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INTRODUCTION 
 
 Due to the ever-increasing demand for energy, fossil fuels will continue to be 
the dominant source of primary energy production globally in the coming 
decades. Environmentally safe disposal and/or reuse of solid wastes, as well as 
controlling atmospheric emissions of the greenhouse gas carbon dioxide (CO2) 
are currently the key challenges related to the extensive use of fossil fuels 
(especially low-grade solid fuels) in heat and power production.  
 In Estonia, about 93% of locally excavated low-calorific fossil fuel - oil shale 
- is consumed by power plants, which produce over 95% of Estonian electricity 
and a great part of the nation’s thermal power. Combustion of oil shale is 
characterized by elevated specific carbon emissions (29.1 tC/TJ) due to its high 
content of mineral carbonates. The power sector is also responsible for 
producing enormous amounts (~6 Mt annually) of calcium-rich ash, most of 
which is deposited in waste piles due to current lack of practical applications. 
This then becomes a source of solid and liquid pollutants.  
 In order to secure sustainable use of oil shale as a primary energy source, the 
environmental impacts of oil shale energetics, including CO2 emissions, should 
be minimized. Unfortunately, no suitable geological formations are known to 
exist in Estonia for storing captured CO2. A possible technology that can 
contribute to the reduction of CO2 emissions is CO2 sequestration by mineral 
carbonation, an artificial process mimicking the natural weathering of rock, in 
which metal oxide-bearing materials, for instance natural silicate minerals 
(serpentinite, olivine) react with gaseous CO2 to form solid carbonates. 
Moreover, efforts in the direction of waste minimization have evoked a new 
strategy for achieving cost-effective CO2 sequestration processes, i.e. upgrading 
Ca/Mg-containing industrial residues (metallurgical slags, combustion ashes, 
etc.) into products with high commercial value via the carbonation route. In the 
context of Estonia, special interest should be paid to oil shale ashes which 
contain a considerable amount of free lime (10-30 wt%, depending on the 
combustion technology) as the most active compound. It is our belief, that the 
usability of oil shale waste ash could be diversified by utilizing it as an 
inexpensive calcium (lime) source in an indirect carbonation process for 
producing precipitated calcium carbonate (PCC)-type material. PCC is currently 
produced in a multi-stage process that requires large amounts of energy and uses 
expensive high-quality raw material (limestone). PCC production using oil shale 
ash could have considerable commercial importance in the paint, plastics, rubber 
and paper industries. Other potential advantages of this approach are safer 
disposal of wastes, the long-term fixation/storage of CO2 emissions and alkaline 
wastewater neutralization. 
 While implementation of oil shale ashes as sorbents for binding CO2 from 
flue gases in direct aqueous carbonation has been found to be promising, this 
process produces a mixture of carbonation products and residual ash from which 
the separation of individual components is difficult. In indirect (or multi-step) 
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processes, the component of interest (Ca ion) is first extracted from the waste 
material into an aqueous solution, which is then reacted with flue gas CO2 to 
form a solid precipitate in the next stage. The indirect aqueous process is 
currently considered as the most attractive route for producing separate streams 
of carbonates and other materials for further recovery. Despite the more complex 
reactor system, a major advantage compared to the direct process is that there is 
no need for balancing dissolution and precipitation reactions in a single vessel. 
This new and attractive alternative, however, requires basic and applied research 
to fully understand the mechanisms involved before this type of technology can 
be applied on an industrial scale.  
 Therefore, the objective of this work was to generate a knowledge base that 
can lead to the development of a new method for converting lime-containing oil 
shale waste ash into PCC, a valuable commodity, using ash as a source of 
calcium. In achieving this goal, the mechanisms, kinetics and dynamics of the 
multi-step process must be understood and the main stages mathematically 
described. A secondary target was to characterize the crystalline product of this 
process in terms of composition, particle size, morphology and textural 
properties over a wide range of operating conditions. 
 
Acknowledgements  
 
 This thesis is based on the work carried out at the Laboratory of Inorganic 
Materials LIM (Tallinn University of Technology TUT, Estonia) as well as at 
the Laboratory of Separation Technology (Lappeenranta University of 
Technology LUT, Finland). Financial support for the research was provided by 
the Estonian Ministry of Education and Research (SF0140082s08), the Estonian 
Science Foundation (Grant No 7379) and the Centre for International Mobility 
(Finland; TM-07-5319). This work was also partially supported by the graduate 
schools “Functional materials and processes” funded by the European Social 
Fund under project 1.2.0401.09-0079 in Estonia and “Doctoral School of New 
Production Technologies and Processes”.  
 I would like to express my sincere gratitude to my supervisors, lead research 
scientist Rein Kuusik and senior research scientist Prof. Emeritus Juha Kallas 
(LIM, TUT), for their guidance, support and encouragement. I wish to thank my 
colleagues at LIM (TUT) for their valuable assistance and consultations, 
especially Dr. Mai Uibu, Helle Ehala and Jaanika Aavik. Special thanks for 
fruitful collaboration and consulting go to all my colleagues at LUT, especially 
to Prof. Marjatta Louhi-Kultanen and DSc. Marjaana Hautaniemi. I am also 
grateful to Prof. Kalle Kirsimäe and Dr. Valdek Mikli for their help with the 
performance of XRD and SEM measurements. The contributions of Dr. Markku 
Kuosa (LUT), Markku Maijanen (LUT), Esko Kukkamäki (UPM-Kymmene 
Corp.) and the technical assistance of Endel Kalnapenk are also greatly 
appreciated. Finally, I owe great gratitude to my family, whose support and 
encouragement has helped me greatly throughout my studies. 



12 
 

LIST OF ABBREVIATIONS AND SYMBOLS 
 
Abbreviations 
 
BET 
 
BSF 
CCS   
DAC  
FBC 
FT-IR  
IAC  
PCC    
PF  
SEM    
SSA 
TC    
TA    
XPS 
XRD 
 

Brunauer-Emmett-Teller particle surface area 
determination method 
total sulfur and its bonding forms analysis 
carbon dioxide capture and storage  
direct aqueous carbonation 
fluidized bed combustion 
Fourier transform – infrared spectroscopy  
indirect aqueous carbonation 
precipitated calcium carbonate  
pulverized firing 
scanning electron microscopy  
specific surface area 
total carbon content  
thermoanalysis 
X-ray photoelectron spectroscopy 
X-ray diffraction  
 

Chemical compounds, minerals 
 
CaCO3    
Ca3Mg(SiO4)2 
Ca(OH)2   
CaSiO3   
Ca2SiO4 
CaSO4 

 

calcium carbonate (calcite, aragonite, vaterite); limestone  
merwinite 
calcium hydroxide; hydrated lime; portlandite 
calcium metasilicate; wollastonite 
calcium silicate 
calcium sulfate; anhydrite 

Symbols 
 
c (c*) 
cco2 
dmean 
Ds 
E 
I 
[i] 
K 
kH  
Ki  
kii 
kL  

 
specie (equilibrium) concentration in the liquid phase 
CO2 content in the inlet gas  
mean diameter 
the solid phase effective diffusion coefficient 
mass transfer enhancement factor  
ionic strength 
molar concentration of the specie i 
overall mass transfer coefficient  
Henry's law constant  
equilibrium constant  
reaction rate constant  
liquid phase mass transfer coefficient  



13 
 

kLa 
ks  
Kw 
M  
m 
N 
n 
Ni 
P 
PN 
Q 
q (q*) 
 
R 
R2 
S 
S0 
T 
t 
V 
v 
zi 
Z 

volumetric mass transfer coefficient 
solid phase mass transfer coefficient  
water solubility product  
molar mass 
the slope of the equilibrium line q*=f(c*)  
rotation speed of the stirrer 
number of theoretical sections  
molar flux of the specie i 
atmospheric pressure  
stirrer power consumption 
volumetric flow rate  
substance (equilibrium) concentration in the solid (ash) 
phase  
radius  
correlation coefficient 
cross-sectional area  
specific surface area (surface area/volume) 
temperature  
time 
volume  
average axial velocity of the fluid in the interstitial spaces 
ion charge  
height coordinate 

 
Greek symbols 

ε porosity 
ρ density 
τ time 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 



14 
 

1. LITERATURE REVIEW 
 
 The current thesis investigates the possibility of obtaining a precipitated 
calcium carbonate (PCC)-type material as a valuable by-product from Estonian 
oil shale waste ash for the long-term storage of carbon dioxide (CO2) using a 
multi-step carbonation route.  
 In this Chapter, a short up-to-date overview of the various CO2 capture and 
storage options, including mineral carbonation, is given with an emphasis on the 
advantages of the latter in general and particularly in the context of industrial 
residue and by-product utilization. The literature review also provides insight 
into the production methods for PCC, including alternative approaches to 
implementing industrial residues. Also, various factors affecting PCC 
characteristics in the precipitation process are discussed. Furthermore, the 
environmental issues of importance within the Estonian oil shale-based power 
production industry are highlighted.  
 
1.1 Aspects of CO2 capture and storage (CCS) 
  
 Today, approximately 85% of the world’s energy consumption is based on 
fossil resources. Unfortunately, fossil fuel-based heat and power production has 
raised multiple environmental concerns worldwide, including vast amounts of 
atmospheric emissions of the greenhouse gas CO2 released as a result of 
combustion. According to the International Energy Agency (IEA), the global 
annual energy-related CO2 emissions were the highest in history in 2010, a 
record 30.6 Gt. Altogether, power and industrial plants emit more than half of 
global man-made CO2 emissions, whereas the other half stem mainly from 
transportation and buildings. The level of CO2 in the atmosphere has increased 
from 280 (1750) [1] to 394 ppm (2011) [2] since the beginning of the industrial 
revolution, with much of this rise being attributed to the increased use of fossil 
fuels such as coal, oil and natural gas for energy supply [3]. Carbon dioxide 
(CO2) is one of the major atmospheric contributors to the greenhouse effect. The 
impact of climate change due to the assumed enhanced greenhouse effect is an 
ongoing problem facing scientists, governments and the general public at a 
global level. The potential future effects of global climate change include 
melting of polar ice caps and glaciers, increased extreme weather occurrences 
such as flooding and droughts, rising sea levels, spreading of diseases and 
extinction of endangered species [1]. According to the Intergovernmental Panel 
on Climate Change (IPCC), it is imperative that we prevent a global warming of 
more than 2ºC in order to stop the most dramatic consequences of climate 
change. As our standard of living improves, world energy consumption will 
increase significantly and drawing alone on measures such as (i) improving the 
efficiency of energy production and utilization, (ii) increasing the use of 
renewable (solar, wind, biomass) energy sources or nuclear energy and (iii) the 
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expansion of natural CO2 sinks by forestation, will be insufficient to combat the 
greenhouse emissions challenge [1].  
 Carbon dioxide capture and storage (CCS), also known as “CO2 
sequestration” is internationally considered to be one of the most promising 
emerging technological concepts for reducing atmospheric emissions of CO2 in 
the relatively short term. In CCS technologies, instead of being discharged 
directly into the atmosphere, the flue gas from a stationary CO2 source, such as a 
fossil fuel-powered energy plant, is directed to large tanks where the CO2 is 
separated from a mixture of several different gas components to get the smallest 
possible volume for transport and storage as well as to eliminate possible 
corrosion problems. This separation process is often referred to as CO2 capture. 
After capture, dried and compressed CO2 is transported to a suitable storage 
location, either by pipeline or by ships, and subsequently stored for long-term 
isolation from the atmosphere [4]. The concept of CCS is portrayed in the Fig. 1, 
demonstrating CO2 storage options.  
 

 
 
Figure 1. Schematic diagram of possible CCS systems [4, 5]   
 
 There are three main types of CO2 capture systems: post-combustion, pre-
combustion and oxy-fuel combustion. In a post-combustion process, CO2 is 
separated and captured from the flue gases after combustion. With pre-
combustion carbon capture CO2 is trapped before the fossil fuel is burned. In 
this case, the fossil fuel is partially oxidized, for instance in a gasifier, and the 
resulting syngas (CO and H2) is converted into CO2 and more H2. The CO2 is 
captured from a relatively pure exhaust stream before combustion takes place 
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and the H2 is used as fuel. A third option (called oxy-fuel combustion) is to 
combust the fuel (coal, gas) with pure oxygen instead of air, resulting in a flue 
gas comprising mostly CO2 and water vapor that are separated by cooling and 
compressing the gas stream. This promising technique is still under development 
as the challenge is to efficiently separate pure oxygen from air [4-6].  
 A number of separation methods exist for CO2 capture, the most common 
commercially available technology being absorption with monoethanolamine 
(MEA) followed by stripping with steam [7]. This technology in its current state 
is energy-intensive and costly [4]. To overcome the limitations of the existing 
systems, numerous other technologies are being developed, including new 
absorption liquids [8, 9], adsorption systems [10], gas separation membranes [5, 
11], cryogenic separation methods [12] and chemical-looping combustion [13, 
14]. The available technology captures about 85–95% of the CO2 processed in a 
capture plant. Many of the post-combustion capture systems have the advantage 
that they can become add-ons in existing fossil fuel burning power plants. The 
post-combustion process, however, requires a lot of energy to compress the gas 
enough for transport. The pre-combustion process is lower in cost, but cannot be 
retrofitted on older power plant generators [4]. 
 Storage of CO2 is envisaged either in deep geological formations [15-17], in 
deep ocean masses [18, 19], or in the form of mineral carbonates [20] (Fig. 1). 
Geological storage involves injecting CO2, generally in supercritical form, 
directly into underground geological formations below the Earth’s surface. 
Depleted oil and gas fields [21], saline formations [22] and unminable coal 
seams [23] have been suggested as storage sites. Various physical (e.g. highly 
impermeable caprock) and geochemical trapping mechanisms would prevent the 
CO2 from escaping to the surface [24, 25]. From the proposed methods for CO2 
deep ocean storage, (i) CO2 dispersal in a very dilute form at depths of 1000-
2000 m is thought to be the most promising in the short-term. Other options 
include (ii) discharge at 3000 m to form a lake of liquid CO2 on the seabed; (iii) 
formation of a sinking plume to carry most of the CO2 into deeper water; (iv) 
release of solid CO2 at depth [4]. 
 Although the list of possible demonstration projects is growing, there are 
currently only four full-scale CO2 projects in operation worldwide which are 
involved in removing CO2 from natural gas and sequestering it in geological 
formations nearby [4, 6]: (i) the Sleipner project in the North Sea off the western 
coast of Norway [26]; (ii) the Snohvit project in the Barents Sea north of 
Norway; (iii) the In Salah project in Algeria and (iv) the Weyburn project in 
Canada, where CO2 is injected into an oilfield for the purpose of enhanced oil 
recovery (EOR). 
 The largest potential for CCS as a strategy for reducing CO2 emissions is 
fossil fuel power plants. However, current CCS technologies require a lot of 
energy to implement and run; up to 40% of a power station’s capacity, most of 
which is for capture and compression [4, 27]. In addition to cost, a major 
environmental concern within the CCS scheme is the risk of CO2 leakage from 
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underground or submarine storage into the atmosphere. In the case of deep ocean 
storage, there is also a risk of greatly increasing the problem of ocean 
acidification. Higher water acidity adversely affects marine life. Another issue is 
that dissolved CO2 would eventually equilibrate with the atmosphere, so the 
storage would not be permanent [28, 29]. Geological storage would require 
infinite continuous monitoring of the large amounts of concentrated CO2 present, 
because of possible leakage or accidental rapid release of CO2 into the 
atmosphere, which may cause health risks due to asphyxiation and/or inflict 
measurable ecosystem damage [30, 31]. Furthermore, barriers such as public 
perception, regulatory issues and the risk of induced seismicity [4] will most 
likely slow down the implementation of subsurface CO2 storage and will in turn 
attract interest towards alternative CCS sequestration techniques. Among these 
is mineral carbonation that can potentially store large amounts of CO2 in a safe, 
permanent and environmentally benign manner. This topic is the subject of the 
following Section 1.2. 
 
