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Abstrakt 
 

Diplomová práce je součástí společného projektu Technické University Vídeň 

(Rakousko), firmy ASH DEC Umwelt AG a města Vídeň. Práce se zabývá studiem separace 

těžkých kovů (zejména Cu, Cd, Zn, Pb, Ni) z popelového zbytku, jež vzniká spálením 

odpadních kalů z čističky odpadních vod. Tyto odpadní kaly obsahují značné množství látek, 

které mají vliv na zdárnou existenci, růst a rozmnožování rostlin (především vysoký obsah 

fosforu), ale zároveň také obsahují množství nežádoucích látek (organické struktury, těžké 

kovy). Tyto nežádoucí látky musí být odstraněny, aby bylo možno popel následně využívat. 

V prvním kroku jsou tedy odpadní kaly spáleny, čímž se odstraní veškeré organické látky. 

Dále se k popelu po spálení přimíchá aditivum na bázi chloru a voda. Poté se těžké kovy 

odstraní pomocí dalšího spalovacího procesu. Hlavní myšlenkou je následné využití tohoto 

upraveného popelu jako hnojiva pro zemědělské účely.  Separace byla provedena ve fluidním 

reaktoru se stacionární fluidní vrstvou a dále pro porovnání efektivity procesu v rotační peci. 

Veškeré experimenty byly provedeny v laboratořích Technické Univerzity Vídeň. 

Teoretická část obsahuje základní poznatky o odpadních vodách, jejich zpracování 

v čistírnách odpadních vod, vzniku a zpracování kalů, a teoretický popis fluidace jako 

stěžejního experimentálního procesu. 

V experimentální části práce jsou popsána zařízení, v nichž byl experiment proveden 

(tj. fluidní reaktor a rotační pec). Byly zkoumány a vyhodnoceny vlivy hlavních parametrů 

experimentálního procesu (teplota, průtok vzduchu, doba zdržení a velikost částic) na jeho 

účinnost. 

 

Klíčová slova: popílek z odpadních kalů, fluidní reaktor, dekontaminace, těžké kovy 
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Abstract 

 

This diploma thesis is a part of a joint project of Technical University of Vienna 

(Austria), ASH DEC Umwelt AG and the city of Vienna. The thesis investigates separation of 

heavy metals (especially Cu, Cd, Zn, Pb, Ni) from sewage sludge ash. Sewage sludge ash 

arises by burning sludge from municipal sewage treatment. Sewage sludge contains high 

amount of compounds, which have a good impact on growth and reproduction of plants 

(especially the high content of phosphorus). However, it also contains high amount of 

undesirable compounds which are hazardous for plants and for human health (organic 

compounds, heavy metals). These undesirable compounds must be removed in order to 

subsequently use the sewage sludge. In the first step all the organic compounds are removed 

from the sewage sludge by combustion. An additive based on chlorine and water is added 

after that. Heavy metals are removed by second combustion process. The aim of the process is 

to utilize the thermal treatment sewage sludge ash as fertilizer for agricultural purposes. The 

experiments were carried out in a fluidized bed reactor with a stationary fluid bed and in a 

rotary reactor. All experiments were performed in the laboratories of the Technical University 

of Vienna. 

The theoretical part contains basic information about wastewater, its treatment, 

fertilizers, formation and treatment of sewage sludge and theoretical description of the main 

experimental process – fluidization.  

The experimental section of the thesis describes the devices used during the 

experiment (fluidized bed reactor and rotary reactor) and the whole process is explained. The 

effects of key parameters of the experimental procedure (temperature, airflow, residential time 

and particle size) on process efficiency were investigated and evaluated. 

 

Key words: Sewage sludge ash, Fluidized bed reactor, Decontamination, Heavy metal 
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1. Introduction  

 
The production of sewage sludge demonstrably increases with the growing 

construction of public drainage systems and with the development of wasteswater treatment. 

