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Abstract 
Thermally expandable microspheres are hollow polymeric particles in which a blowing agent has been 

encapsulated. Upon heating the blowing agent will vaporize, causing the internal pressure to increase, 

thereby expanding the microspheres. This unique expandable property reduces the density of the 

microspheres tremendously and makes them excellent for many applications, as for example as light 

weight fillers and to alter surface textures, such as in artificial leather and textiles. 

The purpose of this study has been to develop a viable system for the suspension polymerization of a 

small microsphere (~20 μm when expanded) expanding at fairly high temperatures. This has been 

accomplished by investigating the effect of changes in the stabilization system. Components of the 

stabilization system that have been varied were the amounts of silica (LX), condensation oligomer from 

adipic acid and diethanol amine (KO), and m(III)nitrate, as well as different formulations and amounts of 

the initiator dilauryl peroxide. Additional tests were performed concerning the effect of the crosslinking, 

adding the monomer methyl methacrylate (MMA), and the addition of salt (NaCl).  

A system for polymerization in 1L-scale was accomplished where it was found that one of the dilauryl 

peroxide formulations together with a higher amount of LX and KO provided a stable system giving 

homogeneous dispersions in which the microspheres have the desired expansion properties. Also, the 

ratio between LX and KO had a significant effect on the stability of the system and the amount of both 

LX and KO affects the particle size. 

Sammanfattning 
Termiskt expanderbara mikrosfärer är ihåliga polymera partiklar i vilka en flyktig drivgas har kapslats in. 

När mikrosfärerna upphettas förgasas drivgasen, vilket ökar trycket i mikrosfärerna så att de expanderar 

och deras volym ökar avsevärt. Denna unika egenskap gör att expanderade mikrosfärer har en låg 

densitet och är lämpliga för applikationer där låg vikt är väsentligt, och för att förändra ytstrukturer, så 

som i till exempel konstläder och textiler. 

Syftet med denna studie har varit att utveckla ett stabilt system för suspensionspolymerisation för att ge 

en liten mikrosfär (~20 µm efter expansion) som expanderar vid relativt höga temperaturer. Detta har 

uppnåtts genom att undersöka effekterna av förändringar i stabiliseringssystemet. Komponenterna som 

varierades var mängden silika (LX), kondensationsoligomeren mellan adipinsyra och dietanolamin (KO), 

olika formuleringar och mängd av dilauryl peroxid, samt mängden m(III)nitrat. Ytterligare tester gjordes 

runt effekten av tvärbindning, tillsats av monomeren metyl metakrylat (MMA), samt tillsats av salt 

(NaCl).  

Ett stabilt system för polymerisation i 1L-skala med en homogen dispersion uppnåddes med en av 

dilauryl peroxide formuleringarna tillsammans med en större mängde LX och KO. Studien visar även att 

kvoten mellan LX och KO har en signifikant effekt på systemets stabilitet och att mängden av både LX 

och KO påverkar partikelstorleken.  
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Purpose 
The Dow Chemical Co developed thermally expandable microspheres with a typical diameter of 5 - 50 

µm in the late 1960´s and the early 1970´s. [1] The microspheres have been commercially available for 

about 30 years but even today the studies regarding the synthesis and properties are scarce in the 

literature. One major disadvantage with the production of the microsphere so far is that the particle 

sizes are not sufficiently small for some applications that demand a uniform cellular body which this 

project will address. In the past, the company Expancel has pursued several projects to develop small 

microspheres, which have an excellent chemical resistance and will expand at relatively high 

temperatures (around 160 – 250 °C). 

During these earlier projects two different stabilization systems for the suspension polymerization have 

been investigated, one with Mg(OH)2 and one with a silica based stabilization system (LX). Unfortunately 

both these showed inadequacies which made them unsuitable in commercial products. In the Mg(OH)2 

recipe, there was a problem with an increase in the viscosity and a high amount of agglomerates in the 

dispersion. Meanwhile the LX-recipe resulted in a homogeneous dispersion with almost no 

agglomeration but unfortunately this system showed a high sensitivity towards changes in the system. 

Several attempts were conducted without success in order to minimize the sensitivity and thus the 

formation of agglomerates, for example the amount of LX was increased, different ratio of LX/KO and 

different initiators were tested. [1] [2] 

The purpose of this study has been to further investigate and develop a viable polymerization system for 

such a microsphere grade. This has been accomplished by investigating the effect of changes in the 

stabilization system, such as the amount of LX and KO, amount and formulation of the initiator and the 

amount of m(III)nitrate. Additional parameters that were investigated were the composition of the 

polymer shell, regarding how the amount of methyl methacrylate (MMA) and crosslinker affects the 

properties of the microspheres. The addition of salt was also studied in order to see the effect on the 

stabilization system.  

The goal of this work is to develop a microsphere that has a particle size around 6 – 8 µm prior to 

expansion, starts to expand at around 125 – 145 °C (Tstart), reaches maximum expansion at around 161-

178 °C (Tmax) with a minimum density (Dmin) at around 18 g/L. 

Important parameters that have been measured are the particle size, expansion temperatures and 

density. Also, the microspheres have been examined with SEM.  
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Introduction 

Thermally expandable microspheres 
Thermally expandable microspheres are polymeric particles, in which a blowing agent (hydrocarbon) is 

encapsulated by a thermoplastic polymer shell, generally around 3 - 7 µm thick. Upon heating the 

blowing agent will vaporize which increases the internal pressure. When the temperature reaches above 

the glass transition temperature (Tg) of the polymeric shell, and when the internal pressure is high 

enough to overcome the modulus of the polymer shell, an expansion will occur, see Figure 1. The typical 

diameter of the polymeric particle is about 20 µm prior to expansion and increases to about 100 µm 

during expansion. The tremendous increase in volume of the particles will be retained when cooled due 

to the plastic deformation of the polymer. This unique property enables a reduction of the density from 

about 1 100 kg/m3 to about 30 kg/m3 because of the 50 -100 times volume increase. The thermally 

expandable microspheres are synthesized by suspension polymerization using radical polymerization, 

with an in situ encapsulation of the blowing agent as the polymerization proceeds. [1] [3] 

 

Figure 1. An illustration of the expansion of a thermally expandable microsphere. 

Properties 

The properties of the microspheres mostly depend on the composition of the polymer shell, i.e. which 

monomers that are used as well as the boiling point of the blowing agent and the size of the 

microspheres. It is therefore important to keep in mind what properties that are essential for the 

intended application, examples of such properties are: at which temperature the expansion should start 

(Tstart), at which temperature the microspheres reaches the maximum expansion (Tmax), the particle size, 

the lowest obtained density (Dmin) which occurs at the maximum expansion and the surface chemistry of 

the microsphere. [5] 

Barrier- and mechanical properties 

The ability to expand is highly dependent on the barrier- and the mechanical properties of the polymer 

shell. It is important that the polymer shell can retain the blowing agent and prevent it from diffusing 

through the shell, otherwise the blowing agent will be lost and no expansion will be possible due to a 

too low internal pressure. The cohesive properties of the polymer shell are therefore fundamental.  

The monomers acrylonitrile (ACN) and vinylidene chloride (VDC) forms homo-polymers that are semi-

crystalline and have excellent barrier properties but insufficient thermoplastic properties for thermally 

expandable microspheres. The thermoplastic properties are important and therefore a copolymer with 
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methyl methacrylate (MMA), methyl acrylate (MA) or methacrylonitrile (MAN) are often used. Also, if 

crystalline materials are used to compose the polymer shell, the particles need to overcome a higher 

resistance to expand.  

As the microspheres expands the thickness of polymer shell decreases, which enhances the risk for the 

blowing agent to diffuse through the shell. It is therefore important to have a high expansion rate in 

order to minimize the loss of the blowing agent, otherwise the internal pressure will become too low 

and the polymer shell will start to shrink due to the low viscosity of the polymer during heating. A 

method to reduce the loss of the blowing agent is the use of crosslinker, as it will circumvent the 

blowing agent from diffusing through the polymer shell. The addition of a crosslinker also increases the 

modulus of the polymer shell and prevents it from breaking or shrinking at high temperatures. The 

increased modulus of the polymer shell will affect Tstart and Tmax and studies have shown that Tstart can 

increase with up to 20°C compared to a non-crosslinked polymer shell. [1] [3] [4] [6] 

If the barrier properties are sufficient, too much blowing agent can rupture the shell; because the 

polymer shell cannot withstand the increased internal pressure. This also results in loss of the blowing 

agent and insufficient expansion. [6] 

The glass transition temperature (Tg) 

The glass transition temperature (Tg) of a polymer indicate at which temperature larger units of the 

polymer starts to move and where ductility of polymer increases subsequently. Below Tg the polymer is 

stiff and brittle and the polymer will break, not deform, upon mechanical stress, meanwhile if the 

temperature is raised above the Tg the polymer will become soft and flexible. The Tstart is therefore 

correlated to the Tg of the polymer used in the polymeric shell of the microspheres. 

