium MCs’ size along with an 

uniformization of the size distribution. This can be related with the different ULTRA-TURRAX 

dispersion rotor used in the scale-up. Figure IV.32 shows the schematization of an ULTRA-

TURRAX, which enabled a better emulsification and homogenization of the emulsion droplets. 

As depicted, a metal shaft (rotor) rotates inside a stationary casing (stator). During the 

emulsification process, the sample is drawn into the narrow space between the rotor and stator, 

which creates shear forces. The level of shear is affected by the speed as well as the size of the 

gap between the rotor and the stator. Those changes, between dispersion rotors, need to be 

compensated by an adaptation to the applied rotations per minute (rpm). The speed of the rotor 

relates with the rpm by the Equation 4 [33]. When increasing the rotor diameter, the rpm value 

should be decreased to maintain the same tip velocity. 

 

Pre-scale-up_MCs  

Scale_Up_MCs 

Figure IV.31. SEM photomicrographs of the Pre-Scale-Up_MCs and of the Scale-Up_MCs (left), and respective 
size distribution histograms (right). 

500 µm 

100 µm 



97 
 

 

Figure IV.32. Schematic representation of the mixing mechanism of 
the rotor/stator arrangement of Ultra-Turrax homogenizer. Image 
reprinted from [34]. 

 
 

𝑉 =
𝑅𝜋𝑑

60
 

where, V is the rotor speed (m/s), R the rpm (rev/min) and d the rotor diameter (m). As this, the 

emulsification was decreased from 3600rpm to 1600rpm. Figure IV.33 depicts the dispersion 

rotor used in the pre-scale up synthesis, (a), and in the scale-up one, (b). 

 

 

 

 

 

 

 

 

 

 

Regarding the mechanical stirring, in the pre-scale-up synthesis a mechanical agitation of 200 

rpm was applied, using a rod with 7 cm blades. For the scaled-up synthesis a rod with 13.5 cm 

blades was used and an agitation of 100 rpm was applied, calculated using the Equation 4. Due 

to the cylindrical nature of the reactor, the used rod had two sets of blades distanced vertically 

by 23 cm. The stirrer blade used in the pre-scale up synthesis as well as that of the scale-up are 

shown in Figure IV.34, (a) and (b) respectively. 

 

(a) 

(b) (b) 

(a) 

Figure IV.33 - Dispersion rotors used in the pre-scale-up (a) and 
in the scale-up (b).   

 Equation 4 
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Figure IV.35 depicts the FTIR-ATR spectra of the Pre-scale-up_MCs and Scale_Up_MCs, as well 

as those of the isocyanates and active H source used for the MC’s synthesis. By comparing the 

MCs’ spectra it is possible to state that both syntheses led to MCs with an identical chemical 

composition, as their spectra have the same fingerprint. When looking at the intensity of the 

N=C=O bond stretching peak, it can be stated that the scale-up led to MCs with an identical, only 

slightly lower, encapsulation content. The Y values calculated for both syntheses are listed in 

Table IV.19. These facts reveal the success of the implemented scale up process. 

 

 

 

 

 

 

Table IV.19. Relative encapsulation yield (Y value) of the Pre-scale-up_MCs and of the Scale-up_MCs as prepared. 

MCs’ acronym Initial relative encapsulation yield (Yi) 

Pre-scale-up_MCs  4.20 

Scale_Up_MCs 3.52 

Figure IV.35 - FTIR-ATR of the isocyanates and active H source used for the MCs’ synthesis (left) and of the MCs 
obtained for the pre-scale-up and for the scale-up reactional volume (right). 

7 cm 

(a) 

13.5 cm 

(b) 

Figure IV.34 – Stirrer blade used for the mechanical agitation in the 
pre-scale-up (a) and in the scale-up (b) synthesis process. 
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By this laboratorial scale-up the number of obtained MCs was increased from 75g, in the 1.5L 

volume batch, to 400g of MCs pes synthesis, at the same time maintaining the characteristics of 

the product. This confirms the viability of implementing this ynthesis process in a larger scale.     

 

IV.5 Final remarks 
 

Interfacial polymerization technique combined with an O/W microemulsion system is the most 

reported method to produce PUa and/or PU/PUa MCs. Although this is a well-established 

technique, there are still some challenges regarding this process, in particular the wide size 

distributions of the obtained MCs, its low encapsulation yield, and its short shelf-life. In this work 

several approaches to tackle these issues and to optimize the isocyanate containing PU/PUa 

MCs, obtained by the interfacial polymerization technique, were tested. 

 

Encapsulation Yield 

The main factor affecting the encapsulation yield is the extent of the reaction between the 

isocyanates to be encapsulated and the reactive groups of the W phase of the emulsion. Having 

this into consideration, it was tried to decrease the contact between the isocyanate and the W 

phase of the emulsion by promoting a quicker formation of the initial, immature, shell at the O 

droplets surface. For that purpose, the effect of the synthesis duration and temperature, as well 

as the use of two different isocyanates on the O phase in combination with the addition of active 

H sources, were studied. 

Both the duration and temperature at which the synthesis is performed have proven to 

strongly impact the encapsulation yield. It was found that the duration of the synthesis 

influences the MCs’ shell thickness, mainly when using a temperature of 30 °C. This result is 

explained by the longer time necessary for the formation of the shell as higher temperatures 

increase the diffusion and partition coefficient of the reactants, consequently increasing the 

reaction rate. It was found that by using higher temperatures and by optimizing the duration 

of the reaction, by recurrently observing an aliquot of the reaction medium at the microscope, 

it is possible to obtain MCs with a smaller S/D ratio and with an adequate balance between 

an enough mature shell and a good encapsulation content. 

Another strategy is to use two isocyanates in the O phase of the emulsion, the most reactive 

for the shell formation and the other to be encapsulated, along with the addition of active H 

sources. All the synthesis to which active H sources were added led to a higher encapsulation 
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content, particularly those with PEI. Indeed, primary amines have a faster reaction with NCO 

than primary hydroxyls and water. However, PEI has a branched structure rich in NH groups 

resulting in a very cross-linked shell. Although this active H source would be ideal to be used to 

encapsulate isocyanate species for other applications, for this case it might condition the MCs’ 

performance as cross-linkers. One of the main difficulties on the use of PU/PUa MCs for this 

application is to guarantee its breakage during the adhesive application, by the effect of 

pressure. As this, it is proposed the use of Jeffamine® D2000, which has a long linear structure, 

composed by repeating oxypropylene units and only two NH end groups per molecule. It is 

expected for this amine to provide some flexibility and hydrophobicity to the MCs’ shell. In 

addition, Jeffamine® D2000 led to significant improvements in the encapsulation yield and 

shelf-life of the MCs, comparing with the ones obtained without active H sources. 

Although it was possible to increase the encapsulation yield by using the proposed strategies, 

the maximum value obtained in the developed work was of ca. 46.3 wt% of IPDI, which does not 

represent a significant improvement to the state of the art. Values ranging from 30 to ca. 60 

wt% of encapsulated content have been reported, using this technique, by other authors. 

However, in most of the cases there is evidence that the MCs core is composed not only by the 

isocyanate but also by an organic solvent. 

For other cases, higher encapsulation values are only obtained for large sized MCs, as reported 

by Yang et al. In this case, 68% of encapsulation is achieved for MCs with diameters between 

200 and 400 µm, decreasing to 32 wt% of IPDI for lower diameters MCs [14]. In our case, the 

developed PU/PUa MCs have average diameters between 30 to 100 µm with the majority having 

ca. of 60 µm. An exception is the MCs containing encapsulated Ongronat® 2500 and Suprasec® 

2234 which have larger size diameters, probably related to this isocyanate’s high viscosity. 

 

Shelf-life 

The MCs’ shelf-life is intrinsically correlated with the reaction of the encapsulated isocyanate 

with available OH or NH groups. Although some reactive groups, from the active H sources, 

might still be available to react in the moments after the MCs’ synthesis, it is the diffusion of the 

air moisture, to the MCs interior, that mostly affects its shelf-life. As an attempt to decrease the 

rate of this diffusion, the effect of different isocyanates used for the shell formation and 

different active H sources were studied. 

Three different isocyanates, namely Ongronat® 2500, Suprasec® 2234, which are both MDIs with 

different polymerization degrees, and Desmodur® RC, a poly-isocyanurate of TDI, were tested 
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to be used for the shell formation. It is expected for the shell obtained with the MDIs to be 

denser and more crystalline than that obtained with the Desmodur® RC, as it has a bulky 

aromatic trifunctional monomer. Indeed, MCs synthesized with MDI compounds showed an 

improved shelf-life, with the Ongronat_MCs exhibiting the lowest isocyanate loss in a period 

of 3 months while stored at room temperature and 60% of relative humidity. 

The addition of active H sources was used to tailor the MCs, in the sense that chemical backbone 

of the active H sources might influence the MCs’ chemical and mechanical properties. Several 

active H sources, namely two amines, PEI and Jeffamine® D2000, a polyol, 1, 6 – Hexanediol and 

a silane, n-OTES were tested. All the MCs to which active H sources were added during the 

synthesis presented an increased resistance to the air moisture diffusion, with Jeffamine® D2000 

and the combination of PEI and n-OTES leading to the most protective shells. The repeating 

oxypropylene units of Jeffamine® D2000, as well as the long aliphatic carbohydrate chain of n-

OTES might have brought some hydrophobicity to the shell. PEI contributed with an increase in 

the cross-linking of the shell, due to its branched structure rich in NH groups. By using active H 

sources, the MCs’ shell resistance to the water diffusion was increased. After a period of 3 

months, the PEI_n-OTES and Jeffamine_MCs showed a reduction of only 43 and 48.5 wt% of 

the initial Y value, which contrasts with the 66.2 wt% of loss obtained without active H source. 

 

Size Distribution 

By interfacial polymerization technique, the MCs size distribution is defined by the emulsion 

droplets’ size and stabilization, as the polymerization reactions occur at the droplets surface 

leading to the formation of the shell. As so, several stabilization systems comprising emulsifiers, 

a polysaccharide and a rheology modifier, as well as combinations between them, were tested 

with the intent to decrease the emulsion destabilization that occurs during the first moments of 

the synthesis. Although GA is the most used emulsion stabilizer to obtain this type of MCs, it was 

by rheology modification that the most stable system was achieved. In this sense, PVA was the 

rheology modifier employed, either alone or in combination with GA. When used alone it led to 

the most stable system, but in combination with GA it led to the highest encapsulation content. 

An increase of the W phase viscosity to 5-6 cP, enabled by 2wt% PVA, resulted in a minimum 

variation between the size of the initial emulsion droplets and that of the final MCs, enabling a 

finer control over the MCs size. Rheology modification is herein shown to be the most effective 

strategy to stabilize O/W emulsion systems for the PUa MCs´ synthesis by interfacial 

polymerization, namely by adding PVA to the W phase of the emulsion. 
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Table IV. 20 summarizes each strategy used to optimize the MCs’ characteristics as well as the 

main conclusions draw from each study. 

 

Table IV. 20. Strategies used to optimize the MCs’ characteristics and the main effects/conclusions of each study. 

Characteristics 

to optimize 

Strategy used for the 

optimization 
Effect on the MCs 

Encapsulation 

Yield 

Synthesis temperature 

- Shell formation (higher temperatures result in 

a quicker shell formation); 

- MCs’ S/D ratio (higher temperature result in a 

lower S/D ratio); 

- -Maturity of the shell (higher temperature 

result in a more mature shell). 

Synthesis duration 

- -Maturity of the shell (longer duration result in 

a more mature shell); 

-Encapsulation yield (longer durations result in 

lower encapsulation yield). 

Use of two isocyanates - - Higher encapsulation content. 

Active H sources 

- Use of active H sources lead to a higher 

encapsulation yield;  

- Amines led to higher encapsulation yield than 

polyols. 

Shelf-life 

Type of isocyanate for the shell 

formation 

- - The use of MDI for the shell formation, over 

TDI, led to an extended shelf-life.  

Active H sources 
- - Adding hydrophobic active H sources led to an 

extended shelf-life. 

Size Distribution Emulsion stabilization 

- Rheology modification enables a better 

emulsion stabilization and control over the 

MCs sizes. 

 

Contributions: 

• Effect of the synthesis temperature and duration on the MCs size and shell thickness. 

• The effect of several active H sources, and their combination, on the encapsulation yield 

and MCs’ shelf-life. The use of the active H source Jeffamine® D2000 had not been yet 

reported on the state of the art for this application. 
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• The effect of different isocyanates on the chemistry and mechanical properties of the 

MC’s shell. Suprasec® 2234 and Desmodur® RC had not been yet reported in the 

literature to be used for the MCs’ shell synthesis. As for Ongronat®2500, its use was only 

reported by our group [32, 35]. 

• Comparative study on the effect of a polysaccharide, a surfactant, a polymer, and their 

combinations, for the O/W emulsion stabilization. 

• Fine-tuning of the PU/PUa final MCs’ size and size distribution by means of the emulsion 

W phase rheology modification. Determination of the optimum viscosity for the system 

in study.  

• Encapsulation of high MW isocyanates, with a NCO value lower than 30, by the 

interfacial polymerization technique in combination with an microemulsion system. 
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Figure IV. S1. Thermograms of the O_Jeffamine_MCs and of the O_PEI_n-OTES_MCs, as well as of the 
isocyanates used in the synthesis (top) and respective derivatives (bottom), normalized by the division of 
each point by the maximum value. 
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Figure IV. S2. Thermograms of the aged Ongronat_MCs, Suprasec_MCs and 
Desmodur RC_MCs, by 3 months at room and 60wt% humidity (above) and 
respective derivatives (bottom), normalized by the division of each point by the 
maximum value. 
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Figure IV. S3. FTIR spectra of the Ongronat_MCs, Suprasec_MCs and 
Desmodur RC_MCs, as prepared and aged (by 3 months, at room 
temperature and 60wt% of humidity).   
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Table IV. S1. Emulsion stabilizers and combinations tested for the MCs’ synthesis by interfacial polymerization 
technique. 

Emulsion 
stabilizer 

Gum 
arabic 
(GA) 

DC193 DC193 
and GA 

 

Polyvinyl 
alcohol 
(PVA) 

PVA 
and 
GA 

SPAN®20 
 

Tween®85 Pluronic® 
P123 

 

Pluronic® 
P123 and 

GA 

Stabilizer 
(wt% 

added to 
the W 
phase) 

5% 2.5% 

4% 

5% 
 

6% 

2% 
(DC193) 

and 
2.5% 
(GA) 

 
 

4% 

(DC193) 

and 1% 

(GA) 

2% 
 

3% 
 

2% 
(PVA) 
and 

1.30% 
(GA) 

 
 

2 wt% 
(PVA) 
and 

2.5% 
(GA) 

 

2.5% 
 

4% 
 

5% 
 

6% 

2.5% 
 

4% 
 

5% 

 

2.5% 
 

4% 
 

5% 
 

6% 
 

2% 
(Pluronic 

P123) 
and 2.5% 

(GA) 
 
 

1% 
(Pluronic 

P123) 
and 4% 

(GA) 
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Table IV. S2. Optical microscopy photographs of all the emulsions tested. Left: after 10 minutes of emulsification at 
3200 rpm using the Ultra-Turrax; Right: after the following 15 minutes under mechanical stirring at 400 rpm (dynamic 
conditions) 

 

Emulsion 
stabilizer 

Stabilizer 
(wt% added to 
the W phase) 

Ultra-Turrax emulsification Mechanical Agitation 

Gum arabic 
(GA) 

5% 

    

DC193 
 

 
 
 
 

2.5% 

 
 
 
 

  

 

  

 
 

4% 

 
 
   
 
 
 

5% 
 
 
   
 
 
 

 
6% 

 
 
 

  

DC193 and GA 
 

 
 
 

2% (DC193) and 
2.5% (GA) 
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4% (DC193) and 

1% (GA) 

 
 
 
 

 
 

 

Polyvinyl 
alcohol  
(PVA) 

 

 
 
 
 

2% 
 
 
 
 

  

 
 
 

3% 
 
 
 
 

  

PVA and GA 
 

 
 
 

2% (PVA) and 
1.30% (GA) 

 
 
 

  

 
 

2 wt% (PVA) and 
2.5% (GA) 

 
 
   

SPAN®20 
 

 
 
 

2.5% 
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4% 
 
 
 
   
 
 

5% 

 
 
   
 
 
 
 

6% 
 
   

Tween®85 
 

 
 
 

 
 
 

2.5% 
 
 
   
 

 

4% 

 
 
 

  

 
 

5% 

 
 
 
 

  

Pluronic® P123 
 

 
 
 
 

2.5% 
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4% 
 
 
   

 

5% 
 

 
 

 

 
 
 

6% 
 

 
   

 

Pluronic® P123 

and GA 

 

 

 
 

2% (Pluronic 
P123) and 2.5% 

(GA) 
 
 
 

  

 
 

1% (Pluronic 
P123) and 4% 

(GA) 
 
   

 

 

 

 

 

 

 

 

 

 

200µm 200µm 

200µm 200µm 

200µm 200µm 

200µm 200µm 
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Table IV. S3. EDS atomic concentrations of the DC_MCs for C, N, O and Si atoms  

Analysis 
Atomic concentration 

C N O Si 

Area 1 61.782 26.95 10.24 1.03 

Area 2 61.084 27.49 10.73 0.70 

Area 3 70.502 19.58 6.68 3.24 

Figure IV. S5. SEM photomicrographs with the corresponding areas of the DC_MCs’ EDS analysis. 

200 µm 200 µm 50 µm 
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Figure IV. S6. Thermogram of the shell from the MCs obtained with different emulsion 
stabilization systems. 
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Chapter V 
Solvent evaporation technique in 

combination with a microemulsion system 
 

 

 

 

 

 

 

 

 



121 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 



122 
 

Chapter V - Solvent evaporation technique in combination with a double 

emulsion system: strategies and reactional parameters 
 

This chapter exposes the production of MCs by the solvent evaporation technique in 

combination with a microemulsion system. By this method, the MCs production occurs due to 

the precipitation of a dissolved polymer on the emulsion droplets interface, leading to the 

formation of a solid polymeric shell, without the occurrence of chemical reactions. This method 

was not yet reported for the encapsulation of isocyanate species which required process 

adaptations and several parameters’ optimizations, reported in this chapter. Two distinct 

biodegradable polymers were used for the MCs’ shell formation, intended to encapsulate not 

only monomeric but also oligomeric isocyanate species. A laboratorial scale-up of the MCs 

production process is also described, referring to an increase of the reactional volume from 85 

ml to 425 ml.    

 

Published papers with results exposed in this chapter: 

• Loureiro, M. V., Vale, M., Galhano, R.; Matos, S.; Bordado, J. C.; Pinho, I., Marques, A. C. 

“Microencapsulation of Isocyanate in Biodegradable Poly(ε-caprolactone) Capsules and 

Application in Monocomponent Green Adhesives”, ACS Applied Polymer Materials 2 (2020) 

4425–4438. Doi: 10.1021/acsapm.0c00535 

• Loureiro, M.V.; Aguiar, A.; Santos, R. G.; Bordado, J.C.; Pinto, I.; Marques, A.C. “Design of 

Experiment for Optimizing Microencapsulation by the Solvent Evaporation Technique”, 

Polymers 16 (2024) 111. DOI:  doi.org/10.3390/polym16010111 

 

V.1 Materials 
 

The reagents used for the MCs production, by the solvent evaporation technique in combination 

with a microemulsion system, can be classified as isocyanates, polymers for the shell formation, 

emulsion stabilizers and solvents. Table V. 1 lists all the reagents used for these MCs fabrication. 

The essential information regarding the isocyanates and polymers, can be found in Table IV.2 

and Table V. 2, respectively. Reagents used for the production of MCs by the solvent evaporation 

method, respective commercial name, purity and manufacturer.  
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The information regarding the number average molecular weight of the PHB used was not 

provided. Therefore, GPC analysis was carried out to conclude about its molecular weight 

distribution, with the respective gel permeation chromatogram being reported in Figure V. S 1. 

 

Table V. 1. Reagents used for the production of MCs by the solvent evaporation method, respective commercial name, 
purity and manufacturer. 

Classification Chemical 
Commercial 
name 

Purity (%) Manufacturer 

Isocyanate 

Isophorone diisocyanate 
(IPDI) 

Desmodur® I 98% Covestro AG 

Methylene diphenyl 
diisocyanate (MDI) 

Ongronat® 2500 - BorsodChem 

Polymers 

Polycaprolactone (PCL) -  Sigma Aldrich 

Polycaprolactone (PCL) - <0.5% water Sigma Aldrich 

Polyhydroxybutyrate (PHB)   - 

Emulsion 
stabilizers 

Gum arabic (GA) -  Fisher Chemical 

Poly(vinyl alcohol) (PVA) -  Alfa Aesar 

Solvents 
Dichloromethane -  Alfa Aesar 

Chloroform -  Alfa Aesar 

Commercial name 
Chemical 

Structure 

ρ, 25ºC 

(g/mL) 

Melting point 

(°C) 
Average Mn 

Polycaprolactone (PCL) 

 

- 60 °C 45000 

Polycaprolactone (PCL) 

 

1.145  60 °C 80000 

Polyhydroxybutyrate 

(PHB) 
 

- 175 °C - 180 °C - 

Table V. 2. Polymers used for the MCs’ shell formation by the solvent evaporation method, its chemical structure, 
density, melting point and number average molecular weight. 
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V.2 Experimental: MCs synthesis by solvent evaporation technique in 

combination with a microemulsion system  
 

The solvent evaporation technique in combination with a microemulsion system enabled to 

obtain MCs with a shell composed by the biodegradable PCL and PHB.  

