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Abstract 
Oil shale is a fine-grained sedimentary rock with the potential to yield significant amounts of oil and 
combustible gas when retorted. Oil shale deposits have been found on almost every continent, but 
only Estonia, who has the 8th largest oil shale deposit in the world has continuously utilized oil shale 
in large scale operations. Worldwide, Estonia accounts for 80% of the overall activity involving oil 
shale, consuming approximately 18 million tons while producing 5–7 million tons of oil shale ash 
(OSA) annually. Since the amounts are quite significant, Estonia has made the choice to store OSA 
outdoors as ash heaps, which currently average a height of 45m and overall cover an area of 
approximately 20 km2. Oil shale is primarily composed of organic matter (15%–55%), low–
magnesium calcite (>50%), dolomite (<10%–15%), and siliciclastic minerals (<10–15%). When oil 
shale is combusted in thermal power plants (TPP), temperatures as high as 1500˚C are reached; 
calcining CaCO3 into CaO in the process. It is the high CaO content (30%–50%; Free CaO 8%–23%) 
along with trace elements that makes OSA a threat to the environment; it is mainly the CaO and to a 
lesser degree the trace elements found in OSA that are exploited in this thesis. Currently, only about 
5% of the 5–7 million tons of OSA produced annually is being utilized as an alternative raw material, 
mostly in the construction industry for the production of Portland cement. Multiple studies have 
been conducted on OSA in the past by various institutions in an attempt to increase its use in 
industry and reduce the negative environmental effects of storing large quantities of the highly 
alkaline material.  
 
This thesis primarily focuses on the treatment of acid mine drainage (AMD) and the production of 
precipitated calcium carbonate (PCC) using OSA. In Sweden, CaO is utilized in treating AMD in 
historical mine sites and in the production of PCC used in the paper industry. Oil shale ash has the 
potential to become a substitute for lime (CaO) utilized in various industries while Estonia transitions 
into renewable energy. The mining industry has been abundant in Sweden for hundreds of years, but 
the poor mining techniques of the past have led to a significant number of mines that require 
immediate AMD remediation. The Swedish EPA has declared that 600 mines currently need 
attention, which may cost approximately 2–3 billion SEK (232–350 million USD).   
 
Batch neutralization experiments were conducted for AMD (pH 4) using AMD:OSA ratios of 1:30, 
1:200, 1:500, and 1:1000. All ratios yielded a pH greater than 10, most likely inducing the formation 
and precipitation of secondary minerals such as Schwertmannite and Ferrihydrite. The reduction of 
metallic cations such as Cu (maximum reduction 99.9%), Pb (99.8%), V (95.5%), Cd (99.9%), As 
(88.7%), and Ni (99.9%) from AMD waters was observed. The previously mentioned metallic cations 
most likely adsorbed and co-precipitated to the negatively charged surfaces of Schwertmannite and 
Ferrihydrite minerals. Metals such as Ba, Cr, and Sb were observed to leach out of OSA, increasing 
their concentrations in the treated AMD waters, but still within Swedish regulatory limits. Acid mine 
drainage treatment with OSA significantly reduces heavy metal concentrations; transforming the 
polluted waters from hazardous to non-hazardous waste (below Swedish leaching limit values).  
 
Precipitated calcium carbonate is utilized in many industries, such as in the production of paper, 
sealants and adhesives, paint, food, and pharmaceuticals. In Sweden, it is common for paper 
producers to have satellite PCC plants in close proximity so that CO2 (from the paper facility) is used 
in the carbonation of Ca(OH)2 to form PCC. The CaO in OSA may be mixed with H2O to form the 
required Ca(OH)2 for PCC production. Potentially replacing raw CaO currently purchased for the 
production of PCC.  
 
The conducted PCC production experiments directly carbonized vacuum filtered OSA leachate with a 
steady flow of CO2 gas to yield PCC. Precipitate obtained yielded 94%–99% of CaCO3 theoretical 
values. Throughout the carbonation process; OSA leachate’s pH began >12 and continuously 
decreased with time, maximum PCC production occurred at pH 9–10, and stabilized at pH 8. 
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Although, the polymorphism and purity of the PCC is not known, the conducted experiments and 
previous studies on the topic indicate the feasibility of producing high quality PCC from OSA to be 
used in industry. Additionally, oil shale thermal power plants have the potential to produce PCC and 
other minerals by injecting flue gases into the highly alkaline (Ca(OH)2) water used to hydraulically 
transport OSA from the furnaces to ash heaps; reducing or seizing the production of alkaline 
leachates and emission of gases that currently contaminate the environment.   
 
Other applications for OSA were also investigated and reviewed, such as the lucrative extraction and 
refinement of rare earth elements. Estonian oil shale ash was tested for Ce, Nd, Y and Sc using ICP-
MS and compared to Chinese OSA and selected European REE ores. Estonian OSA had the lowest 
concentrations of REEs in the comparison, nevertheless, previous studies have shown up to 80%-
90% REE recovery via an acid leaching process. Rare earth recovery from OSA may be successful in 
the future if a practical and cost-effective method is developed. Reducing Europe’s dependence on 
China for REE. 
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1. Introduction 

1.1 Background 

Oil shale is a type of sedimentary rock found around the world with the potential to yield substantial 
amounts of combustible gas and oil when retorted. Due to oil shale’s low calorific values and large 
amounts of inert material; oil shale is a not competitive with natural gas, coal, or petroleum in the 
world market today. Oil shale’s depositional environments (lacustrine, continental, marine) dictate 
the organic and mineralogical composition of the rock. Various oil shale deposits have been dated, 
ranging from the early Cambrian period (541 to 485.4mya)to the Tertiary period (66 to 2.58 mya) 
(Dyni 2003). The largest oil shale deposit may be found in the Green River Formation located in the 
western United States. The Green River Formation has never been commercially exploited, but in 
recent years Estonia has invested large sums of resources in the area. This paper will focus on 
Estonian oil shale since it is one of the only countries that have exploited vast oil shale reserves due 
to a lack of different types and sources of energy. The large-scale oil shale (also known as Kukersite) 
operation in Estonia generates approximately 5-7 Mt of oil shale ash (OSA) annually, most of which is 
stored outdoors near thermal power plants, forming mountains of ash in the process (Velts et al. 
2011).With the kerogen combusted for electricity and heat, the remaining ash represents the 
mineral rich matrix in Kukersite. Unfortunately, when mixed with water, the ash heaps pose an 
environmental risk due to the highly alkaline leachates (pH 12-13) (Velts et al. 2011).  

Oil shale ash is currently being utilized in various applications in Estonia, such as in the production of 
Portland cement, road construction, agriculture, and flue gas cleaning(Meriste 2011). All of which 
only make use of approximately 5% of the overall OSA produced. Both the strength and weakness of 
OSA is its high concentration of CaO (~50% w/w), which will be the main material of interest in this 
thesis. Despite the fact that the vast production of OSA is not sustainable and has to stop in the near 
future, the authors believe that OSA can still play an important role as a resource rather than an 
environmental hazard while Estonia transitions into renewable energy. This paper investigates 
alternative uses for OSA as a resource for industrial applications, and will primarily focus on acid 
mine drainage (AMD) treatment and precipitated calcium carbonate (PCC) production due to their 
relevance in the Baltic region.   

1.2 Aim and Objectives 

Based on the problem described above, the following aim was formulated: 

The aim of this thesis is to identify innovative and safe value pathways for oil shale ash in the Baltic 
region. 

This aim shall be met through the following objectives: 

• Critically assess current available technologies and applications areas for OSA  
• Identify environmental concerns related to the use of OSA 
• Develop new applications for OSA. 
• Identify key limiting and enabling factors for a few prioritized applications (derived from 

consultations with Ragn-Sells) for OSA.  
• Identify key chemical characteristics of OSA involved in AMD treatment and PCC production. 
• Identify possible industrial symbiotic relationships with oil shale thermal power plants (TPP). 
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1.3 Scope 

Due to the geographic location of oil shale TPPs, industrial applications for OSA were primarily 
focused in major industries and environmental problems located in the Baltic Region. The reason for 
the geographic limitation was based on the assumption that OSA exportation costs significantly 
increases with distance from its source; Estonia. Furthermore, after consulting with Eesti Energia 
(EE), it was brought to the authors’ attention that available types of ashes will change in the near 
future since EE is shifting toward different fuel combinations and technology, such as incinerator 
technology and flue gas cleaning technology. In regards to incinerator technology, EE is quickly 
shifting from pulverized firing (PF) incinerators to circulating fluidized bed incinerators (CFB), which 
burn fuel cleaner and more efficiently (Reinik et al. 2013). Consequentially, shifting from PF to CFB 
will significantly alter OSA composition. Unfortunately, the authors of this thesis were unable to 
obtain CFB ash samples from EE due to logistical reasons and because of this CFB ash was ignored. 
Ashes utilized in this thesis and their composition are mentioned in section 1.6. Available ashes, 
composition, and initial investment costs for exportation from EE may be found in Appendix I. 

1.4 Methodology 

Initially, a literature review was conducted on a number of current and potential application areas 
utilizing OSA. When selecting topics for the review, relatively established applications such as 
cement manufacture, brick making, landfill cover, soil stabilization, etc. were eliminated. The aim 
was to focus on relatively recent and innovative utilization methods that are drawing interest from 
research establishment and industry. The applications reviewed are listed in Table 1. 

Table 1 List of applications included in the initial review 

 Application References 
 

1 Acid mine drainage (AMD) neutralization Gitari et al. (2006) 
2 Precipitated calcium carbonate (PCC) synthesis Velts et al. (2009; 2011; 2014) 
3 Recovery of rare earth elements (REE) Yang et al. 2010; Zepf 2013 
4 Phosphorous removal from wastewater Vohla et al. 2007; Kaasik et al. 2008; Kõiv et 

al. 2010 
5 Zeolite synthesis and application Reinik et al. 2008; Shawabkeh et al. 2004; 

Ojha et al. 2004 
6 Alumina (Al2O3) recovery An, Wang, et al. 2010; An, Ji, et al. 2010 
7 Silica (SiO2) recovery Gao et al. 2009 
8 Poly-ferric-aluminum-silicate-sulfate (PFASS) coagulants Sun et al. 2011 
9 Specialized glass ceramic derivation Z. Zhang et al. 2015; Gorokhovskii et al. 

2002; Gorokhovsky et al. 2001 
 

A literature review summarizing the above OSA applications was submitted and presented to Ragn-
Sells. In consultation with Ragn-sells, three potential OSA applications were subsequently selected 
for this research project. The selected research areas were: 

- Acid mine drainage (AMD) neutralization using OSA (Chapter 3)  
- Precipitated calcium carbonate (PCC) synthesis from OSA (Chapter 4)  
- Recovery of rare earth elements (REE) from OSA (Chapter 5) 

These topics were selected because they are believed to have relatively higher potential benefits, 
from a business perspective, when compared to other reviewed applications. Also, it is thought that 
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future operational setup for the described processes will be relatively simple and low cost. Detail 
studies, of the selected three application areas, include comprehensive literature studies coupled 
with supporting laboratory experiments. Due to time constraints, many experiments presented in 
this document were conducted on a single sample and are hence described as preliminary 
experiments.  

One of the major obstacles in utilizing OSA as a resource, is the environmental and health risk the 
material may pose. Chapter 2 (Environmental risks associated with utilizing oil shale ash) addresses 
the potential risks to the environment in utilizing OSA in industries. Finally, in Chapter 6 (Review: 
other potential utilization of oil shale ash), the reader is introduced to three OSA applications that 
were not covered in detail, in this research, i.e. OSA as a filter media to remove pollutants from 
wastewater, zeolite synthesis utilizing OSA and silica (SiO2) and alumina (Al2O3) recovery from OSA. 

1.5 Estonian oil shale and Eesti Energia 

Naturally, CaCO3 frequently exists in high concentrations as limestone, marble, travertine, tufa and 
chalk in geologic settings across the world; deposited and metamorphosed over millions of years 
(Falkowski et al. 2000). CaCO3 is a major component of the global carbon cycle, where most of the 
earth’s carbon is interwoven inertly as limestone and its derivatives into the earth’s lithosphere 
(Falkowski et al. 2000). Of the total carbon stored in the geosphere, it is estimated that 
approximately 80% exists lithified in the form of CaCO3 and the remaining 20% as fossil fuels 
(Falkowski 2012). 

Calcareous oil shale in Estonia, known as Kukersite represents a small percentage of the total 20% of 
fossil fuels. Kukersite is rich in organic content varying from 15%-55%, the remaining minerals 
consist of dolomite (<10-15%), low-magnesium calcite (>50%), and siliciclastic minerals(feldspars, 
chlorite, pyrite, quartz, <10-15%)(Dyni 2003). Unfortunately, it is the calcite in oil shale that makes 
OSA leachate highly alkaline. When oil shale is combusted, the furnaces reach the necessary 
temperatures for the calcination process, which breaks down CaCO3 to CO2 gas and CaO. It is the 
CaO that reacts with water to form Ca(OH)2, which dissolves in water to produce a highly alkaline 
solution with a pH of approximately 12.4. 

Kukersite deposits are located in north-east Estonia and is known as the Estonian deposit, expanding 
eastward into Russia, where it is known as the Leningrad deposit (see Figure 1). The Estonian deposit 
has been mined extensively since 1918, with fluctuating production rates, but peaking in the Soviet 
Era in 1980 when approximately 31.4 million tons were extracted from 11 underground and open-pit 
mines (V. Kattai 1998). The Estonian deposit covers 50 000 km2, which also includes a younger 
deposit southeast of Tallinn known as the Tapa deposit. Kukersite is well known for its calorific value 
ranging from 2 440 to 3 020 kcal/kg, whereas the average calorific value of brown coal is 3 500 
kcal/kg (Reinsalu 1998). 
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Figure 1 Locations of Kukersite deposits in Estonia and Russia. Reprinted from (Dyni 2003). 