1.2 Mineral carbonation 
 
1.2.1 Basic principles and advantages   
 
 Mineral carbonation was first mentioned as a CO2 binding concept by Seifritz 
[20] and discussed further by Dunsmore [32]. However, Lackner et al. [33] were 
the first to provide the details and foundation for today’s research efforts. In the 
context of CCS, the term “mineral carbonation” also known as “mineral 
sequestration” involves a process where a high concentration CO2 from a 
capture step is brought into contact with a metal oxide-bearing material that 
contains alkaline-earth metals (such as calcium and magnesium) with the 
purpose of fixing the CO2 as insoluble carbonates [4]. The basic idea behind 
mineral CO2 sequestration is the imitation of natural weathering processes in 
which calcium or magnesium containing minerals react with gaseous CO2 and 
form solid carbonates:  
 
 (Mg,Ca)xSiyOx+2y+zH2z + xCO2 → x(Mg,Ca)CO3 + ySiO2 +zH2O (1) 
  
 Suitable raw materials are abundant primary Ca- and Mg-minerals such as 
olivine, serpentine and wollastonite. Also, several Ca-rich alkaline solid 
industrial residues seem particularly suitable for niche applications of CO2 
sequestration [34]. Mineral carbonation can be carried out either ex situ [35] 
(Fig. 2) in a chemical processing plant after mining and pretreating the material, 
or in situ [36] by injecting CO2 into silicate-rich geological formations or in 
alkaline aquifers [4]. Furthermore, two main types of process routes for mineral 
carbonation can be distinguished, mainly direct and indirect (or multi-step) 
routes. Direct carbonation of a suitable feedstock takes place in a single-step 
process, either in a gas-solid or a gas-liquid-solid process [37, 38], whereas an 



18 
 

indirect (or multi-step) process comprises routes [33] in which the reactive 
components (Ca or Mg) are first extracted from the mineral matrix and 
subsequently carbonated in a separate process step [39].  
 

  
 
Figure 2. Schematic view of ex situ mineral CO2 sequestration [4] 
 
 
CO2 sequestration by mineral carbonation has a myriad of unique advantages 
that motivate the need for mineral sequestration R&D, including: 

• Long-term stability: Mineral carbonation is thermodynamically 
favorable because carbonates have a lower energy state than CO2 [33]. 
The produced mineral carbonates are known to be environmentally safe 
and stable over geological time frames (millions of years);  

• Vast potential sequestration capacity: The suitable raw materials are 
abundant across the globe. For instance natural Ca-Mg-silicate 
(serpentinite, olivine minerals) deposits are sufficient to fix the CO2 that 
could be produced from the combustion of all fossil fuel resources [4]; 

• Potential to be economically viable: The overall process is exothermic. 
Nevertheless, the production of value-added by-products during the 
carbonation process may further compensate its costs. 

 In light of these features, mineral carbonation is attracting interest as an 
alternative CO2 abatement technique in many countries, especially those without 
geological storage sites.  
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1.2.2 Carbonation of natural minerals (Ca/Mg-silicates) 
 
1.2.2.1 Carbonation reaction engineering 
 
 Carbonation of naturally-occurring minerals is extremely slow in nature; 
therefore, the challenge is to speed up the reaction to be able to design an 
economically viable process. Various strategies have been explored to 
intentionally accelerate the weathering of Ca and Mg-containing minerals to 
precipitate carbonate [40]. The simplest process is direct dry gas-solid 
carbonation, i.e. the reaction of a particulate metal oxide-bearing material 
directly with gaseous CO2 at suitable temperature and pressure levels. This path 
was initially thought to have high potential and has been studied extensively 
[e.g. 41]. However, it was concluded [42] that the slow reaction rates and 
thermodynamic limitations (high temperature favors gaseous CO2 over 
precipitated carbonates [43]) make it at present not feasible for industrial 
purposes. While some investigations into multi-step gas-solid carbonation 
options continue [44], most research has focused on more attractive alternatives.  
 Significant attention has been dedicated to the direct aqueous carbonation 
process [e.g. 37, 45] in which a Ca/Mg silicate is carbonated directly in an 
aqueous suspension. One of the options suggested for maximization of the 
carbonation rate is raising the temperature, although the enhancement of reaction 
rates upon a temperature increase is counteracted by a decrease in the solubility 
of carbon dioxide in the water phase. Hence, an optimum temperature for olivine 
and serpentine is typically kept below 200°C in aqueous systems [37, 46]. 
 Many researchers [e.g. 38, 47] have reported that metal oxide dissolution 
constitutes the rate-limiting step, which is thought to be controlled by the 
diffusion of Mg/Ca through a Mg/Ca-depleted silica-rich layer around the 
mineral particle. The release of metal ions from the solid raw materials could be 
accelerated by activating the mineral to make it more labile and reactive. 
Different methods of pre-treatment of the solid feedstock, aimed at an increase 
of the carbonation rate, have been investigated, including size reduction, heat 
activation, surface activation techniques, magnetic separation and other pre-
treatment options [4, 34]. Some examples include high-energy attrition grinding 
for olivine and wollastonite to induce imperfections into the crystal lattice [46, 
48], heat-treatment at 650ºC for serpentine to remove the hydroxyl groups and 
create an open structure [49], surface activation by treatment with acids, steam 
[50], supercritical water [49] and magnetic separation of the iron compounds 
prior to the carbonation process [50]. Although significant improvement of the 
carbonation rate has been obtained after some pretreatment options, the only 
available pre-treatment option that has proven to be energetically and potentially 
economically viable is conventional grinding [37]. 
 Alternatively, the release of Ca2+/Mg2+ ions from the mineral can be 
enhanced by the presence of additives or catalysts in solution, affecting ionic 
strength or forming complexes with dissolved Ca or Mg, e.g. Cl- [4, 34]. Salt 
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additives that have been used in carbonation studies include NaCl, NaHCO3, 
(Na/K)NO3 and KHCO3 [37, 49, 51]. Catalysts that can be added to the aqueous 
solution to enhance the dissolution of silicate minerals include strong and weak 
acids, bases and chelating agents [52-54]. 
 In addition to the direct carbonation pathway, Lackner et al. [33] initiated 
research into indirect carbonation using hydrochloric acid as a leaching agent to 
extract Ca or Mg from a silicate matrix. Several process schemes, such as the 
acetic acid route [52], two-step aqueous carbonation [55] and the pH swing 
process [56], have been proposed and studied involving the extraction of the 
reactive compound (Ca or Mg), conversion to a (hydr)oxide and subsequent 
carbonation. In the case of the indirect route, the reaction rate is generally higher 
and the CO2 pressure required for carbonation is lower than in direct process 
routes. However, cost-effective and energetically feasible recovery and recycling 
of the extraction agent is still a key hurdle associated with indirect process routes 
[4, 39]. 
 
1.2.2.2 Conclusions on aqueous carbonation of minerals 
 
 While the understanding of the potential reaction pathways has improved 
significantly based on research to date, there are several technical challenges 
hindering the industrial implementation of mineral carbonation. The process is 
currently too slow and energy-intensive for practical applications despite the 
abovementioned attempts to speed up the carbonation reaction. Demanding 
reaction conditions (high pressure and moderately elevated temperature) 
contribute to process expense. Another major hurdle that must be overcome is 
the complete recovery of all the chemical species involved. An important aspect 
to be considered as well is the environmental impact from mining minerals and 
carbonation processes [4]. Hence, the costs of CO2 sequestration by mineral ore 
carbonation processes are relatively high compared to other CO2 storage 
technologies and CO2 market prices. However, the profitability of the mineral 
carbonation process can be made more attractive through applications based on 
the use of solid residues as feedstock and/or on upgrading industrial waste 
materials into valuable commercial products. These aspects are discussed in the 
following Section 1.2.3.  
 
1.2.3 Carbonation of industrial residues and by-products 
 
 In addition to the use of natural mineral ores as feedstock for CO2 
mineralization, alkaline Ca- and Mg-containing waste residues, such as ashes 
from coal- and oil shale-fired power plants [57-63], steel slags (electric arc 
furnace slag, EAFS; basic oxygen furnace steel slag, BOFS; ladle furnace slag, 
LFS) [64-67], municipal solid waste incineration (MSWI) ashes [68-71], air 
pollution control (APC) residues [72], cement kiln dust (CKD) [73], ordinary 
Portland cement (OPC) [74], etc. [75] have risen into focus as particularly 
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promising CO2 sorbents. These inexpensive materials are often associated with 
CO2 point source emissions and tend to be chemically more active than 
geologically-derived minerals due to their (geo)chemical instability. 
Consequently, they do not require as much pre-treatment and less energy-
intensive operating conditions (lower operating temperature and pressure) are 
appropriate to achieve sufficient carbonation rates [64]. Some examples of the 
CO2 binding potentials as well as the process conditions (solid to liquid ratio, 
S/L; temperature, t; pressure, P; duration, τ) of alkaline waste materials are 
described in Table 1.  
 
 
Table 1. Process conditions and CO2 binding potentials of alkaline waste materials 

Waste 
CaOtotal

 

% 
MgOtotal 

% 
ThCO2 

kg/t 
Process 

CO2 
bound 

kg/t 
Ref. 

Coal 
filter ash 
(FA) 

5.00  35 

DAC: 100% CO2; 
S/L=0.05-0.15;  
t=20-60oC;  
P=10-40 bar 

26 [62] 

Oil shale 
ash (PF) 

51.2 4.93 350 
DAC: S/L=0.1; 
15% CO2; ambient t 
and P, τ=65min 

290 [60] 

Lignite 
FA 

29.28 4.47 241 
DAC: S/L=1.5; 
τ=520h 

78 [63] 

MSWI 
FA 

53.02  337 

SDC (semidry 
carbonation): 
S/L=25; 100% CO2; 
τ=240h 

125 [70] 

APC 61.13 1.40 369 
SDC: S/L=20; 
100% CO2; t=30oC; 
P=30 bar; τ=10min 

250 [72] 

CKD 48.03 1.39 319 
DAC: S/L ≤ 0.8;  
80% CO2; ambient t 
and P; τ=1-8d 

255 [73] 

OPC 64.50 2.90 516 
SDC: S/L=0.1; 
100% CO2; P=2bar; 
τ=24h 

290 [74] 

EAFS 32.80 10.00 366 DAC: S/L=0.1; 
15% CO2, t=20oC; 
τ=24h 

17 
[66] 

LFS 58.10 6.20 522 247 

BOFS 49.9 7.7 437 
IAC: extraction with 
0.5M HNO3; t=20oC; 
τ=60min 

384 [67] 

Red mud 7.77 0.68 129 
DAC: S/L=0.1; 
15% CO2; t=20oC; 
P=1 bar 

42 [75] 
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The theoretical extent of carbonation, ThCO2 in Table 1 was calculated 
according to Huntzinger et al. [73]:  
 
 %ThCO2=0.785(%CaO-0.56•CaCO3-
0.7•%SO3)+1.091•%MgO+0.71•%Na2O+0.468(%K2O-0.632•%KCl))  (2) 
 
 Most studies have focused on direct residue carbonation conducted in the 
presence of water due to concerns with indirect routes attributed to 
heterogeneous composition of wastes (complicated solvent recovery, possible 
side-reactions and leaching of heavy metals) [34, 70]. Other proposed alternative 
routes include, according to [34], waste cement carbonation in a two-step 
aqueous pressure-swing process (i.e., extraction at high CO2 pressure and 
subsequent precipitation at low CO2 pressure) [77], carbonation of waste 
concrete and steel and blast furnace slags in a two-step process based on aqueous 
extraction of Ca [76]. Studies on the direct gas-solid carbonation of alkaline 
residues have also been reported. To name a few, in pressurized 
thermogravimetric analysis experiments with fluidized bed combustion (FBC) 
ash performed by Jia et al. [61], CaO conversion efficiencies up to 60% were 
achieved when operating at temperatures above 400°C and in a 100% CO2 
atmosphere. In a study by Bachiochi et al. [78] on APC residue carbonation, a 
maximum conversion of 57% was measured at 400°C, implying a storage 
capacity of 0.12 kg of CO2/kg of dry solid.  
 Even though the total amounts of waste materials are too small to 
substantially reduce CO2 emissions [34], the possibility of simultaneously 
binding CO2 and relieving the hazardous nature of alkaline residues makes this 
carbonation route attractive. After stabilization by carbonation, the leaching 
behavior of wastes is often improved, allowing for use in civil engineering 
applications or for safer final disposal to landfills [71]. Moreover, the production 
of valuable end-products (e.g. precipitated CaCO3 or magnesium carbonate) by 
co-utilization of CO2 and industrial residues has been the objective of many 
studies in recent years [55, 79, 80]. By upgrading these materials into useful 
green products with high commercial value, economically more feasible CO2 
sequestration processes may be achieved within the CCS value chain, so 
research in this area continues. This topic is discussed further in Section 1.3.2 in 
the context of PCC production.  
 
1.3 Production of precipitated calcium carbonate (PCC) 
 
1.3.1 Introduction to PCC and its applications  
 
 Calcium carbonate occurs abundantly in several natural minerals (limestone, 
marble and chalk), comprising approximately 4% of the earth’s crust [81]. 
Natural ground calcium carbonate (GCC), obtained by the mechanical treatment 
of minerals, often does not meet market demand for high-quality product. 
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Conversely, precipitated calcium carbonate (PCC), which is produced under 
controlled conditions, provides the ability to manufacture a product with specific 
properties. First introduced in England in 1841, PCC, also known as purified, 
refined or synthetic calcium carbonate with the chemical formula CaCO3, is a 
fine white powder without odor or taste and is considered non-toxic. PCC can be 
distinguished from GCC through its finer and more uniform particle size, 
narrower particle size distribution and higher degree of chemical purity [81-83]. 
Besides the amorphous phase (ACC), calcium carbonate has three anhydrous 
crystalline polymorphs (calcite, aragonite and vaterite) and several hydrated 
forms (monohydrocalcite and ikaite) [84-86]. The most common arrangement 
for PCC is the hexagonal form known as calcite. Because of its thermodynamic 
stability under standard conditions and its ability to appear in various 
morphologies (rhombohedral, scalenohedral, spheroidal, etc.), calcite has proven 
to be the most important polymorph in industrial applications [82, 87]. Less 
common is aragonite, which has a discrete or clustered needle orthorhombic 
crystal structure. Rare and generally unstable is the spherical vaterite calcium 
carbonate mineral [83]. The different shapes allow PCC to act as a functional 
additive in paper, adhesives, plastics, rubber, inks, pharmaceuticals, nutritional 
supplements and many other demanding applications [88, 89]. The global 
consumption of PCC is largely concentrated in Asia, while other major regions 
include Europe and North America. World consumption of PCC in 2007 was 13 
Mt and is forecasted to grow to 16 Mt by 2012 [90]. 
 PCC is well-established as a filler and coating pigment for premium quality 
paper products. PCC improves paper bulk, brightness, light scattering, fiber 
coverage and printability [91]. The mean particle size, size distribution and 
particle shapes are important factors which have an influence on the physical 
and optical properties of paper [92]. For instance, the particle size affects paper 
smoothness, gloss and printing characteristics. For filler pigments, 70% of the 
carbonate particles are smaller than 2 μm, the specific surface area (BET) is ~10 
m2/g and the brightness is greater than 93%. As a coating pigment, the average 
particle size is 0.4–2.0 μm with a refraction index of 1.49–1.67 and a specific 
surface area of 4–11 m2/g. The high refraction index and narrow particle size 
distribution of PCC promotes sheet light scattering. The ISO brightness for a 
PCC coating pigment is 95%, which requires very pure limestone as the raw 
material [82, 93]. The plastics industry is another important consumer of 
calcium carbonate products. In addition to cost savings, the use of calcium 
carbonate provides improvements in modulus, heat resistance, hardness, 
shrinkage reduction, color fastness, impact strength and stability. Nano PCCs 
(less than 0.1 µm in size) control viscosity and sag in automotive and 
construction sealants [94]. Calcium carbonate is one of the most common 
filler/extenders used in the paint and coatings industry. Various paint formulas 
can include products from sub-micrometer sizes to coarse mesh sizes. Calcium 
carbonate acts as a low-cost extender in paint and is used to improve brightness, 
application properties, stability and exposure resistance. Coarse products help to 
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lower gloss and sheer or even provide textured finishes [81, 95]. The printing ink 
industry uses ultrafine PCCs in high-quality letter press and high quality ink 
[96]. High purity grades of precipitated calcium carbonate are used in cosmetics, 
foods and pharmaceuticals. For example, calcium carbonate is used medicinally 
as an inexpensive dietary calcium supplement, antacid and/or phosphate binder 
and in the pharmaceutical industry as a base material for tablets of other 
pharmaceuticals [81, 95].  
 A wide variety of applications require PCC to have a number of strictly 
defined parameters (e.g., morphology, structure, size, brightness, oil adsorption 
and chemical purity). Control of these characteristics is fundamental from the 
viewpoint of technical application and is closely related to the method of PCC 
production and the process parameters [87, 89, 97]. This matter is the topic of 
Section 1.3.3. 
 