To the best of our knowledge, the encapsulation of hydrophobic compounds by the solvent 

evaporation technique has only been reported for the encapsulation of drugs, mineral and 

essential oils and, in a particular case, the catalyst dibutyltin dilaurate (DBTL), with low 

encapsulation loads. Polymers, namely PLGA, polylactic acid (PLA), PLGA/PCL and less common 

PMMA, poly(phthalaldehyde) and polyethylene oxide-block-polycaprolactone were the ones 

applied for the shell [1-5]. The encapsulation of isocyanates, using this technique was not 

previously reported, nor its encapsulation in a biodegradable shell, by this or any other 

methodology. According with the literature, microencapsulation using PCL trough solvent 

evaporation technique is conventionally used for the encapsulation of hydrophilic and lipophilic 

compounds, particularly those which are sensitive to high temperatures [6-10]. As for PHB, its 

reference in microencapsulation is very scarce and it is referred to be used on its own or in 

combination with clays, for the encapsulation of drugs, urea, bovine serum albumin (BSA) and 

the trifluralin herbicide [11-15]. Its use for the encapsulation of isocyanates is not yet reported 

in the state of the art. 

The most commonly reported process for producing MCs by the solvent evaporation technique 

involves the use of a water-in-oil-in-water (W/O/W) emulsion system. For that, it is first 

dispersed an aqueous phase, containing the compound to be encapsulated, in a non-miscible 

organic solvent, containing a dissolved polymer for the shell, which forms the primary emulsion 

system W1/O. Following, the dispersion of the first emulsion into an aqueous phase containing 

an emulsifier leads to the double W1/O/W2 emulsion system. The subsequent evaporation of 

the solvent, present in the organic phase, leads to the polymer precipitation at the W1/O 

emulsion interface and to the MCs formation [16]. 

An adaptation of this process was made for the encapsulation of isocyanate. Instead of an initial 

W1/O, it was tried to obtain a non-aqueous O1/O2 emulsion system in which O1 corresponded to 

the isocyanate to be encapsulated and O2 the dissolved polymer. These emulsions can be 

achieved by adding viscosity modifiers in the continuous phase or by using two immiscible oils, 

with different polarities [17, 18]. The addition of surfactants to stabilize O/O emulsions is less 

common, instead it is reported the use of co-polymers or solid particles for Pickering emulsions, 

both contributing to a steric stabilization [18, 19]. For our case, the addition of co-polymers or 
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solid particles would mean its later presence in the MCs shell, for that reason its use was 

avoided. As our O1 phase is only composed by the isocyanate to be encapsulated the use of 

solvents with different polarities was not possible. Instead, PCL was used to act as both a shell-

forming material and a viscosity modifier, which can promote the formation of an O1/O2 

emulsion. By increasing the O2 phase viscosity it is possible to control the diffusion kinetics of 

the isocyanate and improve the emulsion stability [17]. However, both the polymers used for 

the shell and the isocyanates are soluble in dichloromethane and chloroform, and that might 

affect the O1/O2 emulsion stability. The existence of this emulsion, when prepared with IPDI, 

was not possible to confirm, as this isocyanate is not visually distinguishable in the O2 phase by 

optical microscopy observation. Due to the lack of evidence, the emulsions obtained with IPDI 

were considered O/W, with the O phase composed by the dissolved polymer and the IPDI. When 

using Ongronat® 2500 the existence of an O1/O2 emulsion was verified, exposed in Figure V.1. 

Nevertheless, the O1 droplets have a much smaller size than that of the final MCs, which leads 

to believe that in the O1/O2/W emulsion system several isocyanate droplets must be enclosed 

in a droplet of dissolved polymer, posteriorly merging. The stability of this emulsion was not 

studied.  

 

 

 

 

 

 

Due to the uncertainties associated with the O1/O2 emulsion with IPDI, the organic phase was 

considered to be composed by a single O phase containing the polymer dissolved in the 

respective solvent, i.e. dichloromethane for the PCL and chloroform for the PHB, and the 

isocyanate to be encapsulated. The dissolved polymer and the isocyanate were mixed together 

by applying a vigorous agitation of 10000 rpm, for a volume of 65 mL in a cylindrical flask of 150 

mL, using an Ultra-Turrax (IKA T25 digital ULTRA TURRAX (Staufen, Germany), during 5 min at 

room temperature. The O phase was then dispersed in the W phase, containing dissolved PVA 

and GA, while under mechanical stirring, at 750 rpm, at room temperature. The emulsion was 

let under agitation, for several hours, depending on the experiment, during which the solvent 

gradually diffused to the continuous phase and evaporates. The process reported in the state of 

200 µm 200 µm 

Figure V.1. Optical microscopy photograph of the O1/O2 emulsion obtained with 
Ongronat® 2500 in the O1 phase of the emulsion.  
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the art for the formation of MCs by this method, when using a simple emulsion system, involves 

the formation of small polymeric domains that change the O droplets nature from one phase to 

a two-phase particle. This leads to interfacial tension interactions between the liquid core, the 

polymer and the aqueous phase, resulting in the migration of the polymer-rich domains to the 

O/W droplets interface. These domains tend to merge, forming a shell around the O droplets. 

The evaporation of the remaining solvent leads to the polymer precipitation, resulting in a solid 

shell [20, 21]. This process leads to the formation of core-shell MCs, as depicted in Figure V.2 

(a). It is reported that, for this MCs’ production method, the morphology of the MCs is 

determined by the thermodynamics to assure the minimum total interfacial free energy [21]. 

 

 

 

Optical microscopy photographs obtained during the MCs’ synthesis, exposed in Figure V.2 (b), 

seem to represent the process of the shell formation described in the literature. It is to notice 

that the photographs are not of the same synthesis nor are at the same scale but are the ones 

that are more representative of each step of the process. All the photographs were taken during 

the fabrication of PCL MCs containing encapsulated IPDI.  

In Figure V. 3 is an optical microscopy photograph which shows the shell formation during the 

MCs’ fabrication process. It is clearly possible to visualize areas in the O droplets in which there 

is still no solid polymer precipitation. This is in accordance with the process described in the 

literature [21]. 

Figure V.2. Schematic representation of the several steps involved in the MCs formation by the solvent 
evaporation technique in combination with an emulsion system (a). Optical microscopy photographs obtained in 
each step (b). 

(b) 

(a) 

200 µm 200 µm 200 µm 200 µm 
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The MCs fabrication process was followed by optical microscopy enabling to monitor the 

maturity of the MCs’ shell and conclude regarding the shortest production time for each 

experiment. The MCs were filtrated by using a vacuum filtration system, while being washed 

with water. The obtained MCs were left to dry at atmospheric pressure and at room 

temperature for 48 h. The schematic representation of the MCs fabrication, using a double 

O1/O2/W emulsion system, is represented in Figure V. 4. 

 

 

 

Figure V. 4. Schematic representation of the MCs’ fabrication process by the solvent evaporation method 
combined with a double O1/O2/W emulsion system. 

200µm 

Figure V. 3. Optical microscopy photograph 
that shows the shell formation during the MCs 
fabrication, by the solvent evaporation 
method. 
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To obtain MCs of PCL shell dichloromethane was used as organic solvent due to its ability to 

dissolve the chosen polymer and its low boiling point. Its high saturated vapor pressure 

contributes to a high solvent evaporation rate, which decreases the MCs’ production time. 

Despite the advantaged of chloroform, as its lower vapor pressure, higher boiling point and 

higher toxicity, it was necessary to use dichloromethane to dissolve the PHB [1]. 

A scale-up of the process is described in the sub-chapter “VI.4 Scale-up of the syntheses 

processes”. For that the ULTRA-TURRAX equipment used for the pre-scale-up was maintained, 

as it is suitable for volumes up to 2L. The agitation was adjusted according to Equation 4, Chapter 

IV. For the synthesis it was used a glass reactor of 500ml and the mechanical stirring rod was 

replaced by one with a larger blade, due to the reactor diameter that was doubled. 

 

V.3 Results and discussion: Reactional parameters and strategies 
 

The encapsulation of isocyanates using solvent evaporation method had not yet been described 

in the state of the art. So, it was necessary to optimize several synthesis parameters to obtain 

MCs with the desired characteristics for the current application. Some of the results and 

discussion below presented have been published in our paper our paper “Microencapsulation 

of Isocyanate in Biodegradable Poly(ϵ-caprolactone) Capsules and Application in 

Monocomponent Green Adhesives”, which consists of the first report on isocyanate 

microcapsules with biodegradable shell, prepared by solvent evaporation technique [22]. The 

process parameters that were optimized are described in Table V.3, along with the tested 

ranges. 
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The studies regarding the production of MCs by the solvent evaporation method were mainly 

focused on the PLC MCs containing IPDI in its core. PCL is a synthetic biodegradable aliphatic 

polyester, which has a low glass transition temperature, of about -60 oC, and a melting point of 

60o, it has been widely used in encapsulation, mainly for drug controlled-release, due to its 

biocompatibility and FDA approval for use in humans [23, 24]. For the present work, its low 

melting temperature, in the range of temperatures used during the adhesive application in the 

footwear industry, would enable the MCs to release its content not only by break but also by 

the melting of the shell.  

The MCs initially obtained by this method were loose particles, with a spherical shape, however 

with very large dimensions, as depicted in Figure V.5. Despite this, the non-optimized MCs had 

an encapsulation yield of ca. 50 wt% which was a promising indicator of the adequacy of this 

technique for the isocyanate encapsulation. Indeed, by this process there are no chemical 

reactions involved and the MCs production occurs only due to the organic solvent evaporation, 

leading to the polymer precipitation around the isocyanate droplets. It is a physical method for 

the MCs production. This should lead to MCs with a higher encapsulation yield than the ones 

obtained by interfacial polymerization method, by which some of the isocyanate must react for 

the shell formation. 

Table V.3. Process parameters, from the MCs production by the solvent evaporation 
methods, that were optimized and respective range values. 

Reactional parameters Ranges 

PVA concentration 2 - 4 wt% in the W phase 

GA concentration 0 - 3.5 wt% in the W phase 

Emulsification time 5 - 10 minutes 

Emulsification stirring 5000 -10000 rpm 

Mechanical stirring 500 -850 rpm 

Polymer concentration 8-16 wt% in the organic solvent 

Isocyanate concentration 16-20 wt% of the O phase 

O/W ratio 28 - 39 wt% 
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Two PCL grades with different MW, of 45000 and 80000 Da were tested as polymers for the 

encapsulation of IPDI. The effect of the polymer MW on the MCs’ typology, size and size 

distribution, encapsulation yield, shelf-life and temperature response and performance in the 

final application was studied.  

A Design of Experiment (DOE) study, intended to decrease the MCs’ average size and to achieve 

a finer control over these MCs’ morphology, was made, by which the effects of the GA and PVA 

concentrations as well as the O emulsion phase volume on the MCs sizes was evaluated. It was 

intended to develop a model, which enabled to predict the optimum values for each variable in 

study, that led to the production of tailored MCs within a predefined size range.  

After the optimization of the PCL MCs production process, the PHB was tested as polymer for 

the MCs’ shell. The performance of the PCL and PHB MCs on the adhesive formulation, i.e. 

resistance to the solvents used in the adhesive (pre-polymer) formulation, as well as their 

effectiveness as cross-linkers, was studied and it is described in Chapter VI. 

 

V.3.1 The effect of polycaprolactone’s molecular weight 
 

The results exposed in this sub-chapter “V.3.1 The effect of polycaprolactone’s molecular 

weight” are published in our paper “Microencapsulation of Isocyanate in Biodegradable Poly(ϵ-

caprolactone) Capsules and Application in Monocomponent Green Adhesives” [22]. 

Two PCL grades with different MW, of 45000 (PCL45) and 80000 Da (PCL80), were used as shell 

material to conclude about the effect of the polymer MW on the MCs’ final characteristics, in 

what regards encapsulation yield and resistance to moisture inwards diffusion. The composition 

of the W and O phase of the emulsions used for the MCs production is listed in Table V. 4. 

200 µm 200 µm 

Figure V.5. Optical microscopy photographs of the PCL MCs, obtained by the 
solvent evaporation method, before the production process optimization (first 
trials).  
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Optical microscopy and SEM were used to assess the MCs’ morphology, size distribution, and 

average shell thickness. Figure V.6 shows optical microscopy photographs of the emulsions and 

respective I_45 MCs and I_80 MCs at different stages of their fabrication process. For both cases, 

it is possible to distinctly observe the formation of a solid shell, by the increased opacity of the 

MCs after 45 and 60 min from the beginning of fabrication progress. Looking at the initial 

emulsions it can be observed a smaller average size of the droplets when using PCL80 as the 

shell-forming polymer. Indeed, PCL80 leads to an O phase with significantly higher viscosity, of 

6150 cP, than that obtained with the PCL45, of 570 cP and, for the same emulsification speed a 

higher viscosity might result on smaller droplets of the dispersed phase [25-28]. On the other 

hand, it should be stressed that if the viscosity of the O phase is too high and the solution, or 

dispersion, is not homogeneous, issues may arise in the stability of the emulsion, which might 

result, for instance, in a broader size distribution of the MCs. The respective emulsions size 

distribution histogram is depicted in Figure V.7, based on the optical microscope photographs 

shown in Figure V.6, at 0 minutes. 

 

 

 

 Table V. 4. Microcapsules’ acronyms and emulsion composition 

MCs acronym Water phase (wt%) Oil1 phase (wt%) Oil2 phase (wt%) 

I_45MCs PVA aqueous solution 

GA 

(66.9 % of the emulsion) 

IPDI 

(7.1% of the emulsion) 

PCL with 45000 Da at 16 wt% 

in DCM (26% of the emulsion) 

I_80MCs 
PCL with 80000 Da at 16 wt% 

in DCM (26% of the emulsion) 

Figure V.6. Optical microscopy photographs captured during the MCs´ fabrication process. 
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It is possible to observe a single I_45 MCs’ shell breakage due to mechanical tearing, with a 

needle (I_45MCs (b)), leading to the release of a significant amount of liquid from its core in 

Figure V.8. This is expected to be IPDI, as the MCs are assumed to be only composed by the 

encapsulated isocyanate and the solidified PCL shell, to be further corroborated by FTIR and TGA 

analyses. A single I_80 MCs, prepared with PCL of higher Mw (PCL80), is also displayed in Figure 

V.8, as well as a ruptured MCs’ shell revealing a core−shell morphology. 

 

 

 

Figure V.9 shows the SEM photomicrographs of the I_45 and I_80 MCs. Some MCs were 

purposedly crushed to assess their morphology and shell thickness. The MCs’ fabrication using 

both PCL45 and PCL80 led to loose, disaggregated MCs with a core−shell morphology and a 

Figure V.7. I_45 and I_80 emulsion size distribution.  

200 µm 200 µm 

I_45 MCs (a) 

200 µm 200 µm 

I_45 MCs (b) 

I_80 MCs (a) I_80 MCs (b) 

Figure V.8. Optical microscopy images. Top: I_45 MCs (a) 
before tearing of the shell (b) the same MC after the break 
of the shell, exhibiting the release of the core content 
(arrow). Bottom: I_80 MCs (a) single capsule photograph 
(b) another MC after the break of the shell, showing its 
core−shell morphology. 
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spherical shape, with the I_80 MCs showing a smoother outer shell, probably due to the longer 

polymeric chains of PCL80, which are less prone to crystallization than shorter chains. Figure 

V.10 shows more magnified images of the outer (a) and inner (b, c) part of the I_45 MCs’ shell, 

showing some lamellar bundles. The interior of the shell has more defined structures with an 

irregular orientation, which might be attributed to the semicrystalline state of the polymer [29]. 

This difference between the exterior and interior of the MCs’ shell might be correlated to a 

slower DCM evaporation rate in the inner face, in comparison with the rate experienced at the 

outer face, and/or due to the smoothing effect of the shear forces that occur at the surface of 

the droplets/MCs upon their movement within the continuous phase (water-rich medium). In 

addition, the water may also cause a constraining effect on the polymer, restricting the PCL’ 

chains movement [29, 30]. Some small superficial heterogeneous pores can also be observed in 

the shell, resulting from the large arrangement of the lamellae. The possible semicrystalline 

nature of PCL is mainly identified in the PCL45 MCs possibly due to its smaller chain sizes, which 

enables more movement freedom and consequently a better rearrangement of the polymer 

chains. 

 

 

 

Figure V.9. SEM images of the I_45 MCs, at the top, and of I_80 MCs, at the bottom. The images on the right display 
a purposefully broken MC, evidencing a core-shell morphology, for both the I_45 and I_80 MCs. 

Figure V.10. SEM images showing the typical morphology obtained for MCs with a PCL shell. (a) Image of the I_45 
MCs outer shell. (b) and (c) images of the I_45 MCs inner shell. 
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Figure V.11 displays the MCs’ size distribution, which follows a multimodal distribution for both 

cases, showing the polydisperse nature of the MCs. By comparing the size distribution of the 

I_45 MCs and I_80 MCs, it is possible to conclude about the emulsion stability, namely, in what 

regards the effect of the O phase viscosity on the overall system and obtained MCs. Although 

both samples have a significantly broad size distribution, the majority of the I_45 MCs have 

between 225 and 525 μm with the I_80 MCs having a broader distribution, from 150 to 750 μm. 

The I_80 MCs larger size distribution might be due to the higher viscosity or/and to a less 

homogeneous O emulsion phase, which tends to destabilize the emulsion, consequently leading 

to some droplet coalescence. Due to the PCL80 higher MW, its ideal concentration in the DCM 

should probably be higher than the one needed for the PCL45 dissolution. However, the aim of 

this work was to keep constant all the fabrication parameters, except for the MW of the PCL, to 

conclude about its effect. 

 

 
 

The value of each size distribution peak, which corresponds to the modes of the MCs’ sizes, as 

well as the average shell thickness are displayed in Table V.5. To calculate the shell thickness 

and respective mean deviation, 15 measurements, at the cross sections of several MCs, were 

made using the Fiji software [31]. It is also reported the S/D ratio, which is an indicator of the 

contribution of the shell to the MCs overall morphology, with higher values indicating a higher 

shell contribution. 

 

 

Figure V.11. I_45 and I_80 MCs size distribution. 
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I_80 MCs have a slightly thinner average shell and an overall lower S/D ratio, which is an 

indication of a lower shell contribution for the MCs’ volume, increasing the possibility of a higher 

encapsulation yield. However, it is important for the shell to have the necessary thickness to 

offer enough mechanical strength and robustness, as the MCs need to endure handling and 

blending within the adhesive formulation, as well as to be capable to protect the IPDI from the 

exterior medium, in particular from the air humidity. Because both experiments were performed 

under the same conditions, it is possible to assume that the observed morphological differences 

are due to the distinct PCL MW. 

Figure V.12 shows the FTIR spectra of the as-prepared MCs, of the shell-forming polymer, PCL, 

and of the encapsulated isocyanate, IPDI. The presence of unreacted isocyanate is confirmed by 

the intense peak at ca. 2260 cm−1, ascribed to the N=C=O bond stretching vibration, in both MCs’ 

FTIR spectra. The PCL’s most intense and distinct peak is related to the carbonyl group (C=O) 

stretching vibration, at 1715−1730 cm−1 [30, 32, 33]. The bands detected in the range of 

2840−3000 cm−1 are associated with the stretching vibrations of the PCL’ C−H groups from its 

aliphatic chain and the peaks at 1168 and 1300 cm−1 related to its C−O−C stretching, of the 

saturated ester groups, and C−O and C−C groups, respectively [33]. The MCs’ shell material is 

herein shown to be PCL due to the presence of an intense peak at 1720 cm−1, from the carbonyl 

stretch vibration, as well as the peak ascribed to the C−O stretching in both the MCs’ FTIR spectra 

[33]. 

