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Abstract 

Occurrence of particulate matter (PM) in Europe is slowly getting better because of 

the EU legislative restrictions for these particles [1]. Nevertheless, the air pollution is 

in some European areas e.g. (the Czech Republic, Germany) still critical and limits 

for PM10 are exceeded [2]. The main research objective is to reduce emissions by 

agglomeration for better abatement with existing dust separators. Therefore 

nowadays there is a large progress on this field and lot of studies are focused on 

other possibilities of technological elimination of PM particles. The aim is the 

investigation of fine dust properties of PM particles to abate the particulate matter of 

existing dedusting systems without high priced product innovation. My bachelor 

thesis evaluates physical and chemical properties of fine metallurgical wastes and 

optimizes technological conditions for their agglomeration. 

Key words: aerosols, PM, agglomeration 

 

Abstrakt 

Znečištění ovzduší v některých lokalitách Evropy (Česká Republika, Německo) 

vzdušnými aerosoly je stále kritické. Limity pro PM10 částice jsou několikanásobně 

překračovány zejména ve velkých městech a průmyslových oblastech. Situace se 

pomalu zlepšuje po zavedení legislativních omezení evropským parlamentem. Hlavní 

otázkou je nyní odstranění těchto látek z ovzduší, mnoho výzkumů se zaměřuje na 

aglomeraci PM částic. Má bakalářská práce se věnuje tomuto tématu z hlediska 

zkoumání fyzikálních a chemických vlastností prachu z metalurgického průmyslu a 

následnou optimalizací podmínek pro aglomeraci.  

Klíčová slova: aerosoly, PM, aglomerace 
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1 Introduction 

Occurrence of particulate matter (PM) in Europe is slowly getting better because of 

the EU legislative restrictions for these particles [1]. Nevertheless, the air pollution is 

in some European areas e.g. (the Czech Republic, Germany) still critical and limits 

for PM10 are exceeded [2]. The main research objective is to reduce emissions by 

agglomeration for better abatement with existing dust separators. 

PM particles result from emissions from heating, transportation, metallurgical, 

burning, mechanical and chemical industry. Nowadays there exist dust separators 

which can entrap small particles < 10 µm [3] but the application in industry is 

complicated. 

Therefore nowadays there is a large progress on this field and lot of studies are 

focused on other possibilities of technological elimination of PM particles. They are 

engaged for example in new ceramic substrate filters [4], diesel particle filter systems 

[5], standstill diesel burners [6] or from a chemical view the possibility of particle 

agglomeration and consequential better manipulation with their removing.  

Agglomeration of dust particles is the subject of this work. A new off-gas system has 

been constructed at the Department of Ferrous Metallurgy of RWTH Aachen 

University to replicate industrial dust-loaded off-gas streams. The aim is the 

investigation of fine dust properties of PM particles. To abate the particulate matter of 

existing dedusting systems without high priced product innovation an advanced 

precipitation system has been researched to agglomerate dust aerosols of small 

diameters (µm – nm) in the off-gas. By the formation of coarser dust agglomerates it 

is possible to improve the precipitation of fine particles from the off-gas [54]. 

To gain deeper knowledge a testing rig is installed at the Institute of RWTH Aachen 

University.  Results from the testing rig showed that it is possible to change the 

particle distribution by the application of binders [55]. For better understanding of 

behaviour of dust aerosols and binders, we did chemical, physical and mineralogical 

analyses of the samples. Then we agglomerated the dust and tested binding 

mechanisms in dependence on concentration of binders.  As agglomeration method 

we have chosen balling process. 



8 
 

The goal of the bachelor thesis is evaluation of physical and chemical properties of 

fine metallurgical wastes and optimization of technological conditions for their 

agglomeration. 
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2 Aerosols  

In this chapter I mention definitions of aerosols and particulate matter (PM) materials 

for understanding of my Bachelorwork topic. I also involved chemistry of PM particles 

and law aspects for concentration limits of PM particles. At the end of chapter 2 I 

write about imissions in Europe, mainly in the Czech Republic and Germany. 

Aerosol was a word created in 1920 by August Schmaus and roughly means “particle 

carried by air” [7]. 

An aerosol is a gas in which solid particles or droplets are suspended. Often 

aerosol(s) is used instead of „aerosol particles“, when it is clear from the context that 

aerosol particles are meant: e.g. „the aerosol number concentration“ clearly means 

the number concentration of aerosol particles [8] .  

The consideration of both phases is important. In the atmospheric aerosol, these 

compounds include water, solids, nitrate and range of (often unspecified) organic 

compounds (see chapter Chemistry of particles) [8]. 

We can classify aerosols into: natural, anthropogenic, primary and secondary [7]. 

Natural aerosols 

Natural aerosols shall mean aerosols from pollutants not caused directly or indirectly 

by human activities, including natural events [7] e.g.:  

 Salt particles from the sea 

 Volcano eruptions 

 Desert dust 

 Smoke from forest fires 

 Pollen 

 Viruses and bacteria 

 Fog 

Anthropogenic aerosols 

Anthropogenic aerosols shall mean aerosols which rise directly or indirectly by 

human activities, [7] e.g. emissions from:  

 heating 
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 transportation, such as car or airplane exhaust gases 

 industry through burning, mechanical and chemical processes 

Primary aerosols 

Primary aerosols are produced due to direct emission of particulate material into the 

atmosphere from both anthropogenic and natural activities [9] e.g.: 

 metallurgical industry [52] 

 

Secondary aerosols 

Secondary aerosols are produced by atmospheric gases reacting and condensing, or 

by cooling vapour condensation (gas to particle conversion) [10] e.g.: 

 Sulfates from biogenic gases/volcanic SO2 

 Chemical reaction of SO2 and ammonia [52] 

2.1 Particulate Matter (PM) classification 

Particulate Matter is another way of referring to aerosol particles [8]. 

Aerodynamic Diameter: the diameter of a spherical particle having a density of 1 

g/cm3 that has the same inertial properties in the gas as the particle of interest. 

Particles having the same aerodynamic diameter may have different dimensions and 

shapes [11]. 

 PM10 

“PM10 shall mean particulate matter which passes through a size-selective 

inlet as defined in the reference method for the sampling and measurement of 

PM10, EN 12341, with a 50 % efficiency to cut-off at 10 μm aerodynamic 

diameters” [1]. 

 PM2,5 

“PM2,5 shall mean particulate matter which passes through a size-selective 

inlet as defined in the reference method for the sampling and measurement of 

PM2,5, EN 14907, with a 50 % efficiency to cut-off at 2,5 μm aerodynamic 

diameters” [1]. 

 PM0,1 

PM0,1 is particulate matter with an aerodynamic diameter of up to 0,1 µm, 

referred to as the ultrafine particle (UFP) fraction [12]. 
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On Figure 1 we can see the comparison of human hair and PM particles. Human hair 

has more than 6 times bigger diameter then PM10 particles.  

 

Figure 1: Comparison of particle sizes with human hair, [12] 

Nowadays the most observed thing is the particle size, which is critical for penetrating 

and deposition in airways. Impact of the particles is dependent on the shape, size 

and composition (see chapter - Health impact). Fine particles remain in atmosphere 

up days to weeks and generate stabile aerosol, which can be transported on long 

distances. Therefore it is diffused into large area [13]. 

2.2 Chemistry of particles 

PM particles mostly contain these elements: heavy metals (vaporized during 

combustion), elemental carbon (from short C molecules generated by combustion), 

organic carbon, sulfates and nitrates [8]. 

They also may consist of polycyclic aromatic hydrocarbons (PAHs) which are 

chemical compounds that consist of fused aromatic rings and do not contain 

heteroatoms or carry substituents. As a pollutant, they are of concern because some 

components have been identified as carcinogenic, mutagenic, and teratogenic [8]. 

