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Abstract 
Emulsion polymerizations of vinyl acetate (VAc) were performed by fully or partially 
replacing poly(vinyl alcohol) (PVA) with renewable materials as protective colloids or by 
adding renewable materials, as additives or fillers, to the emulsions during or after 
polymerization. The purpose of the study was to increase the amount of renewable materials in 
the emulsion.  
 
A total of 19 emulsions were synthesized. Different recipes were used for the synthesis. The 
following renewable materials were studied; hydroxyethyl cellulose (HEC) with different 
molecular weights, starch and proteins. HEC and starch were used as protective colloids. 
Proteins  were  used  as  additives  or  fillers.  Cross-linking  agent  A  and  Cross-linking  agent  B  
were used as cross-linking agents. A total of 26 formulations were pressed, either cold or hot. 
 
The synthesized emulsions were evaluated with respect to pH, solids content, viscosity, 
minimum film formation temperature (MFFT), glass transition temperature (Tg), particle size 
and molecular weight (Mw). The tensile shear strengths of the emulsions were evaluated 
according to EN 204 and WATT 91.  
 
It was possible to fully, or partially, replace PVA as protective colloid with renewable 
materials. It was also possible to use renewable materials as additives or fillers in the 
emulsions. The emulsions obtained properties that differed from the reference. Generally, 
emulsions with HEC as protective colloid showed lower viscosity and slightly higher MFFT, 
Tg and molecular weight than emulsions with PVA as protective colloid. Larger particle sizes 
than the reference were obtained for emulsions containing PVA combined with renewable 
materials. The emulsion with starch as protective colloid exhibited the largest particle size.  
 
10 formulations passed the criteria for D2. The emulsions where PVA was fully or partially 
replaced with HEC or starch showed a water resistance similar to the reference (around D2). 
The addition of protein did not decrease the water and heat resistance compared to the 
reference. Addition of protein after polymerization increased the water resistance (D2) 
compared to addition during polymerization. Addition of cross-linking agents did not increase 
the water resistance further.  
 
Two formulations passed the criteria for D3. The emulsion in the first formulation had PVA as 
protective colloid and protein B was added during polymerization. The emulsion in the second 
formulation had HEC as protective colloid. To both of these emulsions, protein A was added 
after polymerization, as a filler, combined with Cross-linking agent B as cross-linking agent 
before hot pressing. The first formulation also showed a good heat resistance (passed the 
criteria for WATT 91).   



Sammanfattning 
Emulsionspolymerisationer av vinylacetat (VAc) utfördes genom att helt eller delvis ersätta 
polyvinylalkohol (PVA) som skyddskolloid med förnyelsebara material, eller genom att 
tillsätta förnyelsebara material som tillsats eller fyllmedel till emulsionerna under 
polymerisation eller efter polymerisation (innan pressning).  
 
Totalt syntetiserades 19 emulsioner där olika recept användes. Under studien användes 
följande förnyelsebara material; hydroxyetylcellulosa (HEC) med olika molekylvikter, 
stärkelse och proteiner. HEC och stärkelse användes som skyddskolloider. Proteiner användes 
som tillsats eller fyllmedel. Tvärbindare A och Tvärbindare B användes som tvärbindare. 26 
stycken formuleringar pressades antingen kallt eller varmt.  
 
De syntetiserade emulsionerna utvärderades med avseende på pH, torrhalt, viskositet, minsta 
filmbildningstemperatur (MFFT), glastransitionstemperatur (Tg), partikelstorlek och 
molekylvikt (Mw). Draghållfastheten hos emulsionerna utvärderades enligt EN 204 och 
WATT 91.  
 
Det var möjligt att helt eller delvis ersätta PVA som skyddskolloid med förnyelsebara 
material. Det var också möjligt att använda förnyelsebara material som tillsats eller fyllmedel 
till emulsionerna. Emulsionerna erhöll egenskaper som skiljde sig från referensen. 
Emulsionerna med HEC som skyddskolloid visade generellt en lägre viskositet och något 
högre  MFFT,  Tg och molekylvikt än emulsioner med PVA som skyddskolloid. Större 
partikelstorlek än referensen erhölls för emulsioner där PVA kombinerades med förnyelsebara 
material. Den största partikelstorleken erhölls då stärkelse användes som skyddskolloid.  
 
10 formuleringar klarade D2-kriteriet. De emulsioner där HEC eller stärkelse, helt eller delvis 
ersatte PVA som skyddskolloid, visade en vattenresistens jämförbar med referensen (kring 
D2). Tillsats av protein försämrade inte vatten- och värmeresistensen jämfört med referensen. 
Vattenresistensen (D2) ökade när protein tillsattes efter polymerisation jämfört med tillsats 
under polymerisation. Tillsats av tvärbindare ökade inte vattenresistensen ytterligare (till att 
klara D3-kriteriet).  
 
Två formuleringar klarade D3-kriteriet. Emulsionen i den första formuleringen hade PVA som 
skyddskolloid där protein B tillsattes under polymerisation. Emulsionen i den andra 
formuleringen hade HEC som skyddskolloid. Till båda emulsionerna tillsattes sedan protein A 
som fyllmedel tillsammans med Tvärbindare B som tvärbindare innan varmpressning. Den 
första formuleringen visade även en god värmeresistens (klarade WATT 91 kriteriet). 
 
 
 
 



List of abbreviations 
AIBN 2,2-Azobis(isobutyronitrile) 
BDGA Butyldiglycol acetate  
BU Burn-out 
DLS Dynamic Light Scattering 
DSC Differential Scanning Calorimetry 
HEC Hydroxyethyl cellulose 
KPS Potassium persulfate 
KTH Kungliga Tekniska högskolan 
MFFT Minimum Film Formation Temperature 
MP Main polymerization 
n-BA n-Butyl acrylate 
                                                                     
PDI Polydispersity Index 
PP Pre-polymerization 
PVA Poly(vinyl alcohol) 
PVAc Poly(vinyl acetate) 
RH Relative Humidity 
SEC Size Exclusion Chromatography 
Tg Glass transition temperature 
TBHP tert-Butyl hydroperoxide 
THF Tetrahydrofuran 
UV Ultraviolet  
VAc Vinyl acetate 
YKI Ytkemiska Institutet  
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1 Aim of study 
The aim of the study was to use renewable materials as protective colloid in emulsion 
polymerization of vinyl acetate. This was studied by fully or partially replacing poly(vinyl 
alcohol), which is usually used as protective colloid in emulsion polymerization of vinyl 
acetate, with renewable materials. The renewable materials tested were HEC and starch.  
Studies were also performed where renewable materials were added to the emulsions, as 
additives or fillers, during, or after, polymerization. The renewable materials tested were 
protein A, protein B and protein C. Cross-linking agent A and Cross-linking agent B were 
used as cross-linking agents for the emulsions.   
 
The purpose of the study was to find answers to the following questions: 
 

 Is it possible to fully or partially replace poly(vinyl alcohol) as protective colloid 
without negatively affecting the properties of the poly(vinyl acetate) emulsion?   

 
 Does the product gain any different properties? 

 
 Is it possible to use renewable fillers in poly(vinyl acetate) emulsions and do they add 

any positive features to the emulsions?  
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2 Introduction 

2.1 Adhesion 
Adhesion is an important field of study. For polymeric materials the bonding of adhesives can 
be compared to welding, bolting and other techniques used for metals. Bonding by adhesives 
save weight, give better stress distribution and since the glue line is nearly invisible it also 
offers better aesthetics to the product. For a polymer to be used as an adhesive, two properties 
are important. One is that the polymer must stick to the surfaces it joins and the other is that it 
must have good cohesion. For this to happen, a film must be formed from the polymer. 
Poly(vinyl acetate), PVAc, and PVAc-based polymers are example of polymers used as 
adhesives.1, 2, 3, 4, 5  

2.1.1 Adhesives 
The adhesive in an adhesive joint should be able to adhere to the substrates. There are factors 
affecting the strength of adhesion. These factors are, for example: forces and surface tension. 
Forces between the adhesive and the substrate are affecting the adhesion between these 
components. The forces can for example be hydrogen bonding or covalent bonding. These 
forces are affected by the distance, where the force decreases substantially with the distance 
between the adhesive molecules and the substrate molecules. There has to be a distance of less 
than five angstrom between the molecules of the adhesive and the molecules of the substrate. 
Therefore, to get this close distance, the adhesive must wet the substrate satisfactorily. The 
adhesive needs to have a lower surface tension than the substrate to obtain a good wetting of 
the surface, see figure 2.1. The bond strength is dependent on wetting. If wetting has occurred, 
the bond between the adhesive and the substrate is stronger than the weakest material. The 
adhesives are usually viscoelastic, which means that they are affected by temperature and time 
as are essentially all polymers.3, 4, 6, 7   
 

 

 

 
Figure 2.1 Left: Poor wetting, the adhesive has higher surface tension than the substrate. Right: Good 
wetting, the adhesive has lower surface tension than the substrate. Adapted from reference 6.     
 
Adhesives can undergo either chemical curing or physical drying. In physically drying 
adhesives there are no chemical reactions as it is in chemically curing adhesives. 
Thermoplastic adhesives dry physically. Drying is when water or solvent evaporates. There is, 
however, risk for warm and cold creep in physically drying adhesives and also limited thermal 
stability. Thermosetting adhesives often cure chemically. When curing, cross-links are being 
formed. There are different ways for curing to happen. It may occur when mixing components, 
when heating or by changing different parameters, for example changing pH, illumination 
with UV or exposure to moisture. The thermosetting adhesives, i.e. chemically curing 
adhesives, have better thermal stability and are often stronger than thermoplastic adhesives. 3, 

4, 8, 9  
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2.1.2 Classification of adhesives 
PVAc wood adhesives are classified according to different European standards (EN). The 
standards used for PVAc wood adhesives are, for example, EN 204 and EN 205. Wood 
adhesives which are classified according to EN 204 are thermoplastic wood adhesives for non-
structural applications. They are classified according to their water resistance and there are 
four  classes;  D1,  D2,  D3  and  D4,  see table 2.1. The test specimens used for EN 204 
measurements are prepared according to EN 205.10 
 
Table 2.1 The four classes in EN 204 and their storage specification and the tensile shear strength limit.10, 11 

Class Description of the storage of the test specimens Tensile  
shear  

strength  
limit 

D1 Storage seven days in a climate room with a temperature of 23 ± 2 
C and a relative humidity (RH) of 50 ± 5 % or 20 ± 2 C and a RH 

of 65 ± 5 %. 

> 10 N/mm2 

D2 Storage seven days in a climate room with a temperature of 23 ± 2 
C and a RH of 50 ± 5 % or 20 ± 2 C and a RH of 65 ± 5 %.  

> 10 N/mm2 

Storage seven days in a climate room with a temperature of 23 ± 2 
C and a RH of 50 ± 5 % or 20 ± 2 C and a RH of 65 ± 5 %. Then 

storage in water with a temperature of approximately 20 C for three 
hours. After storage in water the test specimens have to be storage 

again for seven days in a climate room with a temperature of 23 ± 2 
C and a RH of 50 ± 5 % or 20 ± 2 C and a RH of 65 ± 5 %.  