Around 8 million tons of sewage sludge is produced in the member states of the European 

Union every year [8]. The sewage sludge is the main wasteproduct of the wastewater 

treatment and the biggest secondary source of phosphate. Phosphate is essential for plants 

growth, and it is used as a fertilizer in agriculture. The main raw material used in the 

industrial production of phosphate is the phosphates ore. The current phosphate reserves will 

sustain for next 100 years only [7]. It means it will be necessary to use another source of 

phosphate, sewage sludge. However, sewage sludge contains almost all of the undesirable 

pollutants (organic and toxic heavy metals) from wastewater. Incineration process destroys all 

organic pollutants and reduces the weight and the volume of the sludge. 

 
 

The common project of the Vienna University of Technology, ASH DEC Umwelt AG. 

company, and the city of Vienna deals with toxic heavy metals removal from the sludge 

incineration residue. The main focus of interest is the production of clean P-fertilizers without 

any toxic pollutants. 

 
 

The main goal of this thesis was to improve the removal of heavy metals from sewage 

sludge ash by a thermochemical process in fluidized bed reactor.  
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2. Theoretical part 

 

The main concepts of fertilizers, wastewater, wastewater treatment, sewage sludge and 

fluidization are briefly summarized in the teoretical part of this theses. They are necessary for 

analysis of the existent problem. 

 

 

2.1. Fertilizers 

 

Every plant needs necessary organic and inorganic substances for its growth. Other 

elements involved in construction of vegetable structures are carbon, hydrogen and oxygen. 

Plants structures are formed by carbon polysaccharide fibre, so it is possible to say, that 

carbon with hydrogen has primarily structural function. Pulp is a very important organic 

substance, which is essential for paper and textile industry. Plants consume carbon and 

hydrogen in matrix of ions from soil solution. However, plants need whole order next 

elements fixed in allied substances in order to grow and reproduce successfully. The elements 

which have largest substitution in plants bodies are nitrogen, phosphor, potassium, calcium, 

magnesium, iron and, sulphur. Magnesium, zinc, copper, boron, molybdenum and cobalt are 

included in plants body too but only in very small concentrations. Harmful elements for plants 

body are heavy metals (cadmium, lead, mercury, arsenic, chrome, selenium etc.) [9]. 

Fertilizers are very important for modern agriculture. They are responsible for 

substantial increases in crop yields, and they allow crops to be planted in soil that would 

otherwise be nutrient deficient. The relative significance of fertilizers is increasing as the 

population grows and more developing countries increase their fertilization rates. Yield 

increases from fertilized crops come at a cost; fertilizers are large energy consumers, 

accounting for about a third of energy consumption in US crop production [10]. 

Usage (production) of phosphate fertilizer started in the middle of 19th century, when 

its production from bones was patented.  

 

The main raw material currently used in the manufacturing of the P-fertilizer is apatite 

mineral. Apatite is a group of phosphate minerals which includes: fluorapatite Ca5(PO4)F3, 

chlorapatite Ca5(PO4)3Cl, hygroxilapatite Ca5(PO4)3(OH), carbonate-rich apatite and 

francolite. The term “apatite” is often used for fluorapatite, the most common of these 
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minerals. Apatite is found in igneous, metamorphic and sedimentary rocks. The most 

extensive deposits are the sedimentary “phosphate rocks”, which are mined to produce 

phosphate fertilizer [11]. 

Phosphate fertilizers are produced by adding acid to pulverized phosphate rock [12]. 

The consumption of fertilizer in active substances in the Czech Republic was 301 864 tons in 

the agricultural production year 2006/2007 [13]. 

It is estimated that the world population will increase by 2.9 billion people in the 

coming years and it will reach 9 billion in 2050. In view of this undiminished population 

growth, nutritional needs can only be secured by a further expansion of food production on 

existing farmlands, because the world’s cultivated area cannot be increased significantly. 

However, only more intensive agriculture adopting high-yielding crops would be able to boost 

harvests. Inevitably, total applications of fertilizers, especially an adequate supply of 

phosphates, will have to increase in modern high-yield cropping [5]. 

