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INTRODUCTION

Due to the ever-increasing demand for energy, fossil fuels will continue to be
the dominant source of primary energy production globally in the coming
decades. Environmentally safe disposal and/or reuse of solid wastes, as well as
controlling atmospheric emissions of the greenhouse gas carbon dioxide (CO,)
are currently the key challenges related to the extensive use of fossil fuels
(especially low-grade solid fuels) in heat and power production.

In Estonia, about 93% of locally excavated low-calorific fossil fuel - oil shale
- is consumed by power plants, which produce over 95% of Estonian electricity
and a great part of the nation’s thermal power. Combustion of oil shale is
characterized by elevated specific carbon emissions (29.1 tC/TJ) due to its high
content of mineral carbonates. The power sector is also responsible for
producing enormous amounts (~6 Mt annually) of calcium-rich ash, most of
which is deposited in waste piles due to current lack of practical applications.
This then becomes a source of solid and liquid pollutants.

In order to secure sustainable use of oil shale as a primary energy source, the
environmental impacts of oil shale energetics, including CO, emissions, should
be minimized. Unfortunately, no suitable geological formations are known to
exist in Estonia for storing captured CO,. A possible technology that can
contribute to the reduction of CO, emissions is CO, sequestration by mineral
carbonation, an artificial process mimicking the natural weathering of rock, in
which metal oxide-bearing materials, for instance natural silicate minerals
(serpentinite, olivine) react with gaseous CO, to form solid carbonates.
Moreover, efforts in the direction of waste minimization have evoked a new
strategy for achieving cost-effective CO, sequestration processes, i.e. upgrading
Ca/Mg-containing industrial residues (metallurgical slags, combustion ashes,
etc.) into products with high commercial value via the carbonation route. In the
context of Estonia, special interest should be paid to oil shale ashes which
contain a considerable amount of free lime (10-30 wt%, depending on the
combustion technology) as the most active compound. It is our belief, that the
usability of oil shale waste ash could be diversified by utilizing it as an
inexpensive calcium (lime) source in an indirect carbonation process for
producing precipitated calcium carbonate (PCC)-type material. PCC is currently
produced in a multi-stage process that requires large amounts of energy and uses
expensive high-quality raw material (limestone). PCC production using oil shale
ash could have considerable commercial importance in the paint, plastics, rubber
and paper industries. Other potential advantages of this approach are safer
disposal of wastes, the long-term fixation/storage of CO, emissions and alkaline
wastewater neutralization.

While implementation of oil shale ashes as sorbents for binding CO, from
flue gases in direct aqueous carbonation has been found to be promising, this
process produces a mixture of carbonation products and residual ash from which
the separation of individual components is difficult. In indirect (or multi-step)
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processes, the component of interest (Ca ion) is first extracted from the waste
material into an aqueous solution, which is then reacted with flue gas CO, to
form a solid precipitate in the next stage. The indirect aqueous process is
currently considered as the most attractive route for producing separate streams
of carbonates and other materials for further recovery. Despite the more complex
reactor system, a major advantage compared to the direct process is that there is
no need for balancing dissolution and precipitation reactions in a single vessel.
This new and attractive alternative, however, requires basic and applied research
to fully understand the mechanisms involved before this type of technology can
be applied on an industrial scale.

Therefore, the objective of this work was to generate a knowledge base that
can lead to the development of a new method for converting lime-containing oil
shale waste ash into PCC, a valuable commodity, using ash as a source of
calcium. In achieving this goal, the mechanisms, kinetics and dynamics of the
multi-step process must be understood and the main stages mathematically
described. A secondary target was to characterize the crystalline product of this
process in terms of composition, particle size, morphology and textural
properties over a wide range of operating conditions.
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kra volumetric mass transfer coefficient
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P atmospheric pressure
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t time
vV volume
v average axial velocity of the fluid in the interstitial spaces
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T time
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1. LITERATURE REVIEW

The current thesis investigates the possibility of obtaining a precipitated
calcium carbonate (PCC)-type material as a valuable by-product from Estonian
oil shale waste ash for the long-term storage of carbon dioxide (CO,) using a
multi-step carbonation route.

In this Chapter, a short up-to-date overview of the various CO, capture and
storage options, including mineral carbonation, is given with an emphasis on the
advantages of the latter in general and particularly in the context of industrial
residue and by-product utilization. The literature review also provides insight
into the production methods for PCC, including alternative approaches to
implementing industrial residues. Also, various factors affecting PCC
characteristics in the precipitation process are discussed. Furthermore, the
environmental issues of importance within the Estonian oil shale-based power
production industry are highlighted.

1.1 Aspects of CO; capture and storage (CCS)

Today, approximately 85% of the world’s energy consumption is based on
fossil resources. Unfortunately, fossil fuel-based heat and power production has
raised multiple environmental concerns worldwide, including vast amounts of
atmospheric emissions of the greenhouse gas CO, released as a result of
combustion. According to the International Energy Agency (IEA), the global
annual energy-related CO, emissions were the highest in history in 2010, a
record 30.6 Gt. Altogether, power and industrial plants emit more than half of
global man-made CO, emissions, whereas the other half stem mainly from
transportation and buildings. The level of CO, in the atmosphere has increased
from 280 (1750) [1] to 394 ppm (2011) [2] since the beginning of the industrial
revolution, with much of this rise being attributed to the increased use of fossil
fuels such as coal, oil and natural gas for energy supply [3]. Carbon dioxide
(CO,) is one of the major atmospheric contributors to the greenhouse effect. The
impact of climate change due to the assumed enhanced greenhouse effect is an
ongoing problem facing scientists, governments and the general public at a
global level. The potential future effects of global climate change include
melting of polar ice caps and glaciers, increased extreme weather occurrences
such as flooding and droughts, rising sea levels, spreading of diseases and
extinction of endangered species [1]. According to the Intergovernmental Panel
on Climate Change (IPCC), it is imperative that we prevent a global warming of
more than 2°C in order to stop the most dramatic consequences of climate
change. As our standard of living improves, world energy consumption will
increase significantly and drawing alone on measures such as (7) improving the
efficiency of energy production and utilization, (ii) increasing the use of
renewable (solar, wind, biomass) energy sources or nuclear energy and (iif) the
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expansion of natural CO, sinks by forestation, will be insufficient to combat the
greenhouse emissions challenge [1].

Carbon dioxide capture and storage (CCS), also known as “CO;
sequestration” is internationally considered to be one of the most promising
emerging technological concepts for reducing atmospheric emissions of CO; in
the relatively short term. In CCS technologies, instead of being discharged
directly into the atmosphere, the flue gas from a stationary CO, source, such as a
fossil fuel-powered energy plant, is directed to large tanks where the CO, is
separated from a mixture of several different gas components to get the smallest
possible volume for transport and storage as well as to eliminate possible
corrosion problems. This separation process is often referred to as CO, capture.
After capture, dried and compressed CO, is transported to a suitable storage
location, either by pipeline or by ships, and subsequently stored for long-term
isolation from the atmosphere [4]. The concept of CCS is portrayed in the Fig. 1,
demonstrating CO, storage options.

Mineral carbonation

i o

Figure 1. Schematic diagram of possible CCS systems [4, 5]

There are three main types of CO; capture systems: post-combustion, pre-
combustion and oxy-fuel combustion. In a post-combustion process, CO, is
separated and captured from the flue gases after combustion. With pre-
combustion carbon capture CO, is trapped before the fossil fuel is burned. In
this case, the fossil fuel is partially oxidized, for instance in a gasifier, and the
resulting syngas (CO and H;) is converted into CO, and more H,. The CO, is
captured from a relatively pure exhaust stream before combustion takes place
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and the H, is used as fuel. A third option (called oxy-fuel combustion) is to
combust the fuel (coal, gas) with pure oxygen instead of air, resulting in a flue
gas comprising mostly CO, and water vapor that are separated by cooling and
compressing the gas stream. This promising technique is still under development
as the challenge is to efficiently separate pure oxygen from air [4-6].

A number of separation methods exist for CO, capture, the most common
commercially available technology being absorption with monoethanolamine
(MEA) followed by stripping with steam [7]. This technology in its current state
is energy-intensive and costly [4]. To overcome the limitations of the existing
systems, numerous other technologies are being developed, including new
absorption liquids [8, 9], adsorption systems [10], gas separation membranes [5,
11], cryogenic separation methods [12] and chemical-looping combustion [13,
14]. The available technology captures about 85-95% of the CO, processed in a
capture plant. Many of the post-combustion capture systems have the advantage
that they can become add-ons in existing fossil fuel burning power plants. The
post-combustion process, however, requires a lot of energy to compress the gas
enough for transport. The pre-combustion process is lower in cost, but cannot be
retrofitted on older power plant generators [4].

Storage of CO, is envisaged either in deep geological formations [15-17], in
deep ocean masses [18, 19], or in the form of mineral carbonates [20] (Fig. 1).
Geological storage involves injecting CO,, generally in supercritical form,
directly into underground geological formations below the Earth’s surface.
Depleted oil and gas fields [21], saline formations [22] and unminable coal
seams [23] have been suggested as storage sites. Various physical (e.g. highly
impermeable caprock) and geochemical trapping mechanisms would prevent the
CO, from escaping to the surface [24, 25]. From the proposed methods for CO,
deep ocean storage, (i) CO, dispersal in a very dilute form at depths of 1000-
2000 m is thought to be the most promising in the short-term. Other options
include (77) discharge at 3000 m to form a lake of liquid CO, on the seabed; (i)
formation of a sinking plume to carry most of the CO, into deeper water; (iv)
release of solid CO, at depth [4].

Although the list of possible demonstration projects is growing, there are
currently only four full-scale CO, projects in operation worldwide which are
involved in removing CO, from natural gas and sequestering it in geological
formations nearby [4, 6]: (i) the Sleipner project in the North Sea off the western
coast of Norway [26]; (i) the Snohvit project in the Barents Sea north of
Norway; (ii7) the In Salah project in Algeria and (iv) the Weyburn project in
Canada, where CO, is injected into an oilfield for the purpose of enhanced oil
recovery (EOR).

The largest potential for CCS as a strategy for reducing CO, emissions is
fossil fuel power plants. However, current CCS technologies require a lot of
energy to implement and run; up to 40% of a power station’s capacity, most of
which is for capture and compression [4, 27]. In addition to cost, a major
environmental concern within the CCS scheme is the risk of CO, leakage from
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underground or submarine storage into the atmosphere. In the case of deep ocean
storage, there is also a risk of greatly increasing the problem of ocean
acidification. Higher water acidity adversely affects marine life. Another issue is
that dissolved CO, would eventually equilibrate with the atmosphere, so the
storage would not be permanent [28, 29]. Geological storage would require
infinite continuous monitoring of the large amounts of concentrated CO, present,
because of possible leakage or accidental rapid release of CO, into the
atmosphere, which may cause health risks due to asphyxiation and/or inflict
measurable ecosystem damage [30, 31]. Furthermore, barriers such as public
perception, regulatory issues and the risk of induced seismicity [4] will most
likely slow down the implementation of subsurface CO, storage and will in turn
attract interest towards alternative CCS sequestration techniques. Among these
is mineral carbonation that can potentially store large amounts of CO; in a safe,
permanent and environmentally benign manner. This topic is the subject of the
following Section 1.2.

1.2 Mineral carbonation

1.2.1 Basic principles and advantages

Mineral carbonation was first mentioned as a CO, binding concept by Seiftritz
[20] and discussed further by Dunsmore [32]. However, Lackner ef al. [33] were
the first to provide the details and foundation for today’s research efforts. In the
context of CCS, the term “mineral carbonation” also known as “mineral
sequestration” involves a process where a high concentration CO, from a
capture step is brought into contact with a metal oxide-bearing material that
contains alkaline-earth metals (such as calcium and magnesium) with the
purpose of fixing the CO, as insoluble carbonates [4]. The basic idea behind
mineral CO, sequestration is the imitation of natural weathering processes in
which calcium or magnesium containing minerals react with gaseous CO, and
form solid carbonates:

(Mg,Ca)Si,Ox:2y+-Ho, + xCO, — x(Mg,Ca)CO5 + ySiO, +zH,0 (D)

Suitable raw materials are abundant primary Ca- and Mg-minerals such as
olivine, serpentine and wollastonite. Also, several Ca-rich alkaline solid
industrial residues seem particularly suitable for niche applications of CO,
sequestration [34]. Mineral carbonation can be carried out either ex situ [35]
(Fig. 2) in a chemical processing plant after mining and pretreating the material,
or in situ [36] by injecting CO, into silicate-rich geological formations or in
alkaline aquifers [4]. Furthermore, two main types of process routes for mineral
carbonation can be distinguished, mainly direct and indirect (or multi-step)
routes. Direct carbonation of a suitable feedstock takes place in a single-step
process, either in a gas-solid or a gas-liquid-solid process [37, 38], whereas an
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indirect (or multi-step) process comprises routes [33] in which the reactive
components (Ca or Mg) are first extracted from the mineral matrix and
subsequently carbonated in a separate process step [39].
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Figure 2. Schematic view of ex situ mineral CO, sequestration [4]

CO, sequestration by mineral carbonation has a myriad of unique advantages
that motivate the need for mineral sequestration R&D, including:

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

Vast potential sequestration capacity: The suitable raw materials are
abundant across the globe. For instance natural Ca-Mg-silicate
(serpentinite, olivine minerals) deposits are sufficient to fix the CO, that
could be produced from the combustion of all fossil fuel resources [4];
Potential to be economically viable: The overall process is exothermic.
Nevertheless, the production of value-added by-products during the
carbonation process may further compensate its costs.

In light of these features, mineral carbonation is attracting interest as an
alternative CO, abatement technique in many countries, especially those without
geological storage sites.
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1.2.2 Carbonation of natural minerals (Ca/Mg-silicates)
1.2.2.1 Carbonation reaction engineering

Carbonation of naturally-occurring minerals is extremely slow in nature;
therefore, the challenge is to speed up the reaction to be able to design an
economically viable process. Various strategies have been explored to
intentionally accelerate the weathering of Ca and Mg-containing minerals to
precipitate carbonate [40]. The simplest process is direct dry gas-solid
carbonation, i.e. the reaction of a particulate metal oxide-bearing material
directly with gaseous CO, at suitable temperature and pressure levels. This path
was initially thought to have high potential and has been studied extensively
[e.g. 41]. However, it was concluded [42] that the slow reaction rates and
thermodynamic limitations (high temperature favors gaseous CO, over
precipitated carbonates [43]) make it at present not feasible for industrial
purposes. While some investigations into multi-step gas-solid carbonation
options continue [44], most research has focused on more attractive alternatives.

Significant attention has been dedicated to the direct aqueous carbonation
process [e.g. 37, 45] in which a Ca/Mg silicate is carbonated directly in an
aqueous suspension. One of the options suggested for maximization of the
carbonation rate is raising the temperature, although the enhancement of reaction
rates upon a temperature increase is counteracted by a decrease in the solubility
of carbon dioxide in the water phase. Hence, an optimum temperature for olivine
and serpentine is typically kept below 200°C in aqueous systems [37, 46].

Many researchers [e.g. 38, 47] have reported that metal oxide dissolution
constitutes the rate-limiting step, which is thought to be controlled by the
diffusion of Mg/Ca through a Mg/Ca-depleted silica-rich layer around the
mineral particle. The release of metal ions from the solid raw materials could be
accelerated by activating the mineral to make it more labile and reactive.
Different methods of pre-treatment of the solid feedstock, aimed at an increase
of the carbonation rate, have been investigated, including size reduction, heat
activation, surface activation techniques, magnetic separation and other pre-
treatment options [4, 34]. Some examples include high-energy attrition grinding
for olivine and wollastonite to induce imperfections into the crystal lattice [46,
48], heat-treatment at 650°C for serpentine to remove the hydroxyl groups and
create an open structure [49], surface activation by treatment with acids, steam
[50], supercritical water [49] and magnetic separation of the iron compounds
prior to the carbonation process [50]. Although significant improvement of the
carbonation rate has been obtained after some pretreatment options, the only
available pre-treatment option that has proven to be energetically and potentially
economically viable is conventional grinding [37].

Alternatively, the release of Ca*/Mg’" ions from the mineral can be
enhanced by the presence of additives or catalysts in solution, affecting ionic
strength or forming complexes with dissolved Ca or Mg, e.g. CI" [4, 34]. Salt
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additives that have been used in carbonation studies include NaCl, NaHCOs,
(Na/K)NO; and KHCO; [37, 49, 51]. Catalysts that can be added to the aqueous
solution to enhance the dissolution of silicate minerals include strong and weak
acids, bases and chelating agents [52-54].

In addition to the direct carbonation pathway, Lackner et al. [33] initiated
research into indirect carbonation using hydrochloric acid as a leaching agent to
extract Ca or Mg from a silicate matrix. Several process schemes, such as the
acetic acid route [52], two-step aqueous carbonation [55] and the pH swing
process [56], have been proposed and studied involving the extraction of the
reactive compound (Ca or Mg), conversion to a (hydr)oxide and subsequent
carbonation. In the case of the indirect route, the reaction rate is generally higher
and the CO, pressure required for carbonation is lower than in direct process
routes. However, cost-effective and energetically feasible recovery and recycling
of the extraction agent is still a key hurdle associated with indirect process routes
[4, 39].

1.2.2.2 Conclusions on aqueous carbonation of minerals

While the understanding of the potential reaction pathways has improved
significantly based on research to date, there are several technical challenges
hindering the industrial implementation of mineral carbonation. The process is
currently too slow and energy-intensive for practical applications despite the
abovementioned attempts to speed up the carbonation reaction. Demanding
reaction conditions (high pressure and moderately elevated temperature)
contribute to process expense. Another major hurdle that must be overcome is
the complete recovery of all the chemical species involved. An important aspect
to be considered as well is the environmental impact from mining minerals and
carbonation processes [4]. Hence, the costs of CO, sequestration by mineral ore
carbonation processes are relatively high compared to other CO, storage
technologies and CO, market prices. However, the profitability of the mineral
carbonation process can be made more attractive through applications based on
the use of solid residues as feedstock and/or on upgrading industrial waste
materials into valuable commercial products. These aspects are discussed in the
following Section 1.2.3.

1.2.3 Carbonation of industrial residues and by-products

In addition to the use of natural mineral ores as feedstock for CO,
mineralization, alkaline Ca- and Mg-containing waste residues, such as ashes
from coal- and oil shale-fired power plants [57-63], steel slags (electric arc
furnace slag, EAFS; basic oxygen furnace steel slag, BOFS; ladle furnace slag,
LFS) [64-67], municipal solid waste incineration (MSWI) ashes [68-71], air
pollution control (APC) residues [72], cement kiln dust (CKD) [73], ordinary
Portland cement (OPC) [74], etc. [75] have risen into focus as particularly

20



promising CO, sorbents. These inexpensive materials are often associated with
CO, point source emissions and tend to be chemically more active than
geologically-derived minerals due to their (geo)chemical instability.
Consequently, they do not require as much pre-treatment and less energy-
intensive operating conditions (lower operating temperature and pressure) are
appropriate to achieve sufficient carbonation rates [64]. Some examples of the
CO, binding potentials as well as the process conditions (solid to liquid ratio,
S/L; temperature, t; pressure, P; duration, 1) of alkaline waste materials are
described in Table 1.

Table 1. Process conditions and CO, binding potentials of alkaline waste materials

total total COZ
Waste Cag Mgo(/) Tll:COZ Process bound | Ref.
() () g/t Kk
g/t

Coal DAC: 100% CO»;

fillerash | 5.00 35 | SL=0.05-0.15; 26 | [62]

(FA) t=20-60°C;
P=10-40 bar

Oil shale DAC: S/LZO.I;.

ash (PF) 51.2 4.93 350 15% CO»; amblent t 290 [60]
and P, t=65min

Lignite DAC: S/L=1.5;

A 29.28 4.47 241 | Zooon 78 | [63]
SDC (semidry

MSWI carbonation):

FA 53.02 337 S/L=25: 100% CO,; 125 [70]
1=240h
SDC: S/L=20;

APC 61.13 1.40 369 100% CO,; t=30°C; 250 [72]
P=30 bar; t==10min
DAC: S/L<0.8;

CKD 48.03 1.39 319 80% CO,; ambient t 255 [73]
and P; 1=1-8d
SDC: S/L=0.1;

opPC 64.50 2.90 516 100% CO,; P=2bar; 290 [74]
1=24h

EAFS 32.80 10.00 366 DAC: S/L=0.1; 17

LFS 58.10 6.20 sp | 137 COo, 220°C; 247 | [66]
=24h
IAC: extraction with

BOFS 49.9 7.7 437 0.5M HNO:s; t=20°C; 384 [67]
=60min
DAC: S/L=0.1;

Red mud 7.77 0.68 129 15% CO,; t=20°C; 42 [75]
P=1 bar

21



The theoretical extent of carbonation, ThCO, in Table 1 was calculated
according to Huntzinger et al. [73]:

%ThC0,=0.785(%Ca0-0.56*CaCOs-
0.7°%S05)+1.091°%MgO+0.71+%Na,0+0.468(%K,0-0.632+%KCl))  (2)

Most studies have focused on direct residue carbonation conducted in the
presence of water due to concerns with indirect routes attributed to
heterogeneous composition of wastes (complicated solvent recovery, possible
side-reactions and leaching of heavy metals) [34, 70]. Other proposed alternative
routes include, according to [34], waste cement carbonation in a two-step
aqueous pressure-swing process (i.e., extraction at high CO, pressure and
subsequent precipitation at low CO, pressure) [77], carbonation of waste
concrete and steel and blast furnace slags in a two-step process based on aqueous
extraction of Ca [76]. Studies on the direct gas-solid carbonation of alkaline
residues have also been reported. To name a few, in pressurized
thermogravimetric analysis experiments with fluidized bed combustion (FBC)
ash performed by Jia ef al. [61], CaO conversion efficiencies up to 60% were
achieved when operating at temperatures above 400°C and in a 100% CO,
atmosphere. In a study by Bachiochi ef al. [78] on APC residue carbonation, a
maximum conversion of 57% was measured at 400°C, implying a storage
capacity of 0.12 kg of CO,/kg of dry solid.

Even though the total amounts of waste materials are too small to
substantially reduce CO, emissions [34], the possibility of simultaneously
binding CO, and relieving the hazardous nature of alkaline residues makes this
carbonation route attractive. After stabilization by carbonation, the leaching
behavior of wastes is often improved, allowing for use in civil engineering
applications or for safer final disposal to landfills [71]. Moreover, the production
of valuable end-products (e.g. precipitated CaCO;3 or magnesium carbonate) by
co-utilization of CO, and industrial residues has been the objective of many
studies in recent years [55, 79, 80]. By upgrading these materials into useful
green products with high commercial value, economically more feasible CO,
sequestration processes may be achieved within the CCS value chain, so
research in this area continues. This topic is discussed further in Section 1.3.2 in
the context of PCC production.

1.3 Production of precipitated calcium carbonate (PCC)
1.3.1 Introduction to PCC and its applications

Calcium carbonate occurs abundantly in several natural minerals (limestone,
marble and chalk), comprising approximately 4% of the earth’s crust [81].

Natural ground calcium carbonate (GCC), obtained by the mechanical treatment
of minerals, often does not meet market demand for high-quality product.
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Conversely, precipitated calcium carbonate (PCC), which is produced under
controlled conditions, provides the ability to manufacture a product with specific
properties. First introduced in England in 1841, PCC, also known as purified,
refined or synthetic calcium carbonate with the chemical formula CaCO;, is a
fine white powder without odor or taste and is considered non-toxic. PCC can be
distinguished from GCC through its finer and more uniform particle size,
narrower particle size distribution and higher degree of chemical purity [81-83].
Besides the amorphous phase (ACC), calcium carbonate has three anhydrous
crystalline polymorphs (calcite, aragonite and vaterite) and several hydrated
forms (monohydrocalcite and ikaite) [84-86]. The most common arrangement
for PCC is the hexagonal form known as calcite. Because of its thermodynamic
stability under standard conditions and its ability to appear in various
morphologies (thombohedral, scalenohedral, spheroidal, etc.), calcite has proven
to be the most important polymorph in industrial applications [82, 87]. Less
common is aragonite, which has a discrete or clustered needle orthorhombic
crystal structure. Rare and generally unstable is the spherical vaterite calcium
carbonate mineral [83]. The different shapes allow PCC to act as a functional
additive in paper, adhesives, plastics, rubber, inks, pharmaceuticals, nutritional
supplements and many other demanding applications [88, 89]. The global
consumption of PCC is largely concentrated in Asia, while other major regions
include Europe and North America. World consumption of PCC in 2007 was 13
Mt and is forecasted to grow to 16 Mt by 2012 [90].

PCC is well-established as a filler and coating pigment for premium quality
paper products. PCC improves paper bulk, brightness, light scattering, fiber
coverage and printability [91]. The mean particle size, size distribution and
particle shapes are important factors which have an influence on the physical
and optical properties of paper [92]. For instance, the particle size affects paper
smoothness, gloss and printing characteristics. For filler pigments, 70% of the
carbonate particles are smaller than 2 pm, the specific surface area (BET) is ~10
m?*/g and the brightness is greater than 93%. As a coating pigment, the average
particle size is 0.4-2.0 um with a refraction index of 1.49-1.67 and a specific
surface area of 4-11 m?%g. The high refraction index and narrow particle size
distribution of PCC promotes sheet light scattering. The ISO brightness for a
PCC coating pigment is 95%, which requires very pure limestone as the raw
material [82, 93]. The plastics industry is another important consumer of
calcium carbonate products. In addition to cost savings, the use of calcium
carbonate provides improvements in modulus, heat resistance, hardness,
shrinkage reduction, color fastness, impact strength and stability. Nano PCCs
(less than 0.1 um in size) control viscosity and sag in automotive and
construction sealants [94]. Calcium carbonate is one of the most common
filler/extenders used in the paint and coatings industry. Various paint formulas
can include products from sub-micrometer sizes to coarse mesh sizes. Calcium
carbonate acts as a low-cost extender in paint and is used to improve brightness,
application properties, stability and exposure resistance. Coarse products help to
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lower gloss and sheer or even provide textured finishes [81, 95]. The printing ink
industry uses ultrafine PCCs in high-quality letter press and high quality ink
[96]. High purity grades of precipitated calcium carbonate are used in cosmetics,
foods and pharmaceuticals. For example, calcium carbonate is used medicinally
as an inexpensive dietary calcium supplement, antacid and/or phosphate binder
and in the pharmaceutical industry as a base material for tablets of other
pharmaceuticals [81, 95].

A wide variety of applications require PCC to have a number of strictly
defined parameters (e.g., morphology, structure, size, brightness, oil adsorption
and chemical purity). Control of these characteristics is fundamental from the
viewpoint of technical application and is closely related to the method of PCC
production and the process parameters [87, 89, 97]. This matter is the topic of
Section 1.3.3.

1.3.2 Production methods of PCC

PCC can be produced by several methods such as [81] the lime-soda process,
the calcium chloride process and the carbonation process. The method
predominantly used by alkali manufacturers is the /ime-soda process, in which a
solution of sodium carbonate is treated with excess calcium hydroxide,
producing a sodium hydroxide solution and coarse PCC as a by-product. In the
calcium chloride process, calcium hydroxide is reacted with ammonium
chloride, forming ammonia gas and a calcium chloride solution. After
purification, this solution is reacted with sodium carbonate to form a calcium
carbonate precipitate and a sodium chloride solution. This simple process,
however, requires a low-cost source of calcium chloride to be economical and is
usually carried out in a satellite facility adjacent to a Solvay process soda ash
plant [93]. The most commonly used PCC process is the carbonation route (Fig.
3). In this process, crushed limestone is converted into calcium oxide and carbon
dioxide by means of calcination in a lime kiln at temperatures in excess of
900°C. The raw material (limestone) used in the PCC process is required to have
low manganese and iron content, since these elements have a very negative
influence on the brightness of the product. It is also desirable that the limestone
should contain above 52.0% CaO, below 4~5% SiO,+Al,0s+Fe,O; and
0.1~0.2% Na,O+K,0 [92]. After calcination, the dry CaO is slaked (hydrated)
with water at temperatures of 30-50°C, producing a calcium hydroxide slurry
(milk-of-lime). Before carbonation, the process slurry is screened to remove
impurities originating from the limestone and then fed to a three-phase stirred
tank reactor ("carbonator"”), either at atmospheric pressure or pressurized, where
it reacts with CO, obtained from the calcination process [91].
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Burning of limestone CaCO; —» (CaO+
Slacking of quicklime CaO+H;0 — Ca(0OH)

Precipitation Ca(0OH)s; + — CaCOj; +H20
(FCC)

Figure 3. A schematic representation of the PCC production chain

As the calcium ions are consumed in the CaCOj; precipitation reaction, more
calcium hydroxide dissolves to equalize the concentration of calcium ions
(Ca™). The rate of dissolution of Ca(OH), into Ca** depends on the dissolution
pressure and temperature, while the reaction rate of calcium ions combining with
carbonate ions is instantaneous. Therefore, the rates of formation of calcium and
carbonate ions are the primary limitations to the overall reaction rate [98].

Upon the completion of carbonation, the product can be further purified by
screening followed by dewatering. Rotary vacuum filters, pressure filters or
centrifuges are used in the mechanical removal of water. Final drying is
accomplished in either a rotary, spray or flash dryer [81]. The required
conditions are maintained in the reactor to obtain different grades of precipitated
calcium carbonate. The particle size, particle size distribution, particle shape and
changes in surface properties of the calcium carbonate particles are dictated by
controlling the reaction time, temperature, agitation, pressure, rate of carbon
dioxide addition and post-crystallization processing [83, 97]. These aspects are
discussed in Section 1.3.3.

Alternative production processes for PCC

Several limitations associated with traditional PCC manufacturing methods
(energy-intensive, multiple stages, expensive high-quality raw material) have
raised interest in alternative raw materials and improved technological
developments. A number of studies have explored the implementation of
calcium-containing natural minerals as a lime replacement in PCC production.
For instance, Kakizawa et al. [52] suggested an alternative method based on the
extraction of calcium from a calcium-rich mineral (wollastonite) using acetic
acid. A similar concept was investigated by Teir et al. [47, 99] aimed at
producing a high-value PCC material from wollastonite. Teir et al. [99] showed
that manufacturing PCC through traditional methods emits 0.21 kg CO,/kg PCC
(assuming oil combustion for lime calcination), whereas the acetic route using
wollastonite provides net fixation of 0.34 kg CO,/kg PCC [100].

Nowadays, the possibility of using industrial wastes as a feedstock for PCC is
especially attractive. For example, Katsuyama et al. [55] studied the feasibility
of producing CaCO; by first extracting calcium from pulverized waste cement in
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a water slurry at high CO, pressure, followed by the precipitation of high purity
CaCOj; (up to 98% was achieved) from the extracted solution at lower CO,
pressures. Compared to the commercial price (~7 700 €/m®) for ultra-high purity
CaCQOs;, the production costs using this method were estimated to be
significantly lower (~250 €/m®). Kodama et al. [101] investigated the pH-swing
process for CaCO; production on the basis of steelmaking slag, where at first the
pH of the solution was lowered to enhance the extraction of calcium and then
raised in the second step to enhance precipitation. In the patent by Geerlings et
al. [102], a process utilizing paper bottom ash and steel slag for producing
CaCQs; is described, involving the extraction of calcium inside a water-filled
stirred reactor for 15 minutes and solid-free hydroxide slurry (1.1 g L of
calcium hydroxide for paper bottom ash and 0.46 g L' for steel slag)
carbonation with pure CO, at a rate of 25 ml min". The research described in
[79, 103] also focused on steel slag carbonation in the context of producing
valuable PCC, additionally addressing problems related to heavy metal leaching
during the Ca-extraction phase. Eloneva et al. [103] reported that 80-90% pure
calcite was produced from blast furnace slag using acetic acid.

