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ABSTRACT

A novel lignite dewatering technique, Mechanical Thermal Expression (MTE), has been

developed, investigated and shown to be energy efficient with potential for industrial

application. Since water in the lignite is removed as a liquid during the process, a

wastevvater stream, containing both organic and inorganic impurities, is produced.

Knowledge about the composition and nature of this process water is very important to

provide an understanding of the water quality issues associated with this process and to

evaluate the extent of remediation it may require. The objectives of this project were to

develop appropriate methods for identification and quantitation of organic components in

the MTE process water and to characterise both organic and inorganic components in the

water as a function of processing conditions.

The solid phase extraction (SPE) method for sample preparation, with or without

derivatisation, followed by gas chromatography-mass spectrometry (GC-MS) was selected

and evaluated for the analysis of low molecular weight organic components in the MTE

water. The PPL sorbent (Varian Bond Elut®) with ethyl acetate as the elution solvent

demonstrated to be a suitable organic isolation method for quantitative analysis of mono-

phenols in water samples at ppm levels using GC-MS. Derivatisation was not required. For

simultaneous quantitation of mono-, di- and tri-phenols at lower concentrations, a two-step

acetylation method was developed and validated. The method proved to be efficient and

significantly improved the GC sensitivity for the phenolic compounds and reduced their

detection limits to ppb levels. In order to analyse the otherwise undetectable carboxylic

acids/carboxylates in the MTE water using GC-MS, a recently developed methylation

method using trimethyloxonium tetrafluoroborate (TMO) to derivatise the polar carboxyl

groups directly in the aqueous phase was quantitatively validated. The method was shown

to be superior to non-aqueous phase methylation methods that were evaluated, especially

for volatile compounds.

Utilising the SPE-GC-MS methods established in this study, low molecular weight organic

components in the MTE process water could be identified and quantified. In the water

removed from all the lignites investigated (including Victorian, South Australian and
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Gennan lignites), phenolic and carboxylic compounds were identified to be the major low

molecular weight organic groups in the water with compounds containing carbonyl groups,

such as cyclic ketones and furanones, also commonly present. Quantitatively, carboxylic

acids were the most abundant low molecular weight compounds in the MTE water,

accounting for over 95% of the total organic compounds identified using GC-MS.

The levels of organic carbon in the MTE water increased with processing severity and also

directly correlated to the moisture reduction of the lignite. The levels of individual organic

compounds followed a similar trend. For the same processing conditions, Victorian lignites

generally released lower levels of organics than the South Australian lignites investigated.

The effects of MTE processing temperature and pressure on the removal of inorganic

species were not as significant as for the organics. There was a tendency of increase of the

removal with increasing moisture reduction of the lignite. Over 50% of the sodium and

chlorine in all the lignites was removed in water soluble form during dewatering, whereas

calcium and magnesium, being mainly present in an organically bound form,

predominantly remained in the coal. Increasing the acidity of the coal water slurries to be

dewatered considerably increased the extent of removal of all the inorganics from the

lignite. Thus, MTE can be an efficient technique not only for moisture reduction but also

for coal beneficiation.
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PREFACE

This thesis consists of eight chapters. The first chapter is the introduction. In the following

chapter, materials and methodologies applied to this project are described, although some

detailed experimental methodologies are introduced in individual chapters where

necessary. Chapters Three to Five are dedicated to the organic analysis of MTE water.

Chapter Three focuses on the development and evaluation of sample pre-treatment

methods using SPE with and without derivatisation for identification and quantitation of

major low molecular weight organic components by GC-MS. Chapter Four focuses on the

discussion of identification results for major organic components present in the MTE

process water. The fifth chapter outlines the effect of MTE processing conditions and

lignite types on the amounts of major organic compounds and groups and of total organic

carbon released into the MTE water. Chapter Six discusses the quantities of selected

inorganic species in the process water as affected by processing conditions and the possible

mechanisms of the removal of these inorganics during dewatering. The effects of

introducing acids into the MTE system and the use of different heating methods on the

organic and inorganic compositions of the MTE water are evaluated in Chapter Seven. T le

eighth chapter provides a conclusion and includes suggestions for future work. References

are presented at the end of the thesis.
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Chapter One Introduction

CHAPTER ONE

INTRODUCTION

Southeast Australia's lignite deposits are very large and have provided the basis for a

secure low-cost power supply over several decades. Due to the high moisture content

(typically 50-70%) of these lignites, a drying process is the first and essential step in

almost any process for lignite upgrading or utilization. Therefore, minimising the energy

consumption of this drying step is critical to the economic viability of the overall process.

Current coal dewatering technologies for power generation consume substantial amounts

of energy in the evaporation of coal moisture.

Novel methods of water removal from low-rank coals have been developed and

investigated [1-5]. Most of these dewatering techniques aim to reduce the moisture content

by non-evaporative means so as to utilize the energy more efficiently. One of these

dewatering processes is termed Mechanical Thermal Expression (MTE) [3, 6-8]. It

involves the treatment of low-rank coal at elevated temperatures and pressures, whereby a

coal product with lower moisture content and hydrophilicity can be produced. Due to its

efficient moisture removal capability and low energy consumption, the MTE technique has

potential for industrial application [9, 10].

In non-evaporative dewatering processes such as MTE, water is removed from coal in a

liquid form. As elevated temperatures and pressures are often employed in these processes,

both organic and inorganic impurities released from the coal are expected to appear in the

water stream, thus presenting a potential environmental impact. Knowledge of the nature

of this process water is necessary for the evaluation of water quality issues related to the

process and the selection of future wastewater treatment approaches. The promising MTE

technique has been developed and investigated for several years. Nevertheless, neither

organics nor inorganics in the waste streams from this process have been previously

characterised. This project aimed to characterise both the organic and inorganic

components in the MTE process water from batch tests as a function of processing

conditions.

1
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As an introduction to the thesis, this chapter firstly gives an overview of the background

information related to Australian low-rank coals and their high moisture content. Coal

dewatering technologies are then introduced focusing mainly on non-evaporative

processes, especially the novel MTE technique. Wastewater issues related to these

processes are discussed and a need for characterisation of the MTE water is justified. The

work on analysis of organics and inorganics in wastewater from low-rank coal dewatering

as well as in other coal processing wastewaters is reviewed. Analytical approaches, with an

emphasis on those for organics, are assessed to assist in choosing the methods to be

applied in this project to the characterisation of the MTE water. Finally, the objectives of

this project are stated.

1.1. Australian Low-rank Coal

Coal is a sedimentary rock formed principally from plant debris that was accumulated as

peat and has been subjected to geological alteration, i.e. metamorphism. Coal is ranked as

lignite, subbituminous coal, bituminous coal and anthracite [11]. The severity of the

metamorphic changes, or the degree of coalification, determines the rank of the coal.

Coalification progresses from peat to lignite/brown coal, to subbituminous coal, to

bituminous coal and finally to anthracite [12].

Low-rank lignite or brown coal is an intermediate stage in the transformation over time of

accumulated vegetable debris into hard or black coals and hence still has high residual

moisture contents in the 30%-70% range [13], a low heat value of about 6 to 16 MJ/kg and

a higher oxygen content [14] and lower aromaticity [15] than coals of higher rank. In the

literature, both the terms lignite and brown coal have been used, depending principally on

the common usage in the country being referred to. In this thesis, the word lignite is used

in most contexts for consistency.

Large deposits of lignite occur in many countries, such as Germany, Australia and the

USA, and their development has played an important part in the industrial growth of these

countries [16]. Low-rank coal deposits in Australia are mostly located in the southern

mainland states of Victoria, South Australia and Western Australia. Based on the

International Commission of Coal Petrology Classification [17], the low-rank coals

occurring in Victoria are classified as soft brown coals and hard brown coals, whereas the
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American ASTM classification system designates all these coals as lignite B [18]. Low-

rank coals occurring in South Australia and Western Australia are frequently referred to as

lignite [18].

South Australian lignite resources are significant and widely distributed throughout the

State, but only one deposit has been developed and is used exclusively in power stations

[18]. The development of these resources is hindered by the water-saturated and

unconsolidated overburden and interburden [19], the remote locations and/or coal quality

[18]. A number of separate deposi' ? of low-rank coal have been located in Western

Australia and are not currently mined, hxpioration has revealed problems related to remote

locations and also coal quality [18].

Unlike the resources in Southern and Western Australia, Victorian lignite resources are

vast by world standards and are concentrated in exceptionally thick seams under a

relatively thin cover of overburden. They have been widely developed for decades and are

the mainstay of the State economy, providing an estimated 94.7% of the non-renewable

energy resources within the State [19]. Victorian lignite has the advantages of low levels of

nitrogen, sulphur and inorganic impurities, but the disadvantages of high moisture content,

ranging from 50% to 70%, and high oxygen content. Due to its importance to industry in

the State and its unique properties, Victorian lignite has attracted intense interest from state

governments, industry leaders and scientists. For these reasons, this investigation

concentrated on Victorian lignites. A number of South Australian lignites and a German

lignite were also studied for comparative purposes.

1.2. Low-rank Coal Dewatering Techniques

Although low-rank coals have been widely used in industry and have provided economic

energy sources, the high moisture content has been a major impediment to their efficient

utilisation. The emphasis on reducing production of greenhouse gases, particularly CO2, in

recent years has increased the importance of energy efficiency to give minimum CO2

production per unit of energy produced. It has been recognised that there is an inverse

relationship between the moisture content of Victorian lignite and the usable heat available

from combustion of the coal [13]. Moreover, the high moisture content brings about

disadvantages such as expensive transportation, difficult combustion and, consequently,
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high capital costs (e.g. a brown coal boiler has to be about 1.5 times larger in linear

dimensions than a black coal boiler of similar output [20]) and operation and maintenance

costs. Therefore, efficient drying/dewatering processes are of enormous potential benefit

and need to be selected to meet the specific requirement of an intended application. To

efficiently utilise the low-rank coals, a number of dewatering techniques have been

developed and some used over several decades.

From a technical perspective, coal dewatering processes can generally be grouped into

three broad categories: evaporative (thermal), thermal non-evaporative and other non-

evaporative processes [13].

1.2.1. Evaporative Dewatering

Evaporative dewatering technologies, in which heat is directly or indirectly applied to

evaporate water from coal at atmospheric pressure, are the simplest and most common

commercial processes. The heat transfer medium is usually hot flue gas (as currently

utilised in the power stations burning lignite in the Latrobe Valley, Victoria) or steam.

Technologies such as solar drying [21], microwave drying [22] and vapour recompression

[23] have also been attempted in recent years, but none of them have progressed beyond

the pilot plant stage.

Fluidised bed drying using hot air/flue gas or steam to fluidise a bed of coal to facilitate

moisture removal has been developed over many years with a number of test units and

demonstration plants built [24-27]. As mentioned by Couch [14], due to the relative

complexities of the techniques involved, fluidised bed drying has not been used

commercially on lignites.

Although there have been technical advances in some of these processes, the basic

principles remain unchanged. Since water is removed by evaporation and thus the latent

heat of vaporisation is expended, these techniques are generally energy inefficient. While

the evaporative processes with simple or improved techniques are still largely in use, coal

industries and scientists continue to seek more energy efficient drying techniques.
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1.2.2. Thermal Non-evaporative Dewatering

Because of their improved energy efficiency compared to evaporative techniques, non-

evaporative (thermal) processes, in which water is separated from coal in a liquid form

using thermal energy, are potentially attractive and have been increasingly investigated.

These processes involve heat treatment of the coal under pressure with steam or water at

temperatures between 230°C and 350°C [14].

Non-evaporative (thermal) dewatering has been commercialised in a number of countries

since the 1920's when the Fleissner process [28, 29] was developed in Austria. The

Fleissner process involves batch treatment of lignite lumps in autoclaves with steam at

temperatures of 230-280°C and under pressure high enough to prevent evaporative drying

[13, 30]. A drier coal product is obtained as the water is removed as a liquid and separated

by drainage.

Based on principles similar to those used in the Fleissner process, a series of non-

evaporative dewatering processes have been developed but none of them has progressed

beyond the pilot plant stage [30]. The Evans-Siemon process [31, 32], in which crushed

coal is fed semi-continuously in water suspension to the reactor vessel and heated by high

pressure steam, achieved improved thermal efficiency by avoiding the pressure cycling of

the steam which occurs in the batch Fleissner system. Despite extensive further

development by the (now defunct) SECV (State Electricity Commission of Victoria) [33-

35], Evans-Siemon dewatering was considered far too complex and expensive [30] and

was not progressed to a pilot plant.

Based on the same concept, a number of non-evaporative hydrothermal dewatering (HTD)

processes have been developed, including a lOOkg/h pilot plant in the Grand Forks Energy

and Environmental Research Centre (EERC) - foimerly Energy and Mineral Research

Centre (EMRC) - in North Dakota, USA [36] and a 1 ton/h pilot plant built by the SECV

Research and Development Department (now the Herman Research Laboratory - HRL) in

Australia [4].

Another non-evaporative dewatering process is the upgraded brown coal (UBC) process, in

wliich over 90% of the water in the coal can be replaced with a kerosene/asphalt mixture



Chapter One Introduction

when the mixture of coal and the oils is treated under temperature and pressure [5, 37].

However, economic evaluation of this process was not promising [37].

For the non-evaporative (thermal) processes, since water is removed as a liquid, there is a

large saving in energy corresponding to the latent heat of vaporisation. However, due to

the complexity of these processes and the cost of the additional pressurising facilities, the

saving cannot significantly improve the overall economics of power generation. One of

these processes, the HTD process, has been investigated by the Cooperative Research

Centre (CRC) for Clean Power from Lignite [38]. Due to the high capital cost, the large

electrical power consumption, the assumed large chemical energy loss from the coal during

processing, the consumption of high pressure steam and the cost of wastewater disposal, it

is not considered a viable technology [9].

1.2.3. Other Non-evaporative Dewatering Processes

Other non-evaporative dewatering processes include mechanical press dewatering, electro-

dewatering, chemical dewatering and solvent dewatering [30]. Mechanical pressing has

been practiced in Europe for generations on more fibrous drainable fuels, such as sugar

cane bagasse and peat. In this process, raw material is mechanically compressed in a metal

cylinder to a high pressure to expel the water in the material. Dewatering of lignite using

the mechanical pressing technique has been extensively studied [39-43]. It has been

concluded that the high pressures (10-50MPa) and long residence times (hours) required to

produce significant dewatering together with the expense of equipment capable of

undertaking this task inhibit the commercialisation of this technique [13, 44].

Electro-dewatering using electro osmosis has been investigated for dewatering of colloidal

materials including coal washery wastes [45, 46]. A DC electric current applied to a slurry

spread in an electrical field can dewater the immobile solid particles if they carry an

electrostatic charge relative to the water in the slurry [30]. However, due to the un-

encouraging outcome for coal dewatering [13], it is only considered as a supporting

dewatering process to assist drainage, such as in solar drying, rather than as an independent

drying process [30].

Chemical dewatering and solvent dewatering have been developed to the laboratory

research stage [30] with no further progress identifiable in the open literature.
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Due to the technical difficulties and high expense to realise adequate dewatering (such as

in mechanical dewatering) and/or unsatisfying water removal outcomes, none of these

dewatering processes has progressed to the pilot plant stage.

1.2.4. A Novel Dewatering Technique - Mechanical Thermal Expression

A novel dewatering process termed Mechanical-Thermal Expression (MTE) was first

reported and patented by Professor K. Strauss' group in the Department of Chemical

Engineering at the University of Dortmund, Germany [3, 47] and has been studied over

recent years by this group [6, 7, 48] and by the CRC for Clean Power from Lignite,

Australia [8, 49-52].

The MTE technique is a non-evaporative process combining the concepts of HTD and

mechanical pressing. Water contained in the coal is removed in a liquid form by the

application of both heat and mechanical force. To achieve a similar moisture removal,

MTE requires less thermal energy than thermal dewatering (150-200°C for MTE versus

>230°C for HTD) and considerably lower compression pressure (~6MPa) and shorter

pressing time (minutes) than the mechanical dewatering (>lOMPa and hours). Batch test

results have shown that up to 80% of the original moisture content of Victorian lignite can

be removed [49].

Therefore, proceeding under relatively mild conditions, the MTE technique has the

advantages of low energy consumption, simple plant technology and short process time

over the other non-evaporative processes and has very good prospects for utilisation I the

power industry. Technical development and investigation are continuing in both Prof.

Strauss' group in Germany and the CRC for Clean Power from Lignite in Australia. It has

now progressed to the pilot plant stage in Germany with the commissioning of a quasi-

continuous 2.6 ton/h pilot press unit at Rlieinbraun AG's Sibylla research centre [6] and a

25 ton/h technical scale MTE unit at the RWE Energie's power plant [53]. A 1 ton/h pilot

scale MTE rig in a different configuration has also been built and is under investigation at

the CRC for Clean Power from Lignite [52].
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1.3. Wastewater Issues with Non-Evaporative Dewatering Processes

The removal of coal water as liquid during the non-evaporative dewatering processes saves

the latent vaporization energy and improves the efficiency of power generation. However,

there is a disadvantage of this approach, i.e. the production of a wastewater stream. Since

these processes usually employ elevated temperatures and/or pressures, the process

effluents may contain significant amounts of organic contaminants as well as inorganics

released from the coal. These present potential environmental impacts.

Analysis of wastewater from some non-evaporative processes has provided evidence for a

sometimes heavily contaminated process effluent and thus a requirement for a wastewater

treatment procedure. The analysis of process wastewaier from a hydrothermal dewatering

process development unit in North Dakota, USA [54] and from an HTD processing

demonstration unit in Victoria, Australia [55, 56] has been reported. Table 1-1 summarises

the analytical results for HTD water in the two reports and lists relevant water quality

guidelines/criteria for comparison. The right three columns show data collected from the

Australian and New Zealand guidelines for protection of aquatic ecosystems of freshwater

[57, 58], for raw water for drinking purposes [57] and the EPA recommended water quality

criteria [59], respectively.
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Table 1-1. Results of water quality analyses of HTD wastewater compared with
relevant water quality guidelines/criteria.

i

I

Processing
conditions

General
parameters

Organics

Inorganics
& heavy
metals

lignite

Processing
temperature
(°C)

pH

TDS*
(mg/L)

TOC (mg/L)

BOD5

(mg/L)

COD
(mg/L)

Phenol
(mg/L)

Ethanol
(mg/L)

Sodium
(mg/L)

Chloride
(mg/L)

Sulphate
(mg/L)

As (jig/L)

CdOig/L)

Pb (Hg/L)

Hg(ug/L)

EPRI result
[60]

Indian Head

330

8.4

3590

1330

11100

20

30

973

-

100

-

-

-

7.9

4230

2270

12800

20

3

1120

7

140

-

-

-

SECV
result
[55]

Loy
Yang

300

4.2

2460

1320

1400

5300

15.4

-

86

54

190

1.6

0.07

3.8

O.02

Guidelines
for

protection
of aquatic
ecosystem

[57,58]

6.5-9.0

<1000
(Salinity)

-

-

-

0.085-1.2

0.4-4.0

-

-

-

-

-

-

Guidelines
for raw

water for
drinking
purposes

[57]

6.5-8.5

1000

0.2
(organics**)

-

-

-

300

400

400

-

-

-

EPA
water
quality
criteria

[59]

6.5-9

250

-

-

-

-

-

-

860

340

4.3

65

1.4

- not available/applicable
* total dissolved solids
** data obtained by CCE & CAE (carbon chloroform extraction and carbon alcohol extraction)
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In evaluating the environmental impact of these wastewater sources, the organic

contaminants are of prime importance because of their high levels in the effluents and their

likely toxic characteristics. During a thermal dewatering process, organic structures of the

coal can be decomposed to some extent, with the fragments dissolved in the water phase

leading to increasing organic levels in the water. The analytical results shown in Table 1-1

indicate that the HTD wastewaters contained significant amount of total organic carbon

(TOC) and corresponding high levels for chemical oxygen demand (COD) and biological

oxygen demand (BOD). Phenols, as a major organic group often found in aqueous and

non-aqueous liquids derived from coal [61-64] and mostly toxic in nature, were determined

at a significant level in the HTD wastewaters, including two EPA priority pollutants -

phenol and 2,4-dimethyl phenol [65]. Investigation proved that, in a fish killing incident

caused by the effluent discharged from a coal gasification plant in China, 2,4-dimethyl

phenol, 2-methyl phenol, 3-ethyl phenol and 2-ethyI phenol were among the major toxic

compounds responsible for the total toxicity of the effluent [66]. These compounds were

also detected in the HTD wastewaters [56, 65]. In summary, it is obvious that both the high

levels and toxicity of the organic content in the HTD wastewaters cannot be accepted by

natural water sources and, therefore, the process effluents cannot be disposed of directly to

the water system without any treatment.

Compared to the environmental impact of organics, that of inorganics is of less concern for

the HTD wastewaters. As shown in Table 1-1, heavy metals, which are a major

environmental concern due to their toxicity, were present in the HTD water at levels far

below the EPA water quality limits.

Like the HTD process, MTE employs elevated temperature (although lower than for HTD)

and elevated pressure and produces a wastewater stream as a by-product. It would be

expected to have similar environmental issues to the HTD process. For further

development and study of MTE, information about water quality is therefore necessary, as

discussed in more detail in Section 1.4.

10
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1.4. Importance of Characterisation of Wastewater from Non-Evaporative
Dewatering Processes

Prior analyses of the HTD wastevvaters have led to an understanding that the effluents from

nor evaporative dewatering processes may present an environmental impact, particularly

ti organic components. Consequently, wastewater cleanup will have to be considered

when dealing with the whole dewatering strategy. Characterisation of the process

wastewater is therefore imperative for the following reasons.

1.4.1. For Evaluation of Dewatering Techniques

An understanding of the nature of the effluent from a dewatering process such as MTE is

necessary for the evaluation of the viability of the technique.

In general non-evaporative dewatering is considered energy efficient as the latent energy

of vaporisation is saved. However, the overall process cannot be considered efficient and

practical if the wastewater contains compounds which are difficult to remove and the

concentrations of impurities are too high, as these often result in a high cost for wastewater

treatment. Also, high levels of organics in the water imply a significant energy loss of the

coal during processing. Detailed characterisation of organic compositions of HTD

wastewaters indicated the presence of complex mixtures of hydrophilic and hydrophobic

components [56, 65] and hence a requirement for a combination of water treatment

techniques [55]. Comprehensive analyse* of the technical and economic aspects of the

HTD process, taking into account the important information provided by the v/ater

analysis, indicated that the process was not economical. Large energy loss due to organics

in the wastewater aiid the high cost of wastewater disposal contributed significantly to this

conclusion [9].

1.4.2. For Selection of Wastewater Cleanup Techniques

For a dewatering technique (such as MTE) that is proved to be practical and in the

demonstration phase, knowledge of the nature of process effluents will help the selection

of wastewater cleanup remedies.

Water treatment techniques are typically targeted at specific types of contamination. For

example, reverse osmosis and electrodialysis are mainly used for the removal of dissolved

inorganic salts, while biological processing is very efficient for removing organic matter in

11
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wastewater [67]. Many physico-chemical water treatment techniques will only treat

lipophilic components and leave the hydrophilics in solution, whereas biotreatment, on the

other hand, is a possible approach to the removal of hydrojshilic organics [55]. Hence, it is

necessary that the composition of the process wastewater be characterised so as to help the

design of appropriate water treatment schemes that facilitate the cleanup of different

pollutant groups.

1.4.3. For Optimisation of Processing Conditions

Characterisation of the process water produced from non-evaporative dewatering under

varied processing conditions will assist in optimisation of the process.

During the dewatering processes, both organic and inorganic species are removed from the

coal. The removal of organic carbon, which is the energy source of the coal, is undesirable.

Large energy loss by this path will reduce the coal combustion value and energy efficiency

of the overall process. Therefore, in selecting the processing conditions the aim should be

to minimize the organic carbon loss, consistent with other constraints (e.g. water content of

the product).

On the other hand, the processing conditions should be selected to maximise the removal

of inorganics, especially the volatile inorganics, consistent with other constraints, so as to

minimise fireside fouling and corrosion problems during lignite combustion. Practical

experience and laboratory studies on Victorian lignite have demonstrated that non-mineral

inorganics in the coal contribute to the serious fireside ash fouling and corrosion problems

experienced during combustion. The release of volatile inorganics is an important aspect of

fly ash formation [68] and has been found to substantially influence the rate and severity of

both fireside fouling/slagging [69, 70] and fireside corrosion of heat transfer surfaces [71].

The problems created by ash deposits and fly ash include reduced heat transfer, impedance

of gas flow, coiTOsion of pressure parts and, thereby, additional maintenance costs for

boiler operation [72, 73]. It is predicted that major volatile inorganics in Victorian lignite

fired boilers at typical combustion temperatures (130O-1500K) are NaOH and NaCl with

lesser quantities of Na2SO4, Na and NaO [68]. Fireside bottom ash deposits are also related

to non-mineral inorganic elements including Na, Ca, Mg, Fe, S and Si in Victorian lignite

[74, 75], Based on observations on the formation of deposits in experimental furnaces

12
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burning a test coal under standard conditions, a general Fouling Index equation was

developed by Garner [75] to predict the relative ash fouling behaviour of Victorian lignite:

Fouling Index (all areas) = 0.064 Si + 0.132 Fe + 0.085 Ca + 0.438 Mg + 0.570 Na - 0.106

where the elemental compositions are expressed on a percentage dry coal basis. Although

there are limitations on the validity of the Index for large scale boilers, the contribution of

these elements to the formation of fireside deposits is definite. Hence, it will be of benefit

if the processing conditions of dewatering can be chosen to improve the release of these

inorganics to the water phase, in order to reduce fouling/corrosion problems.

For South Austmlian low-rank coals, the problems with the inorganics are even more

serious. The lignites are uiiHsed by industry only to a small extent mainly due to their very

high concentrations of inorganic constituents, particularly sodium, chlorine and sulphur.

Research on South Australian lignites has found problems due to inorganic salts in both

coal combustion [76-78] and coal gasification processes [79]. It was concluded that sodium

species, such as chlorides [79], sulphates and silicates [78], were likely to be the source of

deposits on the equipment due to their low melting points.

