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Diplomityön teoriaosassa perehdytään mikrobiologiseen elämään ja mikrobitorjuntaan 
polymeeridispersioliuoksissa yleisellä tasolla. Osiossa käydään läpi yleisimmät käytössä 
olevat biosidit sekä niiden aktiivisuuteen vaikuttavia tekijöitä. Teoriaosassa sivutaan myös 
biosidien käyttöä sääteleviä lakeja ja asetuksia sekä esitellään muutamia ”uuden 
sukupolven” vihreitä antimikrobiaalisia materiaaleja. 

Työn kokeellisessa osuudessa tutkittiin mikrobiologisen aktiivisuuden, biosidien käytön 
sekä kemiallisten muuttujien välisiä vuorovaikutuksia polymeeridispersion valmistuksessa. 
Lisäksi työssä selvitettiin kahden antimikrobiaalisen biosidivalmisteen soveltuvuutta 
dispersiotuotteiden säilyttämiseen. Tutkimuksessa käytetyt antimikrobiaaliset valmisteet 
valittiin sillä perusteella, että kitosaani on puhtaasti biopohjainen tuote. Chlorhexidine 
digluconaatti (CHX) valikoitui sen ajatuksen pohjalta, että mahdollisesti löydettäisiin uuden 
tyyppinen säilöntäaine emulsiopolymeereille. Työssä käytettiin seuraavia 
tutkimusmenetelmiä 1) solujen ATP-pitoisuuden mittaus luminometrialla, 2) Easycult- 
määritys, 3) Biosiditoimittajien tekemät rasitustestit ja 4) Biosidi- ja VOC-yhdisteiden 
kromatografiset pitoisuusmääritykset.  

Saatujen tulosten perusteella voitiin havaita, että eri kemialliset muuttujat vaikuttivat 
biosidien toimintaan. Esimerkiksi pH:n muutos vaikutti polymeeridispersioiden 
säilyvyyteen. Samoin redox kemikaalien suhteella havaittiin olevan merkitystä biosidien 
säilyvyyteen. Lisäksi havaittiin että kitosaani ja chlorhexidine digluconaatti toimivat 
antimikrobiaalisina aineina alhaisilla bakteeripitoisuuksilla. Suurilla bakteeripitoisuuksilla 
nämä aineet eivät suojanneet polymeeriemulsiotuotteita mikrobikontaminaatioilta. 
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The theoretical part of the thesis introduces microbiological life and microbial control in 
water borne polymer dispersion in general. This section covers the most common biocides 
in use and the factors that influence their activity. The theory section also introduces laws 
and regulations governing the use of biocides and presents some "new generation" green 
antimicrobial materials. 

In the experimental part, the interaction between microbiological activity, the use of biocides 
and chemical variables in the preparation of polymer dispersion was investigated. In 
addition, the suitability of two antimicrobial biocidal products for the preservation of water 
borne dispersions was investigated. The antimicrobial products were chosen on the basis 
that chitosan is a purely biobased product.  Chlorhexidine digluconate (CHX) was selected 
on the basis of other interesting research findings.  In this thesis the following research 
methods were used: 1) measurement of cellular ATP content by luminometry, 2) Easycult 
assay, 3) biocide supplier stress tests, and 4) biocide and VOC concentration 
chromatographic assays. 

Based on the results obtained it was found that different chemical variables influenced the 
function of the biocides. For example, the changes in pH significantly affected the stability 
of a particular polymer dispersion and the ratio of redox chemicals significantly affected the 
degradation of the biocidal products. In addition, chitosan and chlorhexidine digluconate act 
as antimicrobial agents at low bacterial concentrations. At high bacterial concentrations, 
these agents did not protect the polymer dispersion products from the microbial 
contamination. 
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LITERATURE REVIEW 

1 Introduction 

 

Water borne polymer dispersions, which are also called emulsion polymers, are extensively 

used as binders in different applications like manufacturing of paints, inks, adhesives, paper 

coatings and non-woven fabrics (Gillatt 2005 and Vähä-Nissi et al. 2011).  The polymer 

dispersions are composed of colloidal synthetic polymer particles in water. Typically, the 

range of particle size is between 1nm to 1µm and they are dispersed in aqueous-based 

medium. Normally, industrially produced polymer dispersion contains 40-60% polymer 

(Yamak 2013). In Table 1 some typical polymers are presented (McGough et al. 2015). 

 

Table 1. Typical polymers. Taken from article McGough et al. 2015. 

 

There are three different kinds of emulsion polymerization processes: batch polymerization, 

semi-continuous and continuous condensation polymerization process. The semi-continuous 

process is commonly used method, because of its operational flexibility (Yamak 2013).  

 

The main components in the emulsion polymerization process apart from water are 

monomers, emulsifiers, and initiators, (Gillatt 2005 and McGough et al. 2015). Furthermore, 

supplementary raw materials are needed e.g. buffering components, like bases or acids, 

chain transfer agents and biocides (McGough et al. 2015). Generally, it can be concluded 
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that the precise composition of polymer dispersion formulation depends on the nature of the 

polymer.  The pH varies a lot between different polymer dispersion types. For example 

Ethylene Vinyl Acetate (EVA) or Poly Vinyl Acetate dispersions are acidic, and styrene 

acrylic or styrene butadiene formulations are relatively alkaline (Gillatt 2005). Because 

polymer dispersions are water borne formulations, they are fairly susceptible to microbial 

contaminations. When the microorganism infection occurs, several impacts can be noticed, 

such as viscosity change, pH changes, gas formation, colour and odor changes (Gillatt 2005 

and McGough et al. 2015).  The prevention of microbial contamination requires the use of 

the preservative (biocide) agents. Careful consideration is needed in choosing an appropriate 

biocide. The biocide should meet the demands of the raw material and chemical environment 

of the dispersion formulation. Also legislative limitations, which are relevant to the end use 

of the dispersion product, have to be taken into account (Gillatt 2005). The prevention of 

microbial contaminations requires that all manufacturing steps are closely monitored, and 

the use of sampling and experimental procedures are controlled to ensure efficiency of the 

selected biocide system (Gillatt 2005). 
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1.1 Manufacturing of polymer dispersions 

 

In addition to water, three major elements are needed to produce the polymer dispersion, 

monomers, initiators and surfactants. This sounds easy, but, manufacturing of polymer 

dispersion is a complicated process. E.g. commonly used free-radical polymerization 

process comprises many different components and stages.  

 

Apart from these four main components emulsion polymerization process needs chain 

transfer agents, which regulate the molar mass and molar mass distribution of formed 

polymer chains. Different kind of buffering component like acids or bases are used to control 

the pH (Chern 2006, Anderson and Daniels 2003, Yamak 2013). At the end of the process 

biocides are added to prevent microbial contamination.  

 

In Figure 1 a schematic overview of a polymerization process is presented.  The process 

initiates by emulsification of the comparatively hydrophobic monomer(s) with the help of 

emulsifiers in water. At next, a water-soluble or an oil soluble free-radical initiator is added, 

which initiates polymerization. Finally, at the end of the reaction, a milky liquid – a polymer 

dispersion is obtained (Yamak 2013).  

 

Figure 1. General diagram of polymer dispersion polymerization. 

 

Initiators are key elements because they are needed to generate radicals which activates the 

polymerization reaction. Typical examples of initiators (Figure 2) are hydrogen peroxide, 
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persulfates, organic peroxides, persulfate-bisulfite and azo compounds (Yamak 2013).  The 

activation of the initiators can be made by two different ways: by heat (thermal initiators) or 

based on the redox system (Yamak 2013).  

 

 

Figure 2. Examples of the main type’s initiators (Yamak 2013). 

 

In the first stage the free radicals are produced e.g. heat activation. Then formed radicals 

react with active site of monomer molecule to form a larger free radical complex, which in 

turn reacts with the next monomer molecule. This causes growing of the polymer chain. 

Termination of the polymerization reaction occurs once free electrons react with chain 

transfer agents or with another free radical molecule, or by inhibitors (Yamak 2013).   

Temperature has an important role in polymer dispersion manufacturing. When thermal 

initiators are used, the reactor temperature can reach as high as 90°C and if redox initiator is 

used in the polymerization, the reactor temperature is between 40-50°C (Chern 2006, Yamak 

2013). 
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1.2 Objectives 

 

The objectives of this thesis are to collect information about biocides used in the manufacture 

of water borne polymer dispersions and how to respond to changes in laws and regulations 

controlling the use of biocides. Above all, the thesis also aims to acquire new knowledge on 

the suitability and use of biobased biocidal products in dispersion products.  

 

In the experimental part, different experimental models were used to test the functionality 

of selected biocides in polymer dispersion preservation. 

The specific objectives were: 

1. Screening biocidal effect of desired biocide system.  

2. Determination of the preserving effect of chemical preservatives in polymer 

dispersions by using an accredited challenge tests. 

3. To study how different redox chemical ration affects to the biocide activity. 
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2 Microbial contamination 

 

The presence of a microorganism may be harmful to the water borne polymer dispersion 

products. Contamination affects many different physical properties of the product, including 

pH, viscosity, stability of dispersion, stability of product storage, causing the sedimentation 

of product, or in worst-case, microbial contamination leads to product degradation. In 

addition to physical effects, microbe contamination affects the qualitative characteristics of 

the product, such as color and odor. Also, the formation of fermentation gases affects the 

qualitative characteristics of the product. The poor quality of the product greatly influences 

customer satisfaction. Therefore there is no reason to underestimate microbial contamination 

when considering product quality. In the production plants it is not realistic to expect aseptic 

conditions. Rather, the most important goal is to prevent the microbial growth in the final 

product by maintaining good plant hygiene and choosing right biocide products. 

2.1 A brief history to microbiology 

The story of cell biology as well as the history of microbiology is considered to have begun 

more than three hundred years ago when the English scientist Robert Hooke in 1665 

described cellular structures from the bark of a cork tree with a relative crude microscope. 

Based on these observations, Hooke reported that the world tiniest structural units were so 

called “little compartments” or cells. The term cell originates from the Latin word cellula 

which imply “little room”. Hooke´s discovery was a significant starting point of the cell 

theory –the theory that “all living things are composed of little boxes” or cells (Tortotora et 

al. 2013).   

The magnification of the Hooke´s microscopy was limited only 30x which was well enough 

to show large objects. A few year later the Dutch “amateur” scientist Anton van 

Leeuwenhoek prepared a microscope lenses that could magnify objects to almost 300x of 

their normal size (Hardin, et al., 2012).  During these times this was a significant invention 

and by using these new type of lenses van Leeuwenhoek (1674) was the first scientist who 

described “animalcules” or living organisms including bacteria from his teeth and single cell 

organisms like algae and protozoa found in pond water (Hardin et al. 2012 and Tortotora et 
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al. 2013). Based on these and many other important findings, van Leeuwenhoek is generally 

recognized as the father of microbiology. Figure 3 shows van Leeuwenhoek drawings of 

bacteria. Figure is taken from one of the theme article which is wrote to celebrate 350 years 

of “Philosophical Transactions: life science papers” (Lane 2015). 

Figure 3. Leeuwenhoek´s drawings of bacteria. Image 
taken form the article: “The unseen world: reflections on Leeuwenhoek (1677)” by Lane N 2015  

 

2.2 Classification of microorganisms 

The term of microorganism comes from the Greek words mikrós (µικρός) which means 

“small” and organismoús (οργανισµούς) which means “organisms” and it describes 

microscopic organisms which could have unicellular or multicellular structures. The 

classification of microorganisms is very broad and complex area and its complete review 

would be beyond the scope of this thesis. Consequently, only a short general overview of 

microorganism’s and their classification is provided in this section.  

 

Before more detailed observations on the fine structure of the cells and better knowledge of 

biochemistry, the living world was roughly divided into five main groups based on distinct 

patterns such as nutrition or shapes of organisms: bacteria, protozoa, plants, fungi and 

animals. By the developments of microscopic research methods and biochemistry research 

methods in the 1950s, it was possible to distinguish bacteria from other organisms into their 

own group, prokaryotes (Greek pro (πρό)”before” and karyon (κάρυον)”nut or kernel”). 

Another group formed by single and multi-cell organisms is called eukaryotes (Greek eu 
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(ευ)"well or true"). The most significant difference between these two groups is that there is 

no nucleus in the bacterial cells and no other intracellular membrane-surrounding cellular 

structures. In addition, the bacterial cells lack a typical intracellular filamentous structure 

called cytoskeleton. Figure 4 shows structural differences between the prokaryotic and the 

eukaryotic cell. 

 

 

 

Figure 4. Illustration of important structural differences of the prokaryotic and eukaryotic cells. 
Taken from https://micro.magnet.fsu.edu/cells 

As the RNA based research methods improved, it become clear that the bacteria cells could 

be separated in to two distinct groups: eubacteria “true bacteria” and archaebacteria (Greek 

arkhe (ἀρχή)” beginning”. Based on these findings American microbiologist Carl Woese 

presented a generally accepted new phylogenetic system classification in 1978. This model 

classification based on the cellular organization of organisms. With this model, all living 

organisms can be classified into three groups as follows: 1) Bacteria, 2) Archaea and 3) 

Eukarya (Tortotora et al. 2013). The Figure 5 shows simplified model of phylogenic tree 

(Woese et al. 1990). The Table 2 summarizes the main differences of the eukaryote, the 

bacterium and arkhaea.  
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Figure 5. General presentation of the universal phylogenetic tree, showing the three main domains. 
Taken from the article Woese et al. 1990 
 
 
 

Table 2. List of the main differences of the Prokaryotes and Eukaryotes. 

  Prokaryotes   Eukaryotes 

Domain Bacteria Archaea Eukaryota 

Cell nucleus no no yes 

Membrane bound organelles no no yes 

Cell type mainly unicellular mainly unicellular mainly 

multicellular 

Location of the genetic 

material 

cytoplasm cytoplasm nucleus 

Cell compartment structures poor poor dense 

Cell dimensions (µm) 1 to 10 1 to 10 10 to100 

Examples Streptococcus sp., Methanococci mammalian, fungi, 

  E coli   algae and plants 

 

 

2.3 Microbiology of the polymer dispersions 

 

The composition of the polymer dispersion solutions such as the wide pH range (3.5-9.5), 

high water content and content of the different kind of nutrients primarily organic or 

inorganic sources (Gillatt 2005 and McGough et al. 2015) offer excellent conditions for the 

microbial growth. Gillatt 2005 reviewed that the wide pH range and the fact that emulsion 

polymers are water based determine their degree of susceptibility to microbial 

contamination. It is well known that different microorganisms favor different pH values. For 

example the acidic pH environments are favorable for the growth of fungi, molds and yeast 

while bacteria cells favor more alkaline growth environments (Gillatt 2005 and ECPA 2018). 

Figure 6 shows an overview of the typical pH range of the different microorganisms.  
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Figure 6. General overview of the typical pH range of the different microorganisms. Taken from 
ECPA 2018. 
 
 
There are always exceptions, because microorganisms can adapt in different growth 

environments. There are examples that a few fungi species can grow above pH 9, and vice 

versa, there are bacterial species which can grow at acidic conditions. In conclusion, the pH 

of most water borne polymer dispersion solutions fall within a range which support the 

growth of microorganisms (ECPA 2018). 

