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ABSTRACT 
As environmental awareness raises the expectations to reduce emission of modern diesel engines are 
growing as well. Fuel diversity and the advanced injector systems requires even more attention on an 
ever existing problem which is called nozzle hole fouling. Recent literature and observations at Scania 
indicate the phenomena is connected to fuel filter plugging caused by metal carboxyl contaminants 
through the formation of “soft particles”. 

This report begins with a literature review about the nature of agglomerates in biodiesel. Followed by 
the evaluation of six particle sizing equipment. This include one ensemble technique based on Brownian 
motion, namely dynamic light scattering. The remaining five techniques are single particle counters, 
including a high speed camera system, light blocking system, Nano tracking analysis and two different 
approaches using light microscope. To characterise the structure and chemical components of the 
particles SEM, EDX, FT-IR and ICP-OES were used. 

From the above mentioned methods optical microscopy was chosen to be the best method to evaluate 
the particle distribution. The main reasons for this is the ability to measure particles in the solution in 
the desired size range and the possibility to couple it with a Raman spectrometer, providing possibilities 
for future studies.  

Besides finding the best technique to measure the particles, a secondary result is the negation of Zinc-
neodecanoate creating particles in the fuel. It opposes the assumption made in the literature about 
filter blocking, and it finds the need for deeper understanding of the nature of soft particles. 
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“Any condensed-phase tridimensional discontinuity in a dispersed system may generally be considered 

as a particle” 

(NIST, US Department of Commerce, Special publication 960-3) 

1 INTRODUCTION 

1.1 BACKGROUND 

Legislations concerning emissions of combustion engines and the goal to reduce fuel consumption, 

forced engine developers to make drastic changes to the fuel injection systems. To achieve the 

previously mentioned goals, the advanced fuel injection systems work with high temperatures and 

pressures. These conditions in many reported cases lead to rapid fouling of the nozzle holes and 

eventually a drop in the engine performance. [1] 

To make the matter more complicated fuels have also been subject of new regulations to decrease their 

effects on the environment. Thus the fuel composition has also changed. One of these changes are the 

reduction of sulphur in the conventional diesel fuels, due to EPA regulations [2].  Unfortunately this also 

caused the decrease of corrosion protection of the diesel. This created the need for synthetic corrosion 

inhibitors. The inhibitors, such as dodecenyl succinic acid (DDSA) are proven to be one cause of the 

injector fouling. In other reports bio-fuels are pointed out as one of the culprits in this question [3,4,5]. 

However there are numerous papers showing the opposite results [6,7], indicating that there is no clear 

answer about the effects of biodiesel.  Recent literature points out that these disagreements could be 

due to quality of biodiesel which vary not just with different batches but also with time [8]. 

Figure 1 shows the main problems reported in the literature concerning nozzle holes. There are 

numerous proposed theories in the literature for the mechanism for coking of injectors [9]. Lacey et al. 

[10] pointed out the difference between coking and the precipitation of microscopic particles, which 

can cause Internal Injector Deposits (IID).  
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Figure 1. Types of different problems occurring in the nozzle hole and in the fuel filter.  

 The IID can be divided into two main groups [10]: 

• Soft IID: caused by metal carboxylate soaps which are water soluble, believed to be in a close 

relation with nozzle holes. 

• Hard IID: polymeric materials, created from the polymerisation of hydrocarbon species into 

larger polynuclear aromatic hydrocarbons (PAH) [5].  

Both of these particles can participate and create deposits which can later result in problems with the 

fuel system. Under the topic of IID we can differentiate a specific problem which occurs in the nozzle 

holes, this phenomenon is called nozzle hole fouling [1]. The phenomena is most likely closely related 

to soft IID, the main difference is the place of the contamination, while IID takes place in the body of 

the injector system, the nozzle fouling takes place specifically in the nozzle of the injector. 

Recent findings of Risberg and Alfredsson [1] coupled with internal knowledge at Scania suggest a 

connection between filter plugging and nozzle hole fouling. Comparing Figure 2 and Figure 3 the 

resemblance is clear. In both pictures 2-4 µm sized agglomerates can be found. The fuel filters in a 

Scania engine obtain the pore size of 4 µm, thus smaller particles can pass the filters and can end up in 

the nozzle holes. Since the nozzle hole fouling is clearly connected with metal carboxylates [1], it is 

suspected that the metal carboxylates create “soft particles”.  
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Figure 2. 2-4 µm granulates found in a nozzle hole due to Zn contamination, an example for nozzle hole fouling. Intentionally 

masked. 

 

Figure 3. SEM picture taken from a plugged fuel filter internally at Scania. The particles caught in the filter look similar to the 

agglomerates in the nozzle hole, suggesting the existence of soft particles created from metal-carboxylates. Intentionally 

masked. 
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Scania is aiming to set foot in the market of developing countries, where the fuel qualities could be 

lower than in Europe, and contain higher amount of soft particles.  The aim of this work is to develop a 

method to measure the soft particles in fuel, for the later use to developing a filtering system. This 

would allow Scania engines to run on lower quality fuels, without any necessary change in the fuel 

injection system.  

1.2 UNWANTED CHEMICALS IN BIODIESEL 

The main substances accused for filter blocking or nozzle hole fouling can be saturated monoglycerides 

(SMGs), sterol glucosides (SG) and carboxylate salts. [11,12]  

 

Figure 4. Main causes of fuel filter blocking in the U.S., data is taken from Fersner et al.  [11] 

All of these molecules consist of a polar and a non-polar part. 

Glycerides are introduced to the biodiesel during the transesterification reaction of oils or fats as a by-

product. [13] Normally it is removed by water washing, but even trace levels of the glycerides are 

undesirable. Their content is limited by the standard European, EN 14214 and USA, ASTM D 6751 

regulations [14]. Structure of SMGs can be seen in Figure 5. 
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Figure 5 Saturated monoglycerides (SMGs), monopalmitin and monostearin respectively [11] 

Sterol glucosides are present in the vegetable oils with an ester bond to the sugar. However during the 

transesterification of triglycerides, the fatty acid from the acylated sterol glucosides gets removed. After 

it is removed the solubility of the component decreases dramatically. This increases the chance of solid 

formations in the fuels especially at low temperatures. [12] The structure of a sterol glucoside can be 

seen in Figure 6. 

 

Figure 6 Structure of sterol glucoside [13] 

The source of carboxylate salts is more diverse, both the anion and the cation can come from a high 

variety of sources. For example the anion can come from different additives or degradation of FAME. 

While the cation can come from the drying agents used in the petroleum industries, or the sea water 

which is used as ballast on ships. In the case of biodiesel it mainly comes from the catalysts used in the 

transesterification [15].  

1.3 REVERSE MICELLES AND DEPOSIT FORMATION 

The literature studies on fuel system failures [16,17] point out metal soaps as one of the main causes of 

IID. They suggest the formation of reverse micelles as the middle stage of the mechanism. The proposed 

mechanism can be seen in Figure 7. These agglomerates are assumed to be micron sized and cause filter 

plugging. In this frequently used concept the reverse micelles are presumed to behave as normal 
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micelles in aqueous phase. [18] To investigate this assumption a superficial summary of the reverse 

micelles are presented in this section.  

 

Figure 7: The proposed mechanism explaining how metal carboxylates create deposition in nozzle holes, first the metal 

carboxylate is formed, which is followed by the formation of micelles. The micelles can cause filter blocking or travel to the 

nozzle where it forms deposits due to the high temperatures and pressures. 

Carboxylates are formed in an acid/base reaction with water or metal hydroxide. The metal carboxylates 

are characterised as amphiphilic molecules. [18] This means these compounds possess hydrophilic and 

lipophilic properties at the same time. According to their composition they can be classified into four 

main groups: non-ionic, anionic, cationic and amphoteric.  

In an entropic controlled mechanism, including intermolecular bond formations these molecules are 

capable of forming micelles. After the critical micellar concentration (CMC), the reaction happens 

spontaneously and leads to a dynamic equilibrium. Meaning the molecules creating the micelle can 

leave the structure, and other molecules can take their place, resulting in the formation of the particles 

which can change according to the system parameters, such as temperature or pressure. In non-

aqueous solutions they are usually referred to as reverse or inverse micelles. In this case the abundance 

of water makes the formation of hydrogen bonds less likely, thus the reverse micelles are smaller in size 

containing 10-15 molecules. If there is water present in the system the micelles can be stabilized, in this 

case we can consider the system as an emulsion. 
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In diesel fuel the solubility of water is up to 200 ppm, and if it is blended with biodiesel the solubility can 

go up to 500 ppm [17]. Emulsions can be divided into three groups concerning the size of the particles 

[18]:  

• Macro emulsion: the size of the particles are few microns, these systems are not stable and the 

particles will precipitate in time. 

• Micro emulsion: with the right surfactant the formation of particles are spontaneous, and 

thermodynamically stable. The usual particle size is around 10-100 nm. 

• Mini emulsion: The particle are nm sized, these system are kinetically stabile. 

Emulsions break up mainly by precipitation or aggregation. To disassemble emulsions there are 

numerous techniques that are used in industry. It can be done implementing physical methods such as 

filtration, heating or centrifugation.  Breaking emulsions using chemicals is done by adding highly 

charged metal ions. 

A deeper investigation about the CMC of the reverse micelles has been done by Smith et al. [19]. In their 

article they examine an anionic surfactant, sodium Dioctylsulfosuccinate (AOT) in cyclohexane-D12 using 

small-angle neutron scattering (SANS). Their investigation revealed a CMC concentration for the anionic 

surfactant of 58 ppm. This value is interesting since the metal carboxylates are proven to increase nozzle 

fouling in traces down to 1 ppm [1]. Another noteworthy data measured using the SANS is the size of 

the micelles. After the CMC were reached the radius of the AOT was measured to be 15.4 Å and stayed 

constant after raising the concentration of the surfactant. These results are not applicable to biodiesel, 

since the fuel is a much more complicated matrix than cyclohexane-D12. Although the inconsistency 

between the assumptions made about filter blocking caused by metal carboxylates and the 

physicochemical properties of reverse micelles are conspicuous. 

1.4 GLYCEROL PARTICLES 

Despite the general belief of reverse micelles or soft particles causing filter blockages, agglomerates in 

FAME are not well studied in the literature.  

Particle size in FAME was reported in relation to the membrane separation of glycerol after the 

transesterification reaction. 

Wang et al. [20] reported the size of glycerol particles from dynamic light scattering (DLS) measurement. 

In an unrefined biodiesel the average size of particles was found to be 2.21 µm. The data were used to 

select the most suitable membrane for separation. In a more thorough research Saleh et al. [21] 

investigated the effect of soap, methanol, and water on the size of glycerol particles. To measure the 
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particle size they used DLS as well, and they have reported the mean particle size to be between 200 

and 1400 nm, depending on the amount of different contaminations. According to their findings water 

and glycerol increase, while soap and methanol decrease the size. The influence of soap was four times 

larger than the effect of methanol. Note the inconsistency between the different fields of literature, 

since the findings about soap in membrane separation shows the exact opposite to what is believed 

about metal carboxylates concerning fuel filters [11,16]. 