CaCOs; obtained from the abovementioned processes is expected to be
commercially useful if the properties of the obtained particles meet the
requirements for practical applications. Still, as mentioned earlier, significant
amounts of required reagents/additives and recycling complexity are major
drawbacks of most proposed alternative methods.

1.3.3 Control over the precipitation process

1.3.3.1 Theoretical background

In order to obtain a product of the desired quality, effective control of the
precipitation process is necessary. The complexity of the particle size
distribution control in a precipitation process is inflicted by the high level of
supersaturation generated by the fast reaction. According to Mersmann [104,
105], the important factors for sparingly soluble systems in isothermal
precipitation are: (i) the concentration of the reactants; (i7) the rate of the
chemical reaction; (ii7) the intensity of macro- and micromixing; (iv) the dilution
of the solution and (v) agglomeration. Nanometer-scale crystals can be obtained
by applying very high primary nucleation rates, which require extremely strong
supersaturations. Such high levels of supersaturation can be achieved through:
(7) a high concentration of reactants; (i7) the avoidance of agglomeration (using
surfactants, pH control, etc.); (iii) rapid quenching or diluting in order to halt
growth (a combination of a T-mixer and a stirred vessel; the reactants are mixed
in a T-mixer where the chemical reaction takes place, then the suspension is
introduced into the vessel operating at a relatively low level of supersaturation);
(iv) no dilution (T-mixer) in order to produce many nuclei; (v) rapid local
micromixing and poor macromixing of the reactants; (vi) products with high
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concentrations and low solubilities and (vii) rapid micromixing at the feed point
of the reactants for a fast chemical reaction. If a coarse product is required,
supersaturation must be kept at a low level through: (i) the use of low-
concentration reactants; (ii) good macromixing in the entire precipitator and (iii)
seeding by recycling the slurry at high rates in order to reduce local
supersaturation peaks while keeping primary nucleation at a minimum and
promoting crystal growth [106].

The basic factors affecting reactive crystallization have been discussed by
Kind [107]. The primary precipitated particles are in the micro- or even
nanometer size range. Interfacial forces govern the behavior of suspended
particles in these size ranges, as a result of which fine particles are affected by
colloidal interactions. Therefore, the final product particles are often secondary,
built by the aggregation of fine primary ones. The final product morphology
results from the action of aggregation, the rheological behavior of the
suspensions and the shear rates present in the precipitator. The primary
processes are mixing on the macro, micro and molecular scales, as well as the
reaction, nucleation and growth of the particles. The formation of primary
crystals depends mainly on the mixing conditions. If mixing does not control
reactive crystallization, the crystallization reaction can be best controlled by
initial supersaturation. Under ideal mixing conditions, the final primary particles
in the nanometer size range are rapidly formed within a few milliseconds and
remain unchanged, except in the case of long-term ripening and aging.
Aggregation, aging and ripening are secondary processes [106]. The following
section reviews the literature on the effect of various factors on the size and
shape of PCC particles formed in a precipitation process.

1.3.3.2 Factors affecting PCC particle size and morphology in a
precipitation process

In general, the polymorphism of crystalline calcium carbonate depends
mainly on the precipitation conditions such as supersaturation [108], pH [109],
temperature [110, 111], hydrodynamics [112], conductivity [113] or impurities
and additives [114, 115], while the factors and conditions contributing to the
change in the particle size of CaCO; are additives, initial concentration,
temperature, initial pH level and (in the case of the carbonation route) CO, flow
rate [116, 117].

Effect of supersaturation
The three solid phases of calcium carbonate, in order of increasing solubility,
are calcite, aragonite and vaterite. The predominant phase to precipitate depends

on the supersaturation conditions and the presence of foreign cations and
impurities [104, 118].
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The degree of supersaturation (S;) with respect to calcite is defined as
[Ca*"|[CO;” /Ky, where [Ca’'] and [CO;”] are the activities of calcium and
carbonate ions in the solution, respectively, and K, is the thermodynamic
solubility product of calcite [119]. High supersaturation levels at nucleation and
the initial stages of growth result in the formation of amorphous forms of CaCO;
(ACC), vaterite and aragonite [120] which finally transform into the more stable
calcite via dissolution—crystallization reactions of various degrees of complexity
[121] in agreement with Ostwald’s step rule [122]. For instance, Elfil and
Roques [123] reported that under high supersaturation in relation to calcite,
hydrated forms (ACC) constitute precursors to CaCO; precipitation,
transforming within a few minutes to a mixture of anhydrous polymorphs; at low
temperatures (14-30°C), calcite and vaterite are formed, whereas at high
temperatures (60—80°C), a mixture of aragonite and calcite is obtained.
Precipitation of CaCO; by the aqueous reaction of calcium nitrate and sodium
carbonate in a continuous crystallizer was investigated by Chakraborty and
Bhatia [124]. Polymorphic nuclei of calcite and vaterite were reportedly
generated simultaneously and unstable vaterite tended to be transformed into
stable calcite. Different growth rates and aggregation tendencies of calcite and
vaterite affected the particle size distribution. These observations were explained
in terms of homogeneous and heterogeneous nucleation, which depended on the
supersaturation level and ionic ratio of [Ca®")/[CO5”] in solution [125].

In gas—liquid reactive crystallization processes, supersaturation of solutions
is created by the processes of bubbling, absorption, mixing and chemical
reaction, leading to precipitation during crystallization [126]. The most common
morphologies of precipitated calcite, obtained via solution and carbonation
routes, are rhombohedral and scalenohedral, respectively [113]. As a measure to
achieve a morphological change from rhombohedral to scalenohedral shapes,
Garcia-Carmona et al. [113, 127] proposed an adjustment in electrical
conductivity during the semicontinuous carbonation of a Ca(OH), suspension.
This transition was attributed to the increase of both supersaturation and the
[Ca®")/[CO5*] ratio in solution.

Effect of surfactants and additives

Surfactants and additives (e.g. metal cations, polyphosphates and other
anions and organic compounds) affect particle morphology and size by
modifying the precipitation mechanism [128,129].

In the carbonation experiments performed by Xiang et al. [130], the diameter
of CaCO; particles synthesized at room temperature decreased from 150 to 90—
120 nm after the addition of 0.1-1.0 vol% terpineol due to the ability of
terpineol to significantly reduce the surface tension of bubbles, thus preventing
aggregation and improving the stability of small bubbles. Higher amounts of
terpineol resulted in larger particle sizes with irregular shapes due to inhibition
of the CO, mass transfer rate. The particle size decreased from 70 to 50 nm
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when the EDTA concentration was increased from 0.25 to 1% [129]. However,
Feng et al. [116] reported that the size of PCC particles obtained in direct
aqueous carbonation were larger than previously reported for the additives used.

In a study by Xiang er al. [129], the addition of MgCl, resulted in
micrometer-sized spherical and spindle-shaped particles, while spherical CaCO;
particles 0.2 um in diameter were formed when 1% (w/w) ZnCl, was used as an
additive. According to Yu et al. [88], the formation of unusual dendrite-shaped
CaCO; aggregates consisting of two dendrite-like heads composed of radially
aligned crystals occurred at a temperature of 80°C with the addition of polyvinyl
alcohol (PVA). Wei et al. [131] and Agnihotri ef al. [132] found that with the
addition of a suitable surfactant, the surface area of the CaCO; prepared through
the reaction between Ca(OH), suspensions and CO; in a bubble column could be
increased to a very high value (61 m?/g). The additives caused the aggregation of
fine CaCO; crystals by neutralizing the charge on the particle surface, thus
forming secondary particles with a high surface area and porosity [132]. Also,
using the carbonation route, Yang and Shih [133] found that the CaCOs surface
area was markedly increased when sodium polyacrylate (PAAS) at pH 11.4—
11.1 and sodium phosphate at pH 6.5-6.2 were used as additives.

Different foreign ions in the fluid during CaCO; crystallization can
potentially be incorporated into the structure of the crystal during the growth
process or adsorbed onto specific sites on crystal surfaces which may in turn
modify the solvent structure [134] or promote the formation of metastable
phases. For example, iron and magnesium have been reported [135] to be
effective inhibitors of calcite growth as well as being able to change the
dominant precipitated phase from calcite to aragonite [118, 136, 137].
Furthermore, high Mg:Ca ratios seem to play a role in stabilizing ACC [138].

Effect of temperature

It has been observed by Reddy and Nancollas [139] that the proportion of
calcite, aragonite and vaterite particles depends on the initial supersaturation and
temperature of the solution. Han et al. [140] synthesized calcium carbonate by
bubbling a CO,/N, gas stream into a CaCl, solution. Under specified operating
conditions, pure aragonite was precipitated at 60°C while a vaterite/calcite
mixture was produced at ambient temperature. In experiments carried out by Yu
et al. [88], regular plate-like shaped particles in the size range of 6-12 um were
formed at 25°C, whereas slightly smaller (about 4-10 um) rhombohedral shaped
CaCQO;s crystals were observed at 80°C. This was attributed to the fact that higher
temperature altered the solubility of CaCOj; and the increased solubility changed
the morphology of the particles. Cheng et al. [89] also noted that when the
temperature was increased from 25 to 80°C, particle size decreased from
approximately 612 to 4-8 um. On the contrary, Vucak et al. [141] reported the
formation of particles with coarser particle size at higher temperatures.
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Effect of initial concentration

The findings of Wei et al. [131] correlate well with those of Agnihotri et al.
[132] in terms of lower Ca(OH), suspension concentrations during carbonation
leading to much larger CaCOj; particles with wider particle size distributions.
This was attributed to nucleation predominating over crystal growth at higher
suspension levels leading to a decrease in particle size.

Effect of the pH level

The influence of the initial pH level of the solution in the CaCOj;
precipitation process was investigated by Cheng et al. [89]. The authors
attributed the loss of control over CaCOj; particle morphology (formation of
irregular aggregates) at high pH levels (over 12) to the high supersaturation
levels of the initial solution. The size of the primary particles decreased with
increasing pH as a result of an increase in the nucleation rate of primary
particles. Hostomsky and Jones [142] reported that the morphology of calcium
carbonate could be controlled by the pH of the solution in a continuous
crystallizer. According to their study, the formation of wvaterite in the
precipitation reaction of calcium nitrate and sodium carbonate occurs at pH>9.5,
but calcite is obtained at pH<8.5. Similarly, Tai and Chen [143] attributed the
morphological change of calcium carbonate as being related to the
supersaturation level and the pH of the solution.

Other variables

The CO; flow rate during carbonation can be seen from the literature as one
of the main factors in controlling the reaction rate which in turn influences
particle size [116]. In a study by Agnihotri et al. [132], the particle size was
found to decrease with increasing the CO, gas flow rate due to the increased
shear stress effects as dictated by the gas flow rate and solids concentration
[144]. Feng et al. [116] studied the influence of CO, bubble size (with a frit pore
size of 17-40 or 101-160 um) and CO, concentration (25 and 100 vol%),
observing a slight decrease in the size of carbonated particles when smaller CO,
bubble sizes and lower CO, concentrations were used. Xiang et al. [129]
reported that the use of a radial sparger for bubbling CO, gas through a
Ca(OH), slurry improved gas dispersion, leading to a higher carbonation rate
and the formation of superfine CaCOs particles. A recent study by G. Montes-
Hernandez et al. [117] on the aqueous carbonation of calcium hydroxide in
contact with compressed CO, at moderate temperatures demonstrated the
synthesis of fine particles of calcite. The particle size of CaCO; was reported
[104] to decrease remarkably with an increase in the specific power input due to
a strong increase in the nucleation rate and increased probability of breakage and
attrition of the crystals.
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It can be concluded based on the literature overview discussed here that the
relationship between the precipitation conditions and the morphology/size of
PCC particles has received a significant attention. Still, there are many
unanswered questions and inconsistences among authors. In order to meet
demand in terms of practical applications, more effort is needed to understand
the combined effects of the operating parameters on CaCO; characteristics,
especially in the case of precipitation from a novel crystallization medium.

1.4 Environmental concerns within the Estonian oil shale-based
energy sector

In Estonia, the largest utilization in the world of local oil shale for energy and
shale oil production has assured the nation’s energetic independence and some
of the lowest electricity prices in the European Union. In the first half of 2010,
the price of electricity, including taxes, was lower only in Bulgaria [145]. Oil
shale gained its leading role in the energy balance of Estonia before the Second
World War and although total energy consumption has grown remarkably since
that time, oil shale has remained the dominant fuel [146]. The production
divisions of the Eesti Energia Narva power plants produce a total of about 9
TWh of electricity each year. Two of the world’s largest oil shale-fired power
plants in Estonia are Eesti Elektrijaam (1615 MWel per h, 84 MWth) and Balti
Elektrijaam (765 MWel per h, 400 MWth). The current technology of processing
the oil shale is the combustion of the pulverized fuel (PF) and new fluidized bed
combustion (FBC) technology implemented in 2004 [145, 147].

Estonian oil shale is characterized by a high ash content (45-50%), a
moderate content of moisture (11-13%) and sulfur (1.4-1.8%), a low net calorific
value (8—12 MJ/kg) and a high content of volatile matter in the combustible part.
Of the 13—15 million tonnes (Mt) of calcareous kerogenous oil shale mined
annually in Estonia, about 93% is consumed by power plants to generate over
95% of Estonian electricity and a great part of its thermal power, with a
production of approximately 6 Mt of waste ash annually [145]. Only a small
portion of the ash is used for construction materials, road construction and
agricultural purposes [147]. The present waste ash management strategy of the
national energy company Eesti Energia implements transportation of most of the
residue (in the form of a slurry) for deposition in ash fields. The Balti and Eesti
power plant ash fields near Narva are Estonia’s largest waste handling sites and
cover a total of 13 km®. It is estimated that Estonian power plants have produced
~280 Mt of ash to date [145].

The presence of a considerable amount of free CaO (10-30 wt%, depending
on the combustion technology) as the most active compound (Table 2) gives
combustion waste ash a high alkalinity [58, 59]. Consequently, the main
environmental concern with respect to the disposal of oil shale ash is the
formation of highly alkaline leachates (pH 12-13) as a result of leaching
processes. These pose a potential long-term environmental risk as neutralization
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of ash fields under natural conditions may take hundreds of years [149]. Since
Estonia is situated in the Baltic Sea catchment basin, the major issue is that, in
the case of leakage, this wastewater might contaminate soil, groundwater and
surface water or reach the sea [150, 151].

Table 2. Chemical and phase composition of 0il shale ashes

Chemical composition [148]
Component, % (average value in brackets)
CaO"™" 221_65()) Si0,! 20-50 (30) ALO;" 5-15(9.5)
MgO™! 1-6 (3) Fe,0,°% 2-9 (5.5) K>0 2-6 (3.5)
3.0-6.5 . 0.1-0.5
SO, (4.5) TiO, 0.2-1.2 (0.7) Na,O 0.2)
Phase composition on the basis of PF ash [60]
Component, % o-Ca,Si0, 1.99
Calcite, CaCOj3 9.55 B-Ca,SiO, 16.92
Dolomite, . .
CaMg(CO3), 3.34 Melilite, (Ca,Na),(Mg,Al)(Si,Al);04 4.99
Portlandite, Ca(OH), 1.42 Merwinite, Ca;Mg(SiO4), 6.81
Lime, CaO 29.52 Wollastonite 2M, CaSiO; 3.88
Periclase, MgO 4.27 Hematite, Fe,O; 1.19
Anhydrite, CaSO, 4.48 Quartz, Si0, 7.38
Gypsum, .
CaSO,*2H,0 0.76 Orthoclase, KAISiO; 3.51

Combustion of oil shale is also characterized by high CO, emissions. Due to
the extensive use of oil shale for energy production, per capita CO, emissions in
Estonia (15.2 metric tonnes in 2007) are about twice the European average and
rank 13"™ worldwide [152]. The export of energy to Finland, Latvia and
Lithuania leads to the additional discharge of a large amount of CO, emissions.
As Estonia is located in the northern, shallow part of the Baltic sedimentary
basin possessing potable water, its CO, geological storage capacity has been
estimated as zero [153, 154]. Thus, alternative techniques for curtailing
atmospheric emissions of CO, from oil shale-fired power plants are required in
hopes of tackling global climate change issues.

Hence, it is imperative that proper management of the solid/liquid/gaseous
wastes streams associated with oil shale-based energetics is devised so as to
continue the exploitation of oil shale in an environmentally sustainable manner.

32



1.5 Summary of the literature review and objectives of the thesis

It may be concluded based on the discussion presented in the literature
review that a balance is needed between energy security and growing concerns
over the impact of increasing concentrations of greenhouse gases in the
atmosphere, particularly CO,. For countries without geological storage sites,
such as Estonia, mineral carbonation could be considered as a CO, fixation
option. Since carbonation securely traps CO,, there would be little need to
monitor the disposal sites and the environmental risks would be very low.
Moreover, upgrading industrial wastes into commercial products via the
carbonation route is an interesting alternative for Estonia, where the technology
used in oil shale processing for heat and power production exerts strong
environmental effects. In this context, an idea of implementing lime-containing
oil shale ash as a low-cost source of water-soluble calcium in an indirect
carbonation process for producing precipitated calcium carbonate (PCC)-type
material is of great environmental and commercial interest.

The aim of this thesis was to study the feasibility, mechanism and kinetics of
the aforementioned novel process for the long-term storage of CO, and the
beneficiation of a potentially hazardous inorganic waste material of complicated
composition in the form of a valuable commodity. The second equally important
goal was to propose mathematical models describing the major stages of the
multi-step process, including leaching of the main water-soluble ash
components, followed by CO, absorption along with precipitation of the solid
product in a complex system of ash leachates and CO,-containing model flue
gas. Moreover, such models may also be suitable for other Ca-containing wastes.
In order to achieve these tasks, the following steps were taken.

First, leaching (dissolution) dynamics and equilibrium investigations were
performed to evaluate the potential of ash (leachates) as an alternative calcium
source and to create mathematical models describing Ca**, SO4> and OH
dissolution from oil shale ash (Papers [-III). In addition to calcium, extra
attention was drawn to the entire complex of different substances leached from
ash in terms of environmental safety as well as possible co-crystallization effects
which could influence the quality of the final product.

After establishing the dissolution behavior of the lime-containing ash, the
mechanism of CO, absorption into an alkaline model solution was
experimentally examined (Paper IV). The goal was to develop a mathematical
description of this stage to improve our understanding of the chemistry and
specifics of the CO, mass transfer process into alkaline wastewaters such as
leaching waters of oil shale ash in used reactor.

Finally, the study proceeded to investigating the precipitation process of
calcium carbonate in the gas-liquid system under various operating conditions
(Papers V-VII). In the comparative laboratory carbonation experiments, ash
leachates and Ca(OH), model solutions were used as liquid agents. The purpose
was:
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to create a mathematical model for the description of changes in the
composition of the gaseous, liquid and solid phases in the heterogeneous
system of oil shale ash leachate — CO,-containing flue gas;

to propose the mechanism of CaCOj; precipitation from alkaline oil shale
ash leachates of complex multi-ionic composition;

to provide a comprehensive characterization (composition, morphology,
surface area and particle size) of the precipitates crystallized from oil
shale ash leachates under various conditions;

to determine the influence of operating parameters (gas flow rate,
mixing intensity, CO, concentration, residence time, pH of the final
solution, etc.) on the characteristics of the solid product for process
optimization;

to compare the products obtained on the basis of ash and conventional
raw materials in PCC production;

to provide a preliminary technological evaluation for using oil shale
ash and its leaching waters as a precursor in the manufacture of PCC.
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2. MATERIALS AND METHODS

2.1 Experimental methods and procedures

An outline of the processes experimentally studied in this work is given in
Table 3. The investigations on the /eaching behavior of the main water-soluble
species (primary focus on Ca ions) in oil shale ashes were performed in batch
and continuous modes. The carbonation experiments were divided into three
series (SET I-III, Table 3) depending on the alkaline liquid agent used. The CO,
absorption by alkaline model solutions was investigated in SET I and II, whereas
the ash leachate — CO,-containing model flue gas system was examined in SET
II1. The experimental set-ups of the studied systems are described in more detail
in the following sub-sections 2.1.2 and 2.1.3.

Table 3. Outline of the systems under investigation
Investigated processes Paper
L. Leaching/dissolution behavior in the ash — water system

i. batch mode leaching of water-soluble species (Ca) from ash L1
ii. continuous mode washing process of the stagnant ash layer 1

I1. Carbonation (precipitation regime) in the gas-liquid system

SET I: CO, absorption by an NaOH solution representing the Ca>" 4
and SO,”-free alkaline model solution

SET II: CO, absorption by a Ca(OH), solution representing the | V, VI
Ca’-rich and SO,*-free alkaline model solution

SET III: CO, absorption by Ca’>" and SO42'—rich alkaline ash | VI, VII
leachates

2.1.1 Characterization methods

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

Properties | Characterization method

Solid phase

Chemical Total CaO (slightly modified EVS-EN 196-2:1997); free CaO

composition' [155]; CO, (total carbon TC; ELTRA CS-580 Carbon/Sulfur
Determinator); total S and its bonding forms (BSF; EVS
644:1995)

Elemental IRIS Intrepid I Inductive Coupled Plasma (ICP) Spectrometer

composition (Thermo Electron Corporation, software: thermo elemental

(Ca/Mg/Fe/Al/S/K/ | validated analysis); solid material initially dissolved in 65%

MnNa/Zn/Si/Cr/Cu | nitric acid in a pre-treatment module (GWB Pressurized

/Ni/PbV/Co/Cd) Microwave Decomposition)

Particle size Laser diffraction Multi-Wavelength Particle Size Analyzer

distribution (Beckman Coulter, LS 13320); ash samples measured in an
ethanol solution

Morphology” SEM (Jeol JSM-8404A)

Specific surface
area, total and
micropore volume’

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

Phase composition

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

Brightness’ Brightness of PCC samples: ISO 2470:1999

Surface analysis X-Ray Photoelectron Spectroscopy (XPS): The XPS spectra

(chemical were recorded with a Kratos Axis Ultra DLD electron

composition)® spectrometer using a monochromated Al Ka source operated at
150 W, a hybrid lens system with magnetic lens providing an
analysis area of 0.3 x 0.7 mm’, and a charge neutralizer

Liquid phase

Chemical analysis

Ca’" (titrimetric method ISO 6058:1984), SO,*, CI', K*, PO~
(Lovibond SpectroDirect spectrophotometer), CO->, HCO5~
and OH’ (titrimetric method ISO 9963-1:1994(E)), pH (Mettler
Toledo GWB SG2), conductivity (HI9032 microprocessor),
Na/Si/Al/Fe/Mg/Mn/Co/Cr/Cu/Ni/Pb/V/

Zn/Cd (ICP Thermo IRIS Intrepid I XDL)

Gas phase

CO; content

infrared CO, analyzer (Duotec)

N L A W N —

University

Performed by H. Ehala at the Laboratory of Inorganic Materials, TUT
Performed by Dr. V. Mikli at the Center of Material Research, TUT
Performed by Dr. M. Uibu at the Laboratory of Inorganic Materials, TUT
Performed by Prof. K. Kirsimie at the Institute of Geology, UT
Performed by the UPM-Kymmene Corporation (Finland)

Performed by Dr. A. Shchukarev at the Department of Chemistry, Umea
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2.1.2 Experimental set-ups for leaching behavior studies

Characterization of the oil shale ashes (Papers I, I1I: Materials and Methods
chapter)

The oil shale ash samples used in investigations of the leaching behavior of
the main water-soluble species of oil shale ashes (Papers I-1II) were collected
from different points of pulverized firing (PF) or fluidized bed combustion
(FBC) boilers at Estonian power plants. The main characteristics of ashes and
the average content of the basic elements are given in Paper I (Tables 1 and 2)
and Paper Il (Table 1).

Batch mode (Papers I, 11: Materials and Methods chapter)

The leaching dynamics and equilibrium experiments of Ca*" and other ions
from oil shale ash were carried out in a laboratory-scale batch reactor with a
volume of 800 mL using ash-Millipore water suspensions by varying the
solid/liquid (S/L) mass ratios from 1:1250 to 1:10. Depending on the objective,
suspensions were well-mixed at a controlled temperature for up to 180 minutes,
which was considered sufficient to reach equilibrium. Samples were taken with a
syringe and filtered (0.45 um). The resulting liquid phase was analyzed for
chemical composition including the content of heavy metals (see Section 2.1.1;
Table 4).

Continuous-flow reactor (Paper Il1: Experimental chapter)

The leachability of Ca ions from a stagnant oil shale ash layer was
investigated in a specially designed continuous mode leaching column (Paper
11I: Fig. 1a). Ash samples in portions of 60 g (PF1) or 35 g (FBC1) were placed
in a column inside a plastic cylinder (height = 3 cm; inner diameter = 4.9 cm)
and secured with a filter cloth and metallic mesh in order to obtain a fixed
packing area for each sample. Water (10 L) was passed through the ash layer
from the bottom of the column and subsequently collected in the solution
(leachate) collection container (collector). Samples were taken from the outlet
flow of the column and the collector, filtered (0.45 um) and analyzed for Ca*"
content. Experiments were repeated at various flow rates (58-350 mL min™).

2.1.3 Experimental set-up for the carbonation of alkaline liquid agents

2.1.3.1 Preparation of parental alkaline solutions

Model solutions (SET I and 1) (Papers 1V, V: Materials and Methods chapter)
In SET 1, the initial concentration of the NaOH solution and the pH were
fixed at 0.01 M and 12.0, respectively. The pH level was chosen to be equal to
that of the saturated water — lime-containing ash system. For SET II, initial
Ca(OH), solutions with various concentrations (350, 600 and 850 mg Ca*" L™)
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were prepared by slaking chemically pure lime (Sigma-Aldrich) and filtering the
suspension in order to remove any inert or non-dissolved solids.

Alkaline wastewater: ash leachates (SET 111) (Paper VII: Experimental chapter)

The oil shale PF cyclone ash (8.0% of CaOge., BET 0.26 m? g'l) was chosen
for the preparation of ash leachates as the most typical PF ash (it amounts to
60% of the total PF ash produced). The ash was dispersed in distilled water (a
liquid to solid mass ratio of 10:1 w/w) under atmospheric pressure and room
temperature for 15 minutes in a 15 L reactor equipped with a turbine-type
impeller (Fig. 4a). The alkaline suspension was filtered from the solid ash
residue. The preparation of the alkaline mother solution from waste ash is
schematically represented in Fig. 4a.

2.1.3.2 Conditions of aqueous carbonation (Papers IV-VII: Materials and
Methods chapter)

All carbonation tests (SET I-III) were performed in a semi-batch barboter-
type reactor equipped with a turbine-type impeller to provide effective
mechanical mixing of the gas and liquid phases and to increase the interfacial
contact area (Fig. 4b). The respective alkaline liquid agents (10 L) were treated
with a model gas mixture containing pre-determined concentrations of CO, in air
(cco2)- The flow rate (Qg) and composition of the inlet gas were controlled using
calibrated rotameters and an infrared CO, analyzer. For SET I and 111, a 23 full-
factorial experimental plan was designed in which the process variables were
maintained near the center of the operating range (Table 5; Papers IV and VII:
Table 1). Operating variables potentially influencing the absorption/precipitation
conditions were varied:

e air—CO, gas mixture flow rate, Qg

e CO, concentration in the inlet gas, ccoz

e stirring rate, N
In SET II, the carbonation process was conducted under the same conditions as
Regime 1 (Table 5) by varying the Ca>" initial concentration in the solution.

The reactor was operated batch-wise with respect to the liquid phase and
continuously with respect to the gas phase. Samples of the suspension were
collected through a valve on the reactor body. In each experiment, the volume of
the gas phase in the gas-liquid mixture (V) and above it (V) (Fig. 4b) was
registered. During the carbonation, the concentrations of relevant ions in the
liquid phase, the pH and the conductivity of the suspension as well as the CO,
content of the outlet gas flow (see Section 2.1.1; Table 4) were continuously
monitored. To elucidate nucleation-growth (morphogenesis) of PCC crystals, the
morphological development of the precipitate particles in the course of the
experiments in SET II and Il was examined.
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Table 5. Parameters of the oil shale ash leachates carbonation experiments
Air flow CO; flow

T]IE1§T LQ}?”I ratei’u ratei,1 chf (2,2) I‘I[\)II;I
Lh Lh
1 1000 950 50 5 400
2 1000 950 50 5 1000
3 1000 850 150 15 400
4 1000 850 150 15 1000
5 2000 1900 100 5 400
6 2000 1900 100 5 1000
7 1500 1350 150 10 700
8 2000 1700 300 15 400
9 2000 1700 300 15 1000

the stirring rate, measured experimentally, corresponds to a specific mixing power
consumption 1.1, 2.0 and 3.7 W L™ to provide N = 400, 700 and 1000 rpm, respectively.

When the pH of the solution had stabilized and the CO, concentration in the
outlet gas became equal to the inlet values, CO, addition was stopped. In SET II
and II1, after the carbonation, the suspension was filtered (using Whatman “blue
ribbon” filter paper) and the resulting solid was dehydrated at 105°C. The solid
materials were analyzed for chemical composition, surface properties and
particle size distribution (see Section 2.1.1; Table 4) as received with no
subsequent washing. The data obtained in the carbonation experiments was used
among others in the kinetics evaluation and model validation.

2.2 Modeling software

Kinetic calculations and leaching/precipitation process simulations in this
work were performed using the MODEST 6.1 software package [158] designed
for various tasks of model building such as simulation, parameter estimation,
sensitivity analysis and optimization. The software consists of a FORTRAN
95/90 library of objective functions, solvers and optimizers linked to model
problem-dependent routines and the objective function. The differential
equations were solved by means of linear multi-step methods implemented in
ODESSA, which is based on LSODE software [159]. The partial differential
equations were solved numerically and integrated by the method of lines
presented in [160] with the appropriate initial and boundary conditions.
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3. RESULTS AND DISCUSSION

3.1 Leachability dynamics, equilibrium and mass transfer in the
ash — water system

In the context of PCC production on the basis of oil shale ash, the availability
of lime for hydration and carbonation reactions is of prime importance. The
complexity of the process is exacerbated by the complicated and significantly
variable chemical and phase composition of various types of oil shale ashes.
Consequently, different leaching behavior is expected during ash-water contact.
For this reason, as a tool for simplifying the first step of the process under
discussion, a generalized mathematical dissolution model for the evaluation of
changes in calcium (or any other water-soluble substance) concentration upon
leaching from ash was composed. Moreover, as calcium-rich ash leachates can
be obtained either in a batch reactor (Papers I, II) by mixing an ash-water
suspension or by washing a stagnant ash layer (leaching column; Paper III),
calcium dissolution models for both process modes were developed in order to
design the appropriate PCC process. Furthermore, understanding the behavior of
the main water-soluble compounds in oil shale ashes in the course of leaching
also has significance in the field of environmental protection. These aspects are
discussed in detail in Papers I-11I and a brief overview is given in this section.