Factors that influence the Tg of a polymer are the composition, molecular weight, degree of crosslinking 

and crystallinity. For example the polymer composition is important in the determining the Tg because 

incorporation of stiffer units, such as aromatic rings, will decrease the ductility of the of the polymer 

chain. This results in that a higher thermal energy is needed in order to move major units in the chain 

and the Tg increases. [6] 

The blowing agent 

The blowing agent can be assumed to approach the behavior of an ideal gas inside the microsphere and 

the maximum expansion therefore correlates to the molar amount of the blowing agent, assuming that 

no hydrocarbon diffuse through the polymer shell. The structure of the blowing agent is of significant 

importance; a bulky molecule has lower ability to diffuse through the shell and is therefore more 

effective than a linear analogue. Both Tstart and Tmax are depended on the boiling point of the blowing 

agent and an increase in the boiling point will increase Tstart and in most cases also Tmax.  It has been 

found that an increased amount of blowing agent result in a faster expansion and an improvement in 

the expansion ratio. [4] [6] 

The size of the microspheres 

The size of the microspheres has an effect on the surface properties of the material in which the 

microspheres will be used. Smaller microspheres result in a more uniform cellular body, giving a 
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smoother surface. The size also affects Tstart and Tmax, where smaller spheres have higher Tstart and lower 

Tmax than larger microspheres of similar composition. Smaller spheres also start to shrink earlier, faster 

and more significantly because when the particles are fully expanded the shell of the small particles is 

much thinner, which cannot retain the blowing agent as efficient as larger particles. Because of this the 

ultimate expansion ratio (r/r0) is lower for smaller particles than for larger particles, giving the smaller 

particles a lower decrease in density. [1] [6] 

Applications 

There are many applications for microspheres due to their unique expandable property and they are 

used in a number of industrial applications. Microspheres are for example suitable light weight fillers in 

the automotive industry utilized to reduce weight and noise by using them in the underbody coating. 

Apart from solely reducing the weight, the microspheres are used in the adhesive for windshields to 

enable dismantling.  They are also used to improve surface textures in artificial leather, textiles and 3D 

printing inks. Microspheres can also be foamed with thermoplastic materials in order to create foams 

with excellent stability, without the need of any special equipment as well as additives or fillers. [1] [4] [5] [6] 

[7] 

Suspension polymerization 
Suspension polymerization is a heterogeneous polymerization system, consisting of a continuous phase, 

usually aqueous, in which insoluble monomer and initiators are dispersed. The aim is then to form stable 

oil droplets of the monomer in the continuous phase by agitation and often by addition of a small 

amount of stabilizers, see Figure 2. The function of the stabilizers is to hinder coalescence of the 

monomer droplets and the later formed polymer particles. [7] 

 

Figure 2. An illustration of suspension polymerization.
[8]

 

The polymerization occurs within the monomer droplets, which also can be seen as micro-batch reactors. 

This method was developed to meet manufacturing needs, as for example to produce styrene, acrylic- 

and methacrylic polymers and to be able to control exothermic polymerizations. Since the 

polymerization takes place within the monomer droplets, the heat produced in the polymerization will 

be released to the surrounding aqueous phase. The large surface area of the droplets, the high specific 

heat and the low viscosity of water makes the heat transfer from the droplets exceptional. This enables 



5 
 

better control of the temperature in the system compared to bulk- or solvent polymerizations and the 

process becomes safer and a more stable product is obtained. [4] [7] 

Suspension polymerization can be generally dived into three different types, powder suspension 

polymerization, bead suspension polymerization, and mass suspension polymerization. In a powder 

suspension polymerization, the monomer does not dissolve its polymer why the polymer will precipitate 

within each monomer droplet during polymerization forming an opaque powder. This method is used to 

synthesize thermally expandable microspheres. In the bead suspension polymerization, the polymer is 

soluble in its monomer why the viscosity of the monomer droplets increases during polymerization. 

Because of this, the droplets/particles tend to become tacky and will agglomerate unless properly 

stabilized. Finally, when the polymerization is ended, the droplets often form solid clear beads. [9] 

The size of the monomer droplets are of significant importance since it controls the diameter of the final 

polymer particles. The droplet size normally differs from 10 µm up to several millimeters in diameter 

and is controlled by the intensity of the agitation and the amount of the stabilizers. In order to produce 

smaller particles, a larger amount of stabilizers is required. The stabilizers lower the interfacial tension 

which is crucial for the production of smaller particles. This since a high interfacial tension will result in a 

reduction of the surface area of the material in order to lower its energy and few bigger particles have a 

lower surface area than many small particles.  

It has been shown that nano-sized silica particles combined with a costabilizer can stabilize fine oil 

droplets in a continuous aqueous phase, this due to excellent stability towards coalescence. The 

stabilizers decrease the interfacial tension between the monomer droplet and the water to promote the 

dispersion of the droplets. First a flocculation of the silica particles is performed with the help of the 

costabilizer and then the flocculate will be adsorbed at the oil and water interface (partially wettable by 

both the organic and the aqueous phases), preventing the oil drops to coalescence. It has also been 

shown in some experiments that addition of salt can have a great influence on the emulsion stability. 

The flocculates must be amphiphilic in order to be adsorbed at the oil and water interface, otherwise 

the flocculates will attract other monomer droplets and coalescence will occur. It has also been shown 

that the flocculates must be above a certain size otherwise they will not be adsorbed at the monomer 

drop. [4] [6]  
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Microsphere morphology 
When synthesizing thermally expandable microspheres a three-phase system is used, where the 

additional phase is supposed to be within the monomer drop. This phase consists of a nonreactive agent, 

often a hydrocarbon encapsulated by the polymer shell that has been polymerized around it, which will 

work as a blowing agent and upon heating expand the microsphere, see Figure 3. [4] [9] [10] 

 

Figure 3. Picture of the formation of a microsphere. The monomers will start to polymerize during heating and the form a 
polymer shell, encapsulating the blowing agent. The polymer shell is formed due to the polymer is not soluble in its 
monomer and will precipitate in the monomer droplet (lower picture) forming a shell. 

It is therefore important to obtain a complete encapsulation of the blowing agent; otherwise there is a 

risk that the microspheres will not expand. Depending on if the morphology is kinetically or 

thermodynamically controlled, the morphology of the polymer particles will differ. When the 

polymerization is very fast or when the viscosity is high enough to hinder the polymer to move freely 

and adapt the thermodynamically most favored morphology, it is said to be kinetically controlled. 

Thermodynamically most favored is the system that minimizes its interfacial energy. To achieve 

complete encapsulation of the blowing agent by the polymer shell, the core/shell morphology must be 

thermodynamically favored. This means that the interfacial energy between the continuous phase and 

the monomer phase (γwo), must be larger than the sum of the interfacial energies between the 

continuous phase and the polymer (γwp) as well as the interfacial energy between the monomer and the 

polymer (γop):  

γwo > (γwp+γop) 

Unless this is fulfilled, other morphologies than the for thermally expandable microspheres desirable 

morphology are formed, see Figure 4. [4] [7] [9] [10] [11] 
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Figure 4. (a) A complete encapsulation of monomer phase. (b) A partial encapsulation of the monomer phase. (c) No 
encapsulation of the monomer phase had occurred.

 

Radical polymerization 
Free radical polymerization belongs to the group of chain-growth polymerization together with ionic- 

and coordination-polymerization and is one of the most common and effective methods to synthesize 

polymers. In order to link the monomers together these methods uses unsaturated carbon-carbon 

bonds such as ethylene for instance. The polymerization can be divided into three different steps, 

initiation, propagation and termination. [4] [7]  

Initiation 

Initiation of the polymerization occurs by a free radical which is a molecule with an unpaired electron. 

These radicals are very unstable and react very quickly with other radicals or functional groups and why 

they have an extremely short lifetime. The radical is for the most part formed by thermal decomposition 

of a molecule, the initiator (I), into two radicals (R•). 

 
  
      

The rate at which the radical is formed depends on the chemical structure of the initiator and is 

represented by the rate constant for decomposition of the initiator, kd. Molecules which are appropriate 

for this have a weak bond that easily breaks when energy is applied, for instance by heat or radiation. 

Examples of commonly used initiators are peroxides and azo compounds, see Figure 5. [4] [7] 

Peroxide

2,2'-Azobisisobutyronitrile (AIBN)

N

CN

CH3

CH3 CH3

CN

CH3

N

R O

O

O R

O

R O

O

2

C

CN

CH3

CH32 N N





 

Figure 5. The commonly used initiators peroxide and AIBN and how they form radicals upon heating. 

(a) (b) (c)
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The formed radicals then react with the monomers and creates a radical species (RM•). The rate of the 

addition of the radical to the monomer, ki is much faster than the creation of the radicals (ki>>kd) why 

the formation of the radicals are the rate determining step in the initiation process. [4] [7] 

     
  
     

Due to the instability and the high reactivity of the radical, it is not certain that all radicals will react with 

the monomer and initiate the polymerization. The fraction of radicals that actually initiates the 

polymerization is called the initiator efficiency f. In order to determine the rate of the initiation, Ri it is 

therefore necessary to incorporate the initiator efficiency in the equation. [4] [7] 

           

Propagation 

The propagation occurs when the radical species (RM•) reacts with other monomers and the oligomer 

growth to a polymer chain (Mn
•).  

  
   

  
       

  
 
The addition of monomer occurs successively and the rate of the propagation, Rp is assumed to be 

independent of the propagating chain length and kp is the rate constant of propagation. [4] [7] 

             

Termination 

The propagating polymer chain (Mn
•) will sooner or later encounter another radical and the 

polymerization will be terminated. The termination can occur in two different ways, coupling or 

disproportionation. Coupling occurs when two different propagating polymer chains react with each 

other and forms one polymer chain and ktc represent the rate constant for this process. When using the 

monomers acrylonitrile (ACN) and methacrylonitrile (MAN) the majority of the propagating polymer 

chains will be terminated by coupling. 

  
    

 
   
       

 
Meanwhile disproportionation is when one propagating polymer chain reacts with another by 

abstracting a hydrogen atom forming two terminated ends. This results in one saturated and one 

unsaturated chain-end. Ktd is the rate constant of the disproportionation. [4] [7] 

  
    

 
   
        

 
The total rate of the termination can be described by: 
 

                            
 
where kT is the total rate constant for the termination.  