1.5 SHAPE OF PARTICLES 

Particles can be divided into two groups, isometric and anisometric. [18] An Isometric particle has similar 

distance in every direction of the space, a perfect example is a sphere, or a cube. If the particle size is 

substantially larger in any dimension of the space the particle is anisometric, examples can be prolate, 

oblate, rod, disc and random coil.  

In image analysis particles can be differentiated by their circularity (C). The circularity is given as: 

� � 4�
�

�� 

Where A stands for the area and P is the perimeter. Circularity is a value between 0 and 1. Where 0 is 

an infinitely elongated polygon while 1 describes a perfect circle. 

Generally one diameter is enough to measure a perfectly spherical particle, however the particles can 

obtain an irregular shape. Therefore in particle sizing there are several diameters which are used. In 

Figure 8 three of the most commonly used diameters in image analysis are presented.  

 

Figure 8. The most commonly used diameters in image analysis. Martin’s diameter (dM),the equivalent project area diameter 

(dA) and the Feret’s diameter (dF). 
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The Feret’s diameter (dF) is by definition “the distance between two tangents on opposite side of the 

particle, parallel to some fixed directions”( [22], page 222). The largest dimension of a particle is the 

maximum value of the Feret’s diameter.  

Martin’s diameter (dM) is the smallest diameter, which equals to the line parallel to the given reference 

line that divides the particles project area to two equal area. 

While the Equivalent project diameter (dA), is the diameter of a sphere which obtains the same project 

area as the given particle.  

1.6 DESCRIBING PARTICLE DISTRIBUTIONS  

To describe the distribution of the particles, the most common values which are presented are the mean, 

median and mode of the particle population. [23] The mean is the expected value for the particle size. 

Different methods could result in different mean value depending on how the distribution is calculated. 

The three most commonly reported mean values are: number, volume and surface mean. For example 

laser diffraction values are reported in volumetric basis, thus the mean value is usually reported on 

volumetric basis. The volumetric mean is calculated by the equation below. 

�� =
∑ ��

��
���

∑ ��
��

���
 

DV is the volumetric distribution, Di is the diameter of the i-th particle, n is the number of particles. In 

this report the particles are measured with single particle counters, where the representation of the 

distribution is easier using the number based distributions. The mean value calculated in this report is 

calculated by the following equation. 

�� =
∑ ��

�
���

�
 

Where DA stands for the number or arithmetic mean. In particle sizing the distribution always depend 

on the method used to calculate it, thus comparing results from different experiments must be done 

with thoughtfulness. 

The median of the distribution halves the population of particles, meaning 50 percent of the particles 

are found blow this number. Commonly the median is marked by DV50 or D50. The V in the subscript 

indicates the value is representing a volumetric distribution. 

Among the three statistical parameters the mode is the easiest to visualize. The mode indicates the peak 

of the distribution, this is the value which is the most common in the distribution.  



13 
 

Another way to describe a distribution is by stating the width of the graph. The most simple and general 

way of representing the distribution is by calculating the standard deviation. Other popular way is to 

give the three values of the distribution D50, D10 and D90. Where D50 represents the median, D10 

represents the size which includes 10% of the population, similarly D90 includes 90% 

1.7 SELECTION OF MEASUREMENT METHODS 
When choosing particle sizing methods several viewpoints must be considered. [24,25] All techniques 

have their advantages and disadvantages. Each suitable for different purposes. The techniques can be 

classified from multiple viewpoints. These classifications are the first to be considered. After finding the 

techniques which are suitable for the given system, further considerations can be done, concerning the 

purpose of the measurement. One method could be perfectly feasible for research purposes, but not 

for quality control. To answer these questions we have to consider money, time and other resources 

available for the project.  

1.7.1 Classifications of various particle sizing techniques 
Classification can be done by various ways. Generally the techniques can be classified in five ways [24]: 

size range of the technique, degree of separation, imaging and non-imaging techniques and weighting 

(intensity, volume, surface and number). 

1.7.1.1 Size range 
The size range is one of the most determining classification of the different techniques. Every technique 

has its theoretical or technical limitations. Figure 9 includes commonly used sizing techniques, and their 

size ranges. 

 

Figure 9: Particle sizing techniques with the range they cover [24] 
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The size of the soft particles is estimated to be 2-4 µm, this was one of the main criteria for selecting a 

technique in this work. A general rule of thumb in particle sizing is not to use a technique at the edge of 

their limitations, because the results can be deceptive.  

1.7.1.2 Degree of separation 
Degree of separation refer to the way how the sample is examined. There are three different groups of 

techniques: single particle counting (SCP), fractionation and ensemble averaging. SCP mean the particles 

are counted and measured one by one. If the number of particles of different size are sufficiently large 

the SCP gives the best resolution. Moreover it is the best choice if the absolute concentration as a 

function of size is required. In this project the purpose is to measure the amount of soft particles, rising 

SCP techniques to the most promising choice. The disadvantages of the SCP techniques are the time 

consuming nature measurements. 

To understand fractioning techniques the best example is the well-known sieves. Using these techniques 

different fractions of the particles can be separated and measured. Modern techniques are 

sedimentation, column-based separations and field-flow fractionation. 

Ensemble techniques provide size distribution information about the whole mixture.  Examples are the 

light scattering techniques. These techniques are fast and easily automated. They are popular because 

of their speed and versatility. 

1.7.1.3 Imaging and non-imaging methods  
Imaging is basically the use of microscopes. With these methods the particles are actually captured on 

a picture during the measurement. There is the advantage of information about the morphology which 

is not possible to obtain with non-imaging techniques. [24] 

1.8 MEASUREMENT METHODS FOR PARTICLE SIZE MEASUREMENT: 

The next section gives a short description about the particle measurement techniques in Figure 9, which 

are suitable for 2-4 µm size range and were considered in the project. 

1.8.1 Electric and Optical zone counters: 

Electric zone counter is mainly used for blood cell counting in hospitals [26]. Conductors are placed in 

the liquid, as a particle passes an orifice on the electrode, it will create a sharp spike in the measured 

conductivity. The area under the spikes are proportional to the volume of the molecules. The method 

is simple and fast, but the solution must be suspended in an electrically conductive liquid, and the 

particles must be insulators. Electric zone counters are suitable for measuring particles in the interval 

1-260 µm. 
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The optical zone counters or light blocking systems are built on a similar logic as the electro zone 

counters. [27] The particles are forced to flow in front of a light source, as they block the light, a drop in 

light intensity is registered. The registered peaks are later converted into size distribution, see Figure 10. 

 

Figure 10. a schematic figure about the mechanism of the light blocking systems. 

The theory is simple and the equipment is easy to use and calibrate. Optical zone counters can measure 

particles down to 0.5 µm while the upper limit is 8000 µm.  A big advantage of the light blocking system 

is its possibility to build it in pipe system, and the particles can be characterised in-line. This makes the 

method commonly used for fuels and oils.  

1.8.2 Optical Microscopy or Image analysis: 

Microscopic imaging is a straight forward technique. [26] The particles are captured in a picture, and 

using an image analysing software the particles can be counted and a distribution can be calculated. A 

great advantage of the technique is the extra information about the shape and structure. This gives a 

high confidence about the results and possibility to distinguish aggregates from big particles. 

Disadvantages of the technique are that they require a long analysis time and the sample size is usually 

smaller than in other sizing techniques, which can lead to uncertainties in the results.  

1.8.3 Acoustic Attenuation spectroscopy:  
When particle size decreases and the difference between the optical properties of the solution and the 

dispersed system start to fade, which is typical in the case of emulsions, light scattering techniques will 

fail. [22] In light scattering a single particle light interaction needs to be detected. Acoustic scattering 

can transmit soundwaves in a concentrated solution. Thus, this technique is widely used in concentrated 

emulsions to evaluate the size distribution. Its main disadvantage is the low resolution it provides, and 

it needs intense data evolution based on mathematical modelling.  
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1.8.4 Laser diffraction:   

In laser diffraction a diffraction pattern is measured. [22] The diffraction system will measure the 

intensity of the scattered light and its angle. Depending on the particle size the light scattering angle will 

be different. In the case of large particles the angle would be smaller and the intensity of the scattered 

light will be high. While in a small particle the scattered light will have a larger angle with a weaker light 

intensity.   

 

Figure 11. Basic concept of laser light scattering  

The sample is illuminated usually by a He-Ne laser with a wavelength of 633 nm. The particles can be 

dispersed in air or liquid. When the particles are hit the light scatters and this can be detected from 

numerous angles using focal plane, back scattering or side scattering detectors. Particles in nm size 

range can be measured using shorter wavelengths. After the data are corrected, an optical model such 

as Fraunhofer diffraction theory or Mie scattering theory is used to calculate the particle size. This 

technique can detect particles between 0.01 µm and 3500 µm. 

1.8.5 Dynamic light scattering: 

Dynamic light scattering (DLS) [28], also known as Photon correlation spectroscopy or Quasi-elastic light 

scattering, is a technique capable of measuring particles in sub-micron size from 0.3 nm to 8 µm. DLS is 

built to measure the Brownian motion of the particles. This movement is related to the size of the 

particle through the Stokes-Einstein equation, only the viscosity and the exact temperature is needed. 

As a result of the measurement the hydrodynamic diameter of the particle will be obtained. This refers 

to the diameter of the sphere which has exactly the same translational diffusion coefficient, which 

relates to the velocity of the Brownian motion.  During the measurement the fluctuation of the scattered 
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light intensity is recorded. [23] This fluctuation is interpreted buy an autocorrelation function (ACF). For 

a monodisperse distribution system ACF is given with a simple exponential equation: 

��� = 	 �(���)  

Where Γ is obtained from the curve fit of the experimental data. The diffusion coefficient then can be 

calculated with the equation: 

Γ = ���� 

Where Dt is the diffusion coefficient and q is the scattering vector, which can be obtained from the 

equation: 

� = �
4��

�
�����

Θ
2

� 

Where n is the refractive index, λ is the wavelength of the laser light and θ is the scattering angle. As 

the last step one can insert Dt to the Stokes-Einstein equation and calculate the particle diameter: 

�� =
���

3����
 

Where Dh is the hydrodynamic diameter, kB is the Boltzmann constant, T is the temperature, and η is 

the dynamic viscosity of the media. 

1.8.6 Disc centrifugation: 

The disc centrifuge is a transparent disc with an inlet on the side. [26] During the measurement the disc 

rotates with a known speed from 600 RPM up to 24000 RPM. This high speed of rotation creates a 

centrifugal force which enables particle separation depending on the density of the particles.  Using the 

Stokes’ law the size is calculated depending on the time needed for the particles to reach the light beam, 

which could be laser or x-ray. For sufficient separation only 0.01 kg/m3 difference in density is required. 

If we assume the particles are only made of glycerol, the difference between glycerol and FAME is 170 

kg/m3 [29]. With disc centrifugation particles between 0.01 and 40 µm can be measured.  