In summary, optimisation of processing conditions should strive to identify (a) a balance

between reducing organic removal and increasing inorganic removal from the coal as well

as (b) a balance between higher coal moisture reduction and lower energy consumption.

Quantitation of both organic and inorganic compositions of the process effluents as a

function of processing conditions is necessary to achieve this.

This conclusion is also applicable to MTE. Although the MTE process investigated is

carried out using laboratory batch test rigs, the results should be able to give an indication

for future scaled-up processes, which are based on the same concept and mechanism.

1.5. Organics in Coal Processing Wastewater

As discussed in Section 1.3, wastewater issues related to the non-evaporative dewatering

processes are closely associated with organic pollutants present in the water. The following

review covers analytical work on organic components in wastewater from various coal

processing sources including low-rank coal dewatering.

13
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1.5.1. Analysis of Organics in Wastewater from Various Coal Processing

Operations

For investigation of the nature of the effluents from low-rank coal dewatering processes, it

is necessary to review the studies of wastewater streams from various coal processing

operations, as the streams are likely to contain similar components derived from coal.

Analytical approaches applied in earlier work may therefore help to identify the methods

that can be used for characterising organic components in the MTE process water.

Many studies have originated from the evaluation of the environmental impact of liquid

wastes from coal related operations or facilities, such as thermal power generating stations,

coke ovens, coal conversion facilities as well as drying processes for low-rank coals and

similar materials. Analytical approaches including gas chromatography (GC), gas

chromatography-mass spectrometry (GC-MS), high performance liquid chromatography

(HPLC), Fourier transform infrared spectroscopy (FTIR) and nuclear magnetic resonance

spectroscopy (NMR) have often been employed.

Coal gasification is basically a process in which coal is gasified at high temperature and

pressure with steam and air or oxygen. The organic content of gasification wastewater has

attracted attention from water analysts [63, 80-82]. To characterise the wastewater from a

gasification plant, Frucher and Petersen [63] developed a detailed analytical procedure

involving solvent extraction and fractionation of organic analytes from the aqueous phase

followed by GC-MS identification and quantitation of major components. Mohr and King

[83] identified low-volatility and polar organic compounds in coal gasification condensate

water. The analytical technique consisted of HPLC separation of the extracts followed by

GC-MS analysis of the HPLC fractions.

Aqueous liquids from other coal conversion processes have also been of interest to

researchers. The methods mentioned above developed by Frucher and Fetersen [63] were

used to analyse wastewater samples from an SRC (solvent refined coal) liquefaction plant.

Olson et al [84] investigated a lignite liquefaction process in an aqueous system. They

examined the reaction products using various instrumental approaches, including solid

state 13C NMR for residues, GC/FTIR/MS for solvent solubles and H P L L ibr catechols.
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An important source of aqueous processing waste worthy of mention is the waste streams

from drying processes for low-rank coals and coal-like materials such as peat and bark.

Fagernas and coworkers [85, 86] studied a fluidised-bed drying process for peat, bark and

lignite and characterised the aqueous effluents using GC-MS, HPLC and GLC (gas liquid

chromatography). HPLC was used for the analysis of water soluble and hydrophilic

compounds [85]. Low molecular mass carboxylic acids (volatile hydrophilic acids) [85],

other hydrophilic compounds [87] and lipophilic compounds were analysed by GLC,

whereas ihe water solubles in acetone were separated and identified by GC-MS [86].

Non-evaporative dewatering techniques have been developed and some commercialised

for decades. Characteristics of the organic composition of wastewater from these processes

are expected to be more similar to that of the MTE process water than those of the

processes discussed above. However, the information available in the literature is rather

limited. Characterisation of organics from non-evaporative dewatering sources is carried

out utilising similar techniques to that used for other coal processing wastewaters. As

mentioned in Section 1.3, wastewaters from two HTD demonstration units in North

Dakota, USA and Victoria, Australian were analysed [54-56]. GC-MS and NMR

spectrometers were applied to characterisation of organics in wastewater from the North

Dakota unit [54], while GC and GC-MS were used for the identification and quantitation

of organics in wastewater from the Victorian HTD unit [56]. Racovalis [65] studied the

organics in wastewater from HTD batch experiments using methods such as GC-MS,

NMR and ESMS (electrospray-MS). The analytical approaches utilised in these studies

provide options for the investigation of the MTE water.

1.5,2. Organic Composition of Low-rank Coal Processing Wastewater

The types of compounds or compound groups released to the wastewater during coal

processing and their quantities may depend on the nature of the process, the materials

processed and the severity of the processing conditions.

Organic compounds removed from operations processing high rank coals and processes

employing severe conditions are more likely to be aromatic and hydrophobic. For example,

in wastewater from a coal gasification process, Frucher and Petersen [63] found

naphthalene is the major organic compound at about 10 ppm in gasifier quench water with
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a variety of polyaromatic hydrocarbons (PAHs) also identified. Hydrophobic abietane,

abietatriene, ferruginol and retene were identified to be the major components of the

extractable fraction of organics from the scrub water.

Compared to the liquids derived from high rank coals during processing, those from lignite

or peat are more likely to contain aliphatics and compounds containing oxygen functional

groups, corresponding to the low aromaticity and high oxygen content of low-rank coals or

peat (refer to Section 1.1). In a fluidised bed drying process of peat and bark, Alen and

coworkers [85] identified the condensing organic materials to be mainly aliphatic

carboxylic acids, aliphatic alcohols and aldehydes and carbohydrates. They also found that

the amount and composition of organic components were markedly affected by drying

temperature, with the amount increasing more than ten-fold when the drying temperature

increased from 190 to 350°C. Analysis of wastewater from the Victorian HTD unit treating

Loy Yang coal showed that major organic components present were aliphatics and oxygen-

containing compounds including carboxylic acids, cyclopentenon.es, ketones, aldehydes,

phenols and alcohols [55, 56]. Table 1-2 presents a list of the components, mostly oxyger.

containing compounds, identified in the wastewater from HTD batch experiment? ?,

Racovalis [65].
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Table 1-2. Components

Phenol*

identified in wastewater

Alkanr*

from

Introduction

an HTD process [65].

Substituted benzenes

phenol
2-mcthylphenol

2-mcthoxyphcnol
2-cthylphcnol

4-methoxy-2-mcthylphcnol
2-methoxy-4-m5thyIphcnol

2,4-dimethoxyphenol
3,4-dimcthoxyphcnol

4-cthyl-2-mcthoxyphenol
2-methoxy-4-propylphcnol

2,5-mcthylphenoI
4-methoxyphenol

2,6-dimethoxyphenoI
3-cthyIphcnol

4-niethylphenol
4-ethylphenol

4,5-dimethoxy-2-methylphcnol
4,6-<Ji[ 1,1 -dimethylethyl]-2-mcthylphenol
2,6-bis[ 1,1 -dimethylcthyl]-4-cthylphcnoI

2,4-dimethyIphenol
2,6-dimethylphenol

2-cthyl-6-mcthylphcnol
3,3,5-trimethylphcnol

2-meihoxy-6-( 1 -propeny l)-phenol
2-(propenyl)-phcnol

l-[4-hydroxy-3-mcthoxyphenyI]-elhanone
l-[4-hydroxy-3-methoxyphenol]-2-prop.~'ione

1 -(3-hydroxypheny l)-cthanone

4-propylhcptane
2,6,8-trimcthyidccane
2,5,6-trimcihyldccane

2,6-dimcthyihcptadecanc
2,4,6-trimcthyldccanc

3-mcthyllridccanc
Octacosane

2,6,10,! 4-tctramethylhcptadccanc
5-metliyltetradccane
8-hcxylpcntadccanc
4-mcthylhexadccanc

1-tctradcccnc
pentatriacontanc

2-hydroxy-3-methyl-2-cyclopcntcnon-1
one

2-mcthyl-2-cyclopcntcn-1 -one
2,3-dimetliylcyclopcnt-2-en-1 -one
4,5-dimethylcyclopenten-1 -one

2,3,4-trimcthyl-2-cyclopcntcn-1 -one
3 -mcthylcyclopcnl-2-enonc

4-hydroxy-4-n>cthyl-2-pcntanone
2-mcthyIcyclopcntcnonc

tetradecanoic acid
hexadecanoic acid

oleic acid
octadccanoic acid

propanoic acid
2-racthylpropanoic acid

1,2-bcnzencdiol
3-mcthoxy-l ,2-bcnzcticdiol

1,4-bcnzcncdiol
2-methyI-1,4-bcnzcncdiol
3-methyl-1,4-benzcnediol
4-cthyl-l ,3-bcnzencdiol
1,2,3-trimcthoxybenzenc
1,2-dimcthoxybenzcne

1,4-dicthylbenzcne
1,2-diethylbcnzcnc

1-mclhvt-M-propcnylJbcnzcnc
1,2,-i -tvicthylbcnzenc
1,3-dimethyIbcnzcne
1,3,5-lricthylbcnzcne

4,5-dimethyl-1,3' benzencdiol
2-mcthoxy-l ,4-bcnzencdiol

2-methyl-1,3-bcnzcnedioI
4-methyl-1,2-bcnzcnediol
3-methyl-1,2-bcnzencdiol

Others
bcnzaldchyde

Vanillin
spiro2.4heptan-4-one

3,3,5-trimethylcyclohcxane
2,3>iihydro-1 M-indcn-1 -ol

3,4-dimethyl-4-hcxen-2-one
2,6-dimcthylpyridine

1.6. Strategies for Organic Analysis of MTE Process Water

Compared to the analysis of inorganics, analysis of organic compounds, which have more

complex characteristics, is often more matrix dependent and requires cautious sample pre-

treatment and sensitive analytical tools. On the one hand, approaches reported in the

literature for organic analysis can be adopted and applied to the studies of similar water

sources. On the other hand, differences in the nature of the water sources often require the

establishment of analytical methods tailored for a particular analysis. This provides space

for development and/or improvement of the analytical methods.

Therefore, with the expectation of establishing new methods and/or improving existing

methods suitable for characterisation of the MTE process water, the analysis of organic

components was the main focus cf this project.
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/. 6.1. Selection of A mlytical Techniques

,, 1.6.1.1. For characterisation of organic compounds

•-« As reviewed in Section 1.5.1, GC, GC-MS and HPLC, sometimes combined with FTIR

and NMR, are the most common approaches applied to characterisation of organic

compositions of effluents from coal processing including lignite dewatering. These

techniques are in fact also the general analytical methods for organics in complex

mixtures.

Infrared spectroscopy (IR) identifies functional groups present in the molecule and gives

some indication of the presence of hetero elements - O, S, N, Si, halides - including their

chemical environment. NMR identifies the type of hydrogen and carbon in organic

molecules and also reveals the positions of functional groups in the molecule relative to

each other. The limitations of the IR and NMR techniques are due to the fact that they

usually cannot differentiate individual compounds present in complex mixtures.

Furthermore, it is ofien difficult to obtain quantitative results for individual components or

compound groups. For the characterisation of unknown organic mixtures in this project,

these two techniques would not complete the task.

HPLC is often used for non-volatile, thermally labile and polar samples such as acids,

bases, ionic compounds, surfactants and macromolecular compounds. Alen et al [85] used

HPLC to characterise water soluble, hydrophilic compounds in peat and bark drying

condensates. Although the water soluble compounds that accounted for 90-95% of the

TOC in the condensates could be measured, the method was found not able to detect the

volatiles easily. In addition to its weakness for volatile analysis, HPLC also has the

disadvantages of low sensitivity and low separation efficiency. HPLC enabled Anthony et

al [81] to perform analysis of phenols and organic nitrogen compounds in gasification

liquors with a determination level down to about 1 ppm. However, it should be mentioned

that the concentrations of the major compounds examined in the liquor were generally well

above ppm levels with major phenols at 20-5000 mg/L and nitrogen compounds at 5-200

mg/L. The poor sensitivity of the technique compared to GC techniques is presumably not

suitable for determining organics in the MTE water, which is produced under mild

conditions and thus likely to contain low levels of organics.

18
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GC is probably the most important single analytical technique used today, being able to

analyse individual components both qualitatively and quantitatively. Coupled with various

detection techniques, it provides an efficient separation technique und identification and

quantitation method for volatile and low molecular weight organics with high sensitivity.

Great progress has been made in interfacing GC with MS, IR and even NMR in recent

years. Combining the ability of GC to separate components in complex mixtures and the

power of MS to give information about the molecular weight and molecular structure of

organics, the GC-MS method has the advantage over other measurements of being able to

readily identify individual components in a complex matrix. Furthermore, the method has

an important advantage over GC combined with other detectors; as MS can monitor

selected ions, there is less interference from background or unseparated components.

With MS as a detector, usually GC is used for the initial screening procedure to determine

the separation properties of the mixture and the MS detector is used to identify the

compounds of interest. As demonstrated in Tabie i-2, the power of GC-MS enabled about

one hundred organic components to be identified in the wastewatcr from HTD batch

experiments [65].

Thus, GC, especially when coupled with MS, has benefits over other analytical approaches

for the purpose of developing a comprehensive understanding of volatile and semi-volatile

components in wastewater. For identification and quantitation of these low molecular

weight compounds in the MTE process water, which is produced under relatively mild

conditions and hence expected to consist of organics at relatively low levels, GC-MS was

selected as the preferred analytical approach.

1.6.1.2. For molecular weight distribution

GC techniques are usually superior for the analysis of volatile and semi-volatile organic

compounds with low molecular weight. Due to the complexity of wastewater from coal

processing in terms of its organic composition, supplementary information from other

analytical approaches may he required to obtain a complete view, such as the surveys

reported in the Hterature using HPLC, NMR, etc [65, 83, 85].

Organic compounds of molecular weight up to ~400 (Dalton) can usually be detected by

GC techniques. Thus a method of obtaining the molecular weight distribution of the
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organic constituents will provide an estimate of the proportion of organies detectable by

(1C, as well as giving useful general information about the organics in the wastewater.

Field-flow fructionation (FFF) is a relatively new separation method capable of high

resolution fractionation of macromolceulcs, colloids and particles [88, 89) and, therefore,

able to provide molecular weight distribution information. It is a chromatogrnphy-like

clution technique but utilises physical separation mechanisms rather than chemical

interactions [90, 91]. The sample is partitioned in an open, thin, ribbon-like channel by an

externally applied Held or gradient (e.g. electrical, magnetic, How) due to different carrier

velocities of sample components in the field [92].

Flow FFF, in which the driving force is a cross flow perpendicular to the channel, has been

applied to characterisation of organic materials in effluents from various industrial

processes including pulp and paper mills [89J and an HTD pilot plant [92]. Using the How

FFF method, Fonseka [92] was able to determine the molecular weight information about

dissolved organic matter in the effluents from an HTD processing of the Latrobc Valley

lignites.

In this project, as a supplemental approach to GC-MS characterisation, FFF was used to

analyse the molecular weight distribution of organic matter in the MTI: sample*

Id.2. Sample Prcpawtion Methods far GC Analysis

Prior to GC analysis, water samples often require prc-trcatment, such as enrichment,

extraction and fractionation, mainly for the following reasons:

a) increasing ihe concentrations of the components which arc present in the

water at such low levels that otherwise they may not be detected by GC;

b) isolating the components into a non-aqueous phase w that they can be

analysed on GC columns, which may be damaged by water; and

c) fractionating the components into different compound classes so that the

sometime* complex mi*turcjs can be effectively separated by CK\

The validity of an analytical method relies to a large extent on the efficiency of the sample

pro-treatment procedures. Appropriate sample preparation methods can improve the
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quality of n particular analysis considerably and vice vena, Since methods of utilising the

• OC technique for organic analysis are rather well-esti«,)lished, the development of new

sample preparation methods and improvement of the existing methods for QC analysis

have given scope for further exploration and have been a challenge for analytical chemists.

Indeed, the development of improved sample preparation methods was a significant aspect

of this project on MTE water characterisation.

A number of sample preparation methods have been investigated and applied over the

years.

1.6.2.1. A conventional method - liquid-liquid extraction.

For decades, the most popular extraction and fractionation method was liquid-liquid

extraction (LLH), in which organics arc extracted from aqueous to organic phase with

solvents, based on the solubility difference of the analytcs in the two phases. Compound

groups concentrated in the extract are determined by the selection of solvents and

sometimes pH adjustments. This method was widely used for organic analysis of aqueous

samples from various sources and provided a very useful tool before new sample

prcporation methods were introduced in recent years.

Serious weaknesses of LLH include the need for large volumes of samples and solvents,

limited solvent selection range, emulsion formation between the two phases and lengthy

preparation time and labour-intensive procedure*. The use of large amounts of solvent

results in the need to concentrate the extracts, leading to increased levels of interference

from solvent impurities and possible analyte loss during the eonccntrat.wn step. Since LLl:

requires the solvents to be immiscible with water, this limits the use of polar solvents that

could be used to extract polar and hydrophilic components. Moreover, multiple step

extraction procedure* require the use of a large amount of clean glassware, high grade

(expensive and often toxic) solvents, intensive manpower as well as skilful personnel to

achieve acceptable quantitative result*.

To achieve improved extraction and Reparation efficiency, very complicated sample pre*

treatment schemes, such a* the one thown in Figure 1-1 used for organic analyst* of coal

gasification wastewater (80). are often necessary. The schemes usually include repeated

of pH adjustment, extraction and back extraction of both aqueous phase and solvent
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phase and cleaning of the extracts [93, 94]. Quantitatively, the repeated extraction and

cleaning steps along with the emulsion problem are likely to result in the loss of the

analytes, whereas unselective solvent extraction often leads to very complex mixtures that

are difficult to separate by GC. It was found that the solvent fractionation technique

applied to GC-MS analysis of the HTD wastcwater did not partition organic species

cleanly into different fractions [56]. The chromatograms oi uo extracts were found to be

very complex and only about 7% of the over 60 compounds detected could be identified.

Wang and Zhao [80] agreed that, for mixtures containing very complex organic

compounds at high concentrations, LLE alone was inadequate for fractionation of the

organics and had to be combined with other methods. After testing an LLE separation

scheme for isolating organic components from HTD vvastewater, Racovalis [65] pointed

out that the LLE method was not suitable for the work and the solid phase extraction (SPE)

method was chosen as an alternative.



K-'J
Chapter One Introduction

COD

Otnued with <X«3* n*vafit*r (Qinf

J-»H BolM rofchwi -—COO

wHth P c u i n t

Bxtrctrd Wth
1 mol/LNaoM

t * " - 1 -'•• t

H -COD

u>

•aracMd vwftb CHJC3,

or. OOMSI CMtMIM

O-5

j I 30 wj $

OC

" = - - - K

w-a -COD

4 rml/U tStoOCI «MnctKi

0 - S COD

XAD ttmia

loo XAD
•CX3D

MeUaurt O - 4

Figure 1-1. Separation scheme for GC-MS analysis of a gasification wastewatcr |80).

1.6.2.2. Solid phase extraction - SPE

SPE has become a very powerful tool for organic analysis of aqueous samples in recent

years, as numerous solid phases have become commercially available. During the SPE

process, anaJytcs in a liquid matrix (aqueous or non-aqueous) are trapped in a solid sorbent

and can be cluted in stages with solvents that have different affinities for certain compound

groups. The various solid phases available - non-polar, polar, cation and anion exchange,

etc - and the option of a variety of elution solvents ~ organic solvents of different

polarities, acidic and basic buffers and ionic strength buffers - offer a great number of

combinations to be optimised for a particular analysis. Therefore, compared to the LLE

method, SPK has greatly enhanced separation and fractionation capabilities and there is

scope for further improvement.

SPE as the sample pre-trcatment method has been applied to wastewatcr analyses for years

and its advantages over LLE have often been demonstrated [95-99]. There have been

studies in which the drawbacks of LLE were substantially overcome with significantly
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reduced usage of organic solvents, extraction time and labour when SPE was chosen as the

preferred method [97, 99]. Compared to LLE, SPE proves to be less matrix dependent [97,

98] and offers better cleanup of complex samples and comparable or increased recoveries

for anatytes [97-99].

This method has been utilised for the analysis of organics such as phenols [100-103] and

carboxylic acids [104, 105], which are often present in coal processing vvastevvater (sec

Section 1.5.2). For the purpose of extracting hydrophilic compounds in industrial

vvastevvaters, Fiehn and Jekel [104] tested both silica based and polymer based SPE

sorbents. Recovery studies found some polymer based sorbents to be powerful for the

enrichment of hydrophilic aromatic substances, including carboxylic acids and phenols,

with recovery rates mostly >80%. Grist et al [93] adopted an SPE method using C18 solid

phase from Allctech® for the analysis of carboxylic acids in aqueous effluents from ozone

bleaching pulps. Carboxylic acids eluted by serial addition of acetone, dichloromethane

and methanol to the sorbent could be detected by GC-MS. Pissoiatto et al [106] described a

method of pre-concentrating contaminants in chlorinated phenolic pulp bleaching

wastewater using SPE followed by GC analyses. The researchers applied the same method

to extraction of phenols in coal gasification wastewater [82].

For characterisation of organics in wastewater from HTD batch tests treating Victorian

lignite, SPE was evaluated as the sample pre-treatment method for GC-MS analysis [65].

A number of solid phases from Varian®, including C18, C8, CN and ENV, and elution

solvents of different polarities were tested. Extraction of the water sample with C8

followed by successive clutions with dichloromethane and methanol was determined to be

the most suitable. The extracts containing various compounds groups including phenols,

cyclopentenones, alkanes and a few acids were successfully analysed by GC-MS (Table 1-

2).

For GC-MS analysis of the MTE process water, SPE with all the advantages and

successful applications in similar cases was selected as the sample preparation method. In

order to achieve optimal results for the specific analysis of the MTE water, influential

factors such as sorbents, elution solvents and extraction conditions were evaluated.
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1.6.2.3. Derivatisation

GC is better adapted to the analysis of volatile and non-polar compounds than that of non-

volatile and polar compounds. Derivatisation can be used to convert components with zero

or low GC sensitivity to forms more suitable for GC analysis by reaction with selected

derivatisation reagents. The main purposes of derivatisation are to increase the volatility of

an analyte, to improve chromatographic characteristics of an analyte by decreasing its

polarity and/or to increase the detector sensitivity of the analyte [107].

Most derivatisation reagents replace a labile hydrogen atom attached to a hetero-atom with

a less polar, non-labile group [107]. Typical derivatisation reactions include silylation,

alkylation/esterification and acylation for functional groups such as acids, alcohols,

phenols, amines, aldehydes and kctoncs. As mentioned in Section 1.5.2, aqueous waste

derived from coal often contains organics such as phenols, carboxylic acids and alcohols,

which are generally polar and not very volatile. Derivatisation is often an essential step for

the analysis of these compounds in wastewater from coal and coal-like materials to achieve

satisfactory GC detection [80, 87, 93, 108].

In the water from the MTE process, which is carried out under relatively mild conditions,

organics are likely to contain such polar functional groups as phenolics and carboxylic

acids and are also expected to be present at low levels. Derivatisation would probably be

required to improve the GC properties of these compounds.

It is worthy of mention that trimethylsilylation using reagents such as

bis(trimethylsilyl)trifluoroacetamide (BSTFA) is a common derivatisation method for

increasing the volatility and improving the GC characteristics of polar compounds [107]

and has been often applied to characterisation of phenols and carboxylic acids in

environmental samples [109-111]. However, the build-up of derivatisation reagents

throughout the chromatographic system can lead to time-dependent in-situ

trimethylsilylation of susceptible groups where derivatisation is not required. A dedicated

GC instrument to perform analyses involving trimethylsilylation is recommended [107J.

For this reason, in the present study, silylation methods were »iot considered as an option

for MTE water analysis.
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Further justification of the necessity of derivatisation for MTE water analysis and

evaluation of the optional derivatisation methods are discussed in Chapter Three.

1.7. Analysis of Inorganics in Coal Processing Wastcwater

/. 7. /. Inorganics in Lignite and Selection of Inorganics for Characterisation

In high rank coals, inorganics are present mainly as minerals. Elements in the mineral

species include major elements (such as Si, Al, Fe, Ca typically at a level of over 0.5%),

minor elements (such as Mg, Na, K, Ti typically ranging from 0.02% to 0.5%) [112V 113]

and trace elements (such as Zn, Ba, B, Zr, Sr, V, Pb, Cr, Ni, Cu, As, Co, U» Fig) [72]

typically appearing in a range of parts per million (ppm) down to parts per billion (ppb)

Unlike in the high rank coals, inorganics in lignites occur not only as discrete mineral

particles, but also as elements distributed within macerals either chemically bound to

organic functional groups, or dissolved as ionic species in coal water [68].

Since there are many species of inorganics in lignite, it is impracticable and unnecessary to

characterise all the species in the MTE process water. Only those most likely to be present

in the water and those of interest for the purpose of evaluating the coal beneficiation effect

of the process should be taken into consideration. For the selection of inorganic species for

characterisation, there are three types of inorganics to chose from, i.e. the minerals, the

non-mineral inorganics and possibly the trace elements. Mineral species, such as quartz

(S1O2), pyrite or marcasitc (FeS;) and a variety of clays in Victorian lignite [68], are not of

interest since they are essentially water insoluble, although some major elements may be

present in a relatively large amount, Trace elements including heavy metals occur in lignite

at very low levels, as results for Victorian lignites have demonstrated [68]. Studies indicate

that environmental concerns associated with the heavy metals in wastewater from lignite

dewatcring processes are negligible [55], This group of inorganics can also be excluded

from consideration. Therefore, the most interesting group of inorganics for investigation

would be the non-minerals, as they include cither water solubles that are most likely to he

found in the aqueous phase from lignite dewatering or species that are known to contribute

to the fouling and corrosion problems during lignite utilisation.
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The most important non-mineral inorganics occurring in Victorian lignite arc sodium,

calcium, magnesium with smaller amounts of iron and aluminium as organically bound

cations together with dissolved sodium chloride salts in the in-scam moisture [68, 115]. In

South Australian lignites, calcium and magnesium are also the major organic associated

elements, while sodium, chlorine and sulphur (as sulphate) are the most abundant water

solubles [116].

