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ABSTRACT

An investigation was undertaken to determine the desulphurization properties of
industrially available dolomites for use in fluidized bed (coal) combustion (FBC). The
performance and kinetics of sulphur dioxide capture were examined at atmospheric
pressure under conditions favouring the presence of calcium oxide. Experimentation
was carried out with a thermo gravimetric analyzer with typical gas mixtures
occurring in FBC consisting of 2500ppm sulphur dioxide and carbon dioxide
concentrations varying between 8% and 25% (mole). The structural properties that
are important in desulphurization reactions were determined by BET and mercury
porosimetry methods and it was found that the dolomite samples consisted of a non-
uniform distribution of pore sizes with porosities (+25%) similar to dolomites used by
other investigators. Experimentation consisted of calcination with pure nitrogen of
the raw dolomite samples, followed by reaction with different gas mixtures to assess
possible recarbonation (phase transition of calcium oxide) accompanying sulphation.
It was found that phase transition temperatures and carbon dioxide partial pressures
for the relevant calcium - based compounds were different to predictions from
thermodynamic equilibrium calculations involving pure compounds. This effect is
attributed to the presence of these compounds in a mineral complex structure and
the impurities present, which was also observed by other investigators. Both
calcium oxide and calcium carbonate are suitable for desulphurization and in this
study attention was confined essentially to the calcium oxide phase. Sulphation with
calcium oxide was found to occur above B850°C with low carbon dioxide
concentrations, and results were obtained which did not show any blocking of pores
as a result of molar density differences. Calcium oxide conversions of the order of
10% to 15% were obtained after 120 minutes (on-line), which compared well with
some results in the literature. A shrinking core model incorporating an effective
diffusion coefficient accounting for the structural changes was found to be valid for

most experiments.
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CHAPTER 1
INTRODUCTION

1.1 General

Coal has traditionally dominated the energy supply sector in South Africa and its use
worldwide is also expected to increase. South Africa is the fifth largest coal
producer in the world and accounts for an average of 224 million tonnes of
marketable coal annually (Eskom, 2003). Twenty five percent of the coal produced
is exported and the remainder of South Africa’s coal production (including discards)
is used in the industrial, government and domestic sectors. The major coal
consumers in South Africa are the electricity generation company Eskom and the

coal — to - liquid fuels/chemicals company Sasol (Eskom, 2003).

One major problem is that the coal presently used in South Africa especially in the
future is of poor quality and the major environmental problem is the production of
pollutant flue gases during coal combustion and gasification. The coal reserves in
South Africa have a low heating value coal, high content of sulphur - containing
minerals (2 wt % sulphur} and a high content of ash {(up to 45 wt %) (Van der Riet,
2005).

Environmental concerns pose the main challenge to coal as a source of energy. Not
only does the buming of coal cause pollution, the mining activities to extract the coal
also have a severe impact on the environment. Flue gases from coal combustion
pollute the atmosphere and the associated ashes pollute the soil and water. The
chief pollutants are nitrogen oxides and sulphur oxides, particulate emission, and
green house gases such as carbon dioxide {CO.), methane (CH,) and water vapor.
The sulphur oxides (SO,) emissions from combustion systems have a significant
impact on the environment as it causes acid rain, which could damage the
ecosystem and human health (Ifan and Balci, 2002). Ancther negative effect of
coal utilization is the formation of photochemical smog as a result of formation of

nitrogen - based oxides (NO,) especially at high temperature.
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However, the implementation of measures to control the emission of sulphur dioxide
(S0;) is of vital importance. There are several options for accomplishing the clean
coal combustion such as integrated gasification combined cycle (IGCC), and
fluidized bed combustion (FBC) technologies that are particularly attractive because
of their flexibility and the associated environmental benefits (Chen et al, 2001,
Topper et al., 1994 and Partanen, 2004). FBC is an efficient technology for the
variety of fuels and the reduction of SO, emissions as it allows the emission control
during combustion (Partanen, 2004, and Zhangfa, 2003). Emission control inside
the fluidized bed, by injecting adsorbents such as limestone and dolomite in the

combustors is also advantageous from the perspective of cost (Partanen, 2004).

1.2 Maotivation

Eskom relies on coal - fired power plants to produce approximately 90 % of South
Africa’s electricity, using a relatively poor quality coal with high sulphur and ash
content as mentioned above. Eskom in conjunction with the Cenfre for Coal Studies
at the North - West University {Potchefstroom campus), has identified a need for
research concerning the reaction between sulphur dioxide and different dolomites as
used in their FBC pilot plant. The addition of limestone and dolomite to the bed is a
widely used method of controlling SO, emissions in the coal fired plants and
fluidised bed combustion of fuels containing sulphur compounds. Various calcium-
based systems for SO, removal are described in the literature (Yrjas et al., 1995,
Zevenhoven et al, 1986, 1998, Mattisson and Lyngfelt, 1998, Alvarez and
Gonzalez, 1999, Wang et al., 2002, Zhang et al., 2003, Adanez et. al., 2004, and
Mahesh et al., 2004), the focus being the effectiveness of SQ, removal.

Fiuidized bed combustion (FBC) can be carried out at atmospheric pressure and at
higher pressures at temperatures within the range 750°C to 950°C and with.
concentrations of carbon dioxide, which vary significantly within the fluidized bed.
This has a marked effect on the state of adsorbent present for sulphation (CaO or
CaCOs) and needs to be considered during the design stages of fluidized bed
combustors.
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Many studies have been confined to high pressure (Tullin and Ljungstrom, 1989, lisa
and Hupa, 1990, lisa, 1992, Fernouli and Lynn, 1995, Fuertes et al, 1995,
Zevenhoven et al., 1996,1998a and 1998b, Tadaaki et al., 2002, Trikkel and Kuusik,
2003), and high concentrations of carbon dioxide involving the sulphation of CaCOs;
while sulphation at atmospheric pressure with low concentrations of carbon dioxide
and at temperatures larger than 850°C, involving CaO, has not received as much
attention. It should be noted that CaQ is rather unstable (phase instability) at

elevated temperature as a result of sintering (Bogwardt et al., 1986).

1.3 Objectives of the study

An investigation was undertaken to determine the desulphurizing properties of
typical industrial-type dolomites used in fluidized bed coal combustion (FBC)
operating at atmospheric pressure with specific attention to the capture of sulphur
dioxide with calcium oxide. For this purpose the following was carried out:

~ The determination of the temperature and carbon dioxide concentration ranges at
which desulphurization with calcium oxide or calcium carbonate occurs.

» The determination of the adsorption performance of the dolomites under conditions
favouring sulphation of calcium oxide only.

» The evaluation of a suitable reaction rate model for the sulphation of calcium oxide

only based on the physical characteristics of the dolomites.

1.4 Scope of this dissertation.

In this study, the sulphur dioxide capture using industrial type dolomites from a
typical FBC mixture consisting of 2500 ppm SO, with CO,, O, and N, was
investigated. The physical properties of dolomites were determined using BET,
mercury porosimetry and scanning electron microscope measurements, and
reactivity determinations performed using a thermo gravimetric analyzer. Results
were obtained which show the characteristics and the reactive properties of two
different dolomites determined at FBC reaction conditions operating at atmospheric
pressure. The well - known shrinking core model with a modification to incorporate
the effect of structural changes (varying diffusivity) for prediction of the reaction was

evaluated and relevant parameters determined.
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An overview of the available literature, on sulphur dioxide capture by limestone and
dolomite is presented in Chapter 2. The review of desulphurization in the fluidized
bed combustion and the chemistry of sulphur dioxide reacting with calcium - based
adsorbents are discussed. Adsorbents for sulphur dioxide capture are reviewed with
respect to structural properties, advantages and disadvantages, the availability was
also considered. Reaction kinetics for desulphurization and different models that
have been used by different researchers are reviewed. An overview of the

experimental apparatus is also provided.

A derivation of the model evaluated with a description and assumpticns is given in
Chapter 3. A description of the experimental apparatus and methods used in this
study is given in Chapter 4 with a detailed discussion of the high-pressure thermo
gravimetric analyzer (TGA). Materials used are listed which are given in terms of

their origin and structural properties where applicable.

Chapter 5 presents the physical properties of the dolomites and the reaction results
conducted with the TGA as well as the results from the modelling. The results of

this study are also compared with the results obtained by other researchers.

Finally in Chapter 6 conclusions from the results are drawn and recommendations
are made based on the findings of the study.



CHAPTER 2
LITERATURE SURVEY

2.1 Introduction

This chapter presents a relevant literature review of FBC and of SO, capture with
calcium - based adsorbents as a means of coal combustion emissions control.
Section 2.2 presents an overview of desulphurization in FBC with an account of
materials used (adsorbents) in Section 2.3. Chemical and physical characteristics of
adsorbents used by other researchers are reviewed together with the chemical
reactions. Section 2.4 summarizes the desulphurization kinetics, and gives an
overview of possible models. Finally the equipment used for reactivity

measurements is discussed in Section 2.5.

