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Abstract  
Metalworking fluids, commonly used in different types of machining process, are constantly exposed 

to microbial contamination and degradation. This could have effects on both the productivity of the 

production and on the work environment. Techniques have been developed for microbial 

decontamination of industrial metalworking fluids, such as ultraviolet light based disinfection. The 

microbial growth rate of the microorganisms is addressed as important parameter for dimensioning the 

setup of these antibacterial systems.  In this study the contribution of bacterial biofilms to bacterial 

growth rate in metalworking fluids was investigated. The project assumed that surface was correlated 

to the amount of biofilm in the system. This was investigated in downscale models using a 

contaminated metalworking fluid from the industry. The study showed that alternating the surface to 

volume ratio of the systems had no significant effect on the bacterial growth rate of the systems. On 

this basis it is assumed that biofilms in industrial metalworking fluid systems have a limited effect 

upon the overall growth rate of the microbial population. However, the outcome of the study could 

have been affected by a low biofilm formation in the systems, deviations among the experiments and 

inaccurate quantifications methods. 

Abstract – Swedish 
Skärvätskor som används inom metallbearbetningsindustrin är ständigt utsatta för mikrobiell 

kontaminering och nerbrytning. Detta kan innebära nersatt produktivitet och påfrestningar på 

arbetsmiljön inom metallindustrin. Vanligtvis bemöts bakterier i skärvätskor med biocider, men 

alternativa tekniker som utnyttjar ultraviolett ljus har också börjats användas för mikrobiell 

desinfektion. Bakteriell och mikrobiell tillväxthastighet har påvisats vara en viktig parameter när man 

dimensionerar desinfektionstekniker för dessa skärvätskesystem. I detta examensarbete behandlas 

biofilm i skärvätskesystem, med fokus på dess bidrag till den bakteriella populationens 

tillväxthastighet. Detta för att avgöra om biofilm är en kritisk parameter för mikrobiell tillväxt. Under 

projektet antogs det att ytan i systemet kunde relateras till mängden biofilm i respektive system. 

Studien utfördes genom att använda nedskalningsmodeller av skärvätskesystem och skärvätska som 

tidigare används i industrin. Den statiska undersökningen visade att yta i relation till volym i systemen 

inte var en kritisk parameter för bakteriell tillväxt. Detta innebär att biofilm i industriella 

skärvätskesystem har ett begränsat bidrag till skärvästkans mikrobiella tillväxthastighet. Det är värt att 

notera att studien har påverkats av en jämförelsevis låg biofilms koncentration, variationer mellan 

experimenten samt av osäkerhet i mättekniker.  
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Introduction 
Metalworking fluids are engineering materials that optimize 

metalworking processes [5, 6]. Metalworking processes are 

generalized into two types of processes: metal deformation and 

metal removal or cutting [5, 6]. The specific characteristics of a 

metalworking fluid are heavily dependent on the requirements of 

the metalworking process, and therefore a large variety of 

metalworking fluids exists[2]. The most common factor among 

metalworking fluids is that it provides a layer of lubrication 

between the metal and the metalworking tool in order to reduce 

friction[5-8]. The fluid must also act as a coolant in the process in 

order to reduce the heat produced in the metalworking process [5-

8]. The result of a too high friction or heat generation could be 

distortion of the metalworking equipment, which usually are large 

instruments with high expenses[6]. Further, metalworking fluid 

remove metal chip build-up on the instruments by flushing away 

chips and particles created in the metalworking process[5, 6]. All of 

these attributes of the metalworking fluid contributes to reduce 

wear on the metalworking equipment and the processed metal part. 

[6]. Today four types of metalworking fluids present in the 

metalworking industry: straight oils, synthetics, semi-synthetics and 

soluble oils, see Figure 1[2]. The application of the different types 

of fluids is dependent on the type of industry and its related 

metalworking process. [6] The market trends of the different types of fluids have been dependent on 

factors such as: waste treatment cost, oil prices and hazardous waste regulations [2]. The usage of 

metalworking fluids worldwide were 2005 approximately 400 million L of concentrate [9].  

The focus of this project is soluble metalworking fluids, since they are currently most widely 

used and have the largest problems with microbial contamination [10].  The detailed chemistry of 

soluble metalworking fluids is very diverse, and its exact composition unknown to anyone but the 

manufacturer. In Table 1, a typical formulation of a soluble metalworking fluid is shown. Soluble 

metalworking fluids are generally diluted to 1-20 % in water (5% most common) and consists of three 

major components: Oil, emulsifiers and value additives[6] [11]. Oil components are usually 

naphthenic or paraffinic oil with high viscosity to provide good lubrication to the fluid. Emulsifiers 

break the oil in small emulsions in water, which makes many of the soluble metalworking fluids look 

like white milky solutions. The value additives in soluble metalworking fluids generally consists of a 

number of additives including rust inhibitors, biocides, pH buffer agents and lubricant additives [6, 

12]. Metalworking fluids of all water based types have problems with bacterial contamination [7]. The 

microorganisms utilize components of the metalworking fluids as nutrient and are continuously 

exposed to biodeterioration[13]. 

Table 1, General composition of a soluble metalworking fluid [2] 

Component Common  compound % of weight 

Oil Naphthenic or paraffinic oil 68 

Emulsifier Sulfonate emulsifier base 17 

Lubricants Synthetic esters, Chlorinated olefin 10 

Rust inhibitor Alkanolamides 3 

Biocide Formaldehyde condensate, boron 2 

pH buffer Unspecified amines - 

• Good lubrication effects 

• High microbial resistance 

• Reduced coolant abilties 

Straight oils 

• High risk of microbial 
contamination 

• Good coolant abilites 

• Medium lubrication effects 

Soluble metalworking fluids 

• Lower risk of micrbial 
contamination 

• Low lubrication effects 

• Rust protection 

• High waste generation 

Synthetic metalworking fluids 

• Attempt to combine benefits of 
both synthetic and soluable oils 

• High waste generation 

Semi-synthetic oils 

Figure 1, The different types of 

metalworking fluid and their 

characteristics [2]. 



4 

 

The biodeterioration of metalworking fluids in the industry have adverse economic effects, and 

can be valued in tens of millions of dollars annually [6]. This estimate reflects costs associated with 

the following [6]:  

 Coolant disposal and replacement  

 Labour costs related to cleaning out the systems 

 Waste disposal costs 

 Increased part rejection and failure rate in the metalworking processes 

 Decreased instrument life 

 Costs caused by lowered productivity 

Additionally, high bacterial content in metalworking 

fluids have effects on the working environment and the 

workers’ health. Aesthetic concerns of high bacterial 

content in metalworking fluids involve odour, discolouring 

and slime production [6]. The high temperature caused by 

the metalworking processes cause bacteria to be present as 

particles in fluid aerosols, which increases the risk of 

exposure and inhalation of microorganisms [13, 14]. Even 

if the health risks from these aerosols are poorly understood 

it’s it clear that operating a contaminated metalworking 

fluid process is correlated with increased health risks[13]. 

Studies have shown that exposure to contaminated 

metalworking used in industry can cause respiratory 

diseases such as work-related asthma, hypersensitivity 

pneumonitis (machine operators lung) and other diseases 

caused by pathogenic bacteria in the fluid[10, 13, 15].  

The microbial content in the metalworking fluid might 

be present as planktonic cells, flocks or biofilms[6]. It is 

known that microorganisms in metalworking fluids have a 

tendency to reach a steady state levels in industrial setups [11, 16] Hence, industrial metalworking 

fluid system can be generalized in to different types of cultivation systems. In some recirculating 

metalworking fluids systems a significant amount of bacterial flocks could be removed in the filtration 

process, thus introducing lower concentrations of bacteria to the central system tank. These types of 

culture systems resemble chemostat systems where a constant high level of biomass would be 

observed in the central system tank [6]. For smaller systems with bad filtration systems the 

implementation of a batch system is more accurate, see Figure 2 [6]. However, no indications of a 

death phase have been reported in metalworking fluid system, with exceptions to the declining 

biomass concentrations correlated to biocides additives [11, 16].  

Generalized, microorganism would consider metalworking fluids as an unfriendly environment, 

since metalworking fluids are alkaline solutions, pH (8-9) [17]. The pH value tends to decrease with 

the tank life of the metalworking fluids, where microbial growth contributes significantly to the 

acidification [16]. The temperature of metalworking fluids in the metalworking industry varies, but the 

main container usually is comparable with room temperature, commonly around 20°C. Temperature 

deviations in the systems are dependent on the amount of active metalworking instruments, but can 

reach temperatures above 30°C [18] .Temperature regulation of the metalworking fluids is present in 

some systems to prevent evaporation or to cool the fluid, if the cooling effect of the fluid is of high 

importance in the metalworking process [19]. The microbial profile of different types of metalworking 

fluids is related to the type of industry and the type of fluid [20]. Studies indicate that bacteria 

Figure 2, Schematic sketch of a metalworking 

fluid system. High loss of biomass during 

filtration and metalworking processes can cause 

resemblance with a chemostat cultivation 

system. Less effective or no filtration can cause 

similarities to batch cultivation. 
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dominate the microbial population 

of the fluids, but eukaryotic 

organisms, such as fungi, are 

present in smaller concentrations 

[6].Bacterial concentrations as high 

as 10
7
CFU ml

-1
 has frequently been 

reported [16, 17, 21]. The main 

carbon source for bacteria in 

metalworking fluids are low 

concentrations of fatty acids, such as 

oleic and linoleic acid [12]. Bacteria 

can also with reduced rate grow on 

the main carbon component of 

naphthenic oil [12]. Articles on the 

subject indicate that the bacterial 

diversity of soluble metalworking 

fluids is low, see Figure 3[3, 16].The majority of bacteria found in metalworking are facultative 

anaerobes, which can be explained by the irregular  aeration patterns in the metalworking fluids 

systems [3].  The most common type of bacterial genus cultured from soluble metalworking fluids is 

Pseudomonas [16, 22-24].Pathogenic bacteria such as Pseudomonas aeruginosa and species of 

Mycobacteria are frequently found[2, 11, 16]. Growth of Pseudomonas promotes establishment of 

other types of bacteria by the family Enterobacteriaceae, possibly due to acidification [16].  

