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INTRODUCTION

The global energy supply for human consumption more than doubled between
the years 1971 and 2012, and fossil fuels still account for over 80% of this
supply. Both environmentally safe disposal and/or reuse of solid wastes and
atmospheric emissions (CO,, SO,, NOy, etc) are among the most serious
problems caused by the extensive use of fossil fuels, especially for heat and
power production using low-grade solid fuels. Due to a lack of suitable
applications, the majority of alkaline industrial residues are disposed in landfills,
which, over a long period of time, could negatively impact both human health
and the environment. One possible application for these fine-grained Ca(Mg)-
rich waste materials could be as sorbents for CO» sequestration.

The European Union (EU) is constantly introducing stricter conditions and
new initiatives to both reduce greenhouse gas (GHG) emissions and mitigate the
effects of other harmful pollutants. These initiatives cover environmental
technology, waste recovery, and recycling and also affect the oil shale sector in
Estonia. For example, by 2020, GHG emissions must be reduced by 20-30% and
annual SO, emissions by 25 thousand tons. In recent years, various carbonation
routes have been evaluated to obtain a precipitated calcium carbonate (PCC)-
type material from oil shale ash and its leaching waters. To achieve this goal one
must fully understand ash leaching process chemistry.

An effective method of evaluating if a new technology can feasibly upgrade
oil shale ash is to create a thermodynamically consistent kinetic model that
defines the reaction kinetics and operating parameters. This model should
account for both the leaching of water-soluble oil shale ash components and the
crystallization of solid products in the multi-phase ash leachates.

The goal of this doctoral work was to develop leaching model for various oil
shale ash systems. The first aim was to resolve gaps in our knowledge regarding
the dissolution mechanisms of oil shale water soluble key components.
Following this, simulate the oil shale ash dissolution process under various
conditions to both predict the dynamics of Ca(OH),, CaSO4 H>O and CaS
leaching at ash dumping sites and optimize the operating conditions to avoid
H,S emissions during the industrial handling of oil shale residues.
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1. LITERATURE REVIEW

1.1 Environmental impacts of fossil fuel processing

The global energy supply for human consumption more than doubled between
the years 1971 and 2012, and fossil fuels still account for over 80% of this
supply [1]. Both environmentally safe disposal and/or reuse of solid wastes and
atmospheric emissions (CO,, SO, NOy, etc) are among the most serious
problems caused by the extensive use of fossil fuels for heat and power
production, especially for heat and power production using low-grade solid
fuels.

Global CO; emissions from the combustion of fossil fuels is ~28 GT per year
with ~43% originating from coal (aggregate of coal, peat and oil shale) and
~35% from oil [1]. The concentration of CO; in the atmosphere has increased
from 280 ppm at the beginning of the industrial revolution to 400 ppm by the
year 2013 [2]. However, CO, emissions from fossil fuel combustion in the EU
declined by 1.4% in 2013 compared with the previous year and by 0.4% in 2012
compared with 2011 [3]. Every year about half of the CO, emitted from fossil
fuel combustion stays in the atmosphere while the other half is taken up by the
oceans or various land sinks. As more and more CO; is absorbed by the world’s
oceans, the water is becoming more acidic [4].

The combustion of fossil fuels at power plants is the largest source of sulfur
oxides emissions. Global SO, emissions from stationary fuel combustion have
been declined from 23.45 Mt in 1970 to 4.09 Mt by 2014, largely due to changes
in national laws and regulations [5]. The majority of sulfur emissions pass over
the oceans where they deposit as acid and mix with the upper water layers. A
smaller portion of the sulfur emissions fall on continental soils and freshwater
bodies downwind of the power plants [6].

Fossil fuel power plants that operate at high temperatures release nitrogen
oxides, which also cause environmental problems; nitrogen oxides react with
hydrocarbons in sunlight and produce toxic constituents [7].

The amount and composition of solid residues generated by the thermal
treatment of fossil fuels depends on the combustion technology, raw material
mineral matter, and other non-combustible substances in the fuel. The total
amount of solid residues generated from industrial combustion (boiler slag,
ashes from different types of boilers, and desulfurization products) in all the
European member states is estimated to be about 100 Mt in 2010 [8].

The wastes from fossil fuel processing differ in their general composition and
leaching characteristics. However, the solid wastes from other large-scale
industrial processes (such as solid waste incineration, or cement, steel, and paper
production) have similar characteristics (Table 1) and can be treated and/or
utilized using similar methods.

12



Table 1. Characterization of fossil fuel residues and industrial waste materials

Estonia Spain South UK Finland . Paper
. . steel China
oil shale | coal ash Africa Cement sla coal ash sludge
ash [11,12, | coal ash waste [13 %7 [19,20] ash [16,
[9, 10] 13] [14,15] | [13,16] 1’8] ’ ’ 21, 22]
< CaO 29-51 0.9-9.0 5.3-10.3 34-66 42-47 2.2-7.8 45-69
_ .g MgO 5-12 1.0-2.7 0.9-2.7 1.1-1.5 1.4-1.8 0.7-0.9 2-5
< =
é é SO3 1.5-9.0 0.1-0.7 0.3-1.3 4.6-22.3 0.1%8 1.9-2.9 0.5-6.4
P!
<
o 3 CO2 0.7-15 16 >9 5 10 1.1-42 10
—_ 4
29 o upto209 | upto26 | upto62 up to 218
§ = 8 kg CO, kg CO, kg CO, 10-26% | up to 23% - kg CO,
L § pertash | pertash per t ash per t ash
o SSZAil 0.4-8.0 0.6 0.3-0.8 ~2-1073 - 4.2-8.5 0.2
— .2| m~g
Sz
25
S:‘: ‘;‘3 dmean,
= 25-197 0.1-100 0.5-200 13- 63 <250 30-80 1-100
£| um
Q

Due to lack of suitable applications, the majority of alkaline industrial
residues are disposed of in landfills, which, in the long term, could negatively
impact both the environment and human health. On the other hand, these fine-
grained Ca(Mg)-rich waste materials could be utilized as sorbents for CO,
sequestration [10, 13, 16, 22-24].

1.2 Estonian oil shale based energy sector

About 60% of Estonia’s fuel balance is covered by the combustion of local low-
grade oil shale (OS). The majority of the OS (21 Mt annual output in 2014) is
used in thermal power generation plants using both pulverized firing (PF) and
circulating fluidized bed (CFB) technology. Roughly 20% of Estonian OS is
utilized for shale oil and shale gas retorting using solid heat carrier technology
(SHC), and the remaining OS is used in the cement industry [25].

1.2.1 Pulverized firing technology

PF technology is widely used for the combustion of solid fuels and has also been
used to process oil OS. In Estonia, OS fueled PF boilers have been employed for
heat and power production since the 1960s [26]. This PF technology employs
pulverized OS (median size 35-60 um and caloric value 8.16 MJ/kg [9]) that is
fed to a combustion chamber using hot air as the transport medium. In addition,
secondary hot air is fed to the furnace to ensure intensive fuel combustion.
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During combustion, the fuel mineral matter undergoes various conversion
processes and ash is formed [27]. The residence time of the fuel in the
combustion furnace is short; high-temperature combustion (1350-1450°C)
ensures that most carbonate mineral phases decompose and clay minerals melt,
which controls the formation of secondary Ca-silicate and Ca-Al-silicate phases
[27, 28]. From a conservation viewpoint, the biggest problems with the use of
PF technology are the atmospheric emissions of SO,, which can be as high as
~2200 mg/Nm’® in the combustion gas [29], CO,, as well as the production of
highly alkaline ash, which may contain up to 26% free lime (CaOfec). All of
these occur regardless of the ash separation system used [9]. One way to reduce
SO, emissions is to improve the capture effect of SO- in the PF boilers, without
reducing the efficiency of the energy blocks. Outdated PF combustion
technology requires constant renovation and upgrading to fulfill the stringent
requirements in the EU [30]. Therefore, to simultaneously improve the
efficiency and decrease hazardous emissions, some PF blocks have been
decommissioned and replaced with CFB technology in the past decade. CFB
technology has a smaller environmental impact while combusting low-grade fuel
[26].

1.2.2 Circulating fluidized bed technology

CFB technology has rapidly developed since 2005 and has an important role in
the Estonian energy industry. CFB boilers are operated in a rapid turbulent
gaseous suspension of OS particles that have a median size of between 1-2 mm
and range from fine dust up to 10 mm [27]. Finely ground solid fuel with a
heating value of 8.0-11.0 MJ/kg [9] is burned in an air stream directed into the
combustion chamber from below creating a so-called fluidized bed [28, 31]. The
combustion temperatures (750—850°C) are substantially lower compared with PF
boilers. Higher temperatures are not required because the fuel is fed into the
combustion bed at a temperature equal to or slightly higher than the fuel ignition
temperature that supports continuous combustion [27, 31]. After exiting the
furnace, the coarse ash particles are separated from the flue gas in a separator
and directed from the sedimentation chamber either directly or through a heat
exchanger back into the furnace. As a result, a permanent circulating circuit of
ash particles is formed. The high content of carbonate minerals makes OS
advantageous for SO, binding (sulfur dioxide in flue gas is almost zero) in CFB
boilers without the need for additional lime to control sulfur emissions. The ash
contains enough free lime to bind SO,, thereby forming a solid anhydrite phase
(up to 29.9 wt%) in the ash [9, 28, 27, 31]. The concentration of NOy in the flue
gas for upgraded OS remains well below the regulated level of
200 mg/Nm?® [32]. Under these combustion conditions, dolomite is completely
decomposed yet calcite and clay mineral phases are only partially decomposed.
As a consequence, the ash generated in a CFB contains a higher fraction of
residual phases comparing with the ash generated using PF technology [27].
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1.2.3 Solid heat carrier technology

The total amount of black ash residue that has been produced at Estonian shale
oil retorting plants remains relatively small. The shale oil producers in Estonia
are shifting their focus and oil production could potentially rise to over a million
tons per year if new oil production retorts are installed. Both gaseous heat carrier
and solid heat carrier (SHC) retorts are used to produce shale oil using Enefit
(Eesti Energia Oil Industry) and Petroter technology (VKG OIL Ltd.). In the
SHC process, the OS is heated in the absence of oxygen by continuously mixing
combusted retorting residue at ~800°C [33, 34]. During the last stage of the
process, the retorting residue is combusted in an aero furnace at temperatures up
to 950°C. The resulting solid residue consists of mainly calcite, quartz, K-
feldspar, dolomite, Ca-silicates and oldhamite, with only trace amounts of
CaOfiee [35]. The composition of this residue is similar to the ash produced in
CFB furnaces within the thermal power plants, but contains up to a few percent
of unburnt organic matter due to the residence time of the combustion stage [34,
36]. About 87% of the initial sulfur remains in the solid residue. The Enefit
Technology process is a modification of the Galoter process being developed by
Enefit Outotec Technology [37]. Compared to the traditional Galoter
technology, the Enefit process allows for complete combustion of carbonaceous
residue and improves the energy efficiency by maximizing the utilization of
waste heat, and utilizes less water for quenching. According to its promoters, the
Enefit process has a lower retorting time compared to the classical Galoter
process, and therefore, has greater throughput. All of the organic matter is fully
utilized, and high performance in oil extraction is further aided by additional
revenue streams in the Estonian Enefit280 oil plant [37].

In the Estonian registry of waste, the solid residues described above are
registered as hazardous waste, due to the high alkalinity (pH<11.5 [38]) of their
leachates, untreated or unused, poses a potential long-term environmental risk.

1.2.4 Atmospheric emissions

The above mentioned power plants in Estonia, excepting Enefit280, are
considered to be the major source of air pollution in the region. The main
contaminants are SOy, NOy, particulate matter, and CO,.

To follow EU requirements, Estonia is obligated to limit the annual SO,
emissions to 25 000 tons. However, because PF combustion technology leads to
relatively high SO, emissions [34], the flue gas desulfurization systems within
PF power units are permitted to follow a specific emission of 400 mg/Nm® of
SO [29]. CFBs almost completely eliminate sulfur oxide emissions which are
typically below 15 mg/Nm?® [32]. This technology allows the sulfur compounds
to bind with the solid mineral waste [39]. At the end of 2013, one boiler at an
Estonian power plant was equipped with a NOx capture system. This has reduced
its NOx emissions by about two times from 14 to 8 Mt NOy per year. The
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installation of nitrogen emission reducing systems in seven power plant boilers
near Narva came online in 2014 to extend their lives beyond 2016 when stricter
environmental requirements will begin to be enforced in the EU [37]. It has been
shown that between 1-2% of the ash produced is emitted into the atmosphere
because the filters do not capture all ash particles that form during OS
combustion. Renovation of the power units and installing electrostatic
precipitators has led to a reduction of fly ash particles [40], still the amount of
emissions is remarkable with 8.5 Mt emitted in 2014 [37]. Dust emissions are
not solely a localized problem because fine particles can be transported far from
their source [40]. Due to the extensive use of OS for energy production, Estonia
is one of the highest per-capita CO, emitters among EU Member States [37] and
is ranked 19" overall worldwide [41]. The combustion of OS is characterized by
elevated specific carbon emissions due to the high content of mineral carbonates
(limestone and dolomite) in the OS. Many types of OS are rich in carbonate
mineral phases [42, 43], which means that, in addition to CO; emissions from
burning organic matter, significant quantities of this gas are also released due to
the partial or complete thermal dissociation of carbonate phases. In the new
Enefit280 plant, the content of incomplete combustion products in the flue gas is
very low and all air emission indicators are significantly lower than those of the
older technology. OS gas combustion generates considerably less CO, than
direct combustion of OS [37]. Also, the implementation of oxy-fuel technology
can act to decrease CO; emissions [44]. However, both proposed and upcoming
regulatory changes have reduced power plant emissions and changed the mineral
residue content.

1.2.5 Waste ashes from oil shale processing

Oil shale processing generates vast amounts of different types of solid waste.
The composition of these wastes depends on both the raw OS composition and
processing conditions [28]. Between 45-48% of the OS dry matter remains as
solid waste, which is nearly an order of magnitude more than is produced from a
typical coal fuel [45]. The mineral forms found in the waste either exist in the
original OS, perhaps with changed structure, or are formed during processing.
The oil shale ashes (OSA) from thermal power plants contain mainly CaOfce,
Ca-sulfate, secondary Ca(Mg)-silicate minerals, and an amorphous Al-Si glass
phase [9, 27, 46]. The combustion conditions — in both PF and CFB furnaces
ensure that all of the organic matter contained in the OS (up to 65% by mass and
mainly kerogen [47]) is combusted [28]. Eesti Energia, the major power utility
company in Estonia, deposited 7.9 Mt of OSA and emitted 12.8 Mt of CO; in
2014 [37]. The largest OS retorting company in Estonia, VKG OIL Ltd.
processed 2.9 Mt of OS in 2014 while producing 433 000 t of shale oil [48]. In
2013, VKG processed 2.8 Mt of OS, generated ~1.48 Mt of ash, and ~970 000 t
of semicoke [49]. Thus, the extensive use of OS is among the most serious
environmental problems that Estonia currently faces.

16



Thus, efforts have to be made to minimize the environmental impact of OS
processing wastes by increasing the share of utilization and reducing the
environmental impact of the waste deposits.

1.2.6 Hydraulic transportation and open-air deposition of ash

Long-term operating experience shows that hydraulic transport and open-air
deposition of mineral waste formed by OS combustion have proven to be the
most economically viable handling methods. Approximately 95% of the mineral
waste is transported to ash fields and remains there for indefinite periods. Today,
almost 300 Mt of mineral waste that take up ~500 ha of space is added to the
Estonian ash deposits every year [37, 41].

OSA handling consists of different processes: transportation of ash (mixing
of the ash collected from the boilers in water slurry with water- ash ratio of
1:15-1:20), depositing the ash slurry in fields through a pipe system, and
recirculating the transportation waters that settle, thereby forming a closed
recirculation system. The volume of water that circulates in the system is
influenced by both precipitation/evaporation, and chemical binding by the ash.
This method of solid waste transfer is subject to several environmental risks
such as possible leakages or infiltration that could lead to the contamination of
surface and groundwater [27, 50]. In this recirculating system, the water contacts
with the ash multiple times and both the composition and fluid dynamic
properties of the suspension continuously change. OSA is characterized by high
concentrations of lime and anhydrite (Table 1) that are hydrated upon contact
with the recirculation water:

Ca0 + H,0 < Ca(OH), )

2)
Ca(OH); + 3AL(OH); +3CaS0; + 26H,0 © CagAly(S0,)3(0H)1z - 26H;0 (3

CaS0, + 2H,0 & CaS0, - 2H,0

CaO conversion (fast) into portlandite (Eq. (1)) and CaSO4 to gypsum
(Eq. (2)) and ettringite (Eq. (3)), are the most important reactions that occur in
the OSA hydration processes which continues to occur in the open plateaus
where they are deposited [50, 51]. The alkalinity of the leachates depends on
both the composition of the ash and diagenetic evolution of the sediments. Under
atmospheric conditions, portlandite and ettringite are metastable (controlled
by pH) Egs. (4) and (5).
Ca(OH), + CO, & CaC0; + H,0 @)

CagAly(S0,)3(0H),, - 26H,0 + 3C0, &
3CaC0; + 2AL(0OH); + CaS0, - 2H,0 + 27.5H,0 (5)
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Ettringite is a stable mineral phase in both alkali and sulfate-rich
environments, however, under acidic conditions it dissolves incongruently into
gypsum, aragonite/calcite, Al-hydroxide, and/or Ca-aluminate type phases [50,
51]. The transformation of the secondary Ca-silicate phases can be regarded as
minor, although belite can react with atmospheric CO, to form both calcite
(CaCO03) and quartz (Si0»):

CasSi0; + CO, & CaCo; + Si0, (6)

OS retorting residues are characterized by a high sulfide content (mainly as
CaS) [34, 35, 52]. CaS is chemically unstable under atmospheric conditions and
also disintegrates at the ash dump site during leaching. Upon hydration, CaS
decomposes and releases sulfides into the environment and generates toxic H»S
under certain conditions [53]. In suspensions where HS™ (main sulfide form in
the present model systems pH>11) predominates, sulfites, thiosulfates, and
sulfates are observed together with other sulfide oxidation-reduction products
[54, 55].

The pH of the ash—water system seems to be controlled by the ratio between
the plentiful Ca and the concentration of S in the residue. Based on the Ca/S
ratio (high Ca/S molar ratio 8-10 characterized Estonian OS [28]) and pH,
mineral waste can become strongly alkaline waste, if CaO dissolution
dominates, or mildly alkaline, if CaSO, dissolution dominates [56]. Dissolution
of CaS generates hydroxide ions, while additional CaS produces a higher value
for the system pH [57]. The typically high alkalinity (pH 12-13) of OSA
sediment waters is maintained by the content of the main Ca-hydrate
phases [51]. However, the pH of the ash-water system is not static and changes
over time. It has been estimated that complete neutralization of OSA fields under
natural conditions may take hundreds of years [44].

1.2.7 Prospects for oil shale ash utilization

To date, only a small percentage of OS mineral waste has been utilized, either in
the building materials industry, in agriculture as a liming agent, or during road
construction [27, 37]. The EU is constantly introducing stricter conditions for
greenhouse gas (GHG) emissions and other harmful pollutants and regularly
introduces new initiatives to promote the adoption of environmental technology
and improved waste recovery and recycling techniques, the economics of which
affect the OS sector in Estonia. For example, one goal is to reduce GHG
emissions by between 20-30% and annual SO, emissions to 25 thousand tons by
2020, which is 2.5 times lower than the current limits [37]. Because Estonia is
located in the northern, shallow part of the Baltic sedimentary basin that
possesses a limited amount of potable water, its CO, geological storage capacity
has been estimated as zero [58, 59]. The countries without geological storage
sites could adopt exsitu mineral carbonation for CO, fixation. Natural Ca- and
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Mg-rich minerals (serpentinite, olivine, wollastonite, talc) [60] as well as several
alkali wastes, such as steel slag and ashes from power plants [11-18, 21, 22, 61]
have been studied as possible CO, sorbents (Table 1). It has been demonstrated
that an OS ash—water suspension is able to bind up to 290 kg of CO, per ton of
ash [62]. Moreover, upgrading industrial wastes into commercial products
(e.g., precipitated calcium carbonate or magnesium carbonate) [10, 61-67] via
the carbonation route is one of the most promising directions for achieving a
cost-effective CO, sequestration process. In recent years, various carbonation
routes have been studied in various reactor configurations to produce PCC-type
materials using both OSA and its leaching waters that are saturated with calcium
and accompanied ions, including sulfur [46, 68-70].

Table 2. pH —range, TDS and chemical composition(mg/kg) in waste ash
leaching waters

OSA | 0SA | 0sA Coal ash | Coal lf.‘;'ment Stel‘:! - Pla%er
PF SHC CFB FGD ash un making | siudge
dust slag ash
S = | T Q = 2 g & g
5 o v o S % S = S
RS o o o = = = o =
& = ) = =)
Components Values
122- | 125 | 122- 11.7- | 12.9- 11.6-
pH 127 | 120 | 130 | 7* | o | 132 | 1EFB ] 3
5400- 6200- 4820- 1970-
DS 7150 | 39790 1 6960 - 6830 - 2450 | 4410
7920- | 4000- 5640- | 1670 . 8210- .
2+
Ca 8780 | 7750 | 220 | %070 | 10900 | M&h | gg4s5 | high
36-
Na' 4-12 - 17-18 | 3040 | [ - >3000 -
. 72- 115- 450-
K oy - 76-578 | 1130 | Lo - 750 -
O™ 4500- | 495- | 5160- | 14590- | 5000- | 9100- | 1450- | upto
4 9910 | 800 | 11980 | 15850 | 14000 | 34500 | 3220 | 6900
. 250- 720- 1000-
Cl 0 | 1170 | 1000 | 8410 | 600 | goo | 80-200 | <9
™ 5 750 25 - - : high ;
60- 180-
2.
CO; lso | 180 360 - - ; 6-54 ;
60-
2-
POy 120 - - <120 - - <0.1 -
340- 25-
2+ - _
Mg <0.1 | 072 | <02 210 17 - 1
Phenols - 7 - - - - - -
DOC 270 | 59-320 | 100 - - ; ; ;
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It has been forecasted that the use of OS to produce electricity will decrease
in the next few years and the production of oil will increase. The proportional
change in the types of waste generated will also influence long-term waste
management decisions. Waste minimization strategies [83] drive the
development of new recycling technologies. These new technologies must pay
attention to the various components in the ash that may leach in an aqueous
medium and cause problems (high pH, release of sulfur compounds, etc.) at both
disposal sites and during processing. In addition to the calcium leaching
dynamics, one must also consider the interactions between different substances
(Ca**, SO+, K*, Na") that may leach from the waste ash and alkaline residues
(Table 2).

