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Abstract 

 
The company Expancel produces expandable microspheres. The microspheres are 
microscopic spherical particles that consist of a polymer shell encapsulating a gas 
(the blowing agent). Heat causes the particles to expand. The microspheres have 
many application areas; they are used as additives in for example thermoplastics, 
coatings, civil explosives, paper and board. The microspheres are produced through a 
method called suspension polymerization. In suspension polymerization the starting 
material for the spheres (monomers, initiator and blowing agent) is through vigorous 
stirring split into small droplets in a surrounding water phase. Polymerization 
(initiated by heating the emulsion) occurs inside the microscopic droplets, the 
monomers react to form the polymer shell with the blowing agent captured inside. 
After the polymerization the product can be filtered and dried. 
 
This degree project consisted of two parts. In the first (and major) part the 
consequences of replacing a chemical used in the production of the microspheres 
with a more environmentally friendly alternative was examined. The goal was to 
produce microspheres with an alternative chemical without changing the properties 
of the microspheres. First five different alternative chemicals were examined in a 
selected production recipe in 50 ml scale. The software MODDE was used for design 
of these experiments and analysis of results. Then the best alternative of the five was 
examined in three other recipes in 50 ml scale. One of the recipes was also examined 
in 1 liter scale. Several of the alternative chemicals showed good results in the first 
recipe, but one of them showed more stable results than the others and was selected 
to proceed with in the other recipes. The conclusion from the experiments with this 
chemical was that the amount added affected the particle size, and that best results 
were achieved when adding the chemical before the flocculation step in the process. 
 
The objective of the second part was to study and evaluate a production process in 
order to find optimization possibilities. The chosen process was the filtering of the 
produced microsphere slurry for a specific recipe. Data were collected from the 
polymerization process, the dewatering process and the characterization analyses 
performed on the produced microsphere slurry. Production rate was used as response 
variable. The multivariate analysis software package SIMCA-P+12.0.1 was then used 
to analyze the data. The conclusion of the multivariate data analysis was that two 
factors were the most important for explaining the variation in the response variable; 
the particle size and a polymerization parameter called level. 
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List of Abbreviations 
 
 
Tg Glass transition temperature 
 
 
Dv(0.5)  Median diameter based on volume of the particles 
 
Dn(0.5) Median diameter based on number of particles 
 
Dv/Dn  Ratio of Dv(0.5) to Dn(0.5) 
 
Span Particle size distribution 
 
 
GC  Gas chromatography 
 
TMA  Thermomechanical Analysis 
 
Tstart  Temperature where the microspheres start to expand 
 
Tmax  Temperature where maximum expansion of the microspheres occur 
 
TMA-dens Density measured in TMA 
 
TGA  Thermogravimetric Analysis 
 
SEM  Scanning Electron Microscopy 
 
 
 
DoE  Design of Experiments 
 
MLR  Multiple Linear Regression 
 
MVA  Multivariate data Analysis 
 
PCA Principal Component Analysis 
 
PLS Partial least squares projection to latent structures 
 
 
Q2 Measure of the predictability of a multivariate model 
 
R2 Measure of the explained variation in a multivariate model 
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1. Introduction 

1.1 Background 
The company Expancel is a unit within the global corporate group AkzoNobel. 
Expancel® is also the name of the thermally expandable thermoplastic microspheres 
that the company produces. Expancel is one of the leading providers of expandable 
microsphere solutions worldwide. The head office, research, development, sales and 
production of Expancel® are located in Stockvik, Sundsvall, Sweden. There are also 
sales offices in Germany, Netherlands, Russia, Poland, Italy, China, the United States 
and Brazil. 
 
The microspheres are microscopic spherical particles that consist of a plastic shell 
encapsulating a gas. When heat is added to the particles the shell softens at the same 
time as the pressure from the gas increases, resulting in a dramatic expansion of the 
particles, up to forty times their original volume. When the particles are cooled down 
the shell stiffens and retains its expanded form. The valuable properties of the 
microspheres are several. The expanded particles have very low density, good 
insulation ability and they are compressible.  The unexpanded spheres can be used as 
a blowing agent in production processes that use heat. Microspheres can also be used 
for different kinds of surface modification. When the expanded form is used as 
lightweight filler, raw material can be saved, and thereby costs can be reduced. 
 
 The microspheres are used as an additive in manufacturing industry and the 
application areas are extensive. Examples of major usage areas are thermoplastics 
(for example shoe soles and wine bottle corks), coatings (such as paint, printing ink 
and leather), in civil explosives for the mining industry, paper and board. 
Microspheres are also used in tennis balls, artificial marble and personal care 
products. [1] 
 
Sustainability is a very important area to Expancel and AkzoNobel. The research and 
development department of Expancel is currently working to reduce the 
environmental footprint of the company and also to replace some chemicals with 
more environmental friendly ones.  

1.2 Aim of the Degree Project 
The degree project consists of two parts. In the first (and major) part a chemical with 
a negative impact in the environment is to be replaced in the production of the 
microspheres. The chemical is an additive in an initiator suspension used in the 
production of microspheres. Although this additive is not really an ingredient in the 
production recipes, it has been noticed that it affects the stabilization system used in 
the process of forming the microspheres. However the mechanism is not exactly 
known neither are the effects of replacing the suspension. In this project these effects 
were examined in several Expancel® recipes. The goal was to produce microspheres 
with an alternative chemical without changing the properties of the microspheres. 
The software package MODDE (MKS Umetrics AB, www.umetrics.com) was used for 
design of experiments and analysis of results. 
 
The objective of the second part was to study and evaluate a production process in 
order to find optimization possibilities. The chosen process was the filtering of the 
produced microsphere slurry for a specific recipe. The dewatering needed to be 
improved, using existing filtering equipment, to achieve a filter cake with lower water 
content and also to optimize the dewatering time. This would increase the production 
rate and minimize the risk of clogging the screw conveyors in which the material is 
transported after the filtering. The multivariate analysis software package SIMCA-P+ 
12.0.1 (MKS Umetrics AB, www.umetrics.com) was used to perform this task. 
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2. Theory 

2.1 Polymers and Production of Microspheres 

2.1.1 Polymers 

A polymer is a compound whose molecules are built up by many small molecule 
units, called monomers. The monomers are chemically bonded to each other to form 
the macromolecule of the polymer. A polymer molecule can include from a few 
hundred up to millions of monomer units. There are both natural and synthetic 
polymers. Examples of polymers existing in nature are proteins, nucleic acids and 
polysaccharides. The polysaccharide cellulose is the most frequently existent polymer 
on earth.  
 
The first synthetic polymer was patented in 1907 and since then the number of 
application areas for polymer materials have increased drastically and they are today 
a more important part of our daily life than ever. Plastics, gum, fabrics, paper, glue 
and paint are all materials based on polymers. The high molecular weights of 
polymers result in very strong intermolecular forces which increase the cohesion of 
the material and give polymers unique properties. Typical properties of polymer 
materials are low density, high thermal and electrical resistivity, and high thermal 
expansion. 
 
Polymer materials are composed of one or several different polymers and additives. 
Additives that are used to enhance specific properties of the material include 
antioxidants, UV-stabilizers, softening agents, pigments or fillers. The properties of 
polymer materials are also affected by the configuration and conformation of the 
polymer. The polymer molecule can be linear, branched, or cross-linked (formed as a 
three-dimensional network) and it can have infinitely many conformations. 
 
Polymers can be partly crystalline or amorphous. Partly crystalline polymers get 
arranged in well organized patterns upon cooling. Amorphous polymers on the other 
hand stiffen in the disordered random conformation that they have at higher 
temperatures. If the temperature is increased again the amorphous polymer will 
soften and regain its original condition. This phase transition, when a polymer 
changes between being hard and brittle and being soft and adaptable, is called the 
glass transition. The phenomenon is a unique property of polymers and occurs at a 
specific temperature for each polymer, called the glass transition temperature (Tg). Tg 
is related to the mobility of the molecules and is dependent on the structure of the 
head chain and side groups, number of crosslinks and molecular weight. Tg of a 
polymer material can also be modulated by additives. [2] 

2.1.2 Polymerization 

The chemical reaction in which the monomers bond to each other to generate a 
polymer is called polymerization. Polymerization processes can be divided into three 
main categories: step-growth polymerization, chain-growth polymerization and ring-
opening polymerization. The common base for all polymerizations is monomers that 
can create covalent bonds to two or several other monomers. In stepwise 
polymerization the monomers have functional groups that react with each other 
while ring-opening polymerization is based on cyclic monomers. Chain-growth 
polymerization can be divided into several subcategories. One of them is radical 
polymerization which is a very important commercial method for producing plastics 
and it will be described in more detail below.  
 
Radical polymerization is commonly based on unsaturated monomers with reactive 
double bonds and occurs in three steps: 
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Initiation – An initiator is used to start the reaction. Heat or radiation is applied to 
cause molecules of the initiator to split up into two free radicals, see figure 1. The free 
radicals then add to a monomer which initiates the polymerization, see figure 2. 
 

 
Figure 1: An initiator molecule is split into two radicals. 

 

 
Figure 2: A free radical adds to a monomer. 

 
Propagation – During the propagation the polymer chains grow by successive 
addition of monomer molecules to the propagating chain tail, see figure 3. The radical 
tail of the growing chain reacts with the π bond of the double bond of the monomer. 
A covalent σ bond is created and the new end of the chain now has a radical which 
can react with another monomer molecule. 
 

 
Figure 3: Propagation. 

 
Termination – The polymer chain is terminated either by coupling or by 
disproportionation.  Coupling means that two propagating chain tails react with each 
other to form a covalent bond, which stops the chain from further propagation, see 
figure 4. Disproportionation means that the polymerization is ended by the 
abstraction of a hydrogen atom from one propagating chain tail to another, see figure 
5. This results in one saturated chain and one with a double bond.  
 