The strategy for dealing with bacterial contamination in metalworking fluids varies from case to 

case[6]. The most common strategy is the use of biocide additives to the metalworking fluid [7]. 

Biocides are antimicrobial agents, which initially and successively, are added to the metalworking 

fluid to reduce and prevent bacteria. Biocides are gradually consumed by the bacterial population [16]. 

The most common type of active substance in biocides is formaldehyde releasers [2, 25, 26]. Even if 

antibacterial agents initially are effective in reducing bacteria in metalworking fluid, bacteria have a 

tendency to become resistant over time, especially in bacterial biofilms [26, 27]. Resistant bacteria 

need to be countered with higher amounts of biocides, or with new antibacterial substances. It is 

known that the biocides itself exposes a health risk for the metalworkers, especially in high 

concentrations [28]. There are documented effects of increased allergy and dermatitis among workers 

handling biocides[25, 29]. Formaldehyde is considered as 

carcinogenic [30], but no correlations between formaldehyde 

biocides and increased cancer risks has been statistically drawn 

[10]. 

Only a few effective alternatives to the biocides are currently 

available for bacterial disinfection of metalworking fluids. UV 

radiation has shown to be an effective alternative to biocides[31]. 

The single most powerful factor in UV light disinfection is the 254 

nm wavelength, which most frequently interacts with organic 

structures[4, 32]. Common organic structure in bacterial cells 

which efficiently absorbs UV light include: pyridines, 

pyrimidines, flavines and aromatic amino acids [4, 33]. Absorbing 

UV light can cause molecular transformations, such as 

dimerization, which can cause cellular dysfunction and apoptosis 

[4, 33, 34]. The disinfection system utilized in this project utilizes, 

in addition to UV radiation, the creation of reactive oxygen 

Figure 3,Bacterial diversity in metalworking fluids in study by Gast et al. 

2001  [3]. 35% of the bacterial species found in the system were of genus 

pseudomonas. 66% were facultative anaerobes. 

Figure 4, Cytosine and Thymine are DNA 

bases. They are common pyrimidines, 

which efficiently are absorbing UV light 

at 254 nm[4]. 
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species, such as the hydroxyl radical (OH•)[35, 36]. This is achieved by reactions catalysed of UV 

radiation (photoionization) and interaction with catalytic surfaces (photocatalysis) in the system [35, 

37]. The hydroxyl radical is highly reactive and can possess disinfectant abilities upon reacting with 

cell membrane and cell walls of bacteria[35]. The general concept of removing organic contaminants 

from water by creation of oxidative radical formation is called advanced oxidation process (AOP) or 

techniques (AOT)[36].   

The frequency of how often a microbial population has to be countered in a metalworking fluid 

system is determined by the growth rate of a microbial population. The growth rate is an important 

parameter to consider when integrating disinfectant systems with the metalworking fluid. By an 

appropriate estimation of the microbial growth rate, the microbial population will never have to 

increase above the tolerated concentrations, thus minimizing the concerns of bacterial contamination 

for the metalworking industry. The growth rate (µ) of a microbial population is determined by a 

number of parameters such as temperature, pH, species, fluid composition, water activity, flows etc. 

[38]. Depending on the specific setup some parameter can be dominant over others. While it is too 

hard to precisely estimate the factors relevant for growth, such as substrate concentration, different 

varieties of prediction models have been used[39]. These types of models gained increased awareness 

in especially the food industry, in order to optimize production and increase product quality [40]. The 

models are constructed by regulating different parameters relevant for growth rate. These empirical 

models can be applied to estimate the growth rate by a series of measurements of the observed and 

quantifiable parameters [39, 41]. One example of this is empirical regression models where growth 

rate can be estimated by measuring a number of parameters, see Equation 1[39, 41]. In the 

metalworking fluid system the impact of some parameters, such as pH, temperature and flows/aeration 

can more easily be determined rather than others, such as biofilm contribution. 

Equation 1, Example of a polynomial regression model, where growth rate (µ) is dependent of a number of measureable 

parameters X1,X2…[39]. a,b1,b2…bn are constants. 

2 2

l 1 2 2 i i n 1 t i v 1 2 z i ja + b X +b X +...+b X +...b X +...+b X +...+b X X +...+b X Xµ    

The presence of biofilms has by several studies indicated to be a critical parameter for 

contamination and growth rate in metalworking fluids [6]. This is due to its rapid formation and 

concentrated bacterial population [16, 42-44] .Additional consequences due to biofilms are clogging of 

pipes, filter and screens in systems. Biofilm bacteria are harder to counter than bulk fluid bacteria due 

to increased resistance to biocides and build-ups at inaccessible spaces [43, 45].It has been shown that 

biofilm formation in metalworking fluids occurs less dependent of system material[27] . The 

occurrence of biofilm in metalworking systems can be correlated to the amount of available surface 

area in the metalworking fluid systems, since bacteria has a tendency to attach to most available 

surfaces[6]. Research conducted in this field is limited and mainly focuses on estimating the 

contamination and formation of biofilms in metalworking fluid [11, 16, 44, 45]. Studies have shown 

that the growth rate microorganism’s population is rapid, however no quantification of the specific 

growth rate has been established [12]. So far no study has estimated the impact of the biofilms to the 

growth rate in the fluids. The aim of this study is to investigate and evaluate how bacterial biofilms 

affects bacterial growth rate in metalworking fluids system.  

Aim 
This project will focus on investigation and evaluation of the impact of bacterial biofilms on bacterial 

growth rate in metalworking fluid systems.  
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Hypothesis 
Increasing the surface area to volume ratio of the batch cultivation systems leads to an increased 

specific growth rate. 

Strategy 
The strategy of this project is to investigate bacterial population trends with aspects to available 

biofilm. This will be achieved by designing a batch downscale model of a metalworking fluid system. 

In the system the available surface area will be alternated using moving bed bioreactor biocarriers. The 

surface area will be addressed as surface area to volume ratio, so the results can be approximated to in 

situ systems. In order to stimulate growth in the downscale models, a significant fraction of the 

bacterial population will be eliminated using suitable UV radiation and AOT based disinfection 

system.The bacterial regrowth after disinfection will be observed using indirect methods indicating 

bacteria concentration or bacterial metabolites. The experiments will be statistically evaluated in order 

to decide the biofilm contribution to the microbial growth rate, by a linear regression model, see 

Equation 2.
 
The experimental strategy is summarized in Figure 5.  

Equation 2, Example of a modelling explaining the contribution of surface area to volume ratio to growth rate (µ). µ is the 

measured growth rate; µ0 is the inherent growth rate at the experimental conditions and f (m2/m3) is the contribution of 

surface area to volume ratio to the growth rate. 

2

0 3

m
( )
m

µ µ f   

 

Figure 5, plot showing disinfection of a steady state level of microorganisms (-2h) to a suitable level for experimental start 

(0h). By frequent sampling the increase in microorganism concentration can be observed, and growth rate estimated. Curve 

was fitted using the  DMfit application for excel (combase.cc) [46]. 

Limitations 

The project will not include the following points: 

 Detailed evaluation of the targeted disinfection technique.  

 Application or validation of the result to an industrial setup; however comparisons with 

previous studies will be made.  

 Optimization of the used downscale model, recommendations for future use and work will 

however be included.  
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Materials and methods 
In this section a technical description of the downscale cultivation systems is provided followed by 

the experimental analysis methods.  

Downscale cultivation systems 
In this section a detailed description of a cultivation system is provided. In total three systems 

were created for parallel experiments. 

Growth medium 

The metalworking fluid selected for the growth rate experiment had been previously used by a 

non-automotive metalworking industry in Sweden for approximately six months. The metalworking 

fluid was judged to be in a good condition with regards to particle contamination. The metalworking 

fluid was an ester-based water soluble emulsion diluted to approximately 9% in water. In addition to 

industrial usage the fluid had been stored for approximately two month at room temperature in a 400 L 

plastic tank (high density polyethylene, Cipax), prior to the project start.  The tank had been lightly 

aerated by an aquarium pump. Prior to the experiments the bacterial level of the contaminated 

metalworking fluid had been measured to 2,8·10
5
 CFU/ml, see Disinfection experiment. The biocide 

content of the fluids was assumed to be very low due to the fluid’s high bacterial contamination and 

usage in industry. The starting pH of the metalworking fluid was measured to 8,37. 14 litre of 

metalworking fluid were used as growth medium in each cultivation system. 

Main cultivation tank 

As the system main tank a 14 litre polyethylene plastic tank from Cipax AB was used. Tank 

dimensions can be seen in Figure 7. 

Pumps 

The disinfection system was integrated with a magnetic centrifugal pump (Tapflo AB, CTM 20-7) 

with a 0,12 kW motor and a capacity of 80 L/hour. The capacity of the pumps was reduced to 20 

L/hour using a constant flow valve.  

The circulation systems were provided with peristaltic pumps, see Table 2. The peristaltic pumps 

were calibrated before experiment start to a capacity of 250 ml/min each.  

Table 2, Peristaltic pumps used in the circulation systems 

System Tube pump type 

1 Watson-Marlow 405U/L 

2 Watson-Marlow 405U/L 

3 Watson-Marlow 120U/DV 

Tubes and connections 

The AOT reactor was connected to the main and the centrifugal pump using three 1” inch tubes 

with length of 50 cm, 70 cm and 90 cm. All pipes were connected using Camlock 1” inch connections. 

The circulation system consisted of 3m of silicone tube from VWR attached to a peristaltic pump, 

with and inner respective outer diameter of 7 mm and 10 mm. The silicone tubes edges were placed 

directly into the tank, inflow at the bottom and outflow at the top. 
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Biofilm carriers 

Anoxkaldnes K3 biomedium was used as biofilm carrier system, see Figure 6. The system normal 

surface area to volume ratio was approximated to 32,98 m
2
/m

3
. The specific surface area volume ratio 

of the systems was adjusted using a specific amount of beads in different systems, see Table 3. The 

systems were incubated for a minimum of 15 days to ensure biofilm establishment. 15 days of 

inoculation was chosen since biofilm establishment is a time consuming process, based on previous 

studies [42, 47, 48], yet longer inoculation time, for instance two months, 

would result in long experimental delay. 