Dibenzo[a,l]pyrene estimated to have a carcinogenic  potency approximately 100 

times higher than benzo[a]pyrene and more than 16 PAHs  identified as priority 

pollutants by USEPA were determined in PM10 and PM2.5: naphthalene, 

acenaphthylene, acenaphthene, fluorene, phenanthrene, anthracene, fluoranthene, 

http://en.wikipedia.org/wiki/Chemical_compound
http://en.wikipedia.org/wiki/Aromatic
http://en.wikipedia.org/wiki/Simple_aromatic_ring
http://en.wikipedia.org/wiki/Heteroatom
http://en.wikipedia.org/wiki/Substituent
http://en.wikipedia.org/wiki/Carcinogen
http://en.wikipedia.org/wiki/Mutagen
http://en.wikipedia.org/wiki/Teratogen
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pyrene, benz[a]anthracen, chrysene, benzo[b]fluoranthene, benzo[k]fluoranthene, 

benzo[a]pyrene, dibenz[a,h]anthracene, benzo[ghi]perylene and indeno[1,2,3-

cd]pyrene [14]. 

Measurement of PM2,5 due to Directive 2008/50/EC  from year 2008 should include at 

least the total mass concentration and concentrations of appropriate compounds to 

characterise its chemical composition. These chemical species include: SO4
2-, Na+, 

NH4
+, Ca2+, NO3

-, K+, Cl-, Mg2+, elemental carbon and organic carbon [1]. 

 

Sulfate and organic matter are the two main contributors to the annual average PM10 

and PM2,5 mass concentrations, except at kerbside sites where mineral dust 

(including trace elements) is also a main contributor to PM10. On days when PM10 > 

50 μg/m3, NOx becomes also a main contributors to PM10 and PM2,5. Black carbon 

contributes 5–10 % to PM2,5 and somewhat less to PM10 at all sites, including the 

natural background sites. Its contribution increases to 15- 20 % at some of the 

kerbside sites [8]. 

 

Chemistry of emitted particles is different. Recently a comparative analysis was done 

to compare the chemistry of diesel and wood emitted particles. Diesel particles 

contained mainly of unburned carbon (soot), wood particles mainly of salts of K+, 

Ca2+, Cl-, SO4
2-. Toxicity of diesel particles is significantly higher at the same particle 

concentration according to one study [15]. 

2.3 Law aspects 

Limits are shown in Table 1- limits for PM10 and PM2,5 particles valid for EU-27 from 

the directive 2008/50/EC from year 2008 [1]. Limits for PM10 are in force from the 

year 2005 due to the Directive 99/30/EC, no limits for PM2,5 were given in this 

Directive from year 1999 [16]. 
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Table 1: Limits for PM10 and PM2,5 particles [1] 

 Averaging 

period 

Limit value Margin of tolerance Date by which 

limit value is 

to be met 

PM10 One day 50 µg/m3 not to be 

exceeded more than 

35 times a calendar 

year 

50 %  In force since 

1.1. 2005 

Calendar 

year 

40 µg/m3 20 %  

PM2,5 Calendar 

year 

25 µg/m3 20 % on June 2008 

decreasing on the next 1. 

January and every 12 

months thereafter by 

equal annual 

percentages to reach 0 % 

by 1. January 2015 

1.1. 2015 

 

2.4 Emissions in Europe 

The environment ministers of the Visegrad quartet of central and eastern European 

countries (the Czech Republic, Poland, Slovakia, and Hungary) have pledged to 

meet EU air quality standards on particulate matter (PM10) if given extra time to 

comply. They should meet the limits until 11. June 2011 [1]. Report from 15. July 

2009 [17]. 

 

From European Environment Agency technical report from year 2005 results that the 

number of Europeans (EU-25) exposed to annual mean concentrations of PM10 

above the annual limit value (40 µg/m‑3; EC, 1999 [16]) was more than 9 % of the 

total population in 2005. The estimated probability of exceeding this PM10 limit value 

was higher than 75 % in the urban areas of the Balkan region. The probability is also 

high in southern Poland, the Czech Republic, Hungary and southern Spain. The 

results indicate that in 2005, about 28 % of the European population were exposed 

for more than 35 days to PM10 concentrations of above 50 μg.m‑3 (that was, the limit 

value; EC, 1999). The estimated probability of exceedance for the PM10 daily limit 

value is considerable in large areas of the eastern European countries and in the 

entire Po Valley in Italy (higher than 75 % probability). The probability is also high in 
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Spain, Portugal, Italy, Greece, some of the Balkan countries, Germany, Belgium, the 

Netherlands and Luxembourg, where it ranges from 25 to 50 %, with increased levels 

of 50 to 75 % in the more urbanized centres of these regions [18]. 

 

The levels of harmful particulate matter pollution in Germany’s inner cities continue 

to remain too high (Figure 2). The daily mean of 50 μg.m‑3 of PM10 has already been 

exceeded more often than the allowable 35 days a year (2009) in six cities, including 

Stuttgart and Munich. Another ten cities in North Rhine-Westphalia, Baden-

Württemberg, Thuringia, Hesse, and Saxony are just short of exceeding the limit. 

One explanation is traceable to the weather conditions at the beginning of year 2009: 

high-pressure areas with weak winds that occurred more frequently than in 2007 and 

2008 hampered removal of air pollutants [19].  
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Figure 2: Daily average concentration of PM10 in Germany, January 2009, [19] 

 

The limits for PM10 in Czech Republic are exceeded in areas of big cities (Prague, 

Brno), in Northern Bohemia, which is mining area (brown coal) and in the Ostrava-

Karviná area. Highest concentrations of PM10 and number of days when the limits are 

violated are during winter months[13] [13].  

 

 

 

 

 

 

 



16 
 

 

 

You can see in the Table 2 the limit violation for PM10 for year 2008, 24-hour 

observation. Daily limit for PM10 is 50 µg.m-3 and maximal number of exceedance is 

35. 

 

Table 2: Number of 24-hour PM10 limit violation for year 2008 [13] 

 Location Number of 
violation 

Maximum 
concentration 
[µg/m3] 

1 TBOMA-Bohumín (1065)  110  367.9  

2 TOBAK-Ostrava-Bartovice (1650)  109  180.0  

3 BBNVM-Brno - Úvoz (hot spot) (1759)  106  174.0  

4 TCTNA-Český Těšín (1066)  105  215.8  

5 TVERA-Věřňovice (1072)  103  394.1  

6 TOPRA-Ostrava-Přívoz (1410)  102  211.0  

7 BBMSA-Brno-Svatoplukova (1636)  95  143.3  

8 TOMHK-Ostrava-Mariánské Hory (1649)  89  156.1  

9 TORVA-Orlová (1070)  87  262.3  

10 TKARA-Karviná (1069)  87  226.1  

 

 

 

Figure 3: Year average concentration of PM10 in the Czech Republic [13] 

http://www.chmi.cz/uoco/isko/isko2/exceed/summary/limit_2008_000-00-01_00_00_00_40600.html
http://www.chmi.cz/uoco/isko/isko2/exceed/summary/limit_2008_000-00-01_00_00_00_786482.html
http://www.chmi.cz/uoco/isko/isko2/exceed/summary/limit_2008_000-00-01_00_00_00_545121.html
http://www.chmi.cz/uoco/isko/isko2/exceed/summary/limit_2008_000-00-01_00_00_00_40608.html
http://www.chmi.cz/uoco/isko/isko2/exceed/summary/limit_2008_000-00-01_00_00_00_40653.html
http://www.chmi.cz/uoco/isko/isko2/exceed/summary/limit_2008_000-00-01_00_00_00_40997.html
http://www.chmi.cz/uoco/isko/isko2/exceed/summary/limit_2008_000-00-01_00_00_00_542040.html
http://www.chmi.cz/uoco/isko/isko2/exceed/summary/limit_2008_000-00-01_00_00_00_458291.html
http://www.chmi.cz/uoco/isko/isko2/exceed/summary/limit_2008_000-00-01_00_00_00_40645.html
http://www.chmi.cz/uoco/isko/isko2/exceed/summary/limit_2008_000-00-01_00_00_00_40635.html
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Monitoring of PM particles is nowadays common in both countries, from statistical 

data we can conclude, that highest concentration of PM particles are in industrial 

parts of countries and in neighbourhood of big cities. Situation in last 10 years is 

getting better [13], [19]. 
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3 Health impacts of PM particles 

3.1 Size and degree of lung penetration 

The particles of atmospherical aerosol subside in respiratory tract. The location of 

their capture is dependent on their size. Larger particles 10 - 30 μm are filtered by 

nasal hairs and sneezing and they are not causing serious problems. The particles 

smaller than 10 μm (PM10) can subside in middle respiratory tract (trachea and 

bronchi) and they influence our health. Generally, the PM2,5 poses a greater health 

risk because these particles can deposit deep in the lung and have a big probability 

to contain chemicals that are particularly harmful to health (see chapter - Chemistry 

of particles).  