The dynamics and equilibrium of leaching Ca** and accompanying ions from
OSAs has been studied and it is known that the major ions in OSA leachates are
Ca?" and SO4*. It is further known that sulfur is the major soluble element in
alkaline wastes, together with Ca (Table 2). After calcium, K" is the second most
abundant cation present in OSA leachates, however, Na", AI’*, and Mg®" have
been also identified [71, 73]. In addition, CI', S*, SO, $,05%, and PO,* have
been detected in small concentrations [72, 84]. The leachability of heavy metals
is typically below the detection limit [71, 73]. The mean electrical conductivity
(EC) is also within the range of published data for alkaline mineral waste
leachates [71]. The phase composition, occurrence, and quantity of Ca-
containing components in mineral waste all play a significant role in the
leaching behavior of OSA samples.

The latter is important when determining whether the environmental safety
standards are being met or when exploring possible effects that could influence
the utilization by-products. Investigations into the dissolution of OSAs have
shown that Ca(OH),, CaSO4-2H,0 and CaS are the main water-soluble Ca and S
species in aqueous systems and these influence the chemical composition of ash
leachates [85].

1.3 Main water-soluble Ca and S compounds — oil shale mineral
residues

1.3.1 Calcium and Sulfur in solid fossil fuels

Calcium is an important component within fossil fuels. While Ca is not regarded
as an element of concern, it does play a primary role during the transformations
that occur in fossil fuel residues [9, 10, 56]. Sulfur (S) may be present in various
fossil fuels at different concentrations and in various forms (elemental,
molecular form attached to hydrocarbons, and as sulfide) [6]. S occurs in
relatively high concentrations in fossil fuels, e.g. Estonian OS is characterized
by a content of sulfur 1.4-1.8 %, in coal <1-14 %, petroleum 0.05-14 % [6, 28].
S is the major soluble element in fossil fuel mineral wastes, along with calcium
[6, 56].
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1.3.2 Calcium and Sulfur in mineral waste

The leaching behavior of Ca and S is associated with the phase composition of
the OS mineral residues.

The mineral part of OS waste Ca is present in multiple forms, primarily as
lime (10-25 wt%, depending on the combustion technology), anhydrite, and
calcite and within the glassy matrix as silicates [9, 34, 36]. The amount of
calcium (relation to that of sulfur) dictates the OS ash-water system pH, and
most trace elements indicate a pH-dependent solubility. The presence of calcium
is essential for the precipitation of ettringite and other secondary Ca-hydrated
phases that involve and maintain environmentally important elements (e.g. As,
Cr, Se). Therefore, it can be stated that Ca controls the leachate composition for
the most part [50, 51, 56].

The distribution of sulfur between gaseous and solid OS phases depends on
the combustion technology [28]. Sulfur (<2% in Estonian OS) remains in the OS
power plant ashes mainly as sulfates (1.1-4.8 wt%), but also as sulfides (0.006—
0.28 wt%) [9, 84], and in the solid waste of shale oil production mainly as
sulfides (1.2-3.0 wt%) with a small amount of sulfates (0.36-1.0 wt%)
[55, 85, 86]. The absolute level of leachability varies depending upon the
chemical environment (i.e. system pH and oxidants) [34, 52, 55, 71, 73]. The
sulfate leaching limit of 1000 mg/kg waste is generally exceeded with industrial
alkaline residues (Table 2).

OSA disposal plays an important role in terms of the fate of water-soluble Ca
compounds such as lime and anhydrite, and, from an environmental point of
view, is also important for the behavior of aqueous calcium sulfide. Thus, the
key components are: CaO (model component with Ca(OH),), CaSO4 (model
component CaSO4 2H,0), and CaS.

1.3.2.1 Lime

The most active compound in oil shale mineral waste is free lime (CaOsee),
which, when it comes into contact with water, provides a strong alkaline effect
(pH>12) and a leachate saturated with calcium ions. The conversion of calcium
oxide to calcium hydroxide (Eq. (1)) is followed by Ca(OH), dissolution (ions
form on the surface of particles and finally diffuse into the bulk solution)
[87, 88], and finally by a carbonization reaction under mild conditions or when
treated with flue gases (Eq. (7)) [88].

Ca** + €03~ & CaCo; (7)

The mechanism for Ca(OH), dissociation can be presented as a single step
reaction system (Eq. (8)) [87] or as two coupled reactions (Egs. (9)—(10)) [89].
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Ca(OH), & Ca?t + 20H~

®)
Ca(OH CaOH* + OH™
a(OH); < Ca 9)
CaOH* & Ca?* + OH~ (10)

It has been shown that the solubility of Ca(OH), decreases with increasing
temperature, albeit with faster kinetics (the dissolution time decreases) [87, 89].
The increment of alkali concentration sharply decreases the solubility (common
ion effect of OH’), beyond this scope, it will increase gradually with the
declining pH value. The solubility of Ca(OH), is about 1.55-1.84 g/L as the pH
value is located at 12.1-14.0 (at 25°C) [89, 90].

1.3.2.2 Calcium sulfate

Calcium sulfate (CaSO4) can be crystalized into various crystal types: gypsum
(CaS042H>0), hemihydrate (CaSO40.5H,O), soluble anhydrite (hexagonal
symmetry) and insoluble anhydrite (orthorhombic). CaSO4 solubility varies by
crystal type, temperature, and co-components. The slightly soluble gypsum, has
attracted more attention and has been extensively studied [91]. Beyond
system pH values of 3.5-11.0 the dissolution of CaSO4-2H,0 increases slightly:

CaSo0, - 2H,0 o Ca* + SO~ + 2H,0 (1)

The properties of the solution, such as density and viscosity, do not
significantly change with a reduction in the pH of the solution; however, the
solution properties are appreciably altered in the basic medium. The solubility of
gypsum in pure water increases slightly and then decreases with an increase in
temperature (in the rage of 25-98°C) [92]. The solubility of CaSO4-2H,0 has
been reported in the range of 2.1-2.6 g/L (at 25°C) [89, 93].

1.3.2.3 Calcium sulfide

CaS is the most hazardous sulfur based ash component for the environment
[39, 94]. Determining the leaching behavior of CaS under inert conditions allows
one to quantify the dissolution environment in the deeper layers within ash piles.

The dissolution of calcium sulfide is defined in Eq. (12) [57, 94].

CaS & Ca®* + S?- (12)
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CasS dissolution occurs together with a notable change in the system pH due
to the formation of both HS™ and H,S as S* dissociation products (Eq. (13) and

(14)) [57].

2— - -
$“"+H,0 & HS™ + OH (13)

HS™ + H,0 & H,S+ OH~ (14)

Several processes have been proposed for sulfide oxidation in aqueous
systems. Both the reaction mechanism and the nature of the products strongly
depend on the system pH [94-97]. Mélder et al. proposed the following chain of
oxidation reactions for deeply alkaline systems [94], where HS™ is the main
reacting sulfide species and the most stable reduced sulfide oxidation forms are
thiosulfate, given in Eq. (15), and sulfate, given by Eq. (16):

2HS™ + 20, - S,05 + H,0 (15)
HS™ +20,->S0f~ +H* (16)

Currently, the literature information about CaS leaching is ambiguous,
including different reported values (<1.38:107 to 2.94-10° mol/L) for the
solubility of CaS (Table 1 in Paper II).

1.4 Summary of the literature review and objectives of the thesis

Globally, a huge amount of alkaline industrial waste is generated every year.
The residues have a number of similar characteristics such as high levels of
calcium and sulfur content, electrical conductivity, pH of aqueous systems, and
persistent minerals.

The safe disposal of mineral waste and excessive atmospheric emissions are
among the most serious problems caused by the extensive use of oil shale for
both power and shale oil production. Currently, only up to 5% of oil shale
mineral wastes are utilized.

When OSA (as a mineral waste), comes in contact with water (during hydro-
transportation and open-air deposition of ash), several ions leach out (mainly
calcium and sulfur) make the pH of the aqueous system highly alkaline (pH 12—
13).

In light of the constantly tightening waste management regulations, it is
important to find new environmentally safe handling applications for both
current and future ash flows as well as for the large inventory of deposited oil
shale wastes. In all of these applications, OSA leaching is one of the key
processes.

So far, Ca extraction from OSA has been described by mass transfer models
to estimate its potential as an alternative calcium source for both CO, absorption
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and to produce PCC-type fillers. However, the mechanism of OSA dissolution is
more complex and one must be also taken into consideration the interactions
between the different species in aqueous OSA systems. Mathematical models
which define the operating parameters and simulate the leaching of water-
soluble OSA components would allow one to determine the usability of different
OSA types as Ca-source in PCC-production.

To provide a better understanding of the behavior of OSA suspensions and
leachates especially by wet deposition, it is necessary to develop the
methodology, which incorporates dissolution mechanisms of water-soluble Ca
compounds such as lime and anhydrite, as well as environmental point of view is
also important for the behavior calcium sulfide aqueous medium. In this regard,
several values of both CaS solubility and equilibrium constants of dissolution
reactions are illustrated in the scientific literature. To reconcile these differences,
both solubility and dissolution mechanism of CaS under inert and air conditions
have to be investigated.

Thus, the aims of this doctoral work were: (i) to investigate the dissolution
mechanisms of the main water-soluble Ca-compounds (Ca(OH),, CaSO4-2H,0,
CaS) of OSAs, (ii) to propose models that account for both thermodynamic
equilibrium and reaction kinetics and can be verified using measurable
parameters, (iii) to investigate the consistency of the theoretical models with
experimental data for various model ash systems and find the optimal model
parameters, (iv) to simulate various OSA leaching processes using these models.

The aim was to develop the methodology, which can be used for the
calculations of the ash streams pollution as well as for designing the leaching
reactor. With the results of these studies, it is possible to design various
industrial processes such as leaching, before aqueous carbonation processes, and
explore more complex and safe waste handling technologies.
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2. MATERIALS AND METHODS

2.1 Experimental methods and procedures

An outline of the chemical systems studied in this work are presented in Table 3.
The dissolution mechanism of the main water-soluble Ca-compounds (as pure
systems Ca(OH),, CaSO42H,0 and CaS) of three types of oil shale (OS)
mineral waste (from pulverized firing — PF, circulating fluidized bed
combustion — CFB and solid heat carrier — SHC). For comparison, the binary
(Ca(OH),—CaS042H,0-H,0) and ternary (Ca(OH),—CaSO42H>0-CaS-H,0)
model systems were prepared to match the composition of OS processing ashes,
was investigated. The selected solid/water ratios ranged from 1/5 to 1/250.

Table 3. Outline of the chemical systems under investigation

Investigated systems Paper
Leaching Leaching
thermodynamics kinetics
Ca(OH),; + H,O X X /
CaS04 + H,O X X
Pure inert
systems X X
CaS + H,O — 17
in air X X
Ca(OH), + CaSO4 +
i H,O
Binary | 75 X X;- L
system
Ca(OH), + CaSO4 +
Ternary | - s 1,0 X x
system
CFBA+ H,0 X X m
Ash PFA+ H,0 X X
systems SHCA + H,0

The apparatus used to study these systems are presented in more detail
below.

2.1.1 Applied methods

The chemical analysis methods used to characterize the solid liquid, and gaseous
phases are briefly described in Table 4.
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Table 4. Applied methods

Properties Characterization methods

Solid phase

free lime (CaOgee)! (ethylene glycol method), different
forms of sulfur (sulfate and sulfide), total carbon (TC)
and inorganic carbon (TIC)! (Electra CS - 580 Carbon/
Sulfur Determinator)

Chemical composition

Specific surface area’ BET Kelvin 1042 sorptometer
X-ray fluorescence spectroscopy (XRF, Rigakus Primus
Phase composition® II) quantitative X-ray diffraction (XRD, Bruker D8
Advanced) methods
Liquid phase

Ca*" (ISO — 6058:1984) [98], total sulfide (sum of
dissolved H,S, HS™ and S*) and SO+ (Lovibond Spectro
Direct spectrometer, method: DPD/Catalyst,
Bariumsulfate — Turbidity), total reduced sulfur (total
sulfide and other sulfide intermediate oxidative forms)
Chemical analysis iodometrically [99], alkalinity (ISO — 9963-1: 1994(E))
[99], dissolved oxygen (oxygen-meter Marvet Junior
MJ2000 (Elke Sensor, Estonia)), pH (MT SevenGo pH
and Knick Portamess 913 pH; pH-meter sensor:
Hamilton Polylyte Plus VP360), conductivity (Mettler
Toledo SevenGO Duo Pro with LabX software).

Gas phase

02, N», HoS content flue gas analyzer (Testo 350-S/X1)

! Performed by H. Ehala and R. Viires at the Laboratory of Inorganic Materials, TUT
2 Performed by Dr. M. Uibu at the Laboratory of Inorganic Materials, TUT
3 Performed by Prof. K Kirsimie at the Institute of Geology, UT

2.1.2 Characterization of materials

PF ash and CFB ash residues from electricity production, together with SHC ash
from shale oil production residue, were used as Ca-rich raw materials. The CFB
ash used was a mixture of ashes taken from a common ash silo, whereby the ash
was collected from different equipment before depositing on the ash fields. The
PF ashes originated from a cyclone separator, from the electricity production
boilers. CFB and PF ashes were collected from the Eesti Power Plant of Narva
Power Plants in 2011. The SHC ash was the final residue from the shale oil
production process at the Viru Keemia Group Ltd. retorting plant. The main
characteristics of the three ashes are provided in Paper III: Table 1.

The model chemical systems were composed using Ca(OH), (BDH, purity
95%) as a Ca?'-ion source, CaSO42H,0 (lach:ner, purity 99%) as a SO4* ion
source, and Ca$S (Alfa Aeser, purity 99.9%) as a S* ion source. The mean size of
the OSAs particles studied lie in the same range as the model systems
constructed from pure components Paper I. Table I. The model systems were
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prepared to match the composition of the OSAs so that we may compare the
results from each.

2.1.3 Experimental procedure — Apparatuses
2.1.3.1 Experimental set-ups for thermodynamic studies

To achieve an equilibrium state, each ash—water suspension was prepared in a 50
mL centrifuge tube, hermetically sealed, and kept for 3 h in an overhead shaker
(GFL 3025) at 45 rpm at room temperature (25°C). The pH and electrical
conductivity (EC) of these suspensions were measured immediately after the 3 h
period, and then vacuum filtered using Munktell 100 g'm™ (1-2um) filter paper.

2.1.3.2 Experimental set-ups for kinetic studies
Batch kinetic dissolution experiments were carried out in a 1 L Lara Controlled

Lab Reactor (LCLR) (Figure 1) operated with software provided by the
manufacturer (Radleys).

gas flow _ [ | PCcontrol
controller
pH meter
EC meter P
/] ']:ij \\ thermometer
—5

M
[l
JEI

\

T 40.75 L H20

samples /

C ) \
t—ll

Figure 1. A single reaction batch reactor system.

[

During the experiment, the composition of the gaseous phase, system pH, and
temperature were recorded every 10 sec. Initially, 0.750 L of deionized water
with a conductivity of 0.05 pS/cm was poured into the reactor. The vessel was
single jacketed with an internal height of 185 mm and diameter of 95 mm, an
external diameter of 510 mm (Figure 2a [100]). The vessel was purified with an
acid solution and distilled water (more than three times) prior to each
experiment. The vessel lid (Figure 2b) and the unused ports were tightly sealed
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during the experiment. The suspensions were continuously mixed with an anchor
type stirrer, 80mm @, 455mm long x 10mm @ shaft (Figure 3 [100]), and a
thermostat (Huber Unistat 405). The entire system was kept at 25+/- 0.1 °C
during the course of the experiment.

244

" Yous

{

[

o,

(a) LA SECTIONA-A (b)

Figure 2. Single Jacket 1L vessel size parameters in mm (a) and
Lara reactor vessel Lid (b).

Bl
359 l’-_.
\ %, f 339
f 7
Figure 3. PTFE Anchor Stirrer paddle, size parameters in mm.

In order to define the power characteristics of the mixer, the power
consumption at various revolutions was measured both in pure water and the
experimental suspensions. The net amount of power used for mixing was
calculated from the difference between the consumed power at a given rotation
speed and the power consumed at an idle state (3 W). The latter was considered
to be the minimal power required to overcome the friction of the bearings in the
absence of a fluid.
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Figure 4.
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The consumed power of the suspension mixing at different
mixing speeds.

From Figure 4 we deduce that 250 rpm is not a limit of speed ratio. This
opens up an opportunity to describe the leaching process at higher speeds in both
pure water and in ash suspensions (S/L 1/250 to 1/10), torque difference between
pure water and the suspensions were negligible.

Figure 5.

ixing at 250 rpm (up) aﬁ at 650 rpm (down).
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Due to the formation of an extensive whirlpool, a rotational speed of 650 rpm
(Figure 5, down) was found to be too much for our systems, the recommended
stirrer speed from manual of Lara equipment’s (250 rpm) was used to further
work. Considering the vessel geometry, stirrer, and other experimental
parameters, the P/V dependencies (according to 250 rpm specific power is
9400 W/m?) can be transferred to a larger reactor.

The control software followed the recipe (Figure 6a and Figure 6b),
respectively the inert and air systems): (i) The stirrer was turned on (250 rpm),
(i1) for the inert system N, was bubbled through the water for 20 minutes, (iii)
the stirring was paused to allow one to add quickly a specific amount of solid
phase using a funnel, finally (iv) mixing continued at the same speed in a closed
system.

Start
£y
1
+
1
Control
r Temperature
[Data ...
+
=] _(‘_h Control Gaz
» Direct Control L}f}ﬁ_wf Flows by
Stirrer [ Set ! Waryin...
Speed]. +
Target is
Fauze Step:
T8 Il Poueste
+
Control
r Temperature
[Data ...
1
]
T
+
End
(@
Start
¥
Direct  Control  Circulator
r (Temp. Set Point). Target is 25.
g
» Direct
Control
Stirrer
(Set Speed). -
Target is
250. -l r J'l_‘
b Pause Step: add solid phase
| J
] |
I
+
End
(b)
Figure 6. The recipe of the experiment as it proceeds in inert (a) and

in air (b) system.
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The software automatically stepped through each of the steps in the recipe,
until it reached the end. The process temperature was monitored with a control
circulator (Control Temperature of Process), and the target value was sent
directly to the device. The Fixed Setpoint enables users to enter a single target
value. In our experiments we set this to 25°C for 10 minutes and, after a pause,
25°C for either 130 or 230 minutes. The Pause step suspend the reaction at a
given point and then waited for a user to return to carry out the instruction on the
message “add solid phase” and un-paused the recipe. The Analysis section
allows one to review, analyze, and export experiment data. After each
experiment, the contents of the reactor were filtered. Air systems were filtered
using a vacuum filter while inert systems were hermetically obtained with a
syringe to avoid further oxidation and filtrated using a syringe filters with a Luer
tip, FB0674-1, @ 13 mm, pore size 0.45um. The chemical composition of the
filtrate was then analyzed (see Section 2.1.1; Table 4).

2.2 Modeling

The equilibrium calculations were performed using thermodynamic programs
based on the Gibbs free energy minimization technique. The HSC Chemistry®
7.1 program [102] was used to determine both the composition of each phase
and predict the equilibrium composition of the each system under investigation.
Kinetic calculations and dissolution process simulations were performed
using the MODEST 6.1 software package [103] which is designed for various
model building tasks such as simulation, parameter estimation, sensitivity
analysis, and optimization. The software consists of a FORTRAN 95/90 library
of objective functions, solvers, and optimizers linked to model problem-
dependent routines. Each system of differential equations was solved by the
means of linear multi-step methods implemented in ODESSA (a systematized
collection of the ordinary differential equations solver), which is based on
LSODE (Livermore Solver for Ordinary Differential Equations) software [104].
In addition, both equilibrium calculations and process modeling were carried
out using ASPEN Plus V8.6 (APV86) software, which is a process modeling
tool for conceptual design, optimization, and performance monitoring widely
used in the chemical, mining, and solid fuel power generation industries [105].
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3. RESULTS AND DICUSSION

3.1 Leachability of pure systems

To determine the feasibility of the technologies for upgrading OS mineral waste,
it is useful to create mathematical models that provide the operating parameters
of the process and simulate the leaching of water-soluble OSA components, the
binding of CO; and SO; from flue gases, and the crystallization of solid products
in the multi-phase ash leachate — flue gas system. In order to better understand
the behaviour and impact of the key components on the OSA leaching process
the dissolution mechanisms aspects of main water—soluble Ca—species in OS
ash—water systems (Ca(OH),, CaSO4-2H,0 and CaS) are discussed in detail in
Paper I and Paper I1.

3.1.1 Ca(OH)—HO system

The modeling algorithms that account for both thermodynamic equilibrium and
reaction kinetics were proposed after investigating the dissolution of portlandite
in pure deionized water at room temperature (25°C) (Paper I).

3.1.1.1 Ca(OH); dissolution equilibrium in aqueous systems

Two approaches were applied to describe the Ca(OH),—H,O system, Paper I:
Egs. (1), (2) (as a more complex approach), and Eq. (4) (as single step reaction
system). The Aspen Plus RGibbs reactor model was employed to predict the
equilibrium composition of the Ca(OH),—H2O (Paper I: Figure la). For each of
the systems defined (Paper I: Egs. (1), (2) and Eq. (4)) the equilibrium constants
was computed (Paper I: Figures 1b) together with the equilibrium compositions
and material balance. This was also performed for dilute solutions and reported
as apparent equilibrium.

