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Abstract  

The objective of this thesis is the microencapsulation of isocyanate based adhesive material used in foot-

wear industries with the idea of reducing the risk of handling of toxic isocyanate. The interfacial polymer-

ization method was the one selected to produce microcapsules (MCs), with a shell of polyurea (PUa) 

and/or polyurethane (PU) and containing in their core different isocyanate compounds e.g. isophorone 

diisocyanate (IPDI), toluene diisocyanate (TDI) and mixtures of monomeric and polymeric species of 

methylene diphenyl diisocyanate (MDI). 

In this work, a general processing method was carried out by: i) formation of an oil-in-water emulsion; ii) 

formation of PU and/or PUa shell at the interface of the oil -water domains; iii) filtration and washing of 

MCs to remove the excess of reactants; iv) drying at room temperature (RT). 

Fourier transformed infrared spectroscopy (FTIR) and thermogravimetric analysis (TGA) were employed 

to characterize the MCs in what concerns the presence of free -NCO groups and, therefore, the successful 

encapsulation of isocyanate compounds. Scanning electron microscopy (SEM) was used to study the mor-

phology of the MCs, i.e. to check if they exhibit a core-shell structure. 

Several studies were carried out for understanding the effect of changing the synthesis' parameters e.g., 

temperature, emulsification rate, stirring rate and quantity of surfactant, on the shape, size and encap-

sulation efficiency of isocyanate compounds. Moreover, a series of reagents and polymers were added 

to the syntheses with the objective of changing the morphology and properties of the MCs shell. Finally, 

peeling strength tests were carried out at different conditions of temperature and pressure, to study the 

interaction of MCs with the polyol-based component and the MCs behaviour, in terms of isocyanate re-

lease. 
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Resumo 

O objetivo da presente tese é a microencapsulação de compostos à base de isocianato para adesivos a 

utilizar na indústria do calçado, com o propósito de reduzir o risco associado ao manuseamento de 

isocianato. O método de polimerização interfacial foi o selecionado para a síntese de microcápsulas (MCs) 

com parede de poliureia (PUa) e/ou poliuretano (PU), contendo no seu interior diferentes tipos de 

isocianatos, como por exemplo isoforona de diisocianato (IPDI), diisocianato de toluen o (TDI) e misturas 

de espécies monoméricas e poliméricas de diisocianato de difenil metano (MDI). 

No decorrer deste trabalho foi desenvolvido um método de processamento das MCs com as seguintes 

etapas: i) formação de uma emulsão óleo em água; ii) formação de uma parede de PU e/ou PUa na 

interface dos domínios óleo-água; iii) filtração e lavagem das MCs de modo a remover o excesso de 

reagentes; iv) secagem a temperatura ambiente (RT).  

As técnicas de espectroscopia no infravermelho por transformada de Fourier  (FTIR) e análise 

termogravimétrica (TGA) foram utilizadas para caracterizar as MCs no que respeita à presença de grupos 

–NCO livres e, deste modo, confirmar o sucesso da encapsulação das espécies de isocianato. A técnica de 

microscopia eletrónica de varrimento (SEM) foi utilizada para estudar a morfologia das MCs, i.e. 

confirmar se estas têm uma estrutura mono-nucleada (“core-shell”). 

Foram realizados diversos estudos de modo a perceber o efeito dos diversos parâmetros de síntese, como 

por exemplo a temperatura, taxa de agitação e quantidade de tensioactivo na forma e tamanho das MCs 

e na eficiência de encapsulação de espécies de isocianato. Ainda, vários reagentes e polímeros foram 

adicionados à síntese com o objetivo de modificar a sua morfologia, espessura e propriedades da parede. 

Por fim, foram realizados testes de resistência à delaminação (“peeling”) a diferentes condições de 

temperatura e pressão, com o objetivo de estudar a interação das MCs com o componente à base de 

poliol, assim como o comportamento das MCs no que respeita à libertação de isocianato.  

 

Palavras-Chave: Microencapsulação; Polimerização interfacial; Material adesivo; Isocianato  
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1 Introduction  

1.1 Motivation 

High quality, strong and long-lasting adhesives used in the footwear, automobile and aerospace indu s-

tries are typically isocyanate-based to provide high strength joints. These adhesives are supplied in two 

components, one being isocyanate and the other being polyol based, to be mixed at the certain propor-

tion by the user. High toxicity of isocyanate-based compound is restricting their use in the industry, based 

on current legislation. Companies in the adhesive sector, are therefore willing to offer a safe adhesive 

solution to these industries, but still based on isocyanate chemistry due to its high adhesive efficiency 

(ECOBOND, 2016).   

This thesis was carried out in the framework of a project from Portugal 2020, named ECOBOND (started 

in 2016) whose Co-promoters are Instituto Superior Técnico, Instituto Politécnico do Cávado e Ave and 

CIPADE– Industry and Research of Adhesive Products, S.A. The goal of this project is the development of 

new monocomponent, eco-friendly and highly effective adhesive material by encapsulation of isocyanate 

and its addition to the polyol based component of glue.  

The current thesis was defined as a part of the effort to encapsulate different chemical compounds of 

isocyanate by micro emulsion technique, combined with interfacial polymerization. New developed MCs 

will contain isocyanate which is covered by the thin layer of PU and/or PUa to protect the isocyanate 

from reaction with surrounded (polyol rich) environment and to protect the user from the toxicity of 

isocyanate compounds. Current commercial adhesives are bicomponent (2K), i.e. they are composed by 

two components, an adhesive and a crosslinker. The encapsulation of isocyanate (crosslinker) enables 

the production of one component adhesive (1K), an advancement in the adhesive technology and an 

improvement in the productivity and quality of the footwear industry in Portugal, and other relevant 

industries (ECOBOND, 2016; Paiva, 2015).  

 

1.2 Thesis Outline 

 

Chapter 1 of this dissertation includes introductory notes on isocyanate based adhesives, isocyanate risks 

and related chemistry, as well as on microencapsulation aspects, including a description of the state of 

art on isocyanate microencapsulation. Chapter 2 describes the strategy employed in this Master work  

and the factors affecting MCs formation. In Chapter 3, Experimental Part, primary materials used in this 

work are introduced and explained, followed by the description of the general procedure used for syn-

thesizing the MCs and the testing and characterization methods, which were employed to evaluate the 

MCs properties. Chapter 4 regards the results from the main studies carried out during this work and 

corresponding discussion. The results of systematic studies related to synthesis parameters  are reported. 

Also, the most important syntheses are classified into several groups, according to primary materials 
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employed, and their results are discussed. Finally, results obtained from peeling strength tests are re-

ported at the end of this chapter. This is an on-going activity and only the first set of results, from some 

of the samples with best encapsulation yield,  will be presented in this dissertation. Chapter 5, the last 

one, includes the main conclusions achieved and future work perspectives.  

 

1.3 Isocyanate based adhesives 

An adhesive material is formulated by mixing different kind of chemical compounds such as polymers, 

reactive monomers, solvents, catalysts, etc. These chemical compounds, their formulation and their 

quantity determine the final specific properties of adhesives and allow designing adhesives with the suit-

able properties for the target applications (Aranais, 2012).  

Isocyanate based adhesives have been used for over 60 years since their discovery by Bayer in the late 

1930s. They belong to PU family which is a polymer characterized by having an urethane interunit linkage 

in its chain. The formation of PUs occurs by the reaction of polyisocyanate (having NCO groups) with 

polyol (having OH groups). The isocyanate chemical group is extremely reactive and can form a chemical 

bond with any chemical group that contains an active hydrogen atom. Table 1.1 lists some of the func-

tional chemical groups which can react with –NCO groups (Langenberg, 2010).  

 

                         
                            Table 1.1 The chemical groups with active hydrogen atoms that can react with 
                                                 isocyanates (adapted from (Langenberg, 2010)) 

Active Hydrogen Compound Typical Structure 

Aliphatic amine R-NH2 

Secondary aliphatic amine R2-NH 

Primary aromatic amine Ar-NH2 

Primary hydroxyl R-CH2OH 

Water H-O-H 

Carboxylic acid R-CO2H 

Secondary hydroxyl R2CH-OH 

Urea proton R-NH-CO-NH-R 

Tertiary hydroxyl R3C-OH 

Urethane proton R-NH-CO-OR 

Amide R-CO-NH2 
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Moreover, isocyanates are very soluble in many solvents, due to their low molecular weight, and they 

can easily wet and penetrate inside the porous structures to form strong mechanical interlocks, following 

by the formation of covalent bonds with substrates that have active hydrogen atoms on the surface, so 

these features make them excellent for adhesives Figure 1.1  (Paiva, 2015).  

 

 

 

 

 

 

 

 

Generally, isocyanate compounds with two NCO groups per molecule are used to produce isocyanate- 

based adhesives. The two most important diisocyanates are methylene diphenyl diisocya nate (MDI) and 

toluene diisocyanate (TDI) and their reaction with polyols can lead to a large number of adhesive systems 

and a large number of possible formulations, according to chemical reactivity of isocyanate group 

(Langenberg, 2010). Considerable interest to employ isocyanate based adhesives is justified by very fast 

curing at significantly low temperature, which allows high productivity. The high strength of isocyanate-

based adhesives, can reduce the product rejection rate by increasing the quality. Also, high temperature 

resistance of isocyanate based adhesives can increase the product durability (Paiva, 2015; Langenberg, 

2010; Loureiro, 2016; Serineu, 2014). 

                                     

1.3.1 Isocyanate health risks 

There are several potential occupational health risks and safety issues in using isocyanate -based adhe-

sives, due to exposure to isocyanate which, like other chemicals, can be divided in four different mecha-

nisms:  

1. Inhalation via dust, aerosols or gas vapours 

2. Ingestion via the mouth 

3. Absorption through the skin 

4. Implantation through punctured skin such as cuts 

Inhalation: Isocyanates can be considered as a highly irritant  chemical, which affects badly the respira-

tory tract in relatively high concentrations. Some people may become sensitised to isocyanates, even at 

Figure 1.1 Mechanism of typical covalent bond between the PU adhesive 
and a polar substrate (adapted from (Paiva, 2015)) 
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very low levels. This sensitization may cause the development of asthma-like symptoms such as cough-

ing, wheezing, chest tightness and breath shortness. These attacks can occur several hours after being 

exposed. Asthmatic people have more tendency to sensitisation and workers with a history of asthma 

should not be exposed to isocyanates. 

Skin: Isocyanates are skin irritants. Sensitization might occur after repeated or long-time contact with 

MDI or TDI. 

Eyes: Isocyanates are irritants to the eyes. Splashes of MDI or TDI can cause severe chemical conjuncti-

vitis. 

Other health effects that have been reported include liver and kidney dysfunction ( Langenberg, 2010). 

However, it is possible to reduce significantly the risks by minimizing exposure to isocyanate, usually by  

o Elimination or substitution and process modification to eliminate or reduce the need to use iso-

cyanate; 

o Application of isocyanate in an enclosed environment with good ventilation to ensure that at-

mospheric concentrations are maintained at low level of exposure;  

o Employment of policies and procedures for the safe handling and use of isocyanates;  

o Wearing personal protective equipment when handling isocyanate; 

Isocyanate microencapsulation appears as a new strategy to avoid its direct contact , and therefore the 

associated risks. 

 

1.3.2 Chemistry of isocyanate and its chemical reactions  
 

Microencapsulation of isocyanate compounds occurs by formation of PUa or PU shell due to reaction of 

isocyanate with water or polyol respectively i.e. the reaction of NCO groups with water to form an amine, 

reaction with an amine group to form urea and reaction with -OH groups to form urethane as it shown in 

Figure 1.2. (Gogoi, 2014; Kaushiva, 1999)  

                                              

                                                      

 

 

 

  

 Figure 1.2 Reaction of isocyanate with water, amine and OH group (Kaushiva, 1999) 
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The isocyanate group possesses cumulated double bond R-N=C=O, where the positive character of the 

carbon atom controls the reactivity of isocyanate, so it has tendency to be attacked by nucleophiles, and 

oxygen and nitrogen by electrophiles, as shown in Figure 1.3. If R is an aromatic group, the negative 

charge gets delocalized into R, as shown in Figure 1.4, so, the aromatic isocyanates are more reactive, 

than the aliphatic ones. In case of aromatic isocyanates, the nature of the substituent also affects the 

reactivity, i.e., electron attracting substituents in ortho or para position  increase the reactivity and elec-

tron donating substituents lower the reactivity of isocyanate group. In diisocyanates, the presence of the 

electron attracting second isocyanate increases the reactivity of the first isocyanate, Para substituted 

aromatic diisocyanates are more reactive that their ortho analogues. The reactivities of the two -NCO 

groups in isocyanate compounds also differ with respect to each other, depending on the position of –

NCO groups. For example, the two -NCO groups in isophorone diisocyanate (IPDI) differ in their reactivity 

due to the difference in the point of location of –NCO groups (Bayer, 2005; Gogoi, 2014; Zafar, 2012). 

                                           

                                                          

                                                                                                           

                                                       

 

 

 

 

 

 

 

 

 

 

Generally, the isocyanate reactions are divided into three main groups of reactions: i) prim ary addition 

reaction with reagents containing active hydrogen, ii) secondary addition, iii) self -addition reactions. Fig-

ures 1.5, 1.6 and 1.7 show a schematic representation of these three groups. 

 

 

 

Figure 1.4 Resonance in aromatic Isocyanate (Zafar, 2012) 

 

Figure 1.3 Resonance in Isocyanate (Zafar, 2012) 
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Figure 1.5 Primary addition reactions of isocyanate with (a) amine, (b) water,  
                    (c) alcohol, (d) carboxylic acid, (e) urea (Zafar, 2012)  

 



7 
 

 

                                    

                                        

                                            

                                                         

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.6 Secondary addition reactions of isocyanate with 
                 (a) PU, (b) PUa and (c) PA (Zafar, 2012) 

Figure 1.7 Self-addition reactions of isocyanate (Zafar, 2012) 
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The reaction of an isocyanate with active hydrogen compounds is performed with or without a catalyst. 

Without any catalyst, the electrophilic carbon of the isocyanate is attacked by the nucleophilic centre of 

the active hydrogen compound, then hydrogen is added to –NCO group. The reactivity of the –NCO groups 

is increased due to the presence of the electron reception groups, and decreases by the electron donating 

groups. While the aromatic isocyanates are more reactive than the aliphatic isocyanates, steric hindrance 

at –NCO or HXR’ groups reduce the reactivity. 

The order of reactivity of active hydrogen compounds with  isocyanates in uncatalyzed systems is as fol-

lows: Aliphatic amines> aromatic amines> primary alcohols> water> secondary alcohols> tertiary alco-

hols> phenol> carboxylic acid> urea> amides>urethanes. Figure 1.8 shows schematic representation of 

isocyanate reaction in absence of catalyst. 

 

                                                                 

                                                          

 

 

 

 

 

 

 

 Isocyanate reactions may be carried out in the presence of a catalyst, being tertiary amin es and, metal 

compounds like tin compounds the most used. The mechanisms are similar to the uncatalyzed reaction. 

Figures 1.9 and 1.10 show the reactions of isocyanate in presence of tertiary amines and metallic catalyst, 

respectively (Zafar, 2012). 

 

                                                     

 

  

 

 

 

Figure 1.8 Isocyanate reaction in the absence of a catalyst (Zafar, 2012) 

Figure 1.9 Tertiary amine catalysed reaction (Zafar, 2012) 
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1.4 Microencapsulation 

1.4.1 Definition and classification of microcapsules  

Microencapsulation can be defined as a way of coating small particles, liquid droplets or gas bubbles with 

a thin film or shell material, which protects or isolates the core material from the surrounding environ-

ment. The protection should be somehow to maintain activity of core during storage and consumption, 

being the resultant product called capsules, which can be classified based on their size and morphology. 

MCs are also classified as mononuclear, polynuclear and matrix types according to t heir morphology, as 

it is shown in Figure 1.11. Mononuclear or core-shell MCs contain the shell around the core, where the 

active agents are designed as the core material and the less active material forms the shell. Polynuclear 

capsules have many cores enclosed within the shell, while the matrix type MCs display a core homoge-

neously integrated within the matrix of the shell material. In addition to these three basic morphologies, 

MCs can also be mononuclear with multiple shells (“multi-wall”), or they may form clusters of MCs, dis-

playing irregular, complex shapes. The different techniques for formation of MCs will be discussed in 

section 1.4.3 ( Silva, 2014; Hu, 2017; Dubey, 2009; Aranais, 2012).  

The terms core material, internal phase, active agent have been used to describe the content of MCs, 

while the terms of membrane, wall or shell have been used to d escribe the material of the outer part of 

MCs. For the sake of consistency, the terms “core” and “shell” will be used throughout this thesis. The 

morphology of MCs depends on many factors, among them the core materials, the process by which they 

are formed and other reagents added to the synthesis to functionalize the shell  (Latnikova, 2012).  

 

 

  

Figure 1.10 Metal salts catalysed reaction (Zafar, 2012) 
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MC’s shell can be divided in three main groups i) impermeable; ii) permeable; iii) semipermeable; which 

can release the core content by dissolution, rupture or diffusion, as shown in Figure 1.12. 

Dissolution or melting of the shell happens when the shell dissolved in water or other solvents or when 

the temperature is such that the shell melts, gradually releasing the core material, while rupture of the 

shell may happen by pressure applied or by crack propagation due to some triggering mechanisms. Dif-

fusion mechanism has its utilization typically in the pharmaceutical industry, where slow and sustained 

dosage of medicine needs to be released. 

Several parameters determine the selection of the shell type for a certain application e.g., core material, 

matrix where MCs will be incorporated and core release (triggering) mechanism. For instance, semiper-

meable shell can be good choice when encapsulated material and matrix have relatively large molecular 

weight or when gradually release of core material is the objective of encapsulation, again impermeable 

shell will be good option when the core has low molecular weight or when zer o leaching is demanded. 