Furthermore, as indicated in Section 1.4.3, non-mineral inorganics in lignite, such as

sodium, calcium, chlorine and sulphur which may form volatile salts during combustion,

are the major cause of fireside ash fouling/slaggging and corrosion problems during lignite

combustion. For the study of the potential bencficiation effect of the MTE treatment, the

behaviour of these inorganic species during the dewatering process is also of importance.

Thus, elements including sodium, calcium, magnesium, iron and aluminium und non-

metals chlorine and suiphur (as elements or as chloride and sulphate anions) were the

major inorganics selected for quantitation in the MTE process water.

1,7.2. Inorganic Analysis of Aqueous Coal Derived Liquids and Selection of

A nalyiical Approaches

Information in the literature on the analysis of inorganic matter in coal processing

wastewaters is not as abundant as for the organics. The discussion below therefore covers

studies of other aqueous coal derived liquids such as coal Icaehates. These analyses are

usually for the purposes of studying mineral matter and elements in coal structures [1I7j,

ion exchange properties of the coal [ 118) and leaching behaviours o( some elements [ 119].

Investigation of ash fouling or fireside deposit problems during coal utilization (120] and

the environmental impact analysis of trace elements released from coal {121, 122] also

require information provided by inorganic analysis,

The most commonly used analytical techniques for inorganics in coal derived water arc

atomic absorption spcetroscopy and inductively coupled plasma method*.

1.7.2.1. Atomic absorption spectroscopy

Atomic absorption spectroscopy (AAS) is probsfely the most frequently u*©d method for

quantitative elemental analysis of liquid samples, including those derived fnm coal jl 17,
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119, 122-125]. AAS involves light absorption at specific wavelengths by free atoms. It is a

reliable method of elemental analysis and is particularly useful for determination of trace

metals in liquids. Most importantly, because samples we totally stabilised prior to analysis

it is practically independent of the chemical forms of the element in samples.

AA analysis of aqueous coal processing streams and wastevvater has provided useful

information for understanding the processes and revealing potential environmental issues.

AA was used for the analysis ofllg, As, Pb, Cd, Na, Li, K, Ca and V in the vapour phase

of a gasification product stream 1123]. The author concluded that defining the qualitative

and quantitative nature of materials found in the product stream from the gasification test

unit played on important role in developing the technology. An AA analysis determined

that selected trace elements were present in some of the aqueous liquids from a coal

Synthoil process in small quantities (122J. This supportive information enabled the

researchers to conclude that the handling of wastcwatcr streams from large SynthoiS

facilities should not be a serious problem with rc^mi to the emission of these potentially

toxic trace elements into the environment. Jimer* , Carmona ct al f 119] proposed a novel

suhcritical water extraction method for the extraction of ash-forming elements from coal.

An atomic spectrophotometer was used for the determination of M$, Ca and Fe (in the

absorption mode) and Na and K (in the emission mixfe) in water extracts. Concentrations

of the anaiytes as affected hy leaching conditions provided very important information for

the establishment of optimum process condition* and for evaluation of this novel

extraction method. AA wa* al*o used to provide quantitative information about Na, Ca«

Mg and K in m HID waste water

1,7.2,2. Inductively coupled plasma techniques.

In recent year?! emission spoctroKCopy. which usually denotes light emission by wimples

excited by electrical discharge, has been increasingly KUpcnwitad by inductively coupled

plasma (ICP) emission «pcctm*copy, which t« much more reproducible and require* I m

*kill to use. The ICP technique* have rapidly become much more important m a method of

elemental analysis, providing » nubtctanliai degree of freedom fmm interference* and a

capability of Kimultaneou* muiti-element determination (127], Uiwd for both qualitative
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and quantitative analysis, this technique has very high sensitivities for the detection of both

metals and non-metals.

The ICP techniques with high sensitivities have been utilised for elemental analysis of both

aqueous and non-aqueous coal solutions. These include the commonly used ICP-AES

(atomic emission spectroseopy) [120, 128, 129] and the more recently developed ICP

coupled with mass spectromctry (ICP-MS) [120, 130].

1.7.2.3. Comparison of techniques for inorganic analysis.

Atomic spcetroseopy is the most widely used technique for determining elements,

especially the metallic ones, in almost every conceivable matrix. Commonly used methods

are (lame AAS and graphite furnace AAS. AA essentially determines one element at a time

and thus cannot be used for a qualitative overall survey of the elements present. ICP

emission spectroseopy is useful for the determination of basically all the metallic elements

in the periodic table. The ICP techniques provide a very sensitive analytical approach for

most of the trace elements. Major limitations of thesw techniques are related to the

introduction system to ICP, i.e. matrix effects of solid materials dissolved in the sample

and (for mass speclrometry) mass ion overlap. At this point, AA is a preferred method for

quantitative analysis and ICP is suitable for qualitative analysis and multi-elemental

analysis.

In view of the complementary advantages of the two methods, both the AA and ICP

techniques were considered suitable for the inorganic analysis of MTE water. Since the

analytical methods using these two approaches for common water samples are very well

developed and many have long been standardised, the development of methods for

inorganic analysis was not a focus of this project.

1.8. Project Objective*

In oixlcr to utilise low-rank coals of high moisture content more efficiently, more energy

efficient and economic dewatering technologies are desirable. The MTE process, as one of

the recent developed techniques, has proved to be promising for industrial application. A

wastewatcr stream from the process is expected to contain both organic and inorganic

contaminants released from the coal and presents potential environmental impact. The
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object of this project was to characterise both organic and inorganic impurities in the MTE

process water as a function of processing conditions. The specific research objectives

were:

a) to establish improved analytical methods for the characterisation of major

organic components of MTE process water;

) to identify and determine typical levels for a range of organic and inorganic

components in the MTE process water as a function of processing conditions

ind lignite types;

This will provide important information to assist the optimisation of MTE process

conditions and inform the selection of appropriate waste management technologies.
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CIIAPTKRTWO

MATERIALS AND METIIODOLOtiY

2.1. Introduction

This chapter introduces the materials and methodologies used in this project for producing,

collecting and analysing the MTH process water. The validity of using different methods

for the analyses of TOC and selected inorganic species by external laboratories is

evaluated. For organic analysis, generic SPK sample preparation procedures and (1C-MS

conditions are described in this chapter, while the establishment ami optimisation

processes for the SP£ methods with and without cicrivali.nalion arc explained in detail in

the following chapter, which specifically deals with method development issues.

2.2. Materials

2.2. J. Coals

Coals used in this project were lignites from Victoria, South Australia and Germany. Large

quantities of run-of-mine coal samples collected were homogenised according to

Australian Standard 4264.3 [131], ground to <6mm and stored in airtight containers to

minimise oxidation and moisture loss. Properties of the lignites investigated determined by

the Herman Research Laboratory (HRL) are presentetl in Table 2-3. Analytical methods

used are listed in Section 2.5,
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Table 2-3. Properties of lignites

Coil

Victoria

South
Australia

Germany

c

Victoria

South
Australia

Germany

toy Yang
A

loy Yang
B

Mot well

Yalloum

I .ochiel
High Na

tochici

Bowman*
A

Bowman*
B

Kingston

llambai'h

Jell

loy Yang
A

toy Yang
B

Morwcll

Yalloum

l^ochiel
BighNa

Lochicl

Bowmaas
A

Bowmaas
B

Kingston

Hambach

MuiMure

57.4

67.0

57.2

64,4

53.9

57.5

51.4

55.3

47.0

53.9

Na

0,09

0.47

0.08

0,07

1.41

0.88

1.51

1.47

0.80

0.23

Ca

0.05

0.04

0.32

0.14

0.68

1.33

0.07

0.69

1.18

1.23

A<h
Yield

1.04

3.7

2.1

1.95

16.1

14.3

13.1

16.3

13,1

5.3

I lenient

Mg

0.06

0.16

0.21

0.18

0.84

0.81

0.82

0.86

1.30

0.46

Volatile
Matter

51.4

-

50.7

50.9

47.1

47.1

48.5

•

45.8

-

lc, ,<

0.07

0.05

0.37

0.61

0.18

0.58

0.52

0.22

0.33

0.41

Investigated

l ixed

47

•

47

47

36

38

38

•

41

•

Cl

0.10

0.44

0.06

0.05

0.59

0.45

1.41

0.57

0.28

0.04

6

.2

I

.8

.6

.4

.1

C

69.4

Mr 5

68.7

67.7

67.5

68.1

65.2

67.1

67,8

67.6

1!
ktaf

5.0

4.7

4.9

4.8

5.4

5.1

4.9

5.3

4.9

4.8

O»N*

25.4

27.8**

26. J

27.3

23.8

22.9

25.0

23.6*»

23.5

26.5M

0.27

0.40

0.25

0.16

3.3

3.8

4.8

3.4

3.8

0.30

Acid Intractable '!«lb**0

S,,, Na

0.28

0.40 0.46

0.25

0.20

2.85

3.37

4.24

2.89 1.47

3.40

0.30 0.23

Ca

•

0.04

-

-

-

-

-

0.71

•

1.14

Mg

•

0.16

-

•

-

•

-

0.89

-

0.47

Fesr

-

0.04

-

•

-

-

-

0.17

-

0.40

• by difference
•* oxygen only^ 6 \.'***j

• • • error is 0.01%, db for values <0.1%, db and 0.02%, db for values X). 1%, db.
wb - wet basts; db - dry basis; daf- dry ash free basis; org - organic; tot- total; NP - non-pyritic
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For the analysis of low level organic* in wustcwutcr, glassware must be extremely clean so

as to minimise interferences from contamination. In the present study, after being washed

with detergent, rinsed thoroughly with tap water and dried, all the glassware used for

organic analysis, including volumetric Masks, vials and pipettes, was soaked in a mixture

of 3:1 (v/v) concentrated sulphuric acid and nitric acid for at least 48 hours. Tap water was

used to thoroughly rinse and then soak the glassware for u minimum 24 hours. After being

rinsed with tap water, distilled water and MilliQ water (ultra pure water), respectively, the

glassware was dried at IO5°C. Prior to use, the glassware was rinsed successively with

HPLC grade methanol, dichloromethanc and the solvent to be used in the subsequent tests.

2.2.3. Standards and Reagents

All standard organic chemicals used to prepare standard solutions for OC-MS analyses

were GC or HPLC grade with purities between >97% and >99%, as specified by the

manufactures.

To make a standard storage solution, the chemicals were weighed on an analytical balance

and added into a dry clean volumetric flask. Methanol was used to dissolve the chemicals

and dilute to the graduation. The scries of standard solutions used for creating GC-MS

calibration curves were prepared by diluting the storage solution in succession to the

desired concentrations with ethyl acetate.

Aqueous standard solutions were used for method development purposes including

recovery and derivatisation yield tests. Standard mixtures of difTercnt compositions were

prepared by diluting corresponding standard storage solutions consecutively to the desired

concentrations with MilliQ ultra pure water.

All organic solvents used in this study including methanol, dichloromethane and ethyl

acetate were HPLC grade.

Reagents used in the sample preparation procedure, including hydrochloric acid, sodium

carbonate, sodium bicarbonate, sodium hydroxide, acetic anhydride and acetyl chloride,

were all analytical reagent (AR) grade. Methylation reagents, 13-15% boron
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trifluoridc/methanol complex and 9K.5% trimethyloxonium tetralluoroboratc (TMO) solid,

were purchased from Riedel-de Hofin* and Aldrich*, respectively.

2.2.4. Water

Water used in the MTE batch experiments was dcionised water. Analysis of the water

showed that all the items analysed for in the MTE water samples were present at levels

below detection limits or negligible compared to that in the MTE water.

Water used to prepare standard solutions was ultra pure MilliQ water with a resistivity of

ISMllm. Distilled water was used in all the blank tests for organic analysis, which

followed the procedures established for the analysis of the MTE water samples. Impurities

present in solvent extracts obtained from the blank tests arc mentioned in Chapter Four.

2.3. MTE Water Production

Two MTE rigs for laboratory batch tests were utilised in this project. One is located in the

Department of Chemical Engineering, Monash University, Australia and the other is in the

Department of Chemical Engineering, University of Dortmund, Germany. The MTE

apparatus at Monash University and experiments using this rig are described below and the

results are discussed in Chapter Three to Chapter Six.

The MTE procedures and process water production using the MTE rig in Germany are

introduced in Chapter Seven where the effects of introducing acids into the system and

using different means of heating are evaluated.

2.3.1. The MTE Process

A photo and a schematic diagram of the MTE apparatus used in the laboratory batch

experiments are shown in Figure 2-2 and Figure 2-3, respectively.
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Figure 2-2. A photo of the MTE rig at Monash University.
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Figure 2-3. A schematic diagram of the MTE rig at Monash University |2|.

The experimental apparatus used in the fundamental batch study is a compression-

permeable cell which allows tests to be performed at temperatures up to 300°C [2] and

pressures up to 25MPa. Throughout the whole process, the cell must be airtight to ensure

dewatering is non-evaporative. The maximum operation temperature used in this study was

200°C and the maximum applied pressure was 25MPa.

The main body of the rig is the compression chamber, which includes a permeable sintered

plate (40um) at each end to allow air to be vented prior to compression and to facilitate

water removal. Before each run, all the parts were washed with tap water, rinsed with

deionised water and air-dried. To start an MTE run, the compression cell was loaded with a

known weight (lOO.Og) of the coal sample and then filled with deionised water to create an

air-free coal water slurry. After the piston was placed into the cylinder, more deionised

water was added through the connected tubing to ensure the whole system was full of

water and air-free so as to prevent water evaporation. The amount of water added was

recorded. The piston was then lowered by an Instron mechanical press (Model 5569) to an

initial force value of 1.2kN to further expel air in the system. The airtight chamber was

then heated with an electrical heating jacket to the desired temperature. The final
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temperature was then held for a certain period of time. The total time for heating and

temperature holding prior to compression was prv-sct to 30-40 min (the exact time

depending on the final temperature) so that the holding time at the desired temperature was

-20 minutes. Once the desired temperature was reached, the Instron mechanical press was

used to automatically increase the force on the cell loading (through the piston) at a

constant rate to the desired pressing pressure. The applied force wus maintained for $ min

by automatically adjusting the displacement of the piston. The piston position was then

held for 10 min for stress relaxation. The pressure inside the system was always

maintained above the water saturation pressure at the corresponding temperature to prevent

evaporation.

2.3.2. MTE Product Water Collection

During the whole MTE process, a clean, dry, pre-weighed glass container was located at

the water outlet to collect the water expelled. Following each experiment the system was

allowed to cool to 25-3O°C before the system pressure was released. The cell was then

carefully detached, with all the excess water inside the chamber and connected tubing

collected in the same container as the product water. The product coal pellet was also

collected and double scaled in two plastic bags. All the parts of the system that had been in

contact with coal and water during the process were thoroughly rinsed with deionised

water and this rinsing water was collected in a separate container of known weight. Both

the product water and rinsing water with containers were immediately weighed on a

balance after the collection process.

The above procedure for operation and water collection was established following a

number of MTE test runs. To check the validity of the water collection method, the system

was rinsed for a second time for a number of MTE runs. Analytical results showed that all

the analytes contained in the second-time rinsing water accounted for 1.7-6.5% of the total

amounts present in the water phase. The single rinse method hence proved to be valid and

efficient for the collection of all substances released to the water phase.

The collected product water and rinsing water samples were filtered with glass fibre filters

(Whatman® GF/A 1.6um) separately. The filter was air-dried and weighed and the weight

of the coal residues was deducted from the total weight of the water samples. The pH of
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each water sample was measured using a portable AORITKST1 pH meter (HANNA*

Instruments). One portion of the filtered sample was sent for TOC analysis within 24-48

hours. Another portion of the sample was stored in clean dry plastic containers and sent for

inorganic analysis. The rest of the sample was stored in clean dry glass containers for

subsequent organic analysis. All portions were kept in a refrigerator at below 4°C.

2.4. MTE Water Analysis

2.4.1. Total Organic Carbon Analysis

Most of the TOC analysis of MTE water samples was carried out at the Water Studies

Centre (WSC), Monash University using a Shimnd/u TOC-5000 analyser and WSC test

method 58 [132] based on APHA (American Public Health Association) method 531 OB -

the combustion-IR method [133].

This instrument at WSC broke down at the final stage of this study. Water samples were

submitted to the Gribblcs Analytical Laboratories for TOC tests using a Skalar TOC

combustion IR analyser and the GAL method 242 [ 134] based on the same APHA method.

For water samples obtained from the MTE experiments completed at the University of

Dortmund, Germany, TOC was determined using a DIMATOC 10G analyser and the same

APHA method.

For comparison of the results obtained using the three different TOC analysers and

calculation of system errors, a number of MTE water samples were analysed using

diflerent instruments. TOC concentrations of the samples and associated errors are listed in

Table 2-4.
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I Tahto 14.
I Sample

1 No'
1 '1 2

1 •'
1 4

1 5
. • • V

1 6

1 ?

* 9

1 l0

( ompnrlMni of TOC results

Shimtul/u
(WSC)

l.4xlO'

1.3x10'

3.0x10*

2.7x10*

4.1x10'

1.5x10'

1.1x10*

1.9x10*

•3.5x10'

•4.2x10'

Sknlnr

((?ribblc»)

1.5x10'

1.1x10'

2.6x10*

2.2x10*

-

-

-

-

-

(g/L) obtnlnrd

D1MATOC
(Ccr)

•

*

•

-

5.0x10'

1.7x10'

I.OxlO2

1.6x10*

-

-

using different TOC

lirror

±(|A-H|/2)

0.05x10'

O.IOxlO1

0.20x10*

0.25x10*

0.45x10'

O.IOxlO1

0.05x10*

0.15x10*

0.10x10'

0.05x10'

Relative
I'lrror i%

3.3

8.3

7.1

10

9.8

6.3

<J.5

8.3

2.9

1.2

Mmilyscrs.

Intcrvnl
(day)

<2

<2

<2

<2

-40

-40

-40

-40

28

23

• average of two analyses

Using the combustion !R method, carbon in the materials is oxidised to carbon dioxide

(CO2) and the produced CO2 measured by IR. Results in Table 2-4 indicate that differences

between the TOC values (g/L) obtained using two dilTcrent analysers were all less than 5

in the second decimal place and the relative errors were <IO%. When the same instrument

analysed the same sample at two times over 20 days apart, the difference was <3%,

implying that the TOC results would be still valid even if the delay before analysis was

greater than the desired maximum 48hours.

In the following chapters, the TOC values are mainly used for comparison between the

MTE runs within groups. As the TOC concentrations in the water samples in each group

were analysed using the same TOC analyser, the differences between the TOC results

acquired from different analysers can be regarded as acceptable.

2.4,2. Solid Phase Extraction (SPE) for Organic Analysis

2.4.2.1. Principles of SPE methods

The following descriptions about general principles of SPE methods are mainly

summarised from an SPE handbook by Blevins et al [135].

An SPE process consists of five main steps: conditioning of the solid phase, extraction of

the sample, washing out of the non-absorbed impurities, drying of the solid phase and
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elution of the absorbed analytes. To achieve an efficient extraction for target analytes from

the sample matrix using SPK, great caution should be exercised in each of the five steps:

a) Conditioning. The purpose of the conditioning step is to solvate the sorbent

creating a suitable environment for the isolates - the target analytes to be

absorbed - to have adequate affinity to the solid phase and be retained on it.

This step involves the use of solvents of suitable polarities to fully wet the

solid sorbent followed by washing with a solvent that prepares the sorbent to

receive the sample, The selection of the solvents used for conditioning and

for washing the conditioning solvent should be based on the nature of the

application and the sorbent selected. For aqueous samples, conditioning the

solid phase with a polar organic solvent miscible with water followed by pure

water or a buffer solution is usually the best approach.

b) Extraction. Immediately after the last conditioning solvent has been applied,

with the sorbent still fully wet, the samples should be applied to the sorbent

bed for extraction. At this stage, component* in the sample will either pass

through or be retained on the sorbent. During operation, two factors are

critical to the efficiency of the whole method. One is control of the rate at

which the sample passes through the solid phase so that it is low enough for

the analytes to have adequate contact with the sorbent. The other is keeping

the flow of the sample continuous, i.e. ensuring that the solid phase never

dries out until the extraction is complete.

c) Washing. After the extraction step, not only are the isolates absorbed on the

solid phase but non-absorbed impurities in the sample matrix may also be

retained within the pores. Since the impurities may present interference if

they enter the solvent extract, it is necessary to wash the sorbent with a

solvent that is different in nature from the elution solvents and that will not

disturb the absorbed isolates. This step is particularly important for the

extraction of wastewater due to its complex matrix. For water samples, ultra

pure water or buffer solutions can be selected as the washing solvents.

40



Chapter Two Material and methodology

d) Drying. For the extraction of aqueous samples, complete drying of the

sorbent prior to solvent elution is necessary for optimum elution of the

isolates and reduced water interference with the GC analysis. When more

than one elution solvent is used, especially when the solvents used in two

successive steps are immiscible, partial or complete drying of the sorbent

between elution with the immiscible solvents is also preferable. Once the

isolates have been retained on the sorbent, drying under air flow usually does

not change the nature or amount of isolates retained, but excessive drying,

e.g. with a strong air flow, at high temperature, extra long time, etc., should

be avoided to prevent any possible loss or oxidation of the isolates.

e) Elution. Elution is a process by which the isolates are removed from the

sorbent bed by introducing a solvent(s) to which the isolates are more

strongly attracted than they are to the sorbent. Elution with small aliquots of

the elution solvent can enhance the recoveries compared to one elution using

the same total volume of the solvent.

2.4.2.2. SPE optimisation

To develop a new SPE method or validate an existing method, the type and mass of the

solid phase, volume of the sample to be extracted and the type and volume of the elution

solvent(s) are all the key factors to be •aluated and optimised.

The most important factor is the selection of a suitable sorbent for a specific application.

The selection strategy is to maintain a balance between maximum isolate retention and

minimum elution solvent required, i.e. to ensure that the isolate-sorbent bond is, on the one

hand, strong enough to retain maximum isolates and, on the other hand, able to be broken

by a suitable elution solvent of minimum volume possible.

Selection of the elution solvent(s) is also critical for optimisation of a method. The most

favourable elution condition is for the chosen elution solvent(s) to elute the isolates from

the sorbent bed in the smallest volume possible.

Evaluation and selection of the sorbents and elution solvents were important aspects of the

method development in this project. SPE as the selected sample preparation method for
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GC-MS analysis of the MTE water was conducted using the Bond Elut* extraction

columns from Variant Solid phases including silica-based C8 and polymer-based ENV

and PPL were evaluated for extraction of samples without derivatisation. Acctylation

yields achieved using C2, C8, C18 and PPL were assessed. Elution efficiencies using

methanol, dichloromethane and ethyl acetate were compared. Evaluation experiments and

results are discussed in detail in Chapter Three.

Sorbent mass and volumes of both the sample and elution solvent should be evaluated

concurrently to achieve an optimal extraction result. The volume of the samples used for

SPE was selected first taking into account the nature and volume of the MTE water

samples available. Since the organics in MTE rinsing water samples as analysed as TOC

were at a low level compared to that in the MTE product water, GC-MS characterisation of

the organics was only carried out on the MTE product water samples. As the total volume

of the product water from MTE laboratory batch runs was <200mL in most cases, less than

lOOmL of the sample was available for the GC-MS analysis of major organics including

method development. Therefore, up to lOmL of the MTE sample was used for each

extraction test.

With the sample volume determined, the selection of sorbent mass is based on the organic

loading of the sample and sorbent capacity. Capacity is defined as the total mass of a

strongly retained isolate that can be retained by a given mass of the sorbent under optimum

conditions [135]. For silica-based sorbents, C2, C8 and C18, typical carbon loading is

5.6%, 12.2% and 17.4%, respectively, whereas for polymer-based sorbents such as ENV

and PPL, capacity is even higher [136]. When determining the sorbent mass and the

maximum amount of extractable sample, the retention not only of the analytes but also of

the co-retained undesired components in the sample should be taken into consideration.

Results show that TOC concentrations of ail the MTE product water samples used in this

study were <lg/L. The extraction of lOmL MTE sample then gives an organic carbon

loading of <10mg to the SPE sorbent. For all sorbents evaluated in this work, the lowest

carbon loading capacity is 5.6% (C2). To accommodate a maximum lOmg organic carbon

loading, a sorbent mass of 200mg should be sufficient. The use of higher mass of the

sorbent for extraction of the same amount of the sample is unnecessary, as it will require

larger volume of the elution solvent, resulting in more diluted final extracts.

42



Chapter Two Material and methodology

The volume of an elution solvent(s) required is related to the bed volume of the sorbent.

Bed volu'- a unit of measurement commonly used to characterise retention and elution

and is den. .v ihe amount of solvent required to fill all the internal pores and interstitial

spaces of the particles in a given size sorbent bed [135]. An optimal elution should require

no more than 5 bed volumes of the solvent. For a 200mg sorbent mass, the bed volume is

approximately 0.5mL. Elution with three to four bed volumes in aliquots proves to be

sufficient and more efficient than one elution with the same total volume.

2.4.2.3. SPE procedures used in this project

The SPE procedures described in this section were utilised for the extraction of organic

components in aqueous samples with and without denvatisation throughout the project

wherever the use of SPE is mentioned in this thesis.

Figure 2-4 illustrates the method of using the Varian Bond Elut® columns in this study, in

which positive pressure is applied, using a syringe, to force the eluant to pass through the

column at a certain rate. It is one of the methods recommended by the manufacturer [137].

Syringe

Adaptor

Bond Edit
Extraction Column
Eluant

6
A

Figure 2-4. Method of using the Bond Elut® columns in this study [137].

Figure 2-5 shows a flow diagram of the procedure using SPE columns for water sample

extraction. The procedure is described in detail below.
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•
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| Dried under 20-25mm I

3xO.5mL elution
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Extraction

Washing

-ig vacuum
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Figure 2-5. A flow diagram of the SPE procedure.