The Estonian deposit is composed of approximately 50 individual Kukersite beds ranging from 10-40 
cm in thickness interbedded with different types of limestone, forming a sequence 20-30 m in 
thickness (Dyni 2003). Eesti Energia, the power company this paper will focus on, operates two 
thermal power plants (TPP), Eesti TPP and Balti TPP. We will concentrate on the former TPP located 
near Narva, Estonia, a few km away from the Estonian deposit. According to Pritt Parktal (EE, Energy 
Production, By-products Recovery), EE utilizes the A-F1 commercial bed of the Estonian deposit (see 
Figure 2). The commercial beds are from the Korgekallas and Viivikonna Formations from the 
Ordovician period (485.4 to 443.8 mya) (Raukas & Teedumäe 1997).Most of Kukersite’s organic 
matter derived from organisms such as Gloeocapsomorpha Prisca living in warm tropical conditions 
in a shallow sea (Raukas & Teedumäe 1997).EE obtains their oil shale from nearby underground and 
open-pit mines, where they exploit the A-F1 commercial bed, containing a total of seven oil shale and 
four limestone layers (thickness 2.5-3.5 m) with an overburden thickness ranging from 0-150 meters 
(Parktal & Koroljova 2016).  

EE is currently mining 18 million tons of oil shale per year, creating 1.5 times more electricity than is 
consumed in Estonia and approximately 1.4 million bbl per year of shale oil. EE constructed a new 
shale oil production plant (Enefit280) that went online in April 2014, consuming 2.3 million tons of 
oil shale for the production of 1.9 million bbl of shale oil per year. The remainder of the oil shale 
mined is utilized in both of Eesti TPP (1 615 MW) and Balti TPP (370 MW), which both provide over 
90% of Estonia’s electricity.  
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Figure 2 Typical lithology of the Kiviõli Member: 1 – Kukersite with kerogenous limestone nodules; 2 
– Kerogenous limestone; 3 – variably argillaceious limestone with Kukersite lenses; 4 – bedrock. 

Reprinted from (Raukas&Teedumäe 1997) 

In recent years, as mentioned above, EE has invested in improving their oil and energy production. 
Apart from building a new shale oil production plant, EE is also planning to shift from pulverized 
firing (PF) technology to the more efficient circular fluidized bed (CFB) combustion technology. 
Furthermore, EE has updated a few smokestacks to incorporate the recirculation of oil shale ash 
onto flue gases for the binding of SOx molecules, known as flue gas desulfurization technology (FGD). 
These changes that will continue to occur over time will significantly alter the composition of the 
available OSA for industrial uses. Other flue gas treatment methods utilized in Eesti TPP are 
electrostatic precipitators (ESP) and cyclone dust collectors. With this in mind, this study will solely 
focus on two types of ashes; FGD ash (deSOx) and cyclone ash (COSA) from PF boilers. COSA, deSOx, 
and ESP ashes are pneumatically transferred from the combustion blocks to nearby silos to protect 
ashes from moisture, which can then be loaded onto either trucks or railway carts. Tracks are not yet 
connected to any major port for sea travel. The nearest ports are the Port of Tallinn, and the Port of 
Sillamäe. EE is still currently designing logistic schemes to protect ash from moisture and make 
transport economically viable. All other unutilized ash is suspended in water and transferred to 
nearby ash heaps. Runoff water from ash heaps is collected and recirculated via pumps.  

1.6 Composition of oil shale ash 

Although a thorough chemical analysis was received from Eesti Energia (EE), an individual analysis 
was conducted on the different types of ashes received since it was brought to the author’s 
attention by Arina Koroljova (Project Manager for EE, Residue Recovery Development) that all 
batches of ashes differ slightly in composition. Table 2 displays the results of the chemical analysis 
performed for both deSOx and COSA. EE’s chemical analysis (not shown) did indeed vary slightly 
from the individual analysis, but not significantly.  
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Table 2 Chemical characteristics of oil shale ashes used in these experiments 

Metal content µg/l Metal Oxides, mg/kg TS 
Metal COSA DeSOx Metal Oxides COSA DeSOx 

Al 9706 12204 Al2O3 44468 50916 
As 5.6 13 As2O3 18 36 
Ca 146149 113682 CaO 495838 351212 
Cd 0.07 0.12 CdO 0.21 0.31 
Co 1.7 1.8 CoO 5.2 5.2 
Cr  10.0 16 Cr2O3 35 53 
Cu 3.5 3.7 CuO 11 10.0 
Fe 9117 7230 Fe2O3 31604 22823 

K 4596 10645 K2O 13423 28313 
Mg 11398 9534 MgO 45827 34904 

Na 201 304 Na2O 658 906 
Ni 7.6 8.3 NiO 24 23 
Pb 13 29 PbO 35 69 
Sb 0.03 0.07 Sb2O3 0.18 0.35 

Se 0.65 0.71 SeO2 2.7 2.7 
V 16 21 V2O5 68 84 
Zn 28 34 ZnO 84 93 
      Free CaO* 17.5%  12.0% 

*SS-EN196-2:2013, Swedish standard, chemical analysis of cement in determining Free CaO 
 

1.7 Structure 

This document comprises of seven main chapters. Following is a summary of each chapter in the 
order they are presented, 
 
Chapter 1 An introduction to OSA, the materials origin and composition. Also introduces to the aim 
and objective of the study is given. 
 
Chapter 2Addresses the environmental risks associated with utilization of OSA. This chapter is 
essentially a literature study that summarizes and introduces the reader to various research 
published on the subject. 
 
Chapter 3 This section explains the chemical and biological processes behind acid mine drainage 
(AMD) generation and the risks posed by AMD. The chapter describes experiments conducted to 
demonstrate the effectiveness of treating AMD with OSA and discusses results from these 
experiments. 
 
Chapter 4 Starts by introducing the reader to the chemical, precipitated calcium carbonate (PCC) and 
its industrial applications. The potential of synthesizing PCC from OSA and chemical mechanisms 
behind the process is discussed. In addition, this chapter describes experiments conducted to 
demonstrate synthesis of PCC, by carbonation process, utilizing OSA leachate. 

 
Chapter 5 This chapter is a literature review on the subject of rare earth elements (REE) and their 
composition in OSA. The section compares REE concentration in the studied OSA samples, to that in 
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Chinese OSA samples and to compositions in natural ore deposits. The methods of extracting REE 
from OSA are also discussed. 
 
Chapter 6 This is a review of other potential utilization of oil shale ash. This section is dedicated to 
some of the OSA applications that were not covered in detail as part of this study. The applications 
discussed were, OSA as a filter media to remove pollutants from wastewater, zeolite mineral 
synthesis from OSA, and silica and alumina recovery from OSA. 

  
Chapter 7 The reader is introduced to a possible future industrial symbiosis network between the 
main OSA applications studied in this project.  
 
Chapter 8 Is a final discussion of the OSA applications presented in this study 
 
Chapter 9 This final chapter gives an overview of the different OSA applications studied in this 
research.  
  



 

8 

 

2. Environmental risks associated with utilizing oil shale ash 

Understanding and accounting for the environmental risks posed by OSA is essential when 
determining potential future applications of this thermal power plant byproduct. Due to high 
alkalinity (pH>10) of OSA leachate, the material is classified as ‘hazardous waste’ under Estonian 
registry of waste. In addition, OSA deposits may leach heavy metals and hazardous organic 
compounds, leading to soil and groundwater contamination. Studies by Kuusik et al. (2005) has 
shown that ash originating from circulating fluidized bed (CFB) and pulverized firing (PF) boilers have 
different physicochemical properties, suggesting that the degree of environmental impact from the 
two ashes may differ. 

Following text discusses potential metal and organic compound contamination risks associated with 
OSA use. Since leaching of soluble constituents upon contact with water is regarded as the main 
pathway of pollutant release from products containing waste (Irha et al. 2015), this section mainly 
focuses on key research conducted on CFB and PF boiler OSA leachates, from Eesti and Balti thermal 
power plants (TPP) in Estonia. 

2.1 Risk of metal contamination 

Cyclone and DeSOx ash utilized in the experiments, were examined in accordance to SS 028150 
(1993), where 3 separate samples were digested with 7M nitric acid for 30 minutes in a sealed vessel 
at 120°C,before the metal concentrations were analyzed using ICP-MS. Results were compared to 
Swedish EPA guideline values for sensitive land use (KM) (Naturvårdsverket 2009). As seen in Table 
3, with the exception of As and Pb concentration, all tested samples had lower indicative metal 
concentrations than the prescribed KM values. 

Table 3 Concentration (mg/kg) of indicative metals in ash, determined using ICP-MS 

  Metal content mg/kg TS 
 Metals Cyclone Ash DeSOx KM mg/kg 

As 13.7 27.6 10 
Pb 32.1 63.6 50 

Cd 0.18 0.27 0.5 
Co 4.1 4.1 15 
Cu 8.6 8.1 80 
Cr  24.3 36.4 80 

Ni 18.5 18.4 40 
V 38.0 47.1 100 
Zn 67.5 74.8 250 
Sb 0.07 0.15 12 
        

 

Similarly, batch leaching tests were done on the ashes in accordance to EN 12457-2 (2002). Here, 
90g of the samples were agitated for 24 hours in 900g of Milli-Q water, after which the elautes were 
filtered and digested in 7M nitric acid for 30 minutes in a sealed vessel at 120°C. The prepared 
samples were used for metal concentration analysis using ICP-MS. The tests indicated that the 
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material leaches metal in concentrations that are below (Table 4) the levels that require hazardous 
land filling (Naturvårdsverkets 2006). 

Table 4 Concentration (mg/kg) of indicative metals in ash leachates, determined using ICP-MS 

 
L/S=10 l/kg(mg/kg in leachate) L/S = 10 l/kg 

Metals Cyclone Ash DeSOx Ash mg/kg leaching limit values 
As 0.01 0.04 25 
Cd < 0.01 < 0.03 5 
Cr total 0.37 0.52 70 
Cu 0.04 0.09 100 
Ni 0.13 0.32 40 
Pb 0.15 0.48 50 
Zn < 0.01 < 0.02 200 
Cl- 3960 3520 25000 
SO4

2- 13 800 12967 50000 
 

While chemical analysis is widely used to assess environmental hazards, such analytical techniques 
may underestimate or overestimate the toxicity of the test sample due to possible synergistic effects 
of chemicals in complex mixtures. Therefore, toxic influence of pollutants could be relevantly 
measured only by ecotoxicological tests that integrate all toxic effects for a certain test organism 
(Kahru & Pollumaa 2006). Since all species do not respond identically to the same pollution stress, 
the test regime of several species representing different trophic levels should be applied for a 
comprehensive ecotoxicity assessment (Römbke et al. 2009; Wilke et al. 2008). 

Blinova et al. (2012) conducted a series of ecotoxicological tests on CFB and PF ash, originating from 
Eesti and Balti TPP. Acute toxicity tests based on the decrease of the natural luminescence of 
bacteria Vibrio fischeri (strain NRRL B-11177) upon exposure to leachate from different ashes were 
studied. The test procedure followed ISO standard 11348-3(2007). In addition, standard toxicity tests 
on the ash leachate were conducted using crustacean Daphnia magna for immobilization (OECD 
2004) and algae Pseudokirchneriella subcapitata for growth inhibition (OECD 2011). Finally, seed 
germination and growth inhibition tests were carried out on higher plants sorghum Sorghum 
saccharatum and mustard Sinapis alba (ISO 1993). In order to examine the influence of alkalinity on 
the results, the OSA leachate solution was tested at original pH (10–12) and adjusted pH (7-8) using 
0.1 M HCL acid. To assist in the interpretation of the results, the bioavailability of trace elements (As, 
Cd, Zn, Hg, Pb, Cu, Cr) in the leachates were evaluated using metal-specific recombinant luminescent 
sensor-bacteria. Two solid to liquid ratios (SLR) were employed to produce the tested leachates. SLR 
1:10 which is usually applied for characterization of hazardous solid waste and SLR 1:10,000 that is 
used in aquatic toxicity testing of poorly water-soluble substances. 

The experiment showed that PF ashes were more toxic to the tested aquatic species than CFB ashes. 
A similar tendency was observed for both SLR 1:10 and SLR 1:10,000. While there can be multiple 
reasons for this, the bioavailability of As and Pb are thought to be a main reason for the high toxicity 
levels demonstrated by PF ash leachates. Furthermore, toxicity tests conducted on terrestrial plants, 
Sorghum saccharatum and Sinapis alba, showed that leachates of all tested OSA (full-strength 
1:10,000 leachates and 10% (v/v) concentration of 1:10 leachates) had no influence on seed 
germination, and growth inhibition of roots and shoots did not exceed 30%. Comparison of toxicity 
results of leachates with initial pH (10–12) and adjusted pH (7-8), suggested that high alkalinity is the 
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key factor influencing the toxicity levels. In the case of crustacean and algae bioassays, the leachate 
showed high toxicity even in the case of adjusted pH. A probable cause for this is that key elements 
essential for life such as Ca, Mg, Na, S in the leachate sample were likely not in the range favorable 
for the life of tested organisms. This may lead to weakening (and possibly to mortality) of the 
organisms that can result in elevated sensitivity to toxic substances (Blinova et al. 2012). Generally, 
above described ecotoxicological tests of leachates demonstrated that the tested OSA was 
potentially hazardous to aquatic biota.  

Based on the findings, the authors concluded that environmental risks associated with applying OSA 
to agricultural soil were minor, cautioning that use of large amounts can potentially lead to As and 
Pb contamination. Results from independent leaching tests conducted by Adamson et al. (2010) also 
indicated low environmental risks in applying OSA to agricultural soil. In their tests, Adamson et al. 
(2010) mixed CFB and PF ash on two agriculture soil composition and measured Cd, Pb, Cr, Zn and Ni 
in leachates. The results showed that heavy metal concentration in leachates were low for all the 
tested combination of soil and OSA. The same experiment indicated that mobile fraction of Ni in soil 
may increase with the application of OSA. The authors concluded that transport of hazardous 
components to water phase was highly dependent on the type of soil, OSA and leaching method 
used. 