The parameters listed above should be considered for engineering the MC's shell ( Dubey, 2009; Aranias, 

2012; Hu, 2017). 

                        

Figure 1.11 Types of MCs (Silva, 2014) 
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1.4.2 Purpose of encapsulation  

Many different active materials like drugs, enzymes, vitamins, pesticides, flavours, and catalysts have 

been successfully encapsulated inside the shells made from a variety of polymeric and non -polymeric 

materials, depending on the end use of encapsulated products. The technology has been used in several 

fields including pharmaceutical, agriculture, food, printing, cosmetic, textile, defence, gas and oil and 

adhesives. The main purpose of encapsulation is listed here:  (ECOBOND, 2016; Silva, 2014; Dubey, 2009; 

Aranais, 2012)  

o Separation of incompatible components; 

o Conversion of liquids to free-flowing solids; 

o Increasing the stability or protection of the encapsulated materials against oxidation or deactivation 

due to reaction with environment; 

o Masking of odour, taste; 

o Protection of environment, human beings, or organisms;  

o Controlled release of active compounds (sustained or delayed release);  

o Targeted release of encapsulated materials; 

o Combining the properties of different types of material which will be difficult to achieve by different 

methods;  

 Figure 1.13 shows some improved properties obtained by microencapsulation of adhesives.                                  

                             

                          

Figure 1.12 Principal release mechanism of MCs ( Hu , 2017)  
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1.4.3 Microencapsulation techniques 

Microencapsulation techniques are divided in two main groups;  

o Chemical techniques in which chemical reactions are involved in the formation of MCs. Generally, 

in this method starting primary materials are monomers or prepolymers;  

o Physical/mechanical methods in which no chemical reaction is involved in the MCs formation 

process. Starting materials here are typically in the polymeric phase; ( Dubey, 2009) 

 

Figure 1.14 shows the most common microencapsulation methods. The following pages attempt to de-

scribe the most applicable methods of microencapsulation, although in some cases the classification may 

be slightly different from that of the flow diagram. Selection of a certain microencapsulation technique 

is strongly depended on the nature of the active reagent to be encapsulated, so appropriate combination 

of primary material and techniques shall be selected to produce a wide variety of MCs with different 

characteristics (Azagheswari, 2015).  

Figure 1.13 New adhesives with improved properties, obtained by 
microencapsulation technology (adapted from ( Aranais, 2012))  
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 Physical microencapsulation techniques 

Spray drying and spray congealing 

This technique is a low-cost process, which is mostly used for the encapsulation of drugs, perfumes, oils 

and flavours. In this process, an emulsion is prepared by dissolution of a polymer (as a shell material) in 

the solvent such as dichloromethane (DCM) or acetone, then the solid core material is dispersed into the 

polymer solution by high shear rate homogenizer. The resulting emulsion is atomized to droplets by 

pumping the slurry through a rotating disc into the heated chamber of a spray drier, where the solvent 

of emulsion is evaporated, yielding dried capsules containing core material. In the case of spray congeal-

ing method, solution is cooled to form (coagulated) MCs. As an example, lycopene has been microencap-

sulated inside gelatine MCs by using this technique (Shukla, 2006; Azagheswari, 2015; Dubey, 2009). 

 

Fluid bead or Co-extrusion  

In this process, a dual fluid stream of liquid core and shell mater ials are pumped through concentric tubes 

and form droplets under the influence of vibration. Then, solvent evaporation or cross-linking are ap-

proaches that help to achieve a mature shell. Another strategy consists of a “microfluidic device” em-

ployed to produce MCs with quite narrow size distribution and well -defined structure. Interfacial 

polymerization is used to assist the production of a mature shell. Figures 1.15 and 1.16 show two different 

designs of microfluidic devices. Ascorbic acid has been microencapsulated in polymethacrylate as well as 

Figure 1.14 Major methods of microencapsulation (adapted from (Loureiro, 2016)) 
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ethyl cellulose by using fluid bead technique and hepatocytes have been encapsulated by polyacryloni-

trile by the co-extrusion technique ( Polenz, 2014; Li, 2011; Azagheswari, 2015; Dubey, 2009).  

               

                 

                                                       

 

 

 

 

 

 

Supercritical fluids 

Encapsulation assisted by supercritical fluids is based on the solubilization of core and shell materials in super-

critical fluids. A supercritical fluid is defined as a substance above its critical temperature and critical pressure 

and the critical point represents the highest temperature and pressure at which the substance can exist as a 

vapor and liquid in equilibrium (Figure 1.17).  

 

 

 

 

 

 

 

 

 

One of the most widely used supercritical fluids is CO2, due to its low critical temperature value (74 bar, 31ºC), 

non-toxicity and non-flammability properties. It is also readily available, highly pure and cost effective.It exhibits 

liquid-like densities, but gas-like diffusivities and no surface tension, which has made it useful as a re-

newable solvent for the extraction of ingredients from natural materials  and an interesting medium to 

Figure 1.15 Micro TEE (Li, 2011) Figure 1.16 Microfluid device (Polenz, 2014) 

Figure 1.17 Pressure versus temperature phase diagram for pure substances (Silva, 2014) 
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be explored for encapsulation. It can act as a drying medium, an anti -solvent or a solute. The main vari-

ables that affect the ability to form the encapsulates are the CO 2 density, which influences the solvent 

capacity of CO2, the droplet size and particle formation. 

Figure 1.18 depicts a schematic representation of microencapsulation (matrix-type) assisted by super-

critical fluids. Felodipine medication has been encapsulated successfully in poly (ethylene glycol) by using 

this technique (Azagheswari, 2015; Silva, 2014; Dubey, 2009; Shukla, 2006).  

                                                     

 

 

 

 

 

                                                 

 

 

Spinning disc 

In this method, the microencapsulation of suspended core (solid) materials is performed by using a ro-

tating disc. Core particles are poured into the liquid shell material to form a suspension which is then 

poured into a rotating disc and due to the spinning action of the disc, the core particles become coated 

with the shell material. The coated particles with the excess shell material are then streamed from the 

edge of the disc by centrifugal force, the shell material is solidified by external assistance usually cooling. 

Paraffin micro beads have been synthesized by using this technique (Azagheswari, 2015; Dubey, 2009).  

 

Coacervation 

Coacervation or phase separation is widely used for the preparation of gelatine e.g. or gelatine -acacia 

MCs and cellulose derivatives as well as synthetic polymers. The process is divided in two subgr oups i) 

simple coacervation; ii) complex coacervation. Simple coacervation involves the use of a single polymer 

such as gelatine or ethyl cellulose while, complex coacervation involves two oppositely charged polymeric 

materials (complementary polyelectrolyte) such as gelatine and Gum Arabic (GA), which are soluble in 

aqueous phase. In both cases, coacervation or formation of colloidal polymer aggregates happens by 

gradual segregation of the fully solvated polymer molecules by changing temperature or pH. Mic roen-

capsulation by coacervation is carried out by preparing an aqueous polymer solution, followed by addi-

tion of core material (hydrophobic) which can be solid or liquid. A suitable stabilizer may also be added 

Figure 1.18 Simplified scheme of the anti-solvent technique ( Silva, 2014) 
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to the mixture to avoid aggregation of the final MCs. Segregation (coacervation) agent is gradually intro-

duced to the mixture, which is responsible to form partially segregated  polymer molecules, following by 

their precipitation on the surface of the core particles. The coacervation mixture is cooled  to about 5-

20℃, followed by the addition of a crosslinking agent e.g. formaldehyde to harden the MC's shell, formed 

around the core particles. Protein, polysaccharides, ethyl cellulose have been encapsulated successfully 

by this technique (Dubey, 2009; Shukla, 2006).  

 

Layer by-layer deposition 

In this process polyelectrolyte multilayers are prepared by sequentially immersing a substrate in posi-

tively and negatively charged polyelectrolyte solutions in a cyclic procedure. Core-shell particles with 

tailored size and properties are prepared using colloidal particles as the core material which are used as 

a substrate for fabrication of multilayers. Hollow capsules of organic, inorganic or hybrid shell can be 

obtained by dissolving the core material. Size of MCs and their properties can be controlled by varying 

the total number of deposited layers.  As an example, glucose oxidase has been microencapsulated by 

alternate deposition of polyallylamine and polystyrene sulfonate layers  (Dubey, 2009).  

 

Chemical or Polymerization Techniques 

Polymerization techniques are widely used for the MC´s shell or matrix formation in microencapsulation 

processes. It is possible to divide polymerization techniques in two main groups : i) normal polymeriza-

tion, including bulk polymerization, suspension polymerization and emulsion polymerization ; ii) interfa-

cial polymerization (Azagheswari, 2015). As discussed before in some references the classification is dif-

ferent so that all emulsion polymerization, suspension polymerization, dispersion polymerization, inter-

facial polycondensation/polyaddition, and in situ polymerization are grouped as interfacial polymeriza-

tion. 

In suspension polymerization, the monomer is heated with active agents as droplets dispersion in con-

tinuous phase, where the droplets may contain an initiator and other additives. Polystyrene [PCM] en-

capsulated by employing this technique to use in textile industry  (Azagheswari, 2015; Dubey, 2009). In 

emulsion polymerization, the monomer is added dropwise to the stirred aqueous medium containing 

core material and surfactant, resulting in the formation of the MCs.  Generally lipophilic materials are 

more suitable to be encapsulated by this technique. Insulin loaded poly (alkyl cyanoacrylate) nanocap-

sules have been synthesised by using this technique (Dubey, 2009). Suspension crosslinking is the best 

method for encapsulation proteins, enzymes, polyamines and polysaccharides. It requires dispersion of 

an aqueous solution of the polymer containing core material in an immiscible organic solvent in the form 

of small droplets, which are hardened by covalent crosslinking and are directly converted to the corre-

sponding MCs. The crosslinking process is performed either thermally (at >500℃) or using a crosslinking 
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agent (formaldehyde, terephthaloyl chloride, diisocyanate, etc). The reaction is quite slower than inter-

facial polymerization and generally pH adjusting is necessary. Employing right crosslinker can control the 

shell thickness and shell permeability, so that high reactive crosslinker such as diacid chloride react very 

quickly with water leading to thin shell , while less reactive crosslinker like diisocyanate could migrate 

further from the interface to react with polymer function leading to thicker shell. As an example, albumin 

nanocapsules containing doxorubicin and magnetite particles have been synthesised by using this tech-

nique (Poncelet, 2013; Dubey, 2009). By in situ polymerization, the reactants, either monomers or 

oligomer, are in one single phase and the polymerization occurs in the continuous phase. The formed 

polymer migrates and deposits on the dispersed phase (droplets surface) to form the MCs. TiO2 as an 

electrophoretic ink has been encapsulated successfully by this method (Duan, 2016).  

 

Solvent Evaporation/Extraction  

In these method, the capacity of the continuous phase is not sufficient to disso lve all dispersed phase 

solvents. The technique is like suspension crosslinking, but in this case the polymer is usually hydrophobic 

polyester and is dissolved in an organic solvent like dichloromethane (DCM) or chloroform, also contain-

ing the core material. This organic mixture solution is added dropwise to a stirring aqueous solution con-

taining a surfactant or stabilizer like poly vinyl alcohol (PVA) to form small polymer droplets containing 

the core material. The hardening process of these droplets is carried out by the removal of the solvent 

through solvent evaporation (applying heat or reduced pressure), or by solvent extraction (with a third 

liquid which is a precipitant for the polymer and miscible with both water and solvent).  Encapsulation 

efficiency and MCs´ morphology depends on the solvent removal technique.  E.g. under reduced pressure 

conditions, MC's shell shows porous and rough morphology (Verma, 2011). Also, solvent extraction pro-

duces MCs with higher porosities than those obtained by solvent evaporation  (Dubey, 2009). Figure 1.20 

shows a schematic representation of microencapsulation by solvent evaporation technique. This tech-

nique is suitable for the preparation of drug loaded MCs based on biodegradable polyesters. DCMU (3-

(3,4-dichlorophenyl)-1,1-dimethylurea) has been encapsulated using polystyrene by Fan et al. using this 

technique (Fan, 2017; Verma, 2011; Nikkola, 2014).  
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Sol-Gel technique 

The sol-gel technique (a chemical-physical process) performs in five steps: hydrolysis, condensation, ge-

lation, aging and drying. As the name suggests, the process begins with the formation of a “sol “or colloi-

dal suspension of solid particles in a liquid, which leads to a posterior formation of a “gel”. The precur-

sors, to prepare the colloidal solution, consist of a metal or metalloid element surrounded by ligands. 

Metal alkoxides that have the general formula M(OR)z, are the most commonly used class of precursors, 

because they react readily with water, which facilitates the hydrolysis reactional step. The alkoxide most 

thoroughly studied is tetraethyl orthosilicate (TEOS) with Si(OC2H5)4 chemical formula. To achieve micro-

encapsulation, the sol-gel technique is combined with microemulsion technique, so that the sol-gel de-

rived material is formed at the interface of the water-oil, or oil-water phase, leading to encapsulation of 

the core material. Figure 1.21 shows the schematic diagram of direct encapsulation routes of aqueous 

glycerol in silica MCs as an example of microencapsulation via sol-gel technique ( Ciriminna, 2011; Galgali, 

2011; Loureiro, 2016; Marques, 2017).  

 

              

Figure 1.19 Schematic representation of microencapsulation 
by solvent evaporation technique ( Dubey, 2009)    

Figure 1.20 Schematic representation of direct encapsulation routes 
of aqueous glycerol in silica MCs (adapted from (Marques, 2017))   
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1.4.4 State of the art on isocyanate microencapsulation 

Isocyanates have been widely used in the field of coatings and adhesives and, because of their high reactivity, 

they also have been used for self-healing purposes. A review of the literature shows that the major efforts for 

microencapsulation of isocyanate compounds, belongs to encapsulation of IPDI as a healing agent. Yang et al. in 

2008 for the first time, have reported successful microencapsulation of liquid isocyanate compound (IPDI) as a 

healing agent via interfacial polymerization. They prepared Toluene 2,4-diisocyanate (TDI) prepolymer by disso-

lution of TDI into cyclohexanone, followed by further addition of 1,4-Butanediol at 80 °C. The solution of this 

prepolymer in chlorobenzene, as a higher reactive isocyanate compound, was used as shell former component 

and it was added to the IPDI (core material). The mixture then, was added to an aqueous phase of GA solution in 

water, together with 1,4-butanediol, which acts as  a chain extender. They reported a microencapsulation yield 

at 70 wt %  for stirring rates ranging from 500 to 1500 rpm ( Yang, 2008;  Silva, 2017). Most of the other reports 

look to be significantly similar to the work of Yang. and co-workers. In 2008 J. Li et al. prepared MCs containing 

a mixture of aromatic and aliphatic isocyanates by dissolving isocyanate compounds in p-xylene and dispersing 

this mixture as an organic phase in the aqueous solution of poly vinyl alcohol (PVA). Interfacial polymerization 

was carried out to form the MCs shell at different temperatures and the shell formation mechanism, as well as 

the shell morphologies were studied (Li, 2011). D. Sondari et al. in 2010 reported the successful encapsulation of 

IPDI as a self-healing agent by using glycerol as a polyol.  The work structure is pretty similar to the work of Yang 

et al. (Sondari, 2010). M. Huang et al. described the successful microencapsulation of hexamethylene diisocya-

nate (HDI) as core materials in PU shell via interfacial polymerization by reaction of commercial methylene di-

phenyl diisocyanate (MDI) prepolymer and 1,4-butanediol in an oil-in-water emulsion. The resultant MCs have 

diameters of 5–350 µm with the shell thickness of 1–15 µm. The obtained MCs showed encapsulation efficiency 

at 60 -70 wt%, by varying the reaction conditions (Yang, 2011). In 2013 Wang et al. reported the microencapsu-

lation of IPDI by poly(urea–formaldehyde), PUF, pre-treated carbon nanotubes embedded, to improve the mi-

cromechanical properties of the MCs shell. Quantification of the IPDI core content was not performed, and dis-

tinction was not possible between the infrared isocyanate signal, ascribed to the core material on the one hand 

and the pendant isocyanate groups attached to the solid shell on the other hand ( Nguyen, 2014).  

B. Di Credico et al. have described an efficient method to encapsulate IPDI with different shells, namely PU, PUF 

and bi-layer polyurethane/poly (urea–formaldehyde) PU/PUF. The synthesis of PU/PUF MCs was carried out by 

interfacial polymerization using Desmodur L-75, followed by in situ PUF microencapsulation. The second outer 

layer was fabricated from urea–formaldehyde resin. It was concluded that only about 49 wt%  of IPDI was en-

capsulated as a core material within the PU MCs and 68 wt% within the PU/PUFMCs (Credico, 2013). T. Nguyen 

et al. in 2014 reported a facile approach for the encapsulation of the liquid hexamethylene diisocyanate isocy-

anurate trimer (HDI-trimer) in polyurea MCs, formed via the oil-in-water interfacial reaction. HDI-trimer was se-

lected as the encapsulated material because of its high isocyanate functionality and very low vapor pressure 

compared to other common diisocyanate monomers, such as IPDI which, makes it a useful healing agent. 

Uretonimine-modified methylene diphenyl diisocyanate (MDI-trimer) was mixed with HDI-trimer in an oil phase. 