It should be stressed that any reaction between the isocyanate NCO groups and OH groups, 

resulting in urea moieties, can be discarded due to the absence of corresponding peaks in the 

FTIR spectra of the as-prepared MCs. The presence of urea moieties could be detected by its 

characteristic peaks at 1510 cm−1 and 3200−3400 cm−1, ascribed to the bending and stretching 

of the N−H group, respectively, as well as at 1680−1700 cm−1, from the urea carbonyl stretching 

vibration. This assures that if some reaction happened between the IPDI and the W phase, it was 

MCs acronym 
S, av shell 

thickness (μm) 

D, MC’s diameter (peak max, 

mode) (μm) 
S/D (ratio) 

I_45MCs 29.65 ± 7 264, 416, and 637 
0.11, 0.071, 

and 0.046 

I_80MCs 28.24 ± 6 191, 491, and 710 
0.14, 0.057, 

and 0.039 

Table V.5. MCs’ average shell thickness (S) as well as the MCs´ diameter (D) and S/D ratio 
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in such a minimal extent that no PUa can be detected by FTIR analysis. From this it is possible to 

assume that the MCs’ shell is composed mostly by PCL, with most of the isocyanate remaining 

unreacted. The developed MCs’ fabrication procedure is basically a physical process. 

 

 

Table V.6 lists the Y values obtained from the FTIR spectra of the as-prepared MCs. By comparing 

the Y values of the I_45 and I_80 MCs, it can be concluded that, although by a small difference, 

the use of PCL80 enabled a higher isocyanate encapsulation. Despite the inhomogeneity of the 

sample in terms of size distribution, the I_80 MCs are the ones that exhibit an overall smaller 

value of the S/D ratio, enabling the encapsulation of a higher amount of IPDI. 

The FTIR spectra of the I_45 and I_80 MCs, as-prepared and aged, are shown Figure V.13. The 

spectra of the three months old MCs, stored at room temperature and 60% of relative humidity, 

reveal a change in the chemical composition of its shell. New peaks can be identified in these 

MCs spectra, which were not present in the as-prepared samples, at 1690, 1626, and 1565 cm−1 

as well as a band between 3420 and 3220 cm−1. The peak at 1690 cm−1 can be associated with 

the presence of carbonyl groups from urea or tertiary urethanes, which indicates some possible 

reaction from the encapsulated isocyanate. The peak appearing at 1626 cm−1 is usually 

associated with the combined effect of the N-H in-plane bending, the C−N stretching, and the 

C−C stretching vibrations, typical of urea linkages, while the band at 1565 cm−1 is typical of 

secondary amides, in-plane N−H bending, which usually appears as an intense band between 

1570 and 1510 cm−1 [32, 34]. The broad band between 3420 and 3220 cm−1 is correlated to the 

Figure V.12. FTIR spectra of the as-prepared MCs (I_45 and I_80), the 
shell-forming polymer PCL, and the encapsulated isocyanate, IPDI. 
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presence of hydrogen bonding, N−H, or/and O−H stretching group vibrations [32, 34]. These new 

features in the FTIR spectra reveal the formation of urea and possibly urethane moieties, which 

are due to the contact between the encapsulated IPDI and active H groups. A possible diffusion 

of water from air moisture through the polymeric shell and/or some possible hydrolytic 

degradation of the PCL, might be responsible for the presence of active H groups in the MCs’ 

interior. The PCL polymer might undergo hydrolytic degradation to some extent due to the 

presence of hydrolytically labile aliphatic ester linkages, as schematically represented in Figure 

V.14, reaction 1  [35, 36].Cleavage of the PCL’s ester bonds occurs upon its reaction with water, 

forming carboxyl end-groups, with the progressive reduction of its MW leading to a final 

biocompatible, water-soluble degradation product, as represented in Figure V.14 [36, 37]. The 

PCL carboxyl end-groups, resulting from its hydrolysis, have OH terminal groups that can react 

with the isocyanate, leading to urethane linkages and a biodegradable PU polymer (Figure V.14, 

reaction 1.1) [36, 38, 39]. According to the literature, the degradation of PCL in a living 

environment can result from simple chemical hydrolysis of the ester bonds and/or due to 

enzymatic attack, with a resulting decrease of the PCL’s MW [36]. Krasowska et al. concluded 

that in a sterile aqueous medium only small changes are observed in the PCL’s MW, due to a 

slow nonenzymatic hydrolytic degradation by ester cleavage [36]. On the other hand, it has been 

reported that the dissolution of PCL in sterile water requires the use of an external acid catalyst, 

due to its low acid dissociation constant, Ka, so that its hydrolysis is expected to be slow and 

dependent on the external acid concentration [40]. França et al. studied the degradability of PCL 

molded specimens when subjected to vacuum at 40 °C for up to 45 days, concluding that 

although PCL was not prone to hydrolytic degradation under the referred conditions, water 

diffusion and swelling of its polymeric matrix were observed [41]. 

The most likely hypothesis is that water, from the air moisture, might have diffused through the 

PCL MCs, with its subsequent reaction with the encapsulated isocyanate leading to the 

formation of PUa domains, as represented in Figure V.14, reaction 2. The presence of peaks 

related to the vibration of secondary amide groups, in the spectra of the 3 months old MCs, as 

well as the small peak at 1690 cm−1, typically associated with the presence of urea carbonyl 

group, confirm this occurrence. The presence of a secondary PU could not be confirmed as its 

typical carbonyl peak, at 1715−1725 cm−1, if it exists, would be masked by the one of the PCL 

carbonyl group. Even though a few molecules of encapsulated IPDI have reacted, the high 

intensity of the NCO peak indicates the reactions occurred only in a small extent. 
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TGA analyses enabled to determine the encapsulation yield, corroborating the findings obtained 

by FTIR-ATR on the aged MCs, as well as to study the effect of the PCL MW on the MCs thermal 

degradation. Figure V.15 shows the thermograms of the shell-forming polymer, encapsulated 

Figure V.13. FTIR spectra of the as-prepared I_45 and I_80 MCs and of the same 
three months after their exposure in an atmosphere at room temperature and 
60% of relative humidity. 

Figure V.14. Reaction schemes for the formation of urethane and urea linkages from the reaction 
between IPDI and PCL hydrolysis intermediates (Reactions 1 and 1.1.) and with water (Reaction 2). 
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IPDI and of the I_45 MCs and I_80 MCs as-prepared and aged, after storage for 3 months at 

room temperature and 60% of relative humidity. The respective derivative curves are also 

displayed. PCLs with 45000 and 80000 Da present a similar degradation fingerprint, with the 

corresponding peak ranging from ca. 350 to 450 °C, indicating that the MW has only a slight 

effect on the polymer degradation temperature: higher MW results in an increase by ca. 6 °C of 

the degradation curve peak. The IPDI shows its first thermal event at lower temperatures, 

between 100 and 240 °C. The thermograms of both MCs samples exhibit its first significative 

thermal event at ca. 120 °C, which correspond to the IPDI. The second degradation step is 

referred to the PCL polymeric shell degradation. The amount of encapsulated isocyanate for 

both the I_45 and I_80 MCs was determined and is reported in Table V.6, along with the relative 

encapsulation yield (Y value) determined by FTIR. 

Both the aged MCs first-derivative curves show two extra peaks, between 230 and 350 °C, not 

present in the as-prepared MCs first derivative curves, indicating that the samples chemical 

composition has changed during that period, corroborating the conclusions drawn by the FTIR 

analysis. It is reported for the PU/PUa material to show two degradation phenomena, the first 

occurring between 300 and 370 °C, correlated to the degradation of soft segments, and the 

second one above 370 °C. This might correspond to the extra peaks in the first derivatives of the 

aged MCs [42, 43]. Further evidence of the presence of PU/PUa moieties is the noncomplete 

shell degradation within the studied range of temperature, namely 96 and 98.78 wt%, for the 

aged I_45 MCs and I_80 MCs, respectively. It is possible that more PU/PUa has been formed in 

the aged I_45 MCs than in the aged I_80 MCs due to more water diffusion through the PCL45 

shell.  

MCs with a high degree of IPDI encapsulation, above 50% of the MCs’ weight, were obtained 

with either PCL45 or PCL80, revealing the potential of this technique to encapsulate reactive 

isocyanate species. PCL80 was the one leading to a higher degree of encapsulation, confirmed 

both by TGA and by the Y value calculated through FTIR measurements.  
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*Range of temperatures used for the encapsulated isocyanate quantification. The temperature range varied slightly 

depending on the MCs thermograms. 

 

GPC analysis was performed to the I_45 and I_80 MCs’ shell, as well as to the PCL45 and PLC80, 

to assess the MW distribution and the effect of the MCs’ fabrication process conditions on the 

resulting polymeric shell, presented in Figure V.16. Neither the PCL80 nor the PCL45 have a 

unimodal distribution in what regards MW distribution. Both PCL45 and PCL80 both display high-

MW chains, reaching ca. 90000 Da, however PCL45 has a wider MW distribution, with a stronger 

Table V.6. Relative encapsulation yield (Y) and mass loss (%) of encapsulated IPDI for each experiment 

MCs’ acronym 
Relative encapsulation yield (Y) 

 from FTIR 

Mass loss (%) from TGA (amount of 

pure encapsulated isocyanate) 

(from 115-320 °C *) 

I_45MCs 2.4 54 

I_80MCs 3.0 60.3 

Figure V.15. (a) Thermogram of the as-prepared and aged (3 months) I_45 MCs (top), and the respective 
derivative curves (bottom); (b) thermograms of the as-prepared and aged (3 months) I_80 MCs (top), and the 
respective derivative curves (bottom). 
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contribution to lower MW peak, at ca. log(MW) = 3.2. On the other hand, the PCL80 has a 

bimodal distribution, with the significantly most intense peak appearing at higher MW, at about 

log(MW) = 4.9. During the MCs’ preparation chains might have suffered some chain scission, as 

their corresponding peak decreased in intensity, with the microencapsulation process, and a 

new peak has appeared at lower log(MW) values, in both the MCs’ chromatograms. This might 

have occurred due to the strong mechanical stirring involved in the MCs’ fabrication to which 

PCL is exposed while dissolved in DCM. 

 

 

The characteristic MW information, obtained by the GPC analysis, for both PCL as well as for the 

MCs is listed in Table V. S1, from the Supplementary Information. The Mp values were obtained 

from the most intense peak, marked in Figure V.16 with an asterisk. The MCs fabrication process 

affected the PCL45 and the PCL80 differently, as the Mp of the I_80 MCs’ shell is identical to that 

of the PCL80, while the Mp for the I_45 MCs’ shell varies from that of the PCL45. This further 

suggests that the PCL45’ low-MW chains might have suffered some cleavage during the MCs 

fabrication. Accordingly, the polymer polydispersity shows some increase with the MCs 

fabrication process, revealing an increased heterogeneity of the molecular chains’ distribution, 

for both cases. 

Although the MCs’ shells are composed of PCL, which has a melting temperature of ca. 60 °C, it 

is important to assess whether the presence of PUa domains, detected by FTIR and TGA in the 

aged MCs, affects its thermal response at the temperatures applied during the adhesion process, 

Figure V.16. Gel permeation chromatograms of the PCL45 and PCL80 
raw materials, as well as that of the I_45 and I_80 MCs’ shells. 
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in the footwear industry. For that purpose, the melting temperature of the aged MCs was 

evaluated by DSC analysis. The thermograms of the aged I_45 and I_80 MCs’ shell are exposed 

in Figure V.17. Both samples show a low temperature endothermic peak at ca. 60 °C, correlated 

to the PCL melting point, revealing that the aged MCs can effectively respond to the range of 

temperatures involved in the adhesive’s application process. It is also possible to observe that 

the I_45 MCs’ shell melts at lower temperatures than the I_80 MCs’ shell, possibly due to the 

lower MW of the polymeric shell. 

 

   

To corroborate the results achieved by DSC, the aged MCs were mixed within the adhesive pre-

polymer and subjected to 50 °C in an oven. During a 1 h long experiment, a sample was taken 

every 10 min and cooled to 27 °C, and its viscosity measured. It is hypothesized in this 

experiment that, once the MCs’ shell melts, there is release of isocyanate, which will react with 

the OH groups of the pre-polymer, resulting in PU cross-links formation with a consequent 

increase of the pre-polymer viscosity. Two samples of the pre-polymer, without MCs, were also 

evaluated as a reference: one exposed to 50 °C and another one kept at room temperature. 

Figure V.18 shows that the pre-polymer, by itself, exhibits some viscosity increase along the 

experiment, probably due to some solvent evaporation. However, a notoriously higher increase 

in viscosity, by almost the triple of its initial value, is observed for the samples containing MCs. 

This is further evidence that the MCs, even the ones containing PU/PUa moieties, effectively can 

release the encapsulated isocyanate only by the effect of temperature, which makes them 

suitable for the present application. The low melting viscosity typical of PCL plays an important 

Figure V.17. DSC thermograms of the aged I_45 and I_80 MCs´ shell. 
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role in the homogeneous distribution of the released isocyanate within the OH pre-polymer and 

therefore in the uniform responsiveness and reactivity of the system [44]. Also, the initial 

increase in the OH pre-polymer viscosity is not as pronounced with I_80 MCs as it is with the 

I_45 MCs, which is in accordance with the DSC results regarding the correlation between each 

PCL MW with the respective MCs’ shell melting temperature. 

 

 

Preliminary peeling strength tests were performed, at the labs of IST, as an indirect way to 

evaluate the MCs effectiveness as cross-linkers for the new adhesive formulation. In this case, 

the peeling strength of the pre-polymer containing encapsulated IPDI, was evaluated and 

compared to a reference sample composed by the pre-polymer with an equivalent amount of 

nonencapsulated IPDI.  

Peeling strength and temperature resistance tests (creep tests) were posteriorly performed with 

PCL MCs at the CIPADE S.A. facilities, following the industry standards. Obtained results are 

shown in Chapter VI.  

Figure V.19 shows the average maximum load obtained in the peeling strength tests, which are 

quite similar for both the adhesive joints prepared with encapsulated and nonencapsulated 

isocyanate. This reveals an effective release of the encapsulated IPDI, during the adhesive 

application, in part promoted by the low melting temperature and low melting viscosity of the 

PCL. By comparing the error bars, associated with the homogeneity of the adhesive joints, it is 

possible to conclude that the most homogeneous results were achieved with the 

Figure V.18. Viscosities of the pre-polymer and its mixtures with aged 
MCs, measured every 10 minutes, during a 1-hour experiment. 
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nonencapsulated isocyanate. The broad MC size distribution might be at the origin of such 

heterogeneity, confirming the importance of this feature in the final adhesive properties. Table 

V. S2 from of the Supplementary Information, lists the obtained average load measured per unit 

width of the bond, which, for all cases, was lower than 3N/mm. These low values are a result of 

the procedure for the specimen preparation in the university facilities, which is not an exact 

replication of the industrial process, due to the lack of proper equipment. Nevertheless, the 

specimens were all equally prepared so that the results can be compared, and conclusions can 

be drawn, regarding the release of the encapsulated content.  

 

 
 

In conclusion, the solvent evaporation method demonstrated to be a simple and efficient 

approach for the encapsulation of reactive isocyanates. Spherical, disaggregated, and core−shell 

MCs were obtained, either with PCL45 as with PCL80 containing high loadings of pure liquid 

isocyanate, at 54 and 60.3 wt%, respectively. The MCs have a relatively steady encapsulated 

isocyanate content over a period of 3 months from its fabrication. Some enhanced 

characteristics were achieved when using the PCL80 for the MCs’ shell fabrication, specifically in 

what regards a higher IPDI encapsulation, a smaller average shell thickness, a slightly longer 

shelf-life, and a higher melting temperature. The IPDI was found to be released from the MCs in 

response to the stimuli applied in the footwear industry during the adhesive application, 

enabling the cross-linking of the adhesive joint, which shows the large potential of these MCs 

for the current application. 

Figure V.19. Average maximum load obtained in the peeling strength tests 
for the adhesive joints prepared with the following formulations: OH pre-
polymer with IPDI; OH pre-polymer with encapsulated IPDI in the form of 
I_45 MCs and I_80 MCs. 
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Despite its advantages, the high viscosity of the O emulsion phase when using PCL with 80000 

Da makes it very difficult to work with, leading to a low reproducibility, low production yield and 

bigger MCs sizes and sizes distribution comparing to the 45000 Da PCL. This could further lead 

to industrial difficulties when implementing the process in a larger scale. As the encapsulation 

content and shelf-life of the MCs obtained using PCL45 were not far from those obtained with 

the higher MW PCL, PCL45 was used in the following studies. 

It should be noted that these findings were at the origin of a patent, which was granted in 2021 

(PT 115312 B) and a subsequent R&D Project with the goal of further exploring MCs with 

biodegradable polymeric shell and establishing their production at the industrial level, in 

collaboration with an adhesive producer (CIPADE S.A.), an industrial automated machinery 

producer (JPM – Automação e Equipamentos Industriais, S.A.), and IPCA, for the life cycle 

assessment of the new adhesives. 

 

V.3.2 Design of experiment to control the microcapsules size 
 

The results exposed in this sub-chapter “V.3.2 Design of experiment to control the microcapsules 

size” are published in the paper “Design of Experiment for Optimizing Microencapsulation by 

the Solvent Evaporation Technique” [45]. 

PCL MCs obtained by the solvent evaporation technique, using PCL45, have a medium size of 

326,39 µm ± 157,26. The main goal of this study is to decrease the size the MCs to a medium 

size between 70 µm to 80 µm. 

DOE has several advantages over the typical “one factor at a time” (OFAT). The OFAT 

encompasses the iterative experimentation of one factor, by fixing all process factors except the 

one that is under optimization [46, 47]. Adding to the inefficiency and time-consuming process, 

it is often inaccurate as an optimization technique for chemical processes as there are no 

considerations for synergistic effects between the factors under study [46, 48, 49]. Therefore, it 

is possible to deduce the individual impact of each factor on the reaction, but it is not possible 

to draw conclusions regarding their mutual influence on one another. As an alternative, the use 

of statistical or physical modeling might be considered [47].  

DOE was used as a statistical method to optimize the size of the MCs. This method has been 

widely applied in different fields of science and industry to support the design, development, 

and optimization of products and processes [50]. It is used to systematically address cause and 
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effect relations between the variables in study and the outputs, enabling to optimize and 

identify its optimal values [50, 51] 

For this purpose, the MODDE® Pro 13 (Umetrics, Sweden) software was used, by applying the 

response surface methodology (RSM) with a central composite design (CCD), in particular the 

central composite face design (CCF). RSM was used to reduce the number of synthesis necessary 

to recognize the influence of the process parameters in study, enabling to understand the effect 

of each one on the MCs size, and to develop a predictive model [51, 52]. This enables to 

determine which values to use, for the variables in study, to achieve any desired target. To the 

best of our knowledge, the use of DOE for the optimization of MCs, containing isocyanates, 

produced by the solvent evaporation technique is not yet reported.   

Three critical and independent variables were considered, namely the PVA concentration, the 

GA concentrations and O to W phase volume, all known to impact in the emulsion system. In 

the production of MCs by the solvent evaporation technique, the size and stability of the 

emulsion droplets is closely correlated with the size of the final MCs, as they are formed by the 

polymer precipitation at the emulsion droplets’ interface. The PVA and GA are used in the MCs’ 

fabrication process as emulsions stabilizers, the first by rheological modification of the dispersed 

phase viscosity and the second by creating a steric barrier around the emulsion droplets, 

avoiding its coalescence [53-57]. Regarding the volume of the O phase in the emulsion, there is 

a correlation between this parameter and the droplets size of the dispersed phase [58-60]. The 

optimum range for the average MCs size was defined to be between 70μm to 80 µm, although 

MCs with a medium diameter of 100 µm are still fit for the application. This range was selected 

taking into consideration the performances of the MCs in the adhesive formulations. Large sized 

MCs have a poor distribution in the substrate, adding to a big disruption in the adhesive 

bondline. On the other hand, when the MCs are too small, a substantial quantity of them is 

required to ensure effective adhesive cross-linking. Furthermore, smaller MCs exhibit increased 

resistance to pressure-induced breakage. 

Table V.7 lists the defined independent variables and respective ranges. 
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Table V.7.Selected independent variables and respective ranges  

 

By using the CCF design, schematically represented in Figure V.20 (a), the response of the 

average MCs size (Y, µm) was given as a function of the three parameters according to the 

Equation 5: 

                                                                        𝑌 = 𝑓(𝑥1, 𝑥2, 𝑥3) 

 

where Y is the response of the model and 𝑥𝑛 the independent variables, also known as factors 

[61]. For further development, the software compares the results obtained in a set of given 

experiments (output) with the theoretical results given by the model. The CCF used for the 

optimization is represented in Figure V.20 (b). 

 

 

Figure V.20. Representation of a general central composite face design (CCF), reprinted with permission from [62] (a) 
and the CCF used for the optimization of the MCs average size.   

 

The design consists of one experiment for each cube’s vertices, face-centered, and three 

replicates of the cube’s central point (0,0,0), on a total of 14 experiments and 3 replicates 

corresponding to the N15, 16 and 17. In Table V. 8 are indicated the proposed experiments, and 

the respective experimental responses. The N17 was deemed an outlier, and thus, only 16 runs 

were considered for the model development. 