2.2 Risk of organic compound contamination 

Another potential environmental hazard from OSA is the persistent toxic organic pollutants that may 
leach from the material. In particular, research has focused on the group of organic molecule- 
polycyclic aromatic hydrocarbons (PAH). Some classes of PAH are known to have very high 
carcinogenic and mutagenic potency (Harvey 1991) and many PAHs are listed as priority substances 
by European Commission (2006).  Kirso et al. (2005) compared the PAH fraction of OSA produced 
from each unit of electrical precipitators at Eesti Power Plant’s CFB and PF boilers.  The organic 
fraction was separated by Soxhlet extraction. Determination of 16 priority PAH, based on US EPA list, 
was performed by high-performance liquid chromatography (HPLC) with fluorescence detection 
(Appendix II).  

The total concentration of PAH in tested PF ash fractions was in the range of 82.2–152.1 µg/kg. In 
comparison, the CFB boiler ash had a lower PAH concentration, i.e. 30.2–63.7 µg/kg. The study 
shows that a number of hazardous PAH compounds in OSA generated by CFB process was 
significantly less than the OSA from PF boilers. Though above results indicate that the PAH 
contamination is more likely from PF ash when compared to CFB ash, this view is contradicted by 
standard leaching tests (EC 2002) conducted by Laja et al. (2005) on OSA from PF and CFB boilers. 
Their tests indicated that the cumulative release of PAH was more pronounced in CFB ash. 
Independent leaching tests conducted by Irha et al. (2015) also showed similar patterns. As 
previously discussed, the environmental impact of pollutants is related to their mobility and bio-
uptake, rather than their concentration in soil or waste material. Therefore, the results indicate that 
despite the lower concentration of PAH in CFB ash, the risk of PAH contamination is probably higher 
from CFB ash.  

Nevertheless, environmental risks associated with PAH from OSA seem to be low. When compared 
to Swedish EPA guideline values for contaminated sites, for sensitive land use (i.e. PAH-L <3mg/kg, 
PAH-M <3mg/kg, PAH-H <1mg/kg), the PAH values of OSA shown in Appendix II are low. 
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Genotoxicity tests by Blinova et al. (2012) found no mutagenic evidence from OSA leachates and 
attributed this to the low concentrations of  PAH and heavy metals in the material. The tests were 
conducted on CFB and PF boiler OSA leachates, following procedures given in Ames test (OECD 1997) 
using Salmonella typhimurium strains TA98 and TA100.  

Irha et al. (2015) studied the leaching of PAH from OSA originating from PF and CFB boilers as well as 
from OSA-based mortars and concrete. OSA samples and OSA-based mortars were tested for 
leaching, according to European standard EN 12457-2 (2002). European standard CEN/TC 15862 
(2012) for monolithic matter was used for OSA-based concrete leaching tests. Leachate samples 
were analyzed, for concentration of the sixteen PAH listed inAppendix II, by utilizing GC-MS. The 
results showed that all tested samples of motor and concrete were leaching PAH, indicating that 
hardening of OSA-based material does not lead to immobilization of soluble PAH. Nevertheless, the 
concentration of PAH in all tested samples were below the threshold limit value for groundwater 
quality (Naturvårdsverket 2009). Based on the results, it is believed that release of PAH from OSA-
based mortars and concrete does not indicate a high risk of groundwater contamination. 

The above-discussed experiments report a broad range of crucial data and reveal key information on 
potential environmental hazards from OSA; nevertheless, the external validity of the results should 
be viewed with a degree of scrutiny. Although standardized leaching procedures remain as one of 
the most cost-effective approaches for characterization of potential environmental hazards of solid 
wastes, the leaching behavior in natural systems may differ substantially (Twardowska & 
Szczepanska 2002). For instance, the choice of leaching ratios, used in the experiments, is unlikely to 
reflect the concentration of pollutants leaching from OSA used in ‘real-life’ applications. Leachate 
ratio 1:10 will give a reasonable indication of the potential environment hazard posed by 
concentrated leachate from OSA dumps to groundwater and soil in the vicinity but will probably 
provide an overestimation in the case of many industrial applications. The ratio 1:10,000 is thought 
to reflect more accurately increased environmental risks in using OSA in industrial applications such 
as cement production, block manufacturing, agriculture soil conditioning and road construction. In 
the case of the two latter applications, mixing OSA with soil matrix may considerably reduce the 
mobility of trace metals, significantly reducing the toxicity level to organisms (Adamson et al. 2010). 
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3. Acid Mine Drainage Treatment 

3.1 Introduction 

Acid mine drainage (AMD) is an artificial phenomenon that occurs when naturally occurring sulphide 
minerals are exposed to water and the oxygen-rich atmosphere due to mining activity. The AMD 
process produces hydrogen ions, decreasing the pH of the local environment. As water percolates 
through sources of AMD, groundwater decreases in pH, and due to chemical factors increases the 
solubility of heavy metals that are usually stable in soils. As acidic groundwater flows throughout the 
environment, heavy metals dissolve in the flowing water and accumulate; increasing in 
concentration and consequentially creating an environmental hazard for most living organisms. In 
Sweden, throughout its history mining activity has been an important economic resource. Evidence 
of copper mining activity has been dated back to the period 480-670 AD by carbon-14 pollen 
analysis(Eriksson & Qvarfort 2009). Unfortunately, much of this historical mining activity has not 
come without consequences. Poor mining techniques of the past have led to a significant number of 
mines that require immediate remediation. According to Sartz (2010), 600 mine sites need attention, 
while 30 of the 600 are of significant risk to the environment and public health. Furthermore, 100 of 
the 600 may pose a threat to the environment and public health. It was estimated in 2010 by the 
Swedish Environmental Protection Agency (SEPA) that it would cost approximately 2-3 billion SEK to 
remediate historical mines (Sartz, 2010).  

This experiment slightly follows Gitari et al. (2006) work on the treatment of AMD with coal fly ash 
(FA) in South Africa. Although, coal fly ash was substituted with oil shale ash (OSA). Oil shale ash 
used in these experiments were obtained from Eesti Energia’s thermal power plants (TPP) located in 
Narva, Estonia. Narva’s TPP combusts locally mined calcareous Kukersite (oil shale) with pulverized 
firing (PF) and circulating fluidized bed (CFB) technology. Ashes utilized in this experiment were 
obtained from two different flue gas treatment processes from PF boilers; cyclone dust collectors 
and flue-gas desulfurization technology. AMD was obtained from an undisclosed location in northern 
Sweden.  

The neutralization reaction between AMD (pH 4) and OSA (pH >10) was expected to follow similar 
results as those obtained by Gitari et al. (2006). Where the alkalinity of AMD increases and stabilizes 
from a pH 2 to pH >10 over a period of approximately 300 minutes. Precipitation of known metals 
(Cu, Fe, Fe, Al, Mg, Pb) and attenuation of contaminants (SO4

2-) were expected as the pH is increased 
and stabilized. 

Ratios of OSA: AMD were investigated to further understand the chemical reactions taking place and 
obtain the optimum mixture for AMD treatment. A trial ratio of 1:30 was first tested and in 
agreement with the results diluted the mixtures. In the end, four different ratios were investigated 
including 1:30.  

3.2 Minerals involved in the AMD process 

The oxidation of pyrite primarily drives the production of AMD, but other acid producing and 
buffering minerals are also involved; dictating the pH and overall movement of metals of AMD as it 
flows through the environment, away from its source (Jurjovec et al. 2002). Table 5 lists various 
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natural acid producing and buffering minerals dictating AMD chemical characteristics as it flows 
throughout the environment from the source.  

Table 5 Common ore minerals involved in generating and neutralizing (modified based on 
Sartz 2010). 

Sulfide Minerals Neutralizing Minerals 
Pyrite, FeS2 Calcite, CaCO3 

Pyrrhotire, Fe(1-x)S Biotite, (K(Mg,Fe)3AlSi3O10(OH)2) 
Arsenopyrite, FeAsS Dolomite, (CaMg(CO3)2) 
Chalcopyrite, CuFeS2  

 

3.3 Sources of AMD minerals due to mining activity 

Inappropriate mining techniques may lead to various environmental problems involving land, water, 
and air contamination. The sources of AMD may be traced to the oxidation of sulfide minerals, which 
are artificially induced when waste rock and tailings are improperly stored. Waste rock derives from 
the separation of valuable economic ore from the rock without value, while tailings are the waste 
generated from the enrichment of ore (Figure 3). As mining technology improved over time, metals 
in mine waste have decreased, lessening the environmental impact of storing such waste (Sartz 
2010). But although mining technology has improved, such technology has also led to the increased 
excavation of lower grade ore, consequentially creating more waste. According to SEPA, 
approximately 32 million tons of waste rock and 25 million tons of tailings are generated annually in 
Sweden (Sartz 2010).   

 
Figure 3  Product and waste streams of a metal mine (modified from Lottermoser 2010; Sartz 2010) 

The majority of the mine waste in Sweden derive from either sulphidic ores (75%) or iron ores (25%) 
concentrated in specific areas as seen in Figure 4 (Sartz 2010).  
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Figure 4 Three regions with historically high mining activity in Sweden (SveMin 2012) 

3.4 Acid Mine Drainage treatment strategies 

The treatment of AMD may be carried out in various ways and may be divided into three categories; 
passive techniques (prevention), active but costly techniques, and methods dependent on algal and 
bacterial organisms (Hilson & Murck 2001). Unfortunately, there is no fix-it-all method for AMD 
treatment since all sources tend to differ significantly in both physical and chemical characteristics. 
Instead, the best methodology in minimizing AMD runoff is obtained from adapting a combination of 
passive, active, and biological strategies shown in Table 6 dependent on the available resources to 
mine operators and governmental officials. 

Table 6 Summary of best available methods in the prevention and treatment of AMD (modified from 
Hilson & Murck 2001) 

Acid Mine Drainage Treatment Strategies 
Source neutralization  

• Use of CaO to neutralize AMD source released to the environment 
• Most widely applied method 
• High efficiency in removing metals via neutralization 
• Cost effective over large periods of time 

AMD water covers 
• Retards oxidation, inhibiting AMD production 
• Cost effective 

Biological 
• Utilizes naturally occurring fungi and bacteria in reducing excess nutrients 

produced by AMD processes 
• Some installations require biomass feed 
• Requires scheduled maintenance  
• Requires the use of constructed wetlands 
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The aim of the following experiments is solely to investigate the efficiency of utilizing oil shale ash 
from thermal power plants as a substitute for expensive alkaline products in the neutralization and 
treatment of AMD.  

3.5 Chemical processes in the generation of Acid Mine Drainage 

Simplifying the AMD process, equations eq 1.1 to eq 1.3 induces the acid-producing process, where 
pyrite is oxidized, producing ferrous iron. Oxygen saturated waters are required for eq 1.1 to take 
place, making it the limiting reagent, which is what AMD preventative measures focus on. As ferrous 
iron is produced in equation eq 1.1, it further oxidizes in equation eq 1.1-1.3, producing ferric iron. It 
is this ferric iron that quickly oxidizes pyrite in reaction eq 1.2 in anaerobic conditions (Sartz 2010).  
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As pH decreases due to the production of hydrogen ions in equations 1.1 and 1.2, waters reach the 
optimum pH (2-3) for pyrite oxidation, further increasing the rate of all of the above reactions 
(Elberling et al. 2003). This reaction cycle will continue to occur for as long as there is oxygen and 
pyrite in AMD favorable conditions, ultimately producing significant amounts of hydrogen, iron, and 
sulfate ions dissolved in water. 

3.6 Biological processes in the generation of acid mine drainage 

As pH decreases due to equations 1.1 to 1.3, acidophilic bacteria such as Thiobacillusferroxidans 
become the major driving force in the oxidation of ferrous iron to ferric iron, which is the primary 
agent involved in the oxidation of pyrite (equation 1.2) in anaerobic environments (Doye & 
Duchesne 2003). In some cases, the oxidation rate of pyrite by biological processes may exceed the 
rates of equations 1.1 to 1.3 (Moses et al. 1987). 

Although biological processes are a major contributor to the production of AMD, they will not be 
taken into consideration in the treatment of AMD with OSA.  

3.7 Chemical processes of Acid Mine Drainage treatment with oil shale ash 

In unfavorable pyrite oxidation environments, produced acidity may be buffered by either calcite 
and/or phyllosilicate dissolution, where calcite dissolves three times faster and phyllosilicates three 
times slower than pyrite (Stromberg & Banwart 1999). In favorable pyrite oxidation environments, 
natural buffering minerals are overwhelmed, ultimately decreasing the pH of the surrounding area.  

The effective treatment of AMD with lime mimics natural buffering phenomena to neutralize acidity. 
The production of lime begins with a heat intensive (requires approximately 1,400°C) and 
greenhouse gas producing process known as calcination shown in reaction 1.4. When lime is added 
to AMD water in reaction 1.5, it first reacts with water to form the base calcium hydroxide also 
known as hydrated lime. It is the hydrated lime that neutralizes acids in the solution in reaction 1.6, 
in this case, sulfuric acid.  
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As pH increases due to the attenuation of hydrogen ions by calcium hydroxide, secondary minerals 
form and precipitate (Sánchez España et al. 2006). Consequently, reducing the number of metals and 
other pollutants from AMD waters. Table 7 shows the most common minerals precipitating from 
AMD at specific pH values.  