Different nutrition sources such as organic or inorganic substances also have major impact 

on microbial growth. Gillatt 2005 reviewed several different studies where raw materials 

have relevant impact on growth of microorganisms. In his study on the polymer dispersions 

containing ethylene Elsom (1988) found out, that especially ethylene / ethylene copolymers, 

were particularly sensitive to microbial contamination. These findings indicated that 

ethylene influenced microbial growth (reviewed by Gillatt 2005).  

In recent decades, the legislation governing the use of chemicals has changed significantly 

(Gillatt 2005). Due to these changes, for example residual concentrations of the chemicals 

in polymer dispersions have decisively decreased e.g. the residual concentrations of free 

monomers. It is a well-known fact that free monomers can inhibit the growth of 

microorganisms, but developments of the reduction of monomer concentrations have led 

that polymer dispersion products are more and more susceptible to microbial contamination 

(Conquer 1993). It has also been proven that other components influence emulsion polymer 

susceptibility to microbial contamination. Jakubowski et al. (1982) demonstrated that 
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various raw materials have sensitivity to microbiological contamination, for example 

Jakubowski et al. showed that different surfactants and anti-foaming agents were very 

sensitive to microbial contaminations. The chemistry of various polymer dispersions in the 

manufacturing processes and applications provide all the essential ingredients that the 

microorganisms need for reproduction and growth (Gillatt 2005).  The current trend is to 

make and provide polymer dispersions where "organic emissions" are as low as possible, 

using specific methods to remove or reduce such components. In addition, active product 

development seeks to find "greener" raw materials to produce polymer dispersions. For this 

reason, more attention should be paid to prevention of microbial contamination in polymer 

dispersion. 

2.3.1 Types of microorganisms  

 

Microorganisms that generally cause contamination in the polymer dispersion can be divided 

into two main biological kingdoms: bacteria (prokaryotes) and fungi (eukaryotes). 

Microorganisms are very modest regarding the nutrition they use. Based on a nutrition 

source, they can be divided into four main categories 1) Heterotrophs which use an organic 

carbon source as an energy source, 2) Autotrophs acquire carbon source from CO2, 3) 

Phototrophs utilize light as energy source and 4) Chemotrophs extract energy from organic 

(organotrophs) or an inorganic (lithotrophs) compounds (Tortotora et al. 2013). 

Microorganisms have different requirements for the oxygen relationships. Some 

microorganisms require oxygen to grow (aerobes). Others grow only in anaerobic conditions 

(anaerobes). In addition, a microorganisms can be found that can grow with or without 

oxygen (facultative anaerobes). Further, the classification for microorganism species can be 

done based on the growth temperature requirements: Psychrophiles grow below 20°C, 

Mesophiles grow at 25-40°C, Thermophiles grow at temperature 45-60°C and 

Hyperthermophiles grow at 60°C (Tortotora et al. 2013). In conclusion, the most of the 

microorganisms that are living in the natural habitats also appear in the specimens of water 

borne polymer dispersions as well as in the products formulated from them. Gillatt (2005) 

presents a table which summarizes several literature studies of different microorganisms 
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species which are the most common sources of contamination in polymer dispersion 

products Table 3. 

Table 3. Examples microorganisms which are found from polymer dispersions (Gillatt 2005). 

 

 
Bacteria 
 

Most people think of bacteria as invisible “nasty little creatures” but in fact relatively few of 

bacteria species are potentially pathogens in humans, animals or any other organisms. If you 

study more about microbiology, you will realize, that without bacteria the life as we know 

would not be possible. Although, in general, bacteria are important organisms from an 

environmental point of view. The key point in this thesis work is to look at the adverse 

effects of bacteria on industry. A major challenge for industry is to control the microbial 

growth of materials and to protect materials from biodegradation. 
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Typically, bacteria cells are small, the diameter of few micrometer. They are single cell 

organism and depending on bacteria species, the shapes ranges from rods, spheres to spirals 

with or without pili to mobility. Examples of some bacterial species (Figure 7) which can be 

found in polymer dispersions include Bacillus sp and Pseudonomas sp see Table 3. In the 

industrial environment bacterial can be found almost everywhere e.g. from final polymer 

dispersion product. Bacterial cells can be present in raw materials, in process water and in 

packaging components like IBC container or tank truck as well as in or outside process 

equipment’s like factory walls, floors, in the air etc. The potential contamination sources 

will be discussed in more detail in a later paragraph 2.3.3 Source of microbial contamination. 

 

Figure 7. SEM image from Pseudomonas sp. (ECPA 2018). 

 

Bacterial cell reproduces asexually by the binary fission where the cell reproduces itself and 

divides itself into two genetically identical cells. The growth of bacterial cells can be 

described by a growth curve. The growth curve can be separated into four different growth 

phases Figure 8 (Tortotora et al. 2013).  

When bacteria cells are inoculated into new growth environment the cells do not 

immediately reproduce. This first stage is called lag phase and it can last from 1 hour to 

several days. At this stage the cell population does not divide but population tends to adapt 

to changes in environmental conditions by intense metabolic activity, cells start synthesis of 

the initial growth enzymes and various other enzymes which are needed to produce vital 

metabolites. Once bacteria have reach optimal level of the vital metabolites, the cells begin 

to divide, and bacteria cells enter a period of growth. This phase is named as log phase or 

exponential growth phase. In this this phase cells are viable and divide with a very high 

rate. The speed of the cell division is species specific and also depends on the growth 

conditions. Under ideal condition bacterial cells can divide in every 20 to 30 minutes. This 

explosive proliferation of cells indicates that problems associated with bacterial 
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contamination occur very quickly. Eventually, the cell proliferation rate slows because the 

increased number of bacterial cell deaths balances the number of the viable cells. This 

equilibrium state is named stationary phase. At some stages, the environmental factors 

become limited and cells have consumed all nutrient sources. Then the bacterial populations 

enter to dead phase. This does not mean the ultimate destruction of cell population; always 

a small number of survivors remain and continue to live often for months or even years, and 

these survivors have opportunity to eventually create a new population, especially when 

contaminating species can form endospores (Tortotora et al. 2013 and CropLife Int. 2018). 

 

Figure 8. The sequential growth curve of bacterial cell populations. Taken from ECPA 2018  

In addition to rapid growth rate of the bacterial cells, the rapid genetic transformation of 

bacteria makes them an excellent survivor in changing environments. Bacteria can modify 

their genetic structure very quickly through mutations. This high genetic mutation rate helps 

the bacteria cells to response to environmental changes which can slow down population 

growth, e.g. bacteria cells can create resistant strains to destructive chemicals such as 

biocides. 

Fungus (yeast and molds) 
 

The fungi encountered in industrial environments can be divided in two groups: Molds and 

yeast. Generally, fungi have rapid growth rate if environmental conditions are right and like 

bacteria cells, fungi have great ability to adapt fast to environmental changes, modifying the 

genetic material by mutations. Examples of some mold and yeast which can be found in 

polymer dispersions is given in Table 3. 
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Molds 

The size range of Molds is quite diverse from small micron size (Figure 9) to large structure 

which can be observed with a naked eye. Normally molds consist of long filaments which 

are formed from cells joined together. These filaments called hyphae. In strong molds 

contamination hyphae can form large mats on the surface of polymer dispersions. In the 

strong reproductive phase molds typically form spores which can distributed on the air and 

freely distributed in the surrounding environment to enter products, raw materials or 

manufacturing equipment etc. (ECPA 2018). 

 

Figure 9. SEM image from Molds (ECPA 2018). 

 

Yeast 

Yeast are small non-filamentous single cellular fungi that are typically 3-4-micron diameter 

oval or spherical and like molds yeast are broadly distributed in nature. According to the 

reproductive method yeasts can be divided in two classes budding yeast and fission yeast 

Figure 10. In budding the parent cell forms so called bud on its outer surface. Before bud 

leaves from parent cells the nucleus of the parent cells divides, and newly formed daughter 

nuclei migrates into the bud. Finally, new cell wall forms between the bud and parent cells 

and bud detach. Fission yeast produce two new daughter cells by cell division (Tortotora et 

al. 2013). Yeasts are facultative anaerobic organisms which means they are capable use 

oxygen or an organic compound in their metabolic pathways. This is notable attribute 

because it gives a significant benefit to survive in various environments (Tortotora et al. 

2013). 
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Figure 10. SEM image from Yeast (ECPA 2018). 

 

2.3.2 Impact of microbial contamination 
 

Effects on the polymer dispersion 

If contamination occurs, its consequences can be serious. Contamination greatly affects the 

polymer dispersion product, impairing its quantitative properties, and furthermore, the 

contamination also affects end products e.g. adhesives and coatings (McGough et al. 2015). 

General the composition of the emulsion polymer with a relatively high nutrition level and 

high water content offers excellent environment for the microbial growth. It has been shown 

that growth of microorganisms and their metabolic side products can cause the breakdown 

of polymer dispersion. Gillatt (2005) presents a table which summarizes several literature 

studies of different factors which are influenced by the presence of the microorganisms or 

their metabolic side products Table 4. In the next chapters we are going through certain of 

these factors. 

Table 4. Effects of the microorganism’s contamination (Gillatt 2005) 

 

Viscosity Changes 

In the polymer dispersions and formulated products viscosity loss is generally the most 

frequently observed effect of microbial contamination. Viscosity loss is caused by 

breakdown of colloids and surfactant-stabilizing compounds by microbial strike or by 

function of the extracellular enzymes (Gillatt 2005).  Another effect of viscosity instability 
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is phase separation. Basically, this means that in the non-homogeneous dispersion a thinner 

top layer and thicker bottom layer are formed (Gillat 2005 and McGough et al. 2015). Loss 

of the product rheology and viscosity are fundamental for the product applicability which 

usually leads to that the contaminated product is unusable. 

pH Changes 

Generally, the most common side products of metabolic pathways are organic acids. These 

acids can cause a decrease in pH by one or several pH units. In the polymer dispersions 

breaking down of the colloidal components by the fermentative metabolic function of 

microorganisms causes the reduction of the pH (Gillatt 2005 and McGough et al. 2015). 

Also, formation of the acidic conditions can contribute corrosive effect on the production 

plant´s equipment surface (McGough et al. 2015). 

Gas Formation 

The functions of fermentative bacteria cause initial gas production which is most commonly 

carbon dioxide.  The metabolism of fermentative bacteria breaks down different kind of 

colloidal components and this metabolic function causes severe gas formation. Generally, 

gas production is not detected during production, but during the storage it causes distortion 

of the storage containers. The production of gas is often connected with production of 

unpleasant odors (Gillatt 2005).  

Odor or Color Development 

The smell of “rotten egg” is common proof of the contamination with sulfur-reducing 

bacteria species. Also, sulfur-reducing bacteria can cause color development to polymer 

dispersions. Commonly color changes are caused by formation of iron sulphite which is 

metabolic byproduct of the sulphate reducing bacteria. Other microbial organisms such as 

the pink yeast Rhodotorula rubra and Sporobolomyces roseus and some other pigmented 

molds can cause color development in the dispersion products (Gillatt 2005 and McGough 

et al. 2015). 
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Effects on production plant equipment 

In the addition to the effects on the polymer dispersions the contamination of microbial 

organisms can cause other problems in the production plants. For example, biofilm 

formation on the different plant equipment such as pipeline, reactors, mixing and storage 

vessels may cause filtration a blockages problem Figure 11. Also, in several cases microbial 

populations within the biofilm can cause increased risk of the corrosion formation of metal 

surfaces in the plant (Gillatt 2005 and McGough et al. 2015) Figure 11.   

 

Figure 11. Examples of some equipment in production plants where biofilm formation cause 
increased risk of the microorganism contamination or corrosion formation. 

Environmental Concerns  

Microbial contamination can also cause serious environmental problems inside the 

production area. For example process operators and other plant personnel may be exposed 

to unpleasant odors or in the worst case exposed to potential pathogenic micro-organisms or 

microbial spores. The overexposure to microbial spores can lead to respiratory disease and 

asthmatic symptoms. Another example of environmental effects is the disposal of large 

quantities of contaminated dispersion. Such disposal is usually difficult and risky for the 

environmental point of view and, above all it causes significant financial losses for the 

company (Gillatt 2005). 
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2.3.3 Source of microbial contamination 
 

Water borne polymer dispersions are infrequently contaminated at the first stage of 

manufacturing process such as polymerization reaction. Therefore, it is assumed that in most 

cases contamination takes place after this (Gillatt 2005). When the major contamination 

occurs, the initial response is to focus on wiping out the source of contamination and in 

several cases the identification of the real source of contamination is checked afterwards or 

not at all. In many cases the sources of contamination are known and are controlled within 

by manufacturer (Gillatt 1993). Table 5 presents the general sources of microorganism 

contamination. 

Table 5. Source of contaminations. Taken from Gillatt 2005. 

 

Airborne contamination 

The air is a limitless source of microbial contamination, in many cases is overlooked because 

microorganisms cannot been tasted, smelled or seen with a bare eye. It is a fact that we live 

in balance with a broad spectrum of different kinds of microbial organisms in the nature. 

The air is full of human and animal dust as well as plant dust from flowers or trees, which 

can lead to many different yeast and mold contamination. These are typical examples of 

hazards for any kind industry which are dealing with aqueous-based products that are 

sensitive to microbial contamination (Gillatt 2005). During summertime the risk of air 

contamination increases a lot because the wind blows soil dusts in air. This microbe rich 

dust enters the factory through doors and windows which are left open for cooling and causes 

microbial spoilage, particularly in the open areas of the factory (Gillat 2005). Therefore, it 

is important to protect susceptible materials like raw material and packaging material from 

air microbial exposure. For example, all tanks should be closed unless there is a need to open 

them and raw material containers or bags should be sealed right after use (ECPA 2018). 
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Water 

Water is the primary raw component in aqueous polydispersion compositions. Water is also 

primary growth factor for the most microbial organisms. However, in many cases the process 

water is not a primary factor of any kind of microbial contamination, because living 

microorganism tend to die in harsh environment of the reactor. Nevertheless, there are spores 

of different microorganisms which can survive in the environment of reactor and cause the 

microbial contamination soon after production (Gillatt 2005 and McGough et al. 2015). So, 

it is important that process water is treated or filtrated well before use. The Figure 12 presents 

a schematic overview of polydispersion production and possible manufacturing stages where 

microbial contamination can occur.   

 

Figure 12. Schematic overview of manufacturing polymer dispersion plant and locations where 
microbiological contamination can occur.  

Raw materials 

Raw materials used in water borne polydispersion formulations are potential microbial 

contamination sources. Principally all water based raw materials have the same potential 

contamination risk as the final products (e.g. antifoam dispersions, emulsifier or dispersing 
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agent solutions and thickening solutions). Even solid raw materials like powders and 

granules, can be contaminated with spores of fungi or bacteria which can germinate once 

spores are placed to aqueous environment (Gillatt 2005 and McGough et al. 2015). Raw 

materials from natural sources are especially susceptible to microbial contamination e.g. 

starch thickeners. Therefore, it is very important to conduct periodically raw material 

checking especially with those materials which are known to be very sensitive and could 

support of fast microbial growth (ECHA 2018).  