 

Independent variables Factors 
Coded levels 

-1 0 1 

PVA concentration (PVAc) % (w/w) 𝑥1 2 3 4 

GA concentration (Gac) % (w/w) 𝑥2 0 1.75 3.5 

O phase volume (V.r) % (v/v)  𝑥3 28 33.5 39 

(a) (b) 

Equation 5 
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Table V. 8. Proposed experiments, by the DOE software, and respective experimental and predicted responses. 

Ex
p

 N
am

e
 

Experimental parameters Response 

[PVAc] 
(% w/w) 

[GAc] 
(% w/w) 

V.r 
(% w/w) 

MCs average size 
(µm) 

N1 2 0 28 155.14 ± 75 

N2 4 0 28 41.36 ± 16 

N3 2 3.5 28 109.08 ± 33 

N4 4 3.5 28 46.48 ± 14 

N5 2 0 39 172.56 ± 84 

N6 4 0 39 82.81 ± 23 

N7 2 3.5 39 93.70 ± 32 

N8 4 3.5 39 91.83 ± 46 

N9 2 1.75 33.5 140.53 ± 80 

N10 4 1.75 33.5 65.54 ± 22 

N11 3 0 33.5 104.21 ± 49 

N12 3 3.5 33.5 70.81 ± 25 

N13 3 1.75 28 70.21 ± 33 

N14 3 1.75 39 109.36 ± 30 

N15 3 1.75 33.5 76.55 ± 31 

N16 3 1.75 33.5 81.23 ± 25 

N17 3 1.75 33.5 130.12 ± 92 

 

 

Figure V. 21 shows the coefficient plot, in which the size of the bars indicates the magnitude of 

the effect and the error bar the 95% confidence interval. All the terms are scaled and centered, 

allowing for the comparison of factors with different units, to assess their individual influence 

on the model. MODDE uses a saturated model, by which all terms, including all interactions and 

squared terms, are included. This ensures a high R2 but a low Q2, as it usually includes non-

significant terms [47]. The R2 and the Q2, both between 0 and 1, represent how well a given 

predictive model fits the experimental data and the accuracy of the model in predicting new 

data, respectively. Ideally, the new model should have a high R2, which enables it to explain the 

dataset, and a high Q2 to interpolate new data points accurately [47, 63]. In Figure V. 21, 

significant terms are those which have a magnitude far from zero and an uncertainty level that 

does not cross y=0 [47]. If both are combined, the term can be considered as non-significant. 

For the development of a model with a good output prediction, with a high Q2, it must be 

removed every non-significant term. Three terms were removed, and the new coefficient plot is 
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presented in Figure V. 22. By removing the non-significant terms, the Q2 increased from 0.734 

to 0.867. 

The most significant factor showing a linear effect on the MCs’ average size is the PVA 

concentration with its increase leading to a decrease in the MCs size. Additionally, PVA 

concentration is the only factor with a significant quadratic relationship with the MCs’ average 

size as well as relevant interactions with the other parameters. The PVA concentration and its 

correlations with the other parameters have a higher impact on the average MCs size, while the 

amount of GA and the O phase volume in the emulsion were found to have a lower statistical 

significance. 

 

 

Figure V. 21. Coefficient plot for the DOE saturated model, showing the influence of individual and squared terms 
(where * represents multiplication) on the MCs’ average size. 
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Figure V. 22. Coefficient plot for the DOE model, considering the significant terms, showing the influence of individual 

and squared terms (where * represents multiplication) on the MCs average size. 

 

On Figure V.23 is the correlation plot between the experimental and predicted outcomes for the 

proposed experimental runs. 

 

 

Figure V.23. Plot of the correlation between the observed vs predicted results. 

 

A second-order analysis of the resulting experimental design showed a good correlation with 

the experimental data, with a R2 of 0,973 and a Q2 value of 0.867, exposed in Table V. 9. The 
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aptness of the model was determined based on the correlation between the predicted and the 

experimental responses. 

 

Table V. 9. Results of the multiple regression analysis. 

Regression Coefficients R
2
 

R
2
 

Adj. 
Q

2
 RDS 

Coefficient Values 0.973 0.955 0.867 7.809 

 

A multiple linear regression was used to fit the experimental data and the following second-

order polynomial equation, Equation 6, was used to build a model to describe and predict the 

outcome responses to the factor’s variations. The equation for the model, which enables to 

predict the values for the variables, was computed based upon the correlation coefficients and 

their effect on the MCs average size. 

 

Y = β0 + ∑ βixi

3

i=1

+ ∑ βiixi
2 + ∑ ∑ βijxixj 

3

j=i+1

2

i=i

3

i=1

       

 

For Equation 6, the Y represents the response (medium MCs’ size, µm), xi and xj the independent 

variables and β0, βi, βii, and βij the intercept, linear, quadratic, and interaction coefficients, 

respectively [61, 64]. The polynomial equation, Equation 7, obtained using multiple regression 

analysis, is the following: 

 

Y (µm) = 85.395 − 34.5122𝑥1 − 14.2052𝑥2 + 13.0118𝑥3

+ 14.7212𝑥1
2 + 17.1165𝑥1𝑥2 + 10.329𝑥1𝑥3 

 

For Equation 7, the Y is the medium MCs size (μm), 𝑥1 is the PVA concentration in the W phase; 

𝑥2 the GA concentration in the W phase and 𝑥3 is the O phase volume in the emulsion system. 

The probability value (p-value) reveals the validity, significance, and acceptance of the 

developed model, for which it was considered a p-value lower than 0.05 as significant 

Equation 6 

Equation 7 
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(confidence level of 95%) [65].The statistical significance of the equation coefficients is depicted 

on Table V.10. 

 

Table V.10. Coefficients of model #2 and its statistical significance. 

Variable 
Coefficient (Scaled 

and Centered) 
Stdard Error p-value 

𝜷𝟎 85,395 3.18793 6.81413e-10 

𝒙𝟏 -34.5122 2.46936 2.08123e-07 

𝒙𝟐 -14.2052 2.46936 0.00028 

𝒙𝟑 13.0118 2.46936 0.00051 

𝒙𝟏
𝟐 14.7212 4.03245 0.00531 

𝒙𝟏𝒙𝟐 17.1165 2.76083 0.00016 

𝒙𝟏𝒙𝟑 10.329 2.76083 0.00461 

 N=16 Q2=0.867  

 DF=9 R2=0.973  

 RSD = 7.809 R2adj.=0.955  

 

The model presents a good correlation with the experimental data, with an R2= 0,973. This R2 

value implies that 97,3% of observations can be explained by the independent variables within 

the considered factor’s range. The Q2 value of 0.867, which should ideally be >0.5, demonstrated 

a good predictive capability, allowing for a confident prediction for the variables [63]. 

Figure V.24 shows the response contour and surface plots of the interactive effect between the 

variables in study on the average MCs size. For that, the PVA concentration was maintained 

constant, and the amount of GA and the O phase volume in the emulsion was varied. The 

counter plots show the behavior of the MCs size where the minimum diameters are represented 

as blue and the larger are represented as red. By increasing the PVA concentration from 2 wt% 

to 3 wt% it is clearly visible the shift of the MCs’ size range, covered in the contour plot, to 

smaller values, confirming the effect of this variable. PVA was used as a rheology modifier, 

intend to increase the viscosity of the aqueous solutions, which is known to reduce the tendency 

for collisions between the O droplets as well as their sedimentation [56, 57]. For 2 and 3wt% of 

PVA in the W phase, the tendency is for smaller MCs to be obtained for higher concentrations 

of GA and lower concentrations of the O phase in the emulsion. GA is a branched polysaccharide, 

used in O/W emulsion stabilization by forming a protective film around emulsion droplets, which 

creates a steric barrier avoiding coalescence [53-55]. For a PVA concentration of 4 wt%, it is 

observed an increase in the MCs diameter with the increase of the GA concentration. High 
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concentrations of both PVA and GA might lead to an excessive increase in the emulsion viscosity, 

requiring a higher mechanical energy input to form smaller droplets during the emulsification 

process [58]. The necessary mechanical energy input might be given by an extended 

emulsification time or an increase in the emulsification rate. Regarding the emulsion phase 

ratios, a correlation between an increase in droplet size with an increase in the dispersed phase 

volume was already reported. This phenomenon can be correlated with a lack of emulsion 

stability leading to coalescence, due to an insufficient concentration of emulsifier, causing an 

inadequate cover of the O droplets [59, 60, 66]. It is also to consider that an increase of the O 

phase volume is also associated with a higher emulsion viscosity.   

 

 

 

 

Figure V.24. Contour plots of the response (Mcs size, µm) to the variation of GA concentration (w/w%) vs 
volumetric ratio between the O and W phases (v/v %) for different PVA concentrations (left) and the respective 
3-D surface plot (right). 
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Two additional validation experiments were conducted, aiming at an average diameter of 70μm, 

with the variable’s values given in Table V. 11, along with the predicted and experimental 

outcomes. The runs, N18 and N19, fall in the predicted values by the developed model, using a 

confidence level of 95%, validating the model. The obtained equation can be considered valid to 

predict the medium MCs sizes as a function of GA and PVA concentration and O phase volume 

in the emulsion. 

 

      Table V. 11. Experimental runs for validation of the model and respective predicted and experimental results. 

Run 
[PVA] 
(%) 

[GA] (%) O phase (%) 
MCs average size (µm) 

Predicted Experimental 

N18 3 1.5 28 58.64 – 93 90.27 ± 25 

N19 2.8 2 33.5 66.37 – 88 80.27 ± 21 

 

The SEM of the MCs obtained in the validation runs, as well as its size distribution, are exposed 

in Figure V.25. The MCs are loose and spherical with a core-shell morphology. Both syntheses 

have an identical size distribution range, with the N18 MCs having their distribution peak at 

smaller sizes than the N19 MCs. Both syntheses have a significantly narrower size distributions 

compared to the previously reported PCL MCs, which ranged from 75 to nearly 900 µm. 

 

 

It is to notice that, although used for the model development, all the MCs obtained with a PVA 

concentration of 4wt% were considered not viable for the current application, as it has led to 

MCs without a spherical shape and, in some cases, with significant aggregation. In addition, it is 

N18 N18 

N19 N19 

Figure V.25. SEM images (left) of the MCs obtained in the validation runs, N18 and N19, and respective size 
distribution histograms (right). 

100 µm 10 µm 

100 µm 300 µm 
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possible to identify some surface holes in the MCs’ shell, which might compromise its shelf-life. 

In Figure V.26 are exposed SEM images of MCs produced using 4% of PVA, which are 

representative of all the MCs obtained with this concentration. 

 

 

 

 

 

 

 

By comparing all the remaining runs proposed by the DOE method, and having into 

consideration not only the MCs average size diameter but also its encapsulation content and 

shelf-life, the run N7 ([PVA]:2; [GA]:3.5; [O phase]:39) and the run N15 ([PVA]:3; [GA]:1.75; [O 

phase]:33.5) were considered the ones leading to the most suitable MCs. The SEM images of the 

MCs obtained in the referred runs, as well as the respective size distribution histograms, are 

depicted in Figure V.27. Although the N7 synthesis has led to MCs with an average size of about 

90 µm and a bi-model size distribution, these MCs have very satisfactory characteristics 

regarding their encapsulation content and shelf-life and were considered as a viable option. The 

average size distribution, respective mode and ratio between the average shell thickness and 

MCs’ diameter (S/D ratio), for the N7, N15 and for the previously reported MCs (I_45 MCs), are 

exposed on Table V.12. Both the N7 and N15 samples have significantly smaller average size 

diameters than the I_45MCs. The size distribution was also decrease and transitioned from a 

trimodal distribution to a bimodal, for N7, and unimodal distribution, for N15, as a result of an 

improved emulsion stability.  

 

  

 

Figure V.26. SEM photomicrograph of MCs obtained using a PVA concentration of 4wt%. 

10 µm 100 µm 
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Table V.12. N7, N15 and I_45MCs average diameter (D), size distribution mode and S/D ratio. 

MCs’ acronym Average diameter Mode S/D ratio 

N7 93.70 ± 32 36.73, 97,49 0.63, 0.24 

N15 76.55 ± 31 62.83 0.087 

I_45MCs 326,39 ± 157 264, 416 and 637 0.11, 0.071 and 0.046 

 

The MCs were also evaluated by thermogravimetric analysis to conclude about their 

encapsulation yield. Figure V.28 shows the thermograms of the shell-forming polymer, 

encapsulated IPDI and of the N7_MCs and N15_MCs, as-prepared and 3 months aged at room 

temperature and 60% of relative humidity. PCL has its degradation peak ranging from ca. 350 to 

450 °C while the IPDI shows its first thermal event between 100 and 240 °C. Both MCs have their 

first thermal event at around 120 °C, corresponding to IPDI, which was used to quantify the 

encapsulation yield. The isocyanate content of both the N7 and N15_MCs, as prepared and 3 

months aged, is exposed in Table V.13. Both the as prepared MCs have an IPDI content of around 

60 wt% of the total MCs weight, with the N15_MCs having a slightly higher encapsulation. Both 

the DTG of the 3 months old MCs indicate the loss of some unreacted isocyanate, as a variety of 

low-MW species, oligomers, or low-MW polymeric species, by the presence of two extra peaks, 

between 280 and 350 °C, not present in the thermogram derivatives of the as-prepared MCs. 

Indeed, PU/PUa materials have two degradation peaks, the first one between 300 and 370 °C, 

N7 N7 

N15

5 

N15

5 

Figure V.27. SEM photomicrographs of the N7 and N15 MCs (left) and respective size distribution histograms 
(right). 

100 µm 10 µm 

100 µm 10 µm 
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from the degradation of soft segments, and a second above 370 °C. Comparing with the aged 

I_45MCs thermogram and first-derivative curves, both the aged N7 and N15 MCs have less high-

MW isocyanate species, especially the N7 MCs. Although in less extent, the N15 MCs seem to 

have species with a higher degree of polymerization. These differences might be due to the 

variation in the MCs’ S/D ratio. A lower S/D ratio might contribute to a higher encapsulation 

content, however, it might also be responsible for a lower protection against the air moisture 

diffusion inside the MCs. Although there were variations in the MCs composition for 3 months 

they were not very significant, with the N7_MCs showing a decrease of only 7.43wt% of 

encapsulated isocyanate over that period of time, showing a great resistance to air moisture 

diffusion. 

 

 

 

 

Figure V.28. Thermogram of the as-prepared and aged (by 3 months at room temperature and 60wt% of relative 
humidity) N7 MCs and N15 (left), and the respective derivative curves (right). 
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* Range of temperatures used for the encapsulated isocyanate quantification. The temperature range 

varied slightly depending on the MCs thermograms. 

 

In conclusion, by using the DOE method, it was possible to develop a model to predict the 

optimum values for three pre-defined variables, that allowed to obtain MCs with a desired 

average size. The model was statistically evaluated employing the ANOVA test and was 

considered statistically significant, with a high R2 of 0.973 and a Q2 of 0.867, which makes it fit to 

be used to modulate and predict the MCs outcome. 

PVA concentrations is, from the studied variables, the most influential to the MCs size and the 

O phase volume the one which influences the least. The developed model, enabled to obtain 

very satisfactory MCs with an average diameter between 76 to 94 µm, and to narrow its initial 

size distribution. An improvement in the encapsulation yield, when comparing with the previous 

results (I_45MCs), was also observed. 

 

V.3.3 Polymers used for the shell formation 
 

PCL has several advantages to be used as shell-forming polymer for the current application’ MCs, 

as it has a low melting temperature and low melt viscosity. However, although it is a 

biodegradable polymer it is synthetized via ring opening polymerization of ε-caprolactone, 

which is petroleum derived monomer [67]. PHB has the advantage, compared to PCL, of being a 

biopolymer, obtained by biotechnological production. It is a polyhydroxyalkanoate (PHA), a type 

of polymer naturally produced by microorganisms, by the fermentation of sugars or lipids, when 

under stress conditions. PHB is the only considered biodegradable polyester that has a proven 

biodegradability in all natural environments, including in marine and freshwater environment, 

Table V.13. Relative encapsulation yield (Y value) and mass loss (%) of encapsulated IPDI for the N7_MCs and 
N15_MCs, as prepared and aged by 3 months (at room temperature and 60wt% of relative humidity). 

MCs’ 

acronym 

Relative 

encapsulation 

yield (Y) 

from FTIR 

Encapsulated isocyanate 

(wt%) from TGA 

(from 115-320 °C *) 

Encapsulated 

isocyanate in the 3 

months MCs (wt%) 

from TGA 

% of isocyanate 

over a period of 

3 months 

N7_MCs 3.19 60.56 53.14 7.42 

N15_MCs 2.67 58.24 44.75 13.49 

I_45MCs 2.42 54.0 
Not 

evaluated 
Not evaluated 
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according to the standards and certification in vigor. In contrast, PCL is only proven to 

biodegrade in industrial and home composting specific conditions [68]. PHAs are promising 

alternatives to petroleum-based plastics due to its mechanical and thermoplastic properties, 

comparable with polypropylene and polyethylene [69, 70]. PHB is stiffer and more brittle than 

PCL, with a high degree of crystallinity. For MCs with a PHB shell the isocyanate release would 

occur by pressure induced breakage of the MCs during the adhesive application. Although there 

are several advantages of using PHAs to substitute some of the petroleum-based plastics, there 

are still some limitations associated with its production at industrial scale. It has a relatively high-

cost production, associated with a low yield, susceptibility to degradation and technology 

complexities including extraction difficulties [71, 72]. Several strategies have been developed to 

reduce the PHAs production costs and compete with the current petroleum based plastics, such 

as develop efficient bacterial strains, optimize the fermentation and polymer recovery processes 

and evaluate a series of new emerging bacterial fermentation processes which have the 

potential to accentuate the kinetics of microbial growth [72-74]. This polymer was used for the 

current work as it is not only biodegradable but also a biopolymer along with its high 

hydrophobicity and crystallinity, that ensures its breakage induced by the pressure applied 

during the adhesive joint preparation. The biodegradability of both PCL and PHB is already well 

characterized both in vivo as in vitro, occurring by bulk ester hydrolysis into carboxylic acids and 

alcohols [35-37, 75-77]. 

The production parameters of the N15 run were the ones selected to initiate the experiments 

to obtain PHB MCs. However, the PHB does not dissolve in DCM, as the PCL. Four different 

solvents, at several temperatures, were tested for the PHB dissolution, including acetic acid, 

acetone, chloroform, and ethyl acetate. The polymer was only possible to dissolve in chloroform 

by applying 50 °C. After several dissolution tests, it was concluded that PHB can only be used at 

a maximum concentration of 10 wt% in chloroform, leading to a saturated solution for higher 

concentrations. Possibly, the PCL has a better dissolution in DCM than the PHB has in 

chloroform, leading to this difference. Indeed, it is reported for the Hansen solubility parameters 

for PCL in DCM to be 17.8 MPa, 3.1 MPa and 5.7 MPa for the δd, δp and δh, respectively, with a 

R0 of 3.7 MPa [78]. While, for the PHB in chloroform the values for the δd, δp and δh are 17.7-

18.1 MPa, 3.1 MPa and 5.7 MPa, respectively, with a R0 of 7.9-8.4 MPa [79] It is to notice that 

these values were obtained for different polymers and solvents combinations and were 

differently determined, with the ones for PCL obtained from experimental results and the ones 

for PHB theoretically calculated.  
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For the production of the PHB MCs, the polymer precipitation and consequent MCs formation, 

occurs much quicker than for the PCL MCs. This probably occurs as the PHB solution is almost 

saturated promoting the polymer precipitation with only a small percentage of solvent 

evaporation. A slow particle formation, as occurs for the PCL MCs production, leads to more 

homogeneous particles [80]. Due to the quick precipitation of the PHB, which occurs within an 

hour, most of the obtained particles have a non-uniform and non-spherical shape. 

On Table V.14 are the parameters of the MCs fabrication procedure that were tested and 

optimized. 

 

 

The concentration of GA in the W phase and the O1:O2 proportion did not led to significant 

morphological modifications to the obtained MCs. The use of a GA concentration of 3.5 wt% and 

an O1:O2 proportion of 1:3.7 were chosen, as for higher IPDI concentrations the MCs were 

slightly more irregular. The temperature, on the other hand, had a major impact in the MCs 

production. It was not possible to obtain particles with temperatures lower than 40 °C, which 

leads to an agglomeration of the polymer around the agitation rod. As this, 50 °C was considered 

the optimal temperature value for the MCs production. The mechanical stirring also had an 

impact in the final particles, with an agitation of 500 rpm leading to the aggregation of the 

polymer at the bottom of the reactor.  Figure V. 29 depicts the particles obtained using 750 rpm 

and 850 rpm, by which it is possible to verify a significant decrease in the particle’s sizes with 

Studied Parameters Ranges 

GA wt% in the W phase - 

 

3.5wt% 5 wt% - 

volume ratio of the O1:O2 

phases 
1:3 1:3.7 1:4.7 - 

Temperature 30 °C 40 °C 50 °C - 

Mechanical Stirring 500 rpm 750 rpm 850 rpm - 

PVA wt% in the W phase 2 wt% 3 wt% 4 wt% - 

Polymer wt% in the O2 phase 5 wt% 8 wt% 10 wt% 12 wt% 

Table V.14. Optimized parameters for the PHB MCs production, and studied range of values.  
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the increase of the agitation speed, as expected. From this point, the particles were obtained 

using 850 rpm. 

