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1 INTRODUCTION

Microbes are inevitably present in paper machines because they provide a 

favorable environment for growth. When not properly controlled, microbes can 

cause problems affecting both the quality of the end product and the 

runnability of the machine. Biocides are compounds that are used to control 

microbial growth. Many of the traditionally used biocides are toxic and thus 

pose health risks for the persons handling them as well as an environmental 

hazard. Increased concern for the environment and stricter regulations have 

accelerated the search for new, safer and environmentally sound methods to 

minimize microbial problems. The use of oxidizing biocides has increased in 

the last few years due to their lower cost, effectiveness over a broad 

spectrum of activity and non-toxic nature.

Oxidizing biocides can be generated from simple salt solutions 

electrochemically. They can be produced on the mill site and offer an 

interesting approach to biocide control. They are cheap and there is no need 

for transportation or the handling of harmful chemicals. Radical oxygen 

species formed during electrochemical treatment and the synergistic effects 

of mixed oxidants might enhance the antimicrobial activity of 

electrochemically produced oxidizing biocides.

The literature part of this thesis reviews the most common microbes of 

papermaking processes and the methods used to control problems caused by 

excessive microbial growth. Special attention is given to oxidizing biocides 

and their electrochemical generation.
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2 LITERATURE PART

2.1 Microbes in papermaking processes

The aqueous environment, warm temperature (30-60 °C) and fairly neutral pH 

(4.5-9.0) in paper machines enable the growth and reproduction of microbes 

(Kolari 2003). In addition wood polysaccharides and degradable additives 

(e.g. starch) present in paper machine waters form a good source of nutrition 

for microbes. The reduced use of fresh water and the closure of water 

circulations can increase the build-up of the dissolved organic material used 

by microbes as nutrients. Together with the increased use of recycled fibers 

and the shift from acidic to neutral or alkaline paper manufacturing processes, 

these factors have led to increased levels of microbes in paper machines, 

thereby the microbe-related problems have also increased (Blanco et al. 1997 

p. 153). If no preventive action is taken, microbial populations in paper 

machine circulating water, broke or additive slurries can reach 100 million 

cells per milliliter (Kolari 2007). The build-up of microbes can cause a number 

of problems in the papermaking process. An excessive microbe population 

can affect both the runnability of the paper machine the quality of the end 

product.

Microbes usually enter the process with raw materials. The most common 

source of contaminants is raw water. The additives and chemicals used in the 

process can also be contaminated with microbes (Ivanus 1997, Höötmann 

1997).

2.1.1 Microbe types in papermaking processes

The microbial flora of a paper machine covers a wide range of microbes. It 

includes spore-forming aerobic bacteria, non-sporulating aerobic bacteria,
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and anaerobic bacteria. Molds and yeasts may also occasionally be present 

as well as algae (Väisänen et al. 1998). The most common types of microbes 

found in the paper machine wet end are aerobic bacteria belonging to the 

genera Bacillus, Burkholderia, Pantoea, Ralstonia and Thermomonas (Kolari 

2003). The factors affecting the growth of microbes are listed in Table 1.

Table 1. Factors affecting the growth of microorganisms (Blanco et al. 1997 p.154).
Optimal

temperature °C Light Oxygen Optimal
PH Water

BACTERIA 
0.5-1 pm

Psychrophiles 15 
Mesophiles 35 

Thermophiles 55
No effect

Aerobic > 4 ppm 
Anaerobic < 4 ppm 

Facultative: no 
effect

6.5-7.5 Essential

FUNGI
10 pm

22-30
Moulds Tmax = 65 
Yeast Tmax = 45

Could affect 
spore

germination

Molds > 4 ppm 
Yeast no effect

5.0- 6.0
4.0- 5.0

Non-
essential

ALGAE 
> 100 pm

< 35 for green 
algae Essential O2 needed to start 

photosynthesis 4.5-9.0 Essential

PROTOZOA 
10-100 pm 20 No effect Aerobic > 2 ppm 

Anaerobic < 2 ppm 6.5-7.5 Non-
essential

2.1.2 Biofilm formation

Free-swimming (planktonic) bacteria, even when present in the process water 

in large numbers, do not always affect machine operation or end-product 

quality. Problems usually arise when bacterial cells become attached to the 

surfaces of tank walls, pipes or other paper machine parts and form 

colonizations (Väisänen et al. 1998). These colonizations are called biofilms 

(scientific) or slimes (in practice). The build-up of a biofilm is often 

demonstrated using a five-stage model (Figure 1). The formation of a 

conditioning layer is considered to be one reason why microbes are attracted 

to the surface. A conditioning layer consists of organic matter such as 

polysaccharides present in the papermaking process waters. Such material is 

readily adsorbed onto different surfaces, altering their properties and their
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interactions with microorganisms. The increased nutrient concentration 

attracts planktonic bacteria toward the surfaces. The actual formation of a 

biofilm starts when “primary biofilm formers” become attached to the surface. 

Only a few species in the diverse microbial flora of a paper machine are 

known to be capable of initiating biofilm formation. These species include 

Deincoccus geothermalis and Meiothermus silvanus. The microbes attached 

to the surface produce an extracellular polymer layer to protect it and then 

start to reproduce. This extracellular polymer layer consists of a variety of 

different polymers that make the biofilm slimy. An exopolysaccharide (EPS) 

layer attracts other microbes, which deposits particles on the surface with the 

result that the biofilm gets thicker (maturates). Once the biofilm reaches a 

certain thickness the cells of the inner part of the biofilm start to die due to 

lack of nutrients. The slime loses its capacity to attach itself and single cells or 

larger clumps start to become detached from the surface by the shear forces 

to which they are subjected. The detached clumps of biofilm colonize other 

parts of the paper machine or drift into the end product, causing specks and 

holes in the paper. Microbes growing in a biofilm are generally more stable 

than free-swimming planktonic bacteria (Schenker et al. 1998, Ludensky 

2003).

Si age I : Stage 2: Stage 3: ¡ Stage 4: : Stage 5:
Conditioning Bacterial ; Biofilm Formation/ ¡ Biofilm ; Dislodgemem/

Layer Attachment Exopolysaccharide ; Maturation ; Detachment
Biosynthesis

Figure 1. Model of biofilm formation on paper machine surfaces (Schenker et 
al. 1998).
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2.1.3 Problems caused by microbes in papermaking processes

If the growth of microbes is not controlled, problems can occur in the 

papermaking process. These include runnability problems, poor end-product 

quality and deterioration of the raw material. Bad odor and premature wearing 

of machine parts such as felts are also common problems caused by 

excessive microbial growth. Table 2 presents a list of microbial problems 

encountered in papermaking.

Table 2. Microbiological problems encountered in papermaking (Edwards 1996)
AREA PRODUCTION QUALITY RAW MATERIAL

PROBLEM Slime deposits
Breaks
Corrosion
Felt plugging
Odors
Reduced flows

Holes and Spots
Sheet odor
Machine esthetics 
Discoloration
Brightness losses 
Increased dirt count

Fiber degradation
Additive contamination
Odor
Reduction in strength 
properties
Coating mass deterioration 
Fouling of probes

Slime deposits can cause plugging and fouling of felts, showers and pipes, 

resulting in paper machine runnability problems. It has been estimated that 

10-20% of paper machine downtime is caused by slime problems (Blanco et 

al. 1996). Microbes can also cause problems in cooling towers. Biofilms 

formed in cooling towers lead to increased frictional fluid resistance and heat 

transfer resistance in power plant condensers and process heat exchangers. 

Biofilms also cause premature wearing out of process equipment and 

increase the need for replacement (Ludensky 2003).

If care is not taken over mixing and the correct ventilation of chests, extensive 

growth of anaerobic bacteria such as Clostridium can cause production of 

volatile fatty acids, which are the reason for bad odor. Sulfate-reducing 

bacteria use volatile fatty acids as nutrients and produce H2S. Sulfuric acid is 

also formed, and this can cause corrosion of the surfaces of machine parts 

(Blanco et al. 1996).
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Microbes can use additives such as starch or retention and sizing agents as 

nutrients, leading to total or partial loss of their activity. Long storage of pulp 

without proper microbe control can also lead to spoilage of fiber material. 

Microbial spoilage of raw material and additives can cause problems in web 

formation and adversely affect the strength properties of the end product. 

Detached parts of slime deposits can find their way into the end product, 

where they can result in spots and holes (Blanco et al. 1996).

2.2 Ways to control microbe growth

While it is practically impossible to eliminate completely all the microbes in the 

papermaking process, it is essential to keep the number within tolerable 

limits. The microbial flora associated with papermaking is reported to consist 

of both aerobic and anaerobic bacteria. The total aerobic counts are normally 

between 104 CFU/ml for machines producing high-grade papers with effective 

biocide control and 10s CFU/ml for poorly controlled lower grade papers, such 

as brown paper or cardboard. At most mills slime is considered to be under 

control if the bacteria content of the white water is less than 106 CFU/ml. In 

cooling towers 104 CFU/ml and below can be regarded as a tolerable microbe 

level (Ludensky 2003).

Biocides are chemicals that are used to kill planktonic bacteria and thus to 

prevent the formation of biofilms; they may also remove biofilms that have 

already formed on machine surfaces. The use of biocides is described in 

more detail in the following chapter. However, effective microbe control 

demands more than just the addition of biocides: good housekeeping and mill 

design are also key factors.
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2.2.1 Biocides

Biocides (also called slimicides and mircrobicides) are products used to 

control the growth of microbes. They act either by killing microorganisms (the 

biocidal effect) or by weakening microbial activity (biostatic effect). An ideal 

biocide should function over a wide range of operating conditions such as pH 

and temperature and should not interfere with other paper mill additives. A 

good biocide has a broad spectrum of activity towards microbes and is 

effective and fast acting. Increasing concern for the environment sets limits on 

the biocides used. Biocides should be environmentally sound and non-toxic 

(no organic solvents, heavy metals, dioxins or furans) and also safe for the 

operator. Other important aspects for the mill operator are low cost and easy 

handling. No biocides meet all these requirements and none is suitable for all 

applications. The selection of biocides must be always made site-specific 

(Edwards 1996).

Annually over 200 million euros are spent on slime prevention by the paper 

industry. Total sales of slime-prevention chemicals in Finland in 1994-2006 

are presented in Figure 2. Total sales of (non-oxidizing) slime-prevention 

chemicals have started to fall since the peak in 2003. However, this figure 

does not include all oxidizing chemicals (such as chlorine chemicals and 

hydrogen peroxide) due to the fact that they are also used in other 

papermaking operations such as bleaching (SYKE 2007). Conversely, sales 

of oxidizing biocides have radically increased in recent years mainly due to 

their low cost (Kolari 2007). Oxidizing biocides are also degraded faster and 

the degradation products are harmless, non-toxic and environmentally sound. 

In Finland, the production and import of biocides is regulated by the country’s 

environmental administration (Suomen ympäristökeskus, SYKE, Finnish 

Environment Institute). A complete list of permitted slime-prevention 

chemicals is presented in Appendix 1.
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toimia
2 500

Other compounds 
Other organic sulphur compounds 
Chloro-methyl-isothiazolin mixture 
Methylene bisthiocyanate 
Organic bromine compounds 
Glutaraldehyde

2 000

1 500

1 000

1994 1996 1998 2000 2002 2004 2006

Figure 2. Total sales of slime-prevention chemicals in Finland in 1994-2006 
(SYKE 2007).

Classification of biocides

Biocides can be divided into three groups based on their activity towards 

microbes (Blanco et al. 2002):

• Agents that inactivate the enzymes of the cell (quaternary ammonium 

compounds, methylene bisthiocyanate),

• Electrophilic agents, which act on the the nucleophilic material of cells 

(for example dithiocarbamates)

• Agents that act through oxidative decomposition of microorganisms 

(oxygen, ozone and peroxides), also called oxidizing biocides.

Another way to classify biocides is based on their function in the process. 

Slime-prevention biocides are dosed into the circulation water to prevent the 

build-up of slime on pipes, tank walls and other parts of the paper machine. 

Short persistence is an advantage in such cases. When the reaction takes
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place already in the paper machine, the effluent going for biological treatment 

is non-toxic. The short half-life of oxidizing biocides makes them suitable for 

slime prevention. At paper mills biocides are also used in storage tanks, 

where they protect the slurries from biological spoilage (preservation aids). 

For this purpose long persistence is often preferred, and traditional biocides 

are therefore the most suitable (Kolari 2007).

Antimicrobial action of biocides

The basic requirement for the antimicrobial action of a substance is its ability 

to react with cells. The potential target regions for biocide action are 

presented in Figure 3. Generally speaking, in order to be able to penetrate 

the cell wall, molecules need to have molecular weights less than 600 kDa. 

Gram-negative bacteria have water-filled porin channels in the outer 

membrane of the cell wall. In order to pass through these porins biocides 

must have hydrophilic properties (Paulus 2005a).

Bacteria

Gram negative 1 Gram positive

CtS wait (Pepsdoglvcan 
¿IPS)
• Asccrnbly Д itneture

Forms

LPS
(outer membrane)

Cytoplasmic raetnbrare
• Structural integrity
• Respirilery chain and

membrane-bound enzymes
• Transport mecharisns
« Energy coupling processes

Cell wall peptidogiycan
Cytoplasmic membrane

Cvtonlasm
• Anabolic reactions
♦ Ciubobc reactions" 

Nucleic acids

Figure 3. Potential targets for biocides (Paulus 2005a).
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2.2.2 Methods used in biocide program management

The biocide programs employed at paper mills are managed by online 

measurement of parameters such as pH, redox potential and conductivity. 