 

Therefore the most dangerous for our health are particles smaller than 1 μm. These 

particles can be uptaken by the vascular system to the lower respiratory tract 

(alveoli), with subsequent engulfment by macrophages (Figure 4). These particles 

mostly contain adsorbed harmful cancerous components [20] (see chapter Chemistry 

of particles). 

Small particles generally induce more inflammation than larger particles, due to a 

relative larger surface area. The coarse fraction of ambient PM may, however, be 

more potent to induce inflammation than smaller particles due to differences in 

chemical composition. Experimentally, inhaled ultrafine particles have been 

demonstrated to pass into the blood circulation and to affect the thrombosis process 

[20]. 

 

http://slovnik.seznam.cz/?q=cancerous%20harmufull%20components&lang=en_cz
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Figure 4: Particle deposition in respiratory tract [15] 

 

The Environmental Protection Agency (EPA) has published the following summary 

of proven health effects of airborne dust, which divides the incidence of PM10 on 

short-term and long-term exposure [20].  

3.2 Short-term exposure to PM 

Cardiovascular and Systemic Effects: 

 Heart Rate Variability (HRV) – decrease in HRV among healthy older adults 

following to PM10, PM2,5  exposures [21] 

 Blood Pressure or hypertension – significant increase [2] 

 

Respiratory Effects: 

 Pulmonary Function – affect lung function in asthmatics, PM10, PM2,5  [22], [23] 

 Pulmonary Inflammation – increase in markers of inflammation in the airways 

following exposure to PM [21] 

 Pulmonary Injury – thickening of alveolar walls and increase in BALF protein 

(a marker of epithelial injury) [24] 
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 Allergic Responses – PM can alter the immune response to challenge with 

specific antigens and may act as an adjuvant to promote allergic sensitization 

[24] 

3.3 Long-term exposure to PM 

Cardiovascular and Systemic Effects: 

 Diabetes – insulin resistance, adipose inflammation and visceral adiposity [24] 

 Systemic Inflammation, Immune Function, and Blood Coagulation [24] 

 Cardiac changes - exposure to the high concentration of PM led to 

downregulation of genes involved in stress, antioxidant compensatory 

response, growth and extracellular matrix regulation, membrane transport of 

molecules, mitochondrial function, thrombosis regulation, and immune function 

 Cardiovascular Mortality - consistent association between long-term exposure 

to PM2.5 and increased risk of cardiovascular mortality [25] 

 

Respiratory Effects: 

 Pulmonary Function - decreases in lung function growth among school 

children were associated with long-term exposure to PM [24] 

 Allergic Responses - allergy is a major driver of asthma, which has been 

associated with PM positive skin prick test to common allergens was also 

increased with higher PM levels, atopic asthma was related to PM2.5 

 

3.4 Asthma  

Asthma is a chronic (long-term) lung disease that inflames and narrows the airways 

(Figure 5). Asthma causes recurring periods of wheezing (a whistling sound when 

you breathe), chest tightness, shortness of breath, and coughing. The coughing often 

occurs at night or early in the morning. Asthma affects people of all ages, but it most 

often starts in childhood. In the United States, more than 22 million people are known 

to have asthma. Nearly 6 million of these people are children [51]. 
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Figure 5: A) shows the location of the lungs and airways in the body. B) shows 

a cross-section of a normal airway. C) shows a cross-section of an airway 

during asthma symptoms [51] 

Epidemiological studies suggest that asthma symptoms can be worsened by 

increases in the levels of PM10. PM10 is a complex mixture of particle types and has 

many components and there is no general agreement regarding which component(s) 

could lead to exacerbations of asthma. However pro-inflammatory effects of transition 

metals, hydrocarbons, ultrafine particles and endotoxin, all present to varying 

degrees in PM10, could be important. An understanding of the role of the different 

components of PM10 in exacerbating asthma is essential before proper risk 

assessment can be undertaken leading to advice on risk management for the many 

asthmatics who are exposed to air pollution particles [51]. 

The working group (Dr. Robert Maynard, Department of Health of the United 

Kingdom and working group of international experts) defined that particulate matter 

(PM) causes post-neonatal respiratory deaths, impaired lung development, cough 

and bronchitis. They also found a direct causal effect of pollutants on aggravation 

and prevalence of asthma, increased respiratory tract infections, central nervous 

system symptoms and increased sensitization to allergens. It was difficult to separate 
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the exact individual pollutants as they often came from the same source and often 

one acted as a marker for another. Asthma understandably attracted much public 

interest. Asthma symptoms are made worse by air pollution. There was an asthma 

epidemic among children, despite the fact that air pollution generally was falling. In 

some schools in the United Kingdom, 30 % of children suffered from asthma although 

this was reducing for unknown reasons [27]. 

3.5 Effects of air pollution on children’s health  

Children were more susceptible to pollution than adults due to their high metabolic 

rate, greater activity, proximity to pollutants, developing detoxification processes, 

small airways, frequent respiratory infections, developing immune systems and 

overall susceptibility due to their changing, growing systems. Some children had 

specific vulnerabilities due to chronic disease, low birth weight or poverty. The 

damage from air pollution affected adulthood through reduced lung function and 

retarded lung growth [27]. 

Many reports were written about how pollutants (including PM) can affect children´s 

health. For example: 

“Children exposed to higher levels of particulate matter, nitrogen dioxide, acid vapor 

and elemental carbon, had significantly lower lung function at age 18, an 

age when the lungs are nearly mature and lung function deficits are unlikely to be 

reversed” [28]. 

“Children living in communities with higher concentrations of nitrogen dioxide, 

particulate matter and acid vapour had lungs that both developed and grew more 

slowly and were less able to move air through them. This decreased 

lung development may have permanent adverse effects in adulthood” [29].  

“Children who moved away from study communities had increased lung development 

if the new communities had lower particulate matter levels, and had decreased lung 

development if the new communities had higher particulate matter levels” [30]. 
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3.6 Effects of air pollution on population   

Exposure to PM10 concentrations can also result in less extreme health impacts such 

as days spent in bed, missed from work, or days in which activities are altered 

because of exposure to particles. These more minor impacts are collectively referred 

to as restricted activity days (RAD). Unlike the more severe health impacts, which are 

more likely to affect the elderly, or those with pre-existing medical conditions, RAD 

impacts are common amongst the general population. To more severe effects such 

as hospital admissions and premature mortality are predisposed the elderly and 

people with pre-existing conditions [31]. 

Dr. Michal Krzyzanowski of the WHO Regional Office for Europe noted that current 

estimated health impacts of fine particulate matter included an increased risk of death 

due to cardiovascular and respiratory diseases, and lung cancer. The reduction of life 

expectancy attributed to PM from anthropogenic sources amounted at present to an 

average of 8.6 months in the population of the European Union (EU 20). The country 

estimates ranged from 3.1 months (Finland) to 13.4 months (Belgium). These 

impacts should decline until 2020 to 5.4 months (EU average) with the impacts still 

the highest in Belgium (8.8 months).  Since only a fraction of all deaths could be 

linked with pollution, the individuals affected by the pollution would lose on average 

ca. 10 months of expected life time [27]. 
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4 Agglomeration 

During past approximately 40 years, agglomeration as science, technology, and use 

have experienced rapid growth without finding corresponding awareness at 

institutions of higher learning and the technical or process engineering communities 

[32]. Agglomeration means the action or progress of gathering particulate matter in a 

conglomerate. Conglomerate is a mass made up of parts from various sources or of 

various kinds [32].  

In this chapter I will describe binding mechanisms of agglomeration. In my research I 

used balling process for agglomeration of dust particles. In this process are important 

solid and liquid bridges which I deeply define in chapter 4. 