> 8 N/mm2 

D3 Storage seven days in a climate room with a temperature of 23 ± 2 
C and a RH of 50 ± 5 % or 20 ± 2 C and a RH of 65 ± 5 %.  

> 10 N/mm2 

Storage seven days in a climate room with a temperature of 23 ± 2 
C and a RH of 50 ± 5 % or 20 ± 2 C and a RH of 65 ± 5 %. Then 

storage in water of approximately 20 C for four days.  

> 2 N/mm2 

Storage seven days in a climate room with a temperature of 23 ± 2 
C and a RH of 50 ± 5 % or 20 ± 2 C and a RH of 65 ± 5 %. Then 
storage in water of approximately 20 C for four days and then 

storage another seven days.  

> 8 N/mm2 

D4 Storage seven days in a climate room with a temperature of 23 ± 2 
C and a RH of 50 ± 5 % or 20 ± 2 C and a RH of 65 ± 5 %.  

> 10 N/mm2 

Storage seven days in a climate room with a temperature of 23 ± 2 
C and a RH of 50 ± 5 % or 20 ± 2 C and a RH of 65 ± 5 %. Then 

storage in water of approximately 20 C for four days.  

> 4 N/mm2 

Storage seven days in a climate room with a temperature of 23 ± 2 
C and a RH of 50 ± 5 % or 20 ± 2 C and a RH of 65 ± 5 %. Then 

storage in boiling water for six hours and then in cold water for two 
hours.  

> 4 N/mm2 

 
The heat resistance of adhesives bonds can also be determined and a method used for testing 
the heat resistance of wood adhesives is EN 14257 (WATT 91). WATT 91 is especially used 
for PVAc adhesives which are thermoplastic adhesives. When testing the heat resistance of an 
adhesive with WATT 91 there are a few criteria. The test specimen has its own standard which 
is EN 205. When the specimen is tested, the evaluation is conducted on the adhesive film. The 
test  specimens  have  to  pass  a  storage  at  80  ±  2  C  for  one  hour.  There  is  no  tensile  shear  
strength limit in WATT 91 but often the value of 7 N/mm2 is mentioned in association with 
WATT 91. Casco Adhesives AB has the limit of 7 N/mm2.12, 13  
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2.2 Emulsion polymerization 
Emulsion polymerization is a free-radical polymerization and requires at least four different 
main components. These four components are; initiator, monomer/monomers, emulsifier and a 
continuous phase, which is water. The four components form a latex, which is a colloidal 
dispersion of (small) polymer particles in water. The products are being used in, for example, 
adhesives, latex paints, binders and coatings.14, 15   

2.2.1 Emulsion polymerization mechanism 
Initially, the emulsion polymerization system consists of monomer droplets, monomer-swollen 
micelles and water in the continuous phase, see figure 2.2. The continuous phase is saturated 
with emulsifier and monomer.16  
 

 
Figure 2.2 The emulsion polymerization system containing monomer droplets, micelles and continuous 
phase.14, 16 

 
The mechanism of free-radical polymerization consists of three steps; initiation, propagation 
and termination, see scheme 2.1. By adding initiator to the mixture of monomer/monomers, 
emulsifier and water, radicals can be formed in the aqueous phase. By propagation, with a 
small fraction of monomer which is in the aqueous phase, the radicals can form 
oligoradicals.15, 17  
 
 

 
 
Scheme 2.1 The three steps (initiation, propagation and termination) in free-radical polymerization.18 

 
After oligoradicals are being formed, the particle nucleation can start which then forms 
polymer particles. The polymer particles can swell when monomers diffuse from the monomer 
droplets to the particles. The monomer droplets are 1-10 m in diameter and they are 
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surrounded by emulsifier molecules which are absorbed on the surface of the droplets. The 
polymerization process ends when all the monomer is converted to polymer or by combination 
or disproportionation of radicals.15, 17  
 
The water has many functions; it provides for good heat transfer, to uphold a low viscosity and 
also to isolate the loci of the polymerization. Furthermore, the water phase is the place of 
initiator decomposition and formation of oligomer and it is also where monomers are being 
transferred from droplets to particles. Emulsifiers have the role of providing colloidal stability 
to the particles that are growing and to provide sites for particle nucleation. The initiator is 
water-soluble and often an inorganic salt of persulfuric acid. The monomers are insoluble or 
slightly soluble in the water. The major part of the monomer is in monomer droplets, while a 
small part will be soluble in the aqueous phase. The amounts are depending on the water 
solubility of the monomer.14, 15  

2.2.2 Particle formation and growth 
The emulsion polymerization process can be divided into three intervals; intervals I-III. 
Interval I is called particle formation, and during this interval the polymerization rate and the 
particle number will increase with time. Interval I ends with the disappearance of micelles. 
The particle formation in emulsion polymerization can occur in three ways: micellar 
nucleation, homogeneous nucleation and droplet nucleation.15  
 
In micellar nucleation, single radicals or oligoradicals, are being formed in the aqueous phase. 
These radicals initiate the polymerization when they are entering the monomer-swollen 
micelles which are surrounded by emulsifier and start to form monomer-swollen polymer 
particles, which by propagation reactions continue to grow. There is, in general, only one out 
of every 100-1000 micelles that can become a polymer particle when capturing a radical. The 
other micelles, which are not entered, loose their monomers and emulsifier to the particles that 
are growing.15  
 
In homogeneous nucleation, the radicals are formed in the aqueous phase and it is also in the 
aqueous phase where the polymerization starts. By adding monomer units to the radicals, the 
radicals can propagate and water-soluble oligomers are being formed. The propagation 
continues until the oligomers reach their limit of solubility. When the limit is reached, the 
oligomeric radicals precipitate out of the solution. Primary particles are formed from the 
precipitate and to get stabilization, they adsorb emulsifier molecules. They also adsorb 
monomer for further propagation and growth.15  
 
In droplet nucleation, the radicals (single radicals or oligomeric radicals) are also being 
generated in the aqueous phase. The radicals enter monomer droplets and form particles by 
propagation. On the surfaces of the monomer droplets and on growing polymer particles, 
emulsifier molecules are adsorbed, giving colloidal stability to the particles.15   
 
Different parameters favor different particle formation mechanisms. If the water solubility of 
the monomer is low, micellar nucleation is favored and if  the water solubility of monomer is 
high, homogeneous nucleation is favored. For emulsion polymerization of vinyl acetate, 
homogeneous nucleation is favored, since the water solubility of vinyl acetate is relatively 
high. The particle formation mechanisms are also dependent on the emulsifier concentration.15   
 
Intervals II and III are the particle growth stages. In interval II, the particle number and rate of 
polymerization stays constant. To maintain swelling and propagation, the growing polymer 
particles are accepting monomer from monomer droplets. When the monomer droplets 
disappear, interval III starts. As in interval II, the particle number is constant in interval III. 
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Due to a decrease in monomer concentration inside the polymer particles, the rate of 
polymerization during interval III should decrease.15  

2.2.3 Processes of emulsion polymerization 
In emulsion polymerization, three different processes can be used; batch, semi-batch (semi-
continuous) and continuous.15  
 
In batch polymerization, all reactants are being added in the beginning of the polymerization. 
When the initiator has been added/decomposed and the temperature has increased, the 
polymerization starts. There is then an immediate formation and growth of latex particles. 
There is no control over the polymerization once it started. The only thing that can be 
controlled is the removal of the heat which is being produced by the polymerization.15  
 
In  a  semi-batch  process,  one  or  more  of  the  components  are  being  added  continuously.  To  
obtain more reproducible initiation, a seed stage is often used, which can control the particle 
number. A seed stage is when adding, in the beginning of the polymerization, 5-10 % of the 
total amount of monomer. By using a semi-batch process, it is easier to control the rate of 
polymerization and also the rate of generation and removal of heat during the polymerization, 
the colloidal stability and particle number among others.15, 19   
 
When using the continuous process, the components are being added continuously into a 
stirred tank or many in series or a loop reactor. The latex is also removed continuously at the 
same time. In a continuous process there could be a steady removal of heat, the rate of 
production can be high and the latexes can have a uniform quality.15, 20 

2.2.4 Film formation 
Since a latex consists of a large number of emulsifier-stabilized polymer particles in water, the 
stabilization must be overcome for film formation to occur. Film formation is when a latex is 
transformed into a polymeric film, where the distance between the particles decreases and the 
polymer particles coalesce. Film formation only occurs if the ambient temperature is above the 
minimum film formation temperature, MFFT. Film formation occurs in three stages; 
evaporation of water (consolidation), particle deformation (compaction) and coalescence, see 
figure 2.3. When the water evaporates, the particles come near each other. Water continues to 
evaporate and the particles go through a deformation. After deformation, the structure is a 
solid void-free structure and it is not mechanically strong. Thereafter, a mechanically strong 
film can be obtained when fusion occurs between adjacent particles.17, 21, 22, 23   
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Figure 2.3 The film formation process adapted from reference 21.  
 
The MFFT correlates to the glass transition temperature, Tg,  where  film  formation  is  
dependent on the glass transition temperature, Tg, of the polymers. The reason for this is that 
properties  of  the  polymer  changes  at  this  temperature.  The  material  goes  from  glassy  and  
brittle to soft,  flexible and rubbery when increasing the temperature.  Below Tg, there is only 
individual atoms that vibrates but when increasing the temperature above Tg, whole segments 
of the polymer chain starts to rotate.  When the polymer is  above its  Tg,  it  may adhere,  flow 
and deform.2, 21, 24  
 
Coalescence can occur if polymer molecules in the latex particles can diffuse and get into 
contact with molecules from another particle. When they do so, the boundary between the two 
particles disappears. The rate of coalescence is dependent on temperature and particle size. 
Usually, a low Tg and a small particle size gives a faster film formation.17, 23  
      
Sufficient mechanical properties of the film, such as flexibility, hardness and impact 
resistance, are only obtained if film formation has occurred. If not, a powdery polymeric layer 
with no mechanical strength is formed. The mechanical properties of the film are related to Tg, 
molecular weight, viscoelasticity and polymer structure.17, 23   

2.3 Emulsion polymerization components 

2.3.1 Initiator 
There are thermal, photo and redox initiators depending on the trigger upon which they 
decompose. Thermal initiators and redox initiators are the initiators used in emulsion 
polymerization. The thermal initiators can be divided into subgroups; water-soluble and oil-
soluble. One common initiator used in emulsion polymerization is potassium persulfate, which 
is a thermal initiator. Potassium persulfate is a water-soluble initiator and  it  is  a  salt  of  
persulfuric acid. Two sulphate radical anions are being formed by thermal decomposition of 
the initiator, see figure 2.4. In the aqueous phase, the water-soluble initiators form oligomeric 
radicals by reaction with monomer to the sulphate radical anion. The oligoradical can then be 
captured or adsorbed by micelles or particles. Other common persulfates are salts of sodium 
and ammonium. The persulfate initiators are usually used at 50-90 C.5, 14, 15, 18  
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Figure 2.4 The thermal decomposition of potassium persulfate.5, 15  
 



Emulsion polymerization of vinyl acetate with renewable raw materials as protective colloids   Hanna Lange 
 

  