The traditional method of monitoring bacteria levels is cultivation; ATP assay 

can also be used as a fast method for this purpose.

fiH

pH control is necessary to regulate paper machine chemistry. pH has some 

effect on all the reactions taking place in the aqueous phase. In the alkaline 

process, which is considered in this thesis, the pH is Т.5-8.5. pH affects the 

solubility of wood components and process chemicals. Changes in pH can 

cause precipitates, which in turn can cause disturbances in the process 

(Holmberg 2000).

Redox potential

Redox potential (also oxidation-reduction potential, ORP) describes the ability 

of a chemical agent to accept (reduction) or donate (oxidation) electrons. 

Absolute redox potential is difficult to measure and therefore the redox 

potentials are defined relative to a standard hydrogen electrode, for which a 

potential of 0 volts is given. The change in potential can be seen as a positive 

(oxidation) or negative (reduction) voltage. The more positive the potential the 

greater the species' affinity for electrons and thus its tendency to be reduced 

and to oxidize other compounds (Holmberg 2000).

Conductivity

Conductivity (electrical conductivity) is the inverse of specific resistance. 

Conductivity measurement can be used to estimate concentrations of
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electrolytes (such as Na+, СГ, and S042") in process waters. Monitoring is 

performed online. The measurement is sensitive and even small changes can 

be detected. Residual salts from biocides might increase conductivity. Poor 

control of microbiology also increases conductivity, at the same time lowering 

pH and dissolving СаСОз. Changes in conductivity values do not necessarily 

cause problems in runnability but they can be used to detect process 

fluctuations. Conductivity is an important factor in starch retention, as high 

conductivity critically reduces starch retention. A conductivity level of 5000 

mS/cm makes starch retention impossible, while values higher than 2000 

mS/cm are enough to cause serious problems in the process. The 

conductivity of ions accelerates with increasing temperature (Holmberg 2000).

Cultivation

Cultivation is a traditional method for determining bacteria levels and is widely 

used by mills. The number of colony forming bacteria present under specific 

conditions and in specific nutrient media is expressed as colony forming units 

(CPU). Cultivation is a reliable method for determining the level of bacteria in 

a sample. However, the cultivation of bacteria takes two days and cannot 

therefore be used to control rapid changes in a process.

ATP

ATP measurement is a rapid way of determining the level of bacteria in 

process waters. With a portable ATP meter the results can be obtained within 

a few minutes of sampling.

ATP (adenosine triphosphate) is a compound produced during glycolysis, 

photosynthesis or by mitochondria during cellular respiration. All living cells 

use ATP as a source of energy. ATP measurement is based on ATP’s ability 

to produce light as it reacts with luciferin in a reaction catalyzed by luciferase.
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The light produced can be detected using a luminometer. The amount of light 

is directly related to the number of cells in the sample. Most bacterial cells 

contain approximately 2 *10"18 - 5 * 10"18 mol ATP/cell, gram-positive cells 

containing more ATP than gram-negative cells. The amount of ATP in the cell 

is also connected to the state of the cell. Active cells contain more ATP than 

starving cells. Total ATP measures the ATP inside the bacteria cell, whereas 

free ATP measures the ATP that is liberated outside the cell (Kiuru et al. 

2008).

2.2.3 Good housekeeping

An important requirement in the overall management of microbial problems is 

good housekeeping. This includes controlling contaminants entering the 

process and performing regular boil-outs of pipelines and tanks.

The quality of the raw materials entering the papermaking process should be 

monitored. Fresh water is the main source of contamination and should 

therefore be properly disinfected. Mill design also plays an important part in 

overall microbe control on a paper machine. The volumes of the different 

stages should be planned so that the residence time in pulp, broke and water 

towers is as short as possible to minimize the risk of spoilage. Efficient mixing 

in the bottoms of tanks is important to prevent the growth of anaerobic 

bacteria.

Boil-outs of the short circulation, long loop and broke system should be 

performed periodically. Parameters affecting the efficiency of boil-out include 

the concentration of washing chemicals, contact time and temperature. 

Washing has a clear impact on the efficiency of slime control, which is much 

more efficient in machines where proper boil-outs are practiced.
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2.2.4 Alternative treatments for microbe control

Besides biocides, there are other methods for managing microbe-related 

problems in papermaking processes. One method is the use of enzyme- 

based biodispersants to control slime build-up. These agents reduce the 

formation of biofilms and improve the penetration of biocides (Dykstra and 

Stoner 1997, van Haute 2003). Oxidizing enzymes, such as glucose oxidase 

and lactoperoxidase, have biocidal effects against microbes (Süka-aho et al. 

2000) while hydrolyzing enzymes can degrade EPS (exopolysaccharide) to 

soluble products with lower molecular weights (Kolari 2007). In practice, 

however, these enzyme treatments are not yet effective enough to replace 

biocides. The synergistic effect of combined enzyme and biocide treatment 

can lead to better surface cleanliness with reduced chemical usage.

Electrochemical microbial antifouling (MAP) technology for the prevention of 

biofilm and inorganic deposits on stainless steel surfaces is based on 

polarization of the steel surface. A preventive current is fed from an electrode 

to the (metal) surface to be protected through an electrolyte, leading to 

oxidation and reduction reactions. These reactions momentarily alter the pH 

of the metal surface, creating conditions that repel microbe attachment. Since 

2000, full-scale MAF systems have been installed at several UPM mills with a 

positive outcome (Häkkinen et al. 2004).

2.3 Oxidizing biocides

Oxidizing biocides comprise peroxy compounds and compounds containing 

halogens. Common to these compounds is their ability to attract electrons 

and their high oxidation potential. Oxidizing biocides break double bonds in 

cell molecules by binding single electrons. Oxidation-reduction potential (or 

redox potential) is a value that describes the ability of a chemical entity to
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gain or lose electrons. The higher the oxidation potential the more readily the 

entity gains electrons and the stronger its oxidizing effect. Strong oxidizers 

react fast and thus lose their selectivity, which may cause unwanted side 

effects. A biocide with low oxidation potential has minimal negative side 

effects on other additives (Edwards 2003). The standard potential values of 

some common oxidants are presented in Table 3.

Table 3. Standard potentials of some common oxidizers at 298 К (Bard et al. 1985).

Oxidant Half reaction E°, V
Ozone (acidic) 03 + 2H+ + 2e" — 02 + H?0 +2.07
Hydrogen peroxide (acidic) H70? + 2H+ + 2e' — 2H?0 + 1.76
Hypochlorous acid HCIO + H+ + e — 1/2 Cl? + H?0 + 1.63
Hypobromous acid HBrO + H+ + e -> 1/2 Br? + H70 +1.6
Chlorine Cl? + 2e" -* 2СГ +1.36
Ozone (alkaline) 03 + H?0+ 2e" -> О? + 20H" +1.25
Bromine Br2(l) + 2e" -> 2Br" +1.07
Hydrogen peroxide (alkaline) HO?' + HpO + 2e — 3HO" +0.87

Oxidizing biocides are fast acting, their primary targets being cellular proteins. 

Oxidizing biocides are able to kill practically all types of bacteria, including 

filamentous bacteria, spore formers and anaerobes, if the concentration is 

high enough and the contact time sufficiently long. In moderate to high 

concentrations oxidants react non-specifically with nucleophilic functional 

groups on proteins, lipids, carbohydrates and nucleic acids (Ludensky 2005). 

Oxidizing biocides exert their bactericidal action by oxidizing the thiol groups 

of membrane-bound and intracellular enzymes, leading to metabolic inhibition 

(Denyer and Stewart 1998). Oxidizing biocides can cause internal and 

external oxidative changes in spores and are thus capable of destroying them 

(Paulus 2005a). However, as these agents are not specific, they can interfere 

with process chemicals or papermaking raw materials if not dosed with care. 

Oxidizing biocides have gained popularity because they are often safer and 

cost less. However, their use may increase the risk of corrosion. The most 

common oxidizing biocides used in paper machines include halogenated 

dimethylhydantoins (BCDMH, DCDMH), hypochlorite, hypobromic acid,
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chlorine dioxide, ammonium bromide and peracetic acid (Kolari 2007). Table 

4 lists some oxidizing biocides with their strengths and weaknesses.

Table 4. Main properties of some oxidizing biocides (Ludensky 2005).
Biocide type Form Incompatibles Strength Weakness

Chlorine gas Gas Less effective at high 
pH, in presence of 
ammonia, sunliqht etc.

Economical
Effective

Toxic gas
Safety concerns 
Costlv equipment

Sodium
hypochlorite

Liquid Less effective at high 
pH, in presence of 
ammonia, sunliqht etc.

Economical
Effective

Low activity,
Limited stability

Sodium 
hypochlorite 
+ Sodium 
bromide

Liquid Attacks phosphonates, 
nitrites and azoles but 
not inorganics

Effective
Easily retrofitted to most 
chlorination systems

Requires feeding 
two chemicals

BCDMH Solid Less effective at pH >9 
and at high halogen 
demand

Higher safety
Easy to handle

Higher cost, 
storage, feeder 
issues

DCDMH Solid Attacks phosphonates, 
nitrites and azoles but 
not inorganics

Higher safety
Easy to handle

Higher cost, 
storage, feeder 
issues

Chlorine
dioxide

Gas Cooling water 
additives, mostly 
organics, does not 
attack most inorganics

Effective at high organic 
loading, in presence of 
ammonia and at high pH

Needs to be 
generated on site. 
High volatility, 
safety concerns

Peracetic
acid

Liquid Will attack most 
inhibitors

Broad spectrum, 
biodegradable

Possible formation 
of Peracetic acid 
resistant microbes

Hydrogen
peroxide

Liquid Will attack most 
inhibitors, inactivated 
by catalase

Degrades to water and 
oxygen

Slower acting, 
needs higher 
residual

Ozone Gas Can attack almost all 
additives, PVC, 
copper, wood and 
gaskets

Effective against spore- 
formers and fungi

Very reactive and 
volatile, corrosive, 
rapidly lost, low 
solubility, safety 
concerns

2.3.1 Halogens and halogenated compounds

Halogen-containing biocides are strong oxidizing agents and the most 

commonly used type of oxidizing biocides. The halogens with practical 

significance as biocides are chlorine, bromine and iodine. Fluorine is not 

suitable for practical applications due to its toxic, irritant and corrosive nature 

(Paulus 2005b).
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The halogen-containing agents used as biocides in papermaking include 

(Kolari 2007):

• Chlorine (Cl2)

• Chlorine dioxide (CI02)

• Sodium hypochlorite (NaOCI)

• Bromine

• BCDMH (1-Bromo-3-chloro-5,5-dimethylhydantoin)

• DCDMH (1,3-Dichloro-5,5-dimethylhydantoin)

• Ammonium bromide

Chlorine compounds

Chlorine has antimicrobial activity that covers all species of microorganisms 

including spores and viruses. Chlorine has the strongest sporicidal (spore 

killing) activity of all the halogens, however it is slow. In the presence of water 

chlorine gas hydrolyzes leading to the following equilibrium:

Cl2 + 2H20 *-> HOCI + H30+ + Cl" (1)

The hypochlorous formed acid is a weak acid and dissociates in aqueous 

solution:

HOCI + H20 <-> CIO" + H30+ (2)

Under normal water treatment conditions (pH 6-9) the main chlorine species 

are hypochlorous acid (HOCI) and hypochlorite (CIO"). The distribution of 

chlorine species depends on temperature and pH (Figure 4) (Deborde and 

Gunten 2008).
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Figure 4. Relative distribution of the main aqueous chlorine species as a 
function of pH (at 25° C) (Deborde and G unten 2008).

The microbial activity of chlorine and chlorine-releasing compounds 

decreases with increasing pH. This suggests that it is hypochlorous acid 

(HOCI) rather than the hypochlorite anion (ОСГ) that is essential for the effect. 

The fact that chlorine and chlorine-releasing compounds are most effective at 

acidic pH limits their potential in long-term applications. Cl2 gas is volatile 

under acidic conditions and loses its biocidal activity, at the same time giving 

rise to safety and health risks. High acidity can also cause corrosion of the 

surfaces of equipment (Deborde and Cunten 2008).

Strong oxidizing biocides such as sodium hypochlorite are often used to 

control microbial populations in paper machines because of their powerful 

biocidal action and their low cost. Strong oxidizers are not selective in their 

reactions but react with all kinds of organic material present in the 

papermaking process such as fibers, starch and additives. To gain the 

maximum effect, strong oxidizers need to be overfed, which naturally raises 

chemical costs. Other negative aspects include higher costs due to the
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consumption of additives, increased corrosion and reduced felt life (Casini 

2003).

The Pu rate® technology of EKA Chemicals for paper machine slime control is 

based on the use of chlorine dioxide (CIO2). Pu rate is a compound formed by 

mixing aqueous solutions of sodium chlorate (NaCI03) and hydrogen 

peroxide (H202). Chlorine dioxide is generated in an SVP-pure® generator by 

reacting Purate with sulfuric acid (H2S04) (Anon.).

Bromine compounds

Bromine-containing compounds are excellent biocides with antimicrobial 

action against a variety of bacteria, fungi, algae and viruses. In alkaline media 

(pH > 7.2) the biocidal properties of bromine are superior to those of chlorine. 

Bromine can be introduced into water systems in various ways, but all tend to 

result in the formation of hypobromous acid (HOBr), which is the active form 

of bromine (Elsmore 1995).