4.1 Binding mechanisms of agglomeration 

The binding mechanisms (Figure 6) of the different kinds of agglomeration may be 

solid bridges between the agglomerating particles, interfacial forces and capillary 

pressure in movable liquid surfaces, adhesion and cohesion forces in bonding 

bridges, which are not freely movable, attraction between solid particles and 

interlocking, depending on the shape of the particles [33]. 

 

 

Figure 6: Schematic representation of binding mechanisms acting between two 

particles [32] 
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4.1.1 Solid bridges 

Solid bridges (Figure 6a) may be formed by [33]: 

1) Chemical reactions. Depends only on the participating materials, their 

chemical reactivity, and their tendency to harden. Salts or mixtures of salts 

containing only a small amount of moisture may cake, even if they are stored 

in airtight containers, when exposed to varying temperatures. Another 

possibility to form solid bridges by crystallization of dissolved substances is to 

evaporate the liquid by drying [32]. 

2) Hardening bonding agents. If inorganic binders are added, a mortar bridge 

forms between the grains during curing [33].  

3) Crystallization of dissolved materials. If moist material is agglomerated and 

then dried, the solids dissolved in the liquid crystallize and may form solid 

bridges at the point of contact [33]. The strength of crystal bridges depends 

not only on the amount of the crystallizing material but also on the velocity of 

crystallization. At higher crystallization speeds a finer bridge structure is 

formed which results in higher strength [32]. 

 

These three principles are important in my work, because we used the theory 

in pelletizing experiments. Generally there also exist two other principles of 

solid bridges – sintering and melting. 

 

 Sintering. If the temperature in a disperse system rises above approximately 

two-thirds of the melting temperature of the solids, diffusion of molecules from 

one particle to another sets in at the point of contact [32].  

 Melting. In such a case liquid bridges develop which solidify quickly if no 

further energy is supplied. This mechanism is often responsible for unwanted 

agglomeration and caking of substances with low melting points. 

4.1.2 Adhesion and cohesion forces in not freely movable binders 

If highly viscous binders are applied, adhesion forces at the solid-fluid interface and 

cohesion forces within the fluid can be fully used for binding until the weaker of the 

two fails (Figure 6b) [32]. 
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4.1.3 Attraction between solid particles 

Even if no material bridges exist between the particles, attraction may exist and  

transmit tensile loads. These attractions may be of a molecular or electrostatic nature 

[33]. Important binding mechanisms in this category are van der Waals, electrostatic, 

and magnetic forces (only for ferromagnetic particles). At extremely small distances 

between the adhesion partners these forces can become very high but, due to their 

short range character, they diminish quickly with increasing distance (Figure 6d) [32]. 

4.1.4 Interlocking 

Fibres as well as flat and bulky materials can interlock or weave and fold about each 

other (Figure 6e). Such interlocking or form-closed bonding occurs only infrequently 

in disperse particle systems because the shape of their elements does not meet the 

above requirements. Strength depends only on the shape and material 

characteristics [32]. 

 

4.1.5 Interfacial forces and capillary pressure  

One of the most common binding mechanisms of wet agglomeration are liquid 

bridges (Figure 6c and 6f) at the coordination points between the particles forming 

an agglomerate. Liquid bridges can develop from free water or by capillary 

condensation. Liquid bridges are often the precondition for the formation of solid 

bridges [32].  

4.2 Liquid bridges 

A small quantity of liquid causes liquid bridges between the particles forming the 

agglomerate (Figure 7 (a)). This region is called the pendular state. By increasing the 

amount of liquid, the funicular state is obtained (Figure 7 (b)), where both liquid 

bridges and pores filled with liquid are present. The capillary state (Figure 7 (c)) is 

reached when all pores are completely filled with liquid, and concave menisci develop 

at the surface of the agglomerate. The last state, a liquid droplet with particles inside 

or at its surface, is an important mechanism for wet scrubbing. Corresponding to the 

two extreme patterns (Figure 7 (a) and (c)), different models exist for the theoretical 

determination of agglomerate strength with a transition range ((Figure 7 (b)) in 

between [32].  
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Figure 7: Different models of liquid distribution in wet agglomerates. (a) Liquid 

bridges on pendular state, (b) transition region, partially saturated pores, or 

funicular state, (c) capillary state, saturated pores, (d) liquid droplet filled with 

part 

The hardness of wet agglomerates is related to three factors: liquid binder surface 

tension, viscosity and interparticles frictions [34]. Capillary forces usually dominate in 

cases where the liquid exists as discrete bridges [32]. 

In our experiments by increasing the amount of liquid, the funicular state was 

obtained (Figure 7b), where both liquid bridges and pores filled with liquid was 

present. The capillary state was reached when all pores were completely filled with 

the liquid, and concave menisci develop at the surface of the agglomerate (Figure 

7c). The last state (Figure 7d), a liquid droplet in our case “mud ball” is an important 

mechanism for wet scrubbing but has no relevance for agglomerate strength. 

 

Viscosity 

Viscosity is a measure of the resistance of a fluid which is being deformed by either 

shear stress or tensile stress. Viscosity of the binders is important for hardening of 

wet agglomerates. We measured the dynamic viscosity of binders with vibration 

viscometer (SV-10, A & D Company). Dependence of dynamic viscosity on 

concentration of binders is in Figure 8. Both binders are highly viscous. 

 

http://en.wikipedia.org/wiki/Drag_%28physics%29
http://en.wikipedia.org/wiki/Fluid
http://en.wikipedia.org/wiki/Shear_stress
http://en.wikipedia.org/wiki/Tensile_stress
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Figure 8: Viscosity of binders (mPa.s) dependent on concentration of binders 

(wt. %) 

4.2.1 Attraction force transmitted by liquid bridge 

 

The maximal force that is transmitted through a liquid bridge between two spherical 

particles can be calculated according to Rumpf’s model for idealized particles (Eq. 

(1)). The total force F consists of two components: first one corresponding to the 

adhesion force caused by the “membrane” boundary force at the three phase 

interface of liquid/ solid/gas contact and second due the pressure difference outside 

and inside the bridge [32] [35]. 

 

𝐹 =  𝜋𝑥𝛾𝐿 sin 𝛽  sin 𝛽 + 𝛿 +
𝑥

4
 

1

𝑅1
−  

1

𝑅2
 sin 𝛽       (1) 

 

By dividing the total force F by 𝛾𝐿 and x, one can see that so obtained normalised 

force f is a function of 𝛽, 𝛿 and a/x, where a is the interparticle distance (Eq. (2)) [36]. 

 

𝐹

𝛾𝐿𝑥
= 𝑓  𝛽, 𝛿,

𝑎

𝑥
                                                                                                        (2) 
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𝛾𝐿  ... surface tension  

x ... particle diameter 

a ... distance between spheres 

β ... filling angle depending on the liquid 

volume 

δ ... solid/liquid contact angle 

R1,R2 ... principal radii of curvature of the 

gas/liquid interface 

Figure 9: Schematic representation of a liquid bridge between two monosized 

spheres [32] 

4.2.2 Tensile strength of moist agglomerate 

 

According to Rumpf [32] [33] resistance 𝜎 of macroscopic agglomerate consisting of 

a great number of particles can be estimated as follows: 

 

𝜎 = 𝐶
1−휀

휀

𝛾𝐿

𝑥
𝑓  𝛽, 𝛿,

𝑎

𝑥
                                                                                                   (3) 

 

where C is a constant of proportionality; 휀 is the porosity. 

 

4.2.3 Theoretical determination of capillary forces 

 

 Influence of the distance a  

As soon as particles are separated by a distance a, firstly f increases sharply and 

then stabilizes with the increasing liquid quantity, i.e. liquid bridge size. For small 

distances between particles, a almost constant value of the normalized force f is 

quickly obtained. If the distance a is greater than 10 % of the particle size, the 

attractive force is weaker and divided by two in comparison to particles in contact 

[36]. 
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 Influence of the contact angle 𝛿 

The highest attractive force is for a perfect wetting (𝛿 = 0). The attractive force f 

decreases as solid/liquid contact angle increases become equal to zero for 𝛿 = 90°. 