3.1.1.2 Ca(OH); dissolution kinetics in the Ca(OH),—H;O system

Kinetic models of the Ca(OH)-H,O system were constructed using
experimental data. pH profiles were measured at different concentrations of
Ca(OH)z(s) which are presented in Paper I, Figure 3. Two dissolution models
were constructed to describe the Ca(OH),—H»O system using respective kinetics
parameters. The more complex of the two approaches was expressed as a two-
step first order reaction system (Paper I: Egs. (16) and (17)), and the other was
simplified to a one-step first order reaction system (Paper I: Eq. (22)). Using
those dissolution models, the dynamic concentration profiles of the characteristic
species that participate in the lime dissolution process was modeled using
differential equations (Paper I: Eqs. (18)-(21) and Egs. (23)-(25)). The reaction
rate constants were determined using a parameter estimation procedure that
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minimized the difference between simulations of the system using the proposed
model equations and experimental data that was obtained in batch experiments at
various concentrations of Ca(OH),. This optimization approach provided values
for the reaction rate constants for both the two-step (0.0345 s ' and 0.0544
L-(mol-s) ") and one-step (0.0282 s™') dissolution models (Paper I: Eq. (16)-(17)
and (22), respectively.). We found that the one-step Ca(OH), dissolution model
is more accurate for dilute solutions (Paper I: Figure 5a, b, ¢ versus d) and the
two-step model is more appropriate under more saturated conditions (Paper I:
Figure 5d vs 4d) when the share of CaOH" (Paper: Figure Ila) becomes
significant enough to influence the Ca(OH), dissolution kinetics. The two-step
model elaborates the dissolution mechanism in more detail; however, the
simplified one-step model provides a sufficient fit with the experimental results
and is easier to handle in practice.

3.1.2 CaSO42H20-H:20 system

After studying the dissolution mechanisms, we measured the kinetics of the
CaS0s4-2H,0 dissolution process in a batch reactor (Section 2.1 3.2).

3.1.2.1 CaSO4 2H,0 dissolution equilibrium in aqueous systems

The thermodynamic equilibrium constant for the gypsum dissociation reaction
(Eq. (11)) is provided in Paper I: Eq. (7). The thermodynamic equilibrium for
the CaSO4-2H,O-H>O binary systems were modeled using the Pitzer model
embedded within the Aspen Plus platform. The Pitzer model interaction
parameters for both the Ca(OH),-H,O and CaSO4-2H,O-H,O systems are
presented in Paper I: Table 2. In that the equilibrium composition and
equilibrium constant for gypsum solutions was also determined (Paper I:
Figures 2a and 2b, respectively).

3.1.2.2 CaSO04-2H;O0 dissolution kinetics in the CaSO4-2H,0-H,O system

The next goal was to create a kinetic model of the gypsum—water system using
experimental data. First, we determined the dissolution kinetics of gypsum in a
batch reactor by measuring the EC profiles at different CaSO4-2H,O(s)
concentrations (Paper I: Figure 6). The molar concentration of Ca*" at each time
point was calculated using EC measurements. The correlation between the
measured concentrations of EC and Ca?' (R?=0.99) is presented in Paper I:
Figure 7. The dissolution of gypsum in water can be expressed as Eq. (26) in
Paper I. The reaction rate constant was evaluated (R*>95%) from the differential
equations (Paper I: Egs. (27)—(29)) using several experimental data sets for
comparison. An average value of the reaction rate constant for gypsum
dissolution was found to be 0.051 s™.
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We also confirmed the accuracy of the proposed dissolution models
(R*>90%) by comparing the simulation results with experimental data (Paper I:
Figure 8) that was not used during the optimization process.

3.1.3 CaS-HO system

In Paper II, the thermodynamics and kinetics of the CaS—H,O system at 25°C
under both inert and atmospheric conditions was studied. This work allowed us
to suggest a mechanism of CaS dissolution based on both thermodynamic
calculations (HSC Chemistry®7.1) (Paper II: Section 4.1.1.) and experimental
data (Paper II: Section 4.1.2.).

3.1.3.1 CaS dissolution equilibrium in aqueous systems

The leaching behavior of CaS under inert conditions imitates the dissolution
environment in the deeper layers within ash piles. The dissolution of CaS is
defined in Eq. (12), and the thermodynamic equilibrium constant (K;) is defined
in Paper II: Eq. (6). Because the solution used in this paper contains an equal
amount of calcium and sulfide ions (Ksp = [Ca*"][Ssusze] = [Ca*']-[Ca®’]), the
value of K; can be expressed as the square of the Ca ion concentration.

CaS dissolution occurs together with a notable change in the system pH due
to the formation of both HS™ and H,S as S* dissociation products Egs. (13) and
(14). The dissociation of S*" can be characterized by the basicity constants K>
and K3 (Eq. (19) and (20) (in Paper II these constants are presented as K, and
Kb, respectively: Egs. (8) and (10)).

The dissolution of CaS can also include hydrolysis, which excludes S*
formation (Paper II: Eq. (15)). The reaction equilibrium can be calculated as the
ion-product K, (Paper II: Eq. (16)). The quotient of K to the second basicity
constant simplifies to Eq. (6) in Paper II

K/ = a1 x [s7] = K, (17)

Although several processes have been proposed for sulfide oxidation in
aqueous systems we adopted the simplified chain of oxidation reactions
provided in Egs. (15) and (16) in Paper II, which display first order kinetics and
proceed simultaneously.

Thermodynamic calculations demonstrated that the distribution of the sulfide
species strongly depends on the system conditions and is a strong function of
pH. To illustrate this, we used HSC equilibrium calculations to determine the
distribution between various forms of sulfide (S*, HS", H,S(a)) as a function of
pH in an aqueous solution (Figure 7).

34



2.5

= H25(a}{2.292mM) 2.29-10° mol/L; normal pH 11.34
m— H- (2. 292m M) o0e
«oeee52-(2.292mM] / \ o
5 —— H25(a) (1.733mM) :
4 — H5- (1.733mM] N
E ------ 52-(1.733mM) :. [4q11
= oy
E 1.3 173103 mol/t; N\ N&e 1]
g normal pH 11.22
«<
I ™
=
[~
=
£
=]
Q
0.5
s
0 .o-"‘
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
System pH
Figure 7. HSC calculations of CaS-HO inert system showing changes in sulfide
forms over a large pH range
====:=:=HS- — —S042- eeee HS208-
0.0025 — - =S3032- = =S5032- =reeeeee- S2- 11.40
’ ———=CaS04 ——pH '
] 11.20
S 0.0020 % / 11.00
= / \
< 10.80
£ 0.0015 5 10.60 =
E . \\“‘ / \ . =y
2 : / \ 1040 E
= 8 / TEXX 2
£ 0.0010 : / \e 1020 &
[ ]
£ 4 ) 10.00
8 “\\‘\ / . x L]
0.0005 (AN s\ 9.80
N \ 7 ~.. s\ 9.60
= ‘\\\ * -
0.0000 Sz e e 9.40
0.0 0.3 0.6 0.9 1.2 1.5 1.8 2.1 2.4
0,(g)/CaS
Figure 8. HSC calculation of CaS-H,0 (2.292mM) in air system at 25°C showing

changes in sulfur components and system pH over a large oxidative range

35



At higher pH values, the concentration of calcium at equilibrium is lower
than the total sulfide concentration due to the formation of calcium hydroxide
(2.2% of the Ca*"). The concentration of other species (e.g. CaHS" and Ca(HS))
is very low over the pH range under study (Figure 7), so these were excluded
from the present work. The basicity constants (in Paper Il Ky (0.0653 mol/L)
and Kp; (1.11-107 mol/L)) values were derived from the HSC calculations using
the experimentally determined equilibrium concentration of 2.29-10 mol/L CaS.

To determine the thermodynamic equilibrium of the CaS—-H,O system, we
used the standard atmospheric composition, however, over a larger range of
oxidative environments at 25°C, the distribution of the main sulfur species and
system pH changes (Figure 8). This indicates that the equilibrium state and
system pH depends on the consumption of oxygen.

The oxidation of sulfides in an aqueous system is a complex process that may
involve parallel reactions. The equilibrium calculation model simulated to
produce Figure 8 can be used to help describe the reaction mechanism (Egs. (13)
and (14) together with Egs. (29)—(31) from Paper I).

The solubility of CaS was experimentally determined under (Section 2.1.3.2)
both an inert atmosphere (2.29-10 mol/L) and under atmospheric conditions
(2.74-107 mol/L) after three hours of dissolution (Figure 9).
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Figure 9. Measured and calculated concentrations for calcium - ions and

sulfide — ions in CaS—H,O inert and in air system, at 25°C
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The concentrations provided in Figure 9 after three hours of dissolution show
that oxidized sulfur compounds in aqueous systems accelerate the dissociation of
CaS due to the oxidation of HS™ (Egs. (15) and (16)).

Using Egs. (36) and (37) from Paper II, HS™ and S* could be individually
determined from pH and Ca®" measurements. Likewise, Eq. (8) from Paper II
could be used to calculate the value of K, on the basis of OH™ and sulfide
species concentration measurements.

The approach we took to determine the equilibrium constants for the aqueous
CaS system was to measure the concentrations of Ca®’, Sy, and OH™ and
apply Egs. (8), (14), and (17) from Paper II. The results are illustrated in Paper
1I: Table 2.

The CaS solubility data display a clear linear dependence between the Ca**
concentration and conductivity (Paper II: Figure 3); this means that Ca®"
concentration values could be calculated on the basis of EC measurements.
Applying Eq. (32) from Paper II for inert conditions, these two parameters have
a linear correlation with R* = 0.97. Likewise, Eq. (33) provides a linear
correlation with R*=0.93 for atmospheric conditions.

3.1.3.2 CaS dissolution kinetics in the CaS—-H,O system

The concentration profiles of the characteristic species that take part in the CaS
dissolution process can be modeled as a function of time using an appropriate
system of differential equations.

In Paper 11, we defined both an inert system (Egs. (38)—(43)) and an aqueous
oxidative system (Egs. (38)—(42) together with Egs. (44)—(46)). The kinetic
parameters for these two CaS—H>O systems were determined by minimizing the
difference between simulated and experimentally determined solubility and
reaction kinetic data. Average values for the forward reaction rate constants, ki,
ko, and k3 were found to be 1.49-107, 2.77, and 4.49 s™', respectively. The
backward reaction rate constants, k.;, k., and k.; can be expressed in terms of
the equilibrium constants as k;/K;, k2/Kp2, and k3/Kp;, respectively. The average
estimated values of the rate constants k, and ks were found to be 2.01-10* s™" and
8.66-10° s

The simulated concentration profiles for our batch reactor are in good
agreement with the experimental data for the inert system (Paper II: Figure 7)
and provide a satisfactory representation of the CaS—-H,O system under
atmospheric conditions (Paper II: Figure 9).
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3.2 Leaching of oil shale ash systems

The main Ca-compounds in the OS ash-water systems can be viewed as sorbents
for both CO, mineralization and PCC production [10, 68-70]. To aid in the
development of these technologies we studied the behavior of OSA suspensions
and leachates, including the wet deposition of these residues. For this we
conducted three hour comparative equilibrium batch experiments with three
different types of OS ash-water systems (CFB, PF and SHC Paper III: Table I)
and corresponding model water systems. Furthermore, we constructed a kinetic
reaction model to describe OS ash-water systems which incorporate Ca(OH)s,
CaSO0s4-2H,0 (Paper I), and CaS (Paper II) dissolution mechanisms.

The differences in both the composition and physical properties of various
OSAs originate mainly from the type of OS and combustion technology [27, 34].
To gain an appreciation of these differences, we compare these ashes with other
kinds of industrial wastes in Table 1. PF ash is characterized by the highest free
lime concentration of the three ashes. The high concentration of sulfates in CFB
ash is present mainly in the form of anhydrite (CaSOs), which, in water systems,
crystallizes into gypsum (CaSO42H,0). In both the CFB and PF ashes, the
content of sulfides (mainly CaS) is relatively low. SHC ash is characterized by
its high sulfide content. The SSA of both CFB and SHC ashes are over ten times
higher than that of the PF ash (Paper III: Table ). Under ambient conditions
over a series of chemical reactions, part of the sulfides from each of these ashes
can be emitted into the atmosphere as gaseous H»S, generating atmospheric
pollution. Sulfides, which remain in the aqueous phase, may also induce toxic
effects depending on the pH value of the suspension [106].

The main leaching properties of the present OS mineral wastes were in good
agreement with other alkaline industry residue leaching characteristics (Table 2).
Both calcium and sulfur were dominant in all leachates. It has been shown that
carbonation leads to (i) changes in the pH of ash-water suspensions, (ii)
transformations of the sulfur compounds during the course of leaching (in both
anaerobic and aerobic environments), and (iii) aqueous carbonation of OSA (and
CaS as a model compound). All of these processes contribute to environmental
issues related to ash leaching [106, 107].

3.2.1 The equilibrium of oil shale ash-water systems

The ashes that remain after thermal treatment are complex matrix systems. In
order to better understand the leaching of OSAs and how the various
components interact, it is important to characterize the behavior of the most
abundant components both individually and together. For this, we studied the
ash leaching process of simplified binary and ternary systems that mimic
complex PF, CFB, and SHC - water systems.

The thermodynamic calculations we performed show that (i) oxides are
present in the equilibrium state in their hydrated forms, (ii) gypsum is formed
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from the original anhydrate, and (iii) unstable compounds are bound to Ca-
silicates (Paper IlI: Figure I). All model systems used Ca(OH),, CaSO4-2H,O
and CaS$ as the main Ca®*, SO4* and S* ion sources in the OS ash-water systems.

A simulation of the main system parameters (systems pH, EC, ion
composition) coincide with the experimental results (Section 2.1.3) of the
saturated OSA systems (Paper III). This confirms that the OSA leaching process
is dominated by the dissociation of a few key components. We propose that all
of these the OS ash-water systems and the ternary model system (Ca(OH),—
CaS04-2H,0-CaS—H;0) can be described by a general reaction model with
Egs. (18)—(24) representing simplified dissociation and Egs. (18)—(20) and (23)—
(24) representing the equilibrium states:

k11
[Cas(s)] 1 [Ca?*] + [5%7] K (18)
<_}421
[52] + [H,0] . [HS] + [0H"] Ks (19)
o
[HS™] + [H;0] . [H,S] + [0H"] K (20)
[2HS™] + [20,] it [S,027] + [H,0] (21)
[HS™] + [20,] <3 [5027] + [H*] (22)
ke1
[Ca(0H)2] 1 [Ca?*] + 2[0H"] Ks (23)
k7(1_
[Cas0,] o [Ca**] +2[S0F"] K (24)

where K; — K3 and Ks — K7 are the equilibrium constants, expressed on a
molar basis; k;; - k7; are the forward reaction rate constants, and &;; - k7, are the
reverse reaction rate constants, st

The equilibrium constant K> for Eq. (19), was calculated from the simulated
equilibrium composition for the OS ash-water model systems (Paper III:
Figure 2). The equilibrium constant K3 for Eq. (3) was calculated from the
equilibrium concentration of pure CaS (Paper II). The equilibrium constants (K},
Ksand K7) were calculated from the experimental data using the thermodynamic
model and are presented as average values in Paper IlI: Table 2. The oxidation
reactions Egs. (21) and (22) are expressed as unidirectional reactions because the
reverse reactions do not occur during the initial combustion processes. However,
oxidation in the aqueous suspensions takes place in the presence of sulfide ions
which are considered “combustible matter”. Considering this, our three hour
experiments do not reflect the endpoint of sulfide oxidation in the suspension.

The concentrations of the model components of the OS ash-water systems
were varied by adjusting the ash/water ratios from 0.004 to 0.200.
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After equilibrium was achieved, we measured the system pH, EC, and the
concentration of the main ion species (Ca*’, SO4*, Squsce, OH) in the liquid
phase. Other cations and anions (e.g., K, Na*, Mg**, AI*", CI', PO,*, and SO;%)
were not measured in the ash suspensions because their concentrations are very
low [71, 72, 73, 84, 107]. The main leaching characteristics of OSAs were in
good agreement with literature data [34, 71, 73]. The leaching equilibrium of the
three types of ashes and the corresponding ternary model systems are presented
in Paper III: Figure 3. The pH (12.31-12.66) of the saturated binary and ternary
model systems coincided with the real process OS ash-water systems. Among
the real process OS ash-water systems, the SHC systems have the lowest
conductivity (10.35 mS/cm) while the PF ash-water systems have the highest
conductivity (up to 12.25 mS/cm), which in this case is driven by the higher
content of free lime. At saturation, both Ca®’- and SOs*-ions are present in
similar concentrations in all model systems (~0.033—0.035 and ~0.014-0.015
mol/L, respectively) and are slightly higher in the ternary model systems due to
the dissolution (Egs. (18)—(20)) of CaS and the oxidation of sulfide ions to
intermediate forms (Eq. (21)) and sulfate (Eq. (22)). The concentration of Ca*'-
and SOs*-ions (~0.034 and 0.009 mol/L, respectively) are lower in SHC ash-
water systems compared with both CFB and PF ash-water systems (~0.040 and
~0.016 mol/L, respectively). The latter value is related to the original
composition of the SHC ash. Total sulfide concentrations in the leachates of
CFB and PF ash-water systems remain at 1.5-10° mol/L and are up to 20 times
higher in SHC ash-water systems, which remain steady at 2.2:10*mol/L.
Though there was no remarkable difference in initial CaS content between the
ashes compared, the leaching of CaS was favored in the SHC ash-water system.

The predicted dissociation results for the OS ash-water system (Egs. (18)-
(24)) were compared with experimental data (Paper IlI: Figure 3). The
relatively small deviations between the measured and predicted data confirm the
ability of our proposed model to accurately describe the dissolution process of
OS ash-water systems.

The experimental results show a clear dependence between the Ca®’ ion
concentration and EC of the solution for all of the OS ash-water systems,
including the ternary (Ca(OH),—CaSO,-2H,0—CaS) model systems (R?= 0.986),
and the CFB, PF, and SHC ash-water systems (Paper I1l: Figure 4).

Based on this optimal linear approximation, the concentration of Ca*" ions
can be determined for OS ash-water systems from conductivity measurements
(Paper III: Eq. (17)) and compared with the predictions from the kinetic model.
This approach may aid in optimizing an industrial PCC process using OS ash—
water systems as a feedstock.

40



3.2.2 Model and real ash dissolution Kinetics in the oil shale ash—
H>O system

The main characteristics of the Ca dissolution process for OS ash-water systems
was established using a reaction kinetics approach. In previous studies [73, 108,
109], the Ca dissolution process for OSA were investigated on the basis of mass
transfer mechanisms.

Using the dissolution model defined by Eqs. (18)—(24), the dynamic
concentration profiles of the characteristic species that participate in the OSA
dissolution process can be modeled using the differential equations presented
below:

d[gfs | k[cas] + % [CaS][Ca?*][S?] @)
AT klcas) =52 (cas)icar s + kslCaCom, 20

571 caso,l1ca? 11502 - X (catom), l[ca?*l[0H T2

K, K¢

+ Iy, [CaS0,]
d[OH~ k 1 k 1
O = ks - 12 [OH_][HS_L +lalH57] = 2 0H ][ 27

+ 2ke1[Ca(0H),] — <2 [Ca(OH), ) [Ca®*][0H ]

6

o = kS 1k 1571 + Kyl — 2 s 0K — ks Y

+ @ [OH™][H,S]

K;
d[S,02- 29
% = 0.5k, [HS™] 29)
SO _ 1151 + e [CaS0,] — T2 [Caso,lica?* 11507 G0
dt K;

dlsz- ki1 k21 31
% = kq,[CaS] — ra [CaS][Ca?*][S?7] — kyy [S?7] + ra [HST][OH™] Gh
w — —kg,[Ca(OH),] + % [Ca(OH),][Ca?*][0H]? (32)
% = —k,,[Cas0,] + % [Cas0,][Ca?*][S0] (33)
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The reaction rate constants kj;-ks; that appear in Egs. (25)—(33), were
estimated based on the pure CaS model of OS ash-water dissolution. The rate
constants ks (2.01-10* s) and ks; (8.66:107 s) are one order of magnitude
higher than the results reported by Moélder et al. [94] who investigated the rate of
hydrolysis and oxidation (saturating the system with the air) of CaS in a
hydraulic ash-disposal system. The reaction rate constants ks; and k7; were
determined for various solid/liquid ratios ranging from 0.004 to 0.2 using a
parameter estimation procedure (performed using the MODEST 6.1 software
package (see Section 2.2)) that iteratively solves the proposed model equations
and finds the minimal difference between these predictions and the experimental
data obtained in the batch experiments. At this point we compared the reaction
rate constants between each real process ash-water systems and their
corresponding ternary model-water system. With this comparison, the most
notable discrepancy appears in the under-saturated model systems. The saturated
systems displayed better correlation between the real process ash-water systems
and their corresponding ternary model-water systems than the two model
systems had between themselves. This indicates that the real ash systems contain
impurities that affect the diffusion of the key ions into the bulk solution. Yet, the
reaction rate constants between different ashes and their corresponding ternary
systems were consistent.
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Figure 10. The reaction rate constants comparison for OSA and pure compounds
systems.

The minimal difference between OSA and ternary systems was achieved for
the rate constant ks; for the PF ash-water system and k;; for the SHC ash-water
systems (Paper II: Table 3). Also, the value for the reaction rate constant for Eq.
(6) for the pure Ca(OH), one-step (0.0282 s™') dissolution model matches with
both the PF ash system rate constant (0.0294 s') and the value of the reaction
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rate constant for pure gypsum dissolution defined by Eq. (7) (0.051 s™), but is
closest to the SHC ash constant, which was found to be 0.027 s (Figure 10).

Comparing the experimental and simulated data reveals that the pH of the
system depends on the amount of solid phase added because a greater amount of
OSA generates a faster increase in the system pH. We also found that the rate of
formation of the equilibrium pH value is different between the selected ashes:
the rate is slower for the actual SHC ash systems while the actual PF ash reaches
equilibrium more rapidly (Paper IIl: Figure 5). This implies that PF ash contains
more compounds that provide a fast basic reaction. This can also be seen by
observing the reaction rate constants reported in Table 3 within Paper I1I. Plots
of experimental and simulated concentration profiles for various solid/liquid
ratios for the PF ash-water systems are presented in Figure 11. The accuracy of
our proposed dissolution model (R*>90%) was confirmed by directly comparing
the results of process simulations with experimental data.
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The model we have constructed for the OS ash-water system incorporates
mechanisms for Ca(OH),, CaSO4:2H»0, and CaS dissolution. This model can be
used to simulate all three main types of OSA (CFB, PF, and SHC), which differ
in their chemical and physical structure (Paper Ill: Table I). The model we
propose, together with the different sets of estimated parameters, is suitable for
describing the leaching of various types of ash that originate from the OS shale
industry.

3.2.3 Implementing the dissolution of oil shale ash within Aspen
plus

Dissolution models for the various OS ash-H,O systems were implemented
within the Aspen Plus simulation platform by inserting the dissociation reactions
and corresponding thermodynamic and kinetic constants for each system into the
continuously stirred tank reactors (CSTR) reactor model (Figure 15) (t = 25°C,
P =1 bar, Q = 0 Gcal/hr).