Table 7 Amorphous Al-oxyhydroxysulphates and hydrous Fe-Oxide precipitates from AMD (Shum & 
Lavkulich 1999; Sánchez España et al. 2006; Sartz 2010) 

Mineral Formula Optimum pH for precipitation 
Jarosite (KFe3(SO4)2(OH)6) 2 
Schwertmannite (Fe8O8(SO4)(OH)6) 2-4 

Basaluminite Al4(OH)10SO4 4-5 

Ferrihydrite Fe5HO8*4H2O >6 

Alunite KAl3(SO4)2(OH)6 3.5 -4 
 
Metal immobilization primarily occurs in natural waters due to adsorption and co-precipitation 
processes(Lee et al. 2002; Webster et al. 1998). Metal adsorption to Table 7 precipitates are highly 
dependent on pH, since with increasing pH the negative surface charge of the precipitates increases, 
forming strong bonds with suspended metallic cations (Sartz 2010). 

3.8 Methodology 

The raw AMD obtained from Ragn-Sells AB (approximately 1300 ml) was vacuum filtered using a 
0.45 µm cellulose nitrate membrane in order to remove unwanted suspended solids for both the 
neutralization reactions with OSA and elemental analysis. All elemental analysis of samples was done 
by ICP-MS (Agilent Technologies 7500 Series). Filtered AMD was digested using HNO3following EN 
13656 (2003). Solid COSA and deSOx samples were similarly prepared for elemental analysis. 

In agreement with Sweden’s Environmental Protection Agency regulations on criteria and 
procedures for the acceptance of waste in landfill sites (EPA, 2004), an L/S 10 (liquid: solid) leaching 
test was conducted for both COSA and deSOx. Unprocessed solid ash samples weighing 90g were 
added to 1L plastic containers containing 900ml of Milli-Q water and placed on a rotary agitator for 
24 hours (6 L/S 10 tests were performed, 3 for each type of ash). The leaching tests yielded 2700 ml 
of L/S 10leachate for both COSA and deSOx, totaling to 5400ml of L/S 10 leachate. After the agitation 
period, leachate was vacuum filtered using 0.45 µm cellulose nitrate membrane and stored in glass 
containers. Elemental analysis was conducted on the leachate for the identification of any possible 
hazardous metals and respective concentrations, sulfate (LCK 353,153) and chloride (LCK 311) 
content was also tested (DR3900 Spectrophotometer). The remaining leachate was utilized in the 
neutralization of AMD and other experiments. Throughout the neutralization reaction, pH and 
electrical conductivity (EC, Hanna Instruments HI2030 Edge) was monitored and recorded while 
adding leachate to 100ml of AMD via a burette until a pH of approximately 10 was obtained.  
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Batch neutralization of AMD was carried out by mixing OSA and AMD in 500ml beakers while on a 
magnetic bottom stirrer (Heidolph MR 1000). Selected AMD:OSA ratios were predetermined based 
on AMD: FA results from Gitari et al. (2006). Five different ratios were utilized for this experiment, in 
order of decreasing OSA content, the ratios used were 1:30, 1:200, 1:500, and 1:1000. Throughout 
the neutralization reactions, pH and EC were monitored and recorded for a time span of 120 
minutes. The subsequent solutions from all neutralization reactions were left undisturbed for 24 
hours before extracting supernatant for elemental analysis. The supernatants were also tested for 
phosphate and chloride content. 

3.9 Composition of Acid Mine Drainage 

Although the acidic mine water utilized throughout this experiment was taken from an undisclosed 
location in northern Sweden, chemical characteristics closely resemble AMD from historic mines in 
Östergötland and Bergslagen, Sweden (Sartz et al. 2015). Elements that were not tested due to 
economic and time constraints but are most likely present in high concentrations are Calcium (81 – 
200 mg/l), Magnesium (20 – 42 mg/l), and Zinc (16 – 43 mg/l)(Sartz et al. 2015). Data for the AMD 
utilized are shown in Table 8.  

Table 8 Chemical characteristics of acid mine drainage used in these experiments 

Metals Concentration (µg/l) 
As  1.4 
Pb 161 
Ba 22 
Cr 0.78 
Cd 3.8 
Co 178 
Cu 3393 
Sb 0.04 
Mo 0.00 
Ni 204 
V 7.5 

 
Ions Concentration (mg/l) 
Cl- (mg/l) 1.5 
SO4

2- 558 
 

pH and EC 
 pH 4.18 

EC  1.10 mS/cm 
 

3.10 Acid Mine Drainage neutralization results 

As the neutralization of AMD was conducted using different AMD:OSA ratios, EC and pH were 
continuously monitored and recorded. Figure 5 displays that for all ratios, a pH over 10 was obtained 
while high EC values in Figure 6 ranged from 1.40 to 12.32 mS/cm.  
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Figure 5 pH for different AMD:OSA neutralization reactions over a 120 minute time period 

 

 
Figure 6 EC for different AMD:OSA neutralization reactions over a 120 minute time period 

Different AMD:OSA neutralization reactions yielded different values in the reduction of trace 
elements dissolved in the resulting supernatant. In most neutralization reactions there are 
significant reductions in trace elements compared to AMD. Although, some metals did leach from 
OSA and increased in concentration, such as Ba, Cr, Mo, and Sb. Table 9 displays the concentrations 
of metals in AMD before and after the neutralization reactions. Figure 5 and Figure 6 plots the 
information in Table 9 for better visualization of the results. Table 10 displays the percentage of 
specific metal cations removed after the OSA-AMD neutralization reactions, where negative values 
represent leaching form OSA onto AMD water.  

Table 9 Chemical characterization of AMD and AMD:OSA neutralization supernatants 

AMD:OSA Element concentration [ µg/l) 

 As Pb Ba Cr Cd Co Cu Sb Mo Ni V 
AMD  1.4 161 22 0.78 14 178 3393 0.04 0.00 204 7.5 
Cyclone  
1:30 0.82 75 275 12 0.10 0.90 25 0.45 30 1.00 0.88 
1:200 0.15 11 82 3.3 0.03 0.04 4.3 0.70 5.7 0.19 2.7 
1:500 0.16 2.3 61 5.2 0.20 0.11 8.2 0.21 5.0 0.07 0.93 
1:1000 0.34 2.4 36 1.8 0.56 0.72 7.9 1.1 2.0 1.2 2.3 
DeSOx 
1:30 0.49 81 336 29 0.12 0.20 13 0.00 91 0.35 0.34 
1:200 0.51 3.1 50 4.9 0.02 0.07 7.2 0.42 14 2.5 1.9 
1:500 0.36 0.31 28 6.3 0.20 0.06 5.1 0.47 10 0.07 5.7 
1:1000 1.5 2.1 30 6.3 0.08 0.24 6.1 1.40 7.0 0.65 8.0 
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Table 10 Percent removal of AMD elements for AMD:OSA neutralization supernatants 

AMD:OSA Element % removed 

 
As Pb Ba Cr Cd Co Cu Sb Ni V 

AMD (µg/l) 1.4 161 22 0.78 14 178 3393 0.04 204 7.5  
Cyclone           
1:30 39.3 53.2 -1169.9 -1415.7 99.3 99.5 99.3 -976.2 99.5 88.4 
1:200 88.7 93.2 -279.5 -322.7 99.8 100.0 99.9 -1569.0 99.9 64.1 
1:500 88.1 98.6 -182.1 -565.9 98.5 99.9 99.8 -402.4 100.0 87.6 
1:1000 74.5 98.5 -67.0 -137.0 95.9 99.6 99.8 -2440.5 99.4 69.5 
DeSOx            
1:30 63.4 49.5 -1450.8 -3560.1 99.1 99.9 99.6 N/A 99.8 95.5 
1:200 62.4 98.1 -129.9 -530.0 99.9 100.0 99.8 -900.0 98.8 74.2 
1:500 73.1 99.8 -28.9 -704.2 98.5 100.0 99.9 -1009.5 100.0 24.3 
1:1000 -14.1 98.7 -36.6 -707.1 99.4 99.9 99.8 -3240.5 99.7 -6.6 

 
Shown in Figure 7 to Figure 9 below; the concentrations of dissolved metals throughout different 
AMD:OSA ratio treatments tend to decrease as dilution increases from 1:30 to 1:1000. As mentioned 
above, most treatments were capable of significantly reducing specific metal ion concentrations, but 
a few did leach into the treated AMD water. In most cases, the continued decrease in metallic 
cations from 1:30 to 1:1000 implies pH and EC dependent adsorption. Since only 13 specific 
elements were measured throughout this thesis, there is a probability that concentrated OSA-AMD 
mixtures are leaching Ca2+ or other unknown ions; reducing the negative surface area available for 
other types of metallic cation adsorption. As OSA-AMD mixtures are diluted, EC decreases due to a 
decrease of ions in solution; fewer types of ions are leached into the solution from OSA allowing for 
the increased adhesion of metallic cations present in AMD.  

 
Figure 7 As, Pb, Ba, and Cr concentrations of AMD and AMD:OSA neutralization supernatants 

Although Figure 7 to Figure 9 display large differences, it may be due to the nonuniformed y-axis, 
making some look exaggerated. Nevertheless, there seems to be an increase in concentration trend 
amongst some elements in mixture 1:1000. Perhaps the increase in solubility may be due to the lack 
of secondary mineral particles where cations can adsorb onto, hindering adsorption.  
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Figure 8 Cd, Co, Cu, and Sb concentrations of AMD and AMD:OSA neutralization supernatants 

 
Figure 9 Mo, Ni, and V concentrations of AMD and AMD:OSA neutralization supernatants 

 

3.11 Discussion 

The results obtained from the treatment of AMD with OSA were not expected and did not entirely 
follow Gitari et al. (2006). The first AMD:OSA trial was 1:30, and the results indicated that the 
mixture was too concentrated. At 1:30, the pH reached >12 almost instantaneously, since OSA has a 
high content of free CaO and particles less than 38µm, which is known to increase reactivity rates 
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along with ion adsorption, precipitation, and co-precipitation (Vadapalli et al. 2007).After the 1:30 
neutralization reaction, 1:200, 1:500, and 1:1000 were conducted. All ratios obtained a pH greater 
than 10, which is needed for the effective formation and precipitation of secondary minerals and 
adsorption of metal cations. 

OSA effectively adsorbed close to 100% of many of different types of metallic cations dissolved in 
AMD. More specifically Cu, Pb, Co, Ni, and Cd are known to adsorb strongly to the secondary 
minerals mentioned in Table 7 (Webster et al. 1998), but since our initial pH was over 4, it is highly 
likely that schwertmannite and ferrihydrite were the minerals mainly involved. In high-intensity 
mixtures such as 1:30 and 1:200, leaching of Ba, Cr, and Sb occurred, although not in high 
concentrations.  

The most efficient ratio in both neutralizing acidic mine waters while adsorbing close to 100% of 
many metallic cations appears to be the AMD:OSA ratio of 1:500. 

3.12 SWOT Analysis 

Below is a strengths, weaknesses, opportunities and threats (SWOT) analysis performed for the 
utilization of OSA as an alternative to CaO for AMD remediation. 

STRENGTH WEAKNESSES 
 

• Utilization of both COSA and 
deSOx in neutralizing AMD 

• Strong buffer, high CaO content 
reduces amount of OSA to be used 
in treating AMD 

• Precipitate adsorbs most metallic 
ion dissolved in water, especially 
Cu, Pb, Co, Ni, Zn, and Cd 

 

 
• Logistics for OSA acquisition not 

known, might be costly to transport 
• Leaching of Ba, Cr, Mo, and Sb 

possible 
• The distance between oil shale ash 

sources and AMD sites needs to be 
taken into account 
 

OPPORTUNITIES THREATS 
 

• Decreased environmental impact 
(Improved reputation) 

• Possible low cost alternative to 
CaO for the treatment of AMD 

• Precipitate might be a source for 
metals and minerals in the future 
 

 
• Established market (External 

competition) 
• Regulatory obstacles 
• Best type of OSA, COSA might not be 

available in the future 
• Precipitate waste from the treatment 

of AMD to be landfilled might be 
significantly more than from just using 
CaO 
 

3.13 Conclusion 

Oil shale ash has the potential to become an alternative to CaO for the treatment of AMD since it 
has a high buffering capacity and the resulting precipitates have shown they are capable of 
adsorbing metallic cations dissolved in AMD waters. This experiment indicates that COSA in a 1:500 
ratio operates best in neutralizing AMD, while keeping EC and other toxic metals from OSA leaching 
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relatively low. Although more studies need to be conducted in order to identify the leaching of 
metals onto waters from OSA after neutralizing AMD. More beneficial studies that might be of 
interest to any entity willing to use OSA in treating AMD are; metal concentration of neutralized 
waters as it travels away from the source, and best AMD treatment methods such as but not limited 
to covering waste rock with OSA, injecting OSA into AMD sources (in environmentally sensitive 
areas), using OSA as a filter media, using OSA leachate in AMD neutralization, and other methods 
already being applied with CaO. Such studies would allow for a type of best treatment approach 
toolbox to an entity analyzing unique AMD sources since they all differ in chemical and physical 
characteristics. Consequentially, reducing the use of OSA and trace metals while successfully 
neutralizing and treating AMD. 
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4. Synthesis of precipitated calcium carbonate utilizing oil shale 
ash 

Precipitated Calcium Carbonate (PCC) is a synthetic, purified or refined form of CaCO3 used in 
various industrial applications. Since Estonian oil shale ash (OSA) has a high lime content, the 
material has the potential to substitute quicklime in industrial grade PCC production. PCC production 
using OSA could have commercial importance in the paint, plastics, rubber and paper industries 
(Velts et al. 2014). Potential benefits of the approach are the safer disposal of OSA waste, the long-
term fixation of CO2 emissions and alkaline wastewater neutralization. If the PCC production plants 
are established in the vicinity of oil shale thermal power plant (TPP), the concentrated CO2 in TPP 
flue gas can be directly utilized for PCC production, in turn reducing the carbon emission from the oil 
shale TPPs. 

This chapter discusses some of the published studies on the synthesis of PCC from OSA. In addition, 
the industrial use of PCC and economic feasibility of PCC production from OSA is addressed. Also, 
preliminary experiments by the authors, to determine the probable yield of PCC by utilizing OSA are 
presented and discussed. 