1.3.2 Production methods of PCC 
 
 PCC can be produced by several methods such as [81] the lime-soda process, 
the calcium chloride process and the carbonation process. The method 
predominantly used by alkali manufacturers is the lime-soda process, in which a 
solution of sodium carbonate is treated with excess calcium hydroxide, 
producing a sodium hydroxide solution and coarse PCC as a by-product. In the 
calcium chloride process, calcium hydroxide is reacted with ammonium 
chloride, forming ammonia gas and a calcium chloride solution. After 
purification, this solution is reacted with sodium carbonate to form a calcium 
carbonate precipitate and a sodium chloride solution. This simple process, 
however, requires a low-cost source of calcium chloride to be economical and is 
usually carried out in a satellite facility adjacent to a Solvay process soda ash 
plant [93]. The most commonly used PCC process is the carbonation route (Fig. 
3). In this process, crushed limestone is converted into calcium oxide and carbon 
dioxide by means of calcination in a lime kiln at temperatures in excess of 
900°C. The raw material (limestone) used in the PCC process is required to have 
low manganese and iron content, since these elements have a very negative 
influence on the brightness of the product. It is also desirable that the limestone 
should contain above 52.0% CaO, below 4~5% SiO2+Al2O3+Fe2O3 and 
0.1~0.2% Na2O+K2O [92]. After calcination, the dry CaO is slaked (hydrated) 
with water at temperatures of 30-50°C, producing a calcium hydroxide slurry 
(milk-of-lime). Before carbonation, the process slurry is screened to remove 
impurities originating from the limestone and then fed to a three-phase stirred 
tank reactor ("carbonator"), either at atmospheric pressure or pressurized, where 
it reacts with CO2 obtained from the calcination process [91].  
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Figure 3. A schematic representation of the PCC production chain 
 
 
 As the calcium ions are consumed in the CaCO3 precipitation reaction, more 
calcium hydroxide dissolves to equalize the concentration of calcium ions 
(Ca2+). The rate of dissolution of Ca(OH)2 into Ca2+ depends on the dissolution 
pressure and temperature, while the reaction rate of calcium ions combining with 
carbonate ions is instantaneous. Therefore, the rates of formation of calcium and 
carbonate ions are the primary limitations to the overall reaction rate [98]. 
 Upon the completion of carbonation, the product can be further purified by 
screening followed by dewatering. Rotary vacuum filters, pressure filters or 
centrifuges are used in the mechanical removal of water. Final drying is 
accomplished in either a rotary, spray or flash dryer [81]. The required 
conditions are maintained in the reactor to obtain different grades of precipitated 
calcium carbonate. The particle size, particle size distribution, particle shape and 
changes in surface properties of the calcium carbonate particles are dictated by 
controlling the reaction time, temperature, agitation, pressure, rate of carbon 
dioxide addition and post-crystallization processing [83, 97]. These aspects are 
discussed in Section 1.3.3. 
 
Alternative production processes for PCC 
 
 Several limitations associated with traditional PCC manufacturing methods 
(energy-intensive, multiple stages, expensive high-quality raw material) have 
raised interest in alternative raw materials and improved technological 
developments. A number of studies have explored the implementation of 
calcium-containing natural minerals as a lime replacement in PCC production. 
For instance, Kakizawa et al. [52] suggested an alternative method based on the 
extraction of calcium from a calcium-rich mineral (wollastonite) using acetic 
acid. A similar concept was investigated by Teir et al. [47, 99] aimed at 
producing a high-value PCC material from wollastonite. Teir et al. [99] showed 
that manufacturing PCC through traditional methods emits 0.21 kg CO2/kg PCC 
(assuming oil combustion for lime calcination), whereas the acetic route using 
wollastonite provides net fixation of 0.34 kg CO2/kg PCC [100]. 
 Nowadays, the possibility of using industrial wastes as a feedstock for PCC is 
especially attractive. For example, Katsuyama et al. [55] studied the feasibility 
of producing CaCO3 by first extracting calcium from pulverized waste cement in 
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a water slurry at high CO2 pressure, followed by the precipitation of high purity 
CaCO3 (up to 98% was achieved) from the extracted solution at lower CO2 
pressures. Compared to the commercial price (~7 700 €/m3) for ultra-high purity 
CaCO3, the production costs using this method were estimated to be 
significantly lower (~250 €/m3). Kodama et al. [101] investigated the pH-swing 
process for CaCO3 production on the basis of steelmaking slag, where at first the 
pH of the solution was lowered to enhance the extraction of calcium and then 
raised in the second step to enhance precipitation. In the patent by Geerlings et 
al. [102], a process utilizing paper bottom ash and steel slag for producing 
CaCO3 is described, involving the extraction of calcium inside a water-filled 
stirred reactor for 15 minutes and solid-free hydroxide slurry (1.1 g L-1 of 
calcium hydroxide for paper bottom ash and 0.46 g L-1 for steel slag) 
carbonation with pure CO2 at a rate of 25 ml min-1. The research described in 
[79, 103] also focused on steel slag carbonation in the context of producing 
valuable PCC, additionally addressing problems related to heavy metal leaching 
during the Ca-extraction phase. Eloneva et al. [103] reported that 80–90% pure 
calcite was produced from blast furnace slag using acetic acid.  
 CaCO3 obtained from the abovementioned processes is expected to be 
commercially useful if the properties of the obtained particles meet the 
requirements for practical applications. Still, as mentioned earlier, significant 
amounts of required reagents/additives and recycling complexity are major 
drawbacks of most proposed alternative methods. 
 
1.3.3 Control over the precipitation process 
 
1.3.3.1 Theoretical background 
 
 In order to obtain a product of the desired quality, effective control of the 
precipitation process is necessary. The complexity of the particle size 
distribution control in a precipitation process is inflicted by the high level of 
supersaturation generated by the fast reaction. According to Mersmann [104, 
105], the important factors for sparingly soluble systems in isothermal 
precipitation are: (i) the concentration of the reactants; (ii) the rate of the 
chemical reaction; (iii) the intensity of macro- and micromixing; (iv) the dilution 
of the solution and (v) agglomeration. Nanometer-scale crystals can be obtained 
by applying very high primary nucleation rates, which require extremely strong 
supersaturations. Such high levels of supersaturation can be achieved through: 
(i) a high concentration of reactants; (ii) the avoidance of agglomeration (using 
surfactants, pH control, etc.); (iii) rapid quenching or diluting in order to halt 
growth (a combination of a T-mixer and a stirred vessel; the reactants are mixed 
in a T-mixer where the chemical reaction takes place, then the suspension is 
introduced into the vessel operating at a relatively low level of supersaturation); 
(iv) no dilution (T-mixer) in order to produce many nuclei; (v) rapid local 
micromixing and poor macromixing of the reactants; (vi) products with high 
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concentrations and low solubilities and (vii) rapid micromixing at the feed point 
of the reactants for a fast chemical reaction. If a coarse product is required, 
supersaturation must be kept at a low level through: (i) the use of low-
concentration reactants; (ii) good macromixing in the entire precipitator and (iii) 
seeding by recycling the slurry at high rates in order to reduce local 
supersaturation peaks while keeping primary nucleation at a minimum and 
promoting crystal growth [106]. 
 The basic factors affecting reactive crystallization have been discussed by 
Kind [107]. The primary precipitated particles are in the micro- or even 
nanometer size range. Interfacial forces govern the behavior of suspended 
particles in these size ranges, as a result of which fine particles are affected by 
colloidal interactions. Therefore, the final product particles are often secondary, 
built by the aggregation of fine primary ones. The final product morphology 
results from the action of aggregation, the rheological behavior of the 
suspensions and the shear rates present in the precipitator. The primary 
processes are mixing on the macro, micro and molecular scales, as well as the 
reaction, nucleation and growth of the particles. The formation of primary 
crystals depends mainly on the mixing conditions. If mixing does not control 
reactive crystallization, the crystallization reaction can be best controlled by 
initial supersaturation. Under ideal mixing conditions, the final primary particles 
in the nanometer size range are rapidly formed within a few milliseconds and 
remain unchanged, except in the case of long-term ripening and aging. 
Aggregation, aging and ripening are secondary processes [106]. The following 
section reviews the literature on the effect of various factors on the size and 
shape of PCC particles formed in a precipitation process. 
 
1.3.3.2 Factors affecting PCC particle size and morphology in a 
precipitation process 
 
 In general, the polymorphism of crystalline calcium carbonate depends 
mainly on the precipitation conditions such as supersaturation [108], pH [109], 
temperature [110, 111], hydrodynamics [112], conductivity [113] or impurities 
and additives [114, 115], while the factors and conditions contributing to the 
change in the particle size of CaCO3 are additives, initial concentration, 
temperature, initial pH level and (in the case of the carbonation route) CO2 flow 
rate [116, 117]. 
 
Effect of supersaturation 
 
 The three solid phases of calcium carbonate, in order of increasing solubility, 
are calcite, aragonite and vaterite. The predominant phase to precipitate depends 
on the supersaturation conditions and the presence of foreign cations and 
impurities [104, 118]. 
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 The degree of supersaturation (SI) with respect to calcite is defined as 
[Ca2+][CO3

2-]/Ksp, where [Ca2+] and [CO3
2-] are the activities of calcium and 

carbonate ions in the solution, respectively, and Ksp is the thermodynamic 
solubility product of calcite [119]. High supersaturation levels at nucleation and 
the initial stages of growth result in the formation of amorphous forms of CaCO3 
(ACC), vaterite and aragonite [120] which finally transform into the more stable 
calcite via dissolution–crystallization reactions of various degrees of complexity 
[121] in agreement with Ostwald’s step rule [122]. For instance, Elfil and 
Roques [123] reported that under high supersaturation in relation to calcite, 
hydrated forms (ACC) constitute precursors to CaCO3 precipitation, 
transforming within a few minutes to a mixture of anhydrous polymorphs; at low 
temperatures (14–30ºC), calcite and vaterite are formed, whereas at high 
temperatures (60–80ºC), a mixture of aragonite and calcite is obtained. 
Precipitation of CaCO3 by the aqueous reaction of calcium nitrate and sodium 
carbonate in a continuous crystallizer was investigated by Chakraborty and 
Bhatia [124]. Polymorphic nuclei of calcite and vaterite were reportedly 
generated simultaneously and unstable vaterite tended to be transformed into 
stable calcite. Different growth rates and aggregation tendencies of calcite and 
vaterite affected the particle size distribution. These observations were explained 
in terms of homogeneous and heterogeneous nucleation, which depended on the 
supersaturation level and ionic ratio of [Ca2+]/[CO3

2-] in solution [125]. 
 In gas–liquid reactive crystallization processes, supersaturation of solutions 
is created by the processes of bubbling, absorption, mixing and chemical 
reaction, leading to precipitation during crystallization [126]. The most common 
morphologies of precipitated calcite, obtained via solution and carbonation 
routes, are rhombohedral and scalenohedral, respectively [113]. As a measure to 
achieve a morphological change from rhombohedral to scalenohedral shapes, 
García-Carmona et al. [113, 127] proposed an adjustment in electrical 
conductivity during the semicontinuous carbonation of a Ca(OH)2 suspension. 
This transition was attributed to the increase of both supersaturation and the 
[Ca2+]/[CO3

2-] ratio in solution.  
 
Effect of surfactants and additives 
 
 Surfactants and additives (e.g. metal cations, polyphosphates and other 
anions and organic compounds) affect particle morphology and size by 
modifying the precipitation mechanism [128,129].  
 In the carbonation experiments performed by Xiang et al. [130], the diameter 
of CaCO3 particles synthesized at room temperature decreased from 150 to 90–
120 nm after the addition of 0.1–1.0 vol% terpineol due to the ability of 
terpineol to significantly reduce the surface tension of bubbles, thus preventing 
aggregation and improving the stability of small bubbles. Higher amounts of 
terpineol resulted in larger particle sizes with irregular shapes due to inhibition 
of the CO2 mass transfer rate. The particle size decreased from 70 to 50 nm 



29 
 

when the EDTA concentration was increased from 0.25 to 1% [129]. However, 
Feng et al. [116] reported that the size of PCC particles obtained in direct 
aqueous carbonation were larger than previously reported for the additives used. 
 In a study by Xiang et al. [129], the addition of MgCl2 resulted in 
micrometer-sized spherical and spindle-shaped particles, while spherical CaCO3 
particles 0.2 µm in diameter were formed when 1% (w/w) ZnCl2 was used as an 
additive. According to Yu et al. [88], the formation of unusual dendrite-shaped 
CaCO3 aggregates consisting of two dendrite-like heads composed of radially 
aligned crystals occurred at a temperature of 80ºC with the addition of polyvinyl 
alcohol (PVA). Wei et al. [131] and Agnihotri et al. [132] found that with the 
addition of a suitable surfactant, the surface area of the CaCO3 prepared through 
the reaction between Ca(OH)2 suspensions and CO2 in a bubble column could be 
increased to a very high value (61 m2/g). The additives caused the aggregation of 
fine CaCO3 crystals by neutralizing the charge on the particle surface, thus 
forming secondary particles with a high surface area and porosity [132]. Also, 
using the carbonation route, Yang and Shih [133] found that the CaCO3 surface 
area was markedly increased when sodium polyacrylate (PAAS) at pH 11.4–
11.1 and sodium phosphate at pH 6.5–6.2 were used as additives.  
 Different foreign ions in the fluid during CaCO3 crystallization can 
potentially be incorporated into the structure of the crystal during the growth 
process or adsorbed onto specific sites on crystal surfaces which may in turn 
modify the solvent structure [134] or promote the formation of metastable 
phases. For example, iron and magnesium have been reported [135] to be 
effective inhibitors of calcite growth as well as being able to change the 
dominant precipitated phase from calcite to aragonite [118, 136, 137]. 
Furthermore, high Mg:Ca ratios seem to play a role in stabilizing ACC [138].  
 
Effect of temperature  
 
 It has been observed by Reddy and Nancollas [139] that the proportion of 
calcite, aragonite and vaterite particles depends on the initial supersaturation and 
temperature of the solution. Han et al. [140] synthesized calcium carbonate by 
bubbling a CO2/N2 gas stream into a CaCl2 solution. Under specified operating 
conditions, pure aragonite was precipitated at 60ºC while a vaterite/calcite 
mixture was produced at ambient temperature. In experiments carried out by Yu 
et al. [88], regular plate-like shaped particles in the size range of 6-12 μm were 
formed at 25ºC, whereas slightly smaller (about 4–10 μm) rhombohedral shaped 
CaCO3 crystals were observed at 80ºC. This was attributed to the fact that higher 
temperature altered the solubility of CaCO3 and the increased solubility changed 
the morphology of the particles. Cheng et al. [89] also noted that when the 
temperature was increased from 25 to 80ºC, particle size decreased from 
approximately 6–12 to 4–8 µm. On the contrary, Vucak et al. [141] reported the 
formation of particles with coarser particle size at higher temperatures. 
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Effect of initial concentration 
 
 The findings of Wei et al. [131] correlate well with those of Agnihotri et al. 
[132] in terms of lower Ca(OH)2 suspension concentrations during carbonation 
leading to much larger CaCO3 particles with wider particle size distributions. 
This was attributed to nucleation predominating over crystal growth at higher 
suspension levels leading to a decrease in particle size.  
 
Effect of the pH level 
 
 The influence of the initial pH level of the solution in the CaCO3 
precipitation process was investigated by Cheng et al. [89]. The authors 
attributed the loss of control over CaCO3 particle morphology (formation of 
irregular aggregates) at high pH levels (over 12) to the high supersaturation 
levels of the initial solution. The size of the primary particles decreased with 
increasing pH as a result of an increase in the nucleation rate of primary 
particles. Hostomsky and Jones [142] reported that the morphology of calcium 
carbonate could be controlled by the pH of the solution in a continuous 
crystallizer. According to their study, the formation of vaterite in the 
precipitation reaction of calcium nitrate and sodium carbonate occurs at pH>9.5, 
but calcite is obtained at pH<8.5. Similarly, Tai and Chen [143] attributed the 
morphological change of calcium carbonate as being related to the 
supersaturation level and the pH of the solution. 
 
