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ABSTRACT
Oxy-combustion, combustion in oxygen without nitrogen, has already been used to
reduce fuel consumption and emissions to advance clean coal combustion technologies for
electrical power generation. The same system can also use limestone and dolomite to capture
SO2. Therefore, fluidized-bed oxy-combustion at high pressures is now being explored to
produce and sequester a pure stream of CO2 as flue gas in an attempt to design zero-emission
power plants. Sulfation of limestones typically occurs in two stages—calcination and then
sulfation. Previous studies have shown that when the partial pressure of CO2 in a system is
higher than the equilibrium pressure, direct sulfation of limestones without the calcination step
occurs. However, the mechanism for this process is not clear. In oxy-pressurized fluidized-bed
combustion (PFBC), the effects of CO2/O2 ratio (CO2 partial pressure), sorbent petrography, and
MgCO3 are not well documented and need to be understood in order to properly design a PFBC
combustor. The primary objective of this study was to compare the sulfation degrees of three
different sorbents at pressurized and atmospheric conditions and to elucidate the mechanism for
higher sulfation degrees under direct sulfation. The effect of CO2/O2 ratio on sulfation was also
investigated. Sulfation tests on two limestones (Graymont and Michigan) and one dolomite
(Ohio) were conducted in a fixed-bed reactor at 870 °C at higher pressure (8 bar) and at
atmospheric pressure under typical oxy-combustion conditions. The reactor was equipped with a
continuous gas analyser to monitor CO2, SO2, and O2. The decomposition study of the sorbents
was carried out using hot-stage X-Ray Diffraction (XRD) for in-situ observation, simulating the
phase changes during the heating process of each sorbent in the reactor. Further, a fixed-bed
reactor was designed to use higher amounts of sample than a typical thermogravimetric analysis
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(TGA) so that subsequent analyses could be performed on the samples to understand the
mechanism. Typically, a TGA uses 5-20 mg of sample. In this fixed-bed reactor, however,
approximately one gram of sample was spread in a boat to reduce mass transfer effects. The
degree of sulfation of the sulfated samples was determined using XRD technique, and the grain
sizes of crystallites were also determined by XRD analysis. The cross-sections of the sulfated
sorbents were then observed under a scanning electron microscope (SEM), and elemental maps
were taken by coupling energy dispersive spectroscopy (EDS). The effects of petrographic
characteristics, sulfation pattern, CO2 partial pressure, and total pressure were then analysed and
correlated.
Hot-Stage XRD analysis conducted at atmospheric pressure showed that under a pure
CO2 environment, CaCO3 did not decompose between 200 and 900 °C, whereas CaMg(CO3)2
started to decompose to CaCO3, MgO, and MgCO3 at 650 °C. The sulfation results showed that
the conversion increased with an increasing CO2/O2 ratio at any given pressure, and a higher
conversion was observed at high pressure than that at atmospheric pressure for a given gas
composition. Further, prediction of the sulfation patterns based on petrographic characteristics
agreed with the SEM results. Sulfation patterns are categorized as network, core-shell, and
uniform based on the way sulfur is distributed throughout the particles. For a given sorbent, the
patterns were the same under both the pressurized system and the atmospheric system. However,
under the same experimental conditions, the patterns were different for different sorbents.
Therefore, sulfation pattern was correlated with the petrographic characteristics of each sorbent,
independent of the chemical reaction.
Graymont limestone had the lowest conversions among all three sorbents for a given
condition. With a network-dominated sulfation pattern, increasing the CO2/O2 ratio improved the
iv

conversion of Graymont limestone more effectively than increasing the total pressure. Dolomite
had a uniform dominated sulfation pattern and showed the highest conversions both at high
pressure and at atmospheric pressure. The S/Ca ratios across the cross-sections were higher for
the sorbents that have a higher conversion. The similar trend of S/Ca ratios across the crosssections and conversions suggested that high pressures improved the conversions by increasing
sulfur penetration depth in the particles with a core-shell sulfation pattern. Another interesting
observation in this study was that the CaMg2(SO4)3 phase was found in Michigan limestone and
in two sulphated dolomite samples at high pressure, indicating that Mg actually participated in
the sulfation process at high pressure. Thermodynamic equilibrium simulations using
FactSage™ confirmed that the formation of CaMg2(SO4)3 was controlled by the ratio between
SO2 and Mg, which increased with the pressure. This phase has not been reported in previous
sulfation literature; however, further experiments are needed to fully study the mechanisms of
the formation of CaMg2(SO4)3
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Chapter 1- Introduction
In 2013, the U.S. generated about 4,058 billion kilowatt-hours of electricity, and coal
accounted for 39% of that total. Sulfur dioxide (SO2) emission is a major concern in combustion
processes, and the ability to capture SO2 has become the key to advance clean coal combustion
technologies for electrical power generation. Limestone and dolomite have received considerable
attention for their ability to capture SO2 in-situ during combustion, particularly under fluidizedbed mode. The main objectives of this study are to compare the sulfation behavior of limestone
and dolomite under a pressurized system, to study the effect of CO2 partial pressure under direct
sulfation conditions, and to further understand the participation of Mg during the dolomite
sulfation process.
Limestone sulfation under pressure has been studied to some degree, but very little
information exists for limestone sulfation in a pressurized oxy-combustion environment where
nitrogen is absent. Combustion in a fluidized-bed combustor typically occurs between 850-900
°C. Due to the low temperature of combustion, no thermal NOx is produced. This operating
temperature range is also ideal for sulfur capture, as calcium carbonate (CaCO3) undergoes
calcination to decompose CaCO3 to CaO, which then reacts with SO2 to form CaSO4, thus
capturing SO2. This temperature is also below the ash fusion temperature, which reduces
slagging problems.
In 1993, the performance of twenty different sorbents was studied at a laboratory-scale at
The Pennsylvania State University; the result showed that the CaCO3 content of a sorbent had no
correlation with its sulfur-capture ability. These results were confirmed at a 30 MW power plant
with the same sorbents used at the laboratory-scale, with CaCO3 content varying from 50 to 99
1

wt% (1, 2). Since then, it has generally been accepted that lower CaCO3-content sorbents, such
as 70 wt. % have the potential to achieve similar sulfation performance as higher content ones.
Three samples—Sorbent A (Michigan limestone), Sorbent B (Graymont limestone), and
Sorbent C (Toledo dolomite)—were used to study sulfur capture under high pressure in an oxyfuel combustion environment. Though the CaCO3 content of a sorbent is not a critical parameter
for its performance, other physical and chemical properties, such as porosity and particle sizes,
are important for sorbent evaluation. Those properties sometimes explain why sorbents have
different sulfur capture abilities despite having similar chemical contents. Therefore, the sorbents
used in this study have been characterized based on their particle size distribution, surface area,
chemical composition, thermal decomposition under a pure CO2 environment, petrographic
characteristics, and SO2 capture conversion and pattern in a fixed-bed reactor. A detailed
description of each of the characterization techniques and the results obtained are provided in the
following sections.
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Chapter 2 - Literature Review
2.1 Limestone and dolomite sulfation
In an atmospheric fluidized-bed combustion (FBC) reactor, limestone sulfation undergoes
the following reactions:
CaCO3 = CaO +CO2
CaO + SO2 + ½ O2 = CaSO4