 

 
Figure 4: Termination by coupling. 

 
 

 
Figure 5: Termination by disproportionation. 
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The initiator is consumed at a slow rate unlike the propagation which is very fast. 
This means that only a few chains are propagating at the same time. 
 
Radical polymerization is an exothermic reaction. The produced heat has to be 
removed because the reaction rate increases with increasing temperature and if the 
heat is not removed the reaction might run away and in worst case end in an 
explosion. 
 
One method to conduct radical polymerization is suspension polymerization. The 
method can only be used for monomers that are insoluble in water. Through vigorous 
stirring the monomer phase is split into small droplets in a surrounding water phase. 
The droplets are stabilized by surfactants and stabilizing agents and agglomeration is 
also prevented through agitation. The initiator is dissolved in the droplets and the 
polymerization takes place within the droplets, hence each droplet can be seen as a 
small reactor. The produced heat is absorbed by the surrounding water which makes 
temperature easier to control and therefore the risk of overheating is minimized with 
this method. [2] 

2.1.3 Microspheres 

As mentioned in section 1.1 microspheres are small spherical particles with a plastic 
shell encapsulating a gas. The polymer shell is made from a mixture of monomers 
and the monomer composition can be varied to obtain polymers with different Tg 
which gives different expansion temperatures to the microsphere. The blowing agent 
(the encapsulated gas) is a saturated hydrocarbon with low boiling point. The gas is 
selected to match the Tg of the shell, so that at the Tg the pressure from the gas is 
sufficient to cause the shell to expand. The expansion temperature is also affected by 
the size of the spheres. Another important property of the polymer shell is that it is 
able to retain the blowing agent, to do this the shell needs to be massive and without 
defects, and the polymer needs to have the right cohesive properties. [3]  
 
The expansion temperatures of Expancel® microspheres vary between 80-190˚C. The 
size of the expanded particles varies between 20-150 µm and typical values of the 
density are 1000 kg/m3 before expansion and 30 kg/m3 after expansion. [4] 

2.1.4 Production of Microspheres 

Expancel® microspheres are produced through suspension polymerization. There are 
two different systems for stabilization of the monomer droplets. In one, silica 
particles in a water phase are flocked with the aid of a small polymer and a metal ion. 
When the monomer phase is added and monomer droplets are formed, the flocked 
silica particles deposit on the surface of the droplets and keep them from 
agglomerating or coalescing.  
 
In the other stabilization system particles of Mg(OH)2  are used to stabilize the 
droplets in the same way as the silica particles. 
 
The size of the droplets decides the size of the microspheres. The size can be 
modulated by varying the type and rate of agitation, type and concentration of 
stabilizer and the volume ratio between water and monomer phase. [5] 

2.1.5 Initiator Suspensions 

The object of the first part of this work was, as mentioned, to replace an ingredient in 
an initiator suspension. As mentioned in section 2.1.2 an initiator is used to generate 
free radicals that can initiate the polymerization. The initiator is added in the form of 
a suspension because a suspension is more convenient to handle in the production 
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and during storage. To make a stable suspension with a good consistency two kinds of 
additives are used: stabilizer and thickener.  
 
The initiator is not water soluble but due to safety reasons it is still added to the water 
phase and not directly to the monomer phase. The initiator can be added to the water 
phase before or after the flocculation of the silica particles. [6] 

2.2 Characterization of Microspheres 
There are several analysis methods for characterization of microspheres. Following is 
a description of the methods used in this project. 

2.2.1 Particle Size Analysis 

Measuring the size of a particle is not as easy as it perhaps seems to be. The 
fundamental problem of particle size analysis is to give the size of a 3-dimensional 
object with only one number. This gives rise to a number of different ways to express 
particle sizes.  
 
Because the sphere is the only shape that can be described by one unique number, the 
basic theory is to measure some property of the particle and then compare it to a 
sphere with the same property. For example measure the volume of a particle and 
then calculate the equivalent sphere diameter, i.e. the diameter of a sphere with the 
same volume as the particle. Different characterization techniques measures different 
properties of the particles, this can for example be maximum or minimum length, 
weight, volume or surface area. Two techniques that use different properties will give 
two different answers. 
 
Another problem is that when measuring a large quantity of particles, like in the case 
of microspheres, the answer has to be given as an average, and the average can also 
be expressed in different ways. To start with it can be expressed as the mean, median 
or mode value. In the case of a normal distribution these all coincide, but otherwise 
not. Furthermore a mean value can be calculated by a number of different formulas. 
The average will also differ depending on if it is based on the number of particles or 
the volume/weight of the particles (volume and weight are equivalent if the density is 
constant). The number mean and the volume mean tell different things and can both 
be useful depending on what you are looking for/the situation. For example if a 
sample of microspheres has a lot of smaller particles in it and few larger, the volume 
mean will still be high but the number mean will reveal this distribution and be 
significantly lower. In this project the ratio between the volume and number mean is 
used to account for this phenomenon. A large ratio means that there are a lot of 
smaller particles in the sample, which is not desirable.  
 
The method used for particle size analysis in this project is laser diffraction.  It can 
also be called Low Angle Laser Light Scattering and is the preferred standard in many 
industries for characterization and quality control. The method uses the fact that the 
diffraction angle is inversely proportional to the particle size. Some advantages of this 
method are that it is an absolute method (the instrument does not have to be 
calibrated against a standard), it has a wide dynamic range, liquid suspensions and 
emulsions can be measured in a recirculation cell which gives high reproducibility, all 
particles in the sample are measured, it is rapid, has high repeatability and high 
resolution. [7] 
 
Parameters resulting from the particle size analysis that were used in this study are 
median diameter based on volume of the particles (Dv(0.5)), median diameter based 
on number of particles (Dn(0.5)), (derived from Dv(0.5)), Dv/Dn which is the ratio of 
the first two, and the span which is a measure of the particle size distribution. 
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2.2.2 Gas Chromatography (GC) 

Gas chromatography is a separation method in which the sample is vaporized and 
transported by a gaseous mobile phase (the carrier gas) through a column whose 
inside is covered with a stationary phase. As the mobile phase goes through the 
column a continuous equilibration of solute between mobile and stationary phase 
occurs. Depending on the attraction of a component to the stationary phase it will 
have a specific retention time through the column and hence the components of the 
sample can be separated and analyzed. [8] 
 
GC is used to analyze the content of residual monomer in the resulting slurry after 
the polymerization. Also the amount of blowing agent can be measured with GC. 

2.2.3 Thermomechanical Analysis (TMA) 

In thermomechanical analysis the sample is placed in an oven and heated according 
to a temperature program. A sensitive probe in contact with the surface of the sample 
measures the change in volume when a known amount of sample expands as the 
temperature increases. [9] TMA is used to measure the temperature where the 
microspheres start to expand (Tstart), the temperature where maximum expansion 
occur (Tmax) and the density of the expanded spheres (TMA-dens). The density is 
calculated from the known mass of the sample and the change in volume. A typical 
TMA-graph of a microsphere sample is shown in figure 6. 
 

 
Figure 6: TMA-graph of a microsphere sample. In TMA the height of the sample is 
measured as a function of the temperature. The change in height is converted to change in 
volume by the known bottom area of the sample cup. 

2.2.4 Thermogravimetric Analysis (TGA) 

In thermogravimetric analysis the change in weight of a sample is studied as the 
temperature is increased. A known, small amount of sample is placed on a sensitive 
recording balance in an oven in which the atmosphere and temperature can be 
controlled. A temperature program is started and the sample weight is registered as a 
function of temperature. The result is a so called TG-graph. TGA gives a quantitative 
measure of all changes in weight that occur as the microspheres are heated. The 
changes in weight can be caused by a physical change or a chemical reaction in the 
sample. [2]  
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Figure 7 shows a typical TG-graph. When a sample of microspheres is heated above 
its Tstart it starts to expand. When the temperature reaches Tmax it is maximally 
expanded and at temperatures above Tmax the blowing agent starts to leak out from 
the spheres. Continued heating causes the spheres to collapse and all the blowing 
agent leaks out, the weight loss of this process (step 1 in figure 7) is used to determine 
the amount of blowing agent in the sample. Further heating of the sample causes 
degradation of the polymer (step 2 in figure 7) and finally air is let into the oven 
which starts combustion of the sample (step 3 in figure 7). After the combustion the 
remaining weight is ash. 
 

 
Figure 7: A TG-graph, the result of thermogravimetric analysis of a microsphere sample 
where the sample weight is measured as a function of temperature. Step 1: The blowing 
agent leaks out of the spheres. Step 2: Degradation of the polymer. Step 3: Combustion of 
the sample, after this step the residue is ash. 

2.2.5 Scanning Electron Microscopy (SEM) 

Scanning electron microscopy is used to study the microstructure (appearance on a 
micrometer scale) of the microspheres. SEM can be used to study polymers on a scale 
from 4 nm to 4000 mm. [2] The sample is placed in a vacuum chamber and exposed 
to a very fine electron beam, which is synchronized with the beam in a cathode-ray 
tube.  Some electrons scatter and these electrons are used to produce a signal that 
modulates the beam in the cathode-ray tube, which in turn produces an image of the 
sample. [9]  
 
Both the surface and cross-section of the spheres can be studied. For the surface 
analysis the sample is coated with gold prior to analysis. For the cross-section 
analysis the particles are molded into an epoxy matrix. After the mixture has 
hardened it can be cut into slices which can be analyzed in the microscope.  

2.3 Design of Experiments 
Design of experiments (DoE) is a method to make a set of experiments representative 
with regards to a given question. The objective of DoE is to extract as much 
information as possible from as few experiments as possible. To do this the 
experiments have to be selected carefully. Instead of varying one factor at a time all 
interesting factors are varied simultaneously in a systematic way. The experiments 
are selected so that they have a symmetrical distribution in the design space. One 
important reason for using DoE is that minimizing the number of experiments saves 
time and money. Another is that when using the method of varying one factor at a 
time, interaction effects cannot be analyzed and there is a big chance to miss the 
optimal conditions.  
 