Because of the higher reactivity of MDI-trimer, at the oil-water interface, MDI-trimer reacted primarily with the 

triaminopyrimidine (TAP) tri-amine, soluble in the water phase, to form a stable polyurea shell. MCs then were 
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functionalized by addition of 2-ethylhexylamine, 3,4-difluorobenzylamine, perfluorodecylamine + 2-ethylhexyla-

mine, 3,4-difluorobenzylamine + 2ethylhexylamine and hexamethyldisilazane (HMDS). A core content between 

48 to 76 wt% was reported for non-functionalized MCs and for MCs functionalized by HMDS, respectively 

(Nguyen, 2014). D. Sun et al. in 2015, synthesised successfully double-layered polyurea MCs containing HDI with 

outstanding shell tightness via interfacial polymerization reaction in an oil-in water by employing Suprasec 2644 

as a shell former. GA was used as a surfactant and triethylenetetramine (TETA) was added to start formation of 

the shell. The MCs efficiency was reported in the range of 50-56 wt% (Sun, 2015). H. Yehaneh et al. in 2015, 

reported microencapsulation of bulky isocyanate molecules as a fast curing healing agent, instead of the low 

molecular weight monomeric analogous. They synthesized isocyanate-terminated prepolymer based on IPDI and 

the isocyanate-terminated prepolymer based on TDI as shell. They used GA as a surfactant and 1,4-butanediol 

and 2-ethyl-2-hydroxy methyl-1,3-propanediol (TMP), as chain extenders, and dibutyltin dilaurate (DBTL), N-me-

thyl-2-pyrrolidone (NMP). Chlorobenzene (CB) was employed as a solvent to dissolve the prepolymers. They re-

ported 43.3- 48.7 wt%  of encapsulation efficiency which was reduced to 36-44 wt% respectively after 10 months 

(Yeganeh, 2016). 

Again, microencapsulation of IPDI MCs via interfacial polymerization of PU was reported by P. Kardar in 2015. 

MCs were manufactured using different polyols including 1,4-butanediol, 1,6-hexanediol and glycerol. The struc-

ture of this work also is pretty similar to the work of Yang´s group in 2008. As a result, the utilization of 1,4 

butanediol and 1,6-hexanediol as polyol monomer for PU MCs shell is recommended by author due to higher 

encapsulation efficiency when compared to MCs obtained from addition of glycerol to the synthesis (Kardar, 

2015). Y. Ming in 2016 reported the encapsulation of IPDI in Polyurea (PUa) /melamine formaldehyde (MF) dou-

ble-layered self-healing MCs with high and stable core fraction. The core yield was reported at around 78 wt% 

(Ming, 2016). In most recent work in 2017, Y. Ma et al. reported microencapsulation of polyaryl polymethylene 

isocyanates (PAPI). They employed PAPI as core materials, which react with small molecules containing active 

hydrogen i.e. 1,4-butanediol, ethylene glycol, 1,2-diaminoethane, etc. The reaction products of PAPI and active 

hydrogen would form a shell by interfacial polymerization reaction in an oil-in-water emulsion. Smooth spherical 

MCs of 70 -180 µm in diameter were produced by controlling the stirring rate at the range of 600 -1200 rpm and 

a high yield of 80 wt%  was reported as the encapsulation efficiency (Ma, 2017). The strategy in the present  

thesis has been inspired from the work of Yang. and co-workers and P. Kardar, but the novelty here is the opti-

mization studies in terms of active hydrogen sources and the combination of low and high reactivity isocyanate 

compounds to provide a more efficient encapsulation. Moreover, other commercial isocyanate compounds are 

encapsulated, such as high reactivity commercial MDI and TDI pre-polymers, within the framework of project 

ECOBOND, as it will be explained in more detail in chapter 3. 
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2. Microemulsion and interfacial polymerization as a strategy for this work 

Among the several methods previously described, microemulsion followed by interfacial polymerization 

will be described in more details, as almost all the syntheses in this thesis are performed by this approach. 

Interfacial polymerization was developed at the end of 1960's and its application in microencapsulation 

technology backs to mid-1970's (Hu, 2017). 

 The key feature in this process is diffusion of two different reagents to the interface. Generally, both 

phases (aqueous solution and oil based solution) contain a reactive monomer which come in contact 

together at the interface and react there to form a polymeric shell  (Hu, 2017). 

Below equations illustrate the main polymer and reactant system to make MCs by interfa cial polymeri-

zation:  

(Di or poly) chlorides + (Di or poly) amines → Polyamide                                  Eq.1 

(Di or poly) isocyanates + (Di or poly) amines → PUa                                         Eq.2 

(Di or poly) isocyanates + (Di or poly) o ls → PU                                                  Eq.3 

(Di or poly) acyl Chlorides + (Di or poly) ols → Polyesters                                  Eq.4 

Bischloroformates + (Di or poly) amines → Polycarbonates                               Eq.5 

The mechanism of MC formation comprises four typical steps: (1) Formation of microemulsion, (2) Initial 

polymerization at the interface, (3) Formation of membrane around the droplets, (4) Membrane growth 

to form shell or matrix (Arshady, 1998; Duan, 2016).  

Figure 2.1 shows the schematic illustration of interfacial polymerization of isocyanate in aqueous solution 

and the possible reactions which may happen to form several types of shells.  

 

 

    



22 
 

 

 

 

2.1 Emulsion formation  

Emulsions, in this work, are a category of dispersed system, which include, two immiscible liquids. In fact, 

the liquid droplets, in this case organic phase are dispersed in the continuous liquid phase, in this case 

aqueous solution. Oil in water (O/W), water in oil (W/O) and oil in oil (O/O) are three main groups of 

emulsions, where the last class (O/O) can be a dispersion of polar oil in nonpolar oil or vis versa. To 

disperse two immiscible phases other class of material, namely emulsifier and /or surfact ant is needed. 

Surfactants are molecules with an amphiphilic structure e.g., with both a hydrophilic and a hydrophobic 

group in the structure. Usually, the hydrophobic group consists of a long hydrocarbon chain, while the 

hydrophilic portion is composed by an ionic or highly polar group. On an emulsion system, the hydropho-

bic part of the surfactant molecules orients themselves with the hydrophobic phase, i.e. the oil phase, 

while the hydrophilic part orients toward the hydrophilic phase, i.e. water. Surfact ant can form a variety 

of structures with different functional properties depending on their molecular structure and/or their 

concentration in the solution. According to the nature of the hydrophilic group, surfactants can be clas-

sified as: anionic, cationic, amphoteric, and non-ionic. Figure 2.2, shows schematic representation of dif-

ferent types of surfactant molecules. The presence of a surfactant helps to stabilize the emulsion.  The 

triple system including an organic phase, an aqueous phase and surfactant are transformed to emulsion 

through high shear rate mixing (Tadros, 2013; Duan, 2016; Yang, 2011).  

 

 

Figure 2.1 General scheme of the interfacial polymerization and some possible reactions 
(adapted from (Latnikova, 2012)) 
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An important surfactant characteristic is the hydrophilic-lipophilic balance (HLB). The HLB of a surfactant 

represents the affinity of the surfactant to the aqueous or organic phases. The value is expressed as a 

ratio between the hydrophilic and lipophilic groups of the amphiphilic surfactant molecule and calculates 

according to the equation 6. A HLB value higher than 10 indicates hydrophilicity of the surfactant, and 

when HLB value is lower than 10 it indicates lipophilicity. Thus, in general, surfactants with low HLB value, 

between 3 and 8, are incorporated into the organic phase. While, surfactants with h igh HLB value, be-

tween 8 and 18, are added into aqueous solutions. However, HLB value only gives information about the 

emulsifying characteristics of the surfactant, not its efficiency  (Loureiro, 2016; Madaan, 2014).  

   HLB = 7 + Σ (hydrophilic groups) - Σ (lipophilic groups)         Eq-6 

Since emulsions are thermodynamically unstable systems they begin to lose  their structure and tend to 

breakdown over time. The factors which affect an emulsion’s stability include: the particle size and dis-

tribution of emulsified oil droplets, viscosity and total solid content of the emulsion (if it is the case), type 

and concentration of the shell material, ratio of core to the shell material, the type of emulsifier, which 

allows for control of interfacial properties like charge, thickness, rheology, and response to environmen-

tal stresses such as pH, ionic strength, temperature and the homogenization  temperature, pressure, and 

time (Avramenko, 2013). 

 

2.2 Microcapsules' shell formation  

MCs' shell forms in two steps,.during the 1st step initial shell forms by deposition of oligomers on the 

surface of oil droplets. The 2nd step will be the increase of the shell thickness by continuation of polymer-

ization towards organic phase, the polymerization is controlled by diffusion, so shell growth's speed will 

decrease as the shell thickness increases. The reduction of polymerization rate significantly affects the 

morphology and thickness of the shell. Several factors can control the shell morphology and shell for-

mation process, namely i) type of aqueous soluble monomer, ii) type of organic phase, iii) solubility of 

amine groups in the organic and aqueous phase, iv) type of solvent, v) synthesis temperature and vi) 

Figure 2.2 Schematic representation of surfactant 
molecule (Som, 2012) 
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stirring rate, which will be discussed in more details later on (Duan, 2016; Salaüna, 2011; Kardar, 2015; 

Polenz, 2014). 

 

2.3 Microcapsules washing, collecting and drying  

To collect the produced MCs, first a washing process should be performed to remove the excess of reac-

tants. Vacuum filtration may be employed by using the proper vacuum pump to avoid the breaking and 

loss of MCs. MCs are washed out using the proper solvent like distilled water, ethanol, toluene, n-hexane, 

etc. Finally, MCs can be dried at RT or in the oven at 45℃ during 24 hours.  

 

2.4 Factors affecting microcapsules formation 

This chapter will explain briefly the most important parameters which can affect the MCs formation pro-

cesses and thus their morphology. These factors can be divided into two main categories. First category 

includes factors related to primary materials, their chemical structure, and their concentration. The sec-

ond group are synthesis parameters, like emulsification speed, synthesis temperature, synthesis time and 

mechanical stirring rate.  

 

 

2.4.1 Factors related to primary materials 

 

Active hydrogen sources solubility 

As it was discussed before, NCO groups of isocyanates react with OH groups or amino groups and form 

urea or urethane moieties, and their polymerization results in the MC's shell material. The active hydro-

gen in the syntheses may be provided by amines (NH groups) or polyols (OH groups) . They may have 

different chain length and different chemical structure, with different steric hindrance and reactivity. 

They are normally soluble in aqueous phase and strongly influence the shell thickness as well as the shell 

morphology of MCs. Amine and polyol solubility in organic phase and aqueous phase can be defined as 

their partitioning coefficient 𝐾 𝑂𝑊 =
[𝐴𝑚𝑖𝑛𝑒]𝑜

[𝐴𝑚𝑖𝑛𝑒]𝑤
  where the [amine]o and the [amine]w, are the equilibrium 

concentration of amine in the oil and aqueous phase, respectively. The same coefficient can be defined 

for polyols. The shell thickness tends to increase when KOW increases. This can be explained by higher 

diffusion rate of amine or polyol molecules toward organic phase than toward aqueous phase, during the 

shell formation (Polenz, 2014). This factor also can affect the minimum reaction time (Ma, 2017).  
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 Chemical structure of active hydrogen sources 

The different chemical structures of amines and polyols can significantly determine the sh ell morphology 

of MCs. Somehow, chemical compounds with more NH or OH groups, tend to produce a crosslinked net-

work structure in the shell and, therefore, higher rigidity. On the other hand, active hydrogen sources 

with linear structure lead to lower mechanical strength shell and, therefore, MCs with  wrinkled shell 

structure when observed at the SEM. Active hydrogen groups with spatial arrangement of molecular 

structure, tend to produce thicker shell when compared with those derived from reactants with less hy-

drogen active groups. For instance, addition of 0.0 G polyamidoamine (PAMAM) results into MCs with 

better shell morphology than in the presence of DETA and TETA, where thinner and wrinkled shell is 

revealed at the SEM observation. This could be due to the higher NH functionality in PAMAM, which 

results in more crosslinking. Figure 2.3 shows the molecular structure of DETA, EDA, TETA and 0.0 G 

PAMAM (Kardar, 2015; Tatiya, 2016).  

 

 

 

 

In what regards EDA and DETA, is has been reported that  EDA tends to diffuse more rapidly, due to its 

short molecular chain, destroying somehow the stability of the emulsion , resulting in a thick and coarse 

shell and a nonuniform size of the obtained MCs. As for DETA, its diffusion is slower due to its longer 

chain. Moreover, a branched polymer can also be generated during reaction with isocyanate compound, 

which also increases the stability of the emulsion. The number of hydrophilic segments in amine also has 

an important role in the microstructures of MCs. (Zhang, 2009).  Mean diameters and particle size distri-

butions of the MCs also are affected by the chemical structures and properties of act ive hydrogen 

sources, so that more NH or OH groups in the molecule and higher molecular weight result in larger MCs 

size and higher average particle size. Figure 2.4 shows change in the size and size distribution of MCs by 

using three different types of amines DETA, TETA and PAMAM (Tatiya, 2016). 

 

Figure 2.3 Molecular structure of a) DETA, b) EDA, c) 0.0 G PAMAM, d) TETA 
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Concentration of active hydrogen sources  

The shell thickness tends to increase with increasing the amine or polyol concentration and also, in less 

extent, with the increase of the isocyanate concentration. This finding suggests that a threshold amount 

of the isocyanate is required for the shell to fully form (Polenz, 2014).  

 Surfactant 

The presence of the right quantity of surfactant gives stability to the emulsion and prevents agglomera-

tion of MCs during the process. Higher concentration of surfactant reduces the droplet size  and narrow 

down the size distribution, and in some cases, can improve the stability of emulsion (Duan, 2016; Yang, 

2011) 

 Organic phase structure 

 Aromatic or aliphatic structure of the isocyanate compounds, on one hand, and linear or branched struc-

ture, on the other hand, can affect the porosity and permeability of the MC's shell. Moreover, multifunc-

tional polymers can improve the thermal and mechanica l stability of MCs by formation of three- dimen-

sional cross-linked polymer. For PUa and PU MCs, polymeric isocyanates are preferred, due to formation 

of less permeable shells. The reason behind this fact can be explained by competition between interfacial 

polymerization and hydrolysis reaction, due to limitation in hydrolysis of isocyanate groups followed by 

reduction of CO2 release and, therefore, less shell porosity (Duan, 2016). 

 

 Solvent 

The solvent has influence on the capsules formation by changing the interfacial tension of the medium. 

So, it affects the diameter and surface morphology of resulting MCs. In particular, the MCs´ diameter 

Figure 2.4 Particle size and size distribution of PUa MCs 
from different amines (a) DETA, (b) TETA, and (c) PAMAM 
(Tatiya, 2016) 



27 
 

drastically decreases when the solvent quantity is increased. The fact can be explained by the reduction 

of the viscosity of isocyanate compounds, by addition of solvent. So, the higher solvent concentration 

formed smaller oil droplets in an oil-in-water emulsion, and as a result, smaller MCs will be produced. 

Also, solvent influences the contact area between isocyanate compounds and active hydrogen sources 

and tends to lead for inhomogeneous reaction kinetics. The solvent evaporation in drying stage also af-

fects the MCs morphology (Ma, 2017). 

Moreover, an organic solvent can accelerate or decelerate the reactions by changing the diffusivity of 

the monomers towards their complementary phases. Some organic solvents like toluene and chloroform 

can be employed to improve the diffusivity, while n-Hexane can decrease the diffusivity (Duan, 2016; 

Polenz, 2014). 

 

CCore/Cshell ratio 

This ratio defines the quantity of core material to be encapsulated and the quantity of material which is 

added to form the shell, if this is the case. This ratio not only decides the shell thickness of MCs but also 

the effectiveness of encapsulation process. Some references indicate that the best Ccore/Cshell ratio is 

77/23 in terms of higher encapsulation yield content (Salaüna, 2011; Tsuda, 2011). Other reference men-

tions that, with the decrease of the Ccore/Cshell ratio, the size of the MCs tends to increase (Tan, 1991). An 

outward diffusion mechanism was considered to explain the phenomenon. This model suggested that the 

isocyanates (organic phase) migrate outward through the formed shell and part of them react with water 

to form amines, which then react with additional isocyanates and accumulate PUa on the shell surface. 

As the process continues, the shell becomes thicker and the MCs size increases (Duan, 2016).    

 

2.4.2 Factors related to synthesis parameters 

 

Reaction temperature 

Higher temperature of the synthesis can accelerate the formation of the shell by increasing the diffusion 

rate of monomers, as well as increasing the materials reactivity  (Duan, 2016). The reaction temperatures 

have been also investigated and evaluated in terms of core fraction of MCs and thermal resistance by  

Sun et.al. The same work was mentioned that higher reaction temperature s lead to formation of denser 

shells and more thermally stable MCs (Sun, 2014). 

 

Emulsification rate and time  

The first stage in the formation of MCs is the creation of a stable emulsion. The properties of O/W emul-

sions can be manipulated by varying the emulsifiers used, as well as the components that are present in 
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the aqueous phase. Several works have confirmed the reduction of the MCs diameter with increasing the 

emulsification rate (Zhuo, 2004; Ramos, 2005; Tsuda, 2011). The influence of emulsification time on the 

resultant MCs was investigated and evaluated in terms of core fraction of MCs. As a result, the core 

fraction of MCs decreased from 52.8% to 32.6% with an increase of emulsification time from 15 min to 

75 min, respectively. The greater consumption of core material by water for a longer emulsification time 

contributes to this phenomenon (Sun, 2014).  

 

 

Stirring rate 

Several works about microencapsulation of a liquid agent in PU or PUa shell have confirmed the effect of 

changing the stirring rate in the size of the MCs, thickness of the shell, as well as yielding of encapsulation 

(Brochu, 2012; Yang, 2011). W. Brochu et al. showed that, by increasing the stirring rate from 350 rpm to 

1100 rpm, the average diameter of MCs decreased from 222 µm to 74 µm, and MCs shell thickness de-

creased from 6.3 µm to 1.6 µm, respectively. The same work has shown that the core content has de-

creased from 58% to 46%, when the stirring rate increased from 350 rpm to 1100 rpm. The reduction in 

yield of MCs by increasing the stirring rate can be explained by two main reasons: firstly, more MCs after 

formation might be destroyed due to higher shear force under faster stirring; secondly, during the MCs 

collection, many tiny MCs may not be collected in the process of filtration. As a result, the core fraction 

in the final MCs will be lower at higher stirring rate (Yang, 2011).  