ΔH=182.1 KJ/gmol (1)
ΔH=-481.4 KJ/gmol (2)

In a pressurized FBC and oxy-combustion environment with recycled flue gas, the partial
pressure of CO2 is typically higher than that under normal air combustion. From equilibrium
consideration, it can be seen that sulfur capture by calcium-based sorbents is highly dependent
on temperature and CO2 concentration. At a partial pressure higher than the equilibrium pressure
of CO2 (0.56 atm at 860 °C), calcination is suppressed, and sulfation takes place through a
mechanism called direct sulfation, as follows:
CaCO3 + SO2 + ½ O2  CaSO4 +CO2

ΔH=- 303 KJ/gmol (3)

Hatman first proposed the core-shell model to depict the pore-plugging phenomenon to
explain the termination of sulfation (3). During sulfation, the molar volume of the product CaSO4
being greater than either CaCO3 or CaO leads to the process of pore plugging—called the poreplugging/blocking phenomenon—which prevents further conversion.
Commonly, direct sulfation enables higher degrees of sulfation than those observed from
indirect sulfation, with a final conversion rate greater than 0.85 (4-9). For the proposed
mechanism, Hu suggested that the counter-diffusion of CO2 and SO2 can develop gaps between
the crystal grains, which makes the product layer more porous. Further, Hu suggested that this
structure offers lower diffusion resistance than the nonporous layer formed during the
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calcination-sulfation process. Hu also suggested that another thin layer exists at the surface that
acts as a parent layer for both nucleation and subsequent growth (10). This proposed mechanism
suggests that two extra steps, solid state diffusion and nucleation growth process, are included.
The product layer in this mechanism can be divided into an outer layer made of porous CaSO4
with bigger pores, which promotes SO2 and lets O2 easily reach the reaction by gas diffusion.
The inner layer, on the other hand, is a nonporous or smaller-pore CaSO4 product, within which
solid-state ion diffusion takes place and CaSO4 crystal grains are formed.
When MgCO3 reacts with SO2, the product is unstable; thus MgCO3 does not usually
contribute to sulfation through chemical reactions. The reactions of dolomites can be simplified
as follows (10):
CaMg(CO3 )2 = CaCO3. MgO +CO2

ΔH= 132 kJ/gmol

CaCO3. MgO + SO2 + ½ O2 = CaSO4. MgO + CO2

(4a)
(4b)

Depending on the temperature and partial pressure of CO2, the mechanism of 4a has been
proposed for (1) a one-step route or “full-decomposition”, and (2) a two-step route or “halfdecomposition.” At low pCO2 (below 0.016-0.267 bar at 685-700 °C),
CaMg(CO3 )2  CaO + MgO +2CO2 (11, 12).
At high pCO2, the two-step process is commonly presented:
step 1. CaMg(CO3 )2  CaCO3 + MgO + CO2 ,
step 2. CaCO3 CaO +CO2 .
This half decomposition mechanism model has been proposed for (a) dissociation into the
pure carbonates CaMg(CO3 )2  CaCO3 + MgCO3 and sequential decomposition of MgCO3 and
4

CaCO3 into MgO, CaO, and CO2 (13, 14), and (b) the formation of a mixture between calcite and
magnesite following the reaction CaMg(CO3 )2 = CaCO3(1-n) MgCO3 . nMgO + nCO2, (n varies
from 0-1) (15). However, other researchers found that no MgCO3 was observed from 550 to 850
°C (11).
2.2 Effect of particle size
Particle size is inversely related to the surface area of a sorbent. Decreasing the particle
size increases the surface area, thus improving the available surface area and the sorbent’s
reactivity. If the particle size is too fine (less than 4µm), the sorbent will elutriate from the
combustor, decreasing its sulfur-capture performance (16). The optimal sorbent size may vary for
different sorbents (17), and selecting the appropriate particle size based on experimental
conditions is critical for optimal sulfation performance of a sorbent. However, without further
consideration of the grain size and porosity of the limestone, the effect of particle size on
sulfation cannot be fully explained.
2.2.1 Effect of grain size
Grains are the small microscopic crystals held together by highly defective boundaries;
they are also referred to as crystallites. Grains sizes have an influence on the reaction rate and
sulfation efficiencies in both direct and indirect sulfation (18). Direct and indirect sulfation of
53-62µm particles at 750 °C and 850 °C, with all other conditions controlled, showed that
coarse-grained limestone had lower calcium utilization than the finer-grained species. However,
Liu found contradictory results with two Pennsylvanian limestones with similar composition
(19). The coarse-grained limestones were more reactive for larger-size particles (255-355µm)
than were the smaller size fraction (200-270µm) of finer-grained limestones. Liu explained that
larger grains would develop thermally induced fractures (TIF) along the grain boundaries, which
5

increased the available surface area and facilitated sulfation and calcination (Figure 1). Similar
studies of 20 Pennsylvanian limestones and dolomites showed similar trends, demonstrating that
coarser grain size particles provided better sulfation conversion (2).

Figure 1 Sulfur deposition maps of two sectioned Pennsylvanian limestones. The blackened
portion of the particles indicates the sulfur region (19).
2.3 Effect of porosity
Pores present in the limestone generally improve the accessibility of SO2 to the interior of
the particle by increasing its surface area. CaSO4 has a greater molar volume than CaCO3 and
CaO: thus it tends to block the pores before SO2 passes to the interior of the particles (4). This
tendency of CaSO4 to block pores is known as the pore plugging phenomenon, as discussed
earlier. However, if a sorbent is inherently unreactive, an increase in porosity would not have a
significant effect on its sulfation characteristics (20).
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2.4 Effect of heating rate
At fluidized-bed operating temperatures, thermal shock on the sorbent particles is
experienced when introducing the particles to the FBC. The cross-section of the particles under
these conditions develops an uneven expansion, leading to TIFs in some particles.
2.5 Effect of pressure
While keeping the partial pressure of CO2 constant, some researchers (21- 23) found that
with the increase of total pressure (6-13 bar, 5-15 bar), total sulfation degree decreased and the
reaction rate increased. However, Yrjas found the conversion rate was approximately the same
under both atmospheric and pressurized systems (15 bar) (24). Under different gas compositions,
however, the effect of total pressure could be different. In addition, those studies did not take
sulfation patterns into account, which could explain why the effect of total pressure on sulfation
degree was not fully understood.
2.5.1 Effect of CO2 partial pressure
In a pressurized TGA, the rate of direct sulfation reaction was observed to decrease under
high CO2 partial pressure conditions due to slower diffusion of CO2 through the limestone and/or
a decrease in carbonate vacancies, which thereby reduced the mobility of carbonate ions. Liu et
al. (21), studied two high-purity limestones (>99% CaCO3) in CO2 concentrations of 20, 40, and
80% at atmospheric pressure and 850 °C in a fluidized-bed reactor. When the concentration of
CO2 was at 80%, the mechanism shifted from indirect to direct sulfation. At a 0.3 sulfation
degree (S/Ca mole base conversion ratio), the indirect sulfation was faster than the direct
sulfation of limestone, and at a high sulfation degree (after a sulfation degree of about 0.3), the
opposite was observed. They concluded that direct sulfation of limestone is favorable for a high
sulfation degree, which consequently enables better sorbent utilization. The CaSO4 shell formed
7