Organic halogen-releasing compounds such as BCDMH and DCDMH are 

used as a halogen source in water treatment applications. BCDMH and 

DCDMH are solid, fast-acting, have a broad spectrum of biocidal activity and 

are effective at low concentrations (Harrison 2002). These compounds are 

hydrolyzed instantly in aqueous solution and liberate HOCI and HOBr and the 

carrier molecule DMH (dimethylhydantoin), which is biodegradable and has 

very low toxicity (Elsmore 1995). Hypobromous acid (HOBr) and 

hypochlorous acid (HOCI) are the components responsible for the biocidal 

effect. The acid dissociation of hypohalous acids leads to generation of less 

active hypohalite anions (equations 2 and 4)

HOBr + H20 *-> BrO"+ H30+ (4)
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The equilibrium of the reaction is controlled by pH. One important benefit of 

HOBr is that it has a higher pKa value (8.69) than HOCI (7.48), which makes it 

a more suitable and effective, biocide under alkaline conditions (Elsmore 

1995). BCDMH has been used as a slimicide in the papermaking industry 

since the early 1990s. Other applications for BCDMH include the treatment of 

cooling water, air washers and other industrial water streams as well as water 

in swimming pools and spas (Harrison 2002).

The benefits of using hydantoins instead of free forms of halogens include 

prolonged lifetime and enhanced biocidal efficiency. Hydantoins form 

moderately bound chlorohydantoin species in equilibrium with hypochlorite. 

The equilibrium stabilizes active chlorine and biocidally active hypochlorite is 

released only on demand (Knapick et al. 2002). BCDMH is significantly less 

harmful to the polyamide materials used in paper machine clothing than 

chlorine-based biocides or activated NaBr and also has a lower tendency to 

cause corrosion (Harrison 2002). BCDMH is a solid biocide supplied in three 

different product forms: tablets, granules and powder; all are stable and thus 

have long storage lives (Steenbeek et al. 1999).

Knapick et al. (2002) describes a halogenated hydantoin treatment based on 

a combination of BCDMH, DCDMH and 1,3-dichloro-5-ethyl-5- 

methylhydantoin. The mixture is called a brominated methylethylhydantoin 

slimicide (BrMEH). The treatment has been tested in mill trials and observed 

to be superior to the use of conventional organic biocides or bromine for the 

control of odor and microbial growth. Additional benefits included reduced 

costs, more reliable feeding and safer handling. Corrosion rates and total 

organic halogen (TOX) levels in effluent might also be reduced due to the 

lower dosages of halogen compounds.
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Lindqvist et. al (2006) describes a method to inhibit the growth of microbes in 

fresh and circulating water in papermaking and cardboard making processes. 

The method, called Bimodes (BIM Kemi), combines sodium hypochlorite 

(NaOCI) and BCDMH. The technology is suitable for processes operating at 

pH 4-9, its effectiveness increasing with increasing pH. Bimodes technology 

has been implemented on nine paper machines with a total production 

capacity of 2200 Mt/a (Schenker et al. 2006).

The biocidal treatment described by Ajoku and Kuechler (1997) is based on 

the use of a dry solid oxidizing bromine biocide. The biocidal mixture consists 

of NaBr and chlorinated isocyanurate (NaDCC). The reactions of these 

compounds are presented in equations 5-7.

NaDCC + 2H20 <-> 2HOCI + sodium cyanurate* 

Br" + HOCI <- HOBr + Cl"

HOBr + demand *-> Br"

(5)

(6) 

(7)

A benefit of this method is that since both bromine and a source of 

hypochlorous acid are present in one mixture, only one product needs to be 

fed into the system. The system was tested at a fine paper mill to treat the 

white water used for machine showers. The biocide treatment was used 

successfully over 12 months and found to be effective against bacteria, molds 

and yeasts (Ajoku and Kuechler 1997).

HOBr can also be generated by reacting sodium bromide with hypochlorous 

acid (from sodium hypochlorite or chlorine) as follows (Paulus 2005b):

NaBr + HOCI <-> HOBr + NaCI (8)
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Haloqenated amines

Industrial waters contain nitrogen compounds which readily react with 

halogens to form haloamines such as chloramines and bromamines. 

Bromamines possess greater biological activity and degrade more rapidly 

than chloramines. The half-life of bromamines is only minutes whereas for 

chloramines it can be hours (Elsmore 1995). The following equation describes 

the formation of chloramines/bromamines:

X2 + HN ^ <----- ► X-N ( + HX
' R R

(9)

Where X is Cl or Br.

Compared to free forms of halogens, halogenated amines are superior in 

penetrating biofilms and killing bacteria (Paulus 2005b). Chloramines also 

release hypochlorous acid for a longer time and more uniformly than chlorine 

(Savolainen 2006).

The bromide-activated chloramide produced by Hercules is a biocide widely 

used to control microbial growth in papermaking processes. It is a 

combination of ammonium bromide solution, sodium hypochlorite and fresh 

mill water and is produced on-site at the mill. The biocide can be employed in 

alkaline systems and is effective against a broad spectrum of planktonic 

bacteria; it is also capable of penetrating and removing existing biofilms. 

Bromide-activated chloramide is a weak oxidizing agent and does not react 

with additives or fibers. It can also be added to thick stock such as broke or 

recycled fiber. Compared to strong oxidizing agents, bromide-activated 

chloramide also reduces corrosion rates. Bromide-activated chloramide
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degrades into non-toxic ions such as Na\ СГ, Br", N2 and NH4+ which do not 

impair the operation of activated sludge plants (Casini 2003, Davies and 

Casini 2002, Edwards 2003).

2.3.2 Peroxy compounds

Hydrogen peroxide generates highly reactive hydroxyl radicals (HO'), and it 

is these that are responsible for its antimicrobial activity. At low 

concentrations hydrogen peroxide acts as a biostatic compound and prevents 

microbial growth and slime formation. At higher concentrations (3-6%) 

hydrogen peroxide is used as a sanitizer or disinfectant. The antimicrobial 

activity of hydrogen peroxide increases with increasing temperature and the 

optimal pH range is on the acidic side. In alkaline media hydrogen peroxide 

decomposes too quickly. Respiring cells produce catalase and peroxidase to 

protect themselves against hydrogen peroxide in their metabolism. Catalase 

production can lower the effect of hydrogen peroxide to some extent (Paulus 

2005b).

Peracetic acid is several orders of magnitude more effective than hydrogen 

peroxide. It has a broad spectrum of activity that includes bacteria, yeasts, 

fungi, spores and viruses. The following equation describes the formation of 

peracetic acid from acetic acid.

CH3COOH + H202 <-> CH3COOOH + H2O (10)

The action of peracetic acid is based on its ability to rapidly oxidize organic 

matter. It is thought to destroy important parts of the cell membrane by 

oxidizing sulfhydrate (SH) and sulfur (S-S) bonds in enzymes. The damage 

caused to the cell membrane enables peracetic acid to enter the cell, where it 

oxidizes vital amino acids. Better results have been achieved in slightly acidic 

media (pH 5) than in neutral or alkaline media (Paulus 2005a, Grcar et al.
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1997). Peracetic acid is one of the least corrosive oxidizing biocides. Its 

degradation products; acetic acid and oxygen, make it an environmentally 

sound biocide (Kolari 2007). Peracetic acid is regarded as slightly more 

sporicidal than hydrogen peroxide.

2.3.3 Mixed oxidants

It has been suggested that the effectiveness of oxidizing biocides could be 

enhanced by mixing two or more biocidal compounds. Urtz (2003) listed the 

benefits that might be gained by combining halogen oxidants. These benefits 

include longer-term control of microbes, greater effectiveness, better slime 

penetration and removal, and greater compatibility with papermaking 

chemistry and papermaking equipment.

Venczel et al. (1997) found a mixed oxidant solution produced 

electrochemically from brine solution (NaCI + water) to be considerably more 

effective than free chlorine for disinfecting drinking water. The mixed oxidant 

solution consisted of free chlorine, chlorine dioxide, hydrogen peroxide, 

ozone and other short-lived oxidants. The solution was produced on-site 

using a mixed oxidant converter by MIOX Corporation.

Son et al. (2005) investigated the effectiveness of mechanically mixed 

oxidizers for bacterial inactivation in a laboratory test. A clear enhancement in 

inactivation rate was observed when small amounts of ozone, chlorine 

dioxide, hydrogen peroxide and chlorite were mixed to a high concentration of 

chlorine and the ability to kill B.subtllis spores was superior compared with the 

ability of Cl2 alone. The greater inactivation was thought to be due to the 

synergistic effects of the mixed oxidants or to the formation of unknown 

intermediates.
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Kim and Day (2007) has examined the effectiveness of hydrogen peroxide, 

sodium bisulfate and thymol for reducing the numbers of Salmonella 

typhimurium and E.coli originating from poultry processing. The mixed 

chemical treatment was found to be clearly more effective than the individual 

oxidants alone in sanitizing the pathogenic bacteria attached to chicken skin 

and in broth cultures.

2.4 Electrochemical method for oxidant production

Electrochemical oxidation or electro-oxidation has been mainly used in 

wastewater treatment to remove organic pollutants. The degradation of 

pollutants and microbes by electrochemical means can occur in two ways: by 

direct or indirect oxidation. Direct oxidation is mainly used for wastewater 

treatment. Electrolysis of water causes the formation of hydroxyl radicals at 

the surface of the electrodes, the radicals then bringing about the degradation 

of organic pollutants to H20 and C02. These radicals can also inactivate the 

bacteria present in the water. In indirect oxidation, oxidative compounds such 

as ozone, chlorine, hypochlorite or hydrogen peroxide are generated and 

then used to destroy the pollutants or bacteria. This method requires that 

chloride ions are present in the electrolyte solution (Särkkä et al. 2007).

2.4.1 Principle of indirect electrochemical treatment

In indirect oxidation, oxidative chemicals are produced in an electrolytic cell 

by the electrolysis of the aqueous brine solution. Hydrogen is produced at the 

cathode and oxygen at the anode, as follows: (Lu 2005, 565)

Anode: H+ + e' —> H (11)

2H—> H2 (12)
Cathode: 20H' + 4e' —*• 2H20 + 02 (13)
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When chlorides such as sodium chloride are present they are oxidized at the 

anode yielding Cl2, which then reacts with water producing HOCI or NaOCI 

and other species (Hernlem and Tsai 2000). Substances that might be 

generated at the anode during electrochemical treatment of brine solution 

include HOCI, CI02, 03, Cl2, radicals ( OHO, OH" and -Cl) and H202. 

Compounds generated at the cathode include NaOH, H2 and H202.

The electrolytic cell can be divided into two compartments by a membrane 

that allows permeation of only small ions, thus keeping the compounds 

formed at the anode and cathode separate. The acidic anolyte produced on 

the anodic side and the alkaline catolyte produced on the cathodic side can 

be collected separately or they can be mixed together afterwards to produce 

a neutral electrochemically activated solution (Savolainen 2006). Figure 5 

presents a simplified overview of an electrolytic cell that is divided into two 

compartments.

Anolyte Catholyte
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ci-
o,

NaOH

OH

Anode hci Cathode
( + ) c'2
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■4--------- e* ions
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Power
Source

+
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Figure 5. Schematic overview of an electrolytic apparatus.
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2.4.2 Parameters affecting the generation of oxidative compounds

The amount of each compound produced depends on the treatment time, the 

current density and the properties of the ion solution. The amount of each 

product and the rate of the reaction can be estimated using Faraday’s law:

t-I
n =-------

z-F
(14)

in which t is time (s)

I is electric current (A)

z is valence number of the substance as an ion in solution 

F is Faraday’s constant (96500 As/mol) 

n is theoretical amount (mole) of active substance

Electrode material

The activity of the anode depends on the value of the anode’s overpotential 

for oxygen evolution. Anodes showing low potential for oxygen evolution such 

as Ft or 1гОг are effective for oxidation only at very low current densities or 

when salt ions are present in high concentrations. If the current density is 

high, a significant part of the current efficiency is expected to lead to 

unwanted production of oxygen. Boron-doped diamond (BDD) coated 

titanium is an anode material that gives the highest value of oxygen evolution 

overpotential, making it effective with only a minimal amount of oxygen 

evolution as a side reaction (Chen 2004).

Process parameters

Kraft et al. (1999a) has examined the effects of process parameters such as 

temperature, concentration and current density on the rate of production of
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hypochlorite. Production rate was found to increase with increasing chloride 

concentration. Also almost linear increase in production rate was observed 

when current density was increased. Raising the temperature lowered the 

active chlorine production rate. A low temperature (< 40°C) is also 

advantageous for the stability of the radicals formed (Savolainen 2006).

2.4.3 Formation of oxygen radicals during electrochemical treatment

Reactive oxygen species (ROS) such as the hydroxyl radical (*OH), ozone 

(O3), hydrogen peroxide (H202), superoxide (02"*) and singlet oxygen (102) 

can also be formed during electrolysis of water, especially when an anode 

with a high 02 overpotential is used. The formation potentials of reactive 

oxygen species are much higher than that of oxygen (Table 5) (Chen 2004).

Table 5. Formation potentials of reactive oxygen species.
Oxidants Formation

potential
H2O/OH (Hydroxyl radical) 2.80
O2/O3 (Ozone) 2.07
H2O/H2O2 (Hydrogen peroxide) 1.77
H2O/O2 1.23

Atomic oxygen is a radical although it is less reactive than free radicals. 

Under alkaline conditions oxygen is capable of oxidizing organic substances 

with simultaneous stepwise reduction of oxygen to water by one-electron 

transfer processes and formation of reactive radical species (Figure 6) (Alén 

2000).
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Figure 6. Reduction of oxygen and formation of reactive radical species.