 

Droplet size 

Each small droplet can be considered as a tiny reactor and, since the interfacial polymerization happens 

at the surface, smaller droplet size mean higher reactivity or shorter synthesis duration, as the surface 

area increases with the decrease of the droplets' diameter (Duan, 2016).  

2.4.3 Factors affecting microcapsules size 

 

As explained before, several factors influence the size of MCs, including emulsification rate, the geometry 

of the mixing device, the chemical structures and properties of active hydrogen sources,  viscosity of the 

reaction media, surfactant concentration, stirring rate, temperature, etc. However, the average diameter 

of MCs is primarily controlled by the emulsification rate after all other parameters were optimized (Yang, 

2011). MCs size distribution and core /shell ratio are also affected by changing the type of active hydro-

gen sources.  

 

Figure 2.5 shows the sample flow diagram of different steps of the microencapsulation process by micro 

emulsion and interfacial polymerization for encapsulation of isocyanate compound. 
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           Figure 2.5 General steps of microencapsulation of an organic phase by interfacial polymerization 

 

3 Experimental Part 

 3.1 Primary materials 

The primary materials used, together with some of their physical and chemical properties, are listed in 

Tables 3.1., 3.2, 3.3, 3.4. and 3.5. Four main groups of materials were used to perform the synthesis, 

namely isocyanate compounds as a core material and / or shell forming materials, polyols or amines as a 

source of active hydrogen, surfactants acting as emulsifiers and/or stabilizers and finally solvents.  
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                                    Table 3.1 List of primary materials used in this work  

Name Type Density 
(g/ml) 

Viscosity 
@ RT 

Purity 
(%) 

Other Brand 

Distilled water solvent 1 1.002 cP 99 --- MilliQ 

Dabco ® DC 193 Surfactant 1.07 260 cSt  HLB 
=12 

Dow Coring 

Gum Arabic Surfactant NA NA NA HLB 
=13.5 

LABCHEM 

Tween -20 Surfactant 1.1 250-450 
cP 

99.5 HLB 
=16.7 

SIGMA-ALDRICH 

 3-(Triethoxysilyl) propyl 
isocyanate (TPI) 

Silane coupling 
agent  

0.999 ---- 95 ---- ALDRICH 
Chemistry 

1,6-Hexanediol Polyol NA NA 99 ---- ALDRICH 
Chemistry 

Glycerine Polyol 1.225 58 cP 87  VWR 
Chemicals 

Ethylenediamine (EDA) Amine 0.899 1.7 cP 99.5 ---- Fluka 

Diethylenetriamine (DETA) Amine 0.95  99 ---- Alfa Aesar 

3-(2-Aminoethylamino) 
propyltrimerthoxysilane 
(Aminosilane) 

Amine 0.88 1.499 
 cP 

90 ---- VWR 
Chemicals 

 

Polystyrene (PS) Polymer NA NA ---- Average 
Mw=192000 

ALDRICH 
Chemistry 

Tetraethyl orthosilicate 
(TEOS) 

Silane 0.93 0.72 cSt 99 ---- VWR 
Chemicals 

Polycaprolactone (PCL) Polymer NA NA ---- Average 
Mw=45000 

ALDRICH 
Chemistry 

PEARLSTICK® 45-50/18 Polyol 1.19 NA --- Hydroxyl No. 
0.1 

Lubrizol 

Isophorone diisocyanate 
(IPDI) 

Isocyanate 
compound 

1.049 15 cP 98 ------ Bayer  

Toluene diisocyanate (TDI-
TX) 

Isocyanate 
compound 

1.22 2.5 cSt ----- ------- DOW VORANATE 

Ongronat ® 2500 Isocyanate 
compound 

1.24 520 cP ---- NCO value 
(wt%) =30-

32 

BorsodChem 

Suprasec 2234 Isocyanate 
compound 

1.13 2500 cP ------ NCO value 
(wt%) =15.9 

HUNTSMAN 
Chemistry 

Desmodur ® RC Isocyanate 
compound 

1.01 3 cP ---- NCO value 
(wt%) =7.0 

Covestro 

2-Butanone (MEK) Solvent 0.805 0.43 cP 99.5 Boiling point 
80 °C 

SIGMA-ALDRICH 

n-Hexane Solvent 0.65 0.3 cP 95 Boiling point 
69 °C 

VWR 
Chemicals 

Toluene Solvent 0.87 0.590 cP 99.8 Boiling point 
111 °C 

CARLO ERBA 

Dimethylformamide 
(DMF) 

Solvent 0.948 0.92 cP 99.8 Boiling point 
153 °C 

Fisher  
Scientific 

Dichloromethane (DCM) Solvent 1.3266 0.43 cP  Boiling point 
39.6 °C 

SIGMA-ALDRICH 
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                                              Table 3.2 List of isocyanate sources used in this work     

Name Chemical 
formula 

Molecular structure Description 

Isophorone 
diisocyanate 
(IPDI) 

C12H18N2O2 

 

Aliphatic diisocyanate displaying two -NCO 
groups, which differ in their reactivity due to 
the difference in their point of location. IPDI 
has the potential to be applied in a free cata-
lyst self-healing system because of its reactiv-
ity with water. 

Toluene 
diisocyanate 
(TDI) 

CH3C6H3(NCO)2 

 

Aromatic diisocyanate. The 4-position is ap-
proximately four times more reactive than 
the 2-position. 2,6-TDI is a symmetrical mole-
cule and thus has two -NCO groups of similar 
reactivity, like the 2-position on 2,4-TDI. 
However, since both isocyanate groups are 
attached to the same aromatic ring, reaction 
of one isocyanate group will cause a change 
in the reactivity of the second isocyanate 
group. 

Desmodur  -------- 

 

Aromatic polyisocyanate (prepolymer) pro-
duced from TDI. Two different types of Des-
modur are available: Desmodur L polyisocya-
nate is a TDI-trimethylolpropane (TMP) ad-
duct, which is available in several solvent 
blends. Desmodur IL polyisocyanate is the 
isocyanurate trimer of TDI. 

Methylene 
diphenyl 
diisocyanate 
(MDI) 

-------- 

 

Aromatic diisocyanate. Three isomers are 
common, varying by the positions of the iso-
cyanate groups around the rings 2,2'-MDI, 
2,4'-MDI, and 4,4'-MDI. The 4,4' isomer is the 
most widely used. 

Ongronat ® 
2500 
Suprasec 
2234 

------- 

 

Mixtures of monomeric and polymeric isocya-
nate species, i.e. oligomeric MDI with in-
creased functionality.  
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                                                     Table 3.3 List of surfactants used in this work 

Name 
 

Chemical for-
mula 

Molecular structure Description 

DC 193 ---------  It is a water soluble to wa-
ter dispersible silicone pol-
yether. A silicone surfac-
tant structure with a com-
plex distribution, since it is 
the reaction product of 
two polymeric raw materi-
als each one having a dif-
ferent molecular weight 
distribution. 
 
 

Gum Arabic ---------- 

 

Macromolecules with high 
proportion of carbohy-
drate, whose chemical 
composition may vary 
slightly depending on the 
origin.  

Tween -20 C26H50O10 

 

Non-ionic surfactant, misci-
ble in water, alcohol and 
displaying a HLB value of 
16.7. Tween 20 is sensitive 
to light and temperature. 
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                                       Table 3.4 List of active hydrogen sources used in this work     

Name  
 

Chemical formula Molecular structure Description 

3-(2-Aminoethyla-
mino) propyltri-
methoxysilane 
(Aminosilane) 

(CH3O3)3Si(CH2)3NHCH

2CH2NH2 
 This silane has amino groups, which can re-

act with -NCO groups of organic phases, 
giving better strength to the shell. 

Ethylenediamine 
(EDA) 

C2H4(NH2)2  A liquid, colourless organic compound with 
an ammonia-like odor and strongly basic. 
EDA when used as a monomer, soluble in 
water, tends to diffuse to the organic 
phase, forming a shell. Due to its short mo-
lecular chain, the stability of the emulsion 
might be destroyed by the fast diffusion 
and might result in a thick shell. 

Diethylenetri-
amine (DETA) 

HN(CH2CH2NH2)2  A liquid colourless, hygroscopic organic 
compound, which is soluble in water and 
polar organic solvents and has longer chain 
when compare to EDA, so its diffusion is 
slower. DETA can generate branched poly-
mer in reaction with organic phase and can 
increase the stability of emulsion. 

1,6 Hexanediol (HOCH2(CH2)4CH2OH)  Colourless crystalline solid that melts at 42 
°C and boils at 250 °C. It is soluble in water 
and acts as a chain extender in the synthe-
sis of the MCs. 

Glycerol C3H8O3 

 

Glycerol is a simple polyol compound. It is 
a colorless, odourless and a viscous liquid. 

Tetraethyl ortho-
silicate (TEOS) 

Si(OC2H5)4 

 

A colourless liquid that is not stable in wa-
ter (tends to hydrolyse and condensate). It 
is the ethyl ester of ortho silicic acid, 
Si(OH)4. It is the most typical alkoxide of 
silicon. 

3-(Triethoxysilyl) 
propyl isocyanate 
(TPI) 

C10H21NO4Si 

 

Silane that contains double functionality: 
—NCO and—OCH2CH3. Due to the high re-
activity of these functional groups, it has 
been often used as a crosslinking reagent 
in the synthesis reactions and self-assem-
bling agent in hybrid materials. 

Polycaprolactone  
(PCL) 

----------------- 

 

A semi-crystalline polymer having glass 
transition temperature of −60 °C and melt-
ing point ranging between 59 and 64 °C. 

Pearlstick® 45-
50/18 

------     ----------- An elastic, linear, aromatic polyurethane 
prepolymer formulation for adhesives, 
supplied in the form of white spherical 
granules with an extremely high crystalli-
zation rate and a medium-low thermoelec-
tricity level. It has hydroxyl No.= 0.1% 
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                                                                  Table 3.5 List of solvents used in this work     

Name  
 

Chemical formula Molecular structure Description 

2-Butanone (MEK) CH3C(O)CH2CH3 

 

Organic solvent compound. This 
colourless liquid ketone has a 
sharp, sweet odour reminiscent of 
butterscotch and acetone, with 
boiling point around 79.64 °C. 

n-Hexane C6H14  Alkane of six carbon atoms. It is a 
colourless liquid at RT, odourless 
when pure, with boiling points be-
tween 50 and 70 °C. It is widely 
used, being a cheap, relatively 
safe, largely unreactive, easily 
evaporated, and non-polar sol-
vent. 

Toluene C6H5CH3 

 

Clear, water-insoluble liquid with 
the typical smell of paint thinners. 
It is an aromatic hydrocarbon that 
is widely used as an industrial 
feedstock and as a solvent with 
boiling point around 111 °C. 

Dimethylformamide (DMF) (CH3)2NC(O)H 

 

Colourless liquid which is miscible 
with water. It is an organic com-
pound with boiling point between 
152 to 154 °C. 

Dichloromethane (DCM) CH2Cl2 

 

Liquid, colourless, volatile organic 
compound with a moderately 
sweet aroma  

 

 

3.2 General steps to perform the syntheses 

The general procedure to prepare the MCs is described below. The synthesis can be performed in the 

glass reactors, as it is shown in Figure 3.1, or in common plastic containers, as it shown in Figure 3.2.  

1st Step-Preparation of aqueous solution by addition of GA, as a surfactant, to Milli-Q water and mixing 

by mechanical stirring or shaking well to achieve a homogeneous solution without any solid particles.  

2nd Step-Preparation of organic phase by addition of solvent (if applicable) to the isocyanate and stirring 

for several minutes with a glass rod. 

3rd Step-Preparation of emulsion by addition of organic phase to aqueous phase, following by high shear 

mixing at a stirring speed of 3200 rpm with Ultra-Turrax IKA T25, during 10 min at room temperature(RT), 

to obtain a stable emulsion. 
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4th Step-Stirring of the emulsion at 400 rpm by using a mechanical stirrer (Heidolph RZR 2051 control, or 

Jank &Kunel IKA-Werk RW 20 DZM). Addition, dropwise, of another aqueous solution containing active 

hydrogen sources, while the temperature will be increased gradually from RT to the synthesis tempera-

ture (55-77 ֯ C). Heating by a hot plate (Nahita-blue 692). The process should continue during several hours 

until the MCs shell attains enough maturity to tolerate filtration pressure. 

5th Step-Vacuum filtration in a Buchner funnel by using proper filter paper and washing with water or 

other solvents. 

6th Step-Drying in atmospheric pressure at RT during 24hr. 

 

 

 

 
 
 

 

 

From the early moment of the 3rd step of the synthesis until the last minutes of the 4th stage, continuous 

monitoring of the emulsion quality by means of optical microscopy is necessary, to control the stability 

of the emulsion, to check the size and shape of the droplets, as well as the maturity degree of the shell. 

Figures 3.3 (a, b, c) show pictures (from optical microscopy) of the droplet/MCs, from the early moment 

Figure 3.1 Schematic representation of synthesis, (adapted from (Tatiya, 2016))  

Figure 3.2 Different steps of MCs preparation in laboratory a) 1st step,  b) 3rd step, 

c) 3rd step, d) 4th step, e) 5th step 
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of emulsion formation to the end of the synthesis process (after filtration and washing), while Figures 3.3 

(c , e) show the typical powdery appearance of the MCs after the synthesis process and SEM photomicro-

graph of a broken microcapsule respectively.  

 

 

3.3 Testing and characterization 

 The main physical characterization and testing methods employed in this work include optical micros-

copy, scanning electron microscopy (SEM), as well as peeling strength test, to evaluate the features, 

morphology, shape and performance of the MCs, as well as their interaction with the polyol based com-

ponent. Regarding chemical characterization techniques, Fourier transformed infrared spectroscopy 

(FTIR) and thermogravimetric analysis (TGA) were the ones employed. 

 

3.3.1 Physical testing and characterization 

 Characterization by Optical Microscopy  

Characterization and evaluation of the emulsions and MCs were performed right after starting the syn-

thesis by continuous sampling and observation using optical microscope, to evaluate the stability of emul-

sion, size of droplets and maturity of MCs' shell. The microscope used was a Kruss, MSZ 5600 optical 

microscope. Moreover, after collection and drying the MCs, optical microscopy was employed to evaluate 

them in terms of size, shape and aggregation state. The microscope used, was a Nikon microscope 

OPTIPHOT2-POL. 

Figure 3.3 Optical microscopy image (a) in the early stage of the emulsion formation, (b) after 1 hour of mechani-
cal stirring; the shell has already been formed, but it is still a thin and fragile polymeric layer , (c) MCs right after 
filtration (d) Image from Canon camera, MCs right after filtration, (e) SEM image of MC's broken shell, exhibiting a 
core-shell morphology. 



37 
 

 Characterization by Scanning Electron Microscope (SEM) 

SEM analysis was employed to evaluate the morphology of the MCs. The SEM analysis was performed to 

evaluate almost 40% of all the obtained MCs batches, by employing a JEOL JSM7001F with FEG (field 

emission gun) microscope. 

 

 Peeling strength test 

 The peeling strength test was performed with the purpose of confirming the successful release of the 

MCs core content and its reaction with the surrounding environment (polyol based component) , in re-

sponse to certain stimuli, such as temperature and pressure. This is critical to evaluate the adhesive 

effectiveness in the bonding process. Figure 3.4 shows a graphical representation of the three basic ways 

in which an adhesive bonded joint may fail: i) in one of the adherents outside the joint (structural failure), 

ii) by fracture of the adhesive layer (cohesive failure), iii) interfacial failure, between the adhesive and 

one of the adherents (adhesion failure).  

Typically, cohesive failure results from the fracture of the adhesive and is characterised by the clear 

presence of adhesive material on the matching faces of both adherents. Failure happens, usually by shear, 

or peel stresses, or by a combination of them. 

Adhesive failure is typically characterised by the absence of adhesive on one of the bonding surfaces. It 

occurs along the interface between the adhesive layer and the adherents  and it is due to the lack of 

chemical or physical bonds, which form the link between the adhesive and the surface.  In the case of 

structural failure, both adhesive and chemical or physical bonds between adhesive and substrate are 

strong enough and the failure tends to occur within the substrate. This latter one is our target in terms 

of failure of the adhesive joint. 

 

 

 

 

 

 

Figure 3.4 Failure types of adhesive joints, (adapted from http://theadhesivesexpt.com,22/8/2017) 
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 In this test, a certain quantity of MCs was mixed with polyol. The mixture was then applied on the surface 

of a paper substrate by using a “Wet film thickness applicator”. This will be discussed in more detail in 

chapter 3.7. Additional equipment used to perform these tests are a hot plate (Thermaplate JAME H 

HELA) to apply a controlled temperature without any load and a hot press machine (CARVER, Model M, 

S/N 2000-3 62) to apply a controlled load and temperature.   

 

3.3.2 Chemical testing and characterization 

Characterization by Fourier Transformed Infrared Spectroscopy (FTIR) 

FTIR characterization was used in this work to analyse the chemical structure of the MCs obtained, in 

particular to confirm the presence of the unreacted NCO groups in the MCs core and to make a compar-

ative (relative) evaluation of their quantity, among different syntheses. This characterization technique 

was also used to confirm the presence of other characteristic groups, to verify the presence of certain 

compounds in the shell. The FTIR equipment used was a Nicolet 5700 FTIR (Thermo Electron Corporation, 

USA), equipped with a Smart iTRTM Attenuated Total Reflectance (ATR) sampling accessory. Spectra were 

obtained at 8 cm-1 resolution with a data collection of 16 scans. 

 

Characterization by Thermogravimetric Analysis (TGA) 

 TGA was carried out to measure the mass loss of the MCs along a certain range of temperature under a 

controlled N2 atmosphere, with the main objective of determining the core content or encapsulation 

capability of the MCs. TGA and FTIR together are complementary techniques to evaluate the encapsula-

tion yield of the MCs. The analyses were performed in a nitrogen atmosphere, at a temperature increase 

rate of 10 ֯C min-1 using a TGA HITACHI STA 7200. 