during direct sulfation exhibited higher diffusivity, indicating that it was porous due to CO2
formation. In another study carried out in an oxy-fuel bubbling fluidized bed reactor firing a
bituminous coal and a lignite, Lupiáñez et al. observed that higher CO2 partial pressure reduced
limestone calcination, and direct sulfation occurred (22). Using a Chinese limestone (>90%
CaCO3) in a high-pressure TGA, Qiu and Lindqvist observed that at constant SO2 partial
pressure, increasing the total pressure from 6 bar to 13 bar decreased the sulfation capacity at
850 °C (25). In an investigation by Tullin et al. to determine the influence of CO2 partial pressure
using analytical grade (≥99.0%) CaCO3 and simulated flue gas with 30-80% CO2, it was found
that the rate of sulfation decreased with increasing partial pressure of CO2 (5).
2.5.2 Effect of SO2 partial pressure
Qiu and Lindqvist showed that at a given total pressure, increasing SO2 concentration
increased the rate and total conversion (25). Hu further explained that this was due to the fact
that the initial sulfation process promoted higher SO2 concentrations, and the initial process was
more than two orders of magnitude faster than the following sulfation (26).
2.6 Sulfation Patterns
Lausen pointed out that the core-shell sulfation model is an oversimplification and
concluded that there are three sulfation patterns—core-shell/unreacted core, network, and
uniform patterns—that can explain a sulfation mechanism (Figure 2) (27). Uniform pattern
appeared to have the highest conversion rate among all three sorbents (27).
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Figure 2 Illustrated sulfation patterns (27).
The core-shell pattern was reported to dominate direct sulfation and can lead to a uniform
pattern when the reaction time is extended (28). This finding is debatable, since only 4
limestones were tested. In addition, as discussed earlier, the sulfation pattern of a particle is
related to its grain size/petrography. In Figure 1, Annville limestone had a uniform pattern, and
Linden Hall limestone had an unreacted core pattern. However, so far there has been neither a
method qualitatively correlating the petrography with the sulfation pattern nor a way to quantify
the change in sulfation patterns when conditions change.
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2.7 The participation of Mg in sulfation
No product of Mg and SO2 was found in previous FBC sulfation studies since MgSO4 is
thermodynamically unstable above 760 °C, which is lower than the operating temperature of
FBC (2). However, CO2 released during the calcination of MgCO3 produced microcracks in the
particles and increased the surface area available for sulfation, enhancing the sulfation
performance of the sorbents.
The phase CaMg2(SO4)3 was experimentally obtained by solid-state reactions of
stoichiometric amounts of anhydrous CaSO4 and MgSO4 (29, 30). Previously, it was reported as
CaMg3(SO4)4 (31). Later, the correct composition was revealed (32, 33) from the product of the
latter process control and was also found in coal-fired power plants and in the hot-gas filtration
vessels of a pressurized combustion plant (34, 35). However, very little information is available
on the mechanism of the conditions under which CaMg3(SO4)4 can be formed or its role in
dolomite sulfation.
In conclusion, under direct sulfation, total pressure, CO2/O2 ratio, particle size, heating
rate, and sulfation patterns are relevant to sorbents’ sulfation performance. Most of the
characteristics and sulfation mechanisms have been carefully evaluated under atmospheric
conditions but have not yet been evaluated under a pressurized system. The performance of
dolomite under pressurized conditions has not been clearly understood, and the cause of different
sulfation patterns has not been clearly explained. Therefore, this study focused on the effect of
CO2/O2 ratio on limestone and dolomite sulfation and the role of Mg in dolomite sulfation under
a pressurized system.
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Chapter 3 - Objectives and Scope of Research
This study aims to explain the influence of total pressure and CO2 partial pressure on the
sulfation behavior of limestones and dolomites. This was achieved by tying together various
physical properties of the sorbents and their sulfation behavior at various CO2 partial pressures in
both atmospheric and pressurized environments. To investigate the sorbents’ sulfation behavior,
the limestones and dolomite were characterized based on their physical and chemical properties.
The Hard-grove Index (HGI), Brunauer-Emmett-Teller (BET) surface area, and scanning
electron microscope (SEM) and petrographic images formed the basis of physical
characterization while compositional analysis (inductively coupled plasma atomic emission
spectroscopy (ICP-AES) and X-ray diffraction (XRD)), hot-stage XRD, and fixed-bed sulfation
tests formed the basis of chemical characterization.
The HGI of the three sorbents was determined according to the ASTM D409 standard so
as to determine their grinding hardness. A fixed-bed reactor was designed to simulate TGA so
that instead of 10mg, a 1g sample could be obtained for further analysis. Fixed-bed sulfation
tests were performed at 870 °C for the -75 µm size fraction for samples in a simulated flue-gas
mixture containing 10% CO2, 3000ppm SO2, and balance O2 at 8 bar of pressure and at
atmospheric pressure. These tests revealed the correlation between sulfation performance and
total pressure. Further tests with 20% CO2, 3000ppm SO2, and balance O2 helped to reveal the
effect of the partial pressure of CO2 on sulfation. Hot-stage XRD was performed on the three
sorbents in order to understand their decomposition under a pure CO2 environment during the
heating process in the fixed-bed reactor. Further, a BET surface area was determined in order to
study the influence of porosity on the sorbents’ sulfation performance. The composition of the
sorbents was determined by XRD and ICP-AES. The sulfated products were analyzed by XRD
11

to determine all the possible products, and the XRD results, combined with the weight of the
sorbents before and after the fixed-bed experiments, revealed how many moles of SO2 reacted
with each mole of Ca. SEM-EDS elemental mapping images of the cross-sections of epoxy
pellets made with the sulfated products were examined to determine the sulfation patterns and to
quantitatively analyze the sulfur penetration depth. The sulfation patterns were then tied with the
petrographic analysis to further explain sulfation performance. Since no previous literature was
available on the formation of CaMg2(SO4)3 in pressurized dolomite sulfation products, the
possibility of its formation at equilibrium was simulated using FactSageTM to attempt to explain
the mechanism of Mg participation in the chemical reactions of dolomite sulfation. Thus, the
main objectives of this study are:
1. To identify the petrographic characteristics of each sorbent,
2. To determine the role of total pressure and CO2 partial pressure in a simulated oxycombustion atmosphere in a fixed-bed reactor,
3. To relate the petrographic characteristics of each sorbent to its sulfation patterns,
4. To develop a method to relate sulfation pattern and sulfur penetration depth
quantitatively, and
5. To determine the chemical reactions of dolomite sulfation under a pressurized system.
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Chapter 4 - Experimental Procedures
4.1 Description of the High-Pressure Fixed-Bed Reactor
A laboratory-scale fixed-bed reactor setup (Figure 3) was designed and used for the
calcination and sulfation study, as shown in Figure 3. The reactor is placed in an electric
horizontal furnace that is controlled using a thermostat. The reactor system contains the
following parts: the rotameter that controls the flow rate of the inlet pre-mixed reaction gas; the
horizontal furnace with a three-quarter-inch stainless steel reaction tube; two pressure gauges, at
the inlet (before the furnace) and the outlet (after the back pressure regulator); a chiller cooler;
and O2, CO2, and SO2 analyzers.
The sample is evenly spread in an alumina combustion boat (2.95” length x 0.59” width x
0.39” depth) that is placed in the reaction tube, as shown in Figure 4. The alumina boat has a
high melting point (2,072 °C), strong hardness, and a good chemical stability, which makes it
able to withstand both the reaction temperature and chemical corrosion. In addition, a
thermocouple is placed in the reaction tube, in contact with the combustion boat, and another
thermocouple is placed to indicate the temperature of the outlet gas prior to the chiller cooler.
The back pressure regulator includes a pressure gauge that reflects the pressure inside the
reaction tube, which is controlled by the pressure-reducing valve. When the valve is closed,
pressure builds up in the tube; by adjusting the valve, the reactor is maintained at the desired
pressure while allowing the flow of the product gas to the analyzers. The thermocouples and
analyzers are connected to a computer with a LabVIEW program to record data. The change in
gas concentrations can then be recorded.
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For each experiment, samples are loaded before the start as mentioned above, except that
for one blank test that was performed for each reaction gas composition, no sample was
introduced. Pure CO2 first passes through the system at a rate at 500ml/min until the furnace is
heated and the bed temperature reaches 870 °C. After the temperature stabilizes at 870 °C, the
pre-mixed gas is used at 1500ml/min, and the back pressure regulator is closed until the pressure
reaches 9 bar (absolute pressure). The pressure regulator is then adjusted to stabilize the pressure.
Each test run lasts for 4 h, and the samples from the fixed-bed reactor are collected the next day
after the tube has completely cooled down.