Reactive oxygen species are also formed naturally in cells as a by-product of 

metabolism. Internally produced oxygen radicals can cause damage to the 

cell membrane, lipids and protein. To protect themselves microbe cells 

produce enzymes such as superoxide dismutase (SOD), peroxidases and 

catalase to inhibit the activity of oxygen radicals (Rocha et al. 1996). However 

when a ROS is present in excess, the capacity of these enzymes is exceeded 

leading to a condition called oxidative stress, when the cell is no longer able 

to protect itself. The detrimental effects of external ROS can be considered to 

arise via the same reactions as with internally formed ROS. Especially 

detrimental for cells is the hydroxyl radical, which is a powerful oxidant that 

reacts with virtually anything including biomolecules and DNA (Keyer et al. 

1995).

The presence of metal ions is essential in the generation of hydroxyl ions 

from hydrogen peroxide. The superoxide ion plays a role in the generation of 

the more radical hydroxyl ion (equation 15). Hydroxyl ions are formed in the 

Fenton reaction, as shown below (Equation 16) (Keyer and Imlay 1996).

02" + Fe3+ 02 + Fe2+

H202 + Fe2+ —> ОН* +OH" + Fe3+ (Fenton reaction)
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Jeong et al. (2006) examined the effectiveness of reactive oxygen species for 

disinfection. A suspension of E.coli cells in chloride-free phosphate buffer 

solution was directed through a one-compartment electrochemical cell 

containing a boron-doped diamond anode. It was assumed that the main 

products generated at the anode are reactive oxygen species. The treatment 

was successful in inactivating the bacteria. Greater inactivation was achieved 

by increasing the current density. Lower temperature and slightly acidic pH 

(5-6) also enhanced the inactivation. Inactivation of E.coli was considered to 

be due to the hydroxyl radical.

2.5 Applications of electrochemical treatment

Applications based on electrochemical treatment can be divided into direct 

and indirect oxidation. Indirect electro-oxidation involves the generation of 

oxidants from salt solution and the introduction of these oxidants into the 

process in question. The most common method is generation of electro- 

oxidized (EO) water from simple NaCI solution. The use of EO water has 

been investigated in food processing and drinking water treatment. The 

method in which the water to be treated is directed through the electrolytic 

cell is called direct oxidation and its main applications are in wastewater 

treatment and drinking water disinfection. Some applications related to 

papermaking can also be found and these are reviewed next.

2.5.1 Applications in the paper industry

Särkkä et al. (2007) investigated the electro-oxidation of synthetic paper 

machine water (SPW) as a means to inactivate the primary biofilm-forming 

bacteria Deincoccus geothermalis. The electrolytic apparatus consisted of a 

Pt cathode, a saturated calomel electrode (SCE) as reference electrode and
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an anode, for which three different materials were tested (Pb02, MMO (mixed 

metal oxide) and BDD (boron-doped diamond)). The bacteria were added to 

the SPW before electrolysis. The treatment reduced the level of bacteria by 

over 95% with all three anodes using >30 min contact times. Inactivation was 

due to hypochlorite/chlorine generated electrochemically at the anode.

Savolainen (2006) describes a method for the electrochemical generation of 

oxidizing biocides designed to prevent bacterial growth and to clean and 

control the formation of biofilms in papermaking processes. The invention is 

based on on-site generation of oxidizing biocides by directing an aqueous 

solution containing sodium, potassium or ammonium ions, chloride, bromide, 

sulfate, nitrate, carbonate or amine or their combinations through a two- 

compartment electrolytic cell (Figure 5, Chapter 2.4.1). The fact that the 

chemicals are produced on-site offers clear benefits: cost savings, improved 

safety (no need to handle tanks containing highly corrosive hypochlorite), and 

greater effectiveness as the radicals generated during electrolysis are short

lived and not present in the hypochlorite solution after transportation. On-site 

production of biocides also does away with the need for storage.

Applications of the direct oxidation of wastewater can also be found in the 

paper industry. However, the purpose of these treatments has not been to kill 

off bacteria but to remove harmful substances from wastewaters such as 

compounds causing color. Wang et al. (2007) examined the use of direct 

oxidation to treat wastewater collected from a kraft cooking section of a paper 

mill that uses wheat straw as raw material. The treatment is based on 

electrochemical oxidation of pulpmaking wastewater in the presence of kaolin 

modified with Cu20-CoO-P043". Hydrogen peroxide is generated at the 

surface of the cathode during electrochemical oxidation. Metal-modified 

kaolin catalyzes the degradation of hydrogen peroxide with formation of 

hydroxyl ions, which are able to destroy the pollutants adsorbed onto the
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surface of the kaolin. Over 95% removal of COD (chemical oxygen demand) 

was achieved at pH 3 with a current density of 30 mA/cm2 and around 70 min 

treatment time (Wang et al. 2007). Electrochemical oxidation can also be 

used to decolorize pulp mill bleaching effluent (Nassar and Fadali 1982) and 

to reduce its COD level (Liu et al. 2001).

2.5.2 Applications in other industries using indirect electro-oxidation

Electrolyzed oxidizing water (EO)

Electro-oxidized (EO) water is generated by passing dilute brine solution 

through an electrochemical cell. As described earlier, the electrolysis 

generates oxidative chlorine species. The use of EO water has been widely 

investigated in food processing. Guenzel et al. (2008) has evaluated the 

feasibility of using EO water to eliminate common food-borne pathogens from 

food service areas and food surfaces. Treatment with near neutral EO was 

effective in reducing bacteria on food processing surfaces, and rinsing 

spinach and lettuce clearly reduced bacteria levels on their surfaces without 

any trace of chlorine residue on the leaves. Buck et al. (2002) observed that 

acidic EO water has potential as a fungicide for use on plant surfaces and as 

a general sanitizing agent in greenhouses. EO water is used in several 

Japanese hospitals for sanitation of surfaces and for disinfection of hands 

(Buck et al. 2002).

Legionella disinfection

Furuta et al. (2004) investigated the effect of electrochemical disinfection on 

Legionella using a one-compartment electrochemical cell and NaCI, Na2S04 

and NaHC03 salt solutions as sources of ions. In all three cases electrolysis 

was performed both in deionized water and in tap water at several current 

densities (25-150 mA/cm2). Rather than passing Legionella bacteria through
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the cell, the effect was tested by adding the bacteria to electrochemically 

treated water. The most effective oxidants were produced when NaCI was 

electrolyzed. Bicarbonate-containing solutions showed some effect in 

inactivating bacteria but complete disinfection using peroxo-dicarbonates 

alone does not seem to be possible. Electrolyzed sulfate-containing solutions 

showed no inactivation although oxidants were generated and detected. 

Greater inactivation was observed when tap water was used instead of 

deionized water, suggesting that it is not only the added salts and their 

reactions that cause disinfection but also ions such as bicarbonate present in 

tap water. The treatment is made more effective by increasing treatment time, 

chloride concentration or current density.

Hydrogen peroxide generation

Drogui et al. (2001) described a method of electrochemical generation of 

hydrogen peroxide and assessed its potential as oxidizer and disinfectant. 

Drogui uses a two-compartment electrochemical cell with a carbon cathode 

and DSA (titanium coated with Ru02) as anode. A dimensionally stabilized 

electrode was used since the decomposition potentials of water and hydrogen 

peroxide are nearly identical. Peroxide oxidation is limited since water is in 

excess in the reaction and the electronic balance favors reaction (17). The 

generation of hydrogen peroxide can be described with the following 

equations:

2H20 «-> 02 + 4H+ + 4e" 

02+ 2H+ + 2e <-> H202 

H202+ 2H+ + 2eV» 2H20

(17)

(18) 

(19)

The rate of hydrogen peroxide generation was proportional to the current 

density, as mentioned earlier. The effectiveness of the hydrogen peroxide
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produced was tested on Pseudomonas aerungiosa both by pouring a sample 

of the water containing hydrogen peroxide (and radicals) into a beaker 

contaminated with bacteria and by contaminating the tank with the bacteria 

during electrolysis. Inactivation during electrolysis proved more effective than 

chemical oxidation (Figure 7). Kraft et al. (1999) has also used 

electrochemical treatment to generate hypochlorite from dilute chloride 

solutions (Kraft et al. 1999a) and tap water (Kraft et al. 1999b)

■ Electrolysis 
□ Chemical irtaimeni 
О No treatment

0.010

0.0010

g 0.00010

Time (min)

Figure 7. Survival of P. aerungiosa on electrolysis and chemical oxidation with 
H2O2 (Drogui et al. 2001).

2.5.3 Applications using direct electro-oxidation

The combined effect of direct exposure to current and to the oxidants 

generated has also been evaluated in article by Drees et al. (2003). The 

model microbes E. coli and Pseudomonas aerunginosa and two 

bacteriophages were exposed to direct oxidation by electric current (25-350 

mA) and to the electrochemically formed oxidants produced during the 

treatment such as H202, 03, Cl2 and CI02. The numbers of both bacteria and 

bacteriophages were reduced but a harsher treatment was needed for the 

bacteriophages. Inactivation was found to be due to the formation of oxidants
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rather than to the direct current. It was also found that the treatment was 

more effective at inactivating microbes at low population densities than at 

higher densities.

Feng et al. (2004) investigated the electrochemical inactivation of Legionella. 

Direct electro-oxidation was used to disinfect cooling tower water. The 

treatment reduced the numbers of Legionella bacteria from 1.3x102 to zero at

1.5 kV. Direct current was considered to cause softening of the cell 

membrane, making it more permeable to the oxidative compounds; however, 

the actual reduction in bacteria count was due to the hydroxyl ions formed 

during the electrochemical treatment.

2.6 Summary

Warm temperature, near neutral pH and easy access to nutrients makes the 

paper machine an ideal environment for microbe growth. The microflora found 

in paper machines consists of a variety of microbes, aerobic bacteria being 

the most common contaminant. In an aquatic environment microbes can live 

in free-swimming (planktonic) form or they can form aggregates called 

biofilms on surfaces. If the formation of biofilms is not controlled they can 

adversely affect both machine runnability and end-product quality.

Biocides are compounds that are used to control microbe growth. Based on 

their action towards microbes they can be divided into non-oxidative and 

oxidative. Oxidizing biocides are fast acting and have a broad spectrum of 

activity towards microbes. They are able to destroy bacteria, fungi, algae, 

viruses and spores. Oxidative biocides are commonly used in papermaking 

because of their effectiveness and low cost, and because they are considered 

more environmentally sound than many traditional biocides. Due to their 

radical nature, oxidizing biocides can also react with process chemicals if not
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dosed with care, the result being excessive consumption of additives. In the 

case of halogen-containing oxidants the disadvantages also include 

increased risk of corrosion.

Oxidative compounds can be generated by electrolysis of salt solutions. This 

method has been used for drinking water disinfection, and in food processing. 

On-site electrochemical generation of oxidative biocides has many benefits, 

including the fact that there is no need for the transportation of harmful 

chemicals or for storage. Another benefit can be gained through the formation 

of radical oxygen species during electrochemical treatment. These species 

are extremely reactive and can enhance the effectiveness against bacteria of 

electrochemically generated solutions.

KCL has obtained a patent for the electrochemical formation of oxidative 

biocides (Savolainen 2006). The feasibility of using these biocides in 

papermaking applications is evaluated in the experimental part of this thesis.

42



3 EXPERIMENTAL PART

3.1 Objective

The objective of this work was to evaluate the suitability of electrochemically 

generated biocides for different applications in fine paper manufacture and to 

determine the most suitable dosing strategy.

Biocides were generated from simple salt solutions by electrolysis. The first 

series of experiments was concerned with testing the effectiveness of the 

electrochemically produced biocides in laboratory trials. In the second series 

of experiments the results of the laboratory trials were verified in Wet End 

Simulator (WES) trials. All the trials were performed using water collected 

from a fine paper machine in Finland.

In the experimental part of the thesis the biocide strategies employed on fine 

paper machines are reviewed based on interviews made at three Finnish 

mills. The costs of electrochemically produced biocides will also be estimated.

3.2 Review of biocide strategies at paper mills

Representatives from three Finnish paper mills were interviewed regarding 

the biocide programs used on their fine paper machines. Oxidizing biocides 

became common in the mid-2000s and today are the most common type of 

slime-prevention agents used in fine paper manufacture. The benefits of 

oxidative biocides over traditional ones include lower costs and greater 

effectiveness.
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3.2.1 Oxidative biocide programs

The following biocide programs were used in fine paper manufacture at the 

mills covered by the interviews:

• Hercules Inc.’s ammonium bromide technology, which involves 

blending ammonium bromide with hypochlorite

• BIM Finland Oy’s oxidative technology, which combines BCDMH (1- 

bromo-3-chloro-5,5-dimethylhydantoin) and hypochlorite.

• Eka Chemicals’ EKA Pu rate technology, which is based on onsite 

generation of chlorine dioxide.

• Traditional biocides, glutaraldehyde and DBNPA have also been used 

occasionally.

3.2.2 Biocide feeding

Biocide can be fed into the process either continuously or in batches. In 

general the mill representatives favored the continuous mode. A continuous 

biocide feed causes less variation in redox potential, pH and conductivity than 

batchwise feeding. The biocide strategies reviewed in this work included:

• Continuous dosing (BIM)

• Batch dosing (Hercules)

The biocide addition point must be considered case by case. The dosing 

points frequently used on paper machines include machine broke, coated 

broke, white water tower, mixing tank, white water tank / warm water and 

shower water and wire pit.
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3.2.3 Cost of oxidative biocide programs

One of the most important benefits of oxidative biocides over traditional ones 

is their lower cost. The use of oxidative biocides has reduced the cost of 

biocide treatment at the three mills from 7-8 euros/tonne of paper produced to 

between 4 and less than 1 euros/tonne.