 

 

4 Main studies: Results and discussion 

4.1 Study of the synthesis parameters  

Figure 4.1 shows the flow diagram related to the systematic experiments carried out with the goal of 

studying the role played by the varied synthesis parameters in the preparation of the MCs. Some of 

these studies and their related results are reported in chapters 4.1.1 to 4.1.4, while the others will be 

reported at the end of each group of synthesis in chapter 4.2. 
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Surfactants 

 

Isocyanate sources 

Solvents 

 

Active H sources 

Physical parameters 

 

o Types 

o Mixing two types 

o Quantity  

Study:  

Effect on the size of MCs 

Effect on the stability of emulsion 

o Types 

o Quantity 

 

Study: 

Shell formation ability 

Encapsulation yield 

o Type 

o Quantity 

 

o Type 

o Quantity 

o Addition of two sources 

 

o Synthesis temperature 

o Stirring speed 

o Emulsification speed 

 

Study: 

Effect of the temperature on the 

encapsulation yield 

Effect of temperature on the syn-

thesis duration 

Effect of emulsification speed on 
the size of MCs 

Effect of emulsification rate on the 
encapsulation yield  

Study: 

Effect on the shell thick-

ness and morphology 

Effect on the encapsulation 
yield 

Study: 

Effect on the size and 
morphology of the MCs 

Effect on the encapsula-
tion yield 

Figure 4.1 Schematic representation of the varied synthesis parameters, 
considering the different studies involved. 
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4.1.1 Effect of concentration of surfactant on the droplets´ size and emulsion stability 

In this study, first, a solution of GA in Milli-Q water was prepared at different concentrations, then the 

mixture of Ongronat 2500 (ongronat) and IPDI was added to the aqueous solution and emulsification was 

performed by high shear mixing at 3200 rpm, by using an ULTRA –TURRAX, during 10 min at RT. The 

emulsion features were then evaluated by using an optical microscope and the size of the emulsion drop-

lets was measured, being listed in Table 4.1. There is a large range of droplets´ size for each synthesis, 

however a trend in terms of a decrease in the size of the droplets is observed, with the increase in the 

surfactant quantity. 

                Table 4.1 Effect of GA concentration on the stability of the emulsion and size of droplets  

 

 

 

 

 

 

 

 

The same experiences were repeated by using DC 193 as a surfactant, instead of GA, however, the emul-

sion was stable only in a narrow range of surfactant concentration (from 2.5 to 3.5 wt%). So, it was not 

possible to study the effect of DC 193 concentration on the droplets´ size. A loss in emulsion stability, for 

varied temperatures and surfactant concentration, was also observed for Tween 20,  as shown in Figure 

4.2. The reason can be the drastic change in the emulsion temperature due to  improper work of the high 

shear mixer, as Tween -20 is quite sensitive to temperature changes. So, after several attempts this sur-

factant was removed from the list of primary materials. 

 

 

 

 

 

 

 

 

 

 

 

Synthesis No. GA 

(wt%) 

Amount of GA 

(gr) 

Size of Droplets 

(µm) 

IP-147 2 1.3 70-250 

IP-131 5 3.3 50-220 

IP-148 7 4.6 40-180 

IP-149 10 6.6 30-150 

IP-150 13 8.6 10-110 

Figure 4.2 a) Instability in emulsion (droplet coalescence), after 3 mins of high shear stirring, 
using surfactant Tween -20 b) Droplet coalescence formed after 5 mins of high shear stirring, 
using surfactant DC 193. 
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Conclusions 

o This study revealed that by increasing the quantity of GA, the size of droplets tends to decrease, 

as shown in table 4.1. 

o The stability of the emulsion and the shape of the droplets is not affected by GA concentration, 

when this ranges changes from 2 to 13 wt%. According to the literature, the concentration of GA 

can be increased up to 22 wt%, without any instability in emulsion formation (Yeganeh, 2016), 

but as it was difficult to measure smaller droplet sizes, the experiences were stopped by reaching 

13 wt% of GA in this work. 

o In the case of DC193, a stable emulsion with spherical droplets was obtained just in the narrow 

range of 2.5-3.5 wt%, when using the same quantity of aqueous phase and same type and quan-

tity of organic phase. 

o To complete the conclusion and according to observations during the whole syntheses in this 

work, the right quantity of GA, to obtain the required MCs size, will be slightly different when 

using different isocyanate compounds, so some fine tuning should be done when changing the 

type of organic phase.  

 

4.1.2 Effect of variation of emulsification speed in the droplets´ size 

In this study, an aqueous solution of GA (5 wt%) was mixed with the organic phase (a mixture of Ongronat 

and IPDI). The emulsification was performed by high shear rate mixer (Ultra-Turrax) at different stirring 

speeds for 10 mins at RT. The resulting emulsion quality and the droplets´ size were evaluated using 

optical microscope. Table 4.2 shows the synthesis’s information and results of the size measurements 

and Figure 4.3 shows the optical photomicrographs related to these syntheses. 

 

                    Table 4.2 Variation of droplets´ size for different rotation speed in the emulsification process 

Synthesis No. Emulsification 

speed (rpm) 

Size of droplets (µm) 

IP-131 3200 35-220 

IP-144 5000 18-160 

IP-145 7200 10-90 

IP-146 9000 6-70 
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Conclusions 

o As shown in table 4.2, by increasing the emulsification speed, the average size of the droplets 

significantly decreases. Tsuda et al. have reported the same behaviour for a  similar experiment 

(Tsuda, 2011). Thus, it is possible to control the MCs size by changing the emulsification speed.  

The emulsion stability was obtained after 3 mins stirring.  After a pause on the stirring process 

of 30 minutes the emulsion was still stable. 

 

4.1.3 Effect of changing the synthesis temperature in the duration of the synthesis and efficiency of 
encapsulation   

For performing this study, one of the synthesis with the best encapsulation efficiency was chosen to be 

repeated at different temperatures. The mixture of IPDI and Ongronat as an organic phase was added to 

the solution of 5 wt% GA in distilled water, 3200 rpm emulsification speed was used to prepare an emul-

sion, which was then transferred to a hot plate and stirred at 400 rpm by using a mechanical stirrer. The 

aqueous solution of 3-(2-Aminoethylamino) propyltrimethoxysilane (aminosilane) was added to the 

emulsion, dropwise. After 1hr, TEOS was also added to the emulsion, dropwise. This synthesis was re-

peated four times while the temperature was the only parameter being changed. Table 4.3 shows the 

synthesis’s data and results on the synthesis duration and MCs size and. It should be noted that the 

Figure 4.3 Effect of changing the emulsification rate on the size of 
droplets a) 3200 rpm, b) 5000 rpm, c) 7200 rpm, d) 9000 rpm 
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synthesis time reported in Table 4.3. was the one required for achieving mature, solid shells, except for 

the synthesis carried out at the lowest temperature, where 6 h r was still not long enough to exhibit a 

mature shell. 

 

                                        Table 4.3 Variation of synthesis time due to temperature change 

Synthesis 

No. 

Temperature( ֯C) Time 

(hr) 

Size of MCs 

(µm) 

IP-130 40-50 6 20-100 

IP-64 40-65 4.5 50-150 

IP-73 60-70 4 50-180 

IP-126 75-77 3.5 50-150 

 

 

Figures 4.4-4.10 show the SEM photomicrographs of MCs obtained from these syntheses. As it is observed 

in these images, the MCs obtained from syntheses IP-64, IP-73 and IP-126 are not aggregated and have 

spherical shape with a core-shell morphology. While in the synthesis IP-130 after 6hr, MC's shell was still 

not mature enough to do filtration. The synthesis was stopped as it was not possible to proceed during 

the night, for safety reasons. SEM photomicrograph of these MCs (Figure 4.4) shows completely aggre-

gated MCs, due to leaching or breaking of the shell during filtration, as it was expected. 

 

 

 

 

Figure 4.4 SEM photomicrograph, IP-130, 
Scalebar=100µm      
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Figure A1 in appendix-A shows the FTIR spectra of these MCs. The intense peak in the range of 2280-2260 

cm-1 is related to N=C=O stretch vibration bond, which shows the presence of unreacted NCO groups in 

the MCs, i.e. a successful encapsulation of IPDI. The peaks ascribed to the N-H stretching of the amine 

bonds at 3200-3400 cm-1, N-H bending at 1510 cm-1, carbonyl groups at 1700 cm-1 (C=O from urethane) 

and at 1660-1690 cm-1 (C=O from urea), C=C at 1522 cm -1 and C-O-C at 1214 cm-1
 confirm the presence 

of urethane  and urea linkages, i.e. an evidence that the shell is composed by polyurethane and polyurea . 

The presence of a peak at 1070 cm-1, typical of Si-O-Si asymmetric stretching vibrations, shows the pres-

ence of siloxane Si-O-Si moieties in the shell, derived from the silanes employed in the synthesis.  

Further calculation was carried out to estimate a relative measure of the encapsulation efficiency, by 

considering the peak area in the range of 1926 to 2444 cm-1, for –NCO, the peak area in the range of 1754 

Figure 4.5 SEM photomicrograph, IP-64, 
Scalebar=100µm 

 

Figure 4.6 SEM photomicrograph, IP-64 
Scalebar=10µm 

Figure 4.7 SEM photomicrograph, IP-73, 
Scalebar=100µm   

Figure 4.8 SEM photomicrograph, IP-73, 
Scalebar=10µm   

Figure 4.9 SEM photomicrograph, IP-126, 
Scalebar=100µm                              

Figure 4.10 SEM photomicrograph, IP-126, 
Scalebar=10µm    
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to 1670 cm-1, related to PU and/or PUa (carbonyl groups) and the peak area in the range of 1090 to 1026 

cm-1, for Si-O-Si, as it is shown in Figure 4.11 The peaks area was calculated using OriginPro 8 software, 

and the relative encapsulation yield were calculated based on equation.7 as follows: 

 

𝑌 =
𝐴𝑟𝑒𝑎𝑁𝐶𝑂

𝐴𝑟𝑒𝑎𝑃𝑈+𝑃𝑈𝑎+𝐴𝑟𝑒𝑎𝑆𝑖𝑙𝑜𝑥𝑎𝑛𝑒
                  Eq.7 

 

where Y can be considered as a relative encapsulation yield, which represents an indirect measure of the 

encapsulation efficiency and AreaNCO, AreaPU+PUa and AreaSiloxane represent the area related to the NCO, 

PU+PUa and siloxane related peaks, respectively.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The results obtained from the calculation of relative encapsulation yield (Y) are 5.7, 6.4, 4.12, 7.8 for IP-

130, IP-64, IP-73 and IP-126 respectively, which are exhibiting a scattered behaviour, as the FTIR analyses 

were carried out after 45 or 30 days for some of the samples and after 5 or 10 days for others. These 

results suggest that the shell might be not fully dense or compact enough, so that, after the synthesis, 

part of the NCO groups might keep on reacting with the moisture of the outside environment, so the 

unexpected result can be related to the fact that, humidity was diffused throughout the MCs shells, con-

suming part of the NCO groups and therefore reducing the relative encapsulation yield. By repeating the 

SEM analyses (Figure 4.12), the shell thickness for MCs obtained from IP-73 was found to be much thicker, 

after 2 months, with a small core still remaining, corroborating such hypothesis. 

4000 3500 3000 2500 2000 1500 1000 500

80

85

90

95

100

T
ra

n
s
m

it
ta

n
c
e

 (
%

)

Wavenumber (cm
-1
)

NCO

PU+PUa

MCs

Siloxane

 

 

 

Figure 4.11  Typical FTIR spectrum of the MCs developed, showing the 
peaks involved in the area calculation for the relative encapsulation yield 
(Y) determination  
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Conclusions 

o As shown in Table 4.3, by increasing the temperature of the synthesis, the total duration of the 

synthesis, until a mature shell is formed, tends to decrease. 

o A temperature range of 40-50 ֯ C, is found not appropriate for the interfacial reaction to occur, 

within the studied timeframe. This range of temperature tends to slow down the polymerisation 

phenomenon and increase the reaction duration significantly.  

o The size of the MCs is around 50 to 180 µm, except for synthesis IP-130 (40-50 ֯ C), where a 

significant reduction is observed. The low temperatures might facilitate the stability of the emul-

sion, avoiding droplet coalescence, or another reason could be the division of droplets to smaller 

one’s due to the long-time stirring, while the shell was not still mature enough. 

 

 

4.1.4 Effect of variation of mechanical stirring rate on the encapsulation efficiency          

This study was carried out based on the same synthesis mentioned in chapter 4.1.3, but the temperature 

was fixed in the range of 60-65 ֯C for all syntheses, while stirring rate was changed to study the effect of 

this parameter. Table 4.4 shows data and some results related to these syntheses.  

                                           

                                             Table 4.4 Summary of results, due to stirring speed changing 

 

 

 

                                                

 

 

  

 

Synthesis 

No. 

Stirring speed 

(rpm) 

Size of MCs 

(µm) 

Synthesis Time  

(hr) 

Y 

IP-121 200 40-150 4 5.6 

IP-74 300 50-150 4 4.14 

IP-123 600 50-150 3 4.06 

Figure 4.12 SEM photomicrograph, IP-73, 
Scalebar=10µm 
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Figures 4.13 to 4.17 show the SEM photomicrographs of the MCS obtained in this study. Evaluation by 

optical microscopy and SEM, show some degree of aggregation for MCs obtained from synthesis IP-121 

and IP-74, which can be explained by low stirring rate (Figures 4.13 and 4.15). Figure A2 in Appendix -A 

shows the FTIR spectra of these samples. Again, the presence of an intense peak in the range of 2280-

2260 cm-1, related to N=C=O stretch vibration bond confirmed the presence of unreacted NCO group in 

the MCs which means successful encapsulation of IPDI.  

 

Conclusions 

o By increasing the stirring rate from 200 rpm to 600 rpm, the relative encapsulation yield was 

reduced from 5.6 to 4.1. 

 

 
 

 

 

 

 

Figure 4.13 SEM photomicrograph, IP-121, 
Scalebar=100µm 

Figure 4.14 SEM photomicrograph, IP-121, 
Scalebar=10µm 

Figure 4.116 SEM photomicrograph, IP-
123, Scalebar=100µm 

Figure 4.17 SEM photomicrograph, IP-123, 
Scalebar=10µm 

Figure 4.15 SEM photomicrograph, IP-74, 
Scalebar=100µm 
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o By increasing the stirring rate, there is less aggregation of the MCs, so a compromise must be 

found, in terms of rotation speed, in order to reduce aggregation and increase encapsulation 

efficiency. 

 

 

 

4.2 History of the syntheses  

 

Several groups of synthesis were performed during this work, based on availability of primary material. 

At first the only available isocyanate compound, was Ongronat® 2500 and available surfactant was DC 

193, thus several experiences were performed to achieve spherical shape MCs with intended size by 

changing the quantity of primary materials. The same experience was repeated by using GA, after this 

surfactant was available. This was followed by employing two different isocyanate compounds with dif-

ferent reactivity, in order to encapsulate less reactive group as a core and use the most reactive com-

pound as a shell former. During these experiences, several active hydrogen sources were added to the 

aqueous phase to study their effect on the shell formation process, shell morphology and shell maturity. 

New syntheses campaigns were carried out by considering previous experience to encapsulate new ma-

terials. The total laboratory experiences took more than four months. The best syntheses were divided 

into twelve groups, according to the primary material used. Table B1 shows the history of those syntheses 

in more detail. Although it was possible to obtain spherical shape MCs with free NCO encapsulated within 

all groups, in the following chapters just the selected best results will be reported in more detail. 

  

4.2.1 Group 1 

This was the initial group of syntheses in this work, which were performed by using available primary 

materials, as shown in table 4.5.  

Objective: The main objective of this series of syntheses was to learn and understand the microencapsu-

lation process by micro emulsion and interfacial polymerization, as well as to identify the right quantity 

of each element of the synthesis e.g. surfactant, isocyanate compound, etc.  

                                                           Table 4. 5 Selected syntheses from group 1 

Synthesis 

No. 

Organic 

Phase 

Aqueous 

phase 

Surfactant Active H 

source 

Temperature 

(֯ C) 

Stirring rate 

(rpm) 

IP-27 Ongronat Water+EDA DC 193 W+Glycerol 65-70 300 

IP-33 Ongronat Water GA None 65-70 400 

 

The MCs of this study show a spherical shape, without any tendency to aggregation (Figures 4.18, 4.19 

and 4.20). MCs obtained from IP-33 have a smoother surface when compared to those obtained from IP-
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27, which can be justified by fast diffusion of EDA (short molecular chain) that destroys the stability of 

the emulsion, resulting in a coarse shell morphology, as it was discussed in more detail in chapter 2.4.1 

(Zhang, 2009). 

 

 

 
 

 

The FTIR spectra in Figure A3 (appendix A) show an intense peak in the range of 2280-2260 cm-1 related 

to N=C=O stretch vibration bond, which exhibits the presence of unreacted NCO group in the MCs, as well 

as a peak at 1533 cm-1 from N-H bending, which derives for the presence of Ongronat, but also shows the 

formation of urethane and urea linkages, belonging to the shell. The sample prepared with EDA, as ex-

pected, has a more intense peak at 1533 cm -1. Also, there is a band peaked at ca. 1697 cm-1 ascribed to 

the carbonyl groups of urethane and urea moieties, confirming that the formed shell is made of PU/PUa. 

On a first sight, the FTIR spectra of both samples are quite similar, but the band ascribed to the presence 

of NCO groups has some differences and the calculation of the relative encapsulation yield, carried out 

based on Eq-7, resulted in different values. Table 4.6 shows a summary of information, obtained from 

characterization by optical microscopy, SEM and FTIR. 