 

 

2.2. Phosphates ores 

 

Table 1. Mine production of phosphates ores and its reserves [7] 
 Mine production Reserves 
Country 2008 2009 2009

- thousand 
metric ton 

thousand 
metric ton 

thousand 
metric ton 

USA  30 200 27 200 1 100 000
Australia  2 800 2 500 82 000
Brazil  6 200 6 000 260 000
Canada  950 900 15 000
China  50 700 55 000 3 700 000
Egypt  3 090 3 300 100 000
Israel  3 090 3 000 180 000
Jordan  6 270 6 000 1 500 000
Morocco and Western 
Sahara 25 000 24 000 5 700 000

Russia  10 400 9 000 200 000
Senegal  700 700 80 000
South Africa  2 290 2 300 1 500 000
Syria  3 220 3 000 100 000
Togo  800 800 60 000
Tunisia  8 000 7 000 100 000
Other countries 7 440 7 000 950 000
World total 161 000 158 000 16 000 000
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Phosphates are the main elements of fertilizers. They are a limited non-renewable 

resource, which, as an essential plant nutrient, cannot be replaced by other substances. The 

main material for production of phosphate fertilizers is phosphate ores. The world’s reserves 

of phosphates ores are 16 billion tons (Table 1.). At the current demand of 158 million tons 

per year, the reserves would sustain global consumption for another 100 years [5][7]. 

 

 

2.3. Wastewater 

 

Wastewater is a combination of liquid- or water-carried wastes removed from 

residential, institutional, commercial and industrial establishments, together with ground 

water, surface water and storm water [2]. 

Wastewater may contain certain undesirable components, including organic, inorganic 

and toxic substances, as well as pathogenic or disease-causing micro-organisms [2]. 

The main groups of the organic solids in wastewater are proteins, carbohydrates, fats 

and oils [2].  

 

Wastewater can not be used in untreated form for several reasons: 

- Biological decomposition of the organic materials in wastewater consumes oxygen 

and thus reduces the quantity available in the receiving waters for the aquatic life. The 

decomposition also produces large quantities of malodorous gases. 

- Numerous pathogenic or disease-causing microorganisms in untreated wastewater are 

dangerous for human health. 

- Its toxic compounds, especially heavy metals, can be dangerous to both plants and 

animals. 

- The presence of phosphates and nitrogen may lead to uncontrolled growth of aquatic 

plants [2]. 
 

Hence it is necessary to reduce organic compounds and destroy pathogenic 

microorganisms, heavy metals etc. from wastewater before it is safe to use it again. All the 

undesirable substances (compounds) are concentrated in the sewage sludge thanks to the use 

of wastewater treatment processes. 
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2.4. Producing of sewage sludge 

 

Areas of high population density naturally produce really big amount of sewage 

sludge. Around 8 million tons of sewage sludge is produced in the member states of the 

European Union every year. Its high contents of organic materials, nitrogen and phosphorous 

makes it possible to use it as fertilizer for agricultural purposes [1]. 

 

Sewage sludge is among others a carrier of nutrients but it is often polluted with 

organics, such as hormones, antibiotics, persistent organic pollutants, and inorganics such as 

heavy metal compounds [3]. 

Raw sewage sludge is composed of organic compounds from more than 70 percent 

and this material is classified as hazardous waste [4]. 

Ashes from sewage sludge combustion are rich in phosphorus content, ranging from 4 

to 9 percent (Table 2.). The phosphorus, which is a valuable plant nutrient, is removed from 

the biological cycle using the current methods of disposal used for these ashes.  

 
 
 
Table 2. Chemical composition of average SSA samples from Swiss incinerators [5] 

 

 % dry weight of sample 

  
SSA Basel (average sample of 

the year 2003) 

SSA Wintherthur (average of 

three samples) 

CaO 22.8  22.7 

SiO2 18.2 20 

Al2O3 9.1 6.5 

Fe2O3 15.6 20 

P2O5 8.9(3.9%P) 21(9.2%P) 
MgO 2.3 3.1 

K2O 0.5 0.6 

Na2O 5.5 4.8 

TiO2 0.3 0.5 

MnO 0.1 0.1 

SO3 8.2 2 

Cl <0.1 <0.1 

LOI 11.7 - 

XRF measurement, error margin -/+ 0.2% 
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2.5. Wastewater treatment 

 

Wastewater from household on the city flows into a wastewater plant (Figure 1.) in 

pipelines or drains. The first phase in the plant is pre-treatment, where the largest materials 

(tree limbs, leaves, trash...) have to be removed, because they could cause problems during 

the treatment. Most of the removed material are sent to a landfill or incinerated.  