Although the hypothesis of a perfect wetting is often done in the literature [37], one 

can see that contact angle is of great importance as far as the attractive force 

between particles is concerned [36]. The liquid bridge force decreases with 

increasing separation distance when liquid bridge volume and granularity are 

constant, reaching the maximum as the separation distance approaches zero [53]. 

 

 Influence of the diameter x 

As results from equations 2 and 3 with increasing particle diameter is the attractive 

force decreasing. We have verified this statement in our measurements of strength of 

balls (see chapter 6.3). 

4.3 Agglomeration ways 

As it was once written in this work, agglomeration science, technology, and use have 

experienced rapid growth. And a lot of studies were concerned about the ways of 

agglomeration. There exist more possibilities, how can we agglomerate particles, 

e.g.: 

 Balling and Pelletizing 

Equipment used to accomplish spherically shaped particles imparts a rolling, 

cascading action to the dampened fines. When the action of this machine is 

required merely to affect a slight increase in the average particle size, so as to 

increase the bed permeability in a subsequent sintering machine operation, 

the process is called balling. When larger particles are prepared for 

subsequent heat hardening prior to charging into a blast furnace or open 

hearth, the process is called pelletizing [38].  

 Agglomeration in fluidized beds  

One of the most important problems is the occurrence of agglomeration at 

high temperature, meaning that bed particles adhere to each other to form 

larger entities (agglomerates). This process is often not recognized until 

sudden defluidization and often leads to a costly shutdown of the whole 

installation [39]. 
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 Acoustic agglomeration 

Acoustic agglomeration is a process in which high-intensity sound waves 

produce relative motion and collisions among fine particles suspended in 

gaseous media. Once the particles collide, they are more likely to adhere 

together to form larger structures – agglomerates [40]. 

 Aggregation in magnetic field 

In a magnetic field, the magnetized particles come into close proximity and 

adhere together under the inter-particle magnetic dipole force and other 

primary forces such as drag, Brownian, gravity and van der Waals [41]. 

 Aggregation by magnetic seeding 

The study on magnetic particle collision and aggregation has wide interest 

because of its applicability to many practical systems. Magnetic separation 

has been suggested as a recovery and pollution control process, such as for 

desulphurization of coal, for separation and concentration of mining ores and 

waste and for hybrid solid–liquid separation processes. Particle aggregation in 

magnetic field has also been used for delivering therapeutic drugs and 

purifying drinking water [41]. 

 Agglomeration of particles from coal combustion 

Agglomerating model of fine particles during the spray process was developed 

by combining rapid coagulation theory and analysis of the interaction between 

droplets and particulates. Systematic experiments were conducted in 

multistage spouted tower using several kinds of agglomerate solutions [42]. 

4.4 Balling and pelletizing process 

It is shown that for each material there is critical moisture necessary for optimum 

pelletization dependent upon particle size, size distribution, porosity, and nature of 

the material [43]. 

 

When individual particles are subjected to the rolling action in the machine, the force 

of gravity acting through one of the larger spherical bodies can apply a tremendous 

pressure on a small particle as its point of contact with that body or on the particles at 

the surface of the spherical body itself. As the particles are forced into intimate 

contact, some of the corners may be broken off, thus creating fines to fill in the void 
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spaces. It is believed that the capillary attraction caused by the water on the 

previously wetted particles coupled with molecular adhesion between the closely 

jammed surfaces than holds the particles together [38]. 

 

In order to join fines together successfully by balling or pelletizing, the many 

operating variables must be adjusted to the most desirable value if optimum results 

are to be obtained. These variables include the retention time within a given machine 

which is a function of the slope and the feed rate, the speed of revolution of the 

machine, the preparation of the sinter mix before balling, the preparation of material 

before making sized pellets, and the correct design of the machine in order to attain 

the best action for balling and pelletizing [38]. 

 

For a given machine at constant slope the retention time varies with the feed rate. 

The faster the rate the shorter is the retention time. When the feed rate is increased 

above the design capacity of the machine, the amount of balling or pelletizing 

generally decreases. Furthermore, a high feed rate often causes an increased build-

up of material in the machine, and the ensuing increase in depth may hinder the 

rolling action which is so necessary for good balling and pelletizing [38]. 

 

The green strength of pellets can be increased by increasing the total surface area of 

the particles in the mix with the use of an additive such as bentonite [38]. 

4.4.1 Balling of fine materials for lightweight aggregate production 

It is possible to produce a lightweight aggregate on a sintering machine from power 

plant fly ash. Thus a useful product is made from an otherwise troublesome waste 

material. In the past it has been common practice to add binder, such as bentonite, 

before the material can be successfully balled. However, it is possible to ball fly ash 

in the multiple-cone drum by adding about 20 % water and no binder [38]. 

Too much moisture tends to produce lumps, whereas too little results in soft pellets or 

none [43]. 

Our samples have density about 4 g/cm3 (see chapter 5.4). Density of power plant fly 

ash is about 2.5 g/cm3. 
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4.4.2 Green pellets formation 

The formation of green pellets in agglomeration process has been discussed by 

various investigators. Abdouzeid and Seddik calculated that pressures sufficient to 

form agglomerates are obtained at the point or small edge of contact between a 

pellet already grown to near its final size and a particle ready to be picked up under 

pellet [44]. Ban and Erck stated that the strength of green agglomerates is 

attributable to capillary forces in pellet pores and that capillary force is a function of 

the surface area of the pellet particles, the density of the particles, the porosity of the 

pellet, and the water content necessary to exclude all air pockets inside the pellet 

while not quite forming a continuous water film on the pellet surface [45]. More 

recently Rumpf have also discussed the formation of granules. These theories 

apparently account quite well for the observations with agglomeration of 

concentrates, but they do not offer much aid concerning the dynamics of pellet 

formation [33], [43]. 
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5 Physical and chemical analysis of dust samples 

 

Dust samples come from secondary dedusting process from steel plant in Germany. 

For technological research of agglomeration procedures for dust particles it is 

necessary to know the chemical and mineralogical characteristics of samples. We 

have used several methods for obtaining this information. Chemical analysis was 

carried out by X-ray fluorescence, mineralogical phase analysis was performed by X-

ray diffraction, the grain size analysis and electrostatic potential was measured by the 

analyzer ZetaPlus (Brookhaven).  

5.1 Elemental analysis 

Chemical analysis (X- ray fluorescence) of two samples A1 and A4.6 was realized at 

Hygienic Institute in Ostrava (Zdravotní ústav se sídlem v Ostravě, Centrum 

hygienických laboratoří). Results are expressed as concentrations in mg/kg.  Major 

elements are converted into oxides and their concentrations expressed in weight %. 

The concentrations of major as well as minor elements and trace elements in the 

samples were determined by means of X-ray fluorescence spectrometry on powder 

samples (pellets). An energy-dispersive X-ray fluorescence spectrometer (SPECTRO 

X-LAB) was used. 

 

Table 3: Results of chemical analysis of major elements converted into oxides 

 Concentration 
[Wt %] 

Recalculated concentration 
[%] 

A1 A4.6 A1 A4.6 

SiO2 6.12 6.14 6.44 6.45 

TiO2 0.15 0.15 0.16 0.16 

Al2O3 1.68 1.74 1.77 1.83 

Fe2O3 64.05 64.62 67.43 67.86 

MnO 0.31 0.31 0.33 0.33 

MgO 0.83 0.83 <0.87 <0.87 

CaO 17.21 16.79 18.12 17.63 

Na2O 2.02 2.02 <2.13 <2.12 

K2O 0.82 0.83 0.87 0.87 

P2O5 0.12 0.18 0.13 0.19 

SO3 0.68 0.65 0.71 0.69 

∑ 93,99 94,26 100 100 
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Table 4: Concentrations of trace elements and chlorides found in A1 and A4.6 
samples 

Concentration 
[mg/kg] 

 Concentration 
[mg/kg] 