Other variables 
 
 The CO2 flow rate during carbonation can be seen from the literature as one 
of the main factors in controlling the reaction rate which in turn influences 
particle size [116]. In a study by Agnihotri et al. [132], the particle size was 
found to decrease with increasing the CO2 gas flow rate due to the increased 
shear stress effects as dictated by the gas flow rate and solids concentration 
[144]. Feng et al. [116] studied the influence of CO2 bubble size (with a frit pore 
size of 17–40 or 101–160 μm) and CO2 concentration (25 and 100 vol%), 
observing a slight decrease in the size of carbonated particles when smaller CO2 
bubble sizes and lower CO2 concentrations were used. Xiang et al. [129] 
reported that the use of a radial sparger for bubbling CO2 gas through a 
Ca(OH)2 slurry improved gas dispersion, leading to a higher carbonation rate 
and the formation of superfine CaCO3 particles. A recent study by G. Montes-
Hernandez et al. [117] on the aqueous carbonation of calcium hydroxide in 
contact with compressed CO2 at moderate temperatures demonstrated the 
synthesis of fine particles of calcite. The particle size of CaCO3 was reported 
[104] to decrease remarkably with an increase in the specific power input due to 
a strong increase in the nucleation rate and increased probability of breakage and 
attrition of the crystals. 
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 It can be concluded based on the literature overview discussed here that the 
relationship between the precipitation conditions and the morphology/size of 
PCC particles has received a significant attention. Still, there are many 
unanswered questions and inconsistences among authors. In order to meet 
demand in terms of practical applications, more effort is needed to understand 
the combined effects of the operating parameters on CaCO3 characteristics, 
especially in the case of precipitation from a novel crystallization medium. 
 
1.4 Environmental concerns within the Estonian oil shale-based 
energy sector 
 
 In Estonia, the largest utilization in the world of local oil shale for energy and 
shale oil production has assured the nation’s energetic independence and some 
of the lowest electricity prices in the European Union. In the first half of 2010, 
the price of electricity, including taxes, was lower only in Bulgaria [145]. Oil 
shale gained its leading role in the energy balance of Estonia before the Second 
World War and although total energy consumption has grown remarkably since 
that time, oil shale has remained the dominant fuel [146]. The production 
divisions of the Eesti Energia Narva power plants produce a total of about 9 
TWh of electricity each year. Two of the world’s largest oil shale-fired power 
plants in Estonia are Eesti Elektrijaam (1615 MWel per h, 84 MWth) and Balti 
Elektrijaam (765 MWel per h, 400 MWth). The current technology of processing 
the oil shale is the combustion of the pulverized fuel (PF) and new fluidized bed 
combustion (FBC) technology implemented in 2004 [145, 147].  
 Estonian oil shale is characterized by a high ash content (45-50%), a 
moderate content of moisture (11-13%) and sulfur (1.4-1.8%), a low net calorific 
value (8–12 MJ/kg) and a high content of volatile matter in the combustible part. 
Of the 13–15 million tonnes (Mt) of calcareous kerogenous oil shale mined 
annually in Estonia, about 93% is consumed by power plants to generate over 
95% of Estonian electricity and a great part of its thermal power, with a 
production of approximately 6 Mt of waste ash annually [145]. Only a small 
portion of the ash is used for construction materials, road construction and 
agricultural purposes [147]. The present waste ash management strategy of the 
national energy company Eesti Energia implements transportation of most of the 
residue (in the form of a slurry) for deposition in ash fields. The Balti and Eesti 
power plant ash fields near Narva are Estonia’s largest waste handling sites and 
cover a total of 13 km2. It is estimated that Estonian power plants have produced 
~280 Mt of ash to date [145].  
 The presence of a considerable amount of free CaO (10-30 wt%, depending 
on the combustion technology) as the most active compound (Table 2) gives 
combustion waste ash a high alkalinity [58, 59]. Consequently, the main 
environmental concern with respect to the disposal of oil shale ash is the 
formation of highly alkaline leachates (pH 12–13) as a result of leaching 
processes. These pose a potential long-term environmental risk as neutralization 
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of ash fields under natural conditions may take hundreds of years [149]. Since 
Estonia is situated in the Baltic Sea catchment basin, the major issue is that, in 
the case of leakage, this wastewater might contaminate soil, groundwater and 
surface water or reach the sea [150, 151]. 
 
 
Table 2. Chemical and phase composition of oil shale ashes  

Chemical composition [148] 

Component, % (average value in brackets) 

CaOtotal 
30–60 
(41.5) 

SiO2
total 20–50 (30) Al2O3

total 5–15 (9.5) 

MgOtotal 1-6 (3) Fe2O3
total 2–9 (5.5) K2O 2–6 (3.5) 

SO3 
3.0–6.5 

(4.5) 
TiO2 0.2–1.2 (0.7) Na2O 

0.1–0.5 
(0.2) 

Phase composition on the basis of PF ash [60] 

Component, % α-Ca2SiO4  1.99 

Calcite, CaCO3 9.55 β-Ca2SiO4 16.92 

Dolomite, 
CaMg(CO3)2 

3.34 Melilite, (Ca,Na)2(Mg,Al)(Si,Al)3O7  4.99 

Portlandite, Ca(OH)2 1.42 Merwinite, Ca3Mg(SiO4)2 6.81 

Lime, CaO 29.52 Wollastonite 2M, CaSiO3 3.88 

Periclase, MgO 4.27 Hematite, Fe2O3 1.19 

Anhydrite, CaSO4 4.48 Quartz, SiO2 7.38 

Gypsum, 
CaSO4*2H2O 

0.76 Orthoclase, KAlSiO3 3.51 

 
 
 Combustion of oil shale is also characterized by high CO2 emissions. Due to 
the extensive use of oil shale for energy production, per capita CO2 emissions in 
Estonia (15.2 metric tonnes in 2007) are about twice the European average and 
rank 13th worldwide [152]. The export of energy to Finland, Latvia and 
Lithuania leads to the additional discharge of a large amount of CO2 emissions. 
As Estonia is located in the northern, shallow part of the Baltic sedimentary 
basin possessing potable water, its CO2 geological storage capacity has been 
estimated as zero [153, 154]. Thus, alternative techniques for curtailing 
atmospheric emissions of CO2 from oil shale-fired power plants are required in 
hopes of tackling global climate change issues. 
 Hence, it is imperative that proper management of the solid/liquid/gaseous 
wastes streams associated with oil shale-based energetics is devised so as to 
continue the exploitation of oil shale in an environmentally sustainable manner. 
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1.5 Summary of the literature review and objectives of the thesis 
 
 It may be concluded based on the discussion presented in the literature 
review that a balance is needed between energy security and growing concerns 
over the impact of increasing concentrations of greenhouse gases in the 
atmosphere, particularly CO2. For countries without geological storage sites, 
such as Estonia, mineral carbonation could be considered as a CO2 fixation 
option. Since carbonation securely traps CO2, there would be little need to 
monitor the disposal sites and the environmental risks would be very low. 
Moreover, upgrading industrial wastes into commercial products via the 
carbonation route is an interesting alternative for Estonia, where the technology 
used in oil shale processing for heat and power production exerts strong 
environmental effects. In this context, an idea of implementing lime-containing 
oil shale ash as a low-cost source of water-soluble calcium in an indirect 
carbonation process for producing precipitated calcium carbonate (PCC)–type 
material is of great environmental and commercial interest.  
 The aim of this thesis was to study the feasibility, mechanism and kinetics of 
the aforementioned novel process for the long-term storage of CO2 and the 
beneficiation of a potentially hazardous inorganic waste material of complicated 
composition in the form of a valuable commodity. The second equally important 
goal was to propose mathematical models describing the major stages of the 
multi-step process, including leaching of the main water-soluble ash 
components, followed by CO2 absorption along with precipitation of the solid 
product in a complex system of ash leachates and CO2-containing model flue 
gas. Moreover, such models may also be suitable for other Ca-containing wastes. 
In order to achieve these tasks, the following steps were taken.  
 First, leaching (dissolution) dynamics and equilibrium investigations were 
performed to evaluate the potential of ash (leachates) as an alternative calcium 
source and to create mathematical models describing Ca2+, SO4

2- and OH- 
dissolution from oil shale ash (Papers I–III). In addition to calcium, extra 
attention was drawn to the entire complex of different substances leached from 
ash in terms of environmental safety as well as possible co-crystallization effects 
which could influence the quality of the final product. 
 After establishing the dissolution behavior of the lime-containing ash, the 
mechanism of CO2 absorption into an alkaline model solution was 
experimentally examined (Paper IV). The goal was to develop a mathematical 
description of this stage to improve our understanding of the chemistry and 
specifics of the CO2 mass transfer process into alkaline wastewaters such as 
leaching waters of oil shale ash in used reactor. 
 Finally, the study proceeded to investigating the precipitation process of 
calcium carbonate in the gas-liquid system under various operating conditions 
(Papers V–VII). In the comparative laboratory carbonation experiments, ash 
leachates and Ca(OH)2 model solutions were used as liquid agents. The purpose 
was: 
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• to create a mathematical model for the description of changes in the 
 composition of the gaseous, liquid and solid phases in the heterogeneous 
 system of oil shale ash leachate – CO2-containing flue gas;  
• to propose the mechanism of CaCO3 precipitation from alkaline oil shale 
 ash leachates of complex multi-ionic composition; 
• to provide a comprehensive characterization (composition, morphology, 
 surface area and particle size) of the precipitates crystallized from oil 
 shale ash leachates under various conditions; 
• to determine the influence of operating parameters (gas flow rate, 
 mixing intensity, CO2 concentration, residence time, pH of the final 
 solution, etc.) on the characteristics of the solid product for process 
 optimization; 
• to compare the products obtained on the basis of ash and conventional 
 raw materials in PCC production; 
• to provide a preliminary technological evaluation for using oil shale 
 ash and its leaching waters as a precursor in the manufacture of PCC.  
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2. MATERIALS AND METHODS 
 
2.1 Experimental methods and procedures 
 
 An outline of the processes experimentally studied in this work is given in 
Table 3. The investigations on the leaching behavior of the main water-soluble 
species (primary focus on Ca ions) in oil shale ashes were performed in batch 
and continuous modes. The carbonation experiments were divided into three 
series (SET I–III, Table 3) depending on the alkaline liquid agent used. The CO2 
absorption by alkaline model solutions was investigated in SET I and II, whereas 
the ash leachate – CO2-containing model flue gas system was examined in SET 
III. The experimental set-ups of the studied systems are described in more detail 
in the following sub-sections 2.1.2 and 2.1.3.   
 
 
Table 3. Outline of the systems under investigation  

Investigated processes Paper 
I. Leaching/dissolution behavior in the ash – water system 
 

 

i. batch mode leaching of water-soluble species (Ca) from ash I, II 
ii. continuous mode washing process of the stagnant ash layer  III 

 
II. Carbonation (precipitation regime) in the gas-liquid system  
 
SET I: CO2 absorption by an NaOH solution representing the Ca2+ 
and SO4

2--free alkaline model solution 
 

 
IV 

SET II: CO2 absorption by a Ca(OH)2 solution representing the 
Ca2+-rich and SO4

2--free alkaline model solution 
 

V, VI 

SET III: CO2 absorption by Ca2+ and SO4
2--rich alkaline ash 

leachates 
VI, VII 

  
 
2.1.1 Characterization methods  
 
 The characteristics (composition, morphology, surface area, particle size, 
etc.) of solid samples (ash and carbonation products) as well as the composition 
and parameters of the liquid phase were determined according to methods briefly 
described in Table 4. 
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Table 4. Applied characterization methods  

 
1 Performed by H. Ehala at the Laboratory of Inorganic Materials, TUT 
2 Performed by Dr. V. Mikli at the Center of Material Research, TUT 
3 Performed by Dr. M. Uibu at the Laboratory of Inorganic Materials, TUT 
4 Performed by Prof. K. Kirsimäe at the Institute of Geology, UT 
5 Performed by the UPM-Kymmene Corporation (Finland)  
6 Performed by Dr. A. Shchukarev at the Department of Chemistry, Umeå 

University 

Properties Characterization method 
Solid phase 
Chemical 
composition1 
 

Total CaO (slightly modified EVS-EN 196-2:1997); free CaO 
[155]; CO2 (total carbon TC; ELTRA CS-580 Carbon/Sulfur 
Determinator); total S and its bonding forms (BSF; EVS 
644:1995) 

Elemental 
composition 
(Ca/Mg/Fe/Al/S/K/
MnNa/Zn/Si/Cr/Cu
/Ni/PbV/Co/Cd) 

IRIS Intrepid II Inductive Coupled Plasma (ICP) Spectrometer 
(Thermo Electron Corporation, software: thermo elemental 
validated analysis); solid material initially dissolved in 65% 
nitric acid in a pre-treatment module (GWB Pressurized 
Microwave Decomposition) 

Particle size 
distribution 

Laser diffraction Multi-Wavelength Particle Size Analyzer 
(Beckman Coulter, LS 13320); ash samples measured in an 
ethanol solution   

Morphology2  SEM (Jeol JSM-8404A) 
Specific surface 
area, total and 
micropore volume3 

BET and BJH nitrogen dynamic desorption analysis methods 
(Sorptometer KELVIN 1042, Costech Microanalytical SC) 

Phase composition  Quantitative powder XRD4 (Bruker D8 Advanced), 
(diffractograms were analyzed by Siroquant code [156] using 
full-profile Rietveld analysis [157]); FT-IR spectrometer 
Interspec 2020 (samples prepared as KBr pellets); 
Thermoanalyzer (Setaram Setsys 1750) coupled to a FT-IR 
spectrometer (Nicolet 380) 

Brightness5  Brightness of PCC samples: ISO 2470:1999 
Surface analysis 
(chemical 
composition)6 

X-Ray Photoelectron Spectroscopy (XPS): The XPS spectra 
were recorded with a Kratos Axis Ultra DLD electron 
spectrometer using a monochromated Al Kα source operated at 
150 W, a hybrid lens system with magnetic lens providing an 
analysis area of 0.3 x 0.7 mm2, and a charge neutralizer 

Liquid phase  
Chemical analysis  Ca2+ (titrimetric method ISO 6058:1984), SO4

2-, Cl- , K+, PO4
3- 

(Lovibond SpectroDirect spectrophotometer), CO3
2-, HCO3

- 

and OH- (titrimetric method ISO 9963-1:1994(E)), pH (Mettler 
Toledo GWB SG2), conductivity (HI9032 microprocessor), 
Na/Si/Al/Fe/Mg/Mn/Co/Cr/Cu/Ni/Pb/V/ 
Zn/Cd (ICP Thermo IRIS Intrepid II XDL)  

Gas phase  
CO2 content infrared CO2 analyzer (Duotec) 
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2.1.2 Experimental set-ups for leaching behavior studies  
 
Characterization of the oil shale ashes (Papers I, II: Materials and Methods 
chapter) 
 The oil shale ash samples used in investigations of the leaching behavior of 
the main water-soluble species of oil shale ashes (Papers I-III) were collected 
from different points of pulverized firing (PF) or fluidized bed combustion 
(FBC) boilers at Estonian power plants. The main characteristics of ashes and 
the average content of the basic elements are given in Paper I (Tables 1 and 2) 
and Paper II (Table 1).  
 
Batch mode (Papers I, II: Materials and Methods chapter) 
 The leaching dynamics and equilibrium experiments of Ca2+ and other ions 
from oil shale ash were carried out in a laboratory-scale batch reactor with a 
volume of 800 mL using ash-Millipore water suspensions by varying the 
solid/liquid (S/L) mass ratios from 1:1250 to 1:10. Depending on the objective, 
suspensions were well-mixed at a controlled temperature for up to 180 minutes, 
which was considered sufficient to reach equilibrium. Samples were taken with a 
syringe and filtered (0.45 μm). The resulting liquid phase was analyzed for 
chemical composition including the content of heavy metals (see Section 2.1.1; 
Table 4).  
 