Figure 3 Schematic diagram of the fixed-bed reactor setup
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Figure 4 Schematic inside-view of the furnace
4.2 Compositional Analysis of Sorbents
The chemical composition of the three sorbent samples was performed by ICP-AES and
XRD.
4.2.1 Perkin-Elmer Optima 5300 UV (ICP-AES)
Principle: ICP-AES is a type of emission spectroscopy. The ICP torch creates an intense
electromagnetic field by driving a high-power radio frequency signal through a coil that
surrounds three concentric glass tubes made of quartz. Plasma is then created by introducing a
gas (typically argon) into the intense electromagnetic field created by the coil. Following this, an
aqueous or organic sample is delivered via a peristaltic pump into an analytical nebulizer, which
turns the sample into a mist that enters the plasma flame. The molecules in the sample become
ions by reacting with the plasma and lose electrons that emit electromagnetic radiation at the
characteristic wavelength of the specific element. The intensity of the emitted wavelengths
indicates the concentration of the elements present.
Sample preparation: 0.1 g or 0.2 g of sorbent and 1 g lithium metaborate (LiBO2) is
prepared in 100 ml 5% nitric acid. This solution is used as the aqueous solution mentioned
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above. The Perkin-Elmer Optima 5300 UV has a wavelength range of 163-782 nm. The plasma
is viewed via computer control of an adjustable mirror that is located in the optical path.
Limitation: ICP-AES has a detection limit that falls between 1 ppm to 1 ppb and depends
on the elements detected. However, ICP-AES does not give the phases of molecules directly. In
addition, most ICP-AES are designed to detect a single wavelength at a time, and air can
interfere with the detection of the emission wavelengths of some elements (e.g., phosphor).
4.2.2 XRD
Principle: XRD is used to determine the phases of crystalline materials and their
structure in the sample. Each crystalline solid has a characteristic X-ray powder pattern for phase
identification. The X-ray is first produced by hitting a metal target, usually Cu or Mo, with a
beam of electrons emitted from a tungsten tip. The beam ionizes the electrons from the k-shell of
the target atom, and X-rays are emitted when the electrons drop down from l or m levels. This
incident X-ray has a wavelength of λ. Different planes have different spacing d, and the beam is
diffracted at θ, the point at which the detector swings. The relationship of d and θ follows
Bragg’s law, n λ = 2dsinθ (n is an integer). XRD results give direct evidence for the periodic
atomic structure of crystals and can explain the interference pattern of X-rays scattered by
crystals. The collected data was analyzed by software (Jade) and plotted as strength (intensity)
vs. position (2θ). To identify each pattern, peaks were compared to a large database of patterns.
In this study, XRD was used to identify the crystalline and amorphous phases, as ICP-AES alone
only gives elemental information and does not provide direct information about the crystalline
phases of the sorbents.
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Sample preparation: 1 gram of sample powder was evenly distributed on a zerodiffraction Si crystal plate. The plate was clipped onto the sample stage of the instrument
(PANalytical Empyrean), which includes the PIXcel, a high performance X-ray diffractometer
platform.
Limitations: The peaks found by XRD often overlap, so when comparing the data to the
database, the final results depend on the operator’s judgement. In this case, by combing
previously performed ICP-AES results, the elements are known, and thus the accuracy of phase
identification is improved.
4.3 HGI
Principle: HGI is a dimensionless number used to describe the amount of energy required
to grind a sample from a certain size to another. HGI is commonly used for coal and is also
applied for limestones. The greater the number, the easier the sample is to grind.
Sample preparation: Sorbents were prepared by strictly following ASTM D409/D409M09, a method outlined for the Hardgrove machine method. Fifty grams of 16 X 30 U.S. mesh
sample was ground in the Hardgrove machine for 60 revolutions. The ground sample was then
sieved on a 200-mesh sieve, and the amount of the minus 200-mesh sized particles was
measured. HGI is calculated by the following equation:
HGI = (7.216 x calculated minus 200 mesh sample) + 11.886
7.216 and 11.886 are constants determined by calibrating the instrument per ASTM
D409/D409M-09.