Investigations on growth rate without biofilm in the cultivation systems 

were also performed in two experiments referred to as Growth experiment 1 

and 7. Growth experiment 1 was performed without biocarriers or incubation, 

thus making sure that potential biofilm in the system is kept at minimum. In 

Growth experiment 7, biocarriers was removed and the systems were cleaned 

before the experiments using a brush and several litres of 2% Industrial 

cleaner (G70, Tiami). The circulation systems tubes were also cleaned by 

pumping autoclaved demi water though the pipes for 24 hours. 

 

Table 3, Biocarriers specifications among the different cultivation systems.  

Cultivation system Surface area to 

volume ratio [m] 

Amount of 

biocarriers 

Minimum incubation 

time [days] 

“System 3” 33 0 15 

“System 2” 66 172 15 

“System 1” 99 343 15 

Disinfection reactor 

The disinfection reactor was an UV AOT type reactor provided by Wallenius Water AB. The 

reactor included a 42W UV lamp. The reactor design allowed easy attachment of Camlock 

connections and allowed easy integration into the system. 

Calculation of the disinfection rate constant 

Microorganism exposed to germicidal radiation of the UV spectra experience an exponential 

decrease in population similar to other methods of disinfection such as heating and ionizing radiation. 

The equation used for describing the disinfection of microbes in single stage, due to germicidal UV 

light is as follows [49, 50]: 

Equation 3, describing the microbial decay of a microbial population exposed to UV light [50]. 

dtS e  

Where S is the surviving fraction of initial microbial population, d is the disinfection rate constant (h
-1

) 

and t is the time of exposure in hours [49, 50]. 

Sampling procedure 

Samples from the systems were taken directly from the recirculation systems outflow tube; see 

Figure 7, in order to provide a representative sample of the fluid. In the late experiments (growth 

experiment 6-7) a 10 ml glass pipette was used for sampling. Metalworking fluid samples were 

collected in 1,5 ml Eppendorf tubes or 50 ml falcon tubes. Collected samples were analysed as soon as 

possible using surface spread plates and ATP concentration analysis. Analysed samples were stored in 

-8°C freezer for potential future analysis.  

Figure 6, AnoxKaldnes 

K3 MBBR biocarriers 

[1] 
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Sterility 

Since the industrial metalworking fluids systems commonly is open non-sterile systems, open for 

contamination from several sources (such as workers, spill oil, detergents, surfaces etc.), the 

contracted downscale model were clean but not sterile. Experiments in this project were conducted in 

a non-sterile environment; with exceptions being the analysis techniques. 

Turbulence calculations 

The Reynolds number was calculated in different parts of the system to estimate turbulence of the 

systems. A turbulent flow could cause undesired cell death. The Reynolds number in the system pipes 

were approximated using the pipes properties listed and Equation 4: 

Equation 4, Equation used for calculation of Reynolds number [51]. 

Re Hv D




  

Where v is the mean velocity of the fluid, DH is the hydraulic diameter of the pipe and ν is the 

kinematic viscosity of the fluid. For a circular pipe DH  is equal to the diameter of the pipe (D). For 

square ducts: HD a  , where a = side of the duct.  

In calculations of Reynolds number in the main tank, it was assumed that the tank could be 

approximated to the shape of a square pipe with equally distributed inflow at the top and the bottom. 

Since only the concentrated viscosity of the metalworking fluid was known, the kinematic viscosity of 

the fluid was approximated using the Refutas method [52, 53]. The first step is to calculate the 

viscosity blending index (VBI) of each component of the fluid according to Equation 5.  

Equation 5, Calculation of viscosity blending index (VBI)[52, 53] 

VBI=10.975 +14.534 ln [ln (  +0.8)]  

The VBI of the blend is calculated according to Equation 6 [52, 53]: 

Equation 6, Calculation of VBI of a blend [52, 53] 

blend 1 1 2 2 n nVBI =[x ×VBI ]+[x ×VBI ]+...+[x ×VBI ]   

Where xn is the mass fraction of each component in the blend. 5% metalworking fluids in water was 

used for calculations. The viscosity of the blend is then calculated by inserting the VBI of the blend 

into Equation 5. 

The viscosity of the blend was calculated to 0,718 mm
2
/s, using viscosities for the used water soluble 

metalworking fluid and water at 40°C[54]. The turbulence of the systems of the system were 

considered turbulent if Reynolds number>4000 and laminar if Reynolds number<2300. 

System overview 

In Figure 7, a complete scheme of the experimental setup can be visualized. The design was 

inspired by previously performed studies regarding biofilm formation in metalworking fluid systems 

[18, 42, 55], but with regards to the requirements of the disinfection system with an integrated AOT 

reactor. The AOT reactor and the centrifugal pump were integrated to the system with individual 

power switches, thus allowing separate operation of the AOT reactor and the centrifugal pump. In 

order to simulate an industrial metalworking fluid system, and based on earlier studies [18, 42, 55], it 

was decided that the system design would involve a circulated flow system. A circulation system was 

assumed to more accurately simulate the conditions of an industrial metalworking fluid system, than 

using solely the pump of the disinfection system. The circulation system was constructed of a 
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continuously running peristaltic pump, allowing a hydraulic retention time of approximately one hour. 

The tubes connected to the circulation pump were positioned with the inflow at the bottom of the tank 

and the outflow at the top of the tank, ensuring a more regularly distributed circulation pattern see 

Figure 7. 

 

Figure 7, complete scheme over the experimental setup. To the left the circulation system can be seen which was operated 

continuously during the whole project. To the right the setup of the disinfection system can be seen. This part was only in 

function during disinfection of the systems. The red dot indicates the circulation outflow where the samples initially were 

taken. 

Table 4, Turbulence in the different parts of the model 

Operation: Tank: Pipes: 

Circulation Laminar Laminar 

Disinfection Laminar Turbulent 

Temperature measurements 

Temperature measurements of the tank metalworking fluids were regularly performed using a 

thermometer with a sensor (Dual-Thermo, Teknikmagasinet).  

pH measurements 

pH measurements were regularly performed during the growth experiments to detect  possible 

deviations. Measurements were made by removing a fraction of the metalworking fluid using a beaker. 

The pH value of the beaker fluid was then measured using a pH meter (pH meter 691, Metrohm). 

Design of experiment (DoE) 

In order to statistically verify if the surface area to volume ration was a significant factor for 

microbial growth rate in the investigated metalworking fluid systems, a design of experiments (DoE) 

was performed.  It was decided that the surface volume ratio was investigated at four levels. In order 

Tank 
(43x21x21 cm) 

 
Centrifugal 

pump 

 AOT reactor 
  

 

 

 

 

Peristaltic 

pump 

Disinfection 

system 

Circulation 

system 

  

 

= Sampling point 
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to increase the validity of the model, at least three replicates at each level were performed. The 

experimental design and statistical evaluation was performed using the program, MODDE (Umetrics).  

Known deviations among the growth experiments 

Details regarding some deviating factors in different growth experiments are shown in Table 5. 

Table 5,details regarding some deviations among the growth experiments, such as operation time of the disinfection system, 

type of agar medium, sampling procedure and biocarriers. 

Experiment Disinfection (h) Agar medium Sampling 

procedure 

Added biocarriers 

Disinfection 3 White Circulation tube No 

Growth exp. 1 3 White Circulation tube No 

Growth exp. 2 3 White Circulation tube Yes, see Table 3 

Growth exp. 3 3 White Circulation tube Yes, see Table 3 

Growth exp. 4 3 White Circulation tube Yes, see Table 3 

Growth exp. 5 5 Blue Circulation tube Yes, see Table 3 

Growth exp. 6 6 Blue Both glass pipette 

and circulation tube 

Yes, see Table 3 

Growth exp. 7 3 Blue Glass pipette No 

 

Methods for bacteria quantification 
Surface spread plate count 

The bacterial count method used in this project is referred to as surface spread plate counts [56, 

57]. Preparation prior the analysis involved sterilization of pipetting tips and water, as well allowing 

agar plates to adjust to room temperature, at least 12 hours prior to the first analysis. After 

experimental sampling, the targeted sample was diluted in an 1,5 ml Eppendorf tube using 100µl 

sample and 900µl sterilized demi water. Serial decimal dilutions were made of the target sample 

commonly ranging from 10
-3

 to 10
-6

, with autoclaved water as a diluent to avoid nonspecific 

contamination. Exceptions to this included samples taken closely to the operation of the disinfection 

system, which was diluted in series ranging from 10
-2

 to 10
-5

 times the original concentration. A small 

aliquot, 100µl, of the diluted sample was then spread on an agar medium plate by tilting the plate in 

different directions, carefully assuring that no sample reaches the boarders of the plate to avoid cluster 

colony growth. The plate was left to soak for a few minutes before incubation for 3 days, in an aerobic 

inoculation chamber at 37°C. After three days the plates were read and the amount of individual 

colonies recorded. A plate with a colony count above 300 was considered overgrown. All plates with a 

colony count lower than 300 were recorded. 

Enumeration and calculation of colonies formed 

Dilution series with three or more plates with colony count below 300 were enumerated with the 

weighted mean, see Equation 7.Dilution series with two of fewer agar plates, with a colony count 

fewer than 300, were analysed according to Table 6[56]. 

Table 6, Enumeration of bacterial plate counts. First dilution indicates the first plate with observable count (C) lower than 

300. Second dilution indicates the dilution following the first dilution. 

First dilution Second dilution Enumeration 

300>C>15 Any Weighted mean 

300>C>15 None Arithmetic mean 

15<C None Arithmetic mean 

The weighted mean of a dilution series were calculated according to Equation 7 [56, 57].  
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Equation 7, Calculation of the weighted mean of a dilution series. 

C
N

v d




   

Where N  is  the colony forming units (CFU/ml), ∑C is the sum of all counted colonies on the selected 

plates, ν is the volume of spread sample and ∑d is the sum of the dilutions of the counted plates [56, 

57]. The arithmetic mean of a dilution series was calculated according to Equation 8 [56, 57]. 

Equation 8, Calculation of the arithmetic mean of a dilution series. 

C
N

v d



 

Where N is the colony forming units (CFU/ml), C is the counted colonies on the plate, ν is the volume 

spread and d is the dilution of the targeted plate. Note that the arithmetic mean is generally only 

applied to dilution series with only one countable plate, see Table 6[56, 57]. 

Agar medium 

The agar plate medium used in this project was nutrient agar for general purposes, order from 

Karolinska Sjukhuset and VWR.  