4.1 PCC market and industrial uses 

PCC have been commercially produced since 1841. The pioneer producer was the English company 
John E. Sturge Ltd., which treated the residual calcium chloride from their potassium chlorate 
manufacture with soda ash and carbon dioxide (British Calcium Carbonates Federation 2007). Today, 
PCC is widely used in key industries, such as paper, plastics, pharmaceuticals, paints, and coatings 
etc. (Table 11). 

Table 11 Industrial uses of PCC (Kogel et al. 2009) 

Application  Use 
Paper industry As a filler and coating to enhance quality of paper 
Sealants and adhesives To enhance rheological properties 
Paint, ink, thermoplastics As a filler 
Food industry Additive, Ca support, fermentation aid 
Pharmaceuticals Active ingredient in calcium-based antacids 
Liquid catalysts As an inert carrier 
Industrial Powders As an anti-caking agent and for flow improvement 

 

From the year 2013 to 2019, PCC industry is expected to grow at a Compound Annual Growth Rate 
(CAGR) of 3.9% owing to its specific properties which include whiteness, brightness and opaque 
visibility among others (Transparency Market Research 2014). Based on data from Roskill 
Information Services (2012), the market cost of one ton PCC was USD 550.00 and USD 375.00 in the 
United Kingdom and the United States respectively.  

Since the mid-1980s, the demand for PCC is mainly driven by the increased use of PCC in the paper 
industry. For instance in the year 2011, paper industry consumed 73% of the total PCC used in North 
America (Stratton 2012). Production of printing and writing paper is expected to continue increasing 
in the future, which will require increased mill capacity with a concomitant growth in demand for 
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coating and filler minerals. As world’s fifth largest paper manufacturer and third largest exporter, 
Sweden consumes a significant amount of PCC. One of the biggest printing and writing paper 
producer- M-real’s facility in Husum,  Sweden (capacity 620 ktpy) has a  satellite PCC plant operated 
by Imerys, since 2005 (Bajpai 2015). Satellite PCC plants are located close to paper production 
facilities; this saves transportation costs because the necessary CO2 gas for the process (40% of 
finished PCC weight) is taken from the flue gas produced by the paper mill. 

4.2 Production of PCC 

PCC is produced from a variety of high purity calcium feedstock by carbonation process, Solvay 
method, lime-soda process, calcitech process or filler recycling process (Stratton 2012).  Of these 
processes, carbonation is the most widely used method and is the focus of this study.  

To produce PCC via carbonation process, the limestone is first calcined in a lime kiln to calcium 
oxide, slaked with water to calcium hydroxide, and then reacted with gaseous carbon dioxide to 
calcium carbonate (Mattila et al. 2014). By adjusting the reaction conditions in the precipitation 
step, crystal morphology and particle properties such as size distribution can be adapted to a 
particular application. 

PCC formation via carbonation of calcium rich leachate from oil shale ash is a complex multi-stage 
process. Mechanism for the reaction of CO2 with Ca2+ and SO4

2− rich alkaline oil shale ash leachates 
can be described by equations 1.7 to 1.12 (Velts et al. 2011); 

Physical dissolution of gaseous CO2 into solution:  

7122 .  eq ....................(l) ......CO(g)CO ⇔  

The solubility equilibrium follows Henry’s law (at pressures below approximately 
5 atm):  

[ ] 81
22 .....  eq .......... .........Pk(l)CO COHeq ×=  

where kH is the Henry’s law constant and PCO2 is the CO2 partial pressure. 

Dissociation of bicarbonate, 

912
2
33 ...  eq O.........HCOOHHCO- +⇔+ −−  

CO2 hydration, 

101322 . ......  eq..........HHCOOH(l)CO - ++⇔+  

Nucleation and growth of CaCO3 crystals, 

1113
2
3

2 ...  eq ....................CaCOCOCa ⇔+ −+  

Back-dissolution of CaCO3 crystals at lower pH, 
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1213
2

3 .....  eq ..........HCOCaHCaCO -+⇔+ ++  

In the above mechanism, it is assumed that other ions such as K+, Cl−, and PO4
3− do not take part in 

the precipitation process in significant amounts. In the PCC synthesis experiments outlined in section 
4.4, the preceding chemical reactions are thought to form a white color precipitant, of which CaCO3 
is the major constituent (Velts et al. 2011). 

4.3 Previous studies 

Currently, the multi-stage process of PCC production requires vast amounts of energy and high-
quality raw materials. If OSA can replace lime as raw material, there are potential economic and 
environmental benefits that can be achieved. Some of studies have explored the possible use of 
calcareous oil shale ash over the last couple of years. Velts et al. (2009; 2011; 2014) have conducted 
series of experiments and published numerous papers on PCC production using Estonian OSA. 
Following is a description of some of the key experiments and findings by the researchers, 

• The first step in utilizing OSA for PCC production is the Ca2+ leaching process in a water 
suspension. Velts et al. (2009) developed a model to characterize the leachability dynamics 
and equilibrium in the ash-water system of Ca2+ and other major ions as well as heavy 
metals. Low leachability of heavy metals from the OSA was noted. 
 

• In 2011Velts et al. experimentally investigated the mechanism of ash leachates carbonation 
in a stirred semi-batch barboter-type reactor by varying the CO2 partial pressure, gas flow 
rate, and agitation intensity. The data was used to develop a series of model equations to 
describe the CaCO3 precipitation process from OSA leachates. Characterization of the PCC 
precipitates crystallized from OSA leachates is also provided. High brightness PCC (containing 
up to ∼96% CaCO3) with particle sizes ranging from 4-10 µm and controllable morphology 
(such as rhombohedral calcite or coexisting calcite and spherical vaterite phases) was 
obtained under the studied conditions. The size, shape and texture of the PCC are crucial in 
determining the application suitability of the material. Importantly, calculations show that 1 
tonne of ash (containing ∼20% of free lime) would allow producing near to 360 kg of CaCO3, 
while via carbonation of 1 m3 of leachates at least 1.3 kg of CO2 can be captured and up to 3 
kg of PCC formed. 
 

• A more recent study by Velts et al. (2014) used a continuous flow disintegrator-reactor to 
demonstrate the potential of forming PCC with various characteristics, using ash leachates, 
saturated with Ca2+ and accompanying ions (mainly SO4

2-). The researchers were able to 
obtain PCC with a content of up to 99% CaCO3 and mean particle diameter in the range of 
3.7-7.5μm was obtained at room temperature and atmospheric pressure. The X-ray 
diffraction analysis confirmed that the formed product was calcite with a minor substitution 
of carbonate ions by SO4

2-ions. Based on scanning electron microscopy analysis it was 
concluded that varying operating conditions will result in the product with different crystal 
shape/habit. This confirms the ability to construct crystals with desired characteristics 
through control of the process conditions. This means ash leachate can be used to produce 
PCC with specific properties demanded by target industries. 

4.4 Experimental Methodology 

Preliminary laboratory experiments were conducted on L/S10 OSA leachate to determine possible 
PCC yield using carbonation method (Figure 10). The leachate samples were prepared, in accordance 



 

26 

 

to EN 12457-2 (2002), from the cyclone and DeSOx ash originating from boilers at Eesti Energia TPP, 
Estonia. One sample of both leachate solutions were separately subjected to carbonation.  

 

Figure 10 Experimental setup: PCC production via carbonation 

First, the alkaline suspension was filtered from the solid ash residue using vacuum filtration 
(Millipore filter paper, sieve size 0.45µm). Approximately 800ml of alkaline solution was treated with 
a constant flow of pure CO2 gas for 120 minutes. A magnetic stirrer (Heidolph MR 1000) was used to 
provide effective mechanical mixing of the gas and liquid phases to increase the interfacial contact 
area. The electrical conductivity (Hanna Instruments HI2030 Edge) and pH of the solution were 
recorded at one-minute intervals during the carbonation process. Immediately after carbonation, 
the suspension was boiled to remove dissolved CO2 and maximize the precipitant. After cooling, the 
solution was filtered, and the resulting solid was dehydrated at 105oC for 24 hours. The solid 
material was weighed as received to determine the precipitants mass. 

4.5 Results and Discussion 

When CO2 was passed through the clear alkaline leachate, the solution slowly turned milky as the 
precipitation increased. Based on visual observation, for both tested solutions, the maximum 
precipitation occurred between pH ∼11 and ∼9. As CO2 continued to dissolve in solution, the pH 
dropped further, and the precipitant started to dissolve in solution making the solution clearer.  

These observations can be explained by the series of equations given in section 4.2. When CO2 
dissolves in water, it forms carbonic acid which in turn is neutralized by the Ca(OH)2 rich leachate 
solution. This process forms CO3

2- ions that react with Ca2+ to form an insoluble suspension of white 
CaCO3. Initially, the pH and Ca2+ ion concentration remain at a high level until all the free CaO is 
exhausted. As observed in Figure 11, then the pH and concentration of Ca2+ drop rapidly till pH∼7.5, 
after which it starts to stabilize.  
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Figure 11 Time vs pH, EC plot during the carbonation process 

From the perspective of PCC synthesis via carbonation, there are two major pH regions of interest. 
Since CO2 dissolution into water is pH-dependent (CO2 is found in the solution mainly as CO3

2- at 
around pH>9 and as HCO3

- at around pH<9.0), the highest PCC concentration is expected at pH>9 
(Velts et al. 2013). This conforms to the visual observations where maximum precipitation was 
observed around pH range 11-9. As seen in Figure 11, the lowest EC value is also registered when pH 
is ∼9. This is expected, as the lowest concentration of Ca2+ ions in solution will coincide with 
maximum precipitation.  

When additional CO2is bubbled through the solution, more carbonic acid is formed which neutralizes 
the OH- ions, making the solution more acidic. CaCO3 in the presence of H+ ions is converted into 
Ca(HCO3)2 which is soluble in water. The milky precipitate disappears as CaCO3 is converted to 
Ca(HCO3)2.  

Since the leachates have a relatively high concentration of SO4
2- ions (cyclone= 1297mg/l; DeSOx= 

1380mg/l), CaSO4 is also expected to be formed in the process. The sulfation reaction, though similar 
in many ways to carbonation, is a relatively slow process. This would mean the CO3

2-ions, rather than 
SO4

2-ions, will ‘win’ the competition for Ca2+ ions. Hence, CaCO3 concentration in the final product is 
expected to be considerably greater than CaSO4. Since chemical composition and geometric 
structure of the precipitated samples were not analyzed, the purity and type of PCC formed from the 
experiment are unknown. As discussed in section 4.3, comparable experiments conducted by Velts 
et al. (2009; 2011; 2014), produced precipitants with upto 99% pure PCC, hence it is thought that the 
main constituent of the white precipitant obtained in the presented tests is PCC (Figure 12).  
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Figure 12  Oven dried precipitant after carbonation 

Table 12 gives the experimentally measured and theoretically computed CaCO3 yield for the above 
described carbonation process. The theoretical figures are based on a, Ca(OH)2 solubility in water, 
value of 0.173g/100mL (20°C). Detail calculations for the theoretical figures can be found in 
Appendix III.  

Table 12 Theoretical and experimental yield of CaCO3 

Details 
CaCO3 yield (g) 

experimental theoretical 
Cyclone ash leachate 1.89 1.87 
DeSOx ash leachate 2.01 1.89 

 

The experimental yield is in close agreement with the theoretical values. As previously stated, CaSO4 
is also thought to precipitate out in the process (eq 4.7).  

4.7 eq  ................... CaSOSOCa 4
2
4

2 ⇔+ −+  

The increase in experimental yield is possibly due to CaSO4 precipitation, which was not accounted in 
the calculations. To test this hypothesis, three samples of solution were collected when precipitation 
was highest (at approximately pH 10). These samples were filtered using vacuum filtration (Millipore 
filter paper, sieve size 0.45μm)and then the SO4

2- concentration were measured using a 
spectrophotometer (model Hach Lange DR3900). The tests showed a decrease in SO4

2- 
concentration, supporting the hypothesis. 
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4.6 SWOT analysis 

Following is a strengths, weaknesses, opportunities and threats (SWOT) analysis performed for the 
utilization of OSA leachate to synthesis PCC. 

STRENGTH WEAKNESSES 
 

• Utilization of OSA, but also has the 
potential to neutralize OSA 
leachate 

• Can use flue gas from paper mills, 
power plants etc. as CO2 source 
for carbonation. Sequestration of 
CO2 

 

 
• Limited literature and experimental 

data 
• Costly initial investment (plant and 

transportation networks need to be 
established) 
 

OPPORTUNITIES THREATS 
 

• Decreased environmental impact 
(Improved reputation) 

• Industrial symbiosis  
 

 
• Established market (External 

competition) 
• The distance between oil shale ash 

sources and recycling sites needs to be 
taken into account 

• Regulatory obstacles related to 
transport of a highly alkaline, 
hazardous material across national 
borders 

 

4.7 Conclusion 

Since the experiment was conducted utilizing pure CO2 gas, an equivalent PCC yield using flue gas 
can probably be only achieved after a relatively longer carbonation process. Nevertheless, the 
experimental results suggest that implementation of CO2 carbonation technology on OSA leachate 
could potentially contribute to environmental sustainability and economically beneficial 
management of waste streams from oil shale-based energy sector. The process has the potential to 
utilize OSA waste to synthesize a value added product while also neutralizing alkaline leachate 
produced from the ash. In addition, flue gas from TPP or paper mills can be utilized as the 
concentrated CO2 source for PCC production, reducing the atmospheric CO2 emission.  

The authors suggest future experiments to determine the PCC production performance when flue 
gas is used instead of CO2 gas. It will also be beneficial to conduct a comparative study to determine 
the difference in physicochemical characteristics of PCC produced using OSA and lime. 
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5. Rare earth element recovery from oil shale ash 

Since oil shale ash (OSA) composes of many different metals and rare earth elements (REE), the 
material can possibly be used as a source to recover these precious commodities. Especially, REEs 
are considered as a critical mineral in the EU, due to Chinese control on its global supply and due to 
the strategic importance of them in many high technology industries. The following text gives an 
introduction to REE and outlines some of the research published on REE recovery from OSA. Also, 
REE content in the Estonian OSA is measured and compared with other REE sources.  