2.2 Desulphurization in fluidized bed combustion

The use of low ranked coal woridwide (poor quality) has been challenging for the
design and construction of coal fired power plants. With poor quality coal, which
contain lot of sulphur compounds, and with the ever more stringent environmental
legislation, advanced technologies are required. There is a shift from pulverized
coal combustion to fluidized bed combustion and it is clear from the open literature
that fluidized bed combustion technology is a more efficient, economically and
environmentally sound combustion process for a wide variety of fuels (Partanen,
2004). Fluidized bed combustion technologies include atmospheric pressure
fluidized bed combustion (APFBC) and pressurized fluidized bed combustion
(PFBC) utilising both bubbling fluidized bed combustion (BFBC) and circulating
fluidized bed combustion (CFBC). Flue gas emissions in fluidized bed combustion
can be controlled by injecting adsorbents such as limestone and dolomite into the
bed, and the subsequent removal of ash together with reacted adsorbent (Zhangfa,
2003, Partanen, 2004).

When calcium based adsorbents (limestone and dolomite) are injected into the
furnace of APFBC, they decompose to give calcium oxide (CaOQ) (Zhangfa, 2003)
assuming perfect mixture, which reacts with SO, in the presence of oxygen to form a
solid product calcium sulphate (CaS0O,).
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In PFBC, calcium carbonate does not decompose owing to the high partial pressure
of carbon dioxide (CO;), and SO, is captured directly by CaCO:s.

Studies on industrial fluidized bed combustion desulphurization, have been
conducted by many investigators, and only some are listed in Table 2.1 which
include the publications of Fernadez and Lyngfelt, (2001), Stencel ef al, (1995)
Tadaaki et al., (2002) Hao and Bernard, (1998) and Wasi and Bernard,_(1995). The
details of the experiments are given in this table, which can be seen to be quite
different. This table shows the different conditions used operating with different

adsorbent together with different coals.

2.3 Adsorbents for sulphur dioxide capture

2.3.1 Materials

Calcium based adsorbents such as Limestone (CaCGQOs;), dolomite (CaMg(COs3),),
and lime (CaQ) are widely used. Calcium acetate synthesized from natural
limestone has also been used in situ for removal of sulphur (Zhang et af., 2003).
Another solid used for the removal of SO, in the fluidized bed combustion is sodium
carbonate (Na,CO;) (Wang et al., 2002). Due to availability and low costs,
limestone and dolomite have been most widely used for SO, capture in industriat
power plants and have been examined in detail by many researchers (Alvarez and
Gonzalez, 1999, Zevenhoven et al.,(1998 (a) and (b), Yrjas et al.,1995, Irfan and
Balei, 2002, Garcia et al., 2002, Tsutomu ef al., 2003).

2.3.2 Composition and physical characteristics

The chemical composition and structural properties of calcium based adsorbents
used in the flue gas desulphurization are of vital importance for the determination of
mechanisms involved in the calcination and sulphation processes taking place in
fluidized bed combustion. The presence of impurities such as iron oxides and
magnesium compounds can have an effect on the structural changes (Alvarez and
Gonzalez, 1999). They have reported that Fe oxides seem to catalyse sulphation

and the inert MgO in the adsorbent gives a more porous structure.
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Table 2.1: Summary of experimental fiuidized bed combustors examined by other investigators.

|

: |Capacity} [Temperature| S
: kwestlgator = (MW) Adsorbents - o (°C) | | S Fuel -_..3::. sk
oo T | | ) ...Dawmill Bituhwi.nous coal
FBC combustor N/A Limestone 850 (1.66 wt %S)
Bench scale reactor N/A Phospheric acid N/A Bituminous coal (3.24 wt % S)
CFFB 12 Sand, Limestone 850 Bituminous coal (1.1 wt % S)
PFB combustor 71 Limestone 827 - 862 B A coal (0.32 wt %S)
':MSFB, CFB combustors| N/A CaCQ,, Ca(OH), 750 - 850 Brown hard coal
CFBC system N/A Limestone N/A Coal (1.26 wt % S)
Calcium magnesium acetate (CMA)
PF Furnace 80 |(mixture of dolomitic lime and acetic acid)| 1100 - 1200| Bituminous coal (1.9 % S)
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Structural properties which include porosity, pore size distribution, particle size,
specific surface area, and particle density are key parameters for assessing the
reactivity properties of the adsorbents. These structural properties determine
essentially the relative importance of diffusion (porosity) and reaction (surface area)
within the adsorbents. The particle density can be measured using helium-
pycnometry, the internal surface area using a BET nitrogen adsorption method, and
particle porosity and pore size distribution using mercury penetration porosimetry
(Adanez et al., 1994, Zevenhoven ef af., 1998 (a), 1998 (b), Alvarez et al., 1999,).
Examples of limestones and dolomites examined by Yrjas et al, 1995 and
Zevenhoven et al,, 1998 (a) are given in Tables 2.2 and 2.3 which consists of the
respective chemical and structural properties. Chemical composition values given in
Table 2.2 showed a small difference, which resulted in insignificant difference in
their reactivity. With structural properties shown in Table 2.3, Stevns chalk’s specific
surface area was higher compared to the other adsorbents reported and it was also
observed that its reactivity was higher. Examples of other limestones and dolomites
studied can be seen in the publications of Ulerich et al., (1980), Irfan and Balci,
{2002), and Ozer et a/., (2002).
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Table 2.2: Chemical compositions (wt %) of adsorbents tested (Yrjas et a/.,1995)

Absarbents. - iC: Sioo A Fe M T Mg... [Ca. jCa0.. ]Mgo
Limestones

f:'iFaxg_i_Bryozo 11.9 0.21 0053 | 0056 | 0015 | 0006 | 026 | 394 | 551 | 0.43
2 Fé)’c’é’__Brypzo--t-

Fe .| 18 | 026 | 00s8 | 0406 | 0031 | 0012 | 019 | 392 | 548 | 0.31
3Fa>§ie}'§{6'ré|'... 119 0.11 0.021 | 0049 | 0.015 | 0.006 028 | 395 | 552 | 046

4 Faxe Koral+Fe | 119 | 0.10 | 0.026 | 0224 | 0023 | 0.006 | 029 | 39.3 | 550 | 048
5 Stevns Chalk | 119 | 017 | 0037 | 0.028 | 0008 | 0.006 | 017 | 395 | 552 | 0.29
Gignaberga | 109 | 389 | 0206 | 0154 | 0023 | 0036 | 033 | 356 | 498 | 055
7Forby | 113 | 160 | 0380 | 025 | 0008 | 0024 | 068 | 373 | 522 | 1.13
Carmeuse 170 | 246 | 0.704 | 0.182 | 0.008 | 0024 | 061 | 363 | 508 | 1.01
113 | 156 | 0672 | 0455 | 00156 | 0042 | 083 | 362 | 507 | 1.37
118 | 028 | <0.10 | 0.14 014 | 391 | 547 | 023
120 | 003 | 0035 | 002 042 | 388 | 543 | 0.70

12.9 0.04 0.048 0.035 0.00 0.012 12.9 221 309 | 214

13 Silkainen 747 011 105 | 166 | 232 | 174
ginia 126 0.10 116 | 24.2 | 339 | 192
119 | 180 | 036 | 033 | 002 95 | 242 | 338 | 158

94 0.33 75 | 19 | 265 | 124

12.1 032 121 1181 | 253 | 20
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Table 2.3: Chemical properties of limestones and dolomites (Zevenhoven et al.

1998(b))
CaCO3MgCO p"""‘_’“‘%- Specific surfaceiP
(wt %) Ywt %) (molm®) im¥g) . P
) .1 984 | 0.90 | 16842 2.25 0.178 1681 0.323
Faxe Bryozo/Fe | 979 | 065 | 23568 1.49 0.075 2416 0.251
Stevns Chalk 986 | 061 | 13273 463 0.324 1351 0.412
Ignaberga 889 | 115 | 15608 294 0.077 1762 0.209
Gotland 90.4 | 287 | 25095 3.74 0.063 2786 0.074
604 | 329 | 16385 093-2.85 [0.022-0.206| 2727-2214 0.112
474 | 260 | 13484 | 0.060-0.241 [0.010-0.162| 2855-2416 0.291

2.3.3 Chemistry

Equation (2.1) to (2.4) are the calcination reactions of adsorbent (Tullin and
Ljungstrom, 1989, Yrjas et al.,1995, Wang et a/. 2002, Cigdem et al., 2001).