 
A1 A4.6  A1 A4.6 

Ag 2.77 2.6 Nb 10 6.9 

As 26.9 21.8 Ni 118 110 

Ba 98 96.4 Pb 384 392 

Bi 1.7 1.7 Rb 53.2 52.1 

Br 125 120 Sb 2.27 2.1 

Cd 2 2.1 Se 8.03 8.5 

Ce 17.9 20 Sn 3.27 3.1 

Co 20 20 Sr 93.7 94.2 

Cr 191 206 Ta 8 8 

Cs 47.1 42.5 Te 1 1 

Cu 51.4 54.2 Th 24.6 30.6 

Cd 2 2.1 Tl 2.63 1.7 

Ga 0.7 0.7 U 2 2.2 

Ge 1.8 2.7 V 22.3 35.4 

Hg 1.7 1.7 W 5 5 

I 59.6 58.4 Y 12.8 11.6 

La 8.53 4.7 Cl 8490 8190 

Mo 6.1 2    

 

5.2 X-ray diffraction  

Mineralogical phase analysis was measured by X-ray diffractometer URD-6/ID3003 

(Rich. Seifert-FPM, Germany) under following conditions: CoKα radiation, Ni filter, 

40kV voltage, 35 mA current, 2Θ step mode with 0.05° step, with the 3s time per step 

and the digital processing of resultant data. These measurements were realized on 

Institute of Geological Engineering, VŠB-TU Ostrava. For comparison we have also 

measured mineralogical phase composition of the rest of the dust material after 

withdrawal of agglomerated balls for Xantan binder of concentrations 0.05 and 0.2 %.  
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A1 [Wt %] 

 

Amorphous 45.8 

Anhydrite 
CaSO4 0.56 

Calcite 
CaCO3 5.07 

Hematite 
Fe2O3 34.86 

Magnetite 
Fe3O4 10.43 

Quartz 
SiO2 2.2 

Wuestite 
FeO 1.04 

Figure 10: Mineralogical phase composition of A1  

 

 

A4.6 [Wt %] 

 

Amorphous 46.6 

Anhydrite 
CaSO4 0.61 

Calcite 
CaCO3 5.2 

Hematite 
Fe2O3 32.4 

Magnetite 
Fe3O4 10.22 

Quartz 
SiO2 4.03 

Wuestite 
FeO 0.97 

Figure 11: Mineralogical phase composition of A4.6 
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Xantan 0.05  

(waste) 

[Wt %] 

Amorphous 68.4 

Calcite 
CaCO3 3.83 

Ettringite 
(CaO)6(Al2O3)(SO3)3 

· 32 H2O 2.76 

Hematite 
Fe2O3 17.94 

Magnetite 
Fe3O4 4.16 

Portlandite 
Ca(OH2) 2.06 

Quartz 
SiO2 0.21 

Wuestite 
FeO 0.67 

 

 

Figure 12: Mineralogical phase composition of Xantan 0.05 agglomeration 
waste 

Xantan 0.2  

(waste) 

[Wt %] 

Amorphous 41.5 

Calcite 
CaCO3 6.65 

Ettringite 
(CaO)6(Al2O3)(SO3)3 

· 32 H2O 5.43 

Hematite 
Fe2O3 30.1 

Magnetite 
Fe3O4 8.26 

Portlandite 
Ca(OH2) 6.94 

Quartz 
SiO2 0.31 

Wuestite 
FeO 0.79 

 

 

Figure 13: Mineralogical phase composition of Xantan 0.2 agglomeration waste 

From the mineralogical phase analysis results that mineralogical composition of 

samples A1 and A4.6 is approximately the same, main part of the samples form 

amorphous phase (46-47 %) and hematite > 30 %. After the measurement of the rest 

of the dust material after withdrawal of agglomerated balls we have found out that 

with 0.2 % concentration of Xantan was the mineralogical composition similar to the 

A1 and A4.6 samples, but with utilization of 0.05 % concentration of Xantan 

contained the sample had more amorphous phase (68 %) and only 18 % of hematite. 

Amorphous
68%

Calcite
4%

Ettringite
3%

Hematite
18%

Magnetite
4%

Portlandite
2%

Quartz
0%

Wuestite
1%

Amorphous
42%

Calcite
7%

Ettringite
5%

Hematite
30%

Magnetite
8%

Portlandite
7%

Quartz
0%

Wuestite
1%



38 
 

 

Figure 14: RTG – diffractogram of A1 sample 

5.3 Magnetic susceptibility 

Magnetic susceptibility is the degree to which a material can be magnetized in an 

external magnetic field. The weight magnetic susceptibility of the samples was 

measured using a Bartington MS2 instrument and MS2b dual sensor at two 

frequencies (0.465 and 4.65 kHz). If average grain density and moisture content of 

the specimen are known, the specimen measurements can be compared with 

measurements on samples in situ. Susceptibility of these samples corresponds to 

content of magnetite of approximately 10-20 % [46]. 

 

Table 5: Magnetic susceptibility results 

 Magnetic susceptibility 

[Units SI] [m3/kg] 

A1 4671.4 · 10-5  25.452 · 10-6  

A4.6 4217.9 ∙ 10-5  24.203 · 10-6  
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5.4 Water leaching 

The analysis of the leachate was carried out according to EN 12506 Analysis of 

eluates – Determination of pH, As, Ba, Cd, Co, Cr, Cu, Mo, Ni, Pb, V, Zn, sulphates, 

chlorides, nitrites, nitrates and phosphates. Density of the sample was measured by 

pycnometer method.  

 

Leachates of the samples contain the highest concentration of chlorides among 

anions. Certain inorganic salts (called strong electrolytes) that readily dissolve and 

completely dissociate into their separate ions in water can raise the surface tension 

by modest amounts [47][47], so they can afford the particle agglomeration.  

 
Table 6: Sample density, conductivity, pH and combustible matter 

Sample 

number 

pH Conductivity Combustible matter  Density 

  [mS/cm] [%] [g/cm3]  

A1 12.47  9.03 7.09 3.67 

A4.6 12.53  9.30 7.05 4.05 

 

Table 7: Water eluate results 

Element A1 A4.6 

 

[mg/l] [mg/l] 

Al <0.003 <0.003 

As 0.074 0.057 

Cd 0.0018 <0.0002 

Co <0.0006 <0.0006 

Cr 0.0591 0.0523 

Cu 0.009 0.005 

Fe 0.044 0.006 

Hg <0.001 <0.001 

Mn 0.007 0.001 

Ni 0.0051 <0.0009 

Pb 2.9 2.78 

V 0.095 0.084 

Zn 0.131 0.057 

 Anions  

Cl- 1 034.7 1 004.3 

NO3
2- 1.961 1.98 

NO2
- 1.185 1.24 
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PO4
3- 0.129 0.159 

SO4
2- 293.00 327.00 

 

As we can see in the Table 7, water eluates of samples A1 and A4.6 are 

conformable. In sample A1 higher concentration of Cd, Fe, Ni and Zn were observed, 

and in sample A4.6 higher concentration of SO4
2- ions occurs. Difference in these 

samples is not so remarkable. 

5.5 Grain size analysis 

By this analysis we can measure total volume of grain size classes and its distribution 

in dependence on particle size. 

 

Table 8: Grain size analysis of sample A1 and A4.6 

 A1 A4.6 

Particle 

size  

Distribution Cumulative 

grain size 

Distribution Cumulative 

grain size 

[µm] H [%] V [%] H [%] V [%] 

1 0 3.9 0 3.4 

1.5 1 4.9 1.1 4.5 

2 1.4 6.3 1,5 6 

3 4.0 10.3 3.8 9.8 

4 3.0 13.3 2.9 12.7 

6 4.1 17.4 3.9 16.6 

8 4.4 21.8 4.1 20.7 

12 6.9 28.7 6.0 27 

16 6.8 35.5 6.3 33.3 

24 11.3 46.8 10.7 44 

32 10.2 57 10.1 54.1 

48 16.5 73.5 16.5 70.6 

64 10.1 83.6 10.9 81.5 

96 13.5 97.1 15.2 96.7 

128 2.6 99.7 3.0 99.7 

192 0.3 100 0.3 100 

 

H amount of particles assigned to size   

V amount of particles assigned or smaller than size  
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Figure 15: Grain size analysis of sample A1 and A4.6, distributive and 
cumulative % 

 

Figure 16: Grain size analysis of wet and dry sample, distributive and 
cumulative % 

For better understanding of agglomeration during the balling process we have also 

analysed the waste product from this process (rest of the dust material after 

withdrawal of agglomerated balls). This analysis was done for Xantan of two different 

concentrations 0.05 wt. % and 0.2 wt. %. In comparison with grain size analysis of 

samples A1 and A4.6, we found out by this analysis that 19.86 % (Xantan 0.2) and 

14.80 % (Xantan 0,05) of particles were in size fractions 351-2000 µm. In these size 

fractions there were no particles before agglomeration, which means that 

agglomeration was successful (in Figure 17). 