3.2.3.1 The oil shale ash leaching process by natural precipitation

We simulated one scenario for an industrial ash plateau (formed by OS
combustion for power and shale oil production) washing process in a natural
environment over an indefinite period using the following assumptions. In
Estonia approximately 5 Mt of OSA is transported to wet open-air deposits. In
accordance with the combustion technologies, the distribution of the ash
formation quantities per year [37] and the distribution of Ca species are
presented in Figure 12.

Understanding the leaching of key components (Ca(OH),, CaSO4-2H0,
CaS) from OS mineral waste is required to accurately predicting its impact on
the quality of the leaching water, which may contaminate soil, groundwater, and
surface water, and may even reach the Baltic Sea.
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Figure 12. The distribution of the depositing ashes

We also carried out simulations of the washing of the key components from
OSA deposits using CSTR reactors simulated with Aspen Plus (Figure 13)
assuming OSA dissolution equilibrium. In the first stage, a total of 5 10° kg of
ash was formed by the PF, CFB, and SHC power plants (Figure 12). The
characteristics of the ashes and the thermodynamic equilibrium constants were
taken into account (Paper IlI, Table I and Table II) and we assumed that these
ashes were transported at an ash/water ratio of 1:20 and uniformly distributed
over an area of 5-10° m*.
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Figure 13. The Aspen Plus simulation model for precipitation of ash field

In the second stage, 0.2% effluent is removed to imitate draining. In the
next natural precipitation stages the average annual amount of rainfall (in
Estonia 550-800 mm [110]) is inserted. Up to 200 model reactors (simulating
one year) were combined to estimate the changes in both the solid phases and in
the leaching liquid during the entire washing process. However, current model
does not take into account the chemical reaction between the atmospheric CO,
and alkaline suspension.

The key compounds that form during the continuous washing of the
OSA plateau (made up of three different types of mineral waste) are presented in
Figure 14. The equilibrium concentrations of the ions are in accordance with the
components from dissociation Eqgs. (1)~(3) and (6)—~(7) (Paper IlI: Egs. (1)—(3),
(6), (7)). If only one component remained in the OSA, the pure substance
equilibrium constant (Paper I and Paper 1I: Table II) was used to simulate the
washing process. The equilibrium concentrations of the main ions are directly
dependent on the quantity of their precursors. The concentration of Ca®" ions is
the highest during the stages where all of key components influence the process,
after some precursors are washed out, the Ca** ions concentration decreases. The
concentration of OH ions is the highest during the stages where lime and CaS
influence the process; as a result, the alkalinity increases.
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Figure 14. Simulation of the key components washing process for a 500 ha

industrial OSA deposit (PF ash (a), CFB ash (b) and SHC ash (c)) by the average

annual amount of precipitation

The mean annual amount of precipitation in Estonia is up to 800 mm per
year and the density of the OSA sediments varies between 1800 and 2800 kg m™
(average 2500 kg m™). Under these conditions, when the OSA is deposited
annually over 500 ha, the leaching process of the main ions from three different
types of mineral waste (Figure 12) would take approximately 200 years (Figure
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14). This figure is in accordance with the neutralization of ash sediments with
natural precipitation [50, 109].

The leaching behavior depends on the characteristics of the OSA (Paper
1lI: Table I) and how the ash formation is distributed (Figure 12). For every
OSA system, there are three main leaching regimes. In the case of PF ash,
presented in Figure 14 (a), sulfates leach out for the first 20 years and the
leachate is similar to the leachate from the ternary water systems. For the next 55
years, portlandite and CaS dissolution provide the most alkaline reactions and
during the last 125 years, Ca*" and OH" ions dominate and the leachate is similar
to the Ca(OH), water system. In the case of CFB ash, presented in Figure 14 (b),
sulfates leach out for the first 38 years and portlandite and CaS dissolution
provide the alkalinity for the next 60 years. During the last 60 years, Ca?*, HS",
and OH™ ions dominate and the leachate is similar to the hydrolysis of CaS
hydrolyses presented in Eg. (15) within Paper II. In the case of SHC ash,
presented in Figure 14 (c), the first five years portlandite leaches out and the
leachate is similar to the leachate from ternary water systems. Over the next four
years, sulfates leach out, however, CaS dissolution provides the alkalinity, which
should not be suprising considering that Eq. (36) within Paper Il presents HS™ as
being equivalent to OH". During the last 30 years CaS dissolution occurs. Based
on our simulation results presented in Figure 14, we can state that the highest
concentrations of Ca* and SO, ions (0.038 mol/L and 0.017 mol/L) occurs
after the annual OSA is deposited during the first 40 years. The highest
leachable content of OH™ occurs during the period from year 15 up to year 90
(0.052 mol/L). The leachable content of sulfide occurs in year 8 (0.015 mol/L)
and remains at ~0.006 mmol/L for the next 150 years. We can further state that
the amount of Ca, particularly in relation to that of S, dictates the OSA water
system pH. Our simulation results demonstrate that under certain conditions, OS
mineral waste can act as a source of contaminates over a long period of time.

3.2.3.2 The Kkinetics of real process oil shale leaching

The kinetic parameters presented in Table 3 within Paper 111 for the OS ash—
H,0 system were also inserted into a CSTR reactor model (t = 25 °C, P =1 bar,
Q = 0 Gcal/h) to estimate the residence time and reactor volume required for
continuous extraction of Ca’" from the OSA (see also the Ca(OH),—H,O system
in Paper I: Figure 9).
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Figure 15. The continuously stirred tank reactors reactor model

Using the simplified dissolution model (Paper III: Eq. (1)-(3), (6), (7)) and
responsive characterizations of OSAs (Paper Ill: Table I), we performed this
calculation with respect to one Mt of OSA per year (114 t/h) and the results are
presented in Figure 16.
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Figure 16. Continuous model of Ca** extraction from OSA (1 Mt OSA/year = 114

t/h): dependence of Ca(OH); leaching degree (- -) and leachate Ca’* saturation
degree (—) on residence time (a) or reactor volume needed for respective residence
time (b) at given solid to liquid ratios (for CFB ash 1/10 —red; CFB ash 1/20 —
green and CFB ash 1/50 — ; PF ash 1/10 — purple; PF ash 1/20 — black and
PF ash 1/50 — blue).

It can be seen from Figure 16 that the degree of Ca(OH), that leaches out and
the degree of Ca" saturation in the leachate are governed by the solid to liquid
ratio (1/10, 1/20, 1/50, and 1/100) and depend on the residence time of the
CSTR. Due to the low solubility of Ca(OH),, either a very large reactor or
repetitive extractions would be required to maximize both the Ca(OH), leaching
from ash and Ca®" saturation in the solution. Comparing real process OSA with
the pure Ca(OH), system, the degree of Ca(OH), leaching is lower from real
process ashes. The differences we observe are caused by a combination of other
water-soluble OSA components and the kinetic parameters. As an example, a
reactor volume of ~150 m® is required to extract 50% of the calcium from the
OS ash-H,O system using 1 Mt of OSA per year with a solid to liquid ratio of
1/20. Transferring the experimentally observed P/V ratio (Section 2.1.3.2) to this
reactor, about two megawatts of energy is required to mix this suspension. For
both the PF and CFB ash water system, the degree of CaSO4-2H,0 leaching (0.3
and 0.5, respectively) was higher than the degree of Ca(OH), leaching at a
residence time of 0.1 h. However, in the current Estonian power plants, more
than 5 million m® of alkaline water (pH 12-13) is circulating in a hydraulic
system between the plant and the sedimentary pond [27] which has a high degree
of Ca*" saturation. Direct utilization of this water is expected to be more
economically viable than processing ash directly.
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4. CONCLUSION

In this work the leaching behavior of the main water-soluble Ca-compounds

(Ca(OH),, CaS04:2H,0 and CaS) in both real process and model oil shale ash-

water systems, have elucidated. This work is useful in the context of operating

and managing the risks of oil shale ash wet deposition as well as designing CO,
mineralization, as next processes after leaching, that produce precipitated
calcium carbonate-type filler from oil shale ash.

The current study presents both the mechanisms and kinetics of oil shale
mineral waste dissolution. In addition, the influence of the key components that
occur during oil shale ash leaching individually, in binary (Ca(OH),—
CaS04-2H,0-H>0) and ternary (Ca(OH)>—CaSO4 2H>O—CaS—-H,0) model
systems, as well as in real process, pulverized firing — PF, circulating fluidized
bed combustion — CFB, and solid heat carrier — SHC ashes, have been studied.
Both the equilibrium and dynamics of the leaching of the main water-soluble
Ca-compounds within oil shale ashes were combined into a mathematical model
that is able to simulate the processes of leaching for different types of oil shale
ashes. We suggest that this model provides a good basis for designing a
complete alkaline mineral stabilization and/or utilization process.

Based on the work, we can make the following conclusions:

o The solubility and kinetics of the Ca(OH),, CaSO4-2H,0 and CaS (both
under inert as well as atmospheric conditions) water systems at 25°C have
been evaluated. CaS solubility was experimentally determined under an
inert atmosphere (2.29-10~ mol/L) and a higher solubility was evaluated
under atmospheric conditions (2.74-10~ mol/L) (after 3 hours of
dissolution). The equilibrium and kinetic constants for main water-soluble
Ca-compounds (as pure components) have been estimated.

. The results of leaching equilibrium constants on the basis of batch
experiments with the aqueous systems of three different types of oil shale
ashes (CFB, PF and SHC) as well as corresponding model systems and an
empirical equation to calculate the concentration of Ca**-ions from
conductivity measurements have been obtained.

. The mathematical model for describing oil shale ash-water systems which
incorporates Ca(OH),, CaSQO4-2H,0, and CaS dissolution mechanisms
have been developed.

o The leaching mechanisms of different real process ashes once with the
leaching mechanisms of corresponding model systems (both binary and
ternary) have been evaluated. This allows one to accurately describe the
leaching behaviour of various ash-water systems using a single overall
reaction model.

. By comparing leaching simulation results with experimental data, it have
been demonstrated that the leaching behavior of the key Ca-compounds in
oil shale ash can be described by the developed generalized model.
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The determined equilibrium and kinetics constants can be used to
compose a complete oil shale ash-water leaching model and design a
pilot-scale oil shale ash-water carbonation reactor. The latter could
significantly reduce the environmental impact of using oil shale and other
Ca-rich fossil fuels in the energy sector, irrespective of the thermal
treatment technology used to create the ash.

The proposed leaching model was used, in Aspen Plus platform, for
elucidating the composition of contaminated water per year, required
reactor volume and residence time. As an example, a reactor volume of
~150 m? is required to extract 50% of the calcium from the oil ash-H,O
system using 1 Mt of oil sale ash per year with a solid to liquid ratio of
1/20. The ash field leaching simulation results demonstrated that oil shale
mineral waste can act as a source contaminates over a long period of time
(in case of PF ash approximately 200 years).

The experimental methodology and a mathematical model, together with
optimal kinetic parameters that can be used to calculations of ash fields
leachate pollution and develop Ca compounds containing ash treatment
technologies in the waste management sector for a variety of mineral
residues.
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Leaching of the Water-Soluble Calcium Components of Oil
Shale Waste Ash

ABSTRACT

Both the safe disposal of mineral waste and the control of atmospheric emissions
are among the most serious problems caused by the use of oil shale for heat and
power production as well as shale oil production. Processing two tons of oil
shale produces about one ton of mineral residue. Estonia, which processes 20
million tons per year, thus produces vast quantities of mineral waste that is
deposited in ash fields using hydrotransportation. The pH of this aqueous system
is highly alkaline (pH>12). The introduction of stricter requirements for
pollutants by the EU, the ever increasing size of the waste pile as well as the low
rate of recycling (currently 5%) all pose a growing risk to the surrounding
environment and people. Yet, these problems may provide new recycling
opportunities in the energy sector. Both proposed and upcoming regulations
restrict the composition of the mineral residue to mitigate the harmful effects of
leaching compounds. This change in legislation will reduce the environmental
problems caused by mineral waste, but may also restrict their use as feedstock
for new products, and their waste disposal and handling processes.

The aim of this work was to develop a method for calculating the leaching
streams from ash fields and the kinetic behavior of various types of oil shale
residue for the purpose of designing leaching reactors that can be used to
produce precipitated calcium carbonate.

To accomplish this it have been: (i) performed leaching experiments to
determine the effective thermodynamic equilibrium of oil shale residues; (ii)
determined the equilibrium constants using leaching tests; (iii) measured the
leaching dynamics to determine the dissolution of the major components as a
function of time; and (iv) found optimal reaction rate constants that are able to
reproduce kinetic experimental leaching data. This study focused on the main
water-soluble Ca-compounds of various oil shale ashes because these are the
compounds that induce a strong alkaline effect (pH>12). Yet, these potentially
harmful leaching waters are also a prerequisite for the production of precipitated
calcium carbonate because of their high calcium content.

In order to better understand the impact of the key components on the
leaching process, we studied pure components, binary (Ca(OH),—CaSO4-2H,O—
H;0) and ternary (Ca(OH),—CaSO4-2H,0—CaS-H,O) model systems of pure
components, and real process oil shale ashes. The binary and ternary systems
were designed to match the composition of the real process ashes to allow for
direct comparison. Using a mixture of modeling and experimental work, we
determined the leaching mechanisms for three different types of ashes
(pulverized firing and circulating fluidized bed ashes from thermal power plants
together with solid heat carrier ash from shale oil and gas production) and
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developed a mathematical model that is able to reproduce thermodynamic
equilibrium and reaction kinetic experimental data.

This dissertation also includes thermodynamic calculations carried out using
commercially available programs (HSC Chemistry® and ASPEN Plus). These
programs helped to predict the ongoing changes in both the aqueous and solid
phases in the leaching processes. Proposed leaching models using the Aspen
Plus platform was implemented and calculated both the design and operating
parameters for various leaching processes (i.e., the composition of contaminated
water per year, required reactor volume, and residence time). This work verifies
that a single model can be used to model complex technological systems.

In addition, equilibrium relations and mathematical models that describe the
dissolution kinetics for the key components within oil shale mineral waste
(Ca(OH),, CaS04-2H,0, and CaS) have been developed. The model we propose
can be used to predict the behavior of other Ca-rich fossil fuel wastes,
irrespective of the thermal treatment technology used to create them. This tool
could be used to help manage and mitigate the environmental impact of the vast
inventory of such waste world-wide.
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Kaltsiumiiihendite leostumine polevkivituha
vesisiisteemides

KOKKUVOTE

Pdlevkivil baseeruv elektri- ja olitootmine tagab kiill Eestile energiasoltumatuse,
kuid sellega kaasnevad mitmed keskkonnaalased probleemid, millest peamised
on dhusaaste ja tahked jadtmed.

Eestis toddeldakse aastas pea 20 miljonit tonni polevkivi ning tekkiv tuhk
ladustatakse peaaegu tdies ulatuses tuhavéljadele. Eskaleeruv jadtmete
ladustamine suurendab koormust keskkonnale ning seega ka mdju inimestele.
Selleks, et tdita Euroopa Liidu iiha karmistuvaid ndudeid atmosfairiheitmetele ja
jaatmekditlusele, tuleb leida wuusi keskkonnaséastlikke lahendusi kiituste
kasutusahelas. Uheks vdimaluseks on vaadelda jddtmeid kui lisaviirtusega
ressurssi taaskasutuse kontekstis.

Polevkivi jatkusuutlikuks majandamiseks peab tehnoloogia pidevalt arenema,
see omakorda mojutab nii jadtmete koostist kui ka leostuvate iihendite kaitumist.
Uute tehnoloogiate  kasutuselevott voib  kiill  vdhendada  jddtmete
keskkonnaohtlikkust, kuid samas piirata nende taaskasutusvdimalusi.

Uurimistod eesmark oli tootada vilja metoodika, mille alusel saab
simuleerida tuhaviljadel toimuvat ja projekteerida leostusreaktorit sadestatud
kaltsiumkarbonaadi tootmise protsessile ldhtuvalt eri tiiiipi polevkivijddtmete
leostuskineetikast.

Selle saavutamiseks: (1) maédrati termodiinaamiline tasakaal tuhk—vesi
siisteemides; (2) arvutati leostuskatsete tulemuste alusel tasakaalukonstandid;
(3) uuriti  leostusdiinaamikat funktsioonina ajast, et maédrata peamiste
veeslahustuvate komponentide leostuskineetika; ja (4) leiti optimaalsed
reaktsiooni kiiruskonstandid leostusprotsessi reprodutseerimiseks. Antud uuring
keskendus podlevkivi mineraalsetes jadtmetes sisalduvatele peamistele
veeslahustuvatele Ca-iihenditele, mille leostumine on seotud tugevalt aluselise
efektiga (pH>12), kuid samas on ka sadestatud kaltsiumkarbonaadi tootmise
eelduseks.

Polevkivituhkade  leostuskditumise  selgitamiseks  kasutati  erineva
keerukusastmega mudelsiisteeme: votmekomponendid (Ca(OH),, CaSO4-2H,0
ja CaS), kahe- (Ca(OH),—CaSO4-2H,0-H0) ja kolmekomponentsed (Ca(OH)—
CaS0,4-2H,0-CaS—-H,0) mudelsegud vs reaalsed tuhad pdlevkivitdostusest.
Mudelsiisteemide koostis baseerus reaalsetele tuhkadele (tolmpdletuse ja
keevkihi tuhad elektritootmiskateldest ja tahke soojuskandja tuhk pdlevkivi
Olitootmisest), mis vdimaldas otsest vordlust. Koostati votmekomponentide
lahustumistasakaalu ning -kineetikat kirjeldavad matemaatilised mudelid.
Seejérel méidrati leostusmehhanism kolmele eri tiitipi tuhale ja tootati vélja
matemaatiline ~ mudel, mis reprodutseerib  katseandmeid  ldhtuvalt
termodiinaamilisest tasakaalust ja reaktsioonikineetikast.
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Viitekirjas on vilja toodud ka teoreetilised termodiinaamikaarvutused
HSC Chemistry® ja Aspen Plus programmidega, millega ennustati, leostumise
protsessis toimuvaid muutusi nii vesi- kui tahkes faasis. Véljatodtatud
leostusmudelit rakendati Aspen Plus platvormil erinevate leostusprotsesside
projekteerimis- ja todparameetrite arvutamiseks (nt. saastunud vee koostis ja
reostuskestvus tuhavilja simulatsioonis, viibimisajad ja reaktorite ruumalad
leostusreaktori  simulatsioonis). Viljatdotatud mudelit saab kohandada
analoogsetele  kaltsiumiithendeid sisaldavatele tuhkadele v0i muudele
toostusjaakidele.

To66 kinnitab, et {ihtse mudeli abil saab modelleerida ka kompleksseid
tehnoloogilisi slisteeme ning metoodikat saab kasutada, et hallata ja vihendada
moju keskkonnale sarnaste jadtmete kéitlemisel {ile maailma.
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The ash produced during oil shale combustion is classified as waste, however, one could also view it as a low-cost
source of lime for the abatement of SO, and CO, emissions as well as for the commercial production of precipi-
tated calcium carbonate (PCC)-type filler material. This study focuses on the dissolution mechanisms of the
main water-soluble calcium species in oil shale ash-water systems. Reaction models that describe the dissolution

of Ca(OH), and CaSO4-2H,0 in water were developed and the kinetic parameters of the proposed system com-
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posed of differential equations were estimated by optimizing the model reproduction of experimental data. The
dissolution kinetics of Ca(OH), and CaSO,-2H,0 were also simulated using the Aspen Plus process modeling

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Both environmentally safe disposal and/or reuse of solid wastes and
atmospheric emissions (SO,, CO,, NOX, etc.) are among the most serious
problems caused by the extensive use of fossil fuels for heat and power
production, especially in case of low-grade solid fuels. CO, sequestration
by mineral carbonation of alkaline waste residues mitigates both of
these problems since the leaching behavior of the alkaline wastes
often improves after carbonation [1-7]. In addition, the CO, sequestra-
tion process may become economically feasible when considering the
possibility of upgrading the carbonized waste materials into commer-
cial products such as precipitated calcium carbonate (PCC) [8,9].

In Estonia about 60% of the country's fuel balance is covered by oil
shale (annual mining output 14-16 Mt) and its share in power produc-
tion exceeds 95% [10,11]. The combustion of oil shale in electric power
plants is carried out using circulating fluidized bed combustion and pul-
verized firing, which generates massive amounts of waste ash (45-48%
of the oil shale dry mass [12]) as well as atmospheric emissions (SO,
CO,) [13,14]. Only a small percentage of the oil shale ash is utilized, ei-
ther in the building materials industry, in agriculture as a liming agent,
or during road construction. Most of the oil shale ash is still deposited in
ash sediment fields near the power plants (6-8 Mt annually) [10]. For
transporting the ash to wet open-air deposits, a closed hydraulic system
is used in which 107-10% m? of Ca? *-saturated water is circulating be-
tween the plant and the sedimentary ponds [10]. Oil shale ashes from
the power plants have been classified as hazardous wastes because of

* Corresponding author.
E-mail address: mai.uibu@ttu.ee (M. Uibu).

http://dx.doi.org/10.1016/j.fuproc.2015.09.010
0378-3820/© 2015 Elsevier B.V. All rights reserved.

its high alkalinity according to the Material Safety Data Sheet for Burnt
0il Shale enforced with the EC regulations No 1907/2006 and EU No
453/2010 [15].

The mineral part of oil shale ash consists mainly of CaO (30-60%)
and SiO, (20-50%), however, Al,0s, Fe,0s, K,0, and MgO are also pres-
ent [12,16]. Ca is present in multiple forms, primarily as lime (10-25%-
wt, depending on the combustion technology), anhydrite and calcite,
and within glassy matrix as silicates [17-20]. Calcium leaching behavior
is associated with the phase composition of the ash. Hydration of oil
shale ash involves the slaking of lime to form portlandite (Ca(OH),)
and anhydrite conversion to gypsum (CaSO4-2H,0) as the main
water-soluble calcium compounds [21]. According to Irha et al. [22],
the major ions in oil shale ash leachates are Ca®*, SO, K™, and Na™.
They found that Ca>* and SO3~ ions are dominant in the leachates
and correspond to the content of free lime and sulfates in the ash sam-
ples. Izquierdo and Querol [20] also found that the leaching properties
of coal ashes depend significantly on the content of calcium compounds.
Due to their predominant surface association in fly ash and the marked
solubility of most sulfate-bearing compounds, sulfur is the major solu-
ble element in ash along with calcium.