3.1.1 Dissolution behavior of lime-containing ash

The leaching behavior of the main water-soluble constituents of oil shale ash
was investigated in a batch reactor (Section 2.1.2) with a liquid to solid (L/S)
mass ratio 10:1 to imitate the hydraulic ash transportation system. When ash is
immersed into water, lime slaking, dissociation of portlandite and dissolution of
different salts occur. During the first minutes of ash-water contact, the solution
becomes deeply alkaline (pH ~12.2) and oversaturated with Ca*" ions (Ca*" =
1.4-1.5 g L'; Paper I: Fig. 1) as in addition to free lime ash also contains other
water-soluble Ca-compounds (Ca(OH),, anhydrite etc.), thus allowing the
solution to exceed the equilibrium solubility limit for Ca ions with respect to
pure CaO. The latter is an important positive factor in the context of the PCC
production process. At the same time, the resulting elevated content of sulfate
(SO,%) as well as the presence of additional ions characteristic of ash leachates,
such as K*, CI', PO, etc. (Paper I: Table 3, Paper VII: Experimental chapter),
could potentially play major roles in the precipitation process. This aspect is
discussed in Section 3.2.1, where the average composition of ash leachates
obtained in the aqueous extraction step for subsequent carbonation is given.
Most importantly, the toxic heavy metals have very low leachability in these
conditions (Paper I: Section 3.1).

The effect of temperature on the leaching behavior of Ca was also examined
(Paper I: Section 3.3). Favorable conditions for batch dissolution of calcium
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compounds from ash could be achieved at room temperature, which simplifies
the first stage of the PCC production process.

Furthermore, for the purpose of Ca dissolution process kinetics evaluation
and model validation, a set of Ca leaching dynamics and equilibrium
experiments was performed with different ash/water ratios in a batch reactor
according to the procedure described in Section 2.1.2. The implementation of the
obtained experimental data is discussed in the following Section 3.1.2.

3.1.2 Modeling of Ca and the main water-soluble species dissolution
process from ash

The mechanism of Ca leaching from ash was investigated in a batch reactor
as well as during a continuous washing process performed in a leaching column.
This analysis is mostly reflected in Papers II and III. As a result, the
mathematical models for predicting the outcome of the Ca (or any other water-
soluble substance) leaching process from different kinds of Ca-containing ashes
were composed (Papers II, 11]). The models are a set of (partial) differential
equations that mathematically describe the changes in Ca content in the solid
(ash) and liquid phases in the course of the process. Furthermore, these models
allow for estimating the period of time necessary for the species of interest to
reach the pre-determined value, a highly relevant aspect in the context of the
PCC process and in the field of environmental protection. Moreover, efficient
environmental implementation of the developed model for the simulation of
large-scale estimations of Ca leaching from ash was also demonstrated (Paper
11).

3.1.2.1 Batch process

The leaching (dissolution) of a substance (Ca) from a solid particle into a
solution is mathematically similar to the diffusion which takes place during the
desorption process. The dynamics of calcium dissolution from ash involves a
rate-controlling step of mass transfer inside a spherical ash particle (Paper I:
Fig. 3). A mathematical model consisting of differential equations (Paper II: Eq.
10, 11) was proposed to describe the leaching mechanism of Ca from ash.
Accordingly, in order to predict Ca (or any water-soluble substance)
concentration profiles during the batch dissolution process from ash, the
following steps of the modeling procedure must be carried out:

1. Determination of Ca (substance) solubility

2. Evaluation of the internal mass transfer coefficient of Ca in the ash particle,
ks

3. Process simulation

The first task implies establishing the equilibrium apportioning of the
substance of interest (e.g. Ca®", SO,* etc.) between the solid-liquid phases in the
form of an equilibrium equation ¢ =f{c’) based on data from the leaching
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equilibrium experiments described in Section 2.1.2. A detailed description and
the results of this step were reported on the basis of Ca in Papers I and /1. For an
estimation of the solid phase mass transfer and effective diffusion coefficients of
Ca, k; and D,, data on the leaching dynamics obtained from the batch
experiments was used to compare with the model predictions. The parameters £;
and D, were estimated by two different approaches, by Crank’s solution given in
the literature [161] (Papers 1, 1) and by a numerical solution of the differential
equations describing the mass transfer in the ash-water system (Paper II). A
comparison of both approaches is given in Paper II (Section 3.2.2). The latter
was used in further modeling as it is a more precise approach.

As the liquid phase in the batch process is well-mixed, the mass transfer
resistance is concentrated in the solid phase and the estimated values of the mass
transfer coefficient, k;, should be the same for one ash in experiments with
different dilutions. Thus, considering the k, values, Ca leaching kinetics from
ashes with different characteristics (ash particle size, Ca content) can be
evaluated or compared as well as the process simulated for various L/S ratios of
the suspension. The details on Ca dissolution process modeling are reported in
Paper II, where it was shown on the basis of two types of ashes differing notably
in their chemical (content of CaOg..) and physical structure (BET-surface area,
particle mean diameter etc.) that proposed modeling algorithms can be
implemented for different ashes.

Furthermore, the Ca dissolution model was later amended according to the
modeling algorithm elucidated in this section to allow for the simulation of
concentration profiles for other major species participating in the leaching
process. The addition of SO, and OH™ ions into a Ca*" system was found to be
sufficient to fulfill the electroneutrality constraint of ash leachates at any
moment in time during leaching:

+(-DXN,, +(-2)XN, =0, (3)

Ca** Nes

D N,xz; =(+2)xN

where N; and z; are the molar flux and charge of the ith specie. The constraint
offers an effective simplification for the solution of many ion-transport problems
[162, 163] and has been applied widely.

Consequently, the set of differential equations describing the changes in Ca
content in the solid and liquid phase of the perfectly mixed ash-water suspension
during leaching (Paper II) was complemented by considering the leaching
mechanisms of SO,~ and OH ions. The following system of equilibrium
relations and model equations (Eq. 4-10) for the solid (ash) and liquid phase was
proposed to describe the leaching behavior of the main water-soluble species
(Ca*", SO,*, OH") from multi-component oil shale ashes:

de . ()XVxe

= = kT XV X (1= €)X Sy X (q e — o) )
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dq .. XV x(l-¢)

-~ =k XV X(1-€)X Sy X(q) 0 —q ) 5)
Qo = Sl pn) (6)
deg (OXVXE :
: dt :ks ! XVX(l_g)XSOX(qsof— _qsog—) (7)
dqsof,xVx(l—e) o .
dt :ks ! XVX(I_g)XSOX(qsof— _qSO§_) (8)
QZO}* =f (C;Of’) ©)

Caz+ *
chH’(t)Xngzzxks XV X(1=&)X Sy X(q o0 =G )
dt M

Ca™* (10)

k5% xVx(1-€)x S, X (4 gop- —qzoj,)
M

—-2X
Nos

where £ is the solid phase mass transfer coefficient of a substance; c(7) and ¢
are the species current and equilibrium concentration in the liquid phase; g and
g are the species average and equilibrium concentration in the solid phase; V is
the suspension volume; S, (surface area/volume of particle) is the specific
surface area of a spherical particle (calculated as 3/R, where R is the average
radius of the particle); ¢ is the fluid (water) fraction in suspension and M is the
molar mass.

The accuracy of the proposed extended dissolution model was confirmed by
comparing the results of a Ca*, SO,> and OH" ion leaching process simulation
(performed using the MODEST 6.1 software package (see Section 2.2)) for
different ash-water ratios with experimental data (not used in parameter k;
evaluation) obtained in batch leaching experiments on the basis of selecting a PF
ash sample as the example, characterized by a high free lime content (~30 %)
and initial calcium and sulfate content 0.425 and 0.0317 g/g ash, respectively

(Fig. 5).
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3.1.2.2 Continuous washing process of the ash layer (Paper IlI: Section
3.1)

The mechanism of Ca mass transfer phenomena in a fixed ash layer leaching
unit was described by the differential mass balance equations, derived through
consideration of a short length AZ of a reactor of cross-sectional area S, as
shown in Paper I1I: Fig. 1b. The following system of model equations (Eq. 11-
14; Paper Ill: Eq. 2-5) was proposed assuming that heat effects and axial
dispersion can be neglected:

dC dC 1l-¢ . _

VXa—Z'FE"'TXKXSOX(q —q)=0 (11)
97 .

§+K><S0X(q_—q )=0 (12)
I m 1

=4 13
K &k k (13)
O=exvxS§ (14)

where K is the overall mass transfer coefficient; k; and k; are, respectively, the
liquid and the solid phase mass transfer coefficients; C is the concentration of Ca
in the water; ¢ is the average concentration of Ca in ash, ¢ is the fluid (water)

fraction in the layer (estimated from the volumes of the ash layer and the empty
column); v is the average axial velocity of the flowing fluid in the interstitial
spaces; Z is the ash layer height coordinate, from the bottom (Z=0) to the top
(Z=L); m is the slope of the equilibrium line ¢ =f{c’); O is the volumetric flow
rate of the liquid phase; S is the cross-sectional area of the empty column and S,
(surface area/volume of particle) is the specific surface area of a particle.

In addition to steps 1 and 2 presented for the batch process in the previous
Section 3.1.2.1, the modeling procedure in this case involved the task of
determining the Ca overall and liquid phase mass transfer coefficients, K and 4.
For this purpose, continuous leaching experiments were conducted in a semi-
batch washing column at various liquid flow rates as described in Section 2.1.2.
Because the same types of ash samples as in batch dissolution modeling were
used as an example material for the continuous mode process, previously
obtained data from steps 1 (¢ =f(c’)) and 2 (values of k) (Paper II: Eq. 3-4,
Table 3) was applied in the modeling. The kinetics calculations and process
simulation were performed using the MODEST 6.1 software package (Section
2.2). The system of model equations above was solved numerically and
integrated by the method of lines with the following initial and boundary
conditions:
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at Z=0: C=0 for every moment of time /=0 ... = (15)

at =0: q = q, for every length coordinate Z= 0... Z=L (16)

The solution of Eq. 11-12 and 15-16 gives the concentration distributions in
the layer, ¢ (Z,¢) and C(Z,¢).The values of the overall mass transfer coefficient, K

were evaluated using a parameter estimation procedure. The results presented in
Paper Il were in good agreement with theoretical knowledge: as the flow rates
increase, the turbulence of the flow increases and consequently reduces the mass
transfer resistance. Furthermore, the liquid phase mass transfer coefficient, A,
was calculated according to Eq. 13, based on the values of the overall mass
transfer coefficient, K (Paper IlI: Table 1) and the solid phase mass transfer
coefficient, k, estimated from the batch dissolution experiments (using very
intensive mixing) presented for different ash types in Paper Il (Table 3). Slope
m of the equilibrium line ¢'=f{¢’) was calculated as the derivative of the
equilibrium equation (presented in Paper II: Eq. 3, 4) for the argument value
equal to the average Ca concentration in the liquid phase within the experimental
range. As a result, an empirical function for the estimation of the liquid phase
mass transfer coefficient, k; at different liquid flow rates (Q) was built up (Paper
1l Eq. 9, 10).

Simulations of the Ca dissolution process during continuous washing of
various types of oil shale ash layers with different flow rates are presented in
Paper IlI: Fig. 2, where it has been shown by a comparison of experimental data
and results of the process simulation that the developed model was able to
provide an accurate estimation of the changes in Ca content in the leaching fluid
as well as in the stagnant layer of ash. The results and discussion on this subject
are given in more detail in Paper I1.

3.1.2.3 Simulation scenario of the ash deposit leaching process (Paper
111: Section 3.3)

In order to demonstrate the versatility of application of the developed Ca
dissolution model, an example was designed to simulate a scenario of an
industrial ash layer washing process in a natural environment over an extended
period of time (Paper IlI). The goal was to imitate the current situation in
Estonia, where every year about 6 Mt of oil shale ash produced by power plants
is transported to nearby ash fields.

Overview of the initial parameters of the simulation

In the simulation, seventy tons of dry PF ash formed in a power plant are
considered as having been distributed uniformly over an area of 5 x 13 m’,
creating a theoretical 1 meter high ash layer (cross-sectional area of 65 m?). The
average annual amount of precipitation in Estonia was taken as about 757 mm.
The objective of the simulation was to estimate changes in the Ca concentration
in the solid (ash) phase and in the leaching water during industrial ash layer
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washing by natural precipitation and therefore to predict the outcome of the
process.

Results and discussion

For the simulation, the set of model equations (Paper Ill: Egs. 2-5, 9) was
solved using estimates for the ash parameters obtained from the study on the
kinetics of batch and continuous dissolution processes described in Papers Il and
I1I. The calculations details and results are presented in Paper III. As can be
seen from Fig. 3 in Paper IlI, the calcium concentration level where only the
insoluble part of free lime is left in the ash layer was estimated by the model as
being reached in approximately 500 years. The results indicate that the Ca
content in the leaching fluid will be at a level of about 1.51 g L' and maintain
this high value for hundreds of years to come. Therefore, it was demonstrated
that oil shale ash can be viewed, without the implementation of any constraints,
as a source of environmental damage for a long time.

3.2 From waste to value: calcium carbonate precipitation on the basis
of oil shale ash

Based on our investigations relating to the leaching behavior of oil shale ash
(Papers I-111), the latter could be qualified as a source of calcium which is easily
and rapidly extractable by water. The possibility of obtaining PCC on the basis
of alkaline wastes from oil shale energetics was first introduced in our earlier
paper [164] where the preliminary results of alkaline ash-transportation water
neutralization experiments with a CO,-containing model gas carried out in a
small-size (0.6 L) laboratory absorber were reported. As the next step, the
feasibility, specifics and mechanism of calcium carbonate precipitation in the
ash leachate — COj-containing model flue gas system were systematically
investigated in a ~15 L semi-batch stirred barboter-type reactor and the main
characteristics (composition, morphology, surface area and particle size) of the
resulting solid product were examined over a wide range of operating
conditions. These aspects are discussed in Papers VI and VII. Complimentary
carbonation experiments with commercial CaO fine powder were conducted for
a comparative characterization of the final products obtained on the basis of two
different Ca-rich raw materials. This analysis is mostly reflected in Paper VI

The mathematical tasks of the study focused on the main challenges in
indirect mineral carbonation, including establishing a quantitative understanding
of heterogeneous gas-liquid-solid system kinetics and dynamics. To elucidate
the specifics and to estimate the performance of the CO, mass transfer process
into alkaline wastewaters such as leaching waters of oil shale ash, kinetics
studies on the phenomena of CO, absorption in a model gas — liquid system in
the absence (Paper IV) and presence of a precipitation reaction (Papers V and
Vi) were performed in a stirred semi-batch reactor.
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Based on the results of a multifaceted study, a consistent set of model
equations and physical-chemical parameters was finally proposed to describe the
CaCO; precipitation process from oil shale ash leachates of complex
composition (Paper VII).

Furthermore, aspects such as CO, sequestration and PCC production capacity
of ash and its leachates were discussed. Consequently, technological concepts
for continuous mode co-utilization of waste streams from oil shale energetics in
the production of synthetic calcium carbonate were worked out and a pilot-scale
reactor system was proposed.

3.2.1 Feasibility and specifics of ash indirect carbonation (Papers VI
and VII)

The investigation into multi-step PCC formation on the basis of waste ash
was comprised of two major stages: aqueous extraction and a precipitation
regime. Similar to the process described in this work, in the conventional PCC
production method, dry CaO, an expensive high quality raw material, is slaked
(hydrated) with water to form a calcium hydroxide slurry which is then screened
to remove impurities originating from the limestone and fed into a stirred tank
reactor where it reacts with CO, [83]. Unlike the lime solution, leachates contain
different salts leached from the heterogeneous composition of oil shale ashes, as
was elaborated in Section 3.1.1 where the dissolution behavior of the lime-
containing ash was discussed. In order to systematically investigate calcium
carbonate precipitation in the ash leachate — CO,-containing flue gas system, a
set of carbonation experiments was conducted in a semi-batch stirred reactor
according to the procedure described in Section 2.1.3. In the primary aqueous
extraction step, oil shale ash leachates (pH ~12.65) with the following average
ion concentrations were obtained: (in g L") Ca* ~1.23, SO,* ~0.75, K* ~0.076,
ClI" ~0.038, PO, ~0.011; (in mol L") OH ~0.047. In the subsequent
carbonation step, neutralization of ash leachates (pH ~7) was accompanied by
the formation of solid precipitates. These experiments indicated that alkaline ash
leachates react readily with a CO,-containing model gas, radically decreasing the
content of Ca>" ions and the pH value (Fig. 6) of the solution. Contact between
Ca*"-ions and dissolved CO, led to the precipitation of CaCO; (PCC), which is
practically insoluble in water with a pH>9. As the pH was lowered, the
increased content of H™ ions triggered the re-dissolution of CaCOs, liberating
calcium ions into the solution (Fig. 6). The concentration of SO4* ions decreased
moderately (from ~0.75 to 0.57 g L depending on the process conditions). The
content of background ions such as K, CI', etc. remained unchanged during the
experiment, which indicates that they do not participate in the precipitation
reaction and remain in solution. This finding is important in the context of
product purity.
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Figure 6. Process-induced changes in Ca’" concentration and pH profiles

The influence of precipitation conditions on the main characteristics of the
resulting crystalline product is discussed in the following Section 3.2.2, whereas
the mechanism of calcium carbonate precipitation during the gas-liquid reaction
in the ash leachate — CO,-containing gas system is elaborated in Section 3.2.3.

3.2.2 Characterization of PCC crystallized in the ash leachate — CO»-
containing flue gas system (Papers VI and VII)

It is evident that among the other parameters, the shape, size and texture of
the crystals play a crucial role in determining the properties and application
suitability of the material. In precipitation processes, especially the
hydrodynamic conditions in the system strongly influence the result of the
reaction, i.e. the characteristic features of the precipitate. Nevertheless, the
impact of a complex composition of ash leachates on the quality of the resulting
crystalline product is a matter of importance. Consequently, a detailed
examination of the precipitates which formed during ash leachate carbonation
(until a solution pH ~7) under different conditions was performed. The
characteristics of the solid products were determined using numerous
characterization techniques (see Section 2.1.1, Table 4) and are presented in
Table 6 (Paper VII: Table 3).
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The unwashed precipitates (Table 6: PCC1-PCC9) were characterized by
their bright white color and fine powdery texture. Total carbon- and
thermoanalysis indicated that the solid samples predominantly contained CaCO;
(~94.4-96.2%), with minor amounts of CaSO, (~4—6% TA and BSF analyses;
Table 6; Paper VII: Table 3), evidently adsorbed on the surface of the CaCO;
crystals as implied by XPS analysis. Only traces of other constituents were
detected (XPS) on the crystal surface, confirming conclusions drawn based on
the liquid phase composition analysis. Washing of the precipitate cake would be
expected to improve the purity of the product by a few percentage points (Paper
V). The phase composition was also confirmed using FT-IR spectroscopy.

The morphology of the precipitated particles was examined using scanning
electron microscopy (SEM). SEM images of the final precipitates PCC1-PCC9
crystallized under various carbonation conditions are shown in Paper VII: Fig.
3. Under the conditions of TEST 1-5 (Table 5), well-defined rhombohedral
crystals with a mean size ranging from ~4—8 pm were produced (Table 6; Paper
VIl: Fig. 3(a-e¢)). X-ray powder diffraction analysis (XRD) of these samples
identified calcite as the only crystal form of calcium carbonate detected.
Carbonation under intensified hydrodynamic conditions (TEST 6-9, Table 5)
resulted in the formation of distinctly spherical particles of vaterite in the
precipitates along with rhombohedral crystals of calcite (Paper VII: Fig. 3(f-i)).
The coexistence of calcite and vaterite in the product (PCC6-PCC9) was
confirmed using XRD measurements (Table 6; Paper VII: Table 3), which
enabled us to distinguish different polymorphic modifications of calcium
carbonate. The XRD results indicated that samples PCC6 and PCC9 contained
relatively small amounts of the vaterite phase (2.6 and 3.6%), while the relative
mass percentages of vaterite in samples from TESTS 7 and 8 were ~22 and 36%
(Table 6; Paper VII: Table 3). The presence of a significant amount of spherical
vaterite explains the greater surface area and pore volume (Vi) of samples
PCC7 and PCCS. Precipitation under the most rapid conditions (TEST 9, Table
5) significantly decreased the amount of vaterite in the final product compared to
sample PCC8, leading to the formation of pseudo-cubic or randomly aggregated
rhombohedral (Paper VII: Fig. 3i) and spherical structures with a mean diameter
of ~10 um and a calcite content of ~96% (Table 6; Paper VII: Table 3).

The particle size distribution analysis revealed that the PCC particle size was
influenced by the operating conditions, especially the hydrodynamics of the
system (flow rate, mixing intensity). For instance, in the experiments with 15%
CO, in the flue gas, increasing the gas flow rate from 1000 to 2000 L h’'
increased the mean diameter of the particles from ~4.8 to 8.0 um and from ~7.8
t0 9.9 um at 400 rpm and 1000 rpm, respectively. A similar effect was observed
upon increasing the rotation speed from 400 to 1000 rpm (dpean increased from
~4.8 to 7.8 um and from ~8.0 to 9.9 um at 1000 and 2000 L h', respectively).
Based on the gathered experimental data, applicable to barboter-type reactors, a
simplified empirical dependence (R*= 0.94) relating the mean particle size, diean
(in um) to the process parameters was constructed:
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where Q¢/V; is the specific gas flow rate (h"') and Py/V; is the stirrer specific
power consumption (W L™).

It was evident that elevated values of the operating parameters (gas mixture
flow rate or/and CO, content as well as mixing intensity in the reactor) lead to
more rapid precipitation accompanied by a faster pH decline. The results,
therefore, indicate that by prolonging the carbonation process, the mean particle
size decreases (Table 6). This trend was also observed in the additional
experiments described in Paper VI were CO, gas flow was switched off either
prior to reaching the pronounced re-dissolution region or after the pH of the
solution had stabilized (Paper VI: Table 1). In the same study, the effect of the
extent of carbonation on the textural properties of PCC particles was observed:
by prolonging carbonation below pH ~8 (the re-dissolution region), the initially
smooth surface of the crystal faces of PCC particles (Paper VI: Fig. 2(c, e))
appeared to become rougher (Paper VI: Fig. 2d). This observation was
confirmed by surface area measurements (Paper VI: Table 1).

Furthermore, the results suggest that faster precipitation due to intensified
hydrodynamic conditions provoked the formation of the usually metastable
vaterite in the final product. Consequently, a closer examination of the
morphological development of the CaCO; crystals in the course of carbonation
under the conditions of TESTS 8 and 9 was undertaken (Fig. 7). The
morphogenesis of the PCC crystals in the course of carbonation is illustrated in
sub-figures (a) - (d) and (e) - (h) in Fig. 7 during TESTS 8 and 9, respectively. It
can be observed from sub-figures (b) and (f) in Fig. 7 that by the time the Ca®"
content in the solution reached its lowest value, only regularly-shaped
rhombohedral calcite crystals precipitated. At this point, all the calcium
potential of the solution was utilized and equilibrium between the processes of
CaCO; precipitation and dissolution was established. Moreover, agglomeration
of particles was not detected during this period. Further addition of CO, initiated
PCC re-dissolution due to a decline in the pH (pH<9) (Fig. 6). At this stage,
parallel crystallization of vaterite, a CaCO; polymorph, took place (Fig. 7(c, g)).
By the end of carbonation (pH ~7), presumably due to an excess of Ca’" in the
solution as a result of PCC re-dissolution, vaterite was partially replaced by
more stable calcite, whereas the remaining amount stabilized under these
experimental conditions (Fig. 7(d, h)). In addition to the influence of
hydrodynamics on the system, the formation of the metastable phase might have
been promoted by the presence of specific accompanying ions in the leachates.
According to a study by Fernandez-Diaz et al. [165], a significant role in the
stabilization of vaterite may be attributed to the presence of sulfate in the
system. Hence, elaborated observations are of great interest in the context of
PCC production on the basis of oil shale ash.
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Additionally, precipitation experiments were conducted under the same
conditions as in TEST 1 (Table 5) with commercial CaO fine powder according
to the procedure described in Section 2.1.3 for comparative characterization of
the final products. Interestingly, the precipitates obtained under the identical
conditions, yet on the basis of different raw materials, contained crystals with
the same order of particle size and similar morphology, whereas the brightness
value (~93%) of particles crystallized from ash leachates exceeded that of PCC
obtained from a pure Ca(OH), solution (~89%) (Paper VI: Table 1). More
details, including SEM images for the respective types of PCC, can be found in
Paper VI

3.2.3 Reaction mechanism and modeling of PCC formation in the ash
leachate — CO;-containing flue gas system

3.2.3.1 CO; absorption kinetics and mass transfer into the alkaline model
solution (Paper 1V)

A vital part of the carbonation process is the transfer of CO, from the gas
phase to the aqueous phase, since only the dissolved molecules of CO, take part
in the reactions. Furthermore, the concentrations of the various carbonate species
depend on the pH of the solution. As shown in previous Sections, ash leaching
waters are characterized by high pH levels; however, the data on the rate of CO,
transfer from air bubbles into the aqueous alkaline solution has rarely been
reported in the literature [166, 167]. Consequently, a study on CO, uptake
kinetics in hydroxide solution in the absence of precipitation reaction was
undertaken (Paper IV). The performance of the CO, mass transfer process in a
stirred semi-batch reactor was evaluated under various conditions in absorption
experiments with an NaOH solution representing the Ca®" and SO,”-free
alkaline model solution. The experimental setup and conditions are presented in
Section 2.1.3 and in more detail in Paper IV. Considering information on all of
the main factors involved in the mass transfer of CO, from the gas phase to an
aqueous solution of hydroxides and the subsequent reactions (hydrodynamics,
kinetics etc.), a mathematical model (Paper IV: Eq. 4-10) for description of CO,
mass transfer in a stirred semi-batch reactor was composed, allowing for
simulating the concentration profiles of reactive species (CO,, COs>, HCO;,
OH, H") in the gas and liquid phase. The detailed description of the model is
elaborated in Paper IV. Under the conditions prevailing in the reactor, the rate of
CO, transfer is governed by the liquid phase mass transfer coefficient, k; and is
usually characterized by the volumetric mass transfer coefficient, k;a. Based on
the experimental data and proposed CO, mass transfer model, an estimation of
the volumetric mass transfer coefficient of CO, for the system in the absence of
a precipitation reaction, k1a’cos, was made under different conditions of gas flow
rate, mixing speed and CO, partial pressure. The calculations were performed
using the MODEST 6.1 software package (Section 2.2). Based on the obtained
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data, the effects of hydrodynamics on the rate of CO, mass transfer were
described in a form of an empirical correlation of k;,a’co, (s') as a function of
the main operating variables, allowing for the estimation of CO, absorption
performance per unit volume of gas-liquid mixture in barboter-type reactors
under different conditions (Paper IV: Eq. 16). The implementation of the
obtained mathematical data into the algorithm of the CaCO; precipitation model
on the basis of ash leachates is acknowledged in Section 3.2.3.3.

3.2.3.2 Calcium carbonate precipitation kinetics in a model gas — liquid
system (Paper V)

In order to design the PCC formation process and to optimize CO,
elimination from flue gas using alternative CaO-containing materials, such as oil
shale ash and its leachates, mathematical models describing the outcome of the
precipitation process of CaCO; in a model gas—liquid system must be developed
using at first chemically pure lime as a Ca source. For this purpose, a kinetics
study on chemical absorption of CO, into an aqueous solution of Ca(OH),,
representing the Ca”"-rich and SO,”-free alkaline model water, was carried out
in a stirred semi-batch reactor. The experimental setup and conditions are given
in Section 2.1.3. The mathematical model described in the previous section was
extended to account for the CaCOj; precipitation reaction kinetics and a resulting
set of model equations is presented in Paper V (Eq. 8-16). On the basis of the
modified model and the obtained experimental data, the volumetric mass transfer
coefficient of CO, in the presence of a precipitation reaction, k;aco,, was
estimated under the conditions of various initial concentrations of the Ca(OH),
solution. According to the same procedure and considering the value of the
solubility product of CaCOs;, the reaction rate constants of the CaCO;
precipitation reaction were evaluated (Paper V: Table 2). The calculations were
performed using the MODEST 6.1 software package (Section 2.2). Details of the
determination can be found in Paper V. Furthermore, the influence of the
precipitation reaction on the rate of CO, mass transfer was investigated. This
analysis is described in Paper V. The reactions of CO, with a Ca(OH), solution
enhance the rate of absorption and increase the capacity of the liquid solution to
dissolve the solute, when compared with physical absorption systems. The effect
of the precipitation reaction on process performance can be expressed by
introducing the CO, mass transfer enhancement factor, £ [168, 169], defined
here as the ratio of the volumetric mass transfer coefficients for CO, absorption
for both cases with (kacp;) and without the precipitation reaction (kLa()COZ),
E=kyaco/kia’cos. By considering the results of the study for the system in the
absence of a precipitation reaction described in Section 3.2.3.1, values of the
enhancement factor £ for CO, absorption were determined (Paper V: Table 2)
and the empirical Eq. (Paper V: Eq. 19) of E as a function of the initial Ca*
concentration was proposed. It was shown that an increase in the Ca
concentration produces a continuous increase in the enhancement factor. This
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fact along, with the kinetics data described in this section, was later accounted
for in the Ca*"-rich ash leachates system.

3.2.3.3 Modeling of the CO; absorption and CaCQjs precipitation in the
ash leachate — CO,-containing flue gas system (Paper VII)

The mechanism expressed by Cents et al. [170] for the reaction of CO, with
aqueous solutions of hydroxides was considered as a starting point and extended
by us based on the theoretical considerations and obtained data to be applicable
for description of the CO, absorption and CaCQO;/CaSO, precipitation in the
system of ash leachate — CO,-containing flue gas. The reactions occurring upon
contact of ash leachate, characterized by an excess amount of Ca*" and SO,*
ions, with CO, present in the gas are presented in Fig. 8 (Paper VII: Eq. 1-9).

Physical dissolution of gaseous CO; into solution:
CO,(g) <> CO,() (18)

Formation of bicarbonate:
CO,())+OH"~ = HCO3 19
+
2 (D) . 3 19)
12
Dissociation of bicarbonate:
i
HCO; +OH™ CO;” +H,0 (20)
%
)
lonization of water:
k31

—
OH +H' H,0 1)
%
k3o
CO; hydration:
ky
Cco,(h+H,0 HCO; +H™ (22)
kaa

Precipitation of CaCOj crystals:

2+ — kSI
Ca®" +CO: CaCO; (23)

ksy

Formation of the anhydrite phase:

Ca** + 807 < CaSO, (24)
Back-dissolution of CaCOj; crystals at lower pH:
ko1
CaCOy + H* Ca** + HCO3 (25)
%

ko

Figure 8. A set of reactions occurring in the ash leachate—CQO,-containing gas system
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As indicated by the experimental data described in Section 3.2.1, it can be
assumed that the background ions in the leachate, such as K', CI etc., do not
take part in the precipitation process in significant amounts.