 

 

Figure V. 29. Optical microscopy photographs of the PHB MCs obtained using a mechanical stirring of 750 rpm (a) and 
of 850 rpm (b). 

 

The PVA concentration in the W phase was varied from 2 to 4 wt%. PVA is used to stabilize the 

emulsion system by rheology modification of the continuous phase, increasing its viscosity. This 

will not only affect the stability of the emulsion, but also the evaporation of the chloroform, 

decreasing its rate. The increase of the system viscosity is expected to decrease the molecular 

transport rate and reduce the particle and droplet collision frequency. In this way, particles 

growth and their agglomeration will be reduced [81]. Indeed, as exposed in Figure V.30, a 

decrease of the particle size and the tendency for agglomeration when increasing the PVA 

concentration was observed. Having this into account 4 wt% was chosen as the PVA 

concentration. 

 

 

 

Optical microscopy photographs of the MCs obtained with 5, 8, 10 and 12 wt% of PHB, in the 

emulsion O phase, are shown in Figure V.31. The PHB concentration affected the size of the 

particles, with higher polymer concentrations leading to bigger sized MCs. The polymer 

200 µm 200 µm 
(a) (b) 

2 wt% 3 wt% 4 wt% 

 PVA concentration in the W phase 

200 µm 200 µm 200 µm (a) (b) (c) 

Figure V.30. Optical microscopy photographs of PHB MCs obtained with 2, 3 and 4wt% of PVA in the emulsion W phase. 
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concentration was varied from 5 to 12 wt%, with higher concentrations resulting in polymer 

agglomeration around the agitation rod. When the polymer concentration is higher than a 

critical value, it leads to a saturation of the solution, which is already the case for 12 wt% of PHB, 

resulting in an increased frequency of collisions of the particles, promoting a rapid nuclei growth 

[81]. It is also possible to observe a larger size distribution for higher concentrations. This occurs 

due to the non-homogeneity of supersaturated solutions during the process of precipitation in 

the poor solvent, making it difficult to control the uniformity of the particles [82, 83]. Both 5 and 

8 wt% of PHB led to small MCs, however the ones obtained with 5 wt% were very fragile, which 

resulted in significant losses during the filtration process, due to the applied vacuum. As this, 8 

wt% of polymer was the chosen ideal PHB concentration to use for the MCs production. 

 

 

Figure V.32 depicts the photomicrographs of the MCs obtained using 5, 8 and 10 wt% of PHB. It 

is possible to observe some loose and spherical MCs obtained with 5 wt% of polymer, as well as 

some irregular shaped, collapsed, MCs. Due to the small concentration of polymer, this MCs are 

very fragile, which makes them susceptible to collapse when submitted to the vacuum applied 

during the SEM analysis. The photomicrograph of the MCs produced using 8 wt% of PHB show 

some loose and spherical MCs, along with some that are irregularly shaped. However, for this 

case, the MCs do not seem to have been affect by the vacuum, confirming that higher 

concentrations of polymer confer some improved robustness to the shell.  

 

 PHB concentration in the O2 phase 

5 wt% 10 wt% 12 wt% 8 wt% 

200µm 200µm 200µm 200µm 

Figure V.31. Optical microscopy photographs of PHB MCs obtained using 5, 8, 10 and 12 wt% of PHB in the O phase 
of the emulsion. 
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Figure V.33 displays the TGA and respective derivative curves of the MCs obtained using 5, 8 and 

10 wt% of PHB, as well as of the polymer used for the shell formation and the encapsulated 

isocyanate. The PHB has a single thermal event, occurring between 220 °C and 275 °C. According 

to the literature, the maximum degradation temperature characteristic for PHBs is 290 °C [84, 

85]. The thermal degradation of polyesters has been reported to occur by intramolecular ester 

exchange, transesterification, or by cis-elimination which is the case for PHB [84, 85]. The IPDI 

shows its first thermal event at lower temperatures, between 100 and 240 °C. The quantification 

of encapsulated IPDI on the as prepared MCs and on the 3 months aged MCs was determined 

having this into account, with the obtained values listed in Table V. 15. These MCs showed an 

incredibly high encapsulation content, up to 80% of the total MCs weight. It is possible to identify 

a correlation between the amount of PHB used for the shell formation and the encapsulated 

content, with higher PHB concentrations leading to lower IPDI values. PU/PUa soft segments are 

reported to degrade at a temperature between 300 and 370 °C [42, 43]. As there is no 

degradation curve at the referred temperatures in the as pre-pared MCs thermograms it can be 

5_wt%_PHB 
5_wt%_PHB 

8_wt%_PHB 

10_wt%_PHB 

8_wt%_PHB 

10_wt%_PHB 

Figure V.32. SEM photomicrographs of the MCs obtained using 5, 8 and 10wt% of PHB in the O 
phase of the emulsion. 

300 µm 80 µm 

400 µm 
50 µm 

300 µm 50 µm 
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stated that no reaction has occurred between the IPDI and the W phase during the MCs’ 

fabrication process. However, this degradation curve is present in the 3 months old MCs 

thermograms and derivatives, indicating that some isocyanate has reacted during that period. 

The 3 months old 5 wt% PHB MCs were the ones with a higher degree of PUa formation, possibly 

due to a poorly protective shell, followed by the MCs produced with 10 wt%. Indeed, the 5 wt% 

PHB MCs have a rougher shell, with more pores and interfaces. It is to expect that a higher PHB 

content will create a more protective shell promoting a lower isocyanate loss over time. 

However, that was not the case as the 8 wt% MCs were the ones showing a better shelf-life with 

almost no significant changes in its composition, and a decrease of less than 20wt% in its 

isocyanate content over a period of 3 months. This might be due to the less controllable process 

with 10 wt% of PHB, which led to an incredibly quick precipitation and a non-uniform 

distribution of the polymer on the MCs’ shell. The presence of isocyanate species with higher 

MW oligomers or low MW polymeric species can be identified, in the first derivative 

thermograms, by a larger band corresponding to the IPDI or by the presence of an extra band 

adjacent to this. Indeed, in the first derivative thermogram of the 5 wt% PHB MCs it is possible 

to identify this extra band at slightly higher temperatures than the one of pure IPDI, and, for the 

10 wt% PHB MCs, the widening of the IPDI band.  

A concentration of 8 wt% of PHB was considered the most suitable for the envisaged MCs. 
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Figure V.33. Thermograms of the as-prepared and aged MCs obtained using 5, 8 and 10 wt% of PHB in the O 
phase of the emulsion, of the PHB and of the encapsulated isocyanate (left), as well as the respective 
derivatives (right), normalized by the division of each point by the maximum value. 
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Table V. 15. Mass loss (%) of encapsulated IPDI for the as-prepared PHB MCs obtained with 5, 8 and 10 wt% of 
dissolved polymer in the O phase of the emulsion, as well as for the aged MCs ( by 3 months at room temperature and 
60wt% of relative humidity). 

*Range of temperatures used for the encapsulated isocyanate quantification. The temperature range varied slightly 

depending on the MCs thermograms. 

 

The optimized reactional parameters to produce PHB MCs are displayed in Table V.16. It is to 

notice that these parameters were the ones used for the 8 wt%_PHB_MCs formulation, which 

can be considered as the most promising for the envisaged application.  

 

 

MCs composed by a PHB shell, containing encapsulated IPDI, were obtained by using the solvent 

evaporation method. To the best of my knowledge, the encapsulation of isocyanates in MCs 

with a PHB shell was not yet reported in the state of the art. This MCs are composed by a 

biodegradable and a bio-derived polymeric shell. Its encapsulation content surpassed the values 

obtained using PCL as shell polymer, as well as the ones obtained for the MCs produced by 

interfacial polymerization technique, enabling to reach values between 70 and 80 wt% of 

encapsulated content, with the most suitable MCs having 76 wt%. The number of publications 

regarding MCs containing more than 75 wt% of core content in isocyanate microencapsulation 

is very scarce [86-89]. It is also important to notice that the core content of the developed MCs 

is composed only by IPDI, without any solvent or other additives. Also, the isocyanate loss in the 

8 wt% PHB MCs over a period of 3 months was minimum, showing a good shelf-life. However, 

the synthesis process to obtain this MCs is very difficult to control, due to the quick precipitation 

of the PHB, making the industrial implementation of the process a challenge. Nevertheless, the 

MCs’ sample 

Encapsulated isocyanate in 

the as prepared MCs (wt%) 

(from 100-250 °C *) 

Encapsulated isocyanate 

in the 3 months MCs 

(wt%) 

% of isocyanate loss 
over a 3 month 

period 

5_wt%_PHB 80.20 46.36  42.18 

8_wt%_PHB 76.10 61.35 19.39 

10_wt%_PHB 71.44 44.90 37.15 

Table V.16. Optimized values for the reactional parameters to produce PHB MCs.   

Reactional 

parameter 

[GA] in the 

W phase 

Volume ratio of 

O1:O2 phases 
Temperature 

Mechanical 

Stirring 

[PVA] in 

the W 

phase 

[PHB] in 

the O2 

phase 

Optimal 

value 
3.5 wt% 1:3.7 50 °C 850 rpm 4 wt% 8 wt% 
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effectiveness of this MCs, as adhesive cross-linkers, was tested, with its results exposed in 

Chapter VI. 

 

V.3.4 Encapsulation of highly reactive isocyanate species 
 

In addition to the encapsulation of the monomeric IPDI, the solvent evaporation technique was 

employed to encapsulate pre-polymeric MDI species, in particular Ongronat® 2500 and 

Suprasec® 2234, the last one commercially used by CIPADE, S.A. With that purpose, the MCs 

production’ parameters, previously optimized using the MODDE® Pro 13 software, in particular 

for the N15 run, were used. These isocyanates are far more reactive than the previously 

encapsulated IPDI, which makes their encapsulation particularly challenging. All the adopted 

procedures for the MCs production are in combination with a microemulsion system involving 

water as the continuous phase. Due to the high reactivity of these isocyanate species the 

minimal contact with water promotes a quicker PUa formation with consequent loss of available 

isocyanate to be encapsulated. The characteristics of the isocyanates in study are exposed in 

Table IV.2, and the adopted synthesis parameters on Table V.17. 

 

 

 

Figure V.34 shows the photomicrographs of the MCs containing Ongronat® 2500 and Suprasec® 

2234, as well as their size distribution histograms. For both cases, loose, disaggregated MCs with 

a spherical shape were obtained, with the Ongronat_MCs having a core-shell morphology. On 

the other hand, the Suprasec_MCs have a very rigid shell which makes them difficult to break 

and to access their interior. This is an indication that the shell might be composed not only by 

PCL but also a significant amount of polymerized species, namely PUa.  

MCs’ acronyms W phase (wt%) O1 phase (wt%) O2 phase (wt%) 

Ongronat_MCs 
PVA aqueous 

solution at 3 wt% 

GA at 1.75 wt% 

(66.5 % of the 

emulsion) 

Ongronat® 2500 

(26.2% of the 

emulsion) 

PCL with 45000 Da at 

16 wt% in DCM  

(7.3% of the 

emulsion) Suprasec_MCs 

Suprasec® 2234 

(26.2% of the 

emulsion) 

Table V.17. Microcapsules’ acronyms and emulsion composition. 
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Although the optimized N15 run parameters were used, the obtained MCs have a medium size 

higher than 70 µm, of ca. 150 µm for the Ongronat_MCs and of 268 µm for the Suprasec_MCs. 

This is due to the increased viscosity of the O phase when using higher MW isocyanate species, 

which was also observed for the MCs obtained with PCL80, comparing with the ones composed 

by PCL45. Indeed, the IPDI has a viscosity of 10 mPa.s, while the Ongronat® 2500 and the 

Suprasec® 2234 have a viscosity of 520-680 mPa.s and of 2500 mPa.s, respectively, which 

strongly influence the viscosity of the oil phase.  

 

 

 

The FTIR spectra of both the Ongronat_MCs and the Suprasec_MCs, as well as of the PCL and 

respective isocyanates are depicted in Figure V.35. The peak at ca. 2260 cm−1, which is ascribed 

to the N=C=O bond stretching vibration from unreacted isocyanates, is visible in both the 

Ongronat® 2500 and Suprasec® 2234 MCs’ spectra, however with a significantly lower intensity 

in the last. This is an indication of a lower encapsulation efficiency. The PCL’s most intense peak, 

related to the carbonyl group (C=O) stretching vibration, is identifiable in both the MCs’ spectra, 

at 1715−1730 cm−1, confirming the shell composition [30, 33]. However, distinctly from what 

was observed for the IPDI containing MCs, the carbonyl peak from PUa, at 1660 cm-1, is also 

visible, adjacent to the one from the PCL, in both the as prepared MCs’ spectra. This confirms 

that indeed some isocyanate reacted during the MCs’ production process forming a hybrid shell 

composed by both PCL and PUa moieties. Having this into consideration, for the Y value 

calculation, the area related to the shell was that of both the PCL and PUa carbonyl peaks, as 

exposed in Equation 8. The Y value for the aged MCs is presented as a % of the first. When 

comparing the PUa carbonyl peak of the as prepared and aged MCs’ spectra, it is clear the 

Figure V.34. SEM photomicrographs of the Ongronat_MCs and of the Suprasec_MCs (right) as well as of the 
respective size distribution histograms (left). 

Ongronat_MCs Ongronat_MCs 

Suprasec_MCs Suprasec_MCs 

700 µm 100 µm 

100 µm 100 µm 
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increase of its intensity, indicating that the encapsulated isocyanate reacted over time. This 

leads to an increase of the PUa moieties on the shell and a decrease of the unreacted 

encapsulated isocyanate. By looking at the Y values, exposed on Table V.18, the difference 

between the Ongronat_MCs and the Suprasec_MCs is clear, with the last having a significantly 

lower value. 

 

 

 

𝑌 =
𝐴𝑟𝑒𝑎𝑁𝐶𝑂 (2260𝑐𝑚−1) 

𝐴𝑟𝑒𝑎𝑠ℎ𝑒𝑙𝑙 (1760−1621𝑐𝑚−1)

 

 

The thermogram of the Ongronat_MCs, as well as that of the PCL and encapsulated isocyanate, 

are exposed on Figure V.36. PCL has his degradation peak ranging from ca. 350 to 450 °C while 

the Ongronat®2500 shows its first thermal event between 175 and 340 °C. The amount of 

encapsulated isocyanate, determined having these findings into consideration, is about 21% of 

the total MCs’ weight. This is a significantly lower value compared to that obtained for the PCL 

MCs containing IPDI, which varied between 54 and 60 wt%. The presence of PUa can also be 

confirmed by the DTG thermogram, from the identification of a band above 430 °C [42, 43]. In 

the aged MCs’ DTG there is a band at 345 °C, not present in the as prepared MCs, which regards 

to Ongronat ®2500 higher MW species, indicating the occurrence of polymerization reactions 

over time.  

The TGA of the Suprasec_MCs cannot be used to draw conclusions regarding this MCs 

encapsulation content. Suprasec is a pre-polymer, with low NCO value, which results in the 

overlap of the thermal events of its unreacted form with those of PUa. The thermogram of the 

Suprasec_MCs is exposed on Figure V. S2, from Supplementary Information. 

Figure V.35. FTIR-ATR spectra of the Ongronat_MCs and Suprasec_MCs as prepared and aged (by 3 months at 
room temperature and 60wt% of relative humidity), and of the PCL and respective isocyanate.  

Equation 8 
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MCs with a PCL shell containing higher MW isocyanates, in particular Ongronat®2500 and 

Suprasec®2234, were obtained using the solvent evaporation technique. The MCs are spherical, 

loose and, in the case of Ongronat_MCs, have a core-shell morphology. Due to the high reactivity 

of these isocyanates, a pure PCL shell was not possible to obtain, but instead a combination of 

PCL with PUa, resulting from some isocyanate reaction with the OH groups during the MCs’ 

production process. Due to this, the encapsulation yield was lower than that of the IPDI 

containing MCs, obtained from a purely physical process, especially for the Suprasec®2234. 

Although the encapsulation content of the Suprasec_MCs was not possible to quantify, FTIR 

analysis show it is far lower than that of the Ongronat_MCs, which is ca. of 21 wt%. This is 

considered a low encapsulation yield for the envisaged application as the lower the 

encapsulation content, the higher the amount of MCs that are necessary to add to the adhesive 

formulation, which can impact the adhesive performance. Due to this reason, the Suprasec_MCs 

cannot be considered viable for the envisaged application. On the other hand, the 

Ongronat_MCs, although their low isocyanate content, were tested as cross-linkers, whose 

results can be found in Chapter VI. 

Table V.18 Mass loss (%) of encapsulated IPDI, by TGA and relative encapsulation yield (Y value) of the as-prepared MCs 
and aged by 3 months (at room temperature and 60wt% of relative humidity).    

MCs’ acronyms 

Encapsulated isocyanate 

from TGA (%) 

(from 190-330 °C) 

Relative encapsulation 

yield (Y) 

Y1 (%) 3 month 

after the synthesis 

Ongronat_MCs 21.17 2.21 82.35 

Suprasec_MCs - 0.27 74.07 

Figure V.36. Thermogram of the Ongronat_MCs as prepared and aged (by 3 months at room temperature and 60wt% 
of relative humidity), of the shell polymer and encapsulated isocyanate (left) and respective derivatives (right), 
normalized by the division of each point by the maximum value. 
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V.4 Scale-up of the syntheses processes 
 

After the above reported optimization studies, a laboratorial scale-up of the process to 

encapsulate IPDI was carried out. The initial reactional volume of 85ml was scaled-up to 425 ml, 

which corresponds to an increase of 5 times the initial volume. The O and W phase compositions 

of the pre-scaled-up process as well as those of the scale-up are described in Table V.19. 

 

 

The scale-up microencapsulation process was maintained identical to the pre-scale-up one, 

represented by the flow diagram in Figure V.37 

Table V.19. Microcapsules’ acronyms and emulsion composition. 

MCs acronym 
Synthesis 

volume 

Water phase 

(wt%) 

Oil1 phase 

(wt%) 

Oil2 phase 

(wt%) 

Time of 

synthesis 

Pre_scaled-

up_ MCs 
85ml 

 

PVA aqueous 

solution 

GA 

(66.9 % of the 

emulsion) 

 

IPDI 

 

(7.1% of the 

emulsion) 

PCL with 45000 

Da at 16 wt% in 

DCM (26% of 

the emulsion) 

 

3h30 

Scaled-

up_MCs 
425 ml 2h 
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The MCs’ production apparatus used for the pre-scale-up process is depicted in Figure V.38 (a) 

and the one of the scale-up on Figure V.38 (b). An extremely simple apparatus is enough to 

obtain this type of MCs. Figure V.39 shows the stirring rods used in the pre-scale-up process and 

the one used in the scale-up process, with an indication of the respective blade diameter. By 

applying Equation 4, Chapter IV, the 750rpm, used in the pre-scale-up, were decreased to 430 

rpm in the scale-up. The duration of the encapsulation process was also adjusted, suffering a 

decrease by 1h30. By the solvent evaporation technique, the duration of the process can be 

decreased by increasing the contact between the reactional medium and the air (exterior 

medium), which promotes a quicker evaporation of the organic solvent. For the scale-up the 

contact between the reactional medium and the air should have decreased, due to a significantly 

higher amount of fluid, slowing the MC’s production. However, the difference between the 

mechanical stirring rods used in both processes might have contributed to a different fluid 

dynamic, promoting an increased contact between the fluid and the air, leading to a quicker 

DCM evaporation and MCs’ formation. 

 

Figure V.37. Flow diagram of the scale-up process for the PCL MCs fabrication. 
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The SEM photomicrographs of the pre-scale-up_MCs and scale-up_MCs are exposed in Figure 

V.40, along with the respective size distribution histogram. Both have a unimodal size 

distribution, although the scaled-up MCs have significantly larger sizes, with an average of 170 

µm contrasting with the 76.55 µm obtained in the pre-scale-up process. It is to notice that, for 

the size distribution histograms there were only used intact, spherical MCs, which is particularly 

relevant for the Scale-up_MCs. In the SEM photomicrograph of the scale-up process it is possible 

to observe some broken MCs, particularly the ones with larger dimensions. A lower S/D ratio 

could contribute to an increased fragility of the MCs, however its value was identical for the MCs 

obtained by both processes, as exposed in Table V.20. The observed difference might be 

correlated with the stirring rod used in the scale-up which might be damaging the MCs during 

their fabrication process, despite the adjustment in the used rpm. Indeed, after the PCL 

(a) (b) 

Figure V.38. PCL MCs’ production apparatus used for the pre-scale-
up reactional volume (a) and for the scale-up volume (b). 