Racks and bar screens are used to separate smaller materials (cloth, paper, plastics, 

garbage...).  The influent waste water is strained to remove all large objects carried in the 

sewage stream [6]. 

 

 

 

 
Figure 1. Wastewater treatment plant [14] 
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2.5.1. Primary treatment 

 

Wastewater is passed through a primary sedimentation tank where solid particles of 

organic material are removed from the suspension by gravity settling. The resultant settled 

primary sludge is raked to the centre of the tank where it is concentrated and pumped away 

for further treatment (Figure 2.).  

The function of the primary treatment is to remove as much of the suspended solids as 

possible [15]. 

 
Figure 2. Sedimentation tank (1 – cylindrical box, 2  - inflow of material, 3 – stilling tank, 4 – 
water level, 5 – drain off water pipe,  6 – drain of sludge,  7 – spindle,  8 – skimming rod of 

the sludge)  [16] 
 
 
  

2.5.2. Secondary treatment 

 

The next stage is a biological process which degrades the biological content of the 

sewage which is derived from human waste, food waste, soaps and detergent by using 

naturally occurring micro-organisms. It is called activated sludge process [26]. 

The settled wastewater enters aeration tanks where air is blown into the liquid to 

provide oxygen for the growth of micro-organisms.  The “active biomass” uses the oxygen 

and consumes organic pollutants and nutrients in the wastewater to grow and reproduce [14]. 
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From the aeration tanks, the mixture of wastewater and micro-organisms passes into a 

secondary sedimentation tank (clarifier) where the biomass settles under gravity to the bottom 

of the tank and is concentrated as sludge. 

Some of this sludge is recycled to the inlet of the aeration tank to maintain the 

biomass, hence the name for the process – activated sludge. The remainder is pumped to 

anaerobic digesters for further treatment. 

The clarified wastewater is discharged from the secondary clarifier and passes through 

for tertiary treatment [14]. 

 

 

2.5.3. Tertiary treatment – advanced wastewater treatment 

 

The purpose of tertiary treatment is to provide a final treatment stage to raise the 

effluent quality before it is discharged to the receiving environment. More than one tertiary 

process may be used at any treatment plant [17]. 

 

Advanced wastewater treatment can be used to achieve any desired level of treatment. 
Advanced Wastewater Treatment can be defined as: any process designed to produce an 

effluent of higher quality than normally achieved by secondary treatment processes or 

containing unit operations not normally found in Secondary Treatment [15]. 

Additional treatment may be required if the treated wastewater is reused for purposes 

such as irrigation of food crops or where close human contact may result [14]. 

 

Types of tertiary processes: 

 

- Nitrification - is simply the conversion of ammonia to nitrate in the treatment plant 

rather than in the receiving water. 

- Lagooning - it is possible to use lagoons in which sunlight and other micro-organisms 

reduce the pathogens. 

- Biological denitrification. 

- Sand filtration – removes last suspended matter.  

- Disinfection – reduce the number of microorganisms in water by ultraviolet light, 

ozone, chlorine, chloramine. 

- Odors removal [27]. 

 18

http://www.sawater.com.au/SAWater/Education/OurWastewaterSystems/Wastewater+Treatment+Process.htm#sludge#sludge


2.6. Sewage sludge 

 

- is the main waste product from wastewater treatment plants; most of the undesirable 

compounds are concentrated in the sewage sludge. 

 

Various ways of sewage sludge treatment: 

- Landfiling 

- Composting 

- Fertilizing without treatment 

- Recultivation 

- Combustion. 

 

The most important treatment process for sewage sludge is the combustion, because it 

is possible to destroy all undesirable organic components by usage of high temperatures [28]. 

Sludge incineration uses a combination of several advantages that are not found in 

other treatment alternatives, including a large reduction of sludge volume to a small stabilized 

ash, which account for only 10 % of the volume mechanically dewatered sludge, and thermal 

destruction of toxic constituents [2] [28]. 