3.2.4 Management of biocide treatment

Biocide programs are monitored using both on-line measurements and 

laboratory tests. The parameters monitored include redox potential, pH, 

conductivity, bacteria count (cultivation and ATP) and residual chlorine. 

Machines are also regularly checked for any deposits. The role of biocide 

supplier is very important in managing the performance of the biocide 

program.

Deposit formation, especially in the headbox and wire section, is often a clear 

indication of inadequate microbe control. A lowering of pH can also indicate 

spoilage of broke. A fall in pH disturbs starch performance and can thus 

adversely affect strength properties. Previously when traditional biocides were 

used falls in pH levels were more common. Excessive bacterial growth also 

caused other problems such as specks in the end-product. Introducing 

oxidative biocide programs has reduced the frequency of breaks caused by 

microbial growth.

3.2.5 Disadvantages of oxidative biocides

The use of oxidative biocides can have disadvantages as their oxidative 

action is not very specific and they can interfere with other chemicals 

(excessive consumption of chemicals or reduced efficiency) and machinery 

(corrosion). However, no negative effects have been noted at the mills
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covered by the interviews during three years’ operation. Biocides might cause 

chemical variations in the wet end, but this is difficult to show conclusively. 

Short-lived oxidative biocides cannot be used for preservation of raw 

materials or pastes. During shutdowns, chests need to be run empty or else 

stronger traditional biocides are needed.

3.3 Materials and methods

3.3.1 Materials

Samples used in laboratory trials

The samples used in the laboratory trials were collected from a fine paper 

machine at a Finnish mill. The samples were collected from clear filtrate, wire 

water, headbox, broke and mixing tank. Bacteria counts, ATP values, 

consistency and ash content of the samples are presented in Tables 6 and 7.

Table 6. Bacteria counts and ATP values of the samples used in the laboratory trials.
Total

bacteria
(CFU/ml)

Spores
(CFU/ml)

ATPtotai
at mill

ATPfree
at mill

ATPtotai
at KCL

ATP free 
at KCL

Clear
filtrate

1.22x10e <10 230 9 420 3

Wire water 9.55x10s <10 120 l~5 174 1
Headbox 1.20x10e <10 360 12 220 4

Broke 5.28X106 10 160 26 368 6

Mixing tank 7.15X106 3.7xl02 460 38 506 7

Table 7. Consistency and ash contents of the samples used in the laboratory trials.
Sample Consistency Ash content 

(% of dry matter)
Ash content 

(% of sample volume)
Clear filtrate 0.01% 85.3% 0.01%
Wire water 0.3% 87.9% 0.2%
Headbox 0.9% 51.6% 0.5%

Broke 3.3% 28.9% 1.0%
Mixing tank 4.0% 12.5% 0.5%
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Samples for Wet End Simulator trials

Clear filtrate used In WES trials were obtained from a Finnish mill producing 

fine paper. The initial bacterial count of clear filtrate was determined prior to 

the trials (Table 8).

Table 8: Total counts of bacteria and spore-forming bacteria in clear filtrate
Total bacteria Spores

(CFU/ml)
Clear filtrate 6.5 x 105 CFU/ml -

Salts used in the generation of biocides

The biocides used in this work were generated from simple salt solutions by 

electrolysis. Sodium bromide (NaBr) (Fluka) was used for electrochemical 

generation of hypobromite. NaCI (Suprasel) was the raw material for 

electrochemically produced NaOCI Sodium carbonate (Na2C03) (J.T. Barker, 

Merck, Riedel-de Haën) and sodium bicarbonate (NaHC03) (J.T. Barker, 

Merck) were used for percarbonate generation. The pH of the percarbonate 

produced was adjusted with 1 M HCI.

Chemicals used in bacteria cultivation

Nutrient agar (Merck) was used as culture medium. Ringer solution (Ringer 

tablets, Merck) was used for dilution of samples. Both Ringer solution and 

nutrient agar were sterilized in an autoclave (20 minutes at 120°C) before 

use.
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3.3.2 Methods

Experimental devices

The electrochemical apparatus used in these trials was constructed at KCL. A 

schematic view of the apparatus is presented in Figure 8. The main 

components are an ElectroCell MR electrolytic cell, power source, pump and 

measuring devices to monitor the generation of biocides such as pH meter, 

ORP meter, flow meter and conductivity meter.

Salt solution is pumped from a tank through the electrolytic cell. When current 

is applied the salt solution is electrolyzed and oxidative compounds are 

formed. Hydrogen (H2) and oxygen (O2) are also generated in the cell. These 

gases are not detrimental as such, but at elevated temperature a mixture of 

these gases carries the risk of an explosion. In high concentrations hydrogen 

can also displace oxygen in the air and cause suffocation. For this reason the 

electrochemically treated solution is pumped to a hydrogen dilution cell, 

where air is used to dilute the hydrogen formed. After dilution, the solution is 

taken to the analysis cells. The first cell is used to measure ORP and pH and 

the second conductivity. The second cell is also fitted with a valve for 

sampling purposes. As a precaution the electrochemical apparatus was 

operated in a fume chamber.

Redox potential was measured during the generation of oxidative biocides 

using a Prominent RHE Pt electrode. pH was measured with a Prominent 

PHE 112 electrode. The conductivity of the product was measured with a 

Kemotron conductivity analyzer and the flow meter used was a Krohne IFC 

010D.
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The electrochemical apparatus is connected to a computer and the 

measurement data generated during biocide production is collected using a 

Data Translation program.

pH and ORP Cnnduaivir,

Fewer
supply

Electro Cell

Uquid
container

Flow meter

Figure 8. Schematic overview of the electrolytic apparatus.

The electrochemical cell used in the generation of oxidative biocides is an EC 

ElectroCell MR (Figure 9). This is a plate and frame cell that can be used for 

laboratory-scale experiments. The effective area of the electrode is 0.01 m2 

(single sided). The cell was operated in single compartment mode and the 

electrodes used were boron-doped diamond (BDD) anode and stainless steel 

cathode.
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Figure 9. Overview of the Electro MP cell (ElectroCell).

Electro MP Cell

electrode

fluid distributor

membrane

Wet End Simulator (WES) is a semi-pilot scale apparatus designed to 

simulate the actual processes of the paper machine wet end. The apparatus 

was built at KCL and can be used to simulate several papermaking unit 

processes including pulping, bleaching and water circuit closure. One of the 

advantages of WES is that it can be equipped with various process controlling 

electrodes. Parameters such as pH, ORP, temperature, 02 content and 

conductivity can be measured and monitored online during the trial. Figure 10 

presents a schematic view of the Wet End Simulator. In the present trials only 

the area within the red rectangle was used.
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Fresh
water

White water

Figure 10. Schematic view of the Wet End Simulator. Machine parts: (1) hot 
water tank, (2) pulper, (3) mixing tank, (4) machine chest, (5) heat exchanger, 
(6) headbox, (7) wire pit, (8) white water tank (Nyblom et. al. 2005). The area 
inside the red rectangle was used in the trials.

Analytical devices and methods

Determination of active chlorine and bromine

Active chlorine and bromine were measured using a Dulcotest DT1 

(Prominent) portable microprocessor-controlled photometer (Figure 11).
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Redox potential and pH measurements

In the laboratory, pH was measured with a Metro hm 744 pH meter fitted with 

a solitrode electrode. A WTW SenTix® ORP electrode was used to measure 

redox potential.

ATP measurement

ATP content was measured by luciferin-luciferase assay using two 

instruments: a portable systemSure II™ luminometer (Hygiena, USA) and the 

Chameleon™ II Multilabel Platereader (Hidex Oy, Turku, Finland). ATP 

content with the Chameleon plate reader was measured in flat-bottom black 

96-well microtiter plates using an ATP biomass kit HS (BioThema, Turku, 

Finland) according to the manufacturer’s instructions.

For rapid ATP measuring with the portable luminometer, sampling devices 

with a honeycomb-shaped dipper (Aquasnap) were used. The sampling 

device contains the reagents for ATP assay. The luminescent reaction takes 

place in the tube of the sampling device. The portable luminometer reads the 

light, which is in direct proportion to the amount of ATP in the sample.

Hydrogen peroxide titration

Percarbonate ions generated by electrochemical treatment of carbonate are 

unstable and are hydrolyzed in aqueous solution to hydrogen peroxide, which 

is also the main active component of the electrochemically formed 

percarbonate solution. The titration of hydrogen peroxide was performed 

according to KCL’s internal method. The analysis is based on the oxidation of 

iodide by hydrogen peroxide to iodine and further titration of the liberated 

iodine with sodium thiosulfate (Ма2320з).
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The hydrogen peroxide concentration was determined using the following 

equation

E*n*V
a

(20)

in which C is concentration of hydrogen peroxide (g/l)
E is equivalent weight of hydrogen peroxide (17.007) 
n is molarity of the thiosulfate solution 
V is consumption of thiosulfate
a is sample volume (ml)

Cultivation

The levels of bacteria in paper machine water samples were determined by 

cultivation. This was done by placing 1 ml of sample and about 15 ml of 

nutrient agar (temperature 50°C) into a sterile petri dish. The dish contents 

were gently mixed and allowed to solidify for 30 min at room temperature. 

Plates were cultivated for 48 h at 37°C and the numbers of colonies present 

counted. The results are given as colony forming units/ml (CFU/ml).

To determine the amount of spores the samples were heated at 80°C for 30 

min before plating. Otherwise cultivation was performed as described above.

3.4 Experimental set-up

The experimental part of the work can be divided into the following parts:

• Generation of biocides

• Laboratory trials to test the effectiveness of the biocides
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WES trials to verify the results of the laboratory trials

3.4.1 Electrochemical generation of biocides

Halogen-containing biocides

The run parameters for production of electrolyzed NaCI and NaBr were 

determined in pre-trials and are presented in Table 9. The concentration of 

active compound in the product was measured with the Dulco test DT1 meter.

Table 9. Run parameters for production of electrolyzed NaCI and NaBr In the 
electrochemical cell.

Raw
material

Salt
concentration

Applied current 
density 
(A/m2)

Flow rate 
0/h)

Main active 
compound in the 

product
NaCI 0.3 M 0.3 8 NaOCI
NaBr 0.3 M 0.3 8 NaOBr

Electrochemicallv formed percarbonate

Percarbonate was selected for these trials as a non-halogen containing 

biocide. Such biocides would have the benefit of being less corrosive as well 

as leading to lower concentrations of AOX in wastewater. There are two types 

of percarbonate: chemical percarbonate and electrolytic percarbonate. 

Electrolytic percarbonate is the true percarbonate (Figure 12 a) and can be 

produced by oxidation of cold carbonate solution on a noble metal anode 

(Equation 21). Chemical sodium percarbonate is a commercial product 

produced by reacting concentrated H202 with Ма2СОз (Figure 12b) (Zhang 

and Oloman 2005).
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Figure 12. Structures of (a) electrolytic percarbonate and (b) chemical 
percarbonate (Zhang and Oloman 2005).

The percarbonate ion generated by electro-oxidation of carbonate (Reaction 

21) is unstable and is hydrolyzed in aqueous solution to hydrogen peroxide 

(Equation 22).

2CO\~ -> C20¡- + 2e

C20¡~ +2H20-> 2HCO~ + H202

(21)

(22)

The half-life of the percarbonate ion is around 1-2 min at 20°C (Oloman 1996, 

p.156). Due to the short half-life of percarbonate, the main active component 

of electrolyzed carbonate salts is hydrogen peroxide. In these trials 

percarbonate was produced using a one-compartment cell structure. A two- 

compartment cell structure is not possible because of carbon dioxide 

evolution.

Determination of cell parameters

In the pre-trials the concentration of active substance in the electrochemically 

produced percarbonate solution was low. In order to be able to produce 

percarbonate in sufficient concentrations for use in the trials, the parameters 

for percarbonate generation needed to be optimized. In an attempt to improve 

the percarbonate yield the effects of initial salt concentration, anolyte
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circulation, flow rate, different salt mixtures and their combinations and 

addition of peroxide stabilizers were tested. Table 10 shows the parameters 

used in the trial runs. A more detailed description of the trials is presented 

below.

Table 10: Experimental set-ups for trials to improve percarbonate production.
Changing Raw Salt Current Flow Cooling Stabilizer Product
parameter material concentration

(M)
density
(A/m2)

rate
d/h)

ion
mode

Initial salt NaHCCh 0.25 0.25 8 Yes No Anolyte
concentrât! 0.50 once

on 0.75 through 
the cell

Anolyte
circulation

NaHC03 0.75 0.25 8 Yes No 4 h
Circulati 

on of 
anolyte

Reduced NaHC03 0.75 0.25 8 No No Anolyte
flow rate 4 once

2 through 
the cell

Different NaHC03 0.375 0.25 4 l/h No No Anolyte
salts Na2C03 0.375 once

Ratio (1:1) through 
the cell

Salt ratios NaHC03 0.375+0.375 0.25 4 l/h No 0.3 mmol Anolyte
1:1
1:3
3:1

+ NØ2CO3 0.25+0.50
0.50+0.25

MgS04 
and 0.03 M 

sodium silicate

once 
through 
the cell

Effect of initial salt concentration

The effect of initial salt concentration was tested with three different NaHC03 

concentrations: 0.25 M, 0.5 M and 0.75 M. The salt solutions were cooled in a 

refrigerator and during the run the liquid tank was placed in a basin filled with 
ice. The flow rate was 8 l/h and current 25 A (current density 0.25 A/m2). The 

effect of cooling was tested by running 0.75 M solution through the electrolytic 

cell both with and without cooling.