17

4.4 Surface Area
A Micromeritics ASAP 2020 Physisorption Analyzer was used for the analysis. BET
surface area was calculated by using the BET theory, which is an extended form of Langmuir
theory that is used to determine monolayer molecular adsorption. To apply to a multilayer
system, the following hypotheses must be satisfied: (1) gas molecules are infinitely physically
absorbed on a solid in layers; (2) there is no interaction between adsorption layers; (3) the
Langmuir theory can be applied to each layer.
4.5 Particle Size Measurement
Particle size measurements were performed using the Microtrac S3500 particle size
analyzer, which uses the technique of laser diffraction to measure the size of particles. In this
device, a laser with a 780nm wavelength scatters as the beam passes through the dispersed
sample (37, 38), and the scattered light follows an angle that is inversely proportional to the
particle size (37). The detection system consists of two fixed photoelectric detectors placed at the
correct angles for optimal scattered-light detection, ranging from 0.02 to 163 degrees and using
151 detector segments (38). The typical analyzing time is 10-30 seconds (38). The precision of
the instrument (as coefficient of variance) is less than 1% (38).
Compared to the sieving method, a laser diffraction particle size analyzer provides a
wider range of detection and can achieve narrower detection intervals. The sieving method
indicates the size by referring to the smallest cross-section, and the intervals are limited due to
the size of the cuts in the sieves (37). A laser diffraction analyzer, however, can provide a
continuous particle size distribution and is beneficial to detect and differentiate minor particle
size changes in a narrow range.
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4.6 Hot Stage X-Ray Diffraction
Principles: The hot stage X-ray diffraction scan uses the same principles as described for
XRD. In addition, the instrument (PANalytical X’pert Pro MPD) has a furnace and a temperature
control system. The temperature control system is operated by a program designed and written
by the operator.
This experiment is designed to observe the phase changes of sorbents over the increase of
temperature under a pure CO2 (pCO2 = 1 bar) environment. As discussed in Chapter 3, this
process simulates a sorbent’s thermal decomposition in a fixed-bed reactor during the heating
process. The sorbents were mixed in an ethanol solution then dropped on a platinum strip; the
strip was then further transferred to the sample holder on the instrument. The sample holder
stayed in a sealed environment with CO2 passing through at a rate <10 ml/min. The program was
set to heat the environment from room temperature to 950 °C with a scan taken with every 50 °C
increase, starting at 750 °C.
4.7 Petrographic Analysis
Three impregnated, polished thin sections of the sample chips were prepared at National
Petrographic Services (NPS) of Houston. The samples were ground in oil, and the thin sections
were half (horizontally) stained with Alizarin Red S. Alizarin Red S stains nonferroan calcites a
red color, which enables them to be more easily observed. To observe the sorbents’ grain sizes,
each thin section was examined with standard microscopic light technique (plane polarized light
and crossed nicols).
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4.8 SEM Energy-dispersive X-ray Spectroscopy (SEM-EDS)
Principles: When an electron beam is scanned across the surface of a sample and the
electrons hit the sample, secondary electrons (SE), backscattered electrons (BSE), and X-rays
can be detected as a specific signal that produces an image of a sample’s elemental composition.
The production of secondary electrons results from inelastic interactions of high-energy electrons
with the sample’s valence electrons, ejecting the valence electrons. The contrast seen in the
image created is caused by the morphology of the sample. That is, backscattered electrons are the
reflected primary beam electrons from the atoms in the sample, and the contrast of the image is
therefore determined by the atomic numbers of the elements. The shell transitions caused by the
interaction of the primary beam with the atoms result in the emission of an X-ray. The
characteristics of this X-ray can be detected to determine a qualitative and quantitative elemental
analysis of the sample with a sample depth of 1-2 microns.
A representative 1-gram sample of every sulfated sample was made into an epoxy and
polished so that the cross-section of the epoxy could be obtained. Each of the cross-sections of
epoxy was observed under an FEI Quanta 200 SEM at low beam setting (39). 40 kV was chosen
to minimize the charging effect while obtaining a detailed image with a resolution smaller than
10nm. The cross-section was separated evenly into 10 sites, and both SE and BSE images were
obtained for each site. EDS was applied for each site to determine the weight percentage and
elemental maps of S, Ca, C, and Mg. These elemental maps qualitatively determined the
sulfation pattern. To quantify the sulfation pattern as well as the sulfation penetration at the
cross-section of the particles, the S/Ca molar ratio was determined by taking the average of the
10 sites.
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4.9 FactSage
FactSage is a commonly used thermodynamic chemical equilibrium prediction software
that includes the largest integrated database of chemical equilibrium data. It is widely used to
predict the chemical compositions of samples at equilibrium phase. To understand the role of Mg
in dolomite sulfation, FactSage software was used to determine the equilibrium phases that
would be present under the sulfation test conditions used in this study.
Assuming all the dolomite sorbents would be decomposed and accessible for the gas
through the entire reacting period, the input of the simulation for the pressurized tests is listed in
Table 1. The gas compositions for each simulation were calculated by the product of the mole
percentage of the gas species, gas flowrate, and total experiment time. The effects of the total
pressure, CO2 partial pressure, and total gas amount (total experiment time) were simulated.
Table 1 Inputs for FactSage equilibrium simulation
Solid

1.158 g
MgCa(CO3)2

Gas

Initial temperature and

Final temperature and

flowrate

pressure

pressure

3 L/min

870 °C,

870 °C,

116 psi

116 psi
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Chapter 5 - Results and Discussion
5.1 Compositional Analysis
The compositional analysis indicated that Pennsylvania Graymont limestone (Sorbent B)
had the highest CaCO3 content (94.7%) among the three samples, while the dolomite (Sorbent C)
only had 55.0% of CaCO3. A sample calculation for CaCO3 is presented in Appendix A.
XRD analysis was used to identify the crystalline and amorphous phases of each sample.
The results showed that no amorphous phase was found in any of the sorbents, as no peaks
appeared at 2ϴ < 20 degree (Appendix A). The chemical compositional results (Table 2)
matched the ICP-AES results (Table 3) within 5% differences. Therefore, it was determined that
the compositional analysis of the sulfated products can be determined by XRD, and this method
was used in this study.
From ICP-AES data, there was less than 10 wt. % difference in the CaCO3 composition
for Michigan and Graymont limestones. However, XRD results indicated that in Michigan
limestone, about 25% of the CaCO3 appeared in dolomite crystals (Mg(CO3)2), whereas for
Graymont limestone, almost all the CaCO3 appeared as calcite. Appendix B includes the
complete data of the ICP-AES analysis.
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Table 2 Summary of CaCO3 and MgCO3 content of sorbents by ICP-AES and XRD
ICP-AES

XRD

Sorbent

CaCO3
(g/100g Stone)

MgCO3
(g/100g Stone)

CaCO3
(wt.%)

CaMg(CO3)2
(wt.%)

Michigan Roger City
Limestone
(Sorbent A)
Pennsylvania
Graymont Limestone
(Sorbent B)
Ohio Toledo Dolomite
(Sorbent C)

85.9

10.6

60.7

38.2

94.7

1.4

93.4

2.0

55.0

45.0

Negligible
(<0.2)

100

5.2 Petrographic Analysis
Michigan limestone was reported as being from the Rogers City Formation from Rogers
City, Michigan (Presque Isle County). The sample was collected from a crushed gravel stockpile
with a size of approximately 3-5 cm. The sample did not have a uniform petrographic matrix
structure. Three different matrixes—microcrystalline carbonate mud (micrite, 1-4µm), sparry
carbonate cement (sparite, 5-20 µm), and some bioturbated micrite with a few sparites—were
present (Figure 5).
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Figure 5 Optical microscopy pictures of Michigan limestone, thin section. Top left: bioturbated
micrite. Top Right: Packed sparite matrix. Bottom left: bioturbated micrite with some sparry
crystals. Bottom Right: bioturbated micrite with some crystals (dyed with Alizarin Red S)
Graymont limestone was collected from the Whiterock Quarry in Pleasant Gap, PA
(Centre County) and identified as a member of the Linden Hall formation. Each particle was
approximately 3-5 cm. The rock matrix was comprised primarily of micrite with patches of
abundant sparite throughout. This rock could be classified as a pelmicrite with abundant birdseye
structures (Figure 6).
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Figure 6 Optical microscopy pictures of Graymont limestone thin section. Top: micrite with
patches of sparite; Bottom: Birdseye Structure (dyed with Alizarin Red S)
The Ohio dolomite was reported as being the Toledo dolomite from Toledo, Ohio. The
sample had a larger particle size, at 5-10 cm. This sample mainly contained defined crystals
(Figure 7). Note that Alizarin Red S turned the calcite pink/red but left the dolomite unstained.
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Figure 7 Optical microscopy sample picture of Ohio dolomite thin section. Dolomite Matrix
From these samples, petrographic analysis could be used to predict limestone sulfation
patterns. Coarser grained limestones followed by well-defined boundaries have greater potential
to develop TIFs, which allow a deeper penetration of sulfur throughout the particles and
eventually improve sulfation conversion (2). The fine-grained limestones tend to form a network
or unreacted core model. However, in this study, such a prediction is difficult to make due to the
small particle size that is used, as small particle size reduces the effectiveness of TIFs. Moreover,
petrography cannot be used alone to predict sulfation patterns. Grinding or other processing may
change the distribution of the crystals, as seen later in the SEM results.
5.3 Particle Size Distribution
The particle size distribution of the -75 µm particle size fraction was analyzed. Michigan
and Graymont limestone were biomodal, and Ohio dolomite was standard distributed (Figure 8).
Table 4 summarizes the sizes at 30, 60, and 90 % passing and the mean diameters at the peaks.
The two limestones contained finer particles than the dolomite. The mean at peaks for Michigan
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and Graymont limestones were both smaller than for the dolomite, and all the sizes at 30, 60, and
90% passing were also smaller for the limestones.
Graymont limestone had the smallest mean particle size(s), which makes it the sorbent
most likely to provide the greatest surface area available to react with SO2, as discussed in the
literature review (Table 4).
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Percent