The production plant 

Previous chapters have been dealing of the raw materials used in the water borne polymer 

dispersions and their role as a source of contamination. However, in many cases the factory 

itself is one of the most important sources of microbial contamination. This may be due to 

several different factors as shown in figure 10 above. The pipelines, tubing, different vessels 

and storage tanks may be potential source of microbial infection. For example, it is very 

common for production plants to have very long pipelines that may have sharp bends and 

dead spots. These structures allow the accumulation of raw materials, products and wash 

water. Microbial growth can appear fast in such points and can become source of 

contamination for next product which is pumped through the pipeline.  Also, flexible tubing 

is used in product transfer, and improperly stored and cleaned tubes can form one source of 

infection (Gillatt 2005). Furthermore, uncleaned mixing vessels or bulk storage tanks form 

an increased risk for the contamination. Therefore, is very important to do regular cleaning 

and sterilizing of storage tanks and vessels.  In Figure 13 is described schematically the 

potential hot spots of contamination in mixing vessel. 
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Figure 13. Possible contamination sites in a mixing vessel.  

 

In addition to these, the production process itself must be designed to minimize the risk of 

contamination. Also, loading the product for transportation must be done with care and 

ensure that the tanks and container reserved for transport are as clean as possible (Gillatt 

2005). 

2.3.4 Avoiding of microbial contamination 
 

To avoid microbial contamination and to retain polymer dispersion beneficial properties, it 

is important that biodegradation of the product is prevented (Gillatt 2005).  

There are two ways how to do it:   

1. The control of the organisms that may encounter the product  

2. The use of a sufficiently effective biocide  

This chapter introduces ways to maintain an adequate level of factory hygiene.  
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In mechanical cleaning high pressure spraying or scrubbing parts/surfaces with a brush is 

used. In many cases mechanical cleaning may be the only way to remove a bacterial biofilm. 

This high-pressure cleaning is generally used for larger parts in the plant such as vessels, 

storage tanks, sieves, large piping systems (ECPA 2018).  

 

All parts and surfaces in a production facility are not easily accessible. Therefore, chemical 

cleaning is often used to reach areas which are impossible to clean by using mechanical 

cleaning. Many kinds of chemical agents like different acids, solvents or detergents are 

commercially available (ECPA 2018).  

 

In some cases, mechanical or chemical cleaning is not appropriate to eliminate microbial 

growth from a process. Therefore, a disinfectant agent may be needed. As listed above acids 

and solvents can serve as disinfectants but there are also other chemical disinfectants 

commercially available e.g. sodium hypochlorite, hydrogen peroxide or quaternary alkylated 

ammonium chloride mixtures (ECPA 2018)  

 

In addition of these, the use of hot water or steam is a very efficient method.  A typical 

treatment is to use at least 70°C water with a minimum of 1-hour treatment time. The contact 

time can be reduced by using higher temperature of water. The advantage of this method is 

that there is no need for any added chemical. However, there are some disadvantages of this 

method like energy cost and potential safety issues (ECPA 2018).   

 

The selection of the cleaning and disinfection methods depend on the type of microbial 

problem. In conclusion, every plant is different, and what works for one, may not work for 

the other. Furthermore, other factors like waste disposal regulations may affect the decision 

which method is used (ECPA 2018). 
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3 Biocides  

 

Throughout history, people have tried to prevent, control and kill microbes long before 

microbial existence was known. Many different methods have been used to preserve of 

materials e.g. food or drinking water. These ancient methods were effective even though the 

scientific basis was not fully understood. For example, one of the first verified cases of 

chemical preservation comes from Persian Empire (450BC) where boiled water stored in 

copper or silver containers (Sondossi 2004). In that time this portable water supply was great 

invention for the military uses of Persian army. In the Middle Ages the Arabic doctors used 

mercuric chloride as a wound dressing, which is another example of the ancient usage of 

biocidal agents (Sondossi 2004). Since the 1800´s biocidal agents have been actively used 

in many industrial sectors for example the paper and pulp industry. 

From these historical observations and methods, science has progressed with giant leaps and 

bounds, and today's knowledge of microorganisms and biocidal agents is in totally different 

level from earlier ages.  However, history helps us to understand that biocides are not a new 

invention. Nowadays the use of biocides as a preservative is accepted and very common, 

and economically, the production of biocides is a very profitable business.  Global market 

of biocides was valuated at about 6,479 million dollars in 2015 and it is expected to reach 

9,912 million dollars in 2022 (www document, Allied Market Research). Nevertheless, the 

usage and concentration of biocides in products is being restricted by tightening legislation. 

3.1 General 

 

The term biocide can be derived from Greek word, bios “life” and from Latin word cadere 

“to kill/to die” reviewed by Sauer (2017). According to the Regulation on Biocidal Products 

(BPR, Regulation (EU) 528/2012), biocidal products are defined as products which are used 

to protect humans, animals, materials, objects from harmful organisms such as pests or 

micro-organisms such as bacteria or molds. In a narrower meaning, the term microbicides 

can be used, but this term only covers antimicrobial compounds like bactericides, fungicide 

or algicide (Sauer 2017). There are two ways how biocides act, 1) by directly killing 
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microorganisms (biocidal effect) or 2) by growth inhibition (biostatic effect) (Sauer 2017). 

Gillatt (2005) has listed several key properties what the ideal biocides should have: 

• have broad-spectrum antimicrobial activity towards microbes 

• be applicable in different range of operating conditions, such as pH, temperature and 

should be stable in various chemical compounds 

• be applicable with a broad range of polymer types 

• environmentally safe: low toxicity and ecotoxicology 

• safe and ease handling 

• cost effective 

• legally accepted: relevant regulatory approvals 

Generally, there is no such biocide product which covers all these requirements and none of 

the biocide products is suitable for all applications. So, the selection which biocide product 

is used, is always product specific. Figure 14 gives schematic example for different fields of 

coating protection (Sauer 2017). 

 

Figure 14. Example for the different coating protection. Taken from Sauer 2017. 
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3.2 Regulatory of Biocides  

 

Nowadays, non-toxicity, biodegradability and consumer’s awareness of the chemicals used 

in e.g. paints, adhesives and sealants, have led to stricter control on commercial products 

e.g. non-skin sensitizers or lower VOCs (McGough et al. 2015). Therefore, for example the 

choice of a suitable biocide product for a given polymer dispersion product can be 

challenging.  Especially product which ends into use of food industry must comply with 

strict food legislation. 

The EPA (United States Environmental Protection Agency) regulates the usage of biocidal 

products in the United States.  The Regulation on Biocidal Products (BPR, Regulation (EU) 

No 528/2012) of the European Parliament regulates the sale and use of biocidal products in 

Europe.  The main objective of BPR is to promote the functioning of the biocidal products 

in internal market and most importantly to ensure the safety of the biocidal products to 

human and animal as well as environment (ECHA). For example, a decision taken by the 

European Commission on October 4th 2018 (Regulation (EU) 2018/1480) defines, that from 

May 1st 2020 onwards > 10 ppm Methylisothiazolinone (MIT) has to be labelled  as ”skin 

sensitive 1A, H317” (www document, Eur-Lex). Therefore, e.g. paint manufacturers 

consider replacing MIT with other biocidal products at least in interior paints.  

All biocidal products need an authorization before they can be placed on the market. The 

authorization process has two stages, 1) the active substance of the biocidal product must be 

accepted at EU level. This means a careful assessment of the hazardous properties and 

potential risks of the active substance of biocidal product, and 2) the biocidal product must 

be authorized at EU or national level of the member states (ECHA). 

There is a different approach for the active substances that were on the market before BPR 

regulation came into force. These products are granted a transition period. During a 

transitional period, these active substances can continue to be in market in accordance with 

national regulations. However, the substances will be reassessed (hazardous properties and 

potential risks) during the transitional period. The classification of biocides in the BPR is 
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divided into 22 product types which are listed below (ECHA, product types) Table 6. The 

most important group for this work is the preservatives and the product group 6 (PT6):  

 

Table 6. The classification of biocides by the BPR. 

  

 

At national level, the sale and use of biocides in Finland is regulated by the Finnish Safety 

and Chemicals Agency (Tukes). 
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3.3 Classification and function mechanisms of biocides 

 

The aim of usage of biocides is the reduction of number of microorganisms.  However, but 

simply using the biocidal agents does not necessarily reduce microbial growth rate. 

Therefore, it is very important to know what kind of biocide is used and the correct 

concentration. The usage of incorrect biocidal application may in many cases lead in 

microbial contamination and finally cause significant economic losses (Cloete 1998). 

From a biological point of view, it can be said that different bacterial strains react differently 

to different chemical compounds. This is due to that bacterial strains have a different 

phenotypic property, including different properties of cell membranes e.g. Gram-negative 

bacteria (GN bacteria) have supplementary material of cell wall and therefore these bacteria 

strains are more resistant to biocidal effects than Gram-positive bacteria (GP bacteria) 

stains. Also, the genotypic differences between in different bacterial strains, may cause 

problems because bacterial cells cannot only adapt to growing in different chemical 

products, bacteria cell can also adapt to the biocide agents being used to control them, 

changes in DNA structure cause the chemical resistance (Araújo et. al.2011 and Paulus 

2005). Therefore, when selecting biocides it is important to know in general which 

microorganisms are dominant in product(s) (Araújo et. al.2011). The action mechanisms of 

the biocides can be divided into two main classes 1) the electrophiles and 2) the membrane 

active. These two categories can be divided into four modes of action: the oxidants, the 

electrophiles, the lytic also called cationic membrane biocides and the protonophores Figure 

15 (Chapman 2003). 

 

Figure 15. The action mechanism of biocides. Taken from Chapman 2003. 



 
 

36 
 

The oxidants are rapid killing agents such as peroxides or halogen compounds. They act via 

radical-mediated reaction by oxidizing organic cellular material. Isothiazolones, 

formaldehyde or inorganic ions such as copper, silver, are examples of electrophilic agents. 

These substances react covalently with cellular nucleophiles inactivating cellular enzymes. 

Lytic biocides like phenols or alcohols attack to the cell membranes and cause 

destabilization of membrane structure leading the rapid cell lysis. The weak acids, parabens 

and pyrithione are examples from protonophores. These biocides interfere the function of 

the cell membrane like cell membrane ability to maintain a prober pH balance of cell which 

causes acidification of the cell interior and distribution of cellular metabolism (Araújo et. 

al.2011 and Chapman 2003). Figure 16 gives a general summary of action mechanisms by 

biocides in microorganism inactivation.  

 

Figure 16. Mechanisms of microorganism inactivation. Taken from Cloete 1998.  
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3.4 Typical biocides used in polymer dispersion applications 

 

Free monomer residuals in the water borne polymer dispersion formulations provided some 

protection from microbial growth in the past but today, as a result of stricter environmental 

regulations, the amounts of free monomer residues are very low or not present in the polymer 

dispersion products. This provides a suitable environmental condition for growth of 

microorganisms. Therefore, to provide long term protection of microbial infection the usage 

of biocidal agents is needed. Biocidal agents are used in many different applications, like 

paints, coatings, polymer dispersions, inks and adhesives (McGough et.al 2015 and Sauer 

2017).  In general, the polymer industry must cope with several conflicting priorities related 

to the different requirements of technical solutions to contamination problems, stricter 

regulatory requirements and commercial constraints (Sauer 2017). Tighter environmental 

regulations for the production and use of biocides have influenced the biocide market in 

many ways.  Many products have been withdrawn from the market, for example, heavy 

metal biocide products have now disappeared, and the use of formaldehyde-based biocidal 

products has decreased significantly. Similarly, new environmentally safer biocidal products 

have been introduced into markets (Sauer 2017 and Gillatt 2005).  

Formaldehyde and formaldehyde-releasing compounds (FA-R) 

Aldehydes are one group of biocidal agents which are widely used in past, but nowadays 

their use as a biocide product has been significantly dropped (Gillatt 2005). Formaldehyde 

is a natural endogenous compound that acts as a metabolite in both humans and animals. In 

addition, formaldehyde is naturally found in vegetables and it is also formed at an early stage 

during plant residues decomposition (Sauer 2017). Formaldehyde is an electrophilic agent 

and it reacts with essential nucleophilic elements of the bacterial cell e.g. amino or thiol 

groups (Sauer 2017 and Gillatt 2005). Formaldehyde also inactivates cellular enzymes quite 

efficiently via reaction with different amino acids which are the building blocks of the 

enzymatic proteins. Formaldehyde can also react with RNA and DNA via cross-liking 

reactions (Sauer 2017). According to the ECHA Article 95 List, formaldehyde itself is not 

classified for the in-can preservation (PT6) purposes (www document, Article 95 List). But 

European biocides legislation allows several other applications in regard to formaldehyde 
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releasers. Formaldehyde releasers (FA-R) are chemical compounds which are designed to 

act as carrier system for formaldehyde and these compounds slowly release formaldehyde 

as it decomposes in a product formulation (Sauer 2017). In Figure 17 is schematically shown 

stepwise release of formaldehyde, starting with one of the FA-R compound EDDM in an 

industrial formulation (Sauer 2017).  These agents are fast acting bactericides or fungicides. 

Thanks to chemical properties FA-R are very economical in use and FA-R compounds are 

pH, temperature a redox stable (Sauer 2017). FA-R are used in some industrial applications 

e.g. paints, adhesives (McGough 2015).  

 

  Figure 17. Stepwise release of formaldehyde from FA-R compound EDDM (Sauer 2017). 

The isothiazolinones derivatives 

The isothiazolinones derivatives are the widest group of biocidal products which are used in 

polymer dispersion.  The isothiazolinones compounds belong to class of electrophilic 

biocides and the biocidal action of these agents is based on their activated N-S bonds in the 

ring. This active N-S bond can react with different nucleophilic groups like amino, amide 

and thiol groups which are essential functional groups of amino acids, proteins and enzymes 

(Glaser 2000 and Sauer 2017). During reaction the ring structure of the isothiazolinones 

compounds will open, and the biocidal effect is produced (Glaser 2000 and Sauer 2017). For 

example, reaction with intracellular thiols (biocatalyst) leads to inhibition of cellular 

enzymes within minutes. Subsequently, final destruction of these functional enzymes leads 

to generation of free radicals which eventually leads to programmed cell dead (apoptosis) 
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within hours. Figure 18 shows some examples from this pseudo-aromatic ring system 

including a nitrogen and Sulphur atom (Sauer 2017). 

 
Figure 18. Schematic overview of the structure of the isothiazolinone derivatives (Sauer 2017).  
 
  
According to Sauer (2017) the isothiazolinone derivatives are used as a preservative in the 

wet state of the industrial fluids e.g. in-can preservations, preservation of liquid cooling and 

processing system. Also, these compounds have important role as slimicide, dry film 

preservation and as a disinfectant in health spheres (Sauer 2017). Figure 19 shows an 

overview of some of the crucial isothiazolinone derivatives that are commonly used as a 

biocide in polymer dispersion formulations. 
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Figure 19. An overview of commonly used isothiazolinone derivatives in the polymer dispersion 
formulation. Note DCOIT is not supported under BPR for product type 6 (in-can preservation) (Sauer 
2017).  
 