Multiple linear regression (MLR) is used to make models which describes the 
relations between the varied factors and the responses of the performed experiments. 
One model is created for each response. To decide the validity of a model the 
parameters R2 and Q2 are used. R2 is a measure of how well the model describes the 
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variation in each response and Q2 is a measure of the predictability of each response 
in the models. The maximum value of is R2 and Q2 is 1. If the model is valid it can be 
used to evaluate which factors that have an influence on the response and how they 
affect the response by studying the coefficient plot of the model. Interaction effects 
between factors can be revealed by addition of interaction terms in the model. [10] 

2.4 Multivariate Data Analysis 
Multivariate data analysis (MVA) is a useful tool to extract information from large 
data sets. MVA can handle data sets with many variables and/or responses and few 
observations (experiments or measurements). Also missing data in the set and noisy 
variables can be handled. MVA makes it possible to get an overview of the data and to 
easily analyze it without losing important information. 
 
PCA (principle component analysis) and PLS (partial least squares projection to 
latent structures) are two projection methods used in MVA. In PCA the data is a set of 
X-variables while in PLS the data consists of one set of X-variables and one set of Y-
variables. Each data set is a matrix with the values of all variables for every 
observation. Both of the methods use latent variables to extract information from the 
data set, and the base for this is so called principal components.  
 
When a PCA model is created the first principal component is chosen in the direction 
of the largest variation in the X-block. The second is selected orthogonally to the first 
one and in the direction that describes as much as possible of the remaining 
variation, the third component is selected in the same way and orthogonally to the 
first two and so on. The observations can then be described by their so called score 
values and the relation between the original variables and the new components can 
be described by so called loading values. By comparison of a score plot and a loading 
plot it can be revealed which variables that causes the separation of the observations. 
 
In PLS the principal components are instead selected to describe the variation in the 
X-block that also corresponds to the variation in the Y-block. Thereby PLS is a 
generalized inverse regression method and can be used for linking factors (X-
variables) to responses (Y-variables). 
 
The models can be validated with R2 and Q2 as in MLR described above (section 2.3). 
The Q2-value is often also used to decide the number of significant components in a 
model. When the Q2-value of a component is above a certain significance level 
(displayed in the model summary in SIMCA-P+ software) it is defined as significant 
and included in the model. [11] 
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3. Method 

All the experiments and analyses where performed at Expancel in Sundsvall, Sweden. 

3.1 Part I 
The objective of part I was to study the consequences of replacing the stabilizing 
agent of an initiator suspension with a more environmentally friendly one. As 
previously mentioned (section 2.1.5) an initiator suspension contains two kinds of 
additives; stabilizer and thickener. In the experiments of this study no initiator 
suspensions were used (except for in the reference experiments). Instead the initiator 
compound and stabilizer were added separately in amounts corresponding to their 
concentrations in the suspension. The thickener was not included in the tests since it 
was assumed that the thickener is not affecting the polymerization process to a 
significant extent. 

3.1.1 Polymerization in 50 ml and 1 Liter Scale 

As mentioned in section 2.1.4 there are two kinds of stabilizing systems (silica and 
Mg(OH)2) used in the production of Expancel® microspheres. The preparation differs 
a bit depending on which system the recipe is based on. In the following sections the 
general procedure for a recipe of each system in 50 ml or 1 liter scale is described. To 
obtain the special characteristics of each microsphere grade within the two systems 
the following factors vary: monomer composition, amount of cross-linker and 
blowing agent, amount of flocculation agent, and time and agitator speed during the 
emulsification procedure. Table 1 shows the ingredients for each recipe examined in 
this study.  
 
Table 1: Ingredients of the microsphere recipes examined in this study, 50 ml and 1 liter 
scale. 

Recipe: A-20 B-40 C-40 D-40 D-40 

Scale: 50 ml 50 ml 50 ml 50 ml 1 liter 

Monomers      

M1 X X X X X 

M2 X X X X X 

M3 X X  X X 

Crosslinker X X X X X 

Blowing agent      

Isopentane  X X X X  

Isobutane     X 

Water phase      

Water X X X X X 

Sodium hydroxide X X X X X 

Acetic acid X X  X X 

Initiator suspension or initiator + stabilizer X X X X X 

Condensation polymer  X X  X X 

Silicon dioxide X X  X X 

Ferric nitrate X X  X X 

Magnesium chloride   X   

Surfactant   X   

 

3.1.1.1 Silica Recipe (50 ml and 1 liter scale) 

In both 50 ml and 1 liter scale a buffer solution was prepared by mixing water, 
sodium hydroxide and acetic acid. To the buffer solution was added the initiator and 
stabilizer (initiator suspension in the reference trials), condensation polymer and 
SiO2 and the solution was then stirred for 30 min for the flocculation to occur.  
 
An organic phase was prepared by mixing monomers, cross-linker and blowing agent. 
The organic phase was then added to the water phase, after flocculation of the same, 
and the mixture was emulsified using a high shear mixer. The emulsion was then 
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placed in the reactor vessel. The polymerization was started by heating the reactorto 
the polymerization temperature.  The polymerization was quenched by cooling to 
room temperature. The resulting slurry was sieved to remove agglomerates and lager 
particles. It was then filtered and the filter cake (consisting of the microspheres) was 
dried. 

3.1.1.2 Mg(OH)2 Recipe (50 ml scale) 

A dispersion of magnesium hydroxide was prepared by mixing sodium hydroxide 
dissolved in water with magnesium chloride dissolved in water, followed by stirring 
for 30 min, after which the surfactant and initiator plus stabilizer (initiator 
suspension in the reference trials) was added. This mixture was then mixed with an 
organic phase containing monomers, crosslinker and blowing agent and emulsified 
using a high shear mixer. The emulsion was then placed in the reactor and 
polymerization was carried out and the resulting slurry worked up according to the 
procedure in 3.1.1.1. 

3.1.2 Analysis of Microsphere Samples 

After sieving the microsphere slurry the sieve residue was noted on a scale from 0-5 
for the 50 ml experiments. For the 1 liter experiments the sieve residue was defined 
as little, moderate or a lot. 
 
GC analysis was performed on a sample of the slurry taken before sieving and 
filtering to obtain a measure of the monomer residue in both the spheres and in the 
water phase.  
 
For the particle size analysis a small amount of the filter cake was dissolved in water. 
Dv(0.5), Dn(0.5) and the span of the sample were measured by a Malvern Mastersizer 
2000 instrument. The ratio Dv/Dn was then calculated. 
 
Tstart, Tmax and TMA-dens were measured by TMA.  
 
Amount of blowing agent was measured by TGA.  
 
SEM images were generated in cases when it was interesting to study the appearance 
of the sample. Both surface and cross-section images were created. 
 
TMA, TGA and SEM were performed on dried samples. TMA and TGA were 
performed on all experiments. SEM was performed on nine of the experiments. 

3.1.3 Design of Experiments 

Initially the A-20 recipe was chosen to study the effects of changing the stabilizing 
agent. Firstly some reference experiments were performed to set target values for the 
responses and to confirm that the method of adding the initiator and stabilizer 
separately, without the thickener, instead of as a suspension, worked. Then five 
different alternative stabilizers were to be examined, called stabilizer 1-5. MODDE 
9.0 was used for the planning of the experiments. An experimental set-up was 
created where the factors varied were the amount of stabilizer and the time of 
addition (before or after the flocculation of the silica). The effect of varying a 
combination of stabilizer 2 and 3 together was examined. This resulted in the four 
experimental designs shown in table 2-table 5 below. All the experiments in design 1 
were repeated three times which is the reason for only having one center-point in the 
design. 
 
Every set of experiments (performed at the same occasion) consists of six samples of 
which (at least) one always is a reference sample.  
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Table 2: Experimental design 1. Time of addition is a qualitative variable; the stabilizer is 
added before or after the flocking. 

Experiment  Stabilizer 1 (%) Time of addition  

1 0.5 before 

2 2.5 before 

3 0.5 after 

4 2.5 after 

5 1.5 before 

 
Table 3: Experimental design 2. 

Experiment Stabilizer 2 (%) Stabilizer 3 (%) Time of addition 

1 0 0 before 

2 3 0 before 

3 0 1 before 

4 3 1 before 

5 0 0 after 

6 3 0 after 

7 0 1 after 

8 3 1 after 

9 1.5 0.5 before 

10 1.5 0.5 before 

 
Table 4: Experimental design 3. 

Experiment  Stabilizer 4 (%) Time of addition 

1 0.5 before 

2 3 before 

3 0.5 after 

4 3 after 

5 1.75 before 

6 1.75 before 

 
Table 5: Experimental design 4. 

Experiment  Stabilizer 5 (%) Time of addition 

1 0.5 before 

2 3 before 

3 0.5 after 

4 3 after 

5 1,75 before 

6 1,75 before 

 
 
The following variables were selected as responses: sieve residue, Dv(0.5), Span, 
Dv/Dn, Tstart, Tmax and TMA-dens. 
 
After evaluating the outcome of these experiments, the best stabilizer alternative was 
to be tested in several other recipes, namely B-40, C-40 and D-40. In these 
experiments only the amount of stabilizer was varied and therefore no MODDE-
designs were used.  
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3.2 Part II 

3.2.1 Collection of Data 

Data was collected from 70 polymerization batches (POL Batches) produced between 
January 2011 and March 2012, for batch numbers see appendix B. In the dewatering 
step two batches are blended and filtered together (except in two cases where only 
one batch is used) which result in 36 POL blend batches.  
 