Based on the results of a multifaceted kinetics study (Papers IV, V and ViI),
the mathematical process model was developed (Paper VII) incorporating the
mechanisms and modeling algorithms composed for intermediate stages (Papers
IV and V) and accounting for the absorption and reaction kinetics taking place in
the liquid phase, including CaCO; and CaSO, precipitation, as well as the
hydrodynamic conditions within the system. According to our proposal,
assuming the ash leachate — CO,-containing flue gas system is operated
isothermally at 25°C, the concentration profiles of characteristic species
participating in the precipitation process may be modeled as a function of time
using differential Eq. 26-36 (Paper VII: Eq. 10-20):

e For CO, dissolved in the liquid phase:

k,al, xExZ[[k X Mo, x PX|COMs)] [COZ(Z)]JxVL :VGJ

d[co,(1)] B i=1 Pco,
d v,
- kylco, 0o |+ i, [Heos |- ko, 0]+ k| rco; [ ]
(26)
e For Ca*", OH’, SO,*, HCO5, CO;* and H' ions:
2+ %
d[CZ ] =ks, —ks, [Ca a ][C032_ ]+ kpacaso, X([SOf_] - [SOf_D 7)
+hkg [H+]_k62 [Ca2+ ][HCO;]
o]y feo,0lor s licor]-a, o Torr o
+hy [CO;_]*‘ kyy = ks [OH_][H+]
2—
S0 (503 ] 07 ) (9)
dcor]_y co,vion-]-kulucos -k, lucos Towr) .
+hpl0F |k [c0, 0=k lrcos e | kg 11 |- ko [ca™ Jrcor |
Aot lncorJon J-koleor Jero -ri e feor] o
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dlH]

= ey ke, ot~ [+ [+ ey [€O, (D]~ &y, [HHCO; 7]

dt (32)
— ke [H+ ]+ ke, [Caz+ ][HCO;]
e For CO, exiting the ith section of the reaction mixture:

o [eslicon(elly ~lcoi e
mz kg XM co XPX[COE(g)] V,+Ve) Yo
dt —kpalo, XEX : ~[co, ()] x5~
Pco, n
(33)

e For CO, exiting the reactor headspace (Vs above the mixture; Fig. 4b):
d|Cco
%= (05 ([0, (&)= [0, (&)l ) Ve, (34)
e For CaCOj; forming during the carbonation process:
d[CaCO _ . _
% = ks, [Ca2+ ][C032 ]_ksz — ke [H ]"' ke, [CQZJr ][HC03 ] (3%5)
e For CaSO, forming during the carbonation process:
d[CaSO _ _F

| Zt 1 =k acyso, X([SOf ]_ [SOZ ] ) (36)

In Egs. 26-36, the concentrations are expressed in molar units, Qg is the gas
volumetric flow rate in L s, kLagO2 is the volumetric mass transfer coefficient

of CO, in the absence of a precipitation reaction in s ', £ is the CO, mass
transfer enhancement factor, V; is the solution volume in L, V; is the volume of
gas in the gas-liquid mixture in L, V; is the gas volume in the reactor headspace
in L, ky is the Henry’s law constant in mol-(L atm) ', P is the atmospheric
pressure in atm, Mco; is the CO, molar mass in g mol ! and pcoz 1s the CO, gas
density in g L™

The gas phase in the reaction mixture was divided into a number of
theoretical sections n with a volume V/n (gas phase in approximately plug flow,
liquid phase in perfectly mixed flow due to solution recirculation). Each of these
sections (high correlation coefficient observed at n=10) was treated as a non-
equilibrium stage governed by Eq. 33.

Considering the near infinite-dilution ionic strength of the leachate (/=0.1),
the value of the second-order rate constant, &y, (in L-(mol s)') in Eq.19 in Fig. 8
was calculated as a function of temperature 7" (K) using a relationship proposed
by Pohorecki and Moniuk [171]:
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1og(k11)=11.916—¥ (37)

The backward reaction rate, kj; in Eq. 19 is defined by the value of the
equilibrium constant for this reaction (k,=k;1K/K}). The value of the solubility
product, K., (mol®> m™®) is given by Tsonopoulos [172]:

K .
log[ ;j =— 58;9 S_ 22.47731og(T) + 61.2062 (38)
Py
The value of the equilibrium constant, K; (mol m™) is given as a function of
temperature by Edwards ef al. [173]:

K, = exp(— 120;2'1 —36.786In(T) + 235.482)pw, (39)

where p,, is the density of water (kg m ). The reaction rate constant, &, in Eq.
20 was reported as 6x10° m*(mol s) ' by Eigen [174]. The equilibrium constant,
K> (m® mol™) at infinite dilution, which determines the value of the backward
reaction rate, k»,=ky1/K,, is given by Hikita et al. [175]:

log(K,) = 1568.9 —-2.5866—-6.737x107°T (40)

The neutralization rate constant, k3;, was determined by Eigen [174] to be
1.4x10% m3-(mol s)fl. The rate constant, k4, for the reaction between CO, and
water is 0.024 s~ [176]. The values of the backward reaction rate constants, k3,
and k4, may be calculated from the equilibrium constants and are equal to &3,/Kw
and k4 /K. The value of the Henry’s law constant & (mol-(L bar)') may be
expressed as a function of temperature using the equation of Pohorecki and
Moniuk [177]:

log(k,) =9.1229-5.9044x107°T +7.8857 x107° T 41)

Based on our study on CO, uptake kinetics in hydroxide solutions under
various process conditions described in Section 3.2.3.1 (Paper 1V), the
volumetric CO, mass transfer coefficients for the system in the absence of a

precipitation reaction kLagO2 (s") were calculated using an empirical equation
(R*=0.91) applicable to barboter-type reactors (Paper IV: modified Eq. 16) :

0.386 0.330

k,al, = 2.953x103£&j [P—NJ ceo "M, (42)
2 f VL 2

in which Py is the power consumed by the stirrer in watts.

The average values of the reaction rate constants, ks; and ks, in Eq. 23 were
estimated in our study on CaCO; precipitation kinetics in the model gas—liquid
system (Paper V) described in Section 3.2.3.2 to be 1.88x10° L-(mol s)™' and
0.009 mol-(L s)'. The value of the CO, mass transfer enhancement factor, E
(introduced in Section 3.2.3.2), was determined using an empirical equation
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(R>=0.97) proposed by us in the same study (Paper V: Eq. 19), where E is a
function of the initial Ca®" concentration (mmol L™"):

E =0.0027x[ca™ | +0.0224x[ca®], +1.0 43)

Based on the experimental data obtained for the ash leachate—CO,-containing
flue gas system (Section 2.1.3), the SO4* dynamic equilibrium concentration,
[SO4]" (mmol L™), was calculated using an empirical equation (R*=0.98)
dependent on the operating parameters and the initial concentrations of Ca*" and
SO,* ions (mmol L") in the leachate (Paper VII: Eq. 28):

0.066 ~0.012
[SOf,]* _ 0.761X[SO§7]00‘976 [Ca2+ ]0—0.073(%j CCO20.038(1;_NJ (44)
L L

The kinetic calculations were performed using the MODEST 6.1 software
package (Section 2.2). Additionally, a program feature accounting for changes in
V1, Vo and Vg, due to sample collection was implemented in the modeling
algorithm. The volumetric mass transfer coefficient of anhydrite, k; ac,so, and

the reaction rate constants, k¢ and k¢ in Eq. 25 were evaluated from differential
Egs. 26-36. A parameter estimation procedure was carried out on the basis of the
proposed model and some of the experimental data. The correlation coefficients
for all data sets were greater than 0.93. The average values of the reaction rate
constants, ks and ke, were estimated to be O.I(ﬂ:0.021)><107 s and
0.4(£0.013)x10° L-(mol s)', respectively (Paper VII). Based on the evaluated
values of k;ac,so, (s™), an empirical equation (R*=0.8) applicable to barboter-

type reactors was proposed as a function of the main process parameters (Paper
VII: Eq. 29):

0 1.702 RN
kpaceso, = 1.95x107 X(V_Gj CCOZHM(V_NJ 45)
L L

Table 7. Parameters used in the modeling of oil shale ash leachate carbonation at 298K

Parameter Value Parameter Value
ki1, L-(mol s)! 8.4x10° ks, L-(mol s)”' 5.7x10*

ki, s 2.0x10™ ks;™, L-(mol s) ' 1.9x10°

k1, L-(mol s)! 6.0x10° ks,™, mol-(L s) " 9.0 x107
ky, s 1.2x10° ko™, s 0.1x10’

k31, L-(mol s)! 1.4x10" kg™, L+(mol s)! 0.4x10°

ks», mol-(Ls)™" 1.3x10° ky, mol-(L atm) ' 3.5x107

kap, s 2.4x107 pco2(25°C), kgm > 1.8x10°
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The developed model was used to simulate the carbonation/precipitation
process in the ash leachate — CO,-containing flue gas system. The procedure was
accomplished with the MODEST 6.1 software package (Section 2.2). The
reaction rate constants and the main parameters applied for process simulation
are summarized in Table 7 (Paper VII: Table 2).

The model was verified by comparing the dynamic response of the
concentrations of the reactive species (Ca2+, OH’, SO,*, CaCO;, CaSO,, HCO5,
CO,, H" and CO;™) to variable operational conditions with the experimental data
obtained according to the procedure described in Section 2.1.3. Plots of
experimental and model-predicted concentration profiles corresponding to
TESTS 4, 6, 7 and 8 (Table 5) are provided in Paper VII (Fig. 2). The proposed
model supports the assumed reaction scheme and describes with high certainty
the process course including the re-dissolution of PCC due to increased
solubility of CaCOs; at lower pH. The model also enables the prediction of pH
values (Paper VII: Fig. 2a), which suggests potential applications in wastewater
neutralization process design. Additional details can be found in Paper VII.

3.2.4 Continuous mode process concept and scale-up

A conceptual process flow diagram for the beneficiation of waste streams
from oil shale energetics via the production of synthetic calcium carbonate-type
material and simultaneous CO, mineral sequestration and residual material
stabilization/neutralization was proposed (Fig. 9) for continuous mode operation.
The suggested process concept does not require the use of chemicals (acid for
extraction or alkali for precipitation) and the liquid phase is recycling in the
system. For improved performance of the process, the PCC production route is
envisaged to be implemented (according to Fig. 9) with the new method recently
proposed by us for eliminating CO, from flue gases by Ca-containing industrial
wastes (Patent). The process includes contacting the aqueous suspensions of Ca-
containing waste material with a CO,-containing flue gas in two steps: in the
first step (Reactor 1), the suspension is bubbled with flue gas, maintaining pH
levels in the range of 10—12, and in the second step (Reactor 2) maintaining the
pH levels in the range of 7-8 (Fig. 9b). The water-soluble components such as
free lime are carbonated in the first step and the components with low solubility,
in which Ca is generally contained in the form of silicates (CaSiO;, Ca,SiOy,
CazMg(Si0y),), are carbonated in the second step. This enables optimal
conditions for treating different phases of multicomponent waste materials.

A simplified technological scheme of a potential continuous-flow pilot-scale
installation including the units of oil shale ash leachate preparation, carbonation
and solid product separation is given in Fig. 10.
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According to intended design, a highly alkaline ash-water suspension from the
power plant ash hydraulic transportation system is directed to the rotary drum
filter, where the solid residue is separated under vacuum from the parental Ca-
rich solution. The alkaline liquid phase is then treated with the CO,-containing
flue gas injected by nozzles (for improved mixing) located at the bottom of the
barboter-type reactor where neutralization of the ash leaching water and
formation of the solid precipitate (CaCO3/CaSO,4 composite) takes place. In the
final stage, the solid material is washed and separated by means of a drum filter
from the stabilized wastewater exiting the barboter-basin. The neutralized
effluent is recirculated in the system. Alternatively, as a more robust version of
the process, the oversaturated with Ca ions alkali wastewater from the settling
ponds of the ash transportation system could be used directly as a feedstock. In
this case, the load on the first filter will drop considerably, consequently
lowering its dimensions.

Preliminary technological evaluation and recommendations

From the point of view of PCC production via the carbonation route, there
are two major pH regions to be considered. Because CO, dissolution into water
is pH-dependent (CO, is found in the solution mainly as COs> at pH>9 and as
HCOj™ around pH<9.0), the highest concentration of PCC is expected at pH>9.
Furthermore, at lower pH values, H" ions will initiate the re-dissolution of
CaCOs;. At the same time, alkaline wastewater (such as ash leachate) has to be
neutralized to a pH level accepted by environmental regulations (pH<9) before
directing it into nature. Taking into account the above specifics and assuming a
wastewater flow rate of 3600 L h', evaluation of the important parameters
(Table 8) in the design of the continuous mineralization process of CO,
accompanied by the formation of PCC on the basis of oil shale ash was made by
implementing the proposed model (Section 3.2.3.3) for two possible objectives:
maximum CO, mineralization (highest CaCO; content) or wastewater
neutralization (effluent pH~7). The results are given in Table 8. Furthermore, the
following recommendations could be given to come to an optimal process design
or optimal crystalline product quality:

e The appropriate end-point of carbonation will need to be selected depending
on the desired purity grade and textural properties (influenced by the
precipitation conditions) of the product determined by its application field
and/or the primary environmental objective of the process.

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

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

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

CO; binding and PCC production capacity of oil shale energetics waste streams

In addition to a considerable amount of free CaO (10-30 wt%), oil shale
ashes contain up to 30% Ca/Mg silicates as potential CO, binders. Our recent
developments involving ash—water suspension carbonation demonstrated that oil
shale ashes are able to bind up to 290 kg CO, per ton of ash or as much as ~15
and 73% of the oil shale’s total and mineral carbon content, respectively [60].
Moreover, beneficiation of 1 million ton of ash (containing ~20% free lime on
average) would allow for producing close to 360 kt of CaCOs, while via the
carbonation of 1 million m® of leachates, at least 1.3 kt of CO, could be captured
and up to 3 kt of PCC formed.
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4. CONCLUSIONS

This thesis elucidates the feasibility, specifics and mechanisms of a novel
route for CO, sequestration and utilization/beneficiation of a potentially
hazardous waste into valuable product. It demonstrated that free lime could
without difficulty be rapidly separated from oil shale ash by leaching it into
aqueous solutions. The resulting leachates could then serve as a novel medium
for the crystallization of a precipitated calcium carbonate-type material
applicable to several industrial applications.

Treatment of ash leachates with a CO,-containing model flue gas in a batch
reactor under ambient operating conditions (room temperature and atmospheric
pressure) resulted in the precipitation of high brightness PCC containing up to
~96% CaCO; with a mean particle size ranging from 4—10 pum. Variation in the
process parameters had a profound influence on PCC characteristics: the crystal
size, surface area and morphology of the calcium carbonate crystals were
controlled by the hydrodynamic conditions (gas flow rate and mixing intensity)
which affected the duration of precipitation and the pH of the crystallization
medium.

The mechanisms and modeling algorithms for the main stages of the process,
including leaching of the main water-soluble substances from ash, dissolution of
gaseous CO; into the alkaline liquid phase and CaCO;/CaSQ, co-precipitation
from ash leachates of complex composition, have been suggested. The
mathematical models introduced here can be used to predict the dissolution
behavior of the main water-soluble species from oil shale ashes in the course of
leaching in terms of concentrations; moreover, these models can be used to
forecast changes in the composition of the liquid (Ca%, S0,*, COs*, HCOy,
OH’, H', CO,), gaseous (CO,) and solid (CaCOs, CaSO,) phases during the
precipitation regime of calcium carbonate from oil shale ash leachates treated
with CO,. Additionally, the necessary residence time or pH profile can be
estimated. The proposed algorithms may also be applied to design PCC
production from other lime-containing wastes or calcium-rich alkaline
wastewaters used as the feedstock. This flexibility makes the developed models
a valuable tool in the field of environmental protection in different industrial
sectors.

The process was found to have a great potential for reducing the
environmental burdens associated with oil shale-based power production, while
simultaneously enhancing economic benefit. The neutralization of the alkalinity
of ash (leachates) offers a possibility for environmentally sound disposal of
waste residue.
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ABSTRACT

The current thesis reports the results of a multifaceted study on the
utilization/valorization possibilities of waste streams originating from oil shale-
based power production. A simplified approach for CO, capture and
beneficiation of alkaline oil shale ash (or its leaching wastewaters) in the form of
a precipitated calcium carbonate (PCC)-type material is proposed, with relevant
implications on CO, mitigation and the recycling of industrial waste materials.

Ash was successfully converted via a multi-step carbonation route into high
brightness calcium carbonate (~96% CaCOs; in the unwashed product) with a
mean particle size in the range of 4—10 um and various controllable by process
conditions polymorphic forms at room temperature and atmospheric pressure
using water for the dissolution of Ca-containing compounds. Several
characteristics of the obtained solid materials suggest high potential for a wide
range of industrial applications.

The mathematical aspects of the work included the development of models
describing the main stages of the process, including leaching of the main water-
soluble compounds from ash, dissolution of gaseous CO, into the alkaline liquid
phase as well as binding of gaseous CO, and CaCO;/CaSO, precipitation in the
heterogeneous system of flue gas — oil shale ash leachates. An estimation of the
kinetic parameters of the species of interest upon dissolution from ash was made
and the process simulated as well as model application illustrated in the field of
environmental protection. The precipitation process model was built upon CO,
absorption, reaction kinetics as well as hydrodynamic conditions, and allows for
predicting the concentration profiles of the main reactive species in the liquid,
gaseous and solid phases in the crystallization of calcium carbonate from oil
shale ash leachates treated with CO,. The model can be also implemented for the
estimation of positive environmental impacts in terms of CO, abatement and
diminishing wastewater alkalinity, and is transferable to Ca-containing solid and
liquid wastes produced in different industrial sectors.
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KOKKUVOTE

Kéesolev t00 tutvustab pdlevkivienergeetika nditel uut suunda tahkete
jadtmete  taaskasutamises, mis tugineb leeliseliste  tdOstusheitmete,
polevkivituha(-heitvete) ja siisihapegaasi (CO,) utiliseerimisel sadestatud
kaltsiumkarbonaadi (SKK) saamiseks. SKK on laialt kasutusel tdite- ja
pindamiseainena kummi-, plastmasside- ja paberitdostuses.

Rakendades polevkivituhka kaltsiumi allikana kaheastmelises protsessis, mis
holmas tuha leostusvee valmistamist ning viimase karboniseerimist pool-
perioodilises  barbotaazkolonnis  5-15% CO, sisaldava mudelgaasiga
mahtkiirusel 1000-2000 L/tunnis ja reaktori segaja poorlemiskiirusel 400-1000
p/min, Onnestus saada korge heledusastmega (93%) 4—10 pum keskmise
diameetriga ja kontrollitava morfoloogiaga (romboeedriline kaltsiit ja/voi
sfadriline vateriit) SKK kristalle (CaCO; sisaldusega kuni 96%). Lisaks,
arvutustulemused  kinnitavad  uuritud  meetodi  suurt  potentsiaali
polevkivienergeetikaga kaasnevate tahkete jddtmete, leostusvete ja CO,
emissioonide negatiivse keskonnamdju vihendamisel.

T66 oluline osa oli suunatud protsessi pohistaadiume (Ca ja teiste vees-
lahustuvate iithendite viljaleostamine tuhast, gaasilise CO, lahustumine
leelisesse vedelfaasi ja CO, sidumine ning CaCO; sadestamine heterogeenses
siisteemis CO, sisaldav suitsugaas - tuha leostusvesi) kirjeldavate mudelite
viljatootamisele. Erilist tdhelepanu poorati kaltsiumi leostusele polevkivituhast
vedelfaasi, hinnates kaltsiumi leostusprotsessi kineetikat iseloomustavaid
parameetreid. Samuti illustreeriti mudeli rakendust keskkonnakaitseliste
aspektidega seotud kiisimustes, simuleerides ioonide véljaleostamise
stsenaariumi toostuslikust polevkivituhakihist sademete mdjul pikemal perioodil.
Sadestusprotsessi mudel oli iilesehitatud arvestades CO, absorptsiooni,
reaktsioonide  kineetikat ning  hiidrodiinaamilisi  tingimusi  siisteemis,
voimaldamaks vedel-gaas-tahke faaside peamiste ioonide ja iihendite
kontsentratsiooniprofiilide ennustamist CaCO; kristallisatsiooni kéigus tuha
leostusvete to6tlemisel CO, sisaldava suitsugaasiga. Lisaks, koostatud mudel on
sobilik positiivsete keskkonnaeffektide hindamiseks CO, piiiidmise ja reovee
leelisuse vdhendamise kontekstis ning on {ilekantav ka teistele erinevates
toostussektorites tekkivatele Ca-sisaldavatele tahketele ja vedeljaatmetele.
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Abstract

In current study the oil shale ash consisting free lime have been considered as a source of (z in the precipitated calcium
carbonate (PCC) production. In connection with this approach, a set of laboratory experiments was carried out in order to
investigate the leach ibility dynamics and equilibrium of the main ions from oil shale ashes formed in boilers operating with
different combustion technologies. The main characteristics of Ca distribution between phases have been established using
different ash/water suspension ratios and diffusioncoefficients determined. The effect of t emperature on the Ca’* equilibrium
concentration was investigated. Data collected served as basis for modeling ofthe equilibrium and dynamics of leaching of Ca”*

ions.

(© 2009 Elsevier Ltd. All rights reserved.

Keywords: Oil shale ash; solid waste; precipitated calcium carbonate; Cah—ions; mineralization; leachibility; equilibrium ; dynamics

1. Introduction

The use of oil shale as a fuel for power plants is common in China, Germany and Estonia. P ower production
based on oil shale combustion is, however, accompanied by high CO, emissions and by the formation of alkaline
waste ash [1-3]. In the modern world, environmental protection issues substantially influence the energy se ctor,
making the above mentioned problems particularly relevant in Estonia, where over 90% [4] of the basic power
supply is provided by oil shale-fired thermal power plants. Power plants are the biggest polluters in Estonia,
emitting annually thousands of tons of gaseous additives into the atmosphere and contaminating the landscape with
alkaline pollutants [5]. Also, Estonian oil shale is characterized by a high content of mineral matter, which leads to
the formationof large amounts of ash during the combustion process, which makes it highly desirable to develop
effective usage of this waste.

Oil shale energetic is also the main source of CO, emissions in Estonia. In 200 5, oil shale across all sectors of the
economy was responsible for about 72 % of total Estonian energy - relat ed CO, emissions [4]. In this aspect, a new

* Corresponding author. Tel.: +372 -5283756; fax: +372.620 2801
E-mail address: olga.velts@ttu.ee (0. Velts) .
doi:10.1016/j.egypro.2009.02.312
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direction in reducing the negative environmental impact of emissions is CO, mineralization, which is based on the
CO, binding capacity of oil shale ashes and its water suspension [6-8]. An advantage of this process is not only
abatement of CO, emissions, but also the possibility of the utilization of oil shale waste ash for PCC production.
Production of new materials from oil shale ash helps to reduce the ash amount to be deposited as well as reduce its
environmental impact, and gives extra value to the combustion product.

Ash from oil shale power stations contains 45 -52%of Ca oxides (including free CaO up to 30 wt-%) [3, 7] And
thereforethe separation of free lime from oil shale ash and its application in PCC production is ofparticul ar interest.
Although the carbonation of lime is well known [9], data about the specific characteristics of the carbonation
process of free lime in oil shale ash and of its reactivity towards CO, are incomplete. The latter depends on the
chemical composition and physical properties of the ash as well as on the conditions of the heterogeneous
interaction of the ash with CO,. From multiple [3, 7, 10] studies it is known that the main part of the lime in oil
shale ash can be neutralized by CO, from flue gases with the formation of calcium carbonate. Production of PCC
from lime involves dissolving the Ca-ions (diffusion of Ca’" ions into the solution), concentrating the lime milk and
precipitation under controlled mixing and temperature conditions. Before this type of process can be applied on an
industrial scale, basic and applied research must be carried out to fully understand the mechanisms involved.

Since accessibility of free CaO from ashes is essential for the carbonation process to take place, diffusion of ca’*
ions into a solution is the primary stage. Consequently, leachibility of other key ions and the effect of temperature
on the Ca’" equilibrium concentration are of importance and for this reason a set of laboratory experiments was
carried out in order to investigate the leachibility dynamics and equilibrium of Ca’" and accompanying ions from oil
shale ashes formed in boilers operating with different combustion technologies. Mathematical tasks of the presen t
work included development of models for the description of Ca equilibrium distribution between phases and
determination of an effective diffusion coefficient in the solid particle, which characterizes the resistance of mass
transfer in Ca leaching.

2. Materials and Methods

The ashes studied were formed in boilers operating with different combustion technologies. The ashes and ash -
mixes were collected from different points of pulverized firing (PF) or fluidized bed combustion (FBC) boilers at
Estonian power plants. The main characteristics of ashes and the average content of the basic elements are presented
in Table 1 and 2 respectively. Solid material composition was determ ined by IRIS Intrepid II Inductive Coupled
Plasma Spectrometer (Thermo Electron Corp oration, software: TEVA: thermo elemental validated analysis). S olid
material was initially dissolved in 65% nitric acid in a pretreatment module (GWB Pressurized Microwave
Decomposition). Particle size distribution was measured by LS 13 320 Multi-Wavelength Particle Size Analyzer
with Aqueous Liquid Module System (Beckman Coulter, Miami, Florida) using ethanol solution.

Table 1. The main characteristics ofoil shale as hes

PF ash Ca0 o100 % CaOjieey % @3, % Particle mean diameter, uym
PF1 (TP6/EE/2BI/BA/2K -A) 57.2 30.0 8.34 250.0
PF2 (TP6/EE/BI/CA/K.2-A) 50.2 234 7.72
PF3 (TP6/Mix) - 23.2 4.23
FBC ash
FBCI1 (KK6/EE/SBI/EF1/KI) 27.9 8.0 3.50 26.5
FBC2 (KKG/EE/SBI/Mix1] -14) 38.1 76 16,15
FBC3 (KK6/Mix12) - 9.6 8.29

Tablk 2. Average content of the basic elements present in oil shale ash (per g ofash )**

Ash G | Mg | Fe | A | S | K Mn | Na | Zn | S | "G 1 G N | Pp |V
type g ug/g

PFI1 0.425 0.038 0.03 0.015 0.018 0.007 545 540 155 70-100 25 20%* 5 13 20
PF3 0.380 0.047 0.03 0.023 0.019 0.010 600 580 120 70-100 35 12 <5 38 30
FBCI 0.215 | _0.033 0.02 0.034 |_0.024 |_0.017 | 385 | 890 | =30 100-150 45 10 10 30 38
FBC3 0265 0,037 0,02 0,026 0,033 0013 445 640 =30 80-120 40 12 S 20 30

*in some samples =100 pg/g; ** [Cd;Col=0 pg/g
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Experiments were carried out in a laboratory-scale batch reactor using ash/millipore water suspensions by
varying solid/liquid mass ratios from 1/1250 to 1/10. Suspensions were mixed at fixed temperature during 1-180
minutes depending on the objective. Samples were taken with a syringe and filtered (0,45um). Main parameters
measured in filtrate (@ 100 ml) were: pH (Precisa pH 900), TDS (total dissolved solids), conductivity (HI9032
Microprocessor Bench Conductivity/TDS/NaCl/Fertilizer/0C/OF meter with RS 232), Ca, K, Na, Mn, Mg, Al, Fe,
several heavy metals (ICP Termo IRIS Intrepid II XDL), SO42' (Ion chromatograph Dionex DX-120 Computer
program: Peaknet DX -120), and SO32', S* (spectro photometer SpectroDirect Lovibond).

3. Results and Discussion

3.1. Leachibility dynamics of Ca’" and main ions at fixed temperature

Preliminary experiments with different ash types showed changesof ca’”, SO32'and S jon concentration (in
terms of millipore water) in the first 10 minutes. Based on preliminary data, 1, 3, 5, 7, and 10 - minute periods were
selected for more detailed investigation. Experiments were carried out at room temperature (~23°C) with an
ash/millipore water mass ratio of'1/10.

Experiments with both types of ash showed that millipore water p H increased rapidly from 7 .0 to 12.2 (Figure 1,
a) during the first minute of ash-water contact and remained at this value through the entire process. Total dissolved
solids content (7DS) (Figure 1, b) reached a value of 5.4 — 6.2 g/L by the end of the third minute in case of both ash

types.
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Figure 1. Changing dynamics of pH (a) and 7DS (b) values and concentration curves of @’ (©), 505~ (d) and Nors (e) -ions during water

contact with different kinds of ashes during the leachibility experiments
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Ca’" -ion equilibrium concentration (~860 mg/L depending on temperature) is reached rapidly during the first

minute of oil shale ash-water contact (Figure 1, c¢). Extending the contact time by a few minutes resulted in a bout
two times high supersaturation of the solution with Ca’" ions: PF1-1500 mg/L, PF2-1600 mg/L, FBC1-1640 mg/L,
FBC2-1520 mg/L. Thisfinding is an important positive outcom e in the context ofthe PCC production process.

Although there was no significant difference in the Ca’" concentration in filtrate from different kinds of ashes, a
slightly lower Ca concentration (1500 mg/L) in case of coarse PF1 ash was observed, which indicates the influence
of ash particle size on Ca’" diffusion extent into the solution in a batch reactor.

For both ash types, the concentration curve of SO32' ions (Figure 1, d) reached its maximum during a time span of
5-7 minutes and then started to decrease. A presence of §° ions in small concentrations was detected in the filtrate
after 10 minutes of contact time: =0.2 mg/L for samples PF1 and FBC2, and =0.5 mg/L for samples PF2 and FBC1 .
SO/' content in the filtrate increased continuously through leachibility process (Figure 1, e).

As the environmental impact of ash disposal systems at oil shale combustion facilities is of particul ar interest
nowadays, it is important to know which compounds could be released to the environment. However, data from the
literature about the leaching of oil shale ashes are scarce. In order to invest igate the mobility of key ions and toxic
metals from oil shale ashes after longer periods of contact with water, additional experiments were conducted with
several oil shale ashes (PF1, PF3, FBC3) using an ash/water ratio of 1/10. A quantitative estimation of a wide
spectrum of ions (incl. Ca, K, Mg, Mn, Fe, Na, Si, Al) and several heavy metals (Cd, Co, Cr, Cu, Ni, Pb, V, Zn) in
final fluid was conducted after letting the experiment go to equilibrium in terms of overall oil shale ash leachibility
(approximately 3 hours).

The results (Table 3) showed that after calcium, K is the second biggest cation present in the filtrate (70-94
mg/L). Other identified ions include Na (2.2-3.4 mg/L), Al (<1 mg/L) and Si (<0.5mg/L). lons like Fe, Mg, Mn were
not present in the filtrate

Table 3. Concentration of ions in the final fluid after 3 -h contact

Ash sample name CGa | K I Na Si Al Fe, Mg, Mn, Co, Cr, Cu, Ni, Pb, V, Zn, Cd S0,
mg/L

PF1 1523 70.1 3.4 <0.5 <1.0 0 2700

PF3 1716 912 22 <0.1 0 1276

FBC3 1781 93.7 2.5 <0.5 <0.1 0 1251

The main anion found in the filtrate was SO/’ (1300 -2700 mg/L). An important discovery from an environment al
point of view is the fact that no trace of heavy metals was detected in any of the studied ash suspension filtrates after
3-hour contact.