CaCOsx; = CaOysy + COyy, (2.1)
MgCa(COs)ye) = CaOy) + MgOye, + COqg, (2.2)
Ca(OH)y; = CaOy, + ;0 (2.3)
2[NaHCO; Na,CO; 2H,0]s)= 3Na,COy) + COyg) + 5H,0,q, (2.4)

The sulphation reactions are given by equations (2.5) to (2.7). It is well known that
MgO does not react with SO; (Zevenhoven et al., 1998b)

CaO(s) +0.5 O2(g) +SOZ tg) = CaSOa,(S) (25)

10
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N32003(5) +0.5 Oz(g; +802(g) = N82804(5) + COQ(Q) (26)

CﬂCOg(E) +O.502(g) +SOz(g) = CaSO4(5) +COQ(g) (27)

2.3.4 Solid phase equilibrium

The calcination of calcium and magnesium carbonate is dependant on both
temperature and CO; partial pressure (Figure 5.9). Under atmospheric conditions
the calcination process occurs according to equations (2.1 and 2.2). At high -
pressure conditions, where the partial pressure of CQO, is relatively high the
calcination of CaCQO, does not occur whilst MgCO; calcines even at a high pressure.
A CaCQO; - CaO - CO; phase equilibrium diagram based on fundamental
thermodynamics has been published (Yrjas et af., 1995, Partanen, 2004) as well as
MgCO; — MgO — CQO; diagram (Fuertes et al., 1995). From these diagrams it can
be seen that at 850°C and a total pressure of 1 bar, calcination of CaCQ; occurs if
the partial pressure of CO; is below 0.5 bar. Whilst at a concentration of 20% CO;,
and a total pressure of 15 bar, CaCO, does not calcine below a temperature of

970°C with a corresponding value for MgCO; being 340°C.

2.4 Reactivity of adsorbents.

Solid gas reaction kinetics of SO, reaction with CaCO,/Ca0 is of great practical
importance in the design and optimization of desulphurization process and many
fundamental bench scale and laboratory studies, on the SO, reactions with
limesteone and dolomite have been conducted {Table 2.4). Such studies, have been
performed by Dam - Johansen and Ostergaard, (1991), Fuertes et al, (1995), Yrjas
et al., (1995), Zevenhoven et al., (1998) (a) and (b), Alvarez and Gonzalez, (1999),
and Wang et al., (2002).

Yrjas et al., (1995), studied the performance of sulphur adsorption capacities of

different limestones and dolomites under both atmospheric and pressurized

11



LITERATURE SURVEY CHAPTER 2
e ——————————————————————————————————————

combustion conditions. The results showed the SO, conversion rate was strongly
dependent on the type of the adsorbent. At temperature of 850°C and a pressure of
1.5 MPa and a reaction time of 120 minutes, the conversion varied between 7 and
83 % for the different adsorbents. The temperature effect under pressurized
combustion conditions was also studied. At higher temperature of 950°C,
significantly higher conversions were obtained for most adsorbents, and were
explained by an improved diffusion rate through the product layer. Direct sulphation
of CaCQ; to CaS0O, showed to be an effective desulphurization process in the
PFBC.

Further Zevenhoven et al., (1998b), used a pressurized thermo gravimetric analyzer
(P-TGA) to obtain a ranking of limestones and dolomites with known chemical
composition and structural properties, by relating reactivity to the chemical and
physical properties. The conclusion was that the sulphur capture properties of the
different adsorbents were sensitive to the changing structural properties occurring
during the desulphurization process. This is in agreement with the results obtained
by Alvarez and Gonzalez, (1999) and Dam - Johansen and Ostergaard, (1981) who

evaluated many other limestones and dalomites.

Wang ef al., (2002) used modified limestone to investigate the sulphation process. It
was concluded that modified limestone is more effective compared to natural
limestone. Cigdem et al., (2001) used soda ash (Na,CO;) as the adsorbent agent
for the SO, adsorption, a high conversion of Na,CO; to Na,S0O; was observed

compared to the conversion of Ca - based adsorbents.

Zhang ef al., (2003) used a drop tube furnace to study sulphur capture capacities on
sulphur removal. A high sulphur removal capacity was reported, resulting from the
calcium acetate used. The high specific surface area of the calcium acetate caused

a delay in the sintering process that occurs at higher temperatures of sulphation.

Fuertes et al., (1995), using two different reactors: a thermo gravimetric system and
a shock micro reactor studied the sulphation of dolomite particles at high CO, partial

pressures, different temperature and with different particle size. Two reaction
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stages were observed with a rapid reaction rate observed at the beginning of the
reaction, which slowed down as the reaction continued. They reported the presence

of diffusional effects, which are dependant on the particle size.

2.4.1 Reaction rate models

The modelling of the overall reaction involving desuphurization has received
extensive attention by many investigators in order to elucidate the many

mechanisms involved.

Various models have been evaluated to describe the sulphation of limestone and
dolomite. These include the random pore model (Bhatia and Perimutter, 1980), the
grain model (Hartman and Coughlin, 1976; Borgwardt et af., 1987}, partially sintered
grain model (Linder and Simonsson, 1981), pore plugging mode! (Simons and
Garman, 1986) and the grain-micrograin model (Dam - Johansen et al, 1991).
Many models are concerned with the gradual change of the physical structure as the
product layer develops in the porous structure. A number of sulphur capture
models, have been proposed by Lyngfelt and Leckner, (1999) based on similar basic
assumptions. Publications describing the unreacted shrinking core (USC) model

with modifications are numerous and some are discussed as follows

Alvarez and Gonzalez, (1999) using the USC mcdel reporied that the reaction
kinetics is controlled by both chemical reaction and product layer diffusion. The
activation energy of 87.2 kJ/mol was reported, and the effective diffusivity varied
between 4x10° and 9x10™° cm?s. A satisfactory result was obtained when the
term expressing the product layer diffusion coefficient as a function of conversion

was introduced.

Zevenhoven et af, (1998a and 1998b) used the USC model and came to the
conclusion that the conventional USC modelling does not allow for the explanation
of the differences in the conversion of chemically similar but physically different
limestione and dolomite. An alternative model termed unreacted shrinking core
model with variable effective diffusivity (USC — VED) was developed, including the

structural parameters of the adsorbent. The results showed that the variable

13
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effective diffusivity leads directly to a conversion dependent on the Thiele modulus,
with a shift with regard to the rate determining mechanism. The apparent activation
energy for the chemicat reaction was found to be 79.9 kJ/mol and the product layer
diffusivity of the order of 10° (m?s).

Trikkel and Kuusik, (2003), applied the USC - VED model, and reaction rate
constants of 2.6 x 10™ to 6.8 m/s, product layer diffusion in the range of 3.26x 107" to
8.3x10° m?/s were reported. At atmospheric pressure the assumption was made
that chemical kinetics initially controlled the rate followed by intra particle diffusion.
However, at a high pressure chemical kinetics and diffusion control mechanisms

occurred during the initial stages of the reaction.

2.5 Experimental equipment

The most used labaoratory reactor for desulphurization studies is the TGA with fewer
studies invoiving the drop tube furnace and laboratory scale fluidized beds (Table
2.4). Comparisons of the results obtained from different laboratory reactors were
reported (Dam - Johansen and Ostergaard, 1991; Yrjas et a/, 1995) and it was
deduced that results from a TGA are suitable for evaluating the performance of
adsorbents with respect to chemical kinetics (intrinsic) and particle diffusion for FBC
development. The main disadvantage of the TGA is that because of the low gas
conversion per pass, it is not possible to assess the gas product composition

accurately.

14
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Table 2.4: Experimental conditions used by other investigators in laboratory studies on the adsorption of SO, with Ca-based adsorbents.

A g SO; ' | Temperature | Pressure |  Experimental -
Vet | PereSize(um) lomoom|  €0) | e | Apparats
“ [ Limestone, Dolomite | 200-400 | 3000 | 850-950 | P-TGA
Limestone, Na,CO, 314 3000 900 TGA
7] Ca(OH), derived Ca0 300 TG-DTA
Limestone, Dolomite 250 - 300 3000 850 - 950 15 P-TGA
re Limestone, Dolomite | 100 -200, 500 - 595 | 5000 800-925 | 12&15 P-TGA
- Limestone P-TGA
~ Chiung et al., Ca(OH), /ily ash 1000 60 1 TGA
" Mahesh ot ., (2004) Limestone 3000 700 1 TGA
T K sik (2003) . Limestone 120 - 160 5000 850 1&15 TGA
g ng bal., (2{303} Limestone 1100 - 1400 Drop Tube Furnace

15



CHAPTER 3
MODELS EVALUATED

3.1 Introduction

This chapter gives the description and detailed derivation of the models used in this
study. From the kinetic models reported in Section 2.4.1, the unreacted shrinking
core model was selected to describe the experimental results. The kinetics of
conversion is described both in terms of reaction kinetics and diffusion. Section 3.2

gives a description and the equations of the model.