First data was collected from some of the characterization analyses performed on the 
microspheres after the polymerization is completed. These included particle size, 
span, Dv/Dn, sieve residue and sieve ability. Other parameters collected were the time 
between ending of the polymerization process (for the first batch of each POL blend 
batch) and starting of the dewatering process, and a parameter called POLpar 
(confidential parameter). 
 
Since some of the particle size analyses (which also give a measure of the span and 
Dv/Dn) were not correctly performed during the period from December 2011 until 
February 2012 these values had to be excluded. Instead the particle size and Dv/Dn 
was re-measured on the archived samples for these batches. Unfortunately the 
particle size of an archived sample is not comparable to the original measure because 
that one is performed on the polymerization slurry and the archived sample is the 
dried product which has passed through several sieving steps. Due to this the particle 
size of the archived samples was measured for some of the other batches as well, but 
not for all batches since that was too time-consuming.  
 
Data from the polymerization process and the dewatering process was also collected. 
Parameters from the polymerization was level (confidential parameter), ∆T (which is 
the difference between the temperature of the incoming cooling water and the 
temperature in the reactor at the time when the polymerization is most violent), 
rotation speed and power (at two time points) of the agitator, and finally a parameter 
which indicates at what time the power of the agitator is increased due to an increase 
in the viscosity of the slurry. 
 
The filter used in the dewatering is constructed as a moving band to which vacuum is 
applied. Water is poured onto the filter cake to rinse it. Parameters collected from 
this process was the rate of the slurry pump, band rate, amount of added water, 
vacuum, turbidity of the filtrate, moisture level, filtrate flow and a parameter for how 
many times the operator needed to stop the band during the process. 
 
As responses two different values of the production rate was used. The responses 
were both based on the amount of final product that is produced after both 
dewatering and drying steps. The difference is in how they were calculated. The first 
production rate was calculated as the total amount of product generated from a batch 
divided by the time it took to dewater and dry the whole batch. The second rate is the 
momentary production rate, not including time during which there is a stop in the 
process. A value above 150 is defined as a good batch and a value below 150 as a bad 
batch. 
 
In all cases where the POL blend batch consists of two POL batches the mean value of 
the two batches has been calculated for each polymerization- and characterization 
parameter. 

3.2.2 Multivariate Data Analysis 

SIMCA-P+12.0.1 was used to model the data. First a PCA-model was fitted for 
overview of all variables and observations, to reveal any correlations between the 
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variables, and to detect trends and outliers in the observations. Then a PLS model 
was created and refined to connect X-variables to the Y-variables to try to figure out 
what has caused the problems in the dewatering process. 
 

4. Results and Discussion 

4.1 Part I 
In total 19 series of experiments were performed, called EW1-EW18 and MJ472. The 
series EW1-15 were performed in 50 ml scale including six samples for each series. 
The experiments EW16-18 and MJ472 were performed in 1 liter scale with only one 
sample per experiment.  
 
The seven parameters selected as responses in MODDE (sieve residue, Dv(0.5), Span, 
Dv/Dn, Tstart, Tmax and TMA-dens) are the evaluated results. The other analysis 
performed (monomer residuals and amount of blowing agent) are only used to check 
if the polymerizations were successful or not, since these parameters not ought to 
change due to changes in the varied factors.  
 
Raw data for all experiments is presented in appendix A.  

4.1.1 Recipe A-20, Reference Experiments  

Two series of reference experiments (EW1 and EW2) with six samples in each were 
performed. In each series two of the samples were the original recipe (with the 
currently used initiator suspension), two were the original recipes but with initiator 
and stabilizer added separately. The remaining two were another initiator suspension 
which contains one of the alternative stabilizers (stabilizer 1); these samples were 
compared to the samples with this stabilizer added separately (see 4.1.2).  
 
In addition to this one of the six samples in each series is a reference sample. In some 
of the series also an extra reference sample was added with initiator and stabilizer 
added separately.  
 
The results from all of these experiments are shown as mean values for each category 
(original suspension, new suspension and original but with separate addition) in 
table 6. These experiments confirmed that the method of adding the initiator and 
stabilizer separately, instead of as a suspension (and without the thickener), worked 
well. The difference in the results between the two methods is very small (compare 
reference type 1 and 3, table 6). The results also showed that the new suspension 
resulted in decreased Dv(0.5) and a slightly increased span and sieve residue 
compared to the original suspension (compare reference type 1 and 3 with 2, table 6). 
The mean values from the experiments with the original suspension where used as 
target values in MODDE. 
 
Table 6: Results from reference experiments. Mean values and standard deviations for each 
type of reference; type 1 is the original suspension, type 2 is the new suspension and type 3 is 
the original but with initiator and stabilizer added separately. 
Reference 

type 
No of 

experiments 
Sieve 

residue 
Dv(0.5) 
(μm) 

Span 
 

Dv/Dn 

 
Tstart 
(˚C) 

Tmax 
(˚C) 

TMA-dens 
(g/l) 

1 12 1.4 7.23 0.99 1.56 135.1 148.3 20.1 

St.dev.  0.53 0.36 0.06 0.07 2.13 0.69 3.13 

2 4 2 6.62 1.11 1.66 135.5 147.6 22.6 

St.dev.  1.41 0.12 0.28 0.27 1.41 0.43 1.97 

3 8 1.5 6.92 0.95 1.51 135.4 148.0 20.0 

St.dev.  0.53 0.40 0.04 0.05 1.51 0.57 2.31 
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4.1.2 Recipe A-20 

 
Stabilizer 1 - The raw data and settings for all the experiments with stabilizer 1 are 
shown in table 7.  
 
Table 7: Raw data and settings for the experiments with stabilizer 1. The shaded rows are 
experiments that were either not performed or excluded due to deviating results. 

Exp 

No 
Exp 

Name 
Run 

Order 
Incl/Excl Stabilizer1 

Time of 

addition 
Sieve 

residue 
Dv(0.5) Span Dv/Dn Tstart Tmax TMAdens 

1 EW3-6 6 Excl 0,5 Before  2 8,055 1,115 1,74 132,5 146,4 17,6 

2 EW3-5 5 Incl 2,5 Before  1 6,169 1,028 1,57 137,5 148 21,9 

3 EW3-4 4 Incl 0,5 After  3 7,736 1,112 1,72 133 147,2 21,7 

4 EW3-3 3 Incl 2,5 After 3 6,713 1,142 1,72 136,5 148,6 20,9 

5 EW3-2 2 Incl 1,5 Before  2 6,31 1,025 1,57 135,5 146,8 21,7 

6 EW4-1 7 Incl 0,5 Before  2 6,676 0,929 1,47 136 147,9 18,4 

7 EW4-2 8 Incl 2,5 Before  1 5,828 0,927 1,46 138,5 148,3 19 

8 EW4-3 9 Incl 0,5 After  2 7,392 1,103 1,7 134 148,6 21,2 

9   10 Excl 2,5 After                

10 EW4-5 11 Incl 1,5 Before  1 6,754 1,031 1,6 136 149,6 22 

11 EW5-2 14 Incl 0,5 Before  1 6,875 1,008 1,57 135 147,8 22,3 

12 EW5-4 16 Incl 2,5 Before  1 5,819 0,928 1,46 139,5 149,3 21,6 

13   13 Excl 0,5 After                

14 EW5-5 17 Excl 2,5 After    6,448 1,275 1,95 139 145,8 331,6 

15 EW5-6 18 Incl 1,5 Before  1 6,82 1,028 1,6 137,5 147,3 19,7 

 
After the first series with stabilizer 1 (EW3) the results showed a tendency that it was 
better to add the stabilizer before the flocculation, the samples with addition after 
flocculation ( EW3-3 and EW3-4) resulted in more sieve residue and increased span 
and Dv/Dn. Because of this the replicates of the experiments with addition after the 
flocculation were reduced in EW4 and EW5, to be able to instead add some reference 
sample with initiator and stabilizer added separately. Experiment EW5-5 failed and 
had to be excluded from modeling. After looking at the raw data, experiment EW3-6 
was considered to be an outlier and was therefore excluded. After this the models 
were fitted and it was found that all of the interaction terms were insignificant for all 
responses and therefore these were excluded from the models. A summary of the 
models after exclusion of insignificant interaction terms is shown in figure 8.  
 
 

 
Figure 8: Summary of all the models for stabilizer 1 (after exclusion of insignificant 
interaction terms). 
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Since a model with a Q2-value above 0.1 can be considered a significant model all 
models except the ones for Tmax and TMA-dens were valid (that these models are not 
significant means that the variation in these responses is just random noise). The 
model coefficients (presented in figure 9) showed that sieve residue, span and Dv/Dn 
decreased with addition before flocculation, but the amount of stabilizer had no effect 
on these parameters.  

 
Figure 9: Coefficient plot for Sieve residue, span and Dv/Dn. The bars represent the effect of 
(from the left): amount of stabilizer, addition before flocculation and addition after 
flocculation. 

 
The size (Dv(0.5)) and Tstart were affected by both the amount of stabilizer and time of 
addition (presented in figure 10). The size decreased with increasing amount of 
stabilizer and addition before flocculation. The effect on Tstart was the opposite; it 
increased with increasing amount of stabilizer and addition before flocculation (this 
is logical since smaller particles have higher Tstart). 
 

 
Figure 10: Coefficient plot for Dv(0.5) and Tstart. The bars represent the effect of (from the 
left): amount of stabilizer, addition before flocculation and addition after flocculation. 

 
When using the optimizer tool in MODDE (with the target values from section 4.1.1) 
the results were that the optimal settings are 0.5 % Stabilizer 1 and addition before 
flocculation, see figure 11. This result was also consistent with the results from the 
experiments with the new suspension in 4.1.1, since this suspension includes >0.5 % 
of stabilizer 1 and resulted in smaller particles and larger sieve residue and span than 
the original suspension. 
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Figure 11: MODDE Optimizer. Tmax and TMA-dens were excluded from the optimization 
since the models for these responses were insignificant. The best settings for reaching the 
targets values for the responses are 0.5 % of stabilizer 1 and 0addition before flocculation. 