Despite its capabilities, disc centrifuges were not considered as one of the possible particle sizing 

techniques for soft particles, because in the case of fragile or gel particles the strong centrifugal force 

could influence the particle size. 

1.8.7 Electron microscopy: 

In electron microscopy a focused electron beam is used to examine the sample. 
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In scanning electron microscopy (SEM) an electron beam with energy between 5 and 50 keV is used to 

scan the sample. The electron beam interacts with the surface of the sample, producing secondary 

electron emission (SEE), back-scattered electrons (BSE) and X-rays. [22] These signals can be detected, 

and can be transformed into an image which can be displayed on a computer screen. Using SEM 

particles down to 15-20 nm can be measured and characterised. The generated X-rays can be detected 

using Energy-dispersive X-ray spectroscopy (EDX). The big advantage of this technique is that it can be 

used for elemental analysis, making the chemical identification of the sample possible.  

In transmission electron microscopy (TEM) the electrons are transmitted through the sample and they 

interact with the specimen. [22] This interaction is later detected using fluorescence screen or CCD 

camera. The advantage of TEM is the high resolution, since it can measure particles down to 0.3-0.5 nm. 

The disadvantage of TEM is that most materials are opaque to the electron beam, thus careful sample 

preparation is needed. 

Both methods use high vacuum in the sample chamber, in order to prevent electron absorption by the 

atmosphere. Hence Liquid samples become very hard to examine in these systems. Special sample 

holders were designed and produced by Hummingbird Scientific Ltd, to examine liquid samples both in 

SEM and TEM [30]. However particles below micron size have a high Brownian motion and the constant 

movement of particles makes the analysis hard or impossible. To overcome this effect cryo-TEM can be 

used. In this the method a very thin layer of solution is frozen with liquid nitrogen. The small sample size 

and the extremely low temperature prevents the formation of ice crystals, keeping the sample 

unchanged and the particle analysis possible. Cryo-TEM was used to examine and characterise micelles 

by Bergström et al. [31] 

1.8.8 Nanoparticle tracking analysis: 

Nanoparticle tracking analysis (NTA), utilises light microscopy and the Brownian motion of the particles 

at the same time in order to detect the particles. The sample holder is illuminated by a laser beam with 

a wave length of approximately 500 nm. Particles in the solution will scatter the light in such a manner 

that the light can be detectable by a long distance 20x magnification microscope. The light captured this 

way is detected by a charged coupled device, CCD. A video is recorded from the motion of the particles. 

The particle size is calculated from the Stokes-Einstein equation. [32] 

1.8.9 JFTOT - Jet Fuel Thermal Oxidation Tester (ASTM D3241) 

ASTM D3241 is an American standard to rate the jet fuel about its tendency to create deposits in the 

hot engine parts. [33] The fuel is pumped with a fixed volumetric flow through a chamber with a heated 

tube. The rod is heated to 260 OC. After the chamber, the fuel passes a 17 µm stainless steel filter to 

capture the degradation products. As a result a visual test is done on the aluminium tube and the 
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pressure drop of the flow is registered. The visual test is rated from 0-4 where 0 is a perfectly clean 

surface and 4 indicates a surface with unacceptable amount of degradation products. Ideally the 

measurement uses 450 ml of fuel and it takes 150 min.  

1.9 CHEMICAL CHARACTERISATION  

Chemical content and different properties of the biofuels are standardised both in the EU and in the 

USA. These requirements were set up to ensure the use of biofuel blends without substantial problems 

to the engine and to the environment. Limits for the European standard values are presented in Table 

1. [14] 

Table 1. Biodiesel requirements according to EN 14214 standard 

Property Limits  Test  
Ester  96.5         %(mol mol−1) min EN 14103 

Linolenic acid  12.0         %(mol mol−1) max EN 14103 

FAMEa with ≥4 double bonds 1.0           %(mol mol−1) max – 

monoacylglycerols 0.80         %(mol mol−1) max EN 14105 

diacylglycerols 0.20         %(mol mol−1l) max EN 14105 

triacylglycerols 0.20         %(mol mol−1l) max EN 14105 

Free glycerine 0.020       %(mol mol−1l) max EN 14105 

Total glycerine 0.25         %(mol mol−1) max EN 14105 

Water content 500          mgkg−1 max EN ISO 12937 

Methanol  0.20         %(mol mol−1) max EN 14110 

(Na +K)  5.0           mgkg−1 max EN 14108 

(Ca +Mg)  5.0           mgkg−1 max EN 14538 

Phosphor 10.0         mgkg−1 max EN 14107 

Oxidative stability (110 ◦C) 6              h min EN 14112 

Density (15 ◦C)  860–900  kgm−3 EN ISO 3675  

Viscosity (40 ◦C) 3.5–5.0    mm2 s−1 EN ISO 3104 

Flash point  120          oC min EN ISO 3679 

Sulphur  10.0         mgkg−1 max EN ISO 20864  

Carbon residue  0.30         %(mol mol−1) max EN ISO 10370  

Cetane number 51            min EN ISO 5165 

Sulphated ash 0.02         %(mol mol−1) max ISO 3987  

Total contamination 24            mg kg−1 max EN 12662  

Copper strip corrosion  1              (degree of corrosion) EN ISO 2160  

Acid number 0.50         mgKOHg−1 max EN 14104 

Iodine value  120          g I2·100 g−1 max EN 14111 
  

The chemical analysis of the different components in biodiesel has been extensively studied in the 

literature. [14] Some measurements are: 
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• The acid value which is related to the fatty acid content. This is usually done by titration, 

standard procedure in industry is described in EN 14104.  

• Steroids content, can be measured by GC-FID or on line LC-GC. Where the second is more 

recommended due to the shorter analysis time, better reproducibility and the additional 

information it provides. 

• The metal ion concentration, such as Ca, Mg, K and Na are also defined in standards (ASTM D 

6751 and EN 14214). The techniques used for the measurements are different kind of 

spectrometry, for example ICP-OES, AAS, FAAS and FAES.  

• The glycerol content is determined mostly by HPLC or GC methods. Standard measurements 

use GC-FID and it is described in EN 14105. Other methods developed are based on enzymatic 

procedure, MS and capillary electrophoresis method (EC-DAD). 

 

1.9.1 Determination of free and total glycerol 

The glycerol concentration is stated in both the EU and USA and it is described by EN 14105 and D 6584. 

These methods determine the glycerol content with the use of gas chromatography equipped with a 

flame ionization detector (GC-FID). Whit this approach the determination of the different glycerides are 

done at the same time and the total glycerides are obtained from the sum of the individuals. The 

separation employs silylation of the free hydroxyl groups, using N-methyl-N-

trimethylsilyltrifluoroacetamide (MSTFA). The GC uses a 10 m x 0.32 mm column coated with 0.1 μm 

film of 5% phenylpolydimethylsiloxane. Two internal standards are needed, 1,2,4-butanetriol for the 

glycerol and 1,2,3-tridecanolylglycerol for the acylglycerols. The method enables to detect 0.005 wt% 

of free glycerol and 0.05 wt% of total glycerol. Numerous other methods were developed to measure 

the glycerol content, and they are described in multiple reviews [13,14]. 

1.9.2 Metal ion content  

The metal concentration in biofuels is important since metal-ions can cause problems in the fuel system. 

[14] Sodium and potassium concentrations are determined according to the EN 14108 standard. This 

standard uses flame atomic absorption spectrometry (FAAS), enabling the determination of 

concentration from 0.5 mg/kg. The method needs a xylene as a solvent for calibration solution. [34] 

Other standards measure metals in a similar way. [14] Dos Santos et al. [35] has developed a method 

using inductively coupled plasma optical emission spectrometry (ICP-OES) to determine the content of 

all trace metals, Ca, P, Mg, K and Na at once. The method has the advantage of using less toxic solvents 

compared to the other methods.  
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1.10 PARAMETERS INFLUENCING THE BIODIESEL MATRIX 

Parameters which could influence our system: 

• Temperature has a clear effect on biodiesel. High temperatures will increase the degradation 

of the fuel, while low temperatures will cause precipitation of molecules. [36] 

• Concentration of metal soaps. Zinc-neodecanoate has a clear effect on nozzle hole deposits. 

• Initial type of fuel. Fuel can differ in the amount of biodiesel blended to the mixture (B10, B20, 

B100), and in the initial source used for the production of biodiesel (RME, SME). 

• Mechanical effects. In the case of fragile/liquid particles intense sonication or centrifugation 

can affect the particle size. 

• Other type of contamination, for example steroids could also be considered. 

• Daylight 

2 METHODS 

2.1 MATERIALS USED 

As base fuel, 100% biodiesel (B100) was used. The fuel met the European standard requirements EN 

14214. The biodiesel consisted of rape methyl ester, RME.  

As contamination Zinc-neodecanoate was used, Figure 12. Purchased from Sigma-Aldrich product-nr. 

AMS001282, Cas-nr. 2725-29-8.  

 

Figure 12: Structure of zinc-neodecanoate 

2.2 EQUIPMENT 

Five single particle counters systems were compared during this project. Zeiss Axio Imager M2m was 

used at Scania. Canty optical imaging system was tested in Dublin, Ireland. Malvern Morphologi G3 were 
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tested in Uppsala. Pamas HCB-LD optical blocking sensor was tested in Rütesheim, Germany. 

Nanoparticle Tracking Analysis was conducted using Malvern NanoSight NS300.  

Beside the SPC systems, dynamic light scattering measurements were done using Malvern Zetasizer 

Nano ZS.  

SEM/EDX measurements were done at Scania using Zeiss Gemini equipment, to gain knowledge about 

the structure and elemental composition.  

Perkin Elmer Spectrum 100 was used to record the FT-IR spectrum of the filter papers. Filter papers 

were used to separate the particles from the fuel, see further description in 2.3. 

GE Healthcare AnodiscTM and PTFE Membrane were used to separate particles from the fuel. 

Jet Fuel Thermal Oxidation Tester (JFTOT), inductively coupled plasma optical emission spectrometry 

(ICP-OES) specially customized for Scania’s B100-samples and Oxidative stability (Rancimat), acc. to EN 

14112 were done at Exova Materials technology. 

Table 2. List of particle sizing equipment used during this project. 

Equipment Techniqe Degree of 

Separation 

Producer 

Cant high speed 

camera 

Optical microscopy SPC Canty Process 

Technology Inc.  