4 cm 

7 cm 

(a) (b) 

Figure V.39. Stirring rods used in the pre-scale-up (a), and in the scale-up (b) 
process. 
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precipitation, the solid MCs’ shell can be damaged by the mechanical impact of the blades, which 

can lead to their rupture. Also, both the MCs sizes and size distribution have increased with the 

scale-up. Since the GA and PVA concentrations, as well as the O volume and the shape of the 

reactor were maintained, this is possibly correlated with an improper system agitation. This 

might indicate a necessity to substitute the stirring rod for a more appropriate one. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure V.41 depicts the thermograms and the respective derivatives of the MCs obtained for 

both reaction volumes, the PCL and the IPDI. Due to the similarity of the MCs’ thermograms it is 

possible to state that both have an identical composition. Indeed, the difference in the 

encapsulation yield is of only 2.9 wt% between samples, with the ones obtained in the scale_up 

process having the slightly lower IPDI amount. It is also possible to state that the scale-up 

process did not influence the MCs’ shell composition, as no fingerprint of PUa can be observed 

in this MCs’ thermogram. 

 

Figure V.40. SEM photomicrographs of the pre-scale-up_MCs and of the Scale-up_MCs (left) 
and respective size distribution histograms (right). 

Pre-scale-up_MCs 

Scale-up_MCs 

100 µm 

1.5 mm 
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The encapsulation yield determined by the TGA analysis, as well as the relative encapsulation 

yield calculated by FTIR and the respective MCs S/D ratio are exposed in Table V.20. The FTIR 

spectra of both the MCs synthesis, as well as of the PCL and IPDI, are exposed in Figure V. S3, 

from Supplementary Information. 

 

*Range of temperatures used for the encapsulated isocyanate quantification. The temperature range varied slightly 

depending on the MCs thermograms. 

 

The scale-up of the MCs production, by the solvent evaporation method, was made from an 

initial reactional volume of 85ml to a final volume of 425 ml, which enabled to increase the 

amount of obtained MCs from 6.5g to ca. 47g per batch. The ULTRA-TURRAX rpm, for the O 

phase preparation, was adjusted due to the higher reactional volume. As for the mechanical 

stirring, the agitation rod was substituted for a more appropriate one, according to the new 

reactor diameter. However, and although the rpm was adjusted, the obtained MCs had bigger 

sizes and size distributions than the pre-scale-up MCs, and some appeared to be broken. This 

might indicate an improper agitation of the reactional medium, probably due to the shape of 

the new mechanical rod. Nonetheless, the obtained S/D ratio is identical for both MCs, which 

reflects a similar contribution of the shell to the MCs overall morphology. In accordance, the 

MCs’ acronyms 
Encapsulated isocyanate from 

TGA (%) (from 115-320 °C*) 

Relative encapsulation 

yield (Y) 
S/D ratio 

Pre scale-up_MCs 61.2 2.97 0.087 

Scale-up_MCs 58.3 2.45 0.088 

Table V.20. Mass loss (%) of encapsulated IPDI, by TGA, relative encapsulation yield (Y value) and S/D ratio for the 
as-prepared Pre-scale-up_MCs and Scale-up_MCs. 

Figure V.41. Thermogram of the Pre-scale-up_MCs, of the Scale-up_MCs, shell polymer and encapsulated 
isocyanate (left) and respective derivative curves (right). 
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encapsulation yield between samples was also identical, with a difference lower that 3 wt% 

between samples, as well as the MCs’ shell composition with both being composed sonly by PCL. 

Despite some required adjustments in what regards the mechanical stirring rod and rpm, this 

preliminary lab scale-up reveals the viability of industrial implementation of these MCs’ 

production. 

 

V.5 Final remarks 
 

The solvent evaporation technique, which has been used to produce polymeric MCs containing 

hydrophilic content by means of a single water-in-oil (W/O) or W/O/W emulsion system, was 

herein employed to produce core-shell MCs containing reactive isocyanate species in the core 

and a biodegradable polymeric shell. To the best of my knowledge this technique was not used 

before for the encapsulation of any type of isocyanate and the publications regarding 

hydrophobic species are scarce. Therefore, the fabrication process was adapted and optimized, 

by studying several processing parameters. 

To prevent any contact between the isocyanates and the emulsion W phase, aiming to avoid the 

formation of PUa moieties, the strategy employed was to use a double O/O/W emulsion system. 

However, the existence of a O/O emulsion was only possible confirm, by optical microscopy, for 

the encapsulation of Ongronat®2500, as IPDI is not visually distinguishable from the O phase 

containing the dissolved polymer. Nevertheless, the shell of both the PCL and PHB MCs 

containing IPDI, was composed only by the desired polymer and no PUa was detected neither 

by FTIR spectroscopy or TGA/DTG. 

It is herein reported the use of two distinct PCL grades with different MW, for the shell 

formation, and its effect on the morphology, encapsulation content and shelf-life of the resulting 

MCs. Design of Experiments (software MODDE® Pro 13) was carried out to control and tune the 

size of the MCs, i.e. to develop a model that predicts the optimum value for predefined 

reactional parameters to produce MCs with a specific average size. After the process 

optimization, isocyanates of higher reactivity than IPDI, were possible to be encapsulated, by 

using PCL as the shell forming polymer. Moreover, MCs with a polymeric shell of PHB, that is not 

only biodegradable but also bioderived, were possible to be fabricated through a combination 

of solvent evaporation technique with the self-organized precipitation method. Finally, a lab 

scale-up of the process was carried out, corresponding to an increase in 5 times the initial 

reactional volume, which allowed to show that this is a simple process possible to be 
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implemented at the industrial level. It should be added that the infrastructure for the industrial 

fabrication of this type of MCs has been recently set at CIPADE S.A., main partner in the projects 

“ECOBOND” (POCI-01-0247-FEDER-017930) and “BEYOND ECOBOND” (POCI-01-0247-FEDER-

046991), the main funders of this Ph.D. work. 

 

Polycaprolactone’ molecular weight 

PCL was the chosen polymer for the MCs’ shell formation due to its biodegradability, low melting 

point of 60oC, low melt viscosity and low glass transition temperature, of about -60 oC. These 

features enable the MCs to release the isocyanate not only by breakage but also by the melting 

of the shell, during the adhesive application. 

Two PCL grades with different MW, of 45000 and 80000 Da, were used for the MCs’ shell 

formation. It was hypothesized that the MW might affect the final MCs characteristics, as it can 

have an impact on the polymer permeability and thermal/mechanical resistance. It was possible 

to obtain spherical, disaggregated, and core−shell MCs, using both PCL grades, by means of the 

solvent evaporation technique. The polymer MW has shown to have an impact on the MCs 

characteristics, with the 80000 Da PCL resulting in MCs with more 6 wt% of isocyanate and less 

3 wt% of PUa formation after an ageing of 3 months. The increased MW was responsible for 

improving the resistance to the water moisture diffusion as well as for providing a better 

encapsulation yield. However, it greatly increases the viscosity of the respective O phase. This 

brings difficulties to the MCs production process, leading to a low reproducibility, low 

production yield and bigger MCs and sizes distribution. As the encapsulation content and shelf-

life of the MCs obtained using PCL45 were quite similar to those obtained with the higher MW 

PCL, and their production is much more straightforward, this MW was selected as the most 

suitable for the current MCs production. 

The solvent evaporation technique has shown to be a simple and efficient method for the 

encapsulation of isocyanate, enabling to obtain MCs only by physical means, due to the 

precipitation of the PCL, avoiding the reaction of the isocyanate to be encapsulated. As referred 

before, this process was patented, (PT 115312 B), and is now being industrially implemented at 

CIPADE, S.A. in the scope of the project “BEYOND ECOBOND”, POCI-01-0247-FEDER-046991. 

The developed technology can be used as a technology platform for the encapsulation of other 

reactive hydrophobic species by means of a purely physical process, using biodegradable 

polymers. 
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Design of Experiment to control the microcapsules size 

The solvent evaporation technique has shown to be a simple and reliable method to produce 

MCs containing encapsulated isocyanate. Despite the favorable characteristics of the resulting 

MCs, their average size of 326.39 µm ± 157.26 and a size distribution ranging from 96 to 685 µm 

is not adequate for the current application. Such large dimensions and size distribution are 

associated with a worse performance of the final adhesive formulation as it leads to a poor 

distribution of the MCs in the substrate to be adhered. With the aim of decreasing the MCs size, 

the MODDE® Pro 13 software was used, as a design of experiment tool, by applying the response 

surface methodology (RSM) with a central composite design (CCD), in particular the central 

composite face design (CCF). The variables in study were the GA and PVA concentrations and 

the O phase volume, which are known to influence the stability of emulsions. By controlling the 

size and stability of the emulsion it is possible to control the size of the final MCs, as they are 

formed by the dissolved polymer precipitation at the emulsion droplets’ interface. The optimum 

range for the average MCs size was defined to be between 70 μm to 80 µm, although MCs 

with a medium diameter of 100 µm cam still be used for the application. 

By using the MODDE® Pro 13 software, it was possible to develop a model, considered to be 

statistically significant, with a R2 of 0.973 and a Q2 of 0.867, fit to be used to modulate and 

predict the synthesis outcome.  

PVA concentration was in fact the most significant to control the average MCs sizes, as it is the 

one that has the most impact in the emulsion stability. The values for the tested variable were 

adjusted, and it was possible to obtain MCs with an average diameter between 76 and 94 µm.  

 

Polymers used for the shell formation 

The solvent evaporation technique was used to produce polymeric MCs with a PCL shell. It is a 

versatile technique that can be used with other polymers possible to be dissolved in a solvent 

with a boiling point lower than that of the emulsion’ continuous phase. MCs with a PHB shell, 

which is not only a biodegradable but also a bioderived polymer, were also developed. This 

polymer is a PHA which has been used as substitutes to petroleum-based plastics due to its 

promising characteristics. 

Although the synthesis of PCL MCs was already optimized, the process needed to be adapted 

for the PHB due to this polymer lower solubility. Chloroform was the only tested solvent able to 

dissolve the PHB, up to a maximum concentration of 10wt%. Due to the saturation of the O 
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phase, the PHB rapidly precipitates during the MCs fabrication process. From the studied 

parameters, the PHB concentration, the mechanical stirring and, lastly, the PVA concentration 

were the ones having the most significant impact on the final MCs properties. The first 

parameter is related to the precipitation phenomenon, while the last two are known to affect 

the emulsion stability. MCs containing high loads of encapsulated content, up to 80 wt% were 

obtained. However, the process to obtain this MCs is difficult to control, due to the quick 

precipitation of the PHB, which makes its industrial implementation a challenge by now. 

 

Contributions: 

• The use of a double emulsion system containing an O/O template for the encapsulation 

of water-sensitive species. 

•  The encapsulation of isocyanate through the solvent evaporation technique. 

• The encapsulation of isocyanates by a biodegradable PCL shell. 

• Development of a new model to tune the average sizes of the PCL MCs containing IPDI, 

by the solvent evaporation technique. 

• Evaluation of the most statistically significant parameters on the emulsion stability and 

MCs average sizes. 

• Adaptation of the solvent evaporation technique for the encapsulation of isocyanate by 

a biodegradable and bio-derived PHB shell. 
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Supplementary Information 
 

 

 

Figure V. S 1. Gel permeation chromatogram of the PHB. 
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Table V. S1. GPC results for the PCL polymers with 45000 Da and 80000 Da and for the I_45 and I_80 MCs’ shell. 

Sample Mn [kDa] Mw [kDa] Mp [kDa] PDI 

PCL45 2.7 19.9 16.20 7.17 

PCL80 2.6 35.7 82.00 13.85 

I_45 2.1 17.8 86.60 8.57 

I_80 2.8 44.6 82.77 15.50 
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Table V. S2. Preliminary peeling strength test results of adhesive bonds adhered using the I_45 and I_80 MCs as cross-
linkers.  

Cross-linker added to the OH 
Pre-polymer 

Av load per unit width of the 
bond (N/mm) 

Adhesive 
system 

IPDI 2.15 2K 

Microencapsulated IPDI 
(I_45 MCs) 

2.21 1K 

Microencapsulated IPDI 
(I_80 MCs) 

2.20 1K 
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Table V. S3. Coefficients of model #1 and its statistical significance. 

Variable Coeff. SC Std. Err. p-value 

𝜷𝟎 329,128 172,679 0,0983 

𝒙𝟏 -49,0026 127,613 0,7123 

𝒙𝟐 -13,588 127,613 0,9181 

𝒙𝟑 19,547 127,613 0,8825 

𝒙𝟏
𝟐 -68,4966 246,542 0,7891 

𝒙𝟐
𝟐 -131,784 246,541 0,6095 

𝒙𝟑
𝟐 -56,0187 246,541 0,8267 

𝒙𝟏𝒙𝟐 19,9966 142,676 0,8926 

𝒙𝟏𝒙𝟑 13,2912 142,676 0,92839 

𝒙𝟐𝒙𝟑 -0,2333 142,676 0,99868 

 N=17 Q2=-0,605  

 DF=7 R2=0,164  

 RSD = 403,5 R2adj.=-0,911  
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Figure V. S2. Thermogram of the PCL MCs containing encapsulated Suprasec®2234, 
Suprasec_MCs, after the synthesis and aged (by 3 months at room temperature and 60wt% 
of relative humidity), as well as of the Suprasec®2234 and PCL. 
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Figure V. S3. FTIR-ATR spectra of the PCL MCs, containing encapsulated IPDI, obtained 
in the pre-scale-up process and in the scale-up. 
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Chapter VI - Adhesive development 
 

This chapter exposes the development of PU and PCP adhesive formulations containing the MCs 

as cross-linkers. Due to the presence of organic solvents in the pre-polymer compositions, the 

study of the MCs chemical resistance to dissolution is essential, to conclude regarding the 

viability to develop 1K or 2K adhesive formulations. The capability of the MCs to act as cross-

linkers, i.e. its response to the stimulus applied during the adhesive joint preparation and its 

effect on the final bondline, is also described. Optimization studies regarding the optimal 

concentration of MCs in the new PU and PCP adhesive formulations are here exposed, which 

enables to conclude regarding the most promising adhesive formulation. 

 

VI.1 Adhesives testing and characterization 
 

The developed MCs are to be used as cross-linkers for new PU and PCP adhesive formulations. 

In addition to the MCs characterization, the testing of the new adhesive enables to confirm the 

MCs adequacy for the application. For that purpose, the adhesive joints where subjected to both 

a peeling strength test and a temperature resistance test when submitted to constant force 

herein referred as creep test. These experiments were carried out at the facilities of CIPADE S.A. 

(S. João da Madeira - Portugal) according to their current procedures to test adhesive joints. Two 

different pre-polymers were tested for the development of the new adhesive formulation, 

namely Ciprene®2000, a PCP pre-polymer, and Plastik® 6275, a PU pre-polymer, both kindly 

supplied by CIPADE S.A. The adhesive containing the MCs as cross-linkers was always compared 

to the adhesive prepared with the same non-encapsulated isocyanate, respective benchmark 

(non-encapsulated commercial isocyanate), as well as with the adhesive pre-polymer without 

any isocyanate (without cross-linker). The main characteristics of the pre-polymers and 

isocyanates used for the testing are described in Table VI.1. 
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It should be referred that Suprasec® 2234 is the commercial cross-linker typically used with 

Ciprene® 2000 and Desmodur® RC the one used with Plastik® 6275, both at a concentration of 

2.5 wt%. 

To calculate the quantity of MCs to be added to the formulation, the amount of encapsulated 

isocyanate, previously determined by TGA, was considered and not the total weight of the MCs. 

The specimens used for the testing were composed of two Neolite substrates, an artificial 

substitute to leather which is widely used in the footwear industry, with 13 cm × 3 cm, glued 

together in an area of 10 cm × 3 cm. The substrates were subjected to a mechanical carding 

previously to the joint preparation and, for the ones prepared with Plastik® 6275 an additional 

chemical treatment of halogenation, with the solution 2190 Halinov (CIPADE S.A.), was also 

necessary. The adhesive formulation, composed by the pre-polymer and cross-linker, which 

were previously mixed together, was applied in both substrates with a brush and allowed to dry 

for 15 minutes at room temperature. Posteriorly, the substrates prepared with CIPRENE® 2000 

were pressed together at 4 bar for 10 seconds, while the ones prepared with Plastik® 6275 (PCP 

base) required an additional activation processed by IR radiation at 70 °C for 6 seconds, using a 

heat activator. The adhesive joints were stored for 7 days in standard conditions (23 °C, 50% RH) 

to ensure the complete cure of the adhesive.  

Classification Chemical 
Commercial 

name 
NCO 

content (%) 
Iosycanate 
Properties 

Supplier 

Adhesive pre-
polymers 

PCP base CIPRENE® 2000 - - CIPADE S.A. 

PU base PLASTIK® 6275 - - CIPADE S.A. 

Cross-linkers 

MDI Suprasec® 2234 15.9 
Pre-polymeric 

MDI 
CIPADE S.A. 

TDI Desmodur® RC 7.0 ± 0.2 

Poly-
isocyanurate of 

TDI (35%) in 
ethyl acetate 

CIPADE S.A. 

IPDI Desmodur® I ≥ 37.5 
Aliphatic 

diisocyanate 
Covestro AG 

MDI Ongronat® 2500 30-32 Oligomeric MDI BorsodChem 

Table VI.1.PU and PCP pre-polymers, as well as isocyanate cross-linkers (to be encapsulated and benchmark) used in the 
development of the new adhesive formulation. 
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The process for the adhesive joint preparation, using Plastik® 6275, is depicted in Figure VI.1. 

 

    

 

VI.1.1 Peeling strength test 
 

The peeling strength test was performed to measure the adhesive strength of the bond, as the 

peel strength is the mechanical force per unit width required to separate two bonded materials. 

The strength was calculated during the test by dividing the average force by the unit width of 

the bonded samples. This test was performed at the CIPADE S.A. facilities using an Instron 5566 

universal testing machine and following the ISO 20344:5.2 norm, at a constant speed of 1 

cm/min and an angle of 180°. In addition to the peel strength, the type of bond failure was also 

evaluated. As previously referred, there are three primary types of bond failure, i.e adhesive, 

cohesive, and at the substrate. Adhesive failure occurs when the adhesive loses the adhesion 

from one of the bonded surfaces, cohesive failure occurs due to the breakdown of the 

intermolecular bondings within the adhesive and, finally, the substrate failure occurs when the 

strength of the adhesive bond exceeds the strength of the substrate itself, leading to the 

substrate damage. 

 

VI.1.2 Creep test 
 

This test measures the adhesive resistance to temperature, which is a manifestation of the 

adhesive cross-linking. The test was performed at CIPADE S.A. facilities, using a climatic chamber 

heat activator from Aralab (Portugal, Rio de Mouro). For that, one of the unbonded ends of the 

specimen was fixed on the cabinet of the oven, and the other unbonded end was loaded with a 

Figure VI.1. Photographs of the several steps involved in the adhesive joint preparation: (a) adhesive dispersion in 
the substrate, (b) drying, (c) reactivation and (d) pressing. 
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force of 2.94N, as depicted in Figure VI.2. The creep test was performed in a controlled 

environment at a starting temperature of 60 ̊ C at which the samples were subjected for 2 hours. 

After this period, the displacement, in centimeters (cm), of the sample was measured. For the 

samples that did not open completely, the same procedure was repeated at 70 ˚C and, 

posteriorly, at 80 and 90 ˚C. A lower displacement represents a better adhesive joint resistance 

to temperature, which is a sign of a more effective cross-linking. 

 

 

 

 

 

 

 

 

 

VI.2 MCs solvent resistance and behavior in the adhesive pre-polymer 
 

The MCs resistance to solvents was studied to assess the viability to develop a mono-component 

adhesive. Due to the solvents present in the pre-polymer composition, it is of great importance 

to guarantee that the MCs’ shell is not prone to dissolve in their presence, which would lead to 

the undesired contact between the isocyanate and the pre-polymer before the adhesive joint 

preparation, while still inside the container. 

The MCs were submersed in each one of the solvents, that make part of the pre-polymer’s 

composition, for one week at room temperature. After 24h, 96h and 168h of immersion, a 

sample of MCs was obtained by filtration and evaluated by ATR-FTIR. The dissolution of the MCs’ 

polymeric shell leads to the loss of isocyanate core content, with a consequent decrease in the 

intensity of the NCO stretching peak in the FTIR spectrum. The MCs resistance to each solvent 

over the period of one week, was followed by the Y value, with the decreasing of its value 

meaning the dissolution of the polymeric shell.  