42 
 

 

Figure 17: Comparison of grain size analysis of the waste from agglomeration 

process 

5.6 Zeta potential  

Zeta potential analysis was done on the ZetaPlus (Brookhaven) zetameter at 

University of Tomas Bata in Zlin. The magnitude of zeta potential gives an indication 

of the potential stability of the colloidal system. If all the particles in suspension have 

a large negative or positive zeta potential then they will tend to repel each other and 

there will be no tendency for the particles to come together. However, if the particles 

have low zeta potential values then there will be no force to prevent the particles 

coming together and flocullating. Particles with zeta potentials more positive than +30 

mV or more negative than -30 mV are normally considered stable [48][48]. 

We have found out that zeta potential of sample A1 is ζ = -16.98 ± 3.03 mV and that 

of sample A4.6 is ζ = -9.13 ± 2.40 mV for pH 7 and for particle size 900 nm. 
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Figure 18: Zeta potential of A1 sample 

 

Figure 19: Zeta potential of A4.6 sample 

5.7 Scanning electron microscopy 

Microscopy analysis (SEM) was done at the Centre of Nanotechnologies at Vysoká 

škola báňská – Technická univerzita Ostrava. By this analysis we wanted to see the 

structure of agglomerated ball. For the microscopy measurement we used 

agglomerated ball with Diutan 0.2 wt. % concentration. We did this analysis to get 

better notion of structure and binding mechanisms inside the agglomerated ball. 
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Table 9: Results of chemical analysis of selected points and areas of sample 
from scanning electron microscopy 

 Point 

one 

Point 

two 

Area 

three 

Area 

four 

Point 

five 

[Wt %] [Wt %] [Wt %] [Wt %] [Wt %] 

 Al 3.51 11.27 16.57 4.15 - 

C - - - 6.97 - 

Ca 24.48 14.19 13.47 26.53 5.41 

Fe 28.15 13.91 12.72 14.24 1.10 

K 3.47 - - - - 

Mg 1.93 3.60 2.49 1.44 28.73 

O 32.73 39.51 35.27 39.11 34.69 

S 1.53 0.94 - 4.65 - 

Si 4.21 16.59 19.22 2.91 24.52 
 

 

Figure 20: Image from scanning electron microscope with point one, point two 
and area three, magnification 6500x 
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Figure 21: Image from scanning electron microscope with area four, 
magnification 8000x 

 

Figure 22: Image from scanning electron microscope with point five, 
magnification 500x 
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After scanning electron microscopy (SEM) analysis we could not recognize any solid 

bridges. Particles may adhere to each other by liquid bridges, which crystallized after 

drying (due to chlorides ions) (Figures 20-22). The main components found by SEM 

were: O (32 – 39 wt. %), Fe (12 – 28 wt. %), Ca (13 – 24 wt. %), Si (17 – 19 wt. %) 

and Mg (29 wt. %) (Table 9).    

 

As results from X-ray fluorescence, iron is the main component of the samples and 

by X-ray diffraction we have found out that 34 % (A1) / 32 % (A4.6) is hematite 

(Fe2O3) and 10 % (A1/A4.6) is magnetite (Fe3O4).  

 

From grain size analysis we can conclude that the maximal amount of grains we can 

find in particle size range of 24-96 µm (61.6 % A1 and 63.4 % A4.6), most of them 

are in size fraction 32-48 µm (16.5 % for both samples).  

 

From zeta potential measurements we can say that both samples have negative zeta 

potential but results are still in the area from 30 mV to -30 mV which means that 

these particles are unstable and they tend to agglomerate. This conclusion about 

zeta potential we can also find in [49] where authors measured zeta potential for 

hematite in range from +9 to -20 mV, dependent on pH of measured liquid. 

 

After mineralogical phase composition can we say that after the measurement of the 

rest of the dust material after withdrawal of agglomerated balls we have found out 

that with 0.2 Wt. % concentration of Xantan was the mineralogical composition 

similar for the A1 and A4.6 samples, but with utilization of 0.05 Wt. % concentration 

of Xantan contained the sample more amorphous phase (68 %) and only 18 % of 

hematite. From these results we may conclude that agglomeration with lower 

concentration of binder (0.05 Wt. % Xantan) formed the balls which contained more 

iron compounds (15 % more of hematite and 6 % more of magnetite) and the rest 

after withdrawal of agglomerated balls contained about 20 % more of amorphous 

phase. But for more exact conclusions we would need to do more measurements. 

 

After scanning electron microscopy (SEM) analysis we can say that the main 

components found by SEM were: O (32 – 39 wt. %), Fe (12 – 28 wt. %), Ca (13 – 24 
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wt. %), Si (17 – 19 wt. %) and Mg (29 wt. %) (Table 9).  On the images from SEM we 

could not recognize any solid bridges. Particles may adhere to each other by liquid 

bridges, which crystallized after drying (due to chlorides ions) (Figures 20-22).  
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6 Balling experiments 

6.1 Balling discs 

The balling disc is a simple, inclined, and shallow disc, which, due to the pattern of 

material motion, features and distinctive classification effect whereby only the largest 

pellets discharge over the rim [32]. 

Continuously operating balling discs for the agglomeration of fine particulate matter 

were first introduced in the cement, ceramics, and fertilizer industries. During the past 

twenty years the balling disc has found many additional uses for the agglomeration of 

fine powders. These applications utilize the special characteristics of the pan to 

economically produce narrowly sized pellets [32]. 

 

6.2 Equipment 

Balling disc we used consist of heavy, disc-like steel bottom to which, on one, the 

lower side, a shaft mounted in roller bearings is connected in the center and, on the 

other, upper side, a low rim is fastened around the circumference. The pan angle is 

variable, between 40° and 60° from the horizontal [32], but we use for our 

experiments the angle of 45°. Diameter of the pan 450 mm, height of the pan 120 

mm and turning speed of 15 turns/minute. 
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Figure 23: Balling disc, photos by Silvie Skrobankova 

6.3 Experimental set-up 

Typical “plastic additives” are clay-like materials that swell in the presence of water 

and provide certain stickiness to the mixture. In the iron ore industry, a widely used 

binder of this kind is bentonite [32]. We used for our experiments binders of Industrial 

Grade Xantan Gum and Diutan Gum. The amount of liquid added to the dry 

particulate matter also influences pellet shape. There exists critical moisture for each 

material which depends on particle size distribution, porosity and surface roughness, 

or, more generally, the specific surface of the powder, and the wettability of the solid 

by the liquid.  

In our experiments we were wetting the solid with finely atomized liquid sprays. We 

have wetted our samples with liquid – distilled/tap water + binder (114-354 ml), in 

dependence on the concentration of the binder. We can see the results in Figure 24. 

The higher concentration of liquid we used, the more reduced amount of liquid we 

needed. 
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Figure 24: Amount of liquid in ml per 1 kg of sample for binder of different 

concentrations (wt.%) 

In the pelletizing experiments we used for every experiment approximately 1 kg of 

sample and then we wetted the sample with the finely atomized liquid spray with 

Xantan and Diutan binders of wt. concentrations 0.2; 0.1; 0.05 and 0.01 % and we 

used distilled and normal tap water. Amount of liquid (distilled or tap water + binder) 

and agglomeration time were connected with the concentration of binder. Higher 

concentration of binder required less time for withdrawal of good agglomerated balls 

(Figure 25).  

 

Figure 25: Agglomeration time (min:s) for binder of different concentrations 

(wt. %) 
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During the balling experiment we observed the size and strength of agglomerated 

balls (see Figures 30-34). When the balls began to break, we removed the balls, 

which we consequently used as samples for further analyses.  