In recent years, our group has studied the leaching behavior of the
main soluble compounds in oil shale ash with the aim of obtaining a
PCC-type material from the ash and its leaching waters [6,9,21,23,24].
We have determined the equilibrium distribution of calcium between
ash-water phases, estimated the internal mass transfer of calcium
within ash particles by evaluating the effective diffusion coefficients,
and developed mass transfer models that allow one to simulate the dy-
namics of the calcium dissolution process from the oil shale ash during
leaching in a batch as well as a continuous flow reactor [23,24].



M. Uibu et al. / Fuel Processing Technology 140 (2015) 156-164 157

To determine the feasibility of the technologies for upgrading the oil
shale ash, one must create mathematical models which define the oper-
ating parameters and simulate the leaching of water-soluble oil shale
ash components, the binding of CO, and SO, from flue gases, and the
crystallization of solid products in the multi-phase ash leachates —
flue gas system. In addition to the calcium leaching dynamics, one
must also consider the interactions between different substances
(Ca®*,50%~, K™, Na™, etc.) leached from the ash. The latter is important
when determining whether the environmental safety standards are met
or exploring possible co-crystallization effects that could influence the
quality of the final product. Thus, the current study investigates the dis-
solution mechanisms of Ca(OH), and CaSO,-2H,0 as the main water-
soluble Ca-species in aqueous oil shale ash systems [21] and proposes
modeling algorithms that account for both reaction kinetics and ther-
modynamic equilibrium.

2. Materials and methods
2.1. Experimental methods

The dissolution kinetics of calcium hydroxide Ca(OH), (BDH, 95%
purity) was determined in a batch reactor. Initially, 0.050 L of deionized
water (conductivity 0.05 pS/cm) was stirred in a 0.100 L reactor vessel
under N, flow at room temperature (25 °C) for 360 s. The temperature
remained at 25 °C during the course of all experiments. After the stabi-
lization process, solid Ca(OH), (0.1850 g, 0.0925 g, 0.0463 g, and
0.01982 g corresponding to molar concentrations of 0.0500 M,
0.0250 M, 0.0125 M and 0.0054 M) was quickly added to the water.
The pH and temperature of the mixture were measured and recorded
every second using a Mettler Toledo electrode DG-112 Pro connected
to an automatic titrator T90 under N, flow until stabilization.

The dissolution kinetics of CaSO4-2H,0 (lach:ner, 99% purity) was
determined in a batch reactor. Initially, 0.750 L of deionized water (con-
ductivity 0.05 puS/cm) was poured into a 1 L Lara Controlled Lab Reactor.
The stirrer was set to revolve at 250 rpm and a thermostat (Huber
Unistat 405) kept the entire system at 25 °C during the course of the ex-
periment. A pause control program briefly halted the stirring while solid
CaS04-2H,0 (corresponding to the molar concentrations of 0.0001 M,
0.0015 M, 0.0020 M, 0.0025 M, 0.0040 M, 0.0050 M, 0.0060 M,
0.0080 M, 0.0100 M, 0.0120 M, 0.0150 M, 0.0160 M, 0.0200 M,
0.0250 M, 0.0300 M) was quickly added to the system using a funnel.
Each suspension was maintained as a closed system for 1 h.

The particle size distribution of Ca(OH), and CaSO,4- 2H,0 was deter-
mined using Horiba laser scattering particle size distribution analyzer
LA-950 (Table 1). The mean size of oil shale fly ashes particles fits in
the same range [22].

The system conductivity (Hanna Instruments 9932 Microprocessor
Conductivity Meter with HI 92000-5.0.26 software), pH (Knick
Portamess 913 pH; pH-meter sensor: Hamilton Polylyte Plus VP360),
and temperature were recorded every 10 s.

After each experiment, the suspension was filtered and the filtrate
was analyzed for Ca?*+ (ISO-6058:1984), SO3~ (Lovibond Spectro Direct
spectrometer, method: Bariumsulfate — turbidity), and alkalinity (ISO-
9963-1: 1994(E)).

Table 1
Property data of the tested calcium hydroxide and gypsum samples.

Sample Mean size  Median size  Particle size distribution
Hm Hm Xi0, HM Xs50, KM Xgo, UM
Ca(OH), 16.45 6.47 2.88 6.47 51.77
(BDH, 95% purity)
CaS04-2H,0 29.64 20.51 9.21 20.51 62.81

(lach:ner, 99% purity)

2.2. Modeling software

Kinetic calculations were performed using the MODEST 6.1 software
package designed to carry out various model building tasks such as sim-
ulation, parameter estimation, sensitivity analysis, and optimization
[25]. The software consists of a FORTRAN 95/90 library of objective func-
tions, solvers, and optimizers that allow one to link model problem-
dependent routines to an objective function. The systems of differential
equations were solved by means of linear multi-step methods imple-
mented in ODESSA, which is based on LSODE software [26].

In addition, both equilibrium calculations and process modeling
were carried out using ASPEN Plus V8.6 (APV86) software, which is a
process modeling tool for conceptual design, optimization, and perfor-
mance monitoring widely used in the chemical, mining, and solid fuel
power generation industries [27].

3. Results and discussion

3.1. Thermodynamic equilibria of Ca(OH),-H>0 and CaSO,-2H,0-H,0
system

The dissociation equilibria for Ca(OH), and CaSO4-2H,0 in aqueous
systems are provided in Eqs. (1)-(3) [28].

Ca(OH), —CaOH" + OH" (1)
CaOH* —Ca’* + OH™ 2)
CaS042H,0—Ca*" + S03™ + 2H,0 3)

The mechanism for lime dissociation can also be presented as a sin-
gle step reaction system (Eq. (4)).

Ca(OH), —Ca®* + 20H" (4)

The thermodynamic equilibrium constants for the dissociation
reactions (1)-(3) are:

Kq = [CaOH " | Ycaon+ [OH | You- (5)
[ ¥ [OH Tyou-

GO e ©

K3 = ( {Cah] Yea2t ) ([SOE,’] Ys02 ) (OLHZ())Z. (7)

The activity coefficient vy accounts for the nonideality of these elec-
trolyte solutions. By rearranging Eqs. (5) and (6) and considering both
the balance of mass and charge, the molarities of CaOH™, Ca®™, and
OH™ within the Ca(OH),-H,0 system can be expressed as:

Ki

CaOH'] = L 8

[ ] [OH™ Yo~ Yeaom' @)
Ky [CaOH" | e 0n+

Ca*t| = GO 9

[ ] [OH ]’YOH’ yCa“ < )

[OH gt = 2[Ca**] + [CaOH] + [H] (10)

[cat] = [ca] + [caoH’]. a1
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The thermodynamic equilibrium constant K for the single step re-
action system presented in Eq. (4) can be expressed on molar basis as:
K= [c?] o By (12)

total

while the molarity of Ca’* in the CaS04-2H,0-H50 system can be

expressed as:

] = (13)
[504 ]'YiCaso4 (ot,0)

The solubilities of Ca(OH), and CaSO4-H,0 are equal to the sum of
the molarities of the calcium containing species (Eq. (11)). The solubil-
ity of portlandite in pure water at 25 °C has been determined in several
studies [28-31] and varies within the range of 0.02020-0.02109 m.
Nordstrom [31] calculated an average gypsum solubility of 0.01528 +
0.000047 m at 25 °C by combining the results from several studies.
Most recently, Wang et al. [32] determined that gypsum has the solubil-
ity of 0.01514 m.

In order to test the capability of the model to predict the solubility of
Ca(OH), and CaSO,4-2H,0, the Pitzer model embedded in the Aspen
Plus platform was employed for the Ca(OH),-H,0 and CaSO4-2H,0-
H,0 systems. An expression for the excess Gibbs free energy [33,34] is
expressed by Eq. (14).

= Ny

G
" () + 2 2 Bymym; + 3= 3~ 6mim;
i i

+1/2 le ij (% my \zk\) x Cjm;m; + 1/6; Zj: ij Uiy M mye
(14)

The Pitzer model in the Aspen Physical Property System involves
user-supplied parameters. These parameters are used in the calculation
of binary and ternary parameters for the electrolyte system. The cation-
anion parameters Bj; and Cj; are characteristic for an aqueous system
containing a single electrolyte. By; is expressed as a function of [’aoij and
B or p2%;, B%;, and 3%;. The parameters 6;; and s are used to define
the difference in the interaction of unlike ions of the same sign from
the mean interaction of like ions. Because the default parameters of
the Pitzer model within Aspen Plus V8.6 did not provide satisfactory re-
sults, we included the interaction parameters provided by Yuan et al.
[28] using the Methods/Parameters/Binary Interaction form (Table 2).

was employed to predict the equilibrium composition of both the Ca
(OH),-H,0 (Fig. 1a) and CaS0O,4-2H,0-H,0 systems (Fig. 2a). Conse-
quently, the equilibrium constants Kj, Ko, Ki* and Ks, expressed on
molar basis in Eqs. (1)-(4), can be computed (Figs. 1b, 2b) together
with the equilibrium compositions and material balance, also for dilute
solutions as apparent equilibrium (Figs. 1a, 2a).

3.2. Building a kinetic model for the Ca(OH),-H-0 binary system

The dissolution kinetics of Ca(OH), has been described by several
authors [35,36]. The current study was focused on building kinetic reac-
tion models that without further modifications could be applied for pro-
cess modeling with ASPEN Plus to upscale the processes and estimate
the feasibility of the proposed method.

3.2.1. Determining the dissolution kinetics of Ca(OH)» in a batch reactor

Kinetic models of the Ca(OH),-H,0 system were constructed using
experimental data. The dissolution kinetics of Ca(OH), was determined
in a batch reactor by measuring pH profiles at different concentrations
of Ca(OH),(s) (Fig. 3). The temperature of the Ca(OH), aqueous mix-
tures remained at 25 °C throughout all experiments. The molar concen-
tration of OH™ was calculated at every point in time based on the pH
measurements of the solution using the activity coefficient,yon-. A
value for yoy- was calculated using the Debye-Hiickel equation
(Eq. (15)) for 0.01 <1< 0.1, where 1; is activity coefficient of species i,
d; is effective diameter of the hydrated ion (nm), z; is the charge on spe-
cies i, and I is the ionic strength of solution.

0.51-22V1

logy; = —————
i 1+3.3divI

(15)

3.2.2. Ca(OH); two-step dissolution model

Two dissolution models were constructed to describe the Ca(OH),-
H,0 system using respective kinetics parameters. In the more complex
approach, the mechanism of lime dissolution in an aqueous batch sys-
tem was expressed as a two-step first order reaction system
(Egs. (16)-(17)).

kiy

i
The Aspen Plus RGibbs reactor model uses a Gibbs free energy min- ~ Ca(OH), _ CaOH" + OH (16)
imization technique to determine the composition of each phase. This ki
Table 2
Pitzer model interaction parameters for Ca(OH),-H,0 and CaS0,-2H,0-H,0 system.
System Component i Component j Parameters Value Reference
Ca(OH),-H,0 CaOH™ OH™ 3% a 0.13618 [28]
a 0.03584
[ a —0.36923 [28]
ay —0.06441
GCjj a —0.04982 [28]
a —0.05177
CaOH™ Ca** 0; a —10.0032 [28]
ay 0.00014
CaS0,4-2H,0-H,0 ca’t S03~ 3O a, 13.1654 [28]
a —0.13683
ca’* S03~ By a, 0 APV86 PITZER
a 0
ca’* 503~ [ a, —55.7 APV86 PITZER
ay —0516
ca’t S03~ B3 a, 2.65 APV86 PITZER
a 0.0546
Ca?* Nora GCjj a —192.276 [28]

a 2.13099
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Fig. 1. Thermodynamic equilibria of the Ca(OH),-H,0 binary system at 25 °C according to the Pitzer model in Aspen Plus V8.6 together with the interaction parameters provided in Table 2:
(a) equilibrium composition and (b) equilibrium constants Ky, K, and K;* expressed on molar basis: K; = [CaOH][OH"]; K,=[Ca?"][OH']/[CaOH]; K} = [Ca® |corall OH ooal.

Ky
CaOH" __ Ca®* + OH~ 17)
ka2

Using this dissolution model, the dynamic concentration profiles of
the characteristic species that participate in the lime dissolution process
can be modeled using the differential equations presented in Eqs. (18)-
(21):

d[Odl;l_] = ki1 [Ca(OH),] —ky, [CaOH ] [OH™]
+ i [C20H ] —kiz 2™ (OH] (18)
d|ca?t
% = ko [Ca0H"] —kan 2% OH ] o)
AICOOH] _ 1y [Ca(OH),] —kyz [CaOH  OH" |y [CaOH]
e o .
% — —ky1 [Ca(OH),] + kiz [CaOH ] [OH . -

Values for the backward reaction rate constants, ki, and ky, may be
expressed in terms of the forward reaction rate constants and the equi-
librium constants as kq;[Ca(OH),]¢/K; and kj1/K; respectively, where

(a)
0.035 -
0.03
0.025 -
= 0.02 -
G 0.015 -
0.01
0.005 -

0 " ’
1.00E-08 1.00E-06 1.00E-04 1.00E-02 1.00E+00

[CaS0,4-2H,0], m

[CaS04-2H20]s

[Ca*],[SO2]

[Ca(OH),] is the Ca(OH), concentration at the time moment t during
dissolution. The equilibrium constants K; and K, were calculated from
the equilibrium composition (Fig. 1).

The reaction rate constants, k1 and ky;, were evaluated using a pa-
rameter estimation procedure utilizing the proposed model equations
together with the experimental data obtained in batch experiments at
various concentrations of Ca(OH),. The correlation coefficients for all
data sets were greater than 0.98. Based on these results, average values
for the reaction rate constants, ky; and ky;, were estimated to be
0.0345 s~ ' and 0.0544 L(mol s) ', respectively. Next, we simulated
the dissolution process using average values for the rate constants. We
confirmed the accuracy of the proposed dissolution model (R? > 90%)
by comparing the results of process simulation with experimental
data that was not used during the parameter evaluation step (Fig. 3).
The concentration profiles of the relative species are given in Fig. 4 for
various concentrations of the Ca(OH), suspension. These results indi-
cate that the two-step Ca(OH), dissolution model is more accurate at
higher concentrations (Fig. 4b, c, d versus a).

3.2.3. Ca(OH); one-step dissolution model

The Ca(OH); dissolution mechanism can also be presented as a sim-
plified one-step first order reaction system:
ey
Ca(OH), _ Ca** +20H". (22)
ks1p

Thus, dissolution of Ca(OH), in aqueous solutions can be modeled
using the following differential equations for each of the three different

(b)

3.00E-04 -
2.50E-04 -
2.00E-04 -
¥ 1.50E-04 -
1.00E-04 -
5.00E-05 -

0.00E+00 - 1
1.00E-08 1.00E-04 1.00E+00
[CaSO,-2H,0], m

Fig. 2. Thermodynamic equilibria of CaSO,4-2H,0-H,0 binary system at 25 °C according to Pitzer model in Aspen Plus V8.6 together with the interaction parameters provided in Table 2:
(a) equilibrium composition and (b) equilibrium constant K expressed on molar basis: K3 = [Ca®*][SOF].
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Fig. 3. Experimental pH (—) and [OH ] (- -) vs time plot for Ca(OH),-H,0 batch system at
25°C

species:
d[%‘:_] =20x (k;l [Ca(OH),] —k;, [Caﬂ [OH‘]Z) (23)
d{ca®*
[T = ki1 [CaOH), | ki, [Ca* | (OH ™ (24)
d[Ca(OH),] [Ca(dct’H)ﬂ = —kiy [Ca(OH),] + iz [Ca?* | OH™ 2. (25)

The value of the backward reaction rate constant, k™, may be
expressed in terms of the equilibrium constant as k*n[Ca(OH)z]t/l(*l.
The concentrations in Eqgs. (23)-(25) are expressed in molar units. The

[Ca?]

[CaOH']
0 & T T T ]

0 100 200 300 400

timeg s

equilibrium constant K was calculated from the equilibrium composi-
tion (Fig. 1b).

The reaction rate constant k*;; was evaluated (R® > 92%) using the
differential Egs. (23)-(25) and was found to have a value of
0.0282 s~ . The model was verified by comparing the predictions of
the changes in concentration of the reactive species (Ca®>*, OH™, Ca
(OH),) with the experimental data. Plots of the experimental and sim-
ulated concentration profiles are provided in Fig. 5. The results indicate
that the one-step Ca(OH), dissolution model is more accurate for dilute
solutions (Fig. 5a, b, ¢ versus d). The shift to two-step model takes place
at saturated solutions (Fig. 5d vs d), as the share of CaOH™" (Fig. 1a) and
its effect on Ca(OH), dissolution kinetics increases.

Although the two-step model elaborates the Ca(OH), dissolution
mechanism in more detail, the simplified one-step model also fits with
the experimental results and is easier to handle and compare with real
systems. The current models are built on the first order kinetics which
considers the reduction of specific surface area in proportion to the de-
creasing solid phase. Modifications to include also the effect of particle
size into the Ca dissolution model are planned for the next step.

3.3. Building a CaSO4-2H,0-H-0 kinetic model

3.3.1. Determining the dissolution kinetics of CaSO4-2H-0 in a batch reactor

A kinetic model of the CaSO4-2H,0-H,0 system was constructed
using experimental data. The dissolution kinetics of gypsum was deter-
mined in a batch reactor by measuring the EC profiles at different
CaS04-2H,0(s) concentrations (Fig. 6). The molar concentration of
Ca?* at each time point was calculated using the EC measurements.
The correlation between the measured concentrations of EC and Ca®*
(R? = 0.99) is presented in Fig. 7.

[OH_]tolaI
"””"TO}W'

[Ca(OH),]s

= 0.03

S 0.02 (Ca?]

[CaOH]

0@ T T T )
0 100 200 300 400
time, s

0.01

Fig. 4. Modeling ofCa(OH)'z 2-step dissolution kinetics in Ca(OH),~H,0 batch system: experimental (¢ [OH ™ ]iora1) Vs simulated (— by Modest 6.1 and Aspen Plus V8.6) concentration
profiles ([OH™ |y = 2[Ca®*] + [CaOH ] + [HT]) at (a) 0.0054 M Ca(OH),(s); (b) 0.0125 M Ca(OH),(s); (c) 0.0300 M Ca(OH),(s); and (d) 0.0500 M Ca(OH)(s).
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Fig. 5. Modeling of Ca(OH), 1-step dissolution kinetics in Ca(OH),-H,0 batch system: experimental (¢ [OH™]) vs simulated (— by Modest 6.1 and Aspen Plus V8.6) concentration profiles.
(a) 0.0054 M Ca(OH)x(s); (b) 0.0125 M Ca(OH)a(s); () 0.0300 M Ca(OH)(s); and (d) 0.0500 M Ca(OH)a(s).

3.3.2. CaS04-2H,0 dissolution model
The dissolution of gypsum in water can be expressed as follows:

k3
CaSO; _ Ca** +503™.
ksz

(26)

Using this dissolution model, the concentration profiles of all the
three species can be modeled by the following differential Egs. (27)-
(29):

d[so?-
[ dt4 = k1 [CaS0y] — ks [Ca? ] [50F | 27)
d[ca** B
[ - I_ ks1[CaS04) — ks [Caﬂ [sof, ] (28)
3000
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3
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w
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0.0001M
0 4 5 T T T
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Time, s

Fig. 6. Plot of electrical conductivity (EC) versus time for the CaSO4-2H,0-H,0 batch sys-
temat 25 °C.

d[CaSO,]

T = —ka1[CaSO0s] + k2 [cﬁ*] [so?;} . (29)

The value of the reverse reaction rate constant ks, can be expressed
in terms of the equilibrium constant (Fig. 2) as k31[CaSO.4]¢/Ks.

The reaction rate constant k; was evaluated (R? > 95%) from the dif-
ferential Egs. (27)-(29) using several experimental data sets for com-
parison. The average value of the reaction rate constant was found to
be 0.051 s~ '. The model-predicted and experimental concentration
profiles of the relative species are well matched for different concentra-
tions of the gypsum suspension (Fig. 8). The remaining solid

0.018 y = 5E-06x

R2=0.9901
0.016
0.014

0.012 ¢ 22+

= 0010 —Linear (Ca2+)

8 0.008
0.006 7
0.004 74

0.002 Q

0.000

Q 500 1000 1500 2000

ECpS/cm

2500 3000 3500

Fig. 7. Correlation between the electrical conductivity EC and the concentration of Ca?* in
the CaSO4-2H,0-H,0 system at 25 °C.
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Fig. 8. Modeling of CaSO4-2H,0 dissolution kinetics in CaSO4-2H,0-H,0 batch system: experimental (¢ [OH™]) vs simulated (— by Modest 6.1 and Aspen Plus V8.6) concentration pro-
files. (a) 0.0001 M CaSO4-2H,0(s); (b) 0.0060 M CaSO4-2H,0(s); (c) 0.0160 M CaSO4-2H,0(s); and (d) 0.0300 M CaSO4-2H,0(s).

CaS04-2H,0 indicates that the ionic concentrations have reached their
maximum values.

3.4. Implementing the dissolution kinetics of Ca(OH), and CaSO4-2H>0
within Aspen plus

Kinetic dissolution models for the aqueous Ca(OH), and
CaS04-2H,0 systems were implemented within the Aspen Plus simula-
tion platform by inserting the dissociation reactions and corresponding
kinetic constants for each system into the RBatch reactor model (t =
25 °C, P =1 bar, Q = 0 Gcal/h). For the two-step Ca(OH), model we
inserted Egs. (16) and (17) together with kinetic constants ki1, kq2,
ky1, and ky, while the one-step model required Eq. (22) together with
Kk*11 and k™. The CaSOy4-2H,0 dissolution model defined in Eq. (26)
was inserted together with parameters ks; and ksp. The validity of
each model was confirmed by comparing simulated concentration pro-
files with profiles obtained using Modest 6.1 and experimental data

£os - 05%
=] -— enm e e - ™
g 0.4 - 045
kR V4 - - Ca(OH), leaching degree | 03§
. a
g 0.2 — Ca?*saturation degree 0.24
o 018
o 0 T T r r + 0
0 002 004 006 008 0.1

Residence time, h

measured at different Ca(OH), and CaSO,4-2H,0 concentrations. As
seen in Figs. 4, 5 and 8, the simulation results obtained by Aspen Plus
V6.8 and Modest 6.1 coincided.