 

                                                                   

 

Figure 4.18 SEM photomicrograph of IP-27, 
Scalebar=100µm  

Figure 4.19 SEM photomicrograph of IP-33, 
Scalebar=100µm 

Figure 4.20 SEM photomicrograph of IP-33, 
Scalebar=100µm 
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                                                                       Table 4.6 Group 1, summary of results  

 

 

 

 

 

 

 

Conclusions 

 

o The right quantity of DC 193 and GA as surfactants employed in this group was fixed at 2.8 wt% 

and 5 wt% respectively, in order to obtain a stable emulsion and to have the desired MC size 

distribution with spherical shape.   

o Addition of EDA to the aqueous phase in IP-27, helped to form spherical MCs without any excess 

polymerization out of MCs. The fact can be explained by the fast formation of compact shell, due 

to fast diffusion of EDA through the membrane toward organic phase, which on the other hand 

leads to a rougher shell surface.  

 

4.2.2 Group 2 

 

The conclusion from the 1st group of synthesis and literature review related to encapsulation of isocya-

nate compounds, suggested that there might be an advantage of employing two isocyanate compounds 

with different reactivity, in order to encapsulate less reactive compound, while the most reactive one 

reacts prevalently with active hydrogen compounds, to form PU and/or PUa shell. In this sense, it is ex-

pected to achieve a core-shell MC morphology, instead of matrix type MCs (Yeganeh, 2016; Nguyen, 2014; 

Lu, 2011)  

 

Objective: The objective of the 2nd group of syntheses was to achieve a core-shell morphology of the 

MCs, by using a lower reactivity isocyanate compound (IPDI) and a higher reactivity isocyanate compound 

(Ongronat).  

 

                                           

                                    

 

                                    

                                

 

Synthesis 

No. 

MCs Surface 

morphology 

MCs size 

(µm) 

Y 

IP-27 Rough 40-300 18.35 

IP-33 Smooth 40-400 29.21 
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                                              Table 4.7 Primary materials used in the best syntheses of group 2 

Synthesis 

No. 

Organic 

phase 

Aqueous 

phase 

Surfactant Active H 

source 

Temperature 

(˚C) 

Stirring rate 

(rpm) 

IP-64 Ongronat 

+IPDI 

Water GA Aminosilane 

+TEOS 

65-70 400 

IP-66 Ongronat 

+IPDI 

Water GA DETA 65-70 400 

 

Figures 4.21 and 4.22, show the SEM photomicrographs related to IP-64. MCs are spherical and present 

a core-shell morphology, with the diameter ranging from 50 to 150 µm and the shell surface has a smooth 

appearance (Figure 4.22).  

 

  

By optical microscopy (Figure 4.23), it was possible to follow what happens when a MC (just before the 

filtration step) is broken with the help of syringe needle, a significant amount of liquid core (isocyanate 

compound) is released from the MC.  

 

 

 

 

 

 

 

 

 

 

Regarding synthesis IP-66, where DETA was added as a hydrogen source, as previously discussed (in chap-

ter 2.4.1), the long chain of DETA tends to slow down its diffusion towards the organic phase. Moreover, 

Figure 4.21 SEM photomicrograph of IP-64, 
Scalebar=100µm 

Figure 4.22 SEM photomicrograph of IP-64 
Scalebar=10µm 

Figure 4.23 Optical microscope image a) MCs before tearing of shell by 
needle, b) The same image after breaking the shell   
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a more cross-linked polymer is generated during reaction of MDI with DETA, which also may enhance the 

stability of the emulsion. The number of hydrophilic segments in amines plays an important role in the 

microstructure of the MCs (Zhang, 2009). 

MCs from synthesis IP-66 present a larger size (80-180 µm) and there is no tendency to aggregation (Fig-

ure 4.24 and 4.25). Also, MCs from this synthesis appear to have a thinner shell than those from synthesis 

IP-64. The fact can be explained by shorter synthesis time due to higher reactivity of DETA and formation 

of branched or cross-linked polymer, when compared to the addition of aminosilane to the synthesis.  

  

FTIR spectrum (Figure A4-appendix A) show the intense peak in the range of 2280-2260 cm-1 related to 

N=C=O bond stretching vibration, which confirms the presence of unreacted NCO groups. The same cal-

culation based on Eq-7 was used to obtain the relative encapsulation yields obtained for each synthesis. 

IP-66 exhibits a much larger relative encapsulation yield than IP-64 (Table 4.11). 

 

TGA studies were performed for both MCs at a linear heating rate of 10 ֯C per min in nitrogen atmosphere, 

from RT to 600 ֯C. Table 4.8 represents general temperature ranges and related weight loss for isocyanate 

compounds, encapsulated by a PU and/or PUa shell. Generally, water and other solvents evaporation 

occurs at a first step. The next step is defined as the decomposition of encapsulated isocyanate and the 

last step is related to the shell decomposition which can be divided in two steps: decomposition of soft 

segments (derived from active hydrogen sources, chain extenders) and decomposition of hard segments. 

It should be stressed that there is an overlap resulting from the decomposition of isocyanate compounds 

(monomers and pre-polymers), PU and PUa material, so there is not exactly any border line to separate 

them. In particular there are references which mention that PU decomposition starts around 200 ֯ C 

(Brochu, 2012), however the decomposition of isocyanate is also around this temperature (Yang, 2008; 

Li, 2011; Huan Yi, 2012). Also, it should be noted that the decomposition temperature range for encap-

sulated isocyanate compounds is slightly different from that of non-encapsulated ones, and such differ-

ence will depend on the shell thickness, composition and structure (Brochu, 2012; Koh, 2014).  

Figure 4.26 shows the TGA results for IP-66 and IP-64. The two steps of weight loss, in the range of 220-

260 ֯C and 260-310 ֯C, can be referred to decomposition of encapsulated isocyanate compounds. In fact, 

Figure 4.24 SEM photomicrograph of IP-66, 
Scalebar=100µm 

Figure 4.25 SEM photomicrograph of IP-66, 
Scalebar=10µm 
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the decomposition temperature for pure IPDI is reported in the range of 120-250 ֯C (Yang , 2008) but 

when encapsulated this temperature is slightly increased, which can be explained by protection of core 

contents by PU or PUa layers. However, shell decomposition is started around 310 ֯C and happens in two 

steps: a 1st step (310-370 ֯C) related to decomposition of soft segments and a 2nd step (above 370 ֯C) re-

lated to decomposition of hard polymeric segments from PU and PUa parts of the shell (Koh, 2014). The 

same scenario with slightly different steps can be explained for IP-64. Tables 4.9 and 4.10 represent th 

related temperature ranges and mass loss for IP-66 and IP-64. 

 

                 Table 4.8 Some of the temperature ranges and related phenomena, for TGA analyses 

Temperature ( ֯C)  Weight loss due to  Reference 

≤ 100 Evaporation of solvent (with boiling point 

lower than 100ºC) or water  

(Koh, 2014) 

120-250 Evaporation of IPDI (Yang., 2008) 

(145-204)-300 Evaporation of encapsulated IPDI  (Li, 2011;Huan Yi, 2012) 

260–350 Decomposition of active H sources (chain 

extenders) or soft segments from the shell 

(Koh, 2014) 

360–490 Breakup of isocyanate hard domains of 

the MCs  

(Koh, 2014) 

200-650 (two steps) Decomposition of PU  (Brochu, 2012) 
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                                          Figure 4.26 TGA for IP-64 & IP-66 

 

 

                                                                       Table 4.9 TGA results for IP-66                             

 

 

 

 

 

Steps Water and/or  

solvent 

Isocyanate  

compounds 

Shell Char  

(at 600˚C)  

 

Temperature 

( ֯ C) 

Mass 
loss 

(%) 

Temperature 

( ֯ C) 

Mass loss 

(%) 

Temperature 

( ֯ C) 

Mass 
loss 

(%) 

Mass 

(%) 

1st 100-214 1.4      

2nd  214-249 9   

3rd  249-317 15   

4th    310-370 31 

 5th    370-470 22 

Total  1.4  24  53 15 
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                                                                    Table 4.10 TGA results for IP-64 

 

 

 

 

 

 

 

 

 

 

 

 

Results from TGA analyses, in what regards encapsulated isocyanate compounds and MCs´shell , corrob-

orate results from FTIR and SEM analyses. In fact, the amount of isocyanate (mass loss) is higher for IP-

66, in conformity with the encapsulation relative yield calculated and the amount of shell material (mass 

loss) is lower for IP-66, in conformity with the thinner shells observed for IP-66. Table 4.11 shows the 

summary of results obtained from the characterization tests, which were performed to characterize these 

MCs. 

 

                                                           Table 4.11 Group 2, Summary of results 

 

 

 

 

  

 

Conclusions 

o Obtaining core-shell MCs by using two different isocyanate compounds with different levels of 

reactivity is an important result obtained from this group of synthesis. 

o  IP-66 shows significantly higher encapsulation efficiency,  which can be explained by the role of 

DETA in the final shell structure. 

o Addition of different active hydrogen sources can affect size  and shell structure of the MCs. 

Steps Water and/or  

solvent 

Isocyanate com-
pounds 

Shell Char 

(at 600˚C) 

Temperature 

( ֯ C) 

Mass 
loss 

(%) 

Temperature 

( ֯ C) 

Mass 
loss 

(%) 

Temperature 

( ֯ C) 

Mass 
loss 

(%) 

Mass 

(%) 

1st 115-142 3      

2nd   142-214 14   

3rd    214-294 39 

4th    294-343 6 

5th     343-454 21 

Total  3  14  66 13 

Synthesis 
No. 

MCs type MCs size 
(µm) 

Y Core mass 

% from TGA 

IP-64 Core-shell 50-150 6.47 14 

IP-66 Core-shell 80-180 43.20 24 
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4.2.3 Group 3 

 

Study effect of addition of 3-(Triethoxysilyl) propyl isocyanate(TPI) to the organic phase on the encapsu-

lation efficiecy. 

Objective: In this group of syntheses (TPI) was added to the organic phase. As previously mentioned in 

Table 3.4, TPI contains double organic functionality, namely -NCO and ethoxy (OCH2CH3 groups, which 

are hydrolysed, giving silanols) that can be used as a cross-linker and lead to the maturity of the shell, 

including a desired morphology and thickness of the shell. Synthesis IP-67 was the selected one from this 

group of synthesis. 

                                                                                           

                                   Table 4.12 Primary material used in the best synthesis of group 3 

Synthesis 

No. 

Organic Phase Aqueous 

phase 

Surfactant Active H 

source 

Temperature 

(֯ C) 

Stirring rate 

(rpm) 

IP-67 Ongronat 

+IPDI+TPI 

Water GA None 65-70 400 

 

MCs from synthesis IP-67 exhibit, at the photomicrographs of Figures 4.27 to 4.29, a spherical shape with 

core-shell morphology and a thin shell, with some rough regions on the surface, probably due to the 

vacuum effect derived from the SEM operational procedure. Also, they are a little aggregated, but such 

aggregation could be easily eliminated by sonication. Evaluation of MCs by optical microscopy reveals a 

size distribution between 50 and 90 µm.   

At the interface of the organic/aqueous phases the alkoxide groups (OCH2CH3) from TPI suffer hydrolyza-

tion, forming silanols, which will react with the NCO groups, while the NCO groups from TPI will react 

with the OH groups from the aqueous phase. Also, the NCO groups from Ongronat prevalently tend to 

react with the aqueous phase, forming the shell material.  

 

  

Figure 4.27 SEM photomicrograph of IP-67, 
Scalebar=100µm  

Figure 4.28 SEM photomicrograph of IP-67, 
Scalebar=10µm  
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As it can be observed from FTIR spectroscopy (Figure A5- Appendix-A), the intense peak in the range of 

2280-2260 cm-1 related to N=C=O stretch vibration bond, confirms the presence of unreacted NCO 

groups. Calculation based on Eq-7 was used to obtain the relative encapsulation yield. The summary of 

results is reported in Table 4.14. 

As discussed before, mass loss of MCs, during TGA analyses, happens in several steps related to water 

and/or solvent loss, isocyanate core contents decomposition and shell dec omposition. In Table 4.13 the 

different steps at the mass loss behaviour are represented according to the related TGA spectra in Figure 

4.30. 
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                                            Figure 4.30 TGA for IP-67 

 

Figure 4.29 SEM photomicrograph of IP-67, 
Scalebar=10µm  
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                                                    Table 4.13 Summary of TGA results for IP-67 

                                        

 

                                                       Table 4.14 Summary of synthesis results for IP-67 

 

 

   

 

Conclusions 

o Microencapsulation of IPDI was performed successfully by addition of TPI to the organic phase 

without further addition of any other functional monomer to aqueous phase (besides water). 

This fact can be explained by the high reactivity of both functional groups of TPI. TPI appears to 

act as a coupling agent between the aqueous and the organic phase, in the sense that one of its 

end group reacts with the aqueous phase and the other end group reacts with the organic phase, 

assisting in the formation of the shell material , i.e. promoting crosslinking reactions within the 

shell. 

o Significant microencapsulation efficiency, when compared with the last syntheses, is corrobo-

rated by both FTIR spectroscopy analysis and TGA.   

 

Steps Water and/or  

solvent 

Isocyanate compounds Shell Char  

(at 600˚C)   

 

Temperature 

( ֯ C) 

Mass 
loss 

(%) 

Temperature 

( ֯ C) 

Mass loss 

(%) 

Temperature 

( ֯ C) 

Mass 
loss 

(%) 

Mass 

(%) 

1st 70-130 2.5      

2nd   130-186 20   

3rd  186-207 10   

4th  207-260 21   

5th     260-322 7 

6th    322-373 11 

7th    373-440 11 

Total  2.5  51  30 13.5 

Synthesis 
No. 

MCs type MCs size 
(µm) 

Y Core mass 

% from TGA 

IP-67 Core-shell 50-90 41.4 51 
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4.2.4 Group 4 

After successful encapsulation of IPDI, in this group of syntheses several attempts were carried out, to 

encapsulate Ongronat. Several solvents and different active hydrogen sources were employed in this 

group as reported in Table B1.  

Objective: The objective of this group of synthesis was defined as a microencapsulation of Ongron at by 

employing monomeric TDI, as higher reactivity isocyanate when compared with Ongronat. Table 4.15, 

shows the list of primary materials employed for the selected syntheses of this group.  

                                         Table 4.15 Primary material used in the best synthesis of group 4 

Synthesis 

No. 

Organic Phase Aqueous 

phase 

Surfactant Temperature 

(֯ C) 

Stirring 

rate (rpm) 

Active H 

source 

IP-83 Ongronat +TDI 

+n-Hexane 

Water GA 65-70 360 Aminosilane 

IP-84 Ongronat +TDI 

+n-Hexane 

Water GA 65-70 400 DETA 

 

MCs from IP-83 (Figures 4.31 and 4.32) have mostly spherical shape, with no tendency to aggregation. 

The size distribution of MCs is in the range of 70-200 µm, with a shell thickness of ca. 10 µm. As it is 

observed from SEM photomicrographs, internal surface of MC's shell looks smooth and the shell thickness 

seems to be uniform, when compared with previous cases. This fact can be due to the change of the 

solvent. n-Hexane was used in these syntheses, which can change the solubility of amine in the oil phase, 

as it was previously explained in chapter 2.4.1. The geometry of the PU shell has been reported to be 

primarily influenced by the solubility of the amine in the oil phase and can be tuned by the selection of 

the amine phase, oil phase, or the concentration of amine and isocyanate (Polenz, 2014). Moreover, the 

type of solvent influences the MCs formation by changing the interfacial tension of the medium (Ma, 

2017). 

Aminosilane, when incorporated into the aqueous phase tends to hydrolyse, forming silanol groups. Also, 

the amino groups tend to react with NCO groups at the interface of the aqueous/organic phases. The 

silanol groups, on the other hand, by polycondensation reactions, form siloxane moieties (FTIR peak as-

signment at ca. 1100 cm-1), improving the mechanical strength and thermal resistance of the resulting 

shell, which will be a hybrid material based on PU/PUa and silica. 

Figure 4.33 and 4.34 show the SEM photomicrograph of IP-84. The only difference between this synthesis 

and IP-83 was the type of active hydrogen source which is added to the synthesis. The obtained MCs from 

IP-84 (with DETA, instead of aminosilane) have spherical shape, the thickness of the shell in individual 

MCs looks uniform but, as it can be observed in Figure 4.33 and 4.34, the shell thickness varies approxi-

mately between 5 and 15 µm, quite in line with the difference in the size of MCs. Smaller ones have 

higher active surface to volume (S/V) so, the interfacial reaction, for shell formation occurs significantly 
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faster than, in the case of the larger droplets, being the result a thinner shell. The successful encapsula-

tion of Ongronat can be explained by reaction of amine groups of DETA with -NCO groups of TDI, and 

formation of a PUa shell. 

 

 

 

  

 

 

Again, the difference in surface morphology of the MC's shell, can be due to the difference in the parti-

tion coefficient (KOW) for aminosilane and DETA, as it was discussed in chapter 2.4.1.  

FTIR spectra for IP-83 and IP-84 are shown in Figure A6 (Appendix-A) and confirm the presence of unre-

acted NCO, as there is an intense peak in the range of 2280-2260 cm-1. Calculations based on Eq.7, for 

Figure 4.31 SEM photomicrograph of IP-83, 
Scalebar=100µm  

Figure 4.32 SEM photomicrograph of IP-83, 
Scalebar=10µm 

Figure 4.33 SEM photomicrograph of IP-84, 
Scalebar=10µm 

Figure 4.34 SEM photomicrograph of IP-84, 
Scalebar=10µm 

Figure 4.35 SEM photomicrograph of IP-84, 
Scalebar=10µm 
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these two cases, revealed a significantly higher free NCO for IP-84, when compared with IP-83, as it is 

represented in Table 4.17.  