PAMAS HCB-LD Optical zone counter SPC Pamas Partikelmess- und 

Analysesysteme GmbH 

Membrane 

separation and 

Zeiss Axio imager 

M2m 

Optical microscopy Separation with 

membrane 

Carl Zeiss AB 

Morphologi G3 Optical microscopy  SPC Malvern Instruments AB 

Zetasizer Dynamic light scattering Ensemble Malvern Instruments AB 

NanoSight NS300 Nano tracking analysis (NTA) SPC Malvern Instruments AB 

JFTOT Not a particle Sizing 

technique 

- Exova Materials 

Technology 

2.3 FILTERING METHOD, DEVELOPED TO MEASURE SOFT PARTICLES AT SCANIA.  

Due to the low concentration of particles in the fuel, a method based on membrane separation was 

developed. Two different filters were tested to evaluate their compatibility for the purposes. Anodisc, 
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an aluminium oxide membrane and a PTFE membrane, both with a pore size of 0,2 µm. The PTFE 

membrane was chosen because the Anodisc membrane obtained a scheme in micron scale which added 

significant noise to the image analysis, making the measurement impossible. The drawbacks of the PTFE 

membrane were the longer filtration time, and the membrane did not stay flat after filtration, making 

the microscopy measurements harder. To create a flat surface for imaging, a SEM sample holder was 

used in the light microscope. The SEM sample holder uses a double sided adhesive carbon tape 

flattening out the surface during the measurement. The rest of the SEM sample holder was used since 

it is originally designed to provide horizontal surface, Figure 13. Despite the efforts to create a flat 

surface, extended focus was needed to take pictures of the filters.    

According to Zeiss guidance for particle analysing [37] objective with 50x magnification were chosen to 

capture pictures of the filter paper. Moreover an objective with magnification of 100x was tested as 

well, but the results of the higher magnification did not create a significant difference in the results, it 

only increased the time needed to conduct the measurements.  

The image analysis were done with ImageJ particle analysing software. The software was developed by 

the National Institutes of Health and it is based on Java. The programme has an open architecture, thus 

it can be extended with self-written plug-ins or macros. Therefore a plug-in was created called Batch 

measure Soft particles. The code analyses several pictures in a folder, and then the results are reported 

in a text files saved in a separate folder.  The steps done by the plugin: 

• Scale set for the pictures, in the case of 50x magnification 1 µm is represented by 4.861 pixel. 

• Runs an external plug-in called plane brightness adjustment [38]. This plugin filters the uneven 

background created by the lighting used in the reflective microscope. Originally it was created 

for confocal microscope pictures. 

• The contrast between the particles and the background is enhanced. 

• The pictures is turned to 8 bit and inverted. 

• The picture is segmented using maximum entropy thresholding [39]. 

• The picture is inverted back. 

• The particles are analysed down to 1µm2. 

With this method all particles are analysed. There were no differentiation of particles using intensity or 

circularity.  

50 ml or 10 ml fuel were filtered out with PTFE membrane. After filtration approximately 0.5 ml 

cyclohexane were used to rinse the excess fuel from the surface of the filters. Ten pictures were taken 
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from each sample. Only the middle part of the filter was used. The assumption of homogeneous particle 

distribution was used. 

 

Figure 13. Zeiss Axio imager M2m, with the SEM sample holder. 

2.4 INDUCTIVE COUPLED PLASMA OPTICAL EMISSION SPECTROMETRY   

ICP-OES measurements were used to determine the zinc concentration of the biodiesel. The method 

measures twenty-two metals simultaneously, see Table 9 in 3.8. Our attention was focused on the Zn.  

2.5 DEGRADATION OF B100 DUE TO LIGHT AND ZN-NEODECANOATE 

While working with the first batch of samples for particle size measurements, the colour of B100 

changed. To investigate the phenomena EN 14112 standard oxidative stability test were carried out on 

fresh B100, degraded B100 and degraded B100 with 0.6 m/m% zinc neodecanoate. Beside the standard 

method some fuel was kept in daylight and some in the dark. Pictures were taken from the samples 

after a week of storage to see if there is a significant colour change due to light, or if it was caused by 

the metal soap. 

The oxidative stability measurement was repeated to rule out the effect of light. In this experiment only 

two samples were sent, both were kept in the dark before the measurement. One of the samples 

contained B100, while the other sample contained B100 with 3 ppm Zn from Zinc-neodecanoate. 
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3 RESULTS AND DISCUSSION 

3.1 DYNAMIC LIGHT SCATTERING (DLS) 

The mean particle size from the DLS measurement can be seen in Table 3, four different samples were 

tested: 

• B100: pure biodiesel. 

• 3ppm Zinc-neodecanoate: B100 with 3 ppm Zinc-neodecanoate as contaminant. 

• Higher concentration of Zinc-neodecanoate: The sample were prepared at the location of the 

measurement without a balance. 

• Higher concentration of Zinc-neodecanoate II: the same sample was measured after one hour. 

In all cases the results were advised to be considered with high awareness. Original data and the 

distribution curves can be found in the appendix. 

Table 3. Mean values from DLS measurement. *The sample named high concentration of Zinc-neodecanoate were prepared at 

the location of the measurement, without a balance. The purpose of the measurement was to see if the increase of Zinc-

neodecanoate can result in an improved correlation function. ** The measurements were repeated after an hour. 

 Mean particle size (µm) 

B100 - 

3 ppm Zinc-neodecanoate 0.021 

0.6% Zinc-neodecanoate 1.837 

Higher concentration of Zinc-neodecanoate* 0.736 

Higher concentration of Zinc-neodecanoate II** 1.246 

 

DLS were used previously to measure glycerol particles in biodiesel [20,21]. Based on these publications 

DLS seemed to be the most suitable method to measure the particle size distribution, however the 

results were not that promising. In the cases of pure B100 the measurement failed to produce any size 

distribution at all. In all cases the values were advised to be considered with high caution, due to the 

low values in the correlation function (ACF) explained in 1.8.5.  

The particles are either too big for the technique, since particles above few microns start to have lower 

Brownian motion, or the matrix of the mixture is too viscous. In another case the amount of particles in 

our mixtures is just too low to give a measurable signal to the system. After the measurements it was 
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decided to not continue with the DLS techniques and laser diffraction techniques were ruled out as well, 

because laser diffraction equipment have a lower detection limit than DLS. 

3.2 NANOPARTICLE TRACKING ANALYSIS, (NTA) 

After the failure of DLS measurements the method of NTA was tried to measure the particle size. This 

technique is based on the same effect as the DLS, thus it is suitable for measuring particles in the 

nanometer size range. Moreover the technique is a single particle counter, which means even one 

particle is possible to be measured. Figure 14 shows a picture taken from the recorded video, the picture 

shows the Fraunhofer diffraction effect created by the particles.  

 

Figure 14. Picture taken with Nanosight, the Fraunhofer diffraction effect can be observed around the particles, but the system 

was unable to measure the size distribution. The experiment hints the particles are larger than 2 µm. 

Even though the particles can be seen, the method was not able to create a reliable size distribution 

from the measurement. The experiment confirmed that the particles are too big and the solution is too 

viscous to have a measurable Brownian motion.  

3.3 OPTICAL MICROSCOPE, CANTY 

The dynamic imaging based technique of Canty was first tested with three samples.  

• B100-R: pure biodiesel. 

• B100-25B: biodiesel doped with 2.5 ppm Zn from Zinc-neodecanoate. 

• B10-25A: B10 doped with 2.5 ppm Zn from Zinc-neodecanoate. 

The samples were tested outside of Scania, in Dublin at Canty. The samples were not changed with 

dilution or any further preparation. They were inverted for 1 min to ensure good mixing of the sample. 
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All samples were run three times, to test the repeatability of the measurements. The software 

differentiated between the particles and water bubbles based on their shape. The results are shown in 

Figure 15 and Table 4. The original data can be found in the appendix. 

  

Figure 15. Number distribution from the initial Canty report. The graph is plotted by taking the average of the reported bin 
sizes and fitting a curve over them, for the original data see the appendix. 

Table 4.Main values to describe the volumetric distribution measured by the Canty camera. 

 B100-R B100-25B B10-25A 
Dv10 7.0 µm 7.4 µm 4.5 µm 
Dv50 18.6 µm 18.6 µm 10.3 µm 
Dv90 24.7 µm 25.6 µm 12.9 µm 
Total particle count (particle/ml) 14646 8984 1605 

 

Most of the particles are found in the size range 0-4 µm. The deviation between the measurements 

were relatively low. The amount of particles was the highest in the case of B100-R, this was unexpected 

since the Zinc-neodecanoate clearly increases the fouling of nozzle holes [1], and metal carboxylates are 

reported to create filter blocking. Another interesting result is that the distribution of particles was not 

affected by the metal carboxylate. 

Because of the contradicting results and expectations, Scania sent fuel and Zn-neodecanoate to Canty 

to create fresh samples on site, to reduce the chance of precipitation on the container walls, and 

uncertainties due to the transport of the samples. The Zn concentration of the solutions used in these 

measurements was 100 ppm. The samples were examined with their camera. They have noticed a 

phenomenon of bubble formation after mixing the surfactants into the system, Figure 16. 
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Figure 16. Bubbles formed after the mixing of Zn-neodecanoate. On the surface of of the bubble small particles are adsorbed 

resulting in a decrease of particle count. 

These bubbles were not observed in the pure biodiesel. They formed without mechanical impact to the 

solution in the size range from 100 µm to 150 µm. When a closer look is taken on the bubbles small 

particles can be seen on the surface. These particles are assumed to be the soft particles. Thus Canty 

came to the conclusion that the bubbles are formed with the help of the soap molecules, and adsorbed 

the soft particles, resulting in the decrease of the particle count. 

3.4 PAMAS HCB-LD, OPTICAL BLOCKING 

Two samples were sent to Pamas: 

• B100: Pure biodiesel, with no additional soap. 

• B100Zn: B100 contaminated with 3 ppm Zn-neodecanoate. 

The samples were prepared at Scania and sent to Rütesheim, Germany for analysis. 100 ml of fuel were 

tested with the HCB-LD detector. The raw data form the measurements can be found in the appendix. 
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Figure 17. Number distribution of from the Pamas measurements. The graph is plotted by taking the average of the reported 
bin sizes and fitting a curve over them, for the original data see the appendix. 

The optical blocking system resulted in similar figures as the Canty camera test. This is probably the 

most important result since it validates the data using a different concept for measuring particles. The 

total number of particles measured in B100 were 22949 particles/ml, while in the contaminated sample 

the particle count decreased to 12670 particles/ml. Since the total particle count decreased due to the 

Zinc-neodecanoate, it is safe to assume that the metal-carboxylates actually dissolve the particles, 

helping the contaminants to reach the nozzle holes, which could be a reason for the increased fouling. 

The number distribution of the Pamas measurement is presented in Figure 17, while the main values 

describing the distribution of the particles are summarised in Table 5. 

An advantage of the Pamas system compared to the Canty camera system is the higher dynamic range 

to measure particles, providing information about the particle count above 50 µm as well. Taking a 

closer look on the volumetric distribution of the two measurements, see Figure 18 and Figure 19, B100 

and contaminated B100 respectively. We notice an increase at higher end. The higher volume can be 

caused by contamination, which was introduced while preparing the sample, or it can be agglomeration 

of particles caused by the Zinc-neodecanoate. It can also indicate the bubble forming effect which was 

observed with the Canty system. Unfortunately the light blocking method is not able to give information 

about the structure of the particles. 
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Figure 18. Volumetric distribution of B100 plotted from the Pamas measurements, the plot were created with the original 

software. 