Figure VI.2. Specimen under the 
creep test, in the climatic chamber. 
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In addition, the same procedure was followed with water. This would enable to conclude 

regarding the MCs’ shell hydrophobicity, which is of great importance for the MCs’ storage due 

to the possibility of water diffusion from air humidity towards their inside. For this case, the 

encapsulated isocyanate does not decrease due to its leaching, but by its reaction with water, 

forming urea moieties. 

Table VI.2 describes the properties of the solvents used to test the MCs’ shell chemical 

resistance. 

 

 

 

The MCs resistance to solvents was studied both on the MCs obtained by interfacial 

polymerization technique (Ongronat®2500_MCs, Suprasec®2234_MCs and Desmodur®RC_MCs) 

as on the MCs obtained by solvent evaporation (PCL_MCs, PHB_MCs and PCL/PHB_MCs), all 

containing IPDI as core content. Three different PUa MCs were tested, obtained using different 

isocyanates for the shell formation, namely Ongronat®2500, Suprasec®2234 and Desmodur®RC, 

with the results displayed in Figure VI.3. All the MCs were affected by the solvents, with acetone 

and ethyl acetate showing a more aggressive effect, for all cases, evidenced by the more 

significant decrease of the MCs’ Y value when submerged in these solvents. For the MCs with a 

shell made from Desmodur®RC, toluene had an effect identical to that of ethyl acetate. 

MCs obtained with Ongronat®2500 seem to have a better chemical resistance to the tested 

solvents and also to the water diffusion. Although the solvent resistance exhibited by them is 

not enough to develop a mono-component adhesive, the increased resistance to water diffusion 

is associated with a longer shelf-life. Indeed, this it is in accordance with the results exposed in 

Chapter IV. 

Table VI.2. Solvents used to test the chemical resistance of the developed MCs, their purity and manufacturer. 

Classification Chemical Commercial name Purity Manufacturer 

Solvent 

Acetone - 99.7% JMGS 

Toluene 

 

- 100% VWR Chemicals 

Hexane - 95% Fisher Chemical 

Ethyl acetate - 99.99% Fisher Chemical 
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Figure VI.4 displays the results of the PCL, PHB and PCL/PHB MCs resistance both to solvent 

dissolution and to water diffusion trough the shell. All the MCs were severely affected by the 

solvents with the PCL MCs showing a complete dissolution in acetone and toluene in 24h. 

Indeed, it has been reported a great PCL solubility in chlorinated hydrocarbons, polar solvents, 

and in most aromatic solvents [1, 2]. Although PHB shows a better solvent resistance it is far less 

than that showed by the PUa MCs, and therefore not enough to develop a mono-component 

adhesive. On the other hand, PCL MCs showed an excellent resistance to water diffusion, 

outstanding all the studied MCs, which explains their superior shelf-life. Although polyesters are 

prone to suffer from hydrolysis in the ester bond, it is only when in a living environment, due to 

enzymatic degradation [3]. It is possible to occur chemical hydrolysis in an aqueous sterile 

medium, however only in a small extent and it usually requires the presence of an external 

catalyst [4, 5]. The obtained results are in accordance with the literature. Bagheri A. R. et al. 

reported on a higher biodegradability of PHB comparing to PCL, when immersed in both 

seawater and freshwater [6]. Also, PCL, when compared to other polyesters, including PHA, has 

the lowest oxygen to carbon ratio, which is an indicator of a higher hydrophobicity [7, 8].  

(Suprasec® 2234_MCs) 

(Desmodur®RC_MCs) 

(Ongronat®2500_MCs) 

Figure VI.3. Ongronat_MCs, Suprasec®2234_MCs and Desmodur®RC_MCs Y value variation over 180h, while 
submerged in organic solvents and water.  
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The chemical resistance of the MCs in the adhesive pre-polymers was also tested, both in PU 

(Ciprene®2000) and in PCP (Plastik® 6275), exposed in Figure VI.5. For that purpose, the MCs 

were added to the pre-polymer at the commercial cross-linker concentration, and its viscosity 

was measured over a one-week period. In case of MCs’ dissolution, the isocyanate is released 

and enters in contact with the pre-polymer, leading to cross-linking reactions and viscosity 

increase of the mixture. Although the chemical resistance of the MCs’ shell was already assessed 

in each of the solvents, it is also important to study its resistance to the solvents combination 

and concentrations present in the pre-polymer composition. 

 

(PCL_MCs) 

(PCL/PHB_MCs) 

(PHB_MCs) 

Figure VI.4. PCL_MCs, PHB_MCs and PLC/PHB_MCs Y value variation over 180h, while submerged in organic solvents 
and water. 
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Ciprene® 2000 is more aggressive to the PUa MCs’ shell than Plastik® 6275, in general, with the 

Ongronat® MCs leading to the lower viscosity increase, indicating a better chemical resistance. 

The MCs produced using the solvent evaporation technique seem to be more prone to be 

affected by the pre-polymers, leading to identical results in both Plastik® 6275 and Ciprene® 

2000. PCL MCs are the ones leading to the higher viscosity increase of the pre-polymer, which is 

in line with the low chemical resistance to solvents, such as acetone and toluene, exhibited 

above. PHB has a better chemical resistance than PCL, with both the PHB and PCL/PHB MCs 

showing a lower viscosity increase. These results are all in accordance with the ones obtained 

from the MCs immersion directly in the solvents. To conclude, the chemical resistance observed, 

even in the best performing MCs, namely the Ongronat®2500_MCs, is not high enough for the 

development of a mono-component adhesive with an acceptable shelf-life. On the other hand, 

these MCs display an acceptable shelf-life when not in direct contact with the solvents existent 

in the adhesive pre-polymer. Therefore, it is suggested to mix the MCs with the pre-polymer 

before the application, which successfully addresses the main goal of this work: protection of 

the workers from isocyanates, together with the achievement of high-performing adhesive 

joints. 

Figure VI.5 Viscosity variation, over 190 hours, of the Plastik®6275 and Ciprene®2000, containing PU/PUa, PCL 
or PHB MCs, to evaluate the MCs resistance in the adhesive pre-polymers. 
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VI.3 MCs effectiveness as cross-linkers 
 

In the footwear industry, to guarantee the durability of the product, the adhesive joints must 

meet certain specifications regarding the minimum values obtained in the peel strength test, 

regardless of the type of substrate. These depend on the type of footwear, age and gender of 

the end user, accordingly with the Table II.2, on Chapter II. For casual footwear, the peel strength 

must be higher than 3 N/mm. 

For the MCs to be considered effective cross-linkers it is mandatory that the encapsulated 

isocyanate is released during the adhesive joint preparation, by the effect of pressure (4 kg/cm2) 

and/or by the effect of temperature (70 °C) applied in the adhesion process, otherwise the cross-

linking of the pre-polymer, required for high-performing adhesive joints, does not occur. 

The size of the MCs has an important impact on the adhesive joint quality, in particular due to 

the homogeneity of the adhesive distribution on the substrate. Bigger sized MCs or MCs that 

tend to aggregate in the pre-polymer display a poorer distribution on the substrate, as shown in 

Figure VI.6, where the white regions represent a higher concentration of MCs. Bigger sized MCs 

can also have a negative effect on the appearance of the adhered substrates, especially for thin 

and flexible materials.  

 

 

 

 

 

 

 

 

 

 

The amount of encapsulated isocyanate can also affect the adhesive joint quality, as a lower 

content imposes the need of a higher concentration of MCs in the pre-polymer to guarantee 

that the isocyanate concentration is the required one (2.5wt%). 

Figure VI.6. Photographs 
exposing an improper adhesive 
distribution on the substrate. 



204 
 

Three different isocyanates were encapsulated throughout this work, namely Suprasec® 2234, 

IPDI and Ongronat® 2500. The cross-linking efficiency of each one was considered for both the 

PU and PCP pre-polymers and was compared with the respective benchmark, when appliable. 

Table VI.3 compiles the peel strength test results obtained for all the cross-linkers, at the 

commercial concentration in the pre-polymer (2.5 wt% of absolute isocyanate value). However, 

instead of the usual protocol which stipulates that the opening should occur after 48h from the 

bonding, the substrates were only opened after a curing time for one week, due to the lower 

IPDI reactivity. The obtained results show that, by increasing the cross-linking time to one week, 

the IPDI can lead to results similar to the benchmark isocyanates in the peeling strength tests. 

Particularly for Ciprene® 2000, the results obtained with both IPDI and Ongronat® 2500 were 

very satisfactory. For the Plastik® 6275 these isocyanates led to results slightly lower than the 

benchmark (non-encapsulated Desmodur®RC), nevertheless superior to the 3 N/mm required 

for casual footwear. Having these results into consideration, both IPDI and Ongronat® 2500 the 

isocyanates were the isocyanates considered for this application. 

 

Figure VI. 7 relates to the peel strength test results obtained with PUa MCs containing Suprasec® 

2234 (shell made with Desmodur® RC) and IPDI (shell made with Ongronat® 2250), using the 

Ciprene® 2000 as pre-polymer. It is to notice that the specimens prepared with IPDI_MCs were 

opened 48 hours after their preparation, instead of the required 1 week, which explains the low 

N/mm values. Nevertheless, the similar results obtained with encapsulated and non-

encapsulated IPDI indicate that the MCs were able to release the content during the adhesive 

application, leading to cross-linking reactions in the pre-polymer. On the opposite, the 

significantly lower value obtained with the encapsulated Suprasec® 2234, comparing with its 

Table VI.3. Peel strength test results obtained for the IPDI, Ongronat®2500 and respective benchmarks, at 2.5 wt%, 
in both the PU and PCP pre-polymers. 

Cross-linker Pre-polymer Peel strength per unit width (N/mm) 

- 

Ciprene® 2000 

4.95 

Suprasec® 2234 4.70 

IPDI 5.68 

Ongronat® 2500 5.24 

- 

Plastik® 6275 

4.83 

Desmodur® RC 4.89 

IPDI 4.22 

Ongronat® 2500 4.36 
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non-encapsulated form, indicates that the MCs were not able to release its content. Several 

attempts were made to obtain more responsive Suprasec® 2234 containing MCs, however with 

no better results. This is due to the very stiff MCs that are obtained when encapsulating this 

isocyanate. They are not able to break, melt, at the conditions used for the adhesive joint 

preparation, employed in the footwear industry. Confirming this fact, Figure VI.8 reveals the 

presence of intact Suprasec 2234_MCs in the adhesive joint after its opening in the peel strength 

test. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table VI. 4 exposes the results obtained in the creep test. In accordance with the peeling 

strength tests, the Suprasec®2234_MCs led to significantly distinct results to its non-

encapsulated form, indicating that no significant cross-linking of the pre-polymer has occurred. 

When comparing with the sample prepared with no cross-linker it can be conclude that these 

Figure VI. 7. Peel strength test results obtained with PU/PUa MCs containing 
Suprasec® 2234 and IPDI, at 2.5wt% in the CIPRENE® 2000 pre-polymer. 

Figure VI.8. Optical microscopy photographs depicting intact Suprasec 2234_MCs in 
the adhesive joint, after its opening in the peel strength test. 

200µm 200µm 
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MCs had a negative contribution to the adhesive joint, worsening the adhesive joint 

performance. On the contrary, the IPDI_MCs only showed a significant displacement at 90 °C, 

and a full opening of the specimen at 100 °C. It is to refer that these samples were tested one 

week after their preparation, stressing the importance of the curing time for this isocyanate. 

When given enough time, IPDI can lead to a well cross-linked adhesive with good resistance to 

temperature. 

 

 

Regarding the PCL MCs, their initial big dimensions, with a large size distribution, of 326,39 µm 

± 157,26, led to a poor distribution of the MCs in the substrate, as can be seen in Figure VI.6. 

However, after several optimization trials carried out in this work, the size and size distribution 

of this MCs were decreased, improving its performance in the adhesive formulation. Figure VI.9 

displays images of the substrates in which it was applied a formulation with 5wt% of PCL MCs 

(a) and PHB MCs (b), both containing IPDI, showing a homogeneously dispersed adhesive. 

 

 

 

Table VI. 4. Results obtained in the creep tests for substrates adhered with the pre-polymer and adhesive formulations 
containing Suprasec®2234 and IPDI as crosslinkers, as well as MCs with the encapsulated isocyanates, using Ciprene® 
2000 as pre-polymer.   

Crosslinker 
d (cm) 

50˚C 

d (cm) 

60˚C 

d (cm) 

70˚C 

d (cm) 

80˚C 

d (cm) 

90˚C 

d (cm) 

100˚C 

- 0.2 6.7 FO -- -- -- 

Suprasec® 2234 0 0 0 0 0 0 

IPDI      -- 

IPDI_MCs 0 0 0.3 0.9 2.6 FO 

Suprasec®2234_MCs 0.1 FO -- -- -- -- 
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Figure VI.10 exposes the peel strength test results obtained with PCL and PHB MCs, in the 

Ciprene® 2000 and the Plastik® 6275 pre-polymers. It is to notice that, for the adhesive joints 

prepared with Ciprene® 2000 only the stimulus of pressure contributed for the isocyanate 

release from the MCs, while for the joints prepared with Plastik® 6275 both the stimuli of 

pressure and temperature (reactivation at 70 °C) were applied. For all the tests there were 

achieved peel strength values above the 3 N/mm required in the industry for casual footwear. 

For Ciprene®2000 the impact of the MCs on the adhesive joints is evident, as the specimens with 

MCs exhibit lower peel strength values than those with no-encapsulated isocyanates. In Figure 

VI.11 are exposed the opened bondlines, after the peeling strength tests, adhered with Ciprene® 

2000 and PCL MCs as cross-linkers. Most of the Ongronat_MCs are still intact, indicating that 

they were not able to release the isocyanate during the specimen preparation. The shell of the 

Ongronat_MCs is composed not only by PCL but also some PUa, due to the reaction between 

this isocyanate and the water during the MCs’ fabrication process. This leads to a PCL/PUa shell, 

which might have difficult the MCs breakage at the 4 bar applied during the specimens 

preparation. Regarding the IPDI_MCs, the majority seem to be broken, indicating that the 

applied pressure is enough to trigger its isocyanate release. 

Plastik® 6275 pre-polymer led to far better results. For this case, both the specimens prepared 

with IPDI and Ongronat®2500 MCs resulted in very satisfactory results, of a peel strength above 

5 N/mm. PCL is a low temperature responsive polymer, with a melting temperature lower than 

that used in the adhesion process, during the reactivation process, which contributes to the 

(a) (b) 

Figure VI.9. Photographs of substrates 
with a homogeneously dispersed 
adhesive. Formulation with 5wt% of PCL 
MCs (a) and 5wt% of PHB MCs (b), both 
containing IPDI. 



208 
 

isocyanate release. To study the PCL ability to respond to the conditions used during the 

reactivation, a sample of MCs was submitted to the process and its melting was confirmed, 

Figure VI. S1 from Supplementary Information. By comparing the bondlines of the specimens 

prepared with both the pre-polymers and the Ongronat_MCs as crosslinkers, it is clear the effect 

of the temperature on this MCs’ responsiveness. For the bondline prepared with Plastik® 6275 

the MCs can barely be detected, indicating its melting during the adhesive joint preparation, 

exposed in Figure VI.12. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure VI.10. Peel strength test results obtained with PCL and PHB MCs in both the CIPRENE® 2000 (left) and 
the Plastik® 6275 (right) pre-polymers, at 2.5wt%. 

Ciprene®2000 

Stimulus: Pressure (4 bar) 

Ongronat_MCs Ongronat_MCs 

IPDI_MCs IPDI_MCs 

Figure VI.11. Photographs of the opened bondlines, after the peeling strength tests, using 
Ciprene® 2000 and PCL MCs, containing IPDI or Ongronat®2500, as cross-linkers. 
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VI.4 Optimization of the final adhesive 
 

The developed MCs are to substitute the isocyanate cross-linkers typically used in PU and PCP 

adhesives and not only are they a different type of cross-linker agent, but the encapsulated 

isocyanate is also distinct from the ones commercially used. Different concentrations of both 

PCL and PHB MCs were tested as cross-linkers, aiming at optimizing the ideal concentration in 

the adhesive formulation. Figure VI.13, shows the peel strength test results obtained using both 

Ciprene® 2000 and Plastik® 6275 as pre-polymers. 

Both IPDI and Ongronat® 2500 led to a high peel strength of the adhesive joints when added at 

the same concentration as the commercially used cross-linker. For Plastik® 6275 the adhesive 

peel strength improves with the increase of IPDI in the formulation. Contrarily, for Ciprene® 

2000 the strength of the adhesive joint seems to decrease for higher isocyanate concentrations. 

This can be attributed to an excess of free NCO groups in the formulation, which can increase 

too much the cross-linking density, affecting the adhesion performance [9, 10]. 

Plastik®6275 

Stimulus: Pressure (4 bar) and temperature (70 °C) 

Ongronat_MCs Ongronat_MCs 

Figure VI.12. Photographs of the opened bondlines, after the peeling strength tests, using 
Plastik® 6275 and PCL MCs, containing Ongronat® 2500, as cross-linker. 
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For adhesive formulations using Ciprene® 2000, the MCs had a negative effect in the adhesive 

joint properties. The specimens adhered using MCs as cross-linkers have lower peeling strengths 

values and the higher the concentration of MCs, the poorer the adhesion. Nonetheless, almost 

all the samples prepared with IPDI containing MCs had peel strength values above the required 

3 N/mm and a cohesive type of failure, or a mixture of cohesive with adhesive (Figure VI.14). 

The specimens prepared with Ongronat_MCs, barely led to the required 3N/mm when at 2.5%, 

leading to lower values for higher concentrations of MCs. 

 

 

All the substrates adhered using Plastik® 6275 resulted in peeling strength values well superior 

to 3 N/mm. Plastik®6275 is a high-strength bonding adhesive leading to a cohesive or substrate 

type of failure, even for the specimens adhered with no cross-linkers (Figure VI. 15). The 

Figure VI.13. Peel strength test results using adhesive formulations with different concentrations of MCs, both 
with Ciprene® 2000 (left) and Plastik® 6275 (right) as pre-polymers. 

Cohesive and 

Adhesive Failure 
Cohesive  

Failure 

Figure VI.14. Photographs depicting a cohesive (left) and mixture 
of cohesive with adhesive type of failure (right). Substrates 
previously adhered with IPDI_MCs as cross-linkers in Ciprene® 
2000. 
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substrates prepared with MCs led to peel strength values higher than the specimens prepared 

with the same non-encapsulated isocyanates. Nevertheless, there seems to be a concentration 

threshold above which the negative effect of the MCs in the bondline seem to surpass the  

benefits of adding more cross-linker. For the IPDI_MCs its presence at 5 wt% led to the best 

results and, for both the PHB_MCs and Ongronat_MCs, the commercially used 2.5 wt% is the 

most favorable concentration. 

 

 

 

The creep test results are listed on the Table VI.5 and Table VI.6 for Plastik® 6275 and Ciprene® 

2000, respectively. The Ongronat_MCs have shown to be less effective cross-linkers and 

considering the time required for this test, IPDI containing MCs were tested, both with a PHB 

and PCL shell. The MC s performance is compared with the adhesive pre-polymer without cross-

linker, with non-encapsulated IPDI and with the respective benchmark. 

 

Cohesive 
Failure  

Substrate 

Failure  

Figure VI. 15. Photographs depicting a substrate 
(left) and a cohesive type of failure (right). 
Substrates previously adhered with IPDI_MCs as 
cross-linkers in Plastik®6275. 
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The creep test is particularly important to understand the cross-linking effect on the PU adhesive 

formulation (Plastik® 6275). This adhesive pre-polymer already has a high-strength bonding per 

se, and the cross-linking main advantage is to improve its resistance to temperature. Even 

though the difference with and without cross-linker was not so notorious in the peeling strength 

test, its response to temperature is very distinct with a full opening of the non-crosslinked 

specimen at only 70 °C. The increase from 2.5 to 5 wt% of the IPDI and PCL’ MCs in the 

formulation led to significant improvements. The use of PCL _MCs at 5 wt% enabled to obtain a 

displacement inferior to 1 cm at 90 °C indicating a good cross-linking of the pre-polymer. These 

results confirm the ability of using PCL MCs, containing encapsulated IPDI, as cross-linkers for 

PU adhesive formulation, at a concentration of 5 wt%. The PHB MCs led to the lower 

displacement, when compared with the PCL MCs and the non-encapsulated isocyanate, with its 

use at 5 wt% leading to the most promising results. The PHB MCs have smaller sizes and show a 

Crosslinker 
Percentage in the pre-

polymer (wt%) 

d (cm) 

60˚C 

d (cm) 

70˚C 

d (cm) 

80˚C 

d (cm) 

90˚C 

- - FO FO FO FO 

Suprasec® 2234 2.5 0.35 1.05 3.35 FO 

IPDI 
2.5 - - -- - 

5 0.65 2.75 3.25 FO 

PCL_MCs 
2.5 1 1.93 3.95 FO 

5 0.83 2.30 3.40 FO 

PHB_MCs 
2.5 0.73 1.93 3.03 FO 

5 0.73 2.50 2.47 FO 

Crosslinker 
Percentage in the pre-

polymer (wt%) 

d (cm) 

60˚C 

d (cm) 

70˚C 

d (cm) 

80˚C 

d (cm) 

90˚C 

- - 1 FO FO FO 

Desmodur® RC 2.5 0 0 0 0 

IPDI 
2.5 0.3 0.96 FO FO 

5 0 0 0 1.43 

PCL_MCs 
2.5 0 0.33 2.07 FO 

5 0 0.2 0.27 0.93 

PHB_MCs 
2.5 0 0.13 0.13 0.33  

5 0 0.07 0.13 0.22 

Table VI.5. Results obtained in the creep tests for substrates adhered with a pre-polymer and adhesive formulations 
containing Desmodur®RC and IPDI as crosslinkers, as well as PCL and PHB MCs containing the last, using Plastik®6275 
as pre-polymer.   