Continuous-flow reactor (Paper III: Experimental chapter) 
 The leachability of Ca ions from a stagnant oil shale ash layer was 
investigated in a specially designed continuous mode leaching column (Paper 
III: Fig. 1a). Ash samples in portions of 60 g (PF1) or 35 g (FBC1) were placed 
in a column inside a plastic cylinder (height = 3 cm; inner diameter = 4.9 cm) 
and secured with a filter cloth and metallic mesh in order to obtain a fixed 
packing area for each sample. Water (10 L) was passed through the ash layer 
from the bottom of the column and subsequently collected in the solution 
(leachate) collection container (collector). Samples were taken from the outlet 
flow of the column and the collector, filtered (0.45 μm) and analyzed for Ca2+ 
content. Experiments were repeated at various flow rates (58-350 mL min-1). 
 
2.1.3 Experimental set-up for the carbonation of alkaline liquid agents 
 
2.1.3.1 Preparation of parental alkaline solutions 
 
Model solutions (SET I and II) (Papers IV, V: Materials and Methods chapter) 
 In SET I, the initial concentration of the NaOH solution and the pH were 
fixed at 0.01 M and 12.0, respectively. The pH level was chosen to be equal to 
that of the saturated water – lime-containing ash system. For SET II, initial 
Ca(OH)2 solutions with various concentrations (350, 600 and 850 mg Ca2+ L-1) 
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were prepared by slaking chemically pure lime (Sigma-Aldrich) and filtering the 
suspension in order to remove any inert or non-dissolved solids. 
 
Alkaline wastewater: ash leachates (SET III) (Paper VII: Experimental chapter) 
 The oil shale PF cyclone ash (8.0% of CaOfree, BET 0.26 m2 g-1) was chosen 
for the preparation of ash leachates as the most typical PF ash (it amounts to 
60% of the total PF ash produced). The ash was dispersed in distilled water (a 
liquid to solid mass ratio of 10:1 w/w) under atmospheric pressure and room 
temperature for 15 minutes in a 15 L reactor equipped with a turbine-type 
impeller (Fig. 4a). The alkaline suspension was filtered from the solid ash 
residue. The preparation of the alkaline mother solution from waste ash is 
schematically represented in Fig. 4a. 
 
2.1.3.2 Conditions of aqueous carbonation (Papers IV-VII: Materials and 
Methods chapter) 
 

All carbonation tests (SET I-III) were performed in a semi-batch barboter-
type reactor equipped with a turbine-type impeller to provide effective 
mechanical mixing of the gas and liquid phases and to increase the interfacial 
contact area (Fig. 4b). The respective alkaline liquid agents (10 L) were treated 
with a model gas mixture containing pre-determined concentrations of CO2 in air 
(cCO2). The flow rate (QG) and composition of the inlet gas were controlled using 
calibrated rotameters and an infrared CO2 analyzer. For SET I and III, a 23 full-
factorial experimental plan was designed in which the process variables were 
maintained near the center of the operating range (Table 5; Papers IV and VII: 
Table 1). Operating variables potentially influencing the absorption/precipitation 
conditions were varied:  

• air–CO2 gas mixture flow rate, QG 
• CO2 concentration in the inlet gas, cCO2 
• stirring rate, N  

In SET II, the carbonation process was conducted under the same conditions as 
Regime 1 (Table 5) by varying the Ca2+ initial concentration in the solution. 
 The reactor was operated batch-wise with respect to the liquid phase and 
continuously with respect to the gas phase. Samples of the suspension were 
collected through a valve on the reactor body. In each experiment, the volume of 
the gas phase in the gas-liquid mixture (VG) and above it (VG2) (Fig. 4b) was 
registered. During the carbonation, the concentrations of relevant ions in the 
liquid phase, the pH and the conductivity of the suspension as well as the CO2 
content of the outlet gas flow (see Section 2.1.1; Table 4) were continuously 
monitored. To elucidate nucleation-growth (morphogenesis) of PCC crystals, the 
morphological development of the precipitate particles in the course of the 
experiments in SET II and III was examined.  
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Table 5. Parameters of the oil shale ash leachates carbonation experiments 

TEST 
nr 

QG, 
L h−1 

Air flow 
rate, 
L h−1 

CO2 flow 
rate, 
L h−1 

cCO2, 
vol.% 

Na, 
rpm 

1 1000 950 50 5 400 
2 1000 950 50 5 1000 

3 1000 850 150 15 400 

4 1000 850 150 15 1000 

5 2000 1900 100 5 400 

6 2000 1900 100 5 1000 

7 1500 1350 150 10 700 

8 2000 1700 300 15 400 

9 2000 1700 300 15 1000 
athe stirring rate, measured experimentally, corresponds to a specific mixing power 
consumption 1.1, 2.0 and 3.7 W L-1 to provide N = 400, 700 and 1000 rpm, respectively. 
 
 
 When the pH of the solution had stabilized and the CO2 concentration in the 
outlet gas became equal to the inlet values, CO2 addition was stopped. In SET II 
and III, after the carbonation, the suspension was filtered (using Whatman “blue 
ribbon” filter paper) and the resulting solid was dehydrated at 105ºC. The solid 
materials were analyzed for chemical composition, surface properties and 
particle size distribution (see Section 2.1.1; Table 4) as received with no 
subsequent washing. The data obtained in the carbonation experiments was used 
among others in the kinetics evaluation and model validation.  
 
2.2 Modeling software  
 
 Kinetic calculations and leaching/precipitation process simulations in this 
work were performed using the MODEST 6.1 software package [158] designed 
for various tasks of model building such as simulation, parameter estimation, 
sensitivity analysis and optimization. The software consists of a FORTRAN 
95/90 library of objective functions, solvers and optimizers linked to model 
problem-dependent routines and the objective function. The differential 
equations were solved by means of linear multi-step methods implemented in 
ODESSA, which is based on LSODE software [159]. The partial differential 
equations were solved numerically and integrated by the method of lines 
presented in [160] with the appropriate initial and boundary conditions. 
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3. RESULTS AND DISCUSSION 
 
3.1 Leachability dynamics, equilibrium and mass transfer in the  
ash – water system 
 
 In the context of PCC production on the basis of oil shale ash, the availability 
of lime for hydration and carbonation reactions is of prime importance. The 
complexity of the process is exacerbated by the complicated and significantly 
variable chemical and phase composition of various types of oil shale ashes. 
Consequently, different leaching behavior is expected during ash-water contact. 
For this reason, as a tool for simplifying the first step of the process under 
discussion, a generalized mathematical dissolution model for the evaluation of 
changes in calcium (or any other water-soluble substance) concentration upon 
leaching from ash was composed. Moreover, as calcium-rich ash leachates can 
be obtained either in a batch reactor (Papers I, II) by mixing an ash-water 
suspension or by washing a stagnant ash layer (leaching column; Paper III), 
calcium dissolution models for both process modes were developed in order to 
design the appropriate PCC process. Furthermore, understanding the behavior of 
the main water-soluble compounds in oil shale ashes in the course of leaching 
also has significance in the field of environmental protection. These aspects are 
discussed in detail in Papers I-III and a brief overview is given in this section. 
 
3.1.1 Dissolution behavior of lime-containing ash 
 
 The leaching behavior of the main water-soluble constituents of oil shale ash 
was investigated in a batch reactor (Section 2.1.2) with a liquid to solid (L/S) 
mass ratio 10:1 to imitate the hydraulic ash transportation system. When ash is 
immersed into water, lime slaking, dissociation of portlandite and dissolution of 
different salts occur. During the first minutes of ash-water contact, the solution 
becomes deeply alkaline (pH ~12.2) and oversaturated with Ca2+ ions (Ca2+ = 
1.4–1.5 g L-1; Paper I: Fig. 1) as in addition to free lime ash also contains other 
water-soluble Ca-compounds (Ca(OH)2, anhydrite etc.), thus allowing the 
solution to exceed the equilibrium solubility limit for Ca ions with respect to 
pure CaO. The latter is an important positive factor in the context of the PCC 
production process. At the same time, the resulting elevated content of sulfate 
(SO4

2-) as well as the presence of additional ions characteristic of ash leachates, 
such as K+, Cl-, PO4

3- etc. (Paper I: Table 3, Paper VII: Experimental chapter), 
could potentially play major roles in the precipitation process. This aspect is 
discussed in Section 3.2.1, where the average composition of ash leachates 
obtained in the aqueous extraction step for subsequent carbonation is given. 
Most importantly, the toxic heavy metals have very low leachability in these 
conditions (Paper I: Section 3.1). 
 The effect of temperature on the leaching behavior of Ca was also examined 
(Paper I: Section 3.3). Favorable conditions for batch dissolution of calcium 
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compounds from ash could be achieved at room temperature, which simplifies 
the first stage of the PCC production process. 
 Furthermore, for the purpose of Ca dissolution process kinetics evaluation 
and model validation, a set of Ca leaching dynamics and equilibrium 
experiments was performed with different ash/water ratios in a batch reactor 
according to the procedure described in Section 2.1.2. The implementation of the 
obtained experimental data is discussed in the following Section 3.1.2. 
 
3.1.2 Modeling of Ca and the main water-soluble species dissolution 
process from ash 
 
 The mechanism of Ca leaching from ash was investigated in a batch reactor 
as well as during a continuous washing process performed in a leaching column. 
This analysis is mostly reflected in Papers II and III. As a result, the 
mathematical models for predicting the outcome of the Ca (or any other water-
soluble substance) leaching process from different kinds of Ca-containing ashes 
were composed (Papers II, III). The models are a set of (partial) differential 
equations that mathematically describe the changes in Ca content in the solid 
(ash) and liquid phases in the course of the process. Furthermore, these models 
allow for estimating the period of time necessary for the species of interest to 
reach the pre-determined value, a highly relevant aspect in the context of the 
PCC process and in the field of environmental protection. Moreover, efficient 
environmental implementation of the developed model for the simulation of 
large-scale estimations of Ca leaching from ash was also demonstrated (Paper 
III). 
 
3.1.2.1 Batch process  
 
 The leaching (dissolution) of a substance (Ca) from a solid particle into a 
solution is mathematically similar to the diffusion which takes place during the 
desorption process. The dynamics of calcium dissolution from ash involves a 
rate-controlling step of mass transfer inside a spherical ash particle (Paper I: 
Fig. 3). A mathematical model consisting of differential equations (Paper II: Eq. 
10, 11) was proposed to describe the leaching mechanism of Ca from ash. 
Accordingly, in order to predict Ca (or any water-soluble substance) 
concentration profiles during the batch dissolution process from ash, the 
following steps of the modeling procedure must be carried out:  
1. Determination of Ca (substance) solubility  
2. Evaluation of the internal mass transfer coefficient of Ca in the ash particle, 
ks 
3. Process simulation 
 The first task implies establishing the equilibrium apportioning of the 
substance of interest (e.g. Ca2+, SO4

2- etc.) between the solid-liquid phases in the 
form of an equilibrium equation q*=f(c*) based on data from the leaching 
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equilibrium experiments described in Section 2.1.2. A detailed description and 
the results of this step were reported on the basis of Ca in Papers I and II. For an 
estimation of the solid phase mass transfer and effective diffusion coefficients of 
Ca, ks and Ds, data on the leaching dynamics obtained from the batch 
experiments was used to compare with the model predictions. The parameters ks 
and Ds were estimated by two different approaches, by Crank’s solution given in 
the literature [161] (Papers I, II) and by a numerical solution of the differential 
equations describing the mass transfer in the ash-water system (Paper II). A 
comparison of both approaches is given in Paper II (Section 3.2.2). The latter 
was used in further modeling as it is a more precise approach.  
 As the liquid phase in the batch process is well-mixed, the mass transfer 
resistance is concentrated in the solid phase and the estimated values of the mass 
transfer coefficient, ks, should be the same for one ash in experiments with 
different dilutions. Thus, considering the ks values, Ca leaching kinetics from 
ashes with different characteristics (ash particle size, Ca content) can be 
evaluated or compared as well as the process simulated for various L/S ratios of 
the suspension. The details on Ca dissolution process modeling are reported in 
Paper II, where it was shown on the basis of two types of ashes differing notably 
in their chemical (content of CaOfree) and physical structure (BET-surface area, 
particle mean diameter etc.) that proposed modeling algorithms can be 
implemented for different ashes.  
 Furthermore, the Ca dissolution model was later amended according to the 
modeling algorithm elucidated in this section to allow for the simulation of 
concentration profiles for other major species participating in the leaching 
process. The addition of SO4

2- and OH- ions into a Ca2+ system was found to be 
sufficient to fulfill the electroneutrality constraint of ash leachates at any 
moment in time during leaching:  
 

  ≈×−+×−+×+=× −−+

i
SOOHCaii NNNzN 0)2()1()2( 2

4
2 , (3) 

where Ni and zi are the molar flux and charge of the ith specie. The constraint 
offers an effective simplification for the solution of many ion-transport problems 
[162, 163] and has been applied widely.  
 Consequently, the set of differential equations describing the changes in Ca 
content in the solid and liquid phase of the perfectly mixed ash-water suspension 
during leaching (Paper II) was complemented by considering the leaching 
mechanisms of SO4

2- and OH- ions. The following system of equilibrium 
relations and model equations (Eq. 4-10) for the solid (ash) and liquid phase was 
proposed to describe the leaching behavior of the main water-soluble species 
(Ca2+, SO4

2-, OH-) from multi-component oil shale ashes:  
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where ks is the solid phase mass transfer coefficient of a substance; c(t) and c* 
are the species current and equilibrium concentration in the liquid phase; q and 
q* are the species average and equilibrium concentration in the solid phase; V is 
the suspension volume; S0 (surface area/volume of particle) is the specific 
surface area of a spherical particle (calculated as 3/R, where R is the average 
radius of the particle); ε is the fluid (water) fraction in suspension and M is the 
molar mass. 
 The accuracy of the proposed extended dissolution model was confirmed by 
comparing the results of a Ca2+, SO4

2- and OH- ion leaching process simulation 
(performed using the MODEST 6.1 software package (see Section 2.2)) for 
different ash-water ratios with experimental data (not used in parameter ks 
evaluation) obtained in batch leaching experiments on the basis of selecting a PF 
ash sample as the example, characterized by a high free lime content (~30 %) 
and initial calcium and sulfate content 0.425 and 0.0317 g/g ash, respectively 
(Fig. 5). 
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3.1.2.2 Continuous washing process of the ash layer (Paper III: Section 
3.1) 
 
 The mechanism of Ca mass transfer phenomena in a fixed ash layer leaching 
unit was described by the differential mass balance equations, derived through 
consideration of a short length ∆Z of a reactor of cross-sectional area S, as 
shown in Paper III: Fig. 1b. The following system of model equations (Eq. 11-
14; Paper III: Eq. 2-5) was proposed assuming that heat effects and axial 
dispersion can be neglected:  
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where K is the overall mass transfer coefficient; kL and ks are, respectively, the 
liquid and the solid phase mass transfer coefficients; C is the concentration of Ca 
in the water; q  is the average concentration of Ca in ash; ε is the fluid (water) 
fraction in the layer (estimated from the volumes of the ash layer and the empty 
column); v is the average axial velocity of the flowing fluid in the interstitial 
spaces; Z is the ash layer height coordinate, from the bottom (Z=0) to the top 
(Z=L); m is the slope of the equilibrium line q*=f(c*); Q is the volumetric flow 
rate of the liquid phase; S is the cross-sectional area of the empty column and S0 
(surface area/volume of particle) is the specific surface area of a particle. 
 In addition to steps 1 and 2 presented for the batch process in the previous 
Section 3.1.2.1, the modeling procedure in this case involved the task of 
determining the Ca overall and liquid phase mass transfer coefficients, K and kL. 
For this purpose, continuous leaching experiments were conducted in a semi-
batch washing column at various liquid flow rates as described in Section 2.1.2. 
Because the same types of ash samples as in batch dissolution modeling were 
used as an example material for the continuous mode process, previously 
obtained data from steps 1 (q*=f(c*)) and 2 (values of ks) (Paper II: Eq. 3-4, 
Table 3) was applied in the modeling. The kinetics calculations and process 
simulation were performed using the MODEST 6.1 software package (Section 
2.2). The system of model equations above was solved numerically and 
integrated by the method of lines with the following initial and boundary 
conditions:  



48 
 

 at Z=0: C=0 for every moment of time t= 0 … t= ∞ (15) 

 at t=0: 0qq =  for every length coordinate Z= 0… Z=L  (16) 

 The solution of Eq. 11-12 and 15-16 gives the concentration distributions in 
the layer, q (Z,t) and C(Z,t).The values of the overall mass transfer coefficient, K 
were evaluated using a parameter estimation procedure. The results presented in 
Paper III were in good agreement with theoretical knowledge: as the flow rates 
increase, the turbulence of the flow increases and consequently reduces the mass 
transfer resistance. Furthermore, the liquid phase mass transfer coefficient, kL 
was calculated according to Eq. 13, based on the values of the overall mass 
transfer coefficient, K (Paper III: Table 1) and the solid phase mass transfer 
coefficient, ks estimated from the batch dissolution experiments (using very 
intensive mixing) presented for different ash types in Paper II (Table 3). Slope 
m of the equilibrium line q*=f(c*) was calculated as the derivative of the 
equilibrium equation (presented in Paper II: Eq. 3, 4) for the argument value 
equal to the average Ca concentration in the liquid phase within the experimental 
range. As a result, an empirical function for the estimation of the liquid phase 
mass transfer coefficient, kL at different liquid flow rates (Q) was built up (Paper 
III: Eq. 9, 10). 
 Simulations of the Ca dissolution process during continuous washing of 
various types of oil shale ash layers with different flow rates are presented in 
Paper III: Fig. 2, where it has been shown by a comparison of experimental data 
and results of the process simulation that the developed model was able to 
provide an accurate estimation of the changes in Ca content in the leaching fluid 
as well as in the stagnant layer of ash. The results and discussion on this subject 
are given in more detail in Paper III. 
 