3.2 Equilibrium distribution of Ca between phases

By varying ash/millipore water suspensions mass ratios from 1/1250 to 1/10 and letting the experiment in a
stirred-batch go to equilibrium in terms of overall oil shale ash leachibility ( approximately 3 hours), Ca equilibrium
concentration in the final liquid-phase ¢ was obtained for two ash samples with Ca content of 425 and 215 mg/g of
ash, in PF and FBC ash, respectively (Table 4).

The equilibrium leachibility curves of the Ca’" ash -water distribution were expressed as the equation:

g =A+Bc)+C(c) (1)

where coefficients 4, B, C are evaluated by equilibrium experiments. To calculate the equilibrium concentration
ofCainash ¢ (unit in mass/mass of ash) (Table 4), the following mass balance was used:

Woqgo =V(c)+Wq, (2)
where V' — volume of liquid; W, —mass ofash in the beginning of the experiment; ¢, - initial concentrationo f Ca
. . * g . . .
in ash, unit mass/mass of ash; ¢ — equilibrium concentration of Ca in water, mass/volum ¢ of water; W — mass of ash

at the end of experiment. It should be pointed out that the mass of ash is considered to be degreasing by the amount
of CaO dissol ving into water.
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Table 4. Ca equilibrium conce ntration in the final liquid and solid phases

4847

PF ash (PFI) FBCash (FBCI)
Ash/water ratio c* gL q* g Ca/g of ash c* q* g Ca/g of ash
1/1250 0.210 0.257 0.066 0.150
1/300 0.440 0.296 0.164 0.150
1/250 0.805 0.312 0.291 0.158
1/100 - 0.45 0.163
1/150 1.006 0.348 0.648 0.165
1/50 1.265 0.397 1.085 0.174
1/20 1.350 0.414 1.45 0.194
/10 1.523 0419 1.653 0203

The equilibrium leachibility curves of Ca’" ash-water distribution (Figure 2) can be presented by the following
equations:

g = 0.2429 + 0.0808(c") + 0.0272(c")’ (3)
qrac = 0.15+00165(c’) + 0.0091(c")? 4)

for PF 1 and FBC 1 ashes studied, respectively .
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Figure 2. Equilibrium leachibility curves of Ca’" ash-water distribution for PF (PF1) and FBC ( FBC1) ashes

In leaching of Ca out fro m ash, the concentration g,,, (intersection of equilibrium line with q*-axes) correspond s
to the insoluble part of Ca in the ash (from eq. (3)and (4) 0.2429 and 0.15 g/g of ash for PF1 and FBCI1 ashes
respectively), the corresponding value of CaO is g;,, *56/40, by molar masses of Ca and CaO. In addition, equation:

CaOpyee, % =(q g - qiny) *56/40 (5)

should correspond to free CaO in ash. Therefore, for FBC1 ash eq. (5) gives a result of 0.091 g CaOj,./g of ash
or9.1wt-%, while the corresponding analytically measured value is about 8% (Table 1).

It can be concluded that the above described approach works quite well and collected data can be used for
simulation of processes of leaching/dissociation of Ca’" -ions.

3.3 The effect of temperature on the ca’* equilibrium concentration

A PF bottom ash (PF1) was selected as the initial material in the temperature effect studies on the ca’’
equilibrium concentration (after 3h -contact), because of its higher CaOj,, content (<30%). The ash suspension
temperature variation range was from 15 to 45 °C.

As expected, leachibility is greater at higher temperature, as conductivity increases with temperature increase
(Table 5 ). In terms of Ca, however, increasing temperature causes a decline in the Ca equilibrium concentration,
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which is in good correlation with theoretical knowledge, as the highest levels of calcium hydroxide solubility are
reached at the lowest temperatures [9].

Table 5. Effect of temperature on the @’ equilibrium concentration and suspension conductivity value

ash/water c* mg/L Conductivity, mS/cm
I Latio 1/500 1250 120 Vi0 1250 120 Vo
15 460 822 1371 1530 6.96 959 970
23 440 805 1350 1523 727 10.40 10.72
30 439 784 1291 1447 834 11.00 11.35
45 437 743 1124 1248 936 1141 12.00
Theoretical max 429 857 10714 21429

Based on the results (Table 5) there was no significant temperature effect on the Ca content when the ash
suspension ratios 1/500 and 1/250 were used. However, use of more concentrated ash suspensions (1/20 and 1/10)
showed a noticeable temperature effect. In the last case, conducting Ca dissolution below or at room temperature
(15-23°C) had practically no effe ct on the Ca equilibrium concentration value in the final solution (about 1360 and
1525 mg Ca/L for ratios 1/20 and 1/10, respectively), increasing the suspension temperature from 30 to 45 °C
resulted, however, in a Ca content decline by 170-200 mg/L. At 3 0°C the Ca equilibrium concentration was only
about 60-80 mg/L lower than that at room temperature. Therefore, favorable conditions for batch dissolution of ash
could be achieved at room temperature, which simplifies the first stage of PCC production process.

3.4 Determination of effecti ve diffusion coefficient in solid phase D

The dynamics of leaching (dissolving) of calcium from ash involves a rate controlling step of mass transfer inside
an ash spherical particle. The equation describing homogeneous diffusion in a sphere, assuming a constant effective
diffusivity, D, at all coordinates r in the particle, is (Figure 3):

dg D, 0  ,0q

i o o ®

well-mixed
water phase

Qil shale

Figure 3. Leaching of Ca from an oil shale ash particle
For ash leaching, the Ca concentration in ash ¢ in eq. (6) and later g is in grams per volume of ash.

As a solution of eq. (6), Crank [11] developed the following analytical equation for the average concentration in
the solid at any given time g (?) , relative to the average concent ration in the solid at infinite time ¢ ..:

(t) D, t
5t

For small times (beginning of the experiment), this equation may be written as:

70 o 2Ll o] (8)

o
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Thus, a plot of ¢ (?) /q*00 vs. the square root of time should give a straight line of slope (k).
k= 6(Dy/nR’)"”, 9

from which D, can be determined.

Based on the above theoretical considerations and calculations, the values of the solute Ca concentration c¢(?) in
the liquid vs. time in stirred -batch leaching experiments with ash/water mass ratio o f 1/500 and 1/250 for PF (PF1I:
0.425 g Ca/g of ash; p,=2.83g/cm 3) as well as 1/100 and 1/50 for FBC (FBCI1: 0.215 g Ca/g of ash; p,=2.73g/cm 3)
ash were determined.

From the mass balance, ¢ (2) values can be calculat ed:

7= W””V;VC(’) (10)

where g, is the initial solid-phase concentration; c(?) and g (¢) are the values of the liquid and solid phase
concentrations at any later time; V is the liquid volume; W, is the mass of solid material ; V is the volume of solid
material. The last volume is calculated by mass of solid: W,/pg, where p, is the density of ash. The value of q*wis
obtained from the same mass balance by letting the experiment go to equilibrium and measuring the final liquid -
phase solute concentration. Equilibrium time was found to be about 10800 seconds (3h).

Although one must run a batch leaching experiment for a long time, in order to obtain q*w only short -time values
are needed when plotting ¢g(?) /q*f,o values vs. (Figure 4). Over such short times, the assumption of a constant
surface co ncentration (on which the above equations are based) is reasonably good, and thus this approach works
well.
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Figure 4. Plo tof () /g . vs. the square root of time for different ashes

Aploto f q(#) /g vs. the square root of time (Figure 4) for ash PF 1 (ash/water ratio 1/500) gives a straight line:
q(t)

*

=-0.0328yt +2.0778 (11)

ofslope keq. (9), from which D can be determi ned:
-0.0328=6(D/nR’)"? <> D,=2.988*10° nR’, (12)

where R is the particle average radius from size distribution measurement.
To estimate the reliability of the calculated effective diffusi on coefficient value the experiments were performed
with different ash/water ratios and results are given in Table 6 for both ashes studi ed.
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Table 6.Values of effective diffusion coefficient for PF and FBC ashes

Ash sample D, m' £
name Ash/water ratio
1/500. | 1/250 1/100 | 1/50.
PFE] ash 1.46*10”" | 1.0*107"
FBCI ash 1.25%10 | 0.73*10"

4. Conclusions

The main characteristics of Ca’" -ion leachibility process in oil shale ash-water suspensi ons as of the first step of
process utilizing oil shale for PCC production have been established. Mobility of different accompanying elements
existing in ash was investigated and quantitative estimation of the solubility of a wide spectrum of ions ( Ca, K, Na,
Al, Si, Fe, Mg, Mn, s%, S0 32' and SO42) including several heavy metals (Co, Cr, Cu, Ni, Pb, V, Zn, Cd) was made.
The low leachibility of heavy metals in these conditions has been proved.

The leaching equilibrium equations of Ca for both types of oil shale ashes were obtained on the basis of the
experiments. The single sphere diffusion model was used with determination of the effective diffusion coefficient
characterizing the leaching process dynamics of Ca. This was the first step in modeling of the whole process,
starting with Ca leaching, taking into account CO, mass transfer and finishing with calcium carbonate formation.
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Batch dissolution experiments were carried out to investigate Ca leachability from oil shale ashes formed in
boilers operating with different combustion technologies. The main characteristics of Ca dissolution
equilibrium and dynamics, including Ca internal mass transfer through effective diffusion coefficients inside
the ash particle were evaluated. Based on the collected data, models allowing simulation of the Ca
dissolution process from oil shale ashes during ash washing in a batch reactor were developed. The models
are a set of differential equations that describe the changes in Ca content in the solid and liquid phase of the
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1. Introduction

A considerable number of environmental problems result from oil
shale based heat and power production, common in China, Germany
and Estonia. The combustion of low-grade oil shale generates large
quantities of waste material [1] as well as harmful atmospheric
emissions, including carbon dioxide (CO,), a major greenhouse gas.
These environmental challenges are especially pertinent in the Republic
of Estonia, where over 90% of the basic power supply is provided by the
use of oil shale as a fuel for power plants. Furthermore, oil shale-based
power production is responsible for about 72% of total Estonian energy-
related CO, emissions [2].

Due to the high content of mineral matter in Estonian oil shale, a
large amount of ash (5-6 millions tons/year) is formed during the
combustion process. A main environmental concern with respect to
final disposal or utilization of oil shale ash is associated with the high-
alkali (pH = 12-13) water circulating in the ash removal system [3,4]. It
is therefore highly desirable to develop effective usage of this waste ash.

In this context, a novel approach to reducing the negative environ-
mental impact of emissions is CO, mineralization based on the CO,
binding capacity of oil shale ashes [5,6]. In addition to abatement of CO,
emissions, this approach permits the utilization of oil shale waste ash for
precipitated calcium carbonate (PCC) production since the ashes
contain a remarkable amount of Ca oxides (45-52% including free CaO

* Corresponding author. Tallinn University of Technology, Laboratory of Inorganic
Materials, 5 Ehitajate Str., Tallinn 19086, Estonia. Tel.: +372 5283756; fax: +372 620
2801.

E-mail address: olga.velts@ttu.ee (O. Velts).

0378-3820/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.fuproc.2009.12.008

up to 30 wt.%) [6,7]. The separation of free lime from oil shale ash and its
application in PCC production is, therefore, of considerable interest.
Although the carbonation of lime is well known [8] and from multiple
studies it is known that the main part of the lime in oil shale ash can be
neutralized by CO, from flue gases with the formation of calcium
carbonate [6,7,9,10], data about the specific characteristics of the
different stages of the last process are incomplete.

In order for the carbonation to take place, access to free CaO from
ashes is essential and, therefore, mass transfer of Ca®* ions from ash
particles into an aqueous solution is the primary stage of the carbona-
tion process. For this reason, a set of laboratory experiments was carried
out to investigate the Ca leachability equilibrium and dynamics during
a batch dissolution process from oil shale ashes formed in boilers
operating with different combustion technologies.

Mathematical modeling of the process focused on determination of
the Ca equilibrium distribution equation between phases, estimation of
the internal mass transfer through the evaluation of effective diffusion
coefficients of Ca in the ash particle, and development of models
allowing simulation of the dynamics of Ca dissolution process from oil
shale ashes during ash leaching in a batch reactor. The models are a set of
differential equations that describe the changes in Ca content in the solid
phase and water phase of a well-mixed ash-water suspension.

2. Experimental

The oil shale ashes studied in the present work were collected from
pulverized firing (PF: Sample PF1) and fluidized bed combustion (FBC:
Sample FBC1) boilers at Estonian power plants. The main characteristics of
the ashes including the average content of major elements are presented
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in Table 1. Solid material composition was determined by IRIS Intrepid II
Inductive Coupled Plasma Spectrometer (Thermo Electron Corporation,
software: TEVA: thermo elemental validated analysis). Solid material was
initially dissolved in 65% nitric acid in a pre-treatment module (GWB
Pressurized Microwave Decomposition). Particle size distribution was
measured by Laser diffraction Multi-Wavelength Particle Size Analyzer LS
13320 (Beckman Coulter, Miami, Florida) using an ethanol solution. BET
surface area, total- and micropore volume were determined by nitrogen
dynamic desorption analysis method (Sorptometer KELVIN 1042).

The average content of dissolved solids (TDS) and the main ions of the
leaching water formed after 3-h contact of PF and FBC ash suspensions
with a solid/liquid mass ratio of 1/10 are presented in Table 1. For
comparison, the average composition of the water circulating in the ash
removal system at Estonian power plant is as follows (in g/L): Ca: 0.4-0.8,
K:3.0-4.7,Na: 0.1-0.2,C17: 0.7-1.1,0H: 1.0-1.4,CO3: 0.2-0.36,S05 :
1.0-3.0[3].

The modeling was carried out with the following steps:

(1) Determination of Ca solubility (empirical equilibrium equations).
(2) Evaluation of the internal mass transfer coefficient of Ca in the
ash particle.

The experiments for the tasks (1) and (2) were carried out in a
laboratory-scale batch reactor with volume 800 mL using ash-
millipore water suspensions by varying solid/liquid mass ratios from
1/1250 to 1/10. Suspensions were well-mixed at a controlled
temperature (25 °C) for 180 min, which was considered sufficient to
reach equilibrium. Samples were taken with a syringe and filtered
(0.45 um). The main parameter measured in the filtrate was Ca
content (ICP Thermo IRIS Intrepid I XDL).

3. Results and discussion
3.1. Equilibrium distribution of Ca between phases

The first step of the modeling procedure involved determination of
the Ca equilibrium apportioning between the solid-liquid phases. The

equilibrium leachability curves of the Ca?* ash-water distribution
were expressed as the empirical equation:

g =A+ Bxc* + Cx (c*)?, 1)

where q* is the equilibrium concentration of Ca in ash; c*is equilibrium
concentration of Ca in water; coefficients A, B, C are evaluated by

Table 1
Main characteristics of oil shale ashes and leaching water.

487

equilibrium experiments. To calculate the equilibrium concentration of
Cain ash g* (g Ca/L of ash), the following mass balance was used:

. Woxq(;;ch*’ 2
S

where g is the initial concentration of Ca in ash, g Ca/g of ash; V is the

volume of liquid, L; W, is mass of ash at the beginning of the experiment,

g c*is equilibrium concentration of Ca in water, g Ca/L; and V; is the

volume of solid material, L. The last volume is calculated by mass of

solid: Wy/ps, where ps is the density of ash (Table 1).

Ca equilibrium concentration in liquid-phase ¢ was obtained for ash
samples PF1 and FBC1 by varying the ash/millipore water suspensions
mass ratios from 1/1250 to 1/10 and letting the experiment in a stirred-
batch go to equilibrium in terms of overall oil shale ash leachability
(3 h). As a result, the equilibrium leachability curves (R* =0.97) of Ca®*
ash-water distribution can be presented by the following empirical
equilibrium equations for the PF1 and FBC1 ashes studied, respectively:

Qo = 448.03 + 65768 x c* + 286.45 x (c*)? 3)

Qe = 363.71 + 42771 x ¢* + 37.967 x (c*)? (4)

3.2. Modeling of Ca dissolution process during ash washing in a batch
reactor

3.2.1. Estimation of the Ca internal mass transfer and effective diffusion
coefficients in the ash particle

Traditionally, solution of the diffusion equation for a spherical
particle is used to evaluate the effective diffusion coefficient inside the
particle during adsorption. In principle, the same solution is valid also
to describe diffusion during the desorption process which is
mathematically similar to the leaching of calcium out from the solid
spherical particle. The solid phase mass transfer and effective
diffusion coefficients, k; and D; were estimated by two different
approaches, by Crank's solution given in the literature [11] and by
numerical solution of the differential equations describing the mass
transfer in the system. The volume of the particle is assumed to be
constant.

3.2.1.1. Crank’s solution. The dynamics of leaching (dissolution) of
calcium from ash involves a rate controlling step of mass transfer

Main characteristics of oil shale ashes

CaOyorar, CaOfree, CO,, Ca content, Particle mean diameter, Density, BET surface area, Total pore volume, Micropore volume,
% % % g/g ash pm g/cm’ m?/g mm?>/g mm>/g
PF1 57.2 30.0 834 0.425 250.0 2.83 5.26 14.75 0.23
FBC1 279 8.0 3.50 0.215 26.5 273 6.55 16.04 0.13
Average content of major elements present in oil shale ash (per g of ash)?
Ca Mg Fe Al S K Mn Na Zn Si Cr Cu Ni Pb v
g/g ug/g
PF1 0.425 0.04 0.03 0.015 0.018 0.007 545 540 155 100 25 20° 5 13 20
FBC1 0.215 0.03 0.02 0.034 0.024 0.017 385 890 ~30 150 45 10 10 30 38
Concentration of total dissolved solids and main ions in the leaching water after 3-h contact (mg/L)
TDS Ca K Na Si Al Fe, Mg, Mn, Co, Cr, Cu, Ni, Pb, V, Zn, Cd S03~
BEl! 6900 1523 70.1 34 <0.5 <1.0 0 1360
FBC1 7000 1653 93.7 25 <0.1 0 1350

¢ [Cd; Co] =0 pg/g.
" In some samples ~ 100 pg/g.
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inside a spherical ash particle. The equation describing homogeneous
diffusion in a sphere, assuming a constant effective diffusivity, Ds, at
all coordinates r in the particle, is:
0g Dg;0 [ ,0q

3= aa"a) ©)

In the ash leaching case, the Ca concentration in ash q in Eq. (5)
and later is in grams per volume of ash.

As a solution of Eq. (5), Crank [11] developed the following analytical
equation for the average concentration in the solid at any given time
q(t), relative to the average concentration in the solid at infinite time gz,
which for small contact times (beginning of the experiment) may be
written as:

= 1/2
a0 _ g« (%) LEE) 6)

Thus, effective diffusivity D can be determined from a plot of G (t)/q2
vs. the square root of time, which should give a straight line of slope k:

k=6x<Dsyﬂ, @)

mixR?

where R is the particle average radius from size distribution measure-
ment (Table 1).

Based on the above theoretical considerations, the values of the Ca
concentration in the liquid phase c(t) vs. time in stirred-batch leaching
experiments were determined, and q(t) values calculated according to
the following mass balance:

_ Wp xqo—V xc(t)

q© . , ®)

where ¢, is the initial solid-phase concentration; c(t) and q(t) are the
values of the liquid and solid phase concentrations at any later time; Vis
the liquid volume; W is the mass of solid material; and V; is the volume
of solid material. The value of g is obtained from the same mass balance
by letting the experiment go to equilibrium (estimated equilibrium time
3 h) and measuring the final liquid-phase solute concentration.

It should be pointed out that only short-time values are needed
when plotting q(t)/q% values vs. t'2, as over such short times the
assumption of a constant surface concentration (on which the above
equations are based) is more reasonable. To estimate the reliability of
the calculated effective diffusion coefficient value, the experiments
were performed with different ash/water ratios. The value of effective
diffusivity should only be dependent on the ash type, not the fluid-ash
ratio. Based on the solid phase diffusion coefficients, mass transfer
coefficients ks were calculated using the equation:

5 x Dy
. ©)

ks =

The values of mass transfer and diffusion coefficients obtained for
different ashes and different ash-water ratios using Crank's solution
are shown in Table 2.

3.2.1.2. Numerical solution of the mass balance differential equations.
The solid phase mass transfer and effective diffusion coefficients were
determined from Ca balances written for the solid phase and the
water phase. The balances were written by considering a perfectly
mixed volume of suspension V, which consists of a water phase with
volume &xV and a solid phase with volume (1—¢)xV. The solid
phase volume was calculated by the mass of solids Ws/ps.

Table 2
Values of D and ks coefficients for PF and FBC ashes estimated using Crank's solution.
Ash sample name (ash/water ratio) ks, m/s Dy, m?/s
PF1 (1/500) 5.84x108 1.46x 10~ 12
PF1 (1/250) 4.00x10"8 1.00x 10~ 12
FBC1 (1/100) 4.72x107° 1.25x10~
FBC1 (1/50) 2.75x107° 0.73x10~ 14
In the water phase:
dc(t) K x (1—€) x Sy x (q—q*)
a«l) , (10)
dt €
In the solid phase:
dq -
a = KxSex (@ —1), (11)

where K is the overall mass transfer coefficient; ¢ is the fluid (water)
fraction in suspension; c(t) is the Ca concentration in the water phase;
q is the average concentration of Ca in the solid phase; and g* is the
equilibrium concentration of Ca in the solid phase determined by
empirical equilibrium Eq. (3) or (4) (see Section 3.1). The specific
surface area Sy (surface area/volume of particle) of a spherical particle
was calculated as 3/R, where R is the average radius of the particle.

The overall mass transfer coefficient K is defined according to the
following well known equation:

1
K

|3

= + -, (12)

=
| =

S

where m is the slope of equilibrium line g*=f(c*), k; is the liquid
(fluid) phase mass transfer coefficient, and k, the solid phase mass
transfer coefficient. If the liquid phase is perfectly mixed, then k; =<,
and K =k;.

The solid phase mass transfer coefficients ks were estimated from
the systems of differential Eqs. (10) and (11) using the least squares
method. The differential equations were solved by means of linear
multi-step methods implemented in ODESSA, which is based on the
LSODE software [12]. The calculations were performed using the
MODEST 6.1 software package [13] designed for various tasks of
model building such as simulation, parameter estimation, sensitivity
analysis and optimization. The software consists of a FORTRAN 95/90
library of objective functions, solvers and optimizers linked to model
problem-dependent routines and the objective function.

Based on the mass transfer coefficients, the solid phase diffusion
coefficients were calculated using Eq. (9). The values of ks and Ds
coefficients obtained for different ashes and different ash-water mass
ratios are shown in Table 3.

Simulations of the Ca dissolution process during PF and FBC ash
washing in a batch reactor for different ash-water ratios are presented
in Fig. 1. The modeling and experimental results were also compared for
experiments not used in parameter ks evaluation. The results proved
that the model describes quite well the Ca dissolution process during PF
and FBC ash washing in a batch reactor.

Table 3
Values of Ds and k; coefficients for PF and FBC ashes estimated by numerical solution
(R*>=199.8%).

Ash sample name ks values (with their 95% Dy, m?/s
(ash/water ratio) confidence intervals), m/s

PF1 (1/500) 8.087+£0.810x 108 2.02x10 12
PF1 (1/250) 7.7234+0.835x 1078 1.93x10~ 2
FBC1 (1/100) 7.0784+1393x10" % 1.87x10~ "
FBC1 (1/50) 5.7714+0.772x 10~ % 153x10" "
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Fig. 1. Modeling of Ca dissolution during PF and FBC ash washing in a batch reactor: experimental (4; W) vs. simulated (—) Ca concentration profiles: B Ca concentration in liquid phase c(t), g/L;
A Ca concentration in solid phase (ash) g, g Ca/L ash. (a) PF ash/water ratio 1/500; (b) PF ash/water ratio 1/250; (c) FBC ash/water ratio 1/100; (d) FBC ash/water ratio 1/50.

So, it has been shown on the basis of two types of oil shale ashes
differing noticeably by their chemical (content of CaOge) and physical
structure (BET-surface, particle mean diameter etc) that proposed
model can be implemented for different ashes having these character-
istics in the range of parameters used in this work. This declaration has
been proved on the basis of oil shale ash from electrostatic precipitator
of FBC boiler (FBC1) and PF bottom ash (PF1), consisting 8.0 and 30.0% of
CaOpree and having values of BET, 6.55 and 5.26 m?/g and particle mean
diameter, 26.5 and 250.0 um, respectively. Accordingly, the model is
suitable to describe the Ca leaching process also from different kind of
Ca-containing ashes.

3.2.2. Comparison of effective diffusion coefficients Ds calculated with
different methods

The values of effective diffusion coefficients obtained for PF and FBC
ashes with different ash-water ratios using two calculation approaches
are shown in Tables 2 and 3. It can be seen that both methods worked
quite well for PF ash, being able to give good correlation between the
results of different approaches as well as within each method for
different dilutions, and thus confirmed the reliability of the calculated
coefficient. However, when comparing the results of the two methods
for FBC ash, a significant deviation can be observed in the estimated
values of D;. Considering that the water phase in the experiments is
well-mixed and the mass transfer resistance should be concentrated in
the solid phase, the values of the estimated diffusion coefficients should
be equal for one ash in experiments with different dilutions. As the
estimated diffusion coefficients differ too much in estimations made
using Crank's solution, it seems that Crank's model is not sufficiently
accurate in the case of a Ca dissolution process from ash. Possible
reasons may include the assumption of constant particle interface

concentration not being valid and the Ca balance in the water phase,
accounting the fluid phase properties as phase fraction (volume of liquid
phase/total volume of suspension), and specific surface area not being
included in the Crank model, which uses directly only the balance of the
ash phase. A numerical solution of the differential equations is con-
sequently considered the more suitable approach for estimation of the
effective diffusion and internal mass transfer coefficients in the case of
the Ca dissolution process from oil shale ash, providing significantly
more accurate results, and therefore values from Table 3 are used in
further modeling.

4. Conclusion

In this part of the study of the dissolution process of Ca from oil shale
ashes formed in boilers operating with different combustion technologies,
the leachability dynamics and equilibrium of Ca were investigated during
ash washing in a batch reactor using very intensive mixing.

The main characteristics of the Ca leachability process in oil shale
ash-water suspensions as the first step of the process of utilizing oil
shale ash for PCC production have been established. The empirical
equilibrium equations of Ca for both types of oil shale ashes were
obtained on the basis of leaching experiments and estimation of the
Ca internal mass transfer and effective diffusion coefficients was done.

Models allowing simulation of the Ca dissolution process from oil
shale ashes during ash washing in a batch reactor were developed and
the dissolution process simulated. The accuracy of the developed
models was confirmed by comparing experimental and simulated
data of the changes in Ca content in the solid and liquid phase of ash-
water suspensions.



490 0. Velts et al. / Fuel Processing Technology 91 (2010) 486-490

In part 2 of the work, the dissolution process of Ca ions from oil shale
ashes formed in boilers operating with different combustion technologies
will be investigated and modeled for continuous washing of the oil shale
ash layer in a packed-bed leaching column. These models will serve as the
primary step in developing of the mathematical model of PCC formation
process on the basis of Ca-containing waste ashes formed by utilization of
oil shale as primary fuel in heat and power production.
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In the present work a possible approach to the utilization of oil shale ash containing free lime in precipitated
calcium carbonate (PCC) production is elucidated. This paper investigates the Ca (calcium) dissolution
process during continuous washing of pulverized firing (PF) and fluidized bed combustion (FBC) oil shale ash
layers in a packed-bed leaching column. The main characteristics of the Ca dissolution process from ash are
established. The effect of water flow rate is investigated by conducting leaching experiments of oil shale
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1. Introduction

As noted in the first part of the current study [1] oil shale-fired
thermal power plants are considered to be major polluters [2]. In the
Republic of Estonia, the processing of oil shale for heat and power
production has created over 200 million tons of alkaline waste ash [3]
which, due to the lack of possible applications, is deposited on so-
called ash fields which become a source of alkaline liquid and solid
pollutants. Because of the carbonaceous nature of oil shale (mineral
CO, content is 16-19% [2]) CO, emission per capita in Estonia is one of
the highest in the world, 14.5tons in 2007 [4]. Controlling atmo-
spheric emissions and finding environmentally safe disposal and/or
reuse of solid wastes are among the most serious problems facing
Estonian heat and power production.

The possibility of CO, mineral trapping based on Estonian oil shale
ashes has been demonstrated [5,6]. In addition to abatement of CO,
emissions, an advantage of this process is the possibility of utilizing oil
shale waste ash, which would not only reduce the environmental
impact of the ash but give extra value to the ash as a source of Ca for
precipitated calcium carbonate (PCC) production. PCC formation from
lime in oil shale ash is a complex multistage process. The first step of
the process involves preparation of the Ca-rich leachate, which can be
obtained either by mixing ash-water suspension (in a batch reactor)
or by pumping water through stagnant ash layer (in reactor designed

* Corresponding author. Tel.: 4372 5283756; fax: +372 620 2801.
E-mail address: olga.velts@ttu.ee (O. Velts).

0378-3820/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.fuproc.2009.12.009

for continuous washing process of the fixed ash layer). Therefore,
special attention must be addressed towards the mass transfer of Ca®*
ions from ash particles into an aqueous solution and Ca dissolution
models of both process variations are needed in order to design the
optimal PCC process. In part 1 of the work [1], the batch dissolution
process was investigated and the main characteristics of Ca
leachability in ash-water suspensions have been established. Leaching
equilibrium equations of Ca for two types of ash were obtained on the
basis of experiments, and estimation of the Ca internal mass transfer
and effective diffusion coefficients, ks and D; was made.

In connection with the above-mentioned study, present paper
focused on the investigation of the Ca dissolution during continuous
washing process. The aim of the current work was to develop models
to simulate the Ca dissolution process during continuous washing of
the ash layer and simultaneously to aid the choice of optimal washing
conditions. Present paper also aimed to demonstrate efficient
implementation of developed model for the simulation of large-
scale estimations of Ca leaching from ash. The models are a set of
differential equations that describe the changes in Ca content in the
stagnant layer of ash and in the water flowing through the ash layer.

2. Experimental

The subject of the present research was oil shale ash collected from
pulverized firing (PF) and fluidized bed combustion (FBC) boilers at
Estonian power plants. The main characteristics of the ashes and the
average content of major elements, as well as the analytical methods,
are presented in detail in [1]. The PF ash sample, PF1 is characterized
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by a high amount of free CaO (30%), while the FBC ash sample, FBC1
contains 8% of free lime. Particle mean diameter is 250 and 26.5 um,
the BET surface area is 5.26 and 6.55 m?/g for the PF1 and FBC1 ash
samples, respectively.

The main parameter for estimating the leachability of Ca®>* from
the ash was the CaO leachability degree («):

p
x 100%, 1
WCaO ( )

o=

where 3 is the amount of washed out free Ca0, g; and W¢,o is the
mass of free CaO in ash, g.

Modeling of mass transfer phenomena during ash layer washing
was done with the following steps:

(1) Determination of Ca solubility (equilibrium equations)

(2) Estimation of the internal mass transfer coefficient of Ca in the
ash particle

(3) Determination of the Ca overall mass transfer coefficient and
mass transfer coefficient in the water phase.