9 
 

Chain transfer 

Chain transfer is a side reaction where the propagating chain abstracts an atom from another molecule 

(monomer, solvent or initiator) or intermolecularly (back-biting). This terminates the propagating chain 

but at the same time initiating another molecule which can propagate to form a polymer. In this way the 

rate of polymerization, Rp is not necessarily affected. [4] [7] 

   
              

  

Rate of polymerization 

Radical polymerization is an exothermic reaction and the rate of polymerization is among other things 

dependent on the polymerization temperature and usually increases with increasing temperature. The 

evolved heat must effectively be transferred to the surroundings otherwise the increased temperature 

will result in increased rate of polymerization, which can result in a self-accelerated reaction that 

eventually may even explode. The rate of polymerization (Rp), is determined by the concentration of 

radicals and monomers. In order to quantify the radical concentration, it must be assumed that the rates 

of the initiation, Ri and the rate of termination, RT, are equal, i.e. at a steady-state. [4] [7] 

         
      

  
 
   

 

Copolymerization 

A copolymer is a polymer consisting of two or several different monomers and the composition of the 

polymer will depend on the reactivity of the propagating radical towards the monomers in the system. 

This makes it possible to create different polymers with a great variety of properties which increases the 

applications of the synthetic materials. If two monomers are copolymerized there are four different 

reactions that may occur. [4] [7] 

  
    

   
    

     
    

   
    

  

  
    

   
    

      
    

   
    

  

To be able to describe the composition of the copolymer, it is necessary to know the reactivity ratios, r1 

and r2 of the monomers. These describe the reactivity of the monomers towards each other and tell us 

which monomer that is most likely to be added to the propagating chain-end. This way r1 and r2 can be 

used to predict the composition of a copolymer, if it will be more like a block-copolymer or more of an 

alternating monomer distribution. [4] [7] 
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The organic phase 

Monomers and corresponding polymers 

The monomers that have been used in this project are acrylonitrile (ACN), methacrylonitrile (MAN), and 

methyl methacrylate (MMA). 

ACN is a colorless to pale yellow volatile liquid which has the chemical formula CH2CHCN, giving a 

molecular weight of 53.06 g/mol, the structure can be seen in Figure 6. The boiling point is about  

77 – 78 °C and the melting point around -83 °C, meanwhile the glass transition temperature of the semi 

crystalline polyacrylonitrile (PAN) is 110 °C. The monomer is partly soluble in water (7 %) and the most 

common organic solvents. It is a very useful monomer and is used to synthesize a variety of plastic 

materials, such as styrene-acrylonitrile (SAN), acrylonitrile butadiene styrene (ABS) and acrylonitrile 

styrene acrylate (ASA). However, the monomer is highly toxic if inhaled, in skin contact or consumption 

and in contact it can cause allergy and has carcinogenic effects. Also it is highly flammable and toxic to 

water organisms. [12] [13] [14] [15] 

CH2

N

 

Figure 6. Chemical structure of acrylonitrile (ACN). 

MAN is also a colorless or pale yellow volatile liquid but has a characteristic smell. It is not soluble in 

water but in the most common organic solvents. The chemical structure is shown in Figure 7 and the 

chemical formula is CH2C(CH3)CN, giving a molecular weight of 67.09 g/mol. The monomer is highly toxic 

and can cause severe irritation and possible damage to the cornea if in contact with the eye. Also, if the 

monomer comes in contact with the skin it can result in allergy and corrosion and if inhaled there is a 

risk of poisoning. MAN is also very flammable and its Tb is around 90 – 92 °C and the Tg of PMAN is 

120 °C. [15] [16]  

CH2

N

CH3

 

Figure 7. Chemical structure of methacrylonitrile (MAN). 

MMA is mainly used for production of poly(methyl methacrylate) (PMMA), which is a amorphous 

polymer, while the monomer is a colorless liquid. The chemical formula of the monomer is 

CH2C(CH3)COOCH3, the molecular weight is about 100.12 g/mol and it will start to boil around 100 °C, 

the structure is shown in Figure 8. The monomer has as the others monomers several toxic effects, as it 

will irritate the respiratory organs and the skin, if contact is made. MMA is also flammable. The 

monomer is often used in polymerization in order to decrease the rate of polymerization, lower the 

need of cooling, and can be used to lower Tmax of the microspheres, since it has the lowest Tg of the 

three monomers, at 105 °C. 
[15] [17] 
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CH3
O

CH2

O

CH3

 

Figure 8. Chemical structure of methyl methacrylate (MMA).
 

Blowing agent 

The last, but one of the most important component in the monomer phase is the blowing agent and in 

this project isopentane will be used, see Figure 9. Isopentane’s boiling temperature is around 30 °C 

which makes it an extremely volatile and flammable colorless liquid at room temperature. It is also 

immiscible in water and will only be dispersed in the monomers, which is one of the most important 

properties of isopentane otherwise it would not be encapsulated. [18] 

CH3

CH3

CH3

 

Figure 9. Chemical structure of isopentane (IP).
 

The water phase 
The continuous water phase is very important as it contains the stabilizer that prevents the coalescence 

of the monomer droplets.  In order to be able to stabilize the monomer droplets and preventing those 

to coalesce, a silica based stabilizer (LX) has been used, see Figure 10. 

 

Figure 10. The flocculates of the silica particles are adsorbed at the oil and water interface, preventing the monomer drops to 
coalescence. 
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LX is an aqueous dispersion of colloidal silica. The silica particles in the solution are discrete with a 

smooth, spherical shape and the size of the particles is approximately 12 nm. The surface of the silica 

particles are negatively charged which prevent them to agglomerate, see Figure 11 . This silica solution 

(sol) is a colorless liquid with a higher density than water (1.3 g/cm3), see Figure 12 . [19] [20] 

 

 

 
Figure 11. A schematic picture of the silica particles. 

 

 
Figure 12. Picture of colloidal silica with the 

general size of 12 nm. 
 

For the silica particles to stabilize the monomer droplets, these must be flocculated into larger 

aggregates. This can be performed using a condensation oligomer (KO) from adipic acid (CH2)4(COOH)2 

and diethanolamine ((CH2)2OH)2NH, see Figure 13. This condensation product act as an ampholyte, 

meaning that is can act either as an acid or as a base depending on the pH. At low pH the polymer will 

be positively charged and will be absorbed on the negatively charged LX particles, reducing the repulsion 

between the LX particles, facilitating bridging, see Figure 14. [11] 
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Figure 13. The condensation reaction between adipic acid and diethanolamine, resulting in KO. 
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M(III)nitrate, with the chemical formula M(III)(NO3)3*9H2O is also added to the water phase. It does 

interact with the LX and KO in stabilizing the monomer droplets, if it is excluded severe agglomeration of 

the monomer droplets occur. There are also some theories about that m(III)nitrate will catalyze the 

breakdown of the initiator and some theories about it acting as an inhibitor, preventing the 

polymerization to occur in the water phase. [21]  

 

Figure 14. The stabilization system of LX and KO creating the LX aggregates.
 

  



14 
 

Experimental 

Chemicals 
All chemicals were supplied by Expancel and were used as provided, unless otherwise noted. 

Monomers 

Acrylonitrile (ACN) 

Methacrylonitrile (MAN) 

Methyl methacrylate (MMA) 

Initiators 

Dilauryl peroxide® formulation A by Akzo Nobel Polymer Chemicals B.V 

Dilauryl peroxide® formulation B by Akzo Nobel Polymer Chemicals B.V 

Dilauryl peroxide® formulation C by Akzo Nobel Polymer Chemicals B.V 

Stabilizing agents 

Sodium hydroxide (NaOH) from Sharlau (>99%) 

Sodium chloride (NaCl) 

M(III)nitrate  

Acetic Acid (HAc) 

LX (40 wt% in water) 

KO (34 wt% in water) 

Blowing agent 

Isopentane (IP) 

Other chemicals 

Nucleophile for removal of residual monomers during post treatment.  

Synthesis  

Tiny claves (TC) 

The general synthesis was conducted by preparing a monomer phase according to the general recipe 

presented in Table 1. Thereafter 0.18 g of the initiator dilauryl peroxide formulation A was added to a 

homogenization bottle to which 11.0 g monomer phase was added. The monomer phase was placed in 

the refrigerator, meanwhile 0.41 g of m(III)nitrate (1.43 % by weight) was added to the 50 ml glass 

reactor (TC, Tiny Clave by Büchi) while the water phase was prepared according to Table 1. Part of the 

water phase (22.0 g) was stirred for 30 minutes after which the monomer phase and the water phase 

were mixed in a mixer (Silverson SL 2T) at 8 000 rpm for 45 seconds. A white emulsion was obtained, 

which was added to the TC containing m(III)nitrate. The TC was shaken for about 1 minute and then 

placed in a water bath (Julabo Shake Temp SW23) to polymerize.  
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Table 1. The general TC- recipe for the monomer- and the water phase, (the amount of LX corresponds to 0.05 g/ml 
monomer phase and the ratio 13 between LX and KO). 

 Agent Amount 

Monomer phase XA 0.08 mol % a 

 ACN 5.84 g 

 MAN 2.97 g 

 MMA 0.18 g 

 IP 2.05 g 

 
Dilauryl 

peroxide b 
0.18 g 

 

 Agent Amount 

Water phase H2O 18.80 g 

 1 M NaOH 0.74 g 

 10 % HAc 1.24 g 

 40 % LX 1.66 g 

 34 % KO 0.15 g 

 
1.43 % 

M(III)nitrate 
0.41 g 

 

a - calculated based on ACN, MAN and MMA. b – dilauryl peroxide formulation A. 

By raising the temperature to 62 °C, the polymerization was started.  After cooling the bath to 25 °C, the 

TC was placed in the refrigerator while the vacuum filtration was prepared. Before the filtration started 

a sample was taken from the TC in order to analyze the residual monomer content with GC. The product 

was then rinsed with water and put through a sieve (63 µm); where after vacuum filtration was carried 

out (filter paper 00R). A sample was taken from both the obtained microspheres after the filtration and 

from the sieve residue. The microspheres were then dried in an oven at 50 °C over night. 