The plates used in growth experiment 5-7 were defined complex medium for general purposes, 

with a blue staining in difference to the previously non-coloured agar medium. The exact composition 

of the “Nutrient+Blue+TTC” agar medium is shown in  

Table 7. A minor investigation concluded that there were low deviations in growth due to the 

different types of agars, see appendix. 

 

Table 7, Composition of the blue stained agar (Nutrient+Blue+TTC, VWR). 

Component Concentration (g/l) 

Meat extract 1,000 

Yeast extract 2,000 

Peptone 5,000 

Sodium chloride 5,000 

Bromothymolblue 0,025 

TTC 0,040 

Agar 15,000 

Growth rate calculation 

Growth rates were calculated using data obtained from the surface spread plate analysis. Specific 

growth rate was calculated from the whole range of data points during the logarithmic growth phase of 

the bacterial population. In all experiments, besides growth experiment 1, all data points were used for 

calculation since there was no clear indication of a stationary phase. The growth of a microbial 

population can be explained using Equation 9 [46].  
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Equation 9, Growth trend of a microbial population, X is the current biomass, X0 is the initial biomass, t is the time in hours 

and µ is the growth rate 

0

µ t
X X e


   

Equation 10, The natural logarithm of Equation 9. The relationship describes that µ can be seen as the slope of the logarithm 

of bacterial content against time. 

0

ln( )
X

µt
X

  

According to Equation 10,  the specific growth rate, µ, can be calculated as the slope of the natural 

logarithmic plot of bacterial concentration against time [46].  

Practically this was achieved by adapting a trendline to the natural logarithm of the data points 

obtained. The slope of the trendline was thereafter recorded as the specific growth rate, µ. 

In this report the growth rate will be addressed in µ (h
-1

). The doubling time can be calculated from the 

specific growth rate (µ) according to Equation 11. 

 

Equation 11, Conversion of the specific growth rate (µ) to doubling time (t2). The expression can be obtained by assuming: 

X=2X0 in Equation 10. 

2

ln(2)
t

µ
   

ATP concentration analysis 

ATP analysis had earlier been used to record bacterial growth in metalworking fluids, and was 

performed as a complimentary analysis to validate the growth trends observed by the surface spread 

counts [58].  The ATP concentration analysis was performed in parallel with Growth experiment 1-4. 

The ATP concentration analysis was performed using the Microbial ATP kit (BioThema AB). 

Targeted sample was diluted 10
-2

 times with distilled water in a 1,5 ml Eppendorf tube, to prevent 

potential inhibition effects from the matrix due to high transmittance. 50µl of the diluted sample was 

mixed with 50µl ATP Eliminating regent in a glass vial, and incubated at room temperature for a 

minimum of 10 minutes. During Growth experiment 1-2 the ATP Eliminating reagent was missing, 

hence this step was disregarded. Once incubated, 50µl of the Extractant B/S was thereafter added to 

the vial. The vial was vortexed for a few seconds and 200µl of the ATP reagent HS, containing 

luciferase, was added. This amount is less than given in the instructions, but was changed to allow 

analysis of more samples. According to the instructions given in the Microbial ATP kit (BioThema 

AB) it should not affect the outcome of the analysis. The samples were mixed using a vortex and 

placed in a tube luminometer (FB12 Single tube luminometer, Berthold detection systems). The data 

was recorded as relative light units per second RLU/sec, after 20 seconds of measurement, to allow 

stabilization. After measurement, 10µl of ATP standard solution (100nmol/L ATP) was added to the 

glass, as an additional standard. The sample was vortexed and analysed in the luminometer. The 

results were recorded after 20 seconds of measurement. All samples were analysed in triplicates. 

Nitrile gloves and lab coats were always used to minimize contamination risk. Blank samples of the 

dilution agent (distilled water, was regularly measured. Equipment and bench was regularly washed 

using common antiseptic solution.  Since an addition standard of 10 µl 100nmol/L ATP is added and 

recorded it is possible to calculate the amount of ATP (pmol) per sample according to Equation 12. 
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Equation 12, Calculation of ATP concentration in samples 

[ ]
sample

sample

STD sample

I
ATP d

I I
 


 

Where [ATPsample] is the final ATP concentration, Isample is the RLU/s obtained from the sample, ISTD is 

the RLU/s obtained from the sample with addition standard and d is the dilution factor.  

From on the final volume of the sample (addition of eliminating reagent increases volume by 50µl) the 

concentration of ATP in the sample can then be calculated. The mean value (arithmetic) of the three 

replicates of each sample was thereafter calculated. 

In growth experiment 1-2, cuvettes and pipette tips used were labelled sterile, but not ATP free. The 

regent “ATP eliminating reagent” was not available.  

In growth experiment 3-4, a new reagent kit with the ATP eliminating regent was used in order to 

increase the accuracy of the measurements and eliminate background effects. 

DNA concentration analysis 

Studies have shown that DNA concentration can be correlated with the bacterial concentration 

[59].  This analysis was performed as a complimentary analysis to validate the growth trends observed 

by the surface spread analysis. 

Key samples from Growth experiment 3 were analysed, in order to verify correlation with surface 

spread counts (CFU/ml). DNA quantification was performed using a Qubit florometer and Qubit 

double stranded DNA (dsDNA) broad range (BR) assay kit. The Qubit florometer were calibrated by 

two points, using the kit standards (0 ng/µl DNA and 100 ng/µl DNA in TE buffer). New calibrations 

were made every time a new working solution (containing the active florophore) was prepared.  

Homogenized samples were diluted 10 times further in the analysis process using 180 µl Quant-IT 

working solution and 20 µl homogenized sample. All assay tubes were vortexed and incubated for 2 

minutes prior to reading in the Qubit florometer. After data had been recorded 5 µl of DNA solution 

(10 ng/µl) was added to the sample as an addition standard.  The sample was incubated for two 

minutes and read in the Qubit florometer. As a blank sample, one contaminated metalworking fluid 

sample was filtrated using a syringe sterile filter (0,20 µm, cellulose), prior to DNA quantification, in 

order to estimate the fluorescent background effect of the metalworking fluid. To access the 

intracellular DNA of the microorganisms in the metalworking fluid samples the cells had to be lysed. 

This was achieved using a French cell press for cell homogenization. Prior to cell homogenization 

samples were diluted 10 times using MilliQ water. Samples were homogenized at 800 bars in the 

French press. The lysed cell samples were collected in glass vials.  The concentration of the DNA was 

calculated using the response from the addition standard according to Equation 13. For blank sample, 

one contaminated metalworking fluid sample were filtrated using a 0,20 µm syringe sterile cellulose 

filter, prior to DNA quantification, in order to estimate and reduce the fluorescent background effect of 

the metalworking fluid. 

 

Equation 13, Calculation of DNA concentration in samples. 

[ ]
sample

sample

STD sample

DNA
DNA d

DNA DNA
 


 

Where DNAsample is the measured concentration, DNASTD is the measured concentration of DNA with 

addition standard, d is the dilution factor and [DNAsample] is the real concentration of DNA in sample. 
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To determine the sensitivity of the DNA quantification at different bacterial concentrations a simple 

evaluation was performed.  This would determine if an increased bacteria contamination in the 

samples caused quenching of the fluorescence. Fractions of DNA were added to two separate samples; 

one sample which was sterile filtrated (0,20 µm, cellulose)and considered to contain a “non-

contaminated” metalworking fluid and one sample which were considered to contain a heavily 

contaminated fluid. 

Quantification of biofilm removal by sonication 

Removal of the biofilm from the carriers before analysis is important for accurate measurement of 

the bacterial biofilm. Experimental procedure was adapted from Hamilton, 2003 [60].Biofilm carriers 

were removed from the cultivation systems using a pair of tweezers. Three beads from each cultivation 

system were analysed to get an average value of the formed biofilm and to lower the amount of used 

agar plates for analysis. The targeted biofilm carriers were rinsed in sterile water ten times, in order to 

remove loosely attached cells, and excess metalworking fluid. Thereafter the carriers were placed in a 

50 ml falcon tube. 10 ml of distilled water was carefully added per analysed bead. It was made sure 

that the carriers were under water, in order to optimize the effect of the sonication. The tubes were 

sealed and each of the samples tubes vortexed at maximum setting for 30 seconds. A tube stand was 

placed in the sonication bath (Elma Ultrasonication TP 690, 35 kHz) and the sonication bath was filled 

up with water. The tubes were placed in the tube stand, fixated, and sonicated for 2,5 minutes. When 

sonication was completed, the tubes were vortexed for 30 seconds and followed by additional 

sonication for 2,5 minutes. The suspended biofilm solution was thereafter analysed using surface 

spread plate analysis. In Growth experiment 7, five centimetre of each circulation tube were analysed 

according to the biofilm analysis procedure. 

Biofilm quantification by crystal violet staining 

Preparation of staining solution 

Concentrated crystal violet (CV) staining solution was prepared using manufacturer’s instructions 

as follows: 2 g of CV powder was mixed with 20 ml 95% EtOH and 80 ml autoclaved demi water.  

Staining process 

A fraction of the CV solution was diluted to 0,1%. Beads for biofilm quantification were removed 

from the cultivation systems using a pair of tweezers. The investigated bead was inoculated in a 0,1% 

CV solution for 45 minutes. Loose bacteria and excess CV solution was removed by dipping the 

targeted bead in a beaker with distilled water ten times. Afterwards the bead was placed in a 20 ml 

beaker followed by addition of 5 ml 95% EtOH. The solution was carefully mixed and a fraction 

pipetted into a cuvette. The cuvette was analysed at 595 nm in a spectrophotometer. New beads 

carefully dipped in contaminated metalworking fluids were used as blanks.  
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Results 

Growth rate experiments 
In this section the results from the surface spread plate analysis is presented. The experimental 

phase was initiated by a disinfection experiment, followed by seven growth experiments. The results 

are presented in a chronological fashion with comments, observations and a minor discussion.  

Disinfection experiment 

In order to achieve information regarding the disinfection systems bacterial reduction capacity, the 

experimental phase was initiated by a disinfection experiment. From the results given by the surface 

plate counts given in figure 8 and 9, the disinfection rate constant could be determined. The bacterial 

reduction rate constant d was estimated to 2,11 h
-1

 for this experiment, see Calculation of the 

disinfection rate constant. This is approximately to 90% bacterial reduction per hour. The results were 

used to outline the future experiments. 