3.1.2.3 Simulation scenario of the ash deposit leaching process (Paper 
III: Section 3.3) 
 
 In order to demonstrate the versatility of application of the developed Ca 
dissolution model, an example was designed to simulate a scenario of an 
industrial ash layer washing process in a natural environment over an extended 
period of time (Paper III). The goal was to imitate the current situation in 
Estonia, where every year about 6 Mt of oil shale ash produced by power plants 
is transported to nearby ash fields.  
 
Overview of the initial parameters of the simulation 
 In the simulation, seventy tons of dry PF ash formed in a power plant are 
considered as having been distributed uniformly over an area of 5 x 13 m2, 
creating a theoretical 1 meter high ash layer (cross-sectional area of 65 m2). The 
average annual amount of precipitation in Estonia was taken as about 757 mm. 
The objective of the simulation was to estimate changes in the Ca concentration 
in the solid (ash) phase and in the leaching water during industrial ash layer 
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washing by natural precipitation and therefore to predict the outcome of the 
process.  
 
Results and discussion 
 For the simulation, the set of model equations (Paper III: Eqs. 2-5, 9) was 
solved using estimates for the ash parameters obtained from the study on the 
kinetics of batch and continuous dissolution processes described in Papers II and 
III. The calculations details and results are presented in Paper III. As can be 
seen from Fig. 3 in Paper III, the calcium concentration level where only the 
insoluble part of free lime is left in the ash layer was estimated by the model as 
being reached in approximately 500 years. The results indicate that the Ca 
content in the leaching fluid will be at a level of about 1.51 g L-1 and maintain 
this high value for hundreds of years to come. Therefore, it was demonstrated 
that oil shale ash can be viewed, without the implementation of any constraints, 
as a source of environmental damage for a long time. 
 
3.2 From waste to value: calcium carbonate precipitation on the basis 
of oil shale ash  
 
 Based on our investigations relating to the leaching behavior of oil shale ash 
(Papers I-III), the latter could be qualified as a source of calcium which is easily 
and rapidly extractable by water. The possibility of obtaining PCC on the basis 
of alkaline wastes from oil shale energetics was first introduced in our earlier 
paper [164] where the preliminary results of alkaline ash-transportation water 
neutralization experiments with a CO2-containing model gas carried out in a 
small-size (0.6 L) laboratory absorber were reported. As the next step, the 
feasibility, specifics and mechanism of calcium carbonate precipitation in the 
ash leachate – CO2-containing model flue gas system were systematically 
investigated in a ~15 L semi-batch stirred barboter-type reactor and the main 
characteristics (composition, morphology, surface area and particle size) of the 
resulting solid product were examined over a wide range of operating 
conditions. These aspects are discussed in Papers VI and VII. Complimentary 
carbonation experiments with commercial CaO fine powder were conducted for 
a comparative characterization of the final products obtained on the basis of two 
different Ca-rich raw materials. This analysis is mostly reflected in Paper VI. 
 The mathematical tasks of the study focused on the main challenges in 
indirect mineral carbonation, including establishing a quantitative understanding 
of heterogeneous gas-liquid-solid system kinetics and dynamics. To elucidate 
the specifics and to estimate the performance of the CO2 mass transfer process 
into alkaline wastewaters such as leaching waters of oil shale ash, kinetics 
studies on the phenomena of CO2 absorption in a model gas – liquid system in 
the absence (Paper IV) and presence of a precipitation reaction (Papers V and 
VII) were performed in a stirred semi-batch reactor.  
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 Based on the results of a multifaceted study, a consistent set of model 
equations and physical-chemical parameters was finally proposed to describe the 
CaCO3 precipitation process from oil shale ash leachates of complex 
composition (Paper VII). 
 Furthermore, aspects such as CO2 sequestration and PCC production capacity 
of ash and its leachates were discussed. Consequently, technological concepts 
for continuous mode co-utilization of waste streams from oil shale energetics in 
the production of synthetic calcium carbonate were worked out and a pilot-scale 
reactor system was proposed.  
 
3.2.1 Feasibility and specifics of ash indirect carbonation (Papers VI 
and VII) 
 
 The investigation into multi-step PCC formation on the basis of waste ash 
was comprised of two major stages: aqueous extraction and a precipitation 
regime. Similar to the process described in this work, in the conventional PCC 
production method, dry CaO, an expensive high quality raw material, is slaked 
(hydrated) with water to form a calcium hydroxide slurry which is then screened 
to remove impurities originating from the limestone and fed into a stirred tank 
reactor where it reacts with CO2 [83]. Unlike the lime solution, leachates contain 
different salts leached from the heterogeneous composition of oil shale ashes, as 
was elaborated in Section 3.1.1 where the dissolution behavior of the lime-
containing ash was discussed. In order to systematically investigate calcium 
carbonate precipitation in the ash leachate – CO2-containing flue gas system, a 
set of carbonation experiments was conducted in a semi-batch stirred reactor 
according to the procedure described in Section 2.1.3. In the primary aqueous 
extraction step, oil shale ash leachates (pH ~12.65) with the following average 
ion concentrations were obtained: (in g L−1) Ca2+ ~1.23, SO4

2- ~0.75, K+ ~0.076, 
Cl- ~0.038, PO4

3- ~0.011; (in mol L−1) OH- ~0.047. In the subsequent 
carbonation step, neutralization of ash leachates (pH ~7) was accompanied by 
the formation of solid precipitates. These experiments indicated that alkaline ash 
leachates react readily with a CO2-containing model gas, radically decreasing the 
content of Ca2+ ions and the pH value (Fig. 6) of the solution. Contact between 
Ca2+-ions and dissolved CO2 led to the precipitation of CaCO3 (PCC), which is 
practically insoluble in water with a pH>9. As the pH was lowered, the 
increased content of H+ ions triggered the re-dissolution of CaCO3, liberating 
calcium ions into the solution (Fig. 6). The concentration of SO4

2- ions decreased 
moderately (from ~0.75 to 0.57 g L-1 depending on the process conditions). The 
content of background ions such as K+, Cl-, etc. remained unchanged during the 
experiment, which indicates that they do not participate in the precipitation 
reaction and remain in solution. This finding is important in the context of 
product purity. 
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Figure 6. Process-induced changes in Ca2+ concentration and pH profiles   
 
 
 The influence of precipitation conditions on the main characteristics of the 
resulting crystalline product is discussed in the following Section 3.2.2, whereas 
the mechanism of calcium carbonate precipitation during the gas-liquid reaction 
in the ash leachate – CO2-containing gas system is elaborated in Section 3.2.3. 
 
3.2.2 Characterization of PCC crystallized in the ash leachate – CO2-
containing flue gas system (Papers VI and VII) 
 
 It is evident that among the other parameters, the shape, size and texture of 
the crystals play a crucial role in determining the properties and application 
suitability of the material. In precipitation processes, especially the 
hydrodynamic conditions in the system strongly influence the result of the 
reaction, i.e. the characteristic features of the precipitate. Nevertheless, the 
impact of a complex composition of ash leachates on the quality of the resulting 
crystalline product is a matter of importance. Consequently, a detailed 
examination of the precipitates which formed during ash leachate carbonation 
(until a solution pH ~7) under different conditions was performed. The 
characteristics of the solid products were determined using numerous 
characterization techniques (see Section 2.1.1, Table 4) and are presented in 
Table 6 (Paper VII: Table 3).  
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 The unwashed precipitates (Table 6: PCC1–PCC9) were characterized by 
their bright white color and fine powdery texture. Total carbon- and 
thermoanalysis indicated that the solid samples predominantly contained CaCO3 
(~94.4−96.2%), with minor amounts of CaSO4 (~4−6% TA and BSF analyses; 
Table 6; Paper VII: Table 3), evidently adsorbed on the surface of the CaCO3 
crystals as implied by XPS analysis. Only traces of other constituents were 
detected (XPS) on the crystal surface, confirming conclusions drawn based on 
the liquid phase composition analysis. Washing of the precipitate cake would be 
expected to improve the purity of the product by a few percentage points (Paper 
VI). The phase composition was also confirmed using FT-IR spectroscopy. 
 The morphology of the precipitated particles was examined using scanning 
electron microscopy (SEM). SEM images of the final precipitates PCC1-PCC9 
crystallized under various carbonation conditions are shown in Paper VII: Fig. 
3. Under the conditions of TEST 1-5 (Table 5), well-defined rhombohedral 
crystals with a mean size ranging from ~4−8 μm were produced (Table 6; Paper 
VII: Fig. 3(a-e)). X-ray powder diffraction analysis (XRD) of these samples 
identified calcite as the only crystal form of calcium carbonate detected. 
Carbonation under intensified hydrodynamic conditions (TEST 6-9, Table 5) 
resulted in the formation of distinctly spherical particles of vaterite in the 
precipitates along with rhombohedral crystals of calcite (Paper VII: Fig. 3(f-i)). 
The coexistence of calcite and vaterite in the product (PCC6-PCC9) was 
confirmed using XRD measurements (Table 6; Paper VII: Table 3), which 
enabled us to distinguish different polymorphic modifications of calcium 
carbonate. The XRD results indicated that samples PCC6 and PCC9 contained 
relatively small amounts of the vaterite phase (2.6 and 3.6%), while the relative 
mass percentages of vaterite in samples from TESTS 7 and 8 were ~22 and 36% 
(Table 6; Paper VII: Table 3). The presence of a significant amount of spherical 
vaterite explains the greater surface area and pore volume (Vtot) of samples 
PCC7 and PCC8. Precipitation under the most rapid conditions (TEST 9, Table 
5) significantly decreased the amount of vaterite in the final product compared to 
sample PCC8, leading to the formation of pseudo-cubic or randomly aggregated 
rhombohedral (Paper VII: Fig. 3i) and spherical structures with a mean diameter 
of ~10 μm and a calcite content of ~96% (Table 6; Paper VII: Table 3).  
 The particle size distribution analysis revealed that the PCC particle size was 
influenced by the operating conditions, especially the hydrodynamics of the 
system (flow rate, mixing intensity). For instance, in the experiments with 15% 
CO2 in the flue gas, increasing the gas flow rate from 1000 to 2000 L h-1 
increased the mean diameter of the particles from ~4.8 to 8.0 µm and from ~7.8 
to 9.9 µm at 400 rpm and 1000 rpm, respectively. A similar effect was observed 
upon increasing the rotation speed from 400 to 1000 rpm (dmean increased from 
~4.8 to 7.8 µm and from ~8.0 to 9.9 µm at 1000 and 2000 L h-1, respectively). 
Based on the gathered experimental data, applicable to barboter-type reactors, a 
simplified empirical dependence (R2= 0.94) relating the mean particle size, dmean 
(in µm) to the process parameters was constructed:  
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where QG/VL is the specific gas flow rate (h-1) and PN/VL is the stirrer specific 
power consumption (W L-1). 
 It was evident that elevated values of the operating parameters (gas mixture 
flow rate or/and CO2 content as well as mixing intensity in the reactor) lead to 
more rapid precipitation accompanied by a faster pH decline. The results, 
therefore, indicate that by prolonging the carbonation process, the mean particle 
size decreases (Table 6). This trend was also observed in the additional 
experiments described in Paper VI were CO2 gas flow was switched off either 
prior to reaching the pronounced re-dissolution region or after the pH of the 
solution had stabilized (Paper VI: Table 1). In the same study, the effect of the 
extent of carbonation on the textural properties of PCC particles was observed: 
by prolonging carbonation below pH ~8 (the re-dissolution region), the initially 
smooth surface of the crystal faces of PCC particles (Paper VI: Fig. 2(c, e)) 
appeared to become rougher (Paper VI: Fig. 2d). This observation was 
confirmed by surface area measurements (Paper VI: Table 1). 
 Furthermore, the results suggest that faster precipitation due to intensified 
hydrodynamic conditions provoked the formation of the usually metastable 
vaterite in the final product. Consequently, a closer examination of the 
morphological development of the CaCO3 crystals in the course of carbonation 
under the conditions of TESTS 8 and 9 was undertaken (Fig. 7). The 
morphogenesis of the PCC crystals in the course of carbonation is illustrated in 
sub-figures (a) - (d) and (e) - (h) in Fig. 7 during TESTS 8 and 9, respectively. It 
can be observed from sub-figures (b) and (f) in Fig. 7 that by the time the Ca2+ 
content in the solution reached its lowest value, only regularly-shaped 
rhombohedral calcite crystals precipitated. At this point, all the calcium 
potential of the solution was utilized and equilibrium between the processes of 
CaCO3 precipitation and dissolution was established. Moreover, agglomeration 
of particles was not detected during this period. Further addition of CO2 initiated 
PCC re-dissolution due to a decline in the pH (pH<9) (Fig. 6). At this stage, 
parallel crystallization of vaterite, a CaCO3 polymorph, took place (Fig. 7(c, g)). 
By the end of carbonation (pH ~7), presumably due to an excess of Ca2+ in the 
solution as a result of PCC re-dissolution, vaterite was partially replaced by 
more stable calcite, whereas the remaining amount stabilized under these 
experimental conditions (Fig. 7(d, h)). In addition to the influence of 
hydrodynamics on the system, the formation of the metastable phase might have 
been promoted by the presence of specific accompanying ions in the leachates. 
According to a study by Fernández-Díaz et al. [165], a significant role in the 
stabilization of vaterite may be attributed to the presence of sulfate in the 
system. Hence, elaborated observations are of great interest in the context of 
PCC production on the basis of oil shale ash. 
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 Additionally, precipitation experiments were conducted under the same 
conditions as in TEST 1 (Table 5) with commercial CaO fine powder according 
to the procedure described in Section 2.1.3 for comparative characterization of 
the final products. Interestingly, the precipitates obtained under the identical 
conditions, yet on the basis of different raw materials, contained crystals with 
the same order of particle size and similar morphology, whereas the brightness 
value (~93%) of particles crystallized from ash leachates exceeded that of PCC 
obtained from a pure Ca(OH)2 solution (~89%) (Paper VI: Table 1). More 
details, including SEM images for the respective types of PCC, can be found in 
Paper VI. 
 