1 liter reactor 

The procedure was similar to the one used in TC, where the monomer phase (except for the dilauryl 

peroxide) was prepared according to Table 2 after which the water phase except for m(III)nitrate was 

prepared as in Table 2. The water phase was stirred for 30 minutes after the addition of KO. The 

monomer phase was mixed with the water phase for 30 seconds at 6 500 rpm after which the mixture 

was homogenized at 24 000 rpm for 30 seconds using an Ultra Turrax® IKA T18. The emulsion was 

transferred to the reaction vessel and the stirrer was set to 300 rpm, after which m(III)nitrate was added 

and the polymerization was started, in a similar manner as in the TC experiments.   

Table 2. The general 1 liter recipe based on the JF 8-3 experiment, for both the monomer- and water phase. 

 Agent Amount 

Monomer phase XA 0.08 mol % a 

 ACN 142.92 g 

 MAN 72.64 g 

 MMA 4.39 g 

 IP 50.16 g 

 
Dilauryl 

peroxide b 
3.86 g 

 

 Agent Amount 

Water phase H2O 392.21 g 

 1 M NaOH 17.79 g 

 10 % HAc 29.83 g 

 40 % LX 52.06 g 

 34 % KO 4.83 g 

 
13.6 % 

M(III)nitrate 
1.08 g 

 

a – calculated based on ACN, MAN and MMA. b – dilauryl peroxide formulation B-10. 
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Post treatment for removal of residual monomers 

In order to remove the monomer residues from the obtained dispersions, a nucleophile was added and 

the mixture was heated to 73 °C. The nucleophile reacts with the monomers ACN, MMA and MAN and 

mainly forms water soluble hydrophilic products. 

Characterization 
The obtained microspheres were analyzed using a Malvern Mastersizer Hydro 2000 SM light scattering 

apparatus, in order to determine the particle size and the particles size distribution (PSD). The dried 

samples were analyzed using a Mettler Toledo TMA/SDTA 841e, from which the TMA properties, such as 

density, Tstart and Tmax were obtained. The amount of monomer residuals were determined by gas 

chromatography (GC) using an Agilent 6890 equipped with a flame ionization detector (FID) and a CP-SIL 

19CB (25 m * 0.53 mm * 2.0 µm) column from Varian. The TGA analyses were conducted on a Mettler 

Toledo TGA/SDTA 851e from which the volatile content of the microspheres were determined. A Nicolet 

Nixus Fourier transform infrared spectroscopy (FTIR) equipped with an Attenuated Total Reflection (ATR) 

was used to identify different types of chemical bonds in the microspheres. Further information on the 

analytical methods can be found in Appendix I - Characterization.  
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Results and discussion 

The effect of different dilauryl peroxide formulations 
Dilauryl peroxide is a key component for the polymerization and does not only affect the polymerization 

but also the emulsion stability of the system. It was therefore interesting to investigate and study the 

effect of different dilauryl peroxide formulations, A, B and C, in different amounts.  

In Table 3 it can be seen that the C formulation gave the most homogeneous dispersions (lowest 

amount of agglomerates and sieve residue). However, the desired TMA properties for the product were 

not reached, which may be explained by the TGA analysis that shows that the blowing agent diffuses 

through the polymer shell before the Tg of the polymer has been reached. Therefore, the internal 

pressure was probably not high enough to expand the microspheres sufficiently. The differences that 

could be observed concerning the amount of dilauryl peroxide was that a higher amount results in a 

lower amount of residual monomer. 

The thickness of the polymeric shells was not affected in this experiment, and was around 0.8 µm 

regardless of dilauryl peroxide formulation. Larger spheres generally have a thickness around 1 µm, but 

since the surface area is bigger for smaller particles the thickness should be thinner. In all the SEM 

pictures small smooth particles were visible on the microspheres, which might be explained by emulsion 

polymerization of  ACN, see Figure 15.  

 

Figure 15. The SEM images of a sample (JF 1-2) polymerized using the B formulation. The upper images present the surface of 
the microspheres and the lower pictures are cross sections of the microspheres, at 1000X and 5000X magnification.  
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For sustainability reasons it is desirable not to use the C formulation. Furthermore, the B formulation is 

preferable compared to the A formulation why the B formulation was chosen for further studies.  

Table 3. Results concerning of the variations of the dilauryl peroxide formulations (JF 1) and the addition of NaCl (JF 2). 

 
 
 
 

Variable Amount 
Sieve 

residue 
D(0.5) 
[μm] 

Span 
Dmin 

[g/l] 
Tstart 
[℃] 

Tmax 
[℃] 

IP 
[%] 

Comments 

JF 1- 1 Formulation A 0.18 g Moderate 5.5 1.3 15.4 135 162 15.2 Dispersion. 

 2 Formulation B 0.72 g A lot 9.0 3.5 16.5 132 166 12.9 
A lot of soft 

agglomerates. 

 3 Formulation C 0.45 g Little 4.0 0.9 46.0 137 149 14.5 Dispersion. 

 4 Formulation A 0.14 g Moderate 5.4 1.2 13.9 140 165 15.4 
Agglomerates on the 

edges. 

 5 Formulation B 0.57 g A lot 8.6 2.1 16.4 136 166 12.4 Agglomerates (hard). 

 6 Formulation C 0.35 g Little 4.5 1.1 42.3 142 148 14.2 Hard to vacuum filtrate. 

JF 2- 1 Formulation B 0.72 g Little 5.1 1.0 25.2 142 159 - Dispersion. 

 2 
Formulation B after 

homogenization 
0.72 g A lot - - - - - - Agglomerates (hard). 

 3 NaCl 12 % a 2.71 g A Lot 13.5 2.4 18.7 120 175 - Agglomerates (soft). 

 4 NaCl 12 % a 2.71 g A lot 4.5 2.2 - - - - Agglomerates (soft). 

 5 NaCl 12 % a 2.71 g A lot 4.3 7.1 - - - - Agglomerates (soft). 

 6 NaCl 6 % a 1.32 g A lot 4.5 6.1 27.1 142 164 - Agglomerates (soft). 

a – calculated based on the mass of the water phase including m(III)nitrate. 

Addition of NaCl 
The addition of NaCl have had positive effects on the stabilization system in earlier studies[22] and it was 

therefore interesting to further investigate the influence of addition of NaCl, as well as when during the 

synthesis the addition was conducted. It can be seen from the results for JF 2 in Table 3, that there were 

no benefits in adding NaCl to the emulsion as none of these polymerizations were successful. The reason 

for this might be that NaCl had a negative effect of the encapsulation of the blowing agent and the 

stabilization of the microspheres.  

It was also investigated if it had any effect when the dilauryl peroxide formulation B was added, before 

or after the homogenization (JF 2-1 and JF 2-2). The results showed that it is preferable to add it before 

the homogenization, since no stable emulsion was obtained in the experiment where it was added after 

homogenization. It might be that the dilauryl peroxide is not mixed with the emulsion properly and the 

stirring during the polymerization is not enough to spread it evenly in the emulsion.  
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Interfacial tension 
The purpose of this experimental work was to investigate how the different dilauryl peroxide 

formulations, A, B and C, affected the interfacial tension of the water phase. This was measured in a 

water phase prepared according to Table 1. After KO was added to each sample stirring was performed 

for 30 minutes, then the dilauryl peroxide formulations were added in the same amounts as in the JF 1-1, 

JF 1-2 and JF 1-3, as well as a reference without any dilauryl peroxide.  

The results from the interfacial tension studies are presented in Table 4. The low surface tension when 

formulation C is used might be the reason to the poor expansion of the microspheres in JF 1-3 and JF 1-6. 

The interfacial tension was probably not high enough to separate the water - and the monomer phase, 

resulting in a partial encapsulation. 

Table 4. Results from the interfacial tension experiment, where the interfacial tension and turbidity were measured for 
different dilauryl peroxide formulations. 

Variable 
Interfacial tension  

[mN/m] 
Turbidity 

[NTU] 

No dilauryl peroxide 64 47 

Formulation A 55 160 

Formulation B 44 Overflow 

Formulation C 37 Overflow 

 

Variation of KO and LX 
In order to investigate how KO and LX affect the stabilization system, three series were conducted in 

which the amount of KO and LX were varied. The results showed that it is possible to vary the KO ratio 

between +20 % and -30 % compared to the general system presented in Table 1, without affecting the 

stability of the system (stable emulsion and small amount of sieve residual). According to theory a 

smaller amount of KO should result in smaller LX/KO flocculates and a decrease in particle size should be 

obtained. However, it was not possible to draw any conclusions on how the KO ratio affects the particle 

size of the microspheres, since no trend could be seen.  

TMA analysis was conducted on the samples JF 3-3 and JF 3-4, since it was interesting to see the effect 

on the TMA properties either when decreasing or increasing the amount of KO. However, no significant 

differences were seen, see Table 5. 
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Table 5.  Results from the JF 3-, JF 4- and JF 5 series, in which the following parameters were varied; the amount of KO (JF 3 
series), the amount of LX (JF 4 series) and the amount of LX while keeping the ratio of 12.8 between LX and KO (JF 5 series). 

  
 
 

Variable Amount 
Sieve 

residue 
D(0.5) 
[μm] 

Span 
Dmin 
[g/l] 

Tstart 
[℃] 

Tmax 
[℃] 

Comments 

JF 3- 1 KO 35 % A lot 4.8 5.3 - - - Agglomerates (soft). 

 
2 KO 20 % Moderate 5.5 1.2 - - - 

Dispersion - agglomerates 
in the lid. 