 13

In order to control grafting reactions, see section 2.4, and the morphology of the particles, oil-
soluble initiators can be used. There is also a decrease in residual monomer when using oil-
soluble initiators. An oil-soluble initiator is 2,2-azobis(isobutyronitrile), AIBN, see figure 
2.5.5, 15  
 
 

CH3

H3C

CN

N N

CH3

CN

CH3 C

CH3

H3C

CN
2 + N2

 
 
Figure 2.5 The thermal decomposition of 2,2-azobis(isobutyronitrile), AIBN.18  
 
Redox initiators are generally a mixture of reducing and oxidizing agents. Radicals are 
produced by reaction of the reducing and the oxidizing species. The redox initiators are being 
used when a lower temperature of the polymerization is needed. Common redox systems are 
persulfate-bisulfite and sodium formaldehyde sulfoxylate with the oxidaxing agent; tert-butyl 
hydroperoxide, TBHP.5, 15 

2.3.2 Monomers 
Monomer/monomers is/are the building block/s during emulsion polymerization. Along with 
other components, such as, initiator, emulsifier, water and buffer, they affect the 
polymerization rate and the features of the latex. The monomers chosen for manufacture of the 
latex  have  to  suit  the  end-use  requirements  of  the  polymer  and  the  polymer  have  to  have  a  
compatibility with fillers and pigments, which are added after completed polymerization, and 
the latex must have the ability to be processed. Monomers used in latex polymerization are, for 
example, vinyl acetate, acrylates, ethylene and vinyl chloride.5, 17  

2.3.2.1 Vinyl acetate 
Vinyl acetate, VAc, see figure 2.6, is an irritating, colourless liquid which is flammable. It is a 
relatively low-cost monomer which can be readily copolymerized with other monomers, such 
as  acrylates  or  ethylene.  VAc  has  a  boiling  point  of  72.5  C  at  atmospheric  pressure.  From  
VAc, through emulsion polymerization, PVAc is produced.2, 5  
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Figure 2.6 Left: Vinyl acetate. Right: Poly(vinyl acetate). 
 
PVAc, see figure 2.6, is an amorphous, thermoplastic polymer.25 The glass transition 
temperature of PVAc is 28-32 C.5, 26 PVAc and vinyl acetate-based copolymers are used for 
adhesives, paints and paper coatings.5  
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2.3.3 Emulsifiers 
Emulsifiers give growing particles their colloidal stability and provide sites for particle 
nucleation. Emulsifiers used in emulsion polymerization are; non-ionic surfactants, anionic 
surfactants and protective colloids. These prevent the particles from coagulate. The colloidal 
stability is through electrostatic stabilization, steric stabilization or both.15, 17   
 
The particle size and particle size distribution of the formed particles are affected by the 
amount  of  emulsifier.  Large  particles  are  being  produced  when  there  is  a  small  amount  of  
emulsifier, and when there is a large amount of emulsifier, smaller particles are formed.25 

2.3.3.1 Surfactants  
Surfactants stabilize the formed latex particles and the monomer droplets through electrostatic 
stabilization. They can also stabilize the growing particles during the polymerization and act 
as a chain transfer agent. 5, 25, 27   
 
Normally, 1-6 wt-% surfactants are used in emulsion polymerizations based on the total 
amount of monomer. However, there have to be enough amount of surfactant for micelles to 
be formed and thereby the critical micelle concentration needs to be exceeded. There are four 
classes of surfactants: anionic, cationic, non-ionic and amphoteric (zwitterionic). The most 
common ones in emulsion polymerization of vinyl acetate are non-ionic and anionic. One 
reason for this is because they show improved compatibility with the latex particles which are 
negatively charged, due to remains of the persulfate initiator.5, 14, 25   

2.3.3.2 Protective colloids 
Protective colloids are water-soluble and often non-ionic polymers. The protective colloids are 
preventing agglomeration by remaining on the surface of the polymer particles and when they 
do so,  they encompass the polymer.  The polymer chain of protective colloids must have one 
part of the chain anchored or strongly adsorbed on the surface of the particle and the main part 
of the chain extended into the aqueous phase. This is a stabilization called steric stabilization, 
which prevents the interaction between polymer-polymer and thereby the particles from 
coagulating or agglomerating, see figure 2.7.5, 25   
 

 
Figure 2.7 The steric stabilization mechanism, adopted from reference 17.  
 
A hydrophilic macromolecule has to be present if steric stabilization should be able to occur, 
such as poly(vinyl alcohol), PVA, or hydroxyethyl cellulose, HEC. The polymer provides a 
stabilization mechanism when it is being adsorbed on the surface of the colloidal particle. To 
be able to avoid that the particles come near each other, the steric stabilizers should have a 
high molecular weight.28   
 
Protective colloids do not only produce a stabilizing effect in the latex, they also affect 
viscosity and rheology.5, 25  
 
There are two main classes of protective colloids: natural, or modified-natural polymers, and 
synthetic polymers. Polysaccharides and proteins are natural polymers. Polysaccharides 
consist of monosaccharides, which often contains five or six carbon atoms. An important 
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monosaccharide is glucose which is an aldohexose. An aldohexose is a six-carbon molecule 
with an aldehyde group (-CHO).  Glucose has two hemiacetals; -D-glucopyranose and -D-
glucopyranose, see figure 2.8. A hemiacetal is when an alcohol is added to an aldehyde. The 

-form is present in starch and the -form in cellulose. Starch and cellulose are examples of 
polysaccharides. PVA is an example of a synthetic polymer.25, 29, 30, 31   
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Figure 2.8 Left: -D-glucopyranose. Right: -D-glucopyranose.  
  
In  emulsion  polymerization  of  VAc,  PVA  and  HEC  are  the  two  most  common  protective  
colloids. PVA is most used as protective colloid for PVAc latex adhesives and HEC is most 
used as protective colloid in latexes for architectural coatings.25, 32  

2.3.3.2.1 Poly(vinyl alcohol), PVA 
PVA, is prepared by hydrolysis of PVAc. PVA, see figure 2.9, is a water-soluble polymer, 
usually with a high molecular weight. It is mostly linear with a high crystallinity. There are 
different grades of hydrolyzed PVA, where the partially hydrolyzed PVA (85-90 %) is the 
most common one used in industrial emulsion polymerization of vinyl acetate. The partially 
hydrolyzed PVA has the right balance of hydrophobic and hydrophilic groups. It can be 
soluble in water (the hydrophilic groups) and also give stabilization to the particle with the 
acetyl groups (the hydrophobic groups). Besides partially hydrolyzed PVA, there is also fully 
hydrolyzed PVA (98-99 %) and intermediate hydrolyzed PVA (93-97 %). This means that 
PVA always contains a residue of PVAc which is unaffected by hydrolysis.25, 33, 34, 35   
 
 

OH

n

 
 
Figure 2.9 The repeating unit of poly(vinyl alcohol).  
 
PVA stabilized PVAc emulsions are used in the manufacture of wood and paper products due 
to their good tackiness to hydrophilic and porous materials. They should not be used for 
outdoor furniture since they have poor water resistance.35    
 
The water resistance of PVA is affected by degree of polymerization and hydrolysis. A better 
water resistance is obtained with a higher degree of hydrolysis.36  
 
Using PVA as protective colloid to emulsions polymerizations of VAc give stability through 
grafting and control over the particle size.35  
 

2.3.3.2.2 Hydroxyethyl cellulose, HEC 
There are hydroxyl groups in cellulose, see figure 2.10, and these groups can be substituted to 
form cellulose derivates. When cellulose reacts with ethylene oxide, HEC is produced. HEC, 
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see figure 2.10, is a non-ionic, water-soluble polymer. When the hydroxyl groups in cellulose 
are substituted, the cellulose chains become more disordered and mobile because of breaking 
of hydrogen bonds. Due to a more disordered and mobile structure, the cellulose derivates can 
be soluble in water and inorganic solvents.25, 37  
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Figure 2.10 Left: The repeating unit of cellulose. Right: The repeating unit of hydroxyethyl cellulose.  
 
HEC  is  a  white  powder  easily  dispersable  in  acidic  water.  If  the  pH  is  below  7  the  rate  of  
hydration of HEC is decreased while it increases above pH 7. Addition of HEC directly to 
alkaline water can lead to lumping since the hydration is too fast. When dispersed the pH 
should be raised to approximately pH 8 during stirring.38, 39, 40    
  
HEC is used as protective colloid in emulsion polymerization and as thickener in latex paint. 
HEC is added in order to obtain the thixotropic (shear thinning) behaviour which is wanted 
during application of a coating. Shear thinning is a decrease in viscosity with increased shear 
rate (pseudoplastic).7, 38, 40, 41, 42   
 
Studies have been made with HEC as protective colloid.43 Samples were prepared, where all 
emulsions were stabilized with surfactant and also with or without HEC. Different amounts of 
HEC were used. The test showed that latex stability was only obtained with the highest 
amount of HEC. With lower amount the latex coagulated. The analysis showed that a higher 
viscosity and larger particle size were obtained when HEC was added. A larger particle size 
was  obtained  with  a  higher  amount  of  HEC. Surfactants are often/always used along with 
HEC.44  

2.3.3.2.3 Starch 
Amylose and amylopectin, see figure 2.11, are the two polymers (polysaccharides) that are 
present in starch, where amylose is a linear polymer and amylopectin is a branched polymer. 
In amylose, the anhydroglucose units are linked together through -D-(1,4) glucosidic bonds. 
Amylose is a water soluble polymer. Amylopectin is also linked through -D-(1,4) glucosidic 
bonds and it is also a water soluble polymer. Since amylopectin is a branched polysaccharide, 
the polymer has branching, on every 20-25 anhydroglucose unit. The glucosidic bonds at these 
branches are -D-(1,6), meaning that they are linked to the sixth carbon atom.29, 45  
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Figure 2.11 Left: Amylose. Right: Amylopectin. 

Starches are extracted from either cereals or roots and tubers. The starches extracted from 
cereals are maize, corn or wheat and the ones extracted from roots and tubers are tapioca and 
potato. Starches have the form of granules and these are stored in plants. The granules have 
different sizes depending on the starch. The granules of maize starch vary in diameter from 5 
to 25 micrometers, while potato starch granules vary from 15 to 100 micrometers.46

,47 

In a study, a mixture of VAc and butyl acrylate was grafted onto starch.48 The initiator used 
was ammonium persulfate. Different parameters were studied according to percentage of 
grafting and grafting efficiency. The parameters studied were reaction temperature and time, 
initiator concentration and monomer ratio. The best reaction temperature, according to 
grafting, was at 65°C. 

There has also been a study using redox initiators, where V Ac was grafted onto corn starch. 49 

The redox initiators used were potassium persulfate/acetone sodium bisulfate, which then were 
compared to a system using potassium persulfate/sodium bisulfate. Different parameters were 
studied according to percentage of grafting, grafting efficiency and total conversion. The 
parameters studied were reaction temperature and time and initiator concentration among 
others. The initiation, which leads to grafting, was more effective with potassium 
persulfate/acetone sodium bisulfate. The most successful temperature was 60°C for potassium 
persulfate/acetone sodium bisulfate and 70°C for potassium persulfate/sodium bisulfate. 