10
8
Sorbent A
6

Sorbent B

4

Sorbent C

2
0
0
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40
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80

100

120

Particle Size (µm)

Figure 8 -75µm sorbent feed particle size distribution
Table 3 Summary of particle size distribution for unsulfated sorbents
Sorbent

Michigan
limestone
Graymont
limestone
Dolomite

Percentiles
%Tile

Size(µm)

30
60
90
30
60
90
30
60
90

4.13
12.86
46.80
2.842
16.47
41.61
26.26
46.76
78.75

Peak(s)
Mean size
(µm)
28.86

Vol%

Vol%

43.6

Mean Size
(µm)
3.84

23.97

60.6

1.77

39.4

40.33

99

56.4

27

5.4 BET Surface Area
The BET surface area shown in Table 5 demonstrates the relative pressure vs. nitrogen
adsorption. Graymont limestone had the highest surface area, which was about 7.6 times larger
than for Ohio dolomite, which had the lowest surface area. For sorbents that have similar CaCO3
content, the greater the surface area, the more potential the sorbent has to achieve a higher final
conversion rate, as discussed in the literature review. Although dolomite had the lowest surface
area, during the heating process it would decompose to MgCO3 and MgO, thus having a lower
molar volume than CaCO3, which would increase its surface area and assist sulfation.
Table 4 BET surface area of the sorbents for -75µm particles
Sorbent

BET Surface Area (m2/g)

Michigan limestone

1.41

Graymont limestone

4.77

Ohio dolomite

0.63

5.5 Decomposition of Sorbents under a Pure CO2 Environment.
5.5.1 Sorbent A (Michigan limestone)
Less than 5% lime was formed at the end of the experiments (T=950 °C). This confirmed
that in the sulfation tests, limestone would not decompose before sulfation. However, there were
phase changes between different phases of CaCO3.
The crystallite sizes (L) were calculated from the Scherrer Equation:

𝐵 (2𝜃) =

𝑘𝜆
𝐿 𝑐𝑜𝑠𝜃
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where B is the line broadening at full width at half maximum (FWHM) (radius), shape factor k
usually is assumed to be 1, and 𝜆𝑐𝑜𝑝𝑝𝑒𝑟 = 0.154 𝑛𝑚 is used for 𝜆.
The dolomite phase decomposed during the process, and MgO started to form at 850 °C.
At 900 °C, the MgO peak is more obvious (Figure 9). The average crystallite size of the dolomite
phase changed from 23 nm (200-750 °C) to 46 nm (850-900 °C) and then to 91 nm (950 °C).
The sizes of calcite crystallites, however, remained at 18-20nm.

Figure 9 Michigan limestone thermal decomposition XRD spectrum
5.5.2 Sorbent B (Graymont limestone)
Less than 5% lime was formed at the end of the experiments (T=950 °C) (Figure 10).
Three peaks were chosen to calculate the crystallite sizes, and at a given temperature, those 3
peaks gave similar sizes (±3nm), which indicated that Graymont limestone had very uniformly
distributed crystallites. At 200 °C, calcite crystals were 18-19nm, and at 900 °C, they appeared to
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be 37-39nm. In other words, calcite crystallite sizes had doubled, and sintering occurred. At 600
°C, 99.4% calcite was present. At 950 °C, 95.5% calcite and 4.4% lime were present.

Figure 10 Graymont limestone thermal XRD decomposition

5.5.3 Sorbent C (Ohio dolomite)
When the temperature increased, MgO started to dissociate from the dolomite sample at
600 °C (Figure 11), and MgO, MgCO3, and CaCO3 were present at 700 °C. The percentage of
MgCO3 increased while that of MgO decreased when the temperature increased from 600 to 750
ºC and from 900 to 950 °C, respectively. This suggests that recarbonation occurred. However, no
sign indicated a temperature-dependent relationship between the percentage of MgO and that of
MgCO3. At 800 and 900 °C, several phases of MgO and MgCO3 were present, which indicated
that those phases were unstable. At 950 °C, fewer variations of the MgCO3 and MgO phases
were found. The phase changes are summarized in Figure 12.
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The MgO and MgCO3 were 19 nm and 31 nm (±1 nm) in size, respectively, and did not
experience crystalline size changes when the temperature increased from 800-950 °C. The
changes of crystalline sizes are summarized in Table 6. Similar to the observation of Michigan
limestone, from 200 °C to 900 °C, the dolomite crystalline sizes doubled.

Figure 11 Ohio dolomite thermal decomposition
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Figure 12 Summary of phase changes of Ohio dolomite thermal decomposition
Table 5 Major crystalline size changes in Ohio dolomite
Phases

Temperature(°C) L(nm)

2θ (°) for
reference

Calcite

850

18

29.4

Calcite

900

23

29.4

Dolomite

200

24

41.2

Dolomite

900

47

41.2

Dolomite

200

23

30.4

Dolomite

900

46

30.4

5.6 HGI
Sorbent A had the highest HGI number and therefore required the least energy to grind,
whereas sorbent B had the lowest HGI number (Table 7). If the sulfation performance is similar
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for two sorbents at the same size and under the same conditions, the one that has the higher HGI
number would be the better option from an economical and energy point of view.
Table 6 Summary of Sorbent HGI number
Sample

Run 1

Run 2

Average HGI

Sorbent A

85.92

85.78

85.9

Sorbent B

52.23

51.72

52.0

Sorbent C

80.94

80.37

80.7

5.7 Sulfation Tests
Blank Test: To eliminate the effect of the time that took to build up pressure, as well as
the time it took for the reaction gas to fill the reactor, a blank test was performed. It took 120
seconds for the pressure inside the reactor tube to increase to 9 bar. While maintaining the
pressure at 9 bar and the reactant gas flowrate at 1500 ml/min, within 2 minutes the gas analyzer
reached 2928 ppm, and within 5 minutes, it read approximately 3000ppm (±30ppm). By
comparing to the total time used for the following experiments (> 3600 min), the 5 minutes spent
on the blank test was negligible (<0.14%). The compositions of the samples are summarized in
Table 8.
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Table 7 XRD compositional analysis before and after sulfation
PCO2