 
3 KO 5 % Moderate 5.3 1.2 19.4 140 160 

Dispersion - agglomerates 
in the lid. 

 4 KO -15 % Little + 5.2 1.2 18.6 140 161 Dispersion. 

 5 KO -30 % Little 5.3 1.2 - - - Dispersion. 

 
6 KO -40 % A lot 5.4 1.2 - - - 

Dispersion - agglomerates 
on the edge and lid. 

JF 4- 1 LX 
0.03 g/ml  
mon. ph 

A lot 10.2 3.1 - - - Agglomerates (soft). 

 2 LX 
0.04 g/ml  
mon. ph 

Moderate 6.2 1.1 - - - 
Dispersion - agglomerates 

in the lid and edges. 

 3 LX 
0.05 g/ml  
mon. ph 

Moderate - 5.0 1.1 18.8 139 162 Dispersion. 

 4 LX 
0.06 g/ml  
mon. ph 

Little 4.9 1.1 21.4 142 161 Dispersion.  

 5 LX 
0.07 g/ml 
 mon. ph 

Moderate - 5.2 1.1 20.0 140 160 
Dispersion - agglomerates 

in the lid and edges. 

 6 LX 
0.08 g/ml  
mon. ph 

Moderate 4.9 1.2 - - - 
Dispersion - more 

agglomerates. 

JF 5- 1 LX 
0.03 g/ml  
mon. ph 

Moderate 6.7 1.1 - - - Dispersion.  

 2 LX 
0.04 g/ml 
 mon. ph 

Moderate 5.9 1.1 - - - Dispersion. 

 3 LX 
0.05 g/ml  
mon. ph 

Moderate - 5.6 1.1 - - - 
Dispersion - less 

agglomerates. 

 4 LX 
0.06 g/ml  
mon. ph 

Little + 5.0 1.1 26.3 141 160 Dispersion. 

 5 LX 
0.07 g/ml  
mon. ph 

Little + 5.2 1.1 23.7 141 160 Dispersion.  

 6 LX 
0.08 g/ml  
mon. ph 

Little 4.9 1.1 18.4 138 161 Dispersion. 

 

Concerning the variation of the amount of LX, the LX amount 0.06 g/ml monomer phase (JF 4-4) was 

considered to result in the most successful polymerization, since the most homogeneous dispersion was 

obtained. It was expected that an increase in LX would make the microspheres smaller, since a larger 

amount of stabilizing agent was present. However, the differences in particle sizes were small. There 

was no visible effect from the variation of the amount of LX regarding the TMA properties. 

In the JF 4-4 sample, the ratio between LX and KO was 12.8. It was thought to be interesting to 

investigate if the ratio between LX and KO has a significant effect on the system. Therefore an 

investigation using various amounts of LX, while keeping the ratio LX/KO constant at 12.8 (the JF 5 series) 

was conducted. The experiments resulted in less sieve residuals and more homogeneous dispersions, 

when compared to the JF 4 series. The JF 5-6 also had excellent TMA properties, giving a low density 

(high expansion) and both Tstart and Tmax were within the range of the specification, see Figure 16. 
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The conclusion is that the ratio between LX and KO had a significant effect on the polymerization and 

that the ratio 12.8 is preferable. There was also a tendency and an indication that the particle size 

decreased with increasing amount of LX and KO, which corresponds well to theory. 

 

Figure 16. The thermomechanical analysis of the JF 5-6 sample, showing the expansion during heating. 

From these experiments it was decided to increase the amount of LX to 0.06 g/ml monomer phase and 

keep the ratio 12.8 between LX and KO.  

Investigation of different batches and amounts of dilauryl peroxide 

formulation B  
In previous experiments a dilauryl peroxide formulation B from 2008 was used. It was desirable to 

investigate if newer batches of formulation B would have a different effect on the stabilization system. 

Therefore the JF 6 series was conducted in which formulation B from 2008 (B), formulation B from 

November 2010 (B-10) and a deaerated formulation B from November 2010 (B-10D) were used. The 

amount of LX was also varied meanwhile the ratio of LX/KO was kept to 12.8. 

The samples with B-10D resulted in severe agglomeration, see Table 6. It was expected that the 

deaerated version would give the best result as it was suspected that this dilauryl peroxide formulation 

may contain a lot of dispersed air that effect the system during polymerization. The samples with higher 

amount of LX (JF 6-4 to JF 6-6) had a slight decrease in the amount of agglomeration, in comparison to 

the JF 4- and JF 5 series.  
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It was not possible to draw any conclusion concerning the particle size, regarding the different amount 

of LX and the different dilauryl peroxide samples, since some of the polymerizations contained high 

amounts of agglomerates. The samples with the dilauryl peroxide formulation B-10 had more desirable 

properties than the ones using the deaerated version why it was decided to use B-10 in the experiments 

to follow. Also, the experiments with the higher amount of LX (0.08 g LX/ml monomer phase) showed 

weaker expansion and therefore the lower amount of LX (0.06 g/ml monomer phase) was chosen in the 

JF 7 series. 

Table 6. The results from the JF 6-, JF 7- and JF 8 series, in which different dilauryl peroxide formulations (JF 6), and the 
amount of dilauryl peroxide formulation B-10 (JF 7- and JF 8 series), were investigated.  

 
 
 
 

Variable Amount 
Sieve 

residue 
D(0,5) 
[μm] 

Span 
Dmin 
[g/l] 

Tstart 
[℃] 

Tmax 
[℃] 

Comments 

JF 6- 1 B LX 
0.06 g/ml 
monomer 

phase 

Moderate 6.7 1.6 17.1 138 165 
Dispersion - agglomerates. 

(Leakage?) 

 2 B-10 Moderate + 6.6 1.6 24.3 142 161 Dispersion - agglomerates. 

 3 B-10D A lot 5.1 3.3 28.5 141 157 Agglomerates (soft). 

 4 B 
LX 

0.08 g/ml 
monomer 

phase 

Moderate - 5.1 1.1 25.8 141 161 
Dispersion - agglomerates  

in the lid and edges. 

 5 B-10 Moderate - 5.4 1.4 28.6 141 155 
Dispersion - agglomerates  

in the lid and edges. 

 6 B-10D A lot 5.5 1.4 40.5 140 153 
Dispersion - more 

agglomerates. 

JF 7- 1 B-10 0.50 g A lot 9.5 3.0 19.1 138 168 Agglomerates. 

 2 B-10 0.61 g Moderate 5.7 1.0 - - - 
Dispersion - some 

agglomerates. 

 3 B-10 0.72 g A lot 4.0 5.6 - - - Agglomerates. 

 4 B-10 0.79 g A lot 5.0 1.6 - - - A lot of agglomerates. 

 5 B-10 0.86 g A lot 6.1 1.5 26.8 140 158 A lot of agglomerates. 

 6 B-10 0.94 g A lot 6.3 1.4 28.1 140 161 A lot of agglomerates. 

JF 8- 1 B-10 0.43 g A lot 8.5 3.6 27.1 141 164 Agglomerates. 

 2 B-10 0.50 g Moderate 6.0 1.3 20.9 142 163 Dispersion. 

 3 B-10 0.61 g Little + 5.5 1.1 22.0 142 162 Dispersion. 

 4 B-10 0.68 g Moderate 5.6 1.3 23.8 140 161 
Dispersion - more 

agglomerates. 

 5 B-10 0.72 g A lot 5.6 2.8 24.7 141 161 Agglomerates. 

 6 B-10 0.79 g Moderate + 5.3 1.2 20.1 142 161 
Dispersion - more 

agglomerates in the lid and 
edges. 

 

Next, a study on how different amounts of dilauryl peroxide formulation B-10 affect the stabilization of 

the system was performed; see JF 7 in Table 6. Almost no slurries were obtained and therefore it was 

concluded to run an additional series (JF 8) with the same parameters but using a narrower span of 
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dilauryl peroxide, around 0.61 g. This since the desired TMA properties for the product could not be 

reached using the higher amount of dilauryl peroxide formulation B-10.  

An additional experiment confirmed that 0.61 g formulation B-10 resulted in the polymerization with 

the smallest amount of sieve residuals. It might be interesting to see if there was a difference in the 

amount of peroxides in the dilauryl peroxides formulation B and B-10, which could be the reason why a 

lower amount of formulation B-10 was better. A possible trend can be seen in the samples JF 8-2 to JF 8-

4, where the densities increased and both Tstart and Tmax decreased. This might be due to that the kinetic 

chain length decreases with an increasing amount of initiator. 

The GC results of JF 8 show that the monomer residues decreased with an increasing amount of dilauryl 

peroxide, see Table 7. This might due to that a larger amount of dilauryl peroxide can initiate more 

monomers, resulting in a higher amount of polymer chains. 

Table 7. The results from the GC analysis of the JF 8 series, which shows the amount of monomer residue left in the sample 
after polymerization. 

 
 

ACN residue 
[ppm] 

MMA residue 
[ppm] 

MAN residue 
[ppm] 

JF 8- 1 a - - - 

 2 5 980 <30 <30 

 3 5 210 <30 41 

 4 4 340 <30 <30 

 5 a - - - 

 6 3 370 <30 <30 

a - No GC analyze could be conducted due to lack of dispersion. 

The effects of M(III)nitrate 
Studies [23] have shown that m(III)nitrate probably catalyzes the degradation of peroxides and that 

different radicals might be formed, but it has not been proven for this system. Also, m(III)nitrate is 

involved in the stabilization of the monomer droplets because without m(III)nitrate being present during 

the polymerization, no stable emulsion will be formed. With this knowledge, a TC-series JF 10 was 

conducted with the purpose of investigating the effect of various amounts of m(III)nitrate, see Table 8. 