  

Figure 8, (Left) Plot over the decrease of bacteria against time in the Disinfection experiment.  

Figure 9, (Right) Logarithmic plot over the decrease of bacteria against time. 

Growth experiment 1. 

In this experiment there were no biocarriers were added to the system. Since no biofilm had yet been 

formed the surface to volume ratio of this experiment is assumed to be zero. The results of the surface 

plate count analysis can be seen in Figure 10 and Figure 11.  
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Figure 10, (Left) Plot of the increase of bacteria against time in the growth experiment 1. 

Figure 11, (Right) Logarithmic plot of the increase of bacteria against time in growth experiment 1. 

The data points obtained from the surface spread plate analysis shows logarithmic increase in bacterial 

concentration over time. Until approximately 50 hours it is possible to detect a logarithmic growth 

phase, followed by a stationary phase see Figure 11. The specific growth rate (µ) of this experiment 

was calculated from the logarithmic phase and approximated to 0,205 h
-1

. The most essential 

information extracted from these experiments was the following information:  

(1) The bacterial reduction rate constant d was estimated to 2,11 h
-1

  (≈90% reduction h
-1

) 

(2) Initially it could be seen that an increase of bacteria from 10
3
 CFU/ml to 10

6
 CFU/ml would 

take approximately 48 hours. After this time measurements were to detect a stationary phase, 

which was not relevant when measuring growth constants. These results were the basis for the 

future experimental outline. 

Growth experiment 2. 

This was the first experiment performed with biofilm in the systems. To ensure that biofilm had 

been established before the experiment was initiated the model systems had been inoculated and 

grown for 15 days at room temperature, according to Table 3 in the Materials and Methods section. 

The results of the surface plate count analysis can be seen in Figure 12. The initial bacterial 

concentration of System 1 and System 2, prior to disinfection, were calculated to 1,10·10
7
 CFU/ml 

6,00·10
6
 CFU/ml, respectively. Results obtained from the surface plate count indicated that the desired 

bacterial concentration (CFU/ml) after disinfection around 10
3
 CFU/ml, as earlier obtained, had not 

been reached, see Figure 12. The cause of this could have been a higher initial bacterial concentration. 

Additional speculations regarding this matter involved biofilm formation or chemical scaling on UV 

lamp surface reducing the UV light transmittance and limiting the effect of disinfection. An increased 

operational time of the disinfection system was not desired since this might had resulted in a different 

temperature profile, which causes difficulties in comparing the results of the different experiments. 
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Figure 12, Logarithmic plot over the increase of bacteria against time in growth experiment 2. 

Table 8, Specific growth rate for System 1 & 2 in growth experiment 2. 

System Surface area to volume ratio Growth rate (h
-1

) 

1 99 0,114 

2 66 0,073 

 

As seen in Figure 12, a near linear logarithmic phase had however been observed and regrowth to 10
6
 

CFU/ml had been reached in the range of the experimental time interval. This made it possible to 

estimate the bacterial growth rate for these systems. Bacterial growth rate for System 1 and System 2 

was calculated and the results are shown in Table 8. The calculated rate constant indicates that the 

System 1 had a higher growth rate, possibly due to a higher amount of biofilm in the system. 

However, both growth rate constants were reduced by approximately 50%, compared to the first 

growth experiment without any biofilm. An observable difference between the two experiments was 

the achieved level of disinfection. This indicates that there is a likely source of inhibition at higher 

bacterial concentration, possibly due to creation of toxic compounds created by the bacteria or the UV 

disinfection. However, the reduced level of disinfection could also been due to a higher initial bacteria 

concentration prior to disinfection. An additional cause to the reduced growth rate could have been an 

alternated bacterial flora in between the experiments.  

Growth experiment 3. 

In this experiment all three downscale cultivation systems, with alternated surfaces, were run in a 

parallel fashion. The initial bacterial concentration before initiation of the disinfection system is listed 

in Table 9. 

Table 9, Initial bacteria concentrations prior to disinfection in growth experiment 3. 

System Bacterial concentration (CFU/ml) 

1 4,68·10
6
 

2 3,15·10
6
 

3 8,11·10
6
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Figure 13, Logarithmic plot over the increase of bacteria concentration against time in growth experiment 3 

The surface spread plate analysis is summarized in Figure 13. The disinfection rate observed in the 

initial disinfection experiment was not observed in this experiment, but could be explained by a higher 

bacterial content in the systems, as in Growth experiment 2. The calculated growth rate is summarized 

in Table 10. The growth rates were similar to the obtained in the previous experiment, yet lower than 

the first growth experiment. 

Table 10, calculated growth rates from growth experiment 3. 

System Surface area to volume ratio Growth rate (h
-1

) 

1 99 0,121 

2 66 0,103 

3 33 0,076 

 

Growth experiment 4. 

The results from the surface spread plate analysis in this experiment are summarized in Figure 14. The 

quality of the surface plate count analysis could however be questioned in this experiment, probably 

due to contamination of the dilution agent (autoclaved demi water). The compromised quality of the 

analysis yields an insecure basis of any conclusions made from this experiment. Hence it was decided 

that the results from this experiment were to be disregarded in the statistical evaluation.  

However, general growth trends could still be observed in these experiments indicating that some 

microbial growth had occurred. Therefore the microbial growth rates for each system were calculated 

and are summarized in Table 12. 

 

Table 11, initial bacteria concentrations in growth experiment 4 prior to disinfection. 

System Bacterial concentration (CFU/ml) 

1 1,2·10
6
 

2 5,4·10
6
 

3 5,4·10
6
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Table 12, calculated growth rate in growth experiment 4. 

System Surface area to volume ratio Growth rate (h
-1

) 

1 99 0,068 

2 66 0,121 

3 33 0,121 

 

 

Figure 14, Logarithmic plot of bacterial concentration against time in growth experiment 4. 

Growth experiment 5. 

The bacterial concentration in the systems prior to disinfection and during disinfection is summarized 

in Table 13. The results of the surface spread plate analysis can be seen in Figure 15. The results 

indicate very slow or no bacterial concentration increase over time. The results also indicated that the 

disinfection system had failed to decrease the bacterial content in the investigated systems. This in turn 

resulted in low calculated growth rates, as seen in Table 14. However there were indications of that the 

bacterial content had reach low levels (10
3
CFU/ml) after three hours, see Table 13. This indicated the 

disinfection system had managed to decrease the bacterial content of the fluid after three hours. The 

sampling procedure for these data points had been slightly alternated using a glass pipette; see 

Sampling procedure in Material and Methods.  

The measurements failed to detect low bacterial content after five hours using the original 

sampling procedure. Hence the original sampling procedure was considered to be a potential source of 

contamination. However additional factor could have caused the failed disinfection. Summarized the 

failed disinfection from the experiment was narrowed down to have three causes:  

1. Disinfection system failure, the AOT reactor did not reach the desired termination rate of 

bacteria, which in turn could have two possible explanations. 

a. Electrical problems with the disinfection systems. 

b. Biofilm formation or chemical scaling on the UV lamps, which would limit the 

effectively of the UV light transmission to the passing bulk fluid. 

2. The repeated UV light disinfection had favoured UV resistant bacterial strains. 

3. The sampling procedure. 
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Table 13, Bacteria concentration prior and after 3 and 5 hours of disinfection. 

System Initial bacteria 

concentration (CFU/ml) 

Concentration after 3h 

disinfection (CFU/ml) 

Concentration after 5h 

disinfection (CFU/ml) 

1 1,07·10
6
 4,00·10

3
 7,73·10

5
 

2 2,58·10
6
 9,00·10

3
 8,27·10

5
 

3 1,37·10
6
 4,55·10

3
 7,55·10

4
 

 

Figure 15, Logarithmic plot of bacteria concentration against time in growth experiment 5. Disinfection systems were active 

for 5 hours. 

 

Table 14, Calculated growth rate from growth experiment 5. 

System Surface area to volume ratio Growth rate (h
-1

) 

1 99 0,0159 

2 66 -0,0126 

3 33 0,0194 

  

Growth experiment 6. 

The bacterial concentration in the systems prior to disinfection and during disinfection is summarized 

in Table 15. Duplicate samples were taken with a pipette to detect any kind of disturbances with 

sampling or potential gradients in the cultivation systems.  

Table 15, Bacteria concentration prior and after 3 hours of disinfection in growth experiment 6 

System Initial bacteria 

concentration (CFU/ml) 

Concentration after 3h 

disinfection (CFU/ml) 

1 1,85·10
6
 9,09·10

3
 

2 1,58·10
6
 5,00·10

4
 

3 1,27·10
6
 9,09·10

3
 

 

The results of the surface spread plate analysis are summarized in Figure 16. The decrease of bacterial 

content due to the disinfection systems was still very low, as in growth experiment 5. In Figure 17, the 
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results of the glass pipette sampling procedure are shown. These results show a significant decrease of 

bacterial content during and after disinfection, as well as an increase in bacterial concentration over 

time. The results concluded that the source of contamination in growth experiment was the sampling 

procedure. This indicates that there is an active biofilm present in the tube previously used for 

sampling, which affects the bacterial content of the samples taken from the tube. The bacterial growth 

rate of the systems is summarized in Table 16, where growth rate is calculated based on both values in 

Figure 16 and Figure 17. 

Table 16, Growth rate (µ) calculated in growth experiment 6. The growth rates of all samples were considered as well as the 

ones obtained using the alternative sampling procedure. 

System Surface area to volume ratio µ (h
-1

) µ(h
-1

), pipette sampling 

1 99 0,057 0,129 

2 66 0,031 0,080 

3 33 0,046 0,181 

 
Figure 16, (Left) Logarithmic plot of bacteria concentration against time in growth experiment 6. 

Figure 17, (Right) Logarithmic plot of bacteria concentrations sampled with glass pipette against time. 

Growth experiment 7. 

The bacterial concentration in the systems prior to disinfection is summarized in Table 17. The results 

of the surface spread plate analysis can be visualised in Figure 18. Even if there is no clear logarithmic 

growth phase it is possible to detect an increase in microbial content over the experiment. The 

bacterial growth rate of the systems is summarized in Table 17, where growth rate is calculated based 

on the values given in Figure 18.  