 

A key feature for all biocides that are used in different polymer dispersion formulation is 

water solubility. In Figure 20 Sauer (2017) shows literature-based ranking of the solubility 

of isothiazolinone derivatives in water. 

 

Figure 20. The solubility of isothiazolinone derivatives in water (Sauer 2017). 
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BIT 

1,2-Benzisothiazolin-3-one (BIT) CAS 2634-33-5  is extensively used biocide in the 

polymer dispersion industry because it is an effective broad-spectrum biocide. The most 

important features of BIT are excellent thermal and chemical stability. BIT is stable at 

temperatures up to 100°C and it can employ over a broad range of pH (2-14). Typical dosage 

of BIT for different dispersion formulations is 100 to 500ppm (Sauer 2017 and McGough et 

al. 2015). Although BIT is an effective broad-spectrum biocide it is slow acting, and it does 

have a gap against Pseudomonas spp. and several fungi (Sauer 2017). Therefore, BIT is 

often used in combination with other biocides such as MIT, FA-R, CMIT (Sauer 2017). BIT 

reacts with the cellular proteins inducing the inhibition of respiration chain and ATP 

synthesis McGough (2015). 

MIT 

Methylisothiazolinone (MIT) CAS 2682-20-4 is an industrial biocide widely used in paints, 

adhesives and cosmetics products (Sauer 2017 and McGough et al. 2015). MIT has relatively 

good chemical and thermal stability. MIT is stable at temperatures up to 80°C and can 

operate relatively wide range of pH (2-10) and typical dosage of MIT for different dispersion 

formulations is 100 to 200ppm (Sauer 2017). Like BIT, MIT is also slow acting biocide. 

MIT is an effective biocide against bacteria, but it has some gaps against certain fungi (Sauer 

2017 and McGough et al. 2015). MIT is often used in combination with other biocides like 

BIT.  The mode of action of MIT is similar to BIT. MIT reacts with the cellular proteins 

inducing the inhibition of respiration chain and ATP synthesis McGough et al. (2015). 

CMIT/MIT 

The 3:1 ratio of methylchloro-isothiazolinone (CMIT) CAS 55965-84-9 and 

methylisothiazolinone (MIT) CAS 2682-20-4 is frequently used as a biocide in polymer 

dispersion formulations. CMIT/MIT is relatively stable in a pH range between 3-9 and 

temperature below 60°C (Sauer 2017 and McGough et al. 2015). CMIT/MIT 3:1 is very 

economical biocide and it provides broad-spectrum biocidal activity against bacteria (gram-

positive and gram-negative bacteria strains), fungi and yeast (Sauer 2017). The biocidal 

mode of action is the same as BIT and MIT. It inhibits cell respiration chain and ATP 

synthesis. Like all isothiazolinone derivatives CMIT/MIT is identified as a skin sensitizer 
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(Sauer 2017). Table 7 gives a summary of different concentration limits of isothiazolinone 

derivatives (Sauer 2017). 

BIT/MIT  

The combination of 1,2-Benzisothiazolin-3-one (BIT) CAS 2634-33-5 and 

methylisothiazolinone (MIT) CAS 2682-20-4 is also used as a biocide in industrial products.  

This combination provides broad-spectrum biocidal activity because MIT shuts the 

Pseudomona spp. gap of the BIT. The mode of action is similar to the other chemicals in 

isothiazolinone chemical family McGough et al. (2015). 

Table 7. Overview of different concentration limits of isothiazolinone derivatives (Sauer 2017). 

 

Bronopol 

Bronopol (2-Bromo-2-nitro-propane-1,3 diol) CAS 52-51-7 is a biocide that has restricted 

efficiency against fungal organisms (Fig 21).  

 

Figure 21. The chemical structure of the Bronopol (Sigma-Aldrich). 
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Based on literature alone bronopol is very effective against e.g. Pseudomonas species, but 

commonly bronopol is used as a part of combination biocide system like with chloromethyl 

or methyl isothiazolinone (McGough et al. 2015 and Gillatt 2005).  Bronopol has a quite 

complex mode of action and it should be used between a pH of 5-8.8 and temperature should 

be below 45 °C. Bronopol reacts with the thiol groups inhibiting by cellular respiration and 

metabolism (Myers 2008). 

Sodium pyrithione 

Sodium pyrithione (CAS 3811-73-2) (trade name Sodium Omadine) is a water soluble and 

stable compound (Fig 22).  

 

Figure 22. The structure of Sodium pyrithione (Sigma-Aldrich). 

Sodium pyrithione is a broad-spectrum antimicrobial compound and it may be used as a 

biocidal product in several industrial applications e.g. metalworking, latex emulsions, 

aqueous fiber lubricants and inks (EPA document 1996).  Generally, all pyrithione 

compounds are shown to be cell wall active compounds (protonophores). They bind with 

fungal or bacterial cell membranes and affect the membrane transports processes.  Pyrithione 

molecules can also affect substrate catabolism and intracellular ATP levels (Dinning et. al 

1998).   

Sodium benzoate 

Sodium benzoate (CAS 532-32-1) (Fig 23) is a sodium salt of benzoic acid and it is very 

water soluble and a stable compound. It has been used several years as a food/drink 

preservative because it has good bacteriostatic and fungistatic properties according to 

Khoshnoud et al. (2018).  
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Figure 23. The chemical structure of sodium benzoate (Sigma-Aldrich). 

Sodium benzoate does not occur in nature, but the benzoic acid can be found in many plants 

like berries, tomatoes and cinnamon (Wibbertmann 2000). The sodium benzoate is a 

protonophore and the antimicrobial effect is based on interference of the function of cell 

membrane which causes disruption of the cell internal pH (Haque et al. 2005). Like 

mentioned above, sodium benzoate is as a preservative in food and soft drink industry. In 

other applications sodium benzoate has also been used as preservation agent in 

pharmaceutical industry and edible coatings Wibbertmann et al. (2000). At the moment 

sodium benzoate is widely used as an anticorrosive agent in automotive engine coolants and 

others waterborne systems Wibbertmann et al. (2000). Sodium Benzoate is also used as a 

preservative agent in polymer dispersion products and its use in industry may grow due to 

the tightened environmental requirements for biocides such as stricter regulations in MIT 

use.  Manufacturers are forced to search new alternative biocidal products and sodium 

benzoate may provide an option.  

Table 8 summarizes presented biocides and their typical application areas, target organisms, 

mode of action and toxicity. 
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Table 8. Summary of presented biocides and typical properties (MSDS Appendix 2). 
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Table 8. Continue 

 

3.5 Factors affecting biocide action 

 

Biocidal activity is influenced by the surrounding media. The major chemical factors that 

could impact the activity of a biocide are redox potential, pH, temperature and other 

chemical components such as additives. 
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Redox Potential 

Oxidation-reduction generated radicals are frequently used to initiate the polymerization 

reaction. There are several advantages to use this kind of initiation process such as the short 

induction period, low activation energy and the ability to monitor the polymerization 

reaction (McGough et al. 2015 and Gillatt 2005). The commonly used redox initiators are 

peroxides e.g., potassium peroxydisulfate, ammonium peroxysulfate (McGough et al. 2015). 

One big problem of the redox-initiated polymerization process, is that the polymerization 

reaction does not convert to 100% yield, leaving free monomer residues, reviewed McGough 

et al. (2015). Therefore, in the finished polymer dispersion the free monomer residues can 

actively react with the biocide causing the reduction of the biocidal activity reviewed 

McGough et al. (2015). 

A positive redox potential means that the dispersion product is in an oxidative state. This 

may lead to a situation where oxidation susceptible biocides may degrade e.g. 

benzisothiazolinone, BIT and together with the presence of suitable nutrients aerobic 

microbial contamination can occur (McGough et al. 2015). 

A negative redox potential means the dispersion is in a reductive state. This leads to 

situation where oxidation susceptible biocides are degraded e.g. CMIT and MIT. The 

absence of oxygen and availability of suitable nutrients creates an excellent environment to 

anaerobic microbial contamination (McGough et al. 2015). 

pH 

One of the critical parameters to manufacturing polymer dispersion formulation is pH. As 

already mentioned above, biocides have optimum pH ranges of activity (pH 3-10). During 

manufacturing polymer dispersion the certain pH range is maintained by adding buffering 

agents like bases and acids. Typically the polymer dispersion pH range is between 3.5-9.5 

(Gillatt 2005 McGough 2015).  Also, microorganism which are encountered in polymer 

dispersions grow in the 4-9 pH range see Figure 6.  
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If the pH conditions change radically during the manufacturing and/or storage of the polymer 

dispersion, it can cause the destruction of the biocides and offers an excellent condition for 

the formation of microbial contamination. 

Temperature 

During the polymerization process the temperature can rise to as high as 90°C. Most biocidal 

products will degrade at high temperatures. Therefore, it is important that biocides are added 

after polymerization step. This ensures that the temperature of the polymer dispersion has 

cooled down and the addition of the biocide can be done safely without the risk that the 

biocide will decompose (Gillatt 1997). 

Other components 

Also, other components of the polymer dispersion can affect to biocide function and can 

support the microbial growth. It is known that such as defoamers, metal catalysts and 

surfactants could be food sources for the microbial organisms (Jakubowski et al. 1982 and 

Gillatt 2005). 

3.6 Green biocides/Natural antimicrobial agents 

Today, stricter emission requirements, higher costs and a reduction in fossil raw materials, 

as well as the transformation of society into a more environmentally conscious, have greatly 

affected the orientation of industrial production towards more eco-friendly and sustainable 

production. The use of biobased raw materials in industrial production brings challenges but 

most of all it brings new opportunities. One of these interesting opportunities is the use of 

natural antimicrobial compounds as preservatives in industrial applications.  

Recently the natural antimicrobial compounds have been intensively investigated as option 

to synthetic biocides for preserving different kind of industrial fluids. Based on source of 

production, the natural antimicrobial components can be divided into different groups as 

shown in Figure 24. These groups are plant-derived agents such as essential oils and plant 

extracts, antimicrobial compounds from animal sources, antimicrobial agents from bacterial 

cell metabolism and antagonistic microorganisms (Lucera et al. 2012). 
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Figure 24. Classification of natural antimicrobial agents (Aloui and Khwalsia 2016) 

 

Plant derived compounds 

Plant derived antimicrobial compounds are agents which naturally occur in different plant 

parts, like bark, roots, stems, flowers or fruits.    

Essential oils 

Different plant parts (e.g. seeds, roots or barks) are sources of essential oils. Chemically they 

are aromatic oily liquids and they consist of a mixture of different chemical groups like 

ketones, terpenes, phenols, alcohols, aldehydes, acid, and esters (Burt 2004 and Álvarez et 

al. 2018). Isolation of these compounds can be done by distillation, fermentation or 

extraction (Álvarez et al. 2018). Essential oils and their components are better known in  

food flavoring, but recently some of these compounds have been incorporated as an 

antimicrobial compounds into biopolymer-based products such as edible films and coatings 

reviewed Álvarez et al. (2018). As an example, Álvarez et al. (2018) mentioned cinnamon, 

clove, garlic and some of their active agents like cinnamaldehydes, eugenol and thymol.   

Álvarez et al. (2018) reviewed several studies which concluded that the mode of function of 

essential oils is complex because they are composed of several chemical agents which act 

on many different targets in microbial cells. These studies indicate that essential oils can 

affect dramatically to cell wall, cytoplasmic membrane structures and cytoplasmic proteins. 

In the end these damages lead to cell dead (Álvarez et al. 2018). 
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Agents of animal sources 

The antimicrobial compounds incorporated from animals are enzymes like lysozyme as well 

as the polysaccharide, chitosan (Álvarez et al. 2018). 

Enzymes 

Lysozyme CAS 9001-63-2 (peptidoglycan N-acetylmuramoyl hydrolase) is a common 

enzyme in mammalian secretions such as tears, milk. It is also found in bird eggs, insects 

and interstitial fluids of fish reviewed by Álvarez et al. (2018). In the mode of action 

lysozyme catalyzes the hydrolysis of the glycosidic bond between N-acetylmuramic acid 

and N-acetylglucosamine. These compounds are commonly present in the peptidoglycan 

layer of bacterial cell walls (Davidson et al. 2013). Lysozyme is very efficient against GP 

bacteria, but it is less effective against GN bacteria, since the other peptidoglycan layer of 

the cell wall is thicker in the GN bacteria. At the moment lysozyme is classified as a 

traditional antimicrobial compound and it has been accepted in many countries for use in 

foods products (Davidson et al. 2013). 

Chitosan 

Chitosan CAS 9012-76-4 is a fiber-like compound derived from chitin. Chitin and chitosan 

have almost identical chemical composition reviewed by d´Ayala et al. (2008) Figure 25 a 

and c. Chitin is consisting of a linear chain of acetylglucosamine groups, while chitosan is 

common name for group of partially or fully deacetylated chitin compounds (reviewed 

d´Ayala et al. 2008, Kong et al.2010, Thakur and Thakur 2014, Thakur and Voicu 2016). 

Based on that, the real difference between chitosan and chitin polymers is the content of 

acetyl groups (d´Ayala et al. 2008, Álvarez et al. 2018).  
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Figure 25. Structure of Chitin (a), Cellulose (b) and Chitosan (c). (Peniche et al. 2008)  

Chemically chitosan C56H103N9O39 (PubChem www document) is very similar to plant 

cellulose. The only difference between chitosan and cellulose fibers is that the chitosan has 

an amine group (-NH2) instead of the hydroxyl group (-OH) found in C-2 position in 

cellulose Figure 25 c and b. Despite of the chemical structure similarity, the positive ion 

charges (-NH2 groups) of chitosan give it a great ability to bind with charged metal ions, 

lipids, proteins, etc. (reviewed by d´Ayala et al. 2008). In this respect, chitosan has attained 

increasing commercial interest due to its material properties such as biocompatibility, 

biodegradability, adsorption, excellent film forming ability and ability to chelate metal ions 

(reviewed by d'Ayala et al. 2008 and Álvarez et al. 2018). 

In addition, it has been shown that chitosan as well as chitin have antimicrobial properties 

against many different bacteria, fungi and even viruses. Still, the exact mechanism how 

chitosan effects on a bacterial cell has not yet been clarified, it is assumed that chitosan binds 

to a negatively charged cell membrane, leading to cell membrane damage and consequent 

leakage of intracellular proteins and other intracellular structures (reviewed by Liu et al. 

2004 and Peniche et al. 2008). Due to its antimicrobial properties, there are a growing 

interest in using chitosan,  as a preservative product in the food industry in place of synthetic 

preservatives, such as  in packaging wraps or direct edible coatings for preserving fruits, 

vegetables, meat and fish products (Peniche et al. 2008). According by ECHA information 
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chitosan is pre-registered chemical agent which means that companies are planning to 

register (existing) substance (ECHA www document). Despite of a lack of registration 

chitosan is very interesting option for the synthetic preservation products because it is a 

naturally occurring polysaccharide. Also, chitosan is purely renewable resource and it is 

produced in enormous quantities every year by living organisms. 