  

Figure 26: Agglomeration process in the balling plate, photos by Silvie 

Skrobankova 

First of all we weighed them, measured the average size of the balls and then we 

divided the balls into two groups. One group of samples we gave directly in the air-

drying oven with temperature about 109°C and after that we measured the strength 

of “dried balls” so called dry strength, with second part of samples was the 

procedure reverse. We measured the strength of the “wet balls” first and then we 

gave them into air-drying oven, so called wet strength (see Figure 30-32).  
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Figure 27: Measurement of the strength of agglomerated balls, photo by Silvie 

Skrobankova 

6.4 Results of agglomeration measurements 

After the agglomeration test and measurements of agglomerated balls we can 

compare average sizes and strength of balls.  

As we can see in Figure 28, balls after the agglomeration process with distilled water 

gave average size higher than the balls agglomerated with tap water. It can be 

caused due to the presence of chloride ions, dissolved in tap water. In the water 

eluates of samples we found a high concentration of chloride ions, also phosphates 

and sulphates. Exact values are in chapter 5 (5.4). Chloride ions can inhibit 

agglomeration of hematite. From mineralogical analysis of samples results, that 

approximately one third of samples forms hematite.  

Large sizes of balls we obtained with utilization of Diutan – 0.1 wt. % concentration.  
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Figure 28: Comparison of average sizes of agglomerates (mm) for binders of 

different concentrations (wt. %) 

From measurement of the average strength of agglomerates we can conclude that 

balls agglomerated with tap water were considerably firmer than balls agglomerated 

with distilled water. The firmest balls we got after agglomeration with Xantan – 0.2 wt. 

% concentration. 
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Figure 29: Comparison of the average strength of agglomerates (g/mm2) for 

binders of different concentrations (wt. %) 

As I mention in theoretical part (chapter 4.1.1) it can be due to the solid bridges, 

which may be formed between particles due to crystallization of some ingredients, 

chemical reaction, hardening of binders, and solidification of melted components. 

Solid bridges are mainly formed after cooling/drying of densified products. Highly 

viscous binders adhere to the surfaces of solid particles to generate strong bonds 

that are very similar to those of solid bridges. Many viscous binders harden after 

cooling and form solid bridges (Figure 8) [50].  

From measurement of the strength of agglomerates we can find some significant 

results. Using linear regression analysis I observed statistical dependence of strength 

on average size of agglomerates. We have two different experiments with balls which 

were broken first and then dried and balls which were first dried and then broken. 
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Dry strength: 

 

Figure 30: Strength of balls with Xantan 0.2 wt. % concentration + distilled 

water, dry strength 

 

Figure 31: Strength of balls with Xantan 0.1 wt. % concentration + distilled 

water, dry strength 

y = -0,0486x + 2,0594
R² = 0,4742

0,0

0,2

0,4

0,6

0,8

1,0

1,2

1,4

1,6

0 10 20 30 40

St
re

n
gt

h
 [

g/
m

m
2 ]

Average size [mm]

y = -0,164x + 4,8173
R² = 0,4392

0,0

0,5

1,0

1,5

2,0

2,5

3,0

3,5

4,0

0 5 10 15 20 25 30

St
re

n
gt

h
 [

g/
m

m
2 ]

Average size [mm]



56 
 

 

Figure 32: Strength of balls with Diutan 0.2 wt. % concentration + tap water, dry 

strength 

From measurement when we broke the balls first, we can conclude some statistical 

relationship. Dependence of strength on average size of agglomerates for Xantan 0.2 

wt. % DW (sprayed with distilled water) has 98 % significance, Xantan 0.1 wt. %DW 

has 99 % significance and Diutan 0.2 wt. % concentration (sprayed with tap water) 

has 95 % significance. From these results allows, that with increasing size of the 

balls is the strength decreasing. We can treat as optimal binder Xantan 0.1 wt. % 

concentration used with distilled water. 

Wet strength: 

 

Figure 33: Strength of balls with Xantan 0.1 wt. % concentration + distilled 

water, wet strength 
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Figure 34: Strength of balls with Diutan 0.05 wt. % concentration + distilled 

water, wet strength 

From measurement when we dried the balls first and then broke them we can also 

conclude some statistical relationship. Dependence of strength on average size of 

balls for Xantan 0.1 wt. % DW (sprayed with distilled water) has 99 % significance, 

and Diutan 0.05 wt. % DW has 98 % significance. In measurements with Xantan 0.1 

wt. % DW and Diutan 0.05 wt. % DW holds that with increasing size the strength 

decrease. We can treat as optimal binder Xantan 0.1 wt. % concentration used with 

distilled water also in this measurement. 

 

Generally we can conclude that from average strength measurement we reached 

better results with tap water, agglomerated balls were considerably firmer and Xantan 

0.2 wt. % concentration (dissolved in tap water) had highest average strength of 

balls. However when we compare it with strength of agglomerates of each 

measurement separately we got significant results with Xantan binder of 0.1 wt. % 

concentration DW (dissolved in distilled water) with 99 % of significance in both types 

of measurements (dry strength and wet strength). 
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7 Summary 

 

Subject of this work is to gain deeper knowledge of agglomeration processes of PM 

particles. Better understanding of behaviour of fine metallurgical wastes and testing 

of binding mechanisms and binders.  

1. Evaluation of physical and chemical properties 

For the research of dust behaviour we did chemical and physical analysis. From 

these analyses we can conclude: 

 The size of grains was measured by grain size analysis. We can conclude that 

the maximal amount of grains we can find in particle size range of 24-96 µm 

(61.6 % A1 and 63.4 % A4.6), most of them are in size fraction 32-48 µm (16.5 

% for both samples).  

 We did mineralogical phase composition by X-ray diffraction. Dust from 

secondary dedusting process from steel plant contained iron as main 

component, about 30 % of hematite and 10 % of magnetite. This composition 

may influence the agglomeration behaviour.  

 From zeta potential measurement results that both samples have negative 

zeta potential (-9 to -17 mV) and they tend to agglomerate. 

 Magnetic susceptibility of these samples corresponds to content of magnetite 

of approximately 10-20 %. 

 Leachates of the samples contain the highest concentration of chlorides 

among anions (1000 mg/l). Certain inorganic salts can raise the surface 

tension[47], so they can afford the particle agglomeration. Chlorides ions can 

also crystallize after drying and may form solid bridges at the point of contact.  

 After scanning electron microscopy (SEM) analysis we could not recognize 

any solid bridges. Particles may adhere to each other by liquid bridges, which 

crystallized after drying (due to chlorides ions) (Figure 20-22). The main 

components found by SEM were: O (32 – 39 wt. %), Fe (12 – 28 wt. %), Ca 

(13 – 24 wt. %), Si (17 – 19 wt. %) and Mg (29 wt. %) (Table 9).    
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2. Optimization of technological conditions for agglomeration 

After chemical and physical analysis of samples we started with testing of binders – 

Diutan gum and Xantan gum. For tests we used agglomerated balls.  As 

agglomeration method we have chosen balling process.  

 Balls after the agglomeration process with distilled water gave average size 

higher than the balls agglomerated with tap water (Figure 23). It can be 

caused due to the presence of chloride ions, dissolved in tap water. Chloride 

ions can inhibit agglomeration of hematite. 

 After measurements of average strength we reached better results with tap 

water then distilled water. Agglomerated balls were considerably firmer. It can 

be due to chlorides ions dissolved in tap water which crystallized after drying 

(Figure 24). 

 Xantan binder of 0.2 wt. % concentration (dissolved in tap water) had highest 

average strength of balls (Figure 24). 

 Strength of agglomerates of each measurement separately we got significant 

results with Xantan binder of 0.1 wt. % concentration DW (dissolved in distilled 

water) with 99 % of significance in both types of measurements (dry strength 

and wet strength) (Figures 26 and 28). 

 With increasing size the strength decreased. 

 We can treat as optimal binder Xantan of 0.1 wt. % concentration used with 

distilled water. 

Conclusions and results of my bachelor thesis can be further used for new off-gas 

system which has been constructed at the Department of Ferrous Metallurgy of 

RWTH Aachen University. This machine can agglomerate particles from industrial 

dust-loaded off-gas streams. The aim of this system is to abate the particulate matter 

of existing dedusting systems without high priced product innovation. 
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