17 
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2.3.4 Buffers 
Emulsions of PVAc usually have a pH of 4.5-5.5. To obtain an emulsion with a pH in this 
interval, a buffer is added during the reaction. The buffer has two main missions: 

1. Control of decomposition rate of the initiator. 
2. Increase the pH. 

For persulfate initiators, the decomposition rate is accelerated under acidic conditions. By 
adding a buffer, the decomposition rate can be controlled. The residual initiator results in an 
acidic environment and VAc and other monomer are pH-sensitive due to hydrolysis. To 
minimize the hydrolysis of V Ac, the pH should be neutral, otherwise acetic acid and 
acetaldehyde can be produced. Common buffers are based on bicarbonate, phosphate or 
acetate. Buffers can, however, affect the patiicle size and the colloidal stability of the latex 
because the buffers are often salts.5

, 25 

2.3.5 Antifoaming agent 
The formation of foam can lead to problems in emulsion polymerization. The foaming is 
caused by high surface tension and impurities from surfactants which help to stabilize the 
foam. The high surface tension is due to the water-air interfacial tension and the impurities can 
be dodecyl alcohol created from sodium dodecyl sulfate. To prevent foaming, antifoaming 
agents are being used. The molecules of antifoaming agents (defoamers) displace the 
stabilizing surfactant molecules which causes the bubbles to break down. Antifoaming agents 
are for example silicone-based.23 

2.4 Grafting 
In free-radical polymerization of V Ac, grafting reactions may occur in three ways, (see figure 
2.13); 

1. Chain transfer to monomer 

Hanna Lange 
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2. Chain transfer to PVAc polymer through H-abstraction 
3. Chain transfer to protective colloid through H-abstraction 

 
The protective colloid is for example PVA or HEC. Grafting of VAc on PVA is more effective 
compared to grafting efficiency on HEC. A high viscosity is obtained with high grafting. 
When grafting occurs, pre-polymers are being formed. These pre-polymers then form particles 
by collapsing, where the particles are enclosure by a hydrated polymer shell.15, 18, 25, 32, 33   
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Figure 2.13 Three ways of grafting vinyl acetate 1) Chain transfer to monomer. 2) Chain transfer to PVAc 
polymer through H-abstraction (2 different ways). 3) Chain transfer to PVA through H-abstraction.15, 18, 33 

 
When HEC goes through grafting reactions there are also oxidative degradation reactions. 
There is a competitive balance between the reactions, see figures 2.14-2.16. A higher 
concentration of HEC gives increased grafting. The latex viscosity, stability and particle size 
increase with increased grafting. There is also a decrease in grit content. The grafting 
efficiency on HEC is higher for acrylates than VAc.39   
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Figure 2.14 The different ways for H-abstraction on HEC. Pathway of number 3 can be seen in figure 2.15 
and 2.16.39  
 
According to Tom Annable and coworkers there are both grafting and oxidative degradation in 
the third pathway, see figure 2.15.55 
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Figure 2.15 The grafting reaction and oxidative degradation of the third pathways of HEC. The radical 
formed after oxidative degradation can either react with a hydrogen atom as in the figure or with a 
monomer.55 
 
According to                                    there is no grafting in the third pathway, only oxidative 
degradation, see figure 2.16.39
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Figure 2.16 The oxidative degradation reaction of HEC in the third pathway.39 

2.5 Additives 
Additives are added to polymeric materials either to make their processing easier or to modify 
the polymer. By adding additives, the polymer can obtain better properties or completely new 
ones.56   

2.5.1 Proteins  
There are 20 different naturally abundant amino acids ( -amino acids) and these are alkaline, 
acidic or neutral depending on the properties of the R-group, see figure 2.17. The R-group is 
either polar (hydrophilic) or non-polar (hydrophobic). The amino acids are enantiomers where 
the -carbon is a chiral carbon atom. The enantiomers are D- or L-enantiomers. The amino 
acids are the building blocks of proteins and the most common form in proteins are the L-
form.29  
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Figure 2.17 -Amino acids 
 
In a study, soy protein was added to the emulsion polymerization of VAc.57 The soy protein 
was added during and/or after polymerization. The emulsion showed a higher tensile shear 
strength when adding protein compared to without protein. The soy protein has amine and 
carboxyl functional groups which can be cross-linked (external cross-linking) and thereby 
improve the properties of the adhesives. Cross-linking agents could be epoxy and isocyanates. 
Addition of cross-linking agent showed increased tensile shear strength.   

2.5.2 Biocides 
During storage, coatings and latexes can be damaged/destroyed due to growth of fungi and 
bacteria. In the past, there was a high amount of residual monomer in the latex, which 
prevented the growth of fungi and bacteria, but for environmental friendliness, the residual 
monomer in latex manufacture needs to be low. Therefore biocides have to be added. Two 
examples of biocides which are effective against growth of fungi and bacteria are 
P……………………. ………S. The amount of biocides varies depending on application, but 
approximately 0.05 to 0.50 % based on total weight of product should be added.5, 58, 59   

2.5.3 Fillers 
Fillers are solid materials which are ground to fine particles. The fillers, are added to at least 5 
wt-%, of a polymeric material often to reduce the cost of the material. Fillers can also improve 
the mechanical properties of the material and they increase the solids content. Examples of 
fillers are calcium carbonate, aluminium oxide, bentonites, calcium sulfate and wood flour.56, 

60  

2.5.4 Coalescing agents/Film forming agents  
A coalescing agent is added when the film formation has to be fast. A fast film formation 
requires a low Tg, but the properties of the polymer required a high Tg, since it has to be strong 
and hard. Therefore, a coalescing agent could be added. A coalescing agent reduces the MFFT, 
and then evaporates slowly from the formed film. During evaporation, the Tg of the polymer 
increases. Butyldiglycol acetate, BDGA, is an example of a coalescing agent, see figure 2.18.5, 

21, 61  
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Figure 2.18 Butyldiglycol acetate, BDGA 

2.5.5 Cross-linking agents 
To increase the water and heat resistance, the emulsions can be cross-linked. When cross-
linking, the emulsions obtain a thermosetting behaviour. Cross-linking could be obtained by, 
for example, addition of aldehydes, formaldehyde-based resins, isocyanates or complex-
forming salts.35, 60, 62   
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2.5.5.1 Aldehydes 

To improve the water resistance of emulsions with protective colloids containing hydroxyl 
groups, glyoxal or formaldehyde-based resins can be used. Glyoxal is a di-functional 
aldehyde, where the aldehydes react with the hydroxyl groups of for example PV A, see figure 
2.19.35,36,60,62 

* 

* 

0 °XO 
~ + H~H .. 

OH 0 o 0 

PVA Glyoxal * 

* 

Figure 2.19 Cross-linking reaction of poly(vinyl alcohol) with glyoxal.62 
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3 Experimental 

3.1 Materials 
Table 3.1 lists the chemicals used in this study. 

Hanna Lange 
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3.2 Synthesis 

3.2.1 Recipes 
The emulsion polymerizations of vinyl acetate, V Ac, were perfOlmed in alL reactor, using 
Mettler Toledo Labmax Automatic LabReactor, see figure 3.1, with an anchor agitator. Prior to 
the start of the polymerization, according to a pre-programmed recipe, the protective colloid 
had to be dissolved in water. Depending on which protective colloid used, a buffer solution 
was added into the reactor either when the protective colloid had been completely dissolved or 
during dissolving. The stirring speed during dissolution of the protective colloid was 70-100 
rpm. Thereafter, the reactor temperature was set to 60°C and when this temperature was 
reached, antifoaming agent (0.05 % by weight) was added into the reactor. After that, the 
polymerization was started using the pre-programmed recipe. When a polymerization was 
completed, the emulsion was added into a and when the emulsion had reached room 
temperature, biocides, both (0.15 % by weight of the total 
emulsion), were added to prevent growth of fungi and bacteria. 

Figure 3.1 The Labmax reactor used for the emulsion polymerizations. 

Five different recipes were used in this study: 1871C (original recipe), HEC1, HEC2, 
HECDELAY and PROTEIN, see tables 3.2-3.4. During the main polymerization of the 
recipes, both VAc and potassium persulfate, KPS, (1.6 wt-%) were added continuously during 
~ hours. The only difference between the 1871C and HEC1 recipes is the time for step 5 
ell minutes and. minutes respectively). The HEC2 recipe also differs in time for step 5 ell 
minutes) compared to 1871 C ell minutes) and HEC 1 ell minutes). There was also a higher 

Hanna Lange 
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amount of 1.6 wt-% KPS added in the pre-polymerization, step 3, (II g in the HEC2 recipe 
instead of. g in 1871C and HEC1 recipes). 

The HECDELA Y recipe had a I minutes hold in the main polymerization, step 7, due to 
delayed addition of protective colloid. A larger amount of 1.6 wt-% KPS was also added in the 
second part of the main polymerization, step 8, see table 3.3. 

In the PROTEIN recipe, the differences compared to the other recipes were the time for step 5 
but also the concentration of the initiator used. The concentration of the initiator was 2.5 wt-% 
KPS instead of 1.6 wt-% KPS, see table 3.4. 

Hanna Lange 
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3.2.2 Preparation of protective colloids 
The amount of protective colloid and water and their theoretical solids contents were varied 
for the batches, see table 3.5, in order to obtain a stable emulsion. The two batches with PYA 
as protective colloid, hlpva01 and hlpva02, were performed and used as references. The 
amounts of all the chemicals for respectively emulsion can be seen in Appendix 1. 

Table 3.5 The amount of protective colloid/colloids and water used in the different emulsions and their 
theoretical solids contents. 

Batch Protective Protective Water Cone. of Amount Amount Theor. Comments 
colloid/colloids colloid [g] protective protective ofPVA# solids 

[g] colloid colloid# [wt-%] content 
solution [wt-%] [%] 
(initial 
feed) 

[wt-%] 
hlpvaOl PYA 23 292 7.3 2.9 2.9 51.0 Reference 
hlpva02 PYA 23 292 7.3 2.9 2.9 51.0 Reference 
hlhecaOl HECA 7.8 343 2.2 1.0 - 48.1 Ig water 

instead 
of.gin 
the buffer 
solution 

hlheca02 HECA 11.4 285 3.8 1.5 - 50.7 
hlheca03 HECA 23 265 8.0 2.9 - 52.5 

hlpva_hecaOl PYA 11.4 114 7.2 2.8 1.4 51.0 
(1.4 PYA; 

HECA 11.4 178 1.4 HEC) 

hlpva _ heca02 PYA 3.8 38 5.1 1.9 0.5 51.0 
HECA 11.4 246 (0.5 PYA; 

1.4 HEC) 

29 
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Batch Protective 

colloid/colloids 
Protective 

colloid  
[g] 

Water  
[g] 

Conc. of 
protective 

colloid 
solution 
(initial 
feed)  

[wt-%] 

Amount of 
protective 

colloid# 
[wt-%] 

Amount 
of PVA#  
 [wt-%] 

Theor.  
solids  

content  
[%]  

Comments 

hlhecb01 HEC B 28 194 12.6 3.9 - 58.0 
 

 

hlhecb02 HEC B 23 261 8.1 3.0 - 53.0  
hlhecb03 HEC B 23# # 261# # 6.0 2.9# # - 52.3 Delayed 

addition 
hlhecb04 HEC B 28 194 12.6 3.9 - 58.0 97 wt-% 

VAc and 3 
wt-% n-BA 

hlhecc01 HEC C 15.6 345 4.3 1.8 - 47.4  
hlstab01 Starch A 

Starch B 
11.5 
11.5 

265 8.0 3.0 - 52.8  

hlpva_stab01 PVA 11.5 115 8.0 3.0 
(1.5 PVA; 
1.5 Starch) 

1.5 52.8 
 

 
Starch A 
Starch B 

5.75 
5.75 

150 

hlstc01 Starch C 23 265 8.0 3.0 - 52.8  
hlpva_pra01 PVA 23 255 8.3 2.8 2.8 51.1 25 wt-% 

protein A 
dispersion 

added during 
MP 

hlpva_pra02 PVA 23 240 8.7 2.7 2.7 52.3 25 wt-% 
protein A 
dispersion 

added 
together with 
the protective 

colloid 
solution. 2.5 
wt-% KPS  

hlpva_prb01 PVA 23 255 8.3 2.8 2.8 51.1 25 wt-% 
protein B 
dispersion 

added during 
MP 

hlpva_prc01 PVA 23 251 8.4 3.0 3.0 51.1 30 wt-% 
protein C 
dispersion 

added during 
MP 

# Based on total amount of emulsion.  
# # The values include delayed addition.  
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Table 3.6 shows which recipe that was used for respectively batch.  
 