Firstly, the selected SPE column was conditioned by passing through 3mL of methanol or

ethyl acetate followed by lmL of ultra pure MilliQ water. The conditioning solvent was

allowed to drain under gravity to ensure adequate wetting of the solid phase. Methanol was

used when the elution solvents were dichloromethane or methanol, while ethyl acetate was

selected when it was used as the elution solvent. For all sorbents, the rate at which ultra

pure water passed through the column was controlled at approximately imL/min. When

the experiments required the pH of the sample to be adjusted to 2-3, the pH of the MilliQ

water was also adjusted to 2-3 using hydrochloric acid.

Next, 5mL (only in the case of methylation) or lOmL of the aqueous sample was forced

through the SPE cartridge. For the solid phases other than PPL, the extraction rate was

controlled at O.3-O.5mL/min. For PPL, a rate of l-1.5mL/min was possible under gravity or

slightly positive pressure. After the bulk of the sample was transferred to the column, the

sample vial was rinsed with the last conditioning solvent - ultra pure water or acidic ultra

pure water - 3-4 times and the rinsing water was also passed through the solid phase. A

continuous sample flow was maintained until the extraction step was complete.

The third step was to wash off the undesired impurities from the sorbent. 3x1 mL aliquots

of ultra pure water or acidic ultra pure water were passed through the sorbent bed at a

ImL/min rate. Excess water was removed by applying positive pressure using the syringe

prior to drying.
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Drying of the sorbent bed was realised by passing air through the column under vacuum of

20-25mm Hg. As the PPL solid phase could be dried easily, 20-30 minute drying time was

adequate, whereas for other sorbents 45-60 minutes was preferred.

The final and a critical step was solvent elution. 3-4x0.5mL aliquots of the elution solvent

were added to the dried column and drained under gravity or positive pressure at an

estimated rate of 0.5-1 mL/min. Approximately lmL of the elution solvent was required for

the first elution of PPL since an extra volume of the solvent was necessary for wetting the

sorbent. The solvent extract was collected in a clean, dry and pre-weighed 2mL auto

sampler vial. After the elution of each aliquot, excess solvent was forced out using the

syringe and collected in the same vial. For quantitative analysis, the final solvent extract of

l-1.5mL was slowly concentrated under very gentle nitrogen flow to approximately 0.5-

lmL and the vial was weighed prior to GC-MS analysis. The volume of the solvent extract

could then be calculated based on the weight of the extract and solvent density.

2.4.3. GC-MS Conditions

GC-MS analysis of organics was carried out using an Agilent 6890 GC coupled with an

Agilent 5973 mass selective detector (MSD). lul of the solvent extract or standard solution

was injected using an Agilent 7683 automatic liquid sampler. The column was an Agilent

HP-5MS of 30m length, 0.25mm internal diameter and 0.25um film thickness with a

constant helium flow of 1.2mL/min. A split/splitless injector was used and injector

temperature was set at 230°C. To avoid column overloading, the analysis was carried out

under split mode with a split ratio of 1:20 when analytes were present in high

concentrations. The splitless mode was used when the samples were dilute.

Three GC oven temperature programs, A, B and C, were used for the analysis of different

groups of organics and at different stages of the study. During the evaluation of SPE

methods for samples without derivatisation and after phenol acetylation, different elution

solvents including dichloromethane (bp. 40°C), methanol (bp. 64-65°C) and ethyl acetate

(bp. 76-77°C) were used. To minimise solvent effect during GC analysis, it is preferred

that the initial oven temperature be 10-25°C lower than the boiling point of the solvent. For

the convenience of comparison, one common initial oven temperature of 40°C was chosen

to accommodate the use of all three solvents. The oven temperature was programmed as
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1 follows: initial temperature 40°C held for 2 minutes; first program rate at 2°C/min to 110°C

1 immediately followed by the second program rate at 10°C/min to 280°C; final temperature

| held for 6 minutes. The total run time was 60min. This temperature program is named as
i
I Program A.

1 After method development, with ethyl acetate selected as the elution solvent, the

temperature program B was utilised for the analysis of the samples without derivatisation:

initial temperature 60°C held for 2 minutes; first program rate at 3°C/min to 170°C

immediately followed by the second program rate at 6°C/min to 280°C; final temperature

held for 3 minutes. The total run time was 60min.

The GC oven temperature program C was optimised for the analysis of carboxylic

compound groups after methylation: initial temperature 60°C held for 2 minutes; program

rate at 5°C/min to 280°C and the final temperature held for 4 minutes. The total run time

was 50min.

The temperature of the transfer line connecting GC and MSD was set at 300°C - slightly

higher than the maximum oven temperature. The MSD scanning mass range was 35-400

amu.

The Agilent ChemStation® software was used for all GC-MS data acquisition and data

I analysis.

2.4.4. Molecular Weight Distribution - FFF

The flow field-flow fractionation (FFF) method was applied to characterisation of the

molecular weight distribution of organic matter in the MTE samples. The analysis was

carried out by Postnova Analytics, Salt Lake City, Utah, USA.

Equipment and method used were as described by Assemi [138]. The carrier was a mixture

of lxlO"2 M NaNC>3 and 2xlO'5 M NaOH solution. Deionized water was used to prepare

the carrier. NaOH was added to adjust the pH of the sample solution to 7.5. The detection

was carried out using a UV detector set at 254nm and 0.02 AUFS. A 10 kDa regenerated

cellulose acetate membrane was used in this analysis.

Standard calibration curves were obtained by plotting the molecular weight of a series of

standard compounds against their elution time. Based on the standard calibration equation
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and relevant information, molecular weight distribution of organic compounds in a sample

could then be calculated.

2.4.5. Analysis of Selected Inorganic Species

For MTE experiments carried out at Monash University, inorganic analyses of water

samples were contracted to external laboratories.

MTE water samples were submitted to WSC for the analysis of calcium (Ca), potassium

(K), sodium (Na), magnesium (Mg), chloride (Cl") and sulphate (SO42"). The metal

elements were analysed on a Perkin Elmer atomic absorption spectrometer using WSC

methods 10 to 13 [139-142], which are based on APHA method 311 IB [143]. Chloride

and sulphate were measured using flow injection colorimetric methods [144, 145] based on

APHA methods 45OO-C1"-G [146] and 4500-SO4
2' [147], respectively.

At times when the AAS analytical service at WSC was not available, Na, Ca, Mg, K, iron

(Fe), aluminium (Al), chlorine (Cl), and sulphur (S) in some MTE water samples were

analysed at HRL on a SpectroFlame Module E ICPAES using methods based on APHA

method 3120B [148]. Sulphate concentrations were calculated from the sulphur results

t assuming that all sulphur was present as sulphate in the water samples. The validity of the

I sulphur to sulphate calculation is discussed later in this section.

A Perkin-Elmer 1100B atomic adsorption spectrometry was used for the determination of

Na, Ca, K, Mg and Fe concentrations in the MTE water samples acquired using the MTE

rig at the University of Dortmund. The procedures used were based on APHA method

3111B [143].

To provide an internal check on the results obtained from different analytical laboratories,

a number of representative comparisons are presented in Table 2-5.
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Table 2-5. Comparison of analytical results for selected inorganics using different
methods.

Calculated
concentration

AAS (WSC)

N a ICPAES
(HRL)

AAS
(Ger)

Calculated
concentration

AAS (WSC)

M 8 ICPAES
(HRL)

AAS
(Ger)

Calculated
concentration

SO4
2- AAS (WSC)

ICPAES

(HRL)

Analytical result (mg/L)

Standard
solution

183.43

185±5*

2O5±1O*

-

37.24

33±0*

36±1*

-

147.16

135±10*

122±2*

MTE
water

#1

-

270

323

-

-

64

70

-

420

408

MTE
water

#2

-

-

172

185

-

-

15

16

17

18

MTE
water

#3

-

-

439

442

-

-

39

40

110

108

vsstd

1.1

12

11

2.7

8.2

17

Error %

WSCvs
HRL

0 O
o.y

(water#l)

A C

(waterfll)

1.4-5.1
(water

HRL
vsGer

0.3-3.6
(water

1.3-3.2
(water
#2-#3)

* average and error of duplicates.

In Table 2-5, error % between analytical methods is calculated using Equation 2.1.

\A-h\2
(A + B)2

Equation 2.1

where A and B are the concentrations of a selected component in the same sample

determined by two different methods, or, in the case of the standard solution, B is the

calculated concentration.

It can be seen that using the AAS method at WSC and the ICP method at HRL to analyse

the standard solution, the errors are <17%. The relative errors between two different
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analytical methods are all <9%. Therefore, all the above methods for the analysis of the

selected inorganic species can be considered valid.

It should be noted that the results for the sulphate calculated from the sulphur values

obtained using the ICPAES method are in good agreement with the sulphate results using

the colorimetric method, as shown in Table 2-5. This demonstrates that the method of

using ICPAES to analyse sulphur content then converting to sulphate values is valid for the

sulphate analysis of the MTE water.

Due to the complexity of the matrix or low concentrations of some trace elements, sample

pre-treatment prior to AA detection is sometimes required for elements such as Hg [123],

As [149], Pb and Cd [123] using methods such as oxidation [122, 123], masking [123] and

pre-concentration [122]. In the present study, comparison of the analytical results for Na,

Ca and Mg in the MTE water samples with and without acid digestion demonstrated that

direct measurement of the water samples was acceptable. Concentration results showed

that the difference was <1 in the last significant digit.

2.5. Coal Analysis

Although detailed coal analysis was not included in the scope of this project, data for raw

coals and MTE product coals are closely related to the characteristics of MTE water and

therefore are beneficial for data analyses and discussion of the results.

The moisture content of all MTE coal products obtained using the MTE rig at Monash

University and all the raw coals and product coals from the MTE runs carried out at

University of Dortmund were determined by methods based on Australian Standard AS

2434.1 [150]. Approximately 1 Og of a representative sample, in duplicate or triplicate, was

weighed and dried in the oven under nitrogen at 105°C for 3-6 hours. The moisture content

was calculated from mass loss upon drying.

Analyses of the properties of the raw coals were carried out by HRL and the results are

shown in Table 2-3. Moisture contents and ash yields of the raw coals was analysed using

a Leco MAC Analyser according to HRL Method 1.6 [151]. Volatile matter was

determined according to AS 2434.2 [152]. Carbon, hydrogen and nitrogen contents of the
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raw coals were determined according to HRL Method 1.4 [153] using a Lcco CHN600

analyser.

Total Fe, Ca, Na and Mg were determined on ash produced in the ash yield determination

and the analyses were preformed using a borate fusion-ICP method based on AS 1038.14.1

[154]. A combustion temperature of 600°C instead of 815°C was used to avoid the loss of

sodium. Acid extractable elements, Fe, Ca, Mg and Na, in the raw coals used in the MTE

experiments discussed in Chapter Seven were measured according to AS 2434.9 [155].

The chlorine content of the raw coal was determined based on AS 1038.8.2 [156] and the

sulphur content was analysed based on AS 1038.6.3.2 [157] using a Leco SC32 sulphur

analyser.

2.6. Statistic Analysis

Most of the MTE batch experiments were carried out in replicate. Therefore, the overall

errors reported for the analytical results included not only the analytical errors associated

with the measurement, but also the experimental errors from replicate runs. In order to

distinguish the true effects of processing conditions on the removal of organics or

inorganics without being misled by the errors, it is necessary to use statistic analysis. The

SPSS® software package was used for all the statistic analyses reported in this thesis.

2.7. MTE Water Analysis Scheme

A summary of the MTE water analytical scheme is given in Figure 2-6. The analytical

procedures included in this scheme are mainly described in this chapter except for that of

acylation and methylation for phenolic and carboxylic compounds, which is detailed in

Chapter Three.

50



Chapter Two Material and methodology

MTlv product water
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Figure 2-6. Scheme established for characterisation of MTE Water samples.
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CHAPTER THREE

1

1

ESTABLISHMENT OF SPE-GC-MS METHODS FOR

CHARACTERISATION OF ORGANIC COMPONENTS IN MTE

PROCESS WATER

3.1. Introduction

This chapter is deals with the establishment of sample preparation methods for GC-MS

characterisation of low molecular weight organic components in MTE water samples. It

consists of three main sections besides this introduction. The first section is devoted to

method development and validation using SPE for the analysis of organics in the water

samples without derivalisation. The second section describes the acetylation-SPE method

established for the analysis of phenolic compounds in water. The third section focuses on

the methylation method established for the analysis of carboxylic compounds. Each section

covers the method development process using standard solutions and method validation

using standard-spiked MTE samples. A summary is given at the end of each section.

Results of using these methods for the analysis of the MTE samples are summarised and

discussed in next two chapters.

3.2. SPE without Derivatisation

As discussed in Section 1.6.2, the SPE method was chosen as the sample preparation

method for GC-MS analysis of the MTE product water. Despite being effective for

improving chromatographic properties of analytes, derivatisation implies at least one

additional step in the sample preparation scheme. Furthermore, derivatisation reactions can

produce side products that may interfere with the analysis [158]. Therefore, initially, SPE

methods without derivatisation were evaluated.

3.2.1. Aqueous Standard Solutions for Method Development

In order to develop suitable SPE methods for GC-MS analysis of organics in the MTE

product water, compounds that are likely to be present in the water should be selected to
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prepare aqueous standard solutions that can be used for method development and

validation.

Standard compounds were chosen based on the results of (a) preliminary analyses of the

MTE product water and (b) previous studies of the HTD wastewater [54, 56, 65]. The

selected compounds including phenolic compounds and carboxylic acids and their

concentrations in the standard stock solution (~2000mg/L for the phenols and ~2500mg/L

for the acids) are presented in Table 3-6. The nine phenols included phenol, five alkyl

mono-phenols, one mono-phenol with an aldehyde group on the benzene ring (vanillin),

one di-hydroxy phenol (catechol) and one tri-hydroxy phenol (pyrogallol). The carboxylic

acids were three straight chain aliphatic di-acids, benzoic acid and one

benzenetricarboxylic acid. Aqueous standard solutions used for method development and

validation were the stock solution diluted with MilliQ water.

3.2.2. GC-MS Characterisation

Using the Agilent ChemStation® software for data processing, the base peak - the most

abundant ion in the spectrum of a compound - is usually selected and integrated for

quantitation of the compound. This ion is termed the target ion. The base peaks of all the

phenols investigated were found to be their molecular ions, M+. Qualifiers are 1 or more

ions in the spectrum used, together with the retention time, to confirm the presence of the

compound.

The standard stock solution was diluted 10-fold with ethyl acetate. This diluted solution

was analysed by GC-MS using the temperature program B described in Chapter Two. For

each compound Table 3-6 lists the retention time in the total ion chromatogram (TIC)

together with the target ion and qualifiers in the mass spectrum.
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Table 3-6. Standard compounds for GC-MS analysis.

~, . . Retention Concentration Target „ ....Chemical ,. , , . , „,. , Qualifiertimc(min) (mg/L) ion ^

phenol 7.99

4-methyl phenol 11.29

2-methoxy phenol 11.80

2,4-dimethyl phenol 14.24

2-methoxy-4-methyl phenol 16.09

l,2-benzenediol(catechol) 16.37

2,6-dimethoxy phenol 22.88

!> 1,2,3-benzenetriol (pyrogallol) 23.97

4-hydroxy-3-methoxy benzaldehyde 0 . 7R

(vanillin)

succinic acid (dicarboxylic acid C4)

benzoic acid (BZ) 14.82

pimelic acid (dicarboxylic acid C7)

sebacic acid (dicarboxylic acid Cio)

1,2,4-benzenetricarboxylic acid (BT)

- undetectable at the selected concentration

All the phenolic compounds could to be detected at concentrations of ~200mg/L by GC-

MS. In contrast, four of the five carboxylic acids analysed did not produce any signals at

concentrations of ~250mg/L due to their poor chromatographic characteristics and, though

the fifth, benzoic acid, did give a distinguishable peak in the TIC trace, the broad peak

shape was unsuitable for quantitation. Hence for development of the SPE method without

denvatisation, the further experiments discussed in this section were carried out with the

phenolic compounds only.

Quantitation of the SPE extracts was accomplished using five or six point calibration for

each component. Standard solutions of each concentration (in ethyl acetate) were injected

onto the GC-MS and the response of the chosen target ion of each compound was plolicd

against the concentration.

Split mode injection (split ratio of 20:1) was used for analysis of all SPE extracts and

standard solutions from recovery tests at high concentration (see Section 3.2.5) to avoid

54



Chapter Three SPE-GC-MS method establishment

column overloading. The highest concentration in the calibration curve for each

component was ~200mg/L (1/10 of those listed in Table 3-6). The remaining

concentrations corresponded to dilutions x2, x5, xlO, x20 and x40. The tmperature

program A was used at this stage to facilitate the use of solvents with differet boiling

points, as discussed in Chapter Two.

For recovery tests at low concentration (see Section 3.2.6) and analyses of MTE water

samples, GC-MS characterisation was carried out in a splitless mode and the standard

calibration curves had points for five concentrations: ~2, ~4, ~8, ~20 and ~40mg/L, which

were prepared by successive dilution of concentrated standard solutions. The temperature

program B was used.

Examples of GC-MS calibration curves are shown in Figure 3-7. The relationship between

MSD responses and concentrations of each compound can be successfully least-squares

fitted by a linear equation of the form y=bx±a, where *y' is the concentration, 'x' is the

MSD response of the compound and 'a' and 'b' are the intercept on the y-axis and slope,

respectively.
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Figure 3-7. Standard calibration
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curves for selected compounds.
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Most of the mono-phenols analysed exhibited a very good fit to a linear MSD response-

concentration relationship with R2 values >0.999 in both split and splitless modes. For

vanillin and catechol, the compounds which have more than one functional groups attached

to the benzene ring, the linear relationship for the splitless mode was not as good as for the

split mode. At low concentrations, the peaks for catechol tended to be broad. Pyrogallol,

the tri-hydroxy phenol, could not be detected at concentrations of 22 mg/L and lower.

By injecting the extract of an unknown sample onto the GC-MS under the same conditions

as for the injection of the standard solutions, the abundances of the target ions of the

selected compounds can be measured. Concentrations of the compounds in the extract can

then be calculated according to the calibration equations and, hence, their concentrations in

the corresponding water sample.

In recovery tests, as the concentration of a compound in the aqueous solution to be

extracted is known, the recovery of the compound using the extraction method under test

can be calculated as the percentage of the total amount of the component in solution

detected in the extract.

Standard calibration was performed for each batch of analyses or every 24 hours when the

analyses continued for more than one day.

3.2.3. Sorbent Selection for Method Evaluation

To establish a new SPE sample preparation method for a specific analysis, the first and

essential step is sorbent selection. There are three general extraction mechanisms used in

solid phase extraction: non-polar, polar and ion-exchange. Non-polar interactions occur

between the carbon-hydrogen bonds of the sorbent functional groups and the carbon-

hydrogen bonds of the isolates [135]. Since most organic molecules contain at least some

non-polar structures, non-polar interactions are less selective than polar and ion-exchange

extractions and, conversely, very effective for isolating groups of compounds with

dissimilar structures. Therefore, when applications require the maximum possible number

of isolates with different chemical properties to be extracted simultaneously, as for

environmental samples, non-polar extractions are usually the technique of choice [135].

Since GC-MS analysis of the MTE product water aimed at screening and characterising all
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the gas-chromatographable components, the non-polar extraction mechanism was the

preferred option for the SPE preparation of the MTE water samples.

Non-polar sorbents can be classified into two categories: bonded silica sorbents, such as

C18 and C8, and polymer-based sorbents, such as Varian® PPL and ENV. C8 is a common

non-polar sorbent selective for aromatic rings and alkyl chains and was chosen by

Racovalis [65] for GC-MS characterisation of organic components in HTD wastewater. As

the MTE and HTD processes are similar, it would be expected that the organic components

of the process water would als -i similar, so that the C8 sorbent was selected as one of

the SPE sorbents evaluated for the analysis of the MTE product water. PPL and ENV are

two polymer-based sorbents that, according to the manufacturer, are ideal for the

extraction of polar organic species such as phenols [159], which would be expected to be

important constituents of the MTE water (see Section 3.2.1). Therefore, they were also

evaluated in this study.

As the extraction mechanism for all selected sorbents is non-polar, the extraction condition

(e.g. pH) should be selected to reduce the polarity of the analytes for an optimum result.

For phenolic compounds, the polarity would be reduced at a low pH. According to the

manufacturer the optimal extraction pH for PPL is 2. Therefore, in this work, the pH of the

water samples was adjusted to 2±0.5 prior to extraction using the PPL and ENV sorbents.

Extractions of the water samples with and without pH adjustment (i.e. pH=2 vs 4-5) using

the C8 sorbent did not exhibit significant difference. Since pH=2 is the lower end of the pH

stable range for C8 (pH=2-9) [160], slightly higher pH (3±0.5) was used for all the

extractions using C8.

3.2.4., Elution Solvent Selection for Method Evaluation

Selection of elution solvents is also critical for sufficient recovery of the analytes

extracted. Methanol (MeOH) and dichloromethane (methylene chloride - MC) were both

selected by Racovalis [65] for the elution of organics in HTD wastewater after extraction.

Methanol and ethyl acetate (EA) are both among the most commonly used elution solvents

for non-polar extraction and the latter is the recommended elution solvent for the PPL

sorbent by the manufacturer. In this study, the above three solvents were all assessed for

the elution of different sorbents.
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3.2.5. Results of Recovery Tests

Extraction recovery experiments were carried out in triplicate for each condition using

different SPE sorbents (C8, ENV and PPL) and elution solvents (MC, MeOH and EA).

lOmL of an aqueous standard mixture with each compound present at ~2mg/L was

extracted. Average recoveries and relative standard deviations (RSD) are shown in Table

3-7.

Table 3-7. Results of recovery tests using different sorbents and elution solvents.

Ch

phenol

4-methyl
phenol

2-methoxy
phenol

2,4-
dimethyl
phenol

2-methoxy-
4-methyl
phenol

catechol

2,6-
dimethoxy
phenol

pyrogallol

vanillin

emical

Recovery (%)

RSD (%)

Recovery (%)

RSD (%)

Recovery (%)

RSD (%)

Recovery (%)

RSD (%)

Recovery (%)

RSD (%)

Recovery (%)

RSD (%)

Recovery (%)

RSD (%)

Recovery (%)

RSD (%)

Recovery (%)

RSD (%)

MC

55

1.6

80

3.0

66

1.9

82

1.8

79

1.9

39

2.4

83

1.7

-

89

1.4

C8

MeOH

23

4.4

61

2.3

20

19

64

0.24

62

0.82

53

2.2

69

2.1

-

54

0.96

EA

82

0.85

91

0.92

88

0.88

89

0.66

90

0.65

37

1.1

78

0.93

-

87

1.8

ENV

MeOH

66

1.3

70

1.6

66

2.4

70

2.2

68

2.0

82

3.0

79

3.6

-

71

6.8

EA*

82

80

81

81

81

55

77

-

82

PPL

MeOH

62

0.29

64

0.17

63

0.35

64

1.6

65

1.5

73

5.9

74

8.5

-

59

14

EA

100

0.99

99

0.86

100

1.5

98

1.6

99

1.5

70

3.1

98

3.6

-

101

0.54

* no replicate
- undetectable

As can be seen in Table 3-7, extraction recoveries of the phenolic compounds were very

dependent on the sorbent-solvent combination selected. In most cases, using methanol for

elution of the three solid phases gave recoveries between 50 and 80%, whereas elution of
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the same solid phases with ethyl acetate remarkably increased the recoveries to more than

about 80%. An exception was catechol. Since the compound is fairly polar, it is perhaps

not surprising that the more polar methanol appeared to be a better elution solvent than the

less polar ethyl acetate. For elution of C8, dichloromethane gave comparable recoveries as

ethyl acetate for most of the phenols.

Of the three solid phases, the polymer-based PPL and ENV sorbents gave higher

recoveries of the phenols than C8 when eluted with methanol. Using ethyl acetate as the

elution solvent, the overall performance of the solid phases for phenol extraction was in the

order PPL>C8>ENV. Over 98% of all the phenols, except catechol, were recovered when

extracted using the PPL-ethyl acetate combination. It should be noted that none of the

extraction recoveries for catechol was over 90% and that the tri-hydroxy phenol -

pyrogallol - was not detected in any of the extracts.

Extraction of the phenol-containing water samples using the PPL solid phase with ethyl

acetate as the elution solvent clearly provided the best extraction yields overall. Most of

the compounds investigated could be almost fully recovered from the water phase with

very good reproducibilities. Therefore, this method was the sample preparation method

chosen for direct extraction of phenolic components from the water samples.

3.2.6. Validation of Selected Extraction Method

For the recovery tests, water samples extracted were mixtures of the standard compounds

in MilliQ water. Real water samples are often far more complex, containing organic

components of different concentrations and nature as well as inorganic impurities. A valid

sample preparation method should be able to give comparable results when it is applied to

standard samples with water as matrix and to real samples with a more complex matrix.

Validation of the selected PPL-ethyl acetate extraction method in this study was conducted

by recovery tests using standard mixtures of different concentrations and standard-spiked

MTE water samples. Recoveries of the phenols from the spiked MTE samples can be

calculated using the equation below:

n a/ (Qtolal-Qmte)
Recovery% = — -

Qadded

xlOO Equation 3.2.

60



i
I

Chapter Three SPE-GC-MS method establishment

where Qtotal is the total amount of a compound detected in a spiked MTE sample, Qmte is

the amount of the compound found in the MTE water sample averaged from three repeat

analyses and Qadded is the known quantity of the component added to the MTE sample.

Method validation results are provided in Table 3-8.