Experimental design and data as well as results of the tasks (1) and
(2) and the modeling procedure are presented in PART 1 of the work
[1]. To carry out the task (3), continuous leaching experiments were
conducted in a semi-batch washing column (Fig. 1a). Ash samples in
portions of 60 g (PF1) or 35 g (FBC1) were placed in a column inside a
plastic cylinder (height =3 cm; inner diameter = 4.9 cm) and secured
with a filter cloth and metallic mesh in order to attain the fixed
packing area for each sample. Water (10 L) was led through the ash
layer from the bottom of the column and after passing through the
column collected in the solution (leachate) collection container
(collector). Samples were taken from the outlet flow of the column
and the collector, filtered (0.45 um) and analyzed for Ca content using
ICP. Experiments were repeated at various flow rates (58-350 mL/
min).

Computations were performed using the MODEST 6.1 software
package [7] designed for various tasks of model building such as
simulation, parameter estimation, sensitivity analysis and optimiza-
tion. The software consists of a FORTRAN 95/90 library of objective
functions, solvers and optimizers linked to model problem-dependent
routines and the objective function. The parameters were estimated
from the systems of differential equations using the least squares
method. The differential equations were solved by means of linear
multi-step methods implemented in ODESSA, which is based on
LSODE software [8]. The partial differential equations were solved
numerically and integrated by the method of lines presented by [9]

with the initial and boundary conditions shown in Eqgs. (6) and (7) in
Section 3.1.

3. Results and discussion

3.1. Modeling of the Ca dissolution process during continuous washing of
the ash layer

The differential mass balance equations in a fixed-ash layer
leaching unit can be derived through consideration of a short length
AZ of a reactor of cross-sectional area S, as shown in Fig. 1b. Assuming
that heat effects and axial dispersion can be neglected gives the
following equations:

oc , 0C | 1—e I
VX ar t ot XKxSex (@ =) =0 (2)
6ﬁ —= *
5 TKxSox(@—-q)=0 ©)
¢
1 m 1
K=k Tk 4

where K is the overall mass transfer coefficient, m/s; k; and ks are
respectively the liquid (fluid) and the solid phase mass transfer
coefficients, m/s; C is concentration of Ca in the water; q is the
average concentration of Ca in ash; ¢ is fluid (water) fraction in the
layer (estimated from the volumes of the ash layer and the empty
column: for PF ash £=0.625 and for FBC ¢=0.773); v is the average
axial velocity of the flowing fluid in the interstitial spaces, m/s; Z is the
ash layer height coordinate, from the bottom (Z=0) to the top
(Z=L); and m s the slope of the equilibrium line g* =f(c*). In Egs. (2)
and (3) concentrations are in units kg/m°>.

If Q is the volumetric flow rate of the fluid phase and S is the cross-
sectional area of the empty column, then Q, S, and v are related by the
equation:

Q=gexvxS (5)

The equilibrium concentration g¢* was calculated from the
equations presented for each ash type in [1]. The specific surface
area Sy (surface area/volume of particle) of a spherical particle was
calculated as 3/R, where R is the average radius of the particle.

a
C=Coafton(®)
Z=L
Packed-bed g g il shale ash layer b
washing column ST
= 2 v Leachate T
o collection Z+AZ
v container
Z=0 Ash Water
C=Croligetor(t) (1-g) (g)
B ———
Mass

C=0

@

transfer

Peristaltic pump O

Water reservoir

z
I Flow

Fig. 1. Schematic design: (a) continuous leaching experiments conducted in a semi-batch washing column, (b) section of a fixed ash layer leaching unit.
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The system of equations was solved with the following boundary
and initial conditions:

At Z = 0: C = 0 for every moment of timet = 0...t = (6)

At t = 0: g = q, for every length coordinateZ = 0...Z = L. (7)

Solution of Egs. (2)-(3) and (6)-(7) gives the concentration
distributions in the layer,q (Zt) and C (Zt). The overall mass transfer
coefficient K was obtained using a parameter estimation procedure in
which the value of the Ca content in the solution collector was
calculated from Eq. (8) and compared with the experimental results:

d(ccollectzrtvco]lector) =QxC L (8)

where Ceorector 1S the Ca concentration of the solution collected in the
container; Veopector 1S the volume of the solution collected in the
container; Q is the liquid volumetric flow rate; and C;_; is the Ca
concentration in the outlet flow C(t) at Z=L.

Table 1 shows the estimated values of the overall mass transfer
coefficients K for different ashes at various water flow rates Q. As can
be seen, the overall mass transfer coefficients increase with increasing
flow rate in the range studied. This is in good agreement with
theoretical knowledge: as the mass transfer coefficient in the fluid
phase k; depends on the flow rate, increasing the water flow rate
results in increase of k; and consequently of the overall mass transfer
coefficient K. Therefore, as the flow rates increase, the turbulence of
the flow increases and consequently reduces the mass transfer
resistance.

The liquid phase mass transfer coefficient k; was calculated
according to Eq. (4), based on the values of the overall mass transfer
coefficient K (Table 1) and the solid phase mass transfer coefficient k;
estimated from batch ash dissolution experiments (using very
intensive mixing) presented for each ash type in [1]. Slope m of the
equilibrium line q* =f(c*) was calculated as the derivative of the
equilibrium equation (presented for each ash type in [1]) for the
argument value equal to the average Ca concentration in the liquid
phase within the experimental range. The empirical function for
estimation of the liquid phase mass transfer coefficient k; at different
flow rates Q was built up, for PF and FBC ash respectively, as:

kiF(m/s) = 0.0015 x Q(L/s) 9)
KB (m/s) = 6 x 107° x Q(L/s). (10)

Simulations of the Ca dissolution process during continuous
washing of the PF and FBC ash layers with different flow rates are
presented in Fig. 2. It can be seen that the developed model is able to
provide quite accurate estimations of the changes in Ca content in the
water flowing through the ash layer (at Z=L) and in the solution
collector, as well as the average Ca content in the solid phase, i.e. in the
ash layer q at every moment of time and, therefore, describes quite

Table 1
Values of the overall mass transfer coefficients K obtained for PF and FBC ashes during
washing of the ash layer.

Ash sample Q, K values (with their 95% confidence intervals),
name mL/min m/s
PF1 58 22340.12x107°
146 549+0.18x10~°
247 1.05+0.04x10 8
FBC1 58 1.06+0.04x10~1°
250 227+023x10°
350 336+0.19x107°

well the Ca dissolution process during continuous washing of the PF
and FBC ash layer.

It should be pointed out that additionally to the simulation
presented in Fig. 2, the Ca dissolution model developed in the present
work can also be used to describe the Ca concentration distributions
inside the layer (Z=2Z,... Zo+AZ), in the solidq (Z t), and in the
liquid phase C(Z, t) at any time period.

3.2. Characterization and selection of the conditions of the Ca washing
process from the ash layer

Experiments in a semi-batch washing column showed that during
the initial ash - water contact the concentration of Ca®* ions increased
rapidly (achieving saturation concentration of ~860 mg/L in the case
of PF ash and Ca content of 200-450 mg/L in the case of FBC ash in
3min). After ~0.5-0.75 L of water had been led through the ash layer,
the concentration started to decrease in the outlet flow and
consequently in the solution collector. However, by the end of the
experiment (after 10 L of water had been pumped through the ash
layer) Ca concentration in the outlet flow had decreased only ~1.5-2
times in the case of PF ash, and ~5.5 times in the case of FBC ash,
compared to the highest concentration at the beginning of the
process. Further remarkable differences in the leachability process of
different ashes were noticed, like a stronger decline in Ca®>* content in
the case of FBC ash characterized by finer fractional composition and
lower CaOge. content, compared to PF ash, which maintained higher
Ca concentration in the outlet flow through entire process.

The influence of water flow rate Q upon the Ca leaching process
efficiency was significant in the case of FBC ash: increasing the flow
rate from 58 to 95 mL/min resulted in a two times higher CaO
leachability degree « (see Eq. (1)) of 60%. Value of &« =100% was
reached at a flow rate of 350 mL/min after about 30min. In the
experiments with PF ash, however, increasing the water flow rate did
not seem to affect the results as substantially as in the case of FBC ash
and resulted in only a slight increase of « from 45 to about 50%.

Although a value was significantly higher for FBC ashes at higher
flow rates, it should be pointed out that Ca content and, consequently,
the amount of washed out free CaO () in the final collected solution
was 3-10 times higher for PF ash (about 600 mg Ca/L or 8.6 g CaO)
than for FBC ash (60 - 200 mg Ca/L or 0.85-2.84 g Ca0). Consequently,
the specific water amount at the end of the experiments was lower for
PF ash, 1.2 L/g Ca0, while being as high as 3.5-12 L/g CaO for FBC ash.
This finding is mainly due to the about four times higher CaO free
content in PF ashes. Therefore, from the point of view of the first stage
of the PCC production process, which aims to achieve a solution with
the highest possible Ca concentration, PF ash could be considered as a
better source of Ca in a continuous washing process of the ash layer.
Furthermore, taking into account process time, the optimal conditions
for Ca washing from the PF ash layer could be achieved at higher water
flow rate, which simplifies the first stage of the PCC production
process. Based on the collected data, the appropriate ash type and
washing conditions (flow rate and the amount of the washing water,
process time, etc) can nevertheless be selected depending on the
objective of a washing process.

3.3. Simulation of the Ca washing process by natural precipitation from
ash deposit

The following example was designed to simulate a scenario of an
industrial ash layer washing process in a natural environment over an
extended period of time. Such situation exists, for instance, in Estonia,
where every year about 5.5million tons of oil shale ash formed in
power plants is transported to nearby ash fields [10]. Understanding
the leaching process of Ca?>" and, consequently, OH™ ions from oil
shale ash is crucial in predicting its impact on the quality (pH level,
alkalinity) of the leaching water. As mentioned in Section 3.1, the
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Fig. 2. Modeling of the Ca washing process for PF and FBC ash layers: experimental (4; A; M) vs. simulated (—) results of the changes in Ca content: in the water flowing through the
ash layer (# Ca concentration in the outlet flow at Z =L, g/L), in the solution collector (A4 mass of Ca in the collector, g) and in the solid phase (M average Ca concentration in the ash
Tq, g Ca/L ash: (a) PF1, water flow rate Q=58 mL/min; (b) PF1, Q=146 mL/min; (c) PF1, Q=247 mL/min; (d) FBC1, Q=58 mL/min; (e) FBC1, Q=250 mL/min; and (f) FBC1,

Q=350 mL/min.

model introduced in the present work can be used to describe the Ca
concentration distributions in the ash layer, in the solid q (Z, t) phase,
and in the liquid phase C(Z t) at any time period. This example
demonstrates the versatility of application of the developed model.

o Overview of the initial parameters of the simulation

In the simulation, seventy tons of dry PF ash formed in a power
plant is considered as having been distributed uniformly over an area
of 5x13 m?, creating a theoretical 1 meter high ash layer (cross-
sectional area of 65 m?). The average annual amount of precipitation
in Estonia is about 757 mm (2.075 mm/day) [11]. The goal of the
simulation is to estimate changes in the Ca concentration in the solid
(ash) phase and in the leaching liquid phase during industrial ash
layer washing by natural precipitation and therefore to predict and
describe the outcome of the washing process.

o Results and discussion

The water fraction in the ash layer € was estimated from the
volumes of the ash layer and the field sector on which the ash is
distributed. The volumetric flow rate of the fluid phase Q was
calculated based on an average rain velocity v of 2.075 mm/day, a
cross-sectional area of a field sector S of 65 m?, and a water fraction in
the ash layer ¢ of 0.619. The overall mass transfer coefficient K was
calculated according to Eq. (4): the value of the liquid phase mass
transfer coefficient k; was estimated from the empirical function
presented in Eq. (9); the average value of the solid phase mass
transfer coefficient ks from batch ash dissolution experiments was
found to be 7.91 x 10-® m/s [1]; the value of the average slope m of the
equilibrium line was taken as 538.4.

The results of the simulation are presented in Fig. 3. As can be seen,
even after 100 years, the average Ca concentration in the ash g will
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Fig. 3. Simulation of the Ca washing process for a 1 m high PF industrial ash layer by the
average annual amount of precipitation: simulated results of the changes in Ca content
in the leaching water (M ¢, g/L) and in the ash (A average Ca concentration in the ash q,
g Ca/L ash).

decrease by only 30% compared to its initial value (1203 g Ca per L of
ash). Additionally, a Ca concentration level where only the insoluble
part of the free lime is left in the ash layer was estimated by the model
as being reached in approximately 500 years. The results indicate that
the Ca concentration in the leaching fluid will be at a level of about
1.51 g/L and maintain this high value for hundreds of years to come.

It is well known that the main cause of the environmental impact
of ash fields is the high-alkali water (pH=12 - 13) circulating in the
ash removal system [10]. The high alkalinity of the water is caused by
contact between water and the oil shale ash containing free lime. At
such contact Ca(OH), produces Ca and hydroxide ions according to
reaction R1:

Ca(OH), —Ca*" + 20H" (R1)

In the current simulation, Ca concentration in the leaching fluid
was estimated by the model to be about 1.51 g/L or 0.03775 M, and
according to R1 the molar concentration of the hydroxide ions is
therefore [OH]=0.0755 M. A pH of the solution can be found using
the following equation:

pH = 14 + logo(You- x [OH ), (11

where oy~ is the ionic activity coefficient of the hydroxide ions.

Therefore, taking into account ionic strength I of the 0.03775 M Ca
(OH), solution (I=0.11325), the ionic activity coefficient of the
hydroxide ions oy~ is 0.748, and the pH value predicted by the
model is 12.75, which confirms knowledge about the high alkalinity of
the leaching waters from oil shale ash fields. So, the example
demonstrates that oil shale ash can be viewed as a source of possible
environmental damage since even some tons of ash may theoretically
contaminate all rainwater falling onto the ash fields over a long
period.

4. Conclusion

In the present work, the dissolution process of Ca ions from oil
shale ashes formed in boilers operating with different combustion

technologies was investigated for continuous washing of the oil shale
ash layer in a packed-bed leaching column.

The main characteristics of the Ca dissolution process from ash
were established and significant differences in the leachability process
of Ca?* from PF and FBC oil shale ashes were noted. Based on
experiments and a parameter estimation procedure, values of the
overall and liquid phase mass transfer coefficients K and k; were
evaluated. A simulation model was used for modeling of the Ca
dissolution process from oil shale ashes during continuous ash
washing processes. Comparison of experimental data and results of
the process simulation confirmed that the developed models were
able to provide accurate estimation of the changes in Ca content in the
leaching fluid as well as in the stagnant layer of ash and therefore
describe quite well the Ca dissolution process during continuous
washing of PF and FBC ash layers.

Additionally, an example of the application of the developed
model for environmental assessment and estimation of Ca** ion
leaching from industrial oil shale ash fields was provided. Oil shale ash
was shown to be without implementation of any constraints a source
of environmental damage for long time.

Models described in this part 2 and in part 1 of the paper will serve
as the first steps in developing of the mathematical model of PCC
formation process on the basis of Ca-containing waste oil shale ashes.
In the next step of this study the dissolution models will be combined
with models of calcium carbonate precipitation reaction taking place
in heterogeneous gas-liquid-solid system.
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Abstract

Present study is considered to be a part of modelling the process for removal of CO, from industrial
gas streams by carbonation of alkaline leachates of oil shale ash formed at Estonian power
production. In current paper the chemical phenomena of CO, absorption into aqueous alkaline
solution has been investigated and a mathematical model for description of CO, mass transfer in a
stirred semi-batch reactor presented. The model was built upon the kinetics of absorption phenomena
as well as reaction kinetics and hydrodynamic conditions. Based on the experimental data and the
developed model, the volumetric mass transfer coefficient, kia of the process was evaluated for a wide
range of operating parameters. The model allows simulating the concentration profiles of reactive
species and ions (CO,, CO5”, HCO5, OH, H') in the gas and liquid phase. Additionally, the influence
of hydrodynamics on the mass transfer rate of CO, was described and empirical functions for
estimation of kia and gas fraction ¢ in the liquid-gas mixture proposed.

Key words: absorption, carbon dioxide, mass transfer, hydrodynamics, modelling

1. INTRODUCTION

Carbon dioxide (CO,) emissions, inevitably created by burning fossil fuels, are considered the main
cause of global climate change. Due to the environmental concerns over greenhouse gas emissions, the
removal of CO, from industrial gas streams has become especially important (Rubin, 2001; Weart,
2003). Particularly in the Republic of Estonia, where local carbonaceous fossil fuel - oil shale - is used
as a fuel in electricity production, CO, emissions reduction is a high priority.

The removal of CO, from gas streams can be achieved by a number of separation techniques including
absorption into a liquid solvent. Binding CO, from flue gases by alkaline wastewaters such as oil shale
ash leachates circulating in the hydraulic ash-transportation system at Estonian oil shale firing power
plants is a promising method for CO, safe disposal. CO, mineral trapping based on Estonian oil shale
ash and on other lime-containing wastes is a novel approach (Uibu et al., 2009; 2010), which could be
economically viable due to availability of large amounts of alkaline wastewater in the proximity of
CO, emission source. The chemical binding of CO, in the form of stable carbonates permits CO,
emissions reduction as well as utilization of Ca-rich ash alkaline leaching water for precipitated
calcium carbonate (PCC) production (Uibu et al., 2010).

However, oil shale ash based PCC production is a complex multistage process, which requires
modelling of each stage in order to predict the optimum conditions. In our previous work, the process
of mass transfer of Ca’" ions from oil shale ash particles into aqueous solution was mathematically
described (Velts et al., 2010a; 2010b). Nevertheless, vital part of the carbonation process is the
transfer of CO, from the gas phase to the aqueous phase, since only the dissolved molecules of CO,
take part in the reactions. However, the data on the rate of CO, transfer from air bubbles into the
aqueous alkaline solution has rarely been reported in the literature (Astarita, 1963; Danckwerts et al.,
1963). Thus, as the next step of the study, present paper aimed to provide an insight into the chemical



phenomena of CO, absorption into aqueous alkaline solution as well as to develop a mathematical
model for predicting mass transfer of CO, in a semi-batch reactor, while taking into account the
kinetics, hydrodynamics and specifics of the process. Furthermore, the influence of the operating
variables such as inlet gas flow rate and CO, concentration as well as mixing intensity of the stirrer on
the CO, mass transfer rate was under attention.

2. MATERIAL AND METHODS

The experiments in a pilot-scale stirred semi-batch reactor were performed by bubbling a gas mixture
of CO; and air through a recirculating NaOH solution representing the alkaline wastewater (Fig. 1).
Gas mixture flow rate and composition was controlled using rotameters and CO, analyzer. Reactor
was equipped with a gas sampling system connected to CO, IR-analyzer (Duotec) to allow
measurements of CO, concentration in the gas stream exiting the reactor. The pH-value in reactor was
continuously monitored by pH meter (Mettler Toledo GWB SG2). Collection of the liquid phase
samples was performed by means of sampling valve on the reactor body.

Stirrer
.‘.\r
Qs
CO; analyzer
Rotameter Rotameter
Vs
G; L ™
................. pHmeter
L]
Air CO, =
o
g Sampling valve
£ OH. HCOy, CO:*
é Lo
£
=
Pump

Fig. 1 Principal scheme of the experimental setup

NaOH solution initial volume, concentration and pH were fixed at 10 L, 0.01 M and 12.0 respectively.
The pH-level was chosen to be equal to this characteristic for saturated system water — lime containing
ash. According to full-factorial experimental plan with additional experimental point in the “middle”
(Table 1) the following parameters were varied one at a time while keeping the others constant:



o COy-air gas mixture flow rate, Q¢
e CO, concentration in the inlet, ¢

e Stirrer rotation speed, N

Table 1. Experimental plan for investigation of the CO, mass transfer

No Air/CO, flow rate CO, concentration Stirrer rotation

in the inlet gas speed

Total (Qg, L/h) Air CO, e vol. % N, rpm

1 2000 1700 300 15 1000
2 2000 1700 300 15 400
3 2000 1900 100 5 1000
4 2000 1900 100 5 400
5 1000 850 150 15 1000
6 1000 850 150 15 400
7 1000 950 50 5 1000
8 1000 950 50 5 400
9 1500 1350 150 10 700

In the experiments the pH value, concentration of OH’, CO;>, HCO;  ions (titrimetric method ISO
9963-1:1994(E)) in the liquid phase as well as CO, content in the outflow gas were continuously
measured. In each experiment the volume of gas phase in the gas-liquid mixture (¥;) and above it
(V) was registered. Experiments were conducted until the solution pH reached a value of 7.

3. RESULTS AND DISCUSSION
3.1 Modelling of CO, mass transfer in a stirred semi-batch reactor
3.1.1 Distribution of carbonate species in an aqueous solution of hydroxides

Carbon dioxide is a volatile weak electrolyte of great industrial importance. CO, is sparingly soluble
in an aqueous phase (CO, solubility in water is 1.45 g/L at 25°C, 100kPa), however the system is
somewhat complex (Lide, 1990-1991; Lower, 1999; Reid et al., 1987). Reaction 1 (R1) represents the
process of physical dissolution of gaseous CO; into liquid solution:

CO,(q) < CO, (1 R1)
At pressures up to about 5 atm, the solubility equilibrium follows Henry's law:

[co,)],, =ky xPeo, (1)
where ky is the Henry constant, Pco, is the CO, partial pressure.

Once CO, has dissolved, equilibrium is established between the dissolved CO, and forming carbonic
acid. Furthermore, rate of dissolution of CO, into water depends on pH with formation of CO;> and
HCOy ions. Therefore, the reactions occurring during absorption of CO, into aqueous solutions of
hydroxides can be expressed as follows (Cents et al., 2005):

K
CO,(I)+OH~ HCO; (R2)



— - ? 2—
HCO; +OH CO¥ +H,0 (R3)
%

Ky
LTI
OH +H" H,0 (R4)
k3y
ZTHIN
Co,(1)+ H,0 HCO; + H* (R5)
kgp

Accordingly, the overall concentration of dissolved carbon increases together with the amount of the
HCO; and CO5* ions formed. Dissolved CO, consists thus of the three species:

Ceo, =[CO, ()] +[HCO; 1+[CO;™] )

Therefore, when CO, gas is bubbled through a solution containing a strong base such as NaOH, the
electro-neutrality balance (in molar concentration units) for such a mixture can be written as follows:

[H*]+[Na*1=[HCO; 1+ 2[CO; 1+[OH ] 3)

3.1.2 Estimation of the volumetric mass transfer coefficient k,a for CO,

Based on the above considerations, the applicability of reactions (R1) - (R5) to describe CO, mass
transfer from gas phase into the aqueous solutions of sodium hydroxide was studied. In addition to
kinetics of the reactions taking place in the liquid phase, the modelling procedure accounted for
kinetics of absorption phenomena as well as hydrodynamic conditions of the process.

When CO, is bubbled through a perfectly mixed aqueous alkaline solution, the CO, mass transfer
process can be modelled according to our proposal by the following differential equations for the
different species, assuming that the volume remains essentially constant, and that the system is
operated isothermally at 25° C:

e  For CO;dissolved in water:

kLaXZn:[[kH XM co, xPx[COQ(g)]_[COZ(Z)]]X V, + VG]

dlco, ()] Pco, "
dt v,
“
knlco,Olor ™+ i, [Heo; |-k, [co, @)+ kp[Hco; [r7]
e For OH, HCOy, COs” and H' ions:
o]y feo,0lon ek bico; v, cos Tor- .

ky [C0327]+ k3 — ks, [OH71H+]



dlrco; |
dt
kplcor 4 kg [co, ]~k [Hco; Jr]

= kn [C02 (l)][OHi]_ klz [HCO;]_ k21 [HCO; ][0H7]+ (6)

d[(iiOz;_] =ka [HCO; ][OH7 ]_kzz [Cogzi] @)
d[Z* ] =ky, —ky, [OH’][H+]+ ky [Co2 0)]- ky [HCO; IH+] 8)

e For CO; exiting the ith section of the reaction mixture:

m O ([C02 (&)l - [CO;' (g)])_

- ’ ©)
~ lcoi(o)] v, +v0 |/ 5
kol 8 XM”Z;PX : —[coz(z)]]xL )|/

co,

n

e For CO; exiting the reactor e.g. headspace Vg, above the reaction mixture (see Fig. 1):

d[CO, (g)loyr

= (o6 ((cos(@)-[Co, (g)lowr )/ Vs, (10)

In equations (4) - (10) molar concentrations are used. O is the gas volumetric flow rate, L/s; k;a is the
volumetric mass transfer coefficient, s™; V; is the water volume, L; Vy is the gas volume in the gas-
liquid mixture, L; Vg, is the gas volume in the empty space above the reaction mixture, L; ky is the
Henry's constant, mol L' atm™; P is the atmospheric pressure, atm; Mcq; is the CO, molar mass,
g/mol; pco; is the CO, gas density, g/L.

The gas phase in the reaction mixture was divided into a number of theoretical sections n with a
volume Vg/n (gas phase in close to the plug flow regime, liquid phase in the perfectly mixed flow
regime as solution was recirculated). Each of these sections (high correlation coefficient observed at
n=10) was treated as a non-equilibrium stage, governed by the equation 9.

The value of the Henry's constant, k; (mol L™ bar") was determined as a function of temperature, T
(K) from the relation (Pohorecki and Moniuk, 1988):

loghk,, =9.1229-5.9044x107>T +7.8857x107° T2 (11)

The rate constant k;; of reaction 2 (R2) has been correlated as a function of temperature and ionic
strength by Pohorecki and Moniuk (Pohorecki and Moniuk, 1988). However, considering near to
infinite dilution ionic strength of the 0.01 M NaOH solution, the value of the second-order rate
constant k;; (L mol™ s™) can be calculated as only a function of temperature from a relationship
(Pohorecki and Moniuk, 1976):

log k,, =11.916—¥ (12)



The backward reaction rate of reaction 2 (R2), ki, is defined by the value of the equilibrium constant
for this reaction (k;,=k; 1 K/K}). K, (mol/m3) is given as a function of temperature by Edwards et al.
(Edwards et al., 1978):

[_ 12092.1
T

K, =ex —36.786ln(T)+235.482jpw, (13)

where p,, is the density of water (kg/m’). The value of the solubility product K., (mol*>/m®) is given by
Tsonopoulos (Tsonopoulos, 1976):

[K] 5839.5
log =— e

: —22.4773log(T) + 61.2062 (14)

pV}
Reaction 3 (R3) is fast as it involves only a proton transfer. The reaction rate constant, k,;, was
determined to be 6x 10° m* mol” s (Eigen, 1963). The equilibrium constant K, (m*/mol) at infinite

dilution that determines the value of the backward reaction of reaction 3 (R3), kn=k;1/K,, is given by
Hikita et al. (Hikita et al., 1976):

1568.9
log(K,) =

-2.5866—6.737x107°T (15)

The neutralization rate constant, k3;, was determined by Eigen (Eigen, 1963) to be 1.4x 10°*m’® mol's™.
The reaction rate between CO, and water, ky;, is very slow (0.024 s, Danckwerts and Sharma, 1966).
The values of the backward reactions, k3, and k4, can be calculated from the equilibrium constants and
are k3 1/Kw and k;1/K |, respectively.

Values of the reaction rate constants used in this paper (T=298.15K) in the modelling of CO,
absorption are summarized in Table 2.

Table 2. Values of the parameters for absorption of CO, in a NaOH solution at 298K

klh klZ’ k21’ k22’ k319

Parameter L st L s L
molxs molxs mol Xs
Value 84x10°  2.0x10*  60x10° 12x10° 1.4x10"

k3, ka1, kaz, kn, Pcozs

Parameter mol s L mol kg
Lxs molx s Lxatm e

Value 13x10%  24x10% 57x10°  3.5x 107 1.8

In this paper, the volumetric mass transfer coefficient, k;a, was determined numerically from the
differential equations (4) - (10) using the least squares method. The set of model equations were
solved by means of linear multi-step methods implemented in ODESSA, which is based on the
LSODE software (Hindmarsh, 1983). The calculations were performed using the MODEST 6.1
software package (Haario, 1994) designed for various tasks of model building such as simulation,
parameter estimation, sensitivity analysis and optimization. The software consists of a FORTRAN
95/90 library of objective functions, solvers and optimizers linked to model problem-dependent
routines and the objective function.

Estimated values of k,a (R*> 90 %) with their 95% confidence intervals are presented in Table 3 for
various absorption conditions in compliance with experimental plan presented in Table 1.



Table 3. Estimated values of volumetric mass transfer coefficient for various absorption conditions

Air/CO, flow CO, concentration  Stirrer rotation kia,

rate, in the inlet gas, speed, 5!

L/h vol. % rpm

2000 15 400 3.27+0.09 x 107
2000 15 1000 4.87+0.90 x 107
2000 5 1000 4.07+0.25 x 102
2000 5 400 2.924+0.08 x 10
1000 15 1000 3.34+0.21 x 107
1000 15 400 2.68+0.01 x 10
1000 5 1000 3.71£0.14 x 102
1000 5 400 1.94+0.07 x 107
1500 10 700 3.23+0.21 x 102

The verification of the model was carried out by comparing the simulated and experimental
concentration profiles and, in general, a good agreement between them was found.
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Fig. 2 Modelling of CO, absorption at Q¢ = 1000 L/h, N = 400 rpm, ¢ = 5%: experimental (m) vs.
simulated (—) OH', HCOy, CO5™, CO4(l) (mmol/L), CO,(out) (%) concentration and pH profiles

Examples of the plots of experimental and simulated concentration profiles of the reactive species and
ions (CO,, COs”, HCOy, OH) in the gas and liquid phase are shown in Figures 2-4 for various

conditions of CO, absorption.
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Fig. 3 Modelling of CO, absorption at Qs = 2000 L/h, N = 1000 rpm, ¢ = 5%: experimental (m) vs.
simulated (—) OH, HCO5, CO;”, CO4(1) (mmol/L), CO»(out) (%) concentration and pH profiles

Developed model allows also the prediction of pH during the neutralization of NaOH solution as
graphically represented by Figures 2-4.
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Fig. 4 Modelling of CO, absorption at Qs = 1000 L/h, N =400 rpm, ¢ = 15%: experimental (m) vs.
simulated (—) OH', HCO;, CO5™, CO5(I) (mmol/L), CO,(out) (%) concentration and pH profiles



The results show (see Figures 2-4 above) that the model equations correspond to the experimental data
quite well. Thus, the developed model is able to accurately predict the performance of CO, absorption
into alkali aqueous model solutions in a stirred semi-batch reactor.

3.2 The effects of hydrodynamics and CO; partial pressure on the rate of CO, mass transfer

The rate of CO, transfer (under the conditions prevailing in the reactor) is governed by the liquid
phase mass transfer coefficient, k; and is usually characterized by the volumetric mass transfer
coefficient, k,a. A number of equipment and operational parameters interact to influence the efficiency
and rate of CO, transfer. Hydrodynamic conditions of the process such as gas flow rate and stirrer
rotation speed, can be viewed as the main factors affecting the rate of CO, mass transfer. These
parameters determine factors such as bubble size, degree of turbulence etc. Clearly, another parameter
affecting the CO, mass transfer performance is the CO, concentration in the inlet gas (e.g. CO, partial
pressure). Increasing the input values of the named operating parameters is known to enhance the mass
transfer rate.