The kinetic parameters k*n and k*n for the simplified Ca(OH),-
H,O0 system were also inserted into a CSTR reactor model (t = 25 °C,
P = 1 bar, Q = 0 Gcal/h) to estimate the residence time and reactor vol-
ume required for continuous extraction of Ca?* from the oil shale ash.
We performed this calculation with respect to one Mt. of oil shale ash
per year (114 t/h; 16.27% Ca(OH),) and the results are presented in
Fig. 9.

As it can be seen from Fig. 9, the degree of Ca(OH), leaching and the
degree of Ca® ™ saturation in the leachate are governed by the solid to
liquid ratio (1/10, 1/50 and 1/100) and depend on the residence time
of the CSTR. Due to the low solubility of Ca(OH),, either a very large
leaching reactor or repetitive extraction may be required to maximize
both the Ca(OH), leaching from ash and Ca® * saturation in the solution.
As an example, a reactor volume of about 200 m? is required to extract

(b)

1000
3 1/100 (10450m3/h)
= 300
£
S 600 1/50 (5280m?3/h)
g
§ 400
g 200 1/10 (1150m3/h)
0 - . : : :
0 002 004 006 008 01

Residence time, h

Fig. 9. Continuous model of Ca* extraction from oil shale ash (1 Mt oil shale ash/year = 114 t/h; 16.27% Ca(OH),): dependence of Ca(OH), leaching degree (-) and leachate Ca®* sat-
uration degree (—) on residence time (a) or reactor volume needed for respective residence time (b) at given solid to liquid ratios (1/10 — red; 1/50 — black, 1/100 — yellow). (For inter-
pretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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50% of the calcium from the Ca(OH), system using 1 Mt of oil shale ash
per year (114 t/h) with a solid to liquid ratio of 1/50. However, in the
current plant approximately 107-10% m> of alkaline water (pH 12-13)
is circulating in a hydraulic system between the plant and the sedimen-
tary pond [10] which has a high degree of Ca?* saturation. Direct utili-
zation of this water is expected to be more economical than processing
ash directly; however, a detailed assessment of this is out of the scope of
the current publication.

4. Conclusions

We have investigated the dissolution mechanisms and kinetics of
the main water-soluble calcium species in two oil shale ash-water sys-
tems (Ca(OH), and CaSO4-2H,0). The thermodynamic equilibrium for
the Ca(OH),-H,0 and CaSO,4- 2H,0-H,0 binary systems were modeled
using the Pitzer model embedded within the Aspen Plus platform. The
kinetic reaction models of the binary systems were constructed using
experimental data. Two approaches were applied to describe the Ca
(OH),-H,0 system at 25 °C. The more complex approach modeled
portlandite dissolution in an aqueous batch system as a two-step first
order reaction system: Ca(OH), — CaOH™ + OH™ and CaOH™" — Ca*
* + OH™. By using an optimization approach we determined values for
the reaction rate constants in both the two-step (0.0345 s~' and
0.0544 L(mol s)™ ') and one-step (0.0282 s~ ') dissolution models (Ca
(OH), «— Ca®?* + 20H7). The two-step model elaborates the dissolu-
tion mechanism in more detail; however, the simplified one-step
model fits with the experimental results as well and is easier to handle
in practice. The average value of the reaction rate constant for gypsum
dissolution was found to be 0.051 s~'. We confirmed the accuracy of
the proposed dissolution models (R? > 90%) by comparing simulation
results with experimental data that was not used during the optimiza-
tion process.

Both Ca(OH); and CaSO,-2H,0 dissolution kinetics were imple-
mented for the first time within the Aspen Plus simulation platform.
Using the capacity of 1 Mt of oil shale ash per year as a basis, we
calculated both the residence times and reactor volumes of three
solid to liquid ratios (1/10, 1/50, 1/100) for continuous Ca®* extrac-
tion from oil shale ash in a CSTR. According to the simulation, large
leaching pools or repetitive leaching of ash is needed in order to
enhance Ca®™ extraction and utilization of oil shale ash for PCC
production. The models proposed are very general and can be
applied for other lime and gypsum/anhydrate consisting combustion
or industrial waste streams.

List of symbols

i Cij the interaction parameters

d; effective diameter of hydrated ion (nm)

EC electrical conductivity, uS/cm

GE excess of Gibbs free energy

1 ionic strength of solution, f(I) — an electrostatic term as a
function of ionic strength

ij.k cations and anions of the solution

K equilibrium constant

k rate constant

M molarity of species (mol L™")

m molality of species (mol kg H,0~")

n; the number of moles of the solution constituent

P pressure (bar)

Q duty (Gcal/h)

T temperature (K)

t temperature (°C)

z a charge on species i

Q0 the activity of water

39,3, B34, B%;,  the interaction and mixing parameters

B, ijic
v the activity coefficient of component
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One of the main sources of sulfide in fuel combustion ashes is the hazardous compound calcium sulfide (CaS),
which decomposes in water and releases sulfide compounds into the environment. In order to safely use
hydrotransport and open air deposition of wet ash, as well as to treat alkaline ash transportation waters, it is im-
portant to know the dissolution behavior of CaS, in this regard, several values of both CaS solubility and equilib-
rium constants of dissolution reactions are illustrated in the scientific literature. To reconcile these differences,
both kinetics and equilibrium of CaS dissolution reactions under inert and air conditions at 25 °C were studied.

Keywords: . X | ¢ €
Calcium sulfide The water solubility of CaS under an inert atmosphere (with N, treated water) is lower (2.29 - 10~> mol/L)
0il shale ash than under air (2.74 - 10~ mol/L). A more complex reaction mechanism for open air dissolution, elucidated

using HsC Chemistry® 7.1 simulations, was also presented. Various reaction mechanisms as well as equilibrium
and rate constants were evaluated to model CaS dissolution data. The relatively small deviations between calcu-
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1. Introduction

With regard to atmospheric emissions (e.g. CO,, SO,), the most
serious problem caused by the extensive use of oil shale is the safe
disposal of the related mineral waste (8.0 MT in 2013) [1]. The sulfur
content (<2% in Estonian oil shale) in oil shale power plant ash de-
pends on the combustion technology and operating parameters
such as boiler temperature and pressure as well as the presence of
reductive and oxidative zones. More sulfur is bound into power
plant ash as CaSO, using circulating fluidized bed (CFB) technology
(up to 10.9 wt.%) compared with pulverized firing (PF) technology
(up to 5.4 wt.%). CaS concentrations values are typically <0.2 wt.%;
however concentration values up to 0.7 wt.% can be found in CFB
ash [2,3,4] and almost up to 3 wt.% is found in the solid waste from
shale oil production [5,6]. CaS is the most hazardous sulfur based
compound for the environment [7,8], it forms during both ash
sulfation and fuel combustion as well as thermal processing over
both calcium oxide (Eqs. (1)-(2)) and carbon (Egs. (3)-(4)) [8,9].

4Ca0 + 450,<CasS + 3CaS0, 1)
Ca0 + H,S=>CaS + H,0 )
CaS0y + 4C(char)=Ca$ + 4CO 3)

* Corresponding author.
E-mail address: kadriann.tamm@ttu.ee (K. Tamm).

http://dx.doi.org/10.1016/j.fuproc.2015.10.029
0378-3820/© 2015 Elsevier B.V. All rights reserved.

CaCO; + HySeCa$S + H,0 + 4C0, (4)

CaS is chemically unstable in open air and also disintegrates at the
ash dump site during leaching. Upon hydration, CaS decomposes releas-
ing sulfides into the environment and generates toxic H,S under acidic
conditions [4]. To mitigate its environmental impact, one must under-
stand the behavior of CaS in a complex mixture of leachable substances
within both power plant ashes and shale oil production ash during both
hydrotransport or while treating ash leachates with CO, containing gas
to reduce its alkalinity and produce precipitated CaCO3 as a commercial
by-product [4,10]. Accurate thermodynamic measurements are prereq-
uisite to this goal.

Literature information about CaS leaching is currently ambiguous.
Since the dissolution mechanism is complex, different values have
been given for the CaS solubility (Table 1). This study aims to resolve
this discrepancy by investigating the dissolution mechanisms of CaS
on the basis of both thermodynamic equilibrium and reaction kinetics.
The new proposed mathematical models simulate the CaS dissolution
process under various conditions and enable to both predict the dynam-
ics of CaS leaching at ash dumping sites and optimize operating condi-
tions to avoid H,S emissions during the precipitation of CaCO5 from oil
shale ash.

More specifically, the current paper presents reaction models built
for the CaS-H,0 system under both an inert and air atmosphere using
experimentally determined CaS solubility data as well as reactions
kinetics.
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Table 1
Values for water solubility of CaS.
Temp. (°C) Input data mol/L Reference
20 0212gper1L 294-1073 Riesenfeld and Feld (1921) [11]
Room temperature 0.02 parts per 100 parts in water; decomposing 277 -1073 Dean (1999) [12]
Room temperature 0.02 parts per 100 parts in water; decomposing 2771073 CRC Handbook (2006) [13]
25 1.733 mmol/L 1.73-1073 Zekker et al. (2011) [14]
25 0.1 wt.% 1381072 Licht (1988) [15]
25 <1 g/L; decomposes <1.38-1072 Perry and Green (1999) [16]
15 0.01 g per 100 cm? solution 1391073 Linke (1958) [17]

2. CaS dissolution mechanism — generalization of literature data
2.1. CaS-H,0 system under an inert environment

CaS leaching under inert conditions corresponds to the dissolution
environment in the deeper layers within ash piles. The CaS dissolution
reaction, Eq. (5), and thermodynamic equilibrium constant K, Eq. (6),
of calcium sulfide (CaS) can be defined as follows [7,14,18-19]:

=~

(Cas(s)] [Caﬂ + [52*] (5)
Ky = [Caﬂ x [52*] (6)

Molder et al. (1995) [7] reported that the first order rate constants
for CaS hydrolysis are 0.0467 and 0.0936 h~—' at 20 °C and 40 °C,
respectively.

CaS dissolution determines with a noticeable change in the system
pH due to the formation of HS™ and H,S as $?~ dissociation products
(Eqgs. (7) and (9)). The dissociation of S~ can be characterized by the
basicity constants Kj, and Kp; (Egs. (8) and (10)) [14].

ka
[Szi] + [H0] % [HS"]+[OH] (7)
Ky = S L [OH] ®)
5]
ﬁ
[HS™] + [H2 0l [H2S] + [OH7] (©)

Equilibrium between the phases of molecular sulfide can be given as
follows [20]:

[H2S(aq)|=[H2S(g)] (11

The equilibrium between the water-soluble hydrogen sulfide and gas
form is set by Henry-Dalton's law as x(g) = ky - p(g), where x(g) — the
concentration of gas in solution expressed through the mole fraction
(the number of gas moles divided by the total number of moles of the so-
lution), k; — Henry constant, the gas mole fraction in the solution, Pa™"
and p(g) — the partial pressure of the gas above the solution, Pa. Carroll
and Mather [21] presented the proportionality coefficient (ky) value for
H,S at 25 °C as 0.018 mol frac/MPa.

Water autoprotolysis (H,0 dissociation) must also be taken into ac-
count:

[H,0]2 [H'] + [OH ] (12)

The ion-product constant of water, K,, is expressed as follows [14,
22]:

Kw=[H]x[OH ]=10" (13)

The activity coefficients in CaS water system were expected approx-
imately equal to 1 and have therefore been excluded.

According to CaS dissolution mechanism described above, the solu-
bility product (K,) (Eq. (14)) is calculated as a product of ions in the
saturated solution from Eq. (6), using the concentrations of total sulfide
[Ssutfide = [S*"]+ [HS] + [H2S(aq)]] and calcium [Ca®*]:

2+ 2— 2+ 2+
Kp = [Ca ]>< [s }mt: [Ca ]x [Ca ] (14)
Since the solution contains equal amount of calcium and sulfide ions,
the value of K; can be expressed as the square of Ca-ion content.
The dissolution of CaS can also be described by hydrolysis, excluding
S~ formation [7] (Eq. (15)), and the reaction equilibrium can be calcu-
lated as the ion-product K, Eq. (16):

[CaS] + [HZO]:[Caﬂ +[HS™] + [OH"] (15)
Ks = [Caﬂ x [HS™] x [OH] (16)

As a quotient of K to the second basicity constant (Kp,) [14], which
simplifies to Eq. (6):

© i, =[G ] < 8] =1 17)

The above equation is used in the current study for describing the
dissociation equilibrium of CaS.

2.2. CaS-H,0 system under an oxidizing environment

Although the oxidation of sulfides has been extensively studied [7,
19,20,23-25], uncertainties regarding oxidation rates, mechanisms,
and formation of products still remain. Several processes have been pro-
posed for sulfide oxidation in aqueous systems. Both the reaction mech-
anism and the nature of the products strongly depend on the water
system pH [7,25-28]. The formation of sulfur and polysulfides is unlike-
ly under alkaline conditions (pH > 9) [29] and when the sulfur-oxygen
ratio is small [25]. The following simplified chain of oxidation reactions
was proposed for deeply alkaline systems by Malder et al. (1995) [7],
where HS™ is the main reacting sulfide species and the most stable re-
duced sulfide oxidation forms are thiosulfate (Eq. (18)) and sulfate
(Eq. (19)):

2HS™ + 20,5205 + H0 (18)
HS 4+ 20,3505 +H' (19)

It was assumed that reactions (18) and (19) display first order kinet-
ics and proceed simultaneously. Moélder et al. (1995) [7] investigated
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both the hydrolysis and oxidation of CaS and reported rate constants of
0.0272 and 0.0119 h~" at 20 °C for Eqs. (18) and (19), respectively.
Thiosulfate is very stable at pH values higher than 11 and further oxida-
tion of thiosulfate to sulfate proceeds very slowly [7,29].

3. Materials and methods

Chemical transformations within CaS aqueous systems were studied
using a combination of experimental and modeling techniques. A CaS
dissolution model was made using experimentally determined CaS sol-
ubility data, equilibrium composition, and kinetic measurements.

3.1. Experimental procedure

3.1.1. CaS-H>0 system under N, atmosphere

Pure CaS (Alfa Aesar) was used for the batch experiments and the
concentrations values were chosen based on literature data for the sol-
ubility of CaS (Table 1). Deionized water (750 mL) was poured intoa 1L
computer controlled “Lara Controlled Lab Reactor (LCLR)” (Scheme 1).

N, was bubbled through the water for 0.3 h to remove oxygen; the
absence of dissolved oxygen (DO) in an aqueous system was confirmed
by oxygen-meter Marvet Junior MJ2000 (Elke Sensor, Estonia); during
the pause in the control program, a specific mass of CaS, in the range
of 0.021 g-0.200 g, was added into the system using a funnel. The CaS
suspension was continuously stirred in a closed system at 250 rpm at
constant temperature of 25 °C (step time 10 min) for 3 h. The system
temperature was automatically kept constant within +/—0.1° of accu-
racy and observed with a temperature probe. The conductivity (Hanna
instruments 9932 Microprocessor Conductivity Meter with HI 92000-
5.0.26 software), pH (Knick Portamess 913 pH; pH-meter sensor:
Hamilton Polylyte Plus VP360) and temperature of this solution were
continuously monitored during the test. The Radleys Control Software
was used to observe the system parameter in real-time during the ki-
netics experiments. In addition, the amount of H,S, O,, CO,, and SO, in
the gaseous phase was unceasingly analyzed using a flue gas analyzer
(Testo 350-S/X1). After each experiment, the suspension was filtered
under vacuum and the chemical composition of the filtrate was ana-
lyzed to determine (i) Ca®* (ISO — 6058:1984) [30], (ii) total sulfide
(sum of dissolved H,S, HS~ and $?~) and SO3~ (Lovibond Spectro Di-
rect spectrometer, method: DPD/Catalyst, Bariumsulfate — Turbidity),
(iii) total reduced sulfur (total sulfide and other sulfide intermediate

1
gas flow controller ¢ = * -

N

/ % l\\
-J—l-[—‘

A=A

N

samples 3
N

=|| PC control I

oxidative forms) iodometrically [31] and (iv) alkalinity (ISO — 9963-1:
1994(E)) [32].

3.1.2. CaS-H>0 system in air

The leaching behavior of CaS was also studied under an air environ-
ment based on our previous work [4,33] the developed systems ranged
in the concentration values 3.35 - 10~%-4.50 - 10~ mol Ca$S per L H,0.
In each test, an equilibrium state was achieved by stirring the solution
for 3 h in a shaker at 25 °C and atmospheric pressure. Experiments to
measure the reaction kinetics were carried out using the LCLR. Each
CaS suspension was constantly mixed at 250 rpm under an air environ-
ment at 25 °C for 3 h. The system pH and conductivity were continuous-
ly monitored during the experiments and the composition of the liquid
phase (Ca?*, S03, total sulfide, total reduced sulfur and alkalinity) was
analyzed every 0.3 h.

3.2. Modeling

The phase equilibrium (solid, liquid, gas) in the CaS system under
both inert (N;) and oxidizing (air) environments was also investigated
using the HsC Chemistry® 7.1 thermodynamic program [34]. In this re-
gard, the simulations were carried out by uses of the equilibrium calcu-
lation module which is based on a Gibbs Energy Minimization method.
Kinetic calculations and dissolution process simulations were per-
formed utilizing the MODEST 6.1 software package [35], it is designed
for various model building tasks such as simulation, parameter estima-
tion, sensitivity analysis, and optimization. The software consists of a
FORTRAN 95/90 library of objective functions, solvers and optimizers
linked to model problem-dependent routines as well as objective func-
tion. Each system of differential equations was solved by means of linear
multi-step methods implemented in ODESSA (which is based on LSODE
software [36]).

4. Results and discussion
4.1. CaS dissolution equilibrium in aqueous systems

4.1.1. Thermodynamic calculations

In reactions (7) and (9) the anions are Brgnsted bases which implies
that distribution of the sulfide species strongly depends on the aqueous
system conditions (e.g. pH, temperature, pressure). Sun et al. (2008)
[22] compared the calculated with the experimental values for Kpq;

thermometer LS
1
Control
T" Temperature
(Data
- [se  Control Gias
»ly Direct Control 7L Flowby
Stirer [ Set Vatyin...
?peed].
0.75 LH,0 e Pause Step:
: 2 Il Pamst
ontrol
‘Tr Temperature
\ I
| End
T b

Scheme 1. Batch reactor system (a) and the recipe of experimental procedures (b).
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they find out that all calculated values for Kj; (the two average values
presented in Table 2) well agree with the experimental results and
can be used for predicting of the metal-sulfide solubility. The same au-
thor suggested that using Ky, to calculate the concentration of sulfide
species and predict the solubility of metal-sulfide should be avoided be-
cause of the uncertainty in the available data.

A wide range (a 7-orders of magnitude variation) of values for K,
have been reported [14,20,22], this is thought to be due to the difficulty
of accurately measuring the HS™ and S?~ concentration in water sys-
tems [22]. Zekker et al. (2011) [14] used a value of 15.20 for the Kj
value of S?~, this value was chosen on the basis of a relatively wide
scope of data from different authors.

According to the equilibrium HsC calculations, different forms of sul-
fide (S>~, HS™, H,S(a)) are pH dependent in aqueous systems (Fig. 1).
The module uses the Gibbs Energy Minimization method, which takes
into account all the possible chemical reactions automatically. The
chemical system and the initial composition of model were specified
at time zero and the program calculates the amounts of products for
equilibrium state at isothermal and isobaric conditions. The inert CaS-
H,0 system included gas (N(g), H.S(g), H,0(g)); liquid (Ca’™,
Ca(HS),(a), Ca(OH),(a), CaHS™, CaOH™, CaS(a), H*, H,0, H,S(a),
HS~, HS?~, HS3, HS4, HS5, HSg, OH—, $>~, 83—, 53,537,527, S27),
and solid phase (CaS, Ca(HS),, Ca(OH),). The content of CaS was varied
at a constant amount of water (OH™ equaled H™ (1 - 1077) at time
zero). The pH of CaS-H,0 system under inert N, (0.1 mol) environment
was modeled by adding HCI(a) or NaOH(a), at 25 °C. The pH value for no
extra acid or base added is called normal pH (Fig. 1). The equilibrium
values calculated as a function of pH and presented in Fig. 1 are in
good accordance with experimentally determined values (Fig. 4).

For comparison, Kj, (0.0653 mol/L) and Kp; (1.11 - 10~7 mol/L)
values were derived from the HsC calculations at the experimentally de-
termined equilibrium concentration of 2.29 - 10~ mol/L CaS. Compar-
ative calculations with 1.73 - 103 mol/L, one of the more recently
published CaS solubility values [14], indicated that the normal pH
(11.26 4 0.011) and HS™ concentration (1.69 4+ 0.01 mmol/L), are in
good accordance with the HsC results (normal pH 11.22 and concentra-
tion of HS~ 1.68 mmol/L) (Fig. 1). The Ca?* at equilibrium was lower
compared to the Seysqe concentration due to the formation of calcium
hydroxide (2.2% of the Ca®*) at higher pH values. The concentration
of others species (e.g. CaHS " and Ca(HS),) remained out of the range
(Fig. 1), therefore these have been excluded from the present work.

The CaS-H,0 system was also investigated over a large oxidative
range by varying the content of air. The oxygen, carbonates and oxidized
species of sulfur were included into the calculation platform. To deter-
mine the thermodynamic equilibrium of the CaS-H,0 system we used
standard atmospheric composition, however, over a larger oxidative
range at 25 °C, the distribution of the main sulfur species and system
pH changes (Fig. 2), which indicates that the equilibrium state and sys-
tem pH depends on the consumption of oxygen.

The oxidation of sulfides in an aqueous system is a complex process
which may involve parallel reactions. Even if the exact sequences of re-
action steps are difficulty to obtain [23-25,29,37-38], the equilibrium
calculation model (Fig. 2) helps one to describe the reaction mechanism

Table 2
Cas solubility equilibrium constants in CaS-H,0 in inert system at 25 °C.

(Eq. (29)-(31) together with Egs. (5) and (8)). CaS oxidation takes place
over the formation of HS™ (which agrees with literature [7]) and gener-
ates polysulfides at low oxidation ratios (O,/CaS 0.0-0.5). The main prod-
ucts are S3~ and S3~ with pH values ranging from 11.4 and 11.15
(Egs. (20)-(21)) [25], while Ss05~ forms according to Egs. (22)-(23)
with pH values ~11.2. In the region 0,/CaS 0.80-1.25, S303~ predomi-
nates (Egs. (24)-(25)). At higher oxidative rates (0,/CaS 1.25-2.00),
SOZ%~ forms over several intermediates (Eqs. (26)-(28)), and becomes
the main oxidative species that ultimately leads to the sharp decrease in
pH (which supports the findings of our previous works [4]). Finally,
HSOZ and HSO3 react with additional O, forming H,SOg™ (Eq. (31)),
thereby increasing the pH which then stabilizes at ~11.2.