3.2.3 Reaction mechanism and modeling of PCC formation in the ash 
leachate – CO2-containing flue gas system 
 
3.2.3.1 CO2 absorption kinetics and mass transfer into the alkaline model 
solution (Paper IV) 
 
 A vital part of the carbonation process is the transfer of CO2 from the gas 
phase to the aqueous phase, since only the dissolved molecules of CO2 take part 
in the reactions. Furthermore, the concentrations of the various carbonate species 
depend on the pH of the solution. As shown in previous Sections, ash leaching 
waters are characterized by high pH levels; however, the data on the rate of CO2 
transfer from air bubbles into the aqueous alkaline solution has rarely been 
reported in the literature [166, 167]. Consequently, a study on CO2 uptake 
kinetics in hydroxide solution in the absence of precipitation reaction was 
undertaken (Paper IV). The performance of the CO2 mass transfer process in a 
stirred semi-batch reactor was evaluated under various conditions in absorption 
experiments with an NaOH solution representing the Ca2+ and SO4

2--free 
alkaline model solution. The experimental setup and conditions are presented in 
Section 2.1.3 and in more detail in Paper IV. Considering information on all of 
the main factors involved in the mass transfer of CO2 from the gas phase to an 
aqueous solution of hydroxides and the subsequent reactions (hydrodynamics, 
kinetics etc.), a mathematical model (Paper IV: Eq. 4-10) for description of CO2 

mass transfer in a stirred semi-batch reactor was composed, allowing for 
simulating the concentration profiles of reactive species (CO2, CO3

2-, HCO3
-, 

OH-, H+) in the gas and liquid phase. The detailed description of the model is 
elaborated in Paper IV. Under the conditions prevailing in the reactor, the rate of 
CO2 transfer is governed by the liquid phase mass transfer coefficient, kL and is 
usually characterized by the volumetric mass transfer coefficient, kLa. Based on 
the experimental data and proposed CO2 mass transfer model, an estimation of 
the volumetric mass transfer coefficient of CO2 for the system in the absence of 
a precipitation reaction, kLa0

CO2, was made under different conditions of gas flow 
rate, mixing speed and CO2 partial pressure. The calculations were performed 
using the MODEST 6.1 software package (Section 2.2). Based on the obtained 
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data, the effects of hydrodynamics on the rate of CO2 mass transfer were 
described in a form of an empirical correlation of kLa0

CO2 (s
−1) as a function of 

the main operating variables, allowing for the estimation of CO2 absorption 
performance per unit volume of gas-liquid mixture in barboter-type reactors 
under different conditions (Paper IV: Eq. 16). The implementation of the 
obtained mathematical data into the algorithm of the CaCO3 precipitation model 
on the basis of ash leachates is acknowledged in Section 3.2.3.3. 
 
3.2.3.2 Calcium carbonate precipitation kinetics in a model gas – liquid 
system (Paper V) 
 
 In order to design the PCC formation process and to optimize CO2 
elimination from flue gas using alternative CaO-containing materials, such as oil 
shale ash and its leachates, mathematical models describing the outcome of the 
precipitation process of CaCO3 in a model gas–liquid system must be developed 
using at first chemically pure lime as a Ca source. For this purpose, a kinetics 
study on chemical absorption of CO2 into an aqueous solution of Ca(OH)2, 
representing the Ca2+-rich and SO4

2--free alkaline model water, was carried out 
in a stirred semi-batch reactor. The experimental setup and conditions are given 
in Section 2.1.3. The mathematical model described in the previous section was 
extended to account for the CaCO3 precipitation reaction kinetics and a resulting 
set of model equations is presented in Paper V (Eq. 8-16). On the basis of the 
modified model and the obtained experimental data, the volumetric mass transfer 
coefficient of CO2 in the presence of a precipitation reaction, kLaCO2, was 
estimated under the conditions of various initial concentrations of the Ca(OH)2 
solution. According to the same procedure and considering the value of the 
solubility product of CaCO3, the reaction rate constants of the CaCO3 
precipitation reaction were evaluated (Paper V: Table 2). The calculations were 
performed using the MODEST 6.1 software package (Section 2.2). Details of the 
determination can be found in Paper V.  Furthermore, the influence of the 
precipitation reaction on the rate of CO2 mass transfer was investigated. This 
analysis is described in Paper V. The reactions of CO2 with a Ca(OH)2 solution 
enhance the rate of absorption and increase the capacity of the liquid solution to 
dissolve the solute, when compared with physical absorption systems. The effect 
of the precipitation reaction on process performance can be expressed by 
introducing the CO2 mass transfer enhancement factor, E [168, 169], defined 
here as the ratio of the volumetric mass transfer coefficients for CO2 absorption 
for both cases with (kLaCO2) and without the precipitation reaction (kLa0

CO2), 
E=kLaCO2/kLa0

CO2. By considering the results of the study for the system in the 
absence of a precipitation reaction described in Section 3.2.3.1, values of the 
enhancement factor E for CO2 absorption were determined (Paper V: Table 2) 
and the empirical Eq. (Paper V: Eq. 19) of E as a function of the initial Ca2+ 
concentration was proposed. It was shown that an increase in the Ca 
concentration produces a continuous increase in the enhancement factor. This 
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fact along, with the kinetics data described in this section, was later accounted 
for in the Ca2+-rich ash leachates system. 
 
3.2.3.3 Modeling of the CO2 absorption and CaCO3 precipitation in the 
ash leachate – CO2-containing flue gas system (Paper VII) 
  
 The mechanism expressed by Cents et al. [170] for the reaction of CO2 with 
aqueous solutions of hydroxides was considered as a starting point and extended 
by us based on the theoretical considerations and obtained data to be applicable 
for description of the CO2 absorption and CaCO3/CaSO4 precipitation in the 
system of ash leachate – CO2-containing flue gas. The reactions occurring upon 
contact of ash leachate, characterized by an excess amount of Ca2+ and SO4

2- 
ions, with CO2 present in the gas are presented in Fig. 8 (Paper VII: Eq. 1-9). 
 
 Physical dissolution of gaseous CO2 into solution:  
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Figure 8. A set of reactions occurring in the ash leachate–CO2-containing gas system  
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As indicated by the experimental data described in Section 3.2.1, it can be 
assumed that the background ions in the leachate, such as K+, Cl- etc., do not 
take part in the precipitation process in significant amounts. 
 Based on the results of a multifaceted kinetics study (Papers IV, V and VII), 
the mathematical process model was developed (Paper VII) incorporating the 
mechanisms and modeling algorithms composed for intermediate stages (Papers 
IV and V) and accounting for the absorption and reaction kinetics taking place in 
the liquid phase, including CaCO3 and CaSO4 precipitation, as well as the 
hydrodynamic conditions within the system. According to our proposal, 
assuming the ash leachate – CO2-containing flue gas system is operated 
isothermally at 25°C, the concentration profiles of characteristic species 
participating in the precipitation process may be modeled as a function of time 
using differential Eq. 26-36 (Paper VII: Eq. 10-20): 
 
• For CO2 dissolved in the liquid phase: 
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• For Ca2+, OH-, SO4

2-, HCO3
-, CO3

2- and H+ ions: 
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• For CO2 exiting the ith section of the reaction mixture: 
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• For CO2 exiting the reactor headspace (VG2 above the mixture; Fig. 4b): 
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• For CaCO3 forming during the carbonation process: 
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• For CaSO4 forming during the carbonation process: 
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 In Eqs. 26-36, the concentrations are expressed in molar units, QG is the gas 

volumetric flow rate in L s−1, 0
2COLak  is the volumetric mass transfer coefficient 

of CO2 in the absence of a precipitation reaction in s−1, E is the CO2 mass 
transfer enhancement factor, VL is the solution volume in L, VG is the volume of 
gas in the gas-liquid mixture in L, VG2 is the gas volume in the reactor headspace 
in L, kH is the Henry’s law constant in mol·(L atm)−1, P is the atmospheric 
pressure in atm, MCO2 is the CO2 molar mass in g mol−1 and ρCO2 is the CO2 gas 
density in g L−1. 
 The gas phase in the reaction mixture was divided into a number of 
theoretical sections n with a volume VG/n (gas phase in approximately plug flow, 
liquid phase in perfectly mixed flow due to solution recirculation). Each of these 
sections (high correlation coefficient observed at n=10) was treated as a non-
equilibrium stage governed by Eq. 33.  
 Considering the near infinite-dilution ionic strength of the leachate (I=0.1), 
the value of the second-order rate constant, k11 (in L·(mol s)−1) in Eq.19 in Fig. 8 
was calculated as a function of temperature T (K) using a relationship proposed 
by Pohorecki and Moniuk [171]:  
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 The backward reaction rate, k12 in Eq. 19 is defined by the value of the 
equilibrium constant for this reaction (k12=k11Kw/K1). The value of the solubility 
product, Kw (mol2 m−6) is given by Tsonopoulos [172]: 
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 The value of the equilibrium constant, K1 (mol m−3) is given as a function of 
temperature by Edwards et al. [173]:  
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where ρw is the density of water (kg m−3). The reaction rate constant, k21 in Eq. 
20 was reported as 6×106 m3·(mol s)−1 by Eigen [174]. The equilibrium constant, 
K2 (m

3 mol−1) at infinite dilution, which determines the value of the backward 
reaction rate, k22=k21/K2, is given by Hikita et al. [175]: 
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T

K 3
2 10737.65866.2
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)log( −×−−=  (40) 

 The neutralization rate constant, k31, was determined by Eigen [174] to be 
1.4×108 m3·(mol s)−1. The rate constant, k41 for the reaction between CO2 and 
water is 0.024 s−1 [176]. The values of the backward reaction rate constants, k32 
and k42 may be calculated from the equilibrium constants and are equal to k31/KW 
and k41/K1. The value of the Henry’s law constant kH (mol·(L bar)−1) may be 
expressed as a function of temperature using the equation of Pohorecki and 
Moniuk [177]: 

 252 108857.7109044.51229.9)log( TTkH
−− ×+×−=  (41) 

 Based on our study on CO2 uptake kinetics in hydroxide solutions under 
various process conditions described in Section 3.2.3.1 (Paper IV), the 
volumetric CO2 mass transfer coefficients for the system in the absence of a 

precipitation reaction 0
2COLak (s−1) were calculated using an empirical equation 

(R2=0.91) applicable to barboter-type reactors (Paper IV: modified Eq. 16) :  
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in which PN is the power consumed by the stirrer in watts. 
 The average values of the reaction rate constants, k51 and k52 in Eq. 23 were 
estimated in our study on CaCO3 precipitation kinetics in the model gas–liquid 
system (Paper V) described in Section 3.2.3.2 to be 1.88×106 L·(mol s)−1 and 
0.009 mol·(L s)−1. The value of the CO2 mass transfer enhancement factor, E 
(introduced in Section 3.2.3.2), was determined using an empirical equation 
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(R2=0.97) proposed by us in the same study (Paper V: Eq. 19), where E is a 
function of the initial Ca2+ concentration (mmol L−1): 

 [ ] [ ] 0.10224.00027.0 0
22

0
2 +×+×= ++ CaCaE  (43) 

 Based on the experimental data obtained for the ash leachate–CO2-containing 
flue gas system (Section 2.1.3), the SO4

2- dynamic equilibrium concentration, 
[SO4

2-]* (mmol L−1), was calculated using an empirical equation (R2=0.98) 
dependent on the operating parameters and the initial concentrations of Ca2+ and 
SO4

2- ions (mmol L−1) in the leachate (Paper VII: Eq. 28): 
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 The kinetic calculations were performed using the MODEST 6.1 software 
package (Section 2.2). Additionally, a program feature accounting for changes in 
VL, VG and VG2 due to sample collection was implemented in the modeling 
algorithm. The volumetric mass transfer coefficient of anhydrite,

4CaSOLak and 

the reaction rate constants, k61 and k62 in Eq. 25 were evaluated from differential 
Eqs. 26-36. A parameter estimation procedure was carried out on the basis of the 
proposed model and some of the experimental data. The correlation coefficients 
for all data sets were greater than 0.93. The average values of the reaction rate 
constants, k61 and k62, were estimated to be 0.1(±0.021)×107 s−1 and 
0.4(±0.013)×103 L·(mol s)−1, respectively (Paper VII). Based on the evaluated 
values of 

4CaSOLak (s−1), an empirical equation (R2=0.8) applicable to barboter-

type reactors was proposed as a function of the main process parameters (Paper 
VII: Eq. 29): 
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Table 7. Parameters used in the modeling of oil shale ash leachate carbonation at 298K 

Parameter Value Parameter Value 

k11, L·(mol s)−1 8.4×103 k42, L·(mol  s)−1 5.7×104 

k12, s
−1 2.0×10-4 k51

av, L·(mol s)−1 1.9×106 

k21, L·(mol s)−1 6.0×109 k52
av, mol·(L s)−1 9.0 ×10-3 

k22, s
−1 1.2×106 k61

av, s−1 0.1×107 

k31, L·(mol s)−1 1.4×1011 k62
av, L·(mol s)−1 0.4×103 

k32, mol·(L s)−1 1.3×10-3 kH, mol·(L atm)−1 3.5×10-2 

k41, s
−1 2.4×10-2 ρCO2 (25ºC), kg m−3 1.8×100 
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 The developed model was used to simulate the carbonation/precipitation 
process in the ash leachate – CO2-containing flue gas system. The procedure was 
accomplished with the MODEST 6.1 software package (Section 2.2). The 
reaction rate constants and the main parameters applied for process simulation 
are summarized in Table 7 (Paper VII: Table 2).  
 The model was verified by comparing the dynamic response of the 
concentrations of the reactive species (Ca2+, OH-, SO4

2-, CaCO3, CaSO4, HCO3
-, 

CO2, H
+ and CO3

2-) to variable operational conditions with the experimental data 
obtained according to the procedure described in Section 2.1.3. Plots of 
experimental and model-predicted concentration profiles corresponding to 
TESTS 4, 6, 7 and 8 (Table 5) are provided in Paper VII (Fig. 2). The proposed 
model supports the assumed reaction scheme and describes with high certainty 
the process course including the re-dissolution of PCC due to increased 
solubility of CaCO3 at lower pH. The model also enables the prediction of pH 
values (Paper VII: Fig. 2a), which suggests potential applications in wastewater 
neutralization process design. Additional details can be found in Paper VII. 
 
3.2.4 Continuous mode process concept and scale-up 
 
 A conceptual process flow diagram for the beneficiation of waste streams 
from oil shale energetics via the production of synthetic calcium carbonate-type 
material and simultaneous CO2 mineral sequestration and residual material 
stabilization/neutralization was proposed (Fig. 9) for continuous mode operation. 
The suggested process concept does not require the use of chemicals (acid for 
extraction or alkali for precipitation) and the liquid phase is recycling in the 
system. For improved performance of the process, the PCC production route is 
envisaged to be implemented (according to Fig. 9) with the new method recently 
proposed by us for eliminating CO2 from flue gases by Ca-containing industrial 
wastes (Patent). The process includes contacting the aqueous suspensions of Ca-
containing waste material with a CO2-containing flue gas in two steps: in the 
first step (Reactor 1), the suspension is bubbled with flue gas, maintaining pH 
levels in the range of 10–12, and in the second step (Reactor 2) maintaining the 
pH levels in the range of 7–8 (Fig. 9b). The water-soluble components such as 
free lime are carbonated in the first step and the components with low solubility, 
in which Ca is generally contained in the form of silicates (CaSiO3, Ca2SiO4, 
Ca3Mg(SiO4)2), are carbonated in the second step. This enables optimal 
conditions for treating different phases of multicomponent waste materials.  
 A simplified technological scheme of a potential continuous-flow pilot-scale 
installation including the units of oil shale ash leachate preparation, carbonation 
and solid product separation is given in Fig. 10.  
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According to intended design, a highly alkaline ash-water suspension from the 
power plant ash hydraulic transportation system is directed to the rotary drum 
filter, where the solid residue is separated under vacuum from the parental Ca-
rich solution. The alkaline liquid phase is then treated with the CO2-containing 
flue gas injected by nozzles (for improved mixing) located at the bottom of the 
barboter-type reactor where neutralization of the ash leaching water and 
formation of the solid precipitate (CaCO3/CaSO4 composite) takes place. In the 
final stage, the solid material is washed and separated by means of a drum filter 
from the stabilized wastewater exiting the barboter-basin. The neutralized 
effluent is recirculated in the system. Alternatively, as a more robust version of 
the process, the oversaturated with Ca ions alkali wastewater from the settling 
ponds of the ash transportation system could be used directly as a feedstock. In 
this case, the load on the first filter will drop considerably, consequently 
lowering its dimensions. 
 
Preliminary technological evaluation and recommendations 
 
 From the point of view of PCC production via the carbonation route, there 
are two major pH regions to be considered. Because CO2 dissolution into water 
is pH-dependent (CO2 is found in the solution mainly as CO3

2- at pH>9 and as 
HCO3

- around pH<9.0), the highest concentration of PCC is expected at pH>9. 
Furthermore, at lower pH values, H+ ions will initiate the re-dissolution of 
CaCO3. At the same time, alkaline wastewater (such as ash leachate) has to be 
neutralized to a pH level accepted by environmental regulations (pH<9) before 
directing it into nature. Taking into account the above specifics and assuming a 
wastewater flow rate of 3600 L h-1, evaluation of the important parameters 
(Table 8) in the design of the continuous mineralization process of CO2 

accompanied by the formation of PCC on the basis of oil shale ash was made by 
implementing the proposed model (Section 3.2.3.3) for two possible objectives: 
maximum CO2 mineralization (highest CaCO3 content) or wastewater 
neutralization (effluent pH~7). The results are given in Table 8. Furthermore, the 
following recommendations could be given to come to an optimal process design 
or optimal crystalline product quality: 
• The appropriate end-point of carbonation will need to be selected depending 

on the desired purity grade and textural properties (influenced by the 
precipitation conditions) of the product determined by its application field 
and/or the primary environmental objective of the process.  