No upper limit in the amount of m(III)nitrate was observed and it would therefore be interesting to 

investigate if and at which amount it exists. Smaller amounts of m(III)nitrate than in the general recipe 

resulted in severe agglomeration. The particle size might also be affected by the amount of m(III)nitrate, 

where an increase in the amount of m(III)nitrate results in a small increase in the particle size (except for 

JF 10-2). These results indicate that m(III)nitrate is involved in the stabilization of the monomer droplets.  

It was concluded from this series that approximately the optimum amount of m(III)nitrate is used. This 

because no substantially difference was seen in the samples with a higher amount of m(III)nitrate 
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compared to earlier series, while the samples with a lower amount (JF 10-1 and JF 10-2) resulted in 

unstable emulsions during polymerization.  

Table 8. Results from the JF 10-, JF 11- and JF 12 series, in which the amount of m(III)nitrate, the ratio monomer-/water 
phase and the amount of XA were varied. 

 
 
 
 

Variable Amount 
Sieve 

residue 
D(0.5) 
[μm] 

Span 
Dmin 
[g/l] 

Tstart 
[℃] 

Tmax 
[℃] 

IP 
[%] 

Comments 

JF 10- 1 M(III)nitrate -63 % a A lot - - - - - - Agglomerates (hard). 

 2 M(III)nitrate -27 % a A lot 7.2 2.6 18.6 138 163 - Agglomerates (soft). 

 3 M(III)nitrate 10 % a Moderate - 5.4 1.0 20.6 142 162 - Dispersion - agglomerates. 

 4 M(III)nitrate 46 % a Moderate 5.4 1.1 18.7 142 162 - 
Dispersion - more 

agglomerates. 

 5 M(III)nitrate 83 % a Moderate 5.6 1.2 20.0 142 162 - Dispersion - agglomerates. 

 6 M(III)nitrate 120 % a Moderate + 5.8 1.2 20.4 140 163 - 
Dispersion - more 

agglomerates. 

JF 11- 1 

Monomer 
phase/ water 

phase ratio 

0.35 Moderate 6.2 1.2 20.7 132 164 - 
Dispersion - agglomerates  

in the lid and edges. 

 2 0.39 Moderate 5.6 1.0 19.3 135 163 - 
Dispersion - agglomerates  

in the lid and edges. 

 3 0.43 Little + 5.3 1.1 18.2 137 162 - 
Dispersion - less agglomerates  

in the lid and edges. 

 4 0.47 Moderate - 5.2 1.0 19.7 137 158 - 
Dispersion - agglomerates  

in the lid and edges. 

 5 0.51 Little + 5.5 1.1 23.8 137 159 - 
Dispersion - less agglomerates  

in the lid and edges. 

 6 0.55 Little + 5.0 1.0 24.1 141 157 - 
Dispersion - less agglomerates  

in the lid and edges. 

JF 12- 1 XA -68 % b Little + 4.8 1.0 50.6 131 151 14.2 
Dispersion - little agglomerates 

in the lid and edges. 

 2 XA -53 % b Little 4.3 0.9 >1000 - - 11.8 
Dispersion - agglomerates  

in the lid and edges. 

 3 XA -35  % b Little 5.2 1.0 19.7 134 158 14.4 
Dispersion - agglomerates  

in the lid and edges. 

 4 XA -5 % b Moderate - 5.6 1.0 18.4 137 161 14.5 
Dispersion - more agglomerates 

in the lid and edges. 

 5 XA 10  % b Moderate - 5.0 1.2 677.1 - - 11.4 
Dispersion - more agglomerates 

in the lid and edges. 

 6 XA 65  % b Moderate 5.8 1.4 41.5 140 160 14.0 
Dispersion - more agglomerates 

on the edges. 
a - calculated based on the amount m(III)nitrate in the general recipe in Table 1. b - calculated based on the amount XA in the general recipe in Table 1. 

Monomer/Water ratio 
A relative high mass ratio (approximately 0.5) between the monomer and water phase has been used. 

The relationship between the monomer phase and water phase was therefore investigated further in 

experiment JF 11 by varying the ratio monomer phase/water phase according to Table 8. This was 

accomplished by varying the amount of water in the water phase. 

It was expected that a bigger part of water would result in less agglomerates, since the concentration of 

the oil droplets will be decreased, which should lower the risk for the oil droplets to coalescence. Also, a 

better cooling effect will be obtained with more water. The polymerization surprisingly showed that the 
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ones with a higher ratio of monomer to water (JF 11-5 and JF 11-6) contained less agglomerates, see 

Table 8. An explanation to these results might be that the ones with more water had a higher occupancy 

level in the TC, thereby decreasing the effect of the agitation during the polymerization. The GC results 

also showed that the monomer residues decreased with an increasing monomer ratio, which indicates 

that a higher conversion was obtained in the samples with a higher monomer ratio.  

It was concluded that a higher ratio between the monomer phase and the water phase was to prefer, 

which might be due to insufficient agitation or that the recipe is optimized to a higher ratio of monomer 

phase.  

The crosslinker’s effect on the density 
In the previous experiments in this study, the microsphere densities have been slightly higher than 

desired. In other studies, there has been a correlation between the amount of crosslinker and the 

density. [4] Therefore the amount of crosslinker (XA) was varied according to Table 8 in experiment JF 12.  

It was thought that a decrease in XA would improve the microsphere expansion and thereby reduce the 

density.  

No trends regarding the densities were observed when studying the results from the TMA analysis. 

However, Tstart increased with an increasing amount of XA. Tstart can increase with 20 °C compared to a 

non-crosslinked sample and the expansion also increases with increasing amount of crosslinker until a 

peak is reached after which the expansion will decrease.  It is possible that the amount of XA that have 

been used render almost maximum expansion and therefore the samples with a higher amount of 

crosslinker will result in a lower expansion. This due to higher amounts of crosslinker result in a better 

shape persistence and a higher internal pressure is therefore needed to expand the microsphere. [4] 

The TGA thermograms show that the blowing agent was released quickly, in the samples JF 12-1, JF 12-2 

and JF 12-5, see Figure 17. This might indicate that the polymer shell was ruptured or that the blowing 

agent was able to diffuse through the shell. This confirms why the expansions were low and the 

densities high in the TMA analysis. 
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Figure 17. The obtained TGA curve for JF 12-5, with an increase of XA by 10 %, where the first peak represent the release of 
the volatile content (blowing agent), the second peak represent the organic content and the third peak the inorganic content 
(ash). 

It was concluded that an increase in the amount of XA might make the polymeric shells more shape 

persistent and that a decrease made it possible for the blowing agent to diffuse through the polymer 

shell. The changes resulted in that the microspheres were not able to expand sufficiently and therefore 

the amount of XA remained unchanged in the following experiments.  

An attempt to increase Tmax 
In the presented experiments, Tmax has been 1 - 5 °C lower than desired and it is desirable to increase 

Tmax to above 161 °C. A possible approach is to decrease the amount of MMA, since PMMA has a lower 

Tg than both PACN and PMAN, why a smaller amount of MMA will increase the Tg of the formed polymer. 

However, no indication or trend regarding Tmax could be seen, see JF 13 in Table 9.   

The GC results showed that more MMA reduced the amount of monomer residuals, which indicates that 

the addition of MMA affects the polymerization. 
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Table 9. The results from JF 13- and JF 15 series, in which the amount of MMA (JF 13) and KO (JF 15) were varied. 

 
 
 
 

Variable Amount 
Sieve 

residue 
D(0.5) 
[μm] 

Span 
Dmin 
[g/l] 

Tstart 
[℃] 

Tmax 
[℃] 

IP 
[%] 

Comments 

JF 13- 1 MMA -100 % Moderate 5.9 1.2 17.0 138 158 - Dispersion - agglomerates. 

 2 MMA  -50 % Moderate 5.7 1.0 18.8 135 161 - 
Dispersion - less 

agglomerates in the lid. 

 3 MMA 0 % Moderate 5.4 1.0 18.5 134 158 - 
Dispersion - less 

agglomerates in the lid. 

 4 MMA 50 % A lot 5.5 2.8 14.9 137 160 - Agglomerates. 

 5 MMA 100 % A lot 5.4 1.1 15.2 136 157 - 
Dispersion – a lot 

agglomerates in the lid and 
edges. 

 6 MMA 150 % A lot 6.0 3.9 20.8 137 156 - Agglomerates. 

JF 15- 1 KO -37 % A lot 4.5 3.9 38.8 142 153 10.4 Agglomerates. 

 2 KO -17 % A lot 3.0 5.1 47.9 141 151 11.9 Agglomerates. 

 3 KO 11 % Moderate 5.5 1.2 >1000 141 149 13.0 
Dispersion - agglomerates in 

the lid and edges. 

 4 KO 26 % Moderate 5.8 1.1 34.0 141 151 14.1 
Dispersion - less 

agglomerates in the lid and 
edges. 

 5 KO 43 % Moderate 5.6 1.2 23.3 139 150 14.1 
Dispersion - less 

agglomerates in the lid and 
edges. 

 6 KO 73 % A lot 4.5 2.0 43.1 142 150 13.4 Agglomerates. 

Stability test by varying the amount of KO 
With the new changes in the general recipe it was necessary to investigate if it was stable towards 

variations in the amount of KO, see Table 9. The experiment showed that the recipe was stable when 

varying the amount of KO between - 17 % and + 40 %. However, the opposite effects were obtained in 

the JF 3 experiment, where it was found that the system was more stable towards a decrease in the 

amount of KO. This might be due to that another batch and a higher amount of the dilauryl peroxide 

formulation was used compared to that used in experiment JF 3.  