Table 17, calculated growth rate and initial bacteria concentration, prior to disinfection, in growth experiment 7. 

System Growth rate (h
-1

) Initial bacteria concentration 

(CFU/ml) 

1 0,094 6,05·10
5
 

2 0,022 1,96·10
6
 

3 0,049 1,97·10
6
 



24 

 

 

 
Figure 18, (Left) Logarithmic plot over bacteria concentration against time in growth experiment 7. 

Figure 19, (Right) Biofilm formation in silicone circulation tube, used for sampling in most experiments. Note that the tube 

usually is transparent. 

When cleaning the systems, large amount of biofilm in the circulation tubes was observed, see Figure 

19. Due to this observation biofilm quantification samples were taken from the tubes in order to 

estimate the amount of active biofilm in the circulation system.  

Summary of the Growth experiments 

In Table 18, a summary of all growth experiments can be visualised.  This was the basis for the 

statistical analysis performed. In growth experiment 1 and 7 actions had been taken to prevent biofilm 

formation. Thus it is assumed that no biofilm were present in these systems. Therefore the surface to 

volume ratio of these experiments was set to zero.  

Table 18, Summary of all growth experiments. 

Growth experiment Surface area to 

volume ratio 

Specific growth rate, 

µ (h
-1

) 

Comment 

1 33 (0) 0,205 Initial experiment 

2 99 0,114  

2 66 0,073  

3 99 0,121  

3 66 0,103  

3 33 0,076  

4 99 0,068 Contaminated diluent 

4 66 0,121 Contaminated diluent 

4 33 0,121 Contaminated diluent 

5 99 0,016 Low growth rates 

5 66 -0,013 Low growth rates 

5 33 0,019 Low growth rates 

6 99 0,129 Pipette sampling 

6 66 0,080 Pipette sampling 

6 33 0,181 Pipette sampling 

7 33 (0) 0,094 Final experiments 

7 33 (0) 0,022 Final experiments 

7 33 (0) 0,049 Final experiments 
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Statistical analysis of bacterial growth rate  

The results from the growth experiments were evaluated using the statistical analysis program 

MODDE. The model adapted was a linear regression model. The fitted models were based on most of 

the experiments in Table 18. Growth experiment 4 was not included, due to contamination. 

 

Figure 20, Summary of the growth experiments (green dots) along with the adapted linear regression model (black line). The 

grey zone indicates a 95% confidence interval. 

Minor deviations in surface area to volume ratio were ignored over the different experiments. The 

result of the model adaption can be seen in Figure 20. The statistical analysis in MODDE showed that 

the surface area volume ration of the systems was not a significant factor for specific growth rate in 

the systems (95% confidence).The statistical analysis performed suggested that the contribution of 

surface area to volume ratio to growth rate can be explained from Equation 14 . 

Equation 14, the calculated contribution of biofilm to the overall growth rate (µ). 

Where m2/m3 is the surface to volume ratio and the constant (0, 0884) represent the inherent growth rate, µ0 (independent of 

biofilm). 
2

3
0,00006 ( )  0,08840

m

m
µ     

Correlation between bacterial 

reduction and growth rate 

An investigation regarding the degree of 

reduction in the experiments and growth rate 

were made since the highest growth rates had 

been measured in combination with a very 

effective bacterial reduction. The correlation 

between bacterial reduction and growth rate 

is seen in Figure 21. This indicates that 

higher levels of reduction were correlated 

with an elevated growth rate. A possible 

cause might be possible production of toxic 
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Figure 21, correlation between the level of reduction achieved by 

the disinfection system and specific growth rate 

 



26 

 

compounds at higher bacterial concentration limiting the growth rate. This correlation might also be 

indicating that the bacterial population compete for nutrient sources.  

Quantitative biofilm analysis 
Biofilm measurements were performed prior and after disinfection for eight experiments. The 

results of these biofilm measurements are summarized in Figure 22. A t-test claimed that there were 

no significant effects (with 95% probability) upon the biofilm from the disinfectant system. For the 

details of the statistical analysis, see appendix.  

The average biofilm concentration for each growth experiment can be seen in Figure 23. The 

standard deviation indicates that there only were small differences in biofilm formation between the 

different cultivation systems.  

The overall analysis verified that biofilm had been established on the K3 biomedium carriers after 

15 days incubation time, see Figure 24. The overall biofilm analysis also indicated that the biofilm 

concentrations declined slightly over the experiments.  

As reference for each biofilm analysis, clean K3 biocarriers dipped in metalworking fluid were 

analysed. 

 
Figure 22, (Left) Biofilm concentrations at biocarriers prior and after disinfection. 

Figure 23, (Right) Average biofilm concentration in the different cultivation systems 1-3 (1- High surface, 2- Medium surface 

3 – Low surface) over all experiments. 

 

Figure 24, Average biofilm concentration during the different experiments. System 1- High surface, System 2- Medium 

surface, System 3 – Low surface 
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In growth experiment 7, biofilm samples from the circulation tubes were taken. The results are 

compared to the results from the biofilm analysis performed on the K3 biocarriers simultaneously in 

Figure 25.  

 

Figure 25, Biofilm analysis in Growth experiment 7. Circulation tubes biofilm are compared to the analysis results obtained 

from the K3 biocarriers. 

CV staining 

The CV stain for biofilm quantification was only applied for the growth experiment 2, the first 

experiment were biofilm had been established, after 15 days. Because of the high amount of CV dye 

which was bond to the polyethylene of the “new” K3 biocarriers this procedure this methodology was 

not used in the future experiments, see Figure 26 and Figure 27.  

 

Figure 26, (Left) the result from the CV stain analysis. Note the high absorbance of the Blank sample. 

Figure 27, (Right) New beads stained by the CV solution. Note that neither of the carriers had any biofilm and that the bound 

dye is more intense at the right bead. 

Distribution of the bacterial population in the metalworking fluid systems  

In order to evaluate the impact of a low concentrated biofilm when measuring the biofilms 

contribution to the growth rate, calculations regarding the bacterial population’s distribution in the 

systems were made. At high bacteria concentrations biofilm bacteria corresponds to a few percentages 

of the total bacteria population. At low bacteria concentrations biofilm bacteria corresponds to a 

majority of the bacterial populations. 
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Table 19, Percentage of bacteria in the biofilm compared to the system fluid with varying bacteria concentrations. Data was 

calculated using 14 L of metalworking fluid and the biofilm bacteria concentrations in Figure 23. 

Surface to 

volume ratio 

[m2/m3] 

Bacterial concentration 

in fluid [CFU/ml] 

% of bacteria 

in the biofilm 

33 10
6
 0,4 

66 10
6
 0,7 

99 10
6
 3,0 

33 10
5
 3,6 

66 10
5
 7,0 

99 10
5
 23,8 

33 10
4
 27,2 

66 10
4
 42,9 

99 10
4
 75,7 

33 10
3
 78,9 

66 10
3
 88,3 

99 10
3
 96,9 

Validation of biomass quantification methods 

ATP concentration analysis 

The results from the ATP concentration analysis from growth experiment 1-4 are shown in Figure 28-

31.  In the first two growth experiments, showed no indications of the logarithmic growth detected by 

the surface spread plate analysis. This could have been explained by the lack of an eliminating ATP 

reagent enzyme, which is added in order to remove excess extracellular ATP present in the sample. 

Because of this it would have been possible that the intercellular ATP concentrations were overlooked 

in the analysis due to a general higher ATP content in the bulk fluid. Therefore new analysis kits were 

ordered, containing the missing reagent, for the upcoming experiments. Further actions to prevent 

ATP contamination were also taken, such as the use of ATP free equipment. As seen in Figure 30 and 

Figure 31 the new kit and preventive action against ATP contamination had limited effect. In general 

the deviations seen in the experiments could have been the result of eukaryotic organisms present in 

the sample, yielding higher ATP concentrations than expected. However, it was hard to detect any 

trend in the logarithmic growth curve, due to the spread of the samples. After the forth growth 

experiment it was decided that future experiment biomass were only to be analysed without the ATP 

analysis. 

Correlation with surface spread plate analysis 

To summarize the sensitivity of the ATP concentration analysis the results was correlated with the 

results from surface spread plate count. The result of this correlation is summarized in Figure 32. This 

can be assumed to represent an overview the applicability of this analysis method for recording 

bacterial growth. From Figure 32 it is difficult to draw precise correlations between colony forming 

units (CFU/ml) and the measured intracellular ATP concentrations of the samples. Hence, this method 

is not suitable to for accurately detecting a 3 log increase in bacterial content over a limited time. 

However, the method could be suitable for detecting mayor differences in contamination between 

samples of metalworking fluid.  
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Figure 28, (Left) Logarithmic plot showing ATP concentration with time in growth experiment 1.  

Figure 29, (Right) Logarithmic plot showing ATP concentration with time in growth experiment 2. 

 

 

Figure 30, (Left) Logarithmic plot showing ATP concentration with time in growth experiment 3. 

Figure 31, (Right) Logarithmic plot showing ATP concentration with time in growth experiment 4. 
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Figure 32, Logarithmic plot of the correlation between ATP concentration and measured colony counts (CFU/ml). Each data 

point is the results of three replicates of ATP concentration analysis and one dilution series of surface spread plate counts. In 

total 71 data points is shown in the figure above. 

Qubit DNA concentration analysis 

The DNA concentration analysis was initiated by a dilution experiment.  It was found out that the 

100 times dilution was more sensitive to an increase in DNA content than the 10 times dilution, see 

Figure 33. The results verified that a more diluted sample would give a higher response when 

increasing DNA content. This is most likely due to quenching of the fluorescent effect due to the 

higher metalworking fluid concentration. 

 

Figure 33, measured response in DNA concentration at different dilutions against added amounts of DNA. 

Figure 34, measured response in DNA concentration at different contaminations with addition of DNA. 
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The results from the DNA sensitivity analysis can be seen in Figure 34. The results verified that an 

increased DNA content would give a linear increase in the response. This made it possible to use an 

addition standard in the future analysis, to eliminate undesired contaminants and decreasing 

fluorescent effects.  