3.2 Models evaluated

The basic particle model that is used in this study is the unreacted shrinking core
(USC) model, which is extended to the unreacted shrinking core model with variable
effective diffusivity (USC - VED). Both models are presented in sections 3.2.2 and

3.2.3, and are similar to the models presented by Zevenhoven et al., (1298b}.
3.2.2 Unreacted shrinking core model

3.2.2.1 Description

The USC model assumes that, each particle is considered to be spherical and that it
maintains this form during reaction. There exist a sharp interface separating solid
products and reactants in the particle. The reactive gas diffuses into the layer of
products up to the interface and then reacts. During reaction, the interface moves
towards the centre of the particie keeping its initial form. The porosity of the particle
as well as the number of pores remains constant during reaction. The structural
change of the particle due to chemical reaction results only in the expansion or

shrinking of the particle. In the particle, gas diffuses in the radial direction.
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3.2.2.2 Derivation of equations

The USC conversion - time madel equations for the combination of reaction kinetics
and intra - particle diffusion gives the following relation between time and overall
conversion, involving surface reaction and diffusion through the product layer

{combine rate controlling mechanisms)(Carberry, 1976).

t=7, F (X} +1,F (X) (3.1)

With the functions F,(X )and F,(X)defined as:

F.(X)=1-(01-X)"" (3.2)

Z-(1+zZx -Xx)"°
Z-1

Fo(x)=3( ~1-Xx)y") (3.3)

in which Z is the ratio of molar volumes of product and reactant. If first order kinetics

in 8O, is assumed, 7, and r,, are given by:

2

R
TD - P. pmm‘ (34)
6DL,ﬁ <,
and:
R
T, = Bp, Pmot (3.5)
k.o,

The USC - model described above is a useful tool in the description of gas - solid
reactions, but is limited to processes where the ratio of reaction rate to diffusion rate
does not change with conversion. This is, however, not the case in reactions where

the internal structure changes, e.g. in the sulphation of CaO.
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Therefore, Zevenhoven et al., (1998b) and Zevenhoven et al., (1996) refined the
USC - model to the USC - VED model, which is presented in the next section. A
similar approach of combining pore diffusion and solid - state (product) diffusion in a
single diffusion coefficient, has also been used by Fernouli and Lynn, (1995), for the

sulphation of limestone.

3.2.3 Unreacted shrinking core model with variable effective diffusivity

3.2.3.1 Description

The unreacted shrinking core model with variable effective diffusivity model (USC —
VED model), implicitly accounts for changes in the internal structure of the
adsorbent particles during conversion. These changes can cause the ratio of the
reaction kinetics to diffusion rate, hence the Thiele modulus, to change with
conversion. The most important derivations and equations are given in Section
3.2.3.2 and are based on the results published by Zevenhoven et al, (1998b) for

calcium carbonate sulphation.

3.2.3.2 Derivation of equations

The effective diffusivity ( D, ) accounts for all diffusion effects inside the particle. In

the case of the sulphation of CaO, the two most important transport resistances are
(i) diffusion in the pores and (ii) diffusion through the product layer (Zevenhoven et
al., (1998b). From a mechanistic view, these resistances can be modelled in series,

which will result in the following equation.

D

etf ol P

The volume fractions of the product layer (V). pores (g) and unreacted material (V)

can be calculated with equations. 3.7 - 3.9 respectively:

v, =(-¢,)xz (3.7)
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e=g, —(1-g, Xz -1)X (3. 8)
V,=(l-g XZ-1)X =1-¥, -V, (3. 9)

The diffusion in the pores of the particle can be expressed in terms of the molecular

diffusion coefficient (D, ) and the Knudsen diffusion coefficient (D, ) inside a

m

porous structure with porosity (£ } and tortuosity (7 ) according to:

S (3.10)

2 [8RT
D =2y |/ 311
& 3 r ﬂ! ( )

and D, is calculated via the semi-empirical relation of Fuller et af., (1966):

1077 Mm

D, = = 3.12
SCGETD o

The effective diffusion coefficient in the pores, in the absence of a product layer

resistance, can be expressed as (Neomagus et ai., 2000)

D, = ot (3.13)

If a product layer is formed, the conversion dependant effective diffusion coefficient

can be derived from equations. 3.6 to 3.13 as:
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g, +{l-¢€)X 1+ AX
D X — > o — il
e,fi( ) L+Z(]L80)X eff 0 1+ BY (314)
D, DN
Where A and B are given by:
- l-¢,)Z2D, AD_, Z
4=17% , Bz( 5,)2D, = e (3.15)
g, 3Dp, DPI

Since initially (at t = 0} no product layer has formed, D« can be described as:

D, ,=%p" (3.16)
o=

I

The USC - VED can now be described similar to Equation 3.1, and will be used in

the analysis of the experimental results.

1+ BX
fZTRFR(X)+TD.umF[)(X) (317)

in this equation, 7, and B are the onfy unknown parameters and can be regressed
using the experimental results. The regressed value of r, will give the reaction
kinetic constant %, and B will result in a numerical value of the diffusion coefficient
in the product layer, D, . From these values, the conversion dependent Thiele

modulus ¢(.X )can now be calculated according to:

PXY: =

Xy R k. Rk
(X)) _ R, kR, (1+BX):TDAD(1+BX) (3.18)

ry 6D, (X) 6D, \1+AX 1+ AX
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CHAPTER 4
EXPERIMENTAL

4.1 Introduction

A description of the experimental apparatus, experimental methods and materials
used in this study are given in this chapter. Section 4.2 gives an outline of the
experimental lay — out with a detail description in Section 4.2.1 of the high-pressure
thermo gravimetric analyzer (HP-TGA) used. The materials used in this
investigation are described in Section 4.3 with a brief description of the methods
used to characterize the adsorbents provided in Section 4.3.1. Other materials such
as gases are also described in Section 4.3.2 and experimental conditions and

procedure are discussed in Section 4.4.
4.2 Experimental Apparatus

The experimental apparatus used for this study is a thermo gravimetric analyzer
(TGA) to obtain the reactivity performance of different adsorbents. The experimental
flow sheet consists of the following key compaonents, furnace, gas supply,
microbalance, data acquisition, pressure control and the TGA (Figure 4.1). The
microbalance, which is mounted on top of the reactor provides the measurement of
the mass change, which the sample in the TGA undergoes. A typical gas supply
network is shown in Figure 4.1, which is used to supply reaction gases and to
control the flow rates using very accurate mass flow controllers (Brooks type). The
pressure in the TGA is accurately controlled with the necessary control valves and

the experimental results are logged by means of an on - line computer system.

4.2.1 Description of TGA

The TGA used in this work is a Berggbau - Forshung GMBH, 1987 mode! supplied
by Deutsche Montan Technology, DMT, Germany (Figure 4.1). The microbalance is

housed in the reactor chamber and is protected from any corrosive reacting gases

with an inert gas purge. The sample holder (basket) shown in
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Figure 4.2, which is suspended from the microbalance with a stainless steel chain,

has a cylindrical shape, with the samples packed evenly between an inner stem and

an outer gauze. The basket is made of stainless steel and the sieve of platinum and

is capable of being loaded with solid particles with a maximum diameter of 5mm and

a total mass of 800 mg

Microbalance
] Data
! [_ acquisition
Gas mixer v
Sample -—-—&
lock
V-1
Pressure V-2
control valve
6
Reactor
§ o [N

Bypass

Figure 4.1: Schematic diagram for the experimental lay out.

Figure 4.2: Sample holder.
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The reactor pressure vessel is made of stainless steel and is designed to be
operated at a maximum temperature of 1100°C at a pressure of 100 bar. A
thermocaouple (J type) is placed a few millimetres beneath the sample holder to
record the reaction temperature (with an accuracy of + 2°C), which is controlled with
a temperature coniroller. The temperature controller is capable of generating a
linear heating rate of up to 100°C/min. A sample lock between the balance and
reactor is provided, which is eguipped with an electrical driven winch system
allowing lowering and lifting of the sample basket. A photograph of the TGA is given
by in Figure 4.3.

4.3 Materials

4.3.1 Adsorbents

The adsorbents (dolomite A and dolomite B) used in this study originated from a
South African dolomite mine and were supplied by Eskom, which are aiso used by
their research division concerning the development of FBC. These samples were
screened to a particle size of 214 — 300 gm and were used for all characterization
and reactivity measurements. Structural properties such as density, specific surface
area, pore volume and images (meaningful) of the adsorbents were considered
important properties for this study and were measured using the equipment and

methods described as follows:
Chemical Composition:
The chemical (elemental) composition analysis of dolomite samples were carried out

by Mintek (Johannesburg, South Africa) using inductive coupled plasma optic
emission spectrometer (ICPOES).

23
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Figure 4.3: Thermo gravimetric Analyzer

A - mass flow controllers
B - mass balance
C - reactor
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Structural Properties:

The following instruments available on campus were used:

(1) Micromeritis ASAP 2010 Analyzer

The specific surface area was measured using a Micromeritis ASAP 2010 Analyzer.
With a BET adsorption technique, the pores were characterized by adsorbing
nitrogen, at liquid nitrogen temperature (-196°C). The method is used for the
determination of pore diameter range of 0.0004 — 0.5 um (Stanely - Wood and

Lines, 1992). With this method using nitrogen, it is possible to calculate the meso -
pore size distribution (2 — 50 nm) and te determine the micro - pore volume (<2 nm)
only. In the context of adsorption, it is useful to classify porous solids in terms of
their pore widths with micro - porous solid with pores of widths <2 nm, meso -
porous solid with pore widths in the range of 2 - 50 nm, and macro - porous with

pores width >50 nm.

(2) Micromeritis AutoPore Analyzer Il

The porosity was measured using a Micromeritis AutoPore Analyzer lll. The
mercury intrusion technique involves filling the pores with mercury under pressure.
The pressure applied being a function of the pore entrance diameter and the volume
of the mercury intruded being taken as representing the volume of the pore of that
diameter. The method is suitable for materials with pores in the approximate
diameter range of 0.003 — 400 u m (Stanely - Wood and Lines, 1992).