Figure 4.36 shows the thermogram for synthesis IP-84. Table 4.16 lists some information extracted from 

it. 
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                                   Figure 4.36 TGA for IP-84                   

 

 

                                                     Table 4.16 Summary of TGA results for IP-84               

Steps Water and/or  

solvent 

Isocyanate compounds Shell Char  

(at 600˚C) 

 

Temperature 

( ֯ C) 

Mass 
loss 

(%) 

Temperature 

( ֯ C) 

Mass loss 

(%) 

Temperature 

( ֯ C) 

Mass 
loss 

(%) 

Mass 

(%) 

1st 60-118 7      

2nd   118-177 11   

3rd   177-236 4   

4th   236-307 15   

5th      307-351 18 

6th     351-446 6 

7th     446-529 11 

Total  7  30  35 26 
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                                               Table 4.17 Summary of characterization results for IP-83 & IP-84 

 

 

 

 

 

 

 

Conclusions 

o Successful encapsulation of Ongronat in TDI-derived shell was achieved, represented by these 

both syntheses, being the MCs obtained of core-shell type. 

o DETA is proven to be a more effective active hydrogen source (chain extender) for the encapsu-

lation of isocyanate species, when compared to aminosilane, probably due to the higher NH func-

tionality, which results in higher reactivity and more cross-linking of the shell material.  

 

After raising some experience on the encapsulation of isocyanate species, in particular on the use of 

different reactivity isocyanates to achieve core-shell MCs with desired properties, new experiments have 

been initiated with commercial isocyanate prepolymers, supplied by CIPADE. These materials are Su-

prasec 2234 and Desmodur RC, MDI and TDI prepolymers, respectively, and they are employed by CIPADE 

as cross-linkers to promote ultimate strength to the adhesive joint . These compounds are extremely re-

active with active hydrogens, in order to be able to react within a very short period of time, when in 

contact with the base component (OH-rich) to produce a high strength joint in the footware assembly.  

The first series of synthesis was done without addition of any solvent in the case of Desmodur RC and by 

addition of solvent in the case of Suprasec 2234, as its viscosity is significantly higher when compared to 

other isocyanate compounds. Further syntheses were performed by mixing of these two prepolymers and 

adding different types of solvents at different concentrations to control the reaction rate. Also, different 

active hydrogen sources were added to the aqueous phase, or in the case of TPI to the organic phase, to 

study the size and morphology of the MCs obtained. In the following chapters, the results of these series 

of syntheses will be presented. 

 

4.2.5 Group 5&6  

Objectives: Microencapsulation of Suprasec 2234, MDI prepolymer, used by CIPADE as cross-linker of 

adhesive formulations. Due to the high reactivity of this prepolymer, several strategies were considered 

to control the reactions speed, such as carrying out the syntheses at low temperature, or adding different 

amines and polyols, with the main idea of increasing encapsulation efficiency and formation of an appro-

priate shell. The other objectives for these series of syntheses was finding the suitable solvent for dis-

solving the organic phase, as well as finding the minimum possible quantity for each solvent. 

Synthesis 
No. 

MCs type MCs size 
(µm) 

Y Core mass 

% from TGA 

IP-83 Core-shell 70-200 5.47 - 

IP-84 Core-shell 50-150 86.17 30 
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                                      Table 4.18 Primary materials used in the selected syntheses of group 5&6 

Synthesis 

No. 

Organic 

Phase 

Aqueous 

phase 

Surfactant Active H 

source 

Solvent Temperature 

(֯ C) 

Stirring 

rate 

(rpm) 

IP-102 Suprasec 

2234 

Water GA DETA Toluene 55-60 300 

IP-91 Suprasec 

2234 

Water GA DETA n-Hexane 55-60 400 

IP-104 Suprasec 

2234 

Water GA 1,6 Hex-

anediol 

Toluene  55-60 400 

1P-117 Suprasec 

2234 

Water GA 1,6 Hex-

anediol 

MEK 55-60 350 

IP-114 Suprasec 

2234+TPI 

Water GA -- Toluene 55-60 400 

 

 

Table 4.18 lists the materials which were employed in these groups of syntheses.  

Inspection by optical microscopy and SEM were performed to evaluate MCs size and morphology. Table 

4.19 lists physical features of the MCs and their relative encapsulation yield . 

                                      

                                        Table 4.19 Summary of characterization results for Group 5&6 

 

 

 

 

 

 

 

 

 

 

The SEM photomicrographs of IP-102 are shown in Figures 4.37 and 4.38, exhibiting a rough surface, 

which can be justified by inhomogeneous reaction kinetics  (Kardar, 2015; Tatiya, 2016). It was not possi-

ble to break or open the MCs' shell, so that there is no information about the morphology of the MCs, 

which suggests either that the MCs are of core-shell morphology, where the shell is mechanically very 

strong, or that the MCs are of matrix-type morphology. 

Synthesis 
No. 

MCs size (µm) Physical character of 
MCs 

Y 

IP-102 10-100 Tendency to aggregation 4.05 

IP-91 70-200 Non-aggregated 1.43 

IP-104 10-70 Tendency to aggregation 1.21 

IP-117 50-250 Non-aggregated 2.03 

IP-114 20-120 Some aggregated MCs 1.44 
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Figures 4.39 and 4.40 show the SEM photomicrographs for IP-91. The primary materials and the synthesis 

parameters are the same as for IP-102, except for the type and quantity of solvent. The changes in the 

morphology of the MC's shell can be due to the different solvents employed in these two syntheses, while 

the significant changes in the MCs size can be due to the quantity of solvent added to the syntheses. 

Syntheses IP-104 and IP-117 were prepared with 1,6 Hexanediol added to the aqueous phase. The only 

difference between them was the type of solvent, which was employed, toluene for IP-104 and MEK for 

IP-117. There are no SEM images available for these two syntheses, but optical microscopy evaluation of 

IP-104 showed small spherical MCs in the range of 10-70 µm but mostly in the range of 20-40 µm, with 

tendency to aggregation. MCs obtained from IP-117, exhibited a shiny yellowish colour and spherical 

shape in the range of 50-250 µm and without any tendency to aggregation.  

In the last synthesis (IP-114) from this group TPI was added with the aim of increasing the microencap-

sulation efficiency, as it was observed in the case of IP-67. The outer surface of the MCs is found to be 

wrinkled, as it can be observed in Figures 4.41 and 4.42. The nonuniformity and wrinkles on the surface 

can be due to the fast formation of hard shell through the reaction of active hydrogen sources with highly 

reactive isocyanate compounds, followed by shrinking of the core through polymerization (Hano, 2017), 

Another reason is the inhomogeneous reaction kinetics, derived from the reaction of active sites in the 

shell with monomers of the core. (Kardar, 2015) A third hypothesis, less probable, could be some solvent 

Figure 4.37 SEM photomicrograph of IP-102, 
Scalebar=100µm 

Figure 4.38 SEM photomicrograph of IP-102, 
Scalebar=10µm 

Figure 4 39 SEM photomicrograph of IP-91, 
Scalebar=100µm  

Figure 4.40 SEM photomicrograph of IP-91, 
Scalebar=10µm 
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present in the core that is eliminated during SEM samples preparation and set-up procedure, leaving 

voids inside the MCs.  

 

  

Figure A7 (Appendix-A) shows normalized FTIR peaks of Suprasec 2234, as well as IP-91, IP-102, IP-104, 

IP-117 and IP-114. Again peaks located in the range of 2280-2260 cm-1 are related to free (unreacted) -

NCO in all MCs and Suprasec 2234. For Suprasec 2234 peaks located at 1735 cm-1 are related to urethane. 

Further calculation was carried out to estimate encapsulation efficiency by considering the area at (1926- 

2444 cm-1) for NCO and the area at (1754-1670 cm-1) related to PU and/or PUa. Calculations to obtain 

relative encapsulation yield were performed based on these peaks and according to Eq.7. The results are 

listed in Table 4.19. The Y parameter also was calculated for Suprasec 2234 and YSuprasec= 11.65 was ob-

tained for this prepolymer. 

                              

 

Conclusions 

 

Several efforts were performed to encapsulate Suprasec 2234 by employing different solvents and dif-

ferent active hydrogen sources. As it was mentioned before, this was a hard task, because of the ex-

tremely high reactivity of Suprasec 2234, when compared to other isocyanate compounds, which were 

employed before in this work.  

o FTIR results confirmed the successful encapsulation of Suprasec 2234, but only at a low level, 

when compared to other groups of syntheses. All the spectra of these syntheses exhibit a peak 

at 2280-2260 cm-1 related to unreacted -NCO.  

o The best encapsulation efficiency achieved was for IP-102, where DETA was added to the synthe-

sis and toluene was employed as a solvent. 

o Comparison between FTIR results for IP-91 versus IP-102 and IP-104 versus IP-117, reveals the 

effect of changing the solvent on the encapsulation efficiency, due to a change in the partition 

coefficient (KOW) when employing different types of solvent. 

Figure 4.41 SEM photomicrograph of IP-114, 
Scalebar=100µm 

Figure 4.42 SEM photomicrograph of IP-114, 
Scalebar=10µm 
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o Comparison between FTIR results for IP-102 versus IP-104 reveals the effect of changing the ac-

tive hydrogen source on the encapsulation efficiency, due to a change in the partition coefficient 

(KOW), molecular structure and functionality. 

 

4.2.6 Groups 7, 8, 9, 10 

Objective: Encapsulation of Desmodur RC (TDI prepolymer) as a highly reactive prepolymer.  

In these groups of syntheses several efforts were performed to encapsulate Desmodur RC, by using  dif-

ferent solvents and different hydrogen active sources.  Table 4.20 shows the primary materials employed 

in selected syntheses from these groups. 

 

                                Table 4.20 Primary materials used in syntheses of groups 7, 8, 9, 10  

Synthesis 

No. 

Organic Phase Aqueous 

phase 

Surfactant Active H source Solvent T 

(֯ C) 

Stirring rate 

(rpm) 

IP-108 Desmodur+TPI Water GA None n-Hexane 55-60 300 

IP-115 Desmodur+TPI Water GA None Toluene 55-60 400»300* 

IP-122 Desmodur+TDI+TPI Water GA None MEK 55-60 300 

IP-113 Desmodur (higher 

quantity) + TDI  

Water GA 1,6 Hexanediol Toluene 55-60 350 

1P-118 TDI (higher quan-

tity) + Desmodur  

Water GA 1,6 Hexanediol Toluene 55-60 350 

*Stirring rate was reduced, as it was observed some broken shell. 

 

To encapsulate Desmodur RC, two strategies were employed according to the know-how built from last 

experiments. The first strategy was the addition of TPI to Desmodur RC, with the idea of incorporating 

NCO and silanol groups in the shell formation process, leading to siloxane rich regions within a PU/PUa 

shell. The second strategy was the addition of monomeric TDI to form shell of MCs. To recognize higher 

reactive isocyanate compound between Desmodur RC and monomeric  TDI, the same quantity of polyol 

was added to a certain amount of both isocyanates at RT, although the reaction started first at mono-

meric TDI by changing the colour, but finally Desmodur RC transformed to bulky solid when monomeric 

TDI was still liquid. So, two syntheses were performed, first with the higher quantity of monomeric TDI 

(IP-118) and the other with the higher quantity of Desmodur RC (IP-113). FTIR was performed on the MCs 

from these syntheses to obtain more accurate information about the level of reactivity of these isocya-

nate compounds. There are no SEM photomicrographs available for this group of synthesis. MCs were 

characterized by optical microscopy and FTIR spectroscopy. Figure A8 (Appendix-A) shows FTIR spectra 

for all MCs of this group, as well as Desmodur RC. The same method was employed to calculate the 

relative encapsulation yield. The obtained results from FTIR and summary of all characterization results 

were presented in Table 4.21. 
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                   Table 4.21 Summary of characterization results for the selected MCs from Groups 7, 8, 9, 10 

Synthesis 
No. 

MCs size (µm) Physical features of MCs Y Core mass 

% from TGA 

IP-108 20-150 Non-aggregated 5.7 ---- 

IP-115 20-100 Non-spherical + some broken shell 1.3 ---- 

IP-122 20-80 Non-aggregated 2.6 ---- 

IP-113 10-100 Non-aggregated 0.8 34.5 

IP-118 70-150 Non-spherical + some broken shell 6.3 ---- 

 

                             

The relative amount of NCO to that of PU/PUa, was also calculated for Desmodur RC and monomeric TDI. 

The results show YDesmodur= 0.4 and Ymonomeric TDI=22.8.  

The TGA for MCs from IP-113, is shown in Figure 4.43. The extracted results from TGA were presented in 

Table 4.22. 
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                                          Figure 4.43 TGA for IP-113 
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                                                           Table 4.22-Summary of TGA results for IP-113 

Steps Water and/or  

solvent 

Isocyanate compounds Shell  Char 

 (at 600˚C)  

 

Temperature 

( ֯ C) 

Mass 
loss 

(%) 

Temperature 

( ֯ C) 

Mass loss 

(%) 

Temperature 

( ֯ C) 

Mass 
loss 

(%) 

Mass 

(%) 

1st 50-134 5.5      

2nd    134-198 26.5   

3rd    198-281 8   

4th      281-333 26.5 

5th       333-400 6.5 

     400-492 12  

Total  5.5  34.5  45 13 

 

 

 

Conclusions 

o FTIR results confirm the successful encapsulation of Desmodur RC, although in some cases with 

significantly low encapsulation efficiency. The fact can be justified by significantly low  Y for Des-

modur RC (Y Desmodur = 0.4), which means Desmodur has significantly low free NCO. The high Y for 

MCs when compared with Y Desmodur, can be explained by the presence of free NCO from  TPI and 

monomeric TDI, as the Y Monomeric TDI =22.8. 

o Comparison between FTIR results for IP-108 versus IP-115, confirms the effect of changing the 

solvent on the encapsulation efficiency, due to partition coefficient (K OW) effects. 

o Comparison between FTIR results for IP-113 versus IP-118, as well as Y Monomeric TDI versus Y Desmodur 

confirmed the higher reactivity of Desmodur RC when compared with monomeric TDI. 

 

4.2.7 Group 11 

Objective: Encapsulation of Suprasec 2234 (MDI prepolymer), assisted by Desmodur RC (supposed to be 

a more reactive prepolymer, because it derives from TDI). 
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In this group of syntheses, a mixture of Desmodur RC and Suprasec 2234 was employed, to take advantage 

of the different reactivity of these isocyanate compounds. It is expected that the most reactive one re-

sults in the formation of the PU/PUa shell, encapsulating the less reactive one. Several solvents, as well 

as different types of active hydrogen sources, were added to increase the encapsulation efficiency. Table 

4.23 lists the primary materials employed in these series of syntheses. 

 

                                     Table 4.23 Primary materials used in the best syntheses of group 11 

Synthesis 

No. 

Organic 

Phase 

Aqueous 

phase 

Surfactant Active H 

source 

Solvent Temperature 

(֯ C) 

Stirring 

rate 

(rpm) 

IP-88 Suprasec + 

Desmodur 

Water GA DETA n-Hexane 55-60 400 

IP-90 Suprasec + 

Desmodur 

Water GA None n-Hexane 55-60 400 

IP-105 Suprasec + 

Desmodur 

Water GA Aminosilane Toluene 55-60 400 

IP-112 Suprasec + 

Desmodur 

Water GA DETA Toluene 55-60 250 

IP-109 Suprasec + 

Desmodur 

Water GA 1,6 Hexanediol Toluene 55-60 300 

IP-119 Suprasec + 

Desmodur + 

TPI 

Water GA None MEK 55-60 350 

 

 

MCs were characterized by optical microscopy, SEM and FTIR spectroscopy. Figures 4.44-4.53 reveal the 

MCs´ morphology of some of these syntheses. As shown in Table 4.23, syntheses IP-88 and IP-90 were 

performed in the same synthesis conditions, but DETA was added to the IP-88. As it can be observed from 

SEM photomicrographs 4.45 and 4.47, the addition of DETA leads to a wrinkled shell surface, while MCs 

shell surface of IP-90 is completely smooth, which might be due to inhomogeneity in reaction kinetics, or 

simply because IP-88 has a core-shell morphology and the shell gets affected (collapses) when subject to 

the vacuum inside the SEM. The MCs achieved in this group of synthesis are so tough that it was not 

possible to break them using the tip of a needle.  By changing the solvent from n-hexane in IP-88 to tolu-

ene in IP-112 again shell morphology has changed (Figures 4.48 and 4.49). One theory is that, due to 

higher diffusion coefficient in the case of toluene, there is more instability in the emulsion and more 

wrinkles on the shell surface are produced (Duan, 2016; Polenz, 2014). Another theory, is that such higher 

diffusion coefficient might promote a faster interfacial reaction, with formation of a thinner shell, that 
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isolates NCO groups from the OH and NH groups, stopping reaction. Such thinner shell tends to become 

even more affected by the vacuum produced at the microscope, collapsing in the fo rm of wrinkles. Com-

parison between IP-109, prepared with 1,6 Hexanediol, and IP-112, prepared with DETA, also shows a 

change in the shell morphology, as it is represented in Figure 4.51 and Figure 4.48. It seems that IP-112 

exhibits a thinner shell than IP-109, being therefore more deformed by vacuum conditions. In IP-119, TPI 

was added to the organic phase (Figures 4.52 and 4.53) and, in fact, the shell surface looks smoother with 

slightly shrunk regions, which can be explained by slight changes in homogeneity of reaction kinetics due 

to higher reactivity of TPI functional groups, the reason for inhomogenity and the shrinkage of the shell 

has been explained befor in pages 65 and 66.  

 

  

  

  

Figure 4.44 SEM photomicrograph of IP-90, 
Scalebar=100µm  

Figure 4.45 SEM photomicrograph of IP-90, 
Scalebar=10µm 

Figure 4.46 SEM photomicrograph of IP-88, 
Scalebar=100µm 

Figure 4.47 SEM photomicrograph of IP-88, 
Scalebar=10µm 

Figure 4.48 SEM photomicrograph of IP-112, 
Scalebar=100µm 

Figure 4.49 SEM photomicrograph of IP-112, 
Scalebar=10µm 
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The FTIR spectra for the MCs obtained from these series of syntheses are shown in Figures A9, A10 and  

A11 of Appendix A. For the sake of simplification these spectra were grouped according to the solvent 

used. It should be noted that Y Desmodur =0.4 and Y Suprasec =11.65, as in this group of syntheses both pre-

polymer were mixed together. 