The results of the DNA concentration analysis are shown in Figure 35. These results do not 

indicate any kind of logarithmic growth over time, but rather a stationary phase over the whole 

experimental interval. The measured concentrations of the different samples were compared to the 

calculated bacterial concentration obtained from the surface spread plate analysis, see Figure 13. This 

comparison can be visualized in Figure 36. This results indicate that the DNA quantification analysis 

do not reflect the increase in bacterial content.  

Due to the high spread of data points it is hard to detect any relationship between colony forming 

units and the measured DNA concentration.  Hence it is hard to use the DNA quantification used in 

this experiment to validate the results obtained from the surface spread plate analysis.  The results 

obtained in Figure 36 could be explained by low or small variations in DNA concentration in the 

metalworking fluid samples. Even though the Qubit quantification kits should be able to detect even 

small deviations in DNA concentration, this only apply to water like conditions with a limited amount 

of common contaminants and not to more complex contaminates such as metalworking fluid. The raw 

data obtained from the Qubit florometer were consistently close to the value obtained from the blank 

measurement, indicating very low DNA concentrations. Hence it cannot be guaranteed that the results 

obtained in Figure 36 are caused by variations in DNA concentration and not by fluorescent 

background effects from the variations in metalworking fluid concentration. This concludes that it 

would be hard to use the Qubit DNA quantification method for analysis of biomass concentration in 

metalworking fluids. 

 

Figure 35, DNA concentration (not logarithmic) against time since experiment start (growth experiment 3). 

Figure 36, Correlation between surface spread plate analysis and Qubit DNA concentration analysis. 
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Discussion 

Outcome 

Biofilm formation in metalworking fluids system has by several studies considered to be highly 

relevant for recontamination of metalworking fluid systems [16, 42, 43]. Theoretically it is possible to 

explain detachment of bacteria from surfaces as a continuous process contributing to the total 

microbial growth rate of the fluid systems. However, in this study it was observed that biofilm have no 

significant effect upon the microbial growth rate in the downscale model. The adapted model for 

surface to volume ratio against growth rate had a negative coefficient, which in theory is impossible 

for a system, unless the surface express antibacterial properties. As a consequence the main hypothesis 

that stated “Increasing the surface area volume ratio of the batch downscale cultivation systems is 

correlated to an increased growth rate” was disregarded.  

Deviations among the experiments 

When performing a statistical evaluation of several experiments, it is important to consider what 

factors which might have changed during the project. If more than the desired factors fluctuated 

among the experiments, it is not certain that the observed outcome is correlated with the investigated 

parameter. For instance, if temperature were very different among all the experiments, this might have 

larger impact on growth rate, rather than the surface to volume ratio. A table of the known deviations 

among the experiments is shown in Table 5. 

Disinfection and temperature  

Depending on how long the disinfection system was operated, this might have caused deviations in 

temperature among the experiments. This is mainly due to the heating effects from the AOT reactor 

and the pump. In most experiments the length of the disinfection phase was similar, indicating similar 

temperature profiles of the experiments. In the later experiments (Growth experiment 5 & 6) the 

disinfection lasted longer and caused a higher rise in temperature. Nevertheless the decline in 

temperature after the disinfection to room temperature was similar among all experiments, which 

limits the effects of temperature on the experiments. Smaller deviations in temperature still remain as a 

random factor of error, since no temperature regulation was provided. 

Sampling 

The majority of the experiments was performed with the same sampling procedure. This was later 

found to be unreliable due to heavy biofilm formation in the sampling tube. It is possible that the 

biofilm might have affected and increased the bacterial concentration of the passing fluid.  This would 

result in limited effect from the disinfection systems, since the data points close to the operation of the 

disinfection system would appear to have a higher bacteria concentration. The consequences of this are 

a lowered growth rate for the individual experiment. This could have affected the outcome of the 

project. However, the growth rate measured in growth experiment 6 & 7 were similar the growth rates 

in the other experiments, which opposes this theory. 

pH and other deviations between the experiments 

pH was measured frequently during the project, and remained almost constant during the entire 

experimental phase, which limits the impact of pH upon the results.  

During experimental phase biocarriers continually were removed from the system due to the 

biofilm analysis, which resulted in small surface deviations between the growth experiments. Yet, 

these deviations were very small and were disregarded.  
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A known deviation among the experiments is time since the inoculation of the biocarriers in the 

fluid. It is hard to estimate the influence of this factor, but it is known that the circulation tube biofilm 

had an increased effect upon the analyses performed with increased incubation time. It is likely that 

this had an effect upon the experimental results.  

Additionally it is known that the experiments were performed in a structured fashion and not 

randomized. This means that random factors such as room temperature deviations, humidity and 

biofilm in tubes could have affected the result.  

Low biofilm establishment  

Comparison with other studies 

It can be observed that the biofilm formation on the biocarriers in the systems were significantly lower 

than the biofilm concentrations observed in industrial metalworking fluid systems. This could have 

been relevant for the outcome of the study. Bacteria concentrations of 10
6
 CFU/cm

2
  has been recorded 

for several in situ studies and as high as 10
8
 has been recorded in some laboratory studies [16, 27, 42-

44]. In this study only a fraction of that concentration was obtained, ≈ 10
4,5

 CFU/ml see Figure 23.The 

cause of the low biofilm formation can have several explanations. This is discussed in the topics 

below. 

Material 

Growth surface, or material, is one of the most obvious differences comparing biofilm formation in the 

industrial metalworking fluid systems and the downscale models used in this project. In industry the 

tank and pipe material mainly consists of stainless steel, while the downscale model consists of 

polyethylene. Biofilm formation studies have pointed out the relevance of material. However detailed 

studies have concluded that material is less relevant when considering metalworking fluids. Materials 

such as polyethylene and stainless steel are estimated to have comparable impacts on biofilm 

formation [61] [27]. 

Measurement of biofilms 

The biofilm formation on the biocarriers could have been higher than apparent due to partly or non-

complete removal of the biofilm from the biocarriers. Sonication has by several studies been 

considered as an effective way to remove biofilm, but the process is never 100% effective [62]. 

Aeration, mixing and bacterial flora 

Another possible cause of the low biofilm formation on the biocarriers in the bulk fluid is the low 

aeration and fluxes in the tank.  This is suspected to have reduced the amounts of viable bacteria in the 

biofilm, thus reducing the biofilms impact upon growth rate. The hydrodynamics of the system known 

to have an impact on biofilm formation [63]. Low concentration biofilms can also been explain by a 

non-biofilm forming flora in the downscale systems. The fact which opposed this is the evidence of a 

significant biofilm in the circulation tubes. The increased aeration and mixing in the tube is likely to 

have caused the high concentration of active biofilm in the circulation system. Due to this is worth to 

consider alternative circulation systems with increased aeration or mixing for future studies, since this 

might give more appropriate simulations of the in situ systems. 

Is the biofilm concentration relevant? 

In order to approximate whether the biofilm concentration were relevant for the study, a comparison of 

the biofilm and the bulk fluid bacteria concentration was made, see Table 19. The table indicates that 

at a low bacterial concentration (10
3
 CFU/ml) in the fluid, the biofilm bacteria correspond to a 

majority of the viable bacteria in the system. However, at higher bacterial concentrations (10
6
 

CFU/ml) the biofilm only corresponds to a few percentages. This indicates that the biofilm 
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contribution to growth is harder to detect at high bacterial concentrations. Hence, it is obvious that the 

bacterial concentrations in the biofilm are relevant for the outcome of the study. 

Biomass quantification 

Surface spread plates 

This project is dependent on the accuracy of the surface spread plate analysis. All information 

regarding bacterial growth constants and biofilm concentration has been withdrawn from this analysis. 

The reliability of this analysis was frequently questioned, mainly due to the large deviations in 

bacterial concentrations which were seen in some of the growth experiments. The deviations in data 

points made it hard to distinguish between stationary and logarithmic growth phase. Consequently it 

could have had an impact on the calculated growth rate if data points located in a stationary phase was 

estimated to be positioned in the logarithmic growth phase. This would have resulted in a lower 

calculated growth rate, see Figure 38 and Figure 37. This could also explain the correlations between 

growth rate and level of bacterial reduction seen in Figure 21. 

 

Figure 37 (Left) Measurement of growth rate where most or all samples are in a logarithmic growth phase. 

Figure 38 (Right) Measurement of growth rate where some of the samples are located in a stationary phase, this give a lower 

calculated growth rate (dotted line ) than in Figure 37. 

 

Measuring the bacterial content in metalworking fluid has been area of debate for several years, 

since very few fast and reliable methods exist for monitoring metalworking fluid systems. The 

traditional methods of quantifying biomass using cultivation medium is considered a slow and 

inaccurate measurement for total biomass. The accuracy is questioned due to the fact that only aerobic 

bacteria can growth using this type of method. Bacteria which are uncultivable at these conditions are 

disregarded, which has been address as a problem by several studies. More complex biomass 

determination methods have proven that only a fraction of the bacterial is estimated using cultivation 

based methods [64-66] . 

Additional techniques were consulted for biomass determination in the samples but showed no or 

very little correlation with the surface spread plate analysis. The ATP concentration analysis has by 

some studies shown to be an accurate monitor for biomass in metalworking fluid system [58]. In this 

project several attempts to reduce effects of contamination, but no action were had a measureable 

improvement. Is it known that ATP concentrations between different types of microorganisms can 

differ significantly, which makes it hard to correlate ATP concentration to the total biomass of the 

fluid system, with a mixed culture. Furthermore, the intracellular levels of ATP are regulated by the 

different types of metabolic pathways active in the cell[67]. Stressed cells are likely to have a different 

intracellular ATP concentration than cells in a normal physiological status, since they are likely the 
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active metabolic pathways differ between the cells. It has also concluded that concentration of 

intracellular metabolites can changes in matter of seconds [68]. In the experimental setup a 

disinfection system was used, thus causing cell stress. Hence deviations among intracellular ATP 

concentration could not be disregarded and are likely to affect the outcome of the analysis. 

Consulting additional techniques 

During this project two of the most convenient and inexpensive methods were validated and found 

unreliable for this type of application. In order to determine the total biomass in the metalworking 

fluid system, more complex measurement techniques are recommended. The most common technique 

used in studies is based on enhancement of DNA fragments by PCR [64-66]. PCR a based technique 

requires more time, but has been judged as more reliable than cultivation based techniques. However, 

these analysis techniques are more expensive and require expertise in the area and are not capable to 

distinguish between living and dead cells. It is relevant to consider whether the cost and time reflect 

the information gained from the analysis. From an industrial point of view there is less interest in 

consulting these techniques, when a rough estimation of the biomass can be achieved with less 

expensive and non-complex techniques.  