 

Figure 19. Volumetric distribution of B100 contaminated with 3 ppm Zn-neodecanoate, plotted from the Pamas measurements, 

the plot were created with the original software. 

Table 5. The main statistical parameters of the number, area and volumetric distribution from the Pamas measurements 

 B100 
 Number (µm) Area (µm) Volumetric (µm) 

Mean 1.87 6.57 13.13 
Mode 1.25 1.25 12.50 

Median  1.40 4.49 10.17 
 B100Zn 
 Number (µm) Area (µm) Volumetric (µm) 

Mean 1.79 8.64 19.20 
Mode 1.25 1.25 37.50 

Median  1.37 4.90 15.00 
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3.5 METHOD DEVELOPED AT SCANIA, ZEISS AXIO IMAGER  

A typical image taken from the filter paper can be seen in Figure 20, while Figure 21 shows the same 

picture after image processing, and finally Figure 22 shows the particles which are actually counted by 

the software. 

 

Figure 20. A typical picture made by the Zeiss microscope using 50x magnification. This picture were made of a membrane which 

were used for filtering out 10 ml of pure B100. 

 

Figure 21. Particles after image processing. 
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Figure 22. The outlines of the actually counted particles, in this case a total of 107 particles were counted. 

In Figure 20 mainly two kinds of particles are observed. One of them is brown coloured, these particles 

could be different contamination from the fuel, while the other particles are black, and these particles 

are most likely dust that is accumulated through the handling of the fuel.  

Two samples were used to evaluate the reproducibility of the method: 

• 3 ppm Zn: B100 with 3 ppm Zn from Zinc-neodecanoate. 

• B100: pure biodiesel. 

Figure 23 shows the graph for the number distribution. Each measurement was done from a different 

membrane with 50 ml of fuel filtered out.  

 

Figure 23. Estimation for the reproducibility of the measurements. The graph is plotted by taking the average of the reported 

bin sizes and fitting a curve over them, for the original data see the appendix. 
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From the graph we can see the peaks of the different samples are always at the same bin area of 1.5 

µm – 2 µm. Table 6  shows the average Feret diameter, mean, mode and the estimated concentration. 

The standard deviation of the distribution parameters and the concentration are also presented. Except 

the particle count, the deviation is less than 4%, proving the reproducibility of the measurements. In 

order to have a reliable concentration the whole surface of the filter paper should be examined. In this 

way a larger number of data would be collected, making the measurement more reliable. In practice 

this would require an automated particle sizing system to decrease the time needed for the 

measurement.  

Table 6. Statistical values for contaminated and uncontaminated samples, including the estimated concentration. 

 B100 

Sample 1 2 3 Average StDev 

Average Feret diameter(µm) 3,16 2,85 3,00 3,00 0,12 

Mean (µm) 2,55 2,35 2,40 2,43 0,08 

Mode (µm) 1,77 1,77 1,66 1,73 0,05 

Particle count (particle/cm2) 2022 2040 1914 1991 55,66 

 3ppm Zn 

Sample 1 2 3 Average StDev 

Average Feret diameter (µm) 3,15 3,05 3,02 3,08 0,06 

Mean (µm) 2,51 2,48 2,49 2,49 0,01 

Mode (µm) 1,77 1,77 1,94 1,83 0,08 

Particle count (particle/cm2) 2346 1640 1701 1895 319,52 

 

Just as in the case of Canty and Pamas the soap did not have an effect on the size distribution. The 

graphs also show a log-normal size distribution. This is very typical for particle distributions. It also 

indicates that the particle count in smaller size range would still increase.  

To further investigate the effect of Zinc-neodecanoate purified fuel was used as a base fuel for the 

experiments. The purification was done by filtering out the fuel with the same membrane. In this way 

the particles that are already in the fuel can be closed out. If there are any particles created by the Zinc-

neodecanoate, it would be caught on the filter. The distribution of these measurements is presented in 

Figure 24 and Table 7. 
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Table 7. Statistical values for contaminated and uncontaminated samples, including the estimated concentration, when filtered 

fuel were used as base fuel. 

 B100 Filtered 3ppm Zn Filtered 

Average Feret diameter (µm) 3,92 4,04 

Mean (µm) 2,77 3,04 

Mode (µm) 2,12 1,94 

Particle count (particle/cm2) 823 832 

 

 

Figure 24. Distribution when when filtered fuel was used as a base fuel. The graph is plotted by taking the average of the 

reported bin sizes and fitting a curve over them, for the original data see the appendix. 

Examining Table 7 the mean, mode and average diameter did not change significantly and if the number 

distribution is plotted, there is no change in the graphs. A difference in the particle count is also 

insignificant when 3 ppm Zn was added. Comparing these results with FT-IR (3.7) and ICP-OES (3.8) it is 

not surprising, since the ICP results indicate the Zinc-neodecanoate is perfectly soluble in the fuel. 

 A picture taken from the samples where Zn was added to the fuel is shown in Figure 25, the particles 

are mainly black and solid like, supporting the previous concept, since there were no sign of soft particles. 
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Figure 25. Picture taken from purified fuel contaminated with 3 ppm Zn using 50x magnification. 

Earlier the amount of fuel filter was chosen to be 50 ml because the count of particles was too low for 

SEM/EDX measurements. In some of the pictures a thick gel layer was observed during measurements, 

Figure 26. These two observations were done using a different batch of FAME. Supporting the literature 

about the fact every batch of biofuel has different amount of soft particles or organic contamination 

which has the potential to plug filters. 

 

Figure 26. Picture taken from the gel layer using 20x magnification. On top of the picture one can see the lack of particles and 

on the bottom the thickened gel layer. 

To learn about the composition of the particle, SEM/EDX measurements were done on the filter samples. 

The results show mainly three group of particles in the biofuel. These particle groups can be classified 
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as Zinc containing particles, particles containing only organic compounds and dust. The amount of 

particles were almost equally distributed. The particles containing Zn seem to have the smallest average 

size. However these particles were found in pure B100 as well. An explanation for this is, that the 

particles are in fact contamination from the heterogeneous ZnO catalyst used in the manufacturing 

process, and not particles created from the Zinc-neodecanoate. Figure 27  shows a particle which did 

not contain any metal ions, while Figure 28 is an example for particles containing Zn.  

Table 8. Particle groups from the EDX measurement. 

 Frequency (%) Composition Approximate Size (µm) 

Particles containing Zn 28.6 Zn, Al, (P, Ca, Other) 6,95 

Organic particles 35.7 Background (Other) 10,85 

Dust 35.7 Na, Al, Si, Ca, P (Other) 16,57 

 

 

Figure 27. SEM picture of a particle not containing metal ions according to the EDX measurements 
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Figure 28. Particle containing Zinc according to the EDX measurement. 

The two particles are different in some of their main characteristics. The organic or soft particle is clearly 

spherical, and has a smooth surface. This particle is very similar to the particles observed on the surface 

of the filters Figure 3, however the particle is bigger in size.  While the second picture shows a particle 

which is less regular, with a ribbed surface, less likely to be formed from organic components found in 

biodiesel. 

3.6 MORPHOLOGI G3, OPTICAL MICROSCOPY  

Morphologi G3 is an optical microscopy system capable of determining the particle distribution from 

the solution. In this case only one sample with 0.6% Zinc-neodecanoate was analysed. The 

measurements are not suitable for comparison, it just represents the capabilities of the equipment. In 

Figure 29 the number distribution of the particles are presented. It shows a peak at the size range of 1 

µm which is the limit of the separation technique used at Scania.  
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Figure 29. The number distribution of the particles reported from the morphologi G3 measurements. 

There were a total of 253 particles counted. The mean diameter was 1.24 µm. A summary of the biggest 

particles captured can be seen in Figure 30. It can be seen that most of the particles are close to spherical, 

these particles can be suspected to be made of glycerol or other organic compounds. The equipment 

can be coupled with a Raman spectroscopy and this would make the method superior to the other 

techniques. Another advantage of this method is that it can measure the particles from the liquid, 

therefore the measurements are more reliable and need less time. 

 

Figure 30 Particles captured with Morphologi G3. Most of the observed particles are spherical close to the expected nature of 

the soft particles. The number in each picture gives the diameter of the particles in µm. 
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3.7 INFRARED SPECTROSCOPY (FT-IR) 

To evaluate the filtration quality FT-IR spectra of different samples were measured. 

• Zn-neodecanoate: As a reference the spectrum of Zinc-neodecanoate was recorded 

• 3ppm Zn Filter paper: Spectrum of a filter paper which was used to filtrate fuel contaminated 

with 3ppm Zn. 

• B100 Filter paper: Spectrum of a filter paper which was used to filtrate pure B100 

The recorded spectrums can be seen in Figure 31. 

 

Figure 31. FT-IR spectrum of filter papers and Zinc-neodecanoate 

The recorded spectrum of the Zinc-neodecanoate tells us the characteristics of the soap. At the 

wavelength of 2960 cm-1 and 2870 cm-1, peaks for the methyl group can be observed. If we compare it 

to the results from the filter paper which was used to filter out the Zn contamination we can see no sign 

of the methylene group. Instead the spectrum indicates the presence of a methylene bridge, which most 

likely indicates the presence of FAME. This is confirmed by the spectra recorded from the filter which 

were used to filter B100. In the Zinc-neodecanoate spectra at 1580 cm-1 the characteristic peak of Zinc-

carboxylate can be seen, but there was no peak observed at this wavelength from any of the filter-

papers. The peaks around 1100 cm-1 are the background from the PTFE filter. These results support that 

the Zinc-neodecanoate is not filtered out by the membrane, and most of the material on the filter 

papers are the remaining FAME from the biodiesel. 
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3.8 INDUCTIVLY COUPLED PLASMA OPTICAL EMISSION SPECTROMETRY   

 The aim of four measurements was to investigate the ability of the filters to remove Zinc-neodecanoate: 

• ICP1: Pure biodiesel, B100. 

• ICP2: Biodiesel with 3ppm Zn added from Zinc-neodecanoate. 

• ICP3: Filtered biodiesel with 3ppm Zn added from Zn-neodecanoate. 

• ICP4: Filtered biodiesel, B100. 

Table 9 shows that the biodiesel contained 1.21 ppm of Zn from the beginning. The initial concentration 

comes from the heterogeneous Zinc-oxide catalyst used by the supplier of the biodiesel to enhance the 

transesterification reaction. Sample ICP 4 shows that the amount of Zn in B100 reduces with 0.25 ppm 

after filtration. This amount of Zn got separated without doping any Zinc-neodecanoate. Contaminating 

the fuel increased the concentration with 3.64 ppm. Filtering this sample resulted in a zinc decrease of 

0.29 ppm. It is clear that the increase of the Zinc filtered   out, compared to the case of pure biodiesel 

is insignificant. When the results are compared with EDX and FT-IR, they are not surprising. In the EDX 

measurements the particles containing Zn always contained Al which can come from the catalyst 

support. Based on the ICP results we can say the Zinc-neodecanoate is greatly soluble in FAME.  
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Table 9. ICP measurements to investigate the ability to filter out Zinc-neodecanoate. 