Figure A9 regarding IP-119, prepared with TPI, shows the presence of siloxane moieties, through the 

presence of a peak at ca. 1100 cm -1, which is much more evident for this spectrum than for the other 

spectra, revealing that the MCs in this case are made of a hybrid material, based on PU/PUa and silica 

based material. 

The peak assigned to NCO groups, in IP-88 spectrum (Figure A10, Appendix A) is more intense, compared 

to the carbonyl one from PU/PUa, than that of IP-90. This reveals that DETA improves the encapsulation 

efficiency (Y=0.65 versus Y=0.47, shown in Table 4.26). As it can be observed in Figure A11, Appendix-A, 

aminosilane was shown to be not very efficient in NCO encapsulation. The NCO peak, for IP-105, is very 

weak, while, on the contrary, 1,6-hexanediol (IP-109) leads to higher encapsulation efficiency (Y=2.95 for 

IP-109 versus Y=0.2 for IP-105). The OH band, at ca. 3400 cm-1, is also more intense for IP-109. In the case 

of IP-112 a value for Y at 0.61 was obtained from Eq. 7, being this result quite similar to that of IP-88, 

where the only difference was the solvent employed (n-Hexane for IP-88 and toluene for IP-112). 

Figure 4.50 SEM photomicrograph of IP-109, 
Scalebar=100µm 

Figure 4.51 SEM photomicrograph of IP-109, 
Scalebar=10µm 

Figure 4.52 SEM photomicrograph of IP-119, 
Scalebar=100µm 

Figure 4.53 SEM photomicrograph of IP-119, 
Scalebar=10µm 
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In Table 4.24 the summary of characterization results which were obtained from physical and chemical 

evaluation methods is presented. 

 

                                  Table 4.24 Summary of characterization results for Group 11 

 

 

 

 

 

 

 

 

 

 

 

Conclusions 

o FTIR spectroscopy and the related calculus to obtain the relative encapsulation yield confirmed 

the encapsulation of isocyanate prepolymer (Suprasec), with a quiet low efficiency, especially for 

the synthesis with aminosilane, as active H source.  

o Comparison between the FTIR results for IP-105 and IP-109 reveals that encapsulation efficiency 

clearly depends on the type of active H source employed,  due to changing in the partition coef-

ficient (KOW). The Y parameter, as a relative measure of encapsulation efficiency was found to be 

0.2 (for IP-105 with aminosilane) and 2.95 (for IP-109 with 1,6-hexanediol).  

o IP-91, with Suprasec 2234 being the only isocyanate compound, exhibits Y=1.43, while IP-88 with 

a combination of Suprasec 2234 and Desmodur RC (77wt%:23wt%), exhibits Y=0.65. So, one may 

conclude that Suprasec 2234 is the compound contributing to the shell formation in both cases, 

because , Y Desmodur =0.4 and Y Suprasec =11.65. This is somehow an unexpected result, since Des-

modur, a TDI pre-polymer, has been employed as the most reactive compound. 

 

 

Synthesis 
No. 

MCs size 
(µm) 

Physical character of MCs Y 

IP-88 50-150 Non- aggregated 0.65 

IP-90 70-200 Non- aggregated 0.47 

IP-105 ------ Completely aggregated 0.2 

IP-109 20-120 Low degree of aggregated 2.95 

IP-112 10-100 Non-spherical and aggregated 0.61 

IP-119 20-130 Non- aggregated 0.3 
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4.3 Peeling strength test 

As discussed before, in chapter 3.3.1, the peeling strength test was performed as an indirect way to 

evaluate the behaviour of the MCs in terms of adhesion capacity. This test involved the addition of se-

lected MCs synthesized in this work, that contain a determined NCO groups content on the adhesive 

formulation base component (having OH groups free to react), this latter one supplied by CIPADE. This 

base component of name PEARLSTICK® 45-50/18, also called “Polyol” component in this work, has a small 

amount of OH groups that will react with the encapsulated NCO groups (upon the breaking or melting of 

the MCs), leading to the cross-linking of the adhesive material. 

Experiences started by mixing 5 wt% of Ongronat (a known amount of NCO) with 95 wt% of the polyol 

component. The same ratio was considered for 
𝑀𝐶𝑠

𝑃𝑜𝑙𝑦𝑜𝑙
  without considering the relative encapsulation yield 

of MCs obtained from FTIR results. 

The selected MCs for performing these tests are those from IP-64 and IP-126, which contain encapsulated 

IPDI, from IP-84, which contains encapsulated Ongronat and from IP-118 and IP-122 that contain encap-

sulated TDI and /or Desmodur RC. The solution of 25 wt% PEARLSTICK® 45-50/18 in MEK was used as the 

polyol component. Ongronat was also mixed with the same quantity of polyol, as a reference test. 

These tests were performed in seven steps: i) Weighing of the right quantity of polyol component and 

MCs or Ongronat, ii) Mixture with a glass rod, iii) Application of the mixture on the surface of a paper 

substrate, with a certain area, iv) Passing “adjustable wet film thickness applicator” to obtain a thin film 

of uniform thickness, v) Placement of another piece of paper substrate on top of the mixture, vi) Appli-

cation of load and /or temperature during 15 minutes, vii) Separation (pulling apart) of both pieces of 

paper right after finishing the last step. Figures 4.54 to 4.57 show some of these steps, which were per-

formed at the laboratory. 

 

 

 

 

 

Figure 4.54 Addition of MCs to the 
polyol based component  

Figure 4.55 Step (ii) of peeling 
strength test 
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Table 4.25 summarizes the peeling strength testing conditions, as well as the results obtained for the first 

set of tests. The testing of other MCs prepared during this work is still on -going and was not included in 

this dissertation. It should be noted that MCs obtained from IP-84, were tested twice, i.e. right after being 

prepared and after three months from their synthesis, which is named as IP-84-2, in order to assess any 

change in the quality of the MCs over the time. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.56 Steps (iii) & (iv) of peel-
ing strength test 

Figure 4.57 Step (vii) of peeling strength 
test, exhibiting mostly a structural type 
of failure of the adhesive joint 
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Table 4.25 Peeling strength test parameters and relative results (type of failure) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Conclusions 
 

o The base component “Polyol” exhibits adhesion performance by itself, of the type of adhesive 

failure. It should be noted that cross-linking, by means of reaction with NCO groups, is critical for 

the desired adhesive performance and durability for the footware industry. 

o For all the samples assessed by the peeling strength test, there was an indirect evidence of free 

NCO groups, because structural failure, which is the desired type of failure, was achieved by 

means of pressure (load) exerted on the MCs, resulting on NCO release. 

o NCO release from the MCs occurs mainly by pressure application and not by the effect of temper-

ature. This was expected because the PU/PUa shell material is basically a thermoset polymer, i.e. 

does not melt at the test temperature, it only degrades at high temperatures, as it is visible at the 

Test condition Temperature 
(80 ֯ C) 

Pressure 
(4 Kg.cm-2) 

 

Temperature 
(80 ֯ C) + Pressure 

(4 Kg.cm-2) 

Type of failure 

Mixture 

Polyol ×   Adhesive 

Polyol + Ongronat ×   Structural 

Polyol + Ongronat   × Structural 

Polyol + IP-84 ×   Adhesive 

Polyol + IP-84  ×  Structural 

Polyol + IP-84   × Structural 

Polyol + IP-84-2 ×   Adhesive 

Polyol + IP-84-2  ×  Structural 

Polyol + IP-84-2   × Structural-Cohesive 

Polyol + IP-64   × Structural-adhesive 

Polyol + IP-126 ×   Structural 

Polyol + IP-126  ×  Structural 

Polyol + IP-126   × Structural 

Polyol + IP-118 ×   Adhesive 

Polyol + IP-118  ×  Structural 

Polyol + IP-118   × Structural 

Polyol + IP-122 ×   Adhesive 

Polyol + IP-122  ×  Adhesive 

Polyol + IP-122   × Structural 
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thermograms, obtained by TGA. 

o The test carried out with IP-84 and IP-84-2, showed slightly worse results for IP-84-2, probably 

due to the gradual loss of core content of MCs over the time. This fact can be explained by reaction 

of encapsulated NCO species with the moisture that penetrates through the shell over time, which 

suggests that shells with less porosity than that of IP-84 should be developed.  

 

 

5 Summary and main conclusions  

The present work was defined as a part of the effort to encapsulate different chemical compounds of 

isocyanate (Ongronat, IPDI, TDI and highly reactive prepolymers) by micro emulsion technique combined 

with interfacial polymerization. New developed MCs contain isocyanate, which is covered (encapsulated) 

by a thin layer of PU/PUa, or hybrid material, in order to protect the isocyanate from reaction with sur-

rounded (polyol rich) environment (in order to supply a monocomponent 1K adhesive system) and to 

protect the user from the toxicity of isocyanate compounds.   

Initially Ongronat was successfully encapsulated by using DC 193 and GA as surfactants. In a second step, 

IPDI was successfully encapsulated by addition of Ongronat to the organic phase, as a higher reactivity 

isocyanate. The obtained MCs have core-shell morphology, with a higher encapsulation yield when com-

pare with the first group. In a third step, Ongronat was successfully encapsulated by addition of mono-

meric TDI as a higher reactivity isocyanate compound. Different amines (EDA, DETA) and silanes (ami-

nosilane, TEOS, TPI) were added to the syntheses. Among them, DETA and TPI were the ones leading to 

a higher relative encapsulation yield.  

In a next phase of this work, it was possible to successfully encapsulate Desmodur RC and Suprasec 2234, 

which are highly reactive isocyanate prepolymers employed by CIPADE, the industrial partner of this work 

(ECOBOND Project).  

Aiming at increasing the encapsulation efficiency, several studies were carried out to better understand 

the microencapsulation process and to optimize the synthesis parameters, such as emulsification rate, 

stirring speed, synthesis temperature and duration, surfactant concentration and type, among others.  

Table 5.1 lists the best results which were obtained from more than 150 syntheses to encapsulate IPDI, 

Ongronat, Desmodur RC, monomeric TDI and Suprasec 2234. 
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                          Table 5.1 The best syntheses, according to the relative encapsulation yields achieved  

 

 

5.1 Main Conclusions 

5.1.1 Conclusions related to primary materials 

 

o Addition of another isocyanate compound with higher reactivity to the organic phase, improves 

the encapsulation efficiency, such as Ongronat to IPDI or TDI to Ongronat. 

o From all the laboratory experiences, it is possible to conclude, for each isocya nate compound, 

the best combination in terms of active hydrogen source and solvent employed, being as follow:   

 

 

 

 

Synthesis 

No. 

Group Encapsulated 

material 

Addition organic 

phase 

Active H 

source 

Temperature 

(˚C) 

Stirring rate 

(rpm) 

Y 

IP-84 4 Ongronat TDI + n-Hexane DETA 65-70 400 87.2 

IP-66 2 IPDI Ongronat DETA 65-70 400 43.2 

IP-67 3 IPDI Ongronat 

+ TPI 

------ 65-70 400 41.4 

IP-33 1 Ongronat ---- ----- 65-70 400 29.2 

IP-118 8,9,10 TDI Desmodur RC 1,6 Hexanediol 55-60 350 6.3 

IP-108 8,9,10 Desmodur RC TPI + n-Hexane ---- 55-60 300 5.7 

IP-102 5,6 Suprasec 2234 Toluene DETA 55-60 300 4.1 

IP-109 11 Suprasec 2234 Desmodur RC + 

Toluene 

1,6 Hexanediol 55-60 300 3.0 

IP-126 Study 

Temp. 

IPDI Ongronat Aminosilane + 

TEOS 

75-77 400 7.9 

IP-121 Study 

rpm 

IPDI Ongronat Aminosilane + 

TEOS 

65-70 200 5.6 



78 
 

                     Table 5.2 The best combination of active hydrogen source and solvent  
                                          for each isocyanate compound in this work 
 
 

 

 

 

 

 

o The reactivity of the isocyanate compounds employed in this work was realized to be as follow: 

Suprasec 2234 › Desmodur RC › monomeric TDI › Ongronat › IPDI.  

o GA was a good performing surfactant in this work. Higher concentration of GA tends to decrease 

the MCs size.  

 

5.1.2 Conclusions related to physical parameters of synthesis 

 

o The performance of syntheses, at higher temperatures, i.e. in the temperature range of 75-77 ֯C 

improves the encapsulation efficiency, by reducing the synthesis duration. For example, in the 

case of Suprasec 2234 and Desmodur RC, the decrease of synthesis temperature from 60 ֯C to RT, 

implied an increase of the synthesis duration from 20 minutes to 4 hours, while a further de-

crease in temperature by using an ice bath, has stopped the reaction. 

o Although the lower stirring rate improves the encapsulation efficiency, it was found to increase 

the synthesis duration, so the optimum range of 350-400 rpm can be considered as the best 

practical range. 

o An increase in the emulsification rate leads to a decrease in the MCs size. In this work, an emul-

sification rate at 3200 rpm was employed. 

 

5.2 Future work 

 

o Development of MCs with more brittle shell, so they can fully release the isocyanate by the effect 

of loading (pressure): a few experiments have been done to synthesize MCs with brittle shells by 

addition of polystyrene (PS) solution in several solvents i.e. toluene, DCM, MEK, etc. (Group 12). 

Although the FTIR spectra of MCs confirmed the presence of PS, the shell strength and morphol-

ogy did not show significant changes. More efforts will be necessary to optimize these syntheses.  

o Development of MCs with thermal gates, so they can fully release the isocyana te by melting: a 

Isocyanate compound Active hydrogen source Solvent 

IPDI DETA None 

Ongronat DETA n-Hexane 

Suprasec 2234 DETA Toluene 

Desmodur RC TPI n-Hexane 
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few experiments were carried out to synthesize MCs with thermal gates by adding to the synthe-

sis a solution of PCL in different solvents (Group 12), however, more efforts in this field should 

be done.   

o Test of new promising active hydrogen sources, to improve the encapsulation efficiency of Su-

prasec 2234 and Desmodur RC:  1,4 Butanediol, TETA and 0.0 G PAMAM. 

o Some of the MCs containing Suprasec and Desmodur were not possible to be broken by the tip 

of a needle. In this case, embedding them in resin as a mounting material, following by cutting 

the mounted sample by micro cutter might be done to better study their morphology.  
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Appendix A-FTIR spectrums 

4000 3500 3000 2500 2000 1500 1000 500

T
ra

n
s
m

it
ta

n
c
e

 (
a

.u
.)

Wavenumber (cm
-1
)

IP-130

IP-64

IP-73

IP-126

 

 

 

               Figure A 1 FTIR for IP-130, 64, 73, 126                                                        
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              Figure A.2 FTIR for IP-74, 121, 123                                                       
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                   Figure A.3 FTIR for IP-27, 33 3 
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                     Figure A.4 FTIR for IP-64,66  
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                        Figure A.5 FTIR for IP-67 
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                     Figure A.6 FTIR for IP-83, 84 
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Figure A.7 FTIR  for Suprasec 2234, IP-91, IP-102, IP-   
104, IP-117 & IP-114 
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Figure A.8 FTIR  for Desmodur RC, TDI,  IP-108, IP-113, 
IP-115, IP-118 and IP-122   
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                       Figure A.9 FTIR for IP-119 
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                  Figure A.10 FTIR for IP-88, IP-90 
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       Figure A.11 FTIR for IP-105, IP-109 and IP-112 
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Figure A.12 FTIR for TDI-TX and Desmodur RC 
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Figure A.13 FTIR for Desmodur RC and Suprasec 
2234 
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               Figure A.14 FTIR for Aminosilane 
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                         Figure A.15 FTIR for TPI 
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                      Figure A.16 FTIR for TEOS 

 

 

                        Figure A.17 FTIR for TDI-TX 
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                       Figure A.18 FTIR for Ongronat 
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                         Figure A.19 FTIR for IPDI 
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                  Figure A.20 FTIR for Suprasec 2234 
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                   Figure A.21 FTIR for Desmodur RC 
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                     Figure A.22 FTIR for DC 193 
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                     Figure A.23 FTIR for Gum Arabic 
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Appendix B-History of the synthesis 

                                                                 Table B1-History of the syntheses 

 

 

Synthesis 

Category 

Organic Phase(s) Aqueous Phase Active H source Solvent 

Group1 Ongronat Water +DC 193 

Water +GA 

EDA None 

Group 2 Ongronat + IPDI Water +GA Hexamethylendiamine 

Aminosilane 

EDA 

DETA 

Diethyl glycol 

Aminosilane +TEOS 

None 

Group 3 Ongronat + IPDI+TPI Water +GA   

Group 4 Ongronat + TDI Water +GA Glycerol 

Aminosilane +TEOS 

DETA 

Toluene 

n-Hexane 

 

Group 5 Suprasec 2234 Water +GA 

Water +GA +Gela-

tine 

1,6 Hexanediol 

 

Toluene 

n-Hexane 

Acetone 

MEK 

Group 6 Suprasec 2234+TPI Water +GA  Toluene 

Group 7 Desmodur RC Water +GA   

Group 8 Desmodur RC+TPI Water +GA   

Group 9 Desmodur RC+TDI Water +GA  Toluene 

MEK 

Group 10 Desmodur RC+TDI+TPI Water +GA  MEK 

Group 11 Suprasec 2234+Desmodur 

RC+(TPI) 

Water +GA 1,6 Hexanediol 

Aminosilane 

DETA 

Baysilon 

Gelatine 

Toluene 

n-Hexane 

Acetone 

MEK 

Group 12 Suprasec 2234+PS solution 

Suprasec 2234+PCL solu-

tion 

 

Water +GA  Toluene 

Acetone 

DCM 

MEK 