REE are a group of 17 elements comprising 15 lanthanide elements (atomic numbers 57–71) and two 
transition metal elements, scandium and yttrium (US Geological Survey 2015). Although this group 
of elements is known as ‘rare earths,’ they are not particularly rare in earth’s crust (Table 13). For 
instance, REEs are more abundant in the earth's crust than silver, and the content of the four most 
abundant elements (yttrium, lanthanum, cerium, and neodymium) exceeds that of lead (Klyucharev 
et al. 2013). 

Table 13 Rare Earth Elements (Hellman et al. 2016) 

Element Symbol Atomic number Atomic weight 
Upper crustal 
abundance (mg/kg) 

Yttrium Y 39 88.91 22 
Lanthanum  La 57 138.91 30 
Cerium Ce 58 140.12 64 
Praseodymium Pr 59 140.91 7.1 
Neodymium Nd 60 144.24 26 
Samarium Sm 62 150.36 4.5 
Europium Eu 63 151.96 0.88 
Gadolinium Gd 64 157.25 3.8 
Terbium Tb 65 158.93 0.64 
Dysprosium Dy 66 162.5 3.5 
Holmium  Ho 67 164.93 0.8 
Erbium Er 68 167.26 2.3 
Thulium Tm 69 169.93 0.33 
Ytterbium Yb 70 173.04 2.2 
Lutetium Lu 71 174.97 0.32 

  
    

 

REE are finding increasing use in various industries as catalysts for petroleum cracking, metallurgy, 
glass and ceramics, electronics, chemicals, magnets, and nuclear industries, and in the manufacture 
of different types of phosphors, lamps, mantles, and many others (Sabot et al. 1996). Despite the 
strategic nature of REE, China presently produces more than 90% of the global REE output. Since 
2009, when China announced a 50% reduction in REE export quota, the mineral has become one of 
the most discussed raw materials (Zepf 2013). The virtual Chinese monopoly on REE market means 
rest of the world is confronted with an REE supply risk. Due to high demand and limited availability 
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of REE, Europe is unable to meet its industrial needs, especially in high technology sectors. This has 
lead EU to include REE in the group of 14 critical minerals (Charalampides & Vatalis 2015). 

Since many countries do not have operationally or economically feasible deposits, industrial waste 
such as OSA and fly ash, with relatively high REE concentration (Yang et al. 2010), is increasingly 
considered as a possible alternative source for extraction of REE. 

5.1 Use of REE in the industry 

Based on data provided by Krishnamurthy & Gupta(2016), global demand for REE are mainly driven 
by the glass, magnet, catalyst and metal industry (Figure 13).  

 

Figure 13 Proportion of REE consumption by different industries in 2010 (based on Krishnamurthy & 
Gupta 2016) 

 

A qualitative display of the functional use of each REE is presented in Figure 14. The figure shows 
that while some elements such as Ce and Y are used in multiple industries, other elements such as 
Dy and Yb have very specific industrial applications. This suggests that market demand for different 
REE varies significantly.  
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Figure 14 Qualitative display of REE their functional uses (Zepf 2013) 

A comparison of REE production figures, from different sources, by Zepf (2013), showed that 
significant discrepancies exist between REE production values reported by different authors. For 
instance, the USGS Mineral Commodity Summaries (USGS 2006& 2008)data shows a REE global 
production increase of 18 % from 105,000t in 2005 to 124,000t in 2007. In comparison, USGS 
Minerals Yearbook (USGS 2005& 2007)reports almost similar values for year 2005and 2007 with 
122,000t and 124,000t respectively. Zepf (2013) attributes these discrepancies to some authors 
presenting individual supply data as production data, whereas demand data are frequently used in 
the headlines of respective data. He published average REE production data, based on sources with 
reasonably similar values (Table 14). 

Table 14 Average production of REE for 2005 (Zepf 2013) 

Element Symbol 
Average production 
in 2005 (tonnes) 

Lanthanum La 28300 
Praseodymium Pr 5500 
Dysprosium Dy 1800 
Cerium Ce 36700 
Neodymium Nd 17600 

 

5.2 REE composition in natural ore deposits and oil shale ash 

REE are lithophile elements i.e. they occur naturally with oxygen molecules, usually in an oxide, 
silicate or phosphate combinations. REEs show similar chemical and physical properties and 
represent a geochemically coherent group. Due to this, they are generally found together in natural 
deposits.  

Typical REE minerals are monazite, bastnaesite, xenotime and ion-absorbing clays. Various other REE 
containing minerals are known, but very few of them are identified as economically feasible for 
extraction. It is noted that depending on the location and type of mineral ore; the REE composition 
can vary significantly. For instance, bastnaesite generally has Ce up to 50% of total REE, while 
xenotime has concentrations of Ce as low as 3%. Bastnaesite from Mountain Pass, California has 10% 
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higher composition of La when compared to bastnaesite from Bayan Öbo, Inner Mongolia (Zepf 
2013).  

For this study, three samples of DeSOx and three samples of cyclone OSA from Eesti Energia TPP, 
Estonia were tested for Ce, Nd, Y and Sc using ICP-MS (APPENDIX IV). The results were used to 
compute weight percentage of REE oxides. Table 15 lists this information. For comparison, average 
percent concentration of REE for Chinese OSA and selected European REE minerals are listed 
alongside the Estonian OSA REE concentrations. It is observed that for all tested elements, lowest 
concentrations were in Estonian OSA samples. The cyclone ash shows slightly higher concentration 
for tested REEs; this is probably due to minor variations between test samples rather than a change 
that occurred due to cyclone ash being subject to flue gas (i.e. the DeSOx ash). When compared to 
REE concentrations of Chinese OSA, the Estonian OSA samples contained approximately 50% lower 
concentrations of Ce, Nd, and Y. 

Table 15 Concentration of Ce, Nd, Y and Sc in oil shale ash and selected European REE ores (w/w%) 

  Tested oil shale ash 
 

Concentration in selected European REE ores** 
Oxides Cyclone DeSOx Chinese OSA* Laporite Eudialyte Apatite Synchysite-(Y) 
CeO2 0.0044 0.0039 0.0084 10.10 2.67 9.88 13.26 
Nd2O3 0.0020 0.0017 0.0037 3.00 1.14 2.66 5.00 
Y2O3 0.0024 0.0019 0.0034 0.26 1.93 0.29 14.79 
Sc2O3 < 0.0079 < 0.0079 na na na na na 
 *based on average values by Qing et al. (2014); **based on Hedrick et al. (1997) and British Geological 
Survey (2011); na- not available 

 

Often, in mineral ore, a certain threshold concentration of the element of interest shall be reached 
to qualify for economically viable extraction. Another crucial factor is the ease with which the 
interested element can be isolated from the ore mineral. A mineral ore with diluted REE may be 
attractive if it is lower in cost to extract the elements relative to an REE concentrated mineral. 
Compared to other available sources, the concentration of REE is not high in OSA. Hence, factors 
such as; availability of cost-effective and simple methods for REE extraction from OSA, easy and 
inexpensive acquisition of OSA, will govern if REE extraction from OSA is a feasible venture. 

5.3 Methods for extracting REE from oil shale ash 

By employing acid leaching followed by alkali precipitation, nonferrous alumina and silica can be 
extracted from OSA. After the acid leaching step, the remaining product is high in Al and Fe. This 
product known as Fe-Al-OSA contains 0.14% REE (Yang et al. 2010).  

In ordinary REE ore, there is a high content of rare earths and trace amounts of Al and Fe (Yang et al. 
2010). In the case of Fe-Al-OSA, the Al and Fe contents are high, and REE is at trace levels, which 
complicates the extraction process. Yang et al. (2010) has described a method to separate REE from 
Fe-Al-OSA that involves: (1) leaching with HCl, (2) separation of Fe3+ from leaching solution with 
tertiary amine N235, (3) precipitation of Al3+ and trace REE with MgO and Na2CO3, and finally (4) 
separation of REE by solvent extraction with TBP. This recovery process has the advantage of also 
separately extracting Fe and Al from the Fe-Al-OSA. The researchers report REE extraction efficiency 
of 86.30% from the described process. 
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Though there are no patents for REE extraction from OSA in Thomson Innovation online database, 
there were few patents for REE recovery using fly ash. As evident from above-described process, 
acid leaching is a key procedure for currently proposed methods for REE extraction from ash (W. C. 
Zhang et al. 2015). In 1987, Matyas et al.(1987) patented a process based on the assumption that 
most of the REEs are bound on the surface of fly ash, and 80–90% recovery of REEs was obtained 
using a sequential leaching process (water leaching-dilute alkaline leaching-dilute HCL leaching). 
More recently Joshi et al. (2015) patented an REE extraction method using HNO3 acid as the leaching 
agent. The process can successfully extract REE from fly ash, coal ash, and bottom ash. The inventors 
claim the process to be more economical and energy efficient per kg of REE than the available 
methods that extract REE from mineral resources. 

5.4 SWOT analysis 

Following is a strengths, weaknesses, opportunities and threats (SWOT) analysis performed for the 
REE recovery from OSA. 

STRENGTH WEAKNESSES 
 

 
• A potential alternative source for rare earth 

elements (currently 90% produced by China) 

• Achieve significant economic and environmental 
benefits 

 

 
• There are drawbacks to the lab tested methods 

(e.g. acid leaching of OSA) 

• Most reported work to date has been in lab-
scale 

• The efficiency and economy of scale are major 
limiting factors 

• High degree of pretreatment of OSA 

OPPORTUNITIES THREATS 
 

 
• Increase potential in industrial opportunities 

• Simultaneously recover multiple valuable 
commodities, such as alumina and REE 

• Few patented methods  

 
• The distance between fly ash sources and 

recycling sites needs to be taken into account 

• Regulatory obstacles related to transport of a 
highly alkaline, hazardous material across 
national borders 

5.5 Conclusion 

REE is a strategic commodity that is used in various high technology industries. Despite the critical 
nature of the mineral, China is responsible for more than 90% of the global REE supply. Since 2009, 
due to increase domestic demand, China has reduced the export quota for REE, affecting industries 
in other countries that depend on them.  

Despite the relatively low concentration of REE in OSA, this industrial by-product may possibly be a 
promising alternative source for REE extraction. The success of such a venture will depend on the 
development of a practical and cost-effective method for REE recovery from OSA. 
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6. Review: other potential utilization of oil shale ash 

In the preceding chapters, three potential oil shale ash (OSA) applications were introduced and 
discussed in detail. The addressed topics were acid mine drainage (AMD) neutralization using OSA, 
precipitated calcium carbonate (PCC) synthesis from OSA and recovery of rare earth elements (REE) 
from OSA. Nevertheless, there are other OSA research areas that warrant attention for their 
potential benefits. This section aims to introduce the reader to three OSA applications that were not 
previously discussed. Applications reviewed in this chapter are, 

1. Oil shale ash as a filter media to remove pollutants from wastewater 
2. Zeolite synthesis and application 
3. Silica (SiO2) and alumina (Al2O3) recovery 

6.1 Oil shale ash as a filter media to remove pollutants from wastewater 

Research has shown that OSA can also be used, with little or no pretreatment, as a filter media for 
removal of pollutants from industrial and municipal wastewater. Most studies focus on the use of 
OSA as a filter media to remove phosphorous from municipal wastewater and very few research has 
been conducted on removal of other pollutants.  

6.1.1 Phosphorous removal 

Use of calcium (CaO) rich filter media, to remove nutrients from wastewater, in particular 
phosphorous (P), is not uncommon. There are a number of natural (dolomite, bauxite), industrial 
byproducts (oil shale ash, blast furnace slag) and commercially developed products (PoloniteR, 
Filtralite PTM) currently in use for the purpose (Vohla et al. 2011). In Sweden PoloniteR, manufactured 
by the company Bioptech, is used for onsite municipal wastewater treatment for P. In this case, the 
spent PoloniteR is ultimately used in farmland as a slow releasing P fertilizer and soil conditioner. The 
method has the dual advantages of treating wastewater while gaining economic benefits.  

Experiments by Kaasik et al.(2008) indicated good (up to 65mg P/g) P-binding capacity of the 
hydrated OSA sediment, with a removal efficiency of 67–85%. The researchers attributed high 
phosphorus sorption potential of hydrated oil-shale ash to the high content of reactive Ca-minerals, 
of which ettringite Ca6Al2(SO4)3(OH)12.26H2O and portlandite Ca(OH)2 are thought to be most 
influential. P-containing solution results in partial-to-complete dissolution of ettringite and 
portlandite, which releases free calcium ions that act as stable nuclei for precipitation of Ca-
carbonate and Ca-phosphate phases. This was confirmed by X-ray diffraction (XRD) and scanning 
electron microscope (SEM)-EDS studies.  

Studies conducted on the application of OSA as a filter media to treat wastewater has demonstrated 
that the material can show similar or superior efficiency to other competing products.  Vohla et al. 
(2005) carried out experiments on potential filter media, available in Estonia, to determine the 
material with the best capacity for phosphorous sorption. Experiments done on several local sands, 
gravels, glauconite-sandstone, light-weight aggregate, and calcareous waste products from oil-shale, 
showed very high sorption capacity for oil shale ash, crushed ash block and the sediment from OSA 
plateau (averagely 98.9%, 96.5% and 98.4% respectively). Field trials that followed this experiment 
installed OSA filled sedimentation filter in the outlet from Kodärve, Estonia Horizontal Subsurface 
Flow Constructed Wetland. According to preliminary results, the average P removal in the 
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sedimentation filter was 52%, even at low inlet loads. Another study done at the same constructed 
wetland using hydrated OSA filters resulted in a 71% average P-removal (Vohla et al. 2007). In both 
experiments, signs of saturation and a drop in sorption capacity were observed. Possible biofilm 
development on filter particles and hydraulic conditions in the OSA filter is suspected to result in 
earlier saturation.  