 
Stabilizer 2 and 3 - The raw data and settings for all the experiments are shown in 
table 8. The two experiments in design 2 which did not include any of the stabilizers 
were excluded since it would be pointless to perform these experiments. One of the 
two center point experiments failed so in order to get replicates an extra series was 
performed. This series included two more center points, one sample with the settings 
3% stabilizer 2, 0% stabilizer 3, and addition before flocculation and two samples 
with the settings 2,5% stabilizer 2, 0,4% stabilizer 3 and addition before flocculation.  
 
Table 8: Raw data and settings for the experiments with stabilizer 2 and 3. The shaded 
rows are experiments that were either not performed or excluded due to deviating results. 

Exp 

No 

Exp 

Name 
Incl/Excl Stabilizer2 Stabilizer3 

Time of 

addition 

Sieve 

residue 
Dv(0.5) Span Dv/Dn Tstart Tmax TMAdens 

1   Excl 0 0 Before               

2 EW6-5 Incl 3 0 Before 2,5 6,803 1,02 1,58 136,5 148,2 24 

3 EW7-6 Incl 0 1 Before  5 8,612 1,82 2,65 136 148,1 22,6 

4 EW6-6 Incl 3 1 Before  5 10,827 3,43 3,91 135,5 148,7 24,9 

5   Excl 0 0 After                

6 EW7-2 Incl 3 0 After  3 6,782 1,02 1,58 137 148,4 24 

7 EW6-1 Incl 0 1 After  4 8,505 1,59 2,39 135 149,9 21,6 

8 EW7-3 Incl 3 1 After  5 9,681 3,11 3,28 135,5 148,3 23,5 

9 EW7-1 Excl 1,5 0,5 Before  1 5,786 0,93 1,46 139 148,7 28,2 

10 EW6-4 Incl 1,5 0,5 Before 3 7,988 1,86 2,38 138,5 149 24,1 

11 EW8-2 Incl 1,5 0,5 Before  3 6,49 0,938 1,48 136 146,8 24 

12 EW8-5 Incl 1,5 0,5 Before  3 7,062 1,048 1,63 136 147,8 22,5 

13 EW8-1 Incl 3 0 Before  2 5,981 0,915 1,45 138 147,6 24,5 

14 EW8-3 Incl 2,5 0,4 Before  3 6,333 0,99 1,53 134 146,9 22,8 

15 EW8-4 Incl 2,5 0,4 Before  2 6,432 1,03 1,59 137 149 18,3 

 
All of the interaction terms were insignificant for all responses and therefore 
excluded from the models. A summary of the models after exclusion of these terms is 
shown in figure 12.  
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Figure 12: Summary of all the models for stabilizer 2 and 3 (after exclusion of insignificant 
interaction terms). 

 
The models for Tstart, Tmax and TMA-dens were not significant, which means that the 
variations in these factors are just random noise. The models for sieve residue, 
Dv(0.5), span and Dv/Dn were all significant with Q2-values between 0.4-0.7. The 
coefficient plots for these models (figure 13) show that stabilizer 3 is positively 
correlated to all of the responses, which means that they will increase with increasing 
concentration of this stabilizer. The amount of stabilizer 2 is not significant for sieve 
residue and Dv(0.5), but positively correlated with span and Dv/Dn. But the influence 
of varying this stabilizer is weaker than the influence of varying stabilizer 2. Addition 
before or after the flocculation of the silica did not have an influence on any of the 
responses for these two stabilizers. 
 

 
Figure 13: Coefficient plot for Sieve residue, Dv(0.5), span and Dv/Dn. The bars represent 
the effect of (from the left): amount of stabilizer 2, amount of stabilizer 3, addition before 
flocculation and addition after flocculation. 

 
Before using the MODDE optimizer tool, Tstart, Tmax and TMA-dens were excluded 
since the models for these responses were insignificant. Time of addition was kept 
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constant in the optimization since the models showed that this factor had no 
influence. The result of the optimizer was that the best settings for reaching the 
targets values for the responses were 3.0 % of stabilizer 2 and 0.25 % of stabilizer 3, 
see figure 14. 
 

 
Figure 14: MODDE Optimizer. Tstart, Tmax and TMA-dens were excluded from the 
optimization since the models for these responses were insignificant. Time of addition was 
kept constant since the models showed that this factor had no influence. The best settings for 
reaching the targets values for the responses are 3.0 % of stabilizer 2 and 0.25 % of 
stabilizer 3 (Showed in the shaded row, which has the lowest log(D)). 

 
Stabilizer 4 and 5 - The designs for stabilizer 4 and 5 included six experiments 
each. Only five experiments can be performed in each series because one has to be a 
reference sample. Therefore one experiment in each design was excluded. The 
excluded experiment was one of the two with addition after flocculation (experiment 
number 3 in table 4 and 5), since earlier experiment had shown better results for 
addition before flocculation (stabilizer 1), or no difference between adding before or 
after (stabilizer 2 and 3). Consequently an MLR model could not be created for these 
experiments and the results were therefore evaluated without the aid of MODDE. 
 
The experiments with stabilizer 4 (EW9) showed no good results at all. Two of the 
samples did not expand (EW9-2 and EW 9-5), two had very high densities (EW 9-1 
and EW 9-6) and the fifth had a lot of agglomerates, which is shown by the high sieve 
residue and the large span (EW 9-4). The samples that did not expand were smaller 
than the others in the same series, but not too small to be able to expand. TGA 
showed that they contained blowing agent, so absence of blowing agent was not the 
reason for the lack of expansion. SEM pictures (figure 15) however showed that the 
particles of these samples had a lot of small inner particles and indicated areas with 
thinner shell. Possibly this cause gas leakage during heating resulting in low or no 
expansion of the microspheres. 
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Figure 15: SEM pictures of experiment EW9-2 with stabilizer 4 (upper) and reference 
experiment EW9-3 (lower). Cross-section to the left and surface to the right. Magnification 
4000 times. 

 
The results from the experiments with stabilizer 5 (EW10) varied a lot. Best result 
was gained from the experiment with 0.5 % stabilizer, for which all the responses 
were in line with the ones of the reference sample. The other samples had more sieve 
residue, larger Dv(0.5), larger spans and/or higher density. 
 
After the experiments with the A-20 recipe it was decided to proceed with stabilizer 1 
in the other recipes, because it had the most stable results with no increase in sieve 
residues, spans or Dv/Dn. The results of these experiments are presented in the 
following sections. 

 4.1.2 Recipe B-40 

Three series of this recipe were performed, EW12, EW13 and EW15 (EW12 was 
performed according to a recipe with a larger amount of blowing agent, BM-40, but 
there is no other difference between the two recipes). All the experiments with 
stabilizer 1 added separately resulted in an increase in Dv(0.5) compared to both the 
reference samples and the samples with the new suspension. To see if it was the 
method of adding initiator and stabilizer separately that caused this, two reference 
samples with initiator plus original stabilizer were included in EW15. The samples 
did however not show any increase in Dv(0.5). This indicates that the thickener in the 
new suspension have an influence when it comes to this recipe. 

 4.1.3 Recipe C-40  

C-40 is a Mg(OH)2 recipe, unlike the others which are all silica recipes. One series 
with this recipe was performed (EW14). The size increased for every sample in the 
series, from 13,4  µm for the first sample (which is the only one within specification) 
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to 32,1 µm for the last one. Also the spans are large for all samples in the series except 
the first, which indicates agglomerates in the samples. This is probably due to 
insufficient stirring after taking out the first sample from the water phase when 
preparing the emulsions. The results from the first sample still show that it is possible 
to produce spheres with good properties using stabilizer 1 instead of the original 
stabilizer. 

4.1.4 Recipe D-40 

The experiments with recipe D-40 in 50 ml scale (EW11) showed the same effect of 
varying the concentration of stabilizer 1 as the experiments in A-20; the higher the 
concentration the smaller became the size of the microspheres, and also that the 
sample which size was closest to the reference sample was the one with low 
concentration (0.5 %). However the size was larger than specification (10-16 µm) for 
all samples in this series, including the reference. Instead of running more 
experiments in 50 ml scale to try to decrease the size, it was decided to proceed and 
perform experiments with this recipe in larger scale (1 litre). Four experiments were 
performed; MJ472, EW16, EW17 and EW18, see table 9. The sizes of the samples 
from these experiments were all inside specification.  The effects on the size were 
once again the same as in A-20; the sample with 0.5 % of stabilizer 1 was closest to 
the reference. However the variations are small and more experiments are needed to 
confirm that it was not just random variation. 
 
Table 9: Results of experiments in 1 liter scale. Ref 1 is the original suspension and ref 2 is 
the original but with initiator and stabilizer added separately. 

Experiment 
 

Stabilizer 
 

Sieve 
residue 

Dv(0.5) 
(um) 

Dv/Dn 
 

Span 
 

Tstart  
(˚C) 

Tmax 

 (˚C) 
TMA-dens 

(g/l) 

MJ472 Ref 1 A little 11,7 1,51 0,96 91 144 12,6 

EW16 Ref 2 Moderate 11,0 1,54 1,00 90,3 143,7 14 

EW17 1.5% Moderate 11,1 4,29 1,26 90,5 145,2 12,7 

EW18 0.5% Moderate 11,7 1,53 0,999 91,5 145,2 12,7 

4.2 Part II 
 
All the data used in the multivariate data analysis is presented in appendix B. Two of 
the chosen batches (batch 8 and 12) had to be excluded since they had too much 
missing data due to interrupts in the data logging. 34 batches then remained for the 
data analysis. The values of production rate 1 for batches 6 and 7 turned out to be 
completely misleading, because there had been long production stops (not caused by 
problems in the process, but for other reasons) during the time for dewatering of 
these batches. These values were therefore excluded and only production rate 2 was 
used as response for these batches. The agitator rotation speed did not have any 
variation between the batches and was therefore excluded. The following X-
parameters then remained: Particle size (size), span, Dv/Dn, re-measured size (new 
size), re-measured Dv/Dn (new Dv/Dn), sieve residue (sieve res), sieve ability (sieve 
ab), POLpar, level, ΔT, power of agitation at time point 1 (P1), power of agitation at 
time point 2 (P2), time for increase of agitator power (P increase), storing time, slurry 
pump rate (pump), amount of added water (water), band rate, vacuum, turbidity, 
moisture level (moisture), filtrate flow and number of stops. 
 