Table 3-8. Results of validation of the direct SPE method.

phenol

4-methyl phenol

2-methoxy phenol

2,4-dimethyl phenol

2-methoxy-4-methyl phenol

catechol

2,6-dimethoxy phenol

vanillin

St

~2mg/L

100±l

99±1

100±l

98±2

99±1

70±3

98±4

101±l

Recovery%±SD

uidard mixture

~0.4mg/L

98±2

97±2

97±2

95±2

95±2

52±5

91±4

98±2

~€.2mg/L

95±3

98±4

94±3

94±2

98±2

*

96±1

91±6

Standard-spiked
MTE sample

~0.2mg/L

105±9

99±2

104±4

96±2

95±1
•

90±10

105±0

* detected but not quantifiable

The results in Table 3-8 reveal that >90% of all the mono-phenols at concentrations

between 0.2 and 2mg/L could be recovered from tiie standard water solutions using the

PPL-ethyl acetate method. While complete extraction of the mono-phenols at 2mg/L was

achieved, recoveries of the phenols at lower concentrations were slightly lower.

Extraction of the MTE water sample and the same sample spiked with ~0.2mg/L standard

phenols showed that >90% of all the mono-phenols could be recovered from an MTE

water matrix. The higher standard deviations in some cases compared to those in the

recovery tests using standard solutions were probably due to the effect of the complex

sample matrix.

Due to their greater polarity, the multi hydroxy phenols were not extracted as efficiently as

the mono-phenols. Catechol could be detected at concentrations as low as 0.2mg/L in

water. However, in the low concentration range, quantitation results are prone to error

since the GC-MS calibration curve of catechol i' not zs linear as for the mono-hydroxy
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phenols, especially when the splitless mode was used as was necessary for low

concentration extracts (refer to Figure 3-7). Pyrogallol was not detected in any of the SPE

extracts of the standard solutions (~0.2, 0.4, 2mg/L). This outcome is mainly due to its

very low GC-MS sensitivity (undetcctable at concentrations of ~20mg/L or below) and,

possibly, low extraction yield.

3.2.7. Summary

Method evaluation and validation have demonstrated that extraction of the MTE water

samples using PPL with ethyl acetate for elution without derivatisation is a valid sample

preparation method for GC-MS quantitation of the mono-phenols when their

concentrations are around 0.2mg/L or higher in MTE water. The PPL solid phase with high

capacity and flow properties is optimised for the extraction of polar species from large

volume water samples [159]. GC-MS quantitation of mono-phenols at lower

concentrations in larger volume water samples would be achievable using this extraction

method.

Nevertheless, for the particular case of GC-MS analysis of the MTE product water from

batch experiments with limited water volume, when the concentrations of these

components were below the GC quantitation range, this method would not be suitable and

reliable. Methods of increasing the GC sensitivity and/or extraction recoveries of the

components rather than increasing the extraction volume should be considered for

optimising the analysis.

Moreover, the compounds with multi-hydroxy groups generally exhibited poor

chromatographic properties and/or low extraction recoveries due to their polar

characteristics and could only be quantitated or detected at relatively high concentrations.

Thus, the direct SPE method was inappropriate or inapplicable for the extraction and

analysis of these compounds.

For the analyses of low concentration phenols and multi-hydroxy phenols in the MTE

water samples, derivatisation methods that can improve the chromatographic performance

and/or SPE extraction efficiency of these compounds are required.

Due to their high polarity and poor chromatographability, the selected carboxylic acids, in

their underivatised form, could not be detected by GC-MS even at very high
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concentrations (~25Omg - -,«. Thus, it appeared necessary to reduce the polarity of these

compounds using methods such as denvatisation in order to extract and analyse these

compounds in water samples effectively.

3.3. Phenol Acetylation-SPE

Sample pre-treatment methods, involving denvatisation and extraction of derivatised

products, were established and validated for GC-MS characterisation of phenolic

compounds in MTE water. The experiments and results are introduced in this section.

3.3.1. Selection of Phenol Denvatisation Method

Commonly used phenol denvatisation reactions include alkylation with diazoalkanes [161-

163], pentafluorobenzylation using pentafluorobenzyl bromide (PFBBr) [164-166] and

acylation/acetylation using heptafluorobutyric anhydride (HFBA) [167] or acetic

anhydride. Diazoalkanes esterify not only phenols but also alcohols [168] and carboxylic

acids [169, 170] and, hence, the reaction is not selective. Another disadvantage is that it

involves isolation of the organics from the water phase [161, 169]. The PFBBr method

gives derivatives of high GC sensitivity but also often requires a non-aqueous environment

[164, 171, 172], heating and long reaction time [164]. In addition, the high GC sensitivity

is likely to result in high background during detection.

Acetylation is a commonly used denvatisation method for the determination of phenolic

compounds [158]. The reaction with acetylation reagents is simple and can be realised

under alkaline conditions directly in aqueous solution at room temperature. Acetylates of

the polar phenols can then be isolated by extraction methods such as SPE. The mechanism

of phenol acetylation can be expressed in the following manner:

o

OH

1
Alkalisation

R-H-
Acetylation

CH-,

R

The most frequently used acetylation reagent is acetic anhydride, which is readily

available, inexpensive, non-hazardous and, most importantly, does not interfere with the
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pnenois m wastewater trom treatment of coal and similar materials. Grist et al [93] used

acetic anhydride acetylation for quantitative analysis of chlorophenols in aqueous ozone

bleaching effluents of pulps. Wang and Zhao [80] indicated that di-hydroxy phenols in

coal gasification wastewater could only be detected after derivatisation using the acetic

anhydride method. In pulp bleaching vvastewater, phenols, including phenol, 2-methoxy

phenol, catechol and vanillin that were also detected in the MTE product water in

preliminary tests (refer to Section 3.2.1), were determined by Pissolatto and coworkers

[82] using this method

Acetylation using acetic anhydride was therefore chosen as the derivatisation method

evaluated for the analysis of phenolic compounds in MTE water in this study.

A flow diagram for the acetylation SPE-GC-MS method for the analysis of phenolic

compounds in water samples is shown in Figure 3-8. Derivatisation, extraction and GC-

MS characterisation are the three major steps.
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Aqueous sample
solution

| alkali -

Alkaline sample
solution

1 acetic anhydride *

Acetylated sample
solution

| SPE

Solvent extract

| GC-MS

Identification and
quantitation

1 ,

l
j Derivatisation step

m\ m\ t

4- Analysis step

Figure 3-8. Procedure of phenol acetylation-extraction and GC-MS analysis.

To establish and validate the acetylation-extraction method for GC-MS analysis of phenols

in the MTE water, firstly a number of denvatisation and extraction parameters were

evaluated and optimised using standard phenols of known concentrations in aqueous

solutions. Secondly, standard calibration curves were prepared by analysing a series of

standard aqueous solutions of different concentrations following the optimised procedure.

Finally, the selected phenols in an MTE water sample and a standard-spiked MTE sample

were quantitated for validation of the method.

3.3.2. Evaluation of SPE Conditions

As shown in Figure 3-8 denvatisation is the first of the three main steps in the general

procedure for phenol analysis. It is very important that evaluation of the derivatisation

method be based on optimised extraction conditions and GC conditions. Therefore, prior to

the evaluation of the derivatisation method, the extraction conditions were optimised by

comparing a number of solid phases and elution solvents for extraction of the acetylated

phenols in aqueous solutions.

3.3.2.1. Experimental

Derivatisation was carried out using a mixture of nine phenolic compounds (as listed in

Table 3-6) each at a known concentration of ~2mg/L in MilliQ water. At this stage the
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phenol acetylation method utilised by Wang and Zhao [80] for the analysis of coal

gasification wascewater was adopted with modification.

Prior to acetylation lmL of 10% (w/v) sodium carbonate solution was added to lOmL of

the ~2mg/L standard solution to make it alkaline. Immediately after the addition of 0.3mL

acetic anhydride the mixture was stirred on an electro-magnetic stirrer for 5 minutes using

a Teflon-coated magnetic stir bar to promote reaction and the removal of carbon dioxide

produced. The solution was then subjected to SPE using a series of solid phases and

elution solvents followed by GC-MS analysis of the extract using a split mode injector and

the temperature program A described in Chapter Two.

3.3.2.2. Results and discussion

SPE sorbents tested were C18, C8, C2 and PPL. C18 is the most hydrophobic silica-based

sorbent available and very popular because of its extremely high retention of non-polar

compounds (typical carbon loading 17.4% [135]). It hrs previously been used for the

extraction of acetylated phenols in water samples [173]. C8 and C2 are less retentive and

often used as a replacement of C18 when the molecules are retained too strongly on the

latter. The polymer-based sorbent PPL is suitable for the extraction of polar species such as

phenols as demonstrated in Section 3.2. It was also chosen for the extraction of acetylated

phenols as a comparison with the silica-based sorbents. Both dichloromethane and ethyl

acetate were used as elution solvents for C18 and C8, whereas C2 and PPL were eluted

with ethyl acetate only.

The final volume of-iie SPE extracts for GC-MS analysis varied between 0.5 and imL

(calculated from the weight of the extracts and solvent densities as mentioned in Chapter

Two). For comparison purposes the GC-MS responses were normalised to an extract

volume of lmL. The normalised MSD responses of each compound in the extracts using

different sorbents and elution solvents are illustrated in Figure 3-9. Error bars represent the

standard deviations from three repeat tests. Abscissa labels are names of the sorbents (C18,

C8, etc.) and elution solvents (dichloromethane - MC and etliyl acetate - EA) tested.

Under the derivatisation conditions employed in this part of the study, the GC-MS

responses of pyrogallol were, in all cases, very low. Hence the results are not included.
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Figure 3-9. Comparison of different SPE sorbents and elution solvents for extraction
of acetyiated phenols.

For the C18 and C8 solid phases, ethyl acetate was apparently more efficient than

dichloromethane as the elution solvent. Eluted with the same solvent - ethyl acetate - all
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the sorbents investigated achieved comparable extraction yields for most of the phenol

acetates. Their overall extraction performances roughly followed the order

C18=C8>PPL>C2. Relative standard deviations were <5% with only a few exceptions,

indicating good reproducibilities.

Thus, both the C18 or C8 sorbents, with ethyl acetate as the elution solvent, were shown to

be acceptable choices for the extraction of phenolic compounds from water after

acetylation. C18 was used in all further phenol acetylation experiments considering its

higher carbon loading capacity than C8.

3.3.3. Evaluation of Derivatisation Conditions

For method development purposes, a number of factors including alkalisation conditions,

the amount of the acetic anhydride and reaction time were assessed and optimised.

3.3.3.1. Amount of acetylation reagent and reaction time

Sodium/potassium carbonates are the most commonly used salts for alkalisation prior to

acetylation using acetic anhydride. It has been suggested that the molar ratio between the

carbonate and the acetic anhydride is an important factor that affects phenol acetylation

yields [174, 178], However, such an effect was observed, by Lyylikainen and Pellinen

[179], only for catechols but not for mono-hydroxy chlorophenols. It was found that the

ratio 4:100 (v/v) of the acetic anhydride to 0.1 M potassium carbonate was sufficient for

acetylation of catechols [179]. The authors proposed that two competitive reactions ~ the

acetylation reaction and the degradation of acetic anhydride by carbonate producing acetic

acid and carbon dioxide - both consume acetic anhydride. Hence, they suggested a need to

provide a sufficient amount of the acetic anhydride, rather than a specific molar ratio, in

order to ensure compete derivatisation of the phenols. Louter et al [180] found that 0.05mL

acetic anhydride was sufficient to derivatise 5mL aqueous sample containing six

chlorophenols each at lmg/L and they used 0.1 mL to provide a safety margin. Wang and

Zhao [80] applied 0.2 to 0.5mL of the reagent to 5mL coal gasification wastewater sample

containing >7g/L phenols in total. Alberici and coworkers [181] found that 0.05mL was

sufficient to derivatise phenols at total concentrations up to Ig/L in water.

In the present study, TOC levels in the MTE product water were <lg/L. For method

development, the highest concentrations in the standard solutions was ~2mg/L for each of
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the nine phenols. Based on reports by other researchers, acetic anhydride volumes of 0.3

and 0.5mL were evaluated (using lmL 10% sodium carbonate) - approximately equivalent

to the ratios of 3:100 (v/v) and 5:100 (v/v) of acetic anhydride to 0.1 M sodium carbonate.

The acetylation of phenols by acetic anhydride is fast. According to Lyytikainen and

Pellinen [179] the reaction was completed within three minutes and several reports in the

literature indicated a reaction time of five minutes [175,177,182]. Some groups preferred

longer reaction times, such as 15-20 minutes [80, 173]. The observation that after three

hours the acetates formed started to degrade at low pH [179] suggests that excessive long

reaction times should be avoided.

In this study the SPE method was used for post-derivatisation enrichment. It usually takes

20 to 30 minutes to extract 1 OmL water samples using the silica-based sorbents. Hence it is

important to ensure that die phenol derivatives did not degrade during the whole pre-

treatment period. For evaluation purposes, reaction times of 5, 30 and 90 minutes prior to

SPE were examined, leading to roughly 30, 60 and 120 minutes of total derivatisation-

extraction time, respectively.

Figure 3-10 presents the MSD responses of 2,4-dimethyl phenol after acetylation using

different amounts of the acetic anhydride for different reaction times. The results from two

repeat tests under each condition are both shown.

3E+06 r 2,4-dtmethyl-phtmol

Figure 3-10. Effects of the amount of acetic anhydride and reaction time on phenol
acetylation yields.
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It can be seen that the acetylation yields of 2,4-dimethyl phenol did not vary much with the

amount of the acetic anhydride and reaction time. Similar effects were observed for the

other phenols investigated. This outcome suggests that under the selected buffering

condition 0.3mL acetic anhydride was sufficient for acetylation of the phenols. The

reaction was substantially complete after five minute reaction plus extraction time. Longer

reaction time did not lead to significant increase of the acetylation yields. Degradation of

the acetates did not appear to occur over the time examined.

3.3.3.2.
method

Effect of pH in aqueous phase - Development of a two-step acetylation

The issue. During the evaluation of SPE conditions and acetylation parameters described

above, the derivatisation method used by Wang and Zhao [80] was adopted. Using this

method, pyrogallol gave very low derivatisation-extraction yields, as indicated in Section

3.3.2.2, suggesting that these conditions were inappropriate for acetylation of the tri-

hydroxy phenol. Although similar alkalisation conditions have been used for phenol

acetylation in a number of prior studies [80, 176, 181], none of them involved tri-hydroxy

phenols.

If, as suggested by Lyytikainen and Pellinen [179], multi-hydroxy phenols require higher

acetic anhydride to carbonate ratios, the low acetylation yield of pyrogallol under alkaline

conditions should be increased by increasing the amount of the acetic anhydride with the

amount of carbonate remaining constant. In this study, however, the acetylation yield of

pyrogallol was not improved when 0.5mL rather than 0.3mL of acetic anhydride was used.

Moreover, a larger amount of the acetic anhydride leads to a reduction in the pH of the

water solution. This lowering of pH could occur very quickly after the addition of the

acetfc anhydride [177] and would be likely to result in increased degradation of the phenol

acetates over a longer period of time [179]. Since the SPE step after derivatisation required

20-30min in the present study, increasing the amount of acetic anhydride was not

considered to be an appropriate solution for the low acetylation yield of pyrogallol.

Effect of pH. Generally, the aqueous solution is buffered at a high pH prior to the addition

of acetic anhydride to stabilise the phenolate anions for acetylation [174]. Sodium

hydroxide [180], sodium/potassium carbonate [80, 82, 177, 181] and sodium/potassium
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hydrogen carbonate [174, 182-184] have all been used to alkalise the aqueous samples for

phenol acetylation. It should be noted, however, that in most of these applications the

description of the alkaiisation step often focuses on the type and amount of the alkali used

without indicating the pH of the solutions. Very few reports in the literature have

mentioned the effect of pH on phenol acetylation yields [177, 179, 185].

In order to determine the optimal alkaiisation conditions for all the phenols investigated, a

variety of previously reported alkaiisation methods were examined and the pH prior to

acetylation was measured for each case. These included lmL 10% sodium carbonate

(pH~10.5-ll) as used by Wang and Zhao [80], 0.5mL 4% (1M) sodium hydroxide

(pH~ 11.5-12) following Louter et al [180] and O.lg solid sodium hydrogen carbonate

(pH~8.5-9) calculated from the amounts used by Boyd [182] and Coutts et al [174].

Additions of 0.5mL 10% sodium carbonate (pH^.S-lO) and 0.05g sodium hydrogen

carbonate (pH~7.5-8) were also evaluated. Normalised MSD responses of each compound

in SPE extracts obtained after derivatisation under different alkaiisation conditions were

compared.

Figure 3-11 illustrates the effect of pH on the acetylation yield for a selection c: he

standard phenols employed in this study.
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Figure 3-11. Relationship between acetylation yield and pBL

It was found that the pH of the water solutions prior to acetylation was the factor that most

affected the derivatisation reaction of the phenols. The plots demonstrate that the effect of

pH on acetylation yield varied significantly with phenol types. For vanillin, the pH

appeared to have little influence on its derivatisation over the pH range investigated. The

derivatisation yields of most of the phenols increased with pH to reach a constant level

when the pH was >8.5-9 (4-methyl phenol) or >9.5-10 (2,4-dimethyl phenol). The

behaviour of 2-methoxy phenol, 2-methoxy-4-methyl phenol and 2,6-dimethoxy phenol

(all not shown) was virtually identical to that of 2,4-dimethyl phenol. In contrast, the

acetylation yields of the two multi-hydroxy phenols significantly decreased at high pH.

This explains why pyrogallol showed very low GC-MS response when lmL 10% sodium
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carbonate (pH=10.5-l 1) was used (Section 3.3.2). The pH effect on catechol acetylation is

different from that observed by Boyd [182], who found that di-hydroxy phenols were only

partially acetylated (one hydroxy group) when too little sodium bisulphate was added. An

optimum pH existed for phenol acetylation (pH~9.5-.10) and the acetylation yield was

lower at pH below or above this value. Similar behaviour was observed by Li [185] for 4-

nitro-phenol and penlachlorophenol; both achieved the highest yield at pH=5.

The reason for the low acetylation yield of catechol and pyrogallol at high pH could be that

the acetylation of the phenolate ions of these compounds (multi-hydroxy phenols) is

relatively slow compared to that of their protonated forms. Also, at high pH the acetic

anhydride may be destroyed by hydrolysis before the acetylaiion process is completed, as

suggested by Renberg and Lindstrom [177], A similar effect was observed by Bengtsson

[167] during heptafluorobutyrlation of phenols.

Although the acetylatior. method using acetic anhydride has been extensively applied to

the analysis of alkyl-, chloro- and nitro-phenols including di-hydroxy phenols, as reviewed

in Section 3.3.1, there hai. been little work covering a combined series of mono-, di- and

tri-hydroxy phenols using this method. Boyd [182] was able to derivatise and analyse all

three types of the phenols, adding 8g sodium hydrogen carbonate per litre water sample for

alkalisation. Although the author did not mention the pH after alkalisation, it is likely to be

relatively low. As demonstrated in the present itudy, under this condition the acetylation of

pyrogallol can be significant but the yields for some of the mono-phenols, particularly

phenol, will be low (refer to Figure 3-11).

In summary, phenol and pyrogallol showed to be the most pH-sensitive of the phenols

investigated in terms of acetylation; that is, the maximum acetylation occurred only in a

narrow pH range. There was no common pH at which both compounds were acetylated to

a large extent. The current method with one pH adjustment has the disadvantage of

seriously sacrificing the yield of majority of the phenols when operated in neutral or weak

basic conditions or else that of pyrogallol and phenol when operated in strongly basic

conditions. 3ao et al [173] adjusted the pH of water samples to 11 using potassium

carbonate for acetylation of a number of alkyl, chloro- and bromo-phenols. While they

obtained recoveries >90% for most of the phenols, only 57% of phenol itself could be
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acetylated. The low recovery they reported for phenol is very likely due to a low

acetylation yield at this pH, as identified in the present study.

In order to analyse mono-, di- and tri-hydroxy phenols simultaneously, there is a need to

improve the extent of pyrogallol acetylation without sacrificing the yield of the other

phenols.

Two-step acetylation - The principle. pH was identified to be the key factor that affects

the phenol acetylation yield. Seeing that there was no common pH at which all the phenols

were optimally acetylated, the idea of a two-step derivatisation, involving two pH

adjustments and acetylation, was put forward. First, instead of increasing the amount of the

acetic anhydride to accomplish the acetylation of pyrogallol, the concentration of the

protonated form of pyrogallol can be increased by lowering the pH of the aqueous pha^e so

that the acetylation rate is increased and the competitive degradation of the acetic

anhydride reduced. In a second step, the acetylation of the other phenols, which is favoured

at high pHs, can be achieved by alkalising the water solution prior to their acetylation.

Two-step acetylation - Experimental. Various combinations of first and second

buffering pHs were examined. In the first bufTering-derivatisation step, intended to

acetylate pyrogallol at a lower pH, thepH of the lOmL sample solution was adjusted using

hydrochloric acid and/or 10% sodium carbonate to the desired value. After the addition of

0.1 mL acetic anhydride a reaction time of five minutes was allowed. The second step

followed the same procedure as the previous one-step derivatisation (Section 3.3.2.1)

except that solid sodium carbonate was used to adjust the pH with the 10% sodium

carbonate solution for fine adjustment. As large quantities of the sodium carbonate were

required to alkalise the sample at this step, the solid salt was use to avoid excessive sample

dilution and large extraction volumes. Following the addition of 0.3mL acetic anhydride

and five minute reaction, the derivatised sample was subjected to SPE and GC-MS in the

normal way.

Two-step acetylation - Results and discussion. Normalised MSD responses of each

compound after two-step acetylation under different conditions are compared in Figure 3-

12 for representative compounds. The two figures in each abscissa label refer to the

buffering pH values for the first and second acetylation steps, respectively.
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Figure 3-12. Effect of two-step pli adjustment on phenol acetylation yield.

It can be seen that the phenols exhibited different acetylation behaviours during the two-

step acetylation. The acetylation of catechol and vanillin (not shown) did not seem to be

correlated to the buffering condition. The yield for 4-methyl phenol did not depend on the

pH combination except for the low yield at pH=2,7. The behaviours of 2-methoxy phenol

and 2-methoxy-4-methyl phenol (both not shown) were very similar to the case of 4-

methyl phenol. 2,4-dimethoxy phenol and 2,6-dimethoxy phenol (not shown) both required

the second pH to be above 8 for the yields to reach a maximum level. For all these
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compounds, there were a number of common pH combinations, at which their acetylation

yields were at a maximum level.

On the other hand, the acetylation of phenol and pyrogallol exhibited strong pH-

dependence. Their acetylation yields varied with slight pH changes. Therefore, the

selection of buffering condition that facilitates the acetylation of both these compounds

was the most critical factor in fixing the conditions to be used for routine analyses. Since

the relationship between pH and derivatisation yield of the two compounds essentially

followed opposite trends, the optimum condition should be the one under which both

compounds exhibited near maximum acetylation. Thus, pH=2 and 9 were selected as the

first and second acetylation pH, respectively. This condition was then used for the rest of

the experiments discussed in this section, including the preparation of standard calibration

curves and the analyses of the MTE water samples.

3.3.4. GC-MS Characterisation and Standard Calibration Cunvs

A benefit of the phenol acetylation method for GC-MS characterisation is that the mass

spectra of the phenol acetates are very similar to those of the corresponding phenols with

the same ion as the base peak. The acetylation of each hydroxy group adds a mass of 42 to

the phenol molecule. The presence of M+-42, M4-84 and Mf-126 as base peaks in the

spectra is characteristic of mono-, di- and tri-hydroxy phenol acetates, respectively. The

mass spectra of phenol, catechol and pyrogallol and their acetates arc presented in Figure

3-13.

76



Chapter Three SPE-GC-MS method establishment

'Abundance
WO)

TO!

WO

94 Abundance 94

phenol

39 66

m/2 ', » '•' "
a » a « u * M a u

Abundance 110
catecho)

64

39 52 81
92

Abundance

rat

pyrojaW

32
106

II!

80

ill! !

97

tim

IBS

phenol acetate

43

66
11 I
[..«.!li.L..

136

Abundance

1
•C-T

110

catecholidlacetate

43

« I. A . ? '* I " i—!i?
30 X M S ) • • ^ H to »w 1H • »

152

194

126 Abundance 126
.triacetate

43
168

210

252
. . . i

Figure 3-13. Mass spectra of selected phenols and their acetates

As shown in the figure, the molecular ions 94, 110 and 126 of the mono-, di- and tri-

hydroxy phenols respectively, are the most abundant peaks in the spectra of both the

phenols and their acetates. An ion with a mass of 136 appears in the spectrum of phenol

acetate indicating the presence of one hydroxy group in the structure. The ions 152 and

194 for catechol and 168, 210 and 252 for pyrogallol, with abundance decreasing with
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increasing mass number, characterise the acetylation of two and three hydroxy groups on

the benzene rings, respectively.

The GC-MS calibration curves for quantitation were prepared by acctylating standard

phenols of different concentrations in water under the optimised conditions and analysing

the SPE extracts on GC-MS. A great advantage of this method over the use of standard

phenol acetates for calibration is that the errors due to incomplete denvatisation-extraction

are minimised or eliminated. When derivatisation is carried out under optimised

conditions, it is not necessary to detennine the absolute derivatisation yield. Using the

standard calibration curves for quantitation, the concentrations of the phenols in water

samples can be directly determined.

Concentrations of the standard solutions for derivatisation were ~800, ~200, ~100, ~40,

-10, and ~4ug/L from successive dilution of concentrated standard solutions (refer to

Table 3-6) using MilliQ water. The selection of a broad range of concentrations for

calibration was due to the potential broad range of phenol concentrations in difTerent MTE

water samples. The concentrations in unknown samples can then be calculated by selecting

different calibration ranges according to the level of the GC-MS response. Figure 3-14

presents examples of the standard linear calibration curves employed, together with the

derived equations and R2 values. The plots 'phenol (b)' and 'vanillin (b)' are the

calibration curves in a lower concentration range of the two compounds. The least-squares-

fit trendlines were drawn based on the average MSD responses of three replicates for each

concentration. Relative standard deviations for the replicates are < 10% in most cases.
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Figure 3-14. Standard calibration curves of selected phenol acetates.