Agents of microbial source 

Bacteriocins are ribosomally synthesized antibacterial peptides or proteins. There are many 

different microorganisms that can synthesize these peptides. Bacteriocins play a major role 

in regulating competitive interactions in natural microbial systems. Well known bacteriocins 

are nisin, pediocin, and enterocin (Aloui and Khwalsia 2016, Álvarez et al. 2018).  For 

example bacteriocins can be incorporated into biopolymer composite products as 

antimicrobial compounds.   

Table 9 gives an overview presented antimicrobial agents and their application areas, target 

organisms, mode of action and toxicity. 
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Table 9. Summary of the presented antimicrobial agents (MSDS Appendix 2). 

 

 

3.7 Chlorhexidine digluconate (CHX) as an example another 

types of antibacterial compound  

The CHX (Chlorhexidine digluconate) CAS 18472-51-0 is generally used as antimicrobial 

agent for medical applications Figure 26 (Jeansonne and White 1994, Houston et al. 2002 

and Senel et al. 2000). For example it has been shown that CHX is one the most efficient 

antibacterial agent against the plaque control and therefore it is generally used in oral 

hygiene products (Houston et al. 2002). The action mechanism of CHX based on two p-

chlorophenyl guanide groups. These symmetrically organized groups interact with cellular 
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wall of bacterial cells which disrupt cell membrane structure and leads to cell death 

(GimenezMartin et al. 2009).  

 

Figure 26. Chemical structure of Chlorhexidine diglugonate. (www.chemicalbook.com/) 

 

According to substance information of the ECHA chlorhexidine digluconate is reviewed for 

use as a biocidal product in the EEA and Switzerland for (PT1) human hygiene, (PT2) 

disinfection and (PT3) veterinary hygiene (ECHA www document) but not in (PT6) in-can 

preservatives. From this the point of view, the lack of PT6 classification is problematic 

because the one goal of the thesis was to study new biocidal products which are classified 

into PT6 class and can be used as possible replacement products for example to MIT in near 

future. Still, CHX was included in the work because there are interesting studies where has 

been shown that controlled release of the CHX together microfibrarillated cellose coatings 

gives a long-term antimicrobial activity in the packaging products (Lavoine et al. 2014a, 

Lavoine et al. 2014b and Lavoine et al. 2015). Published results are promising and encourage 

the development of the new kind of antibacterial materials for example of the packaging 

industry in the future (Lavoine et al. 2014a, Lavoine et al. 2014b and Lavoine et al. 2015).    
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EXPERIMENTAL 

4 Design of experiments DOE 

According to Eriksson et al. (2008) design of experiments (DOE) is used in different 

industrial sectors for example in the optimization of manufacturing processes. DOE is also 

very useful tool in laboratory, pilot plant and full-scale production. DOE can be used for any 

kind of experimental objective, such as screening, optimization and robustness testing. 

Eriksson et al. mentioned that there are three critical experimental problems which can be 

efficiently solved with DOE, 1) how to follow a system which is same time affected by many 

factors 2) how to distinct observed effects from real effects and noise 3) how to develop 

reliable "maps" of an studied system (Eriksson et al. 2008).  

In most cases, the purpose of experiment design is to determine the effect of factors on the 

response of the process. Regression analysis is one most used method to describe the cause-

and-effect relationships of variables and to create a model to describe these relationships. 

Regression analysis creates a statistical model of the data, using the explanatory variable x 

to explain the variations in the observed value of the response y. The model include also 

coefficient β β β β, how much each explanatory variables explain data, and a random part ε which 

represents a random error.  At simplest way a linear regression equation can be expressed in 

the form: y= β1x1 + β2x2 +L+ βnxn+ε.  

Data fitting is the process of fitting statistical models to data and analyzed the accuracy of 

the fit. The researcher(s) is assisted by a broad range of data fitting techniques, including 

mathematical equations and non-parametric methods, to model obtained data.  

In general there is not one solution to find the best fit of the model parameters with provided 

the data.  Therefore the choice of the appropriate data fitting model depends on the analysis. 

Today, a large number of different software are available for the data fitting process which 

helps researcher(s) to determine the best model for the results of a study. 

 

MODDE Go software is one example of experimental design tool which is primarily based 

on factor testing (https://umetrics.com/product/modde-go).  With MODDE software a set of 

experiments can be designed very easily, for example by using Screening or RMS methods. 

The obtained results can be adapted to a suitable model by using e.g. MLR (multiple linear 
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regression) or PLS (partial least squares) tools (Modde 12 User quide: www document).  

Compared to traditional linear experimental models, MODDE can account for a maximum 

of 32 conversion factors but an unlimited number of responses. In MODDE software, the 

user can define the experimental models in addition to linear ones, either exponentially or 

logarithmically, with the desired coefficients. Results are given mainly in graphic form as a 

summary plots or coefficient plots (Modde 12 User quide: www document). 

5 Dip slide test 

Dip slides tests are reliable and easy to use culture test for real time monitoring of microbial 

contamination in many different industrial fluid applications. For example, dip slide test can 

be used in monitoring the correct usage of biocides in polymer dispersion industry to prevent 

microbial contamination. The structure of these tests is simple. Test contain agar media on 

paddle-like plastic support (Fig 27A). As normal agar plates, dip slides are delivered with 

different types agar media for growing various types of microorganisms. In many cases tests 

are combination of two different kind of agar media. This means that bacterial growth media 

is one side and the fungal growth media on the other side. Dip slides are packaged in a sterile 

plastic tube (ECPA 2018).  

Use of dip slide test is simple: the dip slide is removed from plastic tube and dipped into the 

sample for a few seconds, removed and sealed back into a plastic tube. Then, the dip slide is 

placed into an incubator (30°C) and incubated for a certain time period (48-72h). After 

incubation period, if microbial contamination appears, the microbial colonies are visible on 

agar. The number of colonies on the dip slide can be compared to a reference chart to 

determine the concentration (CFU/ml) of bacteria and/or fungi in the sample (Fig. 27B).     
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Figure 27. A) Dip slides in the sterile plastic tubes and B) Example of the reference chart 

Easicult®Combi. 

6 ATP measurements 

The dip slides methods require an incubation period (typically 2-3 days) before the results 

can be determined. During manufacturing process there may be situations where a faster 

turnaround time is needed. One possible solution to achieve this is to use an ATP based test. 

Including all experimental stages such as sampling, sample preparation and measurements, 

the result may be available within 5-10 minutes. 

ATP (Adenosine Triphosphate) is present in all forms of life and its primary role is to be 

energy carrier in all living cells. Thus, the measurement of ATP levels in a sample can be 

used as a direct indicator of the amount of microorganism’s growth (ECPA 2018). Generally, 

all fast ATP test methods are based on the same chemical reaction between luciferin, ATP 

and luciferase (Fig 26) where luciferin is a light-emitting compound. In the nature luciferin 

can be found in organisms which can generate bioluminescence. Chemically luciferin is 

oxidized in a luciferase-catalyzed reaction where ATP works as a co-substrate, see Fig 28.   

    

Figure 28. The chemical reaction between luciferin, ATP and luciferase 
(https://www.luminultra.com/tech/) 
 

The reaction emits light which is detected by a photocell. The amount of light produced is 

directly proportional to the amount of ATP present in the sample. The QuenchGone21 

Specialty (QG21S™) is an example of an ATP testing kit and device (Fig 29). 

A B 
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Figure 29. The analyzer unit of the QuenchGone21 Specialty (QG21S™). LUMINULTRA® 

 

7 Microbial challenge test 

The microbial challenge test is an experiment where e.g.  polymer dispersion is challenged 

by exposure to different types of bacteria and fungi to determine biocidal efficacy. 

Assessment of the biocidal efficacy is needed to estimate the intended shelf-life of the 

product (Russel 2003). Generally, test organisms should be represent microbes that are likely 

to occur as contaminants during use and/or storage. Test organisms should consist of GP 

bacteria and GN bacteria, mold and yeast (Russel 2003).  

Method in principle: The test organisms are inoculated into samples of the product and 

aliquots removed at appropriate intervals for the determination of survivors.  Data 

interpretation is based on pharmacopoeial protocols (Russel 2003). In this work, microbial 

challenge tests are carried out in an accredited laboratory of the biocide supplier. 

8 Material and Methods 

 

Sample preparation for the Dip Slides and ATP measurements 

The process waste water (vol. 1litre) collected just before experiments and polymer 

dispersion samples were taken directly from the production lines before biocides were 

added.  The desired dilution of the waste water (e.g. 10-1), test biocide (various 

concentrations) and polymer dispersion were added into screw-topped test bottles (made 

LDPE) for the total volume 100ml.  Unpreserved samples are used as growth controls.  

Labeled samples and controls were placed into 35°C incubator.   
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The duration of the experiments were 3-6 weeks and during this time period test samples are 

taken to monitor microbial growth according to experimental set-up (see sample preparation 

for the dip slide test and ATP measurements). 

Dip Slide test 

The Dip slide test was used in addition to the ATP test to visualize the amount of microbial 

growth in the samples. Samples for the dip slide test were prepared by adding a 10ml 

contaminated water borne polymer dispersion sample to the test agar plates. The dip slide 

samples placed into incubator and incubated at 30°C for 48-72 hours. After incubation the 

colonies of microorganisms documented, and the density of the microbial growth 

determined by using reference chart.  

ATP measurements 

The ATP measurements were made by using commercial ATP test kit (LUMINULTRA 

qg21s). Calibration of the luminometer was made by adding 2 drops of UltraCheck1 and 

100µl LuminaceXL solution to the assay tube (12x55ml test tube). Calibration solution was 

mixed gently three times back and forth by pipetting. The assay tube was inserted directly 

to luminometer and measured. Samples were prepared according to the kit instruction.  

Polymer dispersion products are usually highly turbid and therefore it is recommended that 

samples has to be pre-diluted prior to carrying out the total-ATP analysis. In the first step 

prepared dispersion samples were mixed well and 1ml sample was placed into 9ml UltraLute 

dilution tube and mixed three times by inverting. Extraction step proceeded immediately 

after mixing. By using a new pipet tip 1ml of pre-diluted dispersion sample was added into 

1ml UltraLyse extraction tube and inverted three times to mix. Mixed sample was incubated 

at least 1 minute. After 1 minute incubation the content of the UltraLyse tube was poured 

into 8ml UltraLyse/Resin dilution tube. Mixture was transferred back and forth between 

these two tubes at least three times. Resin beads was allowed to settle down at least 1 minute. 

Both tATP (UltraLute/Resin tube) and dATP (LumiSolve tube) were analyzed by 

luminometer. Samples for the luminometric measurements were prepared by adding 100µl 

LuminanaseXL and 100µl tATP or dATP samples into assay tube. The mixture was swirled 
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gently at least five times and tube was inserted directly in luminometer and RLUtATP and 

RLUdATP values were recorded. The amount of cellular ATP was calculated for the ready-

made excel sheet, which is based on the equations given in LUMINULTRA data sheet 

(Appendix 1). 

pH and Redox measurements 

The pH and redox potentials of the water borne polymer dispersion were determined by 

using Mettler Toledo MP220 meter connected to the glass electrode. Before the 

measurements, samples were allowed to cool to room temperature. After this, electrode was 

rinsed with distilled water, dried and placed in the samples. After the measurements the 

results were recorded to one decimal place. 

VOC measurements 

VOC analyses were performed according to a standard laboratory protocol by a head-space 

gas chromatograph (Agilent 7890 B). Method in principle: polymer dispersion impurities 

and monomer residues are determined from a polymer dispersion sample by using an internal 

standard. In the method, the volatile organic compounds (VOCs) of the sample are 

evaporated into the gas space of the sample flask, from which the gaseous sample is taken 

for analysis. 

A standard solution is added to the polymer dispersion sample. The amounts of identified 

compounds are calculated from the calibration run in ppm (HPLC measurements, Appendix 

4). 

Measurement of biocidal concentration (MIT / CIT / BIT) of polymer dispersions 

Biocide concentration analyses were performed with according to a standard protocol by 

using a HPLC instrument (Agilent Technologies 1200 Series, detectors UV/VIS). Colums 

used were commercially available Agilent ZORBAZ Eclipse Plus-C18 and Agilent 

ZORBAX Eclipse Plus C18. Sample preparation: One gram ± 0.04 g of the dispersion was 

weighed into a 50 ml beaker. Methanol was added to the sample by using an automatic 

dispenser. The amount of methanol added depends on the type of dispersion. After thorough 

mixing, aluminum sulphate or saturated boron solution or acetic acid was added to make a 
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total volume of 10 ml. Samples were stirred with a glass rod and placed to ultrasonic bath 

for 5min. After sonication, samples were placed into centrifuge tube and centrifuged for 

5min at 11000rpm. By using a disposable syringe 2ml centrifuged samples were taken and 

filtered through a 0.45µm filter into HPLC vial. The MIT / CIT / BIT standards were 

prepared according to laboratory instructions. Samples and standards were run according to 

the HPLC guideline (HPLC chromatograms, Appendix 3). 

Sample preparation for the challenge test 

Samples were taken directly from the production lines before biocides were added. The 

desired biocidal products and amounts were added to the samples in the plant laboratory and 

labeled samples were sent to the accredited laboratories of a biocide suppliers for the 

challenge tests. 

Microbial challenge test 

The method has been described at a very general level since the experiments were performed 

in a laboratories of biocide suppliers. 

 

Principle: Test samples are prepared in sterile screw-topped test flask adding a known 

volume of test sample and various concentrations of test preservative. Unsaved samples are 

used as growth controls. After a certain time after the addition of the preservatives, the test 

batches are supplemented with an inoculation solution containing the test organisms 

according to the experimental set-up. Generally, the titre of the inoculation solutions should 

be high enough approx. 1010 microbe / ml.  

 

Typically, the challenge test lasts 6-8 weeks. During this time, to monitor bacterial growth 

from each inoculation, weekly streak test for the agar plates are conducted. 
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Summary of the experimental strategy 

 

In the Figure 30 is presented graphical abstract of the experimental strategy.  All 

experimental details are described in the separate parts of the material and methods.  

Separate experiments are sorted by different color blocks.  

 

 

Figure 30. Based on the literature search, the interaction between microbiological activities, the use 
of biocides and chemical variables such as Redox and pH in the production of water borne polymer 
dispersion was investigated. In addition, the suitability of two antimicrobial biocidal products for the 
preservation of water borne dispersions was studied. These products were chosen on the basis that 
Chitosan is a purely biobased product and Chlorhexidine digluconate (CHX) was selected on the 
basis of interesting research findings.    
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RESULTS AND DISCUSSION 

 

9 Preliminary screening of culture condition 

The preliminary screening test of microbial culture condition was carried out with one of the 

often manufactured products, here named styrene-acrylate 2. According to the experiment 

plan, the styrene-acrylate 2 was contaminated with different dilutions of plant process waste 

water. The process waste water is a mixture of different types of microorganisms such as 

bacteria, molds and yeast. Polymer dispersion samples were incubated in desired 

temperatures at RT (23°C) and 35°C. Microbial growth was detected by measuring the ATP 

levels in the selected time points. ATP (Adenosine Triphosphate) is the primary source of 

energy in all life forms. Therefore, ATP may be used as an indicator of the microbial growth. 