A PCA model with all data included was created. It had two significant components 
and an R2-value of 0.58 and a Q2-value of 0.37. The score plot (figure 16) shows a 
tendency that the good batches are clustered in the upper right quadrant and the bad 
batches are lower down and more to the left. Batch number 2 is an outlier in the score 
plot, but this batch was not excluded because it had one of the lowest values in the 
response and was therefore interesting to keep in the model. 
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Figure 16: Score plot of the PCA model. 

 
The loading plot (figure 17) showed how the variables were correlated to each other; a 
variable is positively correlated to variables in the same quadrant and negatively 
correlated to variables in the diagonally opposite quadrant. 
 

 
Figure 17: Loading plot of the PCA model. 

 
A PLS model with all of the X-variables and the two productions rates as Y-variables 
was then created. The PLS model had two significant components, R2X=0.55, 
R2Y=0.78 and Q2=0.67. To evaluate the significance of the X-variables coefficient 
plots (figure 18-figure 21) were studied. These showed that size, span, new size, new 
span, sieve res, storing time, water and moisture were all insignificant in both 
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components for both responses. These variables except size were therefore excluded. 
Size was kept since it was a variable with a big influence on the responses and the 
large confidence interval might be due to the missing data in this variable. 
 

 
Figure 18: Coefficient plot of the first PLS model for the response prod. rate 1, component 1. 

 

 
Figure 19: Coefficient plot of the first PLS model for the response prod. rate 2, component 1. 
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Figure 20: Coefficient plot of the first PLS model for the response prod rate 1, component 2. 

 

 
Figure 21: Coefficient plot of the first PLS model for the response prod. rate 2, component 2. 

 
The parameters from the dewatering process are not really parameters that can be 
optimized since they are directly dependent on how well the process proceeds. For 
example when there are problems in the dewatering the band rate has to be slowed 
down or stopped, the slurry pump rate has to be set down, the filtrate flow decreases 
and so on. From the beginning it was not obvious that the calculated production rates 
were a correct measure of how well the dewatering proceeds since they are measured 
after a second process step. Since several of the dewatering parameters were strongly 
correlated to the Y-variables (see the loading plot in figure 22) the conclusion was 
that the calculated production rates were correct to use as responses for the 
dewatering process.  After coming to this conclusion all the dewatering variables were 
excluded. 
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Figure 22: Loading plot of the first PLS model. 

 
The selected POL batches were produced on two different polymerization lines (line 
A and B). Batches from line A was number 7, 18, 27 and 31-36, all the others were 
from line B. The polymerization parameters are not comparable between the two 
lines and therefore data from the polymerization process was only collected for the 
batches of line B. After exclusion of the dewatering parameters not much data was 
left for the batches from line A and they were therefore excluded. 25 batches 
remained after this. 
 
A new PLS model with the remaining data was created. This model also had two 
significant components. R2X was 0.73, R2Y was 0.47 and Q2 was 0.13. The loading 
plot of this PLS model (figure 23) showed that the factors with the strongest 
correlation to the responses were size and level, of which size was positively 
correlated and level was negatively correlated.  
 

 
Figure 23: Loading plot of the refined PLS model. 
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POLpar is a parameter that should be proportional to the level, but this was not 
shown by the model, since these two variables are not close to each other in the 
loading plot. To see the reason for this the level was plotted as a function of POLpar 
for all the batches in the model. The resulting scatter plot (shown in figure 24) 
revealed that all the batches with a production rate below 125 (batch 2, 9, 10, 11, 16 
and 30) had a higher ratio of level and POLpar compared to all batches with a 
production rate above 165 (batch 6, 17, 19, 20, 24, 25, 26 and 28). 
 
 
 
 

 
 
Figure 24: Level as a function of POLpar. All batches with a production rate below 125 
(batch 2, 9, 10, 11, 16 and 30) are above the regression line (batch number 10, 11 and 14 are 
on the same spot, right below batch 9), while all batches with a production rate above 165 
(batch 6, 17, 19, 20, 24, 25, 26 and 28) are on or below the regression line. 
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5. Conclusions and Future Work 

5.1 Part I 
The first conclusion is that it is possible to produce microspheres with other 
stabilizers for the initiator suspension than the one currently used. Several stabilizers 
showed good results in the recipe A-20 in 50 ml scale. In the recipe A-20 both 
stabilizer 1, a combination of stabilizer 2 and 3, and stabilizer 5 where used to 
produce spheres with all responses in line with the reference sample. Stabilizer 4 on 
the other hand showed no good results, but the other three could be possible 
alternatives to the current stabilizer. However, since the supplier of the initiator 
suspensions already offers a suspension with stabilizer 1 and this study did not show 
better results for any of the other examined stabilizers the conclusion is that stabilizer 
1 seems to be the best alternative to proceed with. 
 
The amount of stabilizer 1 affects mainly the size of the microspheres. The results in 
this study showed that a lower amount of stabilizer 1 than the amount used in the 
supplier’s suspension gave the best results. Addition of the stabilizer before or after 
the flocculation affects the sieve residue, Dv/Dn and the span. Addition after the 
flocculation gave more sieve residue, higher Dv/Dn and larger span hence addition 
before the flocculation is preferable. 
 
The later experiments in this project showed that stabilizer 1 also could be used with 
good results in the recipes B-40 and C-40 in 50 ml scale, and in D-40 in both 50 ml- 
and 1-liter scale. 
 
Future work can be to examine if the thickener used in the initiator suspension have 
any influence on the properties of the microspheres. One way to do this is to use the 
supplier’s suspension and spike it with different amounts of stabilizer 1 to see if the 
effects seen in this study are retained. The effects of performing the experiments in a 
larger scale also need to be examined.  

5.2 Part II 
A conclusion of the data analysis in part II was that a higher value of the parameter 
level in the polymerization process causes a deterioration of the dewatering process. 
Level is a parameter that should be direct proportional to the parameter POLpar, but 
the model did not show this correlation. The reason for this turned out to be that the 
batches with the worst result in the response (a production rate below 125) had a 
higher ratio of level and POLpar compared to the batches with higher production 
rate. The reason for this deviation should be investigated and if possible adjusted in 
order to improve the dewatering process.  
 
Another conclusion was that a larger particle size improves the dewatering process, 
even though the confidence interval for this parameter was large. The large 
confidence interval was probably due to missing data, or that taking the mean value 
of the two polymerization batches did not give the correct values of the particle size in 
the POL blend batch. One option to possibly make this parameter stronger in the 
model is to measure the particle size of the archived dried product for all batches. 
Another option is to collect data from more batches, and to create one model for each 
polymerization production line. 
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Appendix A 

Raw data from experiments in part I 
 
Abbreviations: exp = experiment, stab = stabilizer (and amount in % of the 
suspension), res = residue, b.a. = blowing agent, susp = suspension, ref 1= original 
suspension, ref 2 = original suspension but initiator and stabilizer added separately. 
 
Table A1: Recipe A-20, 50 ml scale 

Exp Stab 
Sieve 

res 
Dv(0.5) 

(um) Dv/Dn Span 
Tstart 
(˚C) 

Tmax 
(˚C) 

TMA-
dens 
(g/l) 

M1 res 
(mg/kg) 

M2 res 
(mg/kg) 

M3 res 
(mg/kg) 

TGA 
b.a. 
(%) 