 ICP 1 (mg/kg) ICP 2 (mg/kg) ICP 3 (mg/kg) ICP 4 (mg/kg) 

Silver, Ag <0,10 <0,10 <0,10 <0,10 

Aluminium, Al 0,19 0,18 <0,10 <0,10 

Boron, B <2,00 <2,00 <2,00 <2,00 

Barium, Ba <0,10 <0,10 <0,10 <0,10 

Potassium, K <0,50 <0,50 <0,50 <0,50 

Calcium, Ca 0,47 0,47 0,13 0,13 

Cadmium, Cd <0,10 <0,10 <0,10 <0,10 

Chromium, Cr <0,10 <0,10 <0,10 <0,10 

Copper, Cu <0,10 <0,10 <0,10 <0,10 

Iron, Fe 0,11 <0,10 <0,10 <0,10 

Magnesium, Mg 0,13 0,11 <0,10 0,16 

Manganese, Mn <0,10 <0,10 <0,10 <0,10 

Molybdenum, Mo <0,10 <0,10 <0,10 <0,10 

Sodium, Na 0,26 0,27 0,15 0,12 

Nickel, Ni <0,10 <0,10 <0,10 <0,10 

Phosphorus, P 0,44 0,44 <0,10 <0,10 

Lead, Pb <0,50 <0,50 <0,50 <0,50 

Silicon, Si <0,10 <0,10 <0,10 <0,10 

Tin, Sn <0,10 <0,10 <0,10 <0,10 

Titanium, Ti <0,10 <0,10 <0,10 <0,10 

Vanadium, V <0,10 <0,10 <0,10 <0,10 

Zinc, Zn 1,21 4,85 4,56 0,96 
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3.9 DEGRADATION OF B100 DUE TO LIGHT AND ZINC-NEODECANOATE 

According to Bouaid et al. [40] the daylight did not have a significant effect on biodiesel made from 

vegetable oil before 12 months, but after this period of time the light had a sizable effect on the stability 

of the biodiesel. In this report the effect of light was observed after one week, see Figure 32 and Figure 

33.  

 

Figure 32. The samples for the experiment to test the effect of daylight and Zinc-neodecanoate 

 

Figure 33. The effect of light on degradation after the first week 

To further investigate the degradation of the samples, they were tested with the European standard for 

Oxidation stability test EN 14112.  

• DEG 1: Biodiesel exposed to daylight for one week 

• DEG 2: Fresh biodiesel not exposed to daylight 

• DEG 3: Biodiesel exposed to daylight for one week with 0.6 wt % of Zn-neodecanoate.  
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Table 10. Standard Oxidation Stability test results, aimed to test the effect of daylight on the biodiesel samples. 

 DEG 1 DEG 2 DEG 3 
Oxidation stability, 110°C (h) 6.6 9.6 3.5 

 

Comparing DEG 1 and DEG 2 in Table 10 the strong effect of daylight is evident. The samples were stored 

in the lab for only a week, then they were isolated from the light. If we look at the samples containing 

0.6 wt% Zinc-neodecanoate, the degradation is even more enhanced, in this case the numbers are far 

below the accepted value for oxidation stability, see Table 1. It should be noted, that the Zn 

concentration in this case was far higher than the concentration of interest. Moreover the samples were 

compared with a biodiesel sample which were obtained at different times from Scania’s fuel tanks. 

These facts provides uncertainty to the measurements. Therefore another set of measurements was 

conducted. In this case all the fuels were stored in the dark and originated from the same batch.  

• DEG 4: Uncontaminated Biodiesel 

• DEG 5: Biodiesel with 3ppm Zn from Zinc-neodecanoate 

The results are shown in Table 11. 

Table 11. Standard Oxidation Stability test results, to see the effects of Zn-neodecanoate on the biodiesel. 

 DEG 4 DEG 5 

Oxidation stability, 110°C (h) 9.2 8.8 

 

After the Zn was doped in the biofuel the samples were sent straight to Exova, giving approximately a 

week time for any degradation effects. The results show that the oxidation stability decreased with 0.4 

h. This decrease is not enormous, but considering the small amount of contamination, and the short 

time it is definitely a notable difference.  

3.10 JFTOT 

The JFTOT measurements are presented in Table 12. The results show no difference in the tube rating, 

all the samples were graded 1. In the case of jet fuels, the fuels pass the requirements under the rating 

of 3, according to ASTM D 3241, this means B100 does not have a significant effect on the engine 

contamination. 
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Table 12. Results from the JFTOT measurement (ASTM D 3241-15e2) 

 B100 3 ppm Zn 3 ppm Zn 

Tube rating 1 1 1 

Pressure drop (mmHg) 24 at 30 min 2.0 0.7 

Spent fuel (ml) 430 445 440 

 

The tubes were further investigated with a light microscope, to obtain a better view about the 

contaminations. Figure 34 shows a picture taken from a tube when B100 was tested, while Figure 35 

shows a picture taken from a tube when contaminated fuel was used. Using the microscopes, few brown 

particles and many black spots can be found in both cases. There is no notable difference between the 

two samples.  

 

Figure 34. Picture taken with 50x magnification, from the aluminium tube used in a JFTOT measurement testing pure B100 
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Figure 35. Picture taken with 50x magnification, from the aluminium tube used in a JFTOT measurement testing contaminated 

fuel with 3 ppm Zinc-neodecanoate 

 

 

 

 

 

Figure 36. SEM picture of the aluminium tube used in the JFTOT measurement in the case of contaminated 
fuel. 
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The aluminium tubes were examined in SEM as well. When elemental mapping was used on the surface 

iron and magnesium clusters were found, Figure 37. The reason for these high amounts of metals are 

explained if a closer look is taken from the surface. Figure 38 shows an image of the aluminium tube 

where it is clear that the grey particle like structures are in fact inhomogeneties in the metals surface. 

JFTOT seemed like an interesting oportunity to simulate the environment of the nozzle holes, but the 

results imply that the measurement is not suitable for the purpose. 

 

Figure 38. SEM picture of the aluminium tube used in the JFTOT measurement. 

Figure 37. EDX elemental mapping on the JFTOT aluminium tube, used for contaminated fuel. 
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Figure 39. Plugged fuel filter form the JFTOT measurements, when B100 were used. 

However, the JFTOT system also measures the pressure drop of the equipment. Interestingly the 

pressure drop for pure B100 was so significant that the equipment had to be modified to bypass the 

built-in filter in the fuel tubing. The filter was examined with a light microscope as well, Figure 39. On 

the picture the formation of a gel layer can be clearly seen. This phenomenon did not occur when the 

fuel was contaminated whit soap, suggesting that the particles which are causing problems are actually 

dissolved by the metal soap.  

3.11 COMPARISON OF MEASUREMENT TECHNIQUES 

The Dynamic light scattering techniques failed to reliably determine the particle count, therefore 

scattering techniques have been closed out from future investigation. Measurements performed at 

Malvern point out that the particle count is too low for any scattering technique to measure the particles. 

This agrees with the measurements done with their Morphologi G3 where only 253 particles were 

counted to create a size distribution. On the other hand Canty and PAMAS reported more than ten-

thousand particles per ml in the clean fuel solutions. In the report from PAMAS it was stated the particle 

count is too high to use laser diffraction to measure the particle count. This debate can be due to the 

big differences between the fuel samples. In the future, studies with a cleaner matrix than FAME could 

be interesting for scientific reasons. Moreover, a deeper investigation of scattering techniques is 

advised.  

To sum up, the different single particle counters, four light based techniques were used. The Canty 

camera system was able to provide a reliable size distribution about the particles, but the company 
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failed to prove their ability to differentiate between the soft and hard particles. The Pamas system is 

not able to differentiate between particles, however it provides a better dynamic size range than the 

Canty system. Both techniques provide the possibility of in-line measurements, which makes it 

attractive for other uses at Scania. The method of using membranes to measure the particle distribution 

gave a similar distribution as the Pamas or the Canty system. The biggest disadvantage of this method 

is the time consuming process of filtration and microscopy analysis, resulting in a small sample size and 

unreliable particle concentration.  

Malvern Morphologi G3 could provide size distribution of the particles in the fuel. As it can examine the 

liquids without any separation step it is much faster than the membrane method. The microscope can 

be coupled with a Raman spectroscope, which would identify the nature of the particles. This makes it 

superior compared to the Canty and Pamas equipment.  

The time spent on the membrane separation provided Scania with valuable knowledge about the nature 

of the particles. ICP results showed that there were no Zinc-neodecanoate filtered out, while the EDX 

measurements revealed three different groups of particles made of glycerol or other organic 

components, catalysts used during the production of biodiesel and dust from the environment.  

Table 13. Summary about the techniques and results. 

Equipment Technique Suitability Reason 
Cant high speed 
camera 

Optical microscopy Suitable Possible to count the 
particles in the flow, 
potential to 
differentiate between 
soft and hard particles 

PAMAS HCB-LD Optical zone counter Suitable Possible to count the 
particles in the flow 

Membrane separation 
and Zeiss Axio imager 
M2m 

Optical microscopy Not suitable Zinc-neodecanoate 
does not get filtered 
out by the membrane 

Morphologi G3 Optical microscopy  Suitable Possible to count 
particle is in the liquid, 
potential to use 
Raman microscopy 

Zetasizer Dynamic light 
scattering 

Not Suitable The medium is too 
viscous and the 
particles are too big 

NanoSight NS300 Nano tracking analysis 
(NTA) 

Not suitable The medium is too 
viscous and the 
particles are too big 

JFTOT Not a particle Sizing 
technique 

Not suitable Failed to simulate the 
observations in the 
nozzle holes 
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3.12 NATURE OF THE SOFT PARTICLES 
The main goal of this report was to investigate the amount of soft particles created from metal 

carboxylates, more specifically from Zinc-neodecanoate. The first measurements were done with the 

Canty high speed camera. The particles count in uncontaminated B100 were 14646 particles/ml, while 

after contamination the particle count decreased to 8984 particle/ml. As it was mentioned before, this 

was the starting point of the investigation, since results contradicted the expectations. The Canty results 

were verified by a different equipment using light blocking manufactured by PAMAS. In their 

measurements the uncontaminated biofuel contained 22949 particles/ml, while in the sample doped 

with metal-carboxylate the particle count decreased to 12670 particles/ml. Comparing the numbers the 

results from Pamas clearly indicate a higher particle count. The most possible reason for the difference 

is the high variation of the properties in between different batches of biofuels [8]. If a closer look is 

taken on the numbers it is notable in both cases that the particle count decreased approximately to the 

60% of the original amount. From this the conclusion was drawn that Zinc-neodecanoate does not 

create particles but on the other hand dissolve them.  