Kõiv et al. (2010) used alkaline hydrated ash filters (particle size 5-20 mm), made from Estonian OSA, 
in a horizontal and vertical subsurface flow assembly to separately treat pre-treated landfill leachate 
(median total P 3.4 mg/L) and municipal wastewater (total P 0.13-17.0 mg/L). The measurements 
were done for a 6 month and 12 month period for municipal wastewater and landfill leachate 
respectively. The results show efficient P removal (median P removal of 99%) in horizontal flow 
filters in both cases independent of variable concentrations of several known inhibitors (chlorine, 
sulphate etc.). The P removal efficiency was high throughout the experiment without any signs of 
saturation. The experimental findings also concluded that the precipitation mechanism is effective 
only at P concentrations exceeding 0.5 mg/L and at lower concentrations, the P removal is probably 
governed only by adsorption.  

6.1.2 Removal of other pollutants 

Research on OSA as a filter media, to remove pollutants from wastewater, is mainly focused on P-
removal. Since all effective Nitrogen (N) removal methods from wastewater, are essentially 
biological processes, use of OSA for N treatment is unlikely. Research conducted in 1986, by 
Charlesworth (1986) demonstrated selective adsorption of basic nitrogen compounds, occurring in 
oil shale, using OSA treated with either a mineral acid, e.g. HCI, or a Lewis acid, e.g. CuCl2. The oil 
shale used in the experiment is an ash rich in clay minerals and low in carbonates, which is not a 
characteristic of the Estonian OSA that is the subject of this study. 

A study in Jordan demonstrated potential use of OSA in removal of reactive organic dyes in 
wastewater from the textile industry (Al-Qodah 2000). Another research by Al-Qodah et al.(2007) 
studied adsorption characteristics of the pesticides Deltamethrin and Lambda-Cyhalothrin in 
aqueous solution using OSA. The tests concluded that untreated OSA has a high potential to adsorb 
organic pollutants and pesticides in solution. 

The preceding text has described various experiments that show high potential of OSA as a filter 
media, for removal of pollutants from municipal and industrial wastewater. However, many aspects 
of these experimental techniques remain unclear. Most crucial perhaps is the life span of the filters 
and the risk of contamination due to metal accumulation in the filters (Gustafsson et al. 2008).  

6.2 Zeolite synthesis and its application 

Zeolites are crystalline micro-porous aluminosilicates offering various modifications and 
opportunities for further improvement of their properties. International Mineralogical Association 
(IMA) defines zeolite mineral as, 

‘a crystalline substance with a structure characterized by a framework of linked 
tetrahedra, each consisting of four O atoms surrounding a cation. This framework 
contains open cavities in the form of channels and cages. These are usually 
occupied by H2O molecules and extra-framework cations that are commonly 
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exchangeable. The channels are large enough to allow the passage of guest 
species.’ (Coombs, D.S. et al. 1997). 

There are 196 (46 natural and 150 synthesized) zeolite species that currently fit the above definition, 
with 44 different framework types (Byrappa & Yashimura 2013). Zeolites and related materials have 
been one of the areas in the field of materials and catalysis with the largest impact on science, 
technology and industrial processes (Cejka et al. 2012). They have been widely used as catalysts, ion-
exchangers and adsorbents (Li et al. 2013). 

6.2.1 Use of zeolite 

Zeolite minerals have high potential in environmental applications, attributed to their unique 
properties, such as uniform pore system in molecular dimensions, surface chemistry, stability, 
chemical and structural variability. Due to their special ion exchange abilities, zeolites are used as a 
substitute for phosphates in detergents, and to remove undesired or hazardous ions (e.g. radioactive 
Sr90 or Cs137, heavy metals or ammonium) from various sources. As adsorbents, zeolite containing 
materials are used to replace carbon based adsorbents in VOC, mercury and dioxins removal. In 
combination with transition metals, zeolites exhibit an advantageous performance in the removal of 
NOx out of off-gases of different origin (Unger et al. 2001). Recent investigations have also promoted 
the use of zeolites as a potential system for the manufacture of non-conventional pharmaceutical 
forms, due to their well-defined porosity, as well as other unique features (Cappelletti et al. 2015). In 
addition to properties mentioned above, zeolite shows excellent thermal stability, mechanical 
strength, and chemical resistance, resulting in a great potential for membrane-based applications (Li 
et al. 2013).  

Synthesis of zeolite minerals is probably one of the most effective value added use from OSA. It is 
noted that the potential industrial use of different synthesized zeolite species is varied. For instance, 
zeolite X has a large pore size (7.3 Å) and a high cation exchange capacity (CEC) (5 meq g-1), which 
make this zeolite an interesting molecular sieve and a high-cation exchange material (Figure 15). 
However, the small pore size of hydroxy-sodalite (2.3 Å) accounts for the low potential application 
for both molecular sieving and ion exchange (Querol et al. 2002). 

 

X- zeolite X,  
4A- zeolite 4A 
NaP1- zeolite NaP1  
Hers- herschelite (Na-chabazite) 
KM- phillipsite  
ANA-analcime  
SOD- sodalite 
 

Figure 15 Examples of channel size for selected zeolites which may be synthesized from OSA 
compared with the diameter of some gaseous molecules (Querol et al. 2002). 

6.2.2 Experiments to produce zeolite 

In recent years, many different laboratory experiments have been conducted to demonstrate zeolite 
synthesis from OSA. Studies have shown that OSA can be synthesized to zeolite Y, Na-X, and Na-Pl 



 

38 

 

and used as an ion exchanger for the removal of metal ions from wastewater treatment (Reinik et al. 
2008). Shawabkeh et al. (2004) reported conversion of oil shale ash to Na-P1 zeolite by alkali 
hydrothermal activation using sodium hydroxide (8M solution, 160oC and 1–24 h reaction times) and 
the effectiveness of the synthesized mineral in removing of Cd and Pb from wastewater. The 
produced zeolite adsorbed Cd more efficiently than Pb, which can be attributed to the lower ionic 
radius of Cd relative to Pb. In the year 2009, studies by the same author, showed satisfactory results 
for removal of Cu from water, utilizing laboratory synthesized Na-P1 zeolite (Shawabkeh 2009).  
Fernandes & Miotto (2005) have successfully demonstrated production of two separate species of 
zeolite (Na–A and –X) from the same oil shale ash.  

There are few if any, available pilot scale or large scale research on the synthesis of zeolite from 
OSA. In comparison, more extensive research on zeolite synthesis from coal fly ash has been 
reported. Due to the compositional similarity of fly ash and OSA, the trend in OSA laboratory tests 
and results have been closely related to that of fly ash, and a similar pattern is expected to follow in 
future pilot scale production. 

 Ojha et al. (2004) estimated that cost for synthesizing 13X zeolite from fly ash is approximately one-
fifth of that for producing commercially available zeolite. Despite this, researchers have reported 
several technical and economical issues associated with commercial production of artificial zeolites, 
from fly ash, using alkali hydrothermal reaction (Moriyama et al. 2005). Conventionally, these issues 
comprise, the long retention time, the time period for maintaining the reaction temperature, and/or 
a large amount of alkali metal hydroxide needed to produce the artificial zeolite in high yield. To 
improve reaction rate, relatively high temperatures (125–200oC) is necessary. Under these 
conditions, many of the high-CEC and large pore zeolites cannot be synthesized. If the temperature 
is lowered, then the synthesis yield is reduced considerably and a long activation time is required 
(Querol et al. 2002). However, high CEC zeolites, such as NaP1, Na, and K-chabazite, etc., may still be 
produced with high yield in the range of 125–200oC. Shawabkeh et al. (2004) have demonstrated 
successful synthesis of high CEC zeolite-NaP1, using OSA, in 5hrs at temperature 160oC. 

A patented method, developed by University of the Western(2014), prepare zeolite from fly ash by 
application of ultrasound without the need for the conventional hydrothermal process. University of 
the Western(2013) also has patented a method that synthesizes zeolite X with hierarchical 
morphology from fly ash. A zeolite production technique patented by K.E.M corporations (Katayama 
2003) aims to keep zeolite yield above 50% in a short reaction time, where solid-liquid separation is 
made easier/unnecessary by reducing the amount of by-produced soluble silicate, and wasteful 
consumption of NaOH or KOH is decreased. The characteristics of the process are, 

1. The holding time is shortened by increasing the operation temperature by using a high-
pressure vessel. 

2. A reduction in the reaction rate, which is caused by decreasing the alkali concentration, is 
prevented by removing water during the operation. 

3. The ratio of the alkaline metal hydroxide solution and the fly ash is minimized, resulted in a 
small charge of alkali metal hydroxide. 

Moriyama et al. (2005) has tested the above-described method at a pilot scale plant and concluded 
that the process can produce zeolite comparable to that produced using conventional method. It is 
noted that generally OSA has a high content of CaO when compared to fly ash, which may reduce 
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the zeolite yield when OSA is used as the source material. This is due to a specific interaction 
between calcium and silicate ions that prevents the formation of zeolite (Catalfamo et al. 1997).  

Though synthesis and use of zeolite produced from OSA will probably consume a relatively small 
proportion of OSA, the final product obtained may reach a relatively higher added value than when 
applied in current construction applications (Querol et al. 2002). Hence, synthesis of zeolite, utilizing 
OSA, is unlikely to have a significant impact in reducing the waste OSA, but the venture is expected 
to offer an economical dividend. 

6.3 Silica (SiO2) and alumina (Al2O3) recovery 

OSA main chemical composition includes two major elements that are widely used in industries i.e. 
silica (SiO2) and alumina (Al2O3). The silica content of the OSA samples utilized in this research are 
unknown, but the alumina content was 44 468 mg/kg (4.45% w/w) for cyclone ash and 50 916 mg/kg 
(5.09 % w/w) for DeSOx ash. This is the second most abundant oxide in the tested ashes, behind the 
CaO content. Experiments have demonstrated that silica and alumina resources can be successfully 
recovered from OSA. Following two sections address research done on the recovery of these two 
commodities. 

6.3.1 Silica (SiO2) 

Ultrafine Silica (SiO2) powder has the potential for a range of applications, including catalysts, 
adsorbents, light-weight structural materials, etc. However, the large-scale traditional production of 
silica nanoparticles has been limited for mainly two reasons: (i) the use of high-cost alkoxides 
[tetraethoxysilane (TEOS) or tetramethoxysilane (TMOS)] in the sol–gel or W/O emulsion synthesis, 
and (ii) nanoparticles aggregating into large particles during dryness (Gao et al. 2009).  

Gao et al. (2009) were the first team to test the use of OSA to extract silica nanoparticles using an 
ultrasonic technology known as sonochemical synthesis. The method takes advantage of intense, 
instantaneous high temperature and pressure caused locally by acoustic cavitation phenomena: 
growth and implosive collapse of bubbles in a liquid medium. It has been successfully used to 
prepare other nano-materials such as ZnO and MnO (Li et al. 2003; Lei et al. 2006). The method 
requires pretreatment of OSA to derive sodium silicate, the compound that is eventually subjected 
to sonication. The purity of silica nanoparticles produced using the procedure is reported to be 
higher than 99.90% with a homogeneous particle distribution. The researchers described the test 
method to be a cost effective and simple process to produce silica nanoparticles. 

6.3.2 Alumina (Al2O3) 

Alumina (Al2O3) is another potential metal that can possibly be extracted from OSA. Alumina has 
considerable potential for a broad range of industrial application, including catalysts, adsorbents, 
electrochemical anodic oxidation, ceramic materials and metal-matrix composites (Čejka 2003; 
Mukhopadhyay et al. 2002; Travitzky et al. 2003). 

Researchers in China have demonstrated synthesis of nano-scale alpha and gamma-alumina particles 
using OSA (An, Wang, et al. 2010; An, Ji, et al. 2010). Both these species were produced using 
variations of sonochemical synthesis technique, described in preceding section, for silica nano-
particles. The research papers do not state the production efficiency of the methods but describe 
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the produced spheres to be well dispersed and uniformly distributed, with a diameter of 20–40nm 
and 50-80nm for gamma-alumina and alpha-alumina respectively.  

 

Figure 16 Typical flow diagram for extraction alumina from the oil shale ash (Miao et al. 2011) 

Miao et al. (2011) reported 99.80% pure alumina production, by applying hydrometallurgical 
technology and using OSA as a raw material (Figure 16). The purity required to produce aluminum 
metal is 99% (Fan et al. 2005). The optimal extraction efficiency reached was 89.71% when 
conditions were: 100 °C temperature for 4 h and using sulfuric acid concentration of 50 wt%.  
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7. Industrial Symbiosis 

In Section 4.7 a case was made on the economical and environmental benefits of utilizing flue gas 
from TPPs and paper mills, as a CO2 source in the carbonation process, for PCC production. It is 
believed that the three applications discussed in detail i.e. AMD neutralization, PCC synthesis and 
REE recovery from OSA, have the potential to complement each another to shape an industrial 
symbiosis system. Figure 17 shows how a future industrial symbiosis network between these 
applications may look like. As seen in the figure, there are two main waste streams from treating 
AMD using OSA, the highly alkaline leachate (arrow 7) and the metal rich sludge (arrow 8) formed via 
precipitation. The leachate, high in CaO concentration, is likely usable for PCC synthesis while 
valuable metals such as aluminium and REE is probably extractable from the sludge. The CO2 gas 
required for PCC synthesis can be sourced from the flue gas originating from TPP (arrow 14) as well 
as paper mills (arrow 15), if the PCC plant is setup in the vicinity of these industries. 