• The composition of the effluent will depend on the duration of carbonation. 
The alkalinity of the leachates could be decreased to an accepted pH level in 
the precipitation step or in the next stage after PCC separation at pH>9. In 
any case, the resulting effluent can be recirculated in the system. 

• After the extraction of water-soluble calcium from ash, the lime-depleted 
residue is able to bind an additional amount of CO2 on account of residual 
lime and Ca/Mg silicates. Following the stabilization route proposed in Fig. 
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9, waste material can be utilized or safely deposited at an environmentally 
suitable location without the need for monitoring programs. 

• As the next step, an estimation of final product suitability for various 
applications must be undertaken. 

 
CO2 binding and PCC production capacity of oil shale energetics waste streams 
 
 In addition to a considerable amount of free CaO (10-30 wt%), oil shale 
ashes contain up to 30% Ca/Mg silicates as potential CO2 binders. Our recent 
developments involving ash–water suspension carbonation demonstrated that oil 
shale ashes are able to bind up to 290 kg CO2 per ton of ash or as much as ~15 
and 73% of the oil shale’s total and mineral carbon content, respectively [60]. 
Moreover, beneficiation of 1 million ton of ash (containing ~20% free lime on 
average) would allow for producing close to 360 kt of CaCO3, while via the 
carbonation of 1 million m3 of leachates, at least 1.3 kt of CO2 could be captured 
and up to 3 kt of PCC formed. 
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4. CONCLUSIONS 
 
 This thesis elucidates the feasibility, specifics and mechanisms of a novel 
route for CO2 sequestration and utilization/beneficiation of a potentially 
hazardous waste into valuable product. It demonstrated that free lime could 
without difficulty be rapidly separated from oil shale ash by leaching it into 
aqueous solutions. The resulting leachates could then serve as a novel medium 
for the crystallization of a precipitated calcium carbonate-type material 
applicable to several industrial applications.  
 Treatment of ash leachates with a CO2-containing model flue gas in a batch 
reactor under ambient operating conditions (room temperature and atmospheric 
pressure) resulted in the precipitation of high brightness PCC containing up to 
~96% CaCO3 with a mean particle size ranging from 4−10 µm. Variation in the 
process parameters had a profound influence on PCC characteristics: the crystal 
size, surface area and morphology of the calcium carbonate crystals were 
controlled by the hydrodynamic conditions (gas flow rate and mixing intensity) 
which affected the duration of precipitation and the pH of the crystallization 
medium. 
 The mechanisms and modeling algorithms for the main stages of the process, 
including leaching of the main water-soluble substances from ash, dissolution of 
gaseous CO2 into the alkaline liquid phase and CaCO3/CaSO4 co-precipitation 
from ash leachates of complex composition, have been suggested. The 
mathematical models introduced here can be used to predict the dissolution 
behavior of the main water-soluble species from oil shale ashes in the course of 
leaching in terms of concentrations; moreover, these models can be used to 
forecast changes in the composition of the liquid (Ca2+, SO4

2-, CO3
2-, HCO3

-, 
OH-, H+, CO2), gaseous (CO2) and solid (CaCO3, CaSO4) phases during the 
precipitation regime of calcium carbonate from oil shale ash leachates treated 
with CO2. Additionally, the necessary residence time or pH profile can be 
estimated. The proposed algorithms may also be applied to design PCC 
production from other lime-containing wastes or calcium-rich alkaline 
wastewaters used as the feedstock. This flexibility makes the developed models 
a valuable tool in the field of environmental protection in different industrial 
sectors. 
 The process was found to have a great potential for reducing the 
environmental burdens associated with oil shale-based power production, while 
simultaneously enhancing economic benefit. The neutralization of the alkalinity 
of ash (leachates) offers a possibility for environmentally sound disposal of 
waste residue. 
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ABSTRACT 
 
 The current thesis reports the results of a multifaceted study on the 
utilization/valorization possibilities of waste streams originating from oil shale-
based power production. A simplified approach for CO2 capture and 
beneficiation of alkaline oil shale ash (or its leaching wastewaters) in the form of 
a precipitated calcium carbonate (PCC)-type material is proposed, with relevant 
implications on CO2 mitigation and the recycling of industrial waste materials.  
 Ash was successfully converted via a multi-step carbonation route into high 
brightness calcium carbonate (~96% CaCO3 in the unwashed product) with a 
mean particle size in the range of 4−10 µm and various controllable by process 
conditions polymorphic forms at room temperature and atmospheric pressure 
using water for the dissolution of Ca-containing compounds. Several 
characteristics of the obtained solid materials suggest high potential for a wide 
range of industrial applications. 
 The mathematical aspects of the work included the development of models 
describing the main stages of the process, including leaching of the main water-
soluble compounds from ash, dissolution of gaseous CO2 into the alkaline liquid 
phase as well as binding of gaseous CO2 and CaCO3/CaSO4 precipitation in the 
heterogeneous system of flue gas – oil shale ash leachates. An estimation of the 
kinetic parameters of the species of interest upon dissolution from ash was made 
and the process simulated as well as model application illustrated in the field of 
environmental protection. The precipitation process model was built upon CO2 
absorption, reaction kinetics as well as hydrodynamic conditions, and allows for 
predicting the concentration profiles of the main reactive species in the liquid, 
gaseous and solid phases in the crystallization of calcium carbonate from oil 
shale ash leachates treated with CO2. The model can be also implemented for the 
estimation of positive environmental impacts in terms of CO2 abatement and 
diminishing wastewater alkalinity, and is transferable to Ca-containing solid and 
liquid wastes produced in different industrial sectors.  
 
 
 
 
 
  
 
 
 
 
 
 
 
 



84 
 

KOKKUVÕTE 
 
 Käesolev töö tutvustab põlevkivienergeetika näitel uut suunda tahkete 
jäätmete taaskasutamises, mis tugineb leeliseliste tööstusheitmete, 
põlevkivituha(-heitvete) ja süsihapegaasi (CO2) utiliseerimisel sadestatud 
kaltsiumkarbonaadi (SKK) saamiseks. SKK on laialt kasutusel täite- ja 
pindamiseainena kummi-, plastmasside- ja paberitööstuses.  
 Rakendades põlevkivituhka kaltsiumi allikana kaheastmelises protsessis, mis 
hõlmas tuha leostusvee valmistamist ning viimase karboniseerimist pool-
perioodilises barbotaažkolonnis 5-15% CO2 sisaldava mudelgaasiga 
mahtkiirusel 1000-2000 L/tunnis ja reaktori segaja pöörlemiskiirusel 400-1000 
p/min,  õnnestus saada kõrge heledusastmega (93%) 4−10 µm keskmise 
diameetriga ja kontrollitava morfoloogiaga (romboeedriline kaltsiit ja/või 
sfääriline vateriit) SKK kristalle (CaCO3 sisaldusega kuni 96%). Lisaks, 
arvutustulemused kinnitavad uuritud meetodi suurt potentsiaali 
põlevkivienergeetikaga kaasnevate tahkete jäätmete, leostusvete ja CO2 
emissioonide negatiivse keskonnamõju vähendamisel. 
 Töö oluline osa oli suunatud protsessi põhistaadiume (Ca ja teiste vees-
lahustuvate ühendite väljaleostamine tuhast, gaasilise CO2 lahustumine 
leelisesse vedelfaasi ja CO2 sidumine ning CaCO3 sadestamine heterogeenses 
süsteemis CO2 sisaldav suitsugaas - tuha leostusvesi) kirjeldavate mudelite 
väljatöötamisele. Erilist tähelepanu pöörati kaltsiumi leostusele põlevkivituhast 
vedelfaasi, hinnates kaltsiumi leostusprotsessi kineetikat iseloomustavaid 
parameetreid. Samuti illustreeriti mudeli rakendust keskkonnakaitseliste 
aspektidega seotud küsimustes, simuleerides ioonide väljaleostamise 
stsenaariumi tööstuslikust põlevkivituhakihist sademete mõjul pikemal perioodil. 
Sadestusprotsessi mudel oli ülesehitatud arvestades CO2 absorptsiooni, 
reaktsioonide kineetikat ning hüdrodünaamilisi tingimusi süsteemis, 
võimaldamaks vedel-gaas-tahke faaside peamiste ioonide ja ühendite 
kontsentratsiooniprofiilide ennustamist CaCO3 kristallisatsiooni  käigus tuha 
leostusvete töötlemisel CO2 sisaldava suitsugaasiga. Lisaks, koostatud mudel on 
sobilik positiivsete keskkonnaeffektide hindamiseks CO2 püüdmise ja reovee 
leelisuse vähendamise kontekstis ning on ülekantav ka teistele erinevates 
tööstussektorites tekkivatele Ca-sisaldavatele tahketele ja vedeljäätmetele. 
 
 
 
 
 
 
 
 
 
 



85 
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PAPER I 
 

 
Velts, O., Uibu, M.,  Rudjak, I., Kallas, J., Kuusik, R. 
 
Utilization of oil shale ash to prepare PCC: leachibility dynamics and 
equilibrium in the ash–water system. 
 
 
Reprinted with permission from: 
 
Energy Procedia 2009, 1(1), 4843–4850.  
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PAPER II 
 

 
Velts, O., Hautaniemi, M., Kallas, J., Kuusik, R. 
 
Modeling calcium dissolution from oil shale ash:  PART 1. Ca dissolution 
during ash washing in a batch reactor.  
 
 
Reprinted with permission from: 
 
Fuel Processing Technology 2010, 91(5), 486–490. 
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PAPER III 
 

 
Velts, O., Hautaniemi, M., Kallas, J., Kuosa, M., Kuusik, R.  
 
Modeling calcium dissolution from oil shale ash:  PART 2. Continuous washing 
of the ash layer.  
 
 
Reprinted with permission from: 
 
Fuel Processing Technology 2010, 91(5), 491–495. 
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Velts, O., Uibu, M., Kallas, J., Kuusik, R. 
 
CO2 mineral trapping: Modeling of calcium carbonate precipitation in a semi-
batch reactor.  
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UVWX� YX� Z[\]̂\_̀a� bc_b[\db]èa� f̂gbdbh� ìj� ab̀ ĝ\]k� feb_l� imj� ^̀[mn]̀e\n]� feb_op��q	����� ��� 	�rs��	��� tr	��uv̀wxx� yz{w|}� v̀yz{ i~j�	�������������� ��� �	�����s��	��� 	�� ������ t�uv̀vz�x� �x������wv̀wxx� �vz|� i�j�gb� [b̀ ê\n]f� n�� negb[� \n]f� _[bfb]e� f�̂g� f̀� ���� va|�� ]̀�� Zz{�|�b[b� ]bkab̂eb�� f̀� egb\[� n̂]̂b]e[̀e\n]f� \]� egb� fna�e\n]� [bd \̀]b��]̂g̀]kb�� ��[\]k� ^̀[mn]̀e\n]o� �e� \f� egb[b�n[b� f̀f�db�� eg̀e� egb��n�]ne� è�b� _̀[e�\]�egb�_[b̂\_\èe\n]�_[n̂bff�\]�f\k]\�̂ ]̀e� d̀n�]efo����� ��������� ��� �	���q� �	����	��� t����t��	����� ���q� ���� �r	��	�r� ��	�r	����gb� dn�ba� _[n_nfb�� \]� eg\f� _̀_b[� `̂ n̂�]ef� �n[� m̀fn[_e\n]� ]̀�[b̀ ê\n]� �\]be\̂f� è�\]k� _à̂ b� \]� egb� a\��\�� _g̀fb� i��fo� i�j�i�jj�\]̂a��\]k� �n[d è\n]� n�� egb� fna\�� _[n��̂e�� f̀� �baa� f̀� egb� g��[n���]̀d\̂� n̂]�\e\n]f� �\eg\]� egb� f�febdo� �gb� n̂]̂b]e[̀e\n]� _[n�abf� n�àa� f_b̂\bf� _̀[e\̂\_̀e\]k� \]� egb� _[b̂\_\èe\n]� _[n̂bff� d �̀� mb� dn��bab�� f̀� �̀ ��]̂e\n]�n��e\db��f\]k�egb��naan�\]k��\��b[b]e\̀a�b��̀e\n]fìff�d\]k� eg̀e� egb� f�febd� \f� n_b[̀eb�� \fnegb[d àa�� è� w ¡vjh¢£n[� vzw�\ffna¤b�� \]� egb� a\��\�� _g̀fbh¥¦vzwiaj§¥̈ © �ª«¬vzw� ®� ¯°±©�²²�³́ vzwµ¦vzw±ikj§¶vzw |� ¦vzwiaj§· ª̧x̧ ¹° ·ª̧|���¦vzwiaj§¦z�|§� x� ��w¦�vz�|§� |� �{�¦vzwiaj§�x� �{w¦�vz�|§¦�x§i�¬j

¢£n[� v̀w��� z�|�� yz{w|�� �vz�|�� vz�w|�� ]̀�� ��\n]fh¥¦v̀wx§¥̈ ©� � w|� � �¦v̀wx§¦vz�w|§� x� �ª«v̀yz{� i¦yz{w|§º|¦yz{w|§j� x� ���¦�x§� |� ��w¦v̀wx§¦�vz�|§� i��j¥¦z�|§¥̈ ©� |���¦vzwiaj§¦z�|§� x� ��w¦�vz�|§� |� �w�¦�vz�|§¦z�|§x�ww¦vz�w|§� x� ��w|� ���¦z�|§¦�x§� i�wj¥¦yz{w|§¥̈ ©� �ª«v̀yz{� i¦yz{w|§º|� ¦yz{w|§j� i��j¥¦�vz�|§¥̈ ©� ���¦vzwiaj§¦z�|§� |� ��w¦�vz�|§� |� �w�¦�vz�|§¦z�|§x��ww¦vz�w|§� x� �{�¦vzwiaj§�|� �{w¦�vz�|§¦�x§x����¦�x§� |� ��w¦v̀wx§¦�vz�|§� i�{j¥¦vz�w|§¥̈ ©� �w�¦�vz�|§¦z�|§� |� �ww¦vz�w|§� x� � w|� �¦v̀wx§¦vz�w|§� i� j¥¦�x§¥̈ ©� ��w|� ���¦z�|§¦�x§� x� �{�¦vzwiaj§|�{w¦�vz�|§¦�x§� |� ���¦�x§� x� ��w¦v̀wx§¦�vz�|§� i��j»¼½¾¿� YZ̀[̀dbeb[f� n�� egb� n\a� fg̀ab� f̀g� ab̀ ĝ̀ebf� ^̀[mn]̀e\n]� bc_b[\db]efoÀ[� ÁÂiÃ�g|�j� Ä\[� Ån�� [̀eb� iÃ�g|�j� vzwÅn�� [̀eb� iÃ�g|�j� Ævzwi¤naÇj� È̀ i[_dj�� �¬¬¬� � ¬�  ¬�  � {¬¬w �¬¬¬ � ¬  ¬�  � �¬¬¬�� �¬¬¬� ~ ¬� � ¬� � � {¬¬{� �¬¬¬� ~ ¬� � ¬� � � �¬¬¬ � w¬¬¬� ��¬¬� �¬¬�  � {¬¬�� w¬¬¬� ��¬¬� �¬¬�  � �¬¬¬É � ¬¬� �� ¬� � ¬� �¬� É¬¬~ w¬¬¬� �É¬¬� �¬¬� � � {¬¬�� w¬¬¬� �É¬¬� �¬¬� � � �¬¬¬`�gb� fe\[[\]k� [̀eb�� f̀� db̀f�[b�� bc_b[\db]èaa��� n̂[[bf_n]�f� en� �̀ _n�b[� n̂]f�d_e\n]� �o��� wo¬� ]̀�� �oÉ�Ê�Ã|��n[� È�Ë�{¬¬�� É¬¬� ]̀�� �¬¬¬�[_d�� [bf_b̂e\¤ba�o
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