Table 3.6 The recipes used for the batches.  

Batch Protective  
colloid/colloids 

Amount 
of 

protective 
colloid# 
[wt-%] 

1871C HEC1 HEC2 HECDELAY PROTEIN 

hlpva01 PVA 2.9 x     
hlpva02 PVA 2.9 x     
hlheca01 HEC A 1.0 x     
hlheca02 HEC A 1.5 x     
hlheca03 HEC A 2.9   x   

hlpva_heca01 PVA 2.8 
(1.4 PVA; 
1.4 HEC) 

 x    
HEC A 

hlpva_heca02 PVA  1.9 
(0.5 PVA; 
1.4 HEC) 

 x    
HEC A 

hlhecb01 HEC B 3.9   x   
hlhecb02 HEC B 3.0  x    
hlhecb03 HEC B 2.9# #    x  
hlhecb04 HEC B 3.9   x   
hlhecc01 HEC C 1.8  x    
hlstab01 Starch A 

Starch B 
3.0  

 
 x    

hlpva_stab01 PVA 3.0 
(1.5 PVA; 
1.5 Starch) 

 x    
Starch A 
Starch B 

hlstc01 Starch C 3.0  x    
hlpva_pra01 PVA 2.8 x     
hlpva_pra02 PVA      x 
hlpva_prb01 PVA 2.8 x     
hlpva_prc01 PVA 3.0 x     

# Based on total amount of emulsion. 
# # The values include delayed addition.  
 
3.2.2.1 Poly(vinyl alcohol), PVA 
PVA was dissolved in water during stirring at 95 C for 1-2 hours. When completely dissolved 
the temperature was decreased to 60 C and the buffer solution and antifoaming agent were 
added.  
 
3.2.2.2 Hydroxyethyl cellulose, HEC 
HEC was dissolved in water at room temperature during stirring. After 5-15 minutes, the 
buffer solution was added. Then, the solution was stirred at room temperature for one hour. 
When completely dissolved, the temperature was increased to 60 C and the antifoaming agent 
was added. After this, the polymerization was started.   
 
When preparing a batch containing both PVA and HEC as protective colloids, they were 
dissolved separately and mixed subsequently. PVA was dissolved in water at 95 C and HEC 
was dissolved in water at room temperature during stirring. The buffer solution was added to 
the HEC-solution after a few minutes and then left to continue to dissolve. The two solutions 
were then mixed together when the reactor temperature was 60 C. After they have been 
mixed, the antifoaming agent was added and the polymerization started.    



Emulsion polymerization of vinyl acetate with renewable raw materials as protective colloids 

In the HECDELA Y recipe, there is a two minutes hold during the main polymerization, step 7, 
see table 3.3. In step 7, the first pOliion of 12.6 wt-% HEC-solution ~ g) was added 
containing a small amount of buffer solution. The second pOliion of HEC-solution ~ g), 
containing a small amount of buffer solution, was added in step 8 after. hour. 

A monomer mix of 97 wt-% VAc and 3 wt-% n-butyl acrylate, n-BA, was prepared during 
stirring. This comonomer was then used as the monomer instead ofVAc. 

3.2.2.3 Starches 
The two starches, Starch A and Starch B, were dispersed together in a 50:50 mixture in water 
at 25°C during stirring. When dispersed, the temperature was increased to 60 °C and the 
buffer solution and antifoaming agent were added before statiing the polymerization. 

When using both starches and PV A as protective colloids, they were prepared separately. PV A 
was dissolved in water at 95°C and the starches dispersed in water at 25 0c. The PVA
solution was added to the 50:50 mixture of starch-dispersion when the reactor temperature had 
reached 60°C. Thereafter, buffer solution and antifoaming agent were added and then the 
polymerization could start. 

Starch C was dispersed in water at 25°C during stirring. When dispersed, the temperature was 
increased to 60 °C and buffer solution and antifoaming agent were added. Then, the 
polymerization could start. 

3.2.2.4 Proteins 
Protein, (either protein A or B, 25 wt-%), was dispersed in water at room temperature during 
stirring. When dispersed, • g of the protein dispersion was added to the reactor during the 
main polymerization. The first portion of protein solution ~ g) was added after. minutes 
and thereafter with. minutes interval. 

When adding both PYA-solution and protein A dispersion (25 wt-%) at the beginning of the 
reaction, they were prepared separately. PYA was dissolved in water at 95°C and then cooled 
to 60 °C. The buffer solution was then added and thereafter the protein A dispersion. Then, the 
antifoaming agent was added before the polymerization could start. 

Protein C (30 wt-%) was dispersed in water at room temperature during stlmng. After 
dispersion, a portion of protein C dispersion was added during the main polymerization. The 
portion of protein C solution ~ g) was added after. minutes. 

3.3 Characterization 

3.3.1 pH, solids content and viscosity 
The pH of the emulsions was measured using a Metrohm 704 pH Meter. The instrument was 
calibrated using buffer solutions of pH 4 and 7 prior to the measurements. 

The solids content for all the emulsions was measured using Sartarius Thermo Control YTC 
OlL by applying approximately 3 g ofthe emulsion to an aluminium plate. The solids content 
was determined after 120°C for 30 minutes. 

For all the emulsions, the viscosity was measured using Broolifield DV-II+Pro Viscometer 
(L VT). The test was performed at room temperature and different spindles were used 
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depending on the viscosity of the emulsions, where spindle number 1 was used for the 
emulsions of lowest viscosities and spindle number 4 for the highest viscosities.    

3.3.2 Minimum film formation temperature, MFFT, and glass transition 
temperature, Tg 
The minimum film formation temperature, MFFT, of the emulsions was measured using a 
Coesfield gradient plate, Thermostair II, ThermoHaake C10 circulator and a ThermoHaake 
K20 bath. The plate had 10 zones where zone 1 was set to 5 or 10 C and zone 10 to 25 C. 
The  emulsions  were  spread  on  the  plate  using  a  100  m Erichsen  applicator.  The  emulsions  
were left for 40 to 90 minutes for film formation to occur. Thereafter, the MFFT was 
measured on the boundary between formed film and dried emulsion.   
 
The glass transition temperature, Tg, of the emulsions was measured with Differential 
Scanning Calorimetry, DSC, using a Mettler-Toledo DSC820 under nitrogen atmosphere. 
Films were prepared by using a 100 m Erichsen applicator onto a Teflon plate. The films 
were dried at room temperature and thereafter moved into a climate room. After three days in 
the  climate  room,  at  a  temperature  of  23  ±  2  C  and  a  relative  humidity  of  50  ±  5  %,  
approximately 5-10 mg of the films were placed in a 40 l aluminium cup. The DSC method 
used consisted of five steps, where step 5 was used to determine the Tg, see table 3.7. 
 
Table 3.7 The DSC method.  
Step 1: Heating from 20 C to 100 C, 20 C/min, N2 80 ml/min 
Step 2: Isothermal at 100 C for 2 minutes, N2 80 ml/min 
Step 3: Cooling from 100 C to -70 C, -20 C/min, N2 80 ml/min 
Step 4: Isothermal at -70 C for 10 minutes, N2 80 ml/min 
Step 5: Heating from -70 C to 100 C, 20 C/min, N2 80 ml/min 
 
For  determination  of  MFFT  and  Tg, duplicate samples were analyzed. The midpoint values 
from the DSC-curves were used to evaluate the Tg-results.   

3.3.3 Particle size 
Seven emulsions were analyzed at KTH for determination of their particle size. Approximately 
5 mg of the emulsion was dissolved in 20 ml water and filtered through a filter (50 m), and 
then put in an ultra sound bath for 5 minutes before the particle size could be analysed with 
Malvern Zetasizer (ZEN3600) with  a  measurement  range  from  0.6  nm  to  6  m.64 The 
refractive index for water was set to 1.33 and for the PVAc particles to 1.45. A Malvern 
Zetasizer uses dynamic light scattering, DLS, to determine the particle size.64 

 
Twelve emulsions were also sent to YKI for determination of the particle sizes.  They used a 
Malvern Mastersizer 2000 with a measurement range from 0.020 to 2000 m. The refractive 
index for water was 1.33 and for the PVAc particles 1.45-1.55.65 A Malvern Mastersizer 2000 
uses laser diffraction to determine the particle size.66 

3.3.4 Molecular weight  
3.3.4.1 Solubility of the emulsions in tetrahydrofuran, THF 
To  determine  the  solubility  of  the  emulsions  in  THF,  duplicate  samples  were  analyzed. 
Approximately 500 mg of the emulsion was added to a glass tube and thereafter 25 ml of THF. 
The glass tubes were then shaken over night and then the THF phase was transferred to 
evaporating  dishes  and  fresh  THF  (25  ml)  was  added  to  the  glass  tubes.  The  THF  phase  
contained the THF-soluble part of the emulsion, and the insoluble part was still in the glass 
tube  in  form of  a  swollen  gel.  After  addition  of  fresh  THF to  the  glass  tube,  the  tubes  were  
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shaken over night. The day after, the THF phase was transferred to new evaporation dishes 
and the insoluble part was left in the glass tube to dry. The solubility of the emulsions could 
now be  determined  by  adding  the  weight  of  all  the  soluble  parts  and  divide  it  with  the  total  
weight of the soluble and insoluble parts.   
 
For some of the emulsions the solubility in THF was determined by adding approximately 500 
mg of  the  emulsion  to  a  glass  tube  and  thereafter  25  ml  THF.  The  glass  tubes  were  shaken  
over night, but then separated through a separation funnel before dried. Thereafter, the 
solubility could be calculated.  
 
3.3.4.2 Size Exclusion Chromatography, SEC, analysis 
To determine the molecular weight of the polymers in the emulsions, Size Exclusion 
Chromatography, SEC, was used. The emulsions were diluted in water by adding 
approximately 5 g of emulsion to 45 g of water. Thereafter, the solution was transferred into a 
round bottom flask and frozen in liquid nitrogen before freeze-dried over night using Christ 
Alpha 2-4.   
 