Anolyte circulation

Anolyte circulation was examined as a way of increasing the concentration of 

peroxide in the end product. The solution with an initial sodium bicarbonate 

concentration of 0.75 M was cooled prior to the trials and the run was 

performed in an ice bath. The solution after electrochemical treatment was
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returned to the liquid tank and circulated several times through the electrolytic 

cell for four hours. Samples were collected every hour. The biocidal effect of 

the resulting solution was tested by adding the solution to a sample of clear 

filtrate. The biocide addition was 10% of the sample volume. After the biocide 

addition clear filtrate samples were cultivated.

Reduced flow rate

Reduction of flow rate increases the reaction time of bicarbonate in the 

electrolytic cell. The effect of increased reaction time was tested by running 

0.75 M solution through the cell at rates 4 l/h and 2l/h. Other parameters were 

constant: current density was 0.25 A/m2 and initial salt solution 0.75 M 

NaHC03.

Different salts

In an attempt to optimize percarbonate production the effect of different salts 

(sodium bicarbonate (NaHC03) and sodium carbonate (Na2C03)) and their 

combinations was also tested. A 0.75 M solution of eachboth salt was 

prepared and run separately. A combination of the salts was also tested by 

mixing the solutions in the ratio 1:1. Current density was 0.25 A/m2 and flow 

rate 4 l/h. The pH of the product was adjusted to 8.5 with 1 M HCI.

Peroxide stabilizers

Hydrogen peroxide can decompose on the electrode surface or in the bulk 

solution. To prevent this, the peroxide stabilizers magnesium sulfate and 

sodium silicate (waterglass), which are used in bleaching applications, were 

added to the solution prior to electrochemical treatment. The effect of 

stabilizer was tested with combinations of NaHC03 and Ma2C03, the initial 

bicarbonate to carbonate ratios being 3:1, 1:1 and 1:3. The concentration of 

MgS04 was 0.0003 M and of sodium silicate 0.03 M. The dosages were 

determined based on the literature (Zhang and Oloman 2005).
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Control of peroxide generation

Sodium percarbonate is hydrolyzed to hydrogen peroxide in aqueous 

solution. The concentration of active substance in the electrochemically 

treated solution was determined by hydrogen peroxide titration.

Another parameter that can be used to control peroxide generation is current 

efficiency. Maximal production can be calculated from Faraday’s law (see 

Equation 14). The current efficiency of an electrochemical cell can be 

calculated from the following equation:

C£%=actualproduction mo 
max production

(24)

3.4.2 Laboratory trials

The electrochemically produced biocide solutions were tested in laboratory 

trials for their biocidal effects on bacteria at different dosages. Their effects on 

different samples from the papermaking process, including clear filtrate, wire 

water, broke and samples from headbox and mixing tank, were also tested.

The effects of the biocides were evaluated from chemical and microbial 

measurements. The chemical measurements used in the laboratory trials 

included redox potential and pH. Microbiological measurements included 

cultivation and ATP measurements.

Effectiveness of the biocides

The effectiveness of the electrochemically produced biocides was tested by 

treating clear filtrate samples with different biocide dosages. A trial set-up is 

presented in Table 11. Additionally, the redox potential and pH of the samples
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were measured before and after addition and after the incubation time; total 

and free ATP were measured before and after the biocide additions using a 

portable ATP meter.

Table 11. Trial set-up for testing the effectiveness of electrochemically formed 
biocides.

Biocide Sample Dosages
(ppm)

Mixing Contact
time

Cultivation

Electrolyzed NaCI Clear 2.5 Plate 30 min 48 h at37°C
filtrate 5.0 shaker

10.0 (37°C)
20.0
30.0

Electrolyzed Clear 2.5 Plate 30 min 48 h at 37°C
NaBr filtrate 5.0 shaker

10.0 (37°C)
20.0
40.0

Percarbonate Clear 50 Plate 40 min 48 h 37°C
(biocide dosages filtrate 100 shaker
are expressed as 150 (37°C)

H202) 200

Combinations of halogen-containing biocides

The effect of combinations of halogen-containing biocides on clear filtrate was 

tested at three different dosages: 2 ppm, 5 ppm and 10 ppm. The biocides 

were present in the ratio 1:1 and the dosages listed in table 12 are those of 

the combined solution. The effect of dosing order was also tested. Table 12 

presents the trial set-up with the biocide dosages and reaction times. The 

total count of bacteria was determined by cultivation.
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Table 12. Trial set-up for testing the effect of biocide combinations and the effect of 
dosing order._______ _____________ __________ _____________ __________

Series 1. Biocide 
dose

Time delay
1

2. Biocide 
dose

Time delay
2

1 Electrolyzed
NaCI

1.0 ppm
2.5 ppm
5.0 ppm

5 min Mixing at 
plate shaker 

(37°C)

NaBr
1.0 ppm
2.5 ppm
5.0 ppm

10 min mixing, 
plate shaker 

(37°C)

Cultivation

2 Electrolyzed
NaBr

1.0 ppm
2.5 ppm
5.0 ppm

5 min Mixing at 
plate shaker 

(37°C)

NaCI
1.0 ppm 
2.5 ppm
5.0 ppm

10 min mixing, 
plate shaker 

(37°C)

Cultivation

3 Mixture of 
electrolyzed 
NaCI +NaBr

2.0 ppm
5.0 ppm
10.0 ppm

15 min mixing 
at plate shaker 

(37°C)

Cultivation

Effect of process stage

The effect of process stage was tested using samples from different positions 

in the fine paper manufacturing process and thus having also different 

consistencies. Samples were taken from clear filtrate, wire water, headbox, 

broke and mixing tank. The consistencies of the samples are presented in 

Table 7. The effect of sample consistency on biocidal action was tested with 

both electrolyzed sodium chloride (3 ppm) and bromide (3.5 ppm). The 

sample was mixed and the biocide was allowed to react with the sample for 

15 minutes at room temperature before cultivation.

Ash content

To investigate the impact of the sample’s ash content on biocidal effect, 

calcium carbonate was added to the wire water sample. The initial ash 

content of wire water was 0.2% (Table 7) and the calcium carbonate additions 

used in the trial were 0.1%, 0.3% and 0.8% yielding total ash contents of 

0.3%, 0.7% and 1.0% respectively. 3.5 ppm of electrolyzed NaBr was added
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to the samples, which were then cultivated. No calcium carbonate was added 

to the control sample. A sample of pure calcium carbonate was cultivated to 

check its purity.

Decomposition of electrolyzed NaCI and NaBr

The rate of decomposition of electrolyzed NaCI was measured by adding 20 

ppm and 100 ppm dosages of biocide to filtered clear filtrate (bacteria-free). 

The concentration of active chlorine in the sample was measured 1 min, 5 

min, 10 min, 20 min, 30 min, 40 min, 50 min and 60 min after the biocide 

addition.

The decomposition of electrolyzed NaBr was also measured as described 

above. Additionally, the redox potential of the samples was measured during 

the trial.

3.4.3 Wet End Simulator trials

The objective of Wet End Simulator trials (WES) was to verify the results of 

the laboratory tests in small-scale pilot trials. One of the benefits of WES trials 

is that the process parameters can be easily controlled by means of online 

measurements, making it easier to assess the effects of biocides on process 

water.

Effect of dosing mode

The effect of dosing mode was examined by comparing the differences 

between continuous biocide addition and batch addition. The trials were 

conducted using clear filtrate. Clear filtrate was heated up to 44°C and 

afterwards treated with 3.5 ppm of active bromine. This dosage was selected 

to reduce the number of bacteria slightly but not to eliminate them completely.
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After the initial treatment clear filtrate divided to tanks 1 and 2. The trial 

settings for studying the influence of dosing mode are presented in Figure 13, 

in which tank 1 represents the case of continuous biocide feeding and tank 2 

batch additions of biocides.

Fresh (untreated) clear filtrate was pumped into the tanks at the same rate as 

treated filtrate was pumped out. Additionally 10 ppm of biocide was 

continuously pumped to the tank 1. After initial biocide treatment of the clear 

filtrate in tank 2 no biocides were added before the end of the trial. Samples 

were collected from the tank 1 every hour for ATP measurement and 

cultivation. Theoretically the water in the tanks should be fully replaced after 3 

hours of treatment. 3 hours after the initiation of the trial a sample was also 

collected from the tank 2 for ATP measurement and cultivation. Tank 2 was 

treated with second biocide dosage 3.5 h after the initiation of the trial. 

Samples for ATP measurement and cultivation were also collected right 

before the second biocide treatment and 15 min after the second biocide 

addition.

Figure 13. Trial set-up for determination of effect of dosing mode.
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4 RESULTS AND DISCUSSION

4.1 Electrochemical generation of biocides

4.1.1 Halogen-containing biocides

Electrolyzed NaCI solution had an average active chlorine concentration of 

2600 ppm (varying between 2500 and 2700 between different runs). Its pH 

was 9.9 and redox potential 700 mV. The current efficiency of hypochlorite 

generation was about 50%.

The active bromine concentration in electrolyzed NaBr solution in the product 

averaged 6300 ppm. The pH of the product was 10.7 and its ORP around 700 

mV. The current efficiency of hypobromite generation was about 70%.

4.1.2 Percarbonate

Effect of salt concentration

It was estimated prior to the trials that the peroxide yield might be increased 

by raising the initial concentration of bicarbonate. In the laboratory test, 

however, only a slight increase was seen in the concentration of hydrogen 

peroxide in the product (Figure 14). Cooling the anolyte solution also 

increased the peroxide yield slightly, but on the mill scale this would be both 

difficult and consume too much electricity. The increase in yield gained by 

cooling is not high enough to justify cooling in the actual process. The 

increase in peroxide concentration gained by increasing the salt 

concentration was not sufficient. No trials can be performed with biocide 

solution having that low concentration of active substance.
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Figure 14. Hydrogen peroxide concentration in the electrolyzed solution as a 
function of sodium bicarbonate concentration.

The effect of increasing the concentration of sodium bicarbonate can also be 

seen in other run parameters such as temperature and conductivity (Figure 

15). Increasing the salt concentration naturally increased the conductivity of 

the resulting percarbonate solution and thereby the temperature of the 

product solution was much lower when a higher initial salt concentration was 

used. A lower temperature means greater hydrogen peroxide stability, as also 

reflected in the higher yield when cooled anolyte was used. Changing the 

initial sodium bicarbonate concentration did not significantly affect the pH or 

redox potential of the percarbonate solution.
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figure 15. Effect of initial sodium bicarbonate concentration on temperature, 
conductivity, ORP and pH in the electrolytic generation of percarbonate.

Anolvte circulation

Anolyte circulation increased the peroxide concentration of the biocidal 

solution although not as much as expected (Figure 16). During the four-hour 

treatment the hydrogen peroxide concentration of the solution increased from 

180 ppm to 300 ppm. The presumption prior to the trials was that the increase 

in hydrogen peroxide concentration would be almost linear, as represented in 

Figure 16 by the blue line. However the actual increase was clearly lower 

(green line). Anolyte circulation was time consuming and it was not an 

efficient method to produce percarbonate.
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a. 500
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Figure 16. Measured and expected peroxide concentrations as a function of 
time in a trial in which the anolyte was circulated. The current density used in 
the trial was 0.25 A/m2.

The biocidal activity of the hydrogen peroxide solution produced was tested 

on clear filtrate samples. The filtrate samples were treated with 10% of the 

biocide solution after 60, 120 and 240 minutes (also 20% addition), the actual 

dosages being 18 ppm, 25 ppm, 29 ppm and 58 ppm respectively. These 

hydrogen peroxide dosages were not enough to reduce the bacteria count to 

a sufficiently low level (Figure 17).
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Figure 17. Biocidal effect of electrochemically formed percarbonate solution 
(active substance hydrogen peroxide) on clear filtrate.
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Biocide dosage (As H202)
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Reduced flow rate

The effect of flow rate on peroxide concentration was not significant at flow 

rates of 8 l/h, 4 l/h and 2 l/h (Figure 18). Current efficiency, however, was 

higher at higher flow rates due to the fact that the same amount of biocide 

was produced in a shorter period of time. The current efficiencies were still 

low for adequate peroxide production.

■ Current efficiency (%) ♦ peroxide concentration (g/l)

Flow rate (l/h)

Figure 18. Effect of flowrate on current efficiency and peroxide concentration.

Salt mixtures as a raw material

Sodium bicarbonate (NaHC03) was initially selected as raw material for 

percarbonate production because its pH is more favorable than that of 

sodium carbonate (МагСОз). The idea of using mixtures of these carbonate 

salts came from earlier studies (Zhang and Oloman 2005). Figure 19 shows 

the increase in hydrogen peroxide concentration obtained using a mixture of 

sodium bicarbonate and sodium carbonate instead of single salts.
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Figure 19. Formation of hydrogen peroxide in a trial in which sodium 
carbonate, sodium bicarbonate and a mixture of them was used as raw 
material in the electrochemical generation of percarbonate.

Before peroxide titration the pH value was higher for Na2C03 (11.7) than for 

NaHC03 (8.7) and for the mixture (9.8). The pH of the samples was adjusted 

to 8 with 1 M HCI. The dilution effect of HCI addition was taken into account in 

Figure 19 (red diamonds).