HS™ +S<S2™ + H' (20
HS™ +25=S5" +H' (21)
S3” + H'=HS; (22)
S3™ + HS3 + 20,=S50%" + OH~ (23)
2HS™ +30,-250% +2H* (24)
HS3 + 2S03"=S303" + H* (25)
HS™ +20,-S0% +H* (26)
SO%™ + OH —S0%™ +H* 27)
;03" + 20,2503 (28)
SO3™ + H'=HSO; (29)
S03~ + HY=HS0, (30)
HSO; + HS0; + 20, 2HS,05 + OH™ (31)

4.1.2. Experimental data

The CaS solubility experiments showed a clear linear dependence
between the Ca?* concentration and conductivity (Fig. 3); it means
that Ca?* concentration values could be calculated on the basis of con-
ductivity (E) measurements (see Eq. (32) under inert conditions (R* =
0.97) and Eq. (33) in air (R? = 0.93)). The initial concentrations of the
Ca$ suspensions in air and in inert environment were 3.35 - 10~ -
450 - 107> mol/L and 5.54 - 10~4-2.77 - 10~ mol/L, respectively.

[Ca“] —=22210° xE (32)

[Ca“] ~29110°° x E (33)

Equilibrium constant Experimental

HsC cal. Reference

mol/L

Ky 9.79 - 1077 (used experimental Ky,)
8.95 - 1078 (used HsC K;)
3.84 - 107 '° (used Zekker et al. Ky;)
Koo 597.1073

Kby

1651077 8.60 - 10~ ° Riesenfeld and Feld (1921) [11]
7.943 - 1077 Licht (1988) [15]

3.49 - 1070 Zekker et al. (2011) [14]

6531072 0.0708 Zavodnov et al. (1960) [39]
0.0275 Kubli (1946) [40]
0.01 Suet al. (1997) [41]
1.11-1077 1.04 - 10~7 Sun et al. (2008) [22]

1.02 - 1077 Almgren et al. (1976) [26]
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Fig. 1. HsC calculations of CaS-H,0 inert system showing changes in sulfide forms over a large pH range.

In the CaS-H,0 system [Ca®*] equals [Syq]. On the basis of the ex-
perimental results, the formation of H,S in the gas phase was negligible
over the concentration range of 2.98 - 10~4-2.77 - 10~ mol/L and
formed up to 1 ppm at pH > 10. The HsC calculations (Fig. 1) also con-
firm that the [H,S] concentrations are very low under these conditions.
The mass-balance in the inert system can thus be expressed as follows:

[Ca™*| = [Swa=HS | + [$*] (34)

Applying to the ionic charge balance, the electroneutrality condition
must be fulfilled:

2 [Caz*] +[H] =2 [52*} 4 [HS"] + [OH ] (35)

Egs. (34) and (35) can be used to calculate the approximate values
for [HS™] and [S*7]

[HS| = [OH"] - [H'] (36)
8] = [ca®] —[oH 1+ [H7] 37)

Therefore, according to Eqs. (36) and (37), [HS~] and [S? ] could be
individually determined from pH and [Ca®*] data. The value of Ky,
could be calculated on the basis of OH™ and sulfide species concentra-
tions according to Eq. (8) (Table 2).

— 5042 esees HSJOR = $3032-

0.0025 = 55032 me==ss$2 Cas04 ——pH 11.40

00020 =
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' \ seesey
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kS .

Compaonents amount, mol
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00 03 06 09 12 15 18 24 2.4

0,(g)/cas

Fig. 2. HsC calculation of CaS-H,0 (2.292 mM) in air system at 25 °C showing changes in
sulfur components and system pH over a large oxidative range.

The pH profiles related to the CaS-H,0 system under both inert and
oxidizing environments show that the system pH (initial pH of water
phase was about 6), which depends on the amount of solid phase
added, stabilizes during the first few minutes at pH > 11 and pH > 10
(Fig. 4). The oxidation of sulfides promotes the pH decrease in the
CaS-H,0 system under oxidizing conditions (Fig. 2) because sulfates
are weaker bases and increase the concentration of H*. The OH™ and
H™ concentration values, determined from the system pH, were in
good accordance with the thermodynamic calculations (Fig. 1).

A correlation between the measured concentrations of Ca?* and
Storal (R? = 0.98) is shown in Fig. 5.

The content of polysulfides [20] in the system in air investigated was
considered when determining the total reduced sulfur iodometrically.

The biggest difference between measured and calculated values is
shown in oxidative environment concerning the different forms of sul-
fur; this occurs because the experiments were performed for a 3 h peri-
od while the HsC program considers an infinite time period when
performing equilibrium calculations and in the absence of a specific
endpoint all sulfur would be oxidized according to Eqs. (18) and (19),
(Fig. 6).

The measured concentration values of Ca?™ and S;o; were used to
determine the solubility of CaS in aqueous systems (Fig. 6). The vertical
dashed lines refer to the solubility points under inert (2.29 - 10~> mol/
L) and air (2.74 - 10~ mol/L), respectively. Oxygen provokes the solu-
bility when CaS is present in a solid phase, because the content of sulfide
ions would be restored by further CaS hydrolysis. This was also evident
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Fig. 3. Relationship between Ca®*-ion concentration and conductivity in air and in inert
CaS-H,0 system.
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Fig. 4. The experimental system pH in CaS-H,0 system in inert and in air environment at
25°C.

from the decreasing of DO in the aqueous phase. While in inert condi-
tions the content of DO was 0, in case of in air environment, the content
of DO decreased. The calculated equilibrium compositions (Fig. 2) well
agree with the experimental results (system pH, S, Ca®+), (Fig. 6).

The HsC calculated solubility results correspond to the inserted
values of CaS. This is due to the fact that the calculation process is not
limited by fixed solubility values. This characteristic is described with
a continuous diagonal in air system on Fig. 6. The water solubility of
Ca$ in inert system, 2.29 - 10~> mol/L achieved experimentally (part
4.1.2), was inserted to the HsC database. The calculated concentration
values are related with latter, which correspond to the horizontal part
of line (Fig. 6.), are related to latter.

Equilibrium constants for the CaS aqueous system were determined
from measured concentrations of Ca®*, Ssuifide and OH™ using Egs. (8),
(14) and (17) and illustrated in Table 2.

CaS dissociates in water (Eq. (15)), while its oxidation behavior in
the solid phase is negligible [7]. The 3 h dissolution concentrations pro-
vided in Fig. 6 show that oxidized sulfur compounds in aqueous systems
accelerate the dissociation of CaS due to the oxidation of HS™ (Egs. (18)
and (19)).

4.2. CaS dissolution kinetics in the CaS-H,0 system

Two approaches were applied to describe the CaS-H,0 system and
to establish the kinetic parameters. The mechanism of CaS dissolution
in an inert aqueous system can be presented by three step reaction sys-
tems where Eq. (5) is first order and Eqgs. (7) and (9) are second order
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Fig. 6. Measured and calculated concentrations for calcium-ions and sulfide-ions in CaS-
H,0 inert and in air system, at 25 °C.

reactions that take water into account. The equilibrium constants K,
Kpo, and Kjy, were calculated from experimentally measured concentra-
tion values (Table 2).

The concentration profiles of characteristic species taking part to the
CaS dissolution process can be modeled as a function of time using a sys-
tem of differential equations namely:

The system of equations was solved with the following boundary
and initial conditions: t = 0...t = =; CaS(s); = o = CaS(8)inpurs PH =
6.5; Ca®* /s>~ =0.

AL~ —kfcas(s) + ¢ casio[ca ][5 (38)
2+
d[cd%] = ky[CaS(s)] — 1% [CaS(s)] [cau] [52,} (39)

dOHT _y, ] - K2 s 10H ] 1 ksfHs ] - K’% [OH)

dt Ky
x [HaS(aq)] (40)
d|s*
i } = ky[CaS(s)] — 112—11 [CaS(s)] [Ca“} [52*] “k [52*]
+ é [HS ][OH ] (41)
A2 s | + - OH HsS(aq)] (2)
% = ky[CaS(s)] [sﬂ - ,% [HS™)[OH | + k3[HS ] — 15_; [OH ]
x [HaS(aq)] (43)

The reaction rate constants, k;-k3, were determined using a param-
eter estimation procedure that iteratively solved the proposed model
equations and minimized the difference between these predictions
and experimental data obtained in batch experiments over a range of
CaS concentrations. The correlation coefficients in all data sets were
greater than 0.98. Average values for the reaction rate constants, kq ks,
and ks were equal to 1.49 - 1073, 2,77, and 4.49 s~ !, respectively. The
values of the backward reactions k_1, k_ and k_5 can be calculated
from the equilibrium constants and can be expressed as ki/Ky, ka/Kp
and k3/Kj, respectively. A simulation procedure was performed with
the values of the rate constants. The accuracy of the proposed dissolu-
tion model (R? > 99%) was confirmed by comparing the results of simu-
lation process with the experimental data.
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in inert system, at 25 °C.

The concentration values of Ca> ¥, OH™, HS™ and S, as function of
time, (for 2.29 - 10~ mol/L concentrations of the CaS-H,0 system) are
reported in Fig. 7.

The mechanism of CaS dissolution in an aqueous oxidative system is
more complex. Observed changes in both the pH and the conductivity of
the suspension (Figs. 4 and 8) can be explained by considering a CaS dis-
solution reactions mechanism. After CaS dissociation, the resulting sul-
fides bind protons according to Egs. (5) and (7). In the region where
conductivity increases but pH remains stable thiosulfates are formed
(Eq. (18)). This observation agrees with the results determined by
Carcia-Calzada et al. [19], they detected thiosulfates mainly when CaS
was still present in a solid form. Further on, when conductivity and pH
begin to decrease, sulfates are formed (Eq. (19)).

It was suggested that the concentration (expressed in molar units)
can be modeled through the following differential equations together
with Eqs. (38)-(42):

% = —ky[HS | —ks[HS | + k, [52*] - Kk—; [HS J[OH ]
s [HS ] + 1 OH |[H;S(ag) (@4
b1
d[s,03"| )
g = 05k[HS ] (45)
d|So3”
[ - t" ] — ks[HS] (46)

The reaction rate constants, k4 and ks, were evaluated for a CaS con-
centration ranged from 3.35 - 104 mol/Lto 4.50 - 10~> mol/L. For each
data set, the correlation coefficient between measured and predicted
data was found to be greater than 0.94. The average estimated values
of the rate constants k, and ks (2.01 - 1074s~'and 8.66 - 107°s™ 1)
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Fig. 8. Conductivity change in time of CaS-H,0 in air system, at 25 °C.
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Fig. 9. The comparison of the experimental and modeling (Modest 6.1) results (2.292 mM)
in air system, at 25 °C.

are one order of magnitude higher than these obtained by results of
Mélder et al. (1995) [7], they reported values of 1.2 - 107> s~ ! and
9.0 - 10~ %s~", for k4 and ks. Comparing plots of the model predicted
concentration values of the main ions (S,03~ = total reduced sulfur —
total sulfide) and pH change of the system and of the experimental data
are presented in Fig. 9.

The relatively small deviations between the calculated and experi-
mental data confirm that the two suggested models can be used to ad-
equately describe the CaS dissolution process under both inert and
atmospheric conditions.

5. Conclusions

We studied both the thermodynamics and kinetics of the CaS-H,0
system at 25 °C under inert as well as atmospheric conditions in order
to assess the CaS leaching behavior during the processing and disposal
of oil shale waste. A mechanism of CaS dissolution based on experimen-
tal data and thermodynamic calculations (HsC Chemistry® 7.1) was
also suggested. CaS solubility was experimentally determined under
an inert atmosphere (2.29 - 10~ mol/L) and a higher solubility was
evaluated under atmospheric conditions (2.74 - 10~> mol/L) (after
3 h of dissolution). Oxygen provokes the solubility when CaS is present
in a solid phase, because the content of sulfide ions would be restored by
further CaS dissociation. The experimental equilibrium constants for the
dissolution reactions (K; = 9.79 - 10~7 and Ky, = 5.97 - 10~3) were
found to be in good agreement with the HsC simulation results. Mathe-
matical dynamics model for CaS dissolution was proposed with the re-
action rate constants in inert system (k; = 1.49 - 1073 s™1 k, =
2.77 s~ 'and k; = 4.49 s~ ") and in air system together with oxidation
reactions (ks = 2.01 - 10~*s~'and ks = 8.66 - 10~° s~ ). These values
were confirmed by simulating both dissolution equilibrium and its dy-
namics and compared these predictions with experimental values. The
simulated concentration profiles for our batch reactor are in good agree-
ment with the experimental data for the inert system and provide a sat-
isfactory representation of the CaS-H,0 system under atmospheric
conditions. The proposed kinetic models could serve as the basis for de-
signing more complex and safe waste handling schemes.
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Abstract. Estonia is strongly dependent on locally mined oil shale which
is the main fuel for power and oil production. Vast amounts of solid
wastes are formed from circulating fluidized bed (CFB), pulverized firing
(PF), and solid heat carrier (SHC) technologies, and are currently wet
deposited in open-air fields. Both the utilization of newly produced ash and
the management of historical deposits require an accurate thermo-
dynamic modelling of complex mixtures. The authors investigated the leach-
ing of the main water-soluble Ca-compounds from three types of oil shale
mineral waste and developed a kinetic model that was used to determine the
equilibrium constants and kinetic parameters of dissolution reactions for all
three ash-water systems over a wide range of solid-to-liquid (S/L) ratio. For
this, we prepared binary (Ca(OH),-CaSO,2H,0-H,0) and ternary
(Ca(OH),-CaSO,2H,0-CaS-H,0) model systems that reflect the composition
of the three different ashes, and measured the kinetics of dissolution for both
the model systems and industrial ash. Thermodynamic calculations were per-
formed using HsC Chemistry® 7.1 and Aspen Plus V8.6 while the leaching
kinetics was simulated employing the MODEST 6.1 software package. By
comparing the results obtained for our model systems with those obtained for
industrial oil shale ash-water systems the authors were able to both verify
that the model results coincided to a satisfactory degree with simulation data,
and also propose models that may aid one to design shale ash processing
technologies.

Keywords: oil shale ash, HsC chemistry, calcium compounds, sulfur com-
pounds.
1. Introduction

About 60% of Estonia’s fuel balance is covered by local low-grade oil shale
(OS), which is mainly used to produce heat, power, and shale oil. Oil shale
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processing generates vast amounts of solid waste of varying composition
depending on both the composition of raw OS and processing conditions [1].
45-48% of OS dry matter remains as solid waste [2].

The oil shale ash (OSA) from thermal power plants contains mainly free
lime (CaOge), Ca-sulfate, secondary Ca(Mg)-silicate minerals, and an
amorphous Al-Si glass phase [3—5]. Both the high temperatures and thermal
processing conditions as well as combustion conditions (> 750 °C, residence
time, combustion regime — pulverized firing (PF) or circulating fluidized bed
(CFB) combustion) ensure that all of the organic matter (mainly kerogen) in
OS (up to 65% [6]) is burnt out [1].

Gaseous heat carrier (GHC) and solid heat carrier (SHC) retorts are used
to produce shale oil. In the SHC process, OS is heated in the absence of
oxygen by continuously mixing the combusted retorting residue at about
800 °C [7, 8]. During the last stage of the process, the retorting residue is
combusted in an aero furnace at temperatures up to 950 °C. The resulting
solid residue consists mainly of calcite, quartz, K-feldspar, and dolomite,
with only trace amounts of CaOy.. The composition of this residue is similar
to that of ash produced in the circulating fluidized bed furnaces at thermal
power plants, but contains up to a few percent of unburnt organic matter due
to the short residence time in the combustion stage [8, 9].

Eesti Energia, Estonia’s major power company, deposited 7.9 Mt of OSA
and emitted 12.8 Mt of CO; in 2014 [10]. At the same time, the largest OS
retorting company, VKG OIL Ltd., processed 2.9 Mt of OS and produced
433,000 t of shale oil [11]. In 2013, VKG processed 2.8 Mt of OS and
generated approximately 1.48 Mt of ash and about 0.9 MT of semicoke type
retorting waste [12]. The safe disposal and/or reuse of OS ash waste,
together with atmospheric emissions (CO,, SO,, NO,, etc.), are among the
most serious environmental problems in Estonia.

Today, about 90% of oil shale ash is wet deposited in ash fields near the
power plants. Only a small percentage of OSA is utilized, either in the build-
ing materials industry, in agriculture as a liming agent, or in road construc-
tion [5]. OSA is classified as a “hazardous waste” mainly due to the high
alkalinity of leachates (pH values 12—13), contributed by the dissolution of
free lime (up to 30 wt%). However, this property makes OSA (or OSA
leachates) an attractive material for CO, mineralization [13, 14] or producing
precipitated calcium carbonate (PCC) [15, 16]. Currently, the lack of kinetic
process data, including that characterizing leaching, impedes the imple-
mentation of more effective waste valorization and environmental pollution
control methods.

The current study investigates the dissolution mechanisms of OS mineral
waste. In order to better understand the behavior and impact of the waste’s
key components on the leaching process, both binary and ternary model
systems were prepared to match the composition of OS processing ashes and
investigated for comparison. The aim of the study was to elaborate the leach-
ing equilibriums and dynamics of the main water-soluble Ca-compounds of
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OSAs, as a basis for mathematical models, which simulate the processes
of leaching. The results provide a basis for designing a complete OSA
neutralization and/or carbonation process.

2. Materials and methods
2.1. Characterization of materials

Three types of ash were used as Ca-rich raw materials. The circulating
fluidized bed ash mixture (taken from the common silo) and pulverized
firing cyclone ash were collected from Eesti Power Plant of Narva
Power Plants in 2011. The SHC ash was collected in 2012 from the final
residue resulting from the shale oil production process at the VKG retorting
plant.

Each ash sample was analyzed using both X-ray fluorescence spectro-
scopy (XRF, Rigaku Primus II) and quantitative X-ray diffraction (XRD,
Bruker D8 Advanced) methods at the Institute of Geology, University of
Tartu (UT). The contents of free lime (CaOge) (ethylene glycol method)
[17], different forms of sulfur (sulfate and sulfide) [18], total carbon (TC)
and inorganic carbon (TIC) (Electra CS - 580 Carbon/ Sulfur Determinator)
were determined. The BET specific surface area (SSA) was determined
using a Kelvin 1042 sorptometer. The chemical and mineral composition as
weight percentages together with the SSA values of the three ashes are
provided in Table 1.

Of the three ashes, PF ash is characterized by the highest free lime
content. The sulfates in CFB ash are present mainly in the form of anhydrite
(CaS0,), which in water systems crystallizes into gypsum (CaSO4-2H,0). In
both the CFB and PF ashes the content of sulfides (mainly CaS) is relatively
low. SHC ash is characterized by high sulfide content. This ash also contains
organic matter with a chemical oxygen demand of 99+ 10 mg/L as
measured according to the method described in [19], which is present
because the residence time in the final burner at the oil factory is insufficient
to ensure complete pyrolysis. The presence of organics also causes the high
porosity and surface area of the retorted ashes [20]. The SSA of both CFB
and SHC ashes is more than ten times that of PF ash (Table 1). Under
ambient conditions the sulfides from each of these ashes can be emitted into
the atmosphere as gaseous H,S, generating atmospheric pollution. Sulfides,
which remain in the aqueous phase, may also induce toxic effects depending
on the pH of the suspension [21].
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Table 1. The composition and SSA of OS ashes in wt% and m*g™

Chemical composition CFB PF SHC
CaOfee 12.31 22.37 1.89
S0, 7.90 5.24 1.82
s> 0.64 0.064 1.22
TC 3.03 0.30 7.82
TIC 3.03 0.30 6.45
TOC 0 0 1.37

Mineral composition CFB PF SHC
Quartz (SiO,) 11.40 4.40 14.10
K-feldspar (KAISiOy) 10.20 3.90 12.70
Calcite (CaCOs) 27.70 3.30 29.40
Lime (CaO) 9.30 28.30 3.00
Portlandite (Ca(OH),) 1.10 0 -
Anhydrite (CaSOy) 10.10 8.60 0.70
Periclase (MgO) 2.70 5.10 8.70
Dolomite (CaMg(CO;),) 1.40 0 10.00
Wollastonite (CaSiOs) 1.20 3.70 1.90
Belite (Ca,SiOy) 6.70 24.00 -
Alite (Ca;SiOs) 1.40 0 -
Merwinite (Ca;Mg(SiOy),) 0.80 6.30 1.30
Melilite ((CaMg),(MgAl)(SiAl);0;) 2.50 8.20 1.20
Brownmillerite (4Ca0-Al,05-Fe,05) 1.30 2.40 2.20
Hematite/magnetite (Fe,O3/Fe;0,4) 2.20 1.30 1.60
Jasmundite (Ca;(Si04),0,S) 1.70 0 -
Calcium ferrite (2CaO-Fe,0) 1.30 0 -
Yeelimite (CayAlg(SO,4)012) 0.60 0 -
Albite (NaAlSi;Og) - - 1.60
Rankinite (Ca3Si,07) - — 0.90
Ilite (KyAly(Sis_y,Al)O2(OH),) 6.40 0 3.40
Ca-Al pyroxene (CaAl,SiO¢) 2.50 8.20 1.20

Physical characteristic CFB PF SHC
SSA, m>g! 6.30 0.40 7.44

2.2. Experimental procedure

All experiments with CFB, PF and SHC ash-water systems as well
as the corresponding binary (Ca(OH),-CaSO4-2H,0-H,0O) and ternary
(Ca(OH),-CaS0,42H,0-CaS-H,0) model systems were performed at room
temperature and atmospheric pressure. The selected ash-to-water ratios
ranged from 0.004-0.200 and were selected based on the results of previous
studies [22], and the parameters (ash-to-water ratio of 1.20) used in the
hydrotransport of OSA. Model binary and ternary ash mixtures were made
of pure Ca(OH), (BDH, 95% purity), CaSO42H,0 (lach:ner, 99% purity),
and CaS (Alfa Aeser, 99.9% purity) as sources of Ca®*, SO, and S ions.
For a comparative study the proportions of components in model systems
were chosen according to their content in the respective OSAs.