0.8
0.8
0.9
0.9
0.8
0.8
0.9
0.9
0.8
0.8
0.9
0.9

Total
Pressure
(bar)
9
1
9
1
9
1
9
1
9
1
9
1

Sorbent

Michigan
Michigan
Michigan
Michigan
Graymont
Graymont
Graymont
Graymont
Dolomite
Dolomite
Dolomite
Dolomite

Before CaCO3 CaMg(CO3)2 After
(g)
(wt%)
(wt%)
(g)
1.04
0.96
1.13
1.06
1.48
1.20
1.37
1.19
1.16
1.13
1.05
1.02

61
61
61
61
99
99
99
99
0.0
0.0
0.0
0.0

38
38
38
38
1.0
1.0
1.0
1.0
100
100
100
100

1.10
1.03
1.26
1.13
1.62
1.30
1.41
1.24
1.01
1.06
0.95
0.97

CaCO3
(wt%)

CaSO4 CaMg2(SO4)3
(wt%)
(wt%)

51
53
31
57
76
78
95
97
26
33
28
34

43
42
42
37
24
22
5.0
3.0
44
41
44
40

5.0
0.0
3.0
0.0
0.0
0.0
0.0
0.0
12
0.0
5.0
0.0

At high pressures, the CaMg2(SO4)3 phase was present in sulfated Michigan and
dolomite samples. This phase had not been reported in previous dolomite sulfation studies at
atmospheric conditions. The percentage of this phase increased with the decrease of partial
pressure of CO2. Upon the discovery of CaMg2(SO4)3, to confirm the existence of this phase,
another dolomite (Nittany) with a similar Mg content (95.4% wt CaMg(CO3)2) was then tested
with 20% O2, 80% CO2, and 3000ppm SO2 gas composition. 6.7% wt CaMg2(CO3)3 was present
in the product, which further proved Mg’s participation in sulfation (Figure 13).
From the results in Table 8, the conversion rate (absorbed SO2 (mol)/CaCO3 (mol)) is
calculated in Table 9. For a given sorbent, sulfur capture was always higher at high pressure than
that at atmospheric pressure for a given gas composition, and it was always higher at a lower
CO2 partial pressure for a given total pressure (Figure 14). Graymont limestone’s performance
improved more than 50% by decreasing CO2 partial pressure by 10%. However, switching the
high pressure from 1 bar to 9 bar improved the sulfation performance under 20% (Figure 14).
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MgO
(wt%)
1.0
5.0
4.0
5.0
0.0
0.0
0.0
0.0
9.0
27
23
24

Additionally, Mg can participate in the reaction and absorb up to 14% of the total absorbed SO2,
as shown in Table 10.
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Figure 13 XRD spectrum of Nittany dolomite samples. A. The unsulfated Nittany dolomite; B.
The sulfated Nittany dolomite at atmospheric pressure; C. The sulfated Nittany dolomite at 8 bar
of pressure
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Table 8 Conversions of Sorbents
Conversion (SO2/CaCO3, mol)
CO2 partial pressure, total pressure
Sorbent

0.8, 9 bar

0.8, 1 bar

0.9, 9 bar

0.9, 1 bar

Graymont

0.19

0.178

0.04

0.02

Michigan

0.50

0.41

0.45

0.35

Ohio Dolomite

0.66

0.52

0.61

0.52

Nittany

0.65

0.53

conversion (SO2/CaCO3, mol)

Dolomite

9 bar, 80%CO2

atmosphere pressure, 80%CO2

9 bar, 90%CO2

atmosphere pressure, 90%CO2

0.700
0.600
0.500
0.400
0.300
0.200
0.100
0.000
Graymont

Michigan

Ohio Dolomite
Sorbent

Nittany Dolomite

Figure 14 Conversion of sorbents’ sulfation tests (residence time=4 h)
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Table 9 Conversions contributed by Mg

CO2 Partial
Pressure

Sorbent

SO2 absorbed by Mg/total SO2
absorbed (mol)

Mg sulfated/Mg total
(mol)

0.8

Dolomite

14.88%

11.47%

0.8

Michigan

11.37%

23.11%

0.8

Nittany
Dolomite

9.54%

6.84%

0.9

Dolomite

7.51%

4.81%

0.9

Michigan

3.89%

7.70%

5.8 Cross-Sectional SEM-EDX
Under pressurized conditions, the sorbents’ cross-sectional S/Ca ratios were higher,
which indicated a deeper sulfur penetration leading to a higher rate of conversion (Figure 15).
The cross-sectional S/Ca ratio of Graymont limestone improved by almost 50% when the CO2
concentration decreased by 10%. However, the improvement was not significant when the total
pressure was increased from 1 bar to 9 bar. The cross-sectional S/Ca ratios of Michigan
limestone and Ohio dolomite were both increased by at least 13% by switching to high-pressure
conditions.
Sparite formation usually leads to a uniform sulfation pattern, whereas micrite formation
leads to a network or unreacted core pattern (2). However, petrography of the chip samples
cannot be used alone to determine the sulfation patterns. In Morrison et al.’s work on 20
Pennsylvanian sorbents, the samples were selected from the same location so that all the particles
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shared the same petrography for a given sample. This is not the case in this study, where multiple
matrixes were shown and lead to a mix of sulfation patterns for each sample (Table 11).
Moreover, the grinding process may change the composition distribution of micrite and sparite.
For example, only network and uniform sulfation patterns were present in the Graymont
limestone (Figure 16). However, three patterns appeared in the Michigan limestone (Figure 17),
and the Ohio dolomite mainly had unreacted-core and uniform patterns (Figure 18). At high
pressure, the particles with an unreacted-core sulfation pattern were improved significantly
because of deeper sulfur penetration, and the particles with a network pattern remained the same
(Figure 18).
The sulfation patterns of the sorbents did not change with the change of pressure or gas
compositions. This suggested that the sulfation pattern can only correlate with the sorbents’
petrographic nature, not with the pressure or chemical environment.
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9bar, 80%CO2

atmosphere pressure 80%CO2

9bar 90%CO2

atmosphere pressure 90%CO2

0.8
0.7

S/Ca (mol)

0.6
0.5
0.4

0.3
0.2
0.1
0

Graymont

Michigan

Dolomite

Nittany Dolomite

Sorbent

Figure 15 Average S/Ca ratio at the cross-sections of the sulfated samples

Figure 16 Sample layered elemental map of Graymont limestone (BSE, 9bar, pCO2=0.9)
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Figure 17 Sample layered elemental map of Michigan limestone. All three kinds of sulfation
patterns are present (BSE, 9bar, pCO2=0.8).