As it may be observed from Table 3, the behavior of the volumetric mass transfer coefficient, k;a of
CO, is in good agreement with the latter statement. Within the ranges of variables studied, it was
observed that the mixing speed had the greatest effect on the mass transfer coefficient followed by the
gas flow rate. Furthermore, based on the collected data, an empirical correlation (R*=90%) for
estimation of the volumetric mass transfer coefficient k,a (s™') of carbon dioxide was built up as a
function of the operating variables:

kL(l =9.6218X10_5 X N0,4316 8,38406,0,1117 , (16)

where Qg is the gas flow rate, L/h; N is the stirrer rotation speed, rpm; ¢ is CO, content in the inlet gas,
vol. %.

The effect of the stirring speed, gas flow rate and CO, partial pressure on the neutralization of NaOH
is demonstrated by the experimental pH plots presented in Fig. 5.

——8— 1: 2000L/h; 15%; 1000rpm
—o—2:2000L/h; 15%; 400rpm
—— 3:2000L/h; 5%; 1000rpm
—— 4: 2000L/h; 5%; 400rpm
—=2—5: 1000L/h; 15%; 1000rpm
—e— 6: 1000L/h; 15%; 400rpm
——7: 1000L/h; 5%; 1000rpm
—8—8: 1000L/h; 5%; 400rpm
---¢-- 9: 1500L/h; 10%; 700rpm

Fig. 5 The experimental pH plots for various conditions of CO, absorption



Examination of the curves 1-9 in Fig. 5 shows that the pH value corresponding to a neutral solution
(6.5 < pH < 7.0) is reached in a shorter time as at least one of the operational variables Qg, N or c is
increased. Furthermore, increasing the stirring speed to 1000 rpm (curve 7) or the gas flow rate to
2000 L/h (curve 4) from the lower boundary conditions, characterized by the curve 8, resulted in a
similar pH neutralization performance accompanied by a time reduction of about 4 minutes. In the
experiments conducted in the upper boundary conditions of the CO, partial pressure, neutral pH region
was reached after 3.5 minutes. Combined effect of the simultaneous increase of all three operating
variables is demonstrated by the curve 1, whereas pH level 7.0 is reached in about 1.5 minutes.

Clearly, the decrease in CO, partial pressure elongates the duration to reach neutral pH, which can be
compensated to some extend through the increase of gas flow rate or mixing intensity of the stirrer.
Therefore, curve 9 represents the optimum conditions of operating. However, based on the collected
data, the appropriate conditions (gas flow rate, stirrer rotation speed, CO, partial pressure, process
time, etc) can be nevertheless selected depending on the objective of the absorption process
(wastewater neutralization, carbonation/precipitation, gas purification) as well as equipment specifics.

It is also worth noting, that the volumetric ratio between the gas and liquid phases in the reaction
mixture is mostly determined by the input value of the gas flow rate and stirring speed. Consequently,
empirical function (R>=99%) for estimation of the gas fraction ¢ in the liquid-gas mixture was
constructed as presented below:

£=2.047x107° x N**7 Q0530 (17)

4. CONCLUSION

In this paper, the conditions of experimental work and the results of modelling of CO, absorption
process into aqueous alkaline solution in a semi-batch reactor have been presented. For the conditions
studied, a mathematical model was developed to simulate, design and optimize the CO, absorption
process. The model includes information on all of the main factors involved in mass transfer of CO,
from the gas to the liquid phase and the subsequent reactions (e.g. hydrodynamics, kinetics etc). Based
on the experimental data and CO, mass transfer model, estimation of the volumetric mass transfer
coefficient, k;a, was made under different conditions of gas flow rate, mixing speed and initial CO,
partial pressure. Finally, an empirical correlation for the volumetric mass transfer coefficient of carbon
dioxide was proposed as a function of the main operating variables, allowing estimation of absorption
performance per unit volume of gas-liquid mixture in the reactor.

As the concentrations of the various carbonate species depend on the pH of the solution, the results of
this study lead to a better understanding of the chemistry and specifics of the CO, mass transfer
process into the alkaline wastewaters such as leaching waters of oil shale ash and other lime-
containing waste materials. In the next step of the study the CO, mass transfer model described here
will be combined with models of calcium carbonate precipitation reaction taking place in
heterogeneous gas-liquid-solid system. Furthermore, volumetric mass transfer coefficients, k.a
evaluated in this paper, will be used to estimate the enhancement factor due to chemical reaction.
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Abstract

In the current paper, CaCO; precipitation process via CO, absorption into aqueous solution of Ca(OH), was investigated in a
stirred semi-batch reactor. Mathematical model describing the precipitation process was developed by considering the absorption
and reaction kinetics as well as hydrodynamic conditions in the system. The model allows to simulate the concentration profiles
of reactive species (CO,, Ca’, OH,, CaCOs, HCO5', HY, CO32') in the gas and liquid phase as well as to predict the rate of CaCO;
formation. The volumetric mass transfer coefficient, k acp, characterizing CO, transfer performance from gas phase into
Ca(OH), solution as well as rate constant of the CaCOj; precipitation reaction, ks; were estimated based on the experimental data
and the developed model. The CO, mass transfer enhancement factor E due to chemical reaction was also estimated.

(© 2011 Published by Elsevier Ltd.

Keywords: CaCOs; CO,; precipitation; mass transfer; modeling

1. Introduction

There is a considerable concern about the impact of greenhouse gases including carbon dioxide (CO,) emissions
on the global climate [1]. In spite of years of legislation and emission reduction, particularly in the Republic of
Estonia, where local carbonaceous fossil fuel - oil shale - is used as a fuel in electricity production, remarkable CO,
emissions are still one of the major environmental issues.

Among the options under consideration to help mitigate anthropogenic CO, emissions is carbon mineral trapping
- the chemical binding of CO, by calcium (Ca) and magnesium (Mg) compounds to form stable carbonates [2]. In
this context, the feasibility of CO, safe disposal in the form of precipitated calcium carbonate (PCC) by gas-liquid
reaction is of considerable importance due to applicability of PCC in a wide range of products including paper,
paints, plastics, rubber, textiles etc. Although PCC is traditionally produced from lime of natural limestone [3], the
efforts in the direction of waste minimization have evoked designing of new production methods for PCC. A very
promising one among them is related to the reusability of lime-containing wastes, including oil shale ash formed

* Corresponding author. Tel.: +372-528-3756; fax: +372-620-2801.
E-mail address: olga.velts @ttu.ee

doi:10.1016/j.egypro.2011.01.118
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during heat and power production in Estonia. It has been proven by our earlier studies, that due to high content of
free lime (up to 30% of CaO) this residue could be considered as a low-cost source of water-soluble calcium [4].

In the preliminary stage, modeling of the process of CaO leaching/slacking from ash [5, 6] as well as dissolution
of gaseous CO, into the liquid phase [7] have been worked out and described by the authors. Furthermore, in order
to design the PCC formation process and to optimize CO, elimination from exhaust gas using alternative CaO
containing materials, such as oil shale ash, mathematical models describing the precipitation process of calcium
carbonate in a model gas — liquid system must be developed using at first chemically pure lime as a Ca source. Thus,
the main goal of the current study was to develop a mathematical description of the multi-step PCC formation
process in a model gas — liquid system by conducting chemical absorption experiments of CO, into an aqueous Ca-
ion rich solution of calcium hydroxide Ca(OH), with various initial concentrations. The scope of the study was
extended to investigate the influence of precipitation reaction on the rate of CO, mass transfer.

2. Materials and methods

Experimental work was carried out in a pilot-scale stirred PCC semi-batch reactor by bubbling a gas mixture of
CO; and air through a recirculating Ca(OH), solution of 10 L volume. Gas flow rate (Q) and composition (c) was
controlled using rotameters and CO, IR-analyzer (Duotec). The pH value in reactor was continuously monitored by
pH meter (Mettler Toledo GWB SG2). Collection of the liquid phase samples was performed by means of sampling
valve on the reactor body (Figure 1).

Stirrer

N
¢, Qe j

| | CO, analyzer

‘ Rotameter | Rotameter
VG; L l
pH meter
L ]
Air o,

N

Sampling valve

Ca’~, OH, HCOy,
\ A COs

Solution recirculation

Figure 1 Principal scheme of the experimental setup

Initial Ca(OH), solutions with various concentrations (350, 600 and 850 mg Ca** L") were prepared by slaking
chemically pure lime (Sigma-Aldrich) and filtering the suspension in order to remove any inert or non-dissolved
solids. The carbonation process took place at a constant gas feed rate of 1000 L hr'' with a gas mixture containing
5.0 vol.-% of CO, in air and stirrer rotation speed of 400 rpm. In the coarse of experiments, the pH value,
concentration of Ca®* (titrimetric method ISO 6058:1984), CO;>, HCO5, OH ions (titrimetric method ISO 9963-
1:1994(E)) in the (filtered) liquid phase as well as CO, content in the gas stream exiting the reactor were
continuously measured. Experiments were conducted until the solution pH reached a value of 7.0.
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3. Results and discussion
3.1. Modeling of the CO, chemical absorption into aqueous Ca(OH), solution

CO; transfer, the process by which CO, is transferred from the gaseous to the liquid phase, is a vital part of a
number of industrial processes (gas purification, carbonation/precipitation, wastewater neutralization). The
mechanism for the reaction of CO, with aqueous solutions of hydroxides has been expressed by Cents et al [8] and
in the case of absorption into (under)saturated Ca(OH), solution can be presented by the following reactions.

Formation of bicarbonate:

ki
CO,()+OH"™ HCO5 Y}
- :

ko

Dissociation of bicarbonate:

L EIN
HCO; +OH™ CO;” +H,0 (@)
: :
22
lonization of water:

ks

—
OH +H* H,0 3)
%
k3
CO; hydration:
LTIIN
CO,(I)+ H,0 HCO; +H* “
kgp ‘

Formation of the CaCOj crystals:

L _ksyx[CaCO;],
517 Ks,
Ca* +COX ————"—CaC0, ®)

k
52

In addition to the above reactions, the process of physical dissolution of gaseous CO, into Ca(OH), solution is
represented by Eq. 6:

CO,(q) > COy(1) (6)
The solubility equilibrium follows Henry's law (at pressures up to about 5 atm):

[co,),, =ku x Peo, %)

where kj is the Henry constant, P,,; is the CO, partial pressure.

The modeling procedure in this paper accounted for kinetics of absorption and reactions taking place in the liquid
phase (Eq. 1-6) as well as hydrodynamic conditions in the system. According to our proposal [7], when CO, is
bubbled through a perfectly mixed aqueous Ca(OH), solution, the precipitation process of CaCO; can be modeled
by the following differential equations for the different species, assuming that the system is operated isothermally at
25° C.

e For CO, dissolved in liquid phase:
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kLaC()z Xi[{kfl XMCOZ XPX[COE(g)]—[Coz(I)]]XVL +VG]
d[co, (1)] i=1

Pco, n
a v,
—ky[co, (l)][OH_]"' ki [HCO;]_ kyt[CO5 (1)]+ kg [HCO.%_ IH+]

e For Ca®*, OH, HCO5", CO;* and H ions:

kgl Jcor]

K,

dar ksy —ksl[C“%ICO?]Z ks

dlon-]

~kuleo, 0lon~ |+ kulircos |-k, [ircos Jor]

+kzz[C032_]+k3z —k31[0H_IH+]

@ =ky[co, (l)][OH_]— ki [HCO;]_ kay [HCO;IOH_]

+ky [C0327]+ ki[O, ()] ks [HCO; IH+]

Aot ], lucorlon-tafeor b, - nlee heot
dt K,
d [H * ]

=k - k31[0H_IH+]+ ki [CO, ()] - kg [HC03_IH+]

dt

e For CO; exiting the ith section of the reaction mixture:

0, ([co,(g)ly - lcoi(e)

M: kHXMcolex[COé(g)]

dt

Pco, n

e For CO, exiting the reactor e.g. headspace Vg, above the reaction mixture (see Figure 1):

% = (QG ([Coz (g )]— [COZ (¢ )]OUT ))/VGz

e For CaCO; forming in the carbonation process:

d[caco,] _ _ksy [Ca“Icof‘]

di ksy [Caz+ IC032_ ]— ksa

- k52

sp

—kpaco, ~[co, ()] XM n

®)

®

(10)

an

12)

(13)

(14)

(15)

(16)

In equations (8) - (16) concentrations are expressed in molar units; Qg is the gas volumetric flow rate, L s
kiacos is the CO, volumetric mass transfer coefficient, s™; K, is the solubility product of CaCOs3, mol’/L?, V, is the
solution volume, L; V; is the volume of gas in the gas-liquid mixture, L; Vg, is the gas volume in the reactor
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headspace, L; ky is the Henry's constant, mol L' atm™; P is the atmospheric pressure, atm; Mo, is the CO, molar
mass, g mol";pwz is the CO, gas density, g L

In our study, a program feature accounting for the changes in V;, V5 Vi, due to samples collection was
implemented in the modeling algorithm. The gas phase in the reaction mixture was divided into a number of
theoretical sections n with a volume V/n (gas phase in close to the plug flow regime, liquid phase in the perfectly
mixed flow regime as solution was recirculated). Each of these sections (high correlation coefficient observed at
n=10) was treated as a non-equilibrium stage, governed by the Eq. 14. Values of the reaction rate constants in Eq. 1-
4 and parameters used in this paper (T=298.1K) in the modeling of Ca(OH), solution carbonation process are
summarized in Table 1 [7].

Table 1 Used parameters in the modeling of CO, absorption into Ca(OH), solution at 298K

Parameter Value Parameter Value
ki1, L mol™ s 8.4X 10° ks, mol L' s 13X 107
ki, s 20X 10 K, 7! 24X 107
Ko, L mol™ s 6.0X 10° ka2, L mol™ s 57X 10*
Ko, s 1.2X 10° ky, mol L atm 3.5% 107
Kaj, L mol ' s™! 1.4x 10" pcoz, kg m* 1.8

The volumetric mass transfer coefficient of CO, in the presence of chemical reaction, k;aco; and the backward
reaction rate constant of reaction 5 (Eq. 5), ks, were determined numerically from the differential equations (8) -
(16). The set of model equations was solved by means of linear multi-step methods implemented in ODESSA,
which is based on the LSODE software [9].

The calculations were performed using the MODEST 6.1 software package [10] designed for various tasks of
model building such as simulation, parameter estimation, sensitivity analysis and optimization. The software
consists of a FORTRAN 95/90 library of objective functions, solvers and optimizers linked to model problem-
dependent routines and the objective function.

Estimated values of k;aco, (R*> 93 %) with their 95% confidence intervals are presented in Table 2 for various
concentrations of the initial Ca(OH), solution. The average value of the backward reaction rate constant, ks, was
estimated to be 9.0x 107 s™" and considering the value of solubility product of CaCOs, K, =4.8x 10 mol*/L?, rate
constant of the CaCOj; precipitation reaction, ks, is, thus, 1.88x 10° L mol™ s (Table 2).

Table 2 Estimated parameters for carbonation of the Ca(OH), solutions in a stirred semi-batch reactor at Qg = 1000 L hr!, N =400 rpm, ¢ = 5%

. _ks¥{cacoy],
R —
[Ca®], mol L kiacos, s E Precipitation reaction kinetics | Ca**+C0f —————"——CaC0;
ksp
absent ! 0.0194 +0.0007 1.0 ksi”', .
L 1.88% 10
0.00863 0.0294 + 0.0026 1.5 L mol” s
0.01500 0.0347 £ 0.0024 1.8 ksy", N
] 9.00 X 10
0.02125 0.0529 +0.0051 2.7 s

Proposed model allows to simulate the concentration profiles of reactive species (Ca2+, OH’, CaCOs;, HCOy5,
CO,, H*, CO5%) in the gas and liquid phase as well as to predict the rate of PCC formation. The model was verified
by comparing the predictions of the species concentration changes in the course of carbonation with the
experimental data. Examples of the plots of experimental and simulated concentration profiles are shown in Figure
2.
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pH profiles
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It can be seen that the course of carbonation is quite well described. The correlation coefficients obtained for all
sets of data were no less then 0.93. At lower pH values the solubility of the CaCOj; increases, thus, the potentials of
the presented model are manifested by the accurate prediction of the outcome of the final stage of the carbonation
process, where the back-dissolution of PCC is starting to take place. Developed model allows also the prediction of
pH during the neutralization of Ca(OH), alkaline solution as graphically represented by Figure 2, B and can be used
to design the precipitation as well as wastewater neutralization process.

3.2. The effect of precipitation reaction on the rate of CO, mass transfer

The volumetric mass transfer coefficient, k;a is a parameter that represents the absorption performance per unit
volume of gas-liquid mixture in the reactor and depends fundamentally on the superficial gas velocity and on the
physical properties of absorption phase. Furthermore, the presence of chemical reaction will, generally, enhance the
mass transfer across the gas-liquid interface [11].

The reactions of CO, with Ca(OH), solution enhance the rate of absorption and increase the capacity of the liquid
solution to dissolve the solute, when compared with physical absorption systems. The effect of chemical reaction on
the process performance can be expressed by introducing the CO, mass transfer enhancement factor, £ [12, 13],
defined here as the ratio of the volumetric mass transfer coefficients for CO, absorption for both cases with, k;aco;
and without chemical reaction, kLaOCUZ:

_ kLaco2

E a7

- 0
kLaco2

In our earlier study on the CO, absorption process into aqueous alkaline solution of hydroxides in a stirred semi-
batch reactor, the volumetric mass transfer coefficient of CO, for the system in the absence of chemical reaction,
kia’con (s7') was estimated for a wide range of operating parameters, including stirrer rotation speed (N, rpm), gas
flow rate (Qg, L hr'') and CO, content in the inlet gas (c, vol. %):

kLag‘Oz — 96218)(10_5 ><1\,().43|6Q8.3840C().I117 (18)

Details of the k;a’o; determination can be found in [7]. For the same experimental conditions as applied in this
work, k;a’co2 was found to be 0.0194 s (see Table 2). Thus, based on the results of these studies, values of the
enhancement factor E for CO, absorption were determined (Table 2) and empirical equation of E (R*=97.4%) as a
function of Ca(OH), solution initial concentration (unit mmol L) was proposed as follows:

E =0.0027 x [CaZ+ ]f, +0.0224 % [CaZ+ L +10 (19)

Calculations indicate that in the case of absorption into Ca(OH), solutions with up to the maximum solubility
(saturation concentration ~850 mg Ca®* L), the enhancement factor is, as expected, noticeably (1.5 - 2.7 times)
larger than unity. Chemical reaction keeps the concentration of CO, in the liquid phase nearly zero and, therefore,
the driving force is remained high. Thus, an increase in the Ca(OH), solution initial concentration produces a
continuous increase in the enhancement factor.

4. Conclusion

This paper contributes to knowledge on the chemical absorption of CO, into aqueous Ca(OH), solution
performed in a stirred semi-batch reactor under different experimental conditions. As a result of the study,
mathematical model for predicting CaCO; precipitation process was developed and the mass transfer parameters
were determined. The presented carbonation model has been positively verified to find a good agreement between
experimental data and modeling predictions. The proposed computational procedures may be effectively used to
simulate and design precipitation or alkaline wastewater neutralization process at arbitrary conditions. To show the
increasing rate of carbon dioxide transfer due to chemical reaction, the CO, mass transfer enhancement factor E was
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evaluated and empirical equation of E as a function of solution initial concentration proposed. In the next step of the
study the carbonation model described here will be applied in the modeling of oil shale ash leachates carbonation
process taking place in the gas-liquid system.
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Prospects in Waste O1l Shale Ash Sustainable
Valorization

Olga Velts, Mai Uibu, Juha

Abstract—An innovative approach utilizing highly alkaline oil
shale waste ash and carbon dioxide gas (CO,), associated with power
production, as a resource for production of precipitated calcium
carbonate (PCC) is introduced in this paper. The specifics and
feasibility of the integrated ash valorization and CO, sequestration
process by indirect aqueous carbonation of lime-consisting ash were
elaborated and the main parameters established. Detailed description
of the formed precipitates was included. Complimentary carbonation
experiments with commercial CaO fine powder were conducted for
comparative characterization of the final products obtained on the
basis of two different raw materials. Finally, the expected CO,
uptake was evaluated.

Keywords—Calcium Carbonate, Carbon Dioxide Sequestration,
Oil Shale Ash, Waste Valorization.

I. INTRODUCTION

AFE deposition/utilization of solid wastes is among the

most serious problems in the world’s heat-and-power
production. In Estonia, oil shale type fossil fuel is an
important resource for the national economy. About 85 % of
oil shale is consumed by power plants, which produce over 95
% of Estonian electricity and a great part of thermal power.
The power sector is the largest CO, emitter (15.2 metric tons
per capita in 2007) in Estonia [1] as well as a source of
enormous amounts of hazardous waste ash (about 6 Mt of ash
annually). The oil shale based heat and power production has
produced over the years about 280 million tons of alkaline
waste ash which, due to the current lack of practical
applications, is deposited on the waste plateaus nearby the
power plants and is causing environmental problems as a
source of alkaline pollutants [2]. Therefore, developing an
effective usage of this waste ash would be a highly desirable
outcome.

In this aspect, a conceptual approach of utilizing
combustion waste ash as a low-cost source of water-soluble
calcium (Ca) for production of precipitated calcium carbonate
(PCC) is elucidated. In addition to obtaining a valuable
commercial product, advantages of Ca-rich alkaline oil shale
ash leachates carbonation include safer disposal of wastes,
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CO, emissions reduction and wastewater neutralization. The
last aspects have been discussed earlier [3, 4]. Furthermore, in
our previous papers, main characteristics and mechanisms for
intermediate stages of the process, including Ca-leaching from
ash [5, 6] and dissolution of gaseous CO, into alkaline liquid
phase [7] have been reported. In current study, the feasibility
of ash leachates carbonation accompanied by the formation of
PCC was investigated experimentally in a semi-batch stirred
barboter-type reactor. One of the tasks was to establish the
impact of the complex composition of leachates on the main
characteristics (chemical composition, morphology, surface
area, particle size distribution etc) of the forming precipitate.
Additionally, comparative calcium carbonate precipitation was
performed on the basis of a pure lime based model solution.
The scope of the study was extended to assessing the CO,
sequestration and PCC production capacity of leachates.

II. MATERIALS AND METHODS

In this study, two types of solutions (a 10 L) were
carbonated: Solution I (oil shale ash leachates) and Solution II
(lime based model solution). Solution I was prepared by
stirring oil shale ash (containing about 8.0 % of free CaO) -
distilled water suspension (liquid to solid ratio of 10 w/w) in a
15 L reactor equipped with turbine type impeller for 15
minutes, and then filtering out the solid ash residue (Fig. 1, a).
Oil shale ash leachates (pH=12.65) with the following average
jon concentration were obtained: Ca*": 1.23 g/L, S0,%: 0.73
g/L, K2 0.076 g/L, CI': 0.038 g/L, OH: 0.047 mol/L.
Saturated lime solution (Solution II) with Ca®" equilibrium
concentration of 0.85 g/L was produced by slaking chemically
pure lime (Sigma-Aldrich) and filtering the suspension in
order to remove any inert or non-dissolved solids. The
carbonation process was conducted in a semi-batch stirred
barboter-type reactor (Fig. 1, b) at a constant gas feed rate of
1000 L/h with a model gas containing 5.0 vol.% CO, in air
and stirring rate of 400 rpm. In the carbonation experiments,
concentration of Ca®" (titrimetric method ISO 6058:1984),
SO4* (spectrophotometer SpectroDirect Lovibond), CO,*,
HCOs', OH ions (titrimetric method ISO 9963-1:1994(E)) in
the (filtered) liquid phase, pH (Mettler Toledo GWB SG2)
and conductivity (HI9032) value in reactor as well as CO,
content in the outgoing gas flow (CO, IR-analyzer, Duotec)
were continuously measured. After carbonation, the
suspension was immediately filtrated (Whatman filter paper
“blue ribbon”).
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Fig. 1 Simplified schematic of the experimental setup: a) Leaching step; b) Carbonation step

The solid was dried and analyzed for its chemical
composition by Total Carbon (TC; ELTRA Carbon/Sulfur
Determinator CS-580) and X-Ray Diffraction (XRD; Bruker
D8 Advanced) analyses. The surface morphology of
precipitate particles was monitored in the course of
experiment using a scanning electron microscope (Jeol JSM-
8404A). The particle size distribution (PSD) of the final
product was determined by laser diffraction analyzer
(Beckman Coulter LS 13320) and BET-surface area by
nitrogen dynamic desorption analysis method (Sorptometer
KELVIN 1042).

Depending on the duration of CO, addition, two cases of
carbonation experiments were performed: In Experiment 1,
the CO, gas flow was switched off after the pH of the solution
had stabilized, whereas in case of Experiment 2 carbonation
was stopped when conductivity of solution started to increase.
Additionally, identical to Experiment I carbonation procedure
of the lime solution was conducted in order to compare the
final precipitates obtained on the basis of different raw
materials.

ITII. RESULTS AND DISCUSSION

A. Production of PCC on the Basis of Waste Oil Shale Ash

Despite of extensive knowledge of the carbonation of lime,
producing PCC from oil shale ash is an unknown complex
multistage process. Current production methods for PCC
mainly use lime - an expensive high quality raw material.
Similarly to ash leachates carbonation process described in
this paper, in traditional PCC production method dry CaO is
slaked (hydrated) with water to form calcium hydroxide slurry
which is then screened to remove impurities originating from
the limestone and fed to a stirred tank reactor where it reacts
with CO, [8]. However, in addition to free lime, oil shale
waste ash also contains other Ca-compounds such as anhydrite

etc that become additional sources of water-soluble Ca, thus
allowing the solution to exceed the equilibrium solubility limit
for Ca-ion in respect to pure CaO, which is an important
positive factor in the context of oil shale ash based PCC
production process. Thus, in this study, as a result of oil shale
ash-water contact, Ca concentration in the ash leachates was
higher (Solution I. 123 g/L) as compared to Ca-ion
equilibrium concentration achieved by dissolving pure lime in
water (Solution II: 0.85 g/L). Similarly to lime solution, ash
leachates have a high pH (about 12-13), but consist in addition
to Ca®" and OH several other ions such as SO,>, K', CI,
PO, etc. The latter could influence the precipitation process.
In this study, a set of ash leachates carbonation experiments
was conducted. In Experiment 1, neutralization of ash
leachates (pH = 6.8) accompanied by the formation of the
solid precipitate PCC/ (Table 1) occurred. Considering the
fact that CO, dissolution into water is pH-dependent (CO, is
found in the solution mainly as CO;% at pH >9 and as HCO5’
around pH <9.0), the highest concentration of PCC is
expected at pH >9. At lower pH values (pH<9) formation of
HCOs-ions triggers re-dissolution of calcium carbonate. At
the same time, alkaline wastewater (such as ash leachates) has
to be neutralized to pH level accepted by environmental
regulations (< 9) before directing it into the nature.
Furthermore, in case of availability of large amounts of
wastewater in the proximity of CO, emission source, it is also
economically viable to sequester as much CO, as possible, yet
still obtaining PCC of high quality as a by-product. Related to
this, carbonation in Experiment 2, was stopped prior reaching
the pronounce re-dissolution region (end-point pH value ~8.0)
and precipitate PCC2 was obtained as a result. It should be
pointed out that no specific treatment (e.g. washing) of the
final precipitates described above was done, thus purity of the
product is expected to be higher after washing. In order to
investigate how the washing affects the quality of the
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precipitate, the Experiment 2 was replicated (Experiment 3),
but the precipitate was washed after the filtration by passing
distilled water through precipitate cake (L/S ratio: 20 w/w) to
remove possible water-soluble compounds, and the dried solid
material (PCC3) was analyzed. Additionally, lime solution
(Solution II), which is traditionally used for PCC production,
was carbonated (Experiment 4; PCC4) at the same operational
conditions as in Experiment 1. In the course of carbonation,
depending on the duration of the process, Ca*" and SO,
concentration in the leachates decreased from about 1.23 and
0.74 g/L to 0.25-0.3 and 0.57-0.6 g/L respectively, and ~ 23-
24 g of solid material precipitated from 10 L of solution.
Furthermore, it was confirmed that the concentration of the
background ions such as K', CI’, PO,*, etc in the solution
remained unchanged during carbonation. It can therefore be
assumed that they do not take part in the precipitation process
in detectible amount. This finding is important in the context
of the PCC production process on the basis of oil shale ash.
All formed precipitates (PCCI-PCC4, Table I) were in a form
of calcite according to XRD analyses (100.0 wt-%) with
bright white color, and fine and powdery texture. The TC
analyze confirmed that the filtered solid samples PCCI-PCC3
predominantly contained CaCO; (95-96 wt-%). The minor
phase of the precipitates formed from ash leachates was
gypsum (4-5 wt-%) deposited on the calcite matrix. Washed
precipitate PCC3 contained slightly higher amount of calcium
carbonate (96.0 wt-%). More thorough washing would likely
improve the purity of the solid product. At the conditions
studied, the end-point pH value of the carbonation practically
did not influence the calcium carbonate content in the
precipitates, 95.2 and 954 wt-% in PCC!/ and PCC2,
respectively. Nevertheless, carbonation extent is expected to
have a significant effect on the product yield, especially in
case of carbonation at higher CO, concentrations and flow
rates. It has also been observed by comparing PCC/ and
PCC2 samples formed from ash leachates, that the surface
area and size of PCC particles were affected by the
carbonation extent: surface area increased and mean particle
size slightly decreased with increasing the carbonation
duration. Main characteristics of the PCC obtained on the
basis of ash and lime are presented in Table I.

indicate that the ash based PCC is characterized by higher
brightness values as compared to traditional lime-based PCC.
Samples PCCI-PCC3 were also noticeably whiter in color
then precipitate PCC4 even without washing. Interestingly,
samples PCC1 and PCC4 obtained in identical conditions, yet
on the basis of different raw materials, contained particles
with quite similar surface area and mean size values (Table I).
Shape and surface observations confirmed the results of the
particle size distribution analysis. Scanning electron
microscopy images for respective types of PCC formed are
shown in Fig. 2. The changes in the morphology of forming
PCC particles in the course of carbonation of oil shale ash
leachates are illustrated by sub-figures (a) to (d) in Fig. 2,
whereas nucleation-growth of the lime-based PCC crystals by
(g) and (h). Regardless of the raw material used as a calcium
source, carbonation of Solution I and II obtained on the basis
of ash and lime, respectively, leads via intermediate stages to
formation of micrometric homogenous regularly structured
particles of calcite with rhombohedral morphology (Fig. 2, c-
e, h) at the conditions studied. SEM micrographs of samples
PCC! and PCC?2 indicate that the shape of PCC particles is
somewhat influenced by the extent of carbonation. By
prolonging carbonation below pH ~8 (re-dissolution region),
initially smooth surface of crystal faces of PCC particles (Fig.
2, ¢, e) appeared to become rougher (Fig. 2, d). This
observation was confirmed by surface area measurements as
can be seen from Table I. It should also be mentioned, that
agglomeration of the formed PCC particles was not noticed at
the precipitation conditions applied.