Approximately 30 mg of the freeze-dried emulsions were dispersed in 10 ml THF and shaken 
over  night.  Two  series  of  polystyrene  standards,  see Appendix 2, were prepared with 
concentrations of approximately 2 mg polystyrene/ml THF, and also shaken over night. 
Approximately 1.5 ml of the shaken emulsions in THF were then filtrated with Acrodisc CR 
25 mm Syringe Filter with 0.45 m PTFE Membrane before analyzed with Agilent 1100 Series 
with the parameters mentioned in Appendix 2, for determination of the molecular weight. 

3.3.5 Tensile shear strength 
The tensile shear strength of the emulsions was tested according to the standards EN 204 and 
WATT 91. After preparing the emulsions with additives, 180 g/m2 adhesive was applied on 
two boards of beech (80 cm x 13.5 cm x 0.5 cm). The boards were sanded on the side where 
the emulsion should be applied.    
 
The boards were pressed either cold or hot at a pressure of 0.7-0.8 MPa. Cold pressing for one 
hour was preformed by using Joos, and hot pressing was preformed for 10 minutes at 100 C 
using Orma Macchine, Broby Trading. After pressing, the boards were put in a climate room 
with a temperature of 20 ± 2 C and a relative humidity of 65 ± 5 % for at least seven days. 
After five to six days, the boards were sawed into test specimens. The tensile strength of the 
adhesive was then tested using ALWETRON TCT50 with a load cell of 50 kN and a rate of 50 
mm/min.   
     
Before cold pressing, 1 % of the coalescing agent; butyldiglycol acetate, BDGA, was added to 
all the emulsions, at least one day before the pressing would be performed. If a cross-linking 
agent was used, it was added just before pressing. Two emulsions (hlhecb02+proteinA and 
hlhecc01+proteinA)  had low viscosities and to increase the viscosity,  5 wt-% protein A was 
added, as a filler, to the emulsions, see table 3.8.  
 
To three emulsions, 10.3 wt-% protein A was added and these emulsions were pressed cold for 
one hour respectively hot for 10 minutes at 100 C, see table 3.8 and 3.9.    
 
Table 3.8 The emulsions which were evaluated by cold pressing for one hour.  

Name Batch Protective 
colloid/colloids 

Amount of 
protective 

colloid#  
[wt-%] 

Cross-linking 
agent [%] 

Other additives 
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hlpva02 hlpva02 PVA 2.9 - - 
hlpva02+cross-linking agent A hlpva02 PVA 2.9 2 % Cross-

linking agent A 
- 

hlheca03 hlheca03 HEC A 2.9 - - 
hlpva_heca01 hlpva_heca01 PVA and HEC 2.8  

(1.4 PVA;  
1.4 HEC) 

- - 

hlpva_heca02 hlpva_heca02 PVA and HEC 1.9 
(0.5 PVA;  
1.4 HEC) 

- - 

hlhecb01 hlhecb01 HEC B 3.9 - - 
hlhecb01+cross-linking agent 

A 
hlhecb01 HEC B 3.9 2 % Cross-

linking agent A 
- 

hlhecb02+protein A hlhecb02 HEC B 3.0 - 5 wt-% protein A 
as filler 

hlhecc01+protein A hlhecc01 HEC C 1.8 - 5 wt-% protein A 
as filler 

hlstab01 hlstab01 Starch A 
Starch B 

3.0 - - 

hlstab01+cross-linking agent 
A 

hlstab01 Starch A 
Starch B 

3.0 2 % Cross-
linking agent A 

- 

hlpva_stab01 hlpva_stab01 PVA, Starch A 
and Starch B 

3.0 
(1.5 PVA;  
1.5 Starch) 

- - 

hlpva_pra01 hlpva_pra01 PVA 2.8 - - 
hlpva_pra01+cross-linking 

agent B 
hlpva_pra01 PVA 2.8 1 % Cross-

linking agent B 
- 

hlpva02+water+protein A hlpva02 PVA 2.9 - 5 % water, 1.8 % 
protein A as filler 

hlpva_prb01 hlpva_prb01 PVA 2.8 - - 
hlpva02+water+protein B hlpva02 PVA 2.9 - 5 % water, 1.8 % 

protein B as filler 
hlpva_prc01 hlpva_prc01 PVA 3.0 - - 

hlpva_prc01+cross-linking 
agent B 

hlpva_prc01 PVA 3.0 1 % Cross-
linking agent B 

- 

hlpva01+water+protein C hlpva01 PVA 2.9 - 5 % water, 0.6 % 
protein C as filler 
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Name 

hlpvaOI + cross-linking agent 
B+protein A+cold 

hlpvayrbOI + cross-linking 
agent B+protein A +cold 

hlheccO 1 + cross-linking agent 
B+protein A +cold 

Batch 

hlpvaOI 

hlpvayrbOI 

hlheccOI 

Based on total amount of emulsion. 

Protective 
colloid/colloids 

PYA 

PYA 

HECC 

Amount of 
protective 

colloid# 
[wt-%] 

2.9 

2.8 

l.8 

Cross-linking 
agent [%] 

15 % Cross-
linking agent B 

15 % Cross
linking agent B 

15 % Cross
linking agent B 

Table 3.9 The emulsions which were evaluated by hot pressing for 10 minutes at 100 ·C. 
Batch Emulsion Protective Amount of Cross-linking 

h/pvaO 1 + cross-linking agent 
B+protein A +hot 

hlpva yrbO 1 + cross-linking 
agent B+protein A +hot 

hlheccO 1 + cross-linking agent 
B+protein A +hot 

hlpvaOI 

hlpvayrbOl 

hlheccOI 

Based on total amount of emulsion. 

colloid protective agent [%] 

PYA 

PYA 

HECC 

colloid# 
[wt-%] 

2.9 

2.8 

l.8 

15 % Cross
linking agent B 

15 % Cross
linking agent B 

15 % Cross
linking agent B 

Hanna Lange 

Other additives 

10.3 wt-% 
protein A as 

filler, 0.15 wt-% 
biocides 

extra, 7.6 wt-% 
water 

10.3 wt-% 
protein A as 

filler, 0.15 wt-% 
biocides 

extra, 7.6 wt-% 
water 

10.3 wt-% 
protein A as 

filler, 0.15 wt-% 
biocides 

extra 

Other additives 

10.3 wt-% 
protein A as 

filler, 0.15 wt-% 
biocides 

extra, 7.6 wt-% 
water 

10.3 wt-% 
protein A as 

filler, 0.15 wt-% 
biocides 

extra, 7.6 wt-% 
water 

10.3 wt-% 
protein A as 

filler, 0.15 wt-% 
biocides 

extra 

36 
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4 Results and Discussion 

4.1 Synthesis 
After dissolving the protective colloid, the polymerization started by adding approximately 10 
wt-%  of  VAc  and  thereafter  addition  of  KPS  to  start  the  polymerization  and  thereby  the  
particle formation. This step is called pre-polymerization, PP. When particles have been 
formed, the main polymerization, MP, starts. During the MP, VAc and KPS were added 
continuously. To make sure that all monomer had reacted during the polymerization, 
additional KPS was added. This is called burn-out, BU.   
 
The temperature was monitored during all polymerizations and reported in a temperature 
graph, see Figure 4.1 and Appendix 3. Most of the batches showed an exothermic peak at the 
end of the PP, as seen in the temperature graphs. The exothermic peak indicates that the PP 
has been successful. The rise in temperature is caused by the exothermic reaction from free-
radical polymerization.14 The shift  in  color,  from  transparent  to  milky,  in  the  end  of  the  PP  
indicated that particles had been formed. After the PP was completed the MP was started.  
 

 
Figure 4.1 The temperature graph of hlpva01. The red curve shows the reactor temperature.  
 
From the temperature graph it could be seen that the reactor temperature, Tr, was above the 
jacket temperature, Tj, during the MP, see figure 4.1. This indicates that the polymerization 
continued. In the beginning and at the end of the MP, the rotary torque of the agitator was 
checked to determine if the viscosity of the emulsion had increased during the polymerization.   
 
For successful polymerizations, an exothermic peak was shown in the temperature graphs and 
the solution turned white at the end of the PP. This was obtained for 17 emulsions. For 11 of 
the 17 emulsions, there was also an increase in viscosity during the MP. This was observed 
for, the references hlpva01 and hlpva02 and for emulsions hlheca03, hlpva_heca01, 
hlpva_heca02, hlhecb01, hlstab01, hlpva_stab01, hlpva_pra01, hlpva_prb01 and 
hlpva_prc01. 
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For hlpva_pra01 and hlpva_prb01, a 25 wt-% protein dispersion should have been added six 
times (every 30 minute), but due to the decreasing temperature in the reactor upon addition of 
the protein dispersion, additions were only made five times. It required a long time after BU 
for the polymerization to reach completion, due to the cold portions of protein dispersion. If 
the portions had been heated to 70 C before adding them to the reactor instead of being added 
when being at room temperature, the decreasing in temperature may have been prevented and 
all six portions could have been added. A 30 wt-% protein C dispersion should have been 
added six times during the MP of batch hlpva_prc01, but after adding one portion of protein C 
dispersion (               g), the reactor temperature decreased below 70 C and stayed there for a 
long time.   
 
Even if the solutions/reaction mixtures turned white after PP, there was no increase in 
viscosity during the MP for hlheca01, hlheca02, hlhecb02, hlhecb03, hlhecc01 and hlstc01. 
The  Starch  C-solution  (hlstc01) was light brown, but before the MP started the solution had 
turned white. The emulsion of hlstc01 was grit, which indicated a poor stabilization.  
 
The polymerization of hlpva_pra02 was not successful. Additional KPS-solution was added to 
initiate the polymerization but without success (no exothermic peak, no white solution). The 
polymerization was therefore interrupted.   
 
Since acrylates monomers are grafted more easily on HEC than vinyl acetate39, a batch 
containing 3 wt-% n-BA and 97 wt-% VAc was performed (hlhecb04). No exothermic peak 
was shown and when nothing happened during the main polymerization the experiment was 
interrupted.  