(3} Helium Pycnometer

The density of the particles was measured using a helium pycnometer
(quantachrome). The sample was placed in the sample chamber of a helium
pycnometer, and the particle bulk density was determined from the volume of voids
within the particles
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{4) Scanning Electron Microscope (SEM).

The scanning electron microscopy (FEI quanta 200) was used to obtain images of
the morphology of the dolomite surfaces (Allen, 1990). In SEM a fine beam of
electrons of medium energy (5 — 50kV) is caused to scan across the sample in a
series of parallel tracks. These electrons interact with the sample producing
secondary electron emission (SEE), back - scattered electrons (BSE), light or
cathodoluminescence and X — rays. Each of these signals can be detected and
displayed on the screen of a cathode ray tube like a television picture Final results

are generally presented in photographic form.

4.3.2 Gases

The gases used in this study are pure nitrogen and carbon dioxide and two different

sulphur dioxide mixtures. Nitrogen was used as the inert gas.

The specifications of different gases used are as follows:

Nitrogen High purity > (99.99%)

Carbon dioxide High purity > (99.99%)

Sulphur dioxide mixtures (i) 3000 ppm SO,, 20% CO,, 4% O,, balance N,
{ii) 3000 ppm SO,, 8% CO,, 8%Q0,, balance N,.

All these gases, were supplied by Afrox (Johannesburg)

4.4 Experimental Procedure

All experiments were carried out at atmospheric pressure (0.875 bar) following
calcination with pure nitrogen with gas mixtures that were prepared on - line from
different calibrated mixtures contained in bottles linked to the a manifold system.
The mass of sample in the sample basket was + 500 mg and the total gas flow rate
through the dolomite samples was 1000 ml/min sufficient to ensure the absence of
mass transfer resistance to the particle surface (film diffusion). The operation of the
TGA is considered to be equivalent to a differential reactor. Each experiment
consisted of (1) an initial heating period with flowing nitrogen with the basket

suspended above the furnace (cold) (2) calcination following lowering of sample
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basket into the hot furnace with flowing nitrogen, and (3) reaction following switch
over from nitrogen to the desired gas mixture. The mass of the sample was
recorded continuously during all the stages. A list of the experiments performed is
given in Chapter 5 (Table 5.3), which were carried out under conditions very similar
to FBC conditions. Many experiments were repeated to confirm reproducibility and it
was found that the error associated with the final results {mass) were within 5%.
Results consisting of fractional mass increase and percentage conversion of CaO to
CaSO0, are presented with the latter calculated according to equation 4.1 (Irfan and
Balci, 2002)

_ (Mz _Mo)/Mmsol
(xcaoMa )/MmCaO

(4.1}

M, is the mass of sample after calcination, M, is the mass of sample at any time ,
Xcao 18 the mass fraction of CaO in the sample after calcination , Mmg, and

Mm_, are molecular mass of SO; and CaO respectively.
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CHAPTER 5
RESULTS AND DISCUSSION

5.1 Introduction

This chapter presents the results obtained in this study consisting of
characterization, reactivity measurements and modelling (Everson ef al, 2005).
Section 5.2 gives the results of the characterization of adsorbents used, which are
referred to as dolomite A and dolomite B. Sulphation and recarbonation results with
CaO are discussed in Section 5.3. Section 5.4 gives modelling results using
unreacted shrinking core model with and without a variable effective diffusion
coefficient, as a result of molar density changes, to describe the reaction kinetics of
S0O; reaction with CaO.

5.2 Characterization

Chemical and physical properties of dolomite A and dolomite B were characterized
to get a better understanding regarding of espedcially structural effects which have an
effect on the reaction characteristics and on the mechanisms describing the model.
The characterization and experimental procedures are discussed in Chapter 4 and

details of the modelling in Chapter 3.

5.2.1 Elemental analysis of original adsorbents

The elemental analysis results of dolomite A and dolomite B tested are shown in
Table 5.1. With regard to the calcium and magnesium oxide (equivalent) it can be
seen that there is a significant difference, with dolomite A having a CaO/MgQ ratio of
4.05 and dolomite B having an equivalent ratio of 1.47. The presence of magnesium
oxide can only have a structural effect since it does not react with SO, at FBC
conditions (Zevenhoven et al., 1998(b), Alvarez and Gonzalez, 1999). Both
dolomite A and B were found to have a higher concentrations of manganese, iron
and silicon (however small) when compared with most limestones and dolomites
used by Yrjas et a/., (1995).
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Table 5.1: Elemental analysis of dolomite A and dolomite B (wt.%)

11,2 2.84 0.32 1.56 0.3 <0.05 | 5.58 26.9 37.7 9.3 67.3 19.5

128 1843 | =005 .59 0.5 0.05 115 20.2 28.3 19.2 50.5 40.3

a - calculated from elemental analysis

5.2.2 Structural analysis

Adsorption isotherms obtained from BET measurements using nitrogen are shown
for both dolomites in Figure 5.1. These results are characteristic of adsorption
isotherms Class | and Class IV according to the classification given by Gregg and
Sing, (1982) which indicate that both dolomites consists of micro - and meso —
pores. The porosities reported include the meso - and macro pores only as

determined by mercury intrusion.

4 4
3.5 ——— — 185

o G o
8 3 | —&—Dolomite A ORI i Nkl 3 8
§ —a— Dolomite B | ,§
352.5 e 25 2 i
EH ED
% S BESS . RSB (=) % 4
22 22
< 6 15+ 1.5m &
= 2
§ 1 1 5
Q 0.5 0.5 8

0 0

0 1 0.4 0.6 0.8 1 1.2
Relative Pressure

Figure 5.1: BET — isotherms
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The most important structural parameters from the BET analysis, the mercury
prorosimetry, and the helium pycnometer are given in Table 5.2. The BET surface
area and pore volume of dolomite A are higher compared to dolomite B and the BET
surface areas of both samples are slightly lower than that reported for many
limestones and dolomites examined in the literature while the pore diameters are

larger (Zevenhoven et al., 1998b).

Table 5.2: Structural properties of dolomite A and dolomite B

a — obtained from helium pycnometer (bulk density)
b - obtained from BET

¢ — obtained from mercury intrusion

5.2.3 SEM micrographs

Scanning electron microscope micrographs were determined to investigate any
surface structural changes of the adsorbents as a result of calcination and reaction
and results are shown in Figure 5.2. Results of the original adsorbents and the
corresponding adsorbents after sulphation (and recarbonation) reactions at 750°C
and 950°C with 25% CO; are shown. These SEM micrographs show that surface
thermal cracks developed as a result of the thermal treatment (thermal shock) have
increased with temperature and they only appear on the surface (limitations of
measurements). This behaviour is difficult to model and was not attempted in this
investigation. The results presented also include the effects of phase changes
(CaCO;, Cal and CaSO0y) resulting in narrowing of pores, which is not visible with
the magnification used.
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Figure .2a. Original dolmte A Figure.2b: Original dolomite B

Figure 5.2c: Dolomite A at 750°C Figure 5.2d: Dolomite B at 750°C

Fiure 5.2e: Dolomite A at 950°C Figure 5.2f: Dolomite B at 950°C

Figure 5.2: SEM micrographs of dolomites A and B before and after reaction at
750°C and 950°C.

31



RESULTS AND DISCUSSION CHAPTER 5
Sttt —————————

5.3 Experimental reactivity results

5.3.1 Introduction

SO, capture with CaO under atmospheric pressure was the main objective of this
study and for this purpose experimental conditions were initially determined to
ensure that no recarbonation of CaO to CaCO; occurred. This result was also
compared with theoretical results for pure calcium compounds In order to
demonstrate the effect of the mineral form of the reactive calcium carbonate/oxide.
Experimental evaluation of the different dolomites, were then performed at
conditions favouring the presence of CaO only. All experiments involved an initial
calcination period and typical thermo gravimetric results showing calcination and
sulphation and/of recarbonation are shown in Section 5.3.2. Recarbonation
(absence of sulphation) resuits are given in Section 5.3.3, simultaneous
recarbonation and sulphation in Section 5.3.4 and finally sulphation results in
Section 5.3.5.

A list of the successful experiments conducted from which resutts were derived and
reported in this dissertation are shown in Table 5.3 which can be summarized as
follows:

(1) Alt sulphation/recarbonation experiments were done at atmospheric
pressure (0.875 bar) with 2500 ppm SO, in CO,, O, and N, mixtures at
temperatures between 750°C and 950°C.

(2) Recarbonation experiments were done with CO./N; mixtures at
temperatures between 750°C and 950°C also at atmospheric pressure
(0.875 bar).
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Tabie 5.3: Experiments conducted

CHAPTER 5

Experiment Temp, CO; partial _
Number Adsorbent (°c) CO: (%) | pressure (bar). S0, (ppm}
' !
| 1
OA1 Dolomite A “ 750 ( 14 0.12 } 2500
0A2 Dolomite A | 750 25 1 0.22 \ 2500
- ‘L( T T —
OA3 Dolomite A | 850 L 8 T 0.07 J 2500
OA4 Dolomite A | 900 i 8 0.07 & 2500
OAS Dolamite A _} 950 T 8 0.07 ‘ 2500
OA6 Dolomite A | 950 4 | o012 | 2500 !
p— P
OA7 Dolomite A 950 25 ! 0.22 2500 l
OA8 - Dolomite A 750 8 ‘ 0.07 0.0 l
. -
0A9 Dolomite A 950 | 25 0.22 \ 0.0 J
P
OA10 Dolomite A 750 8 0.07 0.0 E
OA11 Dolomite A [ 800 8 0.07 0.0 |
OA12 Dolomite A 850 8 0.07 0.0 'l
0OAl13 Dalomite A 900 8 0.07 l 0.0
- OA14 Dolomite A | 950 8 0.07 0.0
—]
oB1 Dolomite B | 750 I 0.12 2500 \
|
0B2 Dolomite B 750 25 0.22 2500
_ 1™ | |
083 Dolomite B ( 850 | 8 0.07 2500
oB4 Dolomite B | 900 T 8 0.07 2500
OBS Dolomite B 950 L 8 0.07 2500
S
0B6 Doiomite B 950 l 14 | 0.12 2500
OB7 Dolomite B 950 25 l 0.22 2500
088 Dolomite B 750 8 | oo 0.0
oBa Dolomite B 850 25 0.22 0.0
0B10 Dolomite B 750 8 0.07 0.0
oB1 Dolomite B 800 8 | 0.07 0.0
OB12 Dalomite B 850 8 \ 0.07 0.0
OBR13 Dolomite B 900 8 L 0.07 B 0.0
OB14 Dolomite B 950 8 ( 0.07 \ 00
| N

33



RESULTS AND DISCUSSION CHAPTER 5
g et ————————————————— e ——

5.3.2 TGA results

Typical thermo gravimetric results are shown in Figures 5.3 and 5.4 for dolomite A at
750°C with a mixture consisting of 2500 ppm SO,, 25 % CO;, 6.8 % O,, and balance
N: and at 950°C with a mixture consisting of 2500 ppm SO,, 8 % CO,, 6.8 % O,,
and balance N, respectively. The procedure consisted of calcination with pure
nitrogen at the chosen temperature and the introduction of the reaction mixture after
a constant mass was obtained during the calcination. The initial calcination period is
characterized by a decreasing mass to a constant value and then followed by an
increase in mass resulting from reaction involving recarbonation and sulphation
(Figure 5.3) or sufphation only (Figure 5.4).

600
Switch over
N
400
o
- \
n 300 - —
é Recarbc_mation &
200 | Suiohation
Calcination
100
0 ' | -T dolomite 1:\ at 750C |
0 100 200 300 400 500 600
Yime {min)

Figure 5.3: Calcination, recarbonation and sulphation at 750°C with 25 % CO.,.
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Figure 5.4; Calcination and sulphation at 950°C with 8 % CO..

5.3.3 Transition of CaO to CaCO;

The determination of the region (temperature and CO, concentrations) for the
preservation of the CaO phase (after calcination) during sulphation in the presence
of CO; can be ascertained from a phase equilibrium diagram. However these
results are for pure calcium compounds and needs io be checked for naturally
occurring dolomites containing calcium in different mineralogical forms.
Consequently, experiments with CO,/N, mixtures only were carried out to determine
conditions such that sulphation experiments with CaO occurred only, that is without
recarbonation of the CaO. It should however be noted that CaCO; is also a good
adsorbent for desulphurization.

Two sets of experiments with mixtures of 25% and 8% CO, with nitrogen are
reported over a range of temperatures from 750°C to 950°C, which correspond to
FBC conditions. These results were obtained following an initial calcination period
with pure nitrogen at the reaction temperature. The results at the high concentration
of CO, (25%) are shown in Figures 5.5 and 5.6 and for the lower concentration (8%)
in Figures 5.7 and 5.8 for the two dolomites samples respectively.
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The figures consist of plots of the fraction AM/Mp versus time with AM the increase
in mass and Mg the mass after calcination. The conditions examined are also
shown on the equilibrium diagram in Figure 5.9, which was calculated according to
the procedure given in Appendix A. For the experiments with the 25% CQ, mixture
there was a large increase in mass at the lowest temperature of 750°C due to
recarbonation to CaCO; and which is in agreement with the phase equilibrium
calculation. At 950°C (far from the transition point) a very small increase in mass
was observed (< 3%) which could be due to physical adsorption of CO, (high
congentration) on the dolomite surface or some other unknown reactions occurring,
but confirmation would require a more detailed study which was beyond the scope of
this study (Yong and Rodrigues, 2002). The fractional mass change of the
dolomites at 950°C is slightly larger for dolomite A when compare with doiomite B.

This effect is also within the experimental error of the measurements.

For experiments with the 8% CO, mixture negligible mass increases were observed,
that is no recarbonation, for experiments carried at 850°C, 900°C and 950°C which
is in accordance with theory, whereas at 750°C and 800°C (close to transition point)
significant recarbonation was observed (see Figure 5.9). The latter result (800°C)is
a significant deviation from the theoretical result, which can be attributed to a
mineral matrix effect. Deviations of this nature, have also been reported by other
investigators (Tullin and Ljungstrom, 1989; Fuertes, et al., 1995; Borgwardt, 1970).

From this study it is clear that sulphation of CaO in the dolomites examined occurs
at conditions above the equilibrium transition temperature and below the equilibrium
transition partial pressure and that for mixtures with low concentrations of CO,, less
than 8%, operating temperatures above 850°C will ensure the absence of
recarbonation during the sulphation of CaO. This latter region was used to
determine a reaction rate model for sulphation of CaO.
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Figure 5.5: Recarbonation of dolomite A at 750°C and 950°C with 25 % CO.,
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Figure 5.6: Recarbonation of dolomite B at 750°C and 950°C with 25 % CO,
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CHAPTER 5

Figure 5.7: Recarbonation of dolomite A at different temperatures, with 8 % CO,
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Figure 5.8: Recarbonation of dolomite B at different temperatures, with 8 % CO,
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Figure 5.9: Thermodynamic equilibrium diagram .

5.3.4 Simultaneous sulphation and recarbonation

A comparison of recarbonation results as performed in the previous section with
results involving both recarbonation and sulphation following calcination with
nitrogen only, are shown in order to illustrate the effect of simultaneous formation of
CaCO; under conditions favouring transformation of CaO. For the recarbonation
experiment, a gas mixture of 25% CO. in nitrogen is used and for the recarbonation
with sulphation experiments a gas mixture consisting of 2500 ppm SO,, 25 % CO,,
6.8 % O,, and balance N, was used. Results from experiments that were carried out
at 750°C following calcination with nitrogen at the same temperature are shown in
Figure 5.10. It can be noticed that the reaction rates are initially very fast and
similar, and are followed by a period with different reaction rates showing the effect
of the presence of SO..

The chemical reactions occurring during the recarbonation and sulphation

experiments are the following (lisa, 1992).

1. Recarbonation of CaO
Ca0 + CO, = CaCoO; Reaction (1)

2. Sulphation of CaCOQ;
CaCO; + 0.50, + SO, =CaS0O, + CO; Reaction (2)
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3. Sulphation of CaO
CaO +0.50,+S0O, = CaSO, Reaction (3)

From the results obtained it is clear that reaction (1) is very fast and that it is
possible that the contribution of reaction (3) to the overall sulphation is very small
(lisa, 1992). Since the relative amounts of different solid phases were not measured
and because of many reactions participating, calculation of the sulphation reaction
rate over CaO (alone) or CaCO; would be complex and not necessary since simpler
methods are available. The capture of SO, with CaCO; (reaction (2)) in FBC (at
high pressures) would not involve an initial calcination (starting with uncalcined
dolomite) and thus no recarbonation, which is a much simpler process and has been
investigated extensively by many researchers (lisa, 1992; Zevenhoven et al., 1998b;
Tullin and Ljungstrom, 1989; lisa and Hupa, 1990), while the capture with CaO could
be carried out at higher temperatures at atmospheric pressures with no
recarbonation (Ghardashkhani and Cooper, 1990; O’'Neill et al, 1976; Borgwardt,
1970). Research concerning the simultaneous occurrence of recarbonation and
sulphation was undertaken by Tullin and Ljungstrom, (1989) and lisa et al., (1991))
who reported results involving measurement of the solid phases during the duration
of the reaction. The results obtained from this study are in accordance with the

results reported by these investigators.
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recarbonation)
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Figure: 5.10: Sulphation and recarbonation of dolomites A and B at 750°C
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5.3.5 Sulphation

The objective of this section is to present sulphation reaction results involving CaO
with a mixture consisting of 2500 ppm SO,, 8 % CQO,, 6.8 % O,, and balance N, at
850°C, 900°C and 950°C, which are similar to atmospheric pressure FBC conditions.
The results are shown in Figures 5.11 and 5.12 for the two dolomites respectively.
Experiments were conducted over much longer periods of time (500 minutes) than
most results reported in the literature (<120 minutes) in order to establish whether
any blocking (plugging) of pores occurred as a result of the molar volume increase
resulting from the conversion of CaO to CaS0,. All the results for dolomite A show
a steady smooth increase over this period while the results for dolomite B at 850°C
and 900°C have a slight break indicating some unusual change in the structure at
nearly the same conversion (£18%). There appears to be no evidence of any
extensive plugging during the reaction periods used for the two dolomites. Many
results reported in the literature appear to reach a plateau after about 10 minutes
and longer indicating a distinct closure of pores (lisa and Hupa, 1990;Yrjas et al.,
1895; O'Neill et al., 1976).

The initial reaction rates and conversions for the dolomites are very similar (< 20
minutes) with a difference evident at higher conversions as a result of essentially
different structures developing, dependant on the composition and initial structural
properties of the dolomites (Figure 5.13). Dolomite B (with a higher proportion of
magnesium oxide) is slightly more active at corresponding temperatures for times
less than =300 minutes. The effect of magnesium oxide and impurities such as the
iron oxides requires a more detailed study (with more samples) before any
meaningful conciusions can be made. It was ailso found that the rate of sulphation

was much slower than for recarbonation as reported above (Tullin and Ljungstrom,
1989).

The conversion levels attained after 120 minutes vary between 10% and 15% for the
dolomites examined and are similar, except for the absence of a plateau, to results
reported by Yrjas et al, (1995) and lisa and Hupa (1990). These researchers
reported results for many limestones and dolomites at 1 bar pressure using a similar

gas composition and some results at a temperature of 850°C showed a conversion
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of just over 10%. There are however many limestones and dolomites reported in the
literature that perform much better at atmospheric pressure, but insufficient
characterization results are available in order to draw meaningful conclusions
(Borgwardt, 1970; Ghardashkhani and Cooper, 1990; lisa and Hupa, 1990; Yrjas et
al. 1995; O'Neill et al. 1976). The conversion levels obtained with CaQ are generally
lower than for CaCO; with the latter occurring at higher pressures (Zevenhoven et
al. [ 1998b). The results obtained in this study show that the reactivity characteristics
of the dolomites are such that even after a long period of time (500 minutes) the
sulphation rates are still significant which is indicative of the existence of open pores
and that CaD conversions of 23% to nearly 40% (Figure 5.13) are obtained after

500 minutes of exposure.

It is clear from this study and from results in the literature that many variables affect
the overall capture properties of the dolomites which include (1} structural properties
such as particle size, porosity and pore structure dependant on dolomite mineral
composition and the calcination conditions (Dam Johansen 1991, Yrjas ef al., 1995
and Irfan and Balci, 2002), (2) reaction kinetics dependant on pressure, temperature
and SO; concentration (and solid phase present)}, (3) pore diffusion and diffusion
through product layer, also dependant on the pressure, temperature, and relative
molar densities of adsorbent and product, and (4) sintering at high temperatures of
especially calcium oxide (lisa and Hupa, 1930). Some of these variables such as
the structural properties, consisting of particle size, porosity, relative molar densities
and pore sizes (average), can be incorporated in a quantitative manner in a
mathematical model tc get a better understanding of the mechanisms involved. A
mathematical model for the sulphation based on some characterization (determined
and inferred) together with the experimental sulphation results is presented in the

next section.
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Conversion of CaO to CaS04(-)
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Figure. 5.11: Dolomite A: Sulphation at 850 to 950°C
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Figure 5.12: Dolomite B: Sulphation at 850 to 950°C
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Figure 5.13: Comparison of sulphation performances of dolomites with 8% CO5.
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5.4 Modeling
5.4.1 Introduction

The unreacted shrinking core model with variable effective diffusivity, as described
in Chapter 3, was used to model the experimental results. The experiments
conducted under the gas atmosphere of 2500 ppm SO., 8 % CO;, 6.8 % O, and
balance N; at 850, 900 and 950°C were selected for modelling, since at these low

partial pressures of CO, and high temperatures, the carbonation reaction is absent.
5.4.2 Input parameters of the model

The USC - VED model requires certain input parameters, which are described in this
section. The molar volume ratio (Z) used was abtained according to equation 3.4
and is 2.73 for the conversion of CaQ to CaSQO,, with the molar volumes of CaO and
CaSO, being 16.9 cm*mol and 46 cm¥mol respectively. The average particle

radius (Rpa )was taken as 140 um, which is the average of the mesh size (214 -

350 um ) of the sieve used for screening. The tortuosity of the particle (r) was taken

as 3, which is a value typical for CaO (Zevenhoven et al., 1998b). The porosity (g)

and average pore radius (rp) were determined from mercury intrusion as given in
Table 5.2 and were assumed to remain constant during reaction. The SO, gas

concentration (Cg, ) was calculated with the ideal gas law at an atmospheric

pressure of 0.875 bar. The numericai values for the molecular and Knudsen
diffusivity were calculated from equation 3.11 and 3.12.

5.4.3 Numerical procedure

The rate parameters were determined according to the numerical procedure as

described by Zevenhoven et al., (1998b). 7, and D,, , were calculated according

to equation 3.5 and 3.16 respectively. A was calculated from the initial porosity

(&, ). and the values of B and 7, were fitted from the experimental results using
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equation 3.17. From these fitted values, k, and D, could be calculated from B and

7, with equation 3.5 and 3.15 respectively.

5.4.4 Results

5.4.4.1 Comparison with the unreacted shrinking core model with

variable effective diffusivity

A comparison of the experimental results and the USC — VED model is presented in
Figure 5.14 for dolomite A. From this figure, it can be seen that the USC - VED
model gives an accurate description of the experimental results. This result has not

been previously published for calcium oxide sulphation.

e
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(V)

Conversion of CaO to CaS04(-)

a4 950C
= 900C
0.1 + 850C
—— USC-VED model
0
0 100 200 300 400 500
Time (min.)

Figure 5.14: Dolomite A: Comparison of experimental data with calculated data
(USC - VED) model

From the USC - VED model, the fitted parameters 7,and B and the calculated

values of k, and D, are given in Table 5.4.
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Table 5.4: Fitted and calculated values derived from the USC - VED model for
dolomite A.

It can be seen, from this table, that the kinetic constant (ks) is only a slight function

of temperature. Zevenhoven et al., 1998(b) also reported a small temperature

dependency of the kinetic constant. On the other hand, the diffusivity in the product

layer (Dp,)) strongly increased with temperature. This is also illustrated by the

Thiele modulus as a function of conversion, which is given in Figure 5.15. The Thiele
modulus increases with conversion, hence the reaction to diffusion rate increases,
mainly due to the formation of the product layer, which forms an additional
resistance to mass transfer. From Figure 5.15 it can also be derived that the Thiele
modulus varies from about 0 to more than 2 (in the case of 850°C), which indicates
a change from reaction controlled to a combination of reaction and diffusion

controlled, a phenomenon that cannot be account for in the traditional USC - model.

The comparison of USC — VED results for dolomite A and results obtained by
Zevenhoven et al.,, 1998b are given in Table 5.5. From the different adsorbents
used by Zevenhoven et al., 1998b, dolomite sibbo was selected for comparison due
to its similarity in chemical composition. The results in Table 5.5 confirm that the
rate constant is independent of temperature, which was also reported by Amand et
al., (1986). The strong influence of temperature on the product layer diffusion

coefficient, is also found by Zevenhoven et al., (1998b).
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Table 5.5: Comparison of USC — VED results for dolomite A and results obtained by
Zevenhoven et al., 1998b.

From the values of the diffusivity in the product layer, as given in Table 5.4 an
Arrhenius graph can be obtained as given in Figure 5.16. From this figure, a value
of the activation energy for diffusion in the product layer was determined as 104
kJ/mol, a value which is in accordance with results (120 kJ/mol) published by De
Hemptinne, (1990).
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Figure 5.15: Thiele modulus as a function of conversion and temperature for

dolomite A
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Figure 5.16: Arrhenius plot for the diffusivity in the product layer for Dolomite A

The comparison of experimental results and USC - VED model for Dolomite B is
given in Figure 5.17. From this figure, it could be seen that the model does not fit
the experiments at 850 and 900°C, but predicts the experiments at 950°C
adequately. The disagreement between the experimental and model results for
results obtained at 850 and 900°C can be attributed to the presence of magnesium
oxide in the product layer which affects the effective diffusivity according to a
different (temperature dependant) mechanism than that applicable at the highest
temperature of 950°C. This needs to be examined further with more samples with
different magnesium oxide concentrations. The fitted values at 950°C were
compared to dolomite A and are given in Table 5.6. It can be seen from this table
that the diffusion coefficient in the product layer of dolomite B is larger than that of

dolomite A, which explains that faster conversion rate of B compared to A.
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Figure 5.17: Dolomite B: Comparison of experimental results with calculated results
(USC - VED) model

Table 5.6: Comparison of fitted and calculated parameters of dolomite A and B at
950°C.

5.4.4.2 Comparison with the unreacted shrinking core model

If the experimental results are fitted according to the USC - model, the final results,
as given in Figure 5.18, are obtained. The USC - model also describes the
experimental
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results adequately, but a worse fit compared to the USC - VED is obtained. If the
sum of the squared differences between experiments and model of the USC and
USC - VED are compared, it is obtained that the deviation of the USC - VED is 29%
(850°C) — 44% (950°C) less than the USC - model, indicating that the USC - VED is
indeed a refinement to the USC model. Moreover, the USC - VED accounts for the
change in resistance from kinetic to a combination of kinetic and diffusion, as was
given in Figure 5.16, making it a preferred model above the USC model.
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Figure: 5.18: Dolomite A: Comparison of experimental results with calculated results
(USC) model.
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CHAPTER 6
CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

The conclusions are the following:

1. The characterization analysis of the two dolomites supplied showed that:

» the major difference between the samples was the calcium and magnesium
compositions.

» the pore size distributions were non - uniform consisting of micro-, meso- and
macro pores with total porosities (mercury porosimetry) of the order of 0.23
and 0.28 respectively, which is not unusual for naturally occurring dolomites.

o thermal cracking (detected on surface) occurred during the calcination and
adsorption of the dolomite samples, which can lead to fragmentation in a
fluidized bed.

2. Recarbonation of CaO was found to occur at temperatures and carbon dioxide
partial pressures different to the theoretical phase equilibrium values which can
be attribute to the different calcium solid phases (solution) present in the
dolomites. For gas mixtures with a concentration of 8% (mole) CO, and above
850°C it was established that no recarbonation occurred while at 800°C there
was a phase transition which is different to the theoretical predictions using pure
compounds. With high concentrations of carbon dioxide (25%) and at a high
temperature (950°C) far from the transition point some physical adsorption or
reaction of carbon dioxide with the dolomites were detected which needs to be

confirmed by another investigation.

3. From an analysis consisting of comparing results involving recarbonation
{COo/N;) with simultaneous recarbonation and sulphation {SO/CO./O4/N,) it
was confirmed that the recarbonation reaction rate is very fast with respect to
the sulphation rate of either CaCQO; or CaQ and that in the simultaneous case

the sulphation of CaQ does not occur because of the rapid conversion to CaCO,
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which in turn is sulphated. This case would not however arise in practice since
sulphation with CaCO; would involve starting with the raw dolomite, which

would consist of essentially of CaCQOj;{no calcination).

4. The sulphation results involving the conversion of CaO to CaSO, over very long
periods of time (500 minutes) showed that there is no blocking - off of pores.
Conversion results are ever increasing over this period of time with a decreasing
rate, whereas results published show practically zero rates after periods as low

as 10 minutes.

5. The adsorption capacity (conversion of CaQO) for the two dolomites was found to
be slightly different with the dolomite consisting of more magnesium being
consistently more active, After 500 minutes the conversion levels for the two
dolomites vary over a range of between 23% and nearly 40% at 850 to 950°C.
When compared with published resuits at a reference time of 120 minutes,
conversion levels abtained in this study of the order of 10% to 15%, are similar
to results reported for some limestones by a number of investigators. There are
however results reported involving both limestones and dolomites which are
much more effective. Unfortunately, a meaningful comparison with published
results could not be achieved because of a lack of information concerning the

structures of the dolomites examined.

6. The unreacted shrinking core model with variable effective diffusivity is a
refinement on the unreacted shrinking core model and can successfully
describe the conversion of CaO to CaSQ, for the dolomite with a low
magnesium content. It was shown that this conversion is accomplished with a
transition from reaction controlled to a combination of reaction and diffusion
controlled during conversion. This phenomenon cannot be modelled using the
unreacted shrinking core model, and therefore a better fit with the unreacted
shrinking core model with variable effective diffusivity was obtained. The
dolomite sample with a higher concentration of magnesium showed a faster
conversion rate and the conversion could only be described satisfactory
according to the unreacted shrinking core with variable effective diffusivity at
950°C.
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7. The results obtained in this investigation are applicable to desuphurization (SO;)
in atmospheric pressure fluidized bed combustors at temperatures above 850°C
and with a low partial pressure of carbon dioxide of the order of 8% (mole),
involving the sulphation of calcium oxide produced by calcination of raw
dolomites. For FBC at temperatures below 800°C the sulphation reaction with
calcium carbonate is the determining reaction, which needs to be investigated in

detail for the respective dolomites.

6.2 Recommendations

This investigation was confined to desuphurization at atmospheric pressure with two
dolomites and it is recommended that the following be investigated in order to
expand on the results obtained.

1. More limestones and dolomites samples be examined to determine the effect
of the presence of magnesium oxide.

2. More accurate structural analysis be done to assess the full spectrum of pore
properties, which can be incorporated in more realistic models such as the
random pore model.

3. Measurement of the different minerals present in the limestones and
doiomites be done and that phase equilibria be measured experimentally and
confirmed with theoretical results (advanced computer package).

4. That the physical adsorption properties of the adsorbents be assessed
invoiving essentially carbon dioxide in order to explain results obtained.

5. That an investigation involving sulphation at low temperatures with low
concentrations of carbon dioxide (with CaCQO;) be carried out with raw
adsorbents and compared with results obtained in this investigation.

6. That more realistic reaction rate model be developed to account for diffusion
throughout the whole adsorbent particle, such as the random pore model
with madifications.

7. That the results obtained be evaluated against pilot plant results generated
at Eskom.
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APPENDIX A: Thermodynamic equilibrium calculations

A.1 Calcium oxide - calcium carbonate - carbon dioxide equilibria

The chemical equation is

CaCO3(S) == CaO(s) + CO:[“

The foliowing equations are applicable (Smith et al., 1996)
The partial pressure of CO,

Peo, =K (A1)

The equilibrium constant

a

K =exp (A.2)
The change in Gibbs Free Energy
AG” _AG, —AHJ  AHY +ij%r—jﬂ£ (A.3)
RT RT, RT 'T; R :
with temperature dependant heat capacities
C,=A+BT+CT* +DT” (A.4)

the following is obtained

T
IA—C”dT = AAT(ry - 1)+ 2272 (5, —1)+ 2C 120, 1)+ 22[ D1 (s
1R 2 3 T,

Ty
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& o AD +1
IACP i AAlnt, +| ABT, +| ACT; +—— fot e ~1) (A.6)
i 7, Ty 2

Ty

with 7, = -;;

(]

With these equations and data available from Smith et al., (1996) the results shown

in Table A.1 were obtained:

Table A.1: Equilibrium constants and partial pressures for CaO-CaCO;-CO,

298 25 1.39 x 10 1.39% 10
623 350 2.35x 107 2.39x 107
823 550 8.39x 107 8.39x 10
923 650 127X 10~ 127210
1023 750 1. 12 1t 1.12x 107
1123 850 6.59% 10" 6.59x 10"
1223 950 2.8 2.8
1323 1050 9.56 9.56
1423 1150 ar 27.1

A.2: Magnesium oxide - magnesium carbonate - carbon dioxide equilibria
The chemical equation is
MgCO, = MgO + CO,

The equation derived by Fuertes et al., (1995) was used and results are shown in
Table A.2

Poo, H{bar)=1.339x10° ¢4 TK) (A.7)
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Table A.2: Equilibrium constants and partial pressures for MgO-MgCO,-CO;

2.36x107° 2.36x10

623 350 182x10" 1.82x107"
723 450 4.21 4.21

823 550 455%x10" 4.55x10
923 650 2.93x%10> 2.93x10?
1023 750 1.31x10° 1.31x10°
1123 850 450x10° 4.50x10°
1223 950 1.26x10* 1.26x10*
1323 1050 3.02x10* 3.02x10*
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APPENDIX B: Results of sulphation experiments

B.1 Introduction

Resuits from the sulphation experiments for both dolomite A and dolomite B are
presented. Experiments were conducted at different temperatures and CO; partial
pressures. Experiments, with the gas atmosphere of 2500 ppm SO0,, 6.8 % O;, 14
% CO, and balance N, and those of 25 % CO. with 4 % O; were conducted at 750
and 950°C. Those experiments with 8 % CO, partial pressure were conducted over
the range 850 to 950°C with a 50°C difference.
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B.2 Dolomite A results with 2500 ppm SO,, 8% CO,, 6.8 % O, and balance N..
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Figure B.1: Dolomite A results with 8% CO,
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B.3 Dolomite B results with 2500 ppm SO,, 8% CO,, 6.8 % O, and balance N,.
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Figure B.2: Dolomite B results with 8% CO,
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B.4 Dolomite A results with 2500 ppm SO,, 14% CO,, 6.8 % O, and balance N,.
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Figure B.3: Dolomite A results with 14% CO,
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B.5 Dolomite B results with 2500 ppm SO,, 14% CO,, 6.8 % O, and balance N,.
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Figure B.4: Dolomite B results with 14% CO,
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B.6 Dolomite A results with 2500 ppm SO,, 25% CO,, 4 % O, and balance N.
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Figure B.5: Dolomite A results with 25% CO,
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B.6 Dolomite B results with 2500 ppm SO,, 25% CO;, 4 % O: and balance N,.
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Figure B.6: Dolomite B results with 25% CO,
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