By establishing the proposed industrial symbiosis network, waste from AMD treatment can be 
utilized to produce value added products, to successfully achieve economic dividend while reducing 
waste. Since there are no known scientific studies conducted on the use of leachate from AMD 
treatment to synthesize PCC, the physicochemical properties and purity of PCC obtainable from this 
process is unknown. Hence, further research is necessary to understand the effectiveness of such a 
venture. 
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1 Oil shale is used as a raw material in thermal power plants (TPP) 11 Sludge after AMD treatment, utilized to produce PCC 

2 Oil shale ash (OSA) is produced as a by-product from TPP 12 Excess water from TPP that are used for transporting OSA to ash heaps 

3 OSA is used to increase pH of AMD and precipitate out metals 13 Excess water (from step 12) rich in CaO, utilized to produce PCC 

4 Mine waste (rock waste and tailings) improperly stored 14 Flue gas emitted from TPP, used as CO2 source for carbonation, to produce PCC 

5 Sulphide minerals in mine waste oxidize to form acid mine drainage (AMD) 15 Flue gas emitted from paper mill, used as CO2 source for carbonation, to produce PCC 

6 AMD/RMD/ASS is treated with OSA, to increase pH of AMD and precipitate out metals 16 PCC used for production of paper 

7 By-product of AMD treatment - highly alkaline CaO rich leachate 17 Excess flue gas from TPP emitted into atmosphere 

8 By-product of AMD treatment – sludge concentrated in metals 18 Excess flue gas from paper mill emitted into atmosphere 

9 OSA mixed with water and resulting leachate utilized to produce PCC 19 Metal recovery from Oil shale ash 

10 Leachate after AMD treatment, utilized to produce PCC 20 Metal recovery from metal rich sludge produced from AMD treatment 

 

Figure 17 A possible future industrial symbiosis network between OSA applications- AMD treatment, PCC production and metal recovery 
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8. Discussion 

The research presented in this document has focused on potential innovative applications of 
Estonian OSA in different industries. To support the discussion, the authors conducted preliminary 
laboratory experiments on two specific applications; the use of OSA in neutralizing AMD and the 
potential use of OSA to produce PCC. The results presented in Section3 and 4, show that utilization 
of OSA in these industries is promising and can possibly yield economically and environmentally 
advantageous results. The series of experiments conducted, to demonstrate the capability of OSA to 
neutralize AMD, shows that OSA can be effectively utilized to increase pH of AMD solutions. The 
experiments show that by treating AMD with OSA, it is possible to successfully precipitate out heavy 
metals from the solution, subsequently reducing heavy metal concentrations to levels lower than 
the limits prescribed in environmental regulations. To demonstrated effective synthesis of PCC from 
OSA via carbonation process, preliminary experiments were conducted on 800ml of L/S 10 OSA 
leachate. The tests produced up to 2g of dry precipitant, of which the main constituent is thought to 
be PCC. More controlled OSA leachate carbonation experiments previously conducted Velts (2011), 
have reported the possibility to synthesize 360 kg of PCC using one tonne of ash (containing ∼20% of 
free lime).  

It is noted that the scope of this research excludes, the practical and economic feasibility of 
establishing a future operational arrangement for the OSA applications. In addition, proposing 
industrial process designs for the specific applications was not part of the current investigation. 
While there are obvious benefits in utilizing OSA for AMD treatment, PCC production and REE 
recovery, the initial investment and operational cost for these ventures are not addressed here. A 
comprehensive cost-benefit analysis of the proposed applications will give a more detail 
understanding in relation to the economic feasibility of any future operational setup. 

OSA is an industrial byproduct that can, depending on operational parameters used in the TPP, 
exhibit high degree of variation in physicochemical properties from one batch to the other. This can 
be a major challenge, when considering its utilization in industries, especially for applications that 
are sensitive to raw material property fluctuations. The major property of OSA that is exploited in 
AMD treatment and PCC synthesis is the high content of CaO that is present in the material. In the 
case of REE recovery, the REE composition in the ash and the bonds they form within the mineral 
structure can be crucial in determining the practical and economical feasibility. Other properties, 
such as surface area of ash particles, mineral composition, heavy metal concentration, alkalinity, 
moisture content etc. can influence the successful usability of the ash in the proposed applications. 
Therefore, a stringent quality control regime needs to be established when using OSA in the 
industry. 
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9. Conclusion 

Estonia’s primary source of energy is almost entirely composed of one particular type of fossil fuel; 
oil shale. Estonia is amongst a handful of countries that have large deposits of high calorific value oil 
shale and although one must admire Estonia for making use of their limited resources throughout 
the decades, we now know that societies across the world need to become fully sustainable in order 
to preserve and improve our currently deteriorating planet. In the future, Estonia will have to shift 
from the utilization of fossil fuels to renewable energy. In the meantime, the process of combustion 
of oil shale is producing vast amounts of OSA, this OSA is rich in chemicals, metals, and minerals; all 
of which may be utilized in industrial processes as an alternative raw material. This document has 
investigated multiple applications for OSA in Sweden, but primarily focused on three; acid mine 
drainage remediation, PCC production, and REE recovery.  

Sweden has historically been active in the mining industry due to rich ore deposits in the area. This 
mining activity has not always had the environment in mind; waste rock and tailings require special 
handling in order to minimize the oxidation of pyrite, which is naturally found in high concentrations 
in many types of ores. The oxidation of pyrite leads to a phenomenon known as AMD, where acidic 
waters leach out of mine waste heaps and flow into the ground. As AMD flows throughout the 
environment, heavy metals that are usually stable and diluted in soils dissolve into the acidic waters, 
ultimately concentrating to levels that are harmful to humans and most other living organisms. Acid 
mine drainage is commonly treated with CaO, which raises the pH to levels that allows for the 
formation and precipitation of minerals. Some of these minerals develop negatively charged 
surfaces, attracting and adsorbing metallic cations as they precipitate out of the solution; both 
neutralizing the pH and significantly reducing metal concentrations in acid mine drainage waters in 
the process. As an alternative to CaO, OSA was substituted in the treatment of AMD in batch 
neutralization experiments. All of which yielded promising results, where the reduction of metallic 
cations such as Cu (maximum reduction 99.9%), Pb (99.8%), V (95.5%), Cd (99.9%), As (88.7%), and 
Ni (99.9%) from acid mine drainage waters was observed and a pH greater than 10 was obtained.  

Precipitated calcium carbonate is widely utilized in various industries, especially in the production of 
paper, paint, food, sealants, and pharmaceuticals. Precipitated calcium carbonate is mainly 
produced by hydrating CaO to produce Ca(OH)2, which is then carbonized with CO2 to finally produce 
CaCO3. Using OSA as an alternative to CaO for the production of CaCO3 yielded satisfactory results. 
Although the purity of the PCC was not investigated due to economical and time constraints, 
theoretical and observable values matched favorably. Previous studies on the subject have also 
yielded promising results in utilizing oil shale ash for the production of PCC, where 360 kg of PCC has 
been produced per ton of OSA. 

Current mining and refinement of rare earth elements is quite concentrated in China, producing 
approximately 90% of the global output. Rare earth elements are currently utilized in various 
industries such as in the production of glass, magnets, catalysts, electronics, ceramics, and metal 
alloys. Such dependence on REE from China has world markets worried, since a cut in REE 
distribution from only one country may lead to shortages in the production of various goods 
worldwide. Oil shale ash was analyzed for Ce, Nd, Y, and Sc concentrations and compared to Chinese 
OSA and selected European REE ores. Estonian OSA had amongst the lowest concentrations of the 
selected REE, but previous studies on the subject have yielded 80-90% REE extraction from fly ash. 



 

45 

 

As methodologies for REE extraction improves in the future, OSA may become a viable source for the 
production of REE.   

Acid mine drainage remediation and the production of precipitated calcium carbonate experiments 
exploited the high CaO content in OSA. Although more studies need to be conducted in the use of 
OSA, the promising results observed in this document motivates the use of OSA as an alternative raw 
material. The energy required in transporting OSA from Estonian thermal power plants may equal a 
fraction of the energy required to mine and transport CaCO3, calcine CaCO3 to CaO, and once again 
transport CaO to its final destination. Saving both energy and resources in the process.   

------------------------------------ 
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APPENDIX I:Eesti Energia Thermal Power Plant oil shale ash availability for 2016 and 2019 
Oil shale ash from Pulverised Firing 

Type of ash  Bottom ash Cyclone ash deSOx ash 
Ash from 1st field 
of electric filter 

Ash from 2nd field 
of electric filter 

Ash from 3rd field 
of electric filter 

Availability in 2016 No 760 000 t 320 000 t 300 000 t 
Sold out to Kunda 
Nordic 

Sold out to Kunda 
Nordic 

Availability in 2019 No 
250 000 tons if low 
electrical price 

55 000 tons if low 
electical price 

Might be shut 
down, if not then 
130 000 tons 

Might be shut 
down, if not, then 
sold out to Kunda 

Might be shut 
down, if not, then 
sold out to Kunda 

Rough estimation of 
investments for Eesti 
Energia 

Few millions 
Euros - - - - - 

 
Oil shale ash from Circulating Fluidized Bed Combustion 
 

Type of ash  Bottom ash 
Ash from 1st field of 
electric filter 

Ash from 2nd field of 
electric filter 

Ash from 3rd field 
of electric filter 

Ash from 4th field of 
electric filter 

Availability in 2016 No 368,000 176,000 14,400 11,200 
Availability in 2019 No 460,000 220,000 18,000 14,000 
Rough estimation of 
investments for Eesti 
Energia 

A few millions Euros 
to build a new 
removal system 

Up to 100 000 EUR for 
connecting to silos and 
railway 

Up to 100 000 EUR for 
connecting to silos 
and railway 

Up to 100 000 EUR 
for connecting to 
silos and railway 

Up to 100 000 EUR for 
connecting to silos and 
railway 

 
Enefit 280 oil plant 
 

Type of ash  Bottom ash Fly ash 
Availability in 2016 200 000 t 500 000 t 
Availability in 2019 300 000 t 600 000 t 

Rough estimation of investments for 
Eesti Energia 

Up to 100 000 EUR for 
connecting to silos and railway 

Up to 100 000 EUR for 
connecting to silos and 
railway 



 

II 

 

APPENDIX II: Concentration (μg/kg) of individual PAHs in PF and 
CFB ash 
 

 

 

Table 16 Concentration (μg/kg) of individual PAHs in PF ash and CFB ash fractions of electrostatic 
precipitators (Estonian Power Plant, Estonia) (Kirso et al. 2005) 

Individual PAH  PF technology (boiler 5) 
 

CFB technology (boiler 8) KM values 
  I unit II unit III unit   I unit II unit III unit  
PAH-L total 12.66 16.17 9.13   4.50 6.52 3.77 3000 
  Naphthalene 10.11 12.99 7.11 

 
2.93 4.95 2.46  

  Acenaphthene 2.55 3.18 2.02 
 

1.57 1.57 1.31  
  Acenaphthylene nd nd nd 

 
nd nd nd  

PAH-M total 22.26 39.33 20.83   12.03 16.78 8.64 3000 
  Fluorene 2.71 4.12 2.10 

 
1.65 1.93 1.22  

  Phenanthrene 4.26 7.39 3.95 
 

2.85 3.13 2.05  
  Anthracene 3.92 7.54 3.35 

 
2.12 3.14 1.24  

  Fluoranthene 5.30 9.29 5.50 
 

2.54 4.11 2.11  
  Pyrene 6.07 10.99 5.93 

 
2.87 4.47 2.02  

PAH-H total 54.09 96.59 52.31   25.16 40.42 17.77 1000 
  Benz[a]anthracene 6.82 11.97 6.53 

 
3.20 5.03 2.29  

  Chrysene 8.85 15.12 8.48 
 

3.93 6.76 2.74  
  Benzo[b]fluoranthene 6.88 12.40 6.62 

 
3.26 5.13 2.34  

  Benzo[k]fluoranthene  0.00 0.00 0. 00 
 

0. 00 0. 00 0. 00  
  Benzo[a]pyrene 8.35 15.12 7.89 

 
3.95 6.41 2.75  

  Dibenz[a,h]anthracene 7.50 13.53 7.33 
 

3.52 5.58 2.49  
  Benzo[g,h,i]perylene 8.85 16.21 8.69 

 
4.07 6.48 2.90  

  Indeno(1,2,3-cd)pyrene 6.84 12.24 6.77   3.23 5.03 2.26  
Total 89.00 152.11 82.24   41.69 63.70 30.18  
nd- not detected; L-Low, M-Medium, H-High molecular weight PAH   
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APPENDIX III: Calculation: CaCO3 yield by carbonation process 
 
Following calculations were performed to determine the CaCO3 yield via the carbonation process 
described in section 4.4.The steps are for cyclone OSA L/S10 leachate. Though not shown here, the 
same steps were followed to compute the CaCO3 yield for DeSOx ash. 

The L/S10 leachate was prepared based on EN 12457-2 (2002)for masses given Table 17, 

Table 17 Mass of OSA and water used in preparation of L/S10 leachate 

Details OSA (g) Water (g) Weight % of Ca(OH)2 

cyclone ash 90.11 901.25 23.16 
 

mass of Ca(OH)2 in water is computed based on above data, 

mass of Ca(OH)2 in 901.25g water mlg /87.20
100

16.2311.90 =





 ×=  

But since solubility of Ca(OH)2(at 20oC) in water (=1.73mg/ml) will determine the concentration of 
Ca(OH)2 in solution available for reaction. 

mol 

water in Ca(OH)of  moles

801.00mlsynthesis PCC for used waterof  quantity 

2

01870.0
092.74

00173.000.801

=

×
=

=

 

Simplified carbonation reaction, 

Ca(OH)2 + CO2 → CaCO3 + H2O 

One mole of Ca(OH)2 reacts with one mole of CO2 to form one mole of CaCO3. 

g .
)g..(

87161
0707100018700

=
×=produced CaCOof  mass therefore 3  
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APPENDIX IV: Eurofin laboratory results for selected rare earths 
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