4.2 pH, solids content and viscosity  
Table 4.1 shows the pH, theoretical and experimental solids content and viscosities of the 
synthesized emulsions.   
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Table 4.1 The pH, solids content and viscosity of the emulsions.  
Batch Protective 

colloid 
Amount of 
protective  

colloid#  
[wt-%] 

pH Theor. 
solids  

content  
[%] 

Exp.  
solids  

content  
[%] 

Viscosity  
[mPas] 

Spindle  
Number  
(Speed 
 [rpm]) 

hlpva01 PVA 2.9 4.1 51.0 49.7 33000 4 (12) 
hlpva02 PVA 2.9 4.1 51.0 50.9 38000 4 (12) 
hlheca01 HEC A 1.0 4.4 48.1 47.7 70 1 (60) 
hlheca02 HEC A 1.5 4.5 50.7 51.0 300 1 (12) 
hlheca03 HEC A 2.9 4.5 52.5 54.0 15000 4 (12) 

hlpva_heca01 PVA and HEC A 2.8 
(1.4 PVA;  
1.4 HEC) 

4.5 51.0 51.2 46000 4 (12) 

hlpva_heca02 PVA and HEC A 1.9 
(0.5 PVA;  
1.4 HEC) 

4.5 51.0 52.1 5300 4 (60) 

hlhecb01 HEC B 3.9 3.7 58.0 57.6 34000 4 (12) 
hlhecb02 HEC B 3.0 4.1 53.0 54.8 1800 2 (12) 
hlhecb03 HEC B 2.9 4.4 52.3 52.6 1200 2 (12) 
hlhecc01 HEC C 1.8 4.0 47.4 47.6 1400 1 (3) 
hlstab01 Starch A 

Starch B 
3.0 4.2 52.8 52.5 4600 4 (60) 

hlpva_stab01 PVA, Starch A 
and Starch B 

3.0 
(1.5 PVA;  
1.5 Starch) 

4.2 52.8 52.3 22000 4 (12) 

hlstc01 Starch C 3.0 3.9 52.8 51.4 200 1 (12) 
hlpva_pra01 PVA 2.8 4.3 51.3 47.4 96000 4 (3) 
hlpva_prb01 PVA 2.8 4.1 51.3 48.2 28000 4 (12) 
hlpva_prc01 PVA 3.0 4.0 53.2 46.9 18000 4 (12) 

# Based on total amount of emulsion.  
 
There was no significant difference in pH between the different emulsions. All emulsions were 
in the range of pH 3.7-4.5. The literature value for PVAc-emulsions is 4.5-5.5, so the 
emulsions had a slightly lower pH.25    
 
There were no significant differences between the theoretical solids contents and the 
experimental solids contents of the emulsions, see table 4.1, except for three emulsion; 
hlpva_pra01, hlpva_prb01 and hlpva_prc01. These three emulsions had significantly lower 
experimental solids contents than theoretical solids contents. They were odorous, which 
indicated remains of residual monomer, lowering the solids content. This may have been 
prevented if increasing the time of the MP or if the portions of protein dispersion had been 70 
C.  

 
If the viscosities of the emulsions should be compared with each other they had to be 
measured with the same spindle number and at the same speed. The references (hlpva01 and 
hlpva02), had viscosities of 33 000 and 38 000 mPas with spindle number 4 at 12 rpm, which 
gives a mean viscosity of 36 000 mPas. Emulsions containing HEC or starch had lower 
viscosities compared to PVA, except for hlhecb01 which had a higher amount HEC and higher 
solids content. A lower viscosity is probably due to less grafting, oxidative degradation and 
poorer stabilization. The emulsions measured with spindle number 1 or 2 had lower viscosities 
than emulsions measured with spindle number 4.  

4.3 Minimum film formation temperature, MFFT, and glass transition 
temperature, Tg 
Table 4.2 shows the minimum film formation temperature, MFFT, and glass transition 
temperature, Tg, of the emulsions. The DSC-thermograms can be seen in Appendix 4.   
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Table 4.2 The measured minimum film formation temperature, MFFT, and glass  
transition temperature, Tg, of the emulsions.  

Batch Protective 
colloid 

Amount of 
protective  

colloid#  
[wt-%] 

Minimum  
film  

formation  
temperature  

C] 

Glass  
transition  

temperature  
(Tg) [ C] 

hlpva01 PVA 2.9 15 (15;15) 34 (33;34) 
hlpva02 PVA 2.9 16 (16;16) 34 (34;34) 
hlheca01 HEC A 1.0 19 (19;19) 37 (37;37) 
hlheca02 HEC A 1.5 18 (18;18) 37 (37;37) 
hlheca03 HEC A 2.9 19 (19;19) 38 (38;37) 

hlpva_heca01 PVA and HEC A 2.8 
(1.4 PVA;  
1.4 HEC) 

17 (17;17) 35 (35;35) 

hlpva_heca02 PVA and HEC A 1.9 
(0.5 PVA;  
1.4 HEC) 

18 (18;18) 35 (35;35) 

hlhecb01 HEC B 3.9 18 (18;18) 36 (36;36) 
hlhecb02 HEC B 3.0 17 (17;17) 36 (36;36) 
hlhecb03 HEC B 2.9 18 (18;18) 36 (36;36) 
hlhecc01 HEC C 1.8 17 (17;17) 35 (35;35) 
hlstab01 Starch A 

Starch B 
3.0 18 (18;18) 34 (34;34) 

hlpva_stab01 PVA, Starch A 
and Starch B 

3.0 
(1.5 PVA;  
1.5 Starch) 

16 (17;16) 34 (34;34) 

hlstc01 Starch C 3.0 17 (17;17) 35 (35;35) 
hlpva_pra01 PVA 2.8 17 (17;17) 34 (34;34) 
hlpva_prb01 PVA 2.8 16 (17;16) 34 (33;35) 
hlpva_prc01 PVA 3.0 17 (17;17) 35 (35;35) 

# Based on total amount of emulsion.  
 
The minimum film formation temperatures of the emulsions varied from 15 to 19 C and the 
glass transition temperatures of the emulsions varied from 34 to 38 C, see table 4.2. The Tg of 
the emulsions were slightly higher than the literature value, 28-32 C.5, 26  
 
All glass transition temperatures of the emulsions correlated with the minimum film formation 
temperatures  of  the  emulsions.  Both  a  slightly  higher  MFFT  and  Tg were obtained for the 
emulsions  stabilized  with  HEC,  especially  with  HEC  A  and  HEC  B  compared  to  the  
references.  When  PVA  was  present  in  the  emulsions,  the  MFFT  and  Tg were not affected 
compared to the references. Starch did not affect neither MFFT nor Tg compared to the 
references.   

4.4 Particle size 
When measuring the particle sizes with DLS (dynamic light scattering) the resulting values are 
based on particle volume. From the DLS-measurements, a Z-average value is obtained, which 
is calculated from the slope of the correlation curve. The speed of diffusion of the particles is 
obtained from the slope which is recalculating to a Z-average size. Therefore, this value can 
only be used when there is a monomodal peak. If more than one peak is obtained, the Z-
average is calculated as a mean value of the peaks. Two other values are obtained from DLS; 
mean particle size and Polydispersity Index, PDI. PDI is the width of the peak/distribution and 
is also calculated from the correlation curve. The Z-average value can only be used to compare 
with other techniques if the sample only has one peak (monomodal), if it is monodisperse 
(narrow distribution) and if the particles are spherical. Therefore the PDI has to be below 0.1. 
If it is over 0.5, the Z-average is unreliable.64, 67  



Emulsion polymerization of vinyl acetate with renewable raw materials as protective colloids   Hanna Lange 
 

  

 41

 
Table 4.3 shows the protective colloid/colloids, concentration, volume mean diameter particle 
size, PDI and Z-average for the emulsions measured with Malvern Zetasizer (ZEN3600).  
 
Table 4.3 The particle size of the emulsions measured with Malvern Zetasizer (ZEN3600).   

Batch Protective  
colloid 

Amount of 
protective  

colloid#  
[wt-%] 

Concentration  
[mg emulsion/ 

 ml water] 

Volume mean  
diameter  

particle size  
m] 

Polydispersity  
Index, PDI 

Z-average  
(d. m)  

particle size  
m]  

hlpva02 PVA 2.9 0.25 0.7 
(0.67;0.76;0.77) 

0.5  
(0.62;0.37;0.49) 

1.3  
(1.3;1.3;1.4) 

hlheca01 HEC A 1.0 0.025 0.7  
(0.80;0.69;0.71) 

0.6  
(0.52;0.61;0.71) 

1.4  
(1.3;1.3;1.5) 

hlpva_heca01 PVA and  
HEC A 

2.8 
(1.4 PVA; 
1.4 HEC) 

0.025 0.7  
(0.59;0.75;0.73) 

0.5  
(0.65;0.47;0.51) 

1.4  
(1.4;1.4;1.3) 

hlpva_heca02 PVA and  
HEC A 

1.9 
(0.5 PVA; 
1.4 HEC) 

0.025 0.6 
(0.55;0.70;0.67) 

0.6  
(0.79;0.58;0.52) 

1.5 
(1.7;1.5;1.4) 

hlhecb01 HEC B 3.9 0.025 0.6 
(0.60;0.71;0.51) 

0.9 
(0.87;0.77;0.91) 

2.4  
(2.7;2.3;2.3) 

hlhecc01 HEC C 1.8 0.025 0.5  
(0.48;0.65;0;47) 

0.4 
(0.38;0.34;0.47) 

0.6 
(0.60;0.49;0.60) 

hlpva_pra01 PVA 2.8 0.025 0.6  
(0.65;0.60;0.51) 

0.7  
(0.65;0.71;0.76) 

1.4 
(1.2;1.5;1.5) 

# Based on total amount of emulsion.  
 
The volume mean particle size of the emulsions varied from 0.5 to 0.7 m and the Z-average 
particle size varied from 0.6 to 2.4 m when measured using Malvern Zetasizer (ZEN3600), 
see table 4.3. The Z-average is not reliable due to the high PDI-values.  
 
The emulsions were also measured using Malvern Mastersizer 2000, see table 4.4, to see if the 
results obtained with Malvern Zetasizer (ZEN3600) corresponded to the particle sizes 
measured with Malvern Mastersizer 2000. The particle size distributions are reported in 
Appendix 5.  
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Table 4.4 The median diameter particle size and mean diameter particle size of the emulsions measured 
with Malvern Mastersizer 2000. 

Batch Protective  
colloid 

Amount of 
protective  

colloid#  
[wt-%] 

d(0.5) Median diameter  
particle size [ m] 

D[4,3] Mean diameter  
particle size [ m] 

hlpva01 PVA 2.9 1.3 (1.3;1.2) 1.9 (1.9;1.8) 
hlheca01 HEC A 1.0 1.0 (1.0;1.0) 1.0 (1.0;1.0) 
hlheca02 HEC A 1.5 0.9 (0.93;0.93) 1.0 (0.96;0.96) 
hlheca03 HEC A 2.9 1.5 (1.5;1.5) 1.6 (1.6;1.6) 

hlpva_heca01 PVA and HEC A 2.8 
(1.4 PVA; 
1.4 HEC) 

4.1 (4.1;4.1) 4.4 (4.4;4.4) 

hlpva_heca02 PVA and HEC A 1.9 
(0.5 PVA;  
1.4 HEC) 

5.7 (5.7;5.7) 6.3 (6.3;6.3) 

hlhecb01 HEC B 3.9 2.8 (2.9;2.8) 3.2 (3.3;3.2) 
hlhecc01 HEC C 1.8 1.1 (1.1;1.1) 1.9 (1.9;1.9) 
hlstab01 Starch A 

Starch B 
3.0 11.8 (11.6;12.1;11.9) 30.3 (27.5;33.0;30.4) 

hlpva_stab01 PVA, Starch A 
and Starch B 

3.0  
(1.5 PVA;  
1.5 Starch) 

3.9 (3.9;3.8) 4.1 (4.2;4.0) 

hlpva_pra01 PVA 2.8 3.9 (3.9;3.9) 4.2 (4.2;4.2) 
hlpva_prb01 PVA 2.8 3.3 (3.1;3.3;3.3;3.3) 3.6 (3.5;3.7;3.7;3.7) 

# Based on total amount of emulsion.  
 
Table 4.4 showed that the mean diameter particle size was larger than the median diameter 
particle size. For the emulsions with HEC (HEC A and HEC B) as protective colloid, a larger 
particle size was obtained with a higher amount of protective colloid. A larger particle size 
than the reference was obtained when PVA was combined with HEC or starch. This could be 
because most of the particle stabilization is controlled by PVA, which gives large particle sizes 
due to low amounts of PVA. A large particle size was also obtained when protein was added 
during the polymerization, even if a high amount of PVA was used. The largest particle size 
was obtained when starch was used as the protective colloid. This depended on the broad 
particle size distribution. The broad distribution may be due to measurements of the large 
starch particles and the poor stabilization.     
 