The nature of the particles was investigated in the membrane filtration experiments. Soft particles and 

the gel formation causing filter blocking in the fuel system were captured with the light microscope, see 

Figure 26. The membranes were future examined with EDX, where the results indicated three different 

group of particles: dust, organic compounds and remains of the heterogeneous catalyst used in the 

biodiesel production. A deeper examination of the particles was not executed during this project, but 

literature studies hint that they are mainly made of glycerol [21]. This report goes against the claims of 

metal carboxylates cause filter plugging, but it must be mentioned, that metal carboxylates can change 

their properties with the length of the carbon chains. In the case the carboxylate is the product of 

degradation, it is possible to have particles which does not have amphiphilic properties. Thus it would 

not be a surfactant. In the case of short carbon chain lengths the solubility of the molecules could be 

substantially lower. Thus future investigation of soft particles is highly recommended in order to be able 

to create a robust and universal filter for biodiesel.  
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4 CONCLUSION 

This report summarises the effort made to find a method to measure soft particles in fuel.  

• Single particle counters were pointed out as the most suitable techniques for the task to 
measure particles in fuel. Precisely optical microscopy is advised as method to measure soft 
particles in the fuel. 

In addition the soft particles has been further characterized.  

• The size distribution and particle count were measured with four different optical systems. All 
results show a log-normal number distribution with a peak between 1 µm and 2µm.  

• It has been pointed out Zinc-neodecanoate does not create soft particles, but instead dissolve 
them.  The reliability of the literature about metal carboxylates causing filer blocking in fuel 
systems is questioned.  

• Membrane separation is proved not to be suitable for the removal of metal carboxylates from 
biofuel. 

5 FUTURE RECOMMENDATIONS 
• Future investigation of Morphology G3, to measure particle distribution in the fuel, without 

separation. 
• Use of Raman Microscopy to describe the chemical composition of the particles in the fuel. 
• Investigation of the effect of the metal ion on nozzle holes from different sources than 

surfactants. 
• Research on the connection between the chain length of metal carboxylate and particle 

formations. 
• Examine the influence of fuel degradation on the particle count. 
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8 APPENDIX 
 

8.1 DYNAMIC LIGHT SCATTERING (DLS) 

 

Figure 40.Report from DLS measurement of 3 ppm Zn-neodecanoate in B100 
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Figure 41. Report from DLS measurement of 0.6 mass% Zn-neodecanoate in B100 

 

Figure 42. Report from DLS measurement of higher concentration  Zn-neodecanoate in B100 
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Figure 43. Report from DLS measurement of higher concentration Zn-neodecanoate in B100 after an hour 

 

8.2 CANTY CAMERA 
Table 14 Particle size data B100-R, particle counts are shown per mL 

 Run 1  Run 2  Run 3  Average  STDEV  % RSD  

Particle 

Count:  

10844 11114.06  10573.94  10844 270.0613  2.490421  

Dv10:  6.61108  8.183065  6.30074  7.031628  1.009174  14.35193  

Dv20:  9.43887  12.05295  8.71657  10.06946  1.755304  17.43196  

Dv30:  11.4941  15.40745  12.0921  12.99788  2.108058  16.21847  

Dv40:  13.16545  17.8291  14.77335  15.25597  2.368986  15.52826  

Dv50:  18.0758  20.062  17.77755  18.63845  1.241817  6.662662  

Dv60:  19.10265  20.52485  19.37155  19.66635  0.755542  3.8418  

Dv70:  23.7504  20.8908  20.3478  21.663  1.828016  8.438423  

Dv80:  23.7504  24.2449  21.04695  23.01408  1.721436  7.479925  

Dv90:  25.74345  24.6202  23.7094  24.69102  1.018872  4.126491  

Dv100:  25.74345  25.23925  25.0164  25.33303  0.372487  1.470363  
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≥0  10844 11114.06  10573.94  10844 270.0613  2.490421  

≥4  1968.681  2785.87  2934.449  2563 520.029  20.28986  

≥6  840.8108  1177.135  1121.081  1046.342  180.1886  17.2208  

≥14  137.8571  248.1429  193 193 55.14286  28.57143  

 

Table 15 Particle size data B100-25B, particle counts are shown per mL 

 Run 1  Run 2  Run 3  Average  Stdev  % RSD  

Particle 

Count:  

7473.336  7271.354  7796.508  7513.733  264.897  3.525505  

Total 

Volume:  

57722.55  45743.6  69928 57798.05  12092.38  20.92177  

Dv10:  7.419155  7.208  7.505005  7.377387  0.152844  2.071797  

Dv20:  10.95955  9.080385  11.10857  10.38284  1.130413  10.88733  

Dv30:  14.5905  11.36323  14.1397  13.36448  1.747729  13.07742  

Dv40:  15.9184  15.15895  16.91875  15.9987  0.882644  5.516972  

Dv50:  19.151  17.03775  19.71765  18.63547  1.412373  7.578951  

Dv60:  19.34145  21.2351  21.5253  20.70062  1.185983  5.729213  

Dv70:  21.5452  21.34485  23.0426  21.97755  0.927784  4.221509  

Dv80:  21.6145  21.34485  23.0426  22.00065  0.912372  4.147023  

Dv90:  23.9272  23.08895  29.91695  25.64437  3.723828  14.52104  

Dv100:  24.6654  23.1248  29.91695  25.90238  3.561028  13.74788  

≥0  7473.336  7271.354  7796.508  7513.733  264.897  3.525505  

≥4  777.1364  777.1364  928.7727  827.6818  87.5473  10.57741  

≥6  443.7842  424.4892  482.3741  450.2158  29.47354  6.546537  

 

Table 16 Particle size data B10-25A, particle counts are shown per mL 

 Run 1  Run 2  Run 3  Average  Stdev  %RSD  

Particle 

Count:  

1176  1323  1344  1281  91.53688  7.145736  

Dv10:  4.3788  4.53008  4.5306  4.479827  0.087492  1.953023  

Dv20:  7.03772  6.391595  6.393445  6.607587  0.372508  5.637573  

Dv30:  7.03772  7.693055  7.31631  7.349028  0.32889  4.47529  

Dv40:  8.65335  8.758915  9.69452  9.035595  0.573082  6.34249  
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Dv50:  9.30576  10.82183  10.75534  10.29431  0.856755  8.322604  

Dv60:  9.30576  10.82183  10.75534  10.29431  0.856755  8.322604  

Dv70:  11.0965  11.7172  11.0508  11.28817  0.372256  3.297752  

Dv80:  11.0965  13.03675  13.4829  12.53872  1.268761  10.11875  

Dv90:  11.7247  13.35085  13.54785  12.87447  1.000587  7.771873  

Dv100:  11.7247  13.35085  13.54785  12.87447  1.000587  7.771873  

≥0  1176  1323  1344  1281  91.53688  7.145736  

≥4  187.3846  234.2308  187.3846  203  27.04664  13.32347  

≥6  101  101  101  101  0  0  

≥14  0  30  30  20  17.32051  86.60254  

8.3 PAMAS 
Table 17. Particles measured in pure biodiesel using PAMAS light blocking system, the particle count is given in particles/100 ml. 

Diameter 

(µm) 

Particle pop. % pop. % < pop. % > area. % area. % < area. % > vol. % vol. % < vol. % > 

1.00 - 1.50 1434226 62.50 62.50 100.00 16.98 16.98 100.00 3.23 3.23 100.00 

1.50 - 2.00 403447 17.58 80.08 37.50 9.36 26.34 83.02 2.49 5.73 96.77 

2.00 - 2.50 137283 5.98 86.06 19.92 5.27 31.61 73.66 1.80 7.53 94.27 

2.50 - 3.00 72537 3.16 89.22 13.94 4.16 35.76 68.39 1.74 9.27 92.47 

3.00 - 3.50 49613 2.16 91.38 10.78 3.97 39.73 64.24 1.97 11.24 90.73 

3.50 - 4.00 43440 1.89 93.27 8.62 4.63 44.36 60.27 2.64 13.88 88.76 

4.00 - 4.50 42413 1.85 95.12 6.73 5.80 50.17 55.64 3.76 17.64 86.12 

4.50 - 5.00 30163 1.31 96.44 4.88 5.16 55.32 49.83 3.73 21.37 82.36 

5.00 - 6.00 29007 1.26 97.70 3.56 6.65 61.97 44.68 5.57 26.93 78.63 

6.00 - 7.00 16397 0.71 98.42 2.30 5.25 67.22 38.03 5.20 32.13 73.07 

7.00 - 10.00 24137 1.05 99.47 1.58 13.21 80.43 32.78 17.10 49.23 67.87 

10.00- 

15.00 

9747 0.42 99.89 0.53 11.54 91.97 19.57 21.96 71.20 50.77 

15.00 - 

20.00 

1837 0.08 99.97 0.11 4.26 96.23 8.03 11.36 82.55 28.80 

20.00 - 

25.00 

463 0.02 99.99 0.03 1.78 98.01 3.77 6.09 88.64 17.45 

25.00 - 

50.00 

187 0.01 100.00 0.01 1.99 100.00 1.99 11.36 100.00 11.36 

> 50.00 17 0.00 100.00 0.00 0.00 100.00 0.00 0.00 100.00 0.00 

 

Table 18. Particles measured in biodiesel contaminated with 3ppm Zinc-neodecanoate, the particle count is given in 

particles/100 ml. 

Diameter (µm) Particle pop. % pop. % < pop. % > area. % area. % < area. % > vol. % vol. % < vol. % > 
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1.00 - 1.50 848303 66.95 66.95 100.00 18.48 18.48 100.00 2.67 2.67 100.00 

1.50 - 2.00 211073 16.66 83.61 33.05 9.01 27.49 81.52 1.83 4.50 97.33 

2.00 - 2.50 65780 5.19 88.81 16.39 4.64 32.13 72.51 1.21 5.71 95.50 

2.50 - 3.00 33657 2.66 91.46 11.19 3.55 35.68 67.87 1.13 6.84 94.29 

3.00 - 3.50 21777 1.72 93.18 8.54 3.21 38.88 64.32 1.21 8.04 93.16 

3.50 - 4.00 18757 1.48 94.66 6.82 3.68 42.56 61.12 1.60 9.64 91.96 

4.00 - 4.50 17463 1.38 96.04 5.34 4.40 46.96 57.44 2.16 11.80 90.36 

4.50 - 5.00 12070 0.95 96.99 3.96 3.80 50.75 53.04 2.09 13.89 88.20 

5.00 - 6.00 11713 0.92 97.92 3.01 4.94 55.69 49.25 3.14 17.04 86.11 

6.00 - 7.00 7100 0.56 98.48 2.08 4.18 59.88 44.31 3.15 20.18 82.96 

7.00 - 10.00 11193 0.88 99.36 1.52 11.27 71.15 40.12 11.09 31.28 79.82 

10.00- 15.00 5940 0.47 99.83 0.64 12.94 84.09 28.85 18.72 50.00 68.72 

15.00 - 20.00 1360 0.11 99.94 0.17 5.81 89.89 15.91 11.76 61.76 50.00 

20.00 - 25.00 460 0.04 99.97 0.06 3.25 93.14 10.11 8.46 70.22 38.24 

25.00 - 50.00 350 0.03 100.00 0.03 6.86 100.00 6.86 29.78 100.00 29.78 

> 50.00 83 0.00 100.00 0.00 0.00 100.00 0.00 0.00 100.00 0.00 

 

8.4 DATA COLLECTED FROM THE FILTER METHOD 
 

Table 19. Distribution of particles in when the fuel were contaminated with 3ppm Zn, first run. 