All the samples had poor TMA properties, meaning high densities and low expansion, as well as a low 

Tmax. This might come from either the particle size is being too small or from a poor encapsulation of the 

blowing agent. The particle size analysis showed that the particle size was similar to those obtained in 

previous experiments. However, the TGA analysis indicated that a poor encapsulation had occurred in 

the JF 15 series, since the samples contained lower amounts of blowing agent than in previous 

experiments.  
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1 liter  
The recipe developed based on the results from the TC experiments was considered to be stable enough 

for a scale up to 1 liter.  

Reproducibility experiments 

The first recipe that was tested in 1 liter scale was based on JF 8-3 and performed in triplicates (JF 9, JF 

14 and JF 20). These experiments were conducted in order to investigate the stability of the recipe and 

all the procedures were the same, except that another mixer was installed on the reactor when JF 14 

was performed, and that the polymerization was longer in the JF 20.  

The recipe appears to be stable and reproducible, since homogeneous dispersions were obtained and no 

agglomerates were present in the reaction vessel. Approximately the same particle size was obtained 

and the TMA properties were within the desired specification, which indicates that the repeatability is 

satisfactory, see Table 10. 

Table 10. Results from 1 liter experiments, based on the JF 8-3 recipe, both before and after post treatment with NaHSO3 to 
remove the residual monomers. 

 Variable 
Sieve 

residue 
D(0.5) 
[μm] 

Spa
n 

Dmin 
[g/l] 

Tstart 
[℃] 

Tmax 
[℃] 

Comments 

JF 9 - Little + 6.6 0.9 20.9 143 163 Dispersion. 

JF 9 EBH Nucleophile Little - 6.8 1.0 15.6 141 162 Dispersion. 

JF 14 - Little 6.1 1.6 21.6 144 164 Dispersion. 

JF 14 EBH Nucleophile Little - 5.1 0.9 18.6 142 163 Dispersion. 

JF 20 - Little 6.7 0.9 17.2 139 168 Dispersion. 

JF 20 EBH Nucleophile Little + 6.6 1.0 18.0 139 165 Dispersion. 
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Variations in the amount of KO 

Given that previous studies have shown an instability regarding the amount of KO when scaling up to 1 

liter, it was interesting to investigate if this system based on JF 8-3 would remain stable during variations 

in the amount of KO from -30 % to +60 %.  

Table 11. Results from the 1 liter experiments where the amount of KO have been varied between -30 % to +60 %. Both 
before and after post treatment with a nucleophile to remove the residual monomers. 

 Variable Amount 
Sieve 

residue 
D(0.5) 
[μm] 

Span 
Dmin 

[g/l] 
Tstart 
[℃] 

Tmax 
[℃] 

IP 
[%] 

Comments 

JF 16 KO +20 %a Little - 6.1 1.3 20.8 141 155 15.8 Dispersion. 

JF 17 KO +40 %a Little - 5.1 0.9 28.8 143 154 15.3 Dispersion. 

JF 18 KO +60 %a Little + 6.6 1.1 38.2 141 165 - 
Dispersion - agglomerates on 

the edges of the reaction vessel. 

JF 18 EBH Nucleophile - Little + 7.0 1.6 45.0 143 165 - 
Dispersion - agglomerates on 

the edges of the reaction vessel. 

JF 21 KO -30%a Little - 5.0 1.0 21.0 142 157 - 
Dispersion - a small amount of 

agglomerates on the edges. 

JF 21 EBH Nucleophile - Little 5.0 1.0 22.5 142 157 - 
Dispersion - a small amount of 

agglomerates on the edges. 

JF 22 KO +60 %a Little 5.9 1.0 25.3 143 152 - 
Dispersion - agglomerates on 

the edges. 

JF 22 EBH Nucleophile - Little + 5.7 1.1 25.5 143 153 - 
Dispersion - agglomerates on 

the edges. 
a – calculated based on the KO amount in the JF 9 recipe. 

The system showed an instability when the amount of KO was increased by 60% (JF 18 and JF 22), as the 

amount of agglomerates and the sieve residual had increased slightly. While the other experiments (JF 

16 - 17 and JF 21), resulted in homogeneous dispersions with no agglomerates visible in the reaction 

vessel, see Table 11 and Figure 18. No lower limit of amount of KO was identified, however it was 

concluded that the recipe was stable within an acceptable range of - 30 % to + 40 %.  

 

Figure 18. Optical microscopy showing magnified micrographs of the dispersion obtained from the recipe with 30 % lower 
amount of KO, (JF 21), at 80x and 800x magnification. 

As mentioned before, the particle size is supposed to increase when the amount of KO is increased. 

However, when analyzing the experiments with increasing amounts of KO, no tendency or indications of 

this behavior could be seen. Though, the sample with 30 % less KO (JF 21) showed a decrease in particle 

size by approximately 1 µm, see Figure 19.  
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Figure 19. The particle size distribution curve for the scaled up JF 8-3 recipe (JF 14, red line) and when the amount of KO is 
decreased by 30 % (JF 21, green line). It can be seen that the particle size is approximately 1 µm smaller with the less KO.  

It was concluded that variations in the amount of KO affects the TMA properties, where an increase in 

the amount of KO increases Dmin and lowers Tmax. The increase in density is related to the expansion, 

which in turn is affected by the encapsulation and with more KO the stabilization system becomes more 

hydrophobic which affects the encapsulation of the blowing agent. TGA analysis indicates that a lower 

amount of blowing agent had been encapsulated in the sample with more KO.  

Tmax decreased by 6 - 8 °C when the amount of KO was increased by 40 % and the shape of the TMA 

curves were also pointier and not as symmetric, see Figure 20. A narrower particle size distribution 

would make the TMA curve pointier, since more microspheres have the same size and therefore expand 

in a more narrow temperature range. However, this theory can’t be verified by the obtained results 

from the other 1 liter experiments. The decrease in Tmax is believed to be related to the poor 

encapsulation of the blowing agent. 

 
 

 

Figure 20. The obtained TMA curves of JF 9 and JF 17, showing the expansion during heating. It can be seen that the JF 17 
curve is pointier and not as symmetric as JF 9 curve.  
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Particle size adjustment 

An additional experiment was conducted (JF 23) where the amounts of both LX and KO were decreased 

by 10 % based on the JF 9 recipe, with the aim to increase the average particle size by approximately 1 

µm. The results from the analysis of the experiment confirmed the hypothesis that a smaller amount of 

LX and KO will result in larger microspheres, and the obtained particle size had increased to around 8 µm, 

see Table 12. The increased particle size may also affect Tmax, which was found to increase by around 

5 °C.  This recipe has been shown to be a suitable recipe, since it provides a homogeneous dispersion 

with the desired particle size and TMA properties of the microspheres. 

Table 12. Results from the particle size adjustments experiment, where the amount of LX and KO was decreased by 10 % 
based on the JF 9 recipe. 

 Variable Amount 
Sieve 

residue 
D(0.5) 
[μm] 

Span 
Dmin 
[g/l] 

Tstart 
[℃] 

Tmax 
[℃] 

Comments 

JF 23 LX and KO -10 %a Little - 8.0 1.0 18.5 142 169 Dispersion. 

JF 23 EBH Nucleophile 
2.4 mol 

nucleophile/mon. 
Little + 7.3 1.0 19.6 142 167 

Dispersion - a small 
amount of agglomerates 

on the edges. 
a – calculated based on the amounts of LX and KO in the JF 9 recipe. 

Reducing the monomer residuals 
The microsphere dispersions were thereafter treated with a nucleophile with the aim of reducing the 

monomer residuals.  

To be able to reduce the monomer residues below 30 ppm more than 1.2 mol nucleophile/mol 

remaining monomer must be added, see Table 13. The monomer residuals before treatment of the 

nucleophile are fairly low, which indicates that a high conversion is obtained during polymerization.  
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Table 13. The results from the GC- analysis conducted on the 1 liter experiments, JF 9, JF 14, JF 16-18 and JF 20-23, showing 
the amount of monomer residuals left in the sample after the polymerization as well as after post treatment with a 
nucleophile. 

 Variable Amount 
ACN residue 

[ppm] 
MMA residue 

[ppm] 
MAN residue 

[ppm] 

JF 9 - - 5 060 <30 31 

JF 9 EBH Nucleophile 
1.2 mol  

nucleophile/mon. 
283 <30 <30 

JF 14 - - 6 850 <30 40 

JF 14 EBH Nucleophile 
1.2 mol  

nucleophile/mon. 
86 <30 <30 

JF 16 KO +20 % 6 310 <30 <30 

JF 17 KO +40 % 6 570 <30 61 

JF 18 KO +60 % 9 190 <30 139 

JF 18 EBH Nucleophile 
1.1 mol  

nucleophile/mon. 
1 335 <30 137 

JF 20 - Longer polymerization 4 480 <30 <30 

JF 20 EBH Nucleophile 
2.9 mol  

nucleophile mon. 
<30 <30 <30 

JF 21 KO -30% 4 210 <30 <30 

JF 21 EBH Nucleophile 
2.6 mol  

nucleophile/mon. 
<30 <30 <30 

JF 22 KO +60 % 4 420 <30 <30 

JF 22 EBH Nucleophile 
2.5 mol  

nucleophile/mon. 
<30 <30 <30 

JF 23 LX and KO -10 % 4 950 <30 35 

JF 23 EBH Nucleophile 
2.4 mol  

nucleophile/mon. 
<30 <30 <30 

 

It can be seen that the expansion improved significantly in samples JF 9 and JF 14, following the post 

treatment with the nucleophile, see Table 10. Also, both the Tstart and the Tmax were slightly lower in 

these samples. However, higher densities were obtained in the experiments in which the amount of KO 

was varied. No reasonable explanations to these results have been found.  
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Figure 21. The obtained FTIR curves from the sample JF 5-1 (red line) and the JF 9 EBH (blue line) treated with NaHSO3. 