B. Estimation of CO, Sequestration Potential

In addition to ash valorization measure, this approach can
be viewed as a method for CO, capture and storage. For this
reason, the expected amounts of CO, bound were evaluated.
CO, demand is calculated as the combination of CO, amounts
needed for both precipitation of Ca*"-ions and neutralization
of OH™ ions. The pH value of the leachates under investigation
is at the level of 12.65 and the concentration of Ca” ions is
1.23 g/L or 0.0308 mol/L. In this case, the stoichiometric
amount of CO, needed for CaCO; precipitation is also
sufficient for leachates neutralization.

TABLEI
MAIN CHARACTERISTICS OF THE CARBONATION PRODUCTS
Calcium Ca™, mg/L end-point CaCoOs, BET surface area, Particles mean diameter, Brightness ISO,
Sample , o . : \
source in AMS?® in FS' pH wt-% m/g um %

PCC1 oil shale ash 1230 310 6.8 95.2 2.28 4.05 93.2
PCC2 - - 256 ~8.0 95.4 1.61 4.46 )
PCC3 - - - - 96.0 2.54 -
PCC4 lime 850 110 6.8 100.0 2.36 3.40 89.0

“AMS - alkaline mother solution

°FS — final solution

Results of the comparative experiments with lime solution

453



World Academy of Science, Engineering and Technology 76 2011

Fig. 2 SEM microphotographs of PCC particles obtained from oil shale ash leachates (Exp. 1: a - after 3.5 min; b - after 5 min; ¢ - after 11.5
min; d - PCC1; Exp. 2: e - PCC2; Exp. 3: f- PCC3) and lime solution (Exp. 4: g - after 2 min; h - PCC4)
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So, in order to neutralize this solution, 0.0308 moles or
0.0308 x 22.4=0.69 L of CO, must be added for every liter of
solution, and CO, demand per 10 L of solution is, thus, about
7 liters. At pH 7.5-9.0 the binding capacity of liquid phase is
almost utilized and the increase in CO, binding is mainly due
to the increase in the amount of dissolved CO, and formed
HCOjy. These results are in good agreement with the
experimental data. Therefore, through carbonation of 1
million m® of leachates at least 1355 tons of CO, can be
captured and up to 3080 tons of PCC produced. Considering
the situation in Estonia, where the amount of ash leachates in
the settling pounds is currently about 15-20 million m’, oil
shale energetics could benefit from this option by utilizing its
own waste-products.

IV. CONCLUSION

According to the results presented in this paper, oil shale
ash can be used as a calcium source for the production of PCC
(containing ~96 % CaCO;) at the carbonation conditions
studied, and characterized by a distinctive regular
rhombohedral crystalline structure with high brightness and
the mean particle diameter of ~4 pm. The same order of
particle size and the similar morphology of crystal faces for
PCC were observed in carbonation experiments using
chemically pure powdered lime as calcium source.Process
conditions (pH, duration) have been found to have an
influence on the PCC parameters. To avoid possible re-
dissolution of PCC precipitation should be performed at
pH>9. Furthermore, depending on the desired textural
properties of the product, the residual alkalinity of the
leachates could be decreased to acceptable pH levels in the
precipitation step or in the next stage after PCC separation.
Also, based on the end-application of PCC, washing of the
precipitate is recommended. Gathered results provide data for
estimating the potential of oil shale ash valorization option,
which allows obtainment of a specific product, lowering the
environmental impact of deposited waste material, alkaline
leachates and CO, emissions associated with oil shale-based
power production at the same time. The direct capture and
storage of flue gas (10-15% CO,) would further improve the
feasibility of the technology, therefore, as of next, the impact
of the flue gas composition and flow rate on the properties of
PCC forming during carbonation of leachates will be
investigated.
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In this paper, a method for converting lime-containing oil shale waste ash into precipitated calcium
carbonate (PCC), a valuable commodity is elucidated. The mechanism of ash leachates carbonation was
experimentally investigated in a stirred semi-batch barboter-type reactor by varying the CO, partial pres-
sure, gas flow rate, and agitation intensity. A consistent set of model equations and physical-chemical
parameters is proposed to describe the CaCO3 precipitation process from oil shale ash leachates of com-
plex composition. The model enables the simulation of reactive species (Ca%*, CaCOs, SO4%~, CaSO4, OH",

g?f/:;grl?;sh C0,, HCO5~, H*, CO32") concentration profiles in the liquid, gas, and solid phases as well as prediction of
Precipitated calcium carbonate the PCC formation rate. The presence of CaSO4 in the product may also be evaluated and used to assess
Modeling the purity of the PCC product.

A detailed characterization of the PCC precipitates crystallized from oil shale ash leachates is also
provided. High brightness PCC (containing up to ~96% CaCO3) with mean particle sizes ranging from 4
to 10 wm and controllable morphology (such as rhombohedral calcite or coexisting calcite and spherical
vaterite phases) was obtained under the conditions studied.

Carbonation mechanism
CaCO3 polymorphs

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

In order to sustainably meet the ever-rising demand for energy,
it is becoming necessary to exploit lower-quality fossil fuels such
as oil shale. Well-explored oil shale reserves include the Green
River deposits in the western United States, the Tertiary deposits in
Queensland, Australia, the El-Lajjun deposit in Jordan, and deposits
in Sweden, Estonia, France, Germany, Brazil, China, and Russia.
In Estonia, large-scale combustion of calcareous kerogenous oil
shale (8-12MJ kg~1) provides over 90% of the basic electric power
supply. The technology used in oil shale processing for heat and
power production exerts strong environmental effects. Due to the
extensive use of oil shale, per capita CO, emissions in Estonia (15.2
metric tonnes in 2007) are about twice the European average and
rank 13th worldwide [1]. In addition the process produces approx-
imately 5-7 Mt of hazardous ash annually. A small portion of the
waste ash is used for construction materials, road construction,
and agricultural purposes [2], while most of the ash is transported
as a slurry to be deposited on waste piles near the power plants.
These ash dumps occupy an area of approximately 20 km?2. The

* Corresponding author at: Laboratory of Inorganic Materials, Tallinn University
of Technology, Ehitajate tee 5, Tallinn 19086, Estonia. Tel.: +372 5283756;
fax: +372 620 2801.
E-mail address: olga.velts@ttu.ee (O. Velts).

0304-3894/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.jhazmat.2011.08.019

combustion waste ash is rich in free lime and anhydrite that
under aqueous conditions produces highly alkaline leachates (pH
12-13). These pose a potential long-term environmental risk as
neutralization of ash fields under natural conditions may take
hundreds of years [3,4].

In the context of reducing the environmental burden and
enhancing economic benefit, strategies for upgrading waste ashes
into products of commercial value have arisen into focus, for
instance [5-8]. Related to the aforementioned issues in Estonia, the
authors recently introduced a novel approach for synthesizing pre-
cipitated calcium carbonate (PCC) crystals utilizing alkaline waste
ash as an alternative low-cost source of water-soluble calcium [9].
PCC is currently produced from lime in a multi-stage process that
requires large amounts of energy and uses expensive high-quality
raw material. PCC production using oil shale ash could have con-
siderable commercial importance in the paint, plastics, rubber, and
paper industries. Other potential advantages of this process such
as safer disposal of wastes, CO, emissions reduction, and wastew-
ater neutralization were elaborated in our earlier studies [10,11].
Also, a new method for intensive heterogeneous gas-liquid pro-
cessing was proposed [12]. One of the main challenges in this work
was establishing a quantitative understanding of heterogeneous
gas-liquid-solid system kinetics and dynamics. In this paper, the
mechanism of calcium carbonate precipitation during gas-liquid
reaction of oil shale ash leachates is discussed as well as a math-
ematical model describing the precipitation process reported. The



140 0. Velts et al. / Journal of Hazardous Materials 195 (2011) 139-146

current study also examines the impact of the complex compo-
sition of ash leachates on the main characteristics (composition,
morphology, surface area, and particle size) of the solid product
over a wide range of operating conditions.

2. Experimental
2.1. Preparation of alkaline mother solutions (leachates)

The leaching of Ca2* and other ions from oil shale ash was pre-
viously studied by the authors [3,13,14]. In this paper, oil shale
(pulverized firing) combustion ash (containing ~8.0% free CaO)
was dispersed in distilled water (10:1 w/w liquid to solid ratio)
under atmospheric pressure and room temperature for 15 min in
a 15L reactor equipped with a turbine-type impeller (Fig. 1(a)).
The alkaline suspension was filtered from the solid ash residue.
The solutions were analyzed for Ca2* (titrimetric method ISO
6058:1984), SO42-, CI-, K*, PO43~ (using a Lovibond SpectroDirect
spectrophotometer), CO32~, HCO3;~, and OH~ (titrimetric method
ISO 9963-1:1994(E)). The oil shale ash leachates (pH ~12.65) had
the following average ion concentration: (in gL-!) Ca2*: ~1.23,
S04%7: ~0.75, K*: ~0.076, Cl-: ~0.038, PO43~: ~0.011 and (in
molL~1) OH~: ~0.047.

2.2. Synthesis of PCC particles

Carbonation of oil shale ash leachates was performed in a semi-
batch barboter-type reactor. A turbine-type impeller was used to
provide effective mechanical mixing of the gas and liquid phases
to increase the interfacial contact area (Fig. 1(b)). Recirculating
alkaline mother solution (a 10 L) was treated with a model gas mix-
ture containing pre-determined concentrations of CO; in air (cco, )
The CO, content was based on typical industrial flue gas compo-
sitions. The flow rate (Qg) and composition of the inlet gas were
controlled using calibrated rotameters and an infrared CO, ana-
lyzer (Duotec). The reactor was operated batch-wise with respect
to the liquid phase and continuously with respect to the gas phase.
A 23 full-factorial experimental plan was designed in which the
process variables were maintained near the center of the oper-
ating range (Table 1). Operating variables potentially influencing
the precipitation conditions were varied (base value and step in
parenthesis):

(a) Air-CO, gas mixture flow rate, Qg (b.v.=1000Lh~1, step 500)

(b) CO, concentration in the inlet gas, ccoy (b.v. at 25°C and
1atm=>5vol%, step 5)

(c) Stirring rate, N (b.v.=400rpm, step 300)

Samples of the suspension were collected through a valve on
the reactor body. During the carbonation experiments, the concen-
trations of Ca2*, SO42-, Cl—, K*, PO43~, CO32~, HCO3~, OH~ in the
(filtered) liquid phase samples, pH (Mettler Toledo GWB SG2) and
conductivity (HI9032) in the reactor, and the CO, content of the
outlet gas flow were continuously monitored. When the pH of the
solution had stabilized and the CO, concentration in the outlet gas
became equal to the inlet values, CO, addition was stopped. Imme-
diately after carbonation, the suspension was filtered (Whatman
“blue ribbon” filter paper) and the resulting solid was dehydrated
at 105°C. The solid material was analyzed as received with no
subsequent washing. The synthesis of PCC particles (including the
preparation of alkaline mother solution from waste ash)is schemat-
ically represented in Fig. 1.

2.3. Characterization of solid products

The solid product was analyzed to determine total carbon (TC;
ELTRA CS-580 Carbon/Sulfur Determinator). Phase/composition
identification was carried out using X-ray diffraction (XRD), FT-IR
spectroscopy and thermal analysis techniques. XRD was performed
using a Bruker D8 Advanced instrument. Fourier transform infrared
(FT-IR) spectra (Interspec 2020) were acquired using samples pre-
pared as KBr pellets and using a thermoanalyzer (Setaram Setsys
1750) coupled to a FT-IR spectrometer (Nicolet 380). Determina-
tion of total sulfur and its bonding forms was carried out according
to EVS 664:1995. The crystal morphology of the precipitate par-
ticles was monitored during the course of the experiment using
a scanning electron microscope (Jeol JSM-8404A). The particle size
distribution (PSD) of the final product was determined using a laser
diffraction analyzer (Beckman Coulter LS 13320). BET-surface area
and total and micropore volume were measured using a nitrogen
dynamic desorption analysis method (Sorptometer KELVIN 1042).
The brightness of the PCC samples was measured according to ISO
2470:1999.

3. Results and discussion

3.1. Reaction mechanism of oil shale ash leachates carbonation
process

Formation of PCC from lime-containing oil shale ash is an inno-
vative yet complex multi-stage process. Recently, the mechanisms
and modeling algorithms for intermediate stages of the process
including calcium leaching [3,13], dissolution of gaseous CO, into
the alkaline liquid phase [15], and calcium carbonate precipitation
via CO, absorption into pure lime based model solutions [16] have
been reported by the authors.

In the present study, a mechanism for the reaction of CO, with
Ca?* and SO42- rich alkaline oil shale ash leachates is proposed. The
carbonation process is described by Egs. (1)-(9) beginning with the
physical dissolution of gaseous CO, into solution:

CO2(q) < COx(1) (1)

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

[CO2(D]eq = kn x Pco, (2)

where ky is the Henry’s law constant and Pco, is the CO; partial
pressure.
Formation of bicarbonate:

k
CO,(1) + OH™ 2 HCO;~ (3)
k12

Dissociation of bicarbonate:

k
HCO3~ + OH™ 2 C03%™ 4+ H,0 (4)
kap

lonization of water:
k3

OH™ + H"=H,0 (5)
k32
CO;, hydration [17]:
k
CO(1) + Hy0 2 HCO3~ + H* (6)
ka2
Nucleation and growth of CaCO3 crystals:
2+ 2-ks1
Ca?* + CO3% = CaC0s (7)

ks2
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Fig. 1. Principal experimental scheme: (a) leaching step; (b) carbonation step.

Formation of anhydrate phase:

e For Ca?*, OH™, SO42~, HCO3~, CO32~, and H* ions:

Ca?* + 504%™ < CaS04 (8) ,
d[Ca*" _ o
Back-dissolution of CaCO3 crystals at lower pH: [ i I ksz — ks1[Ca**][CO3%7] + kpacaso, x ([SO4>]
ke1 . o _
CaCOs + H =Ca™ + HCO; 9) ~[S042]) + ket [H*] - kea[Ca®*][HCO5 7] (11)
62
The reactions of other ions present such as K*, CI-, and PO43~ B
were neglected as their concentrations in the solution remained dioHT] _ —k11[CO2()][OH™] + k12[HCO3™] — ka1 [HCO3 ™ ][OH™]
unchanged during carbonation. It is therefore assumed that they dt
do not take part in the precipitation process in significant amounts. +k22[CO327 ] + k3p — k3 [OH][H*] (12)
3.2. Modeling of calcium carbonate precipitation from oil shale ,
ash leachates d[SO4“~ _ -
04T _ kyacaso, x (150427 - [50:2°]) (13)
The model proposed in this paper accounts for absorption and -
reaction kinetics taking place in the liquid phase (Eqs. (1)-(9)), d[HCOs7] _ k11[CO()][OH™] = k12[HCO3™ ] — ka1 [HCO3~][OH"]
including formation of the solid product, as well as the hydrody- dt
namic c_onditiopg wit.hin.the systen.L '.l‘he.concentration profiles of +k22[CO327] + ka1 [COx(1)] — kaz[HCO3 ™ J[H*]
all species participating in the precipitation process may be mod-
eled as a function of time using the following differential equations +kg1 [H"] — ke[Ca®*][HCO5 7] (14)
(assuming that the system is operated isothermally at 25°C):
2—
e For CO; dissolved in the liquid phase: d[C2t3 1 _ ka1 [HCO3~ J[OH™] — kp[CO32~ ] + ks
n ki xMco., xPx[CO,1(g)] ) C 2+ Cco 2— 15
dcoum] "L“goz XEXZi:] ((%,[coz(l)o « %) ks1[Ca“"][CO3°7] (15)
[ Vi d[H*] _
= k3p — k31 [OH™J[HT] + k41[CO5(1
ki1 [COA(DIIOH™] + kiz[HCO5 ] — ks [CO5(1)] + kg [HCO5 TJ[H"] ge ~ Ko ORIk [COo(D]
(10) —kga[HCO3 ™ ][HT] — k1 [H'] + ke2[Ca**][HCO3 ] (16)
Table 1
Parameters of the oil shale ash leachates carbonation experiments.
Nr Qc (Lh™1) Air flow rate (Lh™1) CO, flow rate (Lh~1) Cco, (vol%) N2 (rpm)
1 1000 950 50 5 400
2 1000 950 50 5 1000
3 1000 850 150 15 400
4 1000 850 150 15 1000
5 2000 1900 100 5 400
6 2000 1900 100 5 1000
7 1500 1350 150 10 700
8 2000 1700 300 15 400
9 2000 1700 300 15 1000

2 The stirring rate, as measured experimentally, corresponds to a power consumption 1.1, 2.0 and 3.7WL~! for N=400, 700 and 1000 rpm, respectively.
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e For CO, section of the reaction

mixture:

exiting the ith

d[cOyi(g)]  Qa(CO2(8)li — [COL'(g)]) - kady, x E x ((kn x Mco, x P x [CO5'(8)]/ peo,) — [CO(1)]) x (Vi + Vg)/n

The neutralization rate constant, k3, was determined by Eigen
[21] to be 1.4x 103 m3 (mols)~'. The rate constant k4; for the

dt Ve/n

e For CO,, exiting the reactor e.g. headspace V; above the reaction
mixture (see Fig. 1(b)):

d[CO(8)lour _ Qc([COz(g)] - [CO2(8)]our)

dt = VGZ (18)
e For CaCO3; forming during the carbonation process:
d[CaCO _
HCO] _ ko 11C057 1~ ks ki H7]
+ke2[Ca®*][HCO;37] (19)
e For CaSO4 forming during the carbonation process:
d[CaSO. _ _
ACB0) _ kyacaso, x (1504771 - 150471 (20)

InEgs.(10)-(20) concentrations are expressed in molar units, Qg
is the gas volumetric flow rateinLs~1, kLago2 is the volumetric mass

transfer coefficient of CO, in the absence of chemical reactionins—1,
E is the CO, mass transfer enhancement factor, V; is the solution
volume in L, V¢ is the volume of gas in the gas-liquid mixture in L,
Vi, is the gas volume in the reactor headspace in L, ky is the Henry’s
Law constantinmol-(Latm)~!, Pis the atmospheric pressure in atm,
Mco, is the CO, molar mass in gmol-!, and Pco, is the CO; gas
density in gL~

A program feature accounting for changes in Vi, Vi, and V¢,
due to sample collection was implemented in the modeling algo-
rithm. The gas phase in the reaction mixture was divided into a
number of theoretical sections n with a volume V/n (gas phase
in approximately plug flow, liquid phase in perfectly mixed flow
due to solution recirculation). Each of these sections (high correla-
tion coefficient observed atn = 10) was treated as a non-equilibrium
stage governed by Eq. (17).

Considering the near infinite-dilution ionic strength of the
leachates (I=0.1), the value of the second-order rate constant k11 (in
L(mols)~1) of reaction (3) was calculated as a function of temper-
ature T (K) using a relationship proposed by Pohorecki and Moniuk
[18]:

log k”=11.916—¥ (1)

The backward reaction rate ki, in Eq. (3) is defined by the value
of the equilibrium constant for this reaction (ki3 = kq1Kw/K). The
value of the solubility product Ky, (mol2 m~6) is given by Tsonopou-
los [19]:

log (%) - 58?9'5 —22.4773 log(T) + 61.2062 (22)
w

The value of the equilibrium constant K; (molm~3) is given as
a function of temperature by Edwards et al. [20]:

K = exp (_ 12092.1

—36.786 In(T)+ 235.482) Pw (23)
where py, is the density of water (kgm=3).

The reaction rate constant kp; of reaction (4) was reported as
6 x 105 m3 (mols)~! by Eigen [21]. The equilibrium constant K,
(m3mol-1) at infinite dilution that determines the value of the
backward reaction rate, ky, = kz1/K, is given by Hikita et al. [22]:

1568.9
T

log(K) = —2.5866 — 6.737 x 1073T (24)

(17)

reaction between CO, and water is 0.024 s~! [23]. The values of the
backward reaction rate constants k3, and k4, may be calculated
from the equilibrium constants and are equal to k31 /Ky and k41 /K.

The value of the Henry’s law constant ky (mol(Lbar)~!) may
be expressed as a function of temperature using the equation of
Pohorecki and Moniuk [24]:

log ky =9.1229 — 5.9044 x 1072T + 7.8857 x 1075T2 (25)

The average values of the reaction rate constants ks; and ks, in
Eq.(7)were estimated by Veltsetal.[16] tobe 1.88 x 106 L(mols)~!
and 0.009 mol (Ls)~!. Based on our study of CO, uptake kinetics in
hydroxide solutions under various process conditions [15], the vol-
umetric CO, mass transfer coefficients for the systemin the absence
of chemical reaction kLa(C’O2 (s~1)were calculated using an empirical

equation (R2=0.91) applicable to barboter-type reactors:

o i Q¢ 0386 / py 0330 o114
kiac, =2.953 x 107 x (W) (V—L) et (26)
in which Py is the power consumed by the stirrer in watts.

The effect of chemical reaction on the process performance was
accounted for by introducing the CO, mass transfer enhancement
factor, E. This value was determined using an empirical equation
(R?=0.97) proposed by Velts et al. [16], where E is a function of the
initial Ca?* concentration (mmolL~1):

E =0.0027 x [Ca2+]§ +0.0224 x [Ca*"]y + 1.0 (27)

Based on the experimental data obtained in this study, the SO42~
dynamic equilibrium concentration [SO42~]* (mmolL~') was cal-
culated using an empirical equation (R =0.98) dependent on the
operating parameters and the initial concentrations of Ca%* and
S042- ions (mmol L-1) in the leachate:

[5042°T" = 0.761 x [5042 [o**"°[ca? "], "

Q% > 0066 (PN ) ~0.012
x [ — C . — 28
( v, o, Vi (28)

The volumetric mass transfer coefficient of anhydrite, k;acaso,
and the reaction rate constants kg; and kg in Eq. (9) were evalu-
ated from the differential equations (10)-(20). The set of model
equations was solved by means of linear multi-step methods
implemented in ODESSA, which is based on the LSODE software
[25]. The calculations were performed using the MODEST 6.1
software package [26] 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 and the objective function.

Based on the estimated values of kracaso, (s1), an empirical
equation (R?=0.8) applicable to barboter-type reactors was pro-
posed as a function of the main process parameters:

, Qe 172 134 (P %126
kl_a(:3504 =1.95x107" x <7L) Cco, -~ (W) (29)
The average values of the reaction rate constants Kkg;
and kg, were estimated to be 0.1 (+0.021)x107s~! and 0.4
(£0.013)x 103 L(mols)~!. The correlation coefficients for all data
sets were greater than 0.93. The reaction rate constants used in
Egs. (3)-(9) and other parameters used in this paper (T=298.1K)
are summarized in Table 2.
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Fig. 2. Modeling of ash leachate carbonation process accompanied by the formation of PCC at (a): Qg =2000Lh""!, cco, = 5vol%; N=1000rpm; (b): Qz=1000Lh"!, cco, =
15vol%; N=1000 rpm; (c): Qz =1500Lh~", cco, = 10vol%; N=700rpm; (d): Qz=2000Lh~!, cco, = 15 vol%; N=400 rpm: experimental vs. simulated Ca®* (M), SO42~ (4), OH~
(a), CaCO; (@), CaSO4 (0), HCO3~ (01), COx(1) concentration (mmol L~') and pH (A) profiles.

The model was verified by comparing the predictions of concen-
tration changes for the reactive species (Ca%*, OH-, SO42~, CaCOs,
CaS0y4, HCO3~, CO,, H*, and CO3%~) with the experimental data.
Plots of experimental and simulated concentration profiles corre-
sponding to experiments 4, 6, 7, and 8 (Table 1) are provided in
Fig. 2. The relatively small deviations between the measured and
estimated data confirm the ability of the proposed model to quite
accurately describe the process course including re-dissolution of
PCC due to increased solubility of CaCO3 at lower pH. It is also worth
emphasizing that the model enables the prediction of pH (Fig. 2(a)),
which suggests potential applications in wastewater neutralization
process design.

Table 2

Parameters used in the modeling of oil shale ash leachates carbonation at 298 K.
Parameter Value Parameter Value
k11 (L(mols)~1) 8.4x10° ka2 (L(mols)~1) 5.7 x10%
iz (s1) 20x104  ks;® (L(mols) 1) 1.9 x 106
k1 (L(mols)1) 6.0 x 10° ks>® (mol (Ls)™1) 9.0 x10-3
kaz (s°1) 1.2x 108 ke1® (s71) 0.1x 107
k31 (L(mols)~1) 1.4 x 10" ke2® (L(mols)~1) 0.4 x10°
k3 (mol-(Ls)™1) 13x10°3 ki (mol (L atm)-1) 3.5%x102
kar (s71) 24x102  peo, (25°C) (kgm3) 1.8 % 10°

3.3. Characterization of PCC crystallized from oil shale ash
leachates

Among other parameters, the shape, size, and texture of crys-
tals play a crucial role in determining the properties and application
suitability of a material. For this reason, a detailed characterization
of the final precipitates formed during ash leachate carbonation
under different conditions was performed. The characteristics of
samples PCC1-PCC9 were determined using numerous character-
ization techniques (see Section 2.3) and are presented in Table 3.
The unwashed precipitates were a bright white color with a fine
and powdery texture. The brightness value (~93%) exceeded that
of PCC (~89%) obtained from pure lime under the same conditions
[9]. Total carbon (TC) analysis indicated that the solid samples pre-
dominantly contained CaCO3 (~94.3-96.2%), with minor amounts
of CaSO4 (~4-6%), evidently adsorbed on the surface of the CaCO3
crystals (Table 3). Washing of the precipitate cake would be
expected to improve the purity of the solid product by a few per-
centage points. The phase composition was also confirmed using
FT-IR spectroscopy.

The morphology of the precipitated particles was exam-
ined using scanning electron microscopy (SEM). Fig. 3 contains
SEM images of the final precipitates PCC1-PCC9 crystallized
under various carbonation conditions (Table 3). Under the con-
ditions in experiments 1-5 (Table 1), well-defined rhombohedral
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Fig. 3. SEM micrographs of PCC samples (a) PCC1, (b) PCC2, (c) PCC3, (d) PCC4, (e) PCC5, (f) PCC6, (g) PCC7, (h) PCC8, (i) PCCI formed via oil shale ash leachate carbonation
under experimental conditions presented in Table 1.
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Table 3

Synthesis conditions and main characteristics of oil shale ash leachates carbonation products.

Sample Operating variables Solid product characteristics

Qg (Lh™")  cco, (vol%) N(rpm) CaCO3® (%) Cas04" (%) SSA(m*g™") Vi (mm?g™")  Vinicro (MM g')  Dinean (wm)  Brightness ISO (%)
TC  XRD
calcite  vaterite
PCC1 1000 5 400 945 5.7 228 338 - 4.1 932
PCC2 1000 5 1000 945 5.8 256 351 0.11 5.1
PCC3 1000 15 400 946 100.0 55 3.15 4.03 - 48
PCC4 1000 15 1000 94.4 59 1.33 1.93 - 7.8
PCC5 2000 5 400 94.4 59 1.35 1.74 - 65
PCC6 2000 5 1000 951 973 26 50 238 377 - 8.1 92.7
PCC7 1500 10 700 956 772 219 44 470 11.05 0.01 7.7 923
PCC8 2000 15 400 962 632 363 40 7.29 17.44 043 8.0
PCCY 2000 15 1000 954 957 36 45 1.95 3.44 - 9.9

crystals with a mean size ranging from ~4 to 8 um were pro-
duced (Fig. 3(a-e)). X-ray powder diffraction analysis (XRD) of these
carbonated samples (PCC1-PCC5)identified calcite as the only crys-
tal form of calcium carbonate detected. Carbonation under the
intensified hydrodynamic conditions (experiments 6-8, Table 1)
resulted in formation of distinctly spherical particles in the precip-
itates along with the rhombohedral crystals of calcium carbonate
(Fig. 3(f-h)). Initial analysis of these images indicated that the
rhombohedral crystal was calcite, while the calcium carbonate
microspheres were forms of vaterite. The coexistence of calcite
and vaterite in the product (PCC6-PCC9) was confirmed using XRD
measurements (Table 3), which enabled us to distinguish different
morphologies of PCC. The XRD results indicated that sample PCC6
contained only small amount of the vaterite phase (2.6%), while the
relative mass percentages of vaterite in samples from experiments
7 and 8 were ~22 and 36% (Table 3). The presence of a signifi-
cant amount of spherical vaterite could explain the greater surface
area and pore volume in samples PCC7 and PCC8. The shape and
surface observations confirmed the results of the particle size dis-
tribution analysis. Interestingly, precipitation under the most rapid
conditions (experiment 9, Table 1) decreased the amount of vaterite
in the product, leading to formation of pseudo-cubic or randomly
aggregated rhombohedral (Fig. 3(i)) and spherical structures with
a mean diameter of ~10 wm and a calcite content of ~96% (PCC9,
Table 3).

The results suggest that the carbonation conditions may direct
the morphology of the CaCOs; crystals and indicate that the
coexisting vaterite polymorph can be stabilized under specific
experimental conditions. Whether the vaterite phase is formed
prior to or during the PCC re-dissolution stage is a matter of great
interest and requires further investigation. A closer examination of
the morphological development of the CaCOs3 crystals at different
crystallization times will be undertaken.

4. Conclusion

In this study, modeling, simulation, and experimental results
describing the carbonation of leachates from oil shale ash are
presented. This work is part of our effort to develop a promising cal-
cium carbonate production process employing an abundant waste
material.

A mathematical model of the multi-step PCC formation process
incorporating mechanisms of CO, dissolution and CaCO3 and CaSO4
precipitation was introduced. The model provided results that were
in good agreement with experimental data, confirming its accuracy.
The modeling algorithm presented in this paper may be applied
to design, energetic, and economic assessment of PCC pilot plants
using oil shale ash or other lime-containing wastes or calcium-rich
wastewaters as feedstock.

Carbonation of oil shale ash leachates resulted in precipita-
tion of high brightness PCC containing up to ~96% CaCOs; with
mean particle sizes ranging from 4 to 10 wm. Depending on the
carbonation conditions, formation of rhombohedral calcite crys-
tals or co-precipitation of calcite and spherical vaterite structures
occurred, suggesting control over CaCOs5 crystallization and the
ability to construct crystals with a desired morphology. The PCC
morphogenesis will be further investigated to determine the rela-
tionship between formation conditions and morphology.

A description of the carbonation reaction mechanism and the
properties of the precipitated product are important for under-
standing and estimating the potential reusability of alkaline wastes
associated with oil shale-based power production. According to
simplified calculations, 1 tonne of ash (containing ~20% of free lime
on the average) would allow producing near to 360 kg of CaCOs,
while via carbonation of 1m3 of leachates at least 1.3 kg of CO,
can be captured and up to 3 kg of PCC formed. Due to availability
of enormously large amounts (1015 million m3) of highly alkaline
ash leachates in the proximity of CO, emission source, the direct
capture and storage of CO,-containing flue gas by leachates could
further improve the technology. Hence, oil shale energetics could
benefit from this innovative process by utilizing and valorizing its
own waste-products into a valuable commodity, lowering the envi-
ronmental impact of deposited waste material, alkaline leachates
and CO, emissions at the same time.
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