Peroxide stabilizers

As mixing carbonate salts gave promising results, trials were run to determine 

the optimal ratio of the two salts in a mixture. The best combination was when 

the salts were mixed in the ratio 1:1 (Figure 20). A further increase in 

peroxide concentration was gained by adding the peroxide stabilizing agents 

magnesium sulfate (MgSCXj) and sodium silicate (NaSi03).
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Figure 20: Effect of sodium carbonate to sodium bicarbonate ratio on 
percarbonate production (measured as H2O2). Applied current density 0.25 
A/m2.

Cell parameters for peroxide generation

The trials produced the following run parameters for percarbonate generation:

• Raw material: 0.75 M МагСОз + 0.75 M NaHC03 (ratio 1:1) + 

stabilizers: 0.015 M sodium silicate and 0.3 mmol/l magnesium sulfate.

• Current density: 0.25 A/m2

• Flow rate: 4 l/h

Using these parameters a percarbonate solution having a hydrogen peroxide 

concentration about 700 ppm can be produced. pH of the produced soulution 

was 9.9 and ORP on average 70 mV. The current efficiency of the production 

is 18%, which is still relatively low. However it is possible that production 

efficiency could be further improved. More optimization is needed before the 

generation of percarbonate is feasible on a large scale.
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4.2 Effectiveness of the biocides

4.2.1 Electrolyzed sodium chloride

Electrochemically produced hypochlorite was found to be an effective biocide 

in laboratory tests. 5 ppm of electrochemically produced hypochlorite reduced 

the amount of bacteria in a clear filtrate sample from 106 to 101 CFU/ml. 

Figure 21 presents the results of cultivations and ATP measurements. As can 

be seen, the optimal dosage range is very narrow. While 5 ppm of the biocide 

was able to kill almost all the bacteria, a 2.5 ppm dosage gave only a slight 

decrease in bacteria count.
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Figure 21. Biocidal effect of activated chlorine on clear filtrate samples (left; 
and ATP values as a function of biocide dosage (right).

ATP measurement provides a rapid method to determine the level of bacteria. 

The effect of biocide additions on total and free ATP is presented in Figure 

21. ATP concentration was drastically reduced by the addition of 2.5 ppm 

hypochlorite, although in bacteria cultivations no such reduction in bacteria 

count was seen. A small addition of biocide can disturb the activity of 

bacteria, thus reducing the total ATP concentration in the sample. Suffering 

bacteria are not detected by total ATP measurement (no activity), but when 

placed in a nutrient-rich culture medium, these bacteria recover and are able
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to form colonies. ATP is liberated from the cells when they die and the ATP 

liberated can be detected using the free ATP assay.

Since ATP assay is based on an enzymatic reaction it can be disturbed by 

aggressive chemicals. When ATP is measured using a portable luminometer, 

no internal standard is used. Therefore any disturbance of the bioluminescent 

reaction can give false results. To determine whether the biocide disturbed 

the ATP measurement different dosages of electrochemically produced 

hypochlorite were added to a clear filtrate sample from which bacteria had 

been removed by filtration. Luminescence was measured 4-5 minutes and 

15-20 minutes after the addition. A 10 ppm hypochlorite dosage led to an 

increase in luminescence when measured 5 minutes after the biocide addition 

(Figure 22).

Delay time between 
dosing and detection

Sä 200
4-5 min

15-20 min

Active chlorine content, ppm

Figure 22. Total ATP as a function of active chlorine content of a bacteria-free 
clear filtrate sample.

Biocide addition did not greatly affect the pH of the clear filtrate sample 

(Figure 23). The increase in pH after 30 minutes’ treatment time is due to the 

dissociation of carboxyl groups. The effect of biocide addition can be more 

clearly seen in redox potential. ORP values measured right after biocide 

addition show an almost linear correspondence to biocide additions. The 

redox potential measured after 20 ppm does not fall on the same line as the
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other data points. This might be due to a delay or some other error in the 

measurement. After the 30 minutes’ reaction time, however, the redox 

potential fell back to the lower value except in the case of high biocide 

dosages. Redox potential is a useful tool for determining optimal biocide 

dosage.
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♦ pH after 30 min treatment time
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Biocide dosage (electrolyzed NaCI), ppm Biocide dosage (electrolyzed NaCI), ppm

Figure 23. Effect of electrolyzed NaCI on pH (left) and redox potential of a 
clear filtrate sample.

Electrochemically produced hypochlorite is a fast-acting, short-lived biocide. 

Figure 24 presents the curves for active chlorine decomposition when the 

biocide was added to bacteria-free clear filtrate. It can be seen that half of the 

initial 100 ppm active chlorine dosage decomposed during the 1-hour reaction 

time. A smaller biocide dosage (20 ppm) was almost totally decomposed after 

a reaction time of only 5 minutes. Quite clearly, electrochemically produced 

hypochlorite is not suitable for preservation of either pastes or other raw 

material. For these purposes, a long-lasting action is the most important 

characteristic of a biocide. For slime prevention, on the other hand, a short

lived biocide is preferable. When the biocidal effect takes place during 

papermaking there will be no toxic residues in the end product or in the 

wastewater treatment plant.
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Figure 24. Decomposition of electrolyzed NaCI as a function of time in a 
bacteria-free clear filtrate sample.

4.2.2 Electrolyzed sodium bromide

Electrochemically produced hypobromite proved to be bacteria in the 

laboratory tests. A biocide dosage of 10 ppm reduced the bacteria count from 
106 to 101 CFU/ml (Figure 25). Electrochemically formed hypochlorite and 

hypobromite were about equally effective when compared at equimolar 

concentrations.

In the case of electrolyzed NaBr additions, total ATP concentration correlated 

with the bacteria count. ATP measurement can thus be used for rapid 

determination of optimal biocide dosage. The reduction in total ATP level can 

be seen earlier than the actual toxic effect in cultivations due to the lower ATP 

content in suffering cells. The liberation of ATP from dead cells and the 

effective biocide dosage can be detected by free ATP measurement (Figure 

25). The spore count in the clear filtrate was low, which meant the effect of 

the biocides on spore-forming bacteria could not be detected. In the 

subsequent trials spore-forming bacteria were not cultivated.
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Figure 25. Biocidal effect of electrolyzed NaBr on clear filtrate samples (left) 
and ATP values (right) as a function of biocide dosage.

The effects on process water chemistry of electrolyzed NaBr addition were 

slightly more pronounced than in the case of electrolyzed NaCI, especially 

with respect to redox potential (Figure 26). Increasing the biocide dosage had 

resulted in an almost linear increase in ORP values measured right after 

biocide addition. At the effective biocide dosage (10 ppm) the ORP value 

increased by about one hundred millivolts. Redox potential increased by as 

much as 400 mV at the highest biocide dosage when measured right after 

biocide addition. However these dosages were much higher than needed for 

effective bacteria control. Biocide addition raised the sample’s pH slightly, but 

this rise can still be tolerated.
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Figure 26. Effect of electrolyzed NaBr on pH (left) and redox potential of a 
clear filtrate sample.
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Active bromine reacted slightly faster in the process water than active 

chlorine. Measurement of redox potential during the decomposition clearly 

shows the fast reaction rate of active bromine (Figure 27). Optimization of 

biocide dosage is very important. When the dosage is too high, 

decomposition takes longer and biocide residues can pass into the end 

product or into the wastewater treatment plant. Too high a dosage also 

increases the cost of biocide treatment without any additional benefit.
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Figure 27. Decomposition of electrolyzed NaBr in clear filtrate as a function of 
time (left). Redox potential of clear filtrate samples after addition of 
electrolyzed NaBr (right).

4.2.3 Percarbonate

The biocidal effect of percarbonate was not as great as that of the halogen- 

containing biocides. The bacteria count was reduced by three orders of 

magnitude when 200 ppm of percarbonate solution (calculated as H202) was 

added to a clear filtrate sample (Figure 28). The reaction time in this trial was 

40 minutes.
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Figure 28. Biocidal effect of electrochemically produced percarbonate solution 
on fine paper machine clear filtrate.

The redox potential of the percarbonate solution was much lower than that of 

the halogen-containing biocides. This suggests that percarbonate is not as 

powerful an oxidizing agent and explains the higher biocide dosages. 

Percarbonate solution also reduced the redox potential of clear filtrate in 

laboratory tests (Figure 29), which suggests that the corrosion risk from 

percarbonate is considerably lower than that from the halogen-containing 

biocides. The pH of the clear filtrate samples rose from 8.5 to 9 when 

percarbonate was added. A rise in pH can disturb the chemistry of the 

process water in the paper machine. The intention was to adjust the pH of the 

percarbonate solution produced to 8.5 before addition. However the rose in 

pH level suggests that the adjustment was not successful. More careful pH 

adjustment is needed.
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Figure 29. Effect of electrochemically formed percarbonate on pH (left) and 
redox potential (right) of a clear filtrate sample.

Percarbonate is slower acting than halogen-containing biocides. The 

effectiveness of the treatment is greater when the reaction time is long 

enough (Figure 30). During a 15 min reaction time 100 ppm of percarbonate 

reduced the bacteria count by 1.5 orders of magnitude, while after 1 hour the 

reduction was three orders of magnitude. In a real process the point at which 

percarbonate is fed in should be chosen so that the reaction time is long 

enough to gain maximum benefit from the treatment.
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Figure 30. Effect of contact time on biocidal effect of electrochemically formed 
percarbonate solution with a clear filtrate sample. Biocide dosage 100 ppm 
(as H2O2).
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4.2.4 Effectiveness of mixed oxidants

Mixtures of haloqenated biocides

Combinations of electrolyzed sodium chloride and sodium bromide were 

found to be no more effective than the biocides individually (Figure 31). The 

order in which the biocides were added to the sample had no effect on their 

effectiveness. In Figure 31 the green columns represent the situation when 

electrolyzed NaCI was added first, the dark blue columns when electrolyzed 

NaBr was added first, and the light blue columns when the biocides were first 

mixed before being added to the sample.
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Figure 31. Effect of mixed oxidants (electrolyzed sodium chloride and sodium 
bromide) on clear filtrate. The biocide dosage was the total amount of the two 
biocides, which were added in the ratio 1:1.
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4.3 Biocide effectiveness in different process stages

Sample consistency had a clear effect on the effectiveness of 

electrochemically produced hypobromite (Figure 32) and hypochlorite (Figure 

33). Increasing sample consistency lowered the activity of electrochemically 

produced hypochlorite and hypobromite. The consistencies presented in the 

figures are total solids concentrations of the samples.
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Figure 32. Effect of process stage on the effectiveness of electrolyzed NaBr. 
Sample consistency is shown as %.
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Figure 33. Effect of process stage on the effectiveness of electrolyzed NaCI. 
Sample consistency is shown as %.
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In the laboratory test in which calcium carbonate was added to a sample of 

wire water, the increase in ash content did not affect the effectiveness of 

electrolyzed NaBr (3.5 ppm) (Figure 34). This suggests that the reason for the 

increasing need for biocide with increasing consistency is greater fiber 

consistency. The fact that oxidative biocides react with the fibers reduces 

their effectiveness with increasing fiber consistency.
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Figure 34. Effect of ash content of wire water sample on the effectiveness of 
electrochemically formed hypobromite (dosage 3.5 ppm active bromine).

4.4 Wet End Simulator trials

4.4.1 Effect of dosing mode

The bacteria level in clear filtrate remained constant during continuous 

biocide feed (Figure 35) but not during batchwise feed (Figure 36). The ATP 

values (presented in the same figures) correlate fairly well with the bacteria 

counts obtained by cultivation. Continuous biocide feed caused smaller 

changes in pH, redox potential and conductivity.
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-igure 35. Bacteria counts and ATP values of samples taken from a tank 
containing fresh clear filtrate to which 10 ppm electrolyzed NaBr was 
continuously added.
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Figure 36. Bacteria counts and ATP values of samples taken from a tank 
containing clear filtrate to which fresh clear filtrate was added continuously 
and electrolyzed NaBr was added batchwise.
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The results explain why both of these strategies are commonly used in 

papermaking. This case showed no differences in total bacteria count at the 

end of the trial, but the overall effect might be twofold. When biocide is fed in 

continuously, there are no peaks in bacteria levels in the process and no 

sudden changes in process chemistry. Also, biocide consumption is often 

higher when biocide is added continuously. A batchwise dosing allows
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temporarily high concentrations of biocides. This can cause disturbances in 

process chemistry but kills more microbes. It is possible that in between 

batches microbes do not get used to biocides and no resistant bacteria strain 

can be formed, unlike in the case of continuous dosing.

5 COST EVALUATION

This evaluation of the cost of producing biocides electrochemically on the mill 

scale is based on technical data provided by ElectroCell. The electrochemical 

cell used in the trials of this thesis is intended for research purposes in the 

laboratory only. The benefit of the electrochemical cells supplied by 

ElectroCell is the ease with which the process can be scaled up, because the 

range of electrochemical cells covers all scales from laboratory to industrial 

production. The cost evaluation is based on the use of Electro Cell’s Chlor-O- 

Safe hypochlorite generator.

The capacity of the Chlor-O-Safe hypochlorite generator varies between 40 

and 2400 g CI2/hour depending on the size of the electrodes used. The cost 

of the generator naturally increases with increasing electrode size; on the 

other hand energy efficiency improves as capacity increases. In this cost 

evaluation the system with the highest capacity is used.

The process costs of electrochemical biocide production consist of the 

investment cost and operating cost (including raw material, electricity and 

maintenance).