Already, incineration takes 24 % of the sludge produced in Denmark, 20 % in France, 

15 % in Belgium and 14 % in Germany. In the USA and Japan, 25 and 55 % of the produced 

sludge is incinerated [29]. 

The resources in sludge and solid waste remaining after incineration are nutrients and 

inorganic materials. Development of method how to recover these resources from incineration 

ashes will make handling of municipal waste and sewage sludge more sustainable [30]. 
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2.7. Heavy metals removing from  sewage sludge ash 

 

Sewage sludge ash is the main waste product of sewage sludge incineration. This ash 

contains high amount of phosphor which could be used as fertilizer. The main reason why 

sewage sludge ash cannot be used as fertilizer is the high content of heavy metals (especially 

cadmium, copper, lead and zinc). Hence it is necessary to remove these undesirable 

compounds to acceptable level for agricultural use. 

The schema of “cleaning” of sewage sludge is displayed figure 3. 

The incineration residues are ashes with high phosphor content which still contain heavy 

metal compounds above the limits for agricultural use [31]. 

 

 
Figure 3. Schematic of the pathways of organic and inorganic pollutants during the proposed 

treatment steps [3] 
 

 
 

An important process step in the extraction of heavy metals from their ores and 

concentrates is chlorination. Some of the important chlorinating agents are gaseous chlorine, 

hydrochloric acid, ferric chloride, carbon tetrachloride and some alkali or alkaline chlorides 

like NaCl, CaCl2 and NH4C1 [19]. 
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It is based on the high chemical affinity of the chlorinating agents towards heavy 

metals which can be achieved at relatively moderate temperatures compared to other methods 

(oxidation or reduction processes) [20]. 

The most commonly researched metal chloride is calcium chloride CaCl2 because of 

its high chlorination efficiency [20]. 

CaCl2 is added to the sewage sludge ash before the thermal treatment [21]. 

Before starting the thermal treatment process, sewage sludge ash and CaCl2 are mixed so that 

the ash-additive mixture contained 10 wt% of Cl on a dry basis. 

 

 

2.8. Reaction mechanisms of heavy metals removal 

 

Formation of Cl2 or HCl from CaCl2 depends on the water content, because calcium 

chloride is highly hygroscopic and forms several hydrates. The decomposition of the hydrates 

may occur under the following conditions, which are defined by a calcium chloride water 

system:  

 

CaCl2.6H2O (s) → CaCl2.4H2O(s) + 2 H2O(s,l)      -55 -30°C (1) 

CaCl2.4H2O (s) → CaCl2.2H2O(s) + 2 H2O(l)      30 -45°C (2) 

CaCl2.2H2O (s) → CaCl2.H2O(s) + H2O(l,g)      45 -176°C (3) 

CaCl2.H2O (s) → CaCl2(s) + H2O(g)      176 -260°C (4) 

[20] 

 

Anhydridous calcium chloride is formed at temperature above 260 °C. 

 

The decomposition of the calcium chloride to chlorine or hydrochloric acid is the next step for 

heavy metal removing according to this equation[20]: 

 

CaCl2 + H2O → CaO + 2 HCl  (5) 

or 

CaCl2 + ½ O2 → CaO + Cl2 (6) 
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Hydrochloric acid or chlorine react with heavy metals compounds. The volatile 

heavy metal chlorides are separated from the gaseous phase according to: 

2 HCl + ZnO → ZnCl2 + H2O     (7) 

or 

Cl2 + ZnO → ZnCl2 + ½ O2     (8) 

 

Heavy metal chlorides can be adsorbed on matrix material and may react with matrix material 

according to [35]: 

 

ZnCl2 + SiO2 + H2O → ZnSiO3 + 2 HCl    (9) 

 

By thermochemical treatment it is possible to reduce more than 90 % of heavy metals 

(most important Cu, Zn, Cd and Pb). The typical temperature is from 850 to 1100 °C. 

Operation at 1000°C is required to meet the legal limit value of the German Fertilizer 

Ordinance for Copper [22]. 