From each sample two different measurements were made, and the growth curves plotted 

from the mean values of the measurement results. The growth curves indicate, that the pure 

waste water is a natural growth environment for the microorganisms (Fig. 31A-B), because 

the curves are in agreement with several examples of the bacterial growth curves found in 

literature (Duffy et al. 1999, Fujikawa and Morozumi 2006 and Rejane et al. 2016).   

 

Figure 31 A and B.  Growth profiles for the control samples assayed by ATP measurements. The 
total amount of cATP in pg / ml (red), total living biomass (blue) and dead biomass (black) curves 
in pure process waste water samples at 23°C and 35°C. 
 
 

In the control samples of the styrene-acrylate 2 (without inoculated waste water) weak 

microbial activity was observed, but without suitable growth conditions such as proper 

nutritional conditions or oxygen level, microbes do not grow in the samples. After 336h time 

A B 
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period, the microorganism activity significantly decreases and finally cells are beginning to 

die, Fig 31 C and D. 

 

 

Figure 31 C and D. Growth profiles for the styrene-acrylate2 shows a weak microbial activity in both 
control samples at 23°C and 35°C. 
 

When microbial population is inoculated into new growth environment the microorganisms 

do not immediately start to reproduce. This first stages of the microbial growth curve is 

called as the lag phase. The length of this phase depends entirely on the past living conditions 

of the microorganism. In our case, the growth environment of waste water is completely 

different compared to water borne polymer dispersion. During the lag phase, the cell 

population tends to adapt to the changed living conditions by synthesizing the initial 

enzymes required for growth in the polymer dispersion.  

 

The results clearly indicate, that it takes some time for microbes from waste water to adapt 

to the changed growth conditions. After a week, the cells have adapted to the new 

environment and gradually begin to enter the active growth phase, as seen in the growth 

curves of total ATP (red) and living cells (blue) (Fig 31 E and F). Raising the temperature 

from room temperature to 35°C seems to have a slightly positive effect on the cell growth 

Fig 31 E and F. However, increasing the temperature has increased the amount of the dead 

cells Fig 31 E and F. This results from the fact that as cells begin to grow at an accelerated 

rate, their oxygen and nutrient consumption will increase, thereby cells deplete the oxygen 

and nutrient in the sample tubes. 

 

As the temperature, the cell density affects the microbial growth. Our screening results show 

that if the number of inoculated cells is too low, it will take longer to reach the equilibrium 

which is required for proper cell division. In Sample 10-2 dilution, the measuring points 
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fluctuate, but at the end of the experiment, cells begin to adapt to their growth environment 

and start active cell growth Fig 31 G and H. In sample 10-3 dilution the cell density is too 

low to initiate proper cell grow Fig 31 I and J. 

 

 

Figure 31 E-J. Growth profiles of the different cell density. In the 10-1 dilution the cells have adapted 
to the new environment and gradually begin to enter the active growth phase, as indicated in the 
growth curves of total ATP (red) and living biomass (blue) in Fig 31 E and F. Increasing the 
temperature from room temperature to 35°C seems to have a slight positive effect to cell growth but 
also it also increases cell death. In the sample 10-2 dilution, the measuring points fluctuate, but at the 
end of the experiment, cells begin to adapt to their growth environment and start gradually active 
cell growth (red and blue curves) Fig 31 G and H. In sample 10-3 dilution the cell density is too low 
to initiate proper cell grow Fig 31 I and J. 
 

The Dip slide test confirm the result of the ATP test. In the results the number of visible 

colonies on the dip slide was compared to a reference chart to determine the concentration 

(CFU/ml) of bacteria and/or fungi in the samples. The summary of the dip slide test is 

presented in the Table 10. 
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Table 10. The concentration (CFU/ml) of microorganism in the samples. 
 

  EasiCult test      

Samples: Bacteria 72h Yeast and mold 72h Bacteria 144h Yeast and mold 144h 

process waste water 107 CFU/ml** 0 CFU/ml 107 CFU/ml** 0 CFU/ml 

Styrene-acrylate2 Ref. 0 CFU/ml 0 CFU/ml 0 CFU/ml 0 CFU/ml 

Styrene-acrylate2/process w-w 

dil.*10-1 

103 CFU/ml 0 CFU/ml 103 CFU/ml 0 CFU/ml 

Styrene-acrylate2/process w-w 

dil. 10-2  

103 CFU/ml 0 CFU/ml 103 CFU/ml 0 CFU/ml 

Styrene-acrylate2/process w-w 

dil. 10-3 

weak 0 CFU/ml 103 CFU/ml 0 CFU/ml 

*waste water dilution 
    

**Colony Formin Units/ml 
    

 

In conclusion, the experimental set-up worked and we were be able to use the plant process 

waste water as a source of microbial contamination in further studies. 

10 Screening biocidal effect of Chlorhexidine digluconate and 

Chitosan 

The purpose of the experiments was to contaminate the selected Styrene-acrylate 1 product 

with a plant process waste water for the test. The samples were also supplemented with two 

antimicrobial biocidal products, chitosan and chlorhexidine digluconate (CHX).  

The growth kinetic curves in control samples are presented in Fig 32, where left x-axis shows 

measured amounts tATP (living biomass) and cATP (total ATP) and right x-axis presents 

amount of the dATP (dead biomass). The kinetic growth curves from pure waste water 

sample (Fig32A) is in agreement with several examples of the bacterial growth curves found 

in the literature (Duffy et al. 1999, Fujikawa and Morozumi 2006 and Rejane et al. 2016).  

In Fig 32A can be seen that at time points 24h-168h, the number of living cells didn’t change 

much, only the number of dying cells increased. After 168h a clear change was observed. 

Cells adapted to the new growth conditions and began to divide strongly (tATP and cATP 

increase), while the number of dead (dATP) cells began to decline. In the literature this is 

recorded as a log phase. After 504h, the number of cells reached a "peak", after which growth 

began to slow down and the number of dead cells began to increase, indicating that key 

factors affecting cell growth were beginning to decrease (e.g. nutrition, oxygen) and cell 

population entered into dead phase. 
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Figure 32. The kinetic growth curves of the pure waste water sample Fig32A is in agreement with 
the bacterial growth curves and show that microbes are adapted to growth environment. Figure 32B 
shows that reference sample of the styrene-acrylate 1 is pure. The ATP curves fluctuates near zero 
indicating no microbial growth in the sample.  The biocidal effect of the isothiazolinone derivatives 
is shown in Fig 32C. The ATP curves show that the growth rate of microbial cells is increased for 
the short time period but after 96h time point the isothiazolinone derivatives act and cells start rapidly 
to die and in practice after one week the samples show no microbial activity. The reference sample 
shows how microbes behave in a “foreign” growth environment Fig 32D. Microbes are not adapted 
to grow in water borne polymer dispersion, so adapting to the new environment and nutrition 
conditions prevents the onset of vigorous growth. The DipSlide tests at 672h time point also support 
these observation Figs 32 A-D. 

Figure 32B shows that reference sample of the styrene-acrylate 1 is pure. From the kinetic 

growth curve can be observed how all three ATP curves fluctuate near zero indicating no 

microbial growth in the sample. In Fig. 32C the result indicates how well the isothiazolinone 

derivatives added during production work in the reference sample, when the process waste 

water is mixed with the reference sample (Styrene-acrylate 1 Ref.) From the Figure 32C can 

be seen that the growth rate of microbial cells is increased for a short time period. Growth 
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curve shows that after inoculation of the waste water, the growth rate is quite significant in 

the sample for 24h, but after 96h time point the isothiazolinone derivatives act and cells start 

rapidly to die, and in practice after one week (168h) the sample show no microbial activity 

Fig 32C. The DipSlide tests at 672h time point also support these observations Figs 32 B-C.  

In principle, no microbial growth should be detected in the reference sample of the styrene-

acrylate1, and no isothiazole derivatives were added, since the sample is taken from a post-

reactor where conditions are hostile for the microbial growth. However, the observed strong 

cell growth in the 24-96h time points is most evidently derived from the reactor sampling 

valve or sample jar Fig 32D. This reference sample shows how microbes behave in a 

“foreign” growth environment. Microbes are not adapted to grow in water borne polymer 

dispersion, so adapting to the new environment and nutrition conditions prevent the onset of 

vigorous growth. The result is well represented in the graphs of ATP levels Fig 32D. There 

is a slight delay in the dATP (dead biomass) curve compared to the cATP and tATP curves 

Fig 32D. In addition, free monomer residues inhibit microbial growth, because the sample 

was taken before stripping, which ultimately eliminates monomer residues. 

The antimicrobial effect of CHX and Chitosan for the sample mix (Styrene-acrylate 1 mix 

with waste water) are shown in Figures 33 and 34. The results indicate, that when the water 

borne polymer dispersion (Styrene-acrylate 1) is mixed with the waste water the growth rate 

of the microbial cells speeds up, causing an increase in the cATP and tATP levels at early 

time points Figs 33 A-B and 34 A-B.  

Between the time points 336h-504h the obtained results indicate that both antimicrobial 

compounds CHX and Chitosan act slightly positively by reducing cATP and tATP levels but 

within a short range of statistical significance. The statistical results showed a coefficient of 

determination R2 > 0.25 and R2 > 0.19 for both CHX and Chitosan, demonstrating that there 

are a slight linear correlation between the antimicrobial effect and the amount of tATP and 

cATP. However, it should be noted that the result was obtained with a very small sampling 

and the statistical precision of the result would be significantly improved by increasing the 

sampling. A summary of the results of the statistical analyses (Coefficients, observed vs 

predicted, ANOVA plots) are presented in the right panels of Figures 33 and 34.  
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For all tested CHX and Chitosan concentrations in the sample mix were 0, 0.3, 0.5 and 1.0 

m/m- %. CHX  showed quite similar effects against microbial cells with an apparent linear 

tendency in reducing the  tATP and cATP levels in all tested concentrations, as can be seen 

by dashed trend lines in Figures 33 A and B. Similar observations can be made for chitosan 

for tATP and cATP curves, though the dashed trend lines are not as clear as for CHX Figures 

34A and B. From dATP results can be observed, that in some samples the dATP levels 

undergo very small changes during the measurement period, while in other samples the 

curves fluctuate a lot  throughout the measurement period in Figs 33C and 34C. Statistical 

analysis also support these results. The statistical analysis shows poor linear correlation 

dATP, chitosan, coefficients R2 = 0.0095 and CHX R2 = 0.079. ANOVA test results are 

also in alignment with this observation. 

In spite of inaccuracy of the statistical analyses, the obtained results are in the right direction. 

Possible reasons for the poor correlations could be that the used regression analysis model 

fits poorly in used experimental model. More closely, the bacterial cell cells do not grow 

linearly and different cell growth phases are distinct events. Therefore the “time-dependent” 

model gives weak statistical fits, which can be observed in poor correlations. The statistical 

model accuracy could be improved by using a model that takes better account on time-

dependent events, and that the cell growth phases are separate events. In addition, the 

accuracy of statistical analysis can be improved by increasing the sampling. 

In summary, the both CHX and Chitosan act as weak antimicrobial components with low 

microbial concentrations. Whether they are suitable as a preservative for water borne 

polymer dispersions in higher microbial concentrations and longer time period requires 

considerable further study. 
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Figure 33. The antimicrobial effect of CHX for the sample mix (Styrene-acrylate 1) are shown in left 
panel. From results can be seen, when the water borne polymer dispersion  (Styrene-acrylate 1) mixed 
with the waste water the growth rate of the microbial cells will speed up, causing increase on the 
cATP and tATP levels in early time points A-B. Over a short period of time the results indicate that 
CHX act slightly positively in reducing cATP and tATP levels, but within a short range of statistical 
significance. In the right panel are shown the results of statistical analysis. 
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Figure 34.The antimicrobial effect of Chitosan for the sample mix (Styrene-acrylate 1) are shown in 
left panel. From results can be seen, when the water borne polymer dispersion  (Styrene-acrylate 1) 
mixed with the waste water, the growth rate of the microbial cells will speed up, causing increase on 
the cATP and tATP levels in early time points. Over a short period of time the results indicate that 
Chitosan act slightly positively in reducing cATP and tATP levels, but within a short range of 
statistical significance. In the right panel are shown the results of statistical analysis. 
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11 Determination of the preserving effect of chemical 

preservatives in water borne polymer dispersion (Challenge tests) 

Many kinds of microbial organisms can cause contamination of water borne polymer 

dispersion. Primarily, spoilage comes from bacteria, yeast and molds (Gillatt 2005 and 

Wernersson 2008).  To test microbial contamination there are many different laboratory tests 

available such as MIC (Minimal Inhibitory Concentration), challenge test and heat stability 

test (Wernersson 2008). One of the most common method for evaluating effectiveness of 

the preservative systems in polymer dispersions or final products like water borne paints is 

the challenge test (Downey 1995).  Also the challenge test provides an important tool for the 

product development to determine the efficiency and stability of the used preservative 

system (Halla et al. 2018).   

In principle the challenge test methodology is simple. The test involves a known amount of 

product with measured amounts of the inoculation solution (containing the test organisms 

such as bacteria, yeast and molds) (Halla et al. 2018). After inoculation the death or survival 

rate of microbial cells in the products are monitored with a certain time period (Downey 

1995).  The specific microbial strains for the challenge test can be obtained from commercial 

cell culture collections like ATCC (the American Type culture Collection). Typically, the 

used test microbial strains are potentially pathogenic organism such as Staphylococcus 

aureus (GP bacteria), Pseudomonas aeruginosa (gram-negative), Aspergillus niger (moulds) 

and Candida albicans (yeast) reviewed by Halla et al. 2018.   

In the experiment, desired biocidal active substance (Sodium-benzoate) and concentrations 

were added into the two different water borne polymer dispersion product samples (Styrene-

acrylate 3 and VAc-acrylate 1). The labeled samples were sent to the biocide supplier for 

the challenge test.   

The use of sodium-benzoate for preserving polymer dispersion products may potentially 

increase in the future due to tightened environmental requirements for biocide products such 

as stricter restrictions regulations on the use of Methylisothiazolinone (MIT). For this 

reason, we wanted to test the functionality of sodium benzoate in some of our products. 
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The used test method was SM 020 FaKo Test. This test method is primarily used to test 

preserving effect of chemical preservatives like aqueous-based coatings, adhesives and other 

aqueous-based technical emulsions or dispersions (Wernersson 2008). 

FaKo SM 020 test is a periodic microbiological preservation test where measured amounts 

of inoculation solution were weekly inoculated into test solutions for six weeks (i.e. six 

inoculation cycles). The SM 020 test batch contains unpreserved samples with different 

concentrations of test preservatives, inoculated and streaked on agar plates. Generally, used 

inoculation solutions contain a broad range of different GP bacteria, GN bacteria, and yeast 

and mould strains. Table 11 summarizes commonly used test strain. 

 

Table 11. Commonly used test organisms in the challenge test. 

 

 

The tested product is "well preserved" if after a test period of 6 weeks it does not show any 

microbial growth on the test samples, which also means that after 6 inoculation cycles no 

microbial growth can be observed. Passing this test corresponds to two years of microbial 

stability on the product.  
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Based on the results of SM020 test, Styrene-acrylate 3 is well preserved with the tested 

biocidal product (active compound Na-benzoate). The detailed results are summarized in the 

following Table 12. 