Figure 18 Sample sulfur map of dolomite (BSE, pCO2=0.9). Left: 9 bar of pressure. Right:
atmospheric pressure.
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Table 10 Summary of sorbent matrix petrography and sulfation pattern.
Sorbent
Graymont
Michigan

Matrix Petrography (Chip Sample)
Micrite + few sparite
Micrite + Sparite

Ohio Dolomite

Sparite + few micrite

Sulfation Pattern (-75µm Sample)
Network and uniformed
Unreacted core + uniformed, with few
network like structures
Uniformed + unreacted core

5.9 FactSage Results
FactSage simulations were conducted with dolomite in the presence and absence of SO2
in the reactant gas (20% O2 and 80% CO2 at 9 bar). From the presence of any CaSO4 and MgSO4
in the equilibrium product, it was inferred that CaMg2(SO4)3 would form in the simulation since
CaMg2(SO4)3 was not an available phase in the database. However, in the absence of SO2 in the
mixture of 20% O2 and 80% CO2, after 30 minutes of simulated experiment, the final species
remained as MgO and CaCO3 regardless the variation of the partial pressure of CO2 (Table 11).
No MgCO3 was present. This suggested that MgO was the active species that forms MgSO4
instead of MgCO3 under the experimental settings.
Another simulation was done at 9 bar of pressure, and gas composition was kept at 20%
O2, 80% CO2, and 3000ppm SO2. By varying the experiment time, CaSO4 was present at the
early stage of the simulation, and Mg needed a longer time to be fully sulfated (Table 13). This
indicated that SO2 reacted with Mg at a faster rate than with Ca (Table 13). At 1 and 4 bar, no
MgSO4 appeared in the product within 1920 minutes. However, at 5 bar, MgSO4 was present
both at 90 and 120 minutes (Table 14). This result suggested that a higher pressure would
promote a faster reaction between SO2 and Mg.
When the simulation time was held at 30 minutes and the SO2 concentration at 3000ppm,
by increasing CO2 partial pressure while balancing it with O2, the rate of Mg decreased (Table
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15). This again agreed that the reaction rate between SO2 and Mg controlled the amount of
CaMg2(SO4)3 and explained why the quantity of CaMg2(SO4)3 was less when pCO2 increased in
the fixed-bed experiments.
2 mols of MgSO4 are required to react with 1 mol CaSO4 to form the stable product
CaMg2(SO4)3. Therefore, when CaSO4 is sufficient, as soon as MgSO4 is formed, it immediately
reacts with CaSO4. The composition of CaMg2(SO4)3 obtained in the product could thus be used
as an indicator of the amount of Mg that participated in the chemical reaction.
Table 11 FactSage solid product summary I
Species

CO2 Partial Pressure
0.9

0.8

MgO (mol)

0.0063

0.0063

CaCO3(mol)

0.0063

0.0063

Table 12 FactSage solid product summary II Ptotal = 9 bar
Species

Experiment Time (min)
10

30

60

CaSO4 (mol)

0.0054

0.0063

0.0063

MgSO4 (mol)

0.0021

0.0028

0.0063

MgO (mol)

0.0023

0.0035
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Table 13 FactSage solid product summary III Ptotal = 5 bar
Species

Experiment Time (min)
60

90

120

CaSO4 (mol)

0.0063

0.0063

0.0063

MgSO4 (mol)

0.0000

0.0006

0.0029

MgO (mol)

0.0063

0.0057

0.0034

Table 14 FactSage solid product summary IV
Species

CO2 Partial Pressure
0.9

0.8

CaSO4 (mol)

0.0063

0.0063

MgSO4 (mol)

0.0009

0.0028

MgO (mol)

0.0054

0.0035
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Chapter 6 - Conclusions
Under oxy-fuel and direct sulfation conditions, the conversion rate increased with an
increasing O2/CO2 ratio at any given pressure. High pressure led to a higher conversion rate
compared to that at atmospheric pressure for a given gas composition. Furthermore, sulfation
pattern was correlated with the petrographic characteristics of the sorbent, independent of the
chemical reaction.
Graymont limestone had the lowest conversion rate among all three sorbents under a
given set of conditions. For Graymont limestone with a network dominated sulfation pattern,
increasing the O2/CO2 ratio improved the conversion rate more effectively than increasing the
total pressure. Dolomite had a uniform dominated sulfation pattern and showed the highest
conversion rate at both high pressure and atmospheric pressure. The S/Ca ratios at the crosssections were higher for the sorbents that have a higher conversion rates. The agreement of S/Ca
ratios at the cross-sections explained that high pressure improved the conversion rate by
increasing the sulfur penetration depth of the core-shell sulfation-patterned particles.
Results indicated the formation of CaMg2(SO4)3 as one of the products of dolomite
sulfation under pressure. Mg participated in the chemical reaction and was able to contribute to
up to 14% of the total SO2 absorption (mol). Thermodynamic equilibrium simulations using
FactSage™ suggested that the formation of CaMg2(SO4)3 was controlled by the rate of reaction
between SO2 and Mg, which increased with the pressure. The same compound was reported by
Weil and Anthony et al. with different experimental settings (29, 30). However, no information
regarding dolomite’s sulfation performance had been reported. Further investigation is hence
needed in order to study the mechanism of the formation of CaMg2(SO4)3 and whether it is
beneficial for sulfation.
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Appendix A - XRD Spectrum of Sorbents

XRD spectrum of sorbents. (A) The major peak of sorbent A is identified as calcite. (B)
The major peak of sorbent B is identified as calcite. (C) The major peak of C is identified
as dolomite.
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Appendix B - Compositional Analysis of Sorbents
Sorbent

Al2O3
(%)

BaO
(%)

CaO
(%)

Fe2O3T
(%)

K2O
(%)

MgO
(%)

MnO
(%)

Na2O
(%)

P 2O 5
(%)

SiO2
(%)

SrO
(%)

TiO2
(%)

Sorbent A
Sorbent B
Sorbent C

0.50
0.19
<.02

0.00
0.00
0.00

47.6
52.5
30.5

0.34
0.16
0.14

0.20
<.02
<.02

4.99
0.64
21.2

0.00
0.00
0.00

0.11
0.07
0.06

<.05
<.05
<.05

2.80
1.15
0.26

0.04
0.04
0.03

0.05
0.04
0.03

LOI
(900
C)
42.8
43.3
47.0

Sample Calculation of composition of Sorbents:
Sorbent A
CaO% = 47.6%
Total% = 99.4%
Loss = 1.006 %
Corrected CaO% = CaO% + Loss* (CaO%) / 100
= 47.6 + 1.006* 47.6/100
= 48.08 %
CaCO3% = (Corrected CaO%)* (molar mass of CaCO3 )/ (molar mass of CaO)
= 48.08*100/56
= 85.9 % or 85.9 g of CaCO3 per 100 g of sorbent
Sample calculation for the agreement of XRD and ICP-AES analysis:
Molar Mass of MgCa(CO3)2 = 184g
CaCO3 = 100g
MgCO3= 84g
Composition (wt%)
Sorbent A: 38.2% dolomite, 60.7% calcite,
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Total

99.4
98.1
99.2

CaCO3 = 60.7%+ 38.2%*100/184=81%

MgCO3 = 38.2%*84/184=17%

Sorbent B: CaCO3 = 93.4%+2%*100/184=95%

MgCO3 = 2%*84/184=1%

Sorbent C: CaCO3 =100/184= 54%

MgCO3 = 84/184=46%

Phase Changes Summary from Sorbent C Hot-Stage XRD
Temperature
(ºC)

Crystalline (wt%)
Dolomite

Calcite

Magnesite

Periclase

MgCa(CO3)2

CaCO3

MgCO3

MgO

600

91.1

0

0.5

8.4

750

87.1

2.5

5.5

4.4

850

60.7

23.3

8.0

7.8

900

26.6

40.6

12.9

18.9

950

1.6

63.0

29.0

5.9
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