 

It is possible to use several types of reactors: 

- Rotary reactor (rotary kiln) – directly or indirectly heated tube, which is rotated slowly 

around its axis. The material to be processed is fed into the upper end of the tube. As 

the material gradually moves down towards the lower end, and may undergo a certain 

amount of stirring and mixing (Figure 4.) (continual process). It is possible to operate 

it in batch mode.  

- Fluidized bed reactor – using the principle of fluidization (next Chapter) 

 
 

 
Figure 4. Thermo-chemical treatment in a rotary furnace [3] 
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2.9. Fluidization 

 

lent fluidization, fast fluidization and dilute pneumatic conveying regimes 

igure 5.) [25]. 

 

 

The introduction of gas from the bottom of a column containing solid particles through 

a gas distributor can cause the particles to be fluidized. With the increasing gas velocity, these 

are the fixed bed, delayed bubbling or bubble free fluidization, bubbling fluidization, slugging 

fluidization, turbu

(F

 
Figure 5. Flow patterns in gas-solids fluidized beds [25] 
 

 through the void spaces (pores) without disturbing the bed. This is a 

xed bed process [32]. 

2.9.1. Historical development of the fluidization 

 which converted 

heavier petroleum cuts into gasoline by Standard Oil Company (Exxon). 

When a gas is pumped upward through a bed of fine solid particles at a very low flow 

rate, the fluid percolates

fi

 

 

 

1921 – The process was developed by Fritz Winkler to gasify coal in a fluid bed. 

1942 – Circulation fluidized bed - fluid catalytic cracking (FCC) process,
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1950 – Fluidized bed technology was applied to mineral and metallurgical processes such as 

drying, and sulfide roasting. 

1960 – The fluidization technology dramatically reduced the cost of  some important 

monomers (acrylonitrile, vinyl chloride). 

1970 – The fluidized bed process for synthesis of polypropylene  dramatically reduced the 

cost of this polymer. 

1970 – Fluidized bed combustion. 

Currently fluidized bed, we use for wide scale of industrial processes like drying, combustion, 

transport of materials, chemical reactions... [33] 

 

 

2.9.2. Definition of fluidization 

 

Fluidization is a process when fluids which flow through tube in gravity opposite 

direction forms suspension with solid particles. The whole surface of solid particles is in 

contact with fluids (liquid) and there is intensification of processes.  

 

Fluidization processes are used in: 

- Transport of granular material 

- Mixing of granular material 

- Drying 

- Energy industries 

- Catalytic reaction     

 

Fluidized beds behave like a liquid, thus there is a space for better manipulation of 

granular material. Solid elements are equally and intensively circum-fluenced by liquid or 

gas, so the contact of interphase solid – liquid is much better. Typical application of the 

fluidization is chemical reactors in gas or liquid phase, where the catalyst is solid material 

(hydrocarbon cracking). However, the main area of the usage of the fluidization is combustion 

of powder materials [23]. 
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2.9.3. Main parameters of fluidization 

 

According to the fluid velocity level we can divide the behavior of the granular 

material into three areas: 

- Stationary fluidized bed  (0 ≤ u < umf ): particles of the solid material does not change 

their position, void fraction of the bed is constant (ε = ε0), pressure drop increases with 

the fluid velocity (Figure 6.). 

- The fluidized bed (umf ≤ u < ut): when the fluid velocity is higher than the superficial 

minimum fluidization velocity level, the solid particles can move throughout the 

whole fluidized bed, porosity and height of the bed h are increasing along with the 

fluid velocity. The pressure drop of the fluidized bed is virtually unchanged  

(Δp = const.) (Figure 6.) 

- Blown out of the bed  (u ≥ ut): when the fluid velocity level is equal or higher than 

terminal fluid velocity ut the solid particles leave the reactor [18].  