Table VI.6. Results obtained in the creep tests for substrates adhered with a pre-polymer and adhesive formulations 
containing Suprasec®2234 and IPDI as crosslinkers, as well as PCL and PHB MCs containing the last, using 
Ciprene®2000 as pre-polymer.   
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lower aggregation tendency, resulting in a better dispersion in the pre-polymer, which might 

have contributed to a better cross-linking performance.  

The bondline prepared with Ciprene® 2000 adhesive has a lower resistance to temperature, 

resulting in a full opening at 90oC for all cases. The displacement observed for the IPDI and PCL 

MCs at 5 wt%, is similar to that of the benchmark at 80oC, confirming their ability to act as cross-

linker for the PCP adhesive. As observed for the PU adhesive, the PHB MCs led to lower 

displacements than the PCL MCs. 

 

VI.5 Final remarks 
 

The high reactivity and relatively high degree of polymerization characteristic of the cross-linker 

isocyanate commercially used by CIPADE (Suprasec® 2234), made their encapsulation a difficult 

task. Resulting MCs were too stiff, inhibiting their response to the stimuli of pressure and 

temperature applied during the adhesive joint preparation. In addition, these MCs had a low 

yield of encapsulation, which required the use of a large amount of MCs in the adhesive 

formulation to assure the 2.5 wt% of isocyanate in the final composition. Nevertheless, the 

Suprasec_MCs were tested in the commercial pre-polymer, Ciprene®2000, confirming its 

inability to act as cross-linkers for this application. Adding to the inability of this MCs to release 

the encapsulated isocyanate, they also show a negative effect on the adhesive joint, resulting in 

a peel strength much lower than that of the joint prepared without cross-linker. 

Therefore, two other isocyanates were tested as cross-linkers for the adhesive’s formulations, 

namely IPDI and Ongronat® 2500. 

The IPDI containing MCs, obtained both by interfacial polymerization and solvent evaporation 

techniques, were able to respond either to one, or both, stimuli applied in the adhesive joint 

preparation. Adhesive joints prepared with Ciprene®2000 are more susceptible to be negatively 

affected by the MCs. A peel strength value higher than 3 N/mm was obtained, when using MCs 

with a PCL shell, at a concentration of 2.5 wt%, however resulting in lower values than the same 

non-encapsulated isocyanate. Nevertheless, the MCs were able to release its content during the 

adhesion process and act as cross-linkers, confirmed by the increased temperature resistance.  

The bondlines prepared with the Plastik® 6275 pre-polymer were not affected by the presence 

of MCs, with both the PCL and PHB MCs showing to be effective cross-linkers by the peeling 

strength and temperature resistant tests. 
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For both the PU and PCP adhesives the PHB_MCs seem to lead to the lower displacements in 

the creep tests, which can a be a result of its smaller sizes and better dispersion in the adhesive. 

The most promising adhesive formulation was obtained for Plastik® 6275 pre-polymer both with 

the PCL and PHB MCs at a concentration of 5 wt% in the adhesive formulation, leading to 

adhesive joints which responded to both the peeling strength and creep tests similarly to those 

prepared with the benchmark cross-linker.  
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Supplementary Information 

 

 

 

 

 

 

 

 

 

 

Figure VI. S1. Photographs of the PCL MCs before 
(above) and after (bottom) being submitted to the 
reactivation process used during the adhesion 
process, when using a PCP adhesive (Plastik® 6275). 
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Chapter VII – Final remarks and conclusions 

 

This dissertation reports on the development of polymeric microcapsules (MCs) containing a 

high amount of encapsulated isocyanate species (reaching c.a. 80wt%), to be used as cross-

linkers for polyurethane (PU) and polychloroprene (PCP) pre-polymer adhesive formulations 

aimed at the footwear industry. The encapsulation of the isocyanate species, which are 

considered to be toxic substances, avoids their direct contact with the operator, as they are only 

to be release during the adhesive joint preparation. The adhesive is to be supplied as one-

component (1K), with the MCs and the pre-polymer mixed together, or as two-component (2K), 

with the two being supplied separately. 

In the previous chapters two distinct techniques are reported for the encapsulation of 

isocyanate species, namely the interfacial polymerization and the solvent evaporation, both in 

combination with a microemulsion system. By the first technique, the MCs are produced by 

chemical reactions of the involved reagents while, by the latter one, MCs are formed by means 

of a physical process, due to polymer precipitation on the surface of the emulsion droplets. 

Spherical, loose and core-shelled MCs were obtained by both techniques containing not only 

monomeric, but also oligomeric and pre-polymeric species. Figure VII. 1 schematizes the 

experimental work exposed in this dissertation. 
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Figure VII. 1. Schematization of the experimental work exposed in this dissertation. 

 

Interfacial Polymerization: 

The interfacial polymerization technique is largely used in the state of the art for the 

encapsulation of isocyanate monomeric species, producing polyurea (PUa) and PU/PUa MCs. 

However, in this thesis, a comprehensive study for the optimization of this method was carried 

out. It targets MCs with high encapsulation efficiency, acceptable shelf-life and able to 

effectively release their content during the adhesive joint preparation by the effect of pressure 

(4 bar) and temperature (70 °C) applied in the process. To the best of my knowledge, there are 

no isocyanate MCs available in the market, and they have never been tested before for the 

application of focus in this thesis. The main parameters that were found to most influence the 

performance of the MCs as cross-linkers, in the adhesive formulations, are encapsulation 

efficiency, the MCs’ shelf-life and the MC’s size distribution. To optimize the encapsulation 

efficiency, it was used a combination of active H sources in the W phase of the emulsion and 

two isocyanates in the oil (O) phase, one of them much more reactive than the other. The active 

H sources promote a quicker shell formation, and the second (most reactive) isocyanate is here 
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used to produce the shell, so that the isocyanate intended to be encapsulated does not 

participate in the shell formation. The active H sources were used with a double intent, not only 

to promote a quicker shell formation, but also to improve the MCs’ shell features, namely lower 

toughness and higher hydrophobicity, targeting an effective isocyanate release when desired 

and a longer shelf-life of the MCs. MCs with 46.3% of its weight in isocyanate were obtained, by 

this method.  

All the tested active H sources were able to improve the MCs’ shelf-life, particularly Jeffamine® 

D2000 and the combination of polyethylenimine (PEI) and n-octyl triethoxysilane (n-OTES). Both 

the repeating oxypropylene units of the Jeffamine® D2000 and the long aliphatic carbohydrate 

chain from n-OTES were found to increase the hydrophobicity and flexibility of the shell. PEI, on 

the other hand, contributed to increase the cross-linking of the shell. 

To optimize the size distribution of the MCs, the size and stability of the emulsion droplets was 

improved. With that purpose, the effect of several emulsion stabilization systems were 

evaluated, namely the effect of emulsifiers, a polysaccharide, and a rheology modifier, as well 

as combinations between them. Rheology modification was shown to be the most effective 

strategy to stabilize the oil-in-water (O/W) emulsion system, since it prevents droplets 

sedimentation. The use of polyvinyl alcohol (PVA) at 2 wt% in the water (W) phase enables to 

increase its viscosity to 5-6 cP, which led to a minimum variation between the size of the initial 

emulsion droplets and that of the final MCs. This enabled a fine control over the MCs sizes. 

By applying all these strategies, it was able to obtain fine-tuned PUa and PU/PUa MCs containing 

not only isophorone diisocyanate (IPDI) but also oligomeric methylene diphenyl diisocyanate 

(MDI) species and pre-polymeric isocyanate species. 

 The following scheme,     Figure VII. 2, shows the reactional conditions for the best performing 

MCs of PU/PUa shell, as well as the impact of the referred MCs for the present work. Erro! A 

origem da referência não foi encontrada. lists the range of values for the studied reactional 

parameters that enable to obtain satisfactory MCs. 

 



224 
 

 

    Figure VII. 2. Reactional scheme for the best performing MCs of PU/PUa shell. 

 

 

 

 

 

 

 

 

 

 

Reactional Parameters Range of values  

Emulsification time 10 minutes 

Synthesis Temperature 60 - 70°C 

Emulsification stirring 3200 – 3400 rpm 

Mechanical stirring 400 – 500 rpm 

Table VII. 1. Range of values for the studied reactional parameters 
that allow to obtain satisfactory MCs by interfacial polymerization 
technique. 
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Solvent evaporation: 

This technique has only been scarcely reported for the encapsulation of hydrophobic species 

and was never used before for the encapsulation of isocyanate species. Adding, effectively 

encapsulate a variety of isocyanates in MCs with a biodegradable shell is one of the biggest 

novelties presented in this thesis. Several reactional parameters had to be optimized and several 

specific studies were carried out, namely the effect of the polycaprolactone (PCL) MW on the 

MCs final characteristics, as well as the effect of the PVA and gum arabic (GA) concentration and 

the O phase volume on the MCs average sizes. A Design of Experiment (MODDE® Pro 13 

software) was employed, which enabled to conclude regarding the relative importance of each 

parameter in study, as well as to develop a model to predict the optimum values for these 

reactional parameters to obtain MCs with a pre-defined average size. 

Two PCL with distinct MW, of 45000 and 80000 Da, were tested as polymers for the MCs’ shell 

formation. Both PCL led to spherical, disaggregated, and core−shell MCs, with the ones obtained 

with the higher MW PCL having bigger sizes and size distributions. The MW of the shell polymer 

has shown to also influence the encapsulation content and the MCs’ shelf-life. The MCs obtained 

with the higher MW PCL had more 6% of its weight in isocyanate, compared to the ones obtained 

with the 45000 Da PCL and demonstrated to form less PUa over time, showing an improved 

shelf-life. Despite the advantages regarding the use of a higher MW PCL, it greatly increases the 

viscosity of the respective O phase, which brings issues on the MCs production process, namely 

a low reproducibility, low production yield and bigger MCs sizes and sizes distribution. Due to 

these reasons, PCL with 45000 Da was selected as the ideal for the MCs production. The size of 

the MCs was optimized, to ca. of 94 µm, by DOE, using as main variables GA and PVA 

concentrations as well as the O phase volume, being the PVA concentration in the W phase the 

most significant parameter on the emulsion stability and consequently on the control of the 

average MCs sizes.  

 MCs containing highly reactive pre-polymeric isocyanate species, namely Ongronat® 2500 and 

Suprasec® 2234, were also achieved by this methodology. They were spherical, loose and 

disaggregated, but with a larger average size than IPDI MCs: ca. 150 µm (Ongronat® 2500) and 

ca. 268 µm (Suprasec® 2234). Only Ongronat® 2500 MCs contained isocyanate, with an 

encapsulation content of about 21 wt%. This value is lower than desired for the current 

application, nevertheless it is an improvement in the state of the art as the publications 

regarding the encapsulation of non-monomeric isocyanates are scarce and none by the solvent 

evaporation technique, containing a biodegradable shell. 
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The following scheme, Figure VII. 3, shows the reactional conditions for the best performing MCs 

composed by a PCL shell, as well as the impact of the referred MCs for the present work. Table 

VII. 2 lists the range of values for the studied reactional parameters that enable to obtain 

satisfactory MCs. 

 

 

Figure VII. 3. Reactional scheme for the best performing MCs composed by a PCL shell. 

 

 

 

 

 

 

 

 

 

 

 

 

Reactional parameters Range of values 

PVA concentration 2 - 3 wt% in the W phase 

GA concentration 0 - 3.5 wt% in the W phase 

Emulsification time 10 minutes 

Emulsification stirring 8500 -10000 rpm 

Mechanical stirring 800 -850 rpm 

Polymer concentration 10-16 wt% in the organic solvent 

Isocyanate concentration 16-20 wt% of the O phase 

O/W ratio 28 - 39 wt% 

Table VII. 2. Range of values for the studied reactional parameters that allow to obtain 
satisfactory MCs by the solvent evaporation technique, using PCL as shell forming 
polymer. 
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In addition to PCL, MCs with a polyhydroxybutyrate (PHB) shell were also obtained by using an 

adaptation of the solvent evaporation technique with the self-organized precipitation method, 

enabling to encapsulate high isocyanate loads, of 80 wt%. 

The following scheme, Figure VII. 4,  shows the reactional conditions for the best performing 

MCs, of PHB shell. Table VII. 3 lists the range of values for the studied reactional parameters that 

enable to obtain satisfactory MCs. 

 

 

Figure VII. 4. Reactional scheme for the best performing MCs composed by a PHB shell. 

 

 

 

 

 

 

 

 

 

 

Table VII. 3. Range of values for the studied reactional parameters that allow 
to obtain satisfactory MCs by the solvent evaporation technique, using PCL 
as shell forming polymer. 

 Reactional parameters Range of values 

GA wt% in the W phase 3.5wt%- 5 wt% 

volume ratio of the O1:O2 phases 1:3 – 1:4.7 

Temperature 40 °C – 50 °C 

Mechanical Stirring 850 rpm 

PVA wt% in the W phase 4 wt% 

Polymer wt% in the O2 phase 8 wt% - 10 wt% 
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The MCs obtained by the interfacial polymerization and solvent evaporation methods were 

tested as cross-linkers in the PU and PCP adhesive formulation. The peel strength and creep test 

results obtained for the adhesive formulations composed by the MCs, in its optimized 

concentrations, and the Ciprene®2000 and Plastik®6275 pre-polymers, are summarized in Table 

VII. 4 and Table VII. 5, respectively.  

 

Table VII. 4. Peel strength and creep test results obtained with adhesive formulations composed by the Ciprene®2000 
pre-polymer and the optimized MCs’ concentration, for each type of MCs.  

*FO - Full opening 

 

Table VII. 5. Peel strength and creep test results obtained with adhesive formulations composed by the Plastik®6275 
pre-polymer and the optimized MCs’ concentration, for each type of MCs.  

 

MCs production 

technique 
Interfacial Polymerization Solvent Evaporation 

MCs’ shell PU/PUa PCL PHB 

Encapsulated 

isocyanate 
IPDI 

Suprasec® 

2234 
IPDI 

Ongronat®

2500 
IPDI 

Optimized 

concentration (wt%) 
2.5 2.5 2.5 2.5 5 

Peel Strength test 

(N/mm) 
2.99 0.87 4.11 3.09 3.5 

Creep test FO* at 100 °C FO* at 60 °C 

FO* at 90 °C 

(3.95 cm at 

80 °C) 

- 

FO* at 90 °C 

(2.47 cm at 80 

°C) 

MCs production technique Solvent Evaporation 

MCs’ shell PCL PHB 

Encapsulated isocyanate IPDI Ongronat®2500 IPDI 

    

Optimized concentration (wt%) 5 2.5 5 

Peel Strength test 5.82 5.41 4.82 

Creep test 
Resisted  
to 90 °C 

 (0.93cm) 
- 

Resisted to 90 °C 
 (0.22cm) 
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MCs containing Suprasec®2234 needed to be in a large amount in the adhesive formulation, due 

to its low encapsulation yield. Also, this MCs rigid shell did not break during the adhesive 

application. For these reasons, the referred MCs were not considered fit for the application. 

Bondlines prepared with Ciprene®2000 seem to be negatively affected from the presence of 

MCs, which is not observable for the specimens prepared with Plastik® 6275. Due to this, there 

were only obtained satisfactory peeling strength tests results, with the Ciprene®2000 pre-

polymer, for a concentration of 2.5 wt% of MCs, either way leading to lower values than the 

same non-encapsulated isocyanate.  

The adhesive joints adhered with Plastik® 6275 pre-polymer, seem to not be affected by the 

presence of MCs. The specimens prepared with this adhesive have the advantage to be 

submitted not only to pressure but also to temperature during the adhesion process, which 

contributes to the isocyanate release from the MCs. 

For both pre-polymers the PHB MCs are the most promising cross-linkers, leading to the lower 

displacements in the creep tests, with similar results to the benchmark cross-linker.  

Table VII.6 lists the advantages and disadvantages of the MCs obtained by both methods 

addressed in this dissertation.  
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Table VII.6. Advantages and disadvantages of each MCs’ production method and of the respective MCs characteristics. 

Production 

method 
Advantages Disadvantages 

Interfacial 

polymerization 

• Well established method 

for the encapsulation of 

isocyanates, with 

extensive information on 

the state of the art   

• Small sized MCs with a 

spherical morphology 

• PU and PUa shelled MCs 

have a better resistance to 

solvents 

• Lower encapsulation content 

• Lower shelf-life 

• High stiffness of the shell 

• Difficult to respond to the stimuli 

applied during the adhesion 

• Lower resistance to water and 

moisture diffusion 

Solvent 

Evaporation 

• Higher encapsulation 

content 

• Prolonged shelf-life 

• Versatility of the shell 

material 

• Biodegradable shell 

• Temperature responsive 

shell 

• Capability to respond to 

the stimuli applied during 

the adhesion 

• Higher resistance to water 

and moisture diffusion 

• Poorly studied technique for the 

isocyanate encapsulation with no 

information on the state of the 

art 

• Bigger sized MCs 

• Reproducibility and 

morphological issues along with 

low production yield when using 

PCL with high MW  

• PHB and PCL have a lower 

resistance to solvents 

 

Considering the advantages and disadvantages of each production process the solvent 

evaporation method stands for the most potential one, for this application. Although the 

interfacial polymerization method is a reliable method, very well studied and documented for 

the encapsulation of isocyanates, the obtained MCs cannot be considered adequate for the 

application. The lower encapsulation content make it necessary to add more MCs to the 

bondline to ensure the necessary isocyanate for the cross-linking, which causes disruption on 

the bondline, specially on Ciprene®2000. This is associated with the inability of this MCs to burst 

during the adhesive application, due to the high stiffness of the shell, which makes them 
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inadequate. On the contrary the MCs obtained by the solvent evaporation technique have 

higher encapsulation content and are able to respond both to the stimuli of pressure and 

temperature, for the PCL MCs. However, due to their poor solvent resistance it is not possible 

for the adhesive to be supplied as 1K adhesive. One important feature for the MCs when 

supplied separately is their resistance to the air moisture diffusion, as the isocyanate reacts with 

water. PUa and PU/PUa show a poor shelf-life due to this phenomenon, which adds to the 

inadequacy of this MCs. On the other hand, the ones obtained by the solvent evaporation 

method show a good shelf-life for a period of 3 months, due to the higher hydrophobicity of its 

shell.  

Although MCs containing pre-polymeric encapsulated isocyanates were possible to be obtained, 

by both techniques, its encapsulation content was lower and it increased the stiffness of the 

shell. The ones containing Ongronat®2500 were tested as cross-linkers leading to poorly results. 

The IPDI, when used at 5 wt% in the pre-polymer, has showed to be fit for the application, 

leading to results similar to those of the commercially used isocyanates. Having this into 

account, IPDI was considered the most fit isocyanate to be used as encapsulated cross-linker. 

In which regards the shell material, although the PHB lead to the highest encapsulation content, 

smaller MCs and to the most promising results as cross-linkers, this MCs production process is 

difficult to control and has a high irreproducibility, which might bring challenges in its industrial 

implementation. For this reason, the PCL MCs, using the PCL with 45000 Da and containing 

encapsulated IPDI, were considered the most promising for this application.  

Concluding, a new adhesive formulation was developed, containing solid MCs as cross-linkers, 

with identical properties to the ones currently commercially available. The new formulation is 

to be supplied as 2K, with the MCs to be mixed with the adhesive pre-polymer during the 

adhesive application, in a concentration of 5 wt% in the Plastik® 6275 pre-polymer and at 2.5 

wt% in the Ciprene®2000. The MCs have a shelf-life of 3 months and ideally should be stored in 

a low humidity environment. Its PCL shell enable this MCs to release its content either by the 

effect of pressure and/or temperature usually applied in the footwear industry, avoiding the 

need to adapt the currently implemented adhesion process. These newly developed MCs gave 

rise to the patent PT 115312 B A pilot plant for the production of these MCs has been recently 

established at CIPADE S.A. facilities, which, after optimization trials will culminate in 

commercially available isocyanate MCs, with a wide range of applications, such as in the 

adhesive field, self-healing, smart coatings, etc.. 

 