Table 12. Results of the SM020 preservation test of the Styrene-acrylate3. 

 

For the VAc-arylate 1, the result was not expected. SM020 challenge tests revealed that 

VAc-acrylate1 samples are not sufficiently preserved with the tested biocidal product (active 

compound Na-benzoate). The reason for the observed result was, that the pH was too high 

during the experiment. 

According to biocide manufacturer, the tested biocidal product works at a pH of less than 

5.5 but during the test period the pH was higher than that of 5.5. As a result, in all samples 

and test points heavy microbial growth was observed. Summary of the challenge test results 

is shown in Table 13. 
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Table 13. Results of the SM020 preservation test of the VAc-acrylate1. 

 

The reason for the exceptional pH increase could be that the buffered capacity of the tested 

product (VAc-acrylate 1) was exceeded when the tested biocidal product was added to the 

polymer dispersion. In theory, buffer capacity refers to the ability of a solution to resist 

changes in pH either by absorbing or desorbing H + and OH ions. For example, when an 

acidic or basic solution is added to the test solution, the pH change in the test solution may 

be large or small, depending on the initial pH of the solution or the ability of the solution to 

resist the change in pH.  

As a summary, the relatively low pH range of the tested biocidal active substance, poses 

challenges for its general use as a preservative in our water borne polymer dispersion.  
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12 How redox chemical ratio affects the desired biocide activity 

The emulsion polymerization occurs under isothermal conditions utilizing a combination of 

thermal and redox radical formation. The polymerization process usually takes place in two 

separate steps, main and post-polymerization (Chern 2006, Yamak 2013, Fithian et al. 2017). 

In the main polymerization step, for example the organic peroxides or persulfate compounds 

can be used to initiate and maintain the polymerization reaction. By raising the reaction 

temperature, e.g. the persulfate molecule is degraded to radicals which react with the active 

sites of the monomer molecule. This reaction leads to polymerization of the monomer 

molecules. Polymerization continues until the free electrons of the initiators react with chain 

transfer agents or another free radical molecules, or inhibitors (Chern 2006, Yamak 2013, 

Fithian et al. 2017). Although at the end of the main polymerization the monomer conversion 

is already greater than 99%, the polymer dispersion may still contain free monomers which 

are broadly called VOCs compounds (Fithian et al. 2017).   

In the next phase the formed polymer dispersion is post-polymerized. The post-

polymerization is mostly done with a redox chemistry consisting of a reducing and a 

oxidizing component. The general idea of the post-polymerization is to introduce a flood of 

radicals formed by the redox initiators into the polymer dispersion. This "over dose" of 

radicals should convert any of free monomers into dimers, oligomers or short polymer chains 

(Fithian et al. 2017). As mentioned above, more than 99% of the monomers have already 

polymerized during the main polymerization step, whereby the dimers, oligomers or short 

polymer chains formed in the post-polymerization are not detrimental to the formed polymer 

product. Therefore the post-polymerization can mainly be considered as a "purification" step 

to reduce free monomer residues, which results in lower VOC values.  Thereby, due to VOC 

compounds e.g. unpleasant odors are reduced (Fithian et al. 2017).  

High levels of VOC may also affect the end use of the product and therefore VOC levels are 

very closely monitored during the production process and also in the end products. For 

example The EU regulates the limit values of VOC levels with many different directives 
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such as Directive 2004/42 / EC regulate VOC levels in decorative paints and varnishes (www 

document, European Commission). 

As mentioned, the use of redox initiators is an effective way to reduce free monomer residues 

at the end of the emulsion polymerization process. In this thesis different redox pairs were 

used to study the effects of redox chemical ratio to the desired biocide activity.  In addition 

to biocidal activity, samples were analyzed for typical VOCs such as BUA (butyl acrylate) 

and total VOC levels at the selected time points. Also changes in pH and Redox potential 

were monitored. The redox pairs studied in the experiment were TBHP (tert butyl 

hydroperoxide) / Na-metabisulfite and TBHP / Brüggolite FF6. TBHP is an organic peroxide 

and widely used as an oxidizing redox component in emulsion polymerization processes 

while Na-metabisulfite and Brüggolite FF6 are commonly used as redox reducing agents 

(Fithian et al. 2017). Chemically Na-metabisulfite is an inorganic compound while 

Brüggolite FF6 is a sodium salt of an organic sulfinic acid derivative. Changes in the ratio 

of redox pairs were made directly to the Styrene-acrylate 1 production batches, which 

explains the limited number of samples. 

Figures 35 and 36 show, that after post-polymerization, samples are in oxidative state, 

because the measured redox potentials remain positive throughout the measurement period, 

indicating that the product is fully polymerized. Especially noticeable was, that with the 

redox pair TBHP / FF6, the redox potential  does not change much during the measurement 

period (Fig 36), whereas the redox potential of the THBP / Na-metabisulfite pair fluctuates 

slightly at early time points in Experiments 1 and 2 (Fig 35). Stable redox potentials also 

indicate, that the end product is fairly stable, no major chemical degradation occurs 

afterwards. 
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Figure 35. Measured redox potentials, pH and different VOCs (BUA and total VOCs) in TBHP and 
NatMe redox pairs. The changes in redox pair ratios had no significant effect on the pH values of the 
product at the various measuring points. The BUA and total VOC concentrations did not change 
significantly compared to the reference samples in different measuring points, expect exp3 (the triple 
amount of Na-metabisulphate). Redox potentials were also relatively stable over the measuring 
period.   

"The coin has also another side" as the positive redox potentials can lead to a situation, where 

the oxidation susceptible biocides can be degraded, such as benzisothiazolinone, BIT 

(McGough et al. 2015). However, from Tables 14 and 15 can be seen that the BIT has not 

decomposed despite of relatively high redox potentials.  In the sample exp3, the BIT 

concentration was lower than expected Table 14. According to the manufacturer, the BIT is 

stable at a redox potential <140 mV (personal communication).  

For the other biocides (MIT and CIT), the results were somewhat surprising. According to 

the HPLC measurements, the concentrations of MIT and CIT were exceptionally low as seen 

in Tables 14 and 15. With the exception of exp 3 (with redox pair TBHP/NatMe) the MIT 

concentrations were found 72ppm Table 14. This is slightly above the expected 

concentration and cannot be explained with a dosing error.  The reason for the result 

remained unclear, because in the reference (batch samples) control measurements made 

afterwards, biocide levels were normal (data not shown). 
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Table 14. The Chromatographic measurements of different biocides (MIT, CIT and BIT) in TBHP 
and NatMe redox pairs. Exp3 the amount of NatMe three times higher than reference.  

 

 

Table 15. The Chromatographic measurements of different biocides (MIT, CIT and BIT) in TBHP 
and FF6 redox pairs. Exp3` TBHP and FF6 feed 20% less than Exp 1`.  

 

During the polymerization of the water borne polymer dispersion pH can effect on many 

different factors.  E.g. pH influences the solubility of the substances, the reaction equilibrium 

and the initiators reactivity. From the results, it can be seen that the changes in redox pair 

ratios had no significant effect on the pH values of the product at the various measuring 

points, Figures 35 and 36. The blue bar represents the pH values just after post-

polymerization and the orange bar shows the pH values of the finished product after three 

weeks of storage in room temperature. 

The changes in the ratio of redox pairs did not change the total VOC concentrations 

significantly compared to the reference samples in different measuring points, Figures 35 

and 36.  Figure 35 shows that when the triple amount of Na-metabisulphate (exp3) was 

added, the BUA concentrations dropped to zero compared to the reference sample. However, 

during the production it was observed, that such a large amount of Na-metabisulphate did 

not mix well in the post reactor and a thick salt-like precipitate (data not shown) was 

observed during the product filtration. Therefore, the use of such a large amount of Na-

metebisulphate in production is out of the question. 

Tree pararell measurements

Expriment (CHP204) Redox chemical pairs Ratio CIT (ppm) MIT (ppm) BIT (ppm)

Ref TBHP:NatMe 2:1 2, 2, 3 6, 6, 6 373, 372, 371

Exp 1 TBHP:NatMe 1:1 3, 2, 2 6, 6, 6 362, 362, 363

Exp 2 TBHP:NatMe 1:2 no 8, 8, 8 363, 363, 364

Exp 3 TBHP:NatMe 1:3 no  72, 70, 72 13, 13, 13

Tree pararell measurements

Expriment (CHP204) Redox chemical pairs Ratio CIT (ppm) MIT (ppm) BIT (ppm)

Ref` TBHP:FF6 2:1 2, 2, 2 9, 9, 9 368, 368, 368

Exp 1` TBHP:FF6 1:1 1, 1, 2 9, 9, 9 338, 338, 338

Exp 2` TBHP:FF6 1:2 no 10, 10, 10 295, 295, 295

Exp 3` TBHP:FF6 20% less than Exp1` 1, 0, 0 9, 9, 9 325, 324, 325
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Figure 36. Measured redox potentials, pH and different VOCs (BUA and total VOCs) in TBHP and 
FF6 redox pairs. Exp3` TBHP and FF6 feed 20% less than Exp 1`. The changes in redox pair ratios 
had no significant effect on the pH values of the product at the various measuring points. The BUA 
and total VOC concentrations did not change significantly compared to the reference samples in 
different measuring points. Redox potentials were also relatively stable over the measuring period. 

 

Changes in the TBHP / FF6 redox pair affected BUA levels almost as dramatically as TBHP 

/ Na-metabisulfate pair, compared to reference sample Figure 36. Overall, the FF6 is a better 

alternative for TBHP redox pairing, because FF6 itself does not release VOC compounds 

and in addition, does not release formaldehyde (www document Bryggolite FF6).  In 

summary, VOCs, pH and redox potentials in the samples remain within the product quality 

criteria. According to the results, the biocidal activities were slightly inconsistent, especially 

at MIT and CIT concentrations. The BIT concentrations were in alignment with the dosing.     

The effect of changes in Redox pair relationships on selected biocidal activities was also 

investigated in an artificial ageing and challenge test. These experiments were carried out 

in an accredited laboratory of the biocide supplier. The samples of water borne polymer 

dispersion were coded identically in both tests. The sample identifications are shown in the 

Table 16. 
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Table 16. Sample identification. 

 

Artificial ageing 

 

Artificial ageing test can be used to test the long-term stability of the biocides in the water 

borne polymer dispersion products. In our cases the tested active ingredients were BIT (1,2-

benzisothiazol-3(2H)-one and Sodium Pyrithion. In the experiments styrene-acrylate1 
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samples were stored in the incubator for 1 month at 40°C.  After incubation period samples 

were analyzed by HPLC by using biocide supplier´s in house test method. 

The chemical long-term stability test where BIT was added in the biocide supplier’s 

laboratory into the non-preserved control samples Ref 2.B and Ref 3.B, showed minor 

deviations from the expected concentration, which might be due to dosing errors (210mg/kg 

added, 220-240mg/kg detected). Still, the results of artificial ageing test did not show 

significant degradation of BIT (Table 17). 

The long-term chemical analysis, where Sodium Pyrithion was added in the biocide 

supplier’s laboratory into the non-preserved control samples Ref 2.B and Ref 3.B, showed 

poor recovery of low Sodium Pyrithion concentrations (60 mg/kg added & 10 mg/kg found). 

This result might indicate rapid degradation of low Sodium Pyrithion concentrations or the 

10 mg/kg Sodium Pyrithion is so close to the detection limit, and therefore Sodium Pyrithion 

might be degraded already before the initial analysis (Table 17). 

Interesting was, however, a good Sodium Pyrithion detection with a high concentrations 

(200 mg/kg added, 180-210mg/kg). Nevertheless, the results of the artificial ageing test 

indicate significant degradation of the Sodium Pyrithion in both samples with high Sodium 

Pyrithion concentrations (e.g. 180 mg/kg prior and 30 mg/kg).  

The results of the concentration biocidal active ingredients in the styrene-acrylate1 prior and 

after artificial ageing test are shown in Table 17. 
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Table 17. The concentrations of the biocidal active ingredients prior and after artificial ageing. 

 

Based on the data of used biocide product (BIT-Sodium Pyrithion), the expected BIT 

concentration is 225 mg/kg and the expected Sodium Pyrithion concentration 65 mg/mg for 

all samples which are preserved with 0.32% BIT-Sodium Pyrithion (see sample 

identification Table 16). The BIT concentrations were in all samples slightly above the 

expected concentration (+10 to +75 mg/kg BIT +75mg = +33%), except for the sample cxp3. 

This result might be explained by minor dosing errors. The results indicate that the highest 

BIT concentrations were detected in the samples cxp 6- cxp 9 (280-300mg/kg BIT). The 

measured Redox values were from 50-90 mV (Table 18).   

According to the obtained results only the samples cxp1, cxp2 cxp4 and cxp6 were found 

with Sodium Pyrithion concentration (40-80 mg/kg), which is close to the expected. The 

samples cxp5, cxp7- cxp9 were with Sodium Pyrithion concentrations (130 – 200mg/kg) 

significantly above the expected (Table 18). Results can be explained by an artefact, which 

is caused by interference of elements from the water borne polymer dispersions with the 

Sodim Pyrithione-signal. 
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Interestingly the sample cxp3 was found with 530 mg/kg BIT (Table 18). This is far above 

the expected concentration. This result cannot be explained with a dosing error. In addition, 

no Sodium Pyrithion was detectable in this sample. Eventually, this result might be also 

explained by the artefact caused by interference signals or elements during the experimental 

process. 

Table 18. Concentrations of the biocidal active ingredients. 

 

Based on the results of the artificial ageing test the measured BIT concentrations were close 

to the expected concentrations, whereas the Sodium Pyrithion concentrations varied 

strongly. According to the provided information of the biocide supplier the Sodiun Pyrithion 

is more susceptible to oxidizing stress compared to BIT. Therefore, the variation of the 

Sodium Pyrithion concentrations in the samples might reflect the use of different redox pairs 

and/or redox ratios in production of these samples. 
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In-can preservation test (challenge test) 

The In-can preservation test was performed according to biocide suppliers in-house test 

methods. From the standard method two deviations were made:  

- Instead five inoculations only four inoculations in the challenge test with bacteria and yeast  

- Use of product specific wild type microbes, derived for the spoiled samples Ref.2.B and 

Ref.3.B, in the inoculations nos. 4 and 5 in the challenge test with bacteria and yeast. 

The samples Ref.styrene-acrylate1 8.8.2019, and exp1-exp9 were all preserved with 0.32% 

BIT-Sodium Pyrithion. Samples differ in the used Redox pair and redox ratio, see sample 

identification Table 16. The samples Ref.2A styrene-acrylate1and Ref.2B styrene-acrylate1 

were preserved with 1% Chitosan. Ref.3A styrene-acrylate1 and Ref.3B styrene-acrylate1 

samples were preserved with 1% CHX (chlorhexidine digluconate), see sample 

identification Table 16.  From the results of In-can preservation test can be seen that all 

samples exp1-exp2 and exp4-exp9 were all well preserved with used biocide system, Table 

20 and 21. Only Exp3 failed the test. One explanation, why exp3 failed the stress test might 

be that redox ratio used affect unpredictably the concentration of the used biocide compound.  