To achieve an equilibrium state, the systems under study were kept in
closed centrifuge tubes for 3 h in an overhead shaker (GFL 3025) at 45 rpm
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throughout the experiment. The suspensions were prepared in 50 mL tubes
sealed with airtight caps beforehand. The pH (MT SevenGo pH) and
electrical conductivity of the suspensions (MT SevenGo Duo Pro) were
measured immediately after a 3 h experiment. The dissolution kinetics of
these systems was determined in a batch reactor. For this, 0.750 L of
deionized water (conductivity 0.05 uS/cm) was poured into a 1L Lara
Controlled Lab Reactor. The stirrer was set to revolve at 250 rpm and a
thermostat (Huber Unistat 405) kept the entire system at 25 °C in the course
of the experiment. A pause control program momentarily halted the stirring
while the solid phase was quickly added to the system using a funnel. Each
suspension was maintained as a closed system for one hour. The con-
ductivity (Mettler Toledo SevenGO Duo Pro with LabX software), pH
(Knick Portamess 913 pH; Hamilton Polylyte Plus VP360 pH-meter sensor)
and temperature of the solution were continuously monitored during the
experiment. The resulting suspensions were then filtered using a vacuum
filter (Munktell filter paper, 100 g/m®). The contents of calcium (Ca*" ions),
total reduced sulfur, and alkalinity (OH, CO32’ and HCO; ions) were
determined using titration methods, the ISO-6058:1984 method [23], iodo-
metric titration [24], and the ISO-9963-1:1994(E) method [25], respectively.
The content of total sulfide was determined as the sum of dissolved sulfide
(S, HS", H,S) and SO, ions, using a Lovibond Spectro Direct spectro-
meter, and DPD/Catalyst and barium sulfate turbidity methods, respectively.

2.3. Modeling software

The equilibrium calculations were carried out using thermodynamic pro-
grams based on the Gibbs free energy minimization technique. The Aspen
Plus RGibbs reactor model, which employs the ELECNRTL model together
with the Aspen Plus V8.6 default databases, and the HsC Chemistry® 7.1
program were applied to both determine the composition of each phase and
predict the equilibrium composition of ternary systems according to the
composition of the three ashes (CFB, PF, SHC). The equilibrium composi-
tion of the real CFB ash-water system was also investigated using the HsC
program.

2.4. Process chemistry

Equations (1)—(7) represent a simplified dissociation (equilibriums (1)—(3)
and (6)—(7)) for OSA and ternary (Ca(OH),-CaSO,2H,0-CaS-H,0) model
systems:

kl 1
[Cas);=[ca* ]+[s*] Ko (1
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k2l
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ey



Leaching Thermodynamics and Kinetics of Oil Shale Waste Key Components 85

s T+.012 5]+ o ] K, ®
2[Hs-]+2[02]i[520§‘]+[H20], “)
[Hs*]+2[oz]g[50§*]+[ﬂ+], ®)
[Ca(OH)z]%[Ca2+]+2[OH] Koo ©)
[Caso4]%[(¢az+]+[803‘] Kean Q)

2

where Keqi—Keqs and Keqe—Keq7 are the equilibrium constants expressed on a
molar basis, k;—k71 (in the numerator) are the forward reaction rate
constants, and kj—k7, (in the denominator) are the reverse reaction rate
constants, s

The Ca(OH), dissolution mechanism is presented as a one-step reaction
system for a more universal approach [26]. The formation of gaseous H,S
is not included in the proposed model. As a more complex approach, a
two-step reaction system for lime dissolution (Ca(OH), <> CaOH™ + OH;
CaOH" & Ca®>" + OH") and further hydrolysis of sulfide are included in the
Aspen Plus ternary and HsC Chemistry® (also the formation of gaseous H,S)
models (in all OSA based ternary systems and the CFB ash system).

3. Results and discussion

The following section will discuss the results of thermodynamic and kinetic
calculations for ternary model systems and the solubility results for the
experimentally measured binary and ternary models as well as OS ash-water
systems.

3.1. Simulation approach

The thermodynamic calculations show that at the equilibrium state the
unstable compounds are bound to the steady phase (Fig. 1). Its final com-
position indicates mineral changes to have taken place in OSA after leaching
for an unlimited period of time. At equilibrium, quartz does not occur, and
therefore, Ca-silicate minerals dominate, oxides are present as their hydrated
forms, also gypsum is formed from the original anhydrate.

Both the binary and ternary tests were carried out using Ca(OH), and
CaSO,-H,O as the main Ca®* and SO,> ion sources in OS ash-water
systems. Thermodynamic calculations show the results obtained using Aspen
Plus V6.8 and HsC Chemistry® 7.1 to coincide (Fig. 2).
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Fig. 1. The composition of theoretical CFB ash (S/L 1:10) and mineral changes in it
during the leaching process (HsC Chemistry® 7.1).
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Fig. 2. Apparent equilibrium of ternary model systems (Aspen Plus V8.6 and HsC
Chemistry® 7.1 simulation).

The simulation results revealed that the equilibrium state of the ion dis-
tribution was achieved for the most oversaturated systems (S/L ratio > 0.1).
Both the CFB and PF ash-water systems had similar equilibrium concentra-
tions of the observed species.

The equilibrium constant K4, for Equation (2) was calculated from the
simulated equilibrium composition for the OS ash-water model systems
(Fig. 2). Kcqo was calculated from the results of both the Aspen Plus V8.6
and HsC Chemistry® 7.1 simulations, which coincided, and this value was



Leaching Thermodynamics and Kinetics of Oil Shale Waste Key Components 87

used to determine the distribution of sulfide forms in both the model and real
OS ash-water systems.

To compare experimental results, the sum of Ca>" (Ca** + CaOH") and
OH™ (OH™ + CaOH") ions, and Sy (S + HS™ + H,S) were used to
determine the equilibrium constants (Keq1, Kegs and Keq7) for Equations (1),
(6) and (7).

The equilibrium constant Kg3 (reported as 1 x 107 in [27, 28]) for Equa-
tion (3) was calculated from the equilibrium concentration of pure CaS.

3.2. Solubility results

By varying the content of the model components of OS ash-water systems
according to the ash-to-water ratios from 0.004 to 0.200 and allowing the
batch experiments to achieve equilibrium, we were able to determine the system
pH, conductivity, and the concentration of the main ion species (Ca*, SO/,
Saunde) in the liquid phase. The leaching equilibrium of the three types of ashes
and the corresponding ternary model systems are shown in Figure 3. The
average pH and conductivity (E) were determined based on the experimentally
measured values of the equilibrium state model and ash-water systems.

The pH values (12.31-12.66) of saturated binary and ternary systems
coincided with those of real OS ash-water systems. The highest pH values
occurred in the PF ash based system because this ash contained the highest
amount of initial free lime.

The conductivity values determined at saturation for CFB and SHC ash
model systems were higher (up to 9.97 mS/cm) than that for the PF ash model
system, which tended to stabilize at lower values (up to 9.58 mS/cm). This
indicates that the high initial CaS content has a stronger influence on the
conductivity of the ions that remain in the aqueous phase than the other
components. In real OS ash-water systems, the lowest conductivity values
occurred in the SHC ash-water system (10.35 mS/cm) while the PF ash-water
system had the highest conductivity (up to 12.25 mS/cm), which in this case
was driven by the higher content of free lime and Ca-silicate phases.

At saturation, both Ca®" and SO,> ions were present in similar con-
centrations in all model systems (0.033-0.035 and 0.014-0.015 mol/L,
respectively). At the same time, the respective values were slightly higher in
the ternary model systems due to the dissolution of CaS (Egs. (1)—(3)) and
the oxidation of sulfide ions to intermediate forms (Eq. (4)) and sulfate
(Eq- (5)). Due to the similarity in leaching mechanism between the binary
and ternary model systems, the small ion concentration variations of about
0.001 mol/L can be neglected, hence, the results of binary model systems are
not shown in Figure 3. The concentrations of Ca’" and SO4* ions (ca 0.034
and 0.009 mol/L, respectively) were lower in the SHC ash-water system than
in both the CFB and PF ash-water systems (ca 0.040 and 0.016 mol/L,
respectively). The latter is related to the original composition of the ashes
(Table 1). In the ash of the SHC system, the content of leachable SO,> and
Ca®" ions was lower than in PF and CFB ashes.
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The SHC ash-water system with the highest initial CaS content can also
be clearly distinguished by the leaching of sulfides. The total sulfide con-
centration in the SHC ternary model system was up to 5.6 x 10 mol/L,
which is notably higher compared with both the CFB and PF ternary model
systems (7.9 x 107 and 2.1 x 10~ mol/L, respectively). Total sulfide con-
centrations in the leachates of CFB and PF ash-water systems remained at
1.5 x 10~ mol/L, and were up to 20 times that in the SHC ash-water system,
which stayed at 2.2 x 10 mol/L (the equilibrium concentration was not
reached under our experimental conditions). Though there was no remark-
able difference in initial CaS content between the ashes compared, the
leaching of CaS was favored in the SHC ash-water system.

The parameters of the ternary ash-water model and real OS ash-water
systems were well comparable. The small differences observed were caused
by other water-soluble OS ash components (Table 1). Consequently, the OS
ash leaching scheme can be modeled using our ternary model system.

The predicted dissociation results for the OS ash-water systems (Egs.
(1)~(7)) were compared with the experimental data (Fig. 3). The relatively
small differences in the measured and predicted data confirm the ability of
the proposed model to describe accurately the dissolution process of OS ash-
water systems. The variability in sulfide concentrations is largely due to
uncertainties in the experimentally determined solubility of pure CaS. In our
previous work [29], the CaS solubility was determined after three hours of
dissolution under both an inert atmosphere (2.29 x 10~ mol/L) and atmo-
spheric conditions (2.74 x 10~ mol/L). The experimental results show a
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Fig. 4. Relationship between Ca" ion concentration and conductivity in ternary
model and OSA based water systems.
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strong relationship between the Ca>" ion concentration and conductivity (E)
of the solution for all of the OS ash-water systems, including the ternary
(Ca(OH),-CaS04-2H,0-CaS) model (R? = 0.986), and CFB, PF and SHC
ash-water systems (Fig. 4).

Including the experimentally determined pH values of the solutions as a
main parameter in addition to E did not improve significantly the correlation
coefficient, therefore the correlation is expressed as the following averaged
equation (8) (R* = 0.982):

[Ca®*1=0.003375-E, ®)

where Ca®" is the concentration of calcium ions expressed in mol/L and E is
the system conductivity in mS/cm.

The earlier studies have shown that Ca*" and SO,*" are the main leachable
ions in OS ash leachates, the leachability of K™ is one order of magnitude
lower and Na®, AI** and Mg®" have been detected at minor levels [1, 30].
Also, the presence of other anions (CI, S%, S0O57, S,05* and PO43’) in small
concentrations has been detected [31-33]. However, the sum of Ca®", SO*
and OH  ions corresponds to 90-95% of the electroneutrality condition.
Based on optimal linear approximation (Eq. (8)), the concentration of Ca*
ions can be determined for OS ash-water systems from conductivity
measurements and compared with the predictions from the kinetic model.
This approach may aid in optimizing an industrial PCC process using OS
ash-water systems as a feedstock.

The equilibrium constants were calculated from the experimental data
using the thermodynamic model and are presented as average values in
Table 2. These results indicate that the experimental and predicted values of
Kegs and Kegr (Kegs = 6.37 X 107, Kegy = 5.21 x 107 and Kegs = 4.28 x 107,
Keq7 = 4.73 X 107, respectively) agree for the ternary model systems quite
well. Comparison of the results of ternary model (experimental and
simulated) and OS ash-water systems shows the K4 and K47 values for real
OS ash-water systems to be higher due to the presence of additional ash
components that could provide Ca** and SO,* ions into the solution. The
value of K (5.24 % 107%) reveals the largest discrepancy from the result of

Table 2. Equilibrium constants of the systems under study

Keq .
. Simulated
Experimental (Aspen ternary)
0OSA,

mol/L Keql Kqu Keqé Keq7 Keql Kqu Keqé Keq7
CFB system | 4.05x107 | 4.61x1072 | 6.66x107 | 6.52x107* [« |« |2 |1
(= f=1 S (=)
PF system 536x107 | 4.61x107 | 721x10° | 6.18x10* | X | X | X | X
6 2 s L 2|82
SHC system | 7.52x10 4.61x107 | 524x10° | 2.93x10°* | & | S | § | &
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the SHC model system (5.45 x 107), which indicates that in SHC ash, the
balance between calcium and hydroxide ions affects the concentration of all
the main components. The value of K47 found for the ternary model matches
better with that established for the CFB and PF ash-water systems because
the concentration of SO,> ions does not reach equilibrium in the real SHC
ash-water system. The oxidation reactions (Egs. (4) and (5)) are expressed as
unidirectional because the backward reactions do not occur during the initial
combustion processes. However, oxidation in aqueous suspensions takes
place as long as sulfide ions are present as “combustible matter”. Consider-
ing this, our 3 h experiments do not reflect the endpoint of sulfide oxidation
in the suspension. The values of K. for OS ash-water and ternary model
systems are also comparable, agreeing with that for the PF ash-water system
that has low sulfide content. However, these values significantly differ from
the respective simulation figures because our model currently takes into
consideration the solubility of CaS in pure water. Consequently, the
Ca(OH),-CaSO4-H,0-CaS-H,0 model system should be adjusted according
to the new experimental data.

Although the ashes of the three types of OS ash-water systems differ in
both chemical and physical structure (Table 1) but yet remain comparable
with the results for our model ash, we can state that the proposed model can
be implemented for describing the leaching behavior of the three key Ca-
compounds: Ca(OH),, CaSO,2H,0, and CaS.

The value of the equilibrium constant Keg, 1.11 X 10'7, presented in
Table 2 was calculated using the equilibrium concentration of pure CaS. The
value reported here, together with Equation (17), can be used to develop
utilization schemes for more complex OS ash-water systems that involve
chemical reactions and also to treat similar alkaline waste materials.

3.3. Dissolution kinetics in OS ash-water systems

The dissolution kinetics of Ca(OH), [34, 35] together with the mechanism of
CaS dissolution [29, 31, 32, 36] has been described by several authors. In
our previous studies [22, 37, 38], the main characteristics of the Ca dis-
solution process for OS ash were established on the basis of mass transfer
mechanisms. In the current study, the leaching behavior of the main com-
ponents in OS mineral wastes was investigated using the reaction kinetics
approach.

Both the kinetic calculations and dissolution process simulations were
performed using the MODEST 6.1 software package [39]. The software con-
sists of a FORTRAN 95/90 library of objective functions, solvers and
optimizers linked to model problem-dependent routines and the objective
function. Each system of differential equations was solved by the means of
linear multi-step methods implemented in ODESSA (a systematized collec-
tion of the ordinary differential equations solver), which is based on LSODE
(Livermore Solver for Ordinary Differential Equations) software [40].
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Using the dissolution model (Egs. (1)—~(7)), the dynamic concentration
profiles of the characteristic species that participate in the OSA dissolution
process can be modeled employing the differential equations presented
below:

d[CaS] k1| 2+ 2-
=—k, [CaS]+—=LL[CaS][Ca® ][S*"]. 9
dr -4 K, asilta )
”’[Cdj%] =y [CaS]— L [CaSTICa™ IS ]+ K [Ca(OR)
1
—%[Ca(OH)Z][Caz*][OH-]2 +k71[Cas04]—%[Caso4][0a2*][so§-].
6 7
(10)
d[OH"] P R R S
7 =ky[S7] X, [OH™][HS™ ]+ 43, [HS™] X, [OH™][H,S]
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The values of the reverse reaction rate constants (k,,, x = 1-3, 6-7) may
be expressed through the equilibrium constants as k,/K,, x = 1-3, 6-7,
accordingly. The concentrations in Equations (9)—(17) are expressed in
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molar units. The concentration of H" ions can be found from the concentra-
tion of hydroxide ions ([H'] = K/[OH ]) or by using the pH ([H"] = 10%).

The reaction rate constants used in Equations (9)—(17) were estimated in
the modeling of OS ash-water dissolution processes (the reaction rate
constants k;,—ks; were used in all systems and were based on the pure CaS
system). The estimated values of the rate constants k4 (2.01 x 10~ s™') and
ks1 (8.66 x 10° s’l) were one order of magnitude higher than the results
reported by Mdlder et al. [36] who investigated the rate of hydrolysis and
oxidation (saturating the suspension with air) of CaS in a hydraulic ash
disposal system. They reported rate constants for reactions (4) and (5) to be
about 1 x 107° 5™ and approximately 4 x 10° s™', respectively. The reaction
rate constants k¢ and k7, at S/L ratios ranging from 0.004 to 0.2 were
determined using the parameter estimation procedure that iteratively solved
the proposed model equations and minimized the difference between these
predictions and data obtained in batch experiments. For all data sets the
correlation coefficient was greater than 0.87. The correlation coefficient of
undersaturated model systems differed most from that of other model
systems. In case of OS ash-water and ternary systems, kg for the PF ash-
water system and &7, for the SHC ash-water system agreed best.

As the next step, the simulation procedure was performed using the
average values of rate constants (Table 3).

The accuracy of the proposed dissolution model (R* > 90%) was con-
firmed by comparing the results of process simulations with experimental
data. The concentration profiles, pH (Fig. 5), and the relative concentration
of species for the OS ash-water and ternary model systems (S/L 0.004 and
0.1) resulting from modeling are shown in Figure 6.

The pH profile of the CFB ash-water model system follows the trend of
the PF ash-water model system, the Ca(OH), dissolution (Eq. 6) gives the
highest alkaline reaction. In the SHC ternary system, the values of pH are

Table 3. Reaction rate constants for the systems under study

. System Average
Reaction rate
constant, s~ Ash Ternary
kit 0.00149
lea 2.7700
In all systems k3 8.4874
kg 0.000201
kst 0.0000866
ket 0.0171 0.0326
crB fent 0.0072 0.0214
PE ket 0.0294 0.0232
ket 0.0029 0.0175
ket 0.0091 0.0340
SHC kg1 0.0266 0.0330
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Fig. 5. Modeling of OSA dissolution: experimental vs simulated system pH.

higher (comparing Ca(OH), contents in CFB and PF systems) due to the
proton capture of sulfides, releasing the OH™ ions into the solution (Egs. (2)
and (3)).

The experimental results and simulated data in Figure 5 show that the pH
of the system depends on the amount of the solid phase added because a
greater amount of OS ash generates a faster increase in pH. The rate at which
the equilibrium pH was reached differed between the selected ashes: it was
slower for the real SHC ash system while the real PF ash system reached
equilibrium more rapidly (Fig. 5). This implies that PF ash contains more
compounds (Ca and Mg oxides) which ensure (dissolution of their hydrated
forms) a fast basic reaction. This can also be seen from the reaction rate
constants reported in Table 3, the value of the reaction rate constant for
Equation (6) for the one-step (0.0282 s™') pure Ca(OH), dissolution model
[41] matches with the rate constant (0.0294 s™) for the PF ash system. The
best accordance between OSA and ternary systems was achieved for k¢ for
the PF ash-water system and for &7, for the SHC ash-water system.

The experimental and model-predicted results for the pH and main ion
concentrations agreed very well in the S/L ratio range of 1:10 to 1:250.

Plots of experimental and simulated concentration profiles for various
S/L ratios for the PF ash-water system are presented in Figure 6. The sulfide
content of SHC ash is two orders of magnitude higher than that of other
ashes.

With regard to the calcium, sulfate and sulfide ions, the experimental
results for the OS ash-water systems agree with simulated profiles. The PF
ash-water system becomes saturated with calcium more rapidly than the
others (Fig. 6a) because it has the highest content of CaOge. (22.37 Wt%).
The dissolution profiles of sulfate are rather similar in both the PF and CFB
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ash systems (Figs. 6a and 6b, respectively). However, due to the higher
content of initial CaSO4 (10.10 wt%) in raw CFB ash, the CFB ash-water
system becomes saturated with sulfate more rapidly, as seen from the
reaction rate constant k7, presented in Table 3. Regarding the SHC ash-water
system, sulfate reaches equilibrium most rapidly, which is due to the
oxidation of sulfides (Eq. (5)) present in a relatively high amount. The
dissolution profiles of sulfides are related to the content of sulfides in the
initial ash. The greater the amount of initial CaS added to the water system,
the greater the concentration of sulfides in the liquid phase.

4. Conclusions

The leaching behavior of the main Ca-compounds in OS ash-water systems,
which can be viewed as sorbents for both CO, mineralization and PCC
production, were studied in order to provide a better understanding of the
behavior of OS ash suspensions and leachates especially by wet deposition.

Based on the comparative equilibrium 3 h batch experiments, the thermo-
dynamic results for the aqueous systems of three different types of OSAs
(CFB, PF and SHC) as well as the corresponding model systems were
obtained.

The results indicate that the provided OS ash leaching model simulations
were in good agreement with experimental data, confirming its accuracy.
The measured values of pH, conductivity, and the concentration of Ca®" ions
of OS ash-water systems were slightly higher than those of ternary model
systems because the real OS ash contains other water-soluble components.

The authors also determined, according to the 3 h equilibrium concentra-
tions, the thermodynamic equilibrium constants Keq—Keq3 and Keqe—Keq7 for
the dissolution reactions of Ca(OH),, CaSO4-2H,0 and CaS in OS ash-water
systems and proposed an empirical equation to calculate the concentration of
Ca®" ions as the dominating cation in OS ash leachates from conductivity
measurements.

Furthermore, a kinetic reaction model, which incorporates dissolution
mechanisms of Ca(OH),, CaSO,-2H,0 and CaS, was constructed to describe
OS ash-water systems.

Although the three types of OS ashes studied differ in chemical and
physical structure, it was found that a single model provided results that
were in good agreement with experimental data, and can therefore be used to
describe the leaching behavior of the key Ca-compounds in OS ash.

The equilibrium constants determined can be used, firstly, to estimate the
kinetics of dissolution and create a complete OS ash-water leaching model
and, secondly, to design a pilot-scale OS ash-water carbonation reactor. The
latter could significantly reduce the environmental impact of using oil shale
and other Ca-rich fossil fuels in the energy sector.
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The model constructed for the OS ash-water systems incorporates
mechanisms of dissolution of Ca(OH),, CaSO,2H,0 and CaS. This model
can be used to simulate all three types of OS ash (CFB, PF and SHC), which
notably differ in chemical and physical structure. The proposed model and
estimated parameters are thus suitable for describing the leaching of various
types of ash that originate from the oil shale industry.
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