EW1-1 ref 1 2 7,84 1,70 1,10 136,0 148,0 17,9 17850 97 7830 13,6 

EW1-2 ref 1 2 7,05 1,57 1,01 136,0 148,3 18,9 16020 46 7670 13,1 

EW1-3 1 (susp) 2 6,47 1,49 0,94 136,5 147,8 21,5 17170 61 8800 13,2 

EW1-4 1 (susp) 4 6,74 2,06 1,53 136,5 147,0 25,5 16500 64 4300 13,3 

EW1-5 ref 2 2 7,50 1,48 0,92 133,5 148,0 18,2 17480 101 8740 13,8 

EW1-6 ref 2 2 7,16 1,47 0,92 134,0 148,1 19,4 16330 85 7440 13,8 

             EW2-1 ref 2 1 6,53 1,47 0,92 135,5 148,1 21,5 14250 76 5452 12,8 

EW2-2 ref 2 1 6,71 1,48 0,94 134,0 146,7 18,0 16910 82 6850 13,6 

EW2-3 ref 1 1 7,42 1,60 1,03 135,0 149,4 15,9 15100 64 6940 13,3 

EW2-4 ref 1 0,5 7,76 1,60 1,01 134,0 146,9 19,6 15840 57 7040 13,5 

EW2-5 1 (susp) 1 6,70 1,61 1,04 135,5 148,0 21,5 16260 75 6920 13,0 

EW2-6 1 (susp) 1 6,58 1,48 0,94 133,5 147,6 21,7 15130 68 6080 13,6 

             EW3-1 ref 1 1 6,88 1,47 0,92 136,5 148,4 22,1 17210 60 7390 12,4 

EW3-2 1(1,5%) 2 6,31 1,57 1,03 135,5 146,8 21,7 17410 104 7830 13,5 

EW3-3 1(2,5%) 3 6,71 1,72 1,14 136,5 148,6 20,9 17020 62 7020 13,3 

EW3-4 1(0,5%) 3 7,74 1,72 1,11 133,0 147,2 21,7 15910 81 6280 12,8 

EW3-5 1(2,5%) 1 6,17 1,57 1,03 137,5 148,0 21,9 15410 86 6290 12,5 

EW3-6 1(0,5%) 2 8,06 1,74 1,12 132,5 146,4 17,6 15560 54 6580 13,5 

             EW4-1 1 2 6,68 1,47 0,93 136,0 147,9 18,4 18670 86 8430 13,6 

EW4-2 1(2,5%) 1 5,83 1,46 0,93 138,5 148,3 19,0 15070 50 5950 12,5 

EW4-3 1(0,5%) 2 7,39 1,70 1,10 134,0 148,6 21,2 18060 67 8220 13,9 

EW4-4 ref 2 1 7,31 1,57 1,00 135,0 148,1 16,8 16080 66 7160 13,3 

EW4-5 1(1,5%) 1 6,75 1,60 1,03 136,0 149,6 22,0 16230 62 6740 13,0 

EW4-6 ref 1 1 7,59 1,58 1,00 132,0 148,4 16,1 14050 46 5760 13,1 

             EW5-1 ref 2 1 6,47 1,48 0,93 137,5 148,7 22,6 16690 75 7500 13,1 

EW5-2 1(0,5%) 1 6,88 1,57 1,01 135,0 147,8 22,3 17420 72 7570 13,2 

EW5-3 ref 1 1 7,16 1,59 1,01 137,5 147,4 21,9 14400 33 5950 13,2 

EW5-4 1(2,5%) 1 5,82 1,46 0,93 139,5 149,3 21,6 15610 51 6070 12,3 

EW5-5 1(2,5%) - 6,45 1,95 1,28 139,0 145,8 331,6 2290 59 367 1,9 

EW5-6 1(1,5%) 1 6,82 1,60 1,03 137,5 147,3 19,7 16190 73 7020 12,8 

             EW6-1 3 4 8,51 2,39 1,59 135,0 149,9 21,6 16540 53 7460 13,7 

EW6-2 ref 1 2 6,83 1,48 0,93 135,5 147,9 19,5 16170 42 6870 13,5 

EW6-3 ref 2 2 6,54 1,52 0,97 136,5 147,9 23,2 17000 66 6700 12,9 

EW6-4 2+3 3 7,99 2,38 1,86 138,5 149,0 24,1 17536 41 7470 14,0 

EW6-5 2 2,5 6,80 1,58 1,02 136,5 148,2 24,0 16570 63 7060 12,9 

EW6-6 2+3 5 10,83 3,91 3,43 135,5 148,7 24,9 14560 42 4930 13,5 
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Table A1, continued 

Exp Stab 
Sieve 
res 

Dv(0.5) 
(um) Dv/Dn Span 

Tstart 
(˚C) 

Tmax 
(˚C) 

TMA-
dens 
(g/l) 

M1 res 
(mg/kg) 

M2 res 
(mg/kg) 

M3 res 
(mg/kg) 

TGA 
b.a. 
(%) 

EW7-1 2+3 1 5,79 1,46 0,93 139,0 148,7 28,2 14820 39 6380 13,70 

EW7-2 2 3 6,78 1,58 1,02 137,0 148,4 24,0 18670 123 7860 13,48 

EW7-3 2+3 5 9,68 3,28 3,11 135,5 148,3 23,5 16340 54 6710 14,31 

EW7-4 ref 1 1,5 6,98 1,48 0,93 139,0 148,4 25,4 15240 52 6380 13,22 

EW7-5 ref 2 2 7,17 1,60 1,02 137,0 148,2 20,6 16440 43 7270 14,24 

EW7-6 3 5 8,61 2,65 1,82 136,0 148,1 22,6 15660 36 6600 13,68 

             EW8-1 2 2 5,98 1,45 0,92 138,0 147,6 24,5 16950 96 7060 14,08 

EW8-2 2+3 3 6,49 1,48 0,94 136,0 146,8 24,0 17610 58 7330 13,84 

EW8-3 2+3 3 6,33 1,53 0,99 134,0 146,9 22,8 18060 76 7760 14,13 

EW8-4 2+3 2 6,43 1,59 1,03 137,0 149,0 18,3 17630 70 7080 13,98 

EW8-5 2+3 3 7,06 1,63 1,05 136,0 147,8 22,5 18340 56 7490 14,00 

EW8-6 ref 1 1 7,36 1,59 1,01 131,5 148,5 16,9 15200 40 5970 14,21 

             EW9-1 4(1,75%) 0,2 6,76 2,07 1,64 140,0 145,4 43,3 16360 55 7590 14,46 

EW9-2 4(3%) 0,1 5,55 1,76 1,25 - - - 11220 35 4550 12,88 

EW9-3 ref 1 2 6,80 1,59 1,03 134,0 149,3 22,8 12880 35 5130 12,58 

EW9-4 4(0,5%) 5+ 11,27 3,48 3,34 137,0 149,1 24,9 14040 39 2910 12,57 

EW9-5 4(3%) 0,2 5,74 1,87 1,33 - - - 16110 55 7620 13,79 

EW9-6 4(1,75%) 3,5 7,26 1,93 1,25 138,5 143,4 55,7 15970 65 7110 13,32 

             EW10-1 5(1,75%) 3 7,81 1,54 0,98 134,0 147,5 23,2 17040 57 7310 13,71 

EW10-2 5(3%) 3 8,36 1,88 1,25 134,0 147,5 20,5 17260 62 7860 14,32 

EW10-3 ref 1 1,5 7,15 1,47 0,92 134,5 148,1 23,9 14910 30 6380 13,17 

EW10-4 5(0,5%) 2 7,60 1,45 0,89 134,0 148,6 24,9 14680 36 6110 13,07 

EW10-5 5(3%) 5+ 10,91 2,94 2,25 131,5 148,4 18,8 14690 30 880 13,70 

EW10-6 5(1,75%) 3,5 8,54 1,94 1,28 133,0 148,6 20,6 16340 35 7430 13,72 

 
Table A2: Recipe B-40, 50 ml scale 

Exp Stab 

Si-
eve 
res 

Dv(0.5) 
(um) Dv/Dn Span 

Tstart 
(˚C) 

Tmax 
(˚C) 

TMA-
dens 
(g/l) 

M1res 
(mg/kg) 

M2 res 
(mg/kg) 

M3 res 
(mg/kg) 

TGA 
b.a. 
(%) 

EW12-1 1(1,5%) 0 10,60 3,1 1,35 89 131,1 18,7 3930 30 17720 23,88 

EW12-2 1(0,5%) 0 10,57 2,82 1,30 88 129,9 20,6 4520 30 17430 23,68 

EW12-3 ref 1 0,5 13,41 2,99 1,33 86,5 137,4 18,8 4720 30 19800 24,64 

EW12-4 1 (susp) 0,5 11,94 3,86 1,37 88 129,4 22,0 4350 30 17850 24,24 

EW12-5 1 (2,5%) 0,5 10,40 3,08 1,38 89,5 129,9 21,8 4170 30 17560 24,20 

EW12-6 1(1,5%) 0,2 10,63 3,32 1,42 89 127,3 24,4 4000 30 16090 23,58 

             EW13-1 1(1,5%) 0,5 10,33 2,33 1,29 88,5 127,4 21,3 4500 30 9890 15,03 

EW13-2 1(0,5%) 0,5 9,72 2,66 1,49 87,5 141,8 22,7 5120 30 12860 15,84 

EW13-3 ref 1 0,5 10,80 2,17 1,33 86 142,1 21,3 5150 30 12650 16,15 

EW13-4 1 (susp) 1 11,46 3,22 1,46 136,5 142,8 29,8 7150 30 19650 17,13 

EW13-5 1 (2,5%) 0,5 9,84 2,03 1,28 88,5 126,1 29,7 5030 30 12140 15,28 

EW13-6 1(1,5%) 0,5 9,19 2,12 1,31 88 142,7 25,0 5160 30 11960 15,05 

             EW15-1 ref 1 0,5 10,51 2,15 1,27 83,5 141,9 21,7 5240 30 13440 15,71 

EW15-2 ref 2 0,5 11,05 2,84 1,46 84,5 140,7 26,5 5420 30 14340 15,77 

EW15-3 ref 1 0,5 10,85 2,22 1,32 83,5 142,2 20,7 5180 30 12950 15,61 

EW15-4 1 (susp) 1 11,15 3,08 1,46 86,5 142,7 29,2 5340 30 13360 16,09 

EW15-5 1(1,5%) 0,5 9,55 2,59 1,46 87,5 143,2 23,2 5490 30 13510 15,40 

EW15-6 ref 2 0,5 11,73 2,81 1,45 86,5 143,0 30,8 5430 30 13630 15,49 
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Table A3: Recipe C-40, 50 ml scale 
 

Exp Stab 

Si-
eve 
res 

Dv(0.5) 
(um) Dv/Dn Span 

Tstart 
(˚C) 

Tmax 
(˚C) 

TMA-
dens 
(g/l) 

M1 res 
(mg/kg) 

M2 res 
(mg/kg) 

M3res 
(mg/kg) 

TGA 
b.a. 
(%) 

EW14-1 1 4 13,37 2,12 1,34 124,0 145,6 9,6 8980 132 - 24,42 

EW14-2 1(0,5%) 5 21,84 3,06 2,00 113,5 149,6 14,5 12940 114 - 17,33 

EW14-3 ref 1 5 23,82 10,27 2,18 112,5 149,3 17,8 9680 123 - 14,46 

EW14-4 1 (susp) 2 24,67 3,33 1,96 112,0 146,2 9,6 10280 91 - 23,25 

EW14-5 1 (2,5%) 0,5 25,76 7,67 1,64 113,5 146,9 10,1 10830 156 - 24,41 

EW14-6 1(1,5%) 2 32,06 5,02 1,83 109,5 146,4 9,3 11350 194 - 22,94 

 
 