The R2 values of the linear least-squares calibration curves for ail the mono-phenols and

catechol are >0.99 in a broad concentration range from 4 to 800^g/L including the lower

concentration range from 4 to lOOug/L as shown by the plots 'phenol (b)' and 'vanillin

(b)\ The calibration curve for pyrogallol exhibits a linear MSD response-concentration

relationship but the R2 value, though acceptable, is not as good as for the other phenols.

Concentrations of the phenols in a water sample were calculated u£:ng calibration curves

of different concentration ranges accordingly.

3.3.5. Validation of the Two-step Acetylation Method

In a similar manner to the approach applied to the validation of the SPE method without

derivatisation (Section 3.2.6), the two-step phenol derivatisation methcxi was validated by
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analysing an MTE water sample with and without spiking using known amounts of the

standard phenols. Concentrations of the phenols in both spiked and unspiked samples were

determined using the standard calibration curves for each component. Recoveries were

calculated using Equation 3.2. The method validation results are shown in Table 3-9.

Errors arc standard deviations of three replicates.

Table 3-9. Results of validation of the two-step acctylation-SPE method

phenol

4-mcthyl phenol

2,4-dimcthyl phenol

2-methoxy phenol

2-methoxy-4-methyl phenol

cateehol

2,6-dimethoxy phenol

vanillin

pyrogallol

Amount in
MTE sample

(Mg/L)

76±1

3.6±0.3

0.89±0.03

89±3

3.5±O. 1

627119

43±1

11815

9215

Amount
added
(Mg/L)

195

192

203

215

199

211

208

213

223

Total amount
in spiked MTE
sample (ng/L)

280116

20813

21212

32111

21510

824117

244116

345129

240114

Recovery

% RSD%

105

106

104

108

107

93

97

107

67

7.9

1.4

0.92

0.24

0.17

8.7

8.0

13

9.7

The results show that all the phenols, except pyrogallol, attained >90% recoveries from the

MTE water matrix. Even cateehol, which could not be quantified using the direct SPE

method without denvatisation, was quantitatively recovered. For pyrogallol, the recovery

was low compared to the mono- and di-hydroxy phenols, very likely due to the fact that

denvatisation of this component was very pH sensitive. A slight increase of the pH in the

second acetylation step could result in notable reduction of the acetylation yield as shown

in Figure 3-12. With the limited amount of water samples used (lOmL), it proved difficult

to buffer the solutions to a very consistent pH.

Table 3-9 quotes recoveries for some compounds that arc >100%, a circumstance that has

previously been recorded in the literature (up to 120% in some cases) [173, 175, 185]. It is

possible that the sample matrix may have a positive efTect on the recoveries. Furthermore,

some of the phenols were present in the MTE water sample and spiked sample at

concentrations of different magnitudes (e.g. 3.6ug/L vs 208yg/L for 4-methyl phenol;
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Table 3-9). Errors could have arisen when calculating the concentrations using calibration

curves of different concentration ranges.

In conclusion, the analysis of the standard-spiked MTE water sample confirmed that the

two-step acetylation-SPE method is an improvement over current methods and is

appropriate for the analysis of mono- and di-hydroxy phenols in waler samples with

complex matrix. Derivatisation of pyrogallol is still problematic, but identification and

quantitation of the compound at relatively high concentrations is achievable with careful

buffering.

The optimised and validated two-step acetylation method was then applied to the

characterisation of phenolic compounds in selected MTE water samples.

3.3.6. Comparison of SPE Methods with ami without Acetylation for Phenol

Analysis

The outcome achieved in this study further proves that acetylation of the polar hydroxy

groups on a benzene ring can remarkably improve the chromatographability of the

compounds and the sensitivity for GC-MS detection. Table 3-10 compares the SPE

methods with and without acctylation using the abundance of target ions, detection limits

and concentration results of a real MTE sample.
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Table 3-10. Comparison of SPE methods with ncctylntlon (A) and without ncctylntion
(B) for phenol analysis.

phenol

4-mcthyl phenol

2,4-dimcthyl phenol

2-mcthoxy phenol

2-mcthoxy-4-incthyl phenol

catcchoi

2,6-dimethoxy phenol

vanillin

pyrogallol

Abundance of target
ion

A

3.1x10*

2.6x10*

2.9x10"

2.8x10*

2.8x10*

4.5x10*

3.4x10*

1.5x10*

1.5x10'

B

1.1x10*

1.0x10*

1.0x10*

1.0x10*

9xlO5

ixlO5

9x10'

2x10s

-

Detection
(ug/L

A

0.13

0.64

0.091

0.86

1.4

2.2

1.2

3.6

13 2

limit
)

U

7

12

13

7

19

94

61

77

.1x10'

Analytical result for
MTK sample Oifi/M

A

17

12

4.2

3.37x10*'

7.4

1.67x10'

1.53xlO2

4.75xlO2

1.3x10'

B

31

34

-

4.4x10*

-

1.9x10'

2.0x10*

4.0x10*

undetected

That the base peaks in the spectra of the phenols and their acetates are fmm the same ions

allows the comparison of the two methods using abundance of the same ions. For the

phenols, the abundance data in Table 3-10 arc the MSD responses of the phenols each at

-~2mg/L in a standard solution. For the phenol acetates, the data correspond to the MSD

responses of a ImL extract obtained from acctyiation and extraction of a lOmL, ~*0.2mg/L

phenol solution. Assuming the acetyiation-cxtraction yields were all 100%, the

concentration of each acetate in the extract was approximately 2mg/L The actual

concentrations were probably lower due to incomplete acetyiation-cxtraction.

Comparison of the two sets of abundance data shows that the acetylation method gives

substantially higher GC-MS responses for each of the phenols listed. Catcchoi and

pyrogallol exhibit the most significant improvements.

The lowest concentration at which a compound can be confidently quantified should be the

lowest concentration that falls within the linear response-concentration relationship, i.e. the

lowest concentration used to prepare the calibration curves. For the mono-phenols and

catechol, the lowest quantitation concentration was 50-lOOug/L without derivati&ation and

~4ug/L after derivafisation. Quantitation of pyrogallol was only achievable at

concentrations above ~20jig/L after dcrivatisation.
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Detection limits are the lowest concentration of a compound detectable by a method. They

will be generally lower than the lowest quantitation concentration. Usually the detection

limit of a OC analytical method is calculated using the signal to noise ratios (S/N) in

chromatograms. In the present study, since the GC-MS identification and quantitation were

carried out using the GC-MS responses of the target ion, interferences from the baseline

noise were found to be essentially zero. Therefore, the method using signal to noise ratios

to calculate detection limits was not applicable. During data processing, the abundance of

the smallest peaks appearing in the chromatograms was generally 5000 area counts. This

number was therefore used to calculate the detection limits. In the calibration equation

y=b.vfca, when 'y' equals 5000, the concentration V in the SPE extracts (using the SPE

method without derivatisation) or in water (using the acetylation-SPK method) con be

calculated. Data presented in Table 3-10 assume a concentration factor of 20, i.e. a iOmL

water sample concentrated to a 0,5mL extract.

It can be seen in the table that the detection limit is inversely correlated to the target ion

abundau\. Using the acetylation method the detection limits of the phenols increase by

one to two magnitudes. Comparison of the two methods shows that the sensitivity of the

GC-MS detection for the phenols can be greatly improved by derivalisation.

Analytical results for the MTE water sample confirmed that, for the analysis of the mono-

hydroxy phenols and catecho! at relatively high concentrations, the results obtained using

both methods were comparable. For the components present at low concentrations (e.g.

phenol and 4-mcthyI phenol) which were below the valid quantitation range of the direct

SPE method, the two methods gave different results. The components, such as pyrogallol.

which could not be detected without derivatisation since their concentrations were lower

than the detection limits of the method, could be identified and quantified after acetylation.

Advantages of the two-step acetylation-SPE method over the SPE method without

derivatisation can be summarised as follows:

a) Improved chromatographic characteristics. The peak* of phenol acetates in

TIC arc narrower and sharper than those of the phenols - features that are

preferred for GC-MS identification and quantitation;
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b) Improved identification confidence. The selectivity of the acetyiation reaction

for phenolic groups with the presence of the M+-42 ion in the spectra

provides improved confidence in assignment of phenol identities. This is

particularly important for the analysis of complex mixtures containing

various organic compound groups;

c) Improved GC-MS sensitivity. Most importantly, the sensitivity of GC-MS

detection can be remarkably improved, especially for the multi-hydroxy

phenols, which without derivatisation could not be quantified (e.g. catechol)

or even detected (e.g. pyaigallol) under most circumstances. More phenols,

therefore, can be identified and quantified without the need for larger sample

quantities or further concentration of the extracts;

d) Improved extraction efficiency. The extraction efficiency of the phenols,

especially for the multi-hydroxv phenols, is improved. Without

derivatisation, the maximum extraction recoveries of catechol using C8 were

<4()%. After derivatisation and extraction using C18, the acetylation-

extraction recovery of catechol increased to >90%; and

c) Improved quantitation reliability. Experimental errors due to incomplete

acetylation and extraction during work-up can be minimised, because the

conditions for the analysis of water samples are the same as that for preparing

the standard calibration curves. Quantitation results are thus more precise and

reliable.

3.3 J. Summon9

The pH in water solutions prior to acetylation was identified as the critical factor that

aflects phenol acetylation yields. A two-step acetylation-SPE method was developed and

optimised for the analysis of mono-, di- and tri-hydroxy phenols in water samples.

Validation of the method showed that near quantitative derivatisation and extraction would

be simultaneously achieved for mono- and di-hydroxy phenols. Even the simultaneous

detection and quantitation of pyrogallol (a tri-hydroxy phenol) was achievable.
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Compared to the SPE method without derivatisation, the acetylation method significantly

improved the sensitivity of GC-MS detection of the phenols and proved to be suitable for

the analysis of MTE water samples.

3.4. Carboxylie Acid Methylation-SPE

Carboxylie groups in the aqueous phase can be present either as carboxylie acid (at low

pH) or as carboxylate ions (at high pH). For simplicity, the term 'carboxylic acid' is used

to refer to both forms in this thesis (unless specified otherwise).

Investigations discussed in Section 3.2 revealed that derivatisation of carboxylie acids was

imperative for identification and quantitation of these compounds using the current GC-

MS methods. This section introduces the experiments and results of evaluation and

validation of methylation-SPE methods for the analysis of the carboxylie acids in MTE

water samples.

5.4.1. Introduction

Esterification, particularly methylation, is a very common derivatisation method for the

analysis of carboxylic acids [186-188]. Important advantages of methyl esters over silyl

esters are that they are more stable, particularly with respect to moisture, and that their

mass spectra are often easier to inteipret [189].

Methylation with diazomethane is probably the most facile analytical derivatisation [158]

with the advantages of rapid, experimental easy and minimal by-products [107]. However,

the preparation and use of this reagent involves certain risks due to its carcinogenic and

explosive properties. [158, 189]. Although this method has been used to determine organic

acids in wastewater from processing of coals and similar materials [93, 190], it was not

considered as an option in this study.

Boron trifluoride (BF3)/methanol is a common reagent frequently used to alkylate organic

acids for determination in various environmental samples [191-194]. It has been employed

for the analyses of carboxylic acids in wastewater from processing of coals and similar

materials [65, 80, 195]. Wang and Zhao [80] were able to identify mono- and di-carboxyl

acids and aromatic acids in a coal gasification effluent after methylation with

BF3/methanol complex. Using the reagent to methylate aliphatic carboxylic acids in oil
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shale retort water prior to GC-MS characterisation, Riley et al [195] proposed that this

technique in combination with other derivatisation methods could be used for analysis of

water soluble organic components in aqueous process wastes and other environmental

samples. In this study BFj/methanoI complex was evaluated as one of the methylation

reagents for GC-MS characterization of carboxylic acids in MTE product water.

Acctyl chloride in alcohols, such as methanol, /i-butonol, propanol, has been applied to

derivatisation of organic acids in natural water [196], municipal wivnuwater [197] and

biological samples [198]. Lepage and Roy [198] found that this reagent is more efficient

and water tolerant than BF3/methanol for methylation of fatty acids in bio-specimens. For

the analysis of the MTE water, acetyl chloride/mcthanol was assessed for comparison with

the BF.i method.

Most of the reactions between methylation reagents and carboxyl groups require a non-

aqueous medium since hydrolysis of the reagents is far more rapid than the methylation

reaction. Therefore, isolation of the organics from the water phase prior to methylation is

often necessary for the analysis of aqueous samples. Water drying under a nitrogen steam

[65, 80] and extraction by LLE [194, 197] or SPE [188, 199] are the two frequently used

acid isolation methods. In the present work, both the nitrogen drying and SPE methods for

acid isolation prior to methylation were evaluated.

The acid isolation step prior to methylation is generally a time-consuming process with a

significant probability that the analytes will be lost by volatilisation and/or incomplete

extraction. Methods that can directly methylate the acids in the presence of water are

desirable. A new method that allows this has recently been developed by Liebich and

coworkers [189, 200]. They achieved direct methylation of organic acids in the aqueous

phase using Irimethyloxonium tetrafluoroborate (TMO).

TMO was first synthesised by Meerwein et al [201, 202] and has been utilised as one of

the esterification reagents for methylation of carboxyl groups [203-206]. The feature that

TMO (i.e. Me3OBF4, Figure 3-15) does not react with water as fast as with acid anions

enables the directly methylation of organic acids in the aqueous phase [200]. Sample

preparation for the analysis of organic acids in water samples can thus be simplified by

omitting the lengthy drying or extraction step. The method proved to be reliable for
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profiling organic acids in native urine samples by Liebich and coworkers [189, 200], who

considered TMO as n good replacement for hazardous dinzomethunc.

CHj

HjC- - CHj

F- I
Figure 315. Formula of TMO.

Since the original development of the direct TMO methylation method, there have been

very few subsequent reports of its application to the identification or quantitation of

organic acids. Furthermore, the work of Liebich et al [189, 200] was qualitative in nature

and did not involve method validation or quantitation. Therefore, it is important to develop

an in-depth understanding of the TMO methylation method for the determination of

organic acids in aqueous samples. Thus, this method was investigated and compared with

the non-aqueous phase methylation methods.

In summary, the sample preparation strategies investigated in this work included acid

isolation by nitrogen drying and SPE, non-aqueous phase methylation using acetyl

chloride/methanol and BF3/methanol and direct methylation using TMO.

3.4.2. Comparison of Acetyl Chloride/methanol and BFj/methanolfor Methylation

In this section, methylation efficiency of the two methylation reagents for carboxylic

groups are compared. The experiments were carried out using organic solvent solutions of

the selected standard acids instead of aqueous solutions to eliminate any effect of the acid

isolation step.

3.4.2.1. Experimental

In the literature, methods reported using BFj/methanol for methylation varied in terms of

the amount of the reagent, reaction temperature and time employed. The use of l-2mL 10-

14% BF3/methanol achieved sufficient methylation in a number of studies [80, 193, 194].

The reaction time used was between 3-5 minutes [65, 193, 194] and 20-30 minutes [80,
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207]. Reactions were conducted at 70°C by Casado et at [193, 194] and by Rolzsche [207],

while Lepage and Toy [198] reportedly used 100°C. Some reports described the use of a

hot water bath or flux without recording the precise temperature [65, 80].

The conditions utilised in the current work were selected based on the methods mentioned

above. lmL of the 13-15% BFj/metlionol complex was added to a lmL standard methnnol

solution with each acid at ~-10mg/L (refer to Table 3-6) in a !0mL vial. The vial was then

scaled with a crimp top cap and heated in a water bath for 30 min at 75-80°C. 5mL MilliQ

water was added to remove excess BlVmethanol reagent after the contents of the vial had

cooled to room temperature, since any residues of BFj can cause irrecoverable damage to

the GC column. The aqueous solution was then subjected to SPE followed by GC-MS

analysis of the extract.

Using acetyl chloride as the derivatising reagent, the method described by Lepage and Roy

[198] for the analysis of fatty acids in human milk was adopted. A 5:100 (v/v) acetyl

choloride/methanol solution was freshly prepared prior to use. lmL of the solution was

added to a lOmL vial containing the lmL standard acid solution (~10mg/L of each acid in

methanol). Methylation reaction took place in the sealed vial in a 100°C water bath for 1

hour. After the contents had cooled to room temperature, 5mL MilliQ water was added to

create an aqueous matrix for extraction using SPE.

The C18 sorbent with ethyl acetate as the elution solvent - the chosen SPE condition

optimised for the extraction of phenol acetylation products as described in last section -

was applied to the extraction of methylated derivatives. The selection was based on a

consideration of the similar non-polar characteristics of phenol acetates and methyl esters

and the extremely good retention for non-polar compounds that C18 achieves [208].

The temperature program C described in Chapter Two was applied to GC-MS

characterisation of the methyl esters.

3.4.2.2. Results and discussion

Figure 3-16 compares the MSD responses of the five methyl esters in the extracts,

normalised to a lmL basis, after acid methylation-SPE using acetyl chloride/methanol
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(AC) and BFVmethanol (BF). Abscissa labels are abbreviations of the carboxylic acids

(refer to Table 3-6). Error bars are the standard deviations from three repeat experiments.
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Figure 3-16. Comparison of acetyl chloride (AC) and BFj (BF) for methylation of
carboxylic acids

The results show that the use of both reagents gave comparable methylation yields for

benzoic acid (BZ) and the C7 and C10 dicarboxylic acids, whereas the yields of the G» acid

and 1,2,4-benzenetricarboxylic acid (BT) were substantially higher when using

BF3/methanol.

Acetyl chloride/methanoi was found by Lepage and Roy [198] to be advantageous over

BF3/methanol for the analysis of fatty acids in biological samples, as its methylation

performance was not affected by moisture up to 10%. However, for the analysis of water

samples this should not be of much benefit In addition, using acetyl chloride requires

longer reaction time to achieve complete methylation even for water samples [196].

Thus, for evaluation of acid isolation methods, BFymethanol, with its higher methylation

efficiency for all the acids studied, was chosen as the methylation reagent.

3.4.3. Evaluation of Acid Isolation Methods

In this section, two acid isolation methods — drying under a nitrogen stream and acid

extraction using SPE - are compared for the methylation of standard acids in aqueous

solutions.
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3.4.3.1. Experimental

Water samples treated were 5mL standard solutions containing the five carboxylic acids

each at ~2mg/L (i.e. 1/1250 of the concentrations shown in Table 3-6).

To remove water with nitrogen, the sample in a lOmL vial was subjected to a gentle

nitrogen flow through a Teflon tube. To bring the sample to dryness, 8-10 hours were

generally required. The dried sample was then subjected to methylation using

BFj/methanol.

Using the SPE method to separate the organic acids from the water phase, C18, C8 and

PPL were evaluated. The selection of these three solid phases was based on a high carbon

loading capacity for C18 and C8 and a superior retention for polar compounds for PPL.

The same SPE procedure described in Chapter Two was applied except that the extract was

collected in a lOmL crimp top vial instead of a 2mL auto sampler vial. Acids isolated in

the extracts were then methylated using the BFj/methanol method.

The acid methylation method using BFj/methanol followed the procedures described in

Section 3,4.2.1. Methyl esters in water were then extracted using C18 followed by elution

with ethyl acetate. The extracts were characterised using GC-MS.

3.4.3.2. Results and discussion

Normalised MSD responses of the methyl esters obtained from BF3/methanol methylation

following acid isolation by SPE using C18 (CI8-BF3 in the figure), C8 (C8-BF3) and PPL

(PPL-BF3) and nitrogen drying (N2-BF3) are illustrated in Figure 3-17 in Section 3.4.4.

Error bars in the plots are the standard deviations of triplicates. In order to demonstrate the

influence of nitrogen drying on the reproducibility of results for volatile compounds, the

results from four replicates instead of the average for succinic acid (GO are presented in

the plot.

It can be seen that the three SPE sorbents gave similar acid extraction yields except that for

1,2,4-benzenetricarboxyIic acid, a significantly higher extraction yield was achieved using

PPL.
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In most cases, the SPE method was not able to isolate a sufficient amount of the acids from

the water phase for mcthylation. The acid isolation yield of all the acids, except benzoic

acid, using the SPE method was considerably lower than that using nitrogen drying.

The nitrogen drying method, on the other hand, exhibited poor rcproducibilities for the

volatile acids, i.e. the G» acid and benzoic acid. The loss of the low molecular weight acids

due to evaporation under nitrogen flow (even gentle flow) over a long period of time is

predictable. For the analysis of MTE water samples, this could lead to unreliable results.

Comparison between the MTE samples containing organics of different characteristics

would be inappropriate.

Clearly, acid isolation is a critical point in the whole methylation-extniction process. To

achieve optimal methylation yield, consideration should focus on either the selection of

more efficient acid isolation metliods or elimination of the isolation step, i.e. using direct

methylation in the aqueous phase.

3.4.4. Direct Methylation in Aqueous Phase Using TMO

In this section, the newly developed direct aqueous phase methylation method using TMO

is compared with the non-aqueous methylation methods. Results of validation of this

method for the analysis of MTE water samples are also discussed.

3.4.4.1. Experimental

The direct TMO methylation procedures described below are based on the method

developed by Liebich and Gesele [189, 200] and used for profiling organic acids in urine

samples.

A lOmL glass vial containing a 5mL aqueous standard solution of the acids, each at

~2mg/L, and a Teflon-coated magnetic stir bar were placed on an electro-magnetic stirrer.

After the stirrer was turned on, about 20 mg of solid sodium carbonate were added to

alkalise the sample. Methylation using the TMO solid was then performed in five steps,

each involving the addition of a 30mg TMO solid into the water sample.

The first three steps were identical. For each step, a total of 30mg of solid TMO was added

with a spatula in five aliquots over four minutes, allowing one minute of reaction after the

addition of each aliquot. After the addition of the last aliquot, a further one minute of
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reaction was allowed before the solution was neutralised using 15 mg solid sodium

hydrogen carbonate. In the fourth step, addition of 30mg TMO solid was similarly carried

out in live aliquots except that, after the addition of the last aliquot and one minute of

reaction, 20 mg sodium carbonate was added instead of 15 mg sodium hydrogen carbonate

to alkalisc the sample solution to pH~8. In the fifth (last) step 30 mg TMO was again

added to the solution in five aliquots following the same procedure except that 20 mg

sodium hydrogen carbonate was used to neutralise the reaction mixture at the end of the

step. The stirrer was then stopped and the vial was sealed with a crimp top cap and

incubated for two minutes in a water bath at 100°C. The two minute incubation was to

remove any remaining reagents, especially BFj by-product, to avoid any damage to the GC

column [200]. The cooled aqueous solution was then subjected to SPE using C18-cthy!

acetate and the solvent extract was characterised on GC-MS using the temperature

program C described in Chapter Two.

3.4.4.2. Results and discussion

In the presence of the carboxylic acids, TMO methylates the carboxyl group, particularly

the carboxylate ion, to form methyl ester [189]:

RCOCT + CH3-O-(CH3)2
+ -> RCOOCH3 + CH3-O-CH3

Due to the occurrence of the competitive reaction between water and TMO, in order to

achieve optimum methylation, it is very important to promote the reaction between TMO

and the carboxyl group while inhibiting the water-TMO reaction. On the one hand, since

the reactivity of the carboxylate ion is higher than that of the undissociated acid, the

reaction with carboxyl group should be favoured by creating an alkali environment. Since

the hydrolysis of the tetrafluoroborate ion increases the acidity of the reaction solution

[189], it is necessary to neutralise the mixture with sodium hydrogen carbonate and/or to

alkalise with sodium carbonate after the addition of TMO. On the other hand, during the

course of methylation, TMO should be added in small portions and the reaction should be

conducted at room temperature so as to minimise its reaction with water. In addition, it is

preferable to use a small volume of the water sample. Results of the present study showed

significantly reduced methylation yields when using lOmL of water sample instead of

5mL.
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Figure 3-17 presents the results of direct methylation using TMO (TMO in the figure) as a

comparison with the non-aqueous methylation methods. Error bars are the standard

deviations from three replicate experiments.
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Figure 3-17. Comparison of different acid isolation and methylation methods.

It can be seen that, among the methylation methods investigated, the TMO aqueous phase

methylation was undoubtedly superior to the N2-BF3 method for the two lower molecular

weight acids - C4 and benzoic acid - in terms of both the methylation yield and

reproducibility. For the C7 and C10 acids, the two methylation methods achieved
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comparable results. This outcome is in agreement with that observed by Licbich and Roy

[189J that the two methods were equally effective for methylation of fatty acids. They also

found that the yields using both methods were comparable with those obtained using

diazomethane.

However, for 1,2,4-bcnzenetriearboxylic acid, the methylation yield using the TMO

method was less than half of that using the ty-BFj method. This finding is different from

that observed by Liebich and Roy [189], The researchers found that methylation yields of

acids with the carboxyl group located directly at the aromatic ring using TMO were ca.

100% of that using diazomethane, compared to 50% using the BFj method.

Despite the low yield for 1,2,4 benzenetricarboxylic acid using TMO, the direct

methylation method exhibited the following advantages over the other methods evaluated:

a) First and foremost, the lengthy acid isolation step using nitrogen drying or solvent

extraction was avoided. The total time and labour were substantially reduced;

b) Both the methylation yield and reproducibility for low molecular weight acids were

significantly improved compared to the methylation methods that require nitrogen

drying; and

c) Methylation efficiency for the aliphatic acids was generally comparable or higher

than that using the other methods.

Hence, the direct TMO methylation appears to be an attractive method for the analysis of

carboxylic acids in water samples. However, it should be noted that the use of

BF3/methanol, after nitrogen drying, can be a suitable methylation method for carboxylic

acids of low volatility and is especially efficient for benzenetricarboxylic acids.

In this study, for identification and quantitation of carboxylic acids in the MTE water, the

TMO method was validated and the results are discussed below.

3.4.5. GC Characterisation and Standard Calibration Curves

Table 3-11 presents the molecular ions and base peaks in the spectra of the five carboxylic

acids and molecular ions, target ions and qualifiers in the spectra of their methyl esters.

Since identification and quantitation were not carried out using the acids, the term 'base
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peak' is used instead of'target ion' - a term which is particularly used for quantitation as

mentioned in Section 3.2.2.