FTIR analysis was also performed on samples treated with different amounts of the nucleophile, JF 9 

EBH 1-6 in which no significant differences could be noticed. When comparing the FTIR spectra to the 

FTIR spectra obtained from the JF 5 experiment (not treated with the nucleophile) no additional peaks 

could be seen. The peaks were identified according to Table 14. This might indicate that the treatment 

with the nucleophile has not had any visible effect on the microspheres composition, see Figure 21. 

Table 14. The identifications of the peaks in the FTIR spectrum. 
[24] [25]

 

Wavenumber  
[cm-1] 

Bonds Functional group 
 

~2931 CH3, CH2, CH ( stretch) Alkanes Polymer chain 

~2242 C N(stretch) Nitriles ACN, MAN 

~1726 C=O (stretch) 
α, β-unsaturated 

esters,  
XA, MMA 

~1452 CH3, CH2, CH (bend) Alkanes Polymer chain 

~1108 O=Si=O Silica LX 
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Conclusions 
A suitable 1 liter recipe has been developed for the synthesis of a small microsphere expanding at fairly 

high temperatures.  

It was concluded, in TC that in order to obtain a stable system with homogeneous dispersions and the 

desired TMA properties, 0.61 g of the dilauryl peroxide formulation B must be used while the amount of 

LX is 0.06 g/ml monomer phase, which corresponds to 2.17 g 40 % LX in TC. It was also concluded that 

the ratio between LX and KO of approximately 13, was to prefer due to more homogeneous dispersions 

and less sieve residues. However, according to the 1 liter experiments, it is possible to vary the amount 

of KO between - 30% and 40 %, which corresponds to a ratio between 9 – 18, and still obtain a 

homogeneous dispersion although the TMA properties were then affected, where an increase in KO 

resulted in higher densities.  

It was also established that 0.08 mol % XA and 0.41 g m(III)nitrate (1.43%) were the most optimal 

amounts and that the addition of NaCl had no positive effect on the stabilization system. Meanwhile, 

the investigation concerning the ratio between the monomer phase and the water phase showed that a 

ratio of 0.5 preferable. Finally, the correct particle size (about 8 µm) was obtained by decreasing the 

amounts of LX and KO with 10 % based on the JF 9 recipe. 

The post treatment with the nucleophile had no significant effect on the samples and it was concluded 

that approximately 1.2 mol nucleophile/mol monomer residue was needed to reduce the monomer 

residues to acceptable levels.  

Further work 
In order to be able to do a further scale up of this polymerization system, there some additional 

experiment that would be interesting to perform. First, to investigate to which extent the JF 23 recipe is 

affect by changes in the amount of KO and second to see whether or not the system is stable towards 

variations in the amount of dilauryl peroxide. The system has to be tested in larger scale with several 

experiments in order to furthermore, evaluate the system stability. Finally, it would be interesting to try 

evaluating the synthesized material in real applications, with the purpose of studying the properties of 

the final product. 
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Appendix I - Characterization 

Particle size 
The particle size and the particles size distribution (PSD) were determined on a Malvern Mastersizer 

Hydro 2000 SM light scattering apparatus. In order to receive this information it uses the technique of 

laser diffraction where a laser beam (He-Ne gas) hits the sample and the apparatus detects the created 

diffraction of the sample.  This is possible since the diffraction angle is inversely proportional against the 

particle size. A mathematical theory, Mie, is then used to calculate the desired information and in 

comparison to other theories it takes into account several parameters that other theories simplify. This 

gives the Mie theory a more robust prediction and can measure particle sizes between 0.02 – 2 000 µm. 

Different standard operational procedure (SOP) are used depending on the surface and the size of the 

sample.  

The samples were first radiated with Ultra-sonic bath for 30 seconds before they were analyzed with 

Malvern, this is a standard procedure and is performed in order to break the agglomerates that had 

formed during the polymerization. Thereafter the samples were injected to the loop containing water 

and the stirrer was set to 600 rpm, in order to transport the diluted sample to the where the laser beam 

will hit the sample and the diffraction will be detected. The result is represented as the volume mean 

diameter D(0.5), where 50 % of the particles are smaller and 50 % are bigger than the D(0.5) value. The 

PSD is measured by [(D(0.9) – D(0.1))/D(0.5)] and is a measure in the spread of the sizes. 

Thermo Mechanical Analysis (TMA) 
In order to receive information about Tstart, Tmax, density and the expansion of the microspheres a 

thermomechanical analysis (TMA) was carried out on a Mettler Toledo TMA/SDTA 841e. The apparatus is 

constructed by a furnace containing a probe that detects displacement. The sample is placed in a cup 

with a lid and then positioned under the probe in the furnace. When the sample is heated and the 

expansion of the microspheres occurs the probe will detect the displacement and the result is presented 

as the volume of the sample as a function of temperature. As cooling agent nitrogen gas is used.  

Depending on which sample that is going to be analyzed different temperature programs can be used. In 

this case the samples were heated from 30 to 240 °C at a rate of 20 °C per minute under a nitrogen 

atmosphere and a load of 0.06 N was applied to the probe in contact with the sample. Before a test was 

conducted the sample was ground and approximately 0.5 mg of the sample was weighed in and placed 

in the cup, covered with a thin net cloth and thereafter a lid. 

Thermo Gravimetric Analysis (TGA) 
Thermo gravimetric analysis (TGA) is used in order to determine the volatile- and the polymer content as 

well as the degradation of the polymer shell. The TGA apparatus consist of a scale positioned within a 

furnace. As the different materials will decompose at different temperature it makes it possible to 

quantify the components of the sample by monitoring the weight of the sample as a function of the 

temperature. The results are represented by a graph, where the weight of the sample is a function of 
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temperature. It is then possible to see at which temperature a component is decomposed, since this is 

represented as a dip in the graph. For microspheres the graph will be constructed by three different 

sections; volatile content (blowing agent, air and residual monomers), organic content and inorganic 

(ash) content, see Figure 22. Depending on which polymer that is going to be analyzed different 

temperature programs are used.  

The sample is first ground and then few milligrams are placed within a cup. This cup is then transferred 

to the scale positioned within a pyrolysis furnace and thereafter the heating process starts. During the 

analysis, the atmosphere will differ, where it will start with a nitrogen atmosphere surrounding the 

sample and in the end ordinary air will be present in order to complete the combustion of the organic 

component. The apparatus that was used was a Mettler Toledo TGA/SDTA 851e, where the samples 

were heated from 30 to 650 °C at a rate of 20 °C per minute. 

 

Figure 22.Typical TGA curve. 

Gas Chromatography (GC) 
Gas chromatography is a method for separation and identification of chemical compounds. The sample 

is vaporized and injected into the head of a chromatographic column. This column is a metal or glass 

tube, containing a stationary phase which is a microscopic layer of a liquid or a polymer. The stationary 

phase is then absorbed on an inert solid support. The sample is transported through this column by an 

inert gas, such as helium or nitrogen, called the mobile phase. The vaporized sample then interacts with 

the walls of the column (the stationary phase) which causes each compound to elute a different time, 

since each compound interact differently. This is known as the retention time of the compound. 

Components thereby reach the detector at different times and produce peaks in a chromatogram. The 

area under the peak corresponds to a specific amount of the component which can be quantified by 

calibration with the use of an internal standard. Therefore monomer conversion can be analyzed by a 



III 
 

gas chromatography (GC) and an Agilent 6890 equipped with a flame ionization detector (FID) and a CP-

SIL 19CB (25 m * 0.53 mm * 2.0 µm) column from Varian was used.  

Scanning Electron Microscope (SEM) 
The morphologies of the particles and the incision of a sample can be studied with a scanning electron 

microscope (SEM) if a thin layer of gold is applied to the samples. The sample is first sputtered with gold 

and then placed in the SEM instrument. Thereafter a vacuum is created and the sample is bombarded 

with high-energy electrons which create secondary electrons which is detectable by the instrument. 

With this information the instrument can create an image of the surface of the sample. Since the 

electron gun passes through several lenses it is possible to focus the electron beam to a width of 4 nm 

and magnification up to 200 000X is possible. This is done by a BAL-TEC SCD 005 sputter-coater (0.01-0.1 

mbar, 230 seconds at ~35 mA) and the SEM that was used was a Philips SEM XL 20 scanning electron 

microscope.  

Interfacial tension  
The interfacial tension was measured with a Tensiometer Krüss apparatus. The ring was burned in order 

to remove pollutions and the pin was then tuned to zero before each test. A part of the sample (10 ml) 

was taken and analyzed. In order to see the accuracy of the apparatus a test was done on water and the 

value was compared to literature.    

Turbidity 
The turbidity can be interesting to know since it gives a hint how much agglomerates/particles there is 

present in the sample. The apparatus that was used was Turbidimeter HACH Ration. The samples were 

prepared by taking 2 ml of the samples and dilute it to 50 ml.  

Fourier Transform Infrared Spectroscopy (FTIR)  
Fourier transform infrared spectroscopy (FTIR) is an analytic method for identifying different types of 

chemical bonds in a molecule/sample by producing an infrared absorption spectrum that is unique for 

every molecule. The molecular bonds vibrate at various frequencies depending on the element and the 

type of bonds. There are several different frequencies at which the bond can vibrate and these 

correspond to the ground state and several excited states.  When a bond absorbs energy and in this case 

in the form of light, it will excite the bond and the vibration will increase. This requires that the light 

energy (a specific wavelength) must exactly match the difference in the energy between the ground 

state and the excited sate. It is the transmittance that is measured and the result is often presented in 

an absorption spectrum. 

The instrument that was used was a Nicolet Nixus FTIR equipped with an Attenuated Total Reflection 

(ATR) assembly in the absorption mode.  

 