Experimental strategy 

The experimental strategy of the project was basically to reduce the microorganisms of a 

metalworking fluid and thereafter observe the regrowth to its original concentration.  This type of 

experimental strategy has rarely been applied to investigate contamination of metalworking fluids. The 

setup has however been applied to investigate the photo reactivation kinetics for microorganisms in 

wastewater [69]. This study with the same experimental outline applied to wastewater setup, 

determines the photoreactivation and repair kinetics of the survival fraction of UV treated 

microorganisms. Hence it would be possible that the growth rates measured in the experimental setup 

is influenced by reactivation kinetics, caused by intracellular repair mechanisms, in addition to the 

normal growth of the microorganisms. Nevertheless, this is of limited importance for the results since 

the application would be in an industrial UV based disinfection systems, where the reactivation 

kinetics is present.  

The model system 

Alternating the surface 

The downscale model design used in this experiment alternated its surface area by addition of 

biocarriers mediums into the main tank. This model simulates a tank with a high surface area, but the 

question remains whether it accurately simulates a complete metalworking fluid system, with pipes 

commonly separated from the system central tank.  It is possible that a more accurate model could 

have been created by regulation the surface area by tube length in the circulation system, simulating 

the pipes in a metalworking fluid system. This alternative setup  might simulate the hydrodynamics, 

mixing and aeration patterns in the pipes of industrial metalworking fluid systems more correctly and  

has previously been used in a study [42].  

The seed culture 

Most investigations on the related topic, or in food industry, deals with pure culture systems because it 

more convenient. Predictive models are simply more applicable to pure culture systems.  The kinetics 

is related to a single type of organisms and adjustments in different parameters, such as pH and 

temperature, easily can be foreseen. An in situ pure culture system rarely, if ever, exists. However, the 

microbial diversity of the metalworking fluids are low and probably a few species are dominant within 

the fluids, such as Pseudomonas aeruginosa [44]. This indicates that investigations of pure culture 
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systems might give a good indication of an industrial setup. However, deviations from this flora might 

have occurred, which would lower the validity of the study. 

 Industrial in situ biofilms are likely to differ significantly from the pure culture biofilms. In this 

project no identification of the microorganisms in the used metalworking fluid was performed, mainly 

due to lack of resources. Observation during the aerobic agar plate analyses concluded that there was 

low morphological diversity among the colonies of the entire project. This suggests low bacterial 

diversity among the fast growing the aerobic bacteria, capable of growing on nutrient agar. 

The batch cultivation technique 

The cultivation technique applied in this project was batch. During the project the same fluid was used 

for all experiments. This allowed the biofilm and bacteria flora in the systems to remain constant. 

Batch systems are probably the most convenient way to design a downscale model for detection of 

growth rate. However repeated disinfection and repeated growth in the cultivation systems can have 

caused accumulation of toxic products which inhibits the microbial growth of the systems[6]. Some 

studies suggest that the variety of aerobic and anaerobic species in the metalworking consortium lives 

in synergy. An example of this is that toxic by-products of Pseudomonas aeruginosa are consumed by 

anaerobic species [6]. Continuous disinfection of the small volumes used in the downscale models can 

have caused disruption of this synergy, which could have caused inhibition in the regrowth of the 

aerobic microorganism. In an industrial setup where the disinfection system commonly has a much 

lower retention time, due to increased central tank size, there is no disruption of this symbiosis, which 

might prevent potential toxic build-up. To prevent this, new inoculations could have been made prior 

to each experiment with new used fluid each time. This would result in delays in the experimental 

phase, due to the long inoculation time for each experiment (15 days), which would have limited the 

amount of experiment performed. It is possible that this approach might have given a more accurate 

approximation of the growth rate in industrial metalworking fluid systems. 

Medium 

Some studies have been performed with a defined medium based on metalworking fluids [12, 44]. 

These strategies give good indications of several parameters such as growth, by measuring the 

decrease of substrate. These mediums can be designed to enable additional methods for biomass 

estimation, such as optical density measurements. However, these studies are hard to apply to an 

industrial setup with a different growth medium, since bacteria have different growth rates on different 

types of mediums. In this study “used” metalworking fluid from an industry was used. The downside 

of this is the increase difficulties related to the biomass analysis methods. 

Application of the results 

There are several critical factors which might have influenced the outcome of the study. However 

some factors such as the use of an in-use industrial fluid with the correct bacterial consortium greatly 

increases the validity and applicability of the results, compared to alternative approaches. Hence, 

overall results of the study are considered reliable and can probably be applied to larger industrial 

systems. However it is recommended that the results of the study are validated in an industrial setup, 

due to the potential sources of error discussed above.  
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Future work 
A few indications of future work have been described in the discussion. This includes experiments 

with defined mediums, pure culture systems, alternating the surface area externally from the fluid, new 

inoculations of biofilm prior to each experiment and working with lower initial concentrations of 

bacteria in the fluid. However, this study would be very interesting in a more controlled setup. Very 

few studies are made with metalworking fluid in bioreactors. The benefit of using bioreactors is easy 

regulation of the growth parameters, such as aeration and mixing. This is hard to achieve with a 

homemade downscale model. In addition, a bioreactor can easy be connected for frequent online 

measurements. This would give a good indication of temperature and pH deviations, which could be 

related to growth rate and biomass. This would also give an opportunity to observe the bacterial 

increase in a sterile environment, minimizing risks of potential contaminations.  
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Appendix 

System properties 
Table 20, surface and volume properties of the downscale system 

Downscale model volume (m3) Surface (m2) 

Tank 0,0157 0,347 

Pipes (dis. + circ.) 0,00148 0,198 

AOT Reactor 0,000261 0,0348 

Camlock connections (6) 0,000297 0,00659 

Sum 0,0178 0,586 

Surface/volume (m2/m3) 32,98   

Biocarrier properties 
Table 21, Anoxkaldnes K3 biocarrier properties[1]. 

MBBR BEADS, AnoxKaldnes K3 

Surface per 

m3(m2/m3) 

500 

Size (mm) 25x12 

Volume per bead (m3) 5,8875E-06 

Surface per bead (m3) 0,00341475 

Turbulence calculations 
Table 22, Data used for turbulence calculations 

Circulation pipe   Tank with circulation on SQUARE PIPE  

Outer diameter m  0,01  Side length m  0,215  

Inner Diameter m  0,007  Tube diameter m  0,215  

Pump velocity ml / min  250  Pump velocity ml / min 250  

Fluid speed m / min  6,5  Fluid speed m / min  0,0054  

Volume Flow m3/min  0,00025  Volume Flow m3/min  0,00025  

Viscosity mm2 / s  0,72  Viscosity mm2 / s  0,72  

viscosity m2/min  0,0000432  viscosity m2/min 4,32E-05  

Reynolds number 1053,146 Laminar Reynolds number 26,91645 Laminar 

Disinfection pipe   Tank with disinfection on SQUARE PIPE  

Outer diameter m  0,0254 1 tum Side length m  0,215  

Inner Diameter m  20  Tube diameter m  0,215  

Pump velocity ml / min  39,5  Pump velocity ml / min 20000  

Fluid speed m / min  0,02  Fluid speed m / min  0,43  

Volume Flow m3/min  0,72  Volume Flow m3/min  0,02  

Viscosity mm2 / s  0,0000432  Viscosity mm2 / s  0,72  

Reynolds number 23218,966 Turbulent viscosity m2/min 4,32E-05  

   Reynolds number 2153,316 Laminar 
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Agar comparison 
Table 23, Comparison of the growth on the two different agar mediums. Data from biofilm analysis in growth experiment 6. 

 

Statistical analysis prior and after operation of disinfection system. 
Data was analysed using the build in functions of Microsoft Excel 2010. 

Table 24, Data used for the statistical analysis. It’s the logarithm of the data received from biofilm analysis from growth 

experiment 2, 3 and 6. 

 System  Prior disinfection (log 

CFU/cm2) 

After disinfection 

(log CFU/cm2) 

 1 4,25 5,75 

  4,79 4,63 

  4,02 3,94 

2 4,36 5,50 

  4,79 3,91 

  4,32 3,94 

3 4,91 5,55 

  4,53 4,67 

 

A hypothesis was created assuming that the two groups (Prior and after disinfection) were equal. An 

F-test was first performed to investigate whether the groups variance were equal. This allowed me to 

choose the right type of t-test to perform later. 

Table 25 ,Data in table 24 was analysed in an F-test since unequal variances were suspected. High P value (P>0,005) 

disregards the hypothesis of equal variances among the groups. 

 

F-Test Two-Sample for Variances 

     Variable 1 Variable 2 

 Mean 4,494298 4,736949 

 Variance 0,097708 0,607374 

 Observations 8 8 

 do 7 7 

 F 0,16087 

  

1,0E+03

1,0E+04

1,0E+05

1,0E+06

1,0E+07

Sys 1 Sys 2 Sys 3 Referens

C
FU

/C
M

2
 

White agar

Green agar
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P(F<=f) one-tail 0,013894 

  F Critical one-tail 0,264058   

 The yellow highlight in table 26, indicates that the P-value was higher than the critical p-value of 0,05. 

This indicates that the proper t-test to use for analysis is the t-test which assumes unequal variances, 

see Table 26. 

Table 26, Result of the t-test assuming unequal variances. 

t-Test: Two-Sample Assuming Unequal Variances 

  Variable 1 Variable 2 

  Mean 4,494298 4,736949 

  Variance 0,097708 0,607374 

  Observations 8 8 

  Hypothesized Mean Difference 0 

   df 9 

   t Stat -0,81735 

   P(T<=t) one-tail 0,217416 

   t Critical one-tail 1,833113 

   P(T<=t) two-tail 0,434833 

   t Critical two-tail 2,262157   

   

Since the calculated p value (highlighted) in Table 26 is above the critical value of 0.05, it is assumed 

that the hypothesis is correct, thus that the means of the groups are equal.  This implies that the 

disinfection systems had no significant on the biofilm concentration.  

 