5.1 Investment costs

The list price of a complete Chlor-O-Safe system with three dosing points is 

74,000 euros, which includes rectifier, control cabinet for digital reading of all
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functions, supervisory equipment, alarm functions, water softener and a unit 

for salt solution dosing. The additional cost of installation, transportation and 

labor should also be taken into account. A more accurate estimate of the 

investment cost is obtained when the list price is multiplied by two. In this 

case the investment cost is around 150,000 euros.

The Chlor-O-Safe generator can be automated and does not require a full

time operator. However it needs to be serviced weekly to ensure proper 

operation. The estimated cost of this weekly servicing is around 2000-4000 

euros per month.

5.2 Operating costs

Hypochlorite generation

Table 13. Operational data for the Chlor-O-Safe generator.
Capacity Cb q/h 2400

Capacity Cb kq/24 h 57.6
NaOCI concentration 

PPm
8000

Production rate of 
NaOCI
I/24 h

7400

Concentration of initial 
NaCI solution

(q/D

310

Consumption of NaCI 
(kq/24 h)

167.5

Consumption of water 
(l/24h)

7200

Power consumption
AC

(kWh/kq Cb)

5.7

The cost of NaCI is 150 €/tonne (Algol), so the cost of salt per 24 hours can 

be calculated as:
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0.15€/kg * 167.5 kg/24 h = 25.13 €/24 h

The cost of electricity based on the market price in August 2008 is about 9 

cents/kWh

5.7 kWh/kg Cl2 * 57.6 kg CI2/24 h * 9 cents/kWh = 2955 cents/24 h 

-29.6 €/24 h (Markkinasähkö 2008)

The total cost of NaOCI generation is:

25.13 €/24 h + 29.55 €/24 h = 52.68 euros/24 h

The volume of biocide is 7400 I/24 h. Calculation of the price per tonne of 

biocide produced gives:

52.70 e/24/i 
7400 í/24/l

0.0071 e/l

Hypobromite generation

Calculation of operating costs for hypobromite generation is based on the 

same values as for hypochlorite. In the laboratory generation of hypochlorite 

and hypobromite the current efficiencies were similar for both biocides. It is 

therefore estimated that the production of hypobromite with the Chlor-O-Safe 

generator will be as efficient as that of hypochlorite.

The capacity for hypochlorite production was 8 g/l, which equals 0.107 mol/l. 

The production rates (in moles) of hypochlorite and hypobromite are taken to 

be the same. The NaOBr concentration in the product can then be calculated:

M(NaOBr) * n = 118.9g/mol * 0.107 mol/l = 13 g/l =13,000 ppm
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The amount of salt consumed in production can also be compared in moles. 

The weight of NaBr needed per 24 h is 294.6 kg. The price of NaBr is 16.94 

€/kg. Electricity consumption is the same as for hypochlorite generation. The 

cost of the electrochemical generation of hypobromite is shown in Table 14.

Percarbonate generation

The current efficiency for the electrochemical generation of percarbonate was 

much lower than for production of the halogen-containing biocides. The 

current efficiency for hypobromite generation was about 70% but only about 

20% for percarbonate production. It was assumed that the ratio of 

percarbonate yield to hypochlorite yield with the Chlor-O-Safe would be the 

same as in the laboratory trials. Thereby he percarbonate concentration of 

the end product is estimated to be 1143 ppm as calculated below.

8000ppm X
-----—-----= — => x = 1143 ppm (calculated as H202)

Two salts, sodium bicarbonate and sodium carbonate, are used for 

percarbonate production. Consumption of these salts (compared as moles 

using the data given for hypochlorite generation) is: NaHC03 =121 kg/24 h 

and МагСОз =152 kg/24 h. The prices of these salts are 350€/tonne and 300 

€/tonne respectively. The cost of percarbonate production is also shown in 

Table 14.

Table 14. Costs of electrochemically formed biocides.
Biocide Concentration 

of active 
substance in 
product

Production
rate
(l/24h)

Consumption 
of salt 
(kg/24h)

Price of 
salt 
(euros 
/kg)

Cost of 
biocide 
(€/l)

Hypochlorite 8000 7400 167.5 0.15 0.007
Hypobromite 13000 7400 294.6 16.94 0.65
Percarbonate 1140 7400 273.0 0.33 0.02
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Table 14 shows that the price of sodium bromide is much higher than that of 

the other salts used in the trials. The price of this salt was obtained from a 

chemical supplier (OneMed Oy) who only delivers NaBr in small packs. A 

more economical price for sodium bromide can probably be found.

EXAMPLE

The case mill used in the calculations produces 300,000 tonnes/а. Its fresh 

water consumption is 16 tonnes/tonne of product. The operating costs of 

biocide treatment comprise:

• Fresh water treatment
• Clear filtrate treatment
• Treatment of broke
• A weekly visit to the mill by the biocide supplier to inspect the 

performance of the biocide program.

Treatment of fresh water

For fresh water treatment the most economical option is to use 

electrochemically produced hypochlorite. An estimated 16 tonnes of fresh 

water is used per tonne of product. When 2 ppm of hypochlorite is used the 

cost of the treatment is 0.028 €/tonne of paper. Costs for electrochemically 

formed hypobromite (dosage 3 ppm) and percarbonate (dosage 25 ppm as 

H2O2) are presented in table 14.

Treatment of clear filtrate

The dry matter content in the paper machine headbox is 1% and in the press 

section 50%. An estimated 97 tonnes of water per tonne of produced paper is 

removed in the wire section. This calculation is based on the assumption that
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10% of the water removed is directed to a disk filter and treated with biocide, 

i.e. about 10 tonnes of water per tonne of paper. The cost of 

electrochemically formed hypochlorite per tonne of paper produced, when 

biocide dosage is 3 ppm, 0.03 €/tonne of paper. The costs of 

electrochemically produced hypobromite (biocide dosage 5 ppm) and 

percarbonate (biocide dosage 50 ppm as H2O2) are given in Table 14.

Treatment of broke

In the case mill broke comprised 20% of the pulp mix. The amount of broke 

per tonne of paper is thus 200 kg. Table 14 shows the cost of broke treatment 

with electrochemically produced NaOCI (biocide dosage 15 ppm), NaOBr 

(biocide dosage 20 ppm) and percarbonate (biocide dosage 100 ppm, as 

H2O2)

Control of the biocide program

As discussed earlier, the biocide supplier has an important role in the control 

of the biocide program. For the calculation it was estimated that the supplier 

needs to visit the mill once a week. The cost of this is estimated to be 48,000 

€/year. For a mill with a capacity of 300,000 tonnes/year this makes 0.16 

€/tonne.

Investment costs

Investement costs of the electrochemical cell are 150,000 €. If the estimated 

operating life is three years, the investment costs per tonne of paper can be 

calculated to be 0.017 €
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Table 14. Operational costs of electrochemically formed hypochlorite, hypobromite 
and percarbonate__________________________ ________________

Electrochemically
produced

hypochlorite

Electrochemically
produced

hypobromite

Electrochemically
produced

percarbonate (H2O2)

Fresh water 
treatment 

(€/tonne of paper)

0.03 2.4 7.0

Clear filtrate 
treatment 

(€/ tonne of paper)

0.03 2.5 8.8

Broke treatment 
(€/tonne of paper)

0.04 0.2 0.4

Maintenance 
(€/tonne of paper)

0.16 0.16 0.16

Investment costs 
(€/ tonne of paper)

0.02 0.02 0.02

Total
(€ /tonne of paper)

0.28 5.3 16.4

Calculated costs are an example, more detailed and accurate calculations 

needs to be performed case by case. Based on the results of the thesis and 

cost evaluation the most economical biocidal treatment was the one based on 

the use of electrochemically formed hypochlorite. It is likely that in the case of 

hypobromite and percarbonate it is possible to radically reduce the costs of 

the treatment. In case of electrolyzed NaBr the high price of the salt increases 

the costs of the treatment. Costs of percarbonate treatment can be reduced 

by further optimization of the electrochemical production.
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6 CONCLUSIONS

The electrochemically generated biocides produced and tested in this thesis 

proved to be effective in killing bacteria in the fine paper making process. 

Halogen-containing biocides were effective even at low concentrations (3,5- 

20 ppm). Biocidal solutions electrochemically generated from NaCI and NaBr 

were equally effective at equimolar concentrations.

A combination of sodium bicarbonate and sodium carbonate with addition of 

peroxide stabilizer proved to be the best way to generate percarbonate. 

However, the concentration of the active substance in the product was still 

low and production will have to be optimized before percarbonate can be 

efficiently generated on a large scale. This is still possible. Percarbonate is a 

less powerful biocide than those containing halogens. Higher dosage (25-100 

ppm) and longer reaction time is needed for effective microbe reduction. On 

the mill scale large tanks would enable long reaction times.

A combination of halogen-containing biocides (electrolyzed NaCI and NaBr) 

did not prove to be superior to the single biocides. Neither did the dosing 

order have any effect of the effectiveness of the treatment. It is difficult to say 

whether a biocide system employing multiple salts by switching the salt would 

be any more effective on the mill scale. The microbes might get used to one 

particular biocide, in which case a system enabling a change of salt might be 

an advantage.

Increasing the consistency of the sample reduced the biocidal effectiveness. 

Electrochemically formed biocides are suitable for consistencies up to 3%. It 

was noted in the trials that optimal biocide dosing depends very much on the 

application in question.
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Dosing mode had no significant influence on bactericidal effect but 

continuous dosing caused fewer chemical variations in the process than 

batch dosing. The overall effect might be two-fold: the benefit of a shock dose 

is that it causes temporarily high concentrations of biocides. While this can 

cause disturbances in process chemistry it also kills more microbes.

The total cost of the biocide program, based on electrochemically formed 

hypochlorite, including raw material, electricity, production unit, maintenance 

and dosing, was estimated to be less than one euro per tonne of paper. 

Compared to current systems there is potential to reduce biocide cost.

Determination of optimal biocide dose is highly important. Excessive use of 

biocides increases the cost of treatment. When biocides are overdosed the 

decomposition time increases and biocide residues can find their way into the 

end product or wastewater treatment plant. Bacteria cultivation is a reliable 

and relatively easy way to monitor bacteria counts in process streams. 

However, its disadvantage is that it takes two days to obtain the 

measurement results. ATP measurements can be used to monitor microbe 

levels in process streams. The advantage of ATP measurements is their ease 

and rapidity. ATP measurement could be a useful tool for monitoring bacteria 

levels in papermaking processes.
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APPENDIX 1

Table 1. List of permitted slime preventing chemicals in Finland (Kotiranta 2007, 
*Paulus, 2005b)

Biocide group Active group Chemical
formula

Chemical
structure*

NON-OXIDIZING AGENTS 
Aldehydes Glutaraldehyde CsHgOz OHC-(CH2)3-CHO

NON-OXIDIZING AGENTS 
Formaldehyde 

releasing compounds

3,5-
Dimethyltetrahydro-2-
thlo-l,3,5-thiadiazine

(DATZOMET)

C5H10N2S2
/sY$

Jw\
HjC CH3

NON-OXIDIZING AGENTS 
Formaldehyde 

releasing compounds

Tetrabishydroxymethyl 
phosphonium sulphate 

(THPS)
C8H24O12P2S

CHj-OH
1

HO-CH-P-CH.-OH
riV-OH

so-J

NON-OXIDIZING AGENTS 
Compounds with 
activated halogen

2-Bromo-2-
nitropropane-l,3-diol

(Bronopol)
C3H6BrN04

NO:

HO-CH>-C-Ob-OH
1

Br
NON-OXIDIZING AGENTS 

Compounds with 
activated halogen

2,2-Dibromo-3-
nitrilopropionamide

(DBNPA)
CsHzBrzNzO NC-CBr2-CO-NH2

NON-OXIDIZING AGENTS 
Compounds with 
activated halogen

4,5-Dichloro-3-oxo-l,2-
dithiole C3CI2OS2

S_____/С1

j^c
0

NON-OXIDIZING AGENTS 
Heterocyclic N,S 

compounds

2-Methyl-4-
isothiazoline-3-one

C4H5NOS çC.
NON-OXIDIZING AGENTS 

Heterocyclic N,S 
compounds

2-
(Thiocyanomethylthio)

benzothiazole
(TCMBT)

C9H6N2S3 (§П1Vs S S-CHvSCN

NON-OXIDIZING AGENTS 
Thiocyanates

Methylene
bisthiocyanate

(МВТ)
C3H2N2S2 NCS-CH2-SCN

OXIDIZING AGENTS 
Halogen Ammonium bromide NH4Br

OXIDIZING AGENTS 
Halogen Chlorine CI2 CI-CI

OXIDIZING AGENTS 
Halogen Chlorine dioxide CIO2 O-CI-O

OXIDIZING AGENTS 
Halogen Sodium hypochlorite CINaO NaOCI

OXIDIZING AGENTS 
Halogen Sodium chlorate CINa03 NaCI03

OXIDIZING AGENTS 
Halogen

l-Bromo-3-chloro-5,5
dimethylhydantoin

(BCDMH)
CsHsBrCINzOz

0

¿hbH>
OXIDIZING AGENTS 

Halogen

1,3- Dichloro-5,5- 
dimethylhydantoin 

(DCDMH)
C5H6CI2N2O2

r. PH'ctio
HtC 1

Cl
OXIDIZING AGENTS 
Peroxy compounds Hydrogen peroxide H2O2 H-O-O-H

OXIDIZING AGENTS 
Peroxv compounds Peracetic acid C2H4O3 H3C-CO-00H
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