Table 3-11. Characteristics of spectra of selected carboxylic acids and their methyl
esters.

succinic acid (Q)

benzoic acid

pimclic acid (C7)

scbacic acid (C|0)

1,2,4-bcnzcnetricarboxylic acid

Acid

Molecular
ion

118

122

160

202

210

Base
peak

55

105

55

55

148

Methyl ester

Molecular
ion

146

136

188

230

252

Target Qualifier
ion

115

105

115

74

221

55,114

136

125, 157

125, 199

252

Unlike the spectra of phenol acetates which are very similar to that of the phenols, the

spectra of the methyl esters of carboxylic acids differ from those of the acids as illustrated

in Figure 3-18. The presence of an abundant ion M+-31 in the spectra is characteristic of

methyl esters of the acids (e.g. ions 199 and 221 for sebacic acid and 1,2,4-

benzenetricarboxylic acid, respectively, as shown in Figure 3-18). Generally, in the spectra

of aromatic acid methyl esters, this ion is the most abundant peak, with a less intense

molecular ion also present in the spectra. For aliphatic acids and their methyl esters,

molecular ions are usually not present in their spectra.
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Figure 3-18. Spectra of selected carboxylic acids and their methyl esters

A method similar to that used for preparing the standard calibration curves of phenol

acetates was applied to standard calibration of the acids. A series of 5mL aqueous acid

solutions of different concentrations were methylated in triplicate using TMO following

the procedures described in Section 3.4.4.1 with the concentrations of each acid at 0.050,

0.10, 0.20, 1.0, 2.0 mg/L, respectively. The normalised MSD response of the methyl esters

is plotted against the concentration (Figure 3-19). The linear least-squares trendlines for

each compound were drawn based on the average MSD responses of triplicate analyses.
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Figure 3-19. Standard calibration curves of carboxylic acids after niethylation.

All the methyl esters showed a good least-squares linear MSD response-concentration

relationship with R2 >0.99 and relative standard deviations between 2 and 17% for

individual concentrations. Using the equations y=bx±a fitted by least-squares to the methyl

ester calibration curves, the concentrations of the corresponding acids in water samples

could be directly calculated.
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3.4.6. Validation of the TMO Methylation Method

To validate the TMO methylation method, an MTE water sample of 5mL and the same

sample spiked with known concentrations of the standard acids were both derivatised and

quantified following the procedures detailed in Section 3.4.4.1. Recoveries of each acid

after methylation and extraction were calculated using Equation 3.2. The method

validation results are shown in Table 3-12. Standard deviations and relative standard

deviations were calculated from three repeat experiments.

Table 3-12. Validation results for the TMO methylation method.

succinic acid (C4)

benzoic acid (BZ)

pimelic acid (Cj)

sebacic acid (C|0)

1,2,4-
benzenetricarboxylic
acid (BT)

Amount in
MTE

sample
(mg/L)

12±0

0.13±0.02

0.27±0.02

0.15±0.01

1.4±0.1

Amount
added
(mg/L)

0.20

0.20

0.20

0.20

0.20

Total amount
in spiked

MTE sample
(mg/L)

12±0

0.34±0.02

0.4610.02

0.35±0.01

1.6±0.0

Recovery

% RSD%

-

103

98

103

94

-

7.6

12

4.2

13

Detection
limit

(ug/L)

3.3

2.0

10

13

13

Since the concentration of the added succinic acid was negligible compared to its

concentration in the MTE sample, the recovery of succinic acid could not be calculated.

Nevertheless, the rest of the acids all achieved >90% recoveries. Since the unknown

samples were analysed under identical conditions to the standard solutions used for

calibration, errors due to incomplete methylation or extraction were minimised. Although

the methylation yield for 1,2,4-benzenetricarboxylic acid using the TMO method was low

relative to the BF3 method, its concentration could still be quantitatively determined in the

spiked sample. In other words, the performance of the TMO methylation method was quite

consistent and not significantly influenced by the sample matrix.

Detection limits for the acids were calculated using the same method as for the phenols

determined by the two-step acetylation-SPE method (see Section 3.3.6). The data

presented in Table 3-12 are for the analysis of a 5mL water sample concentrated as a
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0.5mL extract. Results showed that using the TMO direct methylation method, carboxylic

acids at ppb levels in the water samples could be detected.

It is worth mentioning that in the water phase TMO reacts not only with the carboxyl

groups of the acids but also with phenolic groups (i.e. to form methoxy groups). For the

analysis of real water samples, methylation of the phenolic groups may lead to difficulties

in distinguishing between phenolic compounds and methoxy substituted aromatics. This is

also the reason that this method could not be used for derivatisation of both carboxylic

acids and the phenols. In this study, since the same MTE water sample was both acetylated

and methylated, any methylated phenolic groups could be distinguished by comparing the

methylation results with the acetylation results. Furthermore, at the method development

stage, the presence of standard phenols during methylation of the carboxylic acids had

little impact on the methylation results of the acids, except for the occurrence of

methylated phenols.

3.4.7. Summary

A recently developed methylation method using TMO directly derivatises carboxylic acids

in the aqueous phase so that the acid isolation step can be eliminated. Compared to the

BFa/methanol method which requires a non-aqueous environment, the TMO method

proved to be superior or equally effective in terms of both methylation yield and

reproducibility, except for a benzenetricarboxylic acid.

The method was validated for quantitative analysis of organic acids in water samples for

the first time. Results showed that methylation using TMO gave quantitative recoveries for

the carboxylic acids investigated and that the method was suitable for the identification and

quantitation of carboxylic acids in the MTE water.

3.5. Conclusion

Sample preparation methods for GC-MS characterisation of major low molecular weight

organic compounds in the MTE water were established and validated.

Evaluation of the SPE method without prior derivatisation of the analytes showed that the

PPL solid phase, using ethyl acetate as the elution solvent, provided quantitative recoveries

of the mono-hydroxy phenols at ppm levels. However, this method was not as efficient for
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the quantitation of the mono-phenols at lower concentrations or for the multi-hydroxy

phenols.

A two-step phenol acetylation method was developed and proved to be effective for the

quantitative SPE-GC-MS analysis of mono- and multi-hydroxy phenols in water samples.

This method provided considerably improved GC-MS sensitivity for the phenolic

compounds, especially the multi-hydroxy phenols, allowing identification and quantitation

in the ppb range.

Carboxylic acids are not easily detected and quantified by GC-MS, even at high

concentrations due to their polar nature. A novel qualitative method using TMO as the

reagent for direct methylation of carboxylic acids in the aqueous phase was validated for

quantitative analysis. The time-consuming acid isolation step necessary with other

methylation reagents, such as acetyl chloride and BF3 in methanol, could be omitted.

Complete methylation, similar to that obtained using the BF3/methanol method with

nitrogen drying, was achieved.
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CHAPTER FOUR

b

mENTIFICATION OF ORGANIC COMPONENTS IN MTE

PROCESS WATER

i

4.1. Introduction

This chapter presents the results of identification of low molecular weight organic species

in MTE process water using the SPE-GC-MS methods established in Chapter Three. First,

strategies applied to the identification of the organic components in chromatograms are

introduced. Second, the major low molecular weight compounds identified in the water are

summarized. Third, the origins of major organic structures present in the MTE water are

discussed.

4.2. Interpretation of Mass Spectra and Identification of Compounds

For each selected MTE water sample the chromatograms of tliree SPE extracts (without

derivatisation, after acetylation and after methylation) were examined for the presence of

major organic compounds. Identification of the major peaks in the chromatograms was

based on the following procedures and strategies.

a) Identification of the nine phenolic compounds and five carboxylic acids

which were selected for quantitation (refer to Table 3-6) was based on the

match for both the retention time and the mass spectra of the peaks relative to

those for the standard compounds.

b) Generally, library searches for the spectrum of 'pure' peaks in the total ion

chromatograms (TICs) (i.e. peaks composed of only one component as

identified by the 'peak purity analysis' function of the ChemStation®

software) gave high quality matches (e.g. >90%) with standard spectra of one

or more compounds. In cases where only one high quality library match was

obtained, the identity of the peak could generally be confirmed. In cases
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where more than one high quality match was obtained, this provided only an

indication of structural features of components that were possibly present.

For many aliphatic compounds, e.g. straight chain mono- and di-carboxylic acids, the

library search generally gave high quality matches with one compound, so that it was

nearly certain that the 'pure' peak was actually due to the matched compound. However,

for compounds belonging to a set of isomers or to a set of compounds with similar

structural features (e.g. isomeric alkyl aromatics), the spectra of all the compounds in the

set were often similar. Library searching could only provide information about the likely

structural features of these compounds.

c) For peaks which did not give high quality library matches, due to interference

from background, the use of the 'spectrum subtraction' function in the

software usually reduced the interference, improved the library search quality

and thus helped to identify possible library matches.

d) Using the 'peak purity analysis' and 'spectrum subtraction' functions, the

identification of multiple components from peaks that were not well-

separated was often possible.

It is common to find unseparated peaks in chromatograms of complex mixtures such as the

SPE extracts of the MTE water samples. A peak in TIC, as shown by Figure 4-20 (a),

might easily be identified as arising from one component with a complex spectrum and

lead to false or poor library matches. However, using the peak purity analysis, the

existence of two different components in the peak could be clearly distinguished (Figure 4-

20 (b)). By subtracting the spectrum of the less abundant component (ions 152 and 137)

from that of the main component, (ions 151 and 180) and vice versa, it was possible to

obtain good library matches for both components and assign their structures.

102



Chapter Four Identification of organics in MTE water

Abundance

150000

120000

90000

60000

300OO

Time~> 4 3 6 6

Abundance

40000

30000

20000

10000

O ,
Tlme-> 4 3 p 6 6

43.69

TIC

43.72

43.72

(a)
Ion 161.00
Ion 180.00
Ion 162.00
Ion 137.00

43.75 43.73

P»ak49

R«t Tim* 43.72

Components 2

Scan ion

1 6133.2 161

2 6134.1 162

I

ion

180

137

43.78

Figure 4-20. Identification of components in an unseparated peak.

e) Some ions in the spectra are characteristic of certain classes of compounds.

The presence of two or more such ions may help to define the class of

compound and, thus, to justify or confirm the library search results.

The molecular ions of aromatic compounds can almost always be observed and are usually

intense, whereas in the spectra of aliphatic compounds the molecular ions are often weak

or absent. Table 4-13 summaries the major characteristic ions [209] of some compound

groups that were typically found in the MTE process water.
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Table 4-13. Characteristic ions of typical compound groups in MTE process water.

m/z Compound type Example*

91,M-1,M

91.M-15.M

43,M-126,M-84, M-42, M

M-29, M-l.M

M-29, M-28, M-R, M

74, 87, M-59, M-43, M-31

55,59, M-73,M-63,M-31

M-59, M-31, M

methylphenols

dimethylphenols,
methoxyphenols

phenol acetates

benzaldehydes

alkyl (R) cyclic ketones

methyl esters of aliphatic mono
carboxylic acids (C4-C26)

dimethyl esters of aliphatic
dicarboxylic acids

methyl esters of aromatic
carboxylic acids

4-methyl phenol (107, 108)

2,4-dimethyl phenol (107,
122), 2,6-dimethoxy phenol

(139, 154)

phenol acetate (94, 136),
pyrogallol triacetate (126,

168,210,252)

4-hydroxy-3-methoxy
b^nzaldehyde (vanillin) (123,

151,152)

3-methyl-2-cyclopenten-1 -one
(67,81,96)

decanoic acid, methyl ester
(Co) (74, 87, 143, 155)

heptanedioic acid, dimethyl
ester (C7) (59, 115, 125, 157)

2,4-dimethyl benzoic acid,
methyl ester (105, 133, 164)

* The numbers in brackets give the in/z values of the prominent peaks of the compound.

The use of characteristic ions to assist in confirming assignments is illustrated in the

following example. Figure 4-21 shows two almost identical spectra of substituted phenols

(acetylated). The spectrum library search found higher quality matches (>90%) for both a

1-methylethyl phenol and a hydroxyphenyl ethenone. The characteristic ion information

helped confirm the difference between the spectra. In the first spectrum the presence of the

ion m/z=91, which is characteristic of alkyl phenols, provided support for the assignment

to a methylethyl phenol. In the other spectrum the ion at m/z=93 was more abundant than

the ion at m/z=91 and was likely due to the loss of the -C(O)CH3 group (43) from an

acetylated phenol molecule (136). Hence, the two spectra could be confidently

distinguished as an acetylated methylethyl phenol and an acetylated hydroxyphenyl

ethanone, respectively. However, the information was not sufficient to identify the precise

geometric arrangement of the substituents (i.e. ortho, meta orpeta), since the mass spectra

of such isomeric compounds are very similar (see below).
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Figure 4-21. Comparison of similar spectra to illustrate the importance of
characteristic peaks.

f) The existence of a series of aliphatic compounds, with a mass difference of

14 (-CH2-) or 28 (-C2Rr) between successive members, could be confirmed

by the regularly distributed peaks found using the 'extracted ion

chromatogram' function of the software to extract their common

characteristic ions. Series of compounds identified in the MTE water using

this approach included the aliphatic mono- and di-carboxylic acids.
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Chapter Four Identification of organics in MTE water

Using the 'extracted ion chromatogram' function, the responses of one or more ions in the

spectrum could be extracted from the TIC and shown as a single ion chromatogram. Figure

4-22 demonstrates a TIC and the extracted ion chroniatograms for ions at m/z=55, 59, 74

and 87 of the same sample.
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m

These four ions are commonly present in the spectra of methyl esters of aliphatic

carboxylic acids (C>4). Ions with m/z=74 and 87 are characteristic of the methyl esters of

aliphatic mono-acids, whereas ions with m/z=55 and 59 are only prominent in the TIC of

methyl esters of di-acids. The difference in retention times between successive peaks of the

straight-chain acids in each of the two series is approximately constant, so that

homologous series can easily be distinguished. In the di-acid series all homologues

between C4 and C10 could be observed, whereas in the mono-acid series only the even

carbon number chain homologues C8-C18 were observed. The peaks possessing the same

characteristic ions that were located at retention times between those of the peaks from

straight-chain compounds were likely to be branched-chain acids. Branched-chain

compounds are known to elute prior to the straight chain isomer with the same carbon

number [210], such as in the case of the peak eluting at 9.05 min shown in Figure 4-22 as

being due to methyl butanedioic acid (dimethyl ester), which eluted before the peak at

10.95min due to pentanedioic acid (dimethyl ester).

g) A similar approach was used to locate the peaks of series of aromatic

compounds, such as phenols and benzoic acids. Since the molecular ions of

these compounds are usually intense. The molecular ions to extract could be

calculated by adding mass of likely substituent groups (e.g. 14 for methyl, 28

for ethyl, 30 for methoxy, etc) to the mass of the basic molecular structures,

e.g. phenol (94) and benzoic acid (122). This method was also applicable to

the corresponding derivatives of these compounds, i.e. the phenol acetates

and the benzoic acid methyl esters. However, in these cases the characteristic

ions would not be the molecular ions of the derivatives (M) but rather the M-

42 and M-31 ions, respectively.

For example, ions at m/z=108, 122, 136 and 150 were obtained by successively adding a

mass of 14 to the mass 94, the base peak, M-42, of phenol acetate and also, coincidental Iy,

the molecular ion of phenol. Figure 4-23 shows the extracted ion chromatograms of these

ions and an overlayed extracted ion chromatogram of an SPE extract after acetylation.
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Chapter Four Identification of organics

However, unlike the aliphatic acids where the addition of a mass unit simply means

another alkyl group (e.g. 14 for a methyl group and 28 for an ethyl group), the aromatic

compounds may have a variety of substituent groups attached to the aromatic rings,

sometimes with the same nominal mass. For example, the addition of 28 mass units can

correspond to the addition of two methyl groups, one ethyl group or one carbonyl group

(C=O). One substitution by a methoxy group adds the same mass (30) as substitutions,

together, by one hydroxy and one methyl group. The mass addition of 42 mass units can

correspond to three methyl groups, one methyl and one ethyl group, or one propyl group

(including a number of isomeric possibilities in each case).

Hence, identification of these aromatic compounds was more complicated. Detailed

spectrum interpretation was not sufficient. Supplementary information would be required.

h) Where library searches turned up more than one closely matched compounds

(due to the similar spectra of some organic compounds), peak assignment

sometimes required not only careful inspection of the spectra but also other

available information. For example, published information regarding the

polarity, boiling point (bp.) or elution order of similar compounds could be

very helpful.

For isomers or compounds with very similar structural features, their polarities are

typically similar. Therefore, their elution order is generally in the same order as the

corresponding boiling points. Information on boiling points was obtained using SciFinder

Scholar® database. For example, as illustrated in Figure 4-23, following the peak of phenol

acetate at 19.03 min there was a group of three peaks at 24.02, 25.89 and 26.22 min. The

nearly identical spectra showed an intense ion peak at m/z=108 with a less abundant ion

peak at m/z=107 and an ion m/z=150. This is indicative of a methyl phenol with one

acetylated hydroxy group (refer to Table 4-13). Library searching identified high quality

matches for the three peaks as acetates of 2-, 3- and 4-methyl phenols. Since the polarities

of the three compounds are similar, boiling point is an important factor in determining the

elution order of these compounds. The peak at 26.22 min was confirmed as 4-methyl

phenol acetate (bp. = 212.TC) by its retention time and spectrum matches with the

standard compound. The boiling points of the acetates of 2- and 3-methyl phenols are
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207.2°C and 211.4°C, respectively. Thus, it was almost certain that the peaks at 24.02 and

25.89 min represented acetylated 2-methyl phenol and 3-methyl phenol, respectively. This

elution order of the methyl phenol acetates is in agreement with that observed in previous

studies using similar GC columns [80, 82].

Analyses of the organic compounds in similar water sources reported in the literature may

also provide supportive information for identification of the peaks. Spectra of the five

peaks at 30.76, 31.01, 31.80, 32.57 and 34.63 min in the chromatogram shown in Figure 4-

23 all gave abundant ions of m/z=122, 107 and 164, which suggests they were acetylated

dimethyl or ethyl phenols. The peak at 31.01 min was definitively identified as acetylated

2,4-dimethyl phenol (bp.=226.4°C) using the standard compound (see strategy 'a'). Based

on spectrum search and boiling point information, the peaks at 30.76, 32.57 and 34.64 min

were probably acetylated 2,5-dimethyl phenol (bp.=224.9°C), 2,3-dimethyl phenol

(bp.=230.6°C) and 3,4-dimethyl phenol (bp.=235.2°C), respectively. This elution order is

in agreement with that of the four phenol acetates observed by Wang and Zhao [80] and

also that of the underivatised phenols (with a similar boiling point order as their acetates)

observed by Giabbai et al [211] in coal gasification wastewater on similar GC columns.

Library searching confined the peak at 31.80 min (between the peak for 2,4-dimethyl

phenol acetate and that for 2,3-dimethyl phenol acetate) to be an acetylated ethyl phenol,

however, these still allowed three possibilities, namely acetylated 2-ethyl (bp.=238.0oC), 3-

ethyl (bp.=208.4°C) and 4-ethyl (bp.=233.7°C) phenols. For underivatised phenols,

Giabbai et al [211] confirmed (using standard compounds) that a peak contained 4-ethyl

phenol (bp.=219.0°C) was eluted after the mixed peak due to both 2,4-dimethyl phenol

(bp.=210.9°C) and 2,5-dimethyl phenol (bp.=211.1°C) but before the peak due to 2,3-

dimethyl phenol (bp.=216.9°C). This elution order suggests that an ethyl phenol (e.g. 4-

ethyl phenol, bp=219.0°C) may elute before a dimethyl phenol with slightly lower boiling

point (e.g. 2,3-dimethyl phenol, bp.=216.9°C). Taking into consideration all the above

information, the peak at 31.80 min was more likely to be due to 4-ethyl phenol acetate than

3-ethyJ phenol acetate.

i) The probabilities of the occurrence of a particular structure in the lignite

should also be taken into consideration when assigning identities of the peaks
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with similar spectra, since the relatively mild conditions employed by MTE

were likely to lead to the release of organic compounds that resemble the

original lignite structure.

For example, research on lignitic structures indicates that a 1,2,4-substituted benzene ring

is more likely to be present than a 1,3,5-substiruted structure (refer to Section 4.4.3.1).

Although the identities of the peaks between 30.76 and 34.63 min in Figure 4-23 as

acetylated dimethyl phenols or ethyl phenols were difficult to establish definitively unless

standard compounds were used, the presence of acetylated 3,5-dimethyl phenol was

therefore relatively unlikely.

j) With help from supplementary information as discussed strategies 'h' and ' i \

identification of some isomers was possible. However, in many cases, a

definite choice from a set of compounds with near identical mass spectra was

not possible, as mass spectrometry alone cannot determine the position of

aromatic substitutions [212] and any supplementary infonnation may be

inadequate. In these cases, tentative identities (e.g. 'a trihydroxy phenol* or

'?-methoxy-?,?-benzenedior) were sometimes assigned to the components.

For large aromatic compounds, the number of isomeric possibilities can be substantial.

Supplementary information such as boiling point was inadequate to fully resolve the

identity of such compounds. The peak at 41.17 min in Figure 4-23 gave a nearly identical

spectrum to the one shown in Figure 4-21 (a) for the methylethyl phenol acetate. Possible

identities included not only the acetates of methylethyl phenols (three isomers) but also

those of some tnmethyl phenols and phenols substituted by one ethyl and one methyl

group. Two possible identities chosen from the library matches with the highest qualities

were assigned to the peak, which was hence labelled as the acetate of 2,3,5-trimethyl

phenol OR 4-[l-methylethyl] phenol.

k) The spectra of some peaks could not provide sufficient information about

their structures. However, the presence of some characteristic ions in their

spectra allowed the peaks to be identified as belonging to a certain compound

group. These compounds were not considered as identified components but
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were included in the quantitation of the corresponding organic compound

groups.

For example, the presence of an intense M-42 peak and a less abundant M peak in an

unidentified spectrum implies that the component may be an acetylated mono-hydroxy

phenol. Similarly, an intense M-31 peak and a less abundant M peak suggest the presence

of a methylated aromatic acid (refer to Table 4-13).

1) A few compounds containing hetero-elements, such as chlorophenols and

thiophenes, were identified. The presence of chlorine in a compound is

revealed by a pair of ions in the spectrum, separated by 2 mass numbers,

where the abundance of the higher mass ion is about one third that of the

lower mass ion. This is due to the natural abundance of chlorine isotopes 35

and 37, respectively. Sulphur-containing compounds also exhibit this feature,

where ions separated by 2 mass numbers are clearly present. However, in this

case, the abundance of the higher mass ion is only 4.4% of the abundance of

the lower mass ion. The ion 97 is the characteristic fragment from alkyl

thiophenes.

m) Compounds such as dimethyl phthalates (163, 194), diethyl (or larger alkyl

group) phthalates (149), butylated hydroxytoluene (205, 220) and siloxanes

(207, 281, etc) are common impurities due to contamination of the samples

(from plastic) or the GC system (e.g. septum or column bleeding). They were

present in the chromatograms of the extracts from blank tests and were

frequently found in TICs of the sample extracts and thus excluded from any

further interpretation.

Using the strategies outlined above, a majority of the peaks in the chromatograms could be

assigned specific or tentative identities. Of course, for complex organic mixtures such as

extracts of the MTE water, it is impossible for all the organic components to be fully

identified. There are limitations due to incomplete separation of GC-MS peaks and the

presence of'unknowns' for which there are no library spectra.
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The unidentified peaks were frequently appeared in the high temperature range of the

chromatograms, such as the peak at 48.32min in the overlayed extracted ion chromatogram

shown in Figure 4-23.

4.3. Organic Components in the MTE Water

Major organic compounds identified in the MTE water by GC-MS, as introduced in this

chapter, are a summary of the results from analyses of the chromatograms of all three

extracts (i.e. without derivatisation, after acetylation and after methylation) for each

sample. Although, as expected, the number of phenolic compounds identified in the

underivatised extracts was smaller than in the acetylated extracts, the results from the

former could not be discarded for two main reasons. First, some polar compounds, such as

furancarboxylic acids and thiophenecarboxylic acids, were identified only in the

underivatised PPL. This may be because these acids were not captured by the non-polar

C18 sorbent (used for sample extraction after derivatisation) or because they became

volatile after methylation and were lost during the work up procedure. Second, where

individual components were present in their original forms in the underivatised PPL

extracts as well as in derivatised forms in the acetylated or methylated extracts, this

assisted confirmation of their identity.

Figure 4-24 shows an example of the TIC of an acetylation-SPE extract. Identified

structures (some are tentative identities) are illustrated for major peaks thai can be

conveniently labelled.
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Chapter Four Identification of organics

4.3.1. Major Organic Compounds Identified by GC-MS

Organic compounds in the water released from seven different lignites (Loy Yang A,

Morwell, Yallourn, Bowmans A, Lochiel, Kingston and Lochiel High Sodium),

respectively, by MTE treatment at 200°C, 6MPa were identified. Only those compounds

found in the water from four or more lignites are listed in Table 4-14 to Table 4-16. The

tentative identifications of some compounds are also noted in the tables.

The grouping of the compounds as shown in the following tables was based mainly on

functional groups. Since in some cases more than one functional group is present, the

following prioritisation scheme for functional group classification was used: hetero-

element containing compounds (sulphur, chlorine, nitrogen, etc), furans, cyclic ketones >

carboxylic acids > phenolics (PhOH) > aldehydes (O=C-H), etc. For example, benzoic

acids with hydroxy groups attached on the benzene ring were grouped as carboxylic acids,

whereas hydroxy substituted benzaldehydes were listed together with the phenols.
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Chapter Four Identification of organics

Table 4-14. Major phenols identified in four or more MTE water samples.