The particle sizes obtained from Malvern Zetasizer (ZEN3600) and Malvern Mastersizer 2000 
were compared with each other. The particle sizes compared were the volume mean diameter 
particle size average in table 4.3 and D[4,3] mean diameter particle size average in table 4.4. 
There was a significant difference in particle size between the two measurements. Due to the 
small differences in particle size for all emulsions measured at KTH and the large differences 
in  particle  size  for  the  emulsion  measured  by  YKI  the  values  obtained  from  YKI  was  
considered to be the correct ones. The Mastersizer 2000 measured particles up to 2000 m, 
while the Zetasizer only measures up to 6 m.    
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4.5 Molecular weight 
Table 4.5 shows the solubility in THF and the molecular weight for some of the emulsions. 
The molecular weight was determined by SEC. 

Table 4.5 The solubil in THF of the emulsions and the molecular we of the emulsions. 
Batch Protective 

colloid 

Starch B 

Amount of Solubility in 
protective THF [%] 

colloid# 

Based on total amount of emulsion. 

Weight average molecular weight, 
Mw [g/mol] 

# # The commercial PV Ac-emulsion which was used as a reference. 

The solubility in THF for the emulsions varied significantly. The two separating methods were 
not suitable methods to use when determining the solubility. The reason for this is due to the 
difficulties when separating the THF -soluble phase from the non-soluble fraction which leads 
to large differences between the duplicate samples. For two emulsions, the solubility could 
only be detelmined for one of the duplicate samples due to difficulties during separation. For 
values of the THF -soluble phase and non-soluble fraction see Appendix 6. The commercial 
PVAc-emulsion had been analyzed in the past by . Center (Casco Adhesives AB).68 
The emulsion was earlier named _ instead of The only difference between 
_ and _ are the biocides. The solubility of was 35 %, which correspond to 
the solubility obtained now. 

The molecular weight ofthe emulsions varied from 270000 glmol to 390000 glmol, see table 
4.5. There was, therefore, no significant difference in molecular weight of the emulsions. The 
molecular weight measurement was performed on the THF-soluble part of the emulsions. The 
emulsions with HEC had slightly higher molecular weights. 

4.6 Tensile shear strength 
When testing the tensile shear strength of the emulsions, the evaluation is conducted on the 
adhesive film. 

The tensile shear strengths of the emulsions with high enough viscosities, which easily could 
be applied on the boards (measured with spindle number 4, see table 4.1) and two emulsions 
with low viscosities were tested according to EN 204 of D 1-D3 and WATT 91, see figures 
4.2-4.4. 

Figure 4.2 shows the tensile shear strength of the reference (hlpva02) and the emulsions where 
PV A was fully or patiially replaced with HEC or starch as protective colloid. The figure also 
shows the results after adding Cross-linking agent A as cross-linking agent. 

Hanna Lange 
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Figure 4.2 The tensile shear strength of the reference (hlpva02) and the emulsions with HEC, PVA 
combined with HEC, starch, or PVA combined with starch as protective colloid/colloids.   
 
In figure 4.2, all the samples had 100 % fiber tear, when testing according to the D1 standard 
of EN 204. Therefore, all samples passed D1, according to Casco Adhesives AB.69 
 
The fiber tear of the samples varied significantly (0-100 %) when testing for D2, see Appendix 
7. The following samples passed the D2 criteria; hlpva02+cross-linking agent A, 
hlpva_heca01, hlpva_heca02, hlstab01 and hlstab01+cross-linking agent A since they were 
above 8 N/mm2. The reference, hlpva02, was close to passing D2. Earlier studies showed that 
sometimes the reference pass the D2 criteria and sometimes it is below the limit.70, 71, 72 The 
other samples, where PVA was fully or partially replaced with HEC or starch as protective 
colloid, were also in the region of passing the D2 criteria, except for the two samples with low 
viscosities where 5 wt-% protein A was added as a filler. Batch hlpva02+cross-linking agent A 
had a high standard deviation and low fiber tear, which could depend on difficulties during 
spreading of the emulsion on the beech boards. The difficulties in spreading depended on the 
fast  curing  when  adding  2  %  of  Cross-linking  agent  A  to  the  emulsion.  To  overcome  this  
problem, 1 % Cross-linking agent A could have been added instead of 2 %. Addition of Cross-
linking agent A as cross-linking agent did not increase the tensile shear strength of the 
emulsions further (to pass D3). 
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None of the samples passed the D3 criteria. The samples either had too low tensile shear 
strength or delaminated during water storage or when installed in the Alwetron.  
 
The best heat resistances were obtained for emulsions with PVA, probably due to higher 
grafting efficiency of this protective colloid. HEC and starch gives less grafting and therefore 
probably lower heat resistances. The molecular weight of the HEC used does not seem to 
affect the heat resistance significantly. The addition of Cross-linking agent A as cross-linking 
agent did not affect the heat resistance.  
 
Figure 4.3 shows the tensile shear strength of the reference (hlpva02) and the emulsions where 
protein A, protein B or protein C was added to the emulsions during or after polymerization. 
The figure also shows the results for two samples after the addition of Cross-linking agent B 
as cross-linking agent.   
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Figure 4.3 The tensile shear strength of the reference (hlpva02) and the emulsions containing protein as 
filler.    
 
In figure 4.3, all the samples had a fiber tear of 100 % when testing D1, and therefore passed 
D1 testing according to Casco Adhesives AB.69 
 
The fiber tear when testing D2 varied from 0 to 90 %, see Appendix 7. The following two 
samples passed the D2 criteria; hlpva02+water+protein A and hlpva01+water+protein C, 
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since they were above 8 N/mm2. The reference, hlpva02, was close to passing D2. Addition of 
protein as additives or fillers also showed tensile shear strengths in the region of passing the 
D2 criteria. The sample where protein A was added to the emulsions during polymerization 
showed slightly decreased water resistance. Addition of Cross-linking agent B as cross-linking 
agent did not increased the tensile shear strength for the emulsions further (to pass D3).  
 
None of the samples passed the D3 criteria. The samples either had too low tensile shear 
strength or delaminated during water storage or when installed in the Alwetron.  
 
The addition of protein as additives or fillers did not significantly affect the heat resistance 
(WATT 91) compared to the references. A decreased heat resistance could, however, be seen 
when adding protein after compared to during polymerization. The heat resistance was not 
affected when adding Cross-linking agent A as cross-linking agent, but addition of Cross-
linking agent B as cross-linking agent slightly increased the heat resistance.   
 
Figure 4.4 shows the tensile shear strength of the references (hlpva02) and the emulsions 
where protein A and Cross-linking agent B were added after polymerization to the emulsions 
before cold or hot pressing.  
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Figure 4.4 The tensile shear strength of the reference (hlpva02) and the emulsions containing protein A as 
filler and Cross-linking agent B, which were pressed cold and hot.    
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In figure 4.4,  the fiber tear of the D1 samples varied from 80 to 100 %, see Appendix 7. All 
samples passed the D1 criteria.  
 
The fiber tear when testing D2 varied from 0 to 100 %, where the samples which contained 
protein A as filler, Cross-linking agent B as cross-linking agent and were pressed cold had 0 
%. The same samples pressed hot had fiber tears from 10-100 %, see Appendix 7. All samples 
which were pressed hot passed the D2 criteria, but the samples pressed cold did not.  
 
Two samples passed the D3 criteria and these were hlpva_prb01+cross-linking agent 
B+protein A+hot and hlhecc01+ cross-linking agent B+protein A+hot. The other samples 
either had too low tensile shear strength or the samples delaminated during water storage or 
when installed in the Alwetron. Hot pressing is therefore required to increase the water 
resistance when protein A and Cross-linking agent B is present.  
 
As figure 4.4 shows, when testing the heat resistance, hlpva_prb01+cross-linking agent 
B+protein A+hot passed the WATT 91 limit. All samples containing PVA showed improved 
heat resistance compared to the reference.  
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5 Conclusions 
Based on the results presented earlier, the following conclusions can be drawn: 
 

 It was possible to fully or partially replace PVA as protective colloid with renewable 
materials  during  the  emulsion  polymerization  of  VAc.  It  was  also  possible  to  use  
renewable materials as additives/fillers in the resulting emulsions.  

 
 A total of 19 emulsions were synthesized where 17 emulsions were successful. 11 of 

the 17 emulsions had a suitable viscosity for evaluation according to EN 204 and 
WATT 91 standards.  

 
 The emulsions obtained properties that differed from the references. The viscosity was 

shown to decrease for the emulsions with HEC or starch compared to PVA. The 
decrease in viscosity is probably due to less grafting, oxidative degradation and poorer 
stabilization. Generally, emulsions with HEC showed slightly higher MFFT, Tg and 
molecular weight than PVA. Larger particle sizes were obtained when the emulsions 
contained PVA in combination with HEC, starch or protein. The emulsion with starch 
had the largest particle size.  

 
 A total of 26 formulations were pressed either cold or hot. 10 formulations passed the 

criteria for D2. The water resistance (D2) was similar to the references when PVA was 
fully or partially replaced with HEC or starch. The heat resistance was, however, 
decreased. Addition of Cross-linking agent A as cross-linking agent did not increase 
the water resistance (to pass D3) or the heat resistance further. Addition of protein did 
not decrease the water and heat resistance compared to the reference. Addition of 
protein after polymerization increased the water resistance (D2) but decreased the heat 
resistance compared to addition during polymerization. Addition of Cross-linking 
agent B as cross-linking agent did not increase the water resistance for the emulsions 
further. The heat resistance was, however, slightly increased.  

 
 Addition  of  protein  A,  as  a  filler,  combined  with  Cross-linking  agent  B  to  the  

emulsions showed increased water resistances (D2 and D3) when pressing hot. The 
emulsion  with  HEC  as  protective  colloid  and  the  emulsion  with  PVA  as  protective  
colloid and addition of protein B during polymerization passed the D3 criteria. The 
emulsion with protein B also showed an increasing heat resistance when pressing hot 
(passed WATT 91).    
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6 Future work 
 

 Use preheated protein dispersions for addition during polymerization, so that a higher 
amount could be added.  

 
 Press all the emulsions with protein hot instead of cold to improve the water and heat 

resistance and fiber tear.  
 

 Addition of protein A and Cross-linking agent B to the emulsions with high enough 
viscosities for evaluation of EN 204 and WATT 91 where HEC or starch were used as 
protective colloid and thereafter press hot to improve their water and heat resistance. 
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