 

You can see that the existence of the fluidized bed area is defined as an area of superficial gas 

velocity υ є <u
0 ; ut

> ; (u
0
 - minimum fluid velocity, ut

 - terminal fluid velocity) 

 

 
Figure 6. Pressure drop dependence on fluid velocity 
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- The fluid velocity is defined by the equation:  

υ = V˙/ S        (10) 

( V˙- fluid flow, S – square section) 

- The void fraction of  the bed is defined by means of  the volume of all particles V
p
  and 

total volume V
B
:  

ε = ( V
B 

- V
p 
) / V

B
 

- The pressure drop Δp - is the result of frictional forces on the fluid as it flows through 

the fluid bed. Pressure drop is the result of frictional forces on the fluid as it flows 

through the fluid bed. The pressure drop of a fluidized bed Δp has a value 

approximately equal to the weight of the particles, reduced by buoyancy per unit 

internal diameter of tube S and it is given by the equation: 

Δp
 
≅ V

p 
(ρ

p 
- ρ

f 
) g / S       (11) 

(g - acceleration due to gravity, ρ
p
 – density of solid particles, ρ

f
 – density of fluid) 

 
 

2.9.4. Size of particles 

 

 A common flow in combustion processes in fluid bed reactors is less than                

100 kg.m-2.s-1 and particles belong to class B of Gerardote classification [23]. 

Geldart classified particles into 4 groups A – D according to the possibility to create 

fluidized bed with the use of air. The most important factors are: difference in density of 

particles and gas and the size of particles.  

 

 
Figure 7. Geldart's diagram [24] 
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The Geldart's diagram, which was originally based on empirical observations on beds 

fluidized by air at ambient conditions, has been routinely used to predict the type of gas 

fluidization expected for a granular material [34]. 

However, the Geldart's diagram (Figure 7), based on particle size and density, is currently not 

a very useful tool for the prediction of the fluidization behavior of many fine and ultrafine 

cohesive powders. 
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3. Experimental part 
 

The experimental part of this thesis describes the process of heavy metals removal 

from sewage sludge ash. The experiment was investigated by using a sample of Sewage 

Sludge Ash from incineration treatment plant in Vienna (Fernwärme Wien - Austria). The 

sample which was used for the experiment consisted of granulated sewage sludge ash and 

chlorine-additive particles. Thermochemical treatment was performed in both fluidized bed 

reactor (bubbling mode) and rotary reactor (batch mode) in order to compare these processes.  

 

The sample was analyzed to elemental analysis by Inductively Coupled Plasma 

Optical Emission Spectroscopy (ICP OES). The main heavy metals (Cu, Cr, Cd, Ni, Pb, Zn) 

were compared before and after the experiment. 

 

An influence of these main parameters was investigated and analyzed:  

- Temperature 

- Gas velocity (flow)  

- Residence time 

- Size of particles 

 

 

The experiments description can be found in the experimental part of printed version 

of this diploma thesis. The experimental part contains secret information about the whole 

treatment process and presently it is impossible to publish it. The fluid bed unit configuration, 

the rotary reactor configuration, the description of heavy metals decontamination from 

sewage sludge ash, all results including discussions and conclusion are part of the printed 

version.  

The printed version is stored in the library of the Department of Physical Chemistry 

and the Theory of Technological Processes of VSB - Technical University of Ostrava and in 

the library of the Institute of Chemical Engineering of Vienna University of Technology. 
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4.   Conclusion  

 
 

 The submitted diploma thesis deals with decontamination of heavy metals from 

sewage sludge ash in fluid bed unit and rotary reactor, which were used to 

compare the removal efficiency. 

 

 We focused on problematic heavy metals (Cu, Zn, Pb, Cd). 

 

 The most important investigated parameters were temperature and retention 

time.  

 

 The effect of temperature on heavy metal removal depends strongly on the type 

of heavy metal. Both cadmium and lead were removed very easily regardless the 

value of tested temperature. On the contrary, the efficiency of zinc and copper 

removal was influenced by temperature; higher temperature leads to more 

efficient removal. 

 

 Another important condition was retention time, which also depends on the type 

of heavy metal. We assume that it is necessary to apply longer retention time in 

order to achieve higher efficiency of copper and zinc decontamination from 

sewage sludge ash.   

 

 Another parameters (air flow, sample size) did not have such significant 

influence on separation of heavy metals from sewage sludge in comparison with 

previously mentioned parameters (temperature and retention time).   

 

 Separation of zinc and copper seemed to be the most problematic one. Special 

attention should be focused on these two elements in future experiments.  

 

 Excellent results in separation of lead and cadmium were achieved.  
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