Mono-hydroxy phenols

Alkyl phenols
, . 4-[l-methylethyl]

phenol u i
^ phenol
-i a. i u i 2-methyl-5-[l-2-methylpheno ,. . . . ,\ , ,J v methylethyl]-phenol
. . . . 5-methyl-2-[l-
3-methylphenol methylethyl]-phenol

. ,. , , . 2,4-bis[l-methylethyi]-
4-methyl phenol p h e n o , L

-. A J- .t. i i. i 4-[l-methylpropyl]
2,4-d.methyl phenol p h

l
e n o l

2,5-dimethyl phenol ^ y
4

l p ^ p y l ] p h e n o ,

o -, J- .L i t. i ?-methyl-?-propyl2,3-dimethyl phenol p h e n ( /

•> .L i L « 4-[l,l~dimethylpropyl]3-ethyl phenol ^

4-[3-methyl-2-
butenylj-phenol

Methoxy phenols

2-methoxy phenol

4-methoxy phenol

2-methoxy-4-methyl
phenol

2-methoxy-4-ethyl
phenol

2,6-dimethoxy phenol

2,4-dimethoxy phenol

l-[4-hydroxy-3-
methoxyphenyl]
ethanone

Phenolic ketones
l-[2-hydroxyphenyl]-
elhanone
1-[3-hydiux.>'phenyl]-
ethanone
l-[4-hydroxyphenyl]-
ethanone
l-[4-hydroxy-3,5-
dimethoxyphenyl]-
ethanone
l-[4-hydroxy-3-
methoxyphenyl]-2-
propanone

Phenolic
benzaldehydes

2-hydroxy
benzaldehyde

3-hydroxy-
berizaldehyde
4-hydroxy
benzaldehyde
4-hydroxy-3-methyl
benzaldehyde
4-hydroxy-3-methoxy
benzaldehyde (vanillin)
4-hydroxy-3,5-
dimethoxy-
benzaldehyde

Di-hydroxy phenols

1,2-benzenediol
(catechol)

1,3-benzenediol

1,4-benzenediol

2-methyl-l,4-
benzenediol

a methyl bcnzenediol

?-dirnethyl-1,3-
benzenediol

2,3,5-trimetliyl-1,4-
benzenediol

[
dihydroxyphenyl]-
ethanone
l-[2,5-
dihydroxyphenyl]-
ethanone

a methoxy benzenediol dihydroxyphenyl]-
propanone

dihydroxyphenyl]-
propanone

l-[2,4-dihydroxy-3-
methylphenyl]-
propanone

2,4-dihydroxy
benzaldehyde

2,5-dihydroxy
benzaldehyde

3,4-dihydroxy
benzaldehyde

?,?-dihydroxy-4-
methoxy-benzaldehyde

Tri-hydroxy phenols*
1,2,3-benzenetriol
(pyrogallol) 1,2,4-benzenetriol 1,3,5-benzenetriol

a tri-hydroxy phenol
(MW=182)

* iin water from three lignites
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Chapter Four Identification of organics

Table 4-15. Major carboxylic acids identified in four or more MTE water samples.

Aliphatic di-acids

Unsaturated acids
2-butenedioic acid
2-pentenedioic acid
2,3-dimethyl-2-butenedioic acid
2,4-hexadienedioic acid

Straight chain acids
butanedioic (succinic) acid (C4)
pentanedioic acid (Cs)
hexanedioic acid (Ce)
heptanedioic (pimelic) acid (C7)
octanedioic acid (C8)
nonanedioic acid (C9)
decanedioic (sebacic) acid (C)0)

Branched chain acids
methyi-butanedioic acid
2-methyl-pentanedioic acid
3-methyl-pentanedioic acid
3,3-dimethyl-pentanedioic acid
2-methyl-hexanedioic acid

Aliphatic mono-acids

Unsaturated acids
2-pentenoic acid
octadecenoic acid

Straight chain acids
octanoic acid (C8)
decanoic acid (Q0)

dodecanoic acid (C12)

tetradecanoic acid (Q4)
hexadecanoic acid (C16)
octadecanoic acid (Clg)

Ketonic acids
4-oxo-pentanoic acid
7-oxo-octanoic acid

Aldehyde acids

9-oxc-nonanoic acid

Aliphatic tri-acids
ethane-1,1,2-tricarboxylic acid
2-methoxy-propane-1,2,3-
tricarboxylic acid

propane-1,2,3-tricarboxylic acid butane-1,2,4-tricarboxylic acid

Aromatic acids

Benzeneacetic acids

btiizeneacetic acid

4-methoxy-benzeneacetic acid

3,4-dimethoxy-benzeneacetic
acid
4-hydroxy-3-methoxy-
benzenacetic acid

Benze.iedicarboxylic acids

4-methyl-1..2-
benzenedicarboxylic acid
4-methyl-l,3-
benzenedicarboxylic acid
?-methy!-?,?-
benzenedicarboxylic acid

Benzoic acids
, . . , 4-hydroxyl-3-rnethoxy-benzo^o
benzoic acid ., J J

acid
A ,, . , . . , ?-hydroxyl-?-methoxy-benzoic
4-methyl-benzoic acid ., J J

J acid
. ., . . , 4-hydroxv-2-methoxy-3,5,6-
4-metiioxy benzoic acid . J , •, . . .

tnmethyl benzoic acid
3-methoxy-4-methyl-benzoic 2,4-dihydroxy-3,6-dimethyl-
acid benzoic acid
2,4-dimethoxy-6-methyl- , „ , A ., , , . . ,
benzoic acid 3,4,5-tnhydroxy benzoic ac.d

?,?-dimethoxy-?-mcthyl benzoic
acid

3-ethoxy-benzoic acid

2-hydroxy benzoic acid

benzenetricarboxylic acids

1,2,4-benzenetricarboxylic acid 1,3,5-benzenetricarboxylie acid 5-methyl-1,2,4-
benzenetricaii/Oxylic acid
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Table 4-16. Other major components identified in four or more MTE water samples.

Cyclic kctones

3-methyl-2-cyclopenten-1 -one

4,4-dimethy 1-2-cyclopenten-1 -

one
4,5-dimethyl-2-cyclopenten-1 -

one

2,3-dimethylcyclopent-2-en-1 -
one

3-ethylcyclopent-2-en-l-one

2,3,4-trimethyl-cyclopent-2-en-
1-one

2-hydroxy-3 -methy 1-2-
cyclopenten- 1 -one

3-methyl-2-cyclohexen-lone

2,3-dihydro- lH-inden-1-one

Benzaldehydes Ethanones

4- [ 1 -methylethy 1] benzaldehyde

4-ethoxy benzaldehyde

ace1
. , , , , t, . l-[2,5-dimsthylphenyll-
lophenone (phenyl ethenone) ^ l ^ ^

l-[4-methylphenyl]-ethanone
l-[4-[l,l-
dimethylethyl]|)henyl]-ethanone

Furans and related structures
2[3H]-benzofuranone (2-
coumaranone)

2,-1-furandicarboxylic acid

2,5-furandicarboxylic acid

3,4-dimethyl-2,5-furandione

3-ethyl-4-methyl-2,5-furandione . , c
J lsobenzofuranone

1 [3H]-isobenzofuranone

5-methyl-3[2H]-
isobenzofuranone

2,3-benzofurandione

4-methy-i,3-
isobenzofurandione
5,6-dimethyl-l,3-
isobenzofuradione
3,4-dihydro-2H-1-benzopyran-
2-one

Hetero-element-containing compounds
2-[l,l-dimethylethyl] thiophene 2,3-pyridinedicarboxylic acid
3-methyl-2-thiophenecarboxylic _ , .,. ,. , ,. . ,

• J 2,5-p>Tidinedicarboxylic acid
acid

Organic compound groups present in MTE water samples released from different lignites

treated under the same conditions were similar. Phenolic and carboxylic compounds were

particularly common groups identified. Other types of compounds commonly present were

those containing carbonyl groups (C-O), such as cyclic ketones and fiiranones. Alcohols

were not observed, whereas a small number of sulphur and nitrogen containing compounds

were identified. Chlorophenols were also found in the water samples from one or two

lignites.

Most of these compound groups have been detected in aqueous effluents from various

operations processing lignites or similar materials, in which phenolic and carboxylic

compounds are usually the two most common groups observed, as in this study.

Carboxylic compounds including mono- and di- aliphatic acids were the major groups in

condensates from a peat and bark drying process (with a few benzoic acids) [85, 86] and in

effluents from an HTD process [56]. They were also found in wastewater from sources

such as coal gasification [80] and pulp bleaching [93]. Phenols, as trie major compound
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group, were identified in the aqueous phase of low-rank coal hydrothermal dewatering

(HTD) systems [65, 213, 214] as well as in wastewater from coal gasification processes

[66,81,82].

Cyclic ketones, mainly cyclopentanones and cyclopentenones, have been reported to be a

common compound group present in the aqueous phase after various lignite hydrothermal

treatment processes [56, 65, 84], while furans and/or aldehydes were found in condensates

from processes such as wood gasification [215] and peat drying [85, 86].

Mainly owing to the detailed nature of this study, utilising various sample pre-treatment

methods, the lists of compounds identified in the MTE water samples are more extensive

(despite their relatively low concentrations) than those reported from other similar water

sources.

Utilising an SPE method followed by GC-MS, Racovalis [65] was able to identify a large

number of phenolic compounds but only a few carboxylic acids in wastewater from HTD

bench tests (refer to Table 1-1). However, carboxylic acids were identified as one of the

major compound groups present in the wastewater from an HTD pilot plant [56]. It is

possible that the researcher identified relatively few acids (and no tri-hydroxy phenols)

because the water samples were not derivatised before analysis. In the present study these

carboxylic acids and tri-hydroxy phenols were generally found only after acetylation or

methylation.

In the MTE water, a variety of hetero-element-containing compounds, including sulphur or

nitrogen containing carboxylic acids, chlorophenols and thiophenes, were detected. These

compounds have not commonly been reported in similar process water, such as effluents

from HTD processing of lignite [56, 65] or peat and lignite drying [85, 86].

Thus, the compound identification results shown in this chapter further demonstrate that

the SPE-GC-MS schemes developed in this study provide a useful tool for more

comprehensive understanding of low molecular weight organic components in the MTE

water and were advantageous relative to methods previously utilised for similar samples.
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Chapter Four Identification of organics

4.3.2. Effects of Processing Conditions and Lignite Sources on Types of Organic

Compounds in MTE Water

For a given lignite treated under different MTE temperatures and pressures, the major

compound groups present in the process water were similar. Individual organic

components identified and their relative abundances in the water were also very similar,

although there were substantial differences in concentration. That is to say, fewer organic

compounds were identified in the water released under milder conditions. However, many

of the compounds that were not initially observed actually did appear in the

chromatograms after the solvent extracts were further concentrated. That the types of

organic species in process water produced at different temperatures were similar was also

observed by Racovalis [65] for wastewater from the HTD process.

In MTE water removed from different lignites treated under the same conditions, the major

compound groups identified were similar, as mentioned in last section. Nevertheless, the

individual compounds present did vary with lignite types. In general, Loy Yang A and

Yallourn lignites (r_. n Victoria) released the smallest number of phenolic species amongst

the coals investigated, followed by Lochiel High Sodium lignite (from South Australia).

However, fewer tri-hydroxy phenols were found in the water removed from all the South

Australian lignites. Unlike the phenolic compounds, the carboxylic compounds observed in

the water were very similar for all lignites.

These differences between organic components released from different lignites were also

reflected in quantitation results, as discussed in detail in the next chapter.

4.4. Origins of Organic Components in MTE Water

4.4.1. Organic Fragments Derived from Lignite

Organic components present in Hquid products from physical and/or chemical treatment of

the coal are actually (a) fragments of coal structure that have formed via decomposition of

the original coal polymer with possibly subsequent further reactions [216] or (b) low

molecular compounds trapped in the coal matrix [217, 218]. The former should possess

characteristics of the original coal structures from which they derive. This is the concept

that many coal structural studies are based upon. These studies include partial or controlled
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breakdown achieved by solvolysis (i.e. solvent extraction), hydrogenolysis and oxidation

that can give information on the skeletal structure of the coal [219-222].

Researchers have observed the presence of organic components related to lignitic

structures in various liquid products from processing Australian lignites [223-227].

As organic compounds derived from lignite are likely to be structurally related to the coal,

an understanding of the lignite structures is necessary for studying the origins of organic

compounds present in the MTE water.

4.4.2. Lignite Constituents

The mechanism of coalification is believed to be exceedingly complicated and the final

product, coal, possesses a complicated and chemically heterogeneous structure [228].

Therefore, it is rather difficult to precisely describe the chemical changes that occur during

coalification and to fully determine the coal chemical structure.

Though a wide range of coalification theories has been propounded in attempts to define

the parent materials of the coal and the mechanisms of coalification [15, 228], it is

commonly agreed that coal has originated from plant debris and is composed of a series of

macerals, which are related to various components of the original plant matter and which

can be observed visually under the microscope.

The constituents of plants which could possibly give rise to coal and commonly associated

structures include cellulose, protein, waxes, resins, terpenes, sterols, flavonoids, tannins,

lignins and alkaloids [228]. In the course of coalification, buried plant materials undergo a

series of transformation processes from peat to lignite to coal and to anthracite [229]. Some

of the plant structures are selectively preserved, while some are chemically transformed

and/or gradually lost.

As put by Hatcher and coworkers [230]:

"...the organic portion of peat is initially composed of a mixture of (1) vascular

plants containing lignin, with other labile organic compounds such as cellulose, and

(2) non-vascular plants containing these paraffinic macromolecules as well as

carbohydrates and proteins. As the peat forms and is buried anaerobically, the labile
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constituents, carbohydrates (cellulose) and proteins, are decomposed and lost. The

more resistant lignin and paraffinic rnacromolecules are selectively preserved..."

Coal structural studies have indicated that, from peat to coal via lignite, plant materials

such as cellulose were gradually lost and the preservation and transformation of lignin

structures occurred [231-237]. Therefore, lignite, as the product of aging peat, can be

considered as a mixture of structural types such as carbohydrates (cellulose), lignin,

paraffins and, possibly, resins [230, 238].

The main hetero-atom functional groups in lignites have been weii defined by previous

studies. In Victorian lignite, the carboxylic and phenolic groups account for most (50-55%)

of the total oxygen present [239], The next most abundant oxygen groups is carbonyl (15-

20%) [240]. Alcoholic groups are found to be present in some Victorian coals such as

Yalloum and Morwell at low levels (accounting for 10% oxygen) [239]. Nitrogen and

sulphur contents in Victorian lignites are generally low [239]. Nitrogen is mainly present

in basic form such as pyridines [241], while the dominant form of sulphur compounds is as

thiophenes [239].

In view of the discussion in Section 4.4.1, it would be expected that many of the organic

compounds in the MTE process water should be structurally related to these chsmical

moieties in lignite, and that the oxygen functional groups they possess should be similar to

the more polar functional groups in coal (Hence they are likely to be water soluble

compounds).

4.4.3. Origins of Major Compound Groups in MTE Water

4.4.3.1. Aromatic compounds

Aromatic compounds in MTE process water include phenolic compounds, aromatic

carboxylic acids, benzaldehydes and other compounds containing benzene rings.

As mentioned in Section 4.4.2, lignin is one of the main wood components that selectively

survives early degradation in peat during coalification [233, 242, 243]. It is commonly

agreed that the lignin structure is the primary source of aromatic structures in lignite [231,

237, 244-246]. Thus, it provides the origin of aromatic compounds in lignite [233, 235S

247] and therefore of the aromatic compounds in MTE water.
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A long history of lignin chemistry, as reviewed by Adler [248], provided the foundation

for chemical structure studies of low-rank coals by Hatcher and coworkers [235, 245,249].

The basic building unit of lignin structure is the guaiacyl nucleus (i.e. a single phenolic

ring with an ortho methoxy group) substituted with an oxygenated C3 sidechain in the para

position. The examples of guaiacyl building units are illustrated in Figure 4-25.

9 H 3 CH3

0CH3

OH

Figure 4-25. Examples of guaiacyl building units of lignin structure [228, 248].

A structural model of modem gymnosperm lignin is shown in Figure 4-26. It was proposed

by Hatcher [249] after modification of an earlier published model of softwood lignin [248].

Figure 4-27 illustrates a structural model of 3 partially degraded gymnosperm wood from

lignite, prepared by Hatcher [249] based on analytical data from Australian lignites [249,

250].

CH,

CH{O-C)

Figure 4-26, A structure mo d of lignin by Hatcher [249] modified from a lignin
model by Adlcr [248].
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CH2 OH

H3CO

OH

Figure 4-27. A structural model for lignitic wood by Hatcher [249]. (Circled letters
indicate cross-linking sites).

The main differences between the lignite model and the ligniri model are: (a) the

demethylation of methoxy groups on some aromatic rings leaving hydroxy groups instead;

(b) an increase in carbon substitution of the aromatic rings and (c) the presence of carboxyl

groups and the addition of more carbonyl groups.

The aromatic structures in lignin that the aromatic compounds in MTE process water were

likely to originate from can be readily recognised in the structural model (Figure 4-27).

Substituted mono*hydroxy phenols, di-hydroxy phenols (catechols), substituted benzoic

acids and phenolic ketones can be seen as the fragments or reaction products derived from

structures such as those circled in green, blue, red and pink, respectively. Other aromatic

compounds such as the tri-hydroxy phenols, aromatic acids and benzaldehydes may also

find their origins in such lignin structures. Thus, the aromatic compounds present in the

MTE water may simply be the fragments from lignin structures that were cleaved during

the thermal treatment that was part of MTE processing.

It is also clear why 1,2,4-substituted aromatics were considered to be more likely to occur

in MTE process water than 1,3,5 substituted fragments, since the latter substitution pattern

is not part of the original lignite structure (See Section 4.2).
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4.4.3.2. Aliphatic carboxylic acids

Aliphatic carboxylic acids identified in the MTE water include saturated and unsaturated

mono- and di-acids, short chain tri-acids, etc. as shown in Table 4-15.

Fatty acids (aliphatic monocarboxylic acids) are commonly found in natural compounds

such as lipids and waxes [25!, 252], which are widely distributed in plants and woods and

are important plant materials contributing to coal deposition [15, 228]. Branched

monocarboxylic acids are characteristic constituents of microbes, while branched

dicarboxylic acids are probably the oxidation products of the microbial branched mono-

acids [252]. Tricarboxylic acids (such as those identified in the MTE process water and in

lignite hydrolysis products [252]) resemble citric acid, which is the metabolic intermediate

product in the Krebs cycle - one of the fundamental biochemical cycles [228, 252]. It is

believed that the cycles are continued under the influence of micro-organisms and their

enzymes even after the death of the plants [228].

Observations of the release of aliphatic carboxy1^ ?cids as reaction products from

treatment of plant materials may provide clues v rout another route by which these

compounds can be produced from coal structa ;: !'r/<i mono- and di-carboxylic acids

have been identified as the main degradation proda > during thermal treatment of plant

cellulose under alkaline conditions [253, 254]. Closely similar structures occur in lignite.

The presence of cellulose has been mentioned in Section 4.4.2.

The carboxylic acids derived from lipids and waxes need not have been present as such in

the original plants. Like the cellulose, the lipids, waxes, etc. in the coal may release

aliphatic acids during coalification reactions. Hayatsu et al [236] suggested that kerogen-

like aliphatic-rich materials contained in lignite may be derived from lipids (e.g.

hydrocarbons, waxes, terpenoids and steroids). Oxidation of lignite was found to release

abundant aliphatic dicarboxylic acids with a similar distribution pattern to those released

from kerogen oxidation [236]. Free form acids can be found physically absorbed in the

micropores of the coals [251, 255]. It is suggested that the free fatty acids are liberated due

to hydrolysis of plant materials such as lipids during the initial stage of plant accumulation

and coalification [251, 252]. This hypothesis is supported by the results of a study by

Komori et al [252], who observed that the hydrolysis products of solvent insoluble lignite
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residues gave fatty acid distributions similar to those present in the solvent extracts. This

implies the same origin for both groups of fatty acids.

Therefore, unlike the aromatic compounds that originate from lignin structures, the

aliphatic acids are more likely derived from aliphatic structures in lignite, such as cellulose

or lipids from plant materials. Aliphatic acids found in the MTE water were mostly short

chain homologues (<C18). It is probably because- these acids are more water soluble, as

they possess, proportionally, much smaller hydrophobic hydrocarbon chains.

4.4.3,3. Cyclic ketones

Cyclic ketones observed in the MTE water are mainly alkyl substituted 2-cyclopentenones.

These compounds may not be as common as phenolics and carboxylics but they are often

found in the effluents of lignite processing, as mentioned in Section 4.3.1.

A number of studies provide evidence for cellulose as the main origin of cyclic ketones. In

the oil conversion products of cellulose, wood and lignin, a number of alkyl-substituted

cyclopentanones were identified, with the relative abundance decreasing from cellulose to

wood to lignin [256]. This is an indication that cellulose rather than lignin is the precursor

of these compounds. Thermochemical treatment of cellulose materials under alkaline

conditions was also found to form a number of cyclopentanones and cyclopentenones,

besides releasing large numbers of carboxylic acids as degradation products [253, 254,

257].

It has been proposed that the alkyl cyclopentanones and cyclopentenones are iox

during thermal reactions of reactive carbonyl compounds in carbohydrate materials (e.g.

cellulose) via intra-molecular cycliuation [254, 258].

Thus, it is probable that the cyclic ketonic structures are derived from cellulose-like

materials in lignite.

4.4.3.4. Furans and related structures

In the MTE water, furans and related structures detected are mainly furanones,

furancarboxylic acids and benzofuranones.

These non-phenolic oxygen-containing heterocyclic structures (e.g. furans and

benzofurans) have been sometimes found in coal derived products thought generally
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present only at low levels. A series of furancarboxylic acids was detected in the oxidation

products of lignites [236]. Benzofurans and similar structures were also found in solvent

extracts of brown-coals (lignite) [259] and bituminous coals [260].

Furan and its tetrahydro derivatives are known to be present as one of the structural units

in lignans and lignins [236]. In lignite coal, the abundant aromatic-rich lignin-derived

materials is considered to be the major source of the oxygen-containing heterocyclic

structures found in the structures of coal macromolecules [236, 261]. The lignin origin of

these structures is supported by laboratory evidence that lignin can be transformed by

oxidation into lignin-like polymers containing oxygen-containing heterocyclic structures,

such as fiiran, benzofuran, dibenzofuran and xanthone [261].

The furans and similar oxygen-containing cyclic compounds in the MTE water therefore

probably originate from the lignin structures in lignite.

4.4.3.5. Sulphur and nitrogen containing compounds

Organic sulphur in coal is considered to have similar chemistry to oxygen and is present in

similar functional groups such as thiophenols and thiophenes [1..]. In the MTE water, a

number of thiophenes and thiophenecarboxylic acids were identified in both Victorian (low

sulphur content) and South Australian lignites (high sulphur contenr.).

Research has shown evidence for the important role that bacteria, anr* perhaps algae, may

play in the formation of organic sulphur in coal. A study of high sulphur coals indicated

that a large proportion of sulphur ?n the high-sulphur coals has a bacterial origin [262],

Investigation of low sulphur coals showed that organic sulphur was derived from a

combination of original plant sulphur and secondary, 34S-depleted sulphur probably

produced from bacterial reduction of sulphate [263]. Isotopic studies by Westgate and

Anderson [264] led to similar conclusions, that most of the organic sulphur in high-sulphur

coals was derived from post-depositional reactions with a 34S-depleted source, probably

related to bacterial reduction of dissolved sulphate, whereas organic sulphur in the low-

sulphur coals reflects the original plant sulphur.

Mechanisms of the incorporation of sulphur into organic matter have also been

investigated. Casagrande et al [265] demonstrated the reaction of H2S with peat to produce

organic sulphur, which is incorporated rapidly Lilo the humin and bumic acid fractions. A
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possible origin of polycyclic thiophenes in coal was proposed by White und coworkcrs

[266], who suggested that these compounds may have slowly formed during coulificution

via reaction of polycyclic aromatic hydrocarbons (PAHs) with sulphur, pyrite, and/or H^S

by insertion of a sulphur bridge into the stalling PAH [266].

In the present study, only a small number of nitrogen containing compounds, pyridines,

were observed in the MTE water. Nitrogen in coal originates from the proteins of plants

and microorganisms. However, most of these proteins or their products of hydrolysis have

been transformed by reactions into different types of nitrogen compounds during

coalification [267], mainly as pyridine or pyrrolic type rings [15]. The pyridine structure in

lignite is probably the origin of the nitrogen containing compounds found in the MTE

process water.

4.5. Summary

Application of the SPE-GC-MS methods, established in Chapter Three, led to the

identification of major low molecular weight organic compounds in M TE water produced

from different lignites under a range of conditions.

The major organic compound groups present in the MTE water for different lignites and

for different processing conditions were similar. The most abundant compound groups

were phenolic and carboxylic compounds, with compounds containing carbonyl groups

(e.g. cyclic ketones and furanones) also significant.

Individual components and their relative abundance observed in the water faim different

processing severities were similar, but their occurrence did vary somewhat for different

lignites.

The major organic compound groups released from the lignites during MTE treatment can

be related to origins in the lignitic structures, in which aspects of the structure of the

original plant materials are preserved during the coalification process. Aromatic

compounds (e.g. phenols and aromatic acids) and furan related structures (e.g. furanones

and benzofuranones) may be derived from the aromatic lignin structures in lignite, while

aliphatic acids and cyclic ketones are probably related to the aliphatic materials, such as

lipids and cellulose, in the coal.
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CHAPTER FIVE

QUANTITATION OF ORGANIC COMPOSITION OF MTE PROCESS

WATER

5.1. Introduction

The quantities of organies in the MTH process water and the effects o( both processing

conditions and lignite type are presented in this chapter. The first part of the chapter

discusses the total organic carbon released to the process water. Hie second part mainly

summarises OC-MS quantitation results for major organic components in selected MTH

water samples, The molecular weight distribution of organic components in the MTH water

is also discussed.

5.2. Quantities of Organic Carbon in MTE Water

The effects of MTli processing conditions, including temperature, pressure, compression

rate and the use of kneaded coal, were investigated using I ,oy Yang A lignite. Morwell and

Lochicl High Sodium were also treated at certain temperature* or pressure* for

comparison. A fuller range of lignites were treated under identical process conditions to

investigate the effect of source material.

5.2