Range average size Frequency Cumulative frequency percentage in range 
0 0 0 0 0,00 

0 to 0.5 0,25 0 0 0,00 
0.5 to 1.0 0,75 0 0 0,00 
1.0 to 1.5 1,25 61 61 4,94 
1.5 to 2.0 1,75 296 357 23,97 
2.0 to 2.5 2,25 242 599 19,60 
2.5 to 3.0 2,75 180 779 14,57 
3.0 to 3.5 3,25 119 898 9,64 
3.5 to 4.0 3,75 96 994 7,77 
4.0 to 4.5 4,25 71 1065 5,75 
4.5 to 5.0 4,75 32 1097 2,59 
5.0 to 5.5 5,25 40 1137 3,24 
5.5 to 6.0 5,75 31 1168 2,51 
6.0 to 6.5 6,25 19 1187 1,54 
6.5 to 7.0 6,75 15 1202 1,21 
7.0 to 7.5 7,25 11 1213 0,89 
7.5 to 8.0 7,75 5 1218 0,40 
8.0 to 8.5 8,25 8 1226 0,65 
8.5 to 9.0 8,75 4 1230 0,32 
9.0 to 9.5 9,25 4 1234 0,32 
9.5 to 10 9,75 1 1235 0,08 
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Table 20.Distribution of particles in when the fuel were contaminated with 3ppm Zn, second run. 

Range Average size Frequency Cumulative frequency percentage in range 
0 0 0 0 0,00 

0 to 0.5 0,25 0 0 0,00 
0.5 to 1.0 0,75 0 0 0,00 
1.0 to 1.5 1,25 70 70 5,62 
1.5 to 2.0 1,75 339 409 27,21 
2.0 to 2.5 2,25 276 685 22,15 
2.5 to 3.0 2,75 202 887 16,21 
3.0 to 3.5 3,25 112 999 8,99 
3.5 to 4.0 3,75 82 1081 6,58 
4.0 to 4.5 4,25 42 1123 3,37 
4.5 to 5.0 4,75 37 1160 2,97 
5.0 to 5.5 5,25 17 1177 1,36 
5.5 to 6.0 5,75 18 1195 1,44 
6.0 to 6.5 6,25 14 1209 1,12 
6.5 to 7.0 6,75 17 1226 1,36 
7.0 to 7.5 7,25 9 1235 0,72 
7.5 to 8.0 7,75 1 1236 0,08 
8.0 to 8.5 8,25 3 1239 0,24 
8.5 to 9.0 8,75 3 1242 0,24 
9.0 to 9.5 9,25 3 1245 0,24 
9.5 to 10 9,75 1 1246 0,08 

 

Table 21. Distribution of particles in when the fuel were contaminated with 3ppm Zn, third run. 

Range Average size Frequency Cumulative frequency percentage in range 
0 0 0 0 0,00 

0 to 0.5 0,25 0 0 0,00 
0.5 to 1.0 0,75 0 0 0,00 
1.0 to 1.5 1,25 61 61 5,22 
1.5 to 2.0 1,75 326 387 27,89 
2.0 to 2.5 2,25 244 631 20,87 
2.5 to 3.0 2,75 183 814 15,65 
3.0 to 3.5 3,25 84 898 7,19 
3.5 to 4.0 3,75 76 974 6,50 
4.0 to 4.5 4,25 55 1029 4,70 
4.5 to 5.0 4,75 42 1071 3,59 
5.0 to 5.5 5,25 25 1096 2,14 
5.5 to 6.0 5,75 19 1115 1,63 
6.0 to 6.5 6,25 16 1131 1,37 
6.5 to 7.0 6,75 6 1137 0,51 
7.0 to 7.5 7,25 7 1144 0,60 
7.5 to 8.0 7,75 6 1150 0,51 
8.0 to 8.5 8,25 3 1153 0,26 
8.5 to 9.0 8,75 7 1160 0,60 
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9.0 to 9.5 9,25 7 1167 0,60 
9.5 to 10 9,75 2 1169 0,17 

 

Table 22. Distribution of particles in pure B100, first run. 

Range Average size Frequency Cumulative frequency percentage in range 
0 0 0 0 0,00 

0 to 0.5 0,25 0 0 0,00 
0.5 to 1.0 0,75 0 0 0,00 
1.0 to 1.5 1,25 78 78 6,05 
1.5 to 2.0 1,75 288 366 22,33 
2.0 to 2.5 2,25 271 637 21,01 
2.5 to 3.0 2,75 186 823 14,42 
3.0 to 3.5 3,25 112 935 8,68 
3.5 to 4.0 3,75 107 1042 8,29 
4.0 to 4.5 4,25 55 1097 4,26 
4.5 to 5.0 4,75 46 1143 3,57 
5.0 to 5.5 5,25 34 1177 2,64 
5.5 to 6.0 5,75 37 1214 2,87 
6.0 to 6.5 6,25 19 1233 1,47 
6.5 to 7.0 6,75 23 1256 1,78 
7.0 to 7.5 7,25 7 1263 0,54 
7.5 to 8.0 7,75 8 1271 0,62 
8.0 to 8.5 8,25 5 1276 0,39 
8.5 to 9.0 8,75 6 1282 0,47 
9.0 to 9.5 9,25 6 1288 0,47 
9.5 to 10 9,75 2 1290 0,16 

 

Table 23.Distribution of particles in pure B100, second run. 

Range Average size Frequency Cumulative frequency percentage in range 
0 0 0 0 0,00 

0 to 0.5 0,25 0 0 0,00 
0.5 to 1.0 0,75 0 0 0,00 
1.0 to 1.5 1,25 47 47 4,69 
1.5 to 2.0 1,75 263 310 26,25 
2.0 to 2.5 2,25 212 522 21,16 
2.5 to 3.0 2,75 158 680 15,77 
3.0 to 3.5 3,25 85 765 8,48 
3.5 to 4.0 3,75 83 848 8,28 
4.0 to 4.5 4,25 31 879 3,09 
4.5 to 5.0 4,75 34 913 3,39 
5.0 to 5.5 5,25 23 936 2,30 
5.5 to 6.0 5,75 11 947 1,10 
6.0 to 6.5 6,25 14 961 1,40 
6.5 to 7.0 6,75 8 969 0,80 
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7.0 to 7.5 7,25 9 978 0,90 
7.5 to 8.0 7,75 10 988 1,00 
8.0 to 8.5 8,25 5 993 0,50 
8.5 to 9.0 8,75 5 998 0,50 
9.0 to 9.5 9,25 2 1000 0,20 
9.5 to 10 9,75 2 1002 0,20 

 

Table 24. Distribution of particles in pure B100, third run. 

Range Average size Frequency Cumulative frequency percentage in range 
0 0 0 0 0,00 

0 to 0.5 0,25 0 0 0,00 
0.5 to 1.0 0,75 0 0 0,00 
1.0 to 1.5 1,25 49 49 4,72 
1.5 to 2.0 1,75 254 303 24,45 
2.0 to 2.5 2,25 224 527 21,56 
2.5 to 3.0 2,75 170 697 16,36 
3.0 to 3.5 3,25 92 789 8,85 
3.5 to 4.0 3,75 86 875 8,28 
4.0 to 4.5 4,25 40 915 3,85 
4.5 to 5.0 4,75 33 948 3,18 
5.0 to 5.5 5,25 28 976 2,69 
5.5 to 6.0 5,75 20 996 1,92 
6.0 to 6.5 6,25 12 1008 1,15 
6.5 to 7.0 6,75 7 1015 0,67 
7.0 to 7.5 7,25 11 1026 1,06 
7.5 to 8.0 7,75 5 1031 0,48 
8.0 to 8.5 8,25 3 1034 0,29 
8.5 to 9.0 8,75 3 1037 0,29 
9.0 to 9.5 9,25 1 1038 0,10 
9.5 to 10 9,75 1 1039 0,10 

 

Table 25. Particle distribution of B100 when the initial fuel were filtered 

Range Average size Frequency Cumulative frequency percentage in range 
0 0 0 0 0,00 

0 to 0,5 0,25 0 0 0,00 
0,5 to 1,0 0,75 0 0 0,00 
1,0 to 1,5 1,25 8 8 1,59 
1,5 to 2,0 1,75 85 93 16,90 
2,0 to 2,5 2,25 112 205 22,27 
2,5 to 3,0 2,75 85 290 16,90 
3,0 to 3,5 3,25 52 342 10,34 
3,5 to 4,0 3,75 33 375 6,56 
4,0 to 4,5 4,25 23 398 4,57 
4,5 to 5,0 4,75 15 413 2,98 
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5,0 to 5,5 5,25 15 428 2,98 
5,5 to 6,0 5,75 14 442 2,78 
6,0 to 6,5 6,25 11 453 2,19 
6,5 to 7,0 6,75 14 467 2,78 
7,0 to 7,5 7,25 7 474 1,39 
7,5 to 8,0 7,75 4 478 0,80 
8,0 to 8,5 8,25 8 486 1,59 
8,5 to 9,0 8,75 7 493 1,39 
9,0 to 9,5 9,25 5 498 0,99 
9,5 to 10 9,75 5 503 0,99 

 

Table 26. Particle distribution of B100 contaminated with 3ppm Zn when the initial fuel were filtered before mixing 

Range Average size Frequency Cumulative frequency percentage in range 
0 0 0 0 0,00 

0 to 0,5 0,25 0 0 0,00 
0,5 to 1,0 0,75 0 0 0,00 
1,0 to 1,5 1,25 9 9 1,77 
1,5 to 2,0 1,75 73 82 14,37 
2,0 to 2,5 2,25 105 187 20,67 
2,5 to 3,0 2,75 79 266 15,55 
3,0 to 3,5 3,25 54 320 10,63 
3,5 to 4,0 3,75 33 353 6,50 
4,0 to 4,5 4,25 27 380 5,31 
4,5 to 5,0 4,75 28 408 5,51 
5,0 to 5,5 5,25 18 426 3,54 
5,5 to 6,0 5,75 21 447 4,13 
6,0 to 6,5 6,25 12 459 2,36 
6,5 to 7,0 6,75 8 467 1,57 
7,0 to 7,5 7,25 10 477 1,97 
7,5 to 8,0 7,75 5 482 0,98 
8,0 to 8,5 8,25 10 492 1,97 
8,5 to 9,0 8,75 4 496 0,79 
9,0 to 9,5 9,25 5 501 0,98 
9,5 to 10 9,75 7 508 1,38 

 

8.5 MORPHOLOGI G3 
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Figure 44. Number distribution from Morphologi G3 
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Figure 45. Volume distribution from Morphologi G3 

 

 

 