In contrast to the other samples, the samples Ref.2A&B and Ref. 3A&B were with strong 

microbial contamination upon arrival at the laboratory seen in the Table 19. Therefore they 

failed the challenge test. Table 19 shows that all other samples were without any detectable 

microbial contamination. The material from samples Ref.2A&B and Ref. 3A&B were 

sanitized with heat treatment. Treatment killed the microbes, but turned them into nutrient 

for the vital microbes, which inoculated during the challenge tests into the heat-treated 

sample materials. Based on results, the nutrient makes these samples much more susceptible 

to microbial growth and therefore new dose of used biocide system (0.3% BIT-Sodium 

Pyrithion) was not enough for preservation of these sample material (Table 20 and 21).  
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Table 19. Sample properties and initial microbial count. 

 

Alternative in-can preservation with combination 0,2% BIT and 0,05 / 0,1% Sodium 

Pyrithion results in almost the same concentration of BIT as with use of 0,3% BIT-Sodium 

Pyrithion, but with much more Sodium Pyrithione. Accoring to the results of the stress test, 

this preservation system exhibited good performance in both re-treated samples (Table 20 

and 21).  



 
 

87 
 

Table 20. Results of the wet-state challenge test with bacteria and yeast. 
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Table 21. Results of the wet-state challenge test with yeast and fungi. 

 

In Summary, results of the challenge test were valid, as the reference samples were 

susceptible to microbial spoilage in tests. Besides, the some in-can preserved reference 

samples failed as well. This result evidently proves the aggressiveness of the applied 

challenge test methods. 
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SUMMARY OF THE RESULTS 

The summary of main findings and conclusions of the results are presented in a graphical 

block charts Figures 37-39. Separate experiments are sorted by different colors as seen in 

the experimental strategy charts: green Screening antimicrobial effect of CHX and Chitosan, 

orange Screening antimicrobial effect of Sodium-Benzoate, and yellow Effects of the redox 

chemicals to the biocidal efficiency.  

 

Figure 37. Block chart for the results of the screening the antimicrobial effect of CHX and chitosan. 
ATP measurements and statistical analyses shows that with a low microbial concentrations the 
chitosan and CHX had a weak biostatic effect.  
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Figure 38. Flow charts show the results of the challenge test of the styrene-acrylate3 and VAc-
acrylate 1. Based on the results the styrene-acrylate 3 is well preserved with tested active ingredient 
(Na-benzoate). VAc-acrylate1 samples were not sufficiently preserved with tested active ingredient 
(Na-benzoate). This unexpected result might be explained by the fact, that the buffer capacity of 
VAc-acrylate1 was exceeded when tested biocidal product was added into the samples.  
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Figure 39A-C the main findings and conclusions from the effects of the redox chemicals to the 
biocidal efficiency. Fig 39A Flow charts show the summary of the results of Redox, pH, VOC and 
biocide (active ingredient) measurements. Based on measurements, Redox potentials, pH and VOCs 
remain within the product quality criteria. The BIT concentrations were close to expected 
concentrations. The MIT and CIT activities were slightly inconsistent and the result might be 
explained by an artefact caused by interference signals or elements during the experimental process. 
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Figure 39B. The artificial ageing tests did not reveal indication for instability of BIT, but for major 
degradation of Sodium Pyrithione in the polymer dispersion samples under test. The Sodiun 
Pyrithion is more susceptible to oxidizing stress compared to BIT. The variation of the Sodium 
Pyrithion concentrations in the samples might reflect the use of different redox pairs and/or ratio. 
 



 
 

93 
 

 

Figure 39C. Except of the sample exp3, all other experimental samples passed the challenge test with 
very good results. Result (exp3) might be explained by an artefact caused by an interference element 
in the experimental process. The reference samples 2A&B and 3A&B were already contaminated 
upon arrival at the laboratory. The samples were sanitized by heat treatment. Heat treatment killed 
the microbes but turned them into nutrient for the vital microbes. Therefore, re-treated Ref.2A&B 
and Ref3A&B samples failed the challenge test. 
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CONCLUDING REMARKS 

 

In recent decades, tightening emission standards, rising prices and decreasing fossil raw 

materials as well as increasing environmental awareness of society have greatly contributed 

to the shift in industrial production towards greener and more environmentally sustainable 

production. The shift towards the use of biobased raw materials in industrial production 

presents new opportunities, but also new challenges. Biobased materials are known to be 

very sensitive to microbial function. Therefore, one major challenge is to control microbial 

growth with biomaterials and also to protect products made from biomaterials from 

biodegradation. 

The purpose of this study was to collect information on biocides used in the preparation of 

water borne polymer dispersion products and how to respond to the changes in laws and 

regulations guiding the use of biocides. Above all, the thesis also sought to obtain new 

information on the applicability and use of biobased antibacterial products in polymer 

dispersion products. 

In the experimental part, the interaction between microbiological activity, use of biocides 

and chemical variables in a water borne polymer dispersion formulation was investigated. 

In the experiments the functionality of known biocidal products in the presence of various 

chemical variables, e.g. pH, redox potential was investigated. In addition to chemical 

variables, another goal of the thesis was to study completely new antimicrobial biocide 

technologies to ensure shelf life of water borne polymer dispersion products. Based on the 

literature review, two antimicrobial biocidal products, 1) chitosan and 2) chlorhexidine 

digluconate (CHX), were selected for the study. Of these products, chitosan is a purely 

biobased product and Chlorhexidine digluconate (CHX) was selected on the basis of 

interesting research findings. 

Based on the results obtained, it can be concluded that the different chemical variables had 

effects on the activities of the biocides. The pH of for example significantly affected the 

preservation of the VAc-acrylate1 but not styrene-acrylate3 based polymer dispersion. 

Particularly interesting was, that the ratio of redox chemicals significantly affect the 
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activities of different types of biocides. The results of the study showed that Sodium 

Pyrithion is more susceptible to different redox systems than the 1,2-benzisothiazol-3(2H)-

one (BIT).  

In addition, the results indicated that with low concentration of bacteria and one-time 

contamination, chitosan and CHX provide weak protection against germs, however, with 

high microbial concentration, these compounds did not provide any antimicrobial protection 

for the water borne polymer dispersion products at all.  

Although the results of this thesis did not directly provide new feasible solution for the 

preserving the water borne polymer dispersions, the thesis give ideas for the future usage of 

the biocide products and redox chemicals. For example by optimizing the raw material 

portfolio, changing the product(s)/ratio/concentration of the redox chemical and/or biocides, 

significant costs savings can be achieved. In addition to costs savings, for example 

optimizing the raw material portfolio also offers better opportunity to respond to the 

tightening regulations and market needs for manufacturing of polymer dispersion products, 

which have lower concentration of biocide and also low VOC content. In future research 

projects, it would be interesting to investigate further the behavior of biocidal activity: why 

certain biocides degrade when they are added to polymer dispersions immediately after 

redox chemicals, compared to the situation where the biocides are added into polymer 

dispersions on the next day, when the biocidal activity is better preserved.  
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Appendix 1. LUMINULTRA Test Kit Instructions (www document)  

https://www.luminultra.com/wp-content/uploads/LuminUltra-Test-Kit-Instructions-

QG21S_2017.pdf 
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Appendix 2. MSDS (www documents) 

Formaldehyde: 

https://www.fishersci.com/store/msds%3FpartNumber%3DF75P20%26productDescription

%3DFORMALDEHYDE%2B37%2525%2B20L%26vendorId%3DVN00033897%26coun

tryCode%3DUS%26language%3Den 

BIT:  

https://www.sigmaaldrich.com/MSDS/MSDS/DisplayMSDSPage.do?country=FI&languag

e=fi&productNumber=561487&brand=ALDRICH&PageToGoToURL=https%3A%2F%2

Fwww.sigmaaldrich.com%2Fcatalog%2Fproduct%2Faldrich%2F561487%3Flang%3Dfi 

MIT: 

https://www.caymanchem.com/msdss/22589m.pdf 

CIT/MIT: 

http://sds.chemtel.net/docs/Fuchs%20Lubricants%20Co-

0002505/Thor%20Specialities%20UK%20Limited_ACTICIDE%2014_Unknown_02-21-

2017_English.pdf 

BIT/MIT: 

http://sds.chemtel.net/docs/Fuchs%20Lubricants%20Co-

0002505/Thor%20Specialities%20UK%20Limited_ACTICIDE%20MBL_Unknown_07-

05-2016_English.pdf 

Bronopol: 

https://www.cdhfinechemical.com/images/product/msds/37_2024754102_2-Bromo-2-

Nitropropane-1,3-Propanediol-CASNO-52-51-7-MSDS.pdf 

Sodium Pyrithion: 

https://www.sigmaaldrich.com/MSDS/MSDS/DisplayMSDSPage.do?country=FI&languag

e=fi&productNumber=H3261&brand=SIGMA&PageToGoToURL=https%3A%2F%2Fw

ww.sigmaaldrich.com%2Fcatalog%2Fsearch%3Fterm%3D3811-73-

2%26interface%3DCAS%2520No.%26N%3D0%26mode%3Dpartialmax%26lang%3Dfi

%26region%3DFI%26focus%3Dproduct%26gclid%3DEAIaIQobChMIudnSuvXX5QIV

WOaaCh2djw8_EAAYASAAEgKKc_D_BwE 
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Sodium Benzoate:      

https://beta-

static.fishersci.com/content/dam/fishersci/en_US/documents/programs/education/regulator

y-documents/sds/chemicals/chemicals-s/S25532.pdf 

Chitosan: 

https://www.fishersci.com/store/msds?partNumber=AC428850500&productDescription=C

HITOSAN%2C+MOLECULAR+WEIG+50GR&vendorId=VN00032119&countryCode=

US&language=en 

Lysozyme: 

https://www.sigmaaldrich.com/MSDS/MSDS/DisplayMSDSPage.do?country=FI&languag

e=fi&productNumber=L8402&brand=SIGMA&PageToGoToURL=https%3A%2F%2Fw

ww.sigmaaldrich.com%2Fcatalog%2Fsearch%3Fterm%3D9001-63-

2%26interface%3DCAS%2520No.%26N%3D0%26mode%3Dpartialmax%26lang%3Dfi

%26region%3DFI%26focus%3Dproduct 

Nisin: 

https://www.sigmaaldrich.com/MSDS/MSDS/DisplayMSDSPage.do?country=FI&languag

e=fi&productNumber=N5764&brand=SIGMA&PageToGoToURL=https%3A%2F%2Fw

ww.sigmaaldrich.com%2Fcatalog%2Fproduct%2Fsigma%2Fn5764%3Flang%3Dfi 

CHX (Chlorhexidine digluconate) 

https://www.sigmaaldrich.com/MSDS/MSDS/DisplayMSDSPage.do?country=FI&languag

e=fi&productNumber=C9394&brand=SIGMA&PageToGoToURL=https%3A%2F%2Fw

ww.sigmaaldrich.com%2Fcatalog%2Fproduct%2Fsigma%2Fc9394%3Flang%3Dfi 
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Appendix 3. HPLC chromatograms 

 

A3 Figure 1 HPLC chromatograms, Exp1. MIT peak with measured concentration 6,3 ppm. 
CIT peak with 2,8 ppm and BIT peak with 362,8 ppm  
 

 

A3 Figure 2 HPLC chromatograms, Exp2. MIT peak with measured concentration 7,6 ppm.  
CIT peak with 0 ppm and BIT peak with 363,3 ppm  
 

Exp2 
MIT and CIT  
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A3 Figure 3 HPLC chromatograms, Exp3. MIT peak with measured concentration 71,9 ppm.  
CIT peak with 0 ppm and BIT peak with 12.7 ppm  

 

A3 Figure 4 HPLC chromatograms, Ref`. MIT peak with measured concentration 9,3 ppm.  
CIT peak with 2,4 ppm and BIT peak with 368,1 ppm  
 

Exp3 
MIT and CIT                         

Ref` 
MIT and CIT                      
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A3 Figure 5 HPLC chromatograms, Exp1`. MIT peak with measured concentration 9,0ppm.  
CIT peak with 1,3 ppm and BIT peak with 338,1 ppm  

 

A3 Figure 6 HPLC chromatograms, Exp2`. MIT peak with measured concentration 10,0ppm.  
CIT peak with 0 ppm and BIT peak with 295,4 ppm  
 

Exp1` 
MIT and CIT                    

Exp2` 
MIT and CIT                    
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A3 Figure7 HPLC chromatograms, Exp3`. MIT peak with measured concentration 8,8 ppm.  
CIT peak with 1,0 ppm and BIT peak with 324,9 ppm  
 

 

 

 

 

 

 

 

Exp3` 
MIT and CIT                        
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Appendix 4. HPLC measurements of the BUA and Total VOCs  

A4 Table 1. Measured VOC levels (BUA and total VOCs) in THBP / Na-metabisulfite (0 
and 2week). 

 

TBHP:NatMe

NÄYTE Ref BUA Styr/ 2-EHA VOC

Styrene-acrylate1    
A:  0,328 g 3 0 47

NÄYTE Exp 1 BUA Styrene total VOC

Styrene-acrylate1           
A:      0,340g 2 0 75

NÄYTE Exp 2 BUA Styr/ 2-EHA VOC

Styrene-acrylate1        
A:        0,323 g 1 0 80

NÄYTE Exp 3 BUA Styr/2-EHA VOC

Styrene-acrylate1    

A:      0,366g 0 0 65

VOC meansurements 2week after

NÄYTE Ref BUA Styr/ 2-EHA VOC

Styrene-acrylate1 
A: 0,323 g 5 0 76

NÄYTE Exp 1 BUA Styr/ 2-EHA VOC

Styrene-acrylate1    
A:        0,322 g 2 0 82

NÄYTE Exp 2 BUA Styr/ 2-EHA VOC

Styrene-acrylate1    
A:         0,332 g 1 0 78

NÄYTE Exp 3 BUA Styr/ 2-EHA VOC

Styrene-acrylate1    
A:        0,332 g 0 0 58
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A4 Table 2. Measured VOC levels (BUA and total VOCs) in TBHP / FF6 redox pairs (0 and 
2week). 

 

TBHP:FF6

NÄYTE Ref` BUA Styr/ 2-EHA VOC

Styrene-acrylate1    
A:  0,333 g 7 0 83

NÄYTE Exp 1` BUA Styr/ 2-EHA VOC

Styrene-acrylate1    
A:  0,332 g 3 0 86

NÄYTE Exp 2` BUA Styr/ 2-EHA VOC

Styrene-acrylate1            
A: 0,321 g 2 0 58

NÄYTE Exp 3` BUA Styr/ 2-EHA VOC

Styrene-acrylate1            
A: 309 g 3 0 82

VOC meansurements 2week after

NÄYTE Ref` BUA Styr/ 2-EHA VOC

Styrene-acrylate1            
A:  0,323 g 7 0 95

NÄYTE Exp 1` BUA Styr/ 2-EHA VOC

Styrene-acrylate1            
A:  0,334g 3 0 82

NÄYTE Exp 2` BUA Styr/ 2-EHA VOC

Styrene-acrylate1            
A:  0,312 g 2 0 57

NÄYTE Exp 9 BUA Styr/ 2-EHA VOC

Styrene-acrylate1            
A: 0,315g 3 0 70