 
Table A4: Recipe D-40, 50 ml scale 

Exp Stab 
Sieve 
res 

Dv(0.5) 
(um) Dv/Dn Span 

Tstart 
(˚C) 

Tmax 
(˚C) 

TMA-
dens 
(g/l) 

M1 res 
(mg/kg) 

M2 res 
(mg/kg) 

M3 res 
(mg/kg) 

TGA 
b.a. 
(%) 

EW11-1 1(1,5%) 2 23,00 9,13 1,71 92,0 140,7 14,6 6820 30 5750 13,52 

EW11-2 1(0,5%) 2 24,42 9,42 1,53 91,5 140,7 16,1 7060 30 6820 13,66 

EW11-3 ref 1 2 24,70 9,52 1,34 92,0 143,9 14,7 6610 30 5530 13,87 

EW11-4 1 (susp) 4 21,72 8,01 1,96 92,5 139,2 16,3 6850 30 5210 13,50 

EW11-5 1 (2,5%) 4 17,27 4,92 2,64 96,5 139,7 16,6 6660 30 4920 13,01 

EW11-6 1(1,5%) 3 20,53 7,34 1,88 93,5 141,0 14,8 6820 30 4850 13,75 

 
 
 
Table A5: Recipe D-40, 1 liter scale 

Exp Stab 
Sieve 

res 
Dv(0.5) 

(um) Dv/Dn Span 
Tstart 
(˚C) 

Tmax 
(˚C) 

TMA-
dens 
(g/l) 

M1 res 
(mg/kg) 

M2 res 
(mg/kg) 

M3 res 
(mg/kg) 

TGA 
b.a. 
(%) 

MJ472 ref 1 a little 11,67 1,51 0,96 91,0 144,0 12,6 7650 30 18650 18,18 

             EW16 ref 2 moderate 11,04 1,54 1,00 90,3 143,7 14,0 8010 30 16980 16,87 

             EW17 1(1,5%) moderate 11,08 4,29 1,26 90,5 145,2 12,7 6280 30 13890 18,98 

             EW18 1(0,5%) moderate 11,75 1,53 1,00 91,5 145,2 12,7 7420 30 17370 17,89 
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Appendix B 

 
Raw data used for the MVA in part II. 
 
 
Table B1: Batch numbers and characterization parameters 

Batch 
Batch 

Number 
Prod. 
rate1 

Prod. 
rate2 Size Span Dv/Dn 

New 
size 

New 
Dv/Dn 

Sieve 
res. 

Sieve 
ab. POLpar* Level* 

1 611819 133 136 13,3 1,1 1,64 13,1 1,508 0,15 3 
 

 2 611814 61 71 14 1,2 1,732 

  

0,1 3 
 

 3 611769 131 137 14,4 1,1 1,638 

  

0,1 2 
 

 4 611767 148 153 13,8 1,05 1,607 

  

0,15 2 
 

 

 
 

 

 
   

  
   

 5 611760 143 148 14 1,1 
 

  

0,2 3 
 

 6 611754  171 13,8 1 1,551 

  

0,1 3 
 

 7 411764  176 13,9 1,1 1,617 13,3 1,515 0 2 
 

 9 611561 122 148 14 0,95 1,459 

  

0,1 5 
 

 
  

 

 
   

  
   

 10 611544 121 149 13,3 0,95 1,441 

  

0,1 4 
 

 11 611519 95 111 12,9 1 1,513 

  

0,1 5 
 

 13 611513 126 132 12,6 0,95 1,487 

  

0,1 5 
 

 14 611542 129 144 13,6 1 1,486 

  

0,1 5 
 

 
  

 

 
   

  
   

 15 611586 130 143 14,6 1,05 1,6 

  

0,1 3 
 

 16 611680 119 122 14,1 1 1,55 

  

0,05 4 
 

 17 611745 177 175 14,1 0,95 1,529 

  

0,1 3 
 

 18 411738 196 165 14,1 1,1 1,637 

  

0,05 2 
 

 
  

 

 
   

  
   

 19 611724 187 154 14,3 1 1,527 

  

0,1 2 
 

 20 611714 179 177 14,7 1 1,497 

  

0,1 4 
 

 21 611781 163 166 14,4 1,05 1,6 

  

0,25 2 
 

 22 611771 152 156 14,4 1,05 1,596 

  

0,1 4 
 

 
  

 

 
   

  
   

 23 611757 154 148 13 0,95 1,528 

  

0,1 4 
 

 24 611624 180 182 13,6 1,1 1,536 

  

0,1 5  

 25 611653 189 188 13,5 1,05 1,604 13,1 1,516 0,1 4 
 

 26 611698 169 167 15,2 1,1 1,602 

  

0,15 2 
 

 
  

 

 
   

  
   

 27 411587 165 163 14,7 1,1 1,607 

  

0 1 
 

 28 611660 185 181 13,5 1,05 1,541 

  

0,1 2 
 

 29 611829 161 135 
   

13,1 1,507 0,1 2 
 

 30 611837 92 126 
   

12,3 1,504 0,1 2 
 

 

         
   

 31 412519 83 105 
   

13,4 1,612 0,1 3 
  32 412513 127 127 

   
14,3 1,513 0,1 1 

  33 412549 155 170 
   

13 1,575 0,1 1 
  34 412531 97 103 

   
13,2 1,488 0,15 2 

  

             35 412565 157 167 14 1,1 1,655 13,8 1,543 0,1 2 
  36 412556 151 147 13,7 1,2 1,713 13,4 1,631 0,1 2 
   

 
* Confidential information 
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Table B2: Parameters from the polymerization process and the dewatering process. 
 

Batch Delta 
T 

P1 P2 P 
incr. 

Storing 
time  

Pump Wate
r 

Ban
d 

rate 

Vac-
uum 

Turb-
idity 

Moi-
sture 

Filtrat
e flow 

No of 
stops 

1 11,62 5,89 7,41 2 122,4 33 15 6 -0,54 1,87 40 19 3 

2 15,37 7,61 7,43 1 98,9 19 4 4 -0,47 3,13 28 7,6 21 

3 13,9 5,86 7,4 2 37,5 35 15 7,5 -0,61 0,54 40 19 4 

4 15,26 5,94 7,34 2 45 38,6 25 7,5 -0,61 0,52 43 29 3 

      
 

       5 15,15 5,92 7,55 2 44,7 40 25 7,5 -0,61 0,55 43 30 2 

6 11,78 11,83 15,8 2 248,1 38,3 21,5 6,45 -0,59 0,55 41 27 0 

7 

    
86 40 25 7,5 -0,62 0,41 39 33 0 

9 10,98 10,5 14,1 3 38,7 40 40 6,9 -0,56 0,2 35 90 3 

 
     

 
 

 
     10 10,86 11,23 14,1 3 81,4 44,76 40 7,5 -0,58 0,44 40 73 2 

11 10,94 10,7 14,4 3 166,7 29,41 40 7,5 -0,61 0,49 34 53 6 

13 11,35 11,68 14,5 3 43,8 40 40 7,5 -0,66 0,54 40 100 11 

14 10,48 10,3 13,9 3 82,4 40 40 7,5 -0,57 0,43 41 70 0 

 
     

 
 

 
     15 11,34 11,08 14,5 3,75 57,7 40 20 7,5 -0,63 0,39 38 99 6 

16 11,24 10,61 14,7 2 28,2 35 25 7,5 -0,56 0,33 32 29 0 

17 11,93 11,06 14,5 2 69,1 40 25 7,5 -0,62 0,43 38 35 0 

18 

    
39,7 45 24 7,5 -0,57 0,35 40 29 0 

 
     

 
 

 
     19 12,06 11,55 15 2,5 27,8 44,87 24 7,5 -0,57 0,49 39 29 0 

20 11,92 10,43 13,9 2,5 87,7 46,1 25 7,5 -0,55 0,41 41 30 0 

21 13,53 6,35 7,75 2,5 38,5 36,5 10 7,5 -0,55 0,94 40 16 1 

22 11,8 5,84 7,41 2,5 49,1 38,62 15 7,5 -0,58 0,78 42 21 0 

 
     

 
 

 
     23 13,45 5,87 7,57 2,25 45,7 39,47 25 8 -0,62 0,52 42 30 3 

24 10,33 10,83 14,4 4 47,2 48,69 25 7,5 -0,62 0,46 39 38 0 

25 10,79 11,49 14,9 2,5 122,1 49 28,7 7,5 -0,6 0,47 42 37 0 

26 12,16 10,64 14,2 2,5 115,2 42,45 25 7,5 -0,55 0,31 39 40 0 

 
     

 
 

 
     27 

    
71,6 44,02 25 7,5 -0,54 0,33 40 71 0 

28 10,88 10,73 14,1 3 41,5 50 25 7,5 -0,62 0,35 38 38 3 

29 13,29 6,1 7,64 2 24,9 34,59 5 6 -0,47 1,97 36 11 0 

30 14,53 7,35 7,95 1 31,6 32 20 6 -0,55 1,34 41 25 13 

              31 
    

67,2 25 15 6 -0,49 0,88 45 16 9 

32 
    

49,7 30,3 10 6 -0,49 1,09 45 13 2 

33 
    

101,1 41,15 10 6 -0,6 0,77 44 31 0 

34 
    

71,1 24 3 6 -0,6 1,26 46 19 8 

              35 
    

95,4 40 15 6 -0,61 0,68 44 40 2 

36 
    

68,1 36,63 15 6 -0,59 0,59 41 33 0 

 
 
  



 

vi 
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