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Summary

SUMMARY

The high sulphur content in South Australian Low-rank coals causes serious constraints

for the utilisation in fluidised-bed gasification systems for power generation. During the

initial pyrolysis stage of the process, sulphur in coal evolves toxic compounds such as

H2S, COS and CS2, which are precursors of acid-rain. Sulphur remaining in the char

contributes to processing problems such as slagging, fouling, agglomeration and

defluidisation.

Temperature-programmed Pyrolysis experiments employing Bowmans and Lochiel low-

rank coal and treated Bowmans coals, were conducted to investigate the sulphur

transformations during pyrolysis. Effects of sulphur distribution and inorganic matter

were studied. Roughly 607o of the initial organic sulphur evolved over a range of

temperatures, indicating the presence of aliphatic sulphides and disulphides,

aliphatic/aryl thiols and some aryl sulphides in the original coal had decomposed. Solid-

state sulphate transformations occurred between 400 and 600 oC to form organic sulphur

in the char. The retention was greater for higher sulphate concentrations and less volatile

sulphate compounds. Decomposition of reactive aliphatic sulphide and disulphide

compounds decreased retention. In turn, the presence of sulphate sulphur suppressed

organic sulphur decomposition between 300-500 "C.

Acid soluble/organically bound inorganics retained organic sulphur between 500-600

oC. Chemical and SEM analysis of acid-washed calcium exchanged chars removed at

800'C and 900 "C, supplied evidence that calcium, enriched in the char, formed calcium

sulphide between 700-900 oC by supresssing organic sulphur decomposition between

500-700 oC and facilitating the reactions with stable organic sulphur species in the char

after 700 oC. Similar results were not observed for calcium carbonate added to coal,

emphasising the importance of the intimate/organic bonding nature of calcium and the

ability to facilitate reaction with sulphur. Organically-bound sodium in acid-washed

sodium-exchanged coal formed significant proportions of water-soluble silicates in the

char. A concentrated coating of sulphur around the silicates providing further evidence
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Summary

of sulphur's role in ash agglomeration. Sodium also formed acid-insoluble constituents

with sulphur. Total sulphur retention increased by l07o as the sodium acetate solution

concentration in the ion-exchanging step increased from 0.25 M (2 wt%o total Na) to 1.0

M (3,2 wtTo total Na).

Sulphur transformations during fixed and fluidised-bed pyrolysis were performed to

ascertain the effect of heat and mass transfer on sulphur transformations. Interpretation

was aided by a heat transfer model. Sulphate and organic sulphur in coal decomposed to

HzS during the initial devolatilisation stage of pyrolysis, to an extent and at a rate

proportional to the heating rate and inversely proportional to particle size. A decrease in

the devolatilisation rate initiated solid-state sulphate transformations to retain organic

sulphur in coal. The retention was enhanced for pyrolysis at faster heating rates and

smaller particle sizes. A slower themal response and an edge-wise distribution of

sulphur across particle diameter implied that both heat and mass transfer resistances

encouraged sulphur retention during the fluidised-bed pyrolysis of larger coal particles.

Atmospheric and pressurised TGA calcination experiments were conducted on a number

of South Australian limestones and dolomites. The mechanism of calcination, effect of

particle size, sorbent type and COz partial pressure under fluidised-bed gasification

conditions were studied. For the calcination experiments, particle size had varying effect

for the sorbents investigated. The rate and mechanism of calcination were mainly

influenced by the initial magnesium carbonate content, initial porosity and the occurance

of thermally induced fractures. The low initial porosity and particle size dependency of

the calcination reaction of Angaston Limestone implied that the shrinking core model

(SCM) was the most suitable to predict calcination conversion. The model predictions

were successful to approximately 3OVo conversion, due to limitations in accounting for

physical changes during the reaction. A two-stage shrinking core model, applied after

307o conversion, was found to accurately predict the calcination of 53-64 pm Angaston

Limestone and 212-355 and 53-64 pm particles of Caroline Limestone. For the latter

sorbent, the two stage SCM provided better predictions than a grainy pellet and

homogenous model. It was concluded that the calcination reaction proceeds at a definite

CaCO3-CaO reaction interface for sorbents of high and low initial porosity. Finally, a

constant mole fraction, y1, was necessary to relate the calcination rate of Caroline
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Limestone with COz partial pressure, due to heat and mass resistances present during the

calcination of CaCO¡ under significant partial pressures of COz and for total pressures

greater than 1 atm.

The results from the coal pyrolysis and sorbent calcination investigations provide a

fundamental knowledge base for which models of sulphur emissions and sulphur

capture during fluidised-bed gasification can be derived from.
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Chapter I Introduction

CHAPTtrR 1

Introduction

1.1 CRC- Cooperative Research Centre for New Technologies
for Power Generation from Low-rank Coal

At present, Australia has approximately 5Vo of the world's total coal reserves and as a

consequence, ate one of the largest exporters of coal (Zhang, 1996). Australia also has

an impressive amount of low-rank coal deposits, mainly located in Victoria and South

Australia, which can be very easily mined (Mclntosh, 1998). The utilisation of these

low-rank coal reserves for power generation, however, has not yet reached full potential

due to efficiency, processing and environmental constraints. A high moisture content is

characteristic of both South Australian and Victorian low-rank coal which results in a

significant reduction in the useable energy or specific energy of the coal from 26.86 MJ

kg-r when dry, to 8.6 MJ kg-r when wet (Brockway and Higgins, l99l). The efficiency

of a conventional power generation therefore decreases from 38Vo for high-rank (black)

coal to 29Vo efficiency for low-rank (brown) coal. Larger and more expensive

conventional boiler plants for brown coal are therefore required compared to that of an

equivalent black coal boiler plant (Mclntosh, 1998). This has directed technological

developments to improvements in coal drying processes, as well as more efficient and

advanced power generation technologies. Such development has been envisioned as the

main mitigation method to reduce COz emissions to meet with the Kyoto 2010 target

date for reduction of green house gas emissions (Mclntosh, 1998).

Sulphur Transformations during Pyrolysis of Low-rank Coals and
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The Cooperative Research Centre (CRC) for Power Generation from Low-Rank was

established in 1993 to conduct research leading to solutions of the key problems

associated with low-rank coal utilisation. The CRC is committed to the development

and commercialisation of new, efficient, cost-effective and environmentally acceptable

technologies for electricity generation employing Australia's low-rank coal resources.

The development of fluidised-bed gasification and combustion processes is among one

of the specific objectives. Overall, the investigation and discovery of scientific and

engineering support is a primary objective of the CRC.

Other environmental considerations in the utilisation of low-rank coals include the

reduction of gas pollutants such as NO* and SO* which are reno\\,n for their contribution

to acid-rain and detrimental effects on the environment. Control and reduction of SO*

emissions is of particular importance to the utilisation of South Australian low-rank

coals which usually contains significantly high levels of sulphur (<5 wtVo). A large

content of various inorganic matter introduces a variety of processing problems which

can potentially disable the coal power generation process altogether. Again, utilisation

of South Australian low-rank coals which contain significant levels of sodium (3-16

wtVo), silica (2-3 wt%o) and sulphur (4-5 wtVo), is of another major concern as its

utilisation can potentially result in ash deposition and fouling in conventional power

generation processes, and agglomeration and defluidisation in fluidised-bed processes.

High temperature corrosion is also another side effect. Such processing problems cause

unexpected plant shut down, additional maintenance and decrease the overall plant

efficiency.

1.2 Low-Rank Coal Deposits and Utilisation

1.2.1 Victorian Coal Deposits

The Gippsland Basin in the Latrobe Valley hosts the major economical coal deposit in

Victoria (Mackay, 1996). The total indicated resources in the Gippsland Basin, which

are comprised of three main coal seams : Yallourn seam, Morwell seam and Traralogan

seam, has been estimated at l'12,874 million tonnes. Measured resources at Latrobe

Valley coalfields are 64,900 million tonnes. The economically obtainable reserves for

Sulphur Transformations during Pyrolysis of Low-rank Coals and
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these resources are somewhat lower due to presence of towns, roads and national parks,

which limit the availability for mining. Smaller coalfields within the Gippsland Basin

are located at Alberton and Gelliondale with an estimated resource of 5200 million

tonnes. Other coal fields outside the Gippsland Basin are found at the Otway and

Murray Basin (Mackay, 1996). Characteristics of some of the Victorian low-rank coals

employed is featured below in Table l.l.

Table 1.1 : Analysis of Victorian Low-Rank Coals, George and Mackay (|991)

" Organic Sulphur, Heating Value (MJ kg- ) Net Wet

Power generation and briquette manufacturing are the current uses the Gippsland Basin

deposits, amounting to 50 million tonnes per year. There are four main brown coal

power stations which are responsible for providing the whole of Victoria with

electricity. These include the 2000 MW (4 x 500 MW) L,oy Yang A power station, the

1000 MW (2 x 500 MW) I-oy Yang B power station, 1600 MW (8 x 200 MW)

Hazlewood power station, plus a 1440 MW (2 x 350 MW, 2 x 375 MW) Yallourn V/

power station.

I.2.2 South Australian Deposits

South Australia's main contributor of power (65Vo) is the Torrens Island Power station

which utilises a gas/oil fuel (Environmental Protection Council, 1992). Current

operations for coal power production include the 500 MV/ Northern Power Station

Sulphur Transformations during Pyrolysis of Low-rank Coals and
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Yallourn Morwell Traraloqan LatrobeAnalvsis
Proximate (%, dmif)

2.3 2.4 2.1 4.3Ash
51.753.1 50.0 42.5Volatile matter

44.6 47.6 45.4 44Fixed Carbon
66.2 60.5 53.5 49.5Moisture (as received)

Ultimate (%, dmif)
67.3 68.9 68.4 68.8Cafuon. C
5.0 4.9 5.0 5.2Hvdrooen, H
0.52 0.53 o.57 0.56Nitroqen, N

0.32 0.63 0.28Sulohur. S" 0.28
25.3 25.4 25.1Oxvqen. O 26.9

Miscellaneous
7.32 8.60 10.66 11.54Heatinq Value (MJ kg-')'

34.6 25.3Porositv (%) 39.3 40.6
257 270 216 255Surface Area (m'q'')
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adjacent to the 240 MV/ Thomas Playford B Power Station which utilises 3 million

tonnes per year of the sub-bituminous, Leigh Creek coal (Mackay, 1996). This provides

27Vo of the electrical energy produced in South Australia (Environmental Protection

Council, 1992).

Table l.2z Analysesof SouthAustralianLow-RankCoals, ReadettandQuast(|995).

sample 537o moisture, Heating Value (MJ kg ) Net Wet, db - dry
basis, dmif - mineral and inorganics

Low-rank coal is found at Leigh Creek and in a number of small deposits in the South-

eastern corner of the state. Large deposits of low-rank coals are located at Bowmans

(1259 mil tonnes) and Lochiel (625 mil tonnes) in the North Vincent Basin. Smaller

deposits are located at Beufort, Clinton and Whitwarta and deposits at the Murray basin

include Sedan (184 mil tonnes), Anna (84 mil tonnes) and Kingston (12 mil tonnes)

(Mackay, 1996). It is important to establish whether the deposits are considered

resources or reserves. A coal resource indicates via measurement a large amount of coal

deposit. A coal reserves describes a resource which can be "economically mined on a

large scale basis by large scale open cut operations.....and which are of suitable quality

to be utilised by modern power stations" (Mackay, 1996). At the present time, the

Sulphur Transformations during Pyrolysis of Low-rank Coals and
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Lochiel Bowmans Leish Creek Sedan KinqstonAnalvsis
Elemental(%, db)

3.56 5.30 0.55 4.10 3.O7Sulohur. S
0.66 1.42 0.40 0.12 1.00Chlorine, Cl
1.43 1.60 0.77 0.31 1.10Sodium, Na

Proximate (%, db)
12.0 21.5 21.1 13.3413.1Ash

48.5 47.5 31.0 45.9 45.2Volatile matter
38.4 39.5 47.5 33.0 60.0Fixed Carbon

52 24 48.5 35.548Moisture (as received)

Ultimate (%, dmif)
43.5 57.2 67.0 58.85 60.04Carbon, C
3.5 4.5 3.9 4.20 4.20Hvdroqen, H

0.4 1.5 0.41 0.55Nitrooen. N 0.3

Miscellaneous
10.0 9.5 14.5 9.0 9.6bHeating Value (MJ kg-')"
31.5 31.0 19.1 25.O 17.5Porositv (%)

200 280 190 230Sudace Area (m'q-') 160

Functional Groups
3.00 2.97 2.84 3.15 3.66Acidic (meq q'')

1.00 1.18 0.80 1.2Phenolic (meq q-') 0.90
2.10 1.97 1.66 2.35 2.64Carboxvlic (meq q-')



Chapter I Introduction

aforementioned low-rank coal deposits are only considered resources due to the

difficulties in utilisation in traditional pulverised fuel boilers. The high ash, moisture,

chlorine, sodium and sulphur contents all contribute to operation and environmental

limitations. Table 1.2 displays contents of these constituents as well as proximate and

ultimate analyses for Lochiel, Bowmans, Leigh Creek, Sedan and Kingston low-rank

coals. Note ash and sulphur contents are considerably greater than those of Victorian

low-rank coals, featured in Table 1. 1.

The CRC are attempting to convert these large scale low-rank coal resources into

economically viable reserves by transforming modern technology to accommodate the

unfavourable characteristics of these low-rank coals. A discussion of the new and

advanced technology is featured in the next section.

1.3 Power Generation Technologies using Low-rank Coal

1.3.1 Conventional Generation Processes

Generation of electricity from fossil fuels such as coal, oil and natural gas basically

involves burning the fuel to release heat energy and generate a high temperature high-

pressure gas. As the gas expands it pushes a piston or drives a turbine which then turns

an electric generator (Patterson, 1990). The most matured conventional combustion

technology to date is pulverised-coal fired furnaces (Zhang, 1996). In these systems,

finely powdered (or pulverised) coal is fed through a high velocity air stream into a pre-

heated combustion chamber where it ignites. Tubes in the combustion chamber capture

heat generation and convert the water in the tubes to steam which is used to generate

electricity via a steam turbine. 'Pulverised coal combustion is coal specific and

dependent on certain fuel properties and therefore inflexible to a variety of feeds and

feed stock variation. This, and the increasing demand to utilise Australia's low-rank

coal reserves have led to the demand of advanced power generation technologies.

L.3.2 Advanced Power Generation Technologies

1.3.2.1 Fluidised-bedCombustion

Fluidised-bed Combustion (FBC) technology has emerged as a substitute for

conventional boiler processes, particularly for coal utilisation for power generation

Sulphur Transformations during Pyrolysis of Low-rank Coals and
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(Patterson, 1990). Fluidised-bed combustion processes are extremely fuel flexible and

can burn anything combustible including low grade coal to sewage sludge, both cleanly

and efficiently. Companies such as Ahlstrom (Finland), Lurgi (Federal Germany),

FosterV/heeler and Combustion Engineering (United States) have commissioned and

constructed over 350 FBC plants worldwide (Smoot, 1986).

1.3.2.2 Fluidised-bedGasification

Recently directed focus on more economic and efficient methods for electricity

generation has lead to the development of coal gasification processes. During the

gasification process, the coal reacts with steam/oxygen or steam/air (ie. a reducing

environment) at temperatures between 800-1100 "C and pressures 0.1 - 1 MPa to

produce a gas mixture containing carbon monoxide, hydrogen, methane, carbon dioxide

and hydrogen sulphide (Agnew, 1996). The product gas is then directed into a gas

turbine to generate electricity. The hot exhaust gas from the gas turbine is then used to

generate steam in combined cycles, thus further increasing the efficiency of power

generation.

One of the most important design features of a gasifier is the nature and success of gas-

solid contact. The three main design configurations for a gasifier are : moving bed,

fluidised-bed and entrained bed. Fluidised-bed gasifiers have been considered the most

suitable to utilise low-rank coal due to their high reactivity in conjunction with the

excellent mass transfer and mixing of volatiles with solid particles in a fluidised-bed

environment (Mclntosh, 1998). The result is complete gasification and hence a greater

overall conversion of chemical energy in the coal to the product gas. During

gasification, fluidised-beds can operate in an isothermal temperature environment which

facilitates rapid heat and mass transfer and hence high chemical reaction rates which are

easier to control. (Zhang et al, 1997).

1.4 Problems involving Sulphur during Power Generation

Fluidised-bed technology provides many advantages over conventional coal-fired power

plants such as lower NO* emissions, capability of in-bed sulphur capture and reduced

ash deposition, slagging and fouling of heat exchanger surfaces (Agnew, 1996). All are

Sulphur Transformations during Pyrolysis of Low-rank Coals and
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particularly important for the utilisation of South Australian low-rank coals which

contain significant contents of inorganic constituents sodium, sulphur and ash, the key

components responsible for the aforementioned problems. As mentioned, fluidised-bed

gasification and combustion operate at lower temperatures than conventional systems,

however, they are not completely devoid of ash deposition problems such as

agglomeration and defluidisation. Corrosion and erosion of heat transfer equipment

have also been reported to occur to some degree in fluidised-bed operations of low-rank

coals (Zhang et al, 1997). Furthermore, sulphur emissions, though much lower than

conventional systems, are another serious consideration in the operation of fluidised-bed

combustion and gasification processes using low-rank coal.

1.4.1 Environmental Considerations

l.4.l.l Sulphur Emissions from Gasification and Combustion

Sulphur in coal mainly evolves during pyrolysis stage of either the gasification or

combustion process (Kahn, 1989). During gasification, sulphur evolves primarily as

hydrogen sulphide (HzS), traces of carbonyl sulphide (COS) and carbon disulphide

(CSz) have also been detected. During combustion, sulphur dioxide (SOz) is the

predominant sulphur emission, with traces of carbonyl sulphide (COS) and sulphur

trioxide (SOl). Once the sulphur compounds evolve they combine with moisture in the

atmosphere to form acid rain. The deposition of acid rain has been found to cause

detrimental effects to vegetation, aqua life and human health. Even at low

concentrations they have been found to be toxic to breathe and responsible for sensory

and respiratory irritations in humans (Patterson, 1990) The severity of these problems

has lead to stringent legislation and control of SO* emissions from power generation

plants.

L.4.1.2 DesulphurisationStrategies

A variety of sulphur removal strategies, upstream, downstream and during the coal

conversion process have been developed and many currently employed in industry today

to reduce the occurrence of acid rain. The most conventional and commonly used

method to date is downstream removal of sulphur, typically in the form of flue gas

desulphurisation plants (FPD). By treating the gas after the process, extra processing

Sulphur Transformations during Pyrolysis of Low-rank Coals and
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equipment is required and a decrease in the efficiency of the process is incurred due to

the decrease in heat content of the gas as it is transferred from the conditions of the

gasifier to that of the flue gas plant.

Pre-treatment technologies range from microbial desulphurisation, solvent extraction of

sulphur and low temperature hydrodesulphurisation. The main disadvantage of upstream

removal of sulphur, regardless of the nature of the process involved, is the reduction in

the quality of the coal fuel, decreasing the efficiency of the process. Pre-treatment

strategies, at this stage, are also the least developed and the most potentially expensive

option.

In-situ desulphurisation is a promising desulphurisation strategy as it involves the

addition of a sorbent material into the reactor to eliminate the sulphur compounds as

they evolve. An extra processing stage is therefore not required, resulting in a higher

overall process eff,rciency than pre- and post- desulphurisation strategies. The increasing

popularity of in-situ desulphurisation is adjacent to the recent development of advanced

technologies such as fluidised-bed combustion (FBC) and fluidised-bed gasification

(FBG). FBC and FBG encourage the utilisation of low-rank coal, not only due to the

increase in process efficiency competitive to that of conventional boiler plants, but due

to nruch lower operating temperatures (Agnew, 1996) and lower levels of sulphr-rr

emissions, enabling simple and efficient in-situ sulphur capture. At present however, in-

situ desulphurisation has been found to achieve at least 90% sulphur removal during

gasification processes (Goyal, 1980). Current operating processes such as Integrated

Gasification Combined Cycle (IGCC) systems, inject sorbents into the gasifier as well

as employ hot gas clean up systems downstream to reduce sulphur emissions to an

environmentally acceptable level. Increased public and political concerns regarding

emissions, have triggered more stringent environmental regulations and virtually

enforced compulsory measures for sulphur elimination in power generation systems.

Such regulations are only expected to increase in the future (Liliedahl, 1992) Thus,

sulphur removal during in-situ desulphurisation must improve to achieve sulphur

reduction greater than 90Vo.

Sulphur Transformations during Pyrolysis of Low-rank Coals and
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At present calcium-based materials, such as limestone and dolomite, are the most

commonly employed sorbent materials (Merrick, 1989). Industrial applications typically

employ Ca: S ratios between 3-4 to achieve acceptable sulphur reduction, which is

significantly greater than the required stoichiometric ratio. Excess sorbent amount

decreases economic efficiency and creates large quantities of sorbent waste to be

disposed of (Fenouil, 1995). The latter can be alleviated somewhat via regeneration of

the spent sorbent or conversion into a profitable by-product.

More recent investigations (Lew, 1989, Milne, 1990, Lee, 1995) have shown that metal

oxides such as zinc, barium and titanium oxides and mixtures of, possess excellent

sulphur capture capability. The full potential of these oxides has only recently been

discovered for post-desulphurisation or hot gas clean up. Due to the large mineral

resources in Australia, the potential employment of such oxides for in-situ sulphur

capture is a major concern and is therefore an important consideration in the review

stage of this project.

L.4.2 Ash-related Problems

I.4.2.1 AgglomerationandDefluidisation

If the temperature is high enough during a fluidised-bed combustion process, the

inorganic constituents in coal can undergo a series of transformations to form low

melting point eutectic compounds in the char. As the operation continues, these eutectic

constituents evolve from the burning char particle to come into contact with and coat

particles of the inert bed material. Due to the "sticky" nature of the eutectics, the ash

coating around the particles gives them an adhesive potential so that when this potential

is greater than the kinetic energy of the fluidised particles, particles adhere together and

cause agglomeration.

If the agglomeration process occurs for an extended period of time, it can eventually

lead to defluidisaton. Defluidisation, however, may also occur instantaneously with or

without agglomeration. Due to the complexity of the process, the initiation and causes

of defluidisation will not be considered in any detail in this project. However, it is

definite that both agglomeration and defluidisation are initiated by particle "stickiness"

Sulphur Transformations during Pyrolysis of Low-rank Coals and
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due to the formation of low melting point eutectics from the various inorganic matter in

the coal, and their subsequent evolution to the char surface.

In fluidised-bed combustion processes, the coal inventory in the bed is typically around

lVo while the rest is inert bed material, such as sand and hence agglomeration of the

sand particles predominantly occurs. In fluidised-bed gasification, the bed is basically

full of char and ash. As a result, agglomeration takes place between the ash and char

particles with a mechanism similar to that during combustion. Agglomeration during

fluidised-bed gasification has significant potential since a relatively high ash contents

exists in the bed due to high coal/char loadings. It has been previously suggested that

char agglomeration can be overcome by increasing the fluidising velocity. However

such a strategy is expensive and decreases the economic efficiency of the process.

It has been found that the key constituents in coal responsible for the ash deposition

which initiates agglomeration and defluidisation are alkali sulphates, mainly Na and Ca

sulphates (Linder, 1988, Zhang et al, 1997, Manzoori, 1992). Sulphates of sodium,

calcium and iron are easily formed at the conditions occurring during fluidised-bed

combustion and combine with silicates to create sticky eutectics which bind ash

particles into agglomerates. Organically bound inorganics have also been shown to play

an important precursor role in bed particle agglomeration and in-bed tube ash

deposition, it increases the potential for such problems in S.A. low-rank coal utilisation.

1.4.2.2 Fouling and Ash Deposition and High Temperature Corrosion

It has been well established that mineral matter in coal has a direct association with ash-

related processing problems such as slagging, fouling and deposition, and high

temperature corrosion during conventional p.f fired power plants (Raask, 1985). The

main reason for this is the high temperatures employed in p.f boilers (peak flames

approximating 1500 oC) causing the vapourisation of coal inorganics such as calcium

and sodium into the gas phase, creating what is known as a fume. When the fume

comes in contact with cooler heat transfer surfaces (around 400 oC) and initial ash layer

is deposited as a results of a series of chemical and physical processes involving the

vapourised inorganics. It has been reported that the ash layer is typically composed of
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alkali sulphates which acts as an adhesive to seize other particles as they are conveyecl

nearby the heat transfer tubes. Similar to the agglomeration process, the particles stick

to the tubes to allow the ash deposits to grow. A molten layer is also produced due to

reduction in heat flux which increases the ash deposition further. The consequence of

ash cleposition is a reduction of heat transfer flux through the tubes and a restriction of

the steam temperature. This results in a decrease in boiler performance, particularly

when regular shut downs are required for cleaning and removal of deposits from the

tubes. High alkali content low-rank coals are known to be major causes of these

processing problems. Sodium species on probes or boiler surfaces can be rapidly

converted to other compounds which depend on the equilibrium conditions existing in

the system (Linder, 1988). \,Vhen sodium sulphate forms there is significant formation

and consolidation of deposits. These problems a¡e not restricted to p.f fired boilers

alone. Corrosion and erosion of heat transfer tubes immersed in fluidised-beds

employing Victorian low-rank coal (sodium content in ash < 5 wtTo) have been reported.

('Williams, 1984, Manzoori, 1990).

1.4.2.3 Strategies for Agglomeration and Defluidisation Control

Methods to prevent or control agglomeration and defluidisation during fluidised-bed

combustion of Bowmans coal have been investigated by Zhang et al (1997). The

preventative techniques involved the addition of aluminium-rich additives and bed

material in the combustion processes, and the removal of water and acid soluble

inorganics (such as silicates and aluminosilicates) in coal. The addition of aluminate-

rich phases was successful at minimising agglomeration and defluidisation as it reduced

the formation of the ash deposition layer that provided adhesion between particles.

However, the pretreatment of coal actually enhanced agglomeration and defluidisation

due to the possible enrichment of sulphur and subsequent reactions with silicates and

aluminosilicates.

1.5 Scope and Structure of Thesis

The utilisation of South Australian low-rank coals in fluidised-bed gasification (FBG)

and combustion (FBC) processes is inhibited by the high content of sulphur and

inorganics, which contribute to toxic sulphur emissions and agglomeration and
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defluidisation problems, respectively. The thesis reports an investigation into the

behaviour of sulphur during FBG and a means for preventing sulphur emissions.

An extensive literature review on previous investigations of coal-sulphur chemistry and

sorbent removal techniques, both applicable to conditions pertaining to fluidised-bed

gasification, is featured in Chapter 2. This chapter provides a knowledge base for the

current studies and introduces the specific objectives of the project.

Chapter 3 details the experimental equipment and techniques employed in the current

investigations. Chapters 4 to 6 summarise the findings of the various experiments

conducted on the pyrolysis of low-rank coal. Chapter 4 reveals the effect of the

distribution of the inorganic and organic sulphur forms on sulphur transformations

during Temperature-Programmed Pyrolysis. Chapter 5 discusses the interactions of

sulphur with inorganic constituents in coal during Temperature-Programmed Pyrolysis.

Chapter 6 summarises the results of fixed- and fluidised-bed experiments, which

investigate the effect of heating rate and particle size on sulphur transformations and

their interactions with inorganic constituents.

The performance of several South Australian calcium-based sorbents during calcination

and sulphidation in atmospheric and pressurised Thermogravimetric Apparatus is

featured in Chapter 7. An evaluation of the current work is presented in Chapter 8,

which includes a detailed error analysis. Chapter 9 concludes the pyrolysis and

calcination work, providing the implications of the current study as well as appropriate

suggestions and recommendations for future investigations.
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CHAPTER 2

Literature Review

2.1 Introduction

In order to utilise the large resources of low-rank coal in South Australia, the problems

associated with the high sulphur content in coal must be addressed and overcome. This

chapter presents a review of literature relating to the evolution of sulphur and its

removal during fluidised-bed gasification of low-rank coal. Particular attention is paid

to the transformations of various sulphur forms and inorganic matter in coal during

fluidised-bed gasification, in order to understand the possible mechanisms of sulphur

release and the contribution to ash formation which leads agglomeration and

defluidisation. The effects of various coal characteristics and processing parameters

area also summarised in this review. It is also necessary to elucidate potential sorbents

for in-situ desulphurisation, as well as the mechanisms involved in sulphur capture

during the fluidised-bed gasification process. Finally, the main findings and areas

requiring further investigation are discussed and the specific objectives of the project

presented.
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2.2 Characteristics of Low-Rank Coal

2.2.1 Coalification and Coal Rank

Coal originates from peat formed from mineral or "fossilised" remains of jungle

vegetation that grew on the earth more than 150 millions of years ago. Initially peat

accumulates in either a warm or cool environments but mainly in the ground in high

humidity regions, where precipitation rates are faster than evaporation rates (Stach at al,

1982). The transformation of peat to coal is considered a low grade metamorphosis,

involving the basic application of heat and pressure. The temperature to which coal is

subjected during the metamorphosis determines the degree of chemical change which

occurs in a series of steps to progressively reduce the oxygen content in the coal and

increase the proportion of carbon. The process is known as Coalification,

Rank is a term employed to describe the thermal maturation of a coal and the degree to

which the coalification has taken place. The carbon content and H:C ratio are

commonly employed to define rank. Alternatively, the volatile matter may also be used.

Low-rank coals are typically defined by their porous structure and significantly larger

amounts of hydrogen, aliphatic structures and parts of preserved vegetation, due to

incomplete coalification. As the coalification time proceeds, rank increases, and

significant changes in molecular structure occurs as well as the disappearance of visible

plant matter, and a decrease in volatile matter (Stach et al, 1982).

2.2.2 Inorganic Matter in CoaI

One of the significant distinctions between high and low-rank coal is the nature and

amount of inorganic constituents. The elemental composition, the chemical and

physical combination, particle size and distribution of the inorganic constituents is

dependent on the type of vegetation which undergoes coalification (Finkelman and

Glustoker, 1981, Rindt et al, 1977) and also the post depositional environment and

degree of coalification (Bryer and'Walchuck, 1984). The mechanism of formation of

inorganic constituents has been summarised by Wall et al (1979) as follows :
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o Elements, such as calcium, magnesium, potassium, sodium, phosphorous and sulphur,

in the original vegetation that ultimately transform to peat.

o Elements intimately bound to coal matrix which originates from water that came into

contact with the plant residues during deposition or prior to deposition during the

coalification stage.

. Inorganics that exist as fine particles of sedimentary materials, aeolian and/or alluvial,

which were deposited with the plant material and dispersed throughout the coal in

varying concentrations. Examples of these materials are clays and qtafiz.

¡ Inorganics that exist as bands of sedimentary materials, usually clays and quartz,

periodically deposited above plant matter to produce "partings" or layers of material

which vary in thickness from lmm upwards and have an ash content usually greater than

407o.

¡ Inorganic mineral matter, mainly carbonates and sulphides, which are deposited in

fractures, cleats, joints by percolating solutions during the later stages of coalification.

The first 3 groups are considered as "inherent" inorganic matter, while the last two

groups are usually categorised as "adventitious". It has been found that a large content of

inorganic matter in low-rank coal is organically bound alkalines, finely distributed in the

matrix of coal. Elements such as potassium, sodium, calcium, magnesium and also iron

and aluminium have been found attached as cations to carboxylic acid and phenolic

groups. As coalification proceeds, the amount of oxygen containing functional groups

which can undergo ion-exchange with the alkaline material decreases and a higher

percent of extraneous inorganic matter is observed in coal. Hence high-rank coals

consist mainly of fine mineral crystallites such as clays, quartz, carbonates and pyrites

embedded in the coal matrix (Fowkes, 1978). Only chlorine in high rank bituminous

coals, has been found organically bound to the coal matrix (Edgecombe,1956, Daybell,

1958). In low-rank coals, silica and alumina generally constitute up to 50-60Vo of the

ash where Quartz (SiOt and kaolinite (AloSiOro(OH)s) are the most common forms

amongst a variety of silicates and alumino silicates, as reported from studies by

Kemezys and Taylor (1964) and Glukoster (1977). The rest is organically bound

inorganic matter. Chlorine features as dissolved ions in the inherent moisture content of

the coal. Sodium may also exist in the inherent water either as chlorides and/or
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sulphates (Readett and Quast, 1984). In South Australian Lochiel coal, NaCl has been

known to crystallise as submicrometre particles and disperse itself evenly and intimately

within the coal matrix. Sodium can also be present in low-rank coals in clay minerals,

such as sodium/calcium aluminosilicates, in very small amounts. During weathering, or

mild oxidation by the atmosphere, the sodium/calcium aluminosilicates transform to

release the sodium as organically bound Na+. Thus, sodium often appears as an

organically bound inorganic constituent in coal. Certain forms of sulphur are

organically bound and evenly distributed throughout the matrix, as will be discussed in

more detail in the subsequent section.

2.3 Sulphur in CoaI

Evolution of H2S from coal in a reducing atmosphere does not occur via a single

process but is a result of the conversion of the different sulphur compounds within coal

(Attar, l9l8). Previous investigations by Kahn (1989) and Yeboah (1982) have found

that analysis of the total sulphur concentration affects the overall desulphurisation yield

but gives no indication of the contribution by the particular sulphur forms and the

distribution of these sulphur forms into the various conversion products during the coal

conversion process. Thus, the knowledge of the original sulphur distribution is

extremely important in understanding its subsequent behaviour in coal conversion

processes. The physical and chemical nature of the individual sulphur forms in coal are

reviewed in the following subsections. The analytical techniques to determine the

quantity and nature of the sulphur forms are presented in Section2.4.

2.3.1 Original Sulphur Forms in Coal

Depending on the coal's origin and degree of coalification it has endured, the typical

total sulphur percent can vary between 0.2 andJ wt%o (Attar, 1978). Sulphur in coal is

derived from a wide variety of sources and can be typically categorised into three main

forms : (i) pyrite sulphur, (ii) sulphate sulphur and (iii) organically bound sulphur. The

inorganic sulphur forms, (i) and (ii), are typically present as discrete mineral compounds

in the coal, while organic sulphur is found relatively evenly dispersed throughout the

coal matrix.
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2.3.2 Inorganic Sulphur

2.3.2.I Pyrite Sulphur

The predominant inorganic sulphur form in coal is iron sulphide, FeSr. Typically FeS,

is found in coal in either cubic crystal structure, known as pyrite, or rhombic structure,

known as marcasite. Pyrite is often the most common form and since both structures

behave similarly on a chemical basis, FeS, is usually considered as pyrite (Readett and

Quast, 1985). Other sulphides that exist in untreated or raw coal are : PbS galena,ZnS

sphalerite, CuFeSr chalcopyrite, FeAsS arsenopyrite and Fe¡_*S pyrrhotite and FeS

troilite or ferrous sulphide. In general, monosulphides, or sulphides other than FeS2, are

only present in small quantities and are usually formed in the char throughout the

gasification or combustion process.

2.3.2.2 Sulphates Sulphur

Sulphate material present in coal typically includes : Sodium sulphate (NarSOo), Barite

(BaSOo), Gypsum (CaSOo.HrO), Anhydrite (CaSO¿) and a variety of iron sulphates

(FeSO/ and combinations of. The most common compound is gypsum. Sulphates exist

within the coal structure as well-defined veinlets or veins and usually in well-developed

crystal form. They may also be present as sulphate ions in the inherent water content of

coal (Lindner, 1988). Their concentration increases with the weathering of the coal, due

to the oxidation of pyrite and marcasite to ferrous sulphate (Attar, 1978). For most

coals, sulphate concentrations are low, ranging from 0.02 to O.2wtVo, with the higher

concentrations in areas which are most exposed to moist air.

2.3.3 Organic Sulphur

Organic sulphur exists in a wide variety of sulphur functionalities within coal (Attar,

1978, Kahn, 1989). The main organic sulphur functionalities which have been identified

are presented in Table 2.1. in the order of increasing stability.

The relative amounts of the above sulphur functional groups is influenced greatly by the

degree of coalification the coal has endured. As coalification proceeds, stronger bonding

situations occur where the organic sulphur transforms from relatively simple thiols,
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RSH, to aromatic structures, R-S-R', to finally, more complex thiophenes via a series of

cyclisation reactions as shown in Figure 2.1.

Table 2.1 The Main Organic Sulphur Functionalities in CoaI, Attar (1978).

Compound Description Physical

Aryl Thiols and

Aliphatic Thiols

where S is bonded to hydrogen (SH)

which is connected to an aromatic ring

and aliphatic chain, respectively R-SH

SH

Aliphatic Sulphides

and disulphides

where sulphur is incorporated in an

aliphatic hydrocarbon chain

(c2H5)s

(cH.,s),

Cyclic Sulphides where sulphur is a part of a non-

aromatic ring COHOS

Aryl sulphides where sulphur is connected to an

aromatic ring

Thiophenes where sulphur is a part of an

heteroaromatic compound

Thiols + Aliphatic
Sulphides

-+

-+

Aromatic
Sulphates

-+

-+

Thiophenes

R-SH + R-S-R 0-s-0 tJ
Figure 2.1 Conversion trend of organic sulphur during coalification

Laboratory tests by Attar (1978) on high-rank coals showed that thiophenes were the

predominant organic sulphur species due to longer coalification periods. This is the

primary reason why high-rank coals render more stable sulphur compounds and produce

lower sulphur emissions during heat treatment than low-rank coal.

2.4 Analysis of Sulphur in Coal

At present, the most common method to determine the concentration of total sulphur

and proportions of the inorganic and organic sulphur forms in coal is the wet chemical

method. In Australia we follow either the American Standards Test Method (ASTM) or
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Australian Standards (AS) procedure as will be described in more detail in Section

2.4.1. More recent development of electron microscopic instrumental techniques has

enabled direct determination of organic sulphur in coal. The techniques required to

conduct such analyses are also briefly described in this section.

2.4.1 Determination of Sulphur Forms in Coal

2.4.L.1 The Wet Chemical Method

The wet chemical method is the standard analysis procedure for the determination of the

total and main inorganic sulphur forms in coal. The organic sulphur in coal is then

calculated by difference between the total sulphur contentand the inorganic sulphur

forms. Sulphide minerals such as marcasite, FeS, galena, PbS and sphalerite, ZnS, are

also known to exist in coal but only in trace amounts (Glukoster, l9ll). For Australian

brown coals, the concentrations of these minerals are considered so low that chemical

tests are usually not performed to determine their concentration (AS 1038.1I, 1993).

However, coal chars where sulphides are of significant concentration, and some raw

coals, it is encouraged to calculate this sulphur form in order to obtained the correct

content of the organic sulphur.

The total sulphur content is determined by ASTM D3I7l or Australian Standard

method 1038.6.3.1 (1986). Thisinvolvesignitingaknownmassof coalsampleinthe

presence of an Eschka mixture (a 2: 1 mixture of magnesium oxide and sodium

carbonate) in an oxidising atmosphere at 800 'C. This technique decomposes and

converts organic and inorganic sulphur forms to sulphates. The amount of sulphate

sulphur is then determined gravimetrically by the addition of a barium chloride solution

to the coal-Eschka mixture and the measurement of the barium sulphate has

precipitated.

Sulphatic and pyritic forms are quantified using ASTM D2942 or using Australian

Standard 1038.11 (1993). In this standard test method hot dilute hydrochloric acid is

employed to remove the sulphate sulphur. The quantity of sulphate is determined

gravimetrically as BaSOo, similar to the above procedure. The residue is extracted by

boiling with nitric acid for 30 minutes, or leaving overnight at room temperature, to

measure the pyritic sulphur (FeSz) content. This is achieved by determining the iron
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content of the residue and employing a l:2 stoichiometric basis to determine the content

of FeSr.

If the sulphide sulphur content is required in either raw or processed coal, capture and

measurement of the hydrogen sulphide released from the addition of hydrochloric acid

in the sulphate analysis step is then performed. The H2S capture is usually achieved by

passing the gas through a solution of zinc or cadmium acetate, or measured directly by a

gas chromatography system. The amount of sulphide sulphur in the coal/char sample is

then calculated from the HrS measurements. Such methods have been employed by

Gryglewicz (1992) and Ibarra (L994) in the determination of sulphide sulphur in coal

char products from pyrolysis.

2.4.1.2 Instrumental Techniques

The instrumental techniques developed to directly detect organic sulphur in coal employ

electron microscopes to determine the organic sulphur concentration. Below is a review

of the various equipment : electronmicroprobe spectroscopy (EPS), scanning electron

microscopy (SEM) and transmission electron microscopy (TEM) employed, plus the

development of accurate methods for which very small quantities of coal analysed, can

be representative of the particular coal understudy.

2.4.1.2.1 Electronprobe Microscopy (EPM)

The Electronprobe Microscopy (EPM) obtains images from the impingement of a fineiy

focussed electron beam, generated at 15-20 eV, on polished samples mounted in an

epoxy resin base. To obtain quantitative information it compares the X-ray intensity of

the sample to that of a known standard and translates the data to concentration in weight

percent.

Sutherland (1975) chemically removed sulphate and pyrite from coal sample to

determine the organic sulphur by EPM. Solomon and Manzione (1977) conducted EPM

investigations and distinguished the individual forms of sulphur on the basis of the

variation in their unique spatial distribution within the coal. Harris et al (1971)

obtained semi-quantitative values of the total organic sulphur content from the weighted

average of the organic sulphur from each of the macerals multiplied by the weight
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fraction of the macerals in the coal, A more applicable sulphur standard was requried to

obtain fully quantitative results. Such a method was developed further by Raymond and

Gooley (1978). The overall organic sulphur value, calculated from a weighted measure

from all the macerals, compared well with ASTM values for all coals with low pyritic

sulphur content. The discrepancies for high pyrite containing coals were accounted as

an artefact of ASTM procedure. It was also observed that for the 29 US coals, the

organic sulphur content in the vitrinite maceral closely resembled the organic sulphur

content of the coal. The procedure was found effective for a variety of coals with total

sulphur less than 7.5 wtVo and with a vitrinite composition between 39 to 59 wt%o.

2.4.1.2.2 Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy (SEM) produces three principal types of imaging

accolding to the energy output of the beam. These include (i) secondary imaging, (ii)

backscattered imaging and (iii) elementary X-ray maps. Secondary electron images

result from the inelastic collision of incident electrons with the atomic electrons of the

sample. The transferral of energy from incident to atomic electrons causes a release of

the atomic (or secondary) electrons from the sample surface. Backscattered imaging

occurs when the incident electrons collide elastically with the atomic nucleus to emit

what is known as backscattered electrons. Elementary X-ray maps are produced when

incident electrons collide with the atomic nucleus which decays to produce X-ray

photons or auger electrons. The data is displayed as a spectrum or histogram showing

the intensity peaks of the different elements present at their corresponding energy levels

(keV). For all imaging modes, the energy and intensity of the emitted electrons and X-

rays is specific to the particular atom and the amount of the atom, respectively. The BSE

electron signal, for example, is proportional to the mean atomic number of the phase in

a polished cross section (Straszheim and Greer, 1983). Therefore mineral constituents

which have a higher atomic number appear white or a very light grey in colour, whereas

the carbon coal matter is displayed as a very dark grey. The mounting media (an epoxy

or carbon residue) appears virtually black. Hence SEM combined with EDAX (energy

dispersive analysis with X-rays) is a useful tool to identify the mineral constituents and

their distribution in coal.
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Recent investigations into SEM have focussed intensely on the requirements of sample

preparation to develop more sound analytical methods. Studies by Maijgren (1983)

confirmed that the vitrinite method of organic sulphur analysis could be applied to non-

US coals. Maijgren (1983) also considered SEM coupled with EDS (Energy Dispersive

X-ray Spectrometry) an ideal means of assessing the performance molten caustic

desulphurisation. The heterogeneity of chemically altered coals implied, however, that

conventional epoxy mounting methods were unsatisfactory. Therefore the treated coal

was ground to less than 63 pm and pressed pellets into 10mm pellets at 160, 000 psi

(approximately 6.9 kPa). It was proposed that the pelletisation procedure offered the

opportunity to homogenise the coal in order to obtain information of the overall organic

sulphur content. The measurements of the pellets compared extremely well to
concentrations obtained using the maceral and vitrinite method.

Trimmner (1984) found that the ability of the SEM to perform automated scanning and

hence a large number of spot analysis, an ideal means of conducting statistically sound

investigation of organic sulphur that could be applied in general to all coal types. Coal

particles of less than 0.5 mm were cured in a resin/epoxy material for the SEM study.

900 points were analysed, each with volume of 1 pm3. The points were distributed

along six line segments over the surface of the sample to ensure that each coal particle

was analysed 2-3 times. The organic sulphur content was determined for seven coal

samples. All results, except for two involving coals with high pyrite concentration,

were in good agreement with ASTM. Trimmner (1984) was able to show that the

analytical method developed was successful at allowing, when fully automated,

detelminations of organic sulphur of a coal, basically overnight.

2.4.1.2.3 TransmissionElectronMicroscopy (TEM)

Transmission Electron Microscopy (TEM) techniques were developed for the

investigation of organic sulphur because it employs very thin specimens, less than I pm

thick, for the analysis. Electrons make ionizing collisions with atoms in the irradiated

volume which cause emissions of characteristic X-ray lines counted by a detector

(Tseng, 1986). For macromolecular solids, such as coal, TEM is facilitated by the fact

that the atomic number of the matrix elements is low. Valuable information regarding

the spatial variation of organic sulphur can therefore be obtained. Specific research in
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this area using TEM has found that generally organic sulphur increases in concentration

in coal macerals in the order of : sporinite < vitrinite <liptinites (except sporinite) <

inertinite (Tseng, 1986). Overall, results of organic sulphur contents in coal compare

well with that of ASTM and the SEM, EPM electron-optical techniques.

2.4.1.3 Comparison between Chemical and Instrumental Techniques

The wet chemical method has the major disadvantage of not being able to determine

organic sulphur directly. The value of organic sulphur is therefore subject to errors from

the total, pyrite and sulphate sulphur measurements. Comparative studies between

ASTM and electron microscope techniques by researchers such as Raymond and Gooley

(1978), Straszheim and Greer (1983), have found that discrepancies in the organic

sulphur content between the direct and indirect methods are significant when the coal

has high quantities of pyritic sulphur. This confirms that inaccuracies of the organic

sulphur measurement from ASTM derives directly from the pyrite analysis. The

inaccuracy increases with decreasing size of the pyrite inclusions in the coal sample

(Raymond and Gooley (1978). ASTM procedures are carried out on coal samples with

particles in the order of 250 pm. In some coals, pyrite particles are known to be less

than 0.5 pm which means that such inclusions can be covered by the organic matrix and

not be reached by the HNO3 leaching solution. TEM, EPM and SEM-EDX offer direct

and non-destructive quantification of the organic sulphur content in coal. One of the

obvious drawbacks, however, is the need for averaging over a large number of

measurements due to the variations in the organic sulphur content. This, once being a

lengthy and tedious process, has been made relatively easy by modern technology.

Reliable quantification of organic sulphur by electron microscopy has become, at most,

an overnight procedure. It also provides valuable information of mineral constituents

present. As a result, researchers involved with the latter technology regard their methods

more accurate due to the more direct nature of analysis. However, in a review by

Davidson (1994), it is mentioned that the accuracy of the EPM, SEM and TEM

measurements have only been justified by comparing results with the ASTM procedure

and attaining of a good level of agreement between them. This of course does not

provide completely valid confirmation.
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2.4.2 IdentifTcation of Organic Sulphur Functionalities in Coal

The identification of organic sulphur is an extremely important yet relatively difficult

task. Organic sulphur cannot be determined directly by chemical means, let alone

classified into specific functionalities. Electron microscopic techniques offer no means

of identifying the specific organic sulphur functionalities in the coal. Attar (1982) stated

that it has been this ambiguity concerning the nature and identity of the organic sulphur

compounds in coal which has limited the discovery of the source and pathway of the

organic sulphur during the conversion ofcoal-derived fuels.

Approximate functional group classification of organic sulphur has been achieved

through the use of thermal degradation/continuous heating techniques such as' flash

pyrolysis, temperature programmed reduction, oxidation and decomposition (TPR, TPO

and TPD). X-ray spectroscopy techniques such as XPS (X-ray Photoelectron

Spectroscopy) and XANES (X-ray Absorption Spectroscopy) have also been employed

to directly identify and quantify the organic sulphur forms in coal.

2.4.2.1 IndirectThermalDegradationTechniques

The thermal degradation techniques are based on the fact that different organic sulphur

species in coal have different characteristic reduction/decomposition temperatures and

release sulphur (namely as HrS) over various temperature regions. The nature and

functionality of coal can be deduced from the particular temperature range for which the

sulphur is released. This is commonly accomplished by comparing the temperature

ranges with standard sulphur compound models.

Investigations in this area have focussed on determining experimental processing

conditions that can achieve this. Comparison of techniques can provide valuable insight

to the transformations and removal of organic sulphur as a function of temperature,

pressure, heat treatment and gas environment.

Flash pyrolysis employs an inert nitrogen environment plus heat to convert the organic

sulphur in coal to volatile sulphur compounds, mainly hydrogen sulphide.
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Decomposition temperatures of various organic sulphur functionalities from a

temperature programmed pyrolyser investigation by Calkins (1987) is featured in Table

2.2.

Table 2.2 : Decomposition Temperature Ranges for Organic Sulphur Functionalities in
Coal for a variety of Thermal Degradation Techniques.

Thermal Degradation Flash Pyrolysis Solvent TP
Reduction

TP
Reduction

TP
Oxidation

Researcher(s) Calkins
(1 987)

Majchrowicz
(1e87)

Mitchell
(1 ee4)

LaCount
(1 e87)

Gas Environment Nitroqen Hvdroqen Hvdrooen Oxvoen
Organic Sulphur

aliphatic, arylthiols 775-800 "C 130-210 "C 200-320'c
aliohatic sulohides 775-800 "C 300-400 "c 200-320'c 300 "c

cvclic sulphides 300-400 "c
aromatic sulohides 300-400 "c 420-430 "C

aryl sulohides 850-900 "c 320 "c
thiophenes > 900'c 430 "C 400.470 "c 420-430 "C

TP - Temperature-Programmed, '-' implies data not available

Temperature-progranìmed Reduction (TPR) typically employs a reducing solvent with

slow heat treatment (Attar and Dupius, 1978, Majchrowicz, 1987). One of the main

problems with Solvent TPR is the lack in determination of thiophenic sulphur groups in

the low boiling point solvents. Incorporation of a CoMo catalyst with the coal feed

removed alkaline materials which were thought to have retained HrS. However,

problems involved inadequate catalyst-coal contact and low HrS recovery

(Majchrowicz, 1987). Results from the studies of Attar and Dupius (1978) displayed an

improvement on the normal heat treatment TPR as the technique as they were able to

distinguish between organic sulphur groups of simple and complex thiophenic nature.

Continued improvements in TPR have focussed on minimising retrogressive reactions

and enhancing the reduction of stable thiophenes. Lafferty (1993) suggests that the

reliability of TPR results is dependent on a well swept reactor configuration to reduce

tar yields and residence time of evolved sulphur gases. High pressure TPR experiments

performed by Mitchell et al (1994) were conducted under well-swept conditions

operating at high hydrogen pressures of 15 MPa. Silica immobilised substrates were

employed to determine the species temperature assignments. High pressures were also
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able to reduce and hence distinguish successfully between non-thiophenic and

thiophenic forms and estimate more specifically the type of ring structure of the

thiophene compounds via exact temperature peak location. Back reactions under high

pressures, however, could not be completely omitted but comparison with other

techniques showed that back reactions were not occurring to any degree that would

create considerable over-estimation of the thiophenic sulphur proportion in coal. Results

of both Majchrowicz (1987) and Mitchell et al (1994) are also featured inTable 2.2.

During temperature programmed oxidation (TPO), evolution of SOr, and some COS, is

monitored as a result of oxydesulphurisation of the coal. La Count (1987) suggested

that reductive techniques do not respond as well to the organic sulphur in coal as an

oxidative process. TPO experiments were conducted by La Count (1987) by exposing a

coal sample to a linear increase in temperature and an oxygen/argon flow stream. The

coal was thoroughly dispersed in tungsten oxide (an inert diluent) to control the

exothermic oxidation reactions. From the comparison of the TPO profiles of model

compounds, the particular SO, peaks for particular organic sulphur forms in coal are

presented in the final columnof Table2.2.

A common disadvantage of the thermal degradation techniques is that inaccuracies in

the proportions and nature of the original organic sulphur compounds in coal arise due

to mass transfer limitations, interconversions between organic and inorganic sulphur

groups and retrogressive reactions, affecting complete removal of sulphur. Interference

from pyrite and mineral matter is also another important factor. Pyrite evolves HrS at

similar temperature and time as organic sulphur, making it difficult to disinguish the

source. The basicity of some of the inherent mineral matter results in absorption and

retention of HrS into the ash. To avoid this, studies must employ low pyrite-containing

coal or demineralised coal. Another problem is that the techniques cannot account for

differences in morphology and characteristics of coal which may also affect the degree

of sulphur removal from coal and hence the determination of the original species.

Furthermore, Calkins (1987) observed that his results were dependent on the sulphur

compound models chosen and the fact that it is assumed that the model environments

assimilate a coal environment. Due to the heterogeneity and complexity of coal, the
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assumption is quite unlikely. Lastly, it is difficult to validate the results through the

comparison of reductive and oxidative temperature-programmed techniques. Sulphur

compounds can behave differently in the different gas environments. Disulphides and

aryl sulphides, under different circumstances are known to behave either aliphatically or

aromatically in nature (Davidson, 1994). This implies that utilisation of TPO

characterisation of sulphur forms in coal therefore may not be successful in

understanding how organic sulphur may behave during a fluidised-bed gasification

process.

2.4.2.2 DirectSpectroscopicTechniques

Due to the numerous disadvantages of the thermal degradation techniques, direct

techniques for the identification of organic sulphur compounds have been developed.

2.4.2.2.1 X-ray Photoelectron Spectroscopy (XPS)

X-ray Photoelectron Spectroscopy or XPS provides information on the chemical state of

elements in solids. The binding energy of an element is determined from the kinetic

energy of an electron which has been ejected from core levels of the nuclei after the

irradiation of a monochromatic X-ray source. It is essentially a surface analysis

technique, where penetration depth is limited to 2-4 nm. XPS has been investigated for

determinations of organic sulphur groups in coal.

For untreated coals the XPS binding energies between sulphur groups is very small.

This implies that deconvolution of the overlapping XPS profiles is required to determine

the peaks of individual sulphur groups. A technique to avoid this problem incorporates

the CAPTO (controlled atmosphere temperature prograÍrmed oxidation) method with

XPS analysis which oxidies the coal and allows detection of oxygenated sulphur

compounds such as sulphonic acid, sulphones and sulphoxides, by XPS. Sulphonic acid

corresponds to disulphides and mercaptans, while the presence of sulphides in the coal

are determined from the presence of sulphone and sulphoxide after oxidation.

Unfortunately, this alternative method deviates from the idea of "direct, non-destructive"

analysis for which the instrumental, spectroscopic technique was favoured in the first

place.
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2.4.2.2.2 X-ray Absorption Spectroscopy (XANES)

X-ray Absorption Spectroscopy or XANES involves the analysis of adsorption edge

spectrum created from the collision of X-rays from a synchrotron source on a solid.

When the X-rays collide with an atom, electrons are ejected to create an absorption edge

spectrum which is representative of the degree of X-ray absorption of the atom. Typical

studies in this area involve the K-edge spectra which represent the ejection of electrons

from the K electron shell of a sulphur atom. This enables in-situ characterisation of

sulphur forms in coal. The third derivative of the spectra is used for interpretation.

Huffman (1989) resolved XANES spectra into peaks corresponding to organic sulphide,

thiophenes, sulphoxide, sulphones and sulphates, but stressed that there was no simple

relationship between the XANES peak areas and the weight percent of the different

sulphur forms. Gorbaty and George (1990) measured heights of the third derivative

spectra to distinguish between sulphidic and thiophenic sulphur. Analysis of Rasa coal

was achieved by deconvoluting the overall spectrum into the individual peaks of

dibenzyl sulphide and dibenzothiophene model compounds. Gorbaty (1990) estimated

the organic sulphur of Illinois No.6 coal by subtracting mathematically the spectrum for

pyrite. The thiophenic content determined by XANES was considerably different from

that of XPS, CAPTO and Flash Pyrolysis techniques. An alternative model was chosen

which gave a new value closer to that of the thermal techniques. Davidson (1994) points

out that analysis by XANES is highly dependent on choice of model compound.

Interpretation depends on the model which leads to a number of deconvolutions that do

not necessarily provide a unique solution.

2.4.2.3 Comparisons between Direct and Indirect Techniques for

Determination of Organic Sulphur Species

There have been many comparative studies done between the both direct and indirect

techniques (Davidson, 1994). Studies show that while some sulphur forms appear

aromatic in XANES analysis, in TPR investigations the compounds are still reactive

enough to be accounted as aliphatic. Thus, both destructive and non-destructive analysis

techniques for the investigation of organic sulphur forms in coal, require deconvolution

procedures to interpret the data. Results are therefore vulnerable to the type of model
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employed. Therefore there is no reason to consider one method more inaccurate than

the other since in both situations, the basic uncertainty lies in the choice of models.

Improvement in both areas therefore requires investigation into more representative

models of sulphur compounds in coal.

2.5 Behaviour of Sulphur Forms during Coal Conversion

Dunkerton (1988) proposed that since coal is a complex heterogeneous material with a

range of individual sulphur compounds, there are numerous possibilities and pathways

for the release of sulphur and distribution of sulphur into solid, liquid and gas products.

Most of the sulphur released occurs during the pyrolysis stage of gasification and

combustion processes where a majority of thermal degradation of coal compounds takes

place (Karr,1979, Morris and Keairns,1979, Kahn, 1989, Furimsky, 1991). Therefore,

the focus and investigation on the transformations of the organic and inorganic sulphur

species in coal during pyrolysis has been a vital step in the review of the mechanism of

sulphur evolution during fluidised-bed gasification processes.

It is important to note that heat and mass transfer effects play an important role on

devolatilisation and char gasification reactions during fluidised-bed gasification. It also

implies that heat and mass transfer will have a significant effect on sulphur evolution.

Under different processing conditions, different reactions are expected to dominate and

control the release of sulphur. The general reactions involved in gasification will be

briefly summarised in this section.

2.5.1 Fluidised-bed Gasification

As previously mentioned, many researchers have found that most of the sulphur evolves

during the pyrolysis stage of gasification. Figure 2.2 displays the evolution of volatile

species (CO, CO2, CH+, CzHq etc) as well as H2S during the fluidised-bed pyrolysis of

1.55 mm diameter coal particles by Morris and Keairns (1979). The experiments were

conducted at a temperature of 872oC with Nz flowing at 50 L min-l and a total pressure

of 10 atm. For coal particles less than 100 mm, devolatilisation is assumed to proceed

instantaneously. For larger size particles (1-10 mm), like those employed in fluidised-

bed gasification, the thermal response of the particle is much slower. Morris and
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Keairns (1979) reported that pyrolysis occurred in two stages : (a) rapid low temperature

reactions whereby most of the volatile species (CO, CO2, CHq, CzH+ etc) were released,

and (b) slow reactions at higher temperatures whereby hydrogen was released over a

longer period of time. The evolution of H2S was observed to behave similarly to that of

CHa, C2H6, CO and CO2, where the concentration of HzS in the off-gas decreased after

the rapid volatile evolution.

Figure 2.2 The evolution of volatile matter and HzS during the pyrolysis of 0.271 g

high volatile C bituminous coal (1.55mm particle diameter) at 872 oC in N2 at 50 L

min-l under 10 atm, Morris and Keairns (1979).

Porous char particles are produced from the initial devolatilisation stage of gasification.

The char at this stage is also deficient in oxygen and hydrogen but rich in carbon and

also contains traces of sulphur, nitrogen and inorganic matter. The extent of porosity and

surface area which has developed is dependent on coal type and the pyrolysis

conditions. As the gasification process continues, char particles undergo secondary

reactions to produce the final gas product. Such reactions include char combustion via

direct contact with oxygen, which is essential to produce heat for the subsequent

gasification reactions between char and the gasifying agent (steam or COz). As low-rank

coals have high contents of volatile matter, the volatiles may also undergo combustion.

The heavy tar substances can crack to produce lower molecular weight compounds
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while volatiles can undergo repolymerisation and condensation with the char matrix to

decrease overall volatile yields. Reactions of sulphur with inorganic matter and the char

can also occur during this stage to reduce the amount of sulphur evolved (Smoot, 1986).

2.5.2 Inorganic Sulphur Transformations

2.5.2.1 Pyrite

Reactions involving pyrite, FeS2, in coal are commonly phase changes, ie.

decomposition, and chemical reactions. Depending on processing conditions, the

chemical reactions of pyrite involve the gasifying agent of either an oxidising or

reducing nature, and reactions with released volatile hydrocarbons to form stable

sulphur complexes (Attar, 1978). The decomposition of pure pyrite occurs at

temperatures around 500 'C in the following form :

FeS2 + FeS+l/nSn (2.r)

Attar (1978) believes this reaction is not straight forward due to a number of factors

such as (i) polymerisation of sulphur : nS to Sn, (ii) a possible mechanism of diffusion

of the unstable species via non-stoichiometric salts FeSr-, and FeS,-r, and (iii) the

interference of the gaseous environment around the FeS, crystals allowing

hydrogenation reactions to occur, such as

FeS, + Hzè FeS + HrS (2.2)

FeS + Hz + Fe + HrS (2.3)

It was also proposed that decomposition of FeS, was controlled by the availability of

S22- on the surface of the crystal and the subsequent rate diffusion from the bulk interior.

Hydrogen facilitates sulphur removal from the surface much faster because it can react

with the sulphur anion. Therefore, an inert carrier gas produces a much smaller driving

force. Hence, kinetics are certainly favourable for pyrite reduction, particularly for

temperatures greater than the bond dissociation temperature (500-600 "C).

Thermodynamically, reduction of pyrite by hydrogen via reaction (2.2) is favourable

above 670 K (400 "C) (Attar, 1978).
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Pyrolysis studies reveal that the decomposition of pyrite inclusions in coal may begin at

temperatures as low as 300 "C, reaching a maximum loss between 450 and 500 "C

(Dunkerton, 1988, Kahn, 1989, Ibarra, 1989, Gryglewicz, 1992, Patrick, 1993). The

reaction of pyrite to iron sulphide or troilite (FeS), is given by :

which is virtually complete around 750'C.

During a pyrolysis or gasification process, the decomposition of pyrite in coal results not

only in the formation of FeS, but also HrS in the gas atmosphere, Reaction (2.5), and an

increase in organic sulphur in the char, Reaction (2.6):

FeSr+FeS+S

S + coal-H -+ H2S + coal-

S+-coal +coal-S

(2.4)

(2.s)

(2.6)

V/hiteway and Galvez (1978) followed the decomposition of pyrite using a radioactive

sulphur tracer. It was found that approximately, 38Vo of sulphur from the

decomposition of pyrite was trapped in the coal matrix. Ibarra (1989) utilised Maigren's

(1983) pelletising techinque and SEM to monitor the dispersion of organic sulphur

within the coal matrix and around pyrite grains. At the time of the decomposition of

sulphates and pyrite, organic sulphur was observed to be less uniform within the coal

matrix due to the additional trapping of HrS and SOr. The absorption was considered a

local phenomenom as it was dependent on the available reactive sights of the coal

matrix. Cleye (1984) monitored the pyrite decomposition in pyrolysed (high pyrite) coal

particles using SEM-EDAX spectrums at a variety of temperatures and times. Plots of

the SÆe ratio versus the distance from the pyrite particle revealed the migration of

sulphur within 15 pm of the pyrite grain. Since the amount of migration did not

increase with pyrolysis time, it was suggested that solid state diffusion did not

contribute significantly to the migration mechanism of sulphur out of the coal matrix.

HrS typically reacted or desorbed to new active sites in coal generated by the

devolatilisation process. Hence pore diffusion of HrS accounted for the main
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mechanism of diffusion control. The amount of sulphur trapped increased with

decreasing pyrite particle size and overall sulphur concentration of the pyrite crystals

(Cleye, 1984, Ibarra, 1989).

The temperature and rate of decomposition of pyrite inclusions in coal during pyrolysis

is influenced by the volatile matter and coal type. A number of researchers (Attar, 1978,

Dunkerton, 1992,Ibarra, I989/I994a/I994b, Robinson, 1978, Gryglewicz, 1992) have

found that due to the presence of organic species, pyrite decomposes at temperatures

much lower than that of pure pyrite, where the reduction of FeS, to Fe can reach

completion below 600 "C. It was also observed that the organic hydrocarbon material of

coal acts as reducing agent for pyrite rather than hydrogen or hydrogen radicals from the

gaseous environment. It was reasoned that the weak C-H bonds comprising the organic

component of the coal could decompose extremely rapidly to yield hydrogen radicals for

pyrite reduction. Similarly, pyrolysis studies by Kahn (1989) at elevated temperatures

(1000 "C), revealed that the carbon matter of coal aided the decomposition of pyrite.

Transformation of pyrite via reaction (2.1) has also been observed during coal

devolatilisation in a gasification process by a number of researchers (Cleye, L984,

Huffman and Higgins, 1978). Srinivasachar and Boni (1989) suggested that reaction

(2.7) is an endothermic reaction which occurs rapidly at the pyrite average dissociation

temperature, 600 oC.

FeSz + 1.14FeOs.37zS + 0.4352 (2.1)

Kahn (1989) conducted experiments in a fixed bed reactor to generate pyrolysis liquids

from coal at 500 oC and above. Pyrite was found to react with carbon monoxide in the

gas phase to produce another undesirable sulphur compound, COS :

FeSr+CO+ FeS+COS (2.8)

This reaction was only significant above 800'C. Pyrite was also found to contribute to

carbonyl sulphide evolution via reactions with methane, Reaction (2.9) and coal,
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Reaction (2.10) at temperatures greater than 800'C (Kahn, 1989, Garcia-Labiano,

1995a):

500"c
4FeS + CHo 4FeS+CS, +2H2S

CS, +2FeS+(coal)

(2.e)

(2.10)2FeS, +(coal-C)----+

Another mechanism for CS, formation similar to equations (2.9) and (2.10) involves the

hydrogen sulphide produced from both organic and pyritic sulphur, with the hot char to

produce CSz (Robinson, 1978).

2.5.2.2 Sulphides

The presence of sulphide sulphur compounds in the char after a conversion process is

mainly due to (Medvedev, 1966, Gryglewicz, 1992, Guruz, 1979, Kucukbayrak, 1988) :

(i)

(ii)

(iiÐ

Decomposition of sulphate sulphur to form sulphides

Decomposition of pyrite to produce FeS

Reactions of the released HrS with basic minerals to form other inorganic

sulphides, example : Ca2* to form CaS.

In many coals, the sulphate sulphur is low so the likelihood of sulphide forming from

sulphates is also low. In rapid pyrolysis experiments (heating rate between 100 - 6000 K

min-r), Sugawara (1994) made a similar assumption about sulphide formation via

mechanism (iii). Though other mineral sulphides, for example CaS, were prosent in the

char, the main sulphide sulphur compound assumed to be present was FeS. The

contribution of inorganic constituents via uptake reactions with mineral constituents was

neglected. Gryglewicz (1992) however, monitored the transformation of sulphide

sulphur during non-isothermal pyrolysis experiments employing a heating rate of 5 K

min-r. Sulphide sulphur was observed to increase between 400-600 oC and 700-1000

"C. The first increase corresponded directly with the decomposition of pyrite,

mechanism (ii). Since the content of sulphate in the coal understudy was low, the

second increase was reasoned to be due to interactions of HrS with basic mineral

reactions. The formation of sulphide sulphur via mechanism (iii) is obviously affected
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by the ash content in coal. The implications of such reactions are discussed further in

Section 2.6,

Thus, if the pyrite concentration in coal is high, sulphide sulphur, specifically ferrous

sulphide or troitite, FeS, is formed throughout the initial pyrolysis stage of a gasification

or combustion process. For a straightforward coal pyrolysis experiment, its

transformation mainly involves the decomposition to metallic iron given by :

FeS-+Fe+S (2.rr)

Attar' (1978) reported that the thermodynamics of the complete reduction of FeS to Fe

was not favourable under practical operating conditions, ie. temperatures between 200

to 1200 "C. Gryglewicz (1992) also found that the observed formation of sulphide

content occurred only slightly after 1000 "C and then disappeared. Subsequent analysis

of chars using SEM-EDX revealed that around 1500 "C, FeS had decomposed to Fe to a

significant degree. By 1700 oC, only metallic iron was detected, indicating the

completion of the reaction. Similar investigation was conducted by Patrick (1993) who

found that the decomposition of pure ferrous sulphide progressed relatively slowly

between 1000 and 1600 "C, and increased rapidly above 1600 "C.

As for pyrite, the decomposition of ferrous sulphide was found to be facilitated by a

small extent by carbon material. Ferrous sulphide in the presence of either graphitic or

non-graphitic carbon had completely decomposed to Fe before 1600 "C (Patrick, 1993).

High pressure hydropyrolysis investigations by Sugawara (1989) revealed that the

decomposition of ferrous sulphide to iron was also enhanced under higher hydrogen

partial pressures. Dunkerton (1988) reported a more complicated transformation of

ferrous sulphide during hydropyrolysis of coal where FeS (triolite) absorbed sulphur

from the organic phase to form Fe,-rS (pynhotite). Pyrrhotite then releases the sulphur

to form HzS :

FeS + org-S + H2 + Fe,-*S + Org-residue + H2S

Fe,-*S +H2+ FeS + HrS

(2.t2)

(2.r3)
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Investigations of the iron transformations during gasification and carbonisation of coal

(Huffman and Higgins, 1978) revealed that most of the iron sulphide compounds

produced from pyrite decomposition, such as FeS and FeO6.s77S, oxidised to ferrous

oxide or wustite (FeO). Later it was found that iron transformations produced 5-6

different compounds of iron, namely iron sulphide (FeS), magnetite (Fe3Oa), haematite

(Fe2Or), wustite (FeO), glass (Huffman and Higgins, 1986), Some other minor phases

were also detected. At the end of a Lurgi gasification operation (Hinckley, 1980), iron

Mosbauer spectroscopy was employed to analyse selected ashes. These studies showed

that 607o of the iron in the ash was in the form of oxides, the remaining iron existed in

molten silicate form. The implications of such transformations will be discussed in more

detail in Section 2.6.3.

2.5.2.3 Sulphate Sulphur

Sulphate sulphur in coal undergoes typical physical transformations such as :

crystallisation, fusion, coalescence and vaporisation, as well as thermal decomposition

and chemical reactions. Dehydration of sulphates such as CaSO..4H2O begins at

temperatures below 350 "C (Ibarra, 1994).

Above 350 "C, decomposition and thermochemical transformation of sulphates begin.

Furimsky (1991) stated that sulphate sulphur is the most obvious source of SOz during

gasification or pyrolysis since the formation of SO2 from any other sulphur source

would require the presence of an oxidising agent. During pyrolysis of coal Ibarra

(1994a) observed peaks of sulphur dioxide around 300 'C which corresponded to the

decomposition of iron sulphates in coal at temperatures less than 400 oC. The residual

sulphate found in the coal was accounted for as calcium sulphate since it is considered

less volatile than iron sulphate. Attar (1978) reported that pyrite can undergo reactions

with calcium sulphate to produce sulphur dioxide :

CaSOo + 2FeS, + HrO+CaO + FeS + 2SO, + H, (2.14)

In Furimsky's (1991) studies, however, it was also observed that SO2 evolved from the

gasification of low sulphate coal and considered the evolution of sulphur dioxide during
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coal pyrolysis and gasification a result of a redox reaction mechanism involving non-

sulphate constituents in coal.

Vestal (1969) found that sulphate sulphur was removed from coal as H2S at the same

temperature as the most volatile and reactive organic sulphur species, However, its

reduction also correlated with an increase in sulphide sulphur in the char. These results

agree well with the early conception that sulphates in the presence of coal underwent

teduction to their corresponding sulphide via the following equation (Medvedev and

Petropolskaya, 1966) :

MeSOa +2C ) MeS +2CO2 (2.rs)

where Me denotes an inherent metal in coal.

Conversion of iron sulphates during pyrolysis is said to result in complex sulphides not

determinable by chemical analysis and thus giving rise to inaccurate determinations of

the organic sulphur in the char (Ibarra 1994b, Markuszewski, 1988).

Medvedev (1966) conducted a comprehensive study on the volatility of sulphate

compounds in coal during a carbonisation process which sheds much light on the

variation of results. The investigations compared the volatility of CaSOa, FeSOa and

FeSO¿.NaSO¿ additives in coal during carbonisation by employing isotopic tracing of

the sulphur species. They concluded that the thermochemical transformations of these

additive salts involved either of three different mechanisms :

(i) volatile sulphur in the gas and tar products of the carbonisation processes

(ii) organic sulphur in the char, and also

(iii) corresponding sulphides in the coal char.

Medvedev (1966) also proposed that the predominant decomposition direction is

governed by the nature of the coal and the properties of the sulphate compound. The

properties of the three salt additives were found by tagging the coal radioactive
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compounds of the salts and heating at temperatures between 350 to 900 "C. The results

are surunarised in Table 2.3, Table 2.3 illustrates, that similar to FeS2, the thermal

decomposition temperature of the sulphates is lower when surrounded by a carbon/coal

environment compared to decomposition of the pure substance. It was also suggested

that the free radicals and atoms formed during the simultaneous decomposition of coal

was responsible for the significant drop in thermal decomposition temperature. The

study also showed that FeSOo and FeSOo. NarSOo were more volatile than CaSOo.

Table 2.3 : Comparison of Thermal Decomposition Temperature and Volatility of
Sulphate Compounds, Medvedev ( 1 966 ).

Sulphate
Compound

T(C) pure
sulphate

T (C) coal
sulphate

Volatile S
(LR coal)

Volatile S
(Bit. coal)

CaSO4 > 1000"c 300 - 350"c 3%
FeSO4 450 - 480"C 300"c 50% 27 "/"

FeSO4. Na2SO4 450 - 480"C 250'C 19%
LR : Low-rank Coal, Bit. : Bituminous Coal

Ibana (I994b) observed increase in organic sulphur in char during pyrolysis

experiments around 400-500 "C, where the decomposition of iron sulphates occurs was

also observed. This suggested the incorporation of the released sulphur into the char as

organic sulphur, and agrees with the occurrence of mechanism (ii) in Medvedev's

(1966) studies. Medvedev (1966) observed that the formation of sulphides from

sulphates played an insignificant role in the transformation of sulphates. Sulphide

sulphur formed at temperatures well after the decomposition of the sulphates and at

trace quantities of the initial sulphate concentration in coal. Similar to Ibana (1994b)

they found organic sulphur increased as sulphate decomposed and identified the likely

mechanisms as the following :

For calcium sulphate (CaSOo) :

CaSOo + Coal + (CaSOo-Coal) + (CaS-Coal)complex

+ (Coal-S)complex + Ca++ (2.1,6)
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For iron sulphate (FeSOo) :

2FeSOo e2FerOr+ SO3 + SO2

SO., + 8H <+ HrS + 3H2O

SO, + 6H <+ HrS + 2H2O

2HrS + Oz ë 2H2O + 25 + 230 kJ

25+coal+ (org-S) (2.17)

or

FeSO. + coal -+ (FeSOo-coal) -+ (FeS-coal)complex

-+ (coal-S)complex + Fe** (2. 18)

It was suggested that since FeSOo is more volatile than CaSO4, transformation into

organic sulphur could occur via sulphate and sulphide complexes with coal, and via

reaction of evolved sulphur with the coal matrix. It was calculated that approximately

12.57o of the initial sulphate content remaining in the char transformed to sulphides,

while 87.5Vo transformed to organic sulphur. The sulphide sulphur which formed at

elevated temperatures was believed to be a result of secondary reactions with cations

Fe++ and Ca++, resulting in mechanism (iii) implying that sulphate decomposition was an

indirect source for the formation of sulphides.

2.5.3 Organic Sulphur Transformations

Organic sulphur in coal exists in a wide variety of functionalities which is dependent on

the extent of the coalification process.

Figure 2.3 summarises the common organic sulphur compounds in coal in order of

increasing thermal stability and decreasing reactivity. Figure 2.3 also categorises non-

aromaticas thiols, sulphides and disulphides, and aromatic sulphur as aryl sulphides,

cyclic sulphides and thiophenes (Calkins, 1994). The decomposition and transformation

of the general organic sulphur functionalites are considered in the following subsections.
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Sulnhur Compound

aryl and aliphatic thiols

aliphatic sulphides

cyclic sulphides

aryl sulphides
thiophenes inueasing aromaticmcre&stng

reactivity thermal stability

Figure 2.3 Common organic sulphur compounds in coal

2.5.3.1 Thermal decomposition of Organic Sulphur Functionalities

2.5.3.1.L Thiols and Disulphides

Thiols and disulphides are the least stable sulphur species in coal. Thiols decompose

and reduce in the presence of hydrogen, very rapidly to form HrS and unsaturated

compounds. Direct evolution of these compounds into the gas phase is quite uncommon.

The presence of thiols and disulphides in pyrolysis products is believed to be strictly

from secondary reactions with HrS and unsaturated compounds in the gas phase (Attar,

1978, Robinson 1978). In an oxidising environment, thiols and sulphides react readily

with oxygen to produce sulphoxides and sulphanes (Robinson, 1978).

Attar (1978) studied the decomposition of organic sulphur and the transformation of

organic sulphur functional groups during coal pyrolysis. A mechanism of decomposition

was proposed which involved (i) the decomposition of C-S bonds to free radicals and

(ii) the subsequent stabilisation via the reaction with hydrogen supplied by the rupturing

of organic bonds within the coal matrix :

(i)

(ii)

R-S-R'-+R'.+RS.
RS.+R,H+RSH+R,

(2.r9)

(2.20)

where R'H represents a source of hydrogen in the coal matrix. Note that in a reducing

environment, hydrogen is present in high concentrations and a similar reaction to (ii)

would occur more rapidly. For pyrolysis, the hydrogen is abstracted from other
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hydrocarbon compounds. It was suggested that the rate of desulphurisation of thiol and

sulphide groups was limited by the reaction with hydroaromatic hydrogen. However,

reduction of hydroaromatic H, was found to be an extremely facile reaction and

therefore not expected to be a significant limiting factor on the desulphurisation process.

It was therefore suggested that the rate of decomposition of "simple" sulphur

functionalities was limited or controlled by the breaking of C-S bonds.

In Attar's reaction mechanism, the resulting mercaptan, RSH, from reaction (2.20) then

decomposes via secondary reaction in the gas-phase to form HrS :

(iiÐ RSH -+ olefin + H2S (2.2r)

There is evidence that shows for a reaction such as (2.2I) that the activation energy for

the formation of HrS is similar to that for the formation of light hydrocarbon (olefin)

which implies that the proposed reaction mechanism is quite plausible (Lester, 1982).

For higher molecular weight thiols, multifunctional group reactions have been suggested

as a mechanism for desulphurisation (Attar, 1978). This involves reactions between

physically adjacent functionalities within the solid coal matrix :

coal-C6H4SH + CH3C6H5-coal -+ coal - C6H4CH2C6H4-coal + H2S (2.22)

The coal is partially desulphurised before gasification commences. Again, the rate of

multifunctional decomposition depends solely on the rate of bond breaking of the C-S

bonds.

2.5.3.I.2 Aryl, Cyclic and Aliphatic Sulphides

Aryl sulphides are quite stable since the sulphur resides in the aromatic ring of the

compound. They are therefore quite difficult to decompose. Aliphatic sulphides

comprise of a sulphur linked to an aliphatic hydrocarbon structure. They are less stable

and tend to decompose to unsaturated compounds releasing HrS. Cyclic sulphides
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possess intermediate stability between aryl and aliphatic sulphides, where the sulphur is

part of a non-aromatic ring.

2.5.3.L.3 Thiophenes

Thiophenes are very stable compounds, due to the resonance energy of the

heteroaromatic structure, and tend to decompose at high temperatures of approximately

800 "C. This is often the reason why their detection is difficult in thermal reduction

analysis of organic sulphur forms. Under extremely high hydrogen pressures and in the

presence of catalysts, say alumina or alumino silicates, significant decomposition of

the thiophenic structure can occur (Robinson, 1978, Attar, 1978). Equations (2.23) to

(2.25), illustrate that the decompositiom of thiophene compounds begin decomposition

in the presence of hydrogen occur at much lower temperatures, around 450 "C, (Kahn ,

1989).

qr "' , c=c-c=c+ HzS "' t c¿Hro+Hzs
> 450"C

(2.23)

(2.24)

CzHs

Hz+
500"c

+H2S+ +

S

Diobenothiophene is stable up to 550 "C and decomposes like :

S

Hz

> 500'c
+ HzS

(2.2s)
(dibenzothiophene)

In general, the reduction of thiophenic compounds involves the removal of small

molecules such as hydrogen sulphide, C, CzH* It is expected that the temperature and

pressure conditions of a gasifier will enhance decomposition of thiophenes.
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2.5.3.1.4 A Summary Organic Sulphur Functionalities Decomposition

The thermodynamics of reactions of organic sulphur species with hydrogen have been

reviewed by a variety of workers and a summary of the thermodynamic data on

hydrodesulphurisation reactions compiled by Attar (1978) is presented inTable 2.4.

Table 2.4 : Summary of the Thermodynamics for the Hydrodesulphurisation of Coal at
600 K1327 'C, Attar (1978).

2.5.3.2 Organic Sulphur Retention

Generally there is a limit to which sulphur can be removed from coal. Experiments

investigating the hydrogenation of the resulting or gasified char found that while most of

the organic sulphur can be removed, there does remain a fractional amount of sulphur

that cannot be removed due to the presence of stable sulphur species such as thiophenes

(Robinson, 1978). Even if it is thermodynamically possible for all the sulphur

compounds in coal to decompose to HrS, at high temperatures between 800 and 1000

oC, the porous coal structure collapses at temperatures between 700-860 "C and so the

gasifying agent has no means of accessing the organic sulphur (Attar, 1978). In addition

to this, during the thermal conversion process, back reactions of evolved HzS and

inorganic constituents and the char matrix can occur to promote the retention of sulphur

in the char. It has also been found that cyclisation of organic sulphur compounds occur

to form more stable organic sulphur compounds. Such reactions occur simultaneously

with the generation of HrS and are less predominant as the rank of coal increases

(Keleman, 1991).They have also been observed in even the most severe processing

Sulphur Transformations during Pyrolysis of Low-rank Coal and
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Reaction d,H"6no LS"snn LF"600 Stability
A R-SH+ Hz + RH + HrS -62.5 t3.4 -54.5 Favourable

B Q-SH + Hz+ QH + HrS -54.1 15.5 -63.4 Favourable

C (C2H5)2S + 2H2 -+2CrHu+ HrS -116.0 36.5 - 138.0 Favorable

D cyclo-CoHrS + H, + C4Hto +

HrS

-68.0 9.5 -73.7 Favorable

E QzS + 2}Jr-+ 2QH + HrS 14.9 -64.3 6r.2 Unfavourable

F [-J +2n?+ c4H6 + H,s
-35.9 -t73.2 68.0 Unfavourable

G (CH3S)2 + 3H2 + 2C}J4 +2H2S -r17.r 5.0 -r74.1 Favorable
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1994). Kelemen (1991) suggests these cyclisation or resulphurisation processes that

occur during mild thermal treatment or pyrolysis closely resemble the transformations

that occur during coalification.

2.5.3.2.I Cyclisation Reactions of Organic Sulphur

Early investigations by Boehm (1957) involving sulphidising sugar charcoal suggested

sulphur can be trapped in the char as aryl sulphide. Attar and Messenger (1983) argued

that the only form of organic sulphur which could be sufficiently bound to the matrix of

the char is thiophenic in nature. Many investigations into such reactions have in fact

focussed on the formation of thiophenic compounds. Thiophenes are the major sulphur

'containing product from coal pyrolysis and can be formed during the coal conversion

process from reactions of HrS or elementary sulphur, Sn, (released from pyrite) with

organic molecules of the coal. Laboratory scale experiments have shown that such

reactions are catalysed by the presence of alumina or alumino silicates (Attar, 1978)

according to :

CzH¿-R (Al2o3) (2.26)

+S S R+ HzS

Though the reactions tend to occur under specific temperature and catalytic conditions,

the reaction is quite favourable kinetically because the product formed is extremely

stable. Sulphur fixation can also occur with aliphatic carbon species as :

+ H2S

C
il ll + zøz

(2.21)

Rasmussen et al (1946) and Korn (1966) assessed back reactions of sulphur species with

aliphatic and light hydrocarbons. Investigations revealed that for temperatures as low as

200 "C, sulphur can react slowly with the hydrocarbons to produce ne\ry carbon-sulphur

bonds :

CC\sHl
il
c

C

il
C
\HH
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2-CH2- + Sn J2-CH-SH + Sn_z (2.28)

and

2-CH2 -CH, + Sn ê z-CH = CH + 2H2S + Sn_z e.29)

A similar summary has also been compiled for resulphurisation reactions which shows

that most back reactions are thermodynamically favourable during the hydropyrolysis

process. The results are displayed in Table 2.5. Note that the only reaction

unfavourable in Table 2.5 is the formation of thiophenic sulphur which requires specific

conditions, namely high temperatures and presence of catalysts as mentioned.

Table 2.5 : Summary of the Thermodynamics of Sulphur Retention in Coal during
Hydropyrolysis at 600 K1327 oC, Attar (1978).

where
coal = and thiophene =

S

2.5.3.2.2 Organic Sulphur from Inorganic Sulphur

As mentioned in previous section 2.4.1 Inorganic Sulphur Transformations, many

researchers (Cleye, 1984, Kucukbayrak, 1988, Ibarra I989/1994a/I994b, Grgylewicz

1992) have observed that at the temperature where pyrite and sulphates are reduced, the

organic sulphur content of coal increases. In some cases, above temperatures where

decomposition of pyrite was complete, the organic sulphur content was said to decrease

again (Gryglewicz, 1992).In the aforementioned studies, the chemistry to describe the

presence of stable organic sulphur during the decomposition of inorganic sulphur in coal

Sulphur Transformations during Pyrolysis of Low-rank Coal and
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Reaction Nr"6nn LS"60o LF"6¡¡ Stability
H RHC=CHR+H2S+

RCH2CH(SH)R

-9t.4 -298.0 87.5 Favorable

I RHC=CHR+RCH2CH(SH)R

-+R(CHr)rCH(S CHRCH2R)CH2R

-127.7 -222.0 5.6 Favorable

J CH3CH2OH+ H2S -+CHTCHTSH +
HrO

-30.0 1.0 30.6 Favorable

K QOH + HrS+ QSH + HrO -12.6 -34.5 8.1 Favorable

L Coal + HrS + Thiophene + 2Hz 121.2 216.4 -8.7 Unfavourable
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is basically the reaction between HrS that is released and the active sites in the coal

matrix that are continuously provided as the devolatilisation process occurs

simultaneously to sulphur evolution. The result is the formation of strongly bound

organic sulphur, however, the exact nature of the carbon-sulphur bonds is unknown

(Cleye, 1984). Non-isothermal pyrolysis studies by Yperman (1995), showed rhar rhe

increase in organic sulphur between 300-500 oC, as a result of pyritic sulphur

decomposition, was accompanied by a decrease in organic sulphur between S00-1000

"C. This suggested that the organic sulphur incorporation in the char was predominantly

aromatic in nature but distinguishing between original organic sulphur and pyrite-

derived organic sulphur was not possible. Subsequent Atmospheric Pressure

Temperature-Progammed Reduction (AP-TPR) of the pyrolysed coal char revealed that

as the pyrolysis temperature increased from 400-1700 oC, pyrite and organic sulphur

compounds of mixed aliphatic-aromatic sulphide functionalities were replaced

systematically with more complex sulphur compounds such as aromatic sulphides,

simple thiophenic sulphur, and finally more complex condensed thiophenes above 1000
oC. For 1700 oC, no AP-TPR signals were observed suggesting that the organic sulphur

resided in the char in extremely stable thiophenic forms.

Kucukbayrak (1988) concluded that the conversion of sulphate and pyrite sulphur to

organic sulphur actually increased the overall removal of sulphur from the coal. This

was due to the fact the organic sulphur formed is less stable than sulphide sulphur and

decomposes as carbonisation proceeds. Sulphide sulphur decomposes only at high

temperatures which are not often attained in the coal conversion processes.

2.5.4 Mechanisms for CS2 and COS Evolution

HrS is the main sulphur compound detected during the gasification or pyrolysis of coal.

However, the evolution of other sulphur compounds such as COS, CS, and SO, in the

gas phase also contribute to the overall mechanism of sulphur release. The mechanisms

of the formation of these compounds are discussed in this section.
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2.5.4.1 Carbon DisulPhide

A significant part of the excess sulphur in the coal was desorbed as carbon disulphide,

CSr, between temperatures of 900 and 1000 "C during hydrodesulphurisation studies by

Vestal (1969) and low temperature pyrolysis investigations by Garcia-Labiano (1995a).

In the latter study, the yield of CS, was greater for low-rank coals with greater reactivity

compared to that of high-rank coal. As mentioned in Section 2.5.2.1 on transformations

of pyritic sulphur, Kahn (1989) suggested that solid-gas reactions involving pyrite with

methane or CO, were responsible for CS, formation at temperatures around 800oC,

equations (2.9) and (2.I0). Kahn (1989) also found that CSr formed as a result of

seconda¡y gasification reactions involving H2S and other gas compounds described

below:

Carbonyl sulphide and carbon disulphide can also form from the reaction of elemental

sulphur, which derives from the decomposition of organic sulphur and/or pyrite, with

carbon monoxide in the gas phase (Robinson, 1978) :

2H2S +CO2 + CSr+H2O

HrS + COS -+ CS, + H2O

2COS + CSr+CO,

1rSn + CO -+ COS
n

(2.30)

(2.3t)

(2.32)

(2.33)

CO+ S + CSt (2.34)

Robinson (1978) also reports that the above reactions can be catalysed by the alumina,

silicates, metal sulphides and alkaline compounds present in coal.

2.5.4.2 Carbonyl Sulphide

Evolution of carbonyl sulphide, COS, was observed from fixed-bed gasification studies

during gasification in CO2 only (Furimsky, 1991). Steam, nitrogen and steam with

4%ovoL oxygen gasification of the same coal samples did not produce any COS.

Detection in the COz gasification experiments occurred between 5 to 10 minutes after

n
?
n
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the beginning of the reaction, implying that formation of COS occurs during gasification

and not the initial pyrolysis stage. Furimsky (1991) investigated a number of

mechanisms of the secondary gas reaction resulting in COS formation by heating a

mixture of (i) 1 volTo HrS with 50 voIVo CO, and (ii) I volTo HrS with 5O volVo CO at

ll23 K in a quartz tube. It was observed that the COS formed from CO, and H2S

decomposed to CO and elemental S, while the COS formed from CO and H2S remained

stable. The latter reaction is therefore concluded the more favourable reaction for COS

formation.

Kahn (1989) suggested that the formation COS occurs via the reaction of carbon

monoxide and pyrite at temperatures greater than 800 oC, Reaction 2.8. Ibarra (1994a)

also believed the formation of COS was related to pyrite decomposition. The same

pyrolysis experiments also discovered the presence of two carbonyl sulphide peaks.

Since only one COS peak was present for pyrolysis of a low-pyrite coal, Ibama Q99aa)

was able to deduce that decomposition of organic matter was also a contributing factor

to the formation of COS.

2.5.4.3 Sulphur Dioxide

Sulphate sulphur is considered the most obvious source of SOz during gasification or

pyrolysis, since the formation of SOz from any other sulphur source would require the

presence of an oxidising agent (Furimsky, 1991). Unexpectantly, detection of sulphur

dioxide in the gas product has also been reported from the pyrolysis and gasification of

low sulphate coal (Furimsky, 1991, Ibarra,l994a). Furimsky (1991) proposed that the

mechanism for sulphur dioxide release was mainly due to prior oxidation of the coal

sample and the subsequent gas-solid oxidation involving iron sulphides (decomposed

from pyrite) and oxides. Iron sulphide (FeS) is oxidised to FeO via reaction with

calcium oxide. FeO then decomposes to iron due to reducing activity of carbon and

reacts with steam or COz to form Ferrous oxide (Fe¡O+). Ferrous oxide then oxidises

hydrogen sulphide to elemental sulphur and sulphur dioxide. Furmisky (1991) believed

that the complex set of reactions was more likely to produce SO2 during gasification of

a low sulphate coal than a straight forward gas-phase oxidation of HzS to SOz. This is

because for gasification in the presence of steam or CO2, it is unlikely that the gas-phase
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reaction (HzS + SO2) would proceed. SO, production was also observed by Ibarra

(1994a) during the pyrolysis of demineralised (ie. low sulphate) Mequinenza coal. Ibarra

(1994a) agreed with previous studies by Calkins (1987), that other mechanisms for SO,

formation, such as the pyrolysis of organic sulphones in the coal and the oxidation of

sulphides by chemisorbed oxygen in the pore matrix of the coal, were the cause of

residual SOz.

2.6 Interaction of Sulphur with Inorganic Constituents

Transformations of sulphur-containing minerals have been previously discussed in

Section 2.5.2. The transformations of mineral matter and other inorganic constituents

during fluidised-bed gasification and combustion processes will be discussed in the

current section. Knowledge of such transformations is extremely important not only

because alkali mineral matter, such as calcium and sodium, interact with sulphur and

prevent its evolution in the gas phase. Such interactions have been found responsible

for the formation of a variety of low melting point eutectic compounds which cause

agglomeration and defluisidation problems during fluidised-bed gasification and

combustion processes (Zhang et al, 1997).

2.6.1 The Physical Transformations of Inorganic Matter

Low-rank coals contain a significant percentage of inorganic elements present as

discrete mineral inclusions similar to those in the high-rank coals. In addition,

significant quantities of organically bound inorganic matter also reside in low-rank

coals. During combustion and gasification processes these inorganic constituents

become exposed to the gas environment due to the receding carbonaceous surface of the

coal particle (Manzoori, 1996). As char combustion or gasification continues, the

exposed inorganics particles remain attached to receding char surface and get drawn

together. This interaction allows the formation of low melting point eutectics. These

molten particles start to coalesce at temperatures well below the fusion point and begin

to agglomerate and sinter. Such a process, displayed pictorially in Figure 2.4, depicts

the mechanism of agglomeration.
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As mentioned in Section L4.2, agglomeration leads to defluidisation and unexpected

plant shut down. Defluidisation, however, can occur without agglomeration. It has

been found that the thickness of the ash layer coating plays a key role in the initiation of

both of these processes (Zhang et al, 1997). There exits a critical ash coating thickness,

above which defluidisation can occur. Such a critical thickness decreases as the bed

temperature increases.

Figure 2.4 A possible mechanism of ash deposition on bed material in the formation of

agglomerates during fluidised-bed combustion, Manzoori ( I 996).

2.6.2 The Chemistry of Inorganic Transformations during Combustion

The chemical transformations of inorganic constituents in coal which have led to the

formation of the low-melting point eutectics have also been substantially reviewed for

combustions systems (Lindner, 1988, Manzoori, 1996). In the early stages of

combustion, crystallisation of NaCl and NarSOo occurs due to rapid evaporation of

inherent moisture around 200 oC. This results in fine crystals concentrated in the centre

of the coal particles due to the receding weldry interface during evapouration

(Manzoori, 1996). It is also postulated that NaCl converts to NarCO, giving off HCI

during the initial devolatilisation stage (200-600 oC¡ of the process (Lindner, 1988).

Organically bound inorganic constituents, namely, sodium, calcium, magnesium, are

bonded to carboxylic and phenolic groups which decompose between 200-600 "C. The

cations are either released into the gas phase with the volatile matter, or form

corresponding carbonate compounds in the char. Depending on the conditions, the

carbonate can then decompose to an oxide by releasing COr. Siderite, FeCOr,

Sulphur Transformations during Pyrolysis of Low-rank Coals and
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decomposes around 500 oC. MgCO, decomposes to MgO around 700 oC, while calcium

carbonate, CaCO.,, reaches completion at 800"C (Attar, 1978). Murray and Ledger

(1982) pyrolysed single cation (Na*, Ca2+, Mg2* and Fe2*; low-rank coals and found that

sodium carbonate (NazCO¡) and calcium carbonate (CaCOr) formed between 400 and

800 oC, while magnesium carbonate between 400 and 900 oC, after which the

corresponding oxides appeared. Magnetite, Fe3Oa was detected up until 600 oC

decomposing around 800 "C. The subsequent decomposition to the oxide enables rapid

reactions of sulphur with the metal oxides (MO) and/or with free metal ions (M..) in the

char matrix to form metal sulphides (MS). As mentioned, this was observed in previous

pyrolysis studies by Gryglewicz (1992) between 700-1000 "C.

Silicacious and aluminate material decompose at high temperatures and therefore

remain relatively unreacted during the pyrolysis stage (Ibarra, 1989). Silicate and

aluminosilicates are also inert towards HzS at low temperatures but have been found to

catalyse the decomposition of organic sulphur at high temperatures (Robinson, I9J8,

Attar, 1978). Furthermore, in a combustion or oxidising environment, low temperature

fusion can occur between acidic oxides (Sio2, Al2o3) and basic oxides (Naro, Mgo,

CaO, FerOr) around 900 "C (Lindner, 1988). Reaction between sodium and kaolinite

can occur at temperatures as low as 700 "C. Falcone and Schobert (1986) conducted

crucible experiments to study the ash composition. Results showed that the organically

bound sodium and calcium were more reactive than mineral bound sodium and calcium

in forming complexes with aluminosilicates. Both sodium and calcium forms were

found to bind at temperatures less than 1000 oC.

In an oxidising or combustion environment, sulphur is also known to react with alkali

and alkaline metals to form sulphates which are retained in the ash (Attar, 1978).

Sulphur retention can occur due to inherent mineral compounds or due to the

organically bound inorganic constituents in the coal matrix which have formed

carbonates or subsequently decomposed to oxides after the initial devolatilisation stage.

In similar studies to that of Falcone and Schobert (1986), Domazetis (1985) observed

that the reactivity of the alkali material (Ca**, Na* and Mg**) with the acidic oxides was

in the following order : C>NæMg, However, in the presence of SOz sulphur in the
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char, calcium and sodium formed sulphates with the major ash phase as MgAlrO.,.

Similarly, ashing of Victorian brown coals by Durie and Schafer (1965) found that

sodium and calcium organically bound to carboxylates were largely responsible for the

fixation of sulphur as calcium and sodium sulphates in the ash at temperature less than

400 "C. Magnesium was not observed to play alarge role. It was not clear whether the

released cation formed a metal oxide or carbonate prior to the sulphur fixation.

Goblirsh et al (1983) performed agglomeration tests on high sodium coal and found

sulphated ash was responsible for formation of agglomerates at the low temperatures

during combustion. Spouting-bed combustion experiments by Manzoori (1990),

Vuthaluru andZhang(1997) using high sodium, high sulphur South Australian low-rank

coals found that particles forming agglomerates were rich in sodium and calcium

sulphates which act as a binding material. Table 2.6 provides a list of the melting points

of the inorganic compounds likely to form during combustion and gasification obtained

from a number of sources (Weast, l979,Dean, 1985, Souto, 1996).

Table 2.6 : Inorganic Compounds found in Coal Combustion and Gasification
Processes and their Melting Points (Weast, 1979, Dean, 1985, Souto, 1996).

ChemicalFormula MP ("C) ChemicalFormula MP fC)
CaCl 772 MqCl, 714
CaCO. 1 339 MqCOg 350
CaO 2927 MoFeO, 1 750
CaS 2400 MqSiO" 1 898
Ca,SiO, 2130 MoSO, 1124
CaSO, 1400 NaAlOr >1 650
FeCl¡ 304 NaCl 801
FeO 1377 NaCOr 851
FeS 1171 NaOH 322
FeS" 1 195 NarO 1132
FeSiO" 1 140 NarS < 950
MoO 2825 NazSO¿ 884
MoAl,O" 2135 Na"SiO" 1 089

Table 2J contains a list of melting points of a variety of eutectic compounds which

form during both combustion and gasification processes. The information in Table 2.7

was extracted from Zhang et al (1997) and originally compiled from Dean (1985),

Levin (1979) and Souto (1996). More recent studies by Zhang et al (1997) on the

investigation of preventative strategies for agglomeration during fluidised-bed
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combustion, confirmed sulphur's role in agglomeration. The addition of both

aluminium-rich additives and aluminium-rich bed material in the combustion process,

and the employment of pretreated coal, namely coal with water and acid-soluble

inorganics (such as silicates and aluminosilicates) removed, were trialed.

Table 2.7 : Eutectic Compounds found in Coal Combustion and Gasification Processes
and their Melting Points, Zhang et aI (1997).

ChemicalFormula MP (c) ChemicalFormula MP (c)
Sodium Eutectics Calcium Eutectics
NarSOo-CaSOo 900 CaSOa-MgSOa-Na2SOa 650
NaCl-Na CO2a 633 CaSOa-MgSO4-K2SO4 950

NaCl-Na,SO, 623

NarSOo-MgSOo 670 lron Eutectics

NaCl-CaSO, 721 FeS-FeO < 900
NaCl-Na2CO3- Na2SO4 612
Na,O-SiO,- Na,SOo 635
NazO-SiO, 790
Na,CO"- NaoSO, 844
MP - melting point of substance

The addition of aluminate-rich phases was successful at minimising agglomeration and

defluidisation as it reduced the formation of the ash deposition layer that provides

adhesion between particles. The pretreatment of coal actually enhanced agglomeration

and defluidisation due to the possible enrichment of sulphur and its subsequent reactions

with silicates. These findings oppose previous experimental studies by Manzoori and

Argawal (1994) who observed that for combustion of raw and acid-washed Lochiel coal,

the raw Lochiel experienced defluidisation after 2 hours, while AW Lochiel experienced

l0 hours of operation. Acid-washed coals have a significant reduction of low melting

point compounds that would otherwise contribute to sticky eutectics, however tt.re

sulphur component is enriched. Enrichment of pyritic sulphur in the acid-washed coal

sample employed by Williamson (1994) during fluidised-bed gasification was

considered the key reason for greater agglomeration compared to that of the raw coal.

Sulphur in the gas phase has also been found responsible for detrimental interactions

with inorganics. Vapourised sodium can react with SO, in the gas phase to form NarSOo

which deposits on boiler surfaces during combustion, causing corrosion and fouling of

heat surfaces. Sodium may also condense on heat exchanger surfaces and then react with

SOr. The vapour phase reaction is influenced by the gas phase equilibrium of sodium
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which is a function of furnace residence time and mixing in the combustion zone. If

NaCl is deposited instead, Cl is replaced by SO, passing over it to form NarSOo. The

latter reaction is a function of residence time. Undergoing a molten state before

evapouration provides an opportunity for reactions with other inorganic constituents.

Note a lot of the eutectic compounds presented in Table 2.J contain sulphur compounds.

2.6.3 The Chemistry of Inorganic Transformations during Gasiflrcation

In a reducing or gasification environment, transformations and interactions of inorganic

constituents are not as well understood. Fixed-bed gasification investigations of a

variety of samples of S.A. Lochiel coal found that both organically bound sodium and

sodium present in NaCl reacts with silica and kaolin to form sodium silicates and

aluminosilicates, respectively (Kosminski, 1997). Sodium silicates under reducing

conditions have significantly low melting points and are expected to contribute to the

sticky molten ash layer which bonds char particles with char particles during

gasification. It was observed in the aforementioned studies that the sodium silicates in

the gasified chars appeared fused whereas the sodium aluminosilicates appeared sintered

but not fused, and hence unlikely to create agglomerates as in combustion conditions.

Ash Agglomeration Fluidised-bed Gasification studies by Mason and Patel (1980)

employing a U-GAS@ gasifier observed that when FeSz underwent decomposition to

FeS, the FeS was later oxidised to FeO which reacted readily with silica material in coal

to produce low melting point silicate mixtures. The iron silicate eutectic was found

responsible for ash agglomeration mainly in the oxygen rich regions of the gasifier

where the temperatures were the highest. It was therefore concluded that the oxidation

of FeS to FeO played a critical role in the ash agglomeration process. Recent studies by

Mason and Patel (1992) found that the transformation of FeS to FeO created an iron

eutectic compound FeS-FeO which has a melting point less than 900 oC. They

concluded that this transformation was responsible for undesirable ash agglomeration

which occurred at significantly lower temperatures. Both iron-derived ash

agglomeration mechanisms observed by Mason and Patel (1992) were similar to those

found by Williamson (1994) during bed material investigations from a fluidised-bed

gasification process. Optical and scanning electron microscopy (SEM) analysis of bed

material and sintered samples revealed that the bonding between bed material was either
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an Fe-S-O compound or an iron aluminosilicate matrix. Fe-S-O was found to bind 2

illite particles and completely coat then 12-50 pm thick. The authors suggested that an

initial bond can be formed between FeS (from FeS2 decomposition) and a clay particle.

FeS has a melting point of 1170 oC, however once oxidation occurs the FeO-FeS

eutectic forms which has a melting point of 940'C. Some evidence of chemical attack

of aluminosilicate on the illite particles was observed, while little dissolution was found

between the iron aluminosilicate eutectic and the kaolinite particle. Many of the coals

studied in Williamson's (1994) study did not produce agglomeration or sinters. The

selected samples analysed were considered to be extreme cases where hot spots or

temperature excursions occurred.

2.7 Effect of Coal Characteristics on Sulphur Evolution

2.7.1 The Effect of Coal Rank

As mentioned in Section 2.3.3, the complexity of the organic sulphur compounds in

coals increases as the coalification process and hence coal rank increases. Gryglewicz

(1988) determined the thiophenic sulphur content in a number of coals of various rank

(indicated by content of volatile matter) and showed that the proportion of stable

thiophenic compounds increased as coal rank increased via the relationship given in

Figure 2.5.

The constitution and thermal stability of the organic sulphur functionalities present in

coal has been concluded by a number of researchers including Cernic-Simic (1962),

Attar (1978), Gryglewicz (1988) and Garcia-Labiano (1995b), as one of the greatest

reasons for the higher sulphur retention of high-rank coals compared to that of low-rank

coals. ln Uoih slow temperature-programmed pyrolysis experiments by Gryglewicz

(1988) and rapid wire-mesh pyrolysis experiments by Garcia-Labiano (1995b), the

amount of sulphur evolved was found to decrease as the rank of coal increased.

Obviously, the more stable organic sulphur compounds in high-rank coal, results in less

evolution of sulphur during pyrolysis and gasification processes. The results from

pyrolysis experiments conducted by Gryglewicz (1988) on a number of coals of

different rank is presented in Figure 2.6.
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Figure 2.5 The ratio of the thiophenic sulphur to the total organic sulphur in coal as a

function of the rank of coal, Gryglewicz (1988).

Figure 2.6 The percent of total sulphur reduction during pyrolysis versus the volatile

matter content, Gryglewicz (1988).

Cernic-Simic (1962) investigated the link between sulphur retention and coal rank

during carbonisation of coal. The influence of coal rank was explained by its direct

relationship with (a) the mode of linkage or strength of organic sulphur bonds in the

coal, (b) the amount of volatile matter in the coal, and (c) the capacity of the organic
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matrix to combine with released sulphur to form new carbon-sulphur bonds. Coals

which had greater contents of complex organic sulphur, ie. high rank-coals, less

cyclisation and hence retention of sulphur was observed. The author proposed that the

previously established and extremely stable, carbon-sulphur bonds in the high-rank

coals inhibited further formation of complex organic sulphur. Low-rank coals therefore

had greater amounts of simple organic sulphur bonds and readily underwent cyclisation

reactions. Low-rank coals also retain more sulphur due to the greater number of active

sites in the coal matrix which form during devolatilisation (Maa, l9'l5, Cernic-Simic,

1962). Maa (1975) concluded that the extent of reaction between and the organic coal

matrix is a function of rank and the chemical reactivity of coal. Garcia-Labiano (1995a)

used this argument to explain why CS2 formed during pyrolysis by reactions of H2S and

char matrix, occurred in low-rank coals and not high-rank coals.

Evolution of sulphur from low-rank coals is also aided by the greater degree of volatile

matter. The rapid release of gases and volatiles ca¡ries the sulphur components away

from the surrounding coal atmosphere and inhibits the occurrence of back reactions of

sulphur with the coal matrix. Attar (1982) and Lester (1952) observed that rhe

volatilisation of organic sulphur compounds during pyrolysis actually occurred at a rate

faster than that of the organic component of the coal material. Sulphur compounds, such

as mercaptans, are basically the only thiolic groups found in coal. Thiols are one of the

less stable or'most reactive compounds and are therefore released before other organic

species. The release rate and total removal of organic sulphur in coal, was found to be

proportional to the rate of devolatilisation of the organic material and the amount of

hydrogen released with the product gases (Attar, 1982). Lester (L982) also observed this

for higher heating rates (3 x 106 K .-t) and temperatures above 827 oC. Fluidised-bed

carbonisation studies by Peet (1968) deduced strong correlations between the sulphur

loss and the volatile matter loss for a number of New Zealand coals. Plots of

experimental data of the percent of sulphur loss versus (AS) and the precent of weight

loss (AW) enabled the expression : AS = kr^w + kr, where k,, k2 constants, to be

deduced for a particular coal. As low-rank coals experience a signficant release of

sulphur, reforming C-S bonds during the initial stages of rapid devolatilisation is

difficult and likely to occur in the later stages of the pyrolysis or gasification process.

Sulphur Transformations during Pyrolysis of Low-rank Coals and
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2.7.2 The Effect of Sulphur Content and Distribution of Sulphur Forms

The previous sections on sulphur transformations during coal pyrolysis have outlined

that interconversions of organic and inorganic sulphur forms plus interactions of sulphur

and inorganic constituents occurs, making it difficult to predict the final sulphur

retention from the total sulphur content alone. However, the total sulphur content in coal

is said to be a major influence on the evolution of sulphur and a good indication of the

amount of sulphur evolved. Figure 2.7 displays the H2S evolution during fluidised-bed

pyrolysis of two Indiana coals of different initial total sulphur concentrations, conducted

by Morris and Keairns (1979).
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Figure 2.7 The concentration of HzS evolved from two Indiana coals with total sulphur

of 2.5 wt%o and 3.78 wt%o during fluidised-bed pyrolysis at 8't2 oC in Nz at 50 L min-r

under 10 atm, Moruis and Keairns (1979).

The two Indiana coals were stated to have similar characteristics. No indication of the

distribution of sulphur forms was provided. The diagram shows that the amount of HzS

evolved is proportional to the initial total sulphur content in the char. Similar results

were obtained from a comparison of the H2S evolved from a number of commercial

fluidised-bed coal gasification processes reviewed by Watkinson (1991). In the latter

study, a simple equilibrium model was tested against output data of a number of

commercial-scale coal gasification processes. Figure 2.8 presents (i) the experimental
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off-gas concentration of HzS (vol%) and (ii) the total off-gas concentration of H2S and

COS (vol7o) versus the initial total sulphur content (wt%o) in the coals employed in the

various gasification processes. The experimental concentrations of H2S and COS are

presented tnTable2.9.

(i) (ii)

Figure 2,8 A sunìmary of (i) concentration of HzS (volVo) and (ii) concentration of H2S

+ COS (vol%) in the off-gas versus the Total Sulphur content (wt%o) in coals employed

in commercial-scale fluidised-bed gasification processes, Watkinson ( 1 99 1 ).

Table 2.8 : Summary of the Coal Characteristics and Outlet Concentrations of coals

employed in a commercial fluidised-bed gasification processes, Watkinson (1991).

Coal/Process TotalS
(wt%)

Ash
tut%)

C/gas IHzS]
(vol%)

posl
(vol%)

IHzS]+ICOS]
(vol%)

Hiqhvale/KRW 0.2 12 89.2 0.04 o.o2 0.06
UR LiqniteA¡Vinkler 0.5 4.9 90.6 0.18 0.01 0.19
Pittsburoh Seam/U-Gas 1.8 12.2 96.4 0.49 0.01 0.5
WW Kentuckv/U-Gas 3.1 12.1 81.9 0.93 o.o2 0.95
lllinois No.G/VVestinqhouse 3.9 10 98 1.33 0.06 1.39
ROM Kentuckv/U-Gas 4.6 19.2 81.9 1.7 0.05 1.75

No indication of the organic/inorganic sulphur forms was presented in the paper. The

evolution of both HzS and HzS+COS appears directly proportional to the total sulphur

content in coal, producing linear plots with R2 = 0.98, R2 = 0.979, respectively. This

suggests that the HzS and COS evolution can be predicted from the total sulphur

content. However, comparison of the initial conditions revealed that temperature and

pressure conditions varied significantly. This would have a marked effect on the

evolution of sulphur and so the relationship between sulphur evolution and total sulphur
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in coal presented in Figure 2.8, needs to be further validated with similar experiments of

similar processing conditions.

2.7.3 The Distribution of the Organic and Inorganic Sulphur Forms

into Pyrolysis Products

Unfortunately at this stage, no general relationships between sulphur forms and their

distribution into coal conversion products have been deduced. Kahn (1989) conducted

fixed-bed pyrolysis experiments on 32 high volatile coal samples to determine a

correlation between the original sulphur forms in coal and the distribution into the solid,

liquid and gaseous products of gasification. 100 g of coal was employed with a heating

rate of I2.5 "C min-l up to final temperatures around 500 "C. Kahn (1989) observed that

the organic sulphur in coal played a strong role in the determination of sulphur in the tar

and gas products. The tar sulphur was primarily derived from tightly bound thiophenic

structures in coal. Pyrite sulphur apparently played a key role in determination of

sulphur in the char. It was found that 6IVo of original coal sulphur appeared in the char

and 3lVo appeared as gaseous products. Unfortunately, the correlations could only be

utilised as "rules of thumb" and are strictly limited to low temperature, low heating

pyrolysis conditions.

In pyrolysis experiments by Gryglewicz (1988), no relationship between coal rank and

the total sulphur content in tar and char products of pyrolysis was deduced. This is

somewhat unexpected since in the same study, Gryglewicz (1988) was able to deduce a

good relationship between coal rank and thiophenic content in coal as mentioned in

subsection 2.6.I and displayed in Figure 2.5. Furthermore, in fixed-bed pyrolysis, Kahn

(1989) highlighted the relationship between thiophenic sulphur in coal and the sulphur

content in the tar. This suggests that the pyrolysis of high-rank coal with greater

contents of thiophenic sulphur should increase the amount of sulphur in the tar. Kahn

(1989) also mentioned that correlating the distribution of sulphur forms into pyrolysis

products is a difficult task due to the large variations in sulphur balances during coal

conversion processes. HzS absorbs into metal surfaces causing inaccuracies in gas and

tar measurements.

Sulphur Transformations during Pyrolysis of Low-rank Coals and
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2.8 Effect of Processing Parameters on Sulphur

Transformations

Fluidised-bed gasification of coal typically employs temperatures around 850 "C and

pressures btween 200-300 psi (Krishnan, 1994). Coal particle sizes employed in

fluidised-beds are usually between 1-10 mm (Argawal, 1984). The rapid heating rates in

fluidised-bed gasification causes a rapid decomposition of coal matter, or

devolatilisation, and thus, a rapid decomposition and release of organic and inorganic

sulphur due to the large net flow of volatiles out of coal. It is likely that such high

heating rates reduce the resulphurisation reactions which have been observed in other

pyrolysis studies. The larger particle sizes employed in fluidised-beds increase the

thermal response of the particle, inducing a temperature gradient across the particle

diameter. The heat and mass transfer resistances occurring in the large particles has been

reviewed extensively for the release of volatiles during fluidised bed combsution

conditions (Argawal, 1984, Stubington, 1991). There is still some speculation regarding

whether changes in volatiles yield with particle size is due to a slower thermal response

or mass transfer effects inducing secondary reactions of volatile matter with char (Ross,

1996). A similar phenomenon, however, is likely to occur with sulphur transformations.

At present, however, there is very little attention paid to influence of particle size and

hence mass and heat transfer resistances on the evolution of sulphur.

2.8.1 Effect of Heating Rate on Sulphur Transformations

The transformations of sulphur during hydropyrolysis with heating rates of 20 and 100

Kmin-r and rapid pyrolysis at 6000 K s-r were investigated by Sugaw ara (1994) using a

volume reaction model and desulphurisation scheme. Sequential changes of sulphur

formation and distribution in the char at various terminal temperatures were simulated

for the various heating rates. It was found that the rapid release of volatile matter at the

higher heating rate produced a low sulphur char product since the competing

phenomena of HrS back reactions in the coal particle and HrS diffusion of HrS out of

coal particle were controlled. Rapid pyrolysis generated intra-particle diffusion

residence times three orders faster than that for 20 K min-l heating conditions, removing

organic sulphur in extremely short residence times. A previous study by Sugawara

(1989) also found that though rapid pyrolysis promoted organic sulphur evolution

Sulphur Transformations during Pyrolysis of Low-rank Coals and
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initially, the rapid release of volatile matter out of the coal made diffusion of hydrogen

into the particle a difficult process. Therefore, due to the lower residence times and

partial pressure of hydrogen in the coal, pyrite reduction was not as great as that for

slower heating rates. The decrease in organic sulphur at higher heating rates was

therefore offset by an increase in pyrite. The final effect of the total sulphur would

obviously depend on the relative distribution of the organic and inorganic sulphur

forms.

(i)

Figure 2.9 Contents of organic sulphur in the char during (i) temperature-programmed

hydropyrolysis in a TGA at 2O and 100 K min-r and (ii) rapid pyrolysis at in a free-fall

pyrolyser at 6000 K r-', Sugawara (1994).

2.8.2 Effect of Particle Size on Sulphur Transformations

Heat transfer and mass transfer rates can signficantly affect sulphur evolution from coal.

Past devolatilisation studies (Devanatan and Saxena, 1986) found for particles with

diameters around 0.3mm, the decomposition was controlled by chemical kinetics, For

larger particle sizes (30mm), mass diffusion and heat transfer effects controlled the

decomposition. Other studies (Sugawara, 1990) conf,rrmed that sizes less than 0.5mm

have a negligible effect on volatile yield. Therefore, large particles are expected to

accommodate low heat transfer and high retention of sulphur compared to small

particles which host high heat transfer rates and short mass transfer resistances and

hence less sulphur retention.
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Garcia-Labiano (1995b) monitored the sulphur released from single particles of
Mequinenza Lignite ranging in diameter between 0.35 and 2 mm during pyrolysis at 900

"c. Figure 2,10 displays the total yield of sulphur compounds (H2s, cos, cs2 and

CHjSH) released over the duration of the pyrolysis experiment. As expected, the time

required to achieve the same degree of sulphur removal increased with particle size.
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Figure 2.10 The Total Yield (7o) of sulphur evolved from Mequinenza Lignite during

wire-mesh pyrolysis at 900 oC of coal particle between 0.35-2.0 mm in diameter,

Garcia- Inbiano ( I 99 5b).

Zellke (1954) was able to reveal the effect of particle size on sulphur removal from the

partial gasification in hydrogen of char briquettes approximately 11 mm in diameter.

The sulphur concentration of the peripheral matter, 0.53 wt%o, was greater than the

sulphur content in the core material,0.36 wt%o. The author suggested that the sulphur

concentration gradient may be a result of preferential diffusion of hydrogen to the

center of the briquette. Little information is still known about the fate and pathway of
sulphur released from large coal particles.

2.8.3 Effect of Gasifying agent on sulphur Transformations

Sulphur evolution essentially involves the breaking of C-S or M-S bonds in the organic

and inorganic sulphur compounds in the coal, respectively. This depends on the type of
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coal and coal conversion process involved as well as the gasifying environment.

According to the process, the gasifying agent introduced to the reactor can be :

(i) inert : He, N2, Ar for pyrolysis

(ii) reducing : H2O/CO2 for gasification or

(iii) oxidising: 02/HzO or HzO lair for combustion.

For fixed-bed gasification experiments by Furimsky (1991), the evolution of H2S, SO2

and COS was compared for (i) inert (N, only), (ii) pure CO2, (iii) Nr/steam and (iv) N,

plus 4 vol%o O, gas environments. For all experiments, most of the HrS and SO,

evolved during the pyrolysis stage of gasification, ie., the first 10 minutes. In the latter

stages of steam and CO, gasification, HrS still evolved but in much lower

concentrations. COS was also detected in low concentrations over the duration (1 hour)

of CO, gasification only. The relatively low concentration of HrS during COr.

gasification was unexpected but considered as the reason why COS evolved throughout

the CO, gasification reaction. The following reaction was suggested :

HrS + CO -+ COS + Hz (2.33)

The evolution of sulphur increased in the order of the inert, reducing and oxidising

environment. Similar results were observed in fluidised-bed gasification studies by

Halidpur (1974) and hydrodesulphurisation experiments by Zielke (1954) and Maa

(1975). It was concluded that the presence of hydrogen or oxygen at high temperatures

facilitates greater sulphur removal due to better cleavage of C-S bonds. This is not only

due to easy dissociation of molecular hydrogen from the coal structure and the

subsequent attack of hydrogen radicals on C-S or C-C bonds, but the fact that molecular

hydrogen is available in large quantities from the gasifying environment. Heinrich van

Heek (1984) states that in situations where hydrogen pressure is very large, contribution

to devolatilisation and desulphurisation by thermal degradation becomes negligible,

hydrodesulphurisation is predominant.
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The gasifying agent has also been observed to affect reactions of inorganic constituents

with sulphur during coal conversion plocesses. Furimsky (1991) observed that

thermoequilibrium constraints due to the presence of steam and COr, decreased the

efficiency of reactions of mineral matter and HrS.

2.8.4 Effect of Gasifying Pressure on Sulphur Transformations

Effects of high heating rates and high pressures have been investigated extensively for

volatiles release. High pressures reduced devolatilisation and tar formation, yet

enhanced the cracking of tar when it formed (Adrent and van Heek, 1981). The effect of

pressure on sulphur evolution has been mainly investigated under hydropyrolysis

conditions. Vestal (1969) used a first order kinetic relationship with respect to hydrogen

pressure over the range of 1 to 10 atmospheres to describe the release rate of sulphur

during hydropyrolysis of coal :

(2.34)

where r. is the rate of sulphur evolution, k is the pre-exponential factor, En is the

activation energy, T is the temperature, R is the gas constant and P", is the partial

pressure of hydrogen.

Sugawara (1989) found that the decomposition of organic sulphur in coal into tar, gas

and char forms changes minimally with pressure. However, suppression of H2S capture

and promotion of refractory (or complex) organic sulphur decomposition and ferrous

sulphide decomposition to iron, was pronounced at higher H2 pressures. Higher H2

partial pressures and highly developed internal structures, increased the concentration of

hydrogen in the coal particle and its frequency of collision with FeSz and FeS. The

higher hydrogen pressures also decreased the partial pressure of the product, hydrogen

sulphide, therefore minimising back reactions.
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Characterisation of Ca-based Sorbents

r. = P,,-*r(+)

65



Chapter 2 Literature Review

2.9 Modelling of Sulphur Compounds

Methods for determination of reaction kinetics commonly employ time-honoured

kinetics where the extent of conversion is monitored as a function of time for a series of

experiments over a variety of constant temperature conditions. Vestal (L969) stated that

this approach is not sufficient for the competing and opposing chemical reactions that

occur as sulphur evolves from coal. The set of reactions constitute the overall sulphur

evolution at a desired reaction temperature and for the progressive temperatures up until

the time at which the desired temperature is achieved. The classical approach will

provide an end result which only represents the superposition of the many reactions

occurring, hence an accurate picture cannot be obtained. Previous studies on the

evolution of volatiles from coal (Suuberg, 1978) commented that when a single first

order reaction is used to model volatiles evolution, ie. a series of chemical reactions, the

determined activation energy Eo and pre-exponential factor, k, are forced to be very low

in order to fit the overall temperature dependence which results from the many different

reactions occurring at different time intervals. Conversely, Garcia-Labiano (1995a)

stressed that often it is difficult to relate the HzS formation back to an original sulphur

form in coal. This was because during the heating process, sulphur compounds

transform to other sulphur forms as well evolving H2S, making it impossible, or at least

extremely difficult, to determine the transformation of a unique sulphur form.

Furthermore, high heating rates employed in fluidised-bed gasification processes reduce

the interaction between the sulphur forms, particularly organic and inorganic, as well as

secondary gas phase reactions. Thus, single reaction models were considered more

appropriate to describe the sulphur release during fast heating rate pyrolysis studies by

Garcio-Labiano (1995a) and Lester (1982). The following section briefly reviews the

models of evolution of sulphur from coal.

2.9.I Non-Isothermal Kinetics

Vestal (1969) and Attar and Messenger (1983) conducted experiments to monitor the

thermokinetic reductions of organic sulphur in coal. The approach was based on

Jungten's (1968) non-isothermal kinetic method which measured the HzS evolution of

H2 flowing over a coal sample heated at a constant rate and known Hz flowrate. For

increasing temperature gradient, mass spectroscopy curves revealed that evolution of

H2S occurred at several distinct peaks. The temperature of the maxima H2S evolution

Sulphur Transformations during Pyrolysis of Low-rank Coals and
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was characteristic to the particular sulphur functionality reduced and the area of the

peak was proportional to the number of moles of the species in the original coal sample.

Vestal (1969) found that HzS evolution curves for 10 bituminous could be described as

a superposition of the decomposition of general organic sulphur compounds : Organics

I, II, III, pyrite and sulphate. Mercaptans, aliphatic sulphides and disulphides, were

named Organics I and II because they released H2S before pyritic components. Aryl

sulphides and thiophenes released sulphur after pyritic sulphur and were named

Organics trI. Organic models were employed to represent the five organic sulphur

groups to obtain the evolution curve and kinetics of the H2S evolution during individual

gasification reactions. Figure 2.II shows the excellent comparison between the

superposition of the individual model curves (dashed line) and the experimental H2S

evolution curve (dotted line). Arrhenius parameters, activation energy,Ea and kinetic

constant, ko, were deduced from the shape and position of the individual peaks.

70

'q 60

Hs0
L

¡
!

340
é

Eso
9¿

%

10

0

300 350 400 450 500 550 600 650 7oO

Temperature ("C)

---r--- Experimental

----Superposition

Organic I

Su lph ide

'ì-
a

a

Py rite

Organic lll

Organic II

aa

Figure 2.11 Evolution of H2S from coal and coal-sulphur models during non-

isothermal hydropyrolysis of coal, Vestal (1969).

In similar studies, Keleman (1991) utilised a kinetic model which characterised the

evolution curves by a number of activation processes determined by discrete and even

increments of activation energy to model the evolution of H2S from coal. The method

determines an approximate weighting of the low and high activation processes that
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contribute to the evolution of sulphur. The kinetic model successfully predicted the

temperature-programmed patterns of HzS evolution of partially pyrolysed coals for

temperatures up to 550 "C and heating rates between 0.05-5,0 'C s-' but could not

identify specifically the sulphur species related to the activation processes.

Yergey (1974) extended Vestal's (1969) work to incorporate the occunence of back

reactions and the effect of heating rate (5-100 K min-t) on kinetics. The latter was done

by adopting a heating rate variation in the kinetic interpretation. The incorporation of

resulphurisation reactions was performed through the modification of the apparent

(forward sulphur evolution) reaction kinetics by including the reaction kinetics of

extremely rapid back reactions, such that the true kinet,cs could be obtained :

Eo(true) = Eo(apparent) + E"(back) (2.3s)

(2.36)

where T = residence time of the gas in the reactor.

The reaction order for the removal of sulphur from Organic Itr suggested these sulphur

compounds were likely to be formed from the back reaction of HzS with carbon during

the hydropyrolysis process.

2.9.2 Single-First Order Kinetics

Garcia-Labiano (1995a) employed a single reaction model to describe the sulphur

release from rapid pyrolysis experiments conducted using 10mg of coal (75-100 pm) in

a wire mesh reactor at heating rate of 1100 K s-t for final temperatures between 700 and

1200 "C. The wire mesh configuration enabled the heating rates of fluidised-bed to be

approximated while eliminating secondary gas reactions and reactions with evolved

sulphur and tar products. The rate of production of sulphur species, 9L, ,"p."senting

the summation of all the possible pathways of sulphur evolution was calculated by :

kltrue) _ k(apparent)

k(back)t

+ = k, (v.* - v.) (2.31)
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where (2.38)

and V" is the concentration of sulphur compounds precursor in the solid and V"* is the

maximum concentration of the precursors.

Arrhenius parameters, E and k, were calculated using the Coats and Redfern (1964)

approximation for data up to 950 oC, above which reactions of released sulphur with

char interfere with sulphur release. Due to the small concentrations of CSz, COS and

CH3SH, it was impossible to express a single reaction model for each individual sulphur

species. Thus, the distribution of the total sulphur yield into H2S, COS, CS2, CH3SH

sulphur products was determined experimentally from a percentage distribution of the

individual sulphur forms. A linear relationship was assumed to produce the following

correlation :

Vi=a+b(T-1073) (2.39)

where Vi is the percent of total sulphur released, i represents the specific sulphur

species in gas and a, b are the constants for particular sulphur species.

More recent studies by Garcia-Labiano (1996) have used the kinetic data obtained in

development of a model for sulphur release during the devolatilisation of large particles.

The amount of sulphur released during the first 10 seconds of pyrolysis at temperatures

around 800 - 1000 oC, for coal particle sizes of 0.35, 1.0 and 2.0 mm, was approximated

by an adapted version of particle model proposed by Devanatan and Saxena (1986).

The rate of production of sulphur and other gaseous hydrocarbons from three pulverised

bituminous coals and model sulphur compounds, L-cysteine and Thrianthene, was

modelled assuming a first-order reaction equation described above, Lester (1982).

Conventional shock tube experiments achieved heating rates in the order of 3x106 K s-l

for final temperatures between 1000-2000 K. For temperatures greater than 827 oC,

sulphur was released at a rate in reasonable agreement with those obtained by Vestal

(1969). The activation energies obtained for the three types of materials ranged between

109 and 169 kJ mol-l and varied according to the aromaticity of the compounds but
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were much lower than that for C-S bond dissociated energies found by Attar (1982). The

percentage release of HzS for the three coals was found to vaguely correlate with the ash

yields,

2.9.3 Global Sulphur Transformation Models

Sugawara (1994) incorporated the kinetic parameters determined by Vestal (1969) into a

volume reaction model to simulate sequential changes of the sulphur forms in coal. The

model included a sulphur transformation scheme consisting of a set of competing and

opposing reactions between the evolution and uptake of H2S during the pyrolysis

process as shown inFigure2.I2.
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Volatiles

Figure 2.12 
^ 

schematic of the sulphur transformation mechanism proposed by

Sugawara (1994) for modelling of sulphur during hydropyrolysis of Ermelo Coal.

Simple first order kinetics for devolatilisation were employed. The experiments were

conducted in a TGA (for slow heating) and a drop tube pyrolyser (for rapid heating)

employing very small particle sizes (0.35 - 0.5 mm) to eliminate particle size effects on

sulphur transformations. The distribution of sulphur forms and total sulphur content of

coal char for a wide range of temperatures were measured using wet chemical methods.

For the different heating rates, the model successfully simulated the sulphur

transformations observed from the experimental results of Ermelo Coal, as shown in

Solid Pl¡¡se
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Figure 2.13. This not only clarified the proposed mechanisms of sulphur transformations

but confirmed the successful utilisation of vestal's kinetic parameters.
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Figure 2.13 Sequential changes of the various sulphur forms in Ermelo coal during

hydropyrolysis at 100 K min-l in a thermogravimetric apparatus, Sugawara ( 1994).

Ma (1989) also employed Yergey-Vestal kinetics (Yergey, 1974) in the prediction of

sulphur evolution during the gasification of New Mexico subbituminous coal and Texas

lignite in a 15 cm diameter,4 m long fluidised-bed at765 kPa and 1017 to 1281 K. The

back reactions of H2S and partially desulphurised coal were not considered due to the

low concentrations of HzS. The majority of predicted H2S production rates fell within

IOTo of the experimental range. Furthermore, mean deviations of Vestal-Yergey

predictions were well below that measured for equal sulphur/carbon conversion

assumption.

2.9.4 Summary

Non-isothermal and first order reaction kinetics have been employed to monitor and

predict the evolution of sulphur from coal during hydropyrolysis and pyrolysis

processes, respectively. Utilisation of non-isothermal kinetics enables the monitoring of

sulphur transformations with respect to the individual organic and inorganic sulphur

forms in coal. A correct depiction of all the contributing sulphur transformations is
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required. Sugawara (1994), Ma (1989) and Lester (1982) confirmed that non-isothermal

kinetics are appropriate for coal pyrolysis processes employing rapid heating rates.

First order kinetic modelling enabled the prediction of H2S as well as COS and CSz

from coal pyrolysis as well as the evolution of sulphur from millimetre-size coal

particles during fluidised-bed pyrolysis. Further development of both these modelling

techniques is required to provide an accurate model of the sulphur transformations and

evolution which occurs during fluidised-bed gasification.

2.10 Ca-based Sorbents For In-Situ Desulphurisation

In-situ Desulphurisation is the most promising desulphurisation strategy for the removal

of sulphur emissions from fluidised-bed gasification over post-cleaning methods and

pre-desulphurisation strategies. The most applicable sorbents include : (i) calcium-based

compounds, such as limestones and dolomites, and (ii) heavy metal oxides, such as

ferrous oxide and zinc oxide. The addition of limestone and dolomite to coal conversion

systems is considered quite appropriate since these materials are natural minerals of coal

and therefore not foreign to the system (Yoo and Steinberg, 1983). Furthermore, due to

their apparently low activation energy (5-30 kcal mol-r) for gas-solid interactions during

sorbent activity, they provide temperature flexibility which is extremely important for

the solid stability in both sulphur capture and regeneration reactions (Yoo and Steinberg,

1983).

Current development has focussed on improving the ability of Ca-based sorbents as well

as investigating the potential of mixed metal oxides. The latter is of particular

importance to utilisation of South Australia's high sulphur low-rank coal due to

Australia's abundance of mineral resources. The current section reviews various

potential sorbents for sulphur capture during fluidised-bed gasification and highlights

the need for characterisation of sorbents before they can be utilised.

Sulphur Transformations during Pyrolysis of Low-rank Coals and
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2.10.1 Desulphurisation Reactions

Desulphurisation involving Ca-based sorbents occurs via a series of reactions, The

reactions below present the initial calcination and sulphur capture processes, plus the

stabilisation and regeneration stages :

Calcination

Indirect Sulphidation :

Direct Sulphidation

Stabilisation

CaCO¡ (+

CaO + H2S <+

CaCO¡ + HzS (+

CaS + 2Oz ë

CaO + COz

CaS + HzO

CaS+H2O +CO2

CaSO¿

CaCO3 + HrSRegeneration : CaS + H2O + CO2 <+

(2.40)

(2.4r)

(2.42)

(2.43)

(2.44)

In the high-temperature environments (850-1000 oC), carbonates typically undergo

initial decomposition or reduction to the oxide. This is known as the calcination reaction

which dramatically increases the surface area and porosity of the sorbent allowing

greater sulphur capture via reaction (2.4I). If the conditions are such that calcination

does not occur, sulphur capture proceeds more slowly via reaction (2.42). Hence, it is
more desirable to ensure calcination occurs before sulphidation coÍtmences.

At the same time these two reactions are occurring, a physical process known as

sintering can also occur. Sintering is the process which deactivates the surface area and

reduces the porosity of a solid by the coalescence of micrograins when heated at

temperatures below their melting point (Borgwardt, 1989a). Sintering results in the loss

of specific surface area and porosity, the amount of sulphur captured by the sorbent is

decreased substantially (Milne, 1991, Fenouil, 1995).

Once the sulphidation reaction is complete, the sulphided product may require

stabilisation in order to dispose the spent sorbent, reaction (2.8.4), Abbasian and

Rehmat, (1991). Calcium sulphide (CaS), for example, evolves H2S when deposited in

landfills and therefore must be oxidised to the more stable calcium sulphate (CaSOa) in

order to abide by environmental legislation (Weldon, 1986).
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2.10.2 Potential Sorbents

Ca-based sorbents such as limestone and dolomites have been commonly employed as

flue gas desulphurisation sorbents. Recently, metal oxides have also been investigated

for hot gas cleaning in downstream of gasification plants, despite that the reactivity of

certain metal oxides with H2S has known for a long time (Westmoreland, I976),

Westmoreland (1976) conducted a thorough thermodynamic analysis of all the potential

metal oxides for desulphurisation at high temperatures, Typical results are summarised

in Tables 2.9 and 2.10. Table 2.IO reveals that carbonates of calcium are the only

promising sorbents for in-situ gasification.

Table 2.9 : Metals whose oxides/carbonates were rejected as potential as sorbents for
sulphur capture, Westermoreland ( 1976).

Table 2.L0 : Characteristic temperatures and desulphurisation potential of various
metal oxides/carbonates during sulphidation tests, Weste rmoreland ( I 976 ).

Metal Sorbent Tmax"C of 95%
Desulphurisation

Comments

Barium BaCO3 800 - 900 1200oC, melting point of BaS. Similar to
Ca but more expensive

Calcium CaCO3 800 - > 880 At 880"C CaCO3 -+ CaO. Employable

for temperatures >800"C
Cobalt CoO 600 Excess cobalt present above 300 "C
Copper CUO 900 Excess Cu present in reducing

conditions over entire temo ranoe
lron Fe3Oa 700 Decrease in desulph. due to reduction of

FesO¿ to FeO at 700 "C.
Manganese MnO > 1000 Best potential between 600-700 "C
Molybdenum MoOz 800 Reduces to Mo metal above 800 "C

Strontium SrCOs 900 - 1100 DecomÞoses to oxide above 1 100 "C
Tungsten 1 000 Excess tungsten present in number of

states.
Vanadium VzOs 650 Sulphided product is V2S3 which melts

above 650 "C
Zinc Zn2Os 1 150 Above 700 "C Zinc vapour present,

hence use is limited to this temp,

Characteristic Metals Result
Stable unreactive oxides in temperature range
considered

Al, Ce, Cr, Mg, Ti, Zr rejected

Unreactive stable solids Li, Na, K reiected
lnadequate desulphurisation or desulphurisation below
temperature conditions

Ag, La, Ni, Sb rejected

Reduction of oxide to low meltinq metal Bi. Cd, Pb. Sn reiected
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Table 2.1 I summarises the performance of a variety of Ca-based sorbents employed in

In-situ Desulphurisation test experiments. This includes natural sorbents such as

limestone and dolomite, as well as a number of alternative Ca-based sorbents like

agglomerated silicate cement (ASC), chalk and cement flue dust (CFD). Table 2.11

shows that in general, Ca-based sorbents have excellent reactivity towards sulphur, good

regenerable characteristics and reasonable attrition resistance.

Table 2.ll : Summary of the performance of Ca-based Sorbents from In-Situ
Desulphurisation Gasification Experiments.

A major disadvantage of the employment of limestone is the restriction of fluidised-bed

gasifier operating temperatures within 800-850 oC, so that CaO can form but not

undergo significant sintering to lose surface area and porosity as thus its high activity for

HzS capture. Reduction in gasifier temperatures result in a decrease in carbon

conversion and oxygen feed which causes a drop in COz.

2.L0.3 Characteristics of Ca-based Sorbents

2.10.3.1 Thermodynamic Constraínts

Calcium carbonate (CaCO3) is the main component in Limestone (95-997o CaCO¡) and

Dolomite (40-6OVo CaCO¡, 6Q-4OVo MgCO¡) which is responsible for the capture of

Sulphur Transformations during Pyrolysis of Low-rank Coals and
Characterisation of Ca-based Sorbents

Sorbent Researcher(s) Advantages Disadvantaqes

Lime
Ca(OH)z

Swisher and
Schwerdtfeger

(1 992)

. calcines at 6OO.C, faster
than CaCOg

. Very reactive to H,S

. difficult to handle

Limestone
CaCO3

Swisher and
Schwerdtfeger

(1992)

. High reactivity to H2S

. Good regeneration

. lnexpensive

. Potential for sintering

. not as reactive as
Ca(OH)r, dolomite

Dolomite
CaCO3.MgC03

Yrjas (1996),
Ruth (1972)

. Excellent reactivity to HzS

. Best in non-calcining
conditions

. Regeneration
Temperatures limited

Chalk Dennis (1989) . High reactivity to H2S, >
Límestone, Dolomite

. Calcination not required

. Undergoes Attrition

CFD-cement kiln
flue dust

Dennis (1989) . High H2S capacity due to
favourable porositv

. Pelletising preparation
required

ASC
Agglomerated
silicate cement

Yoo and
Steinberg

(1e83)

. HzS capture greater than
CaCO3

. 1OOY" regenerable

. Excellent strength

. lncreases Gasification
Rate

. Pelletising preparation
required
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hydrogen sulphide (HzS) during gasification. Reactions (2.40) and (2.45) display the

calcination of limestone and dolomite, respectively :

Calcination CaCO3 <+

CaCOr . MgCOr <+

CaO + CO2

CaO. MgO +2COz

(2.40)

(2.4s)

The extent of limestone (CaCO¡) calcination depends on the temperature and partial

pressure of COz in the gasifier. This is shown in Figure 2.14 whlch displays the

equilibrium Thermodynamic data for CaCO3 calcination.

Figure 2.I4 : CaCO¡ - CaO equilibrium as a function of temperature and partial

pressure of COz, Yrjas (1996a).

Figure 2.14 also reveals that calcination will always proceed in atmospheric conditions

at temperatures greater than 700 "C. The sulphidation reaction will therefore occur via

reaction (2.46) and (2.47) for limestone and dolomite, respectively. Under pressurised

conditions of a gasifier, the CO, partial pressure is high and CaCO., will calcine to CaO

depending on whether the CO, equilibrium temperature is exceeded. Typically, CaCO.

and CaO co-exist during pressurised gasification, implying that sulphidation occurs via

reactions (2.48) and (2.49) :
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Indirect Sulphidation CaO + H2S <+

CaO. MgO + HzS <+

CaS + H2O

CaS.MgO + H2O

(2.46)

(2.41)

(2.48)

(2.4e)

Direct Sulphidation : CaCO3 + H2S <+

CaCOr . MgO + H2S <+

CaS+HzO +COz

CaS.MgO+HzO+CO2

It is important to note that the MgCO3 component of both limestone and dolomite

decomposes around 500 'C irreversibly and independently of the partial pressure of

CO2. MgO and MgCO¡ do not participate in the sulphidation reaction due to the thermal

instability of MgS under gasification conditions (Yrjas, 1996). The presence of MgCO3

however provides enhanced reactivity due to additional surface area and porosity

resulting from the conversion of MgCO3 to MgO. Dolomites therefore display

exceptional sulphur capture behaviour during both atmospheric and pressurised

gasification (Ruth, I97 2, Liliedahl, 1992, Yrj as, I99 6).

Since steam (HzO) or carbon dioxide (COz) can serve as the primary fluidising agent,

the amount of sulphur is directly dictated by equilibrium shifts (Liliedahl, 1992).

Thermodynamic equilibrium studies for in-situ desulphurisation have deduced the

equilibrium HzS concentration for the direct and indirect sulphidation reactions via the

following equations (Goyal, 1980, Kurkela,1992, Liliedahl, 1992) :

P",o x 106 (ppm) for indirect sulphidation (2.50)YHrs = PxK p4

(2.sr)

where P is the total pressure, PH2o is the partial pressure of HzO, P"o, is the partial

pressure and Kpr, Kp+ are the equilibrium partial pressures of the indirect and direct

sulphidation reactions, respectively.

The above equations reveal that the theoretical H2S concentration is influenced by the

steam (HzO) concentration, total pressure and the value of the equilibrium constant. The

Sulphur Transformations during Pyrolysis of Low-rank Coals and
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latter is directly influenced by temperature. The phase equilibrium diagram, presented in

Figure 2.15, displays the influence of the gas partial pressures on the reactant and

product phases for direct (CaO-HzS) and indirect (CaCOr-H2S) sulphidation reactions.

The thermodynamic data was originally obtained by Barin (1989), the diagram compiled

by Lin (1995).
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Figure 2.15 Phase equilibrium diagram of the three components CaS, CaO and CaCO3

present in direct and indirect sulphidation reactions, Lin (1995).

Goyal (1980) and Lin (1995) found that increasing H2O decreased sulphur capture by

both direct and indirect sulphidation. In pressurised fluidised-bed experiments by Goyal

(1980), total pressure was only found to influence the direct sulphidation. Reaction

(2.51) implies that the CO2 partial pressure will not directly affect the equilibrium of

CaO-HzS reaction. Instead, the calcination reaction which occurs prior to CaO

sulphidation will be affected. Slight effects of COz on CaO-HzS sulphidation were

observed by Lin (1995). It was suggested the COz may enhance sintering of CaO

subsequently suppressing sulphur capture. This will be discussed in more detail the next

subsection. The HzS concentration and equilibrium of the direct sulphidation CaCOr-

HzS reaction (2.48), is affected by CO2. A high concentration of COz inhibits the

diffusion of COz out of the particle and pushes equilibrium in reverse direction.
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Pressurised fluidised-bed desulphurisation studies by Goyal (1980) and Kurkela (1992)

found that the optimum temperature for maximum sulphur capture corresponded to the

lowest possible temperature for the indirect (CaO-H2S) reaction to occur as shown in

Figure 2.16. This was also found to be the equilibrium temperature of the calcination

reaction (2.40) for a particular partial pressure of CO2 in the fluidised-bed.
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Figure 2.16 The effect of temperature on H2S equilibrium concentration for in-situ

desulphurisation using limestone, Goyal ( 1980).

Similar results were observed for dolomite by Liliedahl (1,992) and Yrjas (1996).

Partially-calcined dolomite (CaCO¡.MgO) was found to absorb H2S better than fully

calcined dolomite (CaO.MgO). Thus, the lowest H2S concentration occurued at the

highest temperatures for which partially-calcined dolomite could exist, as shown Figure

2.I7 (Liliedahl, 1992). It also implied that increasing the CO2 partial pressure will

stabilise the partially-calcined dolomite at higher temperatures and enhance the overall

sulphur capture. Ruth (1972) observed that the final conversion of sulphidation for

partially-calcined dolomite at 600 oC increased from 15 to IOOEr as the CO2 partial

pressure increased from 3 to 6OVo. The same trend was observed at 700 oC, but less

pronounced. Lin (1996) found that for sulphidation of partially-calcined dolomite at

800 oC, the reaction rate was zero order with respect to COz. Steam apparently has a
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similar effect to COz on the sulphidation of partially calcined dolomite (Ruth, I9J2, Lin,

1996). This implies that dolomite preferred sorbent in pressurised gasification where

the partial pressure of COz is high and the calcination of CaCO3 is suppressed.

Thus, the thermodynamic constraints on sulphur capture that occur in the gasification

environment dictate which particular reactions will occur. The success of these

reactions for sulphur capture is also dependent on physical constraints of the sorbent and

the sulphidation reaction mechanism.
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Figure 2.17 The effect of temperature on H2S equilibrium concentration for in-situ

desulphurisation using dolomite, Liliedahl ( 1992).

2.L0.3.2 PhysicalLimitations

The sulphidation reaction is extremely sensitive to particle size as well as the structural

and morphological properties of the sorbent, namely the surface area and porosity.

These two inherent physical characteristics of a sorbent material have a significant effect

on the degree of sulphur capture. Surface area has a direct effect on the reaction rate,

while the porosity influences the accessibility of the surface area within the interior of

the particle and the amount of sulphur which can be captured. During both calcination

and sulphidation/sulphation, the microstructure of the sorbent undergoes transformation.
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Changes in surface area and pore size directly result in changes in sorbent reactivity and

the final conversion obtained.

Numerous studies (Krishnan, 1994, Fenouil, 1995b, Lin, 1995a) have found that

sulphidation of CaO occurs faster and to a greater extent than sulphidation of CaCO3

due to the greater porosity and surface are of the calcined limestone. It has also been

observed that partially-calcined dolomite (CaCO¡.MgO) reacts faster with H2S than

caco3 and cao (Yrjas, 1996b, Zevenhoven, 1996, Lin, 1995, Fenouil, 1995a). Lin

(1996) observed that the activation energies of sulphidation of CaCO3.MgO and CaCO¡

were the same and therefore deduced that the similar mechanisms were involved. This

implied that the porosity of MgO attributed to the faster reaction of partially-calcined

dolomite. The greater porosity also influenced the mode of sulphidation reaction. The

rate dependency on particle size revealed that reactions for partially-calcined dolomite

occurred over the whole particle, while CaCO¡ sulphidation reaction occurred at a

definite unreacted boundary. Similar findings were deduced by Yrjas(1996) from

Scanning Electron Microscopic analysis of the sulphided limestone and dolomite

particles. Yrjas (1996) suggested that while the shrinking core mechanism is suitable to

interpret CaCO¡ sulphidation, a grainy pellet is more appropriate for the sulphidation of

partially-calcined dolomite.

Sulphur capture from partially-calcined dolomite (CaCO3.MgO) also reacts faster than

calcined limestone (Cao) (Yrjas, 1996, Fenouil, 1995). For (Cao-H2S) indirecr

sulphidation reactions, equation (2.48) and (2.49), changes in molar volume result in an

increase from 16.6 cm3 mol-r (CaO) to 289 cm3 mol-r (CaS). Heesink (lgg4) suggested

that the difference in molar volume between CaO and CaS was not sufficient for pore

blocking to hinder the sulphidation reaction, unlike the sulphation reaction in (2.52)

below:

Cao + So2 + 1o, o CaSo¿ (2.52)-2

During CaO-SOz indirect sulphation, the molar volume increases further from 16.6 cm3

mol-r lCaO) to 40.6 cm3 mol-l (CaSOa) and hence pore blocking is more pronounced for

this case. Hartman (1978) measured the fractional porosities of sulphated calcined
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limestones and showed that the observed decrease in porosity as the reaction proceeded

could be directly correlated with the degree of sulphation conversion. Maximum sorbent

conversion of 427o corresponding to a porosity of zero, implying that further absorption

of sulphur was physically impossible.

Borgwardt (1985) calculated that during CaO sulphidation, the initial porosity of CaO

particle decreases from 557o to 257o as it is converted to CaS. It was concluded that

fully expanded CaS grains would not fill the intergrain void space within the unreacted

CaO particle completely. Heesink and van Swaiij (1995a) also stated that the CaS layer

around the unreacted CaO remained porous throughout conversion, even if the porosity

was due to crack formation. Borgwardt (1984) used the grain theory to describe CaO as

a porous solid whose interior solid matrix was comprised of interconnected non-porous

CaO grains. Assuming that the gas diffusion through the intergrain voids was

insignificant, the overall reaction was expected to be limited by chemical reaction at the

interface or diffusion through product layer or a combination of both. Sulphidation

experiments of CaO revealed a strong relationship between surface area and the rate of

sulphidation (Borgwardt, 1984, Heesink and van Swaiij, 1995b). Borgwardt (1984)

concluded that diffusion through the product layer surrounding CaO grains was the rate

limiting process. Alternatively, Heesink and van Swaiij (1995b) proposed that since the

CaO surface area becomes covered with CaS and the reaction rate begins to decrease,

CaO-sulphidation must be controlled by chemical reaction at CaO surface. For

investigations between 500-700 oC, the drop in reaction rate was found to be less

pronounced at the higher temperatures. Heesink and van Swairj (1995b) concluded that

this was due to an increase in the porosity of the CaS layer as the temperature increased.

Finally, studies by Nguyen and Watkinson (1993) reported that during the initial stage

of the sulphidation reaction, surface reaction was rate controlling, while the latter stage,

product layer diffusion controlled.

Comparisons of direct (CaCO¡) sulphation and sulphidation reaction data at 650 and

750 "C by Krishnan (1994), revealed that sulphation of CaCO¡ had a lower overall

reaction rate due to a lower intrinsic kinetic rate and a stronger sulphur gas intraparticle

diffusion and product layer diffusion. Krishnan (1994) concluded that the variations in

mass transfer rate between sulphidation and sulphation where primarily due to the
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different mechanisms of product layer formation due to the differences in molar volume

changes. Sulphidation reactions are likely to result in the formation of a non-porous

product layer while sulphation reactions result in the formation of a non-porous product

layer'. The sulphation reaction therefore induces greater intraparticle diffusion

resistances and hence much lower final conversions than sulphidation. Krishnan (1994)

found that at higher temperatures around 950 "C, sintering of the CaS particles occurred

to inhibit the sulphidation reaction and decreased the efficiency to less than that for

sulphation occurring in the combustion environment at the same temperature. Therefore,

inefficiencies that occur during indirect sulphidation (CaO-H2S) are likely to be a result

of pore closure due to sintering of CaCO¡ or CaO, or the CaS product layer, producing

an impervious layer inhibiting HzS diffusion and further reaction (Fenouil, 1994).

2.10.3.3 Effect of the Calcination Reaction on Sulphur Capture

For atmospheric gasification, calcium carbonate will always calcine to calcium oxide.

During pressurised gasification, calcination and its rate is dependent on the partial

pressure of COz. In either case, calcination increases the porosity and surface area of the

particle as the calcium carbonate releases CO2 to produce CaO. Ghosh-Dastidar (1996)

suggested that the resulting pore size distribution of the calcine significantly influences

the sorbent's performance as it governs the amount of surface area contributed by an

optimum pore size which facilitates greater sulphur capture.

Sulphidation is also affected by the rate of calcination which governs the ratio of

CaCOr/CaO. Fenouil (1995b) conducted experiments on limestone particles at

temperatures 915 and 945 "C in a gas phase of CO2, 887o; CO and H2O, 4.75Vo; H2,

O.\Vo and HzS, Ll7o. Conditions were such that calcination would occur

simultaneously with the sulphidation process. It was observed from SEM sulphur

mapping of the sulphided sorbents, that the rate of the calcination reaction clearly

affected sulphidation at 91 5"C. The sharp CaO-CaS interface as a result of the

sulphidation reaction, was more pronounced at 945 than at 915 "C. Fenouil (1995b)

suggested that the calcination reaction occurring at the lower temperature proceeded at a

slower rate than calcination at 945 oC and was therefore the limiting step in the

subsequent sulphidation stage. It was concluded that the process could not be described
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by either a shrinking core mechanism or a homogenous reaction throughout the whole

particle, but a combination of both.

In the same studies by Fenouil (1995b), a decrease in initial reactivity of CaO due to

sintering at high temperatures in the presence of CO2, did not affect the final

sulphidation reactivity. Fenouil (1995b) concluded that in simultaneous

calcination/sulphidation situation, the effect of CaO sintering is small and only affects

the initial reaction rate and not the final conversion.

The influence of the calcination reaction on the degree of sulphur capture has led to

more specific interest in the mechanisms of the calcination reaction.

2.10.4 Mechanisms and Kinetics of Calcination

The calcination is a critical step in the process of sulphur capture. The mechanism of

calcination is considered complex and not entirely understood (Mallens, 1956, Dennis

and Hayhurst, 1987, Silcox, 1989). Desorption of COz initiates the calcination of

CaCO¡. Initially, Ca2- and 02- ions occupy the same rhombohedral/hexagonal lattice of

CaCO¡ within the newly formed CaO, until recrystallisation to a stable cubic CaO

occurs. Beruto and Searcy (1974) observed this intermediate metastable CaO layer

existing between the old CaCO¡ and newly formed CaO. Later studies by Powell and

Searcy (1982) found that when the thickness of the pseudo carbonate CaO layer

increased from 10 to 50 mm, the intermediate CaO rearranged itself to a normal cubic

CaO lattice via a strain relieving process. Mallens (1956) reports that this strain

relieving or crystallisation process can occur as soon as nucleation stage commences.

The crystals increase in size and decrease in number. Such a process is also known as

sintering.

It was ascertained by a number of researchers (Furnas, 1931, Azbe, 1953, Scatterfield

and Feakes, 1959 and Dennis and Hayhurst, 1987) that calcination of CaCO¡ occurred

via a shrinking core reaction (SCR) mechanism, where the reaction occurred at a

definite CaCO:-CaO interface which proceeded at a constant rate towards the centre of

the particle.
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Calcination is an endothermic reaction where heat is transferred from the reaction

interface through the CaO product layer to the surface of the particle. Thus, the three

potential rate controlling processes governing calcination are : (1) heat transfer to

surface and later, through the product layer, (2) chemical reaction at the interface and (3)

diffusion of COz from interface and through the product layer (CaO). It has been found

that the activaton energy of the reverse carbonation reaction is zero (Mallens, 1956,

Dennis and Hayhurst, 1987). This implies that the activation energy of the calcination

reaction is equal to the heat of reaction, 169 kJ mol-l .

2.10.4.L FactorsAffectingCalcination

The factors affecting the rate of calcination of a particular Ca-based sorbent include the

density, porosity, crystal size and particle size of CaCO¡. Calcites of higher densities

induce greater internal partial pressures of COz and hence a higher dissociation

temperature of COz. The influence of COz on sulphidation kinetics has been previously

studied (Lin, 1995). It was concluded that the effect of COz was due to its effect on the

calcination process with thermodynamic equilibrium constraints on the calcination and

acceleration of CaO sintering.

As mentioned, the sintering of CaO basically accompanies the calcination process and

therefore affects calcination. The rate of sintering, ie. the surface area reduction of the

calcine produced, is extremely dependent on the gas pressure, temperature, exposure

time, partial pressure of COz and H2O and sorbent type (Borgwardt, 1989a, Borgwardt,

1989b, Fuertes, l99l).

2.10.4.2 CalcinationModels

Borgwardt (1985) derived calcination kinetics in differential reactor where intra- and

interparticle mass transfer effects were eliminated by employing high sweep gas flow

rates and small sample sizes to obtain low particle dispersion densities. The calcination

kinetics were obtained as a function of the BET surface area (Sr) of the calcium

carbonate sorbent and the fraction of CaCO¡ remaining, x. A kinetic model was derived

as follows :

ln (1-x) - -kssst (2.53)
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where k. is the rate constant for surface reaction and t, time of calcination.

The diffusion of COz through the CaO product layer was found not to influence

calcination conversion for CaO thickness of less than 800 pm at 740 "C. The rates of

calcination for conversions up to 5O7o for two different limestones and particle sizes

ranging from I pm to 90 pm were correlated with the initial BET surface area of the

precursor stone. A linear relationship was observed for all samples except for a 90 pm

limestone with low initial porosity. It was found when the stone was crushed to 10 pm

good correlations were obtained. The activation energy calculated was 201 kJ mol-l

between 4lOto13O"C.

Milne (1990) employed the shrinking core model (SCM) using an equation based on the

fact that the rate of change of volume of unreacted solid was proportional to surface area

of the unreacted spherical core. The derivation is mathematically described as follows :

+ = -k,4rÍr"2 , (2.s4)

(2.ss)

(2.s6)

substituting

glves

V" = (1-x)
4

7ûn2,
J

1-x= rc

ro

3

where k' is the shrinking core model calcination rate constant, r" is the radius of the

unreacted core,V" is the volume of unreacted sorbent core and ro, the initial sorbent

grain/particle radius.

The model was applied by depicting the sorbent as a porous carbonate solid consisting

of smaller CaCO¡ grains of equal diameter calcining at the same rate. The model gave

reasonable depiction of the calcination trends but could not provide a statistically sound

fit. It was suggested that the mechanism involved in the calcination process was too
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complex to be summarised by SCM applied to the grain level of the CaCO¡ particle.

Furthermore, such application required a simultaneous sulphation model to account for

the two levels of CaO in the particle, ie. fresh CaO and exposed (sintered) CaO, as well

as the SO2 concentration profile across the particle diameter. Milne (1990) incorporated

sintering kinetics which included the catalytic effect of CO2 and H2O on the surface

reduction of CaO. In a more empirical approach, Borgwardt's (1985) kinetic calcination

data was also applied by expressing the calcination rate as a function of particle

diameter instead of initial surface area. This was quite valid since Borgwardt showed

that there was a definite interdependence between the two physical characteristic

dimensions. The following expression was obtained :

x=1- (2.s1)
t//1

where do is the initial particle diameter and k is the calcination rate constant in m0'6 s-l

The modified calcination model was able to predict the extent of CaCO3 conversion as a

function of time and particle size, validated by Borgwardt's low and high temperature

data as well as data from other researchers. The calcination rate constant was

determined as k = 10.303exp(- 10980iT).

Similarly, Fuertes (1993), Silcox (1991) have also employed the unreacted shrinking

core model with German-Munir sintering kinetics to model the simultaneous calcination

and sintering processes during high temperature (flash) calcination reactions. The

calcination model developed by Silcox (1989) was designed to monitor the evolution of

surface area during the calcination reaction. It was also able to predict profiles of COz

concentration within the calcined layer as the calcination reaction proceeded. Silcox

(1989) calculated the maximum or peak CO2 partial pressure at the CaCO¡-CaO

reaction interface. It was concluded that for temperatures at 1200 oC and particles size

between 1-50 pm, the partial pressure of COz was always less than the COz equilibrium

partial pressure for the calcination reaction. This implied that the calcination process

could not be impeded by equilibrium constraints due to CO2 escaping from the particle.

More recent studies have focussed on calcination of millimetre sized limestone particles
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for applications of desulphurisation during fluidised-bed processes. The larger particles

introduce enhanced residence times and diffusion limitations. Fuertes (1993) conducted

similar modelling of the calcination reaction and concluded that for Limestone particles

lmm in diameter, COz diffusion through CaO layer did not affect the rate of calcination.

Fuertes(1993) did observed however a rapid reduction of surface area accompanied by

an increase in pore size during the calcination of O.7I-L0 mm limestone particles.

Sintering or the coalescence of grains particles was suggested to give rise to this

behaviour.

A model developed by Mai and Edgar (1989) successfully explained the effect of

particle size on calcination and reinforced the advaltage of employing smaller sizes in

processes involving simultaneous calcination and sulphur capture. The small grain

particles were able to calcine rapidly and obtain high surface area in extremely short

times. They could also obtain higher surface areas at lower temperatures than the larger

particles, since the latter offered greater diffusional resistances to CO2 and reached

complete conversion after longer periods. The last observation was responsible for the

steep descent in calcine surface areas since larger particles are exposed to sintering

conditions for longer.

2.L0.4.3 Effects of COz on Calcination Kinetics

The effect of COz on the rate of calcination has also been under serious attention. Early

investigations by Furnas (1931) stated that if the rate of calcination and the rate of

CaCO3-CaO penetration with limestone particle was proportional to the equilibrium

partial pressure of COz, the equilibrium partial pressure of COz must be rate controlling.

Under atmospheric conditions this was not found to be the case. Zawadzki and

Bretsnajder (1935) found this only to be true for calcination of CaCO¡ crystals in a

vacuo. It was therefore suggested that other factors were involved. V/akefield (1950)

and Zawadzki and Bretsnajder (1935) proposed that the rate was proportional to the

equilibrium partial pressure of COz, Pjo, , minus the partial pressure of COz at the

interface, Pior, ie.

rate cr, (tËo, - på* ) (2.58)
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However, the above relationship did not hold for the calcination of Penrice Limestone

(Mallens, 1956) or Penrith Limestone (Dennis and Hayhurst, 1987) and for sealed vessel

calcination studies by Zawadzki and Bretsnadjer (1935). Instead, it was found that the

rate was proportional to a modified equilibrium CO2 partial pressure minus the interface

CO2 partial pressure :

rate o¿ (t¿o, - Påo, ) (2.se)

where Péo, ( PËo,

It was therefore concluded that the rate was proportional to

rare cx (t¿o, - P¿o, - Py, )
(2.60)

where y' is the constant mole fraction of COz which was dependent on the temperature

Dennis and Hayhurst (1987) initially suggested that it was possible that during

calcination, the temperature at the interface becomes lower than the bulk temperature

due to the endothermic reaction and heat transfer limitations, causing Pjo, to be lower

than expected. According to equation (2.58) this would result in lower calcination rates

which was what actually observed in practice. To confirm this theory, Dennis and

Hayhurst (1987) developed a comprehensive calcination model. However, the model

showed that the temperature gradient in the particle was no more than 11 K and not

Iiable to account for any decrease in the calcination rate. Chemical reaction was found

to be the rate controlling step. It was also observed in these studies that high pressures,

in the absence of COz, increased the time for calcination. It was suggested that higher

pressures increased the diffusivity of COz within the calcine and the external mass

transfer coefficient and thus mass transport within particle may be responsible for the

observed pressure effect. For both pressurised and atmospheric calcination under

different partial pressures of COz, the use of y¡ was necessary. The authors did find it

difficult to justify this, finally concluding that mass transfer, heat transfer and

inaccuracy of equilibrium partial pressures, are still likely to contribute to the use of yr.

In addition, lack of understanding of the chemical mechanism of calcination was also

considered a significant factor.
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2.ll Conclusions from the Literature Review

Based on the above literature review, the following conclusions can be drawn

Both organic and inorganic sulphur forms exist in high and low-rank coal. The three

main sulphur forms are : pyrite sulphur, sulphate sulphur and organic sulphur. The latter

exists in a wide range of functionalities. Compared to high-rank coals, the organic

sulphur in low rank coals, is relatively simple and reactive in nature.

During coal conversion processes, sulphur in coal evolves to produce SO2 during

combustion and predominantly H2S with traces of CSz, COS during gasification. The

evolution of sulphur occurs mainly during the initial pyrolysis stage ol the combustion

and gasification process, via a series of competing and opposing reactions, as well as

interconversions, between the organic and inorganic sulphur forms in coal. Pyrite and

sulphate sulphur decompose at approximately 500 and 400 oC, respectively, to release

H2S to the gas phase and also retain alarge percent of the sulphur in the organic matrix

of the char. The latter is facilitated by the reaction of evolved HzS with active sites on

the char matrix and particularly for the case of sulphate sulphur, solid-state

tlansformations to organic sulphur in the char. Organic sulphur in coal decomposes over

a wide temperature range (200-1000 oC), according to the complexity of the organic

sulphur functionality, The decomposition results in the release of H2S and the

conversion of simple sulphur compounds to more complex organic sulphur species in

the char. The HzS evolved may also be reincorporated in the char by reaction with the

coal matrix.

Low-rank coals contain a significant proportion of organically bound cations, namely

Na*, Ca2*, Mrg2*, Fe2* and Al3* bound to carboxylic and phenolic structures in coal.

Interactions between sulphur and the organically bound inorganics, occurs during

pyrolysis at temperatures greater than 700 oC, to retain sulphur as inorganic sulphides.

Silicate compounds behave relatively inertly toward HzS but have been found to

catalyse the decomposition of organic sulphur compounds. They also undergo reactions

with metal oxides to form low melting point eutectic compounds and ash agglomerates.

In combustion processes, sulphur retained as sulphates acts as a binder for the ash
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agglomerates and char particles, creating serious ash deposition problems in pulverised

coal processes and agglomeration and defluidisation problems during fluidised-bed

combustion. As sulphides evolve in the char during gasification processes, it is of

serious concern to understand the involvement of sulphur during ash agglomeration in

fluidised-bed gasifiers. Pyrite in coal has been found responsible for FeO-FeS eutectics

which bind with silica to form agglomerates during fluidised-bed gasification. Under

similar conditions using S.A. low-rank coal containing a high sodium, sulphur and ash

content, agglomerates were observed to form from interactions of organically bound

sodium and NaCl with silica and kaolin.

The degree of sulphur evolution during fluidised-bed gasification is influenced by a

number of coal characteristics such as coal rank, content of volatile matter, total sulphur

and relative distribution of sulphur forms and nature and amount of inorganic matter. A

decrease in coal rank increases the evolution of sulphur due to an increase in the

reactivity of the sulphur species and an increase in the amount of volatile matter

evolved. Conversely, decrease in coal rank also increases the amount of sulphur that

can be retained due to the an increase in the reactive/absorption sites in the char. An

increase in the initial total sulphur in coal results in the greater amount of sulphur

released during fluidised-bed gasification. However, universal correlations between the

distribution of the organic and inorganic sulphur forms in the gas, tar and solid products,

have not been deduced at this stage.

The amount of sulphur evolved during a thermal treatment process increases as the

gasifying environment changes from inert (pyrolysis) to reducing (gasification) to

oxidising (combustion). Experimental conditions which influence the extent of sulphur

evolution during a fluidised-bed process are the heating rate, particle size and pressure.

As for the release of volatiles in the initial stage of gasification, higher heating rates

increase the amount of sulphur evolved and decrease the amount that can be retained.

Larger particles employed in fluidised-bed gasification also evolve less sulphur. At this

stage, whether the greater retention is due to a slower thermal response of the particle or

mass transfer effects is unknown. The fate and pathway of sulphur out of the coal

requires investigation. No studies on the effects of pressure on the sulphur evolution
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during fluidised-bed gasification has been conducted. Investigations on the effect of

hydrogen partial pressure in the hydropyrolysis of coal reveals that the rate of sulphur

evolution can be correlated with a first order kinetic relationship with respect to

hydrogen pressure. Other studies reveal negligible effect of hydrogen pressure on

organic sulphur decomposition but significant suppression of pyrite (FeS2) and iron

sulphide (FeS) decomposition as well of resulphurisation reactions with the char.

Non-isothermal and first order reaction kinetics have been employed to simulate and

predict the evolution of sulphur from coal during hydropyrolysis and pyrolysis

ptocesses, respectively. The development of non-isothermal kinetics allowed the

simulation of the transformations of the individual organic and inorganic sulphur forms

in coal during thermal decomposition. Later studies were able to employ the non-

isothermal kinetics to successfully describe sulphur transformations in coal under more

rapid heating rates. First order kinetic models were developed to predict the evolution

of H2S, COS, CSz and thiophenes during coal pyrolysis. An adapted particle model was

extended to predict the evolution of sulphur release during the devolatilisation of large

coal particles during fluidised-bed pyrolysis.

In-situ desulphurisation is the most efficient sulphur removal strategy during fluidised-

bed gasification compared to numerous post and pre-cleaning methods. From a

comparison of a wide range of sorbents, Ca-based compounds, such as limestone (95-

987o CaCO3) and dolomite (40-60Vo CaCO3, 60-407o MgCO3), were the most thermally

stable and effective materials for sulphur capture. Metal oxides (ZnO, FeO) revealed

great reactivity toward HzS but poor thermal stability at gasification conditions.

As steam and COz are the primary gasifying agents, sulphur capture during FBG by Ca-

based sorbents experiences thermoequilibrium as well as physical constraints. For

atmospheric gasification, the CaCO¡ component will always calcine to CaO providing a

greater surface arca and porosity and hence greater sulphur capture. Under pressurised

conditions, sulphur capture may occur via CaCOg or CaO since the calcination to CaO

depends on the partial pressure of COz and temperature, leaving a portion of CaCO3 to

react.
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Calcination typically occurs along a CaCO3-CaO reaction interface which can be

described by the shrinking core reaction model. The calcination rate has been

proportional to the equilibrium partial pressure of CO2 minus a modified partial pressure

of COz at the reaction interface. The need for the modified CO2 partial pressure

compensates for heat and mass transfer effects which are not completely accounted for

due to the complex mechanism of calcination.

Desulphurisation by dolomite during pressurised gasification is unaffected by the partial

pressure of COz. The large composition of MgCO3 and its ability to decompose to MgO

under high partial pressures of CO2, provides high porosity and surface area which

enables sulptrur capture by CaCO3 to occur throughout the whole particle. The grainy

pellet theory has been applied to describe the sulphidation of partially-calcined dolomite

(CaCO¡.MgO) and calcined limestone (CaO). The shrinking core mechanism is found

more suitable to interpret CaCO¡ sulphidation, which occurs at a definite unreacted

interface. For each case, the reaction rates are dictated by chemical reaction at the

surface or diffusion through the product layer or a combination of both.

A number of investigators have also stressed the importance of sintering which can also

occur during sulphidation. Sintering involves the deactivation of surface area of either

CaO, CaCO3 reactants or the CaS product layer, to physically impede the progress of the

sulphidation reaction. Sintering is enhanced for higher temperatures, the presence of

CO2 and H2O and for larger particles which experience longer calcination/sulphidation

conversions and hence greater exposure to gasifying environment.

2.12 Objectives of the Current Study

The current study is designed to specifically address the environmental and processing

concerns regarding the utilisation of South Australia's high sulphur low-rank coals.

Thus, the overall objective of this project is to contribute on a fundamental and

scientific level to the development of a model for sulphur emissions, as well as an

economical and efficient desulphurisation strategy during fluidised-bed gasification.
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From the conclusions of the literature review, it is evident that organic and inorganic

sulphur transformations and interactions with inorganic matter during fluidised-bed

gasification of S.A. low-ranks, requires extensive investigation, The development of a

variety of experimental and analytical techniques in order to gain comprehensive and

fundamental information regarding the mechanisms of sulphur transformations is

therefore necessary. Investigation of sulphur transformations can be achieved from

analysing the organic and inorganic sulphur forms remaining in the char at various times

and temperatures of a pyrolysis/gasification reaction. To understand the retention of

sulphur by inorganic matter and its involvement during ash agglomerate formation,

specific investigations into the interaction of inherent and added inorganic material with

sulphur must also be conducted. Very few studies have been performed to understand

the sulphur transformations in large coal particles employed in fluidised-bed gasifiers.

To enable the prediction of sulphur evolution, heat and mass transfer effects incurred by

larger particle sizes as well as the greater heating rates employed in fluidised-bed

processes must also be elucidated.

Finally, studies to characterise the performance of a number of local South Australian

Ca-based sorbents during calcination and sulphidation must be performed as an initial

step in the development of in-situ sulphur capture during fluidised-bed gasification.

Atmospheric and pressurised thermogravimetric experiments can be employed to

conduct controlled investigations on the effect of particle size, gas environment

particularly CO2 partial pressure, and sorbent type during calcination and sulphidation.

Application of appropriate models to simulate calcination and sulphidation behaviour is

also required to gain further information of the mechanisms and rate controlling

processes.
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CHAPTER3

Experimental Techniques and

Data Analysis

3.L Introduction

The following chapter presents the experimental equipment and procedures employed to

gain a fundamental understanding of the sulphur transformations during fluidised-bed

pyrolysis of low-rank coal, and the calcination and sulphur capture behaviour of a

number of South Australian Ca-based sorbents. The pyrolysis investigations utilise

South Australian Bowmans and Lochiel coals and a variety treated Bowmans coal

samples. The pretreatment methods and analytical techniques employed for the

determination of the sulphur forms and inorganic matter residing in the coal chars after

pyrolysis, are discussed in the following chapter. Methods for analysis of the physical

properties of the calcined and uncalcined sorbents are also outlined.
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3.2 Sample Preparation

Raw samples of South Australian Bowmans and Lochiel coals were employed in the

pyrolysis investigations, both chosen for their high sulphur and inorganic (or ash)

content. Table 3.1 displays the results of the various chemical analyses (which will be

discussed in subsection 3.4) conducted on the coals. Bowmans coal also underwent a

series of water-washing, acid-washing and ion-exchanging treatments to investigate the

effect of inorganic matter on sulphur transformations. Table 3.2 features the sulphur

forms and remaining inorganics content of the treated Bowmans coal samples.

Table 3.1 : Analyses of raw Bowmans and Lochiel Coals.

%db : percent dry basis,
l"daf : percent dry ash free basis,
7oS1 : percent of Total Sulphur

Table 3.2 : sulphur Analysis of 'water-washed (wv/), Acid-washed (AW) and Ion-
exchanged Bowmans Coal Samples.

Sulphur Analysis

WW Coal AW coal AW-Ca AW-Na
Total Sulphur (%daf)

Pyrite (%S)
Sulphate (%Sr)
Orqanic (%S,)

4.36
0.15
2.75
97.10

4.08
o.22
3.31
96.83

3.92
0.15
3.05
96.80

4.27
0.30
3.58
96.12

ics Analysis (% d.b)
Sodium, Na
Calcium, Ca
Potassium, K

Magnesium, Mg
lron, Fe

Aluminium, Al
Silica. Si

0.17
0.44
0.02
0.34
0.70
0.27
0.92

0.01
0.01
0.01
0.01
0.06
o.o7
0.96

0.01
2.71
N/A
N/A
N/A
N/A
N/A

2.20
0.01
N/A
N/A
N/A
N/A
N/A

Ash Content (% d.b) 5.98 2.22 N/A N/A
7o St : percent of Total Sulphur, Todaf: percent dry ash free basis, Todb : percent dry basis,
N/A - analysis not conducted, AW-Ca/AW-Na : acid-washed calcium/sodium exchanged,

Proximate (%db) Bowmans Lochiel Sulphur (%S) Bowmans Lochiel
Moisture (a.r.)
Ash
Volatile Matter
Fixed Carbon

56
11.9
49.3
38.8

31.4
10.0
49.6
40.4

Pyrite
Sulphate
Organic
Sulphide

0.94
19.06

80

0.30
14.5
85.2

Ultimate (%daf) lnorqanics (o/.db)

Carbon
Hydrogen
Oxygen
Nitrogen
Sulphur

69.4
4.6
20.9
0.8

4.82

43.5
3.5
49.4
0.3

3.26

sodium, Na
calcium, Ca
potassium, K
magnesium, Mg
iron, Fe
aluminium, Al
silica, Si

1.86
0.62
0.03
0.78
0.74
0.28
2.10

1.52
0.95
o.o2
o.57
0..08
0.28
2.10
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The methods of preparation will be discussed in detail in the current section, Finally,

three South Australian Limestones and one Dolomite sample were employed in the

sorbent calcination and sulphidation investigations. Table 3.3 features the chemical

composition of each of these sorbents.

Table 3.3 : Chemical Composition of South Australian Ca-based Sorbentso

Compound (wt%, d.b.) Caroline
Limestone

Angaston
Limestone

Klein Point
Limestone

Ardrosson
Dolomite

CaO
MqO

54.39
o.77

53.54
o.78

46.53
0.86

30.7
20.2

CaCOg
MgCO3
si02
Al203
Ti02
Fe2O3
KzO
Na2O
SO.

97.10
1.6

0.60
0.12
0.084
0.086
0.033
0.036
0.065

95.6
1.64
0.97
0.28
0.02
0.35
0.09
0.06

81.30
1.79

10.91
1.46
0.09
1.21
0.07
0.13

54.82
42.25
0.84
0.25

0.84

" Sorbent particle sizes employed : 215-355pm.

3.2.I Drying

Pre-drying of the coal and limestone samples was considered essential since both

sample types contained inherent moisture which was likely to affect mass loss

measurements and hence the final results. The inherent water was therefore eliminated

by drying the coal and limestone samples prior to the experiment in a nitrogen

atmosphere at 110 oC until there was no further loss in mass. Samples were then cooled

to room temperature before the experiment commenced. This procedure was also

conducted before and after the various pre-treatment methods.

3.2.2 Removal of Inorganic Constituents

The inorganic constituents in coal can be categorised in two groups according to their

method of removal. Water-soluble inorganics represent the majority of minerals which

can be physically removed from coal by water washing. Inorganic cations which are

loosely bound to the coal matrix but not organically bound, are also removed during

water-washing (Ye, 1994). Acid-soluble inorganics is the second group which accounts

for all the inorganics that require chemical removal from coal. Acid-soluble inorganics
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typically inlcude inorganic cations such as Na*, Ca2*, Mgt*, Fe2*, Al3* that are

organically bound to the carboxylate groups and some phenolic groups in coal. They are

removed from coal by the addition of hydrochloric acid (HCl) which converts the

carboxylic acids to the hydrogen form via ion-exchange. By sequentially removing the

water-soluble and acid-soluble inorganics, the effect of these inorganics on sulphur

transformations during pyrolysis could be investigated.

3.2.2.L Water-washing

Water-washing of Bowmans coal was conducted by dispersing the 80 g of coal in 400

ml of demineralised water in a 800 ml flask and boiling the mixture at 80 oC for 3 hours.

The suspension was stirred continuously and left overnight, then washed and filtered

with demineralised water until there is no chlorine detected in the solute by silver nitrate

solution. The sulphur form distribution and inorganic content of the water-washed

Bowmans coal (WW) is presented in Table 3.2. Comparison of the sulphate sulphur

with that of raw Bowmans coal in Table 3.1 reveals that most of the sulphate was

removed by the water-washing. Approximately 3 VoSt of water insoluble calcium

sulphate remained and a small quantity (<0.15 7oS) of pyrite.

3.2.2.2 Acid-washing

Acid-washing of Bowmans coal was performed by mixing 80 g of raw coal (wet) with

400 ml 0.5 M hydrochloric acid (HCl) solution in a 800 ml flask. The mixture was

stirued continuously and left for two to three days before washing and filtering with

demineralised water until chlorine was not detected. As mentioned, organically-bound

inorganics are eliminated from the coal matrix. Acid soluble minerals such as various

aluminium silicates are also removed during the acid-washing process. Typically, the

only minerals that remain in the coal after acid-washing are qùartz and clay since both

are water and acid insoluble. This is evident in the inorganics analysis of acid-washed

Bowmans coal (AV/) in Table 3.2, where roughly half the silica in raw Bowmans coal

remains in both the W'W and AW coal. The minerals (mainly acidic oxides) which

remain in WW and AW coal are reported to behave inertly with HzS (Robinson, 1918,

Attar, 1978). The same authors have also reported that silcates and aluminosilicates

have a catalysing effect on organic sulphur decomposition. Thus, the presence of acid
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oxides in coals will have to be considered carefully in regards to sulphur

transformations.

3.2.3 Addition of Inorganic Constituents

3.2.3.I lon-exchanging

To understand the individual role of organically-bound ions, namely calcium and

sodium on sulphur retention, the calcium and sodium ions were exchanged back into the

acid-washed (AW). Batches of Acid-washed calcium-exchanged (AW-Ca) and acid-

washed sodium-exchanged (AW-Na) coal samples, were prepared by mixing

approximately 500 g AW coal with 4 L of 0.5 M solutions of calcium and sodium

acetate, respectively. Samples were then washed and filtered with demineralised water

to removed excess calcium and sodium ions. Sulphur forms analysis and of the content

of the exchanged ion in the AV/-Ca and AV/-Na samples is presented in Table 3.2.

3.2.3.2 LimestoneAdditives

To investigate the effect of the bonding nature of calcium on sulphur retention, pure

calcium carbonate (powered) and South Australian Caroline Limestone (957o CaCO3,

60-90 pm) were added to acid-washed (AW) Bowmans coal at the same concentration

as that of calcium in acid-washed calcium exchanged coal (AV/-Ca). The samples were

mixed thoroughly to ensure an uniform distribution of calcium carbonate. AW-PCC

denoted the acid-washed coal with pure calcium carbonate, while AV/-LST represented

acid-washed coal with Caroline Limestone.

3.2.3.2 Sulphur Additives

To confirm the inorganic sulphur transformations observed during the Temperature-

Programmed Pyrolysis of raw Bowmans coal, inorganic sulphur compounds were

selectively added back into water-washed and acid-washed Bowmans coal at 20 7o of

the total sulphur content. This approximated the 20 7oS¡ of sulphate sulphur present in

the original raw Bowmans coal sample. Water-washed coal with 2O 7oS¡ CaSO+ was

denoted as WC and water-washed coal with 2O VoS¡ NazSO¿ as 'WN, For the acid-

washed Bowmans coal sample : AC represented acid-washed coal plus 20 %St CaSO¿

and AN, acid-washed coal plus 20 7oS¡ Na2SOa. The distribution of calcium sulphate

was also altered to investigate the effect of inorganic sulphur concentration on sulphur
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transformations. CaSO4 wâs therefore added to acid-washed coal at 50 %Sr to form AS

coal. The distribution of the sulphur forms of the water-washed/acid-washed coal -

inorganic sulphur mixtures are displayed in Table 3.4 and Table 3.5 respectively.

Table 3.4 : Summary of the distribution of sulphur forms for Water-washed Bowmans
coal chars with 20 %St CaSO+ (WC), 20 7oS¡ Na2SO4 WN) and 20 7oS¡ FeS2 (WF)
added.

Desc ri ptio n/S u lphu r Fo rm WC
20 %S¡ CaSO¿ 20 %$ NazSO¿

WF
20 %o$ FeSz

Mass of WW coal (q) 80 80 80
Mass of lnoroanic S (o) 3.18 2.83 2.64
Total Sulphur (%wt) 5.13 5.17 5.13
Sulphate (%SJ 19,8 20.0 2.2
Oroanic l%SJ 80.1 79.8 77.8
Pvrite (%S,) o.2 0.2 20.0

7oS¡ percent of total sulphur ; WW water-washed coal; S sulphur compound

Table 3.5 : Summary of the distribution of sulphur forms for acid-washed Bowmans
coal chars with 20 and 50 %S¡ sulphate compound added.

Desc ri ption/S u lph u r Form AC
20/"5, CaSOo

AS
50%5, CaSO¿

AN
20%5, Na"SOo

Mass of AW coal (o) 80 80 80
Mass of lnorqanic S (q) 2.90 12.99 2.54
Total Sulohur (%wt) 4.78 6.81 4.80
Sulohate (%S,) 20.0 50.0 20.0
Orqanic (%SJ 79.8 48.8 79.8
Pvrite (%SJ o.2 0.2 0.2

7oS¡ percent of total sulphur ; AW acid-washed coal; S sulphur compound

3.2.4 Sizing

3.2.4.1 Sieving

The raw Bowmans and Lochiel coal samples employed in the Temperature-Programmed

Pyrolysis and fixed-bed pyrolysis experiments were pulverised and sieved into the 150-

2I2 ¡tm size range. Samples of this particle size range were then employed in the water-

washing, acid-washing, ion-exchanging and additive mixing preparation steps. Only the

sodium ion-exchanging procedure was found to have an effect on the particle size.

Therefore after this stage, the AW-Na coal was dried and then pulverised and sieved

again into the I5O-2I2 pm size range.
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3.2.4.2 Pelletising

The investigation of the effect of particle size in the fluidised-bed pyrolysi

involved the pelletisation of coal into identical cylindrical coal pellets. The

technique was employed to ensure a uniform distribution of the inorganic sulphur forms

in Bowmans coal. The coal was therefore pulverised first. Then, using a stainless steel

cylindrical die and 15 tonne capacity hydraulic press, the coal was pelletised into 6, 8

and l0 mm diameter cylinders with 1:1 length: diameter ratio for the bulk fluidised-bed

pyrolysis experiments, and 2 mm diameter and 4 mm long cylinders for single particle

fl uidised-bed experiments.

It was critical in the pelletising stage to produce ideniical coal pellets so that the sulphur

released and retained at various times is representative of the overall raw coal sample.

Repeatable pellet dimensions were obtained by compressing a constant mass and

moisture content of coal achieved by wetting air dry coal, of a known moisture content,

with a known volume of demineralised water and weighing the sample before

pelletising. A pressure of approximately 7 MPa was employed.

3.3 Experimental Apparatus and Techniques

The choice and design of experimental techniques for the coal pyrolysis investigations

was determined so that the influence of heat and mass transfer processes on sulphur

transformations during fluidised-bed gasification of low-rank coal could be understood.

Experimental equipment was therefore designed and scheduled to initially eliminate

heat and mass transfer effects and then sequentially incorporated them back in to the

experiments. Temperature-Programmed Pyrolysis experiments were conducted in a

muffle furnace to specifically monitor the transformations of sulphur with respect to

temperature. A slow linear heating rate and pulverised coal samples were employed so

that heat transfer and particle diffusion effects were eliminated. Fixed-bed experiments

using a horizontal tube furnace, was designed to allow an investigation on the effect of

heating rate on sulphur transformations. Pulverised coal particles were again employed

in these experiments to eliminate particle diffusion effects. Lastly, fluidised-bed

experiments using millimetre-size particles enabled the investigation of sulphur
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transformations in a fluidised-bed environment, where the influence of particle size and

diffusion effects are predominant.

For the characterisation of the calcination behaviour of Ca-based sorbents under

atmospheric conditions, an atmospheric thermogravimetric apparatus (ATGA) was

employed. Such experimental equipment is able to provide accurate measurements of

the weight changes during the experiments and therefore an indication of the final

conversion and the rate of the calcination reaction. A larger pressurised

thermogravimetric apparatus (PTGA) was employed to carry out the pressurised

calcination and atmospheric sulphidation experiments.

3.3.1 Temperature-ProgrammedPyrolysis(TPP)

Temperature-Programmed Pyrolysis (TPP) experiments were conducted in a standard

muffle furnace continuously flushed with a flow of nitrogen at 3 L min-'. The

experimental set up is displayed in Figure 3.1. Pulverised coal samples, of about 3

grams each, were contained in crucibles and placed in the furnace, which was

electrically heated with a constant heating rate of I7,l "C min-' from the ambient

temperature. Preliminary experiments with sample mass varying from 2 to 4 grams and

different crucible sizes offered the same sulphur retention and sulphur form

distributions, confirming that there were no inter-particle mass diffusion effects on the

measurements. In all experiments, the samples were removed as soon as the desired

temperature is obtained, quenched with dry ice, and then stored for subsequent analyses.

3.3.2 Horizontal Tube Furnace

A Horizontal Tube Furnace (HTF) was employed to conduct the fixed-bed pyrolysis

experiments. The furnace consists of a ceramic tube, 2.5 cm diameter, which is heated

by four silicon carbide elements. The experiments were conducted by positioning a

platinum boat with 1-1.5 g of coal in an isothermal zone of the horizontal tube furnace

which was pre-heated to constant temperatures of 700, 800 and 900 'C. At pyrolysis

times between 0.5 to 5 min, the samples were removed, quenched with compressed

nitrogen and analysed for sulphur forms.
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Figure 3.1 A schematic of the Muffle Furnace and the equipment employed in the

Temperature-Programmed Pyrolysis (TPP) Experiments.
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Figure 3.2 A schematic of the Horizontal Tube Furnace and equipment employed in the

Fixed-bed Pyrolysis Experiments.
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A flow of nitrogen at9.35 L min-' (NTP) was maintained throughout each experiment.

Figure 3.2 presents the schematic of horizontal tube furnace and equipment necessary

for the fixed-bed pyrolysis experiments.

3.3.3 Fluidised-bed Reactor

3.3.3.1 Bulk Particle Fluidised-bed Reactor

To investigate the effect of particle size on sulphur retention, approximately 10 grams of

Bowmans coal pellets, ranging from 6-10 mm in diameter, were pyrolysed in a

fluidised-bed reactor. A schematic of the fluidised-bed reactor and experimental set up

is displyed in Figure 3.3. The reactor was comprised of a 102 mm inner diameter

stainless steel tube surrounded by four silicon carbide elements (Kanthal type DS,

maximum delivery of 8 kW), encased in insulating refractory bricks. Thermocouples

(T/C) were located in the plenum and fluidised-bed section.

Healing Element

Fluidised Bed
Relractory Bricks

't/c

Distribuþr Plate
(0lmm holes)

Plenum Seclion
(cerumic saddles) Distributor Plute

(lmrn holes)
Wire mesh

Satnple basket

Kaowtntl Insulation
Gas Inletè

Gas Prehealer

Figure 3.3 A schematic of the 102 mm diameter Fluidised-bed Reactor and equipment

employed in the Bulk Fluidised-bed Pyrolysis Experiments of 6, 8 and 10 mm particles.

The bed temperature was regulated by a Shimaden PID temperature controller and

maintained at 800 oC for the experiments under study. The reactor tube was fitted with

TlC
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a distributor plate consisting of 100 drilled holes of 0.4 mm diameter, to distribute the

gas on entry to the bed. Nitrogen at 1.5 times the minimum fluidisation velocity was

ernployed as the fluidising gas with silica sand of 185-250 pm as the bed material. The

coal pellets were delivered to the bed in a stainless steel wire basket at a mesh size

which enabled thorough mixing of sand and coal particles. The basket was removed

after 0.5, I and 2 minutes and particles were immediately placed in a nitrogen

quenching tube and quenched with dry ice. In order to conduct Australian Standards wet

chemical analysis of the sulphur forms remaining in the char, the pellets had to be

crushed and pulverised prior to the analysis.

3.3.3.2 SingleParticleFluidised-bedReactor

A 20 mm internal diameter stainless steel atmospheric fluidised-bed reactor was

employed to conduct fluidised-bed pyrolysis on 2mm diameter cylindrical pellets of

raw, acid-washed and acid-washed calcium exchanged Bowmans coal. The experiments

were designed to investigate the intra-particle behaviour of sulphur and the interaction

of sulphur with inorganic constituents during pyrolysis, The fluidised-bed reactor tube

was located above a packed bed gas-preheater (Leister CH-6056, 8D4, 5000-6700W)

which heated the fluidising gas, nitrogen, to 550 oC before it entered the reactor. A

thermocouple located at the top of the packed bed pre-heater was used to monitor the

final temperature of the fluidising gas. Four silicon carbide elements were present to

heat both the reactor and pre-heater. Three thermocouples (T/C) and two pressure

tappings were inserted along the reactor tube to measure the temperature profile and

pressure drop along the reactor, respectively. The product gases from the reactor exit at

the top and pass through a nitrogen quenching stream to minimise secondary gas phase

reactions and a water cooled condenser and glass wool filter to collect tars.

The pellets entered the reactor via a nitrogen injected shoot. The fluidising gas flowed

1,5 times the minimum fluidising velocity. After 3 minutes of pyrolysis at 850 oC, the

coal/char was ejected from the top of the tube using a nitrogen purge stream and

collected in a pot with dry ice. Pellets were then retrieved and stored for subsequent

SEM X-ray mapping. To gain good statistical results, for each coal sample, a total of

five coal pellets were analysed for sulphur transformations. Intra-run and inter-run

discrepancies were investigated by taking three pellets from the first run and one each

Sulphur Transformations during Pyrolysis of Low-rank Coals and
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from the second and third run. Figure 3.4 displays the schematic of the fluidised-bed

and necessary equipment employed to conduct fluidised-bed pyrolysis on the 2 mm

diameter pellets.

B atch coal feeder

Fluidised-bed

N, quettchitrg gos
Gtt oulet
l0lume hoo.l

T/C

T/C

T/C

T/C

Packed hed P

Char Collector

N, suppll,
Steam Feed

fntm Boiler

Chur : N, hlust gasLeister Cas Pre-Heater

Figure 3.4 A schematic of the 20 mm diameter Fluidised-bed Reactor and equipment

employed in the Single Particle Fluidised-bed Pyrolysis Experiments of 2 by 4 mm

cylindrical pellets.

3.3.4 AtmosphericThermogravimetricApparatus

Atmospheric calcination experiments lwere conducted in a Mettler T44000 DTGA

Thermogravimetric Analyser. The apparatus consisted of a Mettler M3 microbalance

residing inside an electrically heated furnace. 10.0 - 10.5 mg of limestone sample was

inserted in a crucible and placed on the microbalance. The microbalance was linked to

the TA processor to record the sample weight data with time. The TGA controller, a

Mettler TCl1 TA Processor, was programmed to heat the sample at a constant heating

rate of 50 oC min-l and ensure that a COz environment was employed in the non-

isothermal heating stage to suppress any premature calcination of CaCO¡. Once the

isothermal temperature was obtained (which ranged between 700 to 900 oC), the flow

Sulphur Transformations during Pyrolysis of Low-rank Coals and
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was changed to the desired gas mixture. The partial pressure of COz was altered by

using pre-mixed CO2lArgon gas mixtures of the desired COz concentration. A gas flow

rate 200 ml min-l (STP) was employed. The experimental system and a detailed insert

of the thermobalance is displayed in Figure 3.5.

Mettler TG50 Thermobalance

Mettler M3
Micrubalance

Weighing Pan

IBM Compatible PC
Mettler TCtl TA Processor

MicrGrolameter

M icrtr0l0meter:t

Furnnce

COrSupplt' N, Supply

.I
Cooliít 

^¡Ì 
Ouilct

Gß

Figure 3.5 Schematic of Atmospheric Thermogravimetric Apparatus (ATGA) and the

equipment employed in the sorbent calcination experiments.

3.3.5 Pressurised Thermogravimetric Apparatus

Pressurised calcination experiments were conducted in a Pressurised Thermogravimetric

Analyser located at Thermal Energy and Engineering Research Institute at Southeast

University, People's Republic of China. The system comprised of a weight sensor, a

V/D 990 temperature controller, an IBM compatible computer, and two 40 mm by 500

mm vertical parallel silicon carbide cylindrical tube heating elements encased in a

stainless steel vessel. One of the heating elements acted as the reaction chamber for the

calcination reaction. A platinum sample basket hung from the weight sensor in the

Sulphur Transformations during Pyrolysis of Low-rank Coals and
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middle of the tube to record changes in sample weight during the experiment. A

thermocouple was also inserted in the side of this tube to measure the bed temperature.

'l'he second tube contained a platinum sample basket attached to a thermocouple to

allow particle temperature measurements. A schematic of the system is displayed in

Figure 3.6.

Pressurised Thermogravimetric
Apparatus

Hig,h Pres,ture Wuter Cooler
Water ht

Waler Out

CO, Supply HrS/Nt SUPPLY

Gru Inlet

IBM Compatible PC

Plutinum Banket
cenraining Sorhent

Gur Outlet

Vacuum Pump Pressure and Flow Control Panel

Figure 3.6 Schematic of the Pressurised Thermogravimetric Apparatus (PTGA) and the

equipment employed in the sorbent high pressure calcination and sulphidation

experiments.

In all the calcination experiments using the PTGA, one gas mixture was employed

throughout the entire experiment at a flow rate of 100 L hr-I. Due to the size of the

reaction chamber, gases could not be swapped as in the ATGA experiments, to suppress

calcination in the non-isothermal stage of the experiment, without inducing a CO2A{2

concentration gradient. After preliminary calcination experiments using sample masses

between 100 to 300 mg, 100 mg was considered the most suitable mass to minimise

sample bed diffusion during the PTGA calcination experiments.

Sulphur Transformations during Pyrolysis of Low-rank Coals and
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3.4 Analytical Methods for Coal and Coal Pyrolysis Products

3.4.I Proximate and Ultimate Analysis

Proximate analysis to determine the moisture, volatile matter, ash content and fixed

carbon content of the coal, followed Australian Standard methods AS 2434.1, AS

2434.2 and AS 2434.8 respectively. Fixed carbon is deduced from the moisture, volatile

matter and ash contents. The moisture content is basically determined from the mass

loss of coal subjected to a nitrogen atmosphere at 105 oC for 5 hours. Similarly, the

volatile content is measured from the mass loss of coal subjected to a nitrogen

environment at 900 oC for 7 minutes. After cooling in air for 2O minutes, the amount of

volatile matter evolved can be measured. The devolatilised samples are then heated in

an oven at 650 oC for 4 hours to determine the ash content.

Ultimate Analysis determines the carbon, nitrogen, total sulphur, hydrogen content by

employing Australian Standard method AS 2434.6.1. Oxygen is determined by

difference.

3.4.2 Chemical Analysis of Sulphur and Sulphur forms

Determination of total sulphur in coal is part of the Ultimate analysis of coal discussed

above and follows Australian Standards method AS 1038.6.3.1. The inorganic sulphur

forms, sulphate and pyrite sulphur contents, are determined using Australian Standards

procedure AS 1038,11. The organic'sulphur is calculated by the difference between

total sulphur and inorganic sulphur forms. HrS evolved from HCI treatment of a char

sample is captured by an iodine solution to indicate the sulphide content in the char.

This method has been previously employed by Ibana (1989) and Gryglewicz (1992).

3.4.3 Chemical Analysis of fnorganics

3.4.3.1 Inorganics in the Ash

Analysis of the individual inorganic constituents in the coal is carried out using the

Australian Standards procedure AS 1038.14.1. The coal or coal char is first ashed in a

muffle furnace from ambient to 600 oC, and then fused with 0.4 g of lithium metaborate

(LiB4O7) in the platinum crucible at 900 oC for 20 minutes. The platinum crucible was

placed into a 100 ml beaker and 80 ml of demineralised water (enough to cover the
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crucible) was added. 4 ml of concentrated nitric acid was also added along with a

magnetic stirrer, which stirred the contents of crucible until the fusion beads dissolved.

The solution was then transfèrred to a 200 ml volumetric flask and diluted to the mark,

forming a standard solution which is then analysed for the inorganic elements using an

Atomic Absorption Spectrometer (A.A.S). An air-acetylene flame is employed to

measure Na, Ca, Fe, K and Mg and a nitrous oxide-acetyelene flame to measure

aluminium, The molybdenum blue colourmetric method was employed to measure

silica. Australian Standard procedure AS 2434.9 is conducted to determine the acid-

extractable inorganic ions present in the raw and water-washed Bowmans coal, raw

Lochiel coal and in particular, acid-washed calcium and sodium exchanged coals, AW-

Ca and AW-Na.

3.4.3.2 Analysis of Forms of Sodium and Silica

Sequential water and acid leaching of the AV/-Na coal and TPP chars at 900 oC was

carried out to determine the soluble forms of silica and sodium in the coal and char.

3.4.3.2.1 WaterLeaching

The amount of water-soluble sodium and silica was determined from analysis of the

filtrate from the water-leaching of the cha¡ sample. 0.5 g of char was weighed and

placed in a250 ml beaker. 1 ml of ethanol and 50 ml of demineralised water were then

added. The mixture was boiled using a hot plate and allowed to simmer for 30 minutes.

The solution was then filtered through No 40. filter paper into a 200 ml volumetric

flask, with all solids remaining on the filter paper. Using demineralised water, the filter

paper was washed several times. The filtrate was then diluted with water and analysed

for sodium, using atomic absorption spectroscopy (AAS), and for silicon, using the

molybdenum blue colourmetric method, to determine the amount of water-soluble

sodium and silica.

3.4.3.2.2 AcidLeaching

The amount of acid-soluble sodium and silica was determined from analysis of the

filtrate from the acid-leaching step. The filter paper and residue from the water-leaching

stage was transferred to a 250 ml beaker. 50 ml of 2 M hydrochloric acid solution was

added to the beaker which was then brought to boil on a hot plate and then simmered for

Sulphur Transformations during Pyrolysis of Low-rank Coals and
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30 minutes. The solution was washed and filtered, similar to the previous step. This

was followed by washing the filter paper and residue twice with 20 ml of 2 M HCI

solution and twice with demineralised water. 'I'he tiltrate was then diluted with water

and analysed for sodium, using atomic absorption spectroscopy (AAS), and for silicon,

using the molybdenum blue colourmetric method, to provide the amount of acid-soluble

sodium and silica.

The acid-insoluble sodium and silica was then determined from the analysis of the

filtered solids from the acid leaching stage. The contents of the filter paper (from above

step) were analysed for sodium and silica using the Australian Standards procedure AS

1038. 14. 1 mentit'ned in Section 3.4.3.L

3.4.4 Scanning Electron Microscopic (SEM) Analysis

3.4.4.1 PulverisedCoaUCharSamples

Direct analysis of organic sulphur in the raw and acid-washed Bowmans coals

Temperature-programmed Pyrolysis (TPP) phars was performed using a Philips XL 20

Scanning Electron Microscope with an Energy Dispersive X-ray detector (SEM-EDX).

Chars produced between 250-500 "C were mounted in epoxy resin as 10mm cylindrical

pellets, a method developed by Maigren (1988) and employed sulphur investigations

during pyrolysis by Ibara (1994). The TPP chars produced between 600-900"C in the

current study were too fine to pelletise using the equipment available and so an

alternative mounting technique was employed. A portion of the char samples was

spread onto transparent slides which was then carbon coated ready for analysis. An

EDXauto package was employed to conduct multiple spot analysis for sulphur and other

inorganic constituents (Na, Ca, Si, Mg, Fe, AI) on the char pellets and individual char

particles on the slides. The atomic weight percent was recorded along with the

concentration measurement and atomic ratios of Na, Ca and Fe to sulphur were

calculated. Inorganic sulphur constituents were identified and eliminated from the

analysis on the basis of their stoichiometric ratio with sulphur. The organic sulphur

value is then taken as an average ofover 100 spot analysis.

Backscattered electron images of the 800 and 900 'C AW-Na, AW-Ca and raw

Bowmans and Lochiel TPP chars were taken using the Philips XL 20 Scanning Electron

Sulphur Transformations during Pyrolysis of Low-rank Coals and
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Microscope to obtain a qualitative idea of the mineral-sulphur interactions that occurred

during the TPP of AW-Na, AW-Ca and raw Bowmans and Lochiel coals. Since char

particles were removed fiom the high temperature region, the aforementioned

pelletising method could not be employed. Sample preparation for this required

mounting the char particles in small concentrated wells inside a flat cylindrical shaped

epoxy resin which was then cut, polished and carbon coated before the analysis.

Random spot quantitative analysis of organic sulphur and mineral constituents was

performed with an Energy Dispersive X-ray detector and automatic EDX package. To

ascertain in some cases whether the sulphur was of organic or inorganic nature, the

atomic weight percent of corresponding inorganic constituents was recorded and atomic

ratios of Na, Ca and Fe to sulphur were calculated. Quantitative X-ray maps of S, Si,

Na, O, Cl and in some cases Al, Fe and Ca. chars were taken of the AV/-Ca and AW-

Na TPP chars using a DX-4 Qmap package. For the X-ray mapping, only weight

concentration values were taken.

3.4.4.2 CoaVChar Pellets

The IDXi quantitative X-ray mapping package (DX-4 Qmap) was also employed to

obtain individual X-ray maps of sulphur, sodium, calcium, and iron in the cylindrical

char pellets to gain quantitative estimation of the organic sulphur remaining in the char

and some idea of the inorganic sulphur constituents that have formed. The cylindrical

pellets were mounted vertically in epoxy resin. The resin was then cut back and polished

to expose approximately the centre of the pellet. X-ray mapping at approximately the

centre cross section of the pellet implied that length-wise diffusion effects of sulphur

could be eliminated and sulphur transformations over a strictly two dimensional cross

sectional area could be observed. To ensure this, in the preparation stage the cylindrical

pellets were formed with a length to diameter ratio of 2:1. The DX-4 Qmap package

only records weight concentration values which means that for the determination of the

organic sulphur concentration in the pellets, the inorganic sulphur compounds could not

be eliminated on the basis of atomic ratio with sulphur. The DX-4 Qmap package

however did contain a concentration spectrum which allowed the concentration ranges

to be viewed within the particle. From this, the inorganic sulphur compounds could be

identified and eliminated, primarily due to their higher concentration than the organic

sulphur residing in the char.
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3.4.5 Surface Area and Porosity measurements

A selection of calcined and uncalcined sorbents employed in the current study were

measured for surface area, pore volume and porosity and true density, to gain

infolmation about the physical characteristics of the limestones prior to and during the

calcination reaction. Analysis of the surface area of uncalcined sorbents was conducted

using a Micrometrics Gemini Itr Model2375 analyser. Nitrogen was employed as the

adsorptive at 77K. Samples were outgassed in a residual vacuum of 5 millitorr at

temperatures of 100 and 250 oC prior to the analysis. Surface area analysis of calcined

sorbents was conducted using the B.E.T. (Brunauer-Emmet-Teller) method. From this a

pore diameter (BET av.) was calculated from the surface afea (=4V/A). A BJH

adsorption technique was also empl<ryed. From this an average pore diameter was

ascertained (BJH av.). The cumulative pore volume for pores between 17 to 3000

armstrong (Cum Vol.) was also calculated along with single point pore volume (Sgle

Vol.) for pore sizes less than 1255 armstrong.

The true density of the uncalcined sorbents was measured pycnometrically by helium

displacement technique, employing a Micrometrics Multivolume Pycometer 1305. The

analysis followed HRL Laboratory Test Methods Gippsland, Method 1.7. For fine

powders, a centrifuge method was used to derive the pore volume from the density

measurements. The method involved filling the pores of the dried sample by a suitable

adsorbate and then removing excees adsorbate by centrifuging. The true density was

deduced from the increase in weight from the pore filling and the known density of the

adsorbate. The apparent density or pore volume was calculated as :

PoreVolume(cm'g-r)= I - 
I

Pn, Pu"
(3.1)

where pne is the mercury density and pH" is the helium density. The porosity is then

calculated from the mercury and helium densities by the following relationship :

Porosity(7o) = x 100
Pn"

(3.2)
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3.5 Summary

A variety of preparation and experimental tecniques were employed for the investigation

of sulphur transformations during coal pyrolysis. The experimental techniques were

such that heat and mass transfer effects occurring in fluidised-bed systems could be

individually investigated on the sulphur transformations. The coal preparation

techniques and analytical methods enabled the study of the interactions of specific

inorganic constituents with sulphur. Such methods followed Australian Standard

procedures. The results of the coal pyrolysis experiments are featured in Chapter 4, 5

and 6. Atmospheric thermogravimetric equipment allowed the characterisation of the

calcination behaviour of a variety of local South Australian Ca-based sorbents. The

results of the calcination and sulphidation experiments are presented in Chapter 7.

Sulphur Transformations during Pyrolysis of Low-rank Coals and
Characterisation of Ca-based Sorbents

tt4



Chaptcr 4 Transformations of Sulphur during Temperature-Programmed Pyrolysi s

CHAPTER4

Transformations of Sulphur

During Temperature-Programmed

PyrolySTS
a

4.1 Introduction

The following chapter presents and discusses the transformations of sulphur during the

Temperature-Programmed Pyrolysis (TPP) of Bowmans and Lochiel coals and a variety

of treated Bowmans coal samples. The experimental technique employed has been

described previously in Chapter 3, Subsection 3.3.I. Temperature-programmed

pyrolysis employs a relatively low heating rate (approximately I1.7 oC min-l¡ to reveal

the onset decomposition temperatures for the individual sulphur compounds in coal. It

also helps to unfold the general nature and reactivity of the organic sulphur species and

the degree of volatility of sulphate compounds in the coal. The latter is particularly

important since the SA coals under study contain relatively high contents of sulphate

sulphur compared to other coals (Attar, 1978). The concentrations of the total, inorganic

and organic sulphur forms measured in the char, are converted to percent of sulphur

form in the char, (Sro.n,,)"r,o., over the total sulphur in the coal, (56¡o¡)"oo1, using the

following equation :

Sulphur Transformations during Pyrolysis of Low-rank Coals and
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(Sro,. )"nu, 
= 

(S*,,r, )"no, 

" 
M.hu,

(S 
,o,r¡ ) "out 

(S *,2, ) 
"out 

M 
"oul

(4.1)

where S*,r. is experimentally determined sulphur concentration and M",,,, and M"no, are the

mass of the coal and mass of the char, respectively. These values are then plotted versus

pyrolysis temperature to reveal the TPP profiles for the different sulphur forms.

Analysis and comparison of the results obtained for the different coal samples is

designed to elucidate the effect of the distribution and nature of the organic and

inorganic sulphur forms in coal on the subsequent transformations and evolution of

sulphur during pyrolysis,

4.2 Behaviour of the Sulphur Forms in SA Low-rank Coals

4.2.1 Temperature-Programmed Pyrolysis of Bowmans Coal

Figure 4.1 displays transformation of various sulphur forms during TPP of the raw

Bowmans coal. It also includes the total sulphur transformation of acid-washed

Bowmans coal which has had most of the inorganic sulphur removed prior to the TPP

experiment. This aids in the interpretation of the transformations of the organic sulphur

in the coal in the raw Bowmans coal sample. From investigations on organic sulphur

compounds found in the literature (Attar 1982, Kahn 1989), the noticeable decrease in

the organic sulphur content before 200 oC is suggestive of small proportion of aliphatic

thiols present in the original Bowmans coal sample. Similarly, the rapid decomposition

of organic sulphur between 300 and 500 "C in Figure 4.1, implies that a large proportion

of the organic sulphur decomposition in Bowmans coal is due to aliphatic sulphide and

disulphides. In the temperature range between 400 and 500 oC, sulphate sulphur

decomposition commences which corresponds to an increase in pyrite and sulphide

sulphur at 400 oC, with a maximum peak at 500 "C.

During 500 - 600 oC, the organic sulphur decomposition stops and an increase is

observed which suggests two things : (i) the proportion of organic sulphur decomposing

in this temperature region is small and./or (ii) the decomposition of sulphate sulphur

results in an increase in organic sulphur in the char. The latter is consistent with

previous literature findings on coal pyrolysis. An increase in organic sulphur after the
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decomposition of inorganic sulphur (pyrite and sulphate) has been observed by a

number of researchers, employing a variety of analytical techniques such as chemical

arralysis (Gryglewicz 1992), electron microscopic (Ibarra 1994, Cleye 1984) and

isotopic tracing (Medvedev 1966).
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Figure 4.1. Retention of various sulphur forms in the char during Temperature-

Programmed Pyrolysis of raw and acid-washed Bowmans coal.

Carbonisation experiments by Medvedev (1966) observed solid-state transformations of

sulphate sulphur to organic sulphur with pyrite and sulphide sulphur as intermediate

compounds. The sulphur transformation for the acid-washed coal shows that organic

sulphur is still decomposing in this region, most likely due to the continuation of

aliphatic sulphides and disulphides decomposition to 600 oC. This corresponds to the

temperature for which previous studies (Heidenreich 1998) have found that the bulk of

the volatiles has evolved, beyond which pyrolysis of coal material is very slow. This

confirms further that raw Bowmans coal contains a significant portion of aliphatic

sulphides and disulphides which decompose in this temperature range. Thus, the

observed increase in organic sulphur between 500 and 600 oC is therefore a net result of

that sulphate reincorporation as organic sulphur and the sulphur release from

decomposition of aliphatic sulphides and disulphides. It can also be deduced that the
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sulphate compound present in Bowmans coal is not very volatile in nature, due to its

preferred solid-state transformation rather than conversion to HzS in the gas phase. This

is reinforced by the fact that initial sulphate decomposition is small, where half of the

sulphate decomposes between 400 and 700 oC, while the half decomposes between 700

and 800 oC, signified by the steep decrease in the last stage of the sulphate curve.

Figure 4.1 reveals that organic sulphur experiences a dramatic increase in the char

(gleater than I37o) in the raw coal experiments between 600 and 800 oC, where the

largest portion of sulphate is lost. Figure 4.1 shows that the total (hence organic)

sulphur trend for the acid-washed sample, remains relatively constant. This reaffirms

that rhe sulphate sulphur, present only in the raw sample, is responsible for the organic

sulphur increase in the char. It also suggests that the original Bowmans coal sample

may contain negligible amounts of aromatic and cyclic sulphides due to the observed

lack of organic sulphur decomposition between 600-800 oC in the acid-washed TPP

experiments. Previous studies (Attar 1982, Kahn 1989) have shown that organic sulphur

decomposing between 800-900 oC, is indicative of aryl sulphides and simple thiophenes

in the coal. The observed decrease in organic sulphur in the acid-washed between 800-

900 oC, is small which implies that only a small percentage of the aryl sulphides and

simple thiophenes are originally present in raw Bowmans coal. The greater

decomposition in the raw coal sample between 800-900 oC in Figure 4.1 indicates that

sulphate-derived sulphur is the predominant sulphur compound decomposing in this

temperature region and therefore must be of (simple) thiophenic or aryl sulphidic in

nature. The 35-45% organic sulphur retained in Bowmans coal at 900 oC is obviously

representative of more complex thiophenic compounds.

4.2.2 Comparison of Chemical and SEM analysis of Organic Sulphur

In the current study, the Australian Standards (AS) wet chemical method is employed to

determine the total, sulphate, pyrite and sulphide sulphur in the char. The organic

sulphur is then deduced from the difference between total sulphur and the inorganic

sulphur forms. A detailed outline of the procedure is provided in Chapter 2, Section

2.3.I and Chapter 3, Section 3.4.2. The organic sulphur measurement is therefore

subject to errors of the other four measurements. An outline of the error analysis of all

Sulphur Transformations during þrolysis of Low-rank Coals and
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sulphur forms in the char is presented in Appendix C. The errors did not exceed +I5Vo

of the mean S"¡o./S"oo¡ value determined. For low-rank coal such as Bowmans coals

where it is quite common to have negligible amounts of pyritic and sulphide sulphur, the

organic sulphur content becomes solely dependent on the sulphate sulphur

measurement. Therefore, to confirm the accuracy of tho chemical analysis and effect of

sulphate sulphur on organic sulphur, both Australian Standard wet chemical analysis

and scanning electron microscopy coupled with energy dispersive X-ray detection

(SEM-EDX) was conducted on raw and acid-washed Bowmans coal chars. The analysis

technique employed for the SEM-EDX analysis is featured in Chapter 3, Section 3.4.4.

Figure 4.2 displays the comparison between the two analysis methods for the total and

organic sulphur transformations of the raw and acid-washed Bowmans coal samples,

respectively. An average of over 100 spot analyses for each char sample represents the

organic sulphur values present in the SEM-EDX curves in Figure 4.2.
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Figure 4.2 Comparison of the chemical and SEM analyses of organic sulphur during

Temperature-Programmed Pyrolysis of raw and acid-washed Bowmans coal samples

Both coal samples displayed close agreement between the analysis methods in the

temperature range between 25-500 "C. Between 500-900 "C, large discrepancies are

present due to the fact that the SEM-EDX char samples analysed in this temperature
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region were prepared on glass slides because they were too fine and hence too difficult

to pelletise. Since the slides were much thinner than the epoxy mounted pellets for char

samples collected at 25-500 uC, penetration of electrons occurred beyond the char layer

giving rise to lower values of organic sulphur than the chemical method, as observed

between 500 and 900 "c in Figure 4.2. However in the 25 - 400 oc range, it can be

concluded that there was a good agreement between SEM-EDX and AS wet chemical

results, confirming the accuracy of the organic sulphur values from the chemical

analysis.

4.2.3 Temperature-programmed Pyrolysis of Lochiel Coal

The organic and inorganic sulphur transformations during the TPP of raw Lochiel coal

are presented with that of raw Bowmans coal in Figure 4.3. Similar sulphur

transformations occurs for the two South Australian low-rank coals.
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Figure 4.3 Retention of various sulphur forms in the char during Temperature-

Programmed Pyrolysis of raw Bowmans and raw Lochiel ( ) coals

This is expected since the distribution of sulphur forms in unpyrolysed samples are very

similar (see data at25oC, Figure4.3). Between 300-500 oC, however, the amount and

rate of organic sulphur decomposition is greater for Lochiel coal. Lochiel coal has a
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slightly higher distribution of organic sulphur than Bowmans coal but due to the lower

total sulphur value, the concentration of organic sulphur in Lochiel is only 2.8 wtVo

compared with 3.8 wt%o for Bowmans. The trends in Figure 4.3 therefore reveal that

Lochiel has a greater proportion of aliphatic sulphides and disulphides than Bowmans

coal, resulting in a greater evolution of sulphur between 300-500 "C.

In the temperature range between 400 and 500 oC, sulphate sulphur decomposition

commences for both coals and corresponds to an increase in pyrite sulphur after 400 oC,

with a maximum peak at 500 "C and 600 oC for both Bowmans and Lochiel coals,

respectively. The transformations of the organic, sulphide and pyritic sulphur in this

temperature region are indicative of the solid-state sulphate transformations as

mentioned for raw Bowmans coal. However, the corresponding increase in organic

sulphur between 500-600 oC, as a result of solid-state sulphate transformations, is more

pronounced for Bowmans coal. The rate of organic sulphur decomposition in this

temperature region drops significantly for Lochiel while the percent of organic sulphur

actually begins to increase in the Bowmans coal char. The reincorporation of organic

sulphur in Lochiel coal is not as dramatic due to a number of reasons. Lochiel coal has

a lower sulphur content and lower proportion of sulphate than Bowmans, leading to a

lower organic sulphur increase. It is also possible that Lochiel contains sulphate

compounds of higher volatility resulting in more sulphur released in the gas phase than

conversion to organic sulphur in the char. This is indicated by the intermediate pyrite

peak occurring at 600 "C (compared to 500 oC for Bowmans) suggesting a delayed

solid-state transformation during sulphate decomposition. Unfortunately, due to lack of

chemical means, comparative analysis of the specific sulphate forms could not be

performed to elucidate this. Due to the faster decomposition of organic sulphur in the

lower temperature region, it is also quite likely that a significant amount of organic

sulphur is still decomposing in Lochiel coal between 500 - 600 oC. This is likely to also

suppress solid-state sulphate transformations. Sulphate decomposition in Lochiel coal

continues to 800 oC but the majority of sulphate conversion to organic sulphur occurs at

lower temperatures between 600 - 700 oC, whereafter organic sulphur remains constant.
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The sulphide content of Lochiel coal increases to a maximum at 500 oC where it levels

off around 600 'C before increasing to approximately 6 ToSt thereafter. For Bowmans,

the sulphide sulphur remains relatively negligible throughout (<0.01 7oS¡) and as in

Figure 4.1 is not included in Figure 4.3.

In general, Bowmans and Lochiel coals undergo similar sulphur transformations

between 20O and 700 oC, due to similar distributions of organic and inorganic sulphur

forms. However, even though discrepancies in distribution are subtle, by 700 oC there

exists a l57o difference in the amount of total sulphur retained in the char. This is due

to a lower percent of organic sulphur and a greater percent of sulphate in Bowmans coal,

resulting in lower decomposition and greater incorporation of organic sulphur in the

char, respectively. Also observed from the comparative TPP results in Figure 4.3 is that

Lochiel has a greater amount of more reactive aliphatic sulphides and disulphides and

possibly, a greater amount of more volatile sulphate sulphur.

After 700 oC, however, the behaviour of the two coals deviates substantially, which

results in a convergence of the final total sulphur values. The organic sulphur content in

Bowmans decomposes after 800 oC. This is due to the decomposition of more complex

organic sulphur such as aryl sulphides and simple thiophenes, but mainly due to

sulphate derived organic sulphur, as deduced in subsection 4.1. For Lochiel coal both

the organic sulphur and total sulphur remain relatively constant after 700 oC. Between

700 and 800 oC, the less volatile sulphate component in Lochiel decomposes, but the

characteristic increase in organic sulphur is not observed. Instead, sulphide sulphur is

formed. The possibility of sulphate sulphur reducing directly to sulphide sulphur in this

temperature region is low. Sulphur transformation in Lochiel coal between 400 - 600 oC

and that in Bowmans coal between 400 - 800 oC, have already confirmed that sulphate

preferentially transforms to organic sulphur in the char, as consistent with Medvedev's

(1966) findings. Furthermore, the bulk decomposition of sulphate sulphur and formation

of sulphide sulphur in Lochiel coal char do not correspond. Sulphide is still being

formed even after complete decomposition of sulphate sulphur. The possibility of the

low volatile sulphate compound converting to sulphur in the gas is also low since

decomposition or devolatilsation has finished at this stage of pyrolysis, providing no
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means for sulphur to escape to the gas phase. Therefore it is suggested that organic

sulphur is still formed in this region due to sulphate transformation but some part of the

organic sulphur decomposes and reacts with inorganic matter in the char to form

sulphide sulphur. As a result, the organic sulphur remains relatively constant between

700 and 900 oC. An increase in sulphide sulphur also occurs in the TPP of Bowmans

coal between 700 - 900 oC, but to a much lesser degree.

The discrepancy between Bowmans and Lochiel in the amount of sulphide sulphur

formed is actually unexpected since total ash and inorganic compositions of Lochiel and

Bowmans coals are very similar, as shown in Chapter 3, Table 3.1. Lochiel coal

contains only a slightly higher percent of calcium which has the greatest affinity for

reactions with sulphur. Acid solubility tests by Manzoori (1992) show that the calcium

in Lochiel and Bowmans coals is primarily organically bound and therefore it is likely to

play a significant role in sulphur retention. The fact that this does not occur in

Bowmans however, could be due to the dramatic decomposition of aryl sulphide and

sulphate-derived sulphur which may prevent the sulphur uptake reactions by inorganic

matter. It has also been observed in numerous pyrolysis studies, Attar(1978),

Kahn(1989), Cernic-Simic (1994), Yperman (1995), that retention of organic sulphur in

char results from less complex organic sulphur species rearranging or undergoing

cyclisation reactions to form complex and stable organic sulphur compounds such as

thiophenes. This increases the overall stability of the organic sulphur compounds.

Cernic-Simic(I99Ð investigated the sulphur retention during coal carbonisation

processes and found that the presence of previously established carbon-sulphur bonds

inhibits C-S bond formation during carbonisation. As Lochiel coal contains a greater

proportion of less complex organic sulphur and negligible amounts of aryl and simple

thiophenic sulphur, there is an opportunity for the organic sulphur to undergo

rearrangements to form more complex organic sulphur. It is possible that these types of

organic sulphur transformations (as opposed to decomposition and evolution of H2S)

could facilitate reactions of local organically-bound inorganic matter with the organic

sulphur. This justifies why sulphide sulphur is formed in Lochiel char but not in

Bowmans char, despite the similar inorganic matter contents in these two coals.

However, it has been found in previous studies (Yperman, 1995, Markuszewski, 1988)
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that during coal pyrolysis, unreactive iron sulphides of complex structure can form from

decomposition of sulphate material, which are not determinable by chemical analysis. It

is possible that a similar case may have occurred during the TPP of Bowmans coal,

where inorganic matter may have reacted with sulphur but were not detectable using the

analysis techniques employed. Further investigation and discussion regarding this

matter is presented in Chapter 5, Section 5.3, which details the specific role of

organically bound calcium and sodium on sulphur transformations.

In summary of the TPP experiments, Figure 4.4 displays the characteristic temperatures

deduced from the TPP experiments of raw Bowmans and Lochiel coal (bold lines) and

acid-washed Bowmans coal (fine lines) for which the organic and inorganic sulphr,r

compounds in the coal decompose (full lines) and form in the char (dashed lines).

Aryl Sulphides

Cyclic Sulphides

Aliphatic Sulphides & disulphides

Aryl and Aliphatic Thiols

Sulphate to Organic S, Pyrite

Py rite

Sulphide

200 400 600

Temperature ('rC)

800

Figure 4.4 The decomposition (full lines) and formation (dashed lines) temperatures of

the organic and inorganic sulphur forms in coal deduced from Temperature-

prograÍìmed Pyrolysis of raw Bowmans and Lochiel coals (bold lines) and acid-washed

Bowmans coal ( fine lines).
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4.2.4 SEM images of Bowmans and Lochiel Coal TPP Chars

Scanning electron microscopic analysis was conducted on the TPP chars of raw

-Bowmans and Lochiel coals to gain further understanding of the inorganic sulphur

transformations observed. The following subsections produce backscattered electron

images along with random SEM-EDX detection of various inorganic constituents to

provide. More information on the equipment and techniques employed to conduct the

investigation are presented in Chapter 3, Section 3.4.4.L

4,2.4.1 Raw Bowmans coal

Figure 4.5 displays the SEM images of the Bowmans TPP chars removed at a variety of

temperatures.

(a) (b)

(c (d)

Figure 4.5 SEM backscattered electron images of raw Bowmans coal which endured

TPP to (a) 600 oC, (b) 700 oC, (c) 800 oC, (d) 800 oC. Accelerarion Voltage 20.0 kV,

spot size 5.0 and magnification between 100-200x.

Sulphur Transformations during þrolysis of l,ow-rank Coals and
Characterisation of Ca-based Sorbents

125



Chaptcr 4 Transformations of Sulphur during Temperature-Programmed Pyrolysis

In the raw Bowmans coal particles and in the TPP chars up to 500 oC, solid CaSO¿

inclusions were observed. For the TPP chars at 500 oC, the smaller white inclusions

where evident and indicated, from the S and Na concentration and atomic ratio, to be

NazSO+, The SEM images in Figure 4.5 reveal that as the temperature increases, the

CaSO¿ particles become extremely porous due to decomposition. The chemical analysis

of the raw Bowmans coal during TPP, presented in Section 4.1, Figure 4.1, showed that

by 800 oC, basically all of the CaSO+ had decomposed. The SEM images in Figure 4.5

reveal that porous CaSO¿ particles are quite abundant in the 800 oC TPP char, with

CalS/O ratios were approximately 1.5:1:16. From these observations of CaSOa, it is

possible that the chemical method has over estimated the organic sulphur content

through incorrect detection of CaSO¿. However, it is possible that the cavities in the

CaSOa particles are so great that the content of sulphate in the other shell is negligible.

Another explanation is that the decomposed CaSO+ particles may be embedded in the

char particles or mixed with other inorganics therefore making it difficult to extract by

the acid (HCl). Porous CaSO¿ and NaCl particles were observed to be fused together as

mineral inclusions in the TPP chars.

The other large white inclusions present in the raw Bowmans TPP char removed at 800

oC are SiO* compounds or Si/Ì.{a and Si/Al/lt{a complexes at various but high

concentrations. In the organic char phase, constituents of Na, Mg, Al, Cl, Fe and S were

observed. Negligible amounts of calcium were observed in the coal matrix.

4.2.4.1 Raw Lochiel coal

Figure 4.6 displays the SEM images of the Lochiel TPP chars removed at a variety of

temperatures. The SEM images of Lochiel revealed silica and sodium silicate inclusions

with traces of aluminium, magnesium, calcium and iron (Figure a.6(a)). Decomposed

and porous calcium sulphate particles were also evident in the Lochiel TPP chars up to

900 "C (Figure 4.6(b)). The TPP chars of Lochiel coal also contained small embedded

inclusions with high concentrations of sulphur and magnesium, possibly representing

the sulphide sulphur formed during the TPP experiments (Figure 4.6 (c) and (d)). These

were obviously not present in the TPP Bowmans chars, which provide supporting
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evidence why sulphide sulphur was not detected by chemical analysis to any significant

extent in the TPP chars of raw Bowmans coal.

(a) (b)

(c) (d)

Figure 4.6 SEM backscattered electron images of raw Lochiel coal which endured TPP

to 900 oC. Acceleration Voltage 20.0 kV, spot size 5.0 and magnification between 100-

200x.

4.3 The Effect of Inorganic Sulphur Forms

The TPP results of raw Bowmans and Lochiel revealed that the transformations of

sulphate sulphur were responsible for a significant amount of sulphur retention in the

char during the low heating pyrolysis experiments (TPP). The degree of sulphur

retention varied substantially between Bowmans and Lochiel coal, possibly due to the

variation in the nature and distribution of the sulphate compound. Subsequent TPP

experiments were conducted to elucidate these factors. Water-washed and acid-washed

Bowmans coal were mixed with calcium and sodium sulphate compounds to constitute

2O7o the total sulphur content (Sù. V/ater-washed coal with 2O ToSt CaSO¿ was denoted

as WC and water-washed coal with 2O VoSt Na2SO4 as WN. Water-washing and acid-
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washing pretreatment methods of the Bowmans coal is described previously in Chapter

3, Section 3.2.2. The same mixing procedure was conducted on acid-washed Bowmans

coal creating AC, acid-washed coal plus 20 %St CaSO¿ and AN, acid-washed coal plus

20 VoSt NazSO¿. In the acid-washed sample, CaSO¿ was also added at50 7oS¡ to form

AS coal. Finally, pyrite (FeSz) was added to water-washed coal at 2O 7oS¡ to observe the

nature of pyrite during pyrolysis. The mixtures of the water-washed and acid-washed

coal with inorganic compounds are displayed in Table 3.3 and Table 3.4, respectively,

along with the further details of preparation, in Chapter 3, subsection3.4.4.2.

The TPP of WN coal was compared with that of raw Bowmans coal and displayed in

Figure 4.1 . The sulphur transformations show that the sulphate in WN coal undergoes a

significant amount of decomposition at temperatures as low as 300 "C. Previous studies

(Kahn, 1989, Ibarua, 1994, Gryglewicz, 1992) have reported that sulphates can

decompose as low as 300 "C due to the surrounding coal material which releases free

radicals to facilitate the decomposition of sulphate. Bowmans coal was water-washed to

remove alarge proportion of water soluble sulphates.

Figure 4.7 Comparison of the retention of sulphur forms in the char during

Temperature-Programmed Pyrolysis of raw Bowmans ) and water-washed

Bowmans coal with 2OVo of total sulphur added as NarSOo, WN ( ).
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However, 3 VoS¡ of sulphate sulphur remained in the water-'washed coal which was

reasoned to be water-insoluble CaSO¿. Thus, it is likely that small embedded and/or

water insoluble sulphates such as CaSOo, were responsible for the low temperature

sulphate decomposition. Figure 4.7 also reveals that most of the NarSOo in WN coal

decomposes between 800 "C and 900 oC, even though NarSOo is thermodynamically

stable at temperatures above 900 "C (Vuthaluru, 1982, Wibberley, L982). Again, the

observed premature decomposition of added NarSOo is attributed to the influence of the

surrounding coal matrix. The decomposition of NarSO. results in the formation of

organic sulphur. The transformation of NarSO, to NarS, is an unlikely mechanism for

sulphate decomposition since NarS only forms from reactions between sodium acid

sulphate with coal at temperatures above 950 "C (Hawley, I97I). Decomposition of

organic matter, ie. the devolatilisation process, has basically finished at this stage,

indicating that any H,S/SO, evolved from sulphate will have no vehicle for escape from

the char matrix. Thus, an increase in organic sulphur is observed.

Figure 4.8 presents the sulphur transformations of water-washed coal with 20 VoS,

CaSOo and raw Bowmans coal during TPP. Pure CaSOo is an extremely stable

compound, with a melting point of 1450 "C and hence a high decomposition

temperature (Hawley,I97L). Similar to that of the'WN coal, the decomposition of

added CaSOoin WC at temperatures much lower than that of pure CaSOo.

The TPP results of the 'WC coal in Figure 4.8 reveal that the physically added sulphate

sulphur preferentially transforms to sulphide sulphur, instead of undergoing solid-state

transformations to organic sulphur as revealed for raw Bowmans coal (Figure 4.1) and

V/N coal (Figure 4.7). A negligible increase of organic sulphur in the WC TPP is

observed. This is not expected since SEM images of the Bowmans coal and chars

revealed a significant amount of calcium sulphate (Figure 4.5) and the subsequent TPP

experiments showed that the sulphate in raw Bowmans coal transformed to organic

sulphur (Figure 4.1). On the other hand, in contrast to NazSO+, conversion of the added

calcium sulphate to calcium sulphide is quite plausible since in the chemical industry.

Calcium sulphide is derived from strong heating of calcium sulphate with charcoal

(Hawley, L97I).
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It has already been mentioned that both the added NarSOo and CaSO4 commence

decomposition at temperatures much lower than decomposition in the pure form. They

also decompose at temperatures higher (ca. 200 "C) than the sulphate compound in raw

Bowmans coal. This suggests that not only the presence of coal material, but the

intimacy of the sulphate compound with the coal and/or the fact that the sulphate has

matured with coal material during coalification, acts as a fine catalyst for sulphate

decomposition. Furthermore, the results from WC coal also imply that the surrounding

coal matrix not only influences the temperature of decomposition but the nature of the

decomposition, where transformation to organic sulphur is encouraged when the

sulphate sulphur is more intimately bonded to the coal matrix or allowed to mature with

the coal during the coalification process.
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Figure 4.8 Comparison of the retention of sulphur forms in the char during

Temperature-Programmed Pyrolysis of raw Bowmans (- ) and water-washed

Bowmans coal with ZOVo of total sulphur added as CaSOa, WC ( .. . ).

From the comparison of the total sulphur values at 900 oC of the raw, WN and \ù/C

coals, the transformation of calcium sulphate sulphur to calcium sulphide in WC coal,

allowed a greater sulphur retention in the char compared to the retention from sulphate
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transformation to organic sulphur. This is because sulphide sulphur is stable at high

temperatures while the sulphate-derived organic sulphur in raw Bowmans coal is aryl

sulphide in nature and, decomposes at temperatures above 800 oC. The organic sulphur

in WN was formed between 800-900 oC and therefore did not undergo any subsequent

decomposition as in the raw Bowmans coal. However, the belated formation of organic

sulphur, enabled some of the cyclic organic sulphur in the water-washed sample to

decompose between 500-800 oC, hence the final total sulphur value of V/N coal is not as

great as WC coal.

The sulphur transformations of water-washed coal with 2O 7oS¡ FeS2 added are

displayed in Figure 4.9. Pyrite appears to decompose to iron sulphide at temperatures

above 500 "C. In comparison with the trends of CaSO¿ in Figure 4.8, it confirms that

FeS2 is more volatile than CaSO+ since the amount of sulphide formed does not

coruespond to all the pyrite decomposed, implying that part of the pyrite has evolved as

HzS. As a result, the final total sulphur value at 900 oC for WF coal is 3-5 ZoSl lower

than that of WC coal.
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Figure 4.9 Retention of various sulphur forms in the char during Temperature-

Programmed Pyrolysis of WF coal, water-washed Bowmans with 20 %S¡ FeS2 added.
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Sulphur transformations during TPP of acid-washed coal with 20 7oS1 CaSOa (AC) and

50 7oS¡ casoa (AS) are presented in Figure 4. 10 and Figure 4.1 1, respectively.
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Figure 4.10 Retention of various sulphur forms in the char during Temperature-

Programmed Pyrolysis of AC coal, acid-washed Bowmans with 20 7oS¡ CaSOa added.

Sulphur transformations of CaSO¿ in AS (50 ToSt CaSO¿) are also similar to that of AC

and WC, despite the higher quantity of sulphate, particularly in the higher temperature

region where after 700 oC, calcium sulphate transforms to sulphide and some organic

sulphur. Significant differences in the AS and AC transformations occur in the low

temperature region where approximately 10 VoS¡ of CaSO¿ decomposes between 200

and 500 oC in AS coal compared to approximately 3 vost in AC. In the same

temperature region, organic sulphur decomposition in the AS coal is much more

suppressed, leading to roughly 20 7oS¡ organic sulphur decomposition in AS coal

compared to over 4O VoS¡in AC coal. The results indicate that a higher concentration of

sulphate sulphur present, significantly suppresses the decomposition of organic sulphur.

Therefore, despite the higher total sulphur content, a greater percent of sulphur retention

is observed.
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Figure 4.11 Retention of various sulphur forms in the char during Temperature-

Programmed Pyrolysis of AS coal, acid-washed Bowmans with 50 %S¡ CaSOa added.

4.4 Summary

Temperature-programmed pyrolysis experiments of Bowmans and Lochiel coals reveal

that slight variations in the distribution of organic and inorganic sulphur forms and

variation in the type and nature of inorganic matter have a significant effect on the

sulphur transformations during pyrolysis between 200 and 900 "C. Sulphur retention in

raw Bowmans and Lochiel chars occurred in the intermediate temperature range (500 -

700 "C) due to sulphate sulphur and its solid-state transformations to organic sulphur in

the char between 400 and 800 "C. The observed increase in organic sulphur is greater in

the presence of less volatile sulphate compounds and in the absence of reactive aliphatic

sulphide and disulphide compounds. The latter undergo a rapid decomposition between

300 and 500 "C, to suppress the solid-state sulphate transformations. Higher

concentrations of sulphate sulphur in coal also enhances the amount of organic sulphur

reincorporation, and at the same time also suppresses the decomposition of organic

sulphur between 300-500 "C. Calcium sulphate, CaSO+, not intimately bonded in with

coal material, was found to preferentially transform to sulphide sulphur instead of

forming organic sulphur in the char. This was not observed for extraneous sodium
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sulphate, NazSO¿. Both sulphate compounds, were less volatile than FeS2 introduced to

the coal at similar percent of total sulphur, therefore responsible for a greater sulphur

retention than FeS2, as in agreement with previous literature (Medvedev,1966).

Discrepancies in the sulphide formation between 700 - 900 oC in the Bowmans and

Lochiel coals suggests that interactions with sulphur and inorganics is inhibited by the

decomposition of aryl sulphides and simple thiophenic compounds and possibly

facilitated by rearrangements or cyclisation reactions of simple carbon-sulphur bonds. It

may also be due to the formation of complex inorganic sulphur which is not detected by

the cunent methods employed. This will be investigated further in Chapter 5 which

presents the results of similar TPP experiments conducted on a variety of treated

Bowmans coal samples to investigate, in detail, the interactions of certain inorganic

constituents with sulphur.
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CHAPTER 5

The Effect of Inorganic

Constituents on Sulphur

Transformations

5.1 Introduction

Temperature-Programmed Pyrolysis (TPP) experiments were conducted on water-

washed (WW), acid-washed (AW), and acid-washed calcium and sodium ion exchanged

(AW-Ca and AV/-Na, respectively) Bowmans coal samples, to understand the effect of

water-soluble and acid-soluble or organically-bound inorganics on the transformations

of sulphur. Understanding the interactions of sulphur with inorganic constituents during

coal pyrolysis is critical in ascertaining the fate and pathway of organic and inorganic

sulphur compounds. Elucidating sulphur's role in the formation of low melting point

eutectics which cause agglomeration and defluidisation problems, during fluidised-bed

combustion and gasification processes, is also another vital aim of the current work. The

preparation techniques for the coal samples employed in the experiments has been

outlined in Chapter 3, Section 3.2. Analysis of the sulphur forms in the chars was

carried out using Australian standards procedures as well as SEM-EDX and X-ray

mapping of the TPP char samples, to provide additional insight into the interactions of

the inorganic constituents with sulphur during pyrolysis. The particular techniques have

been previously described in Chapter 3, Section 3.4.
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5.2 The Effect of Water-soluble and Acid-soluble Inorganics
5.2.r rhe Effect of water and Acid-washing on coal pyrolysis

FigLrre 5.1 displays the total sulphur transformations during the Tpp of the raw, water-

washed (WV/) and acid-washed (AW) Bowmans coal. It is important to ensure that the

transformations observed between the various treated coals are strictly due to the

removal or presence of water-soluble and acid-soluble inorganics and not compounded

by side effects of the pre-treatment methods themselves.
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Figure 5.1 Comparison of the retention of total sulphur in the char during Temperature-

Programmed Pyrolysis of raw, acid-washed (AW) and water-washed (WW) Bowmans

coal.

It is possible that the acid treatment, which was intended to be as mild as possible to
preserve the natural reactivity of the coal, may have altered the AW coal's volatility and

enable faster decomposition than say the raw or W"W coal. Various effects of acid-

washing or demineralisation on the chemical and physical structure of coal have been

teported and reviewed by Ye (1995) in studies of the catalytic activity of cations on

lignite gasification. Acid-washing of coal has been found to increase the surface area

and porosity of the coal due to the removal of the acid-soluble inorganics. The increase

in surface area and porosity is found to enhance gasification while removal of
inorganics is found to suppress, thus giving varying reports on its influence on
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gasification reactivity (Ye, 1995). Figure 5.2 compares the mass of char to mass of coal

ratio (M"n,./M",,u,) versus pyrolysis temperature for the various treated coals.
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Figure 5.2 Comparison of the mass of char to mass of coal ratio (M"n",/M""",) during

Temperature-Programmed Pyrolysis of raw, water-washed, acid-washed, acid-washed

calcium exchanged and acid-washed sodium exchanged Bowmans coal samples.

(Ð (iÐ

Figure 5.3 SEM Backscattered electron images of the Acid-washed (AW) Bowmans

coal chars removed at (i) 800 "C and (ii) 900 'C during Temperature-Programmed

Pyrolysis experiments.
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The profiles show small variation in mass loss between 200-400 "C which may be

responsible for similar variation in sulphur transformations in Figure 5.1, as the mass of

char to mass of coal ratio is incorporated into the calculation of the sulphur forms (see

equation 4.1 in Chapter 4). Overall, the differences in Figure 5.2 are not significant,

indicating negligible changes in coal reactivity due to pre-treatment methods. Similar

results were observed by otake (1993) from the pyrolysis of Na, K, Mg, Ca and Ba

loaded demineralised lignites in a TGA at 5 "C min' from 25 to 1000 "C. The cations

were found to have significant influence on the gas composition but negligible effect on

the total weight loss.

Backscattered electron images of the AW TPP chars at 800 and 900 "C in Figure 5.3(i)

and 5.3(ii), respectively, show similar char structure and surface properties compared to

that of raw Bowmans displayed in Figure 4.5 in Chapter 4, Section 4.2.4. This reaffirms

that very little structural alterations occurred during the acid-washing procedure.

5.2.2 The Effect of Water-soluble ions on Sulphur Transformations

The total sulphur transformations of the raw, WW and AW Bowmans coal in Figure 5.1,

subsection 5.2.1, reveals that the sulphur retention between 400 and 500 "C is more

pronounced for the raw Bowmans coal. By 500 "C, the raw Bowmans coal retains I\Vo

more total sulphur retention than the AW and W'W coals. It is possible that the presence

of water-soluble inorganics in the raw coal affects the decomposition of organic sulphur

between 400 and 500 "C. It is difficult, however, to state what water-soluble compounds

are responsible for this since raw Bowmans coal contains water-soluble sulphates which

are not present in the 'W-W and AW coal samples. Water-soluble sulphates in raw

Bowmans coal begin decomposition in the same temperature region as the observed

sulphur retention, via a series of solid-state transformations to increase the organic

sulphur in the coal, see Figure 4.1, Chapter 4. It must be noted, that the amount of

sulphate decomposition in this temperature region is slight, implying that the amount of

organic sulphur formed could not account completely for the discrepancy observed

between the raw and A'W, 'WW coals. This suggests that water-soluble compounds,

other than sulphates, may influence sulphur retention.
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Figure 5'4 displays the percent of sulphide sulphur retained during the Tpp experiments

of raw and WW coals. The sulphide sulphur content for both chars remains relatively

negligible between 500-600 "C, Negligible difference between the values in raw and

WW chars from 500-900 "C suggests that the presence of water-soluble inorganics in the

raw coal, makes little difference in the formation of sulphide sulphur in the char,

discouraging a possible mechanism for the observed sulphur retention. From this it can

be concluded that the retention observed between 400-500 "C is due to either (i) a less

dramatic decomposition of organic sulphur in the raw Bowmans coal as a result of the

onset of sulphate decomposition, or (ii) a less dramatic decomposition of organic

sulphur in the raw Bowmans coal as a result of the presence of water-soluble inorganics

(other than water-soluble sulphates) and possible sulphur retention iir the char.
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Figure 5.4 Comparison of the percent of sulphide sulphur retained in char during

Temperature-Programmed Pyrolysis of raw and water-washed Bowmans coal.

Comparison of the TPP results between AC (acid-washed coal plus 20 ToS,CaSOo) and

AS (acid-washed coal plus 2o voS, caso) in Chapter 4, Section 4.3, Figures 4.7 and,

4.8, respectively, reveal that as the sulphate sulphur concentration in coal increases, the

decomposition of organic sulphur is reduced, To support this further, Figure 5.5 and

Figure 5.6 introduces the total sulphur transformations of the water-washed coal (WW)

with the TPP profiles of WN (water-washed coal plus 20 %S, NarSO) and WC (water-
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washed coal plus 20 7oS, CaSOo) coal, respectively. Both figures reveal that with the

absence of a sulphate compound, the WW coal experiences greater decomposition

between 300-500 "C. The presence of sulphate compound suppresses organic sulphur

decomposition to a greater extent than that observed for other water-soluble inorganics.

The comparison of the raw TPP profiles with WN and WC coals presented previously in

chapter 4, Section 4.3, Figure 4.7 and Figure 4.8, respectively, show that while the

organic sulphur in the WN and WC coals decomposes minimally before 200 "C and

marginally greater between 300-500 "C compared to raw Bowmans coal, by 500 "C, the

discrepancies between raw Bowmans and WC and WN coals are not as great as that for

WW coal shown in Figure 5.1. Thus, it can be concluded that the retention of suiphur

during pyrolysis due to the presence of water-soluble inorganics is primarily due to

water-soluble sulphates.
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Figure 5.5 Comparison of the retention of sulphur forms during Temperature-

Programmed Pyrolysis of water-washed Bowmans coal with 2O ToS,NarSOo (WN) coal,

with the total sulphur retention in water-washed (WW) coal.
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Figure 5.6 Comparison of the retention of sulphur forms during Temperature-

Programmed Pyrolysis of water-washed Bowmans coal with 20 7oS, CaSOo (WC) coal,

with the total sulphur retention in water-washed (WW) coal.

5.2.3 The Effect of Acid-soluble Cations on Sulphur Transformations

The effect of the acid-soluble inorganics on sulphur transformations can also be

observed from the comparison of TPP profiles of raw, AW and WV/ coals in Figure 5.1.

A significant discrepancy occurs in the total sulphur transformations of the AW and

WW coals between 500 and 600 "C where more sulphur remains in the W-W coal,

leading to a final total sulphur discrepancy of IOVo at 900'C. It is highly possible that

the presence of acid-soluble inorganics in the WW coal lead to the observed retention.

It is important to note that between 600-900 'C the total and hence organic sulphur

decomposition of the AW and WW follows a similar trend, implying that the organic

sulphur forms decomposing in this region are unaffected by either the presence of acid

soluble inorganics in the water-washed coal or the acid-washing treatment endured by

the AW coal. The latter supports evidence in section 5.2.I that the acid-washing

treatment had minimal impact on the reactivity of the original organic sulphur

functionalities.
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The small percent of sulphide sulphur formed in the raw and WW chars between 500-

600 "C in Figure 5.4 displayed in the previous section 5.2.2, indicates that sulphur

retention due to the presence of acid soluble or organically-bound inorganics is not a

result of a sulphide forming mechanism. If it were the case, the sulphide sulphur formed

between 500-600 "C in the WW char and would have equalled the lOVo total sulphur

discrepancy observed between the WW and AW coals in Figure 5.1, section 5.2.1. As

observed, however, in Figure 5.4, this was not the case.

Scanning Electron Microscopic analysis coupled with an Energy Dispersive X-ray

Detector (SEM-EDX) was employed to gain a further understanding of the wet chemical

results of the TPP chars. SEM-EDX of acid-washed TPP chars at 800 "C and 900 "C

revealed that the only constituents in the organic matrix of the char were carbon, oxygen

and sulphur. Most of the silica was removed from the acid-washing, although

approximately 50Vo of the ash detected using chemical analysis comprised of silica (see

Chapter 3, Section 3.2, Table 3.2) and individual silica inclusions were evident in

backscattered electron images of the coal and coal chars (see Figures 5.3(i) and (ii) in
subsection 5.2.I). Most of the organically-bound inorganic constituents such as Ca,

Mg, Al, Fe were removed during the acid-washing where SEM-EDX on the

unpyrolysed AW coal TPP char samples did not detect any of these constituents. Slight

traces were evident from chemical analysis presented in Chapter 3, Section 3.2, Table

3.2.

Silica inclusions as well as sodium crystals are observed in the WW TPP chars removed

at 900 "C shown in Figure 5.7(i) and Figure 5.7(ii), respectively. SEM-EDX detected

traces of Cl associated with the Na crystals indicating that crystals may have been

sodium chloride transforming to NaOH or NarCO, during the pyrolysis process. This

has been speculated in previous pyrolysis studies by Manzoori (1992). There are also

low concentrations of sulphur (l-I.7 wt%o) associated with sodium crystals and

silicate/aluminate inclusions, indicating that sulphur is involved with inorganic

materials in the char. Figure 5.7(i) also reveals highlighted areas within char particles

where concentrations of sulphur range from2.7-3.5 wt%o, calcium 0.88-1.7 wtVo and

iron 1-3 wtVo, along with lower concentrations of Al, Na and Mg. This observation

tends to suggest that sulphur is beginning to bond with the organically-bound inorganics
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to provide a lighter grey or highlighted area on the SEM images of the char particle.

However, comparison of the atomic ratios of the detected inorganic constituents (Na,

Ca, Fe, Mg) with sulphur show no evidence of sulphide compounds, where the atomic

ratio of sulphur was up to 6 times that of other inorganic elements.

It can therefore be deduced that the presence of acid-soluble inorganics suppresses the

decomposition of organic sulphur between 500-600 "C. The subsequent formation of

more complex sulphur compounds, not identified by the chemical method currently

employed, at higher temperatures, is further suggested from the SEM investigations.

Such results also imply that lack of sulphur retention by acid-soluble inorganics in

Bowmans coal TPP chats, may be due to limitation of the detection method.

(i) (iÐ

Figure 5.7 SEM Backscattered electron images of the water-washed (WW) Bowmans

coal cha¡s removed at 900 "C during Temperature-Programmed Pyrolysis experiments.

5.3 The Individual Role of Organically-bound Inorganics

5.3.L Temperature-ProgrammedPyrolysisofAcid-washedCalcium-

exchanged and Acid-washed Sodium-exchanged Bowmans CoaI

To understand the individual role of acid-soluble (or organically bound) inorganics,

namely calcium and sodium, and the possible mechanism of sulphur retention, total

sulphur and sulphide sulphur transformations of acid-washed calcium ion-exchanged

(AW-Ca) and acid-washed sodium ion-exchanged (AV/-Na) during TPP, were

compared with that of raw, AW and WW. Figure 5.8 shows that the total sulphur
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Chapter 5 The Effect of Inorganic Constituents on Sulphur Translormations

transformations between 400 and 900 "C for the AW-Ca and AW-Na samples are very

similar to that of WW coal.

WW, A'W-Ca and AV/-Na samples all begin to retain sulphur between 500 and 600 "C.

This is further confirmation that the presence of organically bound inorganics, such as

Ca and Na, are responsible for the sulphur retention during pyrolysis. It is also

worthwhile to note that in the low temperature region (2OO - 400 "C), the sodium in

AV/-Na has a retaining effect on total sulphur while calcium in AV/-Ca appears to

enhance the decomposition of sulphur. This may be the reason why no definite trends

could be deduced between the raw,'W-W and AW profiles observed in Figure 5.1,

Section 5.2.I, in the Iower temperatr;re region (200 - 400 "C).
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Figure 5.8 Comparison of the retention of total sulphur in the char during Temperature-

Programmed Pyrolysis of raw, acid-washed (Aw), water-washed (wW) and acid-

washed calcium exchanged (AW-Ca) and acid-washed sodium exchanged (AW-Na)

Bowmans coal.

The sulphide sulphur content remaining in the char during TPP is displayed in Figure

5.9 for the AW-Ca and AW-Na TPP chars along with that of raw and W'W coal samples.

As for the raw and V/W coal samples, AW-Na coal formed very little sulphide sulphur
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between 600-900 oC, despite the greater total sulphur retention observed in this region

compared to AW coal (see Figure 5.8). The fact that very little sulphide was detected

from the chemical analysis, indicated that sulphur was not retained by a straight forward

reaction of Na and S to form NarS. This was in agreement with previous findings by

Manzoori (1992), where despite the formation of Na,S being thermodynamically

predicted by a CEMMIX package during the fixed-bed pyrolysis of SA Lochiel coal, no

NarS was detected in the chars by X-ray diffraction (XRD). Negligible amounts of NarS

were also detected by chemical analysis in similar investigations by Gryglewicz (1992).

It is unlikely that the absence of NarS is due to the inability to detect sulphide using the

analysis method employed in the current investigations and those conducted by

Gryglewicz (1992) and Ibarra (1989). Such technique involves the dissolution of the

char with hydrochloric acid and the subsequent capture of HrS as a product of the

sulphide reacting with HCl. The detection of sulphides therefore depends on the ability

of the sulphide to produce HrS. However, NarS, though not used extensively due to

economic and practical reasons, is like other sulphides, a good source of HrS (Hawley,

t9t r).
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Figure 5.9 Comparison of the retention of sulphide sulphur in the char during

Temperature-Programmed Pyrolysis of raw, water-washed (WW), acid-washed calcium

exchanged (AW-Ca) and acid-washed sodium exchanged (AW-Na) Bowmans coal.
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To understand the reason for sulphur retention during pyrolysis of high sodium coal

(AW-Na), further investigations and analysis was conducted on the TPP chars. A

detailed discussion of the results is presented in the subsequent section, 5.3.2 Analysis

of acid-washed sodium exchanged TPP Chars.

The formation of sulphide sulphur in the AW-Ca char during the TPP experiments

begins after 500 "C, see Figure 5.9. By 700 "C less than lVo sulphide sulphur has

formed which can not account for the significant sulphur retention observed in Figure

5.8 for the AW-Ca char between 500 - 600 "C. The majority of sulphide forms between

800 - 900 "C, increasing dramatically to a final 147o (Figure 5.9). Since there is no

inorganic sulphur such as pyrite or sulphate present, the formation of sulphide can only

be due to a significant amount of organic sulphur decomposition and its subsequent

reaction with the organically-bound Ca* ions in the char. This is evident in Figure 5.10

which displays the trends of total, sulphide and organic sulphur during the TPP of AW-

Ca coal, along with the total sulphur transformation of AW coal. Figure 5.10 reveals

that the bulk of the sulphide formation occurs much later (700-900 "C) than the sulphur

retention observed for AW-Ca coal (500-700'C).
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Figure 5.10 Retention of the various sulphur forms in the char during TPP of acid-

washed calcium-exchanged (AW-Ca) Bowmans coal and total sulphur transformation of

acid-washed (AW) coal.
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The organic sulphur decomposition between 700 - 900 "C required for sulphide

formation in AW-Ca coal, is much greater than the decomposition of aryl sulphides

observed in the TPP of AW Bowmans coal. Thus, it can be deduced that the calcium

ions in AW-Ca coal retains organic sulphur at temperatures as low as 500 oC before

catalysing the decomposition of organic sulphur to form sulphide sulphur in the char.

It is interesting to compare the temperature and amount of sulphur captured by the

exchanged calcium in acid-washed Bowmans coal (AW-Ca) with that observed during

atmospheric pressure temperature-programmed reduction (AP-TPR) of acid-washed and

calcium exchanged Maritza Iztok coal by Maes(1991). A 4OVo reduction in HrS

emissions was observed between 300 - 900'C in the acid-washed calcium exchanged

coal compared with straight acid-washed coal. In the present study, the calcium in AW-

Ca coal was only active around 500 "C. It is possible that in Bowmans coal, carboxylate

groups decompose in a higher temperature region, ie. between 500 - 600 "C, releasing

available Ca** ions only after a large degree of the organic sulphur has decomposed and

evolved from the coal as HrS. The TPP of AW-Ca also shows that approximately 10

%S, sulphide sulphur was captured between 800 - 900 "C. This conesponds to roughly

257o of the organically-bound calcium in the initial coal sample. Considering that

calcium was enriched in the char during pyrolysis as well as the amount available for

reaction, the value of sulphur retention as CaS appears low. It was observed for the TPP

of raw Bowmans coal in Chapter 4, that sulphide sulphur was lower than Lochiel coals,

despite the similar ash content and composition. It was suggested that the

decomposition of aryl sulphides and simple thiophenes between 800 - 900 "C

suppressed the reactions of inorganics and sulphides. The TPP of AW-Ca coal,

however, reveals that the capture of sulphur by the Ca** depends on the calcium's ability

to initiate decomposition of the organic sulphur in the char. This suggests that the

unexpected low content of sulphide sulphur in raw Bowmans chars is more likely to be

due to the inability to detect complex inorganic sulphur compounds than due to the

decomposition of aryl sulphides and simple thiophenes between 800 - 900 "C. It

furthermore implies that the location and intimacy of bonding of Ca'* with organic

sulphur which will decompose in that temperature region, has a significant influence on

the formation of CaS. As mentioned in Chapter 2, during pyrolysis organic sulphur can

undergo cyclisation and/or back reactions to increase the complexity of the organic
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sulphur in the char (Attar,I978, Kahn, 1989, Yperman, 1995). The TPP results of AW

coal (see Chapter4, Section 4.2,Figure 4.1) showed that the amount of aryl sulphides,

ie. organic sulphur functionalities reactive between 800 - 900 "C, in the original

Bowmans coal sample is small. This implies that 407o of sulphur remaining in the

Bowmans coal char is quite complex in nature ie. simple to more complex thiophenes.

Thus, the decomposition of organic sulphur to produce sulphide sulphur would be a

difficult task and due to this, the calcium sulphide concentration in the char was lower

than expected, considering the high organically-bound calcium content.

The following results demonstrate how critical the time and temperature at which

inorganic constituents can become available to react with sulphur is on total sulphur

retention. For Bowmans coal, which has large proportions of reactive organic sulphur,

the inorganics need to be free and reactive at relatively low temperatures for a slow

heating temperature-programmed pyrolysis. For high heating rate processes, such as

fluidised-bed pyrolysis and gasification, the inorganics need to be available and reactive

as soon as the reaction begins. Otherwise, organically-bound inorganics such as

calcium, will interact with sulphur in the char, however the result will not increase the

degree of sulphur retention but simply transform the state of sulphur from organic to

inorganic.

5.3.2 Detailed Analysis of Acid-washed Sodium-exchanged TPP Chars

5.3.2.1 SEM Analysis of Acid-washed Sodium-exchanged TPP Chars

Figure 5.1 1 displays a series of backscattered electron images of AW-Na (0.5 M sodium

acetate solution) TPP char removed at 900 "C. The image taken at low magnification,

Figure 5.11(i), reveals the predominance of the large white agglomerate inclusions in

the AV/-Na char. The interaction of these inclusions with the char particles is revealed

in more detail in Figure 5.11(ii). Figure 5.11(iiÐ shows that well rounded white

inclusions as well as white crystals are also found embedded in the char particles after

pyrolysis. The presence of these agglomerates in the TPP AV/-Na chars is likely due to

the reactions of the organically-bound sodium with remaining acid-insoluble silica

material in the acid-washed sodium exchanged coal.
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(i) (iÐ

Figure 5.11 A series of Backscattered Electron SEM images of AW-Na (0.5 M Sodium

Acetate solution) TPP chars removed at 900 "C.

The agglomerates observed in the AV/-Na chars are not present to the same degree in

the chars of the raw Bowmans coal displayed in Figure 4.5, Chapter 4, Section 4.2.3.

These images for raw Bowmans coal show that significant proportion of white mineral

inclusions are present, mainly due to unreacted silica and decomposed./porous sulphate

particles as indicated by spot SEM-EDX analysis.

Figure 5.12 presents backscattered electron images of the AW-Na (0.5M) TPP char

removed at temperatures between 700 and 1000 "C. White inclusions are present but

less obvious in the chars removed at 700'C, well formed around 900 "C and still present

in char as the temperatures increases to 1000'C.

a) b)
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c) d)

Figure 5.12 SEM backscattered electron images of AW-Na (0.5 M sodium acetate

solution) TPP chars removed at final temperatures : a) 700 "C, b) S00 "C, c) 900 "C, d)

1000 "c.

iDXi X-ray maps of sulphur, sodium, silica, oxygen and chlorine constituents in the

AW-Na unpyrolysed coal and TPP char removed at 900'C are featured in Figure 5.13

and Figure 5.14, respectively. Figure 5.13 of the unpyrolysed coal reveals that both

sulphur and sodium are located throughout the coal particles indicating the organically-

bound nature, particularly for the latter constituent. The X-ray map of sodium in the

AW-Na TPP char in Figure 5.14 shows that during pyrolysis reaction, part of the

sodium leaves the organic matrix to form large white inclusions with and around large

silica inclusions. Sodium also concentrates as crystals within the char particles where

only oxygen is present and other constituents such as silica, carbon and chlorine are

absent. In the absence of carbon it suggests these intense sodium areas are either NarO

or NaOH compounds, the former being more likely. As mentioned in the literature

review in Chapter 2, Section 2.5, carboxylate groups in coal decompose between 250 -

600 "C to release organically-bound inorganics in the gas phase or as carbonates in the

char (Lindner, 1988). Murray and Ledger (1982) observed that NarCO, formed from the

decomposition of sodium containing carboxylate groups between 400 and 800 "C. Since

NarCO., has a melting point around 851 'C, it is likely that in the current TPP

experiments, NarCO, will decompose to the oxide (NqO) as pyrolysis continues to 900

"c.
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Figure 5.13 X-ray maps of sulphur, sodium, silica, oxygen and chlorine constituents in

the unpyrolysed acid-washed sodium exchanged Bowmans coal (AW-Na).
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Figure 5.14 X-ray maps of sulphur, sodium, silica, oxygen and chlorine constituents in

the acid-washed sodium exchanged Bowmans coal (AW-Na) which endured

temperature-programmed pyrolysis to 900 "C.
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The X-ray map of sulphur in the char in Figure 5.14 reveals that sulphur is mainly

distributed in the char but is also highly concentrated in small narrow regions around

both the sodium (points 1-3) and sodium/silica inclusions (point 4). A closer and more

detailed examination of the white agglomerates is presented by a series of sulphur,

sodium, silica and oxygen iDXi X-ray maps of the AW-Na TPP chars removed between

700 - 1000 "C in Figure 5.15. The X-ray map of the 700 "C char, Figure 5.15(i), reveals

an agglomerate composed of high concentrations of sodium, silica and aluminium,

where calcium and iron are also present throughout the particle. The corresponding X-

ray map of sulphur shows that sulphur is mainly exists in the char (in a range of t.72-

7.IL wtTo) but is also present in high concentrations (>7,11 wtVo) in particular areas at

the edge of the particle. The agglomerate at 800'C, Figure 5.15(ii), is also comprised of

high concentrations of sodium (5.18 - 26.26 wt%o) and silica (3.64 - 56.92 wt%o).

Oxygen remains relatively evenly distributed. The highest concentrations of sodium

(26.26-46.03 wtTo) in the constituent corresponds to the lowest concentrations of silica.

The highest concentrations of silica reside mainly in the intern of the particle (22.59-

56.92 wt%o), while lower concentrations exist at the edge (3.64-22.89 wtVo), and even

lower in the adjacent char particles (less than 3.64 wt%o). This is also the case for the

inclusions present in TPP chars removed at 900 "C and 1000 "C, Figure 5.15(iii) and

Figure 5.15(iv), respectively. Similar to the agglomerate analysed at 700 "C, and the

larger X-ray map in Figure 5.I2, the sulphur mainly resides in adjacent char particles in

medium concentrations (3.48-5.56 wt%o) and in small highly concentrated areas at the

edge of the agglomerate particles (5.56-29.50 wtTo). In the 900 "C and 1000 "C char

particles, the sulphur concentrated at the edge of the constituents is also associated with

high concentrations of Ca, Fe and Cl, with some traces of carbon. Aluminium is found

relatively evenly distributed throughout the agglomerates for most temperatures

observed. It is likely that the regions of highly concentrated sulphur at the edge of the

sodium silicate particles are the beginning of the sticky eutectic compounds that bind

ash agglomerates and char particles together during gasification (Zhang et al, 1997).

Figure 5.16 reveals X-ray maps of char particles produced from the TPP experiments on

the AW-Na (0.5 M) coal between 700-900 "C.
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(i)700'c

800 "c

Figure 5.15 X-ray maps of sulphur, sodium, oxygen, silica and aluminium/calcium in

the white inclusions of the AW-Na TPP chars removed between (i) 700 "C, (iÐ 800 "C,

(iii) 900 "C and (iv) 1000 "C.
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900'c

1000 "c

ctd.. Figure 5.L5 X-ray maps of sulphur, sodium, oxygen, silica, and

aluminium/calcium in the white inclusions of the AW-Na TPP chars removed between

(i) 700'C, (ii) 800 "C, (iiÐ 900'C and (iv) 1000'C.

Sulphur Transformations during þrolysis of Low-rank Coal and
Characterisation of Ca-based Sorbents

155



Chaptcr 5 The Effect of Inorganic Constituents on Sulphur Transformations

The X-ray maps of sulphur, sodium, oxygen and silica reveal that in the chars there

exists highly concentrated areas of sulphur associated with sodium. Oxygen is also

present in these areas. Silica is also present in the chars but does not correspond to these

highly concentrated areas, especially in Figure 5.16(i) and (ii). It is interesting rhat

oxygen is present with the sodium and sulphur since NarSOo is not expected to be a

product of coal pyrolysis.

Figure 5.16 X-ray maps of sulphur, sodium, oxygen and silica in the char particles of

the AW-Na TPP char samples removed between (i) 700 "C, (iÐ 800'C and (iii) 900 "C.

It is possible that some oxidation of char occurs when the sample is removed from the

oven and placed in the dry ice. However, sodium/sulphur constituents must be present

together before any oxidation to NqSOo can take place as it is unlikely that oxidation
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will cause the rapid diffusion of both sodium and sulphur to the edge of the char

particles. SEM-EDX spot analysis on these white constituents in the char revealed an

Na: S atomic ratio of 5:1 to 11:1, indicating that the constituents are neither sulphide or

sulphate. It is likely these inclusions began as the concentrated constituents of sodium

observed in X-ray maps of Figure 5.14 (ie. NarO) which have attracted and reacted with

sulphur evolving from decomposition of organic sulphur, but not resulted in the

formation of NarS. The X-ray maps in Figure 5.16 provide evidence that sulphur does

interact with sodium during pyrolysis. It also suggests why their interaction was not

detected as the formation of sodium sulphide by the wet chemical analysis presented in

Section 5.3.1, despite the observed retention of sulphur.

5.3.2.2 chemical Analysis of Acid-washed sodium-exchanged rPP chars

Stepwise water and acid leaching of the AV/-Na coal and 900 "C TPP chars was

conducted to elucidate the soluble forms of sodium and silica and gain a further

understanding of their interactions. A detailed description of the leaching process is

explained in Chapter 3, Section 3.4.4. The results of the water-soluble, water-

insoluble/acid-soluble and water-insoluble/acid-insoluble concentrations (wt%) of silica

and sodium in the AV/-Na coal and char is presented in Table 5.1.

Table 5.1 : Summary of the water-soluble, acid-soluble and acid-insoluble forms of
sodium and silica in the AV/-Na coaVchars before and after TPP at 900 "C.

Totalr : the summation of water and acid extractions,
" Concentration of the sodium acetate solution,

the individual analysis of Si,
n N/A Analysis was not conducted.

Figures 5.I7 and 5.18 present the proportions of the water-soluble, water-insoluble/acid-

soluble and water-insoluble/acid-insoluble forms of sodium and silica over the total

sodium and silica content, respectively. Three different concentrations of sodium acetate

solution employed in the ion-exchange preparation of AW-Na coal, were investigated.

Sulphur Transformations during Pyrolysis of l,ow-rank Coal and
Characterisation of Ca-based Sorbents

State AW-Na Water-soluble Acid-soluble Acid-insoluble Total' Totaf
Conc." Na si Na si Na si si si

0.25 M" 0.68 N/A" 1.46 o.012 <0.01 o.72 o.72 0.71
0.s M 1.12 N/A 1.66 0.007 <0.01 0.48 0.48 0.48

Before
TPP

1.0 M 0.99 N/A 1.93 0.005 <0.01 0.61 0.61 0.61
0.25 M 2.44 0.90 0.58 0.15 o.72 0.27 1.32 1.32
0.5 M 3.14 0.85 0.50 0.11 1.O4 0.14 1.00 1.10

After
TPP at
e)dc 1.0 M 3.12 0.84 0.40 0.08 0.98 o.24 1 .16 1.16
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The effect of sodium acetate concentration however will be discussed.in the subsequent

section 5.3.2.3. Here, the general trends will be discussed and compared with those

observed from SEM investigations of the AW-Na TPP chars removed at 900 "C.
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Figure 5.17 Percent of water-soluble, water-insoluble/acid-soluble and acid-insoluble

forms of sodium in the total sodium versus M, the concentration of sodium acetate

solution for ion-exchange of AV/-Na coal for (i) before and (ii) after Temperature-

Programmed Pyrolysis at 900 "C.
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Figure 5.18 Percent of water-soluble, water-insoluble/acid-soluble and acid-insoluble

forms of silica in the total silica versus M, the concentration of sodium acetate solution

for ion-exchange of AW-Na coal for (i) before and (ii) after Temperature-Programmed

Pyrolysis at 900 "C.

Figure 5.17(i) reveals that the AV/-Na unpyrolysed coal contains a significant

proportion of Na in the acid-soluble phase. This is expected since the ion-exchanging

procedure exchanges Na* into the carboxylate groups in the coal, which can only be

removed by acid solution. There is also a significant proportion of water-soluble Na in
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the coal which can be accounted for as the Na* bonded to humic acids (easily extracted

from the water treatment) and any sodium acetate that was not washed out completely

during the ion-exchange procedure. The latter is due to the fact that Na* ion-exchanged

coal is very difficult to filter the distilled water through and as a consequence, some Na

remains in the coal solution. Lastly, Figure 5.17(i) shows that there is very little acid-

insoluble sodium. This was similar to that obtained in previous acid-washing of

Bowmans coal by Ye (1994), where O.O3 wt%o sodium remained in the acid-washed

coal.

The AW-Na unpyrolysed coals also have very little acid-soluble silica, as indicated in

Figure 5.18(i). Acid-soluble silica would have been removed during the acid-washing

stage of the preparation of AW-Na coal. The coals contain mainly acid-insoluble silica,

which is most likely in the form of quartz SEM micrographs of AW presented in

Figure 5.3, Section 5.2.1, confirms this. There is no indication of water-soluble silica

from the chemical analysis results. Silica could not be determined from the water

extract of the AW-Na coals due to the black colour of the solution caused by the

extraction of humic acids. However, good comparison between the total silica deduced

from ash analysis (Total') and summation of acid-soluble and acid-insoluble silica

(Totalr) in Table 5.1, reveals that very little water-soluble silica existed in the AW-Na

unpyrolysed coal samples.

Comparison of the sodium solubility between the AW-Na coal in Figure 5.17(Ð, and

TPP char in Figure 5.17(iÐ, shows that during pyrolysis, water-insoluble/acid-soluble

(ie. organically-bound sodium) is converted to both water-soluble and water-

insoluble/acid-insoluble phases. NarCO, and NaOH are likely products from the

conversion of organically-bound Na* during devolatilisation (Lindner, 1988). These

compounds decompose to NarO to therefore constitute part of the water-soluble sodium.

If any sulphides of sodium form they will be present in this phase as well. Sodium is

highly mobile and may react with silica inclusions. Due to the corresponding increase

in water-soluble silica in Figure 5.18(iÐ it suggests that organically-bound sodium

reacts with acid-insoluble silica to form water-soluble sodium silicates (such as

NarSirO' NarSiO., NaoSiOo, Hawley, l97L) in the char. It is also likely that water-

soluble sodium silicates account for a significant proportion of water-soluble sodium in
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the 900 "C AW-Na TPP char. This is extremely important finding since, as mentioned in

the literature review in Chapter 2, Section 2.5.2, sodium silicates have been the key

constituents involved in the ash agglomeration during fluidised-bed combustion of

Bowmans coal (Zhang et al, 1997). Table 5.1 summarises the weight percent of the

water-soluble, acid-soluble and acid-insoluble forms of sodium and silica in the AW-Na

coal and TPP char removed at 900 "C. Table 5.2 displays the weight percent of water

soluble sodium which excludes any water-soluble sulphides that may have formed

during TPP to 900'C. It then compares this to the water-soluble silica and presents the

corresponding molar ratios of sodium to silica (Na/Si) in the water-soluble and acid-

soluble phase.

Sodium to silica ratios in the water-soluble phase are in the order of 3.5 to 4.'/ which

means that the amount of sodium required to form water-soluble sodium silicates is

more than sufficient. Furthermore, an excess of sodium to silica also justifies the

presence of other water-soluble sodium compounds (NaCO,, NaOH, NarO) and hence

the intense regions of sodium/oxygen crystals observed in SEM images in Figure 5.14.

Table 5.2 : The water-soluble (WS) and acid-soluble (AS) sodium to silica mole ratios
in the AW-Na TPP char removed at 900 "C.

AW-Na"
Conc.^

WS WS hol%) AS (mol%) ws
Na/S¡

AS
Na/S¡Na sl Na si Na si

0.25 M 2.4 0.9 o.217 0.064 0.053 0.011 3.4 4.9
0.5 M 3.1 0.85 o.284 0.061 0.045 0.008 4.7 5.8
1.0 M 3.0 0.84 0.274 0.060 0.036 0.006 4.6 6.4

" Concentration of the sodium acetate solution, h water-soluble (wt%o) minus sulphides (wt7o)

The results in Figure 5.18(iÐ indicate that over 607o of the quartz (SiO,) ¡eacts with

sodium to form the water-soluble sodium silicates. Between 5-lo7o of the original silica

transforms to acid-soluble silicates in the char, which is likely to be formation of

sodium aluminosilicate such as NarO.AlO'SiO.. The high molar ratio of acid-soluble

sodium to silica in Table 5.2 indicates that this accounts for only some of the acid-

soluble sodium detected in the char along. Excesses of acid-soluble sodium suggests

that sodium is also present organically-bound to the coal matrix.
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The remaining acid-insoluble silica in the char is likely to be unreacted quartz. SEM X-

ray maps in the previous section, 5.3.2.1, revealed that concentrated areas of silica can

exist in the absence of sodium, representing the whitest areas in the silica X-ray maps.

In addition, silica concentrations were found to increase towards the centre of the

particle and thus, it is very likely that the sodium is unable to react completely with

silica inclusions, resulting in a small proportion of acid-insoluble silica. Other known

forms of acid-insoluble silica are aluminosilicates (Hawley, I97I) but the content in the

AW-Na chars is not likely to be high due to the low availability of aluminium as a

result of the acid-washing procedure. Figure 5.17(ii) indicates that after pyrolysis,

approximately 2O7o of the total sodium in the char is acid-insoluble. Sodium does not

form acid-insoluble compounds with silica. SEM X ray mapping in Figures 5.14-5.16

reveals that sodium exists in the TPP chars with silica in water-soluble form, while

some remains organically-bound in the char and in highly concentrated crystals with

oxygen and with sulphur in the char. To elucidate whether the latter contribute to the

acid-insoluble forms of sodium, AV/-Na TPP chars removed between 700-900 "C were

washed with hydrochloric acid (HCl) and mounted in epoxy for SEM analysis. The

backscattered electron images are presented in Figure 5.19(i) to (iv) for temperatures at

700 and 800 "C.

The SEM images of the TPP char removed at70O "C, Figure 5.19(i), and 800 "C, Figure

5.19(iii), show after HCI washing there are very little agglomerates left in the char

compared to that without HCI washing (see Section 5.3.2.1, Figure 5J2G) and (ii)). In
the HCI washed char, the small proportion of white inclusions remaining after acid-

washing corresponded to acid-insoluble SiO,, as indicted by SEM-EDX spot analysis.

For the 800 "C HCI washed char, Figure 5.19(iiÐ, medium inclusions were also found to

be silica with some sodium, sulphur and chlorine associated. These constituents

appeared jagged indicating that they have been attacked by acid which has washed away

part of the water/acid-soluble sodium silicate materials. SEM images also show that the

char contained tiny embedded inorganic inclusions found to be comprised of Na, S, Cl,

by SEM-EDX spot analysis, see Figure 5.19(ii). Sometimes the atomic ratio of Na:S

was equal to 2;1, indicating sulphide, but this was not a general trend. The char had

concentrations of Na equal to 1.3 - 2 wt%o and sulphur 3 - 3.4 wt%o, where the Na : S

atomic ratio was 0.5:l to 2:1. Similar information was obtained for AW-Na HCI washed
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chars removed at 900 oC and 1000 oC, where silica oxides remained but agglomerates

had dissolved away. For the HCI washed rPP char removed at 1000 oc,

aluminosilicates were present with small quantities of other inorganics such as sodium,

calcium, magnesium, iton and sulphur. There were also low quantities of small white

inclusions comprised sodium, sulphur, and chlorine, embedded in the char.

(i) (ii)

(iiÐ (iv)

Figure 5.19 SEM backscattered electron images the AV/-Na. TPP chars removed at

(Ð,(ii) 700 "C and (iii),(iv) 800 "C and then washed with hydrochloric acid before

mounting.

These findings suggest that the organically-bound sodium in the char remaining after

HCI washing is acid-insoluble or bonded extremely well to the organic char matrix. It
also reveals that the medium sized white inclusions embedded in char particles,
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comprising mainly of sodium and sulphur, account for part of the acid-insoluble sodium

in the char. Whether this was due to incomplete extraction of the sulphur/sodium

constituents during the acid-washing or the fact that they are acid-insoluble has not been

elucidated at this stage. Either way, however, explains why sulphur was retained in

acid-washed coal with ion-exchanged sodium (AW-Na) even though the retention was

not detected as sulphide sulphur. This is because the chemical analysis of sulphides

requires dissolution of sulphide in HCI to produce HzS. This will not occur if the

sulphur/sodium constituents are acid-insoluble or difficult to extract from the coal

matrix. The latter is possible since the reactions are between organically-bound sodium

and sulphur may form micrograin minerals in the char. The former reason however,

supports the detection of acid-insoluble sodium in the char in Figure 5.17(ii). Similar

conclusions regarding the interaction of sulphur and organically-bound inorganics were

drawn by Manzoori (1992) from fixed-bed pyrolysis of SA Lochiel coal. It was

suggested that acid-insoluble forms of sodium, calcium and magnesium detected in the

pyrolysed Lochiel char were likely to be associated with the sulphur.

It is also worthwhile to note that the water-soluble component of sodium in the AV/-Na

TPP char (Figure 5.17(ii)) is almost double that of the acid-insoluble sodium conrenr.

This implies that the reactions of sodium with silica to form water-soluble sodium

silicates are much more dominant over the reactions of sodium and sulphur which form

acid-insoluble sulphur/sodium constituents during the pyrolysis of a high sutphur, high

sodium low-rank coal. Thus, when sodium is present in high concentrations, the

retention on sulphur is not as effected as the ability for sodium silicates to form and

hence the likelihood for ash agglomeration to occur.

5-3.2.3 The Effect of Sodium Acetate Concentration on Sulphur Retention

The concentration of the sodium acetate solution employed in the ion exchanging of

acid-washed coal was varied to gain an idea of the effect of the amount of organically

bound sodium on sulphur retention. Figure 5.20 presents the total sodium concentration

in the char and in the unpyrolysed coal for the three different ion-exchange sodium

acetate solutions, for two different batches and TPp runs.
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Figure 5.20 Total Sodium (wt%o) in the A'W-Na. unpyrolysed coal (25 "C) and TPP

char (900 "C) versus M, the ion-exchanged sodium acetate solution concentration

employed in the preparation of the A'W-Na* coal, for two different sample runs.

For the unpyrolysed AV/-Na coal, the sodium percent between runs is in good

agreement and shows that total sodium in the coal increases with sodium acetate

solution. The diagram also reveals that the total sodium begins to level off between 0.5

M to 1 M. It is quite rational to suggest that a saturation level of ion-exchanged sodium

exists due to the limited number of carboxylate groups available for Na ions to

exchange with. However, it has also been mentioned in Section 5.3.2.2, that sodium

ions may not be washed out completely during the sodium exchanging preparation

techniques, giving rise to a high water soluble sodium content. Figure 5.17(i) in Section

5.3.2.2 revealed that case was more predominant for the (0.5 M) AW-Na coal which

may give rise to a higher concentration of sodium, thus creating a levelling effect of

exchanged sodium. The total concentration of sodium in the TPP chars removed at 900

"C shows a good agreement between runs at the 0.25 M concentration level, however

discrepancies arise at higher concentrations. Overall, the trends in total sodium in the

char are the same as that for the unpyrolysed coal. The trends of the mass of char to

mass of coal ratio with sodium acetate solution for the two separate runs is featured in

Figure 5.21.
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Figure 5.21 Mass of Char to Mass of coal ratio for two sample runs of the AW-Na

coal during TPP 900 "C for various ion-exchanged sodium acetate solution

concentrations (M) employed in the preparation of the AW-Nacoal.

The mass of char to mass of coal ratio appears to increase as the sodium acetate

concentration increases. For run 1, the relationship is linear. This suggests that presence

of ion-exchanged sodium ions suppress the decomposition of the organic material in the

coal. In gasification experiments by Ye (1994) sodium ion-exchanged to acid-washed

Bowmans coal was found to promote carbon conversion (or mass loss) during steam and

CO, gasification. Ye (1994) proposed that the presence of the cation exchanged to

carboxylate groups promoted the attack of oxygen on carbon sites to encourage the C +

CO, gasification reaction, via stabilisation of the carboxylate groups. Thus, during

gasification, the presence of sodium ions increased the amount of volatile matter

(functional groups) retained in the coal. In subsequent experiment, Childs and Ye

(1995) observed that the amount of volatile matter retained increased with the amount of

ion-exchanged sodium. In a pyrolysis environment, as in the current TPP experiments,

the sodium ions may not act in the same role as that of gasification since pyrolysis

involves the thermochemical decomposition of coal rather than C + CO, gasification

reactions. However, as in gasification, the presence of sodium ions does have the

potential to stabilise and retain carboxylate groups and thus reduce the overall mass loss
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during pyrolysis. This is what was actually observed in the current TPP experiments (to

900 "C), where the AW-Na chars experienced greater M"nu,/M.uur ratios (ie. less mass loss)

as the sodium acetate ion-exchange solution in the acid-washed Bowmans coal was

increased from 0.25 M to 1.0 M, see Figure 5.21.

Figure 5.22 presents the effect of sodium acetate solution on the percent of total sulphur

in the char over the total sulphur in the coal (primary y-axis) and the percent of sulphide

in the char over the total sulphur in the coal (secondary y-axis). Results show that the

total sulphur increases in the TPP AW-Na char by approximately I07o as a result of an

increase in sodium acetate concentration and hence total sodium. The trends of

sulphide sulphur are not so clcar as a dip in sulphide for the 0.5 M sample occurs. In any

case, an increase of sodium acetate solution from 0.25 M and 1 M, only increases the

sulphide sulphur level by 27o of total sulphur. As the total sulphur is more greatly

affected, it reaffirms that the influence of Na* ions on total sulphur is not a result of

sulphide (NarS) forming mechanism and that sulphur is associated with sodium in an

acid insoluble form in the char.

Figure 5.22 Percent of total sulphur (primary axis) and sulphide sulphur (secondary

axis) remaining in the AW-Na char during TPP to 900 "C for various ion-exchanged

sodium acetate solution concentration (M) employed in the preparation of the AV/-Na

samples.
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To elucidate whether organically-bound sodium had any effect on the formation of acid-

insoluble sulphur/sodium constituents, the soluble forms of sodium were investigated

with sodium acetate solution and summarised in Figure 5.17(i) and (ii) in Section

5.3.2.2. The effect of sodium acetate solution concentration on the soluble forms of

silica are presented in Figure 5.18(i) and (ii) in Section 5.3.2.2. Figure 5.17(i) does not

show any clear trends of sodium solubility with increasing concentration of the sodium

acetate solution employed in the A'W-Na coal. The main reason for this may lie in the

ion-exchange preparation for the AW-Na 0.5 M solution sample. Figure 5.17(i) shows

that for the 0.5 M AW-Na sample contains greater percent of water-soluble sodium,

confilming that the 0.5 M sodium acetate solution was not washed as thoroughly as

required. Despite this, Figure 5.17(ii) shows that both water-soluble and acid-soluble

sodium increase in the char at the expense of acid-soluble (organically-bound) sodium

as the concentration of the sodium acetate solution increases. For the acid-insoluble

sodium, the increase is more pronounced as the concentration increases from 0.25 to 0.5

M. Little difference in the results from 0.5 M to 1 M could be due to the small

difference observed in the quantity of organically-bound sodium in the 0.5 M and 1 M

coals as indicated in Figure 5.20. This implies that during pyrolysis, the retention of

organic sulphur can increase up to IOVo of total sulphur when the content of organically-

bound sodium ions increases from 2 wt%o (0.25 M sodium acetate) to 3 wt%o (0.5 M

sodium acetate). Since there is an upper limit to the amount of organically-bound

sodium that can exist in the coal, due to a limited number of carboxylate groups for

which sodium ions can bond to, there is an upper limit to the amount of acid-insoluble

sulphur/sodium constituents that can form.

Figure 5.23 displays the SEM images of the AW-Na 900 "C chars produced from

different concentrations of sodium acetate solutions. The image of the 0.25 M char,

Figuré 5.23(1), contains much smaller white inclusions compared to that of the Figure

5.23(ä) 0.5 M, and Figure 5.23(iiÐ 1 M chars. This implies that smaller agglomerates

are formed due to lower concentrations of ion-exchanged sodium which agrees well

with the results in Figures 5.17(ii) and 5.18(ii), where the content of water-soluble

silicates, responsible for the white agglomerates, is much lower for the 0.25 M sample.

The amount of unreacted silica (acid-insoluble) in the 0.25 M char is also greater. The

presence of large inorganic inclusions is more evident in the 0.5 M and 1 M AW-Na

Sulphur Transformations during Pyrolysis of Low-rank Coal and
Characterisation of Ca-based Sorbents

168



Chapter 5 The Effect of Inorganic Constituents on Sulphur Transformations

char, Figure 5.23(111), as well as white embedded the char particle which were concluded

to represent the acid-insoluble sulphur/sodium constituents.

(i) (ii)

(iiÐ

Figure 5.23 SEM Backscattered electron images of AW-Na 900"C TPP chars prepared

from different initial concentrations of sodium acetate solution : (i) 25 M, (ii) 0.5 M,

(iii) 1M.

These observations therefore agree well with that in Figure 5.17(iÐ where the acid

insoluble sodium increases with increasing concentration of sodium acetate (ie.

increasing the amount of organically-bound sodium in the coal).
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5.3.3 Analysis of Acid-washed Calcium-exchanged TPP Chars

Scanning electron microscopic investigations were conducted on the AW-Ca TPP chars

l"o support the chemical analysis results presented in the previous Section 5,3.1. Figure

5.24 displays backscattered SEM images of the AW-Ca chars removed at (i) 800 "C and

(ii) 900 "C which reveal independent silica inclusions not removed from acid-washing

procedure; very small (5-10 mm) iron sulphide inclusions, (likely to be decomposed

FeS, which was not extracted from acid-washing) with some Ca present; and small

white inclusions of Ca and S which also had some Fe, Si, Al, Mg, Cl and K associated.

SEM-EDX analysis on the organic char material shows that Ca, S, Fe, C and O reside in

the char. Local concentrations of calcium and sulphur determined from spot analysis

were measured at'l - 9 wtVo for calcium and 3 - 3.6 wtVo for sulphur. The corresponding

calcium to sulphur atomic ratio was between L2 - 1,5:1, indicating that these

constituents were not present as sulphides. In comparison to the 800 "C char in Figure

5.23(1), the AW-Ca char at 900 "C in Figure 5.23(ä), reveals significantly more brighter

char inclusions similar to that observed in WW TPP chars. The higher intensity

suggests the formation of mineral matter within the char particles. This supports the

dramatic increase in sulphide sulphur (approximately IOVo of total sulphur) observed

between 800 - 900 "C from the chemical analysis of the AV/-Ca TPP chars presented in

Figure 5.9, Section 5.3.1.

(i) (ii)

Figure 5.24 SEM Backscattered electron images of the acid-washed calcium

exchanged (AV/-Ca) Bowmans coal chars removed at (Ð 800 "C and (ii) 900 "C during

Temperature-Programmed Pyrolysis experiment.
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Figure 5.25 displays the iDXi X-ray Maps of the sulphur, calcium, and silica

constituents in the unpyrolysed AW-Ca coal. Sulphur and calcium are present

Lhroughout the particle, organically-bound. Some of the white inclusions of sulphur and

calcium correspond, possibly representing finely embedded calcium sulphate particles

remaining in the coal after acid washing.

Figure 5.25 X-ray maps sulphur, calcium and silica constituents in the unpyrolysed

acid-washed calcium-exchanged Bowmans coal (AW-Ca).

Figure 5.26 features iDXi X-ray maps of sulphur, calcium and silica in the AW-Ca char

particles removed at 900 'C during TPP. The X-ray maps of calcium and sulphur show

that high concentrations of S and Ca coincide throughout the char particles and

extremely high concentrations of both S and Ca correspond to small white inclusions.

Since CaSOo decomposes in coal at temperatures well below 900 "C it indicates that CaS
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has formed within the char particles. This is further evidence to support the rapid

increase in sulphide sulphur between 800-900 ''C as depicted by chemical analysis.

Comparison of the calcium distribution in the AW-Ca unpyrolysed coal, Figure 5.25,

and AW-Ca TPP char, Figure 5.26, shows that calcium is quite immobile during the

pyrolysis and becomes enriched in the char.

Figure 5.26 X-ray maps of the sulphur, calcium and silica constituents in the acid-

washed calcium-exchanged Bowmans coal (AV/-Ca) which endured Temperature-

Programmed Pyrolysis to 900 "C.

This is significantly different to that of the sodium in the AW-Na coal. Figure 5.13 in

Section 5.3.2.1, shows that sodium is initially present throughout the unpyrolysed coal

particle, organically-bound to the coal matrix, while in Figure 5.14, the sodium in the
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pyrolysed AW-Na char is depleted from the organic matrix and highly concentrated in

specific areas and with silica inclusions. Nonetheless, it is likely that calcium's

immobility and the absence of reactions with silica, enables the formation of sulphides

in the AW-Ca char, not evident during the pyrolysis of the AW-Na coal.

5.4 The Effect of Limestone Additives on Sulphur

Transformations

As part of the investigations into interactions of the inorganic constituents with sulphur,

the bonding nature of calcium was explored by comparing the sulphur retaining

performance of organically-bound calcium to that of calcium in mineral form as calcium

carbonate (CarCO,). Pure calcium carbonate (PCC) and South Australian Caroline

Limestone (LST) were added individually to acid-washed Bowmans coal at the same

calcium concentration as that of acid-washed calcium exchanged Bowmans coal (AW-

Ca), and denoted as AV/-PCC and AW-LST coal samples, respectively. Caroline

Limestone is comprised of approximately 97Vo calcium carbonate and l7o magnesium

carbonate A more detailed analysis is presented in Chapter 3, Table 3.3. Section 3.2 of

Chapter 3 also provides a more detailed description of the preparation techniques

employed for the AW-PCC and AV/-LST coal samples. The total sulphur and sulphide

sulphur transformations of the AW-PCC and AW-LST during temperature-programmed

pyrolysis (TPP) were obtained and compared with that of acid-washed (AV/) and acid

washed-calcium exchanged coal (AW-Ca) in Figure 5.21 and Figure 5.28, respectively.

Figure 5.27 shows that both AW-LST and AW-PCC samples undergo similar total

sulphur transformations to the AV/-Ca coal, displaying a steady decomposition of

sulphur between 25 and 600 "C which stabilises between 600 "C and 900 "C. In the

lower temperature region, all three calcium-doped coals experience faster sulphur

decomposition than AW coal. It appears that the presence of calcium promotes

decomposition of sulphur functionalities in this temperature range. However, as

mentioned previously, calcium has been found to prevent sulphur evolution at

temperatures as low as 200 'C (Maes, 1997). Thus, further work is required to

understand the observed increase in sulphur evolution by the addition of calcium.
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Figure 5.27 Total sulphur retention during Temperature-Programmed Pyrolysis of

acid-washed (AV/) Bowmans coal and acid-washed Bowmans coal mixed with ion

exchanged calcium (AW-Ca), Caroline limestone (AW-LST) and pure calcium

carbonate (AW-PCC).

At 600 'C, AW coal has a slightly higher total sulphur content than the calcium-doped

coals but continues to decompose between 600 and 900 "C. For the AV/-PCC, AV/-LST

and AW-Ca, decomposition of sulphur in the higher temperature region is not observed,

suggesting that the presence of calcium inhibits decomposition of complex sulphur

forms. As a result, the total sulphur contents in AW-LST and AW-PCC level off to a

value similar to and slightly below that of AW char, respectively. The total sulphur

content of the AW-Ca coal, however, is substantially greater than the others due to less

decomposition of sulphur between 500 - 600'C.

Comparison of the percentage of sulphide sulphur formed during pyrolysis is featured in

Figure 5.28 and shows that relatively negligible amounts of sulphide is formed from the

samples with carbonate additives. Furthermore, there is little difference between pure

calcium carbonate and limestone, with the latter facilitating only slightly higher

sulphide formation and hence total sulphur retention. The AW-Ca sample forms a
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significantly greater percent of sulphide sulphur which corresponds to the higher total

sulphur retention observed
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Figure 5.28 Comparison of the percent of sulphide sulphur retained in char during

Temperature-Programmed Pyrolysis of acid-washed Bowmans coal mixed with ion

exchanged calcium (AV/-Ca), Caroline limestone (AW-LST) and pure calcium

carbonate (AV/-PCC).

Similar results were found in the AP-TPR experiments conducted on calcium ion-

exchanged and limestone-doped coals by Maes (1991). Maes (1997) attributed the

discrepancy to the low temperature decomposition of carboxylates, releasing

organically-bound calcium ions between 200 - 600 "C and the high temperature

reactivity of calcium carbonate. Calcium carbonate decomposes to an oxide in a

nitrogen environment at temperatures above 700 "C. In the current TPP investigations

and the AP-TPR experiments by Maes (1991), most of the organic sulphur evolves at

lower temperatures (200 - 600 "C), well before the calcium carbonate/oxide is ready to

react.

Discrepancies in the sulphide sulphur content of the calcium-doped TPP chars between

600 - 900 "C in Figure 5.28 also reveals that only calcium organically-bound to the coal
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matrix can facilitate organic sulphur decomposition to form sulphide sulphur in the char

Calcium in the form of calcium carbonate mineral was unable to achieve this.

5.5 Summary

Temperature-Programmed Pyrolysis (TPP) of a variety of treated Bowmans coal

samples revealed that the presence of water-soluble and acid-soluble inorganics in coal

encourages the retention of sulphur between 400 - 500 oC and 500 - 600 oC,

respectively. The sulphur retention due to the water-soluble and acid-soluble inorganics

was concluded to be due to the suppression of the organic sulphur decomposition in the

aforementioned temperature regions. Water-soluble sulphate sulphur, as opposed to

other water-soluble compounds, were observed to have the greatest influence on organic

sulphur decomposition between 400 - 500 "C. Detailed SEM investigations of acid-

washed sodium and calcium exchanged TPP chars removed at 800 "C and 900 "C,

provided clear evidence that during pyrolysis sulphur was interacting with inorganics in

the char. Calcium was enriched in the char and facilitated the decomposition of organic

sulphur between 700 - 900 "C to form calcium sulphides. Such behaviour was not

observed for the TPP of coal samples doped with calcium carbonate to the same calcium

concentration as the ion-exchanged coal. The latter exposed the importance of the

intimacy/organic bonding of calcium as well as the temperature and time of availability

on sulphur retention. Organically-bound sodium was found to be more mobile and

reactive towards silica during pyrolysis compared to that of organically-bound calcium

and formed a large portion of water-soluble silicates in the char. The sodium silicates

were observed to be coated with high concentrations of sulphur and possibility the start

of ash coating responsible for agglomeration and defluidisation during fluidised-bed

combustion and gasification processes. Extended SEM investigations also revealed that

sodium and sulphur formed constituents were not removable by acid-washing. Whether

this was due to incomplete acid-washing of the constituents or the fact that

sodium/sulphur formed acid-insoluble constituents during pyrolysis, needs to be

investigated further. This evidence does, however, explain the lack of detection of

sodium sulphide in the cha¡s as the constituents need to be acid-soluble to allow for

sulphide detection. Increasing sodium acetate solution concentration in the ion-

exchanging preparation step from 0.25 M (2 wt%o total Na) to 1.0 M (3.2 wtTo total Na)
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was observed to increase the total sulphur retention by lo7o. Little effect on the sodium

sulphide content was observed, however, acid-insoluble sodium was found to increase,

which suggested that an increase in acetate solution increased the formation of

sodium/sulphur constituents and hence the total sulphur retention. This was supported

by the SEM images of the acid-washed chars. To a much lesser degree, the sulphur in

water-washed coal was found to interact with inorganics by similar mechanisms to that

of the acid-washed calcium and sodium exchanged coals since water-washed coal

contains reasonable quantities of both independent silica, and organically-bound sodium

and calcium. The following will look at the interactions of Na and Ca with sulphur as

well the sulphur transformations observed in TPP experiments in Chapter 4, at

conditions more applicable to fluidised-bed processes.
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CHAPTER 6

The Effect of Heating Rate and

Particle Size on Sulphur

Transformations and Interactions

with Inorganic Constituents

6.1 Introduction

Chapters 4 and 5 presented the investigations and results of the sulphur transformations

and interactions with various inorganic constituents during slow heating temperature-

programmed pyrolysis of a series of pulverised low-rank coal samples. The current

chapter presents fixed-bed and fluidised-bed pyrolysis experiments which a¡e aimed to

reveal the effect of heating rate and particle size on sulphur transformations and

interactions with inorganic constituents during pyrolysis of low-rank coal. For the

fixed-bed experiments, various final temperatures were employed to observe the effect

of heating rate. Different coal particle sizes were employed in fluidised-bed pyrolysis to

investigate the effect of mass transfer and diffusion on sulphur transformations. A heat

transfer model, developed by Heidenreich (1997), to specifically investigate the

temperature response of coal particles during devolatilisation, was used to predict the

changes in temperature during the pyrolysis experiment and thus understand the

interacting organic and inorganic sulphur transformations and the subsequent influence

of heating rate and particle size.

Sulphur Transformations during Pyrolysis of Low-rank Coal and
Characterisation of Ca-based Sorbents

178



Chapter 6 The Effect of Heating Rate and Particle Size on Sulphur Transformations
and Interactions with Inorganic Constituents

6.2 Fixed-bed Pyrolysis Experiments

6.2.I Fixed-bed Pyrolysis of Raw Bowmans Coal

Fixed-bed pyrolysis was conducted using a Horizontal Tube Furnace as outlined in

Chapter 3, Section 3.3.2. The experiments using pulverised raw Bowmans coal were

performed at various temperatures : 700, 800, and 900 oC for a duration of five minutes

to observe the effect of heating rate on the total, organic, sulphate and pyritic sulphur

transformations. The results for 700 and 900 oC pyrolysis are summarised on the

primary axis in Figure 6.1 and Figure 6.2, respectively, along with the mass of char to

coal ratio (M.¡'o,/M.oo¡). Taking into consideration the convection from the furnace gas,

the heat transfer model (Heidenreich, 1997) was employed to simulate the heating rate

experienced by the coal samples over the duration of the pyrolysis experiments. The

average bed temperature for the 700 and 900 oC experiments are deduced from

calculations of the average heating rate and are presented on the secondary vertical axis

in Figures 6.1 and 6.2, rcspectively.

Figure 6.1 Changes in retention of various sulphur forms, mass of char to mass of coal

ratio and average bed temperature during 5 minutes of fixed-bed pyrolysis at 700 oC.
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Figure 6,2 Changes in retention of various sulphur forms, mass of char to mass of coal

ratio and average bed temperature during 5 minutes of fixed-bed pyrolysis at 900 oC.

During the fixed-bed pyrolysis, rapid release of total sulphur occurs within the first

minute for experiments at 700 oC and 800 oC and within the first 30 seconds at 900 oC,

whereafter it quickly stabilises. This is expected since the coal samples are inserted from

room temperature into a high temperature environment. The heating rates calculated by

the heat transfer model reveal peak heating rates of 5.69 to 7.88 K s-r for the 700 to 900
oC experiments within the first 30 seconds of pyrolysis. Over the 5 minutes of pyrolysis,

the heating rate decreases to zero as the desired final temperature is obtained in the bed.

The rapid evolution of volatile matter, as indicated by the trend of the M.¡,o./M"oo¡ ratio

in Figures 6.1 and 6.2, results in faster decomposition and transportation of sulphur out

of the coal matrix, as observed. For 900 oC, Figure 6.2, devolatilisation mainly occurs

within the first 30 seconds of pyrolysis. The rate is reduced significantly between 30

and 60 seconds but extends to 2 minutes where a final M"¡,o./M"oo¡ ratio of 507o is

obtained. For pyrolysis at 800 oC, the bulk of devolatilisation occurs over a longer (one

minute) period, whereafter the rate is reduced and a final M"6or/Ivl"oo1 ratio of 52Vo is

obtained by 2 minutes. The 700 oC experiment in Figure 6.1 reveals a shorter but less

intense devolatilisation, reaching a virtually constant ratio of 657o just after the one

minute mark. This confirms that the extent and duration of volatile matter evolution

increases as the temperature increases from 700 to 900 oC.
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The total sulphur decrease is due to the rapid decomposition of organic sulphur and to a

lesser extent sulphate sulphur. Both proceed at rates directly proportional to the reaction

temperature. According to the heat transfer model, the time for which most of the

organic sulphur evolves (deduced as 500 oC from the TPP experiments, Chapter 4,

Section 4.2) for pyrolysis atJ}O,800 and 900 oC, is 83, 60 and 45 seconds, respectively.

For all temperatures investigated, organic sulphur reaches a minimum content in the

char well before the bed reaches 500 oC. This suggests that not all of the reactive

organic species have had time to decompose. Furthermore, it implies that the organic

sulphur increase occurs at temperatures as low as 400 oC, the onset temperature for

sulphate decomposition. Thus, similar to the TPP experiments of raw Bowmans coal in

section 4.2, Chapter 4, sulphate sulphur undergoes solid-state transformations to form

organic sulphur in the char. The pyrite peaks at 30 and 60 seconds for the 900 and

700/800 oC experiments, respectively, aîe confirmation of these solid-state

transformations.

Due to the faster heating rate of the 800 and 900 oC pyrolysis, sulphate decomposition

occurs within the first 30 seconds of the pyrolysis experiment (Figure 6.2). The heat

transfer model predicts that for pyrolysis at 800 and 900 oC, an average temperature of

400'C is obtained within 40 and 30 seconds, respectively, which agrees well with the

experimental findings. For these temperatures however, sulphate decomposition occurs

a lot earlier than the expected organic sulphur increase. For 700 oC pyrolysis, sulphate

decomposition begins at 60 seconds as the average bed temperature reaches 400 oC. The

decomposition at 700 oC coincides exactly with the slower devolatilisation stage and

also the increase in organic sulphur (Figure 6.1). What is common in all experiments,

despite the different commencement times for sulphate decomposition and organic

sulphur increase, is that once the sulphate has begun to decompose and the

devolatilisation rate is reduced, the sulphate will undergo solid state transformations to

form organic sulphur in the char. Since sulphate decomposition at 800 and 900 oC

pyrolysis begins during the rapid devolatilisation stage, some of it will evolve into the

gas phase before the conversion to organic sulphur begins.
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Compared to the 800 and 900 oC, only half of the sulphate decomposes for pyrolysis at

700 oC, while the others reach almost complete decomposition. As the TPP experiments

in Chapter 4, Section 4.2 reveal, half of the sulphate decomposes between 400 and 700
nC, while the other half between 700 and 800 oC which therefore explains the difference.

Greater sulphate decomposition also implies greater incorporation of organic sulphur in

the char in the latter half of experiment, as observed for 800 and 900 oC experiments

(see Figure 6.2for the latter). As a result, final organic sulphur values after 5 minutes of

pyrolysis are similar for all temperatures investigated. Discrepancies in the final total

sulphur values are therefore due to differences in the degree of sulphate decomposition.

6.2.2 Fixed-bed Pyrolysis of Raw Lochiel Coal

The sulphur transformations of raw Lochiel coal during fixed-bed pyrolysis at 700 and

900 oC are compared to that of raw Bowmans coal in Figure 6.3 and 6.4, respectively.

The corresponding changes in the mass of char to mass of coal ratio, M¿¡¡¿¡/Ms6n¡, are

featured in Figure 6.5.
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Figure 6.3 Comparison of the sulphur forms remaining in the char during 5 minutes of

Fixed-bed Pyrolysis at70} oC for Bowmans and Lochiel (--------) coals.
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Overall, the trends of sulphur transformations in raw Lochiel coal are similar to that of

raw Bowmans coal. For experiments at both 700 and 900 oC, however, Lochiel coal

undergoes greater organic sulphur decomposition in the first minute of pyrolysis. This

is consistent with that observed in the TPP experiments, Chapter 4, Section 4.3, where

Lochiel coal displayed a greater decomposition of organic sulphur between 200-600 oC,

implying a greater percent of simple and more reactive organic sulphur compounds

resides in the original Lochiel coal sample than Bowmans coal. This is also reflected in

the M"6o./M"oo¡ ratios presented in Figure 6.5 within the first minute of pyrolysis at 700

and 900 oC.

Similar to the TPP experiments, during fixed-bed pyrolysis ai 700 and 900 oC, Lochiel

coal experiences less organic sulphur increase than observed for Bowmans. For

pyrolysis atTOO 
oC in Figure 6.3, there is basically no organic sulphur reincorporation in

Lochiel coal for the initial decomposition stage of sulphate (ie. within 1-3 minutes of

pyrolysis).The reasons are also similar to that of the TPP experiments. Lochiel

undergoes a smaller amount of sulphate decomposition in this stage as well as a faster

devolatilisation stage (as revealed in Figure 6.5) and more rapid decomposition of

organic sulphur, compared to that of Bowmans. Both these factors discourage solid state

sulphate transformations to form organic sulphur in the char. Thus, any sulphate

decomposition in this region is likely to result in the evolution of HzS. Decomposition

of sulphate sulphur in Lochiel coal between 3 and 5 minutes of pyrolysis occurs at a

time where the bed temperature is approaching 700 oC and the devolatilisation stage has

virtually finished. Thus, an increase in organic sulphur is observed. A slight increase in

sulphide sulphur in the char also occurs at the stage but the combined increase of

organic and sulphide sulphur over accounts for the sulphate decomposition. This

suggests that the formation of sulphide is likely a result of interactions of inorganics

alkali metals with sulphur in the char, as opposed to sulphate decomposition. As in the

TPP experiments, sulphide sulphur in Lochiel char was greater than that of Bowmans.

For pyrolysis at 900 oC shown in Figure 6.4, the organic sulphur reincorporation in

Lochiel coal occurs at the same rate as Bowmans coal, but for a slightly less duration.

The similar rate is due to the lower devolatilisation rate of Lochiel coal between I-2
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minutes, indicated by the M"¡or/lVl"ool ratio in Figure 6.5 and a more pronounced sulphate

decomposition than that observed at 700 oC. Between 1-2 minutes of pyrolysis, sulphide

sulphur also increases at a much faster rate than at lO0 oC. This continues, at a much'

slower rate, between 3-5 minutes where a small amount of the organic sulphur

decomposes. TPP experiments in Chapter 4, Section 4.1, revealed that sulphate-derived

organic sulphur is unstable at high temperatures and will decompose around 900 oC

which is the temperature at which the fixed-bed is approaching. It is therefore possible

that at this stage, the organic sulphur is then converted into sulphide sulphur in the char.

In comparison to Bowmans coal, the greater decomposition of organic sulphur and less

sulphate decomposition and hence reincorporation of organic sulphur in the char,

lesulted in a lower final total sulphur content (by approximately I2Vo total sulphur)

remaining in Lochiel char compared to Bowmans char after 5 minutes of fixed-bed

pyrolysis at 700 oC. At 900 oC, Lochiel also experienced a greater evolution of organic

sulphur, but a greater sulphate decomposition and shorter devolatilisation time, resulting

in greater incorporation of organic sulphur in the char, in conjunction with a greater

formation of sulphide sulphur, meant that the final total sulphur value after 5 minutes of

pyrolysis was similar for Lochiel and Bowmans coals.

6.2.3 Fixed-bed Pyrolysis of Acid-washed Ion-exchanged Coals

The interactions of organically-bound inorganics such as calcium and sodium with

sulphur during pyrolysis has been investigated extensively in Chapter 5, Section 5.3.

Fixed-bed pyrolysis of acid-washed calcium exchanged (AW-Ca) and acid-washed

sodium exchanged (AV/-Na) coals were conducted to observe how higher heating rates

affect the interactions of sulphur with organically-bound calcium and sodium. Changes

of the sulphur forms in the AW-Ca char for fixed-bed pyrolysis at 700 and 900 oC 
are

presented in Figure 6.6. Figure 6.7 displays the sulphur transformations during fixed-

bed pyrolysis of AW-Na coal at 900'C.

Figure 6.6 reveals that the total sulphur in the AW-Ca coal decreases more rapidly

within the first 30 seconds of pyrolysis at 900 oC compared to pyrolysis at 700 oC.
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As in the previous fixed-bed experiments, the higher initial heating rate in the 900 "C

experiment, results in a more rapid decomposition of organic sulphur. Sulphate is

present in the AW-Ca coal in low quantity, however, its decomposition is evident in

both the 700 and 900 oC experiments. Sulphate decomposition at 900 oC occurred much

earlier and to a greater degree than for 700 oC pyrolysis. Though the devolatilisation rate

was rapidly reduced at this stage, an organic sulphur increase was not observed,

however a significant increase in sulphide sulphur occurred at this stage (around 400

oC;. As for the TPP of Lochiel coal, Chapter 4, Section 4.3, the bulk of sulphide

formation does not correspond to bulk sulphate decomposition. Hence, it is likely that

the sulphate transformed to organic sulphur in the char and in the meantime, some

organic sulphur reacted with the organically bound calcium ions to form calcium

sulphide in the char. Approximately 5Vo more sulphide sulphur forms during pyrolysis at

900 "C than at 700 oC. This accounts for the discrepancy in the final total sulphur value

after 5 minutes of fixed-bed pyrolysis at 700 and 900 oC. It is also interesting to note

that the amount of sulphide formed in AW-Ca coal during fixed-bed experiments at 900

"C (8 %SJ is approximately half that formed after 900oC in the TPP experiments of

AV/-Ca coal. The longer residence times during TPP are likely to facilitate more

reactions between calcium and sulphur.

The sulphur transformations in the AW-Na coal for fixed-bed pyrolysis at 900"C shown

in Figure 6.7, reveal similar tends to the AW-Ca coal. Significant discrepancies occur

in the extent of sulphur transformations due to (i) a less rapid decomposition of organic

sulphur in the AW-Na coal within the first 30 minutes of pyrolysis and (ii) a smallcr

formation of sulphide sulphur in the AW-Na char. These observations ¿ìre the same ¿rs

that deduced from the TPP experiments of AW-Na, presented in Chapter 5, Section 5.3,

where the presence of Na ions in the AW-Na sample was found to suppress organic

sulphur decomposition between 200400 oC and retain sulphur, while the formation of

sodium sulphide was not observed to occur to any major extent. Unfortunately, whether

or not sodium combines with sulphur to form acid insoluble components, as postulated

in the discussion of TPP experiments in Chapter 5, cannot be deduced from the

chemical analysis conducted on the fixed-bed pyrolysed AW-Na chars.
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The final sulphur retention in the AW-Na char after 5 minutes of f,rxed-bed pyrolysis ar

900 "C is very similar to that of AW-Ca char and slightly greater than that of raw

Bowmans coal, as displayed in Figure 6.8.

Figure 6.8 Comparison of the total sulphur retention in the char of raw, acid-washed

calcium exchanged (AW-Ca), acid-washed sodíum exchanged (AW-Na) Bowmans coal

samples during 5 minutes of f,rxed-bed pyrolysis at 900 oC.

6.3 Bulk Fluidised-bed Pyrolysis of Bowmans Coal

6.3.1 SulphurTransformationsduringFluidised-bedPyrolysis

As observed in the fixed-bed experiments, the transport of sulphur out of the coal matrix

via volatiles release has an extremely important influence on the overall sulphur

retention. Fluidised-bed pyrolysis experiments using approximately 10 grams of 6-

lOmm diameter raw Bowmans coal pellets were conducted in a 102 mm diameter

fluidised-bed reactor, as described in Chapter 3, Section 3.3.3.1. Using a constant

temperature of 800 oC, the experiments were designed to examine the role of particle

size as well as heat transfer on sulphur evolution.
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Figure 6.9 summarises the sulphur transformations during fluidised-bed pyrolysis at 800

"C of the 6, 8 and l0 mm diameter coal pellets over a period of 2 minutes. The

pyrolysis time is much shorter than that of the fixed-bed experiments (5 minutes) due to

lack of experimental data. Figure 6.10 displays a corresponding plot of (i) the mass loss

data, represented as the mass of char over the original mass of coal (M"¡*rlM"oo¡) for each

pellet investigated, featured on the primary axis, and (ii) the estimated changes in

temperature at the centre of the 6, 8 and 10 mm pellets over the duration of the

experiments, as predicted by the heat transfer model of a single coal particle

(Heidenreich,I99T), featured on the secondary axis.
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Figure 6.9 Retention of various sulphur forms during two minutes of fluidised-bed

pyrolysis at 800 oC. Comparison between 6 mm ('------'--'-'), 8 mm (-------- ) and 10 mm

(-) pellets of Bowmans coal.

The time taken for the centre of the particles to reach the reaction temperature of 800 oC

is indicative of the. devolatilisation time. The predicted devolatilisation time increases

from 40 seconds for 6 mm particles, 60 seconds for 8 mm particles, to nearly 120

seconds for the 10 mm particles, which agrees well with the mass loss data in Figure

6.10. The mass loss data also show that after the initial 30 seconds of pyrolysis, the rate

of devolatilisation reduces drastically for the 6 mm particles, significantly for the 8 mm
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and only slightly for the 10 mm particles as devolatilisation still continues in the latter

particle to the 2 minute mark. As observed in the fixed-bed experiments, such changes

in rate have a significant influence on the organic and inorganic sulphur transformations.

Figure 6.10 Mass of char to mass of coal ratio of raw Bowmans coal, plus Heat

transfer model's estimated temperature of particle centre, versus pyrolysis time during 2

minutes of fluidised-bed pyrolysis at 800 oC. Comparison between particle sizes of

pelletised cylinders.

The sulphur transformations of 6 and 8 mm particles in Figure 6.9 are very simil¿ìr to

that of the 900 oC fixed-bed pyrolysis, where within the first 30 seconds, a large

proportion of total sulphur evolves due to dramatic decomposition of organic sulphur

and volatile matter and decomposition of sulphate sulphur. Total sulphur levels out after

the minute mark. The average heating rates calculated by the heat transfer model in the

first 30 seconds, are in the order of 25,20, 13 K s-l for the 6, 8, l0 mm particles,

respectively. These are significantly greater than that of fixed bed. The 10 mm particles,

however, behave more like the 700 and 800 oC fixed-bed experiments, where

devolatilisation occurs over a longer time due to much lower average heating rates.

The model estimates that the time required for the particle centre to reach between 500-

600 oC, the temperature range where a large portion of the organic sulphur typically
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evolves, is just after 15 seconds for the 6 mm particles, 25 seconds for the 8 mm

particles and 40 seconds for the 10 mm particles. This is compared to 45 seconds in the

fixed-bed at 900 oC. The evolution of organic sulphur in the fluidised particles occurs

before the end of devolatilisation which suggests that, unlike the fixed bed, most of the

labile organic sulphur species decompose and are transported away from the coal

matrix. The result is a lower total and organic sulphur content in the char at 30 seconds,

compared to the fixed-bed which implies that the evolution of organic sulphur is

dominated by the higher heat transfer rates of the fluidised-bed over the greatel mass

transfer resistances induced by the larger fluidised-bed particles. This is an important

observation since it was considered possible that the pulverised particles employed in

the fixed-bed experiments, which decompose under the chemical controlled region,

would therefore evolve more sulphur. The Iarger fluidised-bed pellets, on the other

hand, were likely to experience restricted evolution of volatiles due to the larger particle

mass and possible internal pressure build up. The latter may also be enhanced by the

pelletising preparation, which is not exactly representative of the typical physical

structure of a run-of-mine coal particle.

Comparison between the decomposition profiles of 2 mm diameter Bowmans coal

pellets and run-of mine coal particles of similar mass conducted in a Thermogravimetric

Apparatus (TGA) under a slow heating pyrolysis environment (15 oC min-r; is presented

in Figure 6.11. Figure 6.11 shows that pulverised coal in the form of a pellet

decomposes in a very similar way to that of the run-of-min coal particle, being only

slightly faster between 200-500 oC. This only gives some indication of what may occur

during fluidised-bed pyrolysis with much higher heating rates. Back scattered electron

images of coal pellets and run-of-mine particles after pyrolysis were taken using a

scanning electron microscope and are presented as Figure 6.I2(a) and Figure 6.12(b),

respectively. The image of the pyrolysed coal pellets (a) reveals that while pore spaces

were created in the pellets due to pyrolysis and devolatilisation of organic coal matter,

minimal fragmentation occurred. Similar imâges were obtained for the coal pellet and

run-of-mine particles, confirming that minimal differences exist between particle

structures. To verify, however, any effect of the pelletising on ascertaining the influence

of particle size on sulphur transformations, experimentation of run-of-mine coal

particles would be required.
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Figure 6.11. Comparison of the decomposition profile (M"¡o./M"oo¡ versus time) on the

primary axis of a2 mm diameter (by 2 mm length) raw Bowmans coal pellet and a run-

of-mine raw Bowmans coal particle of the same mass. A heating rate of 15 
oC min-l was

employed, as shown on secondary axis.
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Figure 6.12 SEM backscattered images of (a) coal pellet and (b) run-of mine particle

after pyrolysis at same conditions.

The aforementioned differences in decomposition of organic sulphur in fixed-bed and

fluidised-bed pyrolysis is the reverse for the sulphate sulphur which, in Figure 6.9,

appears to decompose to only half of original content in fluidised-bed pyrolysis

compared to complete decomposition of sulphate in 800 oC and 900 "C fixed-bed and

TPP experiments. The difference cannot be an artefact of the Australian Standards

Sulphur Transformations during þrolysis of l,ow-rank Coal and
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TPP experiments. The difference cannot be an artefact of the Australian Standards

chemical analysis of sulphur since the fluidised bed particles are pulverised prior to

analysis, therefore making the sulphate sulphur accessible for extraction. Thus, it is

found that the larger particle sizes used in the fluidised-bed experiments suppress or

inhibit complete decomposition of sulphate sulphur. The subtle and non proportional

differences in sulphate decomposition between the fluidised-bed pellets further support

the fact that the sulphate transformations a¡e not only affected by heat transfer but mass

transfer effects as well.

6.3.2 The Effect of Particle Size on Sulphur Transformations

Results from the fluidised-bed pyrolysis in Figure 6.9 reveal that the extent of total and

organic sulphur decomposition is inversely proportional to particle size. Figures 6.13

(i)-(iii) display the temperatures across a particle radius as predicted by the heat transfer

model (Heidenreich, 1997), at different times during the pyrolysis experiments for 6, 8

and 10 mm particles, respectively. The more rapid decomposition of organic and

sulphate sulphur in the 6 mm particles is due to the faster internal heating rate visualised

using the temperature gradient curve in Figure 6.13(i) The centre of the 6 mm particle

heats up more rapidly than the larger particles and as a consequence has a more even

temperature distribution across its radius. This implies that both devolatilisation and

inorganic and organic sulphur decomposition occur at all points within the particle.

After 20 seconds, the centre of the 6 mm particle reaches approximately 626 oC with a

surface temperature of 760 oC. For a 10 mm particle, the centre temperature at this stage

is only 170 "C with a surface temperature of 694 oC, as shown in Figure 6.13(iiÐ.

Hence, the initial decomposition can only occur at the outside of the 10 mm particle and

not towards the centre. Only after 60 seconds do pyrolysis and sulphate sulphur

decomposition occur throughout the entire 10mm particle. Thus, greater heat transfer

limitations are imposed by the larger particle sizes which subsequently delays and

lengthens the time over which both the devolatilisation and organic and inorganic

sulphur decomposition processes occur.
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Figure 6.L3 Predicted temperatures of the heat transfer model across particle radius of

(i) 6 mm, (ii) 8 mm and (iii) l0 mm coal paficles during different stages of pyrolysis.

As for the fixed-bed experiments, an increase in organic sulphur occurs parallel and

proportional to the decrease in devolatilisation rate and decomposition of sulphate

sulphur. Figure 6.9 shows a greater increase in organic sulphur for the 6 mm particles

than the 8 mm between 30-60 seconds of pyrolysis due to a slower devolatilisation rate

(Figure 6.10). This results in a simila¡ final total sulphur value in the 6 and 8 mm cha¡
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particles. At the I minute mark, the total sulphur content is an unexpected 5Vo lower for

the l0 mm particles due to the extended devolatilisation period, slower sulphate

decomposition and thus delayed sulphur reincorporation. However, since the evolution

of volatile is slower, there is also strong tendency for sulphate to transform to organic

sulphur than into the gas phase. This increases the organic sulphur to a value slightly

lower than the 6 and 8 mm particles at the end of 2 minutes.

6.4 Single Particle Fluidised-bed Pyrolysis of Bowmans Coal

Fluidised-bed pyrolysis experiments were also conducted in a 20 mm internal diameter

fluidised-bed reactor using 2 mm diameter (by 4 mm length) cylindrical coal pellets to

investigate the intraparticle transformations of sulphur during fluidised-bed pyrolysis,

Comparison of the sulphur retention between raw, acid-washed and acid-washed

calcium exchanged (AW-Ca) coal samples was also conducted to understand the

interactions with inorganic constituents within the fluidised-bed coal particles. The

experimental set up has been explained previously in Chapter 3, Section 3.3.3.2.

Experiments were performed at 850 oC for 3 minutes after which the chars were

removed for subsequent SEM analysis. A more detailed outline of this procedure is

presented in Chapter 3, Section 3.4.4.2. The pellets were specifically prepared with a 2

mm diameter to eliminate image beam shadowing which occurred for the larger 6-10

mm diameter pellets using the Philips XL}O Scanning electron microscope. A pellet

Iength to diameter ratio of 2:I was also employed so that analysis of the cross sectional

area at the centre of the particle could be investigated, a region where edge diffusion

effects were expected to minimum. The exact preparation procedure is discussed in

Chapter 3, Section 3.2.4.2.

6.4.1 lntraparticle Variations of Sulphur

Figure 6.13 followedby the discussion in Section 6.3.2 suggested that sulphur is likely

to evolve initially from the edge of the particle since the temperatures are greater at the

exterior and decrease toward the centre. This theory would imply that the sulphur

concentration is the lowest at the edge of the particle. Figure 6.14 displays the sulphur

X-ray maps of raw Bowmans coal before and after pyrolysis to highlight the

intraparticle variation of sulphur.
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Figure 6.14 Comparisons of the distribution of sulphur in (a) unpyrolysed and (b)

pyrolysed raw Bowmans coal for concentrations ranges (i) 1.50 - 33.4L wt%o, (11) 4.0 -

33.41 wt%o and (iiÐ 5.0 - 33.41wt%o.

The diagram presents three identical X-ray maps of sulphur in the particle before and

after pyrolysis, each exposing different highlighted sulphur concentration ranges

featured as the dark grey areas on the maps. The minimum sulphur concentration limit is

gradually increased from 1.50 wtVo to 5.0 wt%o to narrow the range and investigate the

distribution of sulphur concentration within the particles. Comparisons between the

unpyrolysed and pyrolysed samples show that a greater amount and a higher

Sulphur Transformations during Pyrolysis of l.ow-rank Coal and
Characterisation of Ca-based Sorbents

196



Chlptcr 6 The Effect of Heating Rate and Particle Size on Sulphur Translormations
and Interactions with Inorganic Constituents

concentration of sulphur resides in the unpyrolysed particle compared with the

pyrolysed. It also shows that for the unpyrolysed coal, Figure 6.14a)iii), high

concentrations of sulphur are distributed more towards the centre of the particle,

whereas for the pyrolysed coal, Figure 6.14b)ii), high concentrations are distributed

towards the edge. This trend is apparent in most of the particles investigated. Figure

6.14 b)ii) also reveals that sulphur concentrations are low in the particle centre. In

Section 6.3.2, Figure 6.13(i) showed that for 6 mm coal pellet, the temperature gradient

reached the set reaction temperature of 800 oC within 60 seconds of pyrolysis. For

pyrolysis of a 2 mm diameter pellet at 850 oC, after 3 minutes it is safe to assume that

the particle has an even temperature, thus sulphur at both the edge and interior of the

particle has had chance to decompose. The evolution or release of sulphur from the

coal particle results in diffusion through pore spaces. In the meantime, cyclisation or

back reactions of HzS with reactive sites must therefore occur before the H2S leaves the

particle. This obviously leads to quite high sulphur contentrations three quarters of the

way out of the particle from the centre, implying that mass diffusion and subsequent

recyclisation reactions do occur to encourage sulphur retention in large coal particles.

6.4.2 lnteractions between Sulphur and Inorganics during

Fluidised-bed Pyrolysis

Figure 6.15 displays the X-ray maps taken of the sulphur, calcium, iron and sodium

constituents of the (i) raw, (ii) acid-washed (AW) and (iii) acid-washed calcium

exchanged (AV/-Ca) 2 mm Bowmans coal pellets a) before and b) after 3 minutes of

fluidised-bed pyrolysis. Table 6.I provides the coresponding quantitative data of the X-

ray mapping, suÍrmarising the concentrations (wt%o) of the inorganic constituents

residing in the coal and char pellets.

Figure 6.15 (iXa) of the unpyrolysed raw coal, shows that sulphur is distributed over the

whole particle with several discrete areas of high sulphur concentrations. The majority

of the high sulphur spots correspond with high concentrations of calcium and iron

present in the adjacent maps, respectively. This confirms the presence of calcium

sulphate (CaSO+) and pyrite (FeSz) in the raw coal pellets. High sulphur spots are not as

abundant in both of the acid washed samples, Figures 6.14(ii) and 6.14(iii), as most of

Sulphur Transformations during Pyrolysis of L,ow-rank Coal and
Characterisation of Ca-based Sorbents

t97



Chaptcr 6 The Effect of Heating Rate and Particle Size on Sulphur Translormations
and Interactions with lnorganic Constituents

the inorganic sulphur is removed with only small, disseminate particles of sulphate and

pyrite remaining.

Table 6.1 : Average concentrations (wt%o) of inorganic constituents in the char pellets
measured by SEM before (0 min) and after (3 min) of fluidised-bed pyrolysis at 850oC.

nS represents organic sulphur

The data in Table 6.1 shows, the concentration of sulphur decreases during pyrolysis for

all coal samples. In Figure 6.15 (ixb) of the pyrolysed raw coal, there is still evidence of

sulphate and to a lesser extent pyrite constituents which have not decomposed over the 3

minutes of pyrolysis. This is consistent with that observed during the fluidised-bed

pyrolysis of 6-10 mm diameter pellets where not all the sulphate sulphur decomposes in

the over 5 minutes of pyrolysis, see Figure 6.9 in Section 6.3.1. Thus, the sulphur

evolved in the current single particle fluidised-bed experiments is mainly from organic

sulphur in the coal.

On this basis, the results obtained from SEM iDXi quantitative X-ray mapping are

somewhat inconsistent with that obtained from the retention of raw, AW and AW-Ca

coals during TPP and fixed-bed experiments. Table 6.1 reveals that the AW-Ca coal

pellets lose more sulphur than raw and AW pellets. The initial value of sulphur in AW-

Ca coal is unexpectedly high with a large associated error. AV/-Ca is likely to have the

same total sulphur content before pyrolysis. If this were so, AW-Ca would retain more

than AW, as observed during TPP.

The inconsistencies are likely to be due to the quantifying procedure of weight

concentrations taken from the X-ray maps as outlined in detail in Chapter 3, Section

3.4.4.2.

Sulphur Transformations during Pyrolysis of l,ow-rank Coal and
Characterisation of Ca-based Sorbents

Coal Tvpe Time Sulphur, Í Calcium, Ca lron, Fe Sodium, Na

Raw 0 min 5.51 + 2.1 1.01 + 0.21 1.53 + 0.92 1.63 + 1.OZ

3 min 3.88 + 1.5 1 .14 + 0.85 1.97 + 0.25 1.56 + 0.65

AW Coal 0 min 3.66 + 1.6 0.74 t0.62 1.40 + 0.70 0.64 + 0.16
3 min 2.78 + 1.7 0.46 + 0.27 0.69 + 0.52 0.47 r 0.06

AW-Ca Coal 0 min 5.46 + 0.8 4.72 + 0.06 1.30 + 0.55 0.35 r 0.003
3 min 3.46 + 0.6 6.81 + 2.89 1.45 r 0.73 0.58 r 0.41
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and Interactions with Inorganic Constituents

(i) Raw Bowmans Coal

AW Acid-washed Bowmans Coal

AW-Ca, acid-washed calcium coal

Figure 6.15 Sulphur, calcium, iron and sodium X-ray Maps of a) unpyrolysed and b)

pyrolysed (i) raw, (ii) acid-washed (AW) and (iii) acid-washed calcium exchanged

(AW-Ca) 2 mm diameter Bowmans coal pellets.

Sulphur Transformations during Pyrolysis of l,ow-rank Coal and
Characterisation of Ca-based Sorbents
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and lnteractions with lnorganic Constituents

The inorganic constituents were eliminated from the averaging of the organic sulphur

values on the basis of concentration and not atomic ratio. The DX-4 QMap could not

record atomic ratios which is a significant source of error associated with this method.

Inorganic sulphur, usually present in high concentrated constituents was therefore

eliminated from the organic sulphur measurement by applying a maximum

concentration threshold for which sulphur was not visually associated with inorganic

constituents. It is hence possible that some of the inorganic sulphur residing in low

concentrations in the char and was also included with the organic sulphur in the

quantitative measurements. The accuracy of the quantitative X-ray mapping is also

dependent on the pixel size of the matrix map. Obviously, smaller matrix pixels will

provide better distinction between inorganic and organic sulphur forms.

Figure 6.l5(iiiXa) of the unpyrolysed AW-Ca pellets, confirms that the calcium ions

have been ion-exchanged to active sites throughout the coal matrix. Table 6.1 shows

that the calcium is higher in concentration and, similar to sulphur, more evenly

distributed than in the raw (Figure 6.15(iXa)) and AW coal raw (Figure 6.15(iiXa)).

During the pyrolysis process calcium is enriched within the coal particle which is

evident in Table 6.1 and is also present with sulphur throughout the char particle, see

Figure 6.l5(iiixb). However, as mentioned, the DX-4 QMap package did not record

atomic ratios which made it difficult to know the state of sulphur remains in the acid-

washed calcium exchanged char. Therefore whether calcium sulphide formed during

fluidised-bed pyrolysis could not be elucidated. Random individual SEM-EDX analysis

was conducted to determine the atomic ratio of the calcium to sulphur. The results of

two particular sport analyses are presented in Table 6.2 and Table 6.3. In general it was

found that the Ca:S ratio was greater than 1:1, the atomic ratio for calcium sulphide

(CaS), which tended to imply that the organic sulphur in the char had not reacted

completely with the organically-bound calcium ions to form CaS.

Fixed-bed pyrolysis at 900 oC of AW-Ca coal, in Section 6.2.3, revealed that sulphide

(CaS) formed after 1 minute of pyrolysis. TPP of AW-Ca coal in Section 5.3.1 showed

however, that organic sulphur was retained in the char by the presence of the Ca2* ions

even before reactions to form CaS occurred. It is possible that in the case of AW-Ca

fluidised-bed pellets, SEM-EDX spot analysis did not detect CaS, even though calcium

Sulphur Transformations during Pyrolysis of [-ow-rank Coal and
Characterisation of Ca-based Sorbents
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is distributed throughout the whole pellet and available to bond with sulphur

everywhere, because only certain reactive forms of organic sulphur will bond with the

calcium. These sulphur forms are likely to be randomly distributed throughout the coal

matrix and possibly not selected in the SEM-EDX random analysis.

Table 6.2 : Random area SEM-EDX analysis of acid-washed calcium exchanged
Bowmans Coal (AW-Ca) pyrolysed in fluidised-bed at 850 oC for 3 minutes

Acquisition Time : 09:19:39 Date : 30-Sept-97
kV : 20.00 Tilt: 0.00 Take-off : 40.30 Tc:40
Detector Type : SUTW Resolution :137.40 Lsec : 69

Elernent Area 1 Area2

CK
SK
SK
CaK
FeK
Total

86.87
3.89

8.12
1.12
100.00

95.46
1.60

2.67
0.26
100.00

88.97
3.08
0.60
6.13
1.22
100.00

96.21
1.25
0.28
1.99
0.28
100.00

Table 6.3 : Random area SEM-EDX analysis of acid-washed calcium exchanged
Bowmans Coal (AW-Ca) pyrolysed in fluidised-bed at 850 oC for 3 minutes

Acquisition Time : 09:19:39 Date : 30-Sept-97
kV : 20.00 Tilt: 0.00 Take-off :40.30 Tc:40
Detector Type : SUTW Resolution 

= 
137.40 Lsec : 69

Element Area 1 Area2

CK
SK
S¡K
CaK
FeK
Total

86.87
3.89

95.46
1.60

88.97
3.08
0.60
6.13
1.22
100.00

96.21
1.25
o.2B
1.99
0.28
100.00

8.'t2
1.12
100.00

2.67
0.26
100.00

From the comparison of the results obtained previously using chemical analysis of

sulphur forms, X-ray mapping using the DX-4 Qmap package is a promising tool for the

analysis of sulphur distribution within coal particles. Improvements are required,

however, in the ability to detect the atomic ratios of sulphur and other inorganic

Sulphur Transformations during Pyrolysis of L,ow-rank Coal and
Characterisation of Ca-based Sorbents
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constituents in order to achieve more accurate quantitative measurements of organic

sulphur and identification of specific inorganic sulphur forms.

6.4 Summary

Chapters 4 and 5 summarised the results from the Temperature-programmed Pyrolysis

of South Australian low-rank coals which confirmed that the evolution of sulphur from

low-rank coal was a net result of the organic and inorganic sulphur transformations and

interactions with inorganics. It can be observed from the fixed-bed and fluidised-bed

pyrolysis rhat the increase in heating rate from 15 oC min-r ITPP) to 240 oC min-r (fixed-

bed) to 1500 oC min I lfluidised-bed) during pyrolysis did not change the nature of these

sulphur transformations.

The fixed and fluidised-bed experiments showed that organic sulphur generally

decomposes in the initial devolatilisation stage of pyrolysis, to an extent and at a rate

proportional to the heating rate and inversely proportional to particle size. The heat

transfer model (Heidenreich, 1997) employed to simulate temperature changes within

the fluidised-bed particles revealed that heat transfer resistances created a temperature

gradient across the coal particle which had a significant influence on the extent of

organic sulphur decomposition. X-ray mapping of the cross sectional a¡ea of the coal

particles, also revealed that sulphur concentrates towards the edge of the coal particle,

suggesting the trapping of H2S as it diffuses through the particle pores. During the most

rapid part of devolatilisation, sulphate sulphur similar to that of organic sulphur behaves

with respect to heating rate. However, once the rate of volatile matter release from the

coal decreases, the sulphate undergoes a series of solid-state transformations to form

organic sulphur in the char. These transformations are enhanced by faster heating rates,

observed for the fixed-bed pyrolysis at higher temperatures and fluidised-bed pyrolysis

of smaller particles, which enable fast sulphate decomposition as well as long periods of

slower devolatilisation which encourage solid-state sulphate transformations. Fluidised-

bed pyrolysis of larger particles also encourages this process due to the slower volatiles

release. It was also concluded that the extent of sulphate decomposition was affected by

larger particle sizes, revealing that mass transfer and diffusion effects inhibit sulphate

decomposition. Finally, the behaviour of sulphur with organically-bound inorganic

Sulphur Transformations during Pyrolysis of Low-rank Coal and

Characterisation of Ca-based Sorbents
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constituents such as calcium and sodium was the same as that for slow heating TPP

experiments. Fixed-bed pyrolysis of acid-washed sodium exchanged coal confirmed that

organically-bound sodium inhibited then extent of organic sulphur decomposing

between 200-500 oC and did not undergo reactions to form sodium sulphide during

pyrolysis. The formation of calcium sulphide during the fixed-bed pyrolysis of AW-Ca

coal was enhanced by the higher bed temperatures but in comparison with TPP results,

discouraged by the shorter residence times. SEM IDXi X-ray mapping of sulphur in

AW-Ca char pellets from fluidised-bed pyrolysis eluded to similar results, however,

improvements in the analysis technique is required to gain more quantitative and

conclusive results.

Sulphur Transformations during Pyrolysis of [,ow-rank Coal and

Characteri sation of Ca-based Sorbents
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Chapter 7 Investigation of Calcination and Sulphidation of Limestone and Dolomite

CHAPTER 7

Investigation of Calcination and

Sulphidation of Limestone and

Dolomite

7.1 Introduction

Three limestones and one dolomite from South Australia were selected for

characterisation of calcination and sulphidation behaviour in controlled TGA

(thermogravimetric apparatus) experiments. Table 3.3 presented in Chapter 3, Section

3.2, displays the chemical composition of the sorbents employed in the investigations.

An atmospheric thermogravimetric apparatus (ATGA) as described in Chapter 3,

Section 3.3.4, was employed to conduct atmospheric calcination experiments. The

effect of temperature, particle size, sorbent type and CO2 partial pressure on the rate of

calcination were investigated. Sulphidation and pressurised calcination experiments

were performed in a pressurised thermogravimetric apparatus located at The Thermal

Energy and Engineering Institute, Southeast University, China. Further details are

presented in Section 3.3.5 of Chapter 3. Sulphidation investigations were designed to

make a further contribution to fundamental understanding of the mechanisms of

sulphidation, while modelling of the calcination profiles using a number of gas-solid

non-catalytic reaction models enabled additional insight into the mechanisms of

calcination.

Sulphur Transformations during Pyrolysis of I-¡w-rank Coal and

Characterisation of Ca-based Sorbents
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7.2 Preliminary Investigations in the TGA Systems

Preliminary investigations in the thermogravimetric apparatuses (TGA systems) were

conducted to ascertain the influence of mass and heat transfer limitations which may

impede the determination of the intrinsic kinetics of the calcination (and/or

sulphidation) reactions. Previous calcination investigations by Borgwardt (1985)

involved a well swept differential reactor, employing small sample sizes and high gas

velocities, to eliminate mass and heat effects. Such reactor configuration was not

available to the current calcination studies. Alternatively, an atmospheric

thermogravimetric apparatus (ATGA) was employed to conduct atmospheric calcination

experiments and a pressurised TGA for the sulphidation and pressurised calcination

experiments. TGA systems have been described by Yrjas (1996) to encounter (a)

external mass transfer limitations between the bulk gas and outer surface of the sample

bed in the sample container and (b) sample bed or interparticle diffusion, between the

bulk gas and the particles in the sample holder. Preliminary tests, similar to that for

sulphidation studies by Yrjas (1996), were performed in both the atmospheric and

pressurised apparatuses. To elucidate whether external mass diffusion limitations

affected the rate of calcination, calcination of Angaston Limestone (91-106 Lrm

diameter) at 850 oC were carried out at nitrogen flowrates of 2OO ml min-l and 300 ml

min-r. The weight loss profiles (weight at any time, t, over initial weighQ for the two

experiments are compared in Figure 7.1.

Close agreementbetween the decomposition curves in Figure 7.1 implies that external

mass transfer has negligible effect on the calcination rate in the atmospheric TGA

system. This finding further implies that any reasonable variation in flowrate will not

have significant effect on the final calcination results. This is discussed further in

Appendix C, Section C.3, where the potential error sources of the ATGA system are

assessed.

To determine whether interparticle diffusion affected the calcination rate, Angaston

Limestone (91-106 pm) was mixed with various amount of an inert material to maintain

a total weight of 10 mg. Quartz sand, at approximately the same particle size as the

limestone, was employed. Quartz does not decompose under the conditions applied or

Sulphur Transformations during Pyrolysis of Low-rank Coal and
Characterisation of Ca-based Sorbents
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interfere chemically with the calcination reaction. The purpose of the inert sand was to

determine whether its presence in various quantities, had any effect on the exposure of

the limestone to the gas phase and hence the degree of the calcination. Figure 7.2 shows

that for calcination of Angaston Limestone mixed with silica at proportions between 0

and707o, the calcination rate was not affected.

Figure T.L Comparison of the calcination of Angaston Limestone (91-106 pm) at 850

oC for nitrogen flowrates of 200 ml min-r ( ) and 300 ml min-r ( ).
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Figure 7.2 Comparison of a) the weight loss profiles and b) conversion profiles during

calcination at 850 oC of Angaston Limestone (91-106 pm) mixed with various

proportions of quartz sand.
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Figure 7.2 a) shows that the weight loss decomposition profiles are similar for a

sorbent/sand mixtures. However, when the conversion of CaCO3 is considered on its

own, as in Figure 7.2 b), the addition of sand and hence the presence of smaller

limestone samples mass appears to enhance the calcination rate. This suggests that for

10 mg of sorbent, interparticle diffusion is likely to inhibit the rate of the calcination

reaction. Pure reaction kinetics can therefore not be obtained from the calcination data,

however, successful comparative studies can still be made between the different

sorbents.

Interparticle diffusion effects were also tested for the pressurised calcination and

sulphidation experiments conducted in the PTGA. Fur these preliminary tests, the

initial weight of Caroline Limestone (0.5-0.6 mm) for calcination at 950 oC in nitrogen

was altered from 200 to 100 mg. The resulting weight loss profiles is presented in

Figure 7 .3 and shows that calcination rates of sample weighing I43 mg or more, were

affected by sample bed diffusion. 100 mg was the lowest mass tested where the

calcination rate did not decrease towards the end of the reaction, suggesting that the

reaction proceeded to completion without interparticle diffusion. It was also the lowest

allowable weight for calcination in the PTGA which could provide accurate weight loss

data with minimal fluctuation.
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Figure 7.3 Comparison of the weight loss profiles during calcination at 850 oC of

Caroline Limestone (0.5-0.6 mm) for different initial mass.
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7.3 The Calcination of Ca-based Sorbents

The conversion of CaCO3 at any time t, during the calcination of Limestone in a TGA,

is deduced from the weight loss data from the TGA experiments via the following

equation :

X(Ð = X1- mr

mo

Maoao,
(7.r)

M.o,

where m¡ refers to mass of remaining sorbent at any time, t ; mo is the initial mass of

CaCOr in the sorbent and M"o.o, and M.o, refer to the molecular weights of CaCO3

and CaO, respectively.

The derivation of this equation is given in Appendix B, Section 8.1. The CaCOr

conversion during calcination of dolomite depends on the calcination of MgCOr

component and will be discussed in more detail in Section 7 .3.2 for results of Ardrossan

Dolomite.

Conversion profiles of the calcination experiments are then obtained by plotting

conversion at any time, X(t), versus the calcination time. Calcination conducted under

pure nitrogen, at constant temperatures between 700 - 900 oC, using Angaston

Limestone, Ardrossan Dolomite, Caroline Limestone and Klein Point Limestone of

particle size ranges : (1) 53-64 pm, (ii) 91-106 pm, (iii) I8l-212 pm and (iv) 213-355

pm, is presented in the following sections. From this the Arrhenius kinetic parameters

for the calcination reaction are deduced. Millimetre particle sizes, ranging between 0.5-

0.6 mm and 0.85-1.0 mm, more applicable for fluidised-bed applications, are also

investigated for Caroline Limestone.

7.3.1 Calcination of Angaston Limestone

Figure 7.4 presents the conversion profiles for the calcination of Angaston Limestone in

an ATGA under pure nitrogen ar (i) 700,750 "C, (ii) 800, 850 "C, (iiÐ 900 oC for the

four micron particle size ranges. Figure 7.4111), shows that for calcination at 900 oC, for

all particle sizes, a dip in the conversion profiles occurs between 60 to 80 seconds of

calcination, whereafter the reaction proceeds at a distinctly faster rate. This suggests that

Sulphur Transformations during Pyrolysis of L¡w-rank Coal and
Characterisation of Ca-based Sorbents
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for calcination at 900 oC, 
a pressure build up occurs in the interior of the particle, which

causes the particle to explode, indicated by the dip in the conversion profile. The

explosion creates more surface area and porosity, allowing subsequent calcination to

proceed at a much faster rate. Thus, it is concluded that for higher temperatures, ie 900

oC, intraparticle diffusion impedes the initial rate of the calcination reaction.
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Figure 7.4 Conversion profiles of CaCO¡ during atmospheric calcination of Angaston

Limestone in a pure nitrogen environment at i) 700,750 oC and ii) 800, 850 oC, and iii)

900 oC, for four different isothermal temperatures and four different particle size ranges.
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Overall, Figure 7.4 reveals that the rate of calcination of Angaston Limestone increases

with temperature and decreases with particle size. The relationship between conversion

rate and temperature can be determined from the Arrhenius equation below :

(7.2)

. dx.
where 

*- ^ is the rate of conversion, k is the Arrhenius rate constant, Eo is the Arrhenius
dr

activation energy, R is the gas constant and T refers to temperature.

Figure 7.5 presents the Anhenius plots, ie. the calcination rate (illdt) deduced from the

slope of the conversion profile for conversion up to 507o, versus 1000Æ (K-'), for all the

particle sizes investigated. The rates for calcination performed at 900 "C were taken

from the second stage of the conversion profile in Figure 7 .4 111).
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Figure 7.5 Arrhenius plots for the calcination of Angaston Limestone for four different

particle size ranges and different isothermal temperatures between 700 oC to 950 "C.

Slopes of CaCO¡ conversion taken up to 5O7o conversion.
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Good linearity was observed for all particle sizes, except for 91-106 pm diameter,

indicating that the second stage calcination was more representative of the chemical

kinetic controlled reaction rate. The energy, Eo and pre-exponential factor, k were

calculated from the slope and intercept of the Arrhenius plot, respectively, for each

particle size range and presented in Table 7. 1.

Table 7.1 : A summary of Arrhenius parameters for the calcination of Angaston
Limestone between 700 and 850 oC using conversions up to 507o.

Parlicle Size Range
Arrhenius Parameters 212-355 um 181-212um 91-106 tm 53-64 pm
E" (kJ mof') 195 163 179 182
E. kcalmo[') 46.6 39 43 43

1.20x1k (sec'' ) 3.46x10o 1 .10x10" 7.6x1Ob

Figure 7.6 displays the comparison of the Arrhenius plots for rates taken from 50% and

IOOTo conversion for the smallest (53-64 ¡rm) and largest (212-355 pm) particle sizes.
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Figure 7.6 Anhenius plots for the calcination of Angaston Limestone for four different

particle size ranges and different isothermal temperatures between 700 oC to 950 'C.

Slopes of CaCO¡ conversion taken up to 1007o conversion.

The diagram shows that discrepancies in the pre-exponential factor, k, (determined from

the y-intercept) and activation energ/, Eo, become predominant as the conversion

increases from 50 to IO07o, for the larger particle sizes (2L2-355 pm) and higher
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temperatures (850 "C). It is common for gas-solid reactions to have different controlling

regimes during different stages of the reaction due to significant structural changes in

the solid (Carberry, 1987). During the calcination, a CaO product forms and provides

resistance to CO2 diffusing from the particle. This resistance will be greater as the

conversion tends to IOjVo.

The time taken for conversion to reach 50Vo during the calcination of Angaston

Limestone at temperatures between 700-850 oC, was plotted against the mean particle

radius, ro, in Figure 7 .7 . Figure 7.7 reveals that the time taken to reach 507o conversion

increases with the mean particle radius, ro. It has been observed in previous studies

(Borgwardt, 1984, Dennis and Hayhurst, 1987, Efthimiadas and Sotirchos, 1992) rhat

particle size has a significant influence on the calcination process.

Figure 7.7 Time of calcination versus mean particle radius for calcination of Angaston

Limestone conducted in ATGA under pure nitrogen for various temperatures between

700 and 850 oC.

Efthimiadas and Sotirchos (1992) observed strong relationship between particle size

(ranging from 53 to 355 pm) and calcination rate for Greer Limestone and Iceland Spar.

Increasing calcination rate for decreasing particle size implied the existence of strong

heat and mass transfer effects in the interior of the particles. Decreasing the grain size of
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the precursor (CaCO3) was said to lead to a better pore structure in the calcine and hence

lower intraparticle diffusion and smaller inaccessible pore spaces. Borgwardt (1985)

also commented that when a stone is crushed, the interior pore surface becomes fully

active. The difficulty in defining a relationship between the calcination rate and particle

size for all sorbent in general is that other physical factors such as surface area and

porosity also influence calcination. Such factors vary significantly between sorbent and

also within particle size ranges. Figure 7.7 shows that the rate of this increase appears to

increase with temperature. The mathematical justification of this relationship is

featured in a subsequent Section 7.5 featuring the modelling of calcination reaction.

7.3.2 Calcination of Ardrossan Dolomite

Figure 7.8 and Figure 7.9 displays the decomposition profiles (W/W" versus time) of

the MgCO3 and CaCO3 components of Ardrossan dolomite during the calcination under

pure nitrogen at 700 'Cl75O oC and 800 "C/850 oC, respectively, for the four particle

sizes investigated.

b)

Figure 7.8 Decomposition profiles of MgCO3 and CaCO3 in Ardrossan Dolomite

during the calcination at a) 700 oC and b) 750 oC under pure nitrogen for four different

particle size ranges.
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Chapter 7 lnvestigation of Calcination and Sulphidation of Limestone and Dolomite

Figure 7.10 presents the decomposition profiles of MgCO3 and CaCO3 in Ardrossan

Dolomite during calcination between 700 oC and 950 oC, under pure nitrogen, for

particle size ranges a) I8I-2I2 pm and b) 53-64 pm.

b)

Figure 7.9 Decomposition profiles of MgCO3 and CaCO3 in Ardrossan Dolomite

during the calcination at a) 800 oC and b) 850 oC under pure nitrogen for four different

particle size ranges.
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Chaptcr 7 Investigation of Calcination and Sulphidation of Limestone and Dolomite

Figures 7.8,7.9 and J.10 reveal that decomposition of the MgCO3 and CaCO3 during

the calcination of Ardrossan Dolomite occurs in a number of stages, increasing from I

to 3 as the temperature increases from 700 to 850 oC. For a constant temperature, the

number of decomposition stages does not change with particles size, however, the

extent, particularly for the initial stage of the decomposition, does. The trend is not

directly proportional to particle size since 181-212 ¡tm exhibits the greatest initial

decomposition. Multistage decomposition of dolomite is not unexpected due to the large

proportion (up to 6OVo) of MgCO3, (Chan, 1970). The calcination of MgCO3 occurs at

temperatures as low as 500 oC and regardless of the COz partial pressure, For

temperatures between 800 to 1000 oC, magnesium carbonate has been found to calcine

for CO2 partial pressures up to 20 bar (Dennis and Hayhurst, 1987). Thus, during

heating where the gas atmosphere is a lÙOVo COz to suppress the calcination of CaCO3,

MgCO3 can still decompose.

The mechanism of dolomite decomposition has been investigated in great detail by

Young (1966) and V/att (1969). Later studies by Lange and Roesky (1984) deduced that

decomposition occurs via decomposition to oxides, followed by recarbonation and

subsequent decomposition :

MgCO3.CaCOrrsl + MgOls¡ + CaOis¡ + 2CO21s¡

CaO1.¡ + CO21g¡ + CaCO31.;

CaCO3q.¡ + CaO1.¡ + CO21g¡

(7.3)

(7.4)

(1.s)

The decomposition of MgCO3 in dolomite, makes it difficult to calculate the conversion

of CaCO3 using equation (7.1), presented previously for limestone decomposition. At

700 and 750 oC, only one stage is observed where MgCO3 calcination occurs alongside

CaCO¡ in the isothermal N2 gas stage, as in equation (7.6) above. The conversion of

CaCOr alone cannot be achieved for these temperatures. Conversion of MgCO3 and

CaCO¡ can be calculated from the following :

M,ffi, MgCOr.CaCO,X(t¡ = X
cozMmo

(7.6)

215Sulphur Transformations during Pyrolysis of Low-rank Coal and
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Chapter 7 Investigation of Calcination and Sulphidation of Limestone and Dolomite

where for Ardrossan Dolomite with 42.4 wt%o MgCO3 and 54.38 wtVo CaCO3, the

M"r.o. cacoj = gO.4I g mol-l

At 850 oC, the temperature is high enough so that MgCOr decomposition can occur in

the initial heating stage. The final decomposition stage observed in the decomposition

profiles in Figure 7.10 always relates to the calcination of CaCOr. These CaCOr

decomposition stages were used in equation (7.7) which represents the calcination of

partially calcined dolomite, MgO.CaCO3 to fully calcined dolomite, MgO.CaO :

X(t) = l- X
M"ro.auao,mr

mo
(7.7)

M"o,

where M MgO.CaCO j = I40.

For 800 oC, the distinction between MgCO3 and CaCO3 decomposition was not so clear,

particularly for 91-106 Frm, see Figure 7,4c). A bump in the weight loss profiles

indicated a possible distinction in MgCO3 and CaCO3 decomposition. To determine the

rate, the calcination of CaCO¡ was assumed to occur from this point onwards. The

conversion was determined using equation (7.7).

For all four particle size ranges, the CaCO¡ conversions are compared for 700, 750 oC

and 800, 850 oC in Figure 7 .lI (i) and (ii), respectively. Obviously, the greater porosity

and surface area generated due to the high content of MgCO3, enabled calcination to

occur throughout the particle so that similar conversion rates were obtained for

calcination at 700 and 750 oC, for all four particle sizes, see Figure 7.11(i). Similar

results were apparent for calcination at 800 and 850 oC in Figure 7.11(iÐ. Slight

discrepancies occur at 800 oC, due to the difficulty in isolating CaCO¡ calcination.

Figure 7.12 displays the Arrhenius plots for the various particle sizes employed in the

calcination of Ardrossan Dolomite between 700 and 900 "C. The Arrhenius parameters

deduced from FigureT.Il are summarised in Table 7.2. The conversion rate determined

Sulphur Transformations during Pyrolysis of Low-rank Coal and

Characterisation of Ca-based Sorbents
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Chaptcr 7 Investigation of Calcination and Sulphidation of Limestone and Dolomite

for calcination at 950'C does not coincide on the same line as the other temperatures,

implying that diffusion limitations are occurring at this temperature.

i)

Figure T.LL Conversion profiles of CaCO3 during atmospheric calcination of Ardrossan

Dolomite in a pure nitrogen environment at (i) 700, 750 oC and (ii) 800, 850 oC, for four

different particle size ranges.
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Figure 7.12 Arrhenius plots for the calcination of Ardrossan Dolomite for four different

particle size ranges and different isothermal temperatures between 700 oC to 900 oC.

Slopes of CaCO3 conversion taken up to SOVo conversion.
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Chapter 7 lnvestigation of Calcination and Sulphidation of Limestone and Dolomite

Table 7.2 Summary of Arrhenius parameters for the calcination of Ardrossan Dolomite
between 700 and 850 oC using conversions up to 507o.

Pa¡'ticle Size Range

Arrhenius Parameters 212-355pm 181-21Atm 91-106um 53-64um

E" (kJ moï') 170 163 163 158

E" kcat mo[') 41 39 39 38

k (sec-') 4.86x10' 1 .98x105 2.4x1os 1 .45x105

è0
o
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o
I
6
L

=(t)

t5

4.5

l4

13 5
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Temperature ('C)
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I BgT SA

c)

Figure 7.13 Changes in a) BET surface Area (m2 g 1), b) pore volume (volVo) and c)

pore size (Armstrong) of Ardrossan Dolomite calcined for 30 minutes in a muffle

furnace between 750 to 950 "C.

Figure 7.13 displays the development of a) BET (Brunauer-Emmett-Teller) surface area,

b) single point and BJH adsorption cumulative pore volume and c) pore size,
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Chaptcr 7 Investigation of Calcination and Sulphidation of Limestone and Dolomite

determined from BET surface area (= 4VlA) and BJH adsorption average pore diameter,

during bulk calcination for 30 minutes in a muffle furnace at temperatures between 750

to 950 oC. Figure 7.13 shows that the BET surface area, pore volume and pore size

decrease as the temperature of calcination increases from 750 to 950 "C. It is likely that

since decomposition of both MgCO3 and CaCO3 is rapid, sintering occurs during the

remaining residence time to decrease the surface area. Such a phenomenon increases

with temperature.

7.3.3 Calcination of Caroline Limestone

Figure 7.14 displays the CaCO3 conversion versus time profiles for the four particle size

ranges during atmospheric calcination of Caroline Limestone between 700 to 850 oC.

The Arrhenius plots of the calcination of Caroline Limestone for all particle sizes is

featured in Figure 7.15 using the rates of calcination up to 507o conversion. A summary

of the calculated Arrhenius parameters for the micron-size and millimetre-size particles

sizes is presented in Table 7.3 and Table '1.4, respectively.

1.2

I
-å0

tr
è,b

€ 0.8

o
c!(-) 0.6
o

? o.4
q')

oQ o.z

0

500 1000

CaCO¡ Calcination Time (sec)

r 5000

- 

l. 700oC

-2.750oC
-3.800oc
-4.850oC

Figure 7.14 Conversion profiles of CaCO¡ during atmospheric calcination of Caroline

Limestone in a pure nitrogen environment for four different isothermal temperatures and

four different particle size ranges 213-355 pm ( ),I8I-2I2 ¡tm( ),

91-106 pm ( ), and 53-64 Fm ( 

- 

).
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Chapter 7 Investigation of Calcination and Sulphidation of Limestone and Dolomite

Figure 7.15 shows that for the 0.85-1.0 mm,0.5-0.6 mm,213-355 U.m and 53-64 pm

size ranges, the differences in the Arrhenius plots for rates calculated from conversions

up to 5O7o and I0O7o is marginal.

0.t

(J
o
Ø
bD

E 0.01

èö
É

o
CÉú
E o.oot
Øto

O

0.0001

0.8 0.85 0.9 0.95

1m0T(Kt)

I I.05

o 213-355 mic¡ons

I l8l-212 microns

¡ 9l-106 microns

o 53-64 micrcns

¡ 500-600 microns

1 850-1000 microns

ô
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Figure 7.L5 Arrhenius plots for the calcination of Caroline Limestone for four different

particle size ranges and different isothermal temperatures between 700 oC to 850 oC.

Slopes of CaCO¡ conversion taken up to 5OVo conversion.

Table 7.3 Summary of Arrhenius parameters for the calcination of micron-srze
particles of Caroline Limestone between 700 and 850 "C using conversions up to 507o.

Pafticle Size Range

Arrhenius Parameters 212-355wm 181-214tm 91-lOqrm 53-64um

E" kJ mo[') 172 175 180 178
E^ (kcat mo[') 41 42 43 43
k (sec-') 1 .4x10b 1 .8x1Oo 3.3x10" 7.8x1Oo

Table 7.4 Summary of Arrhenius parameters for the calcination of millimetre-size
particles of Caroline Limestone between 700 and 850 oC.

Particle Size Ranoe 0.5-0.6mm 0.5-0.6mm 0.85-1.0mm 0.85-1.0mm
Conversion of CaCO" 50"/" 100y" 50o/o lOOo/o

E" kJ mo[') 160 150 166 154
E" (kcal moï') 38 36 40 37
k (sec-') 5.15x10" 1.42x1O5 7.2x1O5 1 .7x105

Sulphur Transformations during Pyrolysis of Low-rank Coal and
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Chapter 7 Investigation of Calcination and Sulphidation of Limestone and Dolomite

Table 7.3 does reveal that for 0.85-1.0 mm and 0.5-0.6 mm particle size ranges, the

activation energy decrease by approximately 10 kJmol-l and the rate constant divides by

a factor between 5-7 to decrease the rate of calcination as the reaction proceeds to

completion. This tends to suggest that heat transfer plays a significant role toward the

end of the calcination reaction.

Figure 7.14 shows that for all temperatures, the particle size did not have significant

effect on the rate of calcination. The particle independence of Caroline Limestone

calcination is the same as that of Ardrossan Dolomite, but contrasts the calcination

behaviour of Angaston Limestone. Efthimiadas and Sotirchos (1992) also found that the

influence of particle size was not apparent for the calcination of Georgia Marble.

Particles were observed to explode in the reaction pan at temperatures between 500-600

oC and the subsequent formation of cracks. The same observations were found for the

calcination of the 213-355 pm particles of Caroline limestone. Hasler (1984) termed the

occurrence of cracks as the "pop-corn" effect where the particle explodes as a result of

the COz trying to escape through the low-porosity matrix'
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Figure 7.16 Arrhenius plots for the calcination of Caroline Limestone for four different

particle size ranges and four different isothermal temperatures between 700 oC to 900

oC. Slopes of CaCO¡ conversion taken up to 507o (solid symbols) and lo07o (open

symbols) conversion level.
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The "pop-corn" effect was more pronounced in the TGA calcination experiments of

Ardrossan Dolomite. It could be that the higher composition of the magnesium

carbonates in the dolomite material (compare 40Vo for dolomite to 37o for limestone),

creates a greater pressure build-up in the interior of the particle. In Efthimiadas and

Sotirchos' (1992) studies, Georgia Marble was comprised of approximately 2-2.5 wt%o

MgCO3 more than the other limestones investigated. Therefore "pop-corn" effect was

concluded to be the reason why Georgia Marble calcined faster than Greer Limestone

and Iceland Spar for the larger particle size range only.

The decomposition profiles of Caroline Limestone particles subjected to heating at 50

oC min-l in a pure CO2 environment and isothermal calcination at 900 "C in a pure N2

environment is featured in Figure7.I7. The diagram shows a significant amount of mass

loss in the low temperature region between 300 and 400 oC. Such decomposition is

characteristic of MgCO3 calcination which occurs at low temperatures and

independently of the partial pressure of COz.
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Figure 7.17 Decomposition profile of Caroline Limestone during atmospheric

calcination at 850 oC in a pure nitrogen environment for three different particle size

ranges 0.21-0.35 mm (-),0.5-0.6 mm (-), and 0.85-1.0 mm ( ).
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Table 7.5 : Chemical Composition of Caroline Limestone for three particle sizes.

Compound (wt/") 0.2-0.35 mm 0.5-0.6 mm 0.85-0.9 mm

CaO 54.39 54.46 54.46
MqO o.77 0.79 o.78

CaCO. 97.10 97.3 97.3
MqCO" 1.6 1.7 1.6

lmpurities Total 1.024 0.803 0.895

Loss On lgnition 43.52 43.57 43.49

The premature decomposition was more apparent for the 0.5-0.6mm particles for

calcination at 800, 850 and 900 oC and indicated that a composition of approximately

4O7o of MgCO3 in the initial Caroline Limestone sample. However, as revealed in

Table 7.4, the chemical composition of 0.5-0.6 mm particles is similar to the other sizes

and reveals a MgCO3 composition of less than 27o. The corresponding CaCOr

conversion profiles for the larger particle sizes is provided in Figure 7.18. As in Figure

7.l4,the CaCO¡ conversion in Figure 7.18 does not differ greatly between particle sizes,

except for 0.5-0.6 mm particles at 800 oC which experienced 4OVo weight loss at 300-

400 "C resulting in faster subsequent decomposition due to additional porosity provided.
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Figure 7.L8 Conversion profiles of CaCOI during atmospheric calcination of Caroline

Limestone in a pure nitrogen environment for three different isothermal temperatures

and three different particle size ranges.
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Pisupati et al (1996) investigated the particle size dependence of limestone sulphation in

fluidised-bed combustion. X-ray mapping of sulphated sorbent particles revealed that in

some sorbents distinct reaction rims, representing areas of CaSO¿ product, were present

only around the outside edges of the particle. Pore blocking due to formation of CaSO¿

had prevented the diffusion of SOz and hence reactions in the inside of the particle. It

was also observed for limestones with higher MgCOr contents that the reaction rims

were significantly thicker due to the additional porosity provided by the decomposition

of MgCO3 allowing a greater penetration of SOz. The greatest amount of SOz diffusion

however, occurred in sorbent particles which had developed thermally-induced-factures

(known as TIFs). The X-ray maps also indicated that the TIFs had developed along well

defined grain boundaries. Such sorbents displayed a sulphur capture capability less

dependent on particle size than limestones with equivalent CaCO3 composition. Though

it was not revealed in the previous studies what temperatures the TIFs formed, it is

likely that the formation of fractures is not necessarily associated with the MgCO3

content, its decomposition and subsequent particle explosion. Thus, it is also possible

that the formation of thermally induced fractures is responsible for the particle size

independent calcination behaviour of Caroline Limestone in the lower size regions (53-

355 ¡rm) while concentrated areas of MgCO3 may have some effect in the larger particle

size ranges 0.5-0.6 mm and 0.85-1.0 mm. SEM investigations are required to confirm

this.

Lastly, for bulk calcination of Caroline Limestone (91-106 pm) for 30 minutes in a

muffle furnace, the evolution of a) BET surface area, b) single point and BJH adsorption

cumulative pore volume and c) pore size, determined from BET surface area (= 4Y/A)

and BJH adsorption average pore diameter, for temperatures between 750 and 950 oC is

summarised in Figure 7.19.

Figure 7.19 shows that the surface area and pore volume evolves to a maximum of 10

^' g't and 0.07 "-'g-t, respectively, for calcination at 850 oC. The same trend occurs

for the BJH adsorption pore size. The results are similar to those determined by Lin

(1995) who also conducted calcination between 750 and 950 "C and observed a peak in

surface area of calcined limestone at 800 oC.
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a) b)

c)

Figure 7.19 Changes in a) Surface Area (-' g-t), b) pore volume (vol%o) and c) pore

size (Armstrong) of Caroline Limestone (91-106 pm) calcined for 30 minutes in a

muffle furnace between 750 to 950 "C.

7.3.4 Calcination of Klein Point Limestone

Figure 7.20 displays the calcination conversion for temperatures between 700 and 850

oC for four different particle sizes of Klein Point Limestone. Similar to that of Caroline

Limestone, Klein Point Limestone displayed irregular premature decomposition despite

a very low initial MgCO3 content. Furthermore, the calcination conversion appeared

almost completely independent of particle size. In Figure 7.20, some deviation in the

calcination rate can be observed between the different particle sizes as the conversion

increases towards lOO7o. The discrepancies are particularly noticeable for the 700 and

750 oC calcination experiments. For calcination at 700 oC, the conversion drops in the
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Chapter 7 Investigation of Calcination and Sulphidation of Limestone and Dolomite

order of increasing particle size. The same trend, however, is not observed at 750 oC.

This suggests that intraparticle diffusion resistances become predominant as conversion

increases, however no definite trend with particle size and temperature can be made.

1.2

0 300 600 900 1200

CaCOr Calcination Time (sec)

Figure 7.20 Conversion profiles of CaCO¡ during atmospheric calcination of Klein

Point Limestone in a pure nitrogen environment for four different isothermal

temperatures and four different particle size ranges 213-355 ¡tm ( ), l8l-212

pm ), 91-106 pm ), and 53-64 Fm ( 

- 

)

In contrast to Caroline Limestone, Klein Point Limestone contains a relatively high

content of silica (SiO2). Studies of Yoo and Steinberg (1983) have shown that calcium

silicate cement material has displayed excellent sulphidation characteristics due to an

enhanced physical structure from the amalgamation of calcium and silicates. It is
possible that the high silica content in Klein Point Limestone provides an enhanced

internal pore structure resulting in almost particle size independence during calcination.

This needs to be confirmed th¡ough analysis of the pore structure by either surface area

and porosity analysis or Scanning electron microscopic investigations. The Arrhenius

plots for the calcination of Klein Point Limestone is featured in Figure 7.2I for all

particle sizes and calcination rates up to 5O7o conversion. The Arrhenius parameters are

summarised in Table 7.6.
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Figure 7.21 Anhenius plots for the calcination of Klein Point Limestone for four

different particle size ranges and different isothermal temperatures between 700 oC to

850 oC. Slopes of CaCOr conversion taken up to 5OVo conversion.

Table 7.6 Summary of Arrhenius parameters for the calcination of Klein Point

Limestone between 700 and 850 "C using conversions up to 507o.

Particle Size Hange

Arrhenius Parameters 212-355 wm 181-212wm 91-106 w 53-64um

E" kJ mo[') 180 179 177 171

E" kcalmot') 41 42 43 43

k (sec-') 3.2x1O" 1 .1x1Oe 4.7x106 1 .6x10'

Figure 7.22 compares the Arrhenius the plots for conversions up to 5OVo and 1007o.

Reasonable agreement between data obtained at 5OVo conversion and 1007o conversion

reveals that diffusion factors at higher conversion are minimal.
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Figure 7.22 Ãnhenius plots for the calcination of Klein Point Limestone for four

different particle size ranges and different isothermal temperatures between 700 oC to

850 oC. Slopes of CaCO¡ conversion taken up to ljO%o conversion.

7.3.5 Comparison of the Calcination Behaviour between Sorbents

Figure 7.23(a) to (d) presents the comparison of calcination conversion profiles of the

limestone and dolomite samples for the largest (212-355 pm) and smallest (51-64 pm)

micron particle size range and temperatures between 700 to 850 oC.
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Figure 7.23 Comparison of the calcination conversion profiles between four Ca-based

sorbents during calcination at (a) 700 oC, b)750 oC, (c) 800 "C and (d) 850 oC fot 53-64

þm ('-) and2I3-355 pm (- ) size ranges.

The diagram shows that complete calcination occurs in the order of Ardrossan

Dolomite, Klein Point Limestone and Caroline Limestone, followed by Angaston

Limestone by a more substantial margin. The trend is generally the same for all pa-rticle

sizes investigated. Obviously the greater magnesium carbonate content in the dolomite

sample enables an evolution of greater surface area and porosity during calcination and

hence a more rapid reaction. Klein Point Limestone and Caroline Limestone calcine

much faster than Angaston Limestone due to the premature decomposition experienced

in the initial heating stage of the experiment. As mentioned, it is not definitely

confirmed whether the premature decomposition observed is due to decomposition of

MgCO3 or thermally induced fractures and pressure build up in the limestone particles.

However, the MgCO3 content for Angaston, Caroline and Klein Point Limestone is

roughly 1.64, 1.6 and L79 wtEo, respectively. Therefore, if MgCO3 was responsible,

Angaston Limestone should experience premature decomposition as well. This points to

other factors, such as the internal structure of the sorbents as the reason for the observed

discrepancies in calcination rate and the premature decomposition that occurs.

Table 7.7 presents the initial surface areas (m2 g-r¡, densities (g cm-3), porosity (Vo) and

pore volume (cm3 g-t) of Angaston Limestone and Caroline Limestone of 212-355 ¡tm

diameter. For relatively similar true and apparent densities, the porosity of the initial

Sulphur Transformations during Pyrolysis of l,ow-rank Coal and

Characterisation of Ca-based Sorbents

229



Chapter 7 Investigation of Calcination and Sulphidation of Limestone and Dolomite

Caroline Limestone is considerable larger than that of Angaston Limestone. Conversely

and unexpectedly, Caroline Limestone displays, for the same particle size range, a

significantly lower surface area than Angaston. The comparative values of initial

porosity successfully explain the aforementioned discrepancy in calcination rates

between Angaston and Caroline Limestone. It can also account for the fact that these

two limestone display very different particle size dependencies and may also imply that

different mechanisms of calcination are occurring for each limestone. This will be

discussed in more detail in the modelling section, 7.5. The initial surface area value are

not, however, consistent fundamental reaction theory and previous findings. For

example, Bordwardt (1985) successfully conelated the rate of calcination up to 50Vo

conversion with the initial BET surface area of Georgia Marble and Fredonia Valley

White Limestone for particle sizes between 1-90 pm. The fact that both stones

correlated on the same line indicated that the calcination kinetics are intrinsic and hence

independent of the limestone type. For a spherical particle, the radius can be related to

the surface area by the following equation :

J
(7.8)

S* Pn

The above expression shows that smaller stones give rise to greater surface area. It is

possible that in the 212-355 pm sample of Angaston Limestone actually contained

smaller particle sizes which gave rise to a higher surface area than Caroline Limestone.

The initial surface area of Caroline Limestone was actually similar to that of 90pm

particles of Georgia Marble which contained a BET surface area equal to O.l2 ^' g-' .

Table 7.7 : Comparison of the initial surface area, apparent and true densities and the
porosity and total pore.volume of Angaston Limestone and Caroline Limestone tn 212-

355 pm diameter particle size range.

Finally, some overlap between the conversion profiles of Klein Point Limestone and

Caroline Limestone occurs. Inconsistencies in which limestone calcining faster under

r.=

Sulphur Transformations during Pyrolysis of Low-rank Coal and
Characterisation of Ca-based Sorbents

Limestone
Sample

Surtace Area
tnf ¡11

Apparent 
^

Densitv h cm" )

True Density
fu cm-" )

Porosity
(%vol)

TotalPore
Volume bms a'1)

Anoaston 1.09 2.77 2.80 1.1 0.004
Caroline 0.12 2.24 2.66 15.7 0.07
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particular conditions may be due to the high silica content of Klein Point Limestone,

which depending on how it is distributed and included in the calcium carbonate lattice,

may enhance the calcination rate of Klein Point Limestone.

The current studies show that the calcination behaviour, ie. the rate of calcination and its

relationship with particle size, of the various SA Ca-based sorbents investigated appears

to be influenced by the initial magnesium carbonate content (particularly if the material

is dolomite), initial porosity and surface area.

7.4 The Effect of Carbon Dioxide Partial Pressure

The effect of the partial pressure of COz was investigated for the calcination of Caroline

Limestone for a range of particle diameters (0.2-1.0 mm), temperatures (850-950 "C)

and pressures (1-5 atm).

Figures 7.24 and 7.25 display the effect of the partial pressure of COz during

atmospheric calcination for 213-355 pm particles of Caroline Limestone at 850 oC and

900 oC, respectively.
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Figure7.24 Conversion of CaCO¡ during calcination of Caroline Limestone (213-355

pm) in an ATGA at 850 oC 
lwith heating rate of 50 oC min-r¡ using different partial

pressure of CO2 þalance Ar).
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Figure 7.25 Conversion of CaCO¡ during the calcination of Caroline Limestone (2I3-

355 pm) in an ATGA at 900 "C lwith heating rate of 50 oC min-r) using different partial

pressure of COz (balance Ar).

From both figures, it can be generally noted that as the partial pressure of COz increases,

the rate of calcination decreases, increasing the time required for complete calcination.

It is also interesting to note that the conversion profiles for the experiments conducted

under 900 'C show the same initial calcination rate, irrespective of the partial pressure

of COz. At approximately the same time during the calcination reaction, a characteristic

dip in conversion (or mass loss) appears, whereafter the profiles span out into

conversion profiles under much faster calcination rates and with an obvious dependency

on the partial pressure of COz. Such a phenomenon was also observed for the 0.85-1.0

mm Caroline Limestone particles and Angaston Limestone particles calcined at

atmospheric pressure under a nitrogen atmosphere at 900 oC, see Section 7.3.L, Figure

7.4(i1i). At 900 oC, the limestone particles experience the same heating environment in

pure CO2, as for the 750-850 oC calcination, but for a longer time frame. Once 900 "C is

obtained, the gas is swapped from CO2 to N2, and it will therefore take longer for the

nitrogen to completely replace COz which has diffused within the limestone particles.

In the meantime, the calcination of CaCO¡ and any MgCO3 at 900oC would have

occurred extremely rapidly and hence, under a significant concentration of COz. This

gives rise to initially lower reaction rates than expected. Since each experiment,

regardless of the CO2 partial pressure employed in the isothermal stage, undergoes same
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heating process, the initially low reaction rate is the same for each experiment. Once

calcination has occurred a CO2 pressure builds up and explodes the particles (resulting

in a dip in mass loss) to enable the release of COz and remaining calcination under pure

N2 environment.

The calcination experiments at 850 oC under various CO2 partial pressures were

repeated for the 0.85-1.0 mm particle size to observe any influencing factor of particle

size in gas environments with significant proportions of CO2. Calcination profiles are

featured in Figure 7 .26.
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Figure7.26 Conversion of CaCO¡ during the calcination of Caroline Limestone

(0.85-1.0 mm) in an ATGA at 850 oC 
lwith heating rate of 50 oC 

-in-') using different

partial pressure of COz (balance Ar).

Figure 7.27 presents the profiles for the calcination at approximately 840 oC of 0.5-0.6

mm particles of Caroline Limestone conducted in the Pressurised Thermogravimetric

Apparatus. Even though a pure COz environment could not be employed in the PTGA

experiments to suppress calcination in the non-isothermal heating stage, the partial

pressures of COz employed were sufficient to suppress any calcination until the

isothermal temperature of 840 oC was obtained. Similar trends with COz as for the

other experiments in the ATGA can be observed, although final conversions are not
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consistent with what is theoretically expected. It is likely that disruptions in PTGA

system mass loss sensor are responsible for the inconsistencies. Nonetheless, extremely

good relationships of the initial reaction rates with partial pressure of COz were

observed as will be discussed next.
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ßigure 7.27 Conversion of CaCO¡ during the calcination of Caroline Limestone (0.5-

0.6 mm) in a PTGA at 850 "C lwith heating rate of 50 oC min-r) using different partial

pressures of COz Galance Nz).

The calcination rates of the 213-355 pm particles (calculated for up to 50 and lOÙVo

conversions) were plotted against the difference between the equilibrium CO2 partial

pressure and the partial pressure of COz at the interface, PËo, - Pio, , as displayed in

Figure 7.28. The calcination rates at 850 and 900oC determined from data up to 50Vo

conversion were found to be directly proportional to PËo, - Pio,. The data from the

reactions at the two different temperatures in fact lie on the same line which goes

straight through the origin. Thus, use of þ1, developed during investigations of COz on

calcination by Zawadzki and Bretsnadjer (1935) and Dennis and Hayhurst (1987), was

not required. If it was, the results in the current studies suggest that y1 would not have

been dependent on temperature, as found by Dennis and Hayhurst (1987).
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Figure 7.28 The rate of conversion taken up to 50 and IO07o versus the equilibrium

partial pressure of COz minus partial pressure of COz at the reaction interface during the

calcination of 213-355 pm Caroline Limestone particles at 850 and 950 oC.

The conversion rates taken from data up to lo07o conversion were not found to be

proportional to P;o, - Påo, , a y1 factor was required, similar to investigations by Dennis

and Hayhurst (1987) as shown in Figure 7.29. Figure 1.29 shows that the 1007o

conversion data, was proportional to PËo, - Påo, - B/r, where Yr = 0.03 at 850 oC and

increases to y1 = 0.22 for calcination at 900 oC.

Figure 7.30 displays a comparison between the three particle sizes for calcination rates

under various different CO2 partial pressures at 850 oC versus PËo, - Pio, . Similar to the

O.2I-0.35 mm particles, the 0.5-0.6 mm size range showed direct proportionality for the

CO2 partial pressures between 10-30 kPa. A better fit was observed when data under

pure nitrogen environment (OVo COù was excluded. Note that for the pure N2

experiment, some calcination would have occurred in the non-isothermal region.

Despite this, with O7o COz data included, rates were found directly proportional PËo, -

Påo, -Py', where the y¡ value of 0.03 was determined which is quite negligible. The

calcination rate at 850 "C for the larger particle size range,0.85-1.0 mm, was not found

proportional to PËo, - Péo, . The rates taken from 5O7o and IOOTo conversions were
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plotted against the modified equilibrium partial pressure of COz in Figure 7.30 and

compared with other particle sizes.

Figure 7.29 The rate of conversion taken up to IOOVo versus PËo, - Påo, -Pyr during the

calcination of 213-355 pm Caroline Limestone particles at 850 and 900 oC.
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For the 0.85-1.0 mm particles, Yr = 0.055 (5OVo conversion) and ]1 = O.072 (IOOVo

conversion). Such results show good agreement with investigations conducted by

Dennis and Hayhurst (1987) where yr values'were in the order of 0.065 for 825 oC, 
0.1

for 875 oC and 0.17 for 925 oC.

Figure 7.30 shows that a similar relationship between calcination rate and effect of

partial pressure of COz holds for all particle sizes investigated, with slopes ranging from

O.O2ll to 0.0321. From the calculations of yl it can be summarised that the value of the

constant mole fraction increases dramatically with temperature, significantly with

particle size and slightly with the degree of conversion. All these factors are related to

mass and heat transfer processes that occur during calcination. This strengthens Dennis

and Hayhurst's (1987) argument, which could not be quantitatively confirmed from the

modelling conducted their studies, that the use of y1 is closely associated with such

processes. The y1 values for the larger size particles (50 and IOOTo conversion data) and

smaller size particles (for IO07o conversion data), where heat and mass transfer

resistances tend to dominate, were comparable with previous literature values (Dennis

and Hayhurst, 1987). The fact that the constant COz mole fraction, Yr, was not required

for 0.21-0.35 and 0.5-0.6 mm particle size ranges (taken for rates up to 5OVo conversion)

is possibly linked to the particle size independency of the calcination behaviour of

Caroline Limestones which suggests that little mass and heat transfer resistances are

present in these particles, particularly in early stages of calcination (less than 5OVo

conversion). Hence the use of y¡ would not be required. For the 0.5-0.6 mm particles,

calcination reactions were conducted in the pressurised thermogravimetric apparatus. It

is possible that yt was not necessary because of differences in design and size of the

reactor where heat and mass transport may have been considerably different than the

smaller ATGA.

Figure 7.31 displays the effect of total pressure on calcination conversion for the

calcination of 0.5-0.6 mm particles of Caroline Limestone conducted in the PTGA. As

was observed in previous investigations, the calcination rate was affected by pressure in

a pure nitrogen environment, ie. absence of any CO2. Figurc 7.32 provides good
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relationship for the rates and PËo, - Påo, - PYt, where yl = 0.0587 for 5OVo conversion

and increases slightly to y1 = 0.0591 for IOOTo conversion.
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Figure 7.31 The CaCO3 conversion profile of 0.5-0.6 mm Caroline Limestone

particles in the PTGA at 850 oC under pure nitrogen for various total pressures.
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during the calcination of 0.5-0.6 mm Caroline Limestone particles in a PTGA at 850 oC

under pure nitrogen for various total pressures.
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It must be noted that final conversion for calcination under 3 atmospheres was not

consistent with theoretical expectations of the final conversion and calcination time.

Inaccuracies in the mass loss sensor of the PTGA were likely to be responsible.

The calcination rates for various partial pressures of COz under 5 atm of total pressure

and approximately 950 oC, is presented in Figure 7.33. Unfortunately at present, a few

more data points are required to establish any relationship with COz partial pressure for

total pressures above 1 atm.
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Figure 7.33 The CaCO3 conversion profile of 0.5-0.6 mm Caroline Limestone

particles in the PTGA at 850 oC under various partial pressures of COz at a total

pressure of 5 atm.

7.5 Modelling of Calcination

To gain further understanding of the mechanism of calcination, the calcination

conversion profiles of Angaston Limestone and Caroline Limestone, presented in

Section 7.3, were compared to a series of gas-solid reaction models.

7.5.1 Models for Noncatalytic Gas-solid Reactions

To model a gas-solid reaction such as :
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Atgl+Bt.l+E1g¡+F(s¡ (7.e)

a conceptual idea of the physical process which takes place during calcination is

required. There are several possible models for gas-solid reactions, depending on the

initial surface area of the solid reactant and how the surface area changes with time.

Such models are (a) Shrinking Core reaction model (SCM), (b) Homogeneous model

(HM) and (c) Grain Model (GM), as illustrated in Figure 7.34, (Smith, 1971).

Initial state Intermediate state Final state

Porous product F

(a) Shrinking core model

Initial state Intermediate state Final state

(b) Homogeneous Model

Initial state Intermediate state Final state

B

Reactant B, with
surrounding

product layer, F

(c) Gra.ín pellet Model

Figure 7.34 Models for noncatalytic gas-solid reactions : AGI +B1s¡ -+ Eig¡ + F1*;

including (a) shrinking core model, (b) homogeneous model and (c) grainy pellet model.
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The Shrinking Core Model applies to solids which are essentially non-porous, although

it has been stated that the model is applicable for porous particles where the chemical

reaction resistances are much lower than gaseous pore diffusion resistances in the

particle interior, Smith (1971). The main feature is that the reaction occurs at a interface

between a spherical unreacted core (CaCO3) and surrounding solid product (CaO). As

the reaction progresses, the zone of reaction moves towards the centre of the solid as the

unreacted core shrinks. The conversion of solid product can be related to the radius of

the unreacted core, r", by the following equation :

rpu rj -%np"rl
rPu rj

(7.10)

(7.1 1)X=1- rc

ro

3

where mo is the initial mass of sorbent, mt is the mass of sorbent at any time,t, ro is the

initial radius of the solid reaction, rc is the radius of the unreacted coro, ps denotes the

density of both the solid reactant and product, and X is the fraction conversion of the

solid reactant.

There are basically three rate limiting processes : external gas diffusion, chemical

reaction and product layer diffusion that can occur in a gas-solid reaction. For system

such as the TGA, which employs significantly higher gas velocities, external gas

diffusion is negligible, chemical reaction and product layer diffusion are the two rate

controlling factors. Hence, for a first order chemical reaction, the time required for

calcination can be described by equation (7.12) for chemical reaction controlled region

and (7.13) for the product layer diffusion controlled region :

For chemical reaction control

t = =-$--[r - f r - X)vr] = t f" (X)
Mubk.(co)n'

(1.r2)
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where f =
r

and f"(X) = [t - (1- x¡vr1
MBbk" (cA )b

For product layer diffusion control :

p

- P"fo'. = *ff.¿ [r - r1t -x)'t' +2(t-¡)ì= r fd (x)

where r = 6MffC^), and fo(X) = F- 3Q-y¡ztt +2(1-X)],

#= k.(l-x)

and b is a stoichiometric coefficient, Ms is the molecular weight of the solid reactant,

(Cn)t, is reactant gas concentration, k, is the reaction rate constant and D" is the effective

diffusivity through the product layer.

It must be noted that the above equations represent the shrinking core model applied to

the extreme rate controlling situations. This is quite typical as it allows mathematical

simplifications. However, as mentioned before during the course of gas-solid reactions,

the rate controlling step can change from chemical reaction control to product layer

diffusion control or can actually be a combination of both (Doraiswamy, 1987). Other

assumptions and approximations employed in the derivation of the shrinking core

equations are presented in Appendix B, Derivation of Calcination and Sulphidation

Theory.

The homogenous model can be employed to model higttly porous particles which

contain enough voidage so that the gaseous reactant can enter and reach all areas of the

solid with negligible diffusion resistances. The rate of reaction changes as the product

layer accumulates and varies the surface area of solid reactant. It is assumed that during

the reaction, the density of the particle decreases while the particle size remains

relatively constant. For a fîrst order reaction in a solid particle, the following applies :

(7.13)

(7.r4)
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-ln(l-X) = k.t (7.1s)

where k is the first order rate constant.

At different locations in the solid, different rates of reaction will arise. However, the

reaction process is considered homogenous because at all areas, the solid is reacting

continuously and progressively throughout the particle. Note that the distribution of the

solid in particle cannot be considered homogenous on a molecular scale.

The grain theory depicts the solid reactant particle as a porous pellet comprising of

numerous non-porous reactant grains. Each non-porous grain reacts according to the

shrinking core model as mentioned above. It is assumed that the CaCO¡ unreacted core

within each grain is chemically and physically static. Furthermore, gas diffusion through

intergrain pores is considered an insignificant resistance. Thus, for chemical reaction

and product layer diffusion controlling region, the calcination time can be given by the

following equations :

¡ = ---!"-t*-[f - f f - X)'/, ] = t f"(x)
MBbk"(cA)b L

(7.16)

P" r"' I
r = -;:--r [r-tqr -X)rt' +2(r-x)]=tfo(X) (7.r7)

6MBbD"(CA)b I

where r, is the radius of particle grains. The radius of the particle grains can be related

to the initial surface area, Sg, and density, P¡, of a spherical grain, by equation (7.8)

presented previously in Section 7.3.5.

7.5.2 Modelling the Calcination of SA Limestones

Comparison of the calcination of Ca-based sorbents in Section '7.3, revealed that the

calcination of CaCO¡ is influenced by a variety of factors such as initial porosity and

surface area, initial MgCO3 content and silica content and lastly, particle size. The

influence of particle size was not common for all sorbents investigated. Angaston
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Limestone had a relatively low initial porosity and exhibited a direct effect of particle

size on calcination. Such evidence suggests that it decomposes according to the

shrinking core mechanism, where the calcination reaction occurs at a definite reaction

interface surrounding non-porous CaCO3 core.

Ardrossan Dolomite, Klein Point Limestone and Caroline Limestone on the other hand,

all exhibited particle size independent calcination behaviour. For Caroline Limestone, a

high initial porosity and surface area was measured which gave further confirmation that

such sorbents had sufficient voidage to allow calcination to occur at the same time

throughout the entire particle. Hence a homogenous model and grainy pellet model

could be employed ro describe the calcination reaction of Caroline Limestone.

7.5.2.1, AngastonLimestoneCalcination

Figure 7.35 presents f.(X) and f¿(X) deduced from shrinking core model equations

(7.I2) and (7.13), respectively, versus time for the calcination of Angaston Limestone at

a) 700 oC and b) 750 oC, for 53-64 pm particle size range.
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Figure 7.35 Determination of the rate controlling step in the shrinking core reaction

model for calcination of Angaston Limestone (53-64 pm) for (a) at 700 oC and (b) 750

oc.
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Good linearity for f"(X) at 700 oC suggests that the calcination of Angaston Limestone is

controlled by chemical reaction and not product layer diffusion. k. at 700 oC was

deduced from the slope and employed in the Arrhenius equation, (7.2) presented in

Section 7.3, to deduce the Arrhenius pre-exponential factor, k. This, along with the

activation energy, Eo, determined previously for Angaston Limestone in Section 7.3,

was then employed to determine k. for temperatures between 750 and 850 oC. Detailed

calculations are featured in Appendix B.

The conversion profiles in the chemical controlled region for the temperature range

between 700-850 oC were determined using equation (l JL). A comparison between the

experimental (Exptal) and model calcination curves for 53-64 pm particle sizes is

presented in Figure 7.36. Discrepancies between the model and experimental data were

evident, particularly toward the end of the reaction. It was observed in Figure 1.35b)

that the f"(X) factor deduced for calcination at 750'C deviated from linearity after 307o

conversion. Thus, slopes of k at 700 "C for 3O7o conversion were calculated along with

the modified conversion profiles presented as the fine lines in Figure 7.37. This profile

is also denoted in the legend as l-SCModel, representing a one-stage shrinking core

model.
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Figure 7.36 Comparison between experimental and shrinking core model conversion

profiles for calcination of 53-64 pm Angaston Limestone between 700 and 850 oC.
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Figure 7.37 Comparison between experimental conversion prof,iles and one-stage (1-

SCModel) and two-stage (2-SCModel) shrinking core models for calcination of 53-64

pm Angaston Limestone between 700 and 850 "C.

Comparison of the one-stage model deduced from 3O7o conversion (l-SCModel), with

experimental data (Exptal), shows that, similar to that observed in Figure 7.36, the

model underpredicts the experimental calcination profiles. V/hile the initial calcination

rate of the shrinking core model agreed with experimental data, the latter half of the

calcination profile appeared to have a shape curve that could not depict the rate of

calcination of Angaston Limestone to a satisfactory level. It is often the case, that

models, such as the shrinking core model in the chemical control region, actually

overpredict experimental data. Unaccounted diffusion resistances in the gas-solid

reaction are often a result of this. Levenspiel (1978) cautioned that in reality, gas-solid

reactions cannot be completely predicted by the shrinking core model, homogenous

model or any other model. Instead, the reaction may follow an intermediate of the two.

The conversion of a single resistance is always greater than the combined resistances,

also resulting in a model profiles greater than that of experimental data.
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Borh Scatterfield and Feakes (1959) and Milne (1990) concluded that the calcination

reaction involved complex reaction mechanisms, the latter reporting that the shrinking

core model provides an reasonable depiction but not a statistically satisfactory fit.

Levenspiel (1978) also stated that the shrinking core model may occur along a reaction

front instead of a definite reaction boundary, thus making it more difficult to trace the

progress of the reaction. Finally, Appendix B, Section 8.2.1, outlines a series of

assumptions utilised to mathematically simplify the shrinking core model. These

assumption are also generally observed lead to an overprediction of the experimental

data. However, while most of the assumptions in the shrinking core model appeared

reasonable in application to limestone calcination, the neglection of physical changes

occurring in the particle, may be highly responsible for the underprediction observed. As

discussed in Appendix B, the equal density assumption was proved to be inappropriate

for calcination, as the decomposition of CaCO¡ to CaO resulted in a density increase

from2.7I to 3.32 g crrl3. Overlooking these actual density changes neglects structural

evolution of the limestone particle and the fact that the porosity increases by 55Vo. This

is bound to have significant influence on the rate of calcination. Scatterfield and Feakes

(1959) have previously reported that the formation of cracks in the decomposing crystal

occur during calcination, leading to an increase in surface area as the reaction proceeds.

For all the Ca-based sorbents and reaction temperatures investigated, the initial part of

the calcination profiles appear linear, whereafter a particular conversion, usually

between 3O-5OVo, the slope changes. Rather than tapering off as suggested by SCM, the

remaining conversion profile also continues linearly to just before IOO% conversion

mark. The second stage linearity of conversion rate is likely to be a result of the changes

in the internal structure of the limestone particle as CO2 evolves to create more surface

area and porosity and hence increase the rate of calcination reaction. Since a CaO

product is being formed, the second state rate will obviously not be as fast as the initial

calcination rate. Therefore, to accommodate the change in structure for the current

calcination experiments, the two distinct rate regions were modelled separately by

employing a two-stage shrinking core model with independent kinetics for each stage.

As in the former modelling procedure, profiles were fitted with k (from slope up to 307o

conversion) and the time was calculated to the 3O7o conversion mark. The remaining
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conversion (30 to lOOTo) was then equated to zero ie. 0 to 7OVo, and the second stage

time was calculated and added on to the first. For Angaston limestone (53-64 pm), the

second stage kinetics were equated to that of the first, to give a very good depiction of

the calcination conversion. The results are featured as the bold grey line in Figure 7.37

and denoted as 2-SCModel.

A two-stage model for conversion data up to 5O7o was also deduced to assess any

influence on the conversion value which separates the first and second stage. Figure

7.38 and Figure 7.39 display the comparison between the one and two-stage shrinking

core models for 30 and 50Vo conversion levels with the experimental data obtained from

lOO, 750 oC and 800, 850 oC experiments, respectively. The diagrams show that k*

calculated from 3O7o conversion and a pivot at this level, provided a more accurate fit

than the calcination model using 5OVo conversion.
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Figure 7.38 Comparison of 30Vo and 50Vo conversion levels employed for

determination of k. at 700 oC in one-stage modelling (l-SCModel) and the conversion

level cut for two-stage modelling (2-SCModel) for 700 and 750 oC calcination of

Angaston Limestone (53-64 pm).
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Figure 7.39 Comparison of 3O7o and 50Vo conversion levels employed for

determination of k. at 700 oC in one-stage modelling (l-SCModel) and the conversion

level cut for two-stage modelling (2-SCModel) for 800 and 850 "C calcination of

Angaston Limestone (53-64 pm).

Experimental data from the largest particle size range (212-355 pm) of Angaston

Limestone was also fitted with the shrinking core model. Figure 7.40 shows that data

taken from 700 oC to deduce the initial k. value, both one and two-stage gave reasonable

predictions. The two-stage shrinking core model did not produce any better fit than the

one-stage model, as for the smaller particle sizes.

Figure 7.41, however, reveals that for k, deduced from the f"(X) versus time plot at 750

oC, excellent predictions for the one stage modelling was obtained. The two-stage

model, on the other hand, overpredicted the conversion rate substantially.

The relationship between conversion rate (or the time of calcination) with the initial

particle radius can be thus be derived. from the shrinking core equation under chemical

reaction control, ie. equation (l .12) can be written as :

, = r,,fr¿ [,-rr-x)'/']=[?)[r-(1-x)'/'] (7 18)
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Figure 7.40 Comparison between experimental conversion profiles and one-stage (1-

SCModel) and two-stage (2-SCModel) shrinking core models for calcination of 213-355

pm Angaston Limestone between 700 and 850 oC.

Figure 7.41 Comparison between experimental conversion profiles and one-stage (1-

SCModel) and two-stage (2-SCModel) shrinking core models for calcination of 213-355

pm Angaston Limestone between 750 and 850 oC.
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The time taken for conversion to reach 5O7o is therefore

wherec= P, = L" 
,=2216

MBb(CA)b 100 x lxI.25 x 10')

t,o,n --[it)f - (1 - o.Ðv, ] = ?

r-E \ O.zCexol u l--'\RT/ tm

Figure 7.7 in Section 7.3 revealed that the time required to reach 5O7o calcination

increased with particle radius. This relationship in turn was a function of temperature.

From equation (7 .I9), the slope, m, of the t versus ro plots in Figure 7 .7 , is equal to

0.2c (7.20)m=-
k*

(7.te)

(1.2r)

Substiruting rhe Arrhenius expression for f.. = texn(+) into (7.20) and rearranging

glves

Taking the natural log of (7.2L):

(7.22)

Figure 7.42 displays the linear relationship between the natural log of 1000 m-t versus

1000 T-r for calcination data of Angaston Limestone up to 507o conversion. From

Equation (7.22), the activation energy can be deduced from the slope as :

'"(*)=(*).''(#)

-Eu = -slope x R = 21.398x 8.314 = 178 kJ mol-l

-oEn -osrope x R = 1.480 x 8.314 = I2.3 kJ mol-'
(7.23)
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and the rate constant from the intercept as :

k = O.2Cexp(int) = O.2x22I6xexp(l1.75) = 5.7 x 107 sec-l

or = 0.2Cexp(o¡n, ) = 0.2 x22I6x exp(L425) = 1842 sec-l
(1.24)
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Figure 7.42 Plot of the natural log of the inverse of the slope deduced from the

relationship between the rate of calcination and particle size during the calcination of

Angaston Limestone (denoted as ü) versus the temperature of calcination.

The Arrhenius parameters Eo=178 t 12 kJ mol-l and k= 5.7 x I07 + 1842 sec-l are in

relatively good agreement with those obtained from the Arrhenius plots in Section 7.3,

comparing 167 t 17 kJ mol-t and k= 5.7 x 107 sec-r.

7.5.2.2 CarolineLimestoneCalcination

The development of the shrinking core, grain pellet and homogeneous model for the

calcination of Caroline Limestone between 700 and 850 "C followed the same procedure

as that of Angaston Limestone. A comparison of the one and two-stage calcination

curves for 212-355 pm and 53-64 pm size ranges is presented in Figure 7 .43 and Figure

7.44, respectively. Similar to Angaston Limestone, the two-stage Shrinking core model
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provides a better fits than the one stage model for both 212-355 pm and 53-64 ¡tm

particle size ranges of Caroline Limestone.
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Figure 7.43 Comparison of the predictions of the one-stage (l-SCModel) and two-

stage (2-SCModel) shrinking core model for calcination of Caroline Limestone (212-

355 pm) between 700-850 "C.

Figure 7.44 Comparison of the predictions of the one-stage (l-SCModel) and two-stage

(2-SCModel) shrinking core model for calcination of Caroline Limestone (53-64 pm) at

temperatures between 700-850 "C.
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The homogenous model predictions (Homog) for calcination of 53-64 pm particles are

presented in Figure 7.45. The model is not as accurate as the two-stage or one-stage

shrinking core.
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Figure 7.45 Comparison between experimental conversion profiles and the profile

deduced by homogeneous model for calcination of 53-64 pm Angaston Limestone

between 700 and 850 oC, using k. from 750 oC.

A similar result is observed for the comparison of the one-stage shrinking core,

homogeneous and grain pellet model for calcination of Caroline Limestone 212-355 ¡tm

particles in Figure 7.46. Neither of the three models soundly depicted the shape of the

calcination curyes. The one-stage shrinking core is actually the closest profile to the

experimental and since it has been shown to be less accurate than the two stage model in

Figure '7.43 and 7.44, the latter therefore provides the best fit for the calcination of

Caroline Limestone. Figure 7.41 displays comparisons of one and two-stage

homogeneous models, denoted as l-Homog and 2-Homog, respectively, along with

experimental calcination data for Caroline Limestone (2t2-355 pm). Similarly, one and

two-stage grain pellet models, denoted as l-Grain and Z-Grain, respectively, are

compared with the experimental data in Figure 7.48. As for the shrinking core model,
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Figures 7.47 and 7.48 reveal that a two-stage model applies a more accurate depiction

than a one-stage model.
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Figure 7.46 Comparison between experimental conversion profiles and that of the

shrinking core, grainy pellet and homogeneous models for calcination of 212-355 ¡tm

Angaston Limestone between 700 and 850 oC, using k. from 750 oC.

Figure 7.47 Comparison of the predictions of the one-stage (l-Homog) and two-stage

(2-Homog) Homogeneous model predictions of the calcination of Caroline Limestone

(212-355 pm) at temperatures between 700-850 "C.
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The grain pellet model is obviously similar to that of the shrinking core model.

Application to the grain level, however, did not improve the calcination model

prediction. The homogeneous model, which was considered the most applicable to

porous particles such as Caroline Limestone, did not provide a better fit in the two-stage

form compared to that of the two-stage shrinking core model. This suggests that though

Caroline Limestone is initially a porous particle, the calcination reaction still proceeds

along a definite reaction interface between CaCO¡ and CaO.
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Figure 7.48 Comparison of the predictions of the one-stage (1-Grain) and two-stage (2-

Grain) grain pellet model predictions of the calcination of Caroline Limestone (212-355

pm) at temperatures between 700-850 "C.

7.6 Sulphidation of Caroline Limestone

A series of direct (CaCO¡-HzS), indirect (CaO-HzS) sulphidation and simultaneous

(CaO/CaCO3-H2S) sulphidation experiments were developed in order to elucidate the

influence of calcination on sulphur capture and the mechanism of sulphidation under

simulated conditions of a fluidised-bed gasifier. Caroline Limestone in a particle size

fraction of 0.5-0.6 mm was employed. All sulphidation experiments were conducted in

a pressurised thermogravimetric apparatus. The experimental plan and results of the

sulphidation experiments ate presented below.
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7.6.1 Outline of Sulphidation Investigations

As mentioned in Section 2.9, under pressurised gasification conditions, both CaO and

CaCOr co-exist in the gasifier due to the high partial pressure of COz which suppresses

the rate of calcination. The latter was evident in both atmospheric and pressurised TGA

calcination of Caroline Limestone presented in Section 7.4, The same section also

revealed that when the reaction temperatures are low enough, calcination will also

proceed extremely slowly, allowing CaCO¡ to be exposed to gas environment for greater

residence times. Previous sulphidation investigations have fixed the gas environment so

that direct and indirect sulphidation reactions can be monitored separately. It is of

particular interest in the current study to determine the mechanism of sulphur capture

when bôth CaO and CaCO¡ are present to react with HzS. To study this experimentally,

however, is difficult since at any one time, three reactions : calcination to CaO,

sulphidation of CaO and sulphidation of CaCO¡ can occur. Calcination and CaCO3

sulphidation incurs a mass loss, while CaO sulphidation, as it is converted to CaS, will

result in a mass gain. The weight loss determine by the TGA will therefore represent

the net result of the three different reactions, making it impossible to elucidate the

mechanism of sulphur capture.

The calcination of Caroline Limestone has been investigated for a range of temperature,

particle size, total pressure and partial pressures of COz conditions, applicable to that of

a typical fluidised-bed gasifìcation system, in Section 1.4. The sulphidation

experiments were therefore designed to focus individually on the following sulphidation

reactions :

(i) pre-calcined Caroline Limestone, ie. the investigation of direct sulphidation

CaO + HzS -+ CaS + HzO (7.18)

(ii) uncalcined Caroline Limestone under conditions that would promote the calcination

prior to the sulphur capture, ie. simultaneous sulphidation :

CaCOz/CaO + HzS + CaS + H2O (7.re)
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and (iii) direct sulphidation, ie. sulphur capture of uncalcined limestone by employing

partial pressures of COz above the equilibrium calcination pressure :

CaCO¡ + HzS + CaS +H2O + CO2 (1.20)

Table 7.8 presents a summary of experiments for the sulphidation investigations, The

effect of COz partial pressure was to be investigated under 1 atmosphere at 850 oC for

simultaneous CaO/CaO3 sulphidation (15-35 ToCO) and direct CaCOr sulphidation

(65-90 ToCOù. Under pressurised conditions, the effect of COz partial pressure was also

included. A range between (3-10 VoCO2) for simultaneous sulphidation and (31-15

ToCOù for direct sulphdiation under 3- I 1 atm at 900 oC were incorporated iuto the plan.

Lastly, the effect of HzS concentration between 1000 ppm and 10, 000 ppm were to be

investigated.

Table 7.8 A summary of the experiments for the sulphidation of Caroline Limestone
(0.5-0.6 mm).

7.6.2 Sulphidation Results

The weight gain profiles of the indirect and simultaneous sulphidation of Caroline

Limestone at 940 oC under 5000 ppm of HzS are presented in Figure 7 .49 below. From

a brief inspection, both the shape and the relative rates of the sulphidation profiles

appear quite reasonable. The pre-calcined limestone reacts more rapidly and achieves a

Sulphur Transformations during Pyrolysis of Low-rank Coal and
Characterisation of Ca-based Sorbents

Varuino Parameters

S u lp h idatio n Expe riments Temp fC) Gas Mixture Pressurehtm)

CaO + H2S -+ CaS + HzO

lndirect Sulphidation with
pre-Calcination

750 0.1v%HzS/Nz 1

850 0.1v%HzS/Nz 1

900 0.1v"/o H,S/N, 1.3.9.11
1000 0.1vo/o H,S/Nr 1

CaCOe -+ CaO + COz
CaO + H2S -+ CaS + HzO

CaCO3 + HzS + CaS + HzO + CO2

Simultaneous sulphidation

750 0.1vo/o HrS/Nr 1

850 O.1vo/" H2S/N2
0. 1 v%HzS/1 5-35%COI/N,

1

900 O.1v"/o H2S/N2 1,3,9,11
3-1Ù'/"CO.

1 000 O.1vo/o HrS/N, 1

CaCOs + H2S -+ CaS + HzO + COz
Direct Sulphidation

No Calcination

750 O.1vo/o H,S/CO, 1

850 O.1vo/o H2S/COz
0.1 v%HzS/ 65-90%CO, /N,

1

900 O.1v"/" H2S/CO2 1,3,9,1 1

37-7ío/o0Ot
1000 O.1v"/" HrS/CO, 1
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higher conversion than uncalcined limestone which must undergo calcination before

sulphidation takes place. However, from a closer inspection of Figure 1.49, the final

weight to initial weight ratios exceed the theoretical weight ratio for CaO sulphidation

by a substantial margin.

The theoretical final weight to initial weight ratio for complete CaO sulphidation is

1.28. Both profiles in Figure 7.49 obtain ratios between 1.5-1.6. It is likely that the

mass detector is not working properly. Unfortunately, repeated experiments of indirect

CaO sulphidation using pre-calcined Caroline Limestone were also unsuccessful,

1.8
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Figure 7.49 V/eight gain profiles of Caroline Limestone (0.5-0.6 mm) during (a)

indirect CaO sulphidation and (b) simultaneous CaCO¡/CaO sulphidation experiments

at94} oC and 5000 ppm HzS (balance N2).

Figure 7.50 displays a) weight gain and b) sulphidation conversion, for simultaneous

(CaCOs/CaO) sulphidation experiments conducted at 840 and 940 oC. Unlike Figure

7.49, they do not exceed theoretical final weight to initial weight ratio and therefore

provide reasonable final conversions in Figure 7.50 b). The conversion observed for the

940'C reaction is initially faster than 840 oC, but ceases sulphidation at a lower final

conversion. This behaviour appears plausible since sintering of the CaS layer may occur

at94O oC to result in a lower final conversion.
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Unfortunately, Figure 7.51 displays the mass changes of the two sulphidation reactions

throughout the whole experiment and shows that an uncharacteristic initial calcination

stage occurs.
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Figure 7.50 a) Weight gain profiles and b) conversion profiles of Caroline Limestone

(0.5-0.6 mm) during indirect CaO sulphidation at 840 and 940 oC, under 5000 ppm H2S

(balance N2).
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Figure 7.5L Weight change profiles of Caroline Limestone (0.5-0.6 mm) during the

heating and reaction stage of indirect CaO sulphidation at 940 oC and 5000 ppm H2S

(balance Nz).
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Weight loss is observed at temperatures as low as 200 oC and a final steady state is

reached at70O oC before sulphidation begins. The stepwise fluctuation observed in these

experiments is also not apparent in previous sulphidation and calcination experiments,

suggesting something may be wrong with the mass detector. These results can also not

be utilised to understand the sulphidation behaviour and mechanisms of Caroline

Limestone.

7.7 Summary

Atmospheric and pressurised TGA calcination experiments were conducted on a number

of Ca-based sorbents of various particle sizes ranging from 53-355 pm, were

investigated in order to characterise the calcination and sulphur capture behaviour of the

Ca-based sorbents for future employment for sulphur capture during fluidised-bed

gasification. Temperatures between 750-950 oC were investigated and Arrhenius

parameters were calculated for all Ca-bases sorbents investigated, revealing good

agreement with the theoretical estimation of the activation energy. The current studies

show that the calcination behaviour, ie. the rate of calcination and its relationship with

particle size, of the various Ca-based sorbents investigated appears to be influenced by

the initial magnesium carbonate content, initial porosity and surface area. Ardrossan

Dolomite, possessing the greatest magnesium content, was found to calcine the fastest.

Klein Point Limestone and Caroline Limestone also displayed rapid calcination due to

the formation of thermally-induced-factures which increase surface area and porosity

during calcination. In agreement with other studies (Pishupati, 1996) it was also

believed to be the reason for the particle independence on the calcination rate observed

for these two limestones.

The particle size dependence of Angaston Limestone during calcination could be

accurately described by the shrinking core model under chemical reaction control. The

same model was employed to predict the calcination conversion profiles but a straight

forward application was found to underpredict data above 3O7o coîversion. This was

observed to be due to neglection of physical changes, such as density, porosity and

surface area increase within the particle, due to assumptions made for mathematical

simplification. A two-stage model, which employed the same shrinking core model

Sulphur Transformations during Pyrolysis of Low-rank Coal and
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kinetics before and after conversion data after 307o, was found to account for these

changes and provide an accurate depiction of the calcination reaction. Similar results

were obtained for the modelling of calcination of Caroline Limestone which showed

better fits than the homogeneous and grain pellet models. This suggested regardless of

the initial porosity of a limestone particle, calcination reaction is more likely to proceed

along a definite reaction interface between CaCO¡ and CaO.

The calcination of Caroline Limestone conducted under a variety of partial pressures of

COz reveals that for 0.21-0.35 and 0.5-0.6 mm particle sizes, the calcination rate was

proportional to P;o, - Påo, . A constant mole fraction, yr was not required, as has been

the case for previous calcination investigations. The use of a constant mole fraction yl,

was however necessary to correlate the calcination rates with effect of CO2 partial

pressure using the following relationship Påo, -Påo, -Pyr for (i) the calcination of larger

particle size range 0.85-1.0 mm, (ii) the calcination conducted in N2 environment under

higher pressures (up to 5 atm) and (iii) all calcination rates taken as the conversion

approaches I00Vo. The yr value for IOOVo conversion data of calcination of 0.2-0.35

mm particles were also found to increase from 0.03 at 850 oC to 0.22 at 900 oC. All of

these factors are linked to mass and heat transport processes which supports previous

suggestions that the use of y¡ accounts for heat and mass resistances that are difficult to

estimate and represent during the calcination of limestone in the presence of significant

partial pressure of COz and under higher total pressures.
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CHAPTER 8

Evaluation of the Present Work

8.1 Introduction

An evaluation of the experimental data and relevant calculations obtained from the coal

pyrolysis/sulphur transformations experiments presented in Chapters 4, 5 and 6, as well

as the calcination characterisation studies of Chapter 7, is featured in this chapter. The

reliability and repeatability of the data is evaluated by analysis of the experimental

errors, Appendix C contains a detailed discussion of the potential error sources and

methods for error calculations for each of the experimental systems employed. The

main findings of Appendix C are included in this chapter. Comparison of a selection of

the results obtained from the current study with results of similar studies from the

literature is also presented to confirm the validity of the data.
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8.2 Evaluation of the Experimental Data

8.2.1 Analysis of Errors of the Pyrolysis Experiments

The discussion of potential sources and analysis of error associated with the final

(Sron,,)"no./(Sro..)"oot values for each coal and experimental system employed in the

pyrolysis investigations (Chapters 4-6), is presented in detail in Sections C.l in
Appendix C. In brief, variations due to flow rate and temperature were considered

negligible for all experimental systems employed. Errors for the measurements of total

and inorganic forms (o.) were deduced from Australian Standards repeatability limits

for satisfactory operation (AS 1038.6.3.I, 1996). Errors for the variation of the mass

change measurements (o,n) were deduced from three times the standard deviation of a

series of identical runs. Variations in inorganic matter between different coal batches

was taken into account by determination of the variation between identical experiment

sets. Tables 8.1 to 8.4 present a summary of the error calculations for the temperature-

programmed pyrolysis of raw Bowmans and Lochiel coal and fixed-bed pyrolysis and

fluidised-bed pyrolysis of raw Bowmans coal.

Table 8.1- : Errors of the M"¡o./M"o¿ ratio and the S"¡,0,/S"oo¡ ratio for the individual
sulphur forms remaining in raw Bowmans coal TPP chars

T ('C) Mchar/trlcoal õ- Total õ Sulphate o" Pyrite o" o Organic o
25 1.00 1.00 0.00s o.20 2Ê-O4 000 5E-06 0.00 0.00 0.80 0.004

2o,() o96 o oo2 o90 0.002 0.21 0.001 0.01 2E-05 0.00 3E-06 o.68 0.002
300 0.84 0.05 0.86 0.05 0.19 o01 0.01 7E-O4 0.00 2E-O4 0.66 0.04
400 0.87 0.06 0.78 0.06 o.21 o.o2 o.o1 1E-03 0.01 4E-O4 0.55 0.04
500 0_68 0.05 o.59 0.04 o.17 0.01 0.04 3E-03 0.01 5E-04 o.37 003
600 o.67 0.04 0.58 0.03 0.15 0.01 003 1E-03 0E+00 0E+00 0.40 o.o2
700 0.64 0.01 0.57 0.006 0.10 0.001 0.001 9E-06 9E-04 1E-05 o47 0.005
800 0.58 o.oo 0.53 0.003 o00 2E-O5 0.001 6E-06 3E-03 'I E-05 0.52 0.003
900 0.56 0.01 o.47 0.006 o.o0 6E-0s 0.001 2E-O5 o01 'lF-o4 0.45 0.006

Table 8.2 : Errors of the M"¡.o./M"oo1 ratio and the S.¡or/S"oo¡ ratio for the individual
sulphur forms remaining in raw Lochiel and raw Lochiel coal TPP chars

T("C) Mchar/Mcoal Cm Total Os Sulphate Os Pyrite o" Sulphide o Oraanic o
25 1.00 1.00 0.003 0.15 9E-05 0.003 5E-06 0.0 o 085 o.003

200 0.91 0.06 0.85 0.06 0.14 0.01 0.004 3E-04 0.003 2E-O4 0.70 0.05
300 0.89 0.08 0.84 0.07 o.12 0.01 0.006 5E-04 0.003 3E-04 o70 0.06
400 o.73 0.06 0.62 0.05 0.11 0.01 0.004 4E-O4 0.008 6E-04 0.49 0.04
500 0.62 o.07 0.45 0.05 0.09 0.01 0.006 9E-04 0.01 1E-03 0.30 0.03
600 o.56 o09 o39 0.06 0.06 1E-02 0.020 4E-03 0.01 2E-O3 o26 0.04
700 0.53 o.o1 0.40 0.01 0.03 8E-04 0.001 3E-05 0.03 5E-04 0.33 0.01
800 0.50 o.o6 o.40 o_o5 0.00 8E-04 4E-04 6E-05 0.05 6E-03 o34 0.04
900 o.4a o01 o.41 o.o1 0.00 3E-05 0.001 2E-05 0.06 0.001 0.3s 0.01
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Table 8.3 : Errors of the average M"¡,o./M"oo¡ ratio and the average S"¡or/S"oo1 ratio for the
individual sulphur forms remaining in Lochiel Coal char between fixed-bed pyrolysis
runs at 700oC and 900oC.

Time (min, Mchar/Mcoal 6m Tolal S os Sulphate os Pyite o Sulphide o Organ¡c o
3 (700" c) o.57 0.05 0.44 0.04 0.1 1 0.01 0.0005 4E-05 0.01 0.002 032 0.03
5 (700" c) 0.57 0.06 0.49 0.05 0.10 0.01 0.0004 4E-05 0.03 0.003 0.36 004
5 (900" c) 0s0 o.07 0.49 o.o7 0.003 0.04 0.0003 4E-O4 0.'t 0 0.008 0.39 004

Table 8.4 : Errors of the average M"¡or/M.oo1 ratio and the average S"¡o./S"oo1 ratio for the
individual sulphur forms remaining in raw Bowmans char pellets for different runs of
fluidised-bed pyrolysis at 800 oC.

Time (sec) Mchar/Mcoal Cm Total S Os Sulphate Os Pyrite Os Organic Os
120 (8mm) 0.51 0.008 0.46 0.01 0.07 0.002 0.0004 9E-06 0.38 0.008
60 (1omm) 0.53 0.096 0.43 0.1 10 0.1 1 0.028 0.007 2E-03 0.31 0.08
120 (1 omm 0.48 0.003 0.43 0.003 0.07 5E-04 0.0004 3E-06 0.36 0.003

The results show that the absolute error of the analysis did not exceed *lIVo, t-147o,

+IO7o for the sulphur transformations deduced from temperature-programmed pyrolysis,

fixed-bed pyrolysis and fluidised-bed pyrolysis, respectively.

8.2.2 Analysis of the Errors of the Calcination Experiments

The discussion of potential sources and analysis of errors associated with the weight

loss data, calcination conversion and Arrhenius parameters for the ATGA investigations

is detailed in Appendix C, Section C.3. It was observed, due to the stability of the

system, that minimum variation in the weight loss data occuffed. Errors for the

calcination conversion were therefore considered negligible and associated errors with

the activation energy's, Ea, and pre-exponential factor, k, were determined from linear

regression of the Arrhenius plots. The mean activation energy and mean rate constant

for each sorbent over the entire particle size range investigated was therefore calculated

from the average values of the four different particle size ranges. The effors of the mean

values were accumulated by method of quadrature. The results for the calcination of the

four South Australian Ca-based sorbents are compared with data obtained from the

literature in Table 8.5. Also included is the activation energy for the heat of calcination

reaction. Dennis and Hayhurst (1987) suggested that as the observed rate of the reverse

carbonisation reaction was not dependent on temperature, the activation energy for

carbonisation must be equal to zero. This implied that the activation energy for the
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forward calcination reaction, will be equal to the heat of reaction. Hills (1968) deduced

this as 169 kJ mol-r.

Table 8.5 : Comparison of the Arrhenius parameters, Eo and k, deduced from the
calcination of four SA Ca-based sorbents and those determined in literature.

Table 8.5 shows that the activation energies determined from the calcination of S.A. Ca-

based sorbents are very close to the heat of reaction (169 kJ mol-l¡, ie. theoretical

estimation of calcination activation energy. The activation energies determined by

Borgwardt (1985) are significantly higher than those obtained in the cument study.

Borgwardt's (1985) calcination experiments were conducted in the absence of mass and

heat transfer resistances, unlike the ATGA system in the current study. It was shown in

Chapter 7, Section '7.2, that interparticle diffusion resistances influenced the calcination

data obtained from the ATGA. Such deviations in experimental set up are likely to

cause discrepancies between the derived activation energies of current study and those

obtained by Borgwardt (1985). They did not, however, inhibit comparison and

characterisation of the S.A. Ca-based sorbents in the current study.

8.3 Comparison with Literature Data

The results of the sulphur transformations derived from the Temperature-programmed

pyrolysis (TPP) experiments have been compared with the sulphur transformations from

similar slow heating coal pyrolysis studies by Gryglewicz (1992) and Medvedev (1966)

in Figure 8.1 and Figure 8.2, respectively.

Sulphur Transformations during Pyrolysis of Low-rank Coal and
Characterisation uf Ca-based Sorbents

Sorbent/Author E^ (kJ motl ) k (sec'1 ) Pafticle Size Temperatures

Caroline Limestone 176 t 8 (r5%) 3.0 x 106 + 3 53-355 pm 700-900 "c
Anqaston Limestone 167 + 17 (r10%) 3.6 x 106 + 6 53-355 pm 700-850 0c

Klein Point Limestone 178 + 20 (L11%\ 8.1 xlo1o+B 53-355 um 700-850 "c
Ardrossan Dolomite 164 + 28 (t17%l 2.7x1o5+g 53-355 pm 700-850 0c

Fredonia White Valley/

Borqwardt (1985)
201 1.5 x 10ô 10 pm 560-1 000 0c

Georgia Marble/

Borswardt (1985)
205 + I (!4%) 1.2 x 106 1pm 560-730 "C

Powell and Searcy
(1980) in vacuum

205 + 12.6 (16%) 1.1 x 106 Thin calcite

crystal

560-1 000 "c

Heat of Reaction 169
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Gryglewicz (1992) employed Flame Coal in temperature-programmed pyrolysis

experiments to monitor the sulphur forms in the char between 200 and 1000 oC. A

heating rate of 5 K min-l was employed. Flame coal is a bituminous coal with a volatile

matter of 377o (c1. 497o for raw Bowmans), a relatively high ash content, a low sulphur

content of 132 wt%o,but a relatively high proportion of pyrite sulphur, approximately

617o of the total sulphur. Due to these characteristics, water-washed Bowmans with 20

7oS¡ FeS2 (V/F), investigated in TPP in Chapter 4, Section 4,3, was considered the most

suitable coal understudy to compare sulphur transformations with Flame coal. The

characteristics of both coals are presented in Table 8.6.

Table 8.6 : Analyses of WF coal (Water-washed Bowmans coal with 20 7oS¡ FeS2) and
Flame Coal (Gryglewicz, 1992) employed in Temperature-Programmed Pyrolysis

%oS¡lVoSo: percent of Total/ Organic Sulphur
Vodaf : percent dry ash free basis

" results taken from original Bowmans coal sample
N/A : analysis not conducted

In the paper presented by Gryglewicz (1992), only the weight concentrations of the

various sulphur forms were provided. To compare these results on a common basis with

the results of WF coal, the (Sro.'n).nor/(Srorrn).oot ratios for Flame coal were calculated as

in equation (4.1) in Chapter 4, using the M"no./M"oo¡ values obtained from Bowmans

coal. As the rank and volatile matter is different between the two coals, the application

of Bowmans coal M.¡'orlM"oo1 values may introduce some errors. This will be addressed

in the subsequent discussion of the sulphur transformations profiles below.

Figure 8.1 reveals similar sulphur transformations during the TPP experiments for the

Flame and 
'WF coal. The main feature is that pyrite decomposes and transforms to

organic sulphur and sulphide sulphur in both coals. There are distinct discrepancies in

the extent and temperature region of pyrite decomposition between the two coals.

Sulphur Transformations during Pyrolysis of Low-rank Coal and
Characterisation of Ca-based Sorbents

Proximate (wt%) Flame Ultimate (%daf) Flame
Moisture (a.r.) N/A 13.2 Carbon" 69.4 77.1
Volatile Matter" 49.3 37.1 Hvdrooenu 4.6 4.8
Ash 5.9 7.1 Sulphur 4.36 1.32

Sulphur (%S) Ash (wt%)

Pvrite 20 67 Fero. N/A 18.4
Sulphate 0.05 0.04 CaO NiA 8.8
Orqanic 80 31 MqO N/A 1.4
Non-Thiophenic (%S") N/A 86
Thioohenic (%S^) N/A 14
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However, these can both be explained by the initial differences in the coal

characteristics as described above. Pyrite decomposition in Flame coal occurs at lower

temperatures and much more rapidly than that of 'WF coal. The pyrite sulphur in Flame

coal is inherent in nature and therefore deeply embedded or bonded with the coal matrix.

The pyrite in WF coal is a physically added and therefore considered "extraneous",

Added pyrite will behave somewhat independently of the coal matrix. As mentioned in

the Literature Review and Chapter 4, mineral constituents such as sulphates and pyrites

which are surrounded by organic material, experience premature and faster

decomposition as was the case for Flame Coal. A more enhanced incorporation of FeSz

was also observed in Figure 8.1 for Flame coal, despite the fact that WF has similar

weight percent of pyrite to Flame coal (cf. 0.87 to 0.88 wt%, respectively).
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Figure 8.1 Comparison of the sulphur forms remaining in the char for Temperature-

programmed pyrolysis of WF coal, water-washed Bowmans coal with 20 %St FeSz

added, ) with similar experiments conducted by Gryglewicz (1992) on Flame

coal, (

The higher proportion and more intimate nature of the pyrite sulphur in the initial Flame

coal sample is likely to result in significant organic sulphur retained in the char. The
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temperature for which pyrite decomposes in Flame coal coffesponds to the stage where

most of the volatiles have evolved and active sites in the coal matrix are present and can

absolb sulphur.

The pyrite-derived organic sulphur undergoes subsequent decomposition in both coals

as the temperature of the TPP experiments increases. The decomposition is more

pronounced in Flame coal. This may be an error introduced by the M"¡o./M"o"¡ values of

taw Bowmans coal which were assigned to determine the (Sro.,n).¡o./(Sror^)"oor values of

Flame coal. Raw Bowmans has a greater volatile matter and so M.¡or/M"oo¡ values are

likely to be lower than expected for Flame coal. This would decrease the

(Sronn).¡o,/(Sro.,n)"ool values of Flame coal in the latter stage of the experiments, making it

appear like organic sulphur decomposes markedly at the higher temperatures. It may

also be due to the fact that since Flame coal is of a higher rank and therefore has a high

content of complex organic sulphur compounds. Such sulphur species will therefore

decompose at the higher temperatures. Raw Bowmans coal, which has a large percent

of leactive C-S bonds, will not show significant decomposition at the higher

temperatures. Instead, raw Bowmans coal can easily accommodate more complex

sulphur due to the large number of active sites available for sulphur retention.

Figure 8.2 displays the proportion of the transformations of sulphate sulphur to other

sulphur forms in coal during temperature-programmed pyrolysis of raw Bowmans coal

(Figure 4.1) and grade Zh coal with 0.4 wt% CaSOa added (Medvedev, 1966). The

characteristics of grade Zh coal are displayed with those of raw Bowmans coal in Table

8.7.

Figure 8.2 reveals that the main mechanisms of sulphate sulphur are similar for both

coals investigated, Sulphate decomposes to produce organic sulphur via a pyrite

intermediate and at a later stage, sulphide sulphur. The extent of the latter formation is

more enhanced for grade Zh coal than for raw Bowmans coal. It was observed in

Chapter 4, Section 4.3,that when sulphate is inherent in coal it preferentially converts to

organic sulphur and when it is added to coal it tends to form sulphide sulphur.

Unexpectedly, the added sulphate in grade Zh coal transforms more rapidly and at lower

temperatures than the inherent sulphate in raw Bowmans coal.
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Figure 8.2 Comparison of the distribution of sulphate sulphur in the char during

Temperature programmed Pyrolysis of raw Bowmans coal ( ) and grade Zh

Coal ( ) in carbonisation studies, Medvedev (1966).

Table 8.7 : Analyses of raw Bowmans coal and grade Zh Coal with 0.4 wtTo
CaSO+.2HzO added (Medvedev, 1966) employed in Temperature-Programmed Pyrolysis

Proximate (wt%) Bowmans Zh Grade Ultimate (%daf) Bowmans Zh Grade
Moisture (a.r.) 56 1.64 Carbon" 69.4 N/A
Volatile Mattero 49.3 29.4 Hvdroqen" 4.6 N/A
Ash 11.9 9.66 Sulphur 4.82 6.24

Sulphur (%9)
Pvrile 0.94 17.3
Sulphate 19.06 72.8
Orqanic 80 9.9

" results taken from original Bowmans coal sample
N/A : analysis not conducted

VoS¡lVoSo: percent of Total/ Organic Sulphur
Todaf : percent dry ash free basis

Comparison of the decomposition of CaSO+ added to water-washed Bowmans coal at

20 %& and 50 7oS¡in Figure 4.Il and Figure 4.I2 of Chapter 4, showed that the higher

proportion of sulphate, resulted in a steeper decomposition. The sulphate sulphur in

grade Zh coal accounts for approximately 737o of the total sulphur which is much
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greater than 20 7oS1 sulphate sulphur in raw Bowmans. The earlier decomposition of the

added CaSO¿.2HzO is likely to be due to dehydration of the H2O component. If Zh

grade coal profile was shifTed over by 100 oC, the temperature regions of bulk

decomposition, are basically identical for both coals.

8.4 Summary

The sulphur transformation data obtained from the coal pyrolysis experiments and the

Arrhenius parameters of the calcination investigations have been evaluated in this

chapter. Analysis of the experimental errors revealed that all experiments produced

final information with reasonably good accuracy. The sulphur transformations of raw

and treated versions of Bowmans coal with similar temperature-programmed pyrolysis

studies in the literature were compared. Similar sulphur transformations were evident

between studies. Discrepancies that were present were easily accounted for by

consideration of differences in initial characteristics of the coal samples and important

conclusions obtained from related experiments in Chapter 4.
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CHAPTER 9

Conclusiorsr Implications and

Recommendations

9.1 Conclusions from the Present Study

In order to address the environmental and processing limitations regarding the

utilisation of South Australian high sulphur low-rank coals during fluidised-bed

gasification, extensive research was required to investigate the mechanism sulphur

transformations and sulphur capture of Ca-based sorbents.

Two South Australian low-rank coals, Bowmans and Lochiel, were employed in

Temperature-programmed Pyrolysis (TPP) experiments to investigate the effects of

sulphur distribution and inorganic matter on sulphur transformations. Analysis of the

original sulphur forms revealed that Bowmans coal contains a total sulphur content of

4.8 wt%o, composed mainly of organic sulphur (80 %SJ and sulphate sulphur (20 7oS¡),

with negligible amounts of pyrite. Lochiel coal is comprised of a total sulphur content of

3.3 wt%o:85Vo of which is organic sulphur, 15 VoS¡ is sulphate sulphur, with negligible

amounts of pyrite. The decomposition temperatures of the various sulphur forms in

Bowmans and Lochiel coals, revealed that the organic sulphur which decomposed
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between 200-900 oC was mainly comprised of aliphatic disulphides and sulphides, a

small percent of aryl and aliphatic thiols, as well as aryl sulphides, and negligibie

amounts of cyclic sulphides. Sulphate sulphur experienced solid-state transformations

to form organic sulphur in the char between 400 to 800 oC, This was similar to sulphate

transformations observed in previous studies (Medvedev, 1966). The organic sulphur

increase was confirmed by direct analysis using SEM-EDX. Solid-state sulphate

transformations to organic sulphur increased with initial sulphate concentration and in

the presence of less volatile sulphate compounds. Aliphatic sulphide and disulphide

compounds undergo a rapid decomposition between 300 and 500 "C to suppress the

solid-state sulphate transformations. Conversely, sulphate sulphur was found to decrease

organic sulphur decomposition between 300-500 "C.

Sulphate compounds inherent in the unpyrolysed coal, decomposed more rapidly and at

lower temperatures than added/extraneous sulphate sulphur. When CaSO¿ was added to

water and acid-washed Bowmans coal, preferential conversion to CaS occurred as

opposed to conversion to organic sulphur. The mechanism of decomposition was

therefore greatly influenced by the initial bonding state with coal. Finally, for SA low-

rank-coals, sulphate-derived organic sulphur which formed, was found to undergo

subsequent decomposition between 800-900oC, indicating that it was likely to be in the

form of aromatic sulphide and simple thiophenic sulphur, rather than stable complex

thiophenes.

Acid-soluble, organically-bound inorganics were found to retain sulphur between 500-

600 oC. The mechanism of sulphur retention was elucidated as the suppression of

organic sulphur decomposition and possible formation of complex yet undetectable

inorganic sulphur compounds. Chemical and detailed SEM investigations of acid-

washed calcium exchanged chars revealed that, during pyrolysis, calcium became

enriched in the char to retain organic sulphur between 500-700 oC and facilitate

reactions to form calcium sulphide between 700-900 oC. Lower concentrations of CaS

in the char were measured than expected. Furthermore, calcium carbonate added to the

coal at a similar concentration was not observed to undergo interactions with sulphur to

any significant degree. These results emphasise the importance of the intimate organic
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bonding nature of the organically-bound calcium as well as the ability of calcium to

facilitate reactions with relatively stable organic sulphur on sulphur retention. The

temperature for which the calcium becomes reactive was also considered a significant

factor.

Organically-bound sodium in coal suppressed organic sulphur decomposition between

200 and 400 oC and resulted in a final sulphur retention similar to that of organically

bound calcium. Sulphur retention was observed to increase by IOTo as the sodium

acetate solution concentration in the ion-exchanging step increased from 0.25 M (2 wt%o

total Na) to 1.0 M (3.2 wt% total Na). Negligible amounts of sodium sulphide were

detected for all ion-exchange samples, indicating that sodium did not retain sulphur via

a sulphide forming mechanism. Instead, sodium was observed to interact with sulphur

to form acid-insoluble constituents in the char. Evidence of sodium/sulphur constituents

in acid-washed chars by SEM and an observed increase in acid-insoluble sodium with

acetate concentration, supported the formation of sodium/sulphur constituents during

pyrolysis. In the same TPP experiments, organically-bound sodium was also observed to

be extremely mobile and reactive towards silica. Formation of water-soluble silicates

thus competed with formation of acid-insoluble sodium/sulphur constituents. The

sodium silicates were also observed to be coated around the edges with high

concentrations of sulphur. The exact nature of the sulphur compound was not

determined, however, its interaction with silica closely resembles that of the sticky

sulphate binding material responsible for ash coating of agglomerates during fluidised-

bed combustion and gasification processes.

A heat transfer model was employed to simulate the temperature changes which

occurred during fixed-bed pyrolysis of pulverised coal and within millimetre coal

particles during fluidised-bed pyrolysis. The model of the temperature gradients, in

conjunction with the decomposition information obtained from the TPP investigations,

served as a valuable tool for understanding the sulphur and inorganic transformations in

low-rank coals, during fixed-bed and fluidised-bed pyrolysis. During fixed-bed

pyrolysis, interactions of organically-bound sodium and sulphur were similar to that at

low heating rates (TPP). The formation of calcium sulphide due to presence of

organically bound calcium was enhanced by the higher bed temperatures but in
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comparison with TPP results, discouraged by the shorter residence times. During the

initial devolatilisation stage, organic and sulphate sulphur decompose to H2S to an

extent and at a rate proportional to the heating. A direct relationship between sulphur

evolution and heating rate could not be deduced since the mechanism of sulphate

decomposition was found to be closely linked to the changes in devolatilisation rate.

Once the rate of devolatilisation decreased, sulphate underwent solid-state

transformations to form organic sulphur in the char. The retention was encouraged

under conditions which provided long periods of slower devolatilisation, such as fast

heating rates or higher temperatures in fixed-bed pyrolysis. A similar effect occurred for

both small and large particle sizes in fluidised-bed pyrolysis, which experienced rapid

devolatilisation leading to longer regions of slower volatiles release, and a slower

overall devolatilisation rate, respectively. The heat transfer model of the fluidised-bed

particles illustrated the existence of a temperature gradient across the coal particle due

to thermal inertia./heat transfer effects. SEM X-ray mapping of the cross sectional area

of the coal particles, also revealed an edge-wise sulphur concentration distribution

implying that mass diffusion and subsequent recyclisation reactions effect the pathway

of surlphur out of the particle. Both these factors explained the affect of particle on

sulphur retention in millimetre-sized coal particles during initial devolatilisation and

subsequent stages of fluidised-bed pyrolysis.

Atmospheric and pressurised TGA calcination experiments were conducted to obtain

fundamental information regarding the mechanism and the effect of particle size,

sorbent type and CO2 partial pressure on calcination under conditions applicable to

fluidised-bed gasification processes. Sulphidation experiments designed to investigate

the influence of calcination on sulphur capture were not successful due to practical

problems. Atmospheric calcination of a number of Ca-based sorbents for particles sizes

ranges between 53-355 pm, revealed that the rate of calcination and its relationship with

particle size was primarily influenced by the initial magnesium carbonate content, initial

porosity and the possible occurrence of thermal induced fractures during the calcination

reaction, The effect of the initial surface area, though reported significantly in the

literature, was not correlated in the current study. The Arrhenius parameters calculated

for temperatures between 750-950 oC, showed good agreement with the theoretical

estimation of the activation energy for all Ca-based sorbents investigated.
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The low initial porosity and particle size dependency of the calcination reaction of

Angaston Limestone eluded to the application of a shrinking core model (SCM) to

predict calcination conversion. The model was successful to approximately 3O7o

conversion for all temperatures investigated. It was concluded that the evolution of

surface area and porosity as COz evolved during calcination, resulted in a relatively high

calcination rate in the latter stages of the reaction. As the shrinking core model could

not account for changes in particle structure, significant under prediction of the

calcination curves was observed. A two stage shrinking core model was developed to

accommodate the distinct stages of reaction and provided accurate predictions of the

calcination conversion of 53-64 pm Angaston Limestone and 212-355 and 53-64 pm

particles of Caroline Limestone. The particle size independent behaviour of the latter

sorbent was consistent with the measured initial porosity and suggested that the

calcination reaction was more likely to occur throughout the whole limestone particle.

The grainy pellet and homogenous model were therefore considered more applicable to.

However, in comparison, the two-stage shrinking core model provided a better estimate,

signifying that calcination can be depicted as a reaction occurring at a definite CaCO¡-

CaO interface, regardless of initial porosity of the sorbent.

The calcination of Caroline Limestone for particle sizes between 0.2-0.6 mm, was

ploportional to Påo, -Pjo,. The use of a constant mole fraction, y1, however, was

necessary to correlate the calcination rates with effect of COz partial pressure using the

following relationship PËo, -Påo, -Pyt, for larger particle size ranges (0.85-1.0 mm),

calcination in Nz environment under higher pressures (up to 5 atm), and for calcination

data taken as the conversion approaching 1007o. The value of y¡, for I007o conversion

data of 0.2-0.35 mm particles, also increased from 0.03 at 850 "C to 0.22 at 900 oC. All
of these factors confirm that for calcination under significant partial pressures of COz

and high total pressures in presence of N2, yr is necessary to account for heat and mass

resistances that occur as a result of the complex calcination mechanism and are difficult

to estimate and represent for the calcination of CaCO¡.
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9.2 Implications of the Present Study

The results of the current study provide a wholistic insight into the behaviour of sulphur

during fluidised-bed gasification so that the important environmental and processing

issues, regarding the utilisation of high sulphur South Australian low-rank coals for

futule power generation, could be addressed.

The conclusions from the coal pyrolysis investigations on sulphur transformations

provide the basic qualitative information leading to the development of a model for

sulphur emissions. The temperature-programmed pyrolysis experiments unfolds the

mechanisms of transformations of the various sulphur forms in SA low-rank coals. It

does this with respect to the distribution of sulphur forms, as well as various types and

nature of inorganic matter. This allows the information obtained to be applied to a wide

range of low-rank coals with varying sulphur distributions and ash contents. The

qualitative understanding of the heat transfer and mass transfer effects on sulphur

transformations and interactions with inorganics is also a critical step in the modelling

of sulphur emissions from fluidised-bed processes.

Sulphur interaction with organically bound sodium and sodium silicates during

pyrolysis, provides additional evidence to sulphur's role in the mechanism of ash

deposition and agglomeration during fluidised-bed combustion and gasification. In

addition, the interaction of sulphur with organically bound sodium and calcium also

imparts complementary insight into the potential inhibitory influence of sulphur on the

ability of organically bound sodium and calcium to catalyse gasification processes.

The conclusions of the characterisation of Ca-based sorbents, provicle fundamental

infolmation for the development of an economical and efficient desulphurisation

strategy during atmospheric and pressurised fluidised-bed gasification. The modelling of

the calcination of Ca-based sorbents and knowledge of the effect of partial pressure of

CO2 for a number of particle size ranges, are initial steps in understanding the

mechanism of sulphur capture during fluidised-bed gasification.
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9.3 Recommendations for Future Work

To develop of a model of the sulphur emissions during fluidised-bed gasification, future

investigations must obviously be extended to gasification and combustion environments

to elucidate the effect of the gasiffing agent on sulphur release and transformation.

Knowledge of the formation of gas phase constituents such as H2S, COS, CS2 by the

transformations of the total, organic and inorganic sulphur forms during fluidised-bed

gasifìcation, is also required to supply appropriate data for modelling. This should be

conducted under a range of experimental conditions and coal charactelistics and

warrants careful analysis of the sulphur compounds in the gas phase product. More

detailed knowledge of the bonding nature and structure of the organic sulphur

functionalities in SA low-rank coals is also suggested for future work. Research

involving alternative techniques to determine the exact nature of the inorganic/sulphur

compounds retained in char, is an important future step in identifying the mechanisms of

sulphur retention and ash deposition during fluidised-bed gasification processes. The

DX-4 Q-Map X-ray mapping packing serves as a promising tool for sulphur analysis,

particularly for intraparticle sulphur investigations of fluidised-bed coal particles.

However, the package needs to be improved to record atomic ratios, to enable the

detection of inorganic sulphur compounds in the char. In regards to the effect of particle

on sulphur transformations, pyrolysis studies require extension to smaller particle size

ranges I to 4 mm and run-of-mine particles, where mass diffusion and heat transfer

effects are more representative of actual coal particles.

The intended plan for the sulphidation experiments needs to be conducted under more

sound experimental conditions. It is recommended that a reactor which minimises heat

transfer effects and sample bed diffusion is the most suitable. The effect of coal

characteristics such as initial limestone surface area and porosity, as well as MgCO3 and

silica content, which enhance calcination and sulphidation, require more detailed

examination. Valuable information into the mechanism of sulphidation and the

influence of calcination under both atmospheric and pressurised gasification conditions

can be obtained from structural information. Analytical techniques, such as SEM and

XRD to observe the structural changes within the sorbent particle throughout the

calcination/sulphidation experiments, is essential for future sorbent investigations.
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Appendix A SEM Images

APPENDIXA

SEM Images

Supplementary SEM images and X-ray maps to those presented for in SEM analysis of

sulphur and inorganic interactions in Chapter 5 and intraparticle sulphur variations in

Chapter 6, are featured in the following Appendix.

A. I X-ray Maps for Sulphur/fnorganic Interactions

Figure 4.1 X-ray maps of carbon, aluminium, calcium and iron constituents in the

unpyrolysed acid-washed sodium exchanged Bowmans coal (AW-Na), presented in

Figure 5.13.
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Figure 4.2 X-ray maps of carbon, aluminium, calcium and iron constituents in the

acid-washed sodium exchanged Bowmans (AW-Na) char which endured Temperature-

Programmed Pyrolysis to 900 oC, presented in Figure 5.14.

a) b)

Figure 4.3 Additional SEM images of AW-Na for a) 700 oC and b) 1000 oC chars

washed with HCl, initial images presented in Figure 5.19.

Figure 4.4 X-ray maps of carbon, calcium, iron and magnesium constituents in the

acid-washed sodium exchanged Bowmans (AW-Na) char which endured Temperature-

Programmed Pyrolysis to 700 oC, presented in Figure 5.15(i).
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Figure 4.5 X-ray maps of carbon, calcium, iron and chlorine constituents in the acid-

washed sodium exchanged Bowmans (AW-Na) char which endured Temperature-

Programmed Pyrolysis to 800 oC, presented in Figure 5.15(ii).

Figure .4'.6 X-ray maps of carbon, oxygen, chlorine and aluminium constituents in the

acid-washed sodium exchanged Bowmans (AW-Na) char which endured Temperature-

Programmed Pyrolysis to 900 oC, presented in Figure 5.15(iii).

Figure 4.7 X-ray maps of carbon, oxygen, chlorine and aluminium constituents in the

acid-washed sodium exchanged Bowmans (AW-Na) char which endured Temperature-

Programmed Pyrolysis to 1000 oC, presented in Figure 5.15(iv).
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Figure 4.8 Additional SEM images of the sodium/sulphur constituents observed in the

acid-washed sodium exchanged Bowmans (AW-Na) char during Temperature-

Programmed Pyrolysis to 800 oC.

700uC, Carbon B00oC, Carbon 900uC, Carbon 900oC, Aluminium

q

Figure 4.9 Carbon X-ray maps of the sodium/sulphur constituents observed in the

acid-washed sodium exchanged Bowmans (AW-Na) char at various final temperatures

during Temperature-Programmed Pyrolysis, presented in Figure 5. 1 6(i-iii).

Figure 4.10 X-ray maps of carbon, aluminium, oxygen and iron constituents in the

unpyrolysed acid-washed calcium exchanged Bowmans coal (AV/-Ca) presented in

Figure 5.24.
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Figure 4.1L X-ray maps of carbon, aluminium, oxygen and iron constituents in the

acid-washed calcium exchanged Bowmans (AV/-Ca) char which endured Temperature-

Programmed Pyrolysis to 900 oC, presented in Figure 5.25.

A.2 X-ray Images for Intraparticle Sulphur Variations

Similar to that presented in Chapter 6, Figure 6.14, the following X-ray maps in Figure

A.I2 reveal the sulphur concentration changes throughout two pyrolysed coal pellets.

Pyrolysis was conducted in a fluidised-bed at 800 "C for three minutes.

a) i) 2.ll - 5.43 wt%o b) i) 1.21 - 7 .24 wt%o

a) ii) 3.39 - 5.43 wr%o b) ii) 3.09 - 7.24 wtVo

Figure 4.L2 Sulphur concentration ranges over the cross sectional diameter of

Bowmans coal particles which endured fluidised-bed pyrolysis at 850oC.
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a) tii) 4.54 - 5.43 wt%o

a) iv) no range

Figure 4.12 (continued)

b) iii) 4.40 - 7 .24 wt%o

b) no range
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APPENDIXB

Calculations for Calcination and

Sulphidation

The derivations for the conversion of CaCO3, plus the calculations required for the

modelling equations employed in the investigations of SA Ca-based sorbents featured in

Chapter 7, are presented in this Appendix.

8.1 Calcination Conversion

The conversion for the calcination of CaCO¡ can be expressed as :

v mass loss of CaCO, Âm(CaCO, ), (8,1)
initial mass mo

where X is the conversion of CaCO3, Am(CaCO3)¡ is the mass loss of CaCO: and mo is

the initial mass.
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The TGA measures the amount mass loss due to COz evolution. This can be convefted

to mass loss of CaCO: by calculating the moles of COz evolved :

(8.2)

where m¡ is the mass at sorbent at time, t, Mco, is the molecular weight of CO2, ncuco,

is the moles of CaCO¡ lost.

Therefore, the mass of CaCO¡ lost can be calculated as :

m(TGA loss) m. - mr
["o' = M"", = M;=ncoco'

Am(CaCO, ), = ncoco. x M.o.o, = (rrro - ,n, ¡ l{t'ta
M".,.

(8.3)

where M.n"o. is the molecular weight of CaCO:

Substituting (8.3) into (B.1), the conversion of CaCOr during calcination at any time t,

can be expressed as :

X(t) =
M"o,

1- -'
mo

(8.4)

The derivation of the conversion of uncalcined dolomite to partially calcined and fully

calcined dolomite, featured as equations (7.6) and (1.1) of Chapter 7, respectively,

follow the same procedure as for the conversion of CaCO¡ above.

8.2 The Calcination Shrinking Core Model

8.2.1 Assumptions of the Shrinking Core Model

The shrinking core model was applied for the modelling of calcination of Angaston and

Caroline Limestone in Section 7.5, Chapter 7. A detailed discussion of the model

features is also discussed in Section 7.5. A number of assumptions were employed to
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develop a simple mathematical expression for the various controlling stages of the

shrinking core model. Firstly, it was assumed that the reactant solid is spherical and that

the spherical shape was maintained throughout the course of the reaction. During the

calcination reaction, physical or chemical changes within the particle were assumed not

to take place. The densities of the reactant and product, in the case of calcination,

CaCO3 and CaO were therefore considered equal. This ensured that the initial radius, ro,

did not change with time. During an actual calcination reaction, however, as CaCO3

decomposes to CaO, the density changes from2.lI g cm-3 ß 3.32 g cm-3 (Borgwardt,

1984). This was calculated by Borgwardt (1984) to give rise to approximately 557o

porosity in the CaO product. The equal density assumption therefore does take into

account the structural changes that occur in the limestone particle during calcination,

making this assumption invalid. The implication of this is discussed in Section 1.5 of

Chapter 7.

Other assumptions include negligible gaseous build up between the unreacted core and

product layer. A pseudo-steady state approximation has also been carefully developed

(Smith, ),971), which assumes that that the density of the gas in the pores of the solid is

much lower than that of the solid reactant. From this is can be deduced that the rate of

movement of the reaction interface ,", +, is small compared to the velocity of thedt'
diffusion of gas through the product layer. The last approximation results in

simplification to solve set of equations and is generally not applicable for gas-solid

systems under high external pressures with low solid reactant concentrations.

8.2.2 Calculations for the Shrinking Core Model

The time taken for calcination using the shrinking core model under chemical reaction

control, can be expressed by the following :

¡ = --- !-45--lr - f r - X)'/, ] = r t" (t)MBbk"(co)n.
(8.4)
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where pe is the density of CaCO¡, b is a stoichiometric coefficient, Ms is the molecular

weight of the solid reactant, (Cn)u is bulk gas concentration, k. is the reaction rate.

Using the ideal gas law, the concentration of nitrogen in the bulk gas phase was :

(B.s)

For 700 and 750 oC

1

= I.25 x 10-5 gmole cm-3(Co )o =
82(213 + 700)

1
(co ) '- szçzlz+750)

1.19 x 10-5 gmole cm-3

The mean particle size was deduced from the particle size range :

For 53-64 Frr, ro =0.00292 cm

For 212-355 þt-, ro = 0.01418 cm

Rearranging equation (8.4)

Psfo K
L_

MBbk*(cn)o k,
(8.6)

where the constant, K is defined as K P¡fo
MBb(cA)b

For Angaston Limestone, Ps =2.7J g cffi-3, Me = 100, b - 1

K., , - 2'71x0'00292 -=6.4i.K.,..== - 2'77x0'0l4r\ -=3r.42"53-64pm l00xl xl.25Xl0-s 
v' t' )'-2r2-355pm l00xl x1.25X l0-s

Caroline Limestone, PB = 2.24 gcm-3, M" = 100, b = 1

(co)o =Uh
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v - 2'24x0'00292 - =5.24. K-.-^-- - 2'24x0'or4r8 - =3Li6Nsi-ó4¡"n = toott*t:s"to- =r'z+ ' N2l2-355rn' = l00trr r.25xlo-'

The slope of the f"(X) versus time curve, displayed in Figure 8.1, was employed to

determine k.. From equation (8.4) :

therefore

a

slope=1-(cA)bbMBk'
T Psfn

(8.7)

(8.8)

(B.e)

b

Figure 8.1 A plot of f"(X) verusus time for determination of k, during the calcination of

Angaston Limestone (53-64 pm) for a) atTOO 
oC and b) 750'C.

The Arrhenius expression, (8.9) was rearranged to determine rate constant, k, by

substituting the activation energy, Eo, deduced from the TGA experiments along with k.

dedr-rced from 700 oC.

k,=k*r(+)

where R is the gas constant and T refers to temperature.

f(Ð

-x(cl@3)

09

0fl

r¡a 07
ts
èb..-
E 0o

? u.'
Q

- t)4

f; or
É
O ¡r1

{)t

Ë
0.2 rì

0

5(X) 1500 2ffn

04

035

0.3

0.25

0. 15

0l

0.05

0

t0(x)

Tlm(rec)

-X(Ar@3). f(Ð
-*fc(Ð

I

T
U

èb (JB

Q06

?04o

Qn,

t2

È06x

TIrn (sc.c)

t2

(8

0

0 250 5()() 750

o4

o2

t(xx)

Sulphur Transformations during Pyrolysis of Low-rank Coal and
Characterisation of Ca-based Sorbents

305



Appendix B Calculations for Calcination and Sulphidation

k was in turn used to calculate k. for 750, 800 and 850 oC using equation (8.9), The

SCM equation was then solved for the calcination time, t, by substituting the above

parameters and experimental conversion data into equation @.a).

8.3 Sulphidation Conversion

The conversion of CaO for the indirect sulphidation experiments is as follows :

(8.10)

where mo refers to the initial mass of CaO, ÂW, is the weight gain during sulphidation

and M".,o and M.* are the molecular weights of CaO and CaS, respectively.

The conversion of CaCO¡ for the direct sulphidation experiments is as follows :

(8.11)

where mo refers the initial mass of CaCO3, ÂW¡ is the weight gain during sulphidation
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APPENDIX C

Analysis Of Experimental Errors

The following Appendix presents the analysis of the experimental errors associated with

the values of sulphur forms retained in chars from various pyrolysis experiments as

presented in Chapters 4, 5 and 6. Experimental errors for the sorbent calcination

conversion data and Arrhenius parameters, presented in Chapter 7, is also included, A

detailed discussion of the potential error sources accompanies the error analysis. For all

experimental systems, variations in flowrate and reaction temperature were considered

to have negligible effect on the accuracy of the results. The predominance and

applicability of the other error sources depends on the particular experimental systems

employed and is therefore discussed separately for each system.
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C.l Errors of the Sulphur Transformations during Pyrolysis

The major sources of experimental errors in the present pyrolysis experiments have been

identified as : (i) variations in mass loss data, (ii) eruors associated with the chemical

analysis of the individual sulphur forms and (iii) variations of the inorganic matter

content between different batches of raw, acid-washed, water-washed, and acid-washed

ion-exchanged Bowmans coal samples and raw Lochiel coal samples.

The amount of sulphur remaining in the char as a percent of the initial total sulphur in

the coal, (S,u,,)"n",./(S,n,ur)"nu' iS calculated by the following equation :

(Sror. )"¡u, 
= 

(S*,*)"n-, M"ho,

(S,o,ol )"oot (S*,2, )"oot M"ool
(c.1)

where (S*,',).nu, is the concentration of the sulphur form in the char, (S*,*)"n,, is the

concentration of total sulphur in the coal and M"nu,1M"nu, is the mass of char to mass of

coal ratio.

The absolute error for (S,0,,)"n,,/(S,n,ur)"o,r câ[ therefore be deduced from the errors of

sulphur concentrations and the M"n",/M""", ratios. The general method for accumulating

or propagating errors is the addition in quadrature method (Himmelblau, 1968) using the

following formula :

z= z (x,y) G.z)

(c.3)

where z is an arbitrary function with variables x and y. ox, oy are and oz are the errors

for x, y and z.

For analysis of errors in the current study, equation (C.1) is simplified by letting

S = (S,u,,).nu,1(Suuo,)"uu, , S"r, = (S*n )"no,, S* = (S*,"r")"our and M = M"¡u,/M"nu,,

c"
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so the equation becomes

S=S"n rt
S"o

(c.4)

(c.5)

The error for S is therefore expressed as :

os=

and hence

as l'las l'/ðs l'
as"n 

o'*.,l .[rr- "'..J *[* o*)

,., 
)' 
*t+P 

"..., )' 
.[* o,)'S

M
S"o

oo (c.6)

It is stated in the Australian standards total sulphur testing method, AS 1038.6.3.1

(1986) and sulphur forms method, AS 1038.11 (1993), that when the methods described

are operated satisfactorily, numerical values for the repeatability and reproducability

should not exceed those given in Table C.1. The concentration of organic sulphur in

coal is not determined directly from AS methods but calculated indirectly from the

subtraction of the inorganic sulphur forms from the total sulphur concentration.

Table C.l : Precision data for the total sulphur and sulphur forms determination

Element Repeatability (%abs) Rep rod uci bil ity (%abs)

Total S 6=2"/". air drv) 0.10 0.20
Pvrite S (<0.5%. air drv) 0.05 0.10
Sulohate S o.o2 0.03

(o/oabs): absolute error percent

Taking the limits of the repeatability as the associated enor for the total, pyrite and

sulphate sulphur forms, the accumulated error for organic sulphur can therefore be

determined as :
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O orgs = (o ,o,o,, )' * (o ey,ites ) r (.o ,",'n,o, )' (c.7)

O orgs = (0.1O)'z + (.0.05)'z + (0.02)2 = 0.11

where oorgs, oro,ors, opyrites, osulpho,"s are the errors of repeatability for ofganic, total,

pyrite and sulphate sulphur concentrations, respectively.

Determination of the sulphide sulphur content is performed in the same step as sulphate

sulphur determination during the AS 1038.11 (1993) wet chemical analysis. The error

for sulphide sulphur was therefore equated as 0.02 (the error of sulphate sulphur) plus

0.03, an estimated error for the detection of HrS by titration, to give a final error of 0.05.

The errors determined for the M"¡or/M"oo¡ values will be discussed for each individual

expedmental system along with the consideration of other contributing factors. Errors

inculred due to the variations in inorganic matter between different batches of coal

samples was taken into account by averaging the (Sn,,.)"n,./1s,n,0,)",,u, ratios of identical runs

and determining the variation.

C.L.L Error Analysis of the TPP Experimental Data

For the Temperature-progranìmed Pyrolysis (TPP) experiments, a muffle furnace was

employed to increase the temperature from room temperature to 900 oC at slow linear

heating rate. Enough time between experiments ensured that the same heating rate for

each run was maintained. One experiment in the muffle furnace allowed the removal of

samples at two different final temperatures (at least 200 oC apart). Time and temperature

values were recorded throughout the experiment to assess the repeatability of the

heating rate. Figure C.1 presents the temperature versus time plots for the four different

temperature ranges applied. Plots for repeated experiments at 600/800 oC and 700/900
oC are also displayed as the second set of experiments. Figure C.l shows that the

heating rate of the muffle furnace is initially quite slow. However, between 200-800 oC,

where most of the sulphur evolves, the heating rate is approximately 17 K min-l and

displays a very good linearity, producing an R2 value of 0.995.
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Figures C.1 also reveals that within a run, the removal of the first set of samples had a

negligible effect of the furnace heating rate and hence the subsequent sulphur

transformations in the remaining sample. Furthermore, only slight variations in the

heating rate are observed for experiments with different final temperatures.

r 000
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P:- 6()0

6

fr +oo

F

200

0

0 I 000 2000

Time (sec)

3000 4000

¡ 200,400oC

O 300,500oC

o 600,800oC (Set l)
X 700,900oC (Set t)

I 700,900oC (Set 2)

o 600,8()0oC (Set 2)

,í
xs'

Figure C.l Temperature readings versus time during Temperature-Programmed

Pyrolysis (TPP) experiments in a Muffle Furnace for various final temperatures.

As mentioned in Chapter 3, Section 3.3.1, changes in initial sample mass of coal from 2

to 4 grams in the TPP experiments did not alter the final mass of char to Mass of coal

latio (M.¡o./M"ool). It was reasoned that while diffusion resistances of the sample bed

may allow back reactions and retention of sulphur to occur, variations in initial sample

mass were not considered to have any significant effect on the degree of mass transfer

and hence sulphur retention. For each temperature run, four crucibles of roughly equal

mass were inserted in the furnace to obtain enough sample for chemical analysis of the

various sulphur forms (at least 7 grams required). The mass of each sample before and

after was used to calculate the mean M"¡¡r/M"oo1 ratios. The errors were determined from

three times the standard deviation from the mean (Himmelblau, 1968). Using this

method implied that approximately 95Vo of the data would fall between the error limits

calculated. For each temperature, experiments were repeated 2-3 times. The errors

deduced from the M"¡,or/M"oo¡ ratios and (S..,,.,)"¡o/(Su,,u,)"nu, ratios, denoted as om and or,

lespectively, for all coals employed in TPP experiments, are presented in Tables C.2 to

c.6.
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Table C.2 z Errors of the M"¡or/M"onl ratio and the S"¡'o,/S.oo¡ ratio for the individual
sulphur forms remaining in raw Bowmans and raw Lochiel TPP chars.

Bowmans
T ('C) Mchar/Mcoal Om Total o Sulphate o. Pyrite Os o Organic Os

25 1.00 'I 00 0 00s 0.20 zE-O4 0.00 5E-06 000 0.00 0.80 0.004
200 0.96 0.002 0.90 0.002 o.21 0.001 0.01 2E-05 0.00 3E-06 068 0.002
300 0.84 00s 0.86 0.05 0.19 0.01 0.01 7F-O4 0.00 zE-O4 0.66 0.04
400 o.87 0.06 o.78 0.06 o.21 o.o2 0.01 1E-03 0.01 4E-O4 0.55 0.04
500 0.68 0.05 0.59 0.04 o.17 001 0.04 3E-03 0.01 5E-04 0.37 0.03
600 o.67 o04 058 0.03 0.1s 0.01 o.o3 1E-03 0E+00 0E+00 0.40 o.o2
700 0.64 0.01 0.57 0.006 o10 0.001 0.001 9E-06 9E-04 1E-05 o.47 0.005
800 0.58 0.00 0,53 0.003 0.00 2E-05 0 001 6E-06 3E-03 1E-05 0.52 0.003
s00 0.56 001 o.47 o 006 0.00 6E-05 0.001 2E-05 001 'I E-04 0.45 0.006

Lochiel
T(.C) Mchar/Mcoal Om Total o" Sulphate o Pyrite o Sulphide Os Organic o

25 100 1.00 0.003 0.15 9E-05 0.003 5E-06 0.0 0 0.8s 0.003
200 0.91 0.06 0.85 0.06 o.'t4 0.01 0.004 3E-04 0.003 2E-O4 o.70 0.05
300 0.89 0.08 0.84 o.o7 0.12 0.01 o.oo6 5E-O4 0.003 3E-04 o.70 0.06
400 o.73 0.06 0.62 0.05 0.11 0.01 o.oo4 4E-O4 0.008 6E-04 0.49 0.04
500 o.62 0.07 0.45 0.05 0.09 o.01 0.006 gE-04 0.01 1E-03 0.30 o.o3
600 0.56 0.09 0.39 0.06 0.06 1E-O2 0.020 4E-03 0.01 2E-O3 0.26 o.o4
700 0.53 0.01 0.40 0.01 0.03 8E-04 0.001 3E-05 0.03 5E-04 0.33 0.01
800 o_50 o_o6 0.40 0.05 0.00 8E-04 4E-O4 6E-Os 0.05 6E-03 0.34 0.04
s00 0.48 o.o1 0.41 0.01 0.00 3E-05 0.001 2E-Os 0.06 0.001 0.35 0.01

Table C.3 : Errors of the M"¡¡./M"oo¡ ratio and the S"¡'orlS.oo1 ratio for the individual
sulphur forms remaining in water-washed (WW), acid-washed sodium exchanged (AW-
Na), acid-washed calcium exchanged (AV/-Ca), and acid-washed Bowmans TPP chars.

T("C) Mchar/Mcoal o- Total Os Sulphate o Pyrite o Sulphide Os Organic o
z5 t.00 1.00 0.004 0.03 2E 05 0.0017 3.8E-06 0.00 0.0 o.97 0.005

200 0.98 0.03 1.00 o.o2 0.03 0.001 0.00168 3.5E-05 0.00 0.0 0.96 o.o2
300 0.90 0.08 0.92 0,06 0.05 0.003 0.01 4E-04 0.00 0.0 0.87 0.05
400 0.80 0.35 0.75 o.23 0.04 0.011 0.0t 4E-03 0.00 6E-04 0.70 o.2l
500 0.68 o,t2 0.51 0.06 0.02 0.003 o.o2 3E-03 0.002 2E-04 o.46 0.06
600 0.59 0.03 o.46 0.01 0.01 4E-O4 0.002 5E-05 0.004 tE-04 0.44 0.01
700 0.55 o.o2 0.44 0.01 0.01 2E-04 2E-04 5E-06 0.0 t 3E-04 0.42 0.01
800 0.53 0.01 0.43 0.01 0.002 5E-05 6E-05 lE-06 0.01 zE-04 0.42 0.01
900 0.50 0.01 0.42 0.005 0.003 3E-05 6E-05 6E-07 0.01 I E-04 0.4 r 0.005

AW-Na Coal
T("C) Mchar/Mcoal Cn Total o Sulphate o" Pyrite os Sulphide o o

25 1.00 1.00 0.00 0.04 3E-05 0.003 6E-06 0 0 0.96 0.004
200 0.98 o.o2 0.94 o.02 0.03 0.001 0.006 2E-04 0.00 t 1 3E-05 0.90 o.o2
300 0.90 0.06 0.93 0.06 0.04 0.003 0.02 0.001 9E-04 6E-05 0.86 0.06
400 0.80 o.25 0.80 o.27 0.05 o.02 0.03 0,010 9E-04 3E-04 o.72 0.24
500 0.68 0.08 0,5'l o.o7 0.04 0.006 0.05 0.007 8E-04 1E-04 o.42 0.06
600 0.59 0.02 0.46 o.o2 0.03 9E-04 o.o2 9E-04 0.002 7E-05 0.41 0.01
700 0.55 o.02 o.44 0.01 0.01 3E-04 0.002 8E-05 0.003 1E-04 o.42 0.01
800 0.53 0.01 o.44 0.01 0.002 5E-05 0.002 4E-05 0.004 8E-05 0.43 0.01
900 0.50 0.01 0.45 0.005 0.000 0 0.001 1E-05 0.004 5E-05 0.44 0.005

AW-Ca Coal AW Coal
T ('C) Mchar/lllcoal o- Total o Sulphide os Organic o Mchar/ltlcoat o- Total o

25 100 'I OO 0.004 0.00 0.00 1.00 0.005 100 100 0 004
200 098 o.o2 0.87 o.o2 0.002 5E-05 o.a7 o.02 0.98 o.o2 095 o.o2
300 0.90 0.06 0.74 0.05 0.003 1-O4 o74 0.05 0.90 0.06 085 o.06
400 0.80 o.25 o.67 o23 o oo3 9E-04 0.67 0.23 0.80 o25, 078 0.24
500 0.68 ooa 0.45 o.o7 0.003 4E-O4 0.45 0.o6 0.68 0.08 0.51 006
600 0.59 0.02 0.34 0.01 0.002 7E-05 o34 0.01 0.59 0.02 037 o01
700 0.55 o.o2 o.37 0.01 o o12 :_o4 0.35 0.01 0.55 0.o2 0.38 001
800 053 0.o t o36 o(l1 0.04 9E-04 o.32 001 053 001 0.39 0.01
900 o50 001 0.34 0.005 014 2E-03 o.20 o oo4 050 001 0.34 0 004
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Table C.4 : Errors of the M"¡o./M"oo¡ ratio and the S.l,o./S"oo1 ratio for the individual
sulphur forms remaining in water-washed Bowmans coal (WW) with 2O 7oS¡ NazSO¿
(WN), TPP chars.

T("C) Mchar/Mcoal om Total o Sulphate o Pyr¡te õ Sulphide Os Organic o
25 1.00 1.00 0.01 0.02 2E-05 0.18 0.00 0.00 0.o 0.82 0.00

200 0.99 o.o2 1.00 0.02 0.02 4E-04 o.20 0.00 0.00 00 0.80 o02
300 095 0.05 o.97 0.05 0.03 1E-03 0.19 0.01 0.00 0.0 0.78 004
400 0.89 0.09 0.86 0.08 0.03 3E-03 0.19 0.02 0.00 0.0 0.67 0.07
500 068 0.08 0.62 0.07 0.02 2E-03 o.20 o.o2 o.o0 4E-O4 042 0.05
600 0.60 0.05 0.52 0.04 0.01 6E-04 0.00 4E-O4 008 0.01 o.44 0.04
700 0.56 0.03 0.50 0.03 0.001 6E-05 0.00 4E-05 008 0.01 o42 0.03
800 0.53 0.01 0.49 001 0.001 1E-05 0.00 1E-0s 008 0.001 0.41 0.00s
900 0.49 0.11 o.47 0.11 0.001 2E-O4 0.00 8E-05 008 0.02 0.38 0.09

WC
T(.C) Mchar/Mcoal on Tolal õ Sulphale o Pyñte (t Sulphide o Organ¡c o

25 100 1.00 0.01 0.20 2E-04 0.00 4E-06 0.00 0 0.80 0 005
200 0.98 0.02 0.99 o.o2 0.19 4E-03 0.00 2E-05 0.00 0 0.81 o.o2
300 0.92 0.05 0.93 0.05 0.19 0.01 0.00 2E-04 0.00 0 074 0.04
400 0.86 0.10 0.84 0.10 o.20 o.o2 0.01 1E-03 0.00 0 0.63 0.07
500 0.67 0.07 o.57 0.06 0.18 0.02 0.03 3E-03 0.00 0 036 0.04
600 0.60 o.o2 0.53 o.o2 o.17 0.01 3E-03 9E-05 0.00 6E-05 0.36 0.01
700 0.56 o.o2 0.53 0.02 0.15 0.01 4E-O4 2E-O5 001 5E-04 o.37 0.01
800 o.52 001 0.51 0.01 0.09 0.001 1E-04 1E-06 006 6E-04 0.36 0 004
900 050 0.01 0.52 0.01 0.02 3E-04 'lE-04 1E-06 0.14 2E-03 U.JO 0.01

T ('C) Mchar/Mcoal om Total o" Sulphate o Pyrite o Sulphide o Oraanic o
25 1.00 1.00 0.01 o.25 2E-O4 0.00 4E-06 0.00 0 o.75 0 004
200 0.98 0.03 o97 0.03 0.18 0.005 0.00 3E-05 000 0 080 o02
300 0.93 o.42 0.99 0.4s 0.25 0.11 000 2E-03 0.00 0 0.73 0.33
400 084 o.12 o.79 o.12 0.18 0.03 0.01 1E-03 0.00 U 0.61 009
500 0.68 0.05 0.59 0.04 o.17 0.01 o.o2 1E-03 0.003 2Ê-O4 0.40 0.03
600 0.60 0.02 0.53 o.02 0.14 0.00 1E-03 4E-05 0.01 2E-O4 0.39 0.01
700 0.56 0.03 0.51 0.03 o.14 0.01 2E-O4 1E-05 0.01 3E-04 0.37 o.o2
800 0.54 0.01 0.50 0.005 o.14 1E-03 2E-O4 2E-06 0.01 8E-05 035 0.003
900 0.51 0.01 0.49 0.01 0.01 1E-04 4E-O4 9E-06 0.01 3E-04 o.47 0.01

Table C.5 : Errors of the M"¡o./lvl.oo1 ratio and the S"no./S"oo¡ ratio for the individual
sulphur forms remaining in TPP chars of acid-washed Bowmans coal with 50 %St
CaSO¿ (AS), 20 VoS¡ and 20 %St NazSO4 (AN) added.

AS
T(.C) Mchar/Mcoat o. Total o Sulphale o Pyrite o Sulphide o" Organic o

25 '1.00 1.00 0.01 0.49 0.001 0.01 5E-05 0.0 0 0.50 0.004
200 0.98 003 1.00 0.03 0.48 0.01 0.01 3E-04 0.0 U 0.50 0.002
300 0.97 0.04 0.93 0.04 0.45 o.o2 o.o2 7E_-O4 0.0 0 0.46 0.003
400 0.90 o.14 0.89 0.14 o.44 0.07 0.02 3E-03 0.0 0 0.43 0.01
500 0.81 0.04 075 0.04 0.38 o.02 o.o2 9E-04 00 0 035 0.002
600 o.72 0.05 0.73 0.06 0.39 0.03 9E-05 8E-06 0.001 8E-05 033 0.003
700 0.67 0.01 0.74 o.o2 0.40 0.01 9E-05 2E-06 0.01 'tE-04 0.33 0.001
800 0.62 0.03 0.70 0.04 0.28 0.02 2E-04 9E-06 0.06 0.003 0.36 0.002
900 0.56 0.01 o.71 0.01 0.07 0.001 1E-04 2E-O6 0.28 0.004 0.36 3E-04

AC
r("c) Mchar/Mcoal An Total o Sulphate o Pyrite o" Sulphide o Organic o

25 1.00 1.00 051 0.19 0.02 0.00 3E-04 000 0E+00 0.81 0.46
200 0.99 o.02 0.99 0.02 0.19 0.10 0.00 o.o2 0.00 1E-04 0.80 0.01
300 0.94 0.06 0.92 o07 o.17 0.09 0.01 o.o2 000 9E-05 o74 0.05
400 0.84 0.10 o.78 0.09 0.16 0.08 0.01 0.02 0.00 5E-04 0_61 0.07
500 0.70 0.06 0.57 0.05 0.15 0.07 o.o2 0.01 0.00 'I E-03 0.40 0.04
600 0.61 0.02 0.50 o.o2 0.15 0.05 0.00 0.01 0.00 2E-03 0.35 o.o1
700 o.57 0.01 0.50 0.01 0.15 0.05 0.00 001 0.00 3E-05 0.35 0.01
800 0.53 0.004 o.47 0.01 o.o9 0.05 0.00 0.01 o.o2 2E-O4 U.Jb 0.003
900 0.51 0.01 o.47 0.01 0.01 0.04 0.00 0.01 0.10 1E-03 U.Jb 0.004
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Table C.6 : Errors of the M"6or/IvI.oo1 ratio and the S"¡,orlS"oo¡ ratio for the individual
sulphur forms remaining in the TPP char of acid-washed Bowmans coal with 20 VoS¡

Na2SOa (AN) added.

AN
T("C) Mchar/Mcoal o- Totel o Sulphate o. Pyrite o Sulphide o Organic os

25 1.00 1.00 0.01 o.20 2E-O4 0.01 3E-05 0 0.79 0.004
200 0.98 0.01 o.97 001 o.17 0.002 0.01 9E-05 0 0.80 0.01
300 0.95 0.08 0.93 0.08 0.16 0.014 0.01 1 E-03 0 0 075 0.06
400 0.85 0.1 1 0.80 0.10 0.16 0.020 0.03 4E-03 0 0 0.61 0.08
500 0.7'l 0.05 0.61 0.04 o.14 0.009 0.03 2E-O3 0 0 0.44 003
600 o62 0.03 0.54 o.o2 0.15 0.006 2E-O4 1E-05 0 0 039 o.o2
700 0.58 0.01 0.53 0.01 0.14 0.003 1E-04 2E-06 0.002 3E-05 0.39 001
800 0.56 0.01 0.51 0,01 0.13 0.001 1E-04 1E-06 0.002 2E-0s 038 0.004
900 0.53 0.01 0.5'| 0.01 0.01 1E-04 2E-O4 4E-06 0.01 2E-O4 0.49 0.01

In conclusion, from these results the errors for each individual sulphur form for all coal

samples investigated, on average, do not exceed + I5Vo of the mean value.

C.1.2 Error Analysis of the Fixed-bed Pyrolysis Experimental Data

For the Fixed-bed pyrolysis experiments, the size of the platinum boat was such that

only 1.5 g of sample could be pyrolysed at any one time. Therefore, numerous replicate

experimental runs were necessary to obtained sufficient sample (at least 7 g) to measure

the amount of sulphur forms remaining in the char using the Australian Standards wet

chemical method. A mean M"¡o./M.s¡1 ratio was determined from the average of the

runs and employed in equation (C.1) to calculate the amount of sulphur remaining in the

char. Again, a value of three times the standard deviation from the mean was

determined as the error of M"¡,orllvl"oo¡. Approximately 957o of the M"6o./M"oo¡ data lie

within the limits. For a number of coal samples and pyrolysis temperatures, the mean

M"no,/M"ool ¿nd (Sr,,,,)"no,/(S,n,')"on, plus errors om and or, respectively, are displayed in

Tables C.7 to C10.

Errors in M"¡o./M¿6n¡ âtrd (S,,,',)"n"/(S,n,u,)"nu,ratios incorporate variations between replicate

runs due to discrepancies from sample retrieval, handling and weighing as well as errors

from sulphur analysis. It was reasoned that since the mass of initial coal sample could

not vary more than 0.5 g (ie. 3-Vo of total weight), variations in sample mass were not

sufficient to induce variations in sample bed diffusion. The effect of sample bed

diffusion on sulphur retention was not investigated in the current studies but was taken

into consideration in the model temperature predictions presented in Chapter 6, Section

6.2.t.
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Table C.7 : Errors of the M"¡or/M"oo1 ratio and the S"no,/S.oo1 ratio for the individual
sulphur forms remaining in Bowmans Coal char during fixed-bed pyrolysis at 700 'C
and 900 0c.

Time (min) Mchar/Mcoal 6m Total S o Sulphate Os Pyrite Os Organic Os
0 1.00 1 1.00 0.005 0.21 0,0002 0.005 1E-05 0.79 0.00

0.5 0.75 0.21 0.76 0.2'l 0.22 0.06 0.02 0.01 0.53 0.15
1 0.47 0.18 0.60 0.17 0.21 0.06 0.03 0.01 0.36 0.10
2 0.51 0.40 0.58 0.36 0.1s 0.09 0.00 0.001 0.43 0.26
o 0.55 0.30 0.55 0.27 0.'12 0.06 0.01 0.004 0.43 0.21
5 0.59 0.1s 0.56 0.14 0.11 0.03 0.00 0.0003 0.46 0.11

Bowmans, g)dC
Time (min) Mchar/Mcoal 6m Total S Os Sulphate Os Pyrile Os Organic Os

0 1.00 1.00 0.00 0.21 0.00 0.00 1E-05 0.79 0.004
0.5 0.60 0.15 0.52 0.13 0.14 0.03 0.01 2E-03 o.37 0.09

1 o.54 0.003 0.48 0.003 0.09 5E-04 0.01 3E-05 0.39 0.003
2 0.48 0.08 0.47 0.08 0.01 2E-03 0.001 1E-04 0.46 0.08
J 0.47 0.05 0.49 0.05 0.001 1E-04 0.001 7E-05 0.49 0.05
5 0.47 0.06 0.48 0.07 0.001 1E-04 0.001 1E-04 0.48 0.07

Table C.8 : Errors of the M"n¡rlM"oo1 ratio and the S.¡o./S.oo1 ratio for the individual
sulphur forms remaining in Lochiel Coal char during fixed-bed pyrolysis at 700 oC and
900 0c.

T¡me (min) Mchar/Mcoal õø Total S o Sulphate o Pyr¡te o Sulphide os Oryanic o
( 1.00 3E-03 015 9E-05 0 30k 5E-06 0 000 0.85 000

06r 023 0.50 0. l9 o.l't 0_06 I 4o/o 6F-03 0 003 lE-03 032 0.12
3 0.56 0.03 o.4t 0.03 0.1I 0.01 O lo/a 3E-05 0 003 lE-03 029 002
5 0.55 0.05 0.51 004 0.10 001 0 lo/a 3E-05 003 2E-03 037 003

Lochiel, 900oC
Time (m¡n) Mchar/Mcoal Cm Total s os Sulphate o Pyrile o Sulphide o Orcan¡c o

0 1.00 1.00 0.00 0.15 0.000 0 0031 5E-06 0.00 000 o85 0.00
0.54 0.04 0.47 0.03 o.12 0.008 0.003s 2E-O4 000 0.oo o.02

1 0.53 0.04 0.48 0.03 0.10 0.007 0.0007 5E-05 o02 o.o0 U.JC o.02
o.52 0.05 0.50 0.05 0.02 0.002 0 0005 5E-05 o.o7 ool o.41 004

3 0.50 0.05 o.48 0.04 0.005 0 0004 0.0003 3E-O5 oo8 0.01 040 0.04
5 0.49 0.04 0.49 0.04 0.003 0 0003 o.o003 3E-O5 0.09 0.01 0.39 0.03

Table C.9 : Errors of the M"¡,orlM"o¡ ratio and the S"¡o./S"oo1 ratio for the individual
sulphur forms remaining in acid-washed calcium exchanged Bowmans char (AW-Ca)
during fixed-bed pyrolysis at 700 oC and 900 oC.

Time (min) Mchat/Mcoâl 6m Total s o Sulphate os Pyrite o Sulphide o Organic o
0 t00 L00 0.004 004 2.88-05 0.00 6E-06 000 0E+00 096 000

05 082 009 086 010 0.07 001 0.00 2E-O4 0.00 5E-04 o.79 0.09
06t 005 0,54 0,05 0.06 001 0.01 5E-04 000 3E-04 o 4't 004

2 060 o02 o46 ool o04 I E-0i 0.0 t 2E-0+ 00r 2E-O4 04r 001
3 058 002 045 o.o2 0.02 8E-04 0.001 4E-05 0.0t -5E-04 o42 o02
5 0.5ó 0.03 o.46 003 0.01 5E-04 4'tF'O4 2E-O5 o02 lÞ03 043 o.oz

AW-Ca,90dC
Time (min) Mchar/Mcoal 6m Total S o Sulphate o Pyrite o Sulphide o Organic os

0 L00 t.00 0 004 o04 3E-O5 0.003 óE-06 0.00 0 0.96 0 004
05 0.56 0.06 0.51 0.05 0.05 0.005 0.003 3E-04 000 3E-04 045 005

053 003 o.49 0.03 0.01 0 001 0.0r 6E-04 0,03 0 00t 0.45 003
2 050 003 052 0.03 0.01 0.001 3E-04 28 05 006 0.004 o44 003
3 o,49 0.03 0 5l 0.03 0.01 0 00t 3R-04 2E-05 006 0 004 044 003
5 o55 oto o5t 0. l0 0.01 0.002 6E-O4 r E-04 006 00t o44 009
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Table C.10 : Errors of the M"¡or/M.oo1 ratio and the S"¡o./S"oo1 ratio for the individual
sulphur forms remaining in acid-washed sodium exchanged Bowmans char (AV/-Na)
during fixed-bed pyrolysis at 700 oC and 900 oC.

AW-Na.90dC
Time (min) MchalMcoal On Total S o Sulphate o Pyr¡te os Sulphide o Organic o

0 1 1.OO o.oo4 o04 3E-05 3E-03 6E-06 0.000 0.000 0.96 0.004
o5 7É-O4 o.59 o07 0,05 0.01 3E-03 4E-04 0.003 0E+00 0.54 0.07

1 ôs3 6F-O5 o53 o02 0.01 4E-04 1E-04 6E-06 0.01 0.001 05t o.o2
2 o49 2F-O5 0.51 0.01 0.01 3E-04 1E-04 3E-06 0.03 0.001 048 o01
J 0.49 5E-06 o.52 0.01 0.01 1E-04 3E-04 3E-06 0.03 0.0005 o48 0.01
5 0.49 3E-05 0.52 0.02 0.02 0.001 1E-04 4E-06 0.03 0.001 o47 0.02

Table C.1,1 : Errors of the average M"¡,-/lvl.oo¡ ratio and the average S"¡or/S.oo1 ratio for
the individual sulphur forms remaining in Lochiel Coal char between fixed-bed
pyrolysis runs at 700 oC and 900 oC.

T i m e (m i n )ll M ch ar/M coa t 6m Totel s os Sulphate o Pyrite o Sulph¡de o Organic o
3 (7oo'c)ll o 57 0.05 o.44 0.04 0.1 1 0.01 0.0005 4E-05 001 o.oo2 o.32 0.03
5 (700'c)ll 0.57 0.06 0.49 0.05 0.10 0.01 0.0004 4E-0s 003 0.003 0.36 004
5 (soo'c)ll o.5o 0.07 0.49 0.07 0 003 0.04 0.0003 4E-O4 0.10 0.008 0.39 0.04

The predicted model temperatures of the fixed-bed experiments showed that the onset

temperatures of sulphur decomposition were exactly the same as those deduced from the

TPP experiments. This implied that consideration of mass diffusion effects in

temperature calculations was warranted.

Except for the errors of the M.¡,orlM"oo1 ratios in pyrolysis of raw Bowmans coal at 700
oC 

lTable C.7), the average error (5¡6¡¡1)"r,o./(5ro.n,')"oo¡ ratio with an experiment, for the

individual sulphur forms and the coal samples investigated, is roughly +IlVo of the

mean value. Table C.11 reveals the variation that occurred between two identical

experiments in the fixed-bed reactor using Lochiel coal. This did not exceed +I47o for

both the M.¡or/M.oo¡ and (S¡or,n)"norl(S¡or-)"oo1 ratios.

C.1.3 Error Analysis of the Bulk Fluidised-bed Pyrolysis Data

The average and variations of M"¡.,orlM.oo1 ratios for the 6, 8 and 10 mm diameter raw

Bowmans coal pellets which endured 3 minutes of fluidised-bed pyrolysis at 800 oC,

were taken between a series of runs. The corresponding effors for the percent of sulphur

remaining in the char particles is featured in Tables C.I2 to C.12. Within runs,

variations in the (Sro..,n)"no./(Srorm)coat ratio are small. Table C.13 displays the errors for
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identical fluidised-bed experiments. Errors are only marginally greater than those

calculated within runs, ie. approximately +l1Eo.

Table C.l2 z Errors of the M"¡orÀ4.oo1 ratio and the S"¡or/S"oo¡ ratio for the individual
sulphur forms remaining in raw Bowmans 6 mm, 8 mm and 10 mm diameter char
pellets during fluidised-bed pyrolysis at 800 oC.

6mm
Time (sec) Mchar/Mcoal 6n Total S Os Sulphate Os Pyrite 6s Organic Os

0 1.00 0.01 1.00 0.005 0.20 5E-04 0.002 2E-06 0.80 0.001
30 0.55 0.01 0.43 0.01 0.10 0.002 0.002 3E-05 0.33 0.01

60 0.52 0.01 0.45 0.01 0.08 0.002 0.001 1E-05 o.37 0.01

120 0.51 0.01 0.44 0.01 0.07 0.001 0.001 1E-05 o.37 0.01

8mm
Time (sec) Mchar/lttlcoal 6m Total S Os Sulphate Os Pyrite Os Oryan¡c Os

0 1.00 0.01 1.00 0.005 0.20 5E-04 0.002 2E-06 0.80 0.001
30 0.61 0.01 0.51 0.01 o.14 0.002 0.01 2E-O4 0.36 0.005
60 0.53 0.01 0.45 0.01 o.09 0.001 0.001 1E-05 0.36 0.01
120 0.51 0.01 o.44 0.01 0.07 0.001 0.0005 8E-06 0.37 0.01

1)mm
Time (sec) Mchar/Mcoal Cm Total S Os Os Pyrite Õs Organic O5

0 1 1.00 0.005 0.20 5E-04 0.002 2E-06 0.80 0.001
30 0.67 0.01 0.59 0.009 0.14 0.002 0.009 1E-04 0.44 0.007
60 0.53 0.096 0.41 0.076 0.10 0.019 0.006 1E-03 0.30 0.06
120 0.48 0.003 0.43 0.002 0.06 3E-04 0.0005 3E-06 0.37 0.002

Table C.13 : Errors of the average M"¡o./M"oo1 ratio and S"¡o./S.oo¡ ratio for the
individual sulphur forms remaining in raw Bowmans char pellets for different runs of
fluidised-bed pyrolysis at 800 oC.

Time (sec) Mchar/Mcoal Cm Total S Os )ulphate Os Pyrite Os Organ¡c Os
120 (8mm) 0.51 0.008 0.46 0.01 0.07 0.002 0.0004 9E-06 0.38 0.008
60 (1Omm) 0.53 0.096 0.43 0.1 10 0.11 0.028 0.007 2E-03 0.31 0.08
120 (1 Omm' 0.48 0.003 0.43 0.003 0.07 5E-04 0.0004 3E-06 0.36 0.003

C.2 Experimental Errors in the TGA Systems

C.2.1 AtmosphericThermogravimetricApparatus(ATGA)

The atmospheric thermogravimetric apparatus (ATGA) is an accurate and stable system.

Random errors such as external movements to the mass balance are the most likely

sources of variation in the recorded data. Disturbances such as these, however, were

rare. As mentioned in Chapter 7, Section 7.2, errors in the flowrate are unlikely to

produce erlors in mass loss recordings. It was concluded from calcination experiments

where altering the flow from 100 to 300 ml min-l under the same calcination conditions,

did not affect the rate of calcination. It was also elucidated in Chapter J, Section 7.2,
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that interparticle diffusion resistances inhibited the rate of calcination. This implies that

obtaining pure/intrinsic calcination kinetics was not possible in the ATGA system

employed since diflusion resistances were not easy to quantify. The effect on

interpartical diffusion on the Arrhenius kinetics obtained is discussed in Chapter 8,

Section 8.2.I.2, for the comparison with literature data. Other experimental

considerations on the calcination data and the final variation of the Arrhenius

parameters deduced is presented below.

Figures C.1a) to b) displays the variations between identical calcination runs (at 700 oC,

pure nitrogen) in the ATGA for the four Ca-based sorbents investigated. Two particle

size ranges,54-63 pm and 212-355 pm, are featured.

The diagram reveals that good agreement in the ratio of the mass (at any time) over the

initial mass, 'Wt/IVo, is found throughout the calcination reaction for all sorbents and

particle sizes investigated. The only source of variation appears to be due to the

discrepancies in the extent of decomposition in the heating/non-isothermal stage where

MgCQ is decomposing or weight loss occurs due to particle explosion. Variations in

the extent of MgCO3 decomposition are directly associated with the variations in

MgCO3 composition in the sorbent. For calcination of Ardrossan Dolomite, Figure

C.2d) where the content of MgCO3 is high, significant variations are not present,

implying that the dolomite is quite homogenous. Variations between runs are greater for

Caroline Limestone, Figure C.zb), and Klein Point Limestone, Figure C.2c) where the

MgCO3 content is low and so premature decomposition is more likely to be due to

particle explosion than significant decomposition of MgCO3.

Errors for the calcination conversion were therefore considered negligible and

associated errors with the activation energy's, Eo, and pre-exponential, k, were

determined from linear regression of the Arrhenius plots. The mean activation energy

and mean rate constant for each sorbent over the entire particle size range investigated

was therefore calculated from the average values of the four different particle size

ranges.
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Figure C.2 Profiles of the weight at arry time, W1, over initial weight, 'Wo, and the

temperature reading versus time during calcination at 700 oC under pure N2 for various

runs of a) Angaston Limestone, b) Caroline Limestone, c) Klein Point Limestone and d)

Ardrossan Dolomite in 54-63 pm and 212-355 pm particle size fractions.

The errors of the mean value were accumulated by method of quadrature. The errors for

the Arrhenius activation energy and rate constant for four particle size ranges of the Ca-

based sorbents employed is featured in Table C.14. The calculated error varies for each

particle size employed but remains in relatively good limits. The rate constant for Klein

Point Limestone are higher in order. No reason for the discrepancy is given at this

stage.
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Appendix C Analysis of Experimental Enor'

Table C.L4 z Errors of the Arrhenius Parameters for the calcination of Angaston
Limestone, Caroline Limestone, Ardrossan Dolomite and Klein Point Limestone in
nitrogen for temperatures between 700 and 850 "C.

C.2.2 PressurisedThermogravimetricApparatus(PTGA)

As mentioned in Chapter 7, Section 7.2, 100 mg was deduced as the minimum

allowable initial mass of sorbent to conduct accurate calcination (and sulphidation)

experiments, while eliminating potential sample bed diffusion resistances in the PTGA.

Figure C.3 shows the variation between calcination runs of a 100 mg sample of Caroline

Limestone (0.5-0.6 mm) under nitrogen at 950 oC in the PTGA.
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Figure C.3 CaCO: conversion profiles for a number of calcination runs of 100 mg

Caroline Limestone (0.5-0.6 mm) at 950 "C in the Pressurised TGA.
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Sorbent Arrhenius 212-35 Spm 181-212pm 91-106 wm 53-64 p"m

Angaston

Limestone

E" (kJ mol-1)

k (sec-l)
179 ! 12

5.1 x105+4
154 r 6

g.7x1o4+2
179 !2

7.6x105+1
164 + 10

1.4x105+3
Caroline

Limestone

E" (kJ mol-1)

k (sec-1 )

172+7
1.4x106+2

175 r 1

1.8x106+1
18013

3.3x106+1
178 + 3

2.4x1o5+1
Ardrossan
Dolomite

E" (kJ mol-1)

k (sec-1)
170+9

4,9x105+3
163 + 12

2x1os + 4
163 + 3

2.4x105 +1
158 + 24

1.5 x 105 + 16

Klein Point

Limestone

E" (kJ mol-1)

k (sec-1)
186 + 18

3.2x1011 +8
179+8

1.1 xloe+2
177 X6

4.7x108+2
171+2

1.6x107+1
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Appendix C Analysis of Experimental Enor

For the three identical runs, an average was calculated to deduce the CaCO¡ conversion

during the experiments. An error was determined from three times the standard

deviation of the mean. For the atmospheric calcination experiments in the PTGA, an

avefage error of approximately + 0.03 (+ 37o) was calculated for the variation in mass

loss data obtained. Unfortunately, reproducible weight loss/grain profiles could not be

obtained of the sulphidation experiments conducted in the PTGA.

C.3 Summary

A detaiied discussion of the error sources and derivation of experimental error for the

sulphur remaining in char during coal pyrolysis using the addition of quadrature method,

has been presented. Absolute effors for the (S¡o.r).¡,orl(Sform)coat values were calculated

to be no greater than *15, +I4, +llVo for temperature-programmed pyrolysis, fixed-bed

and fluidised-bed pyrolysis experiments, respectively. The errors for the Arrhenius

parameters, Eo and k, calculated from the weight loss data of the calcination experiments

conducted on several SA Ca-based sorbents in the ATGA, show reasonable variation. A

summary of the main findings of this Appendix is presented in Chapter 8, Section 8.2 to

provide an the evaluation the experimental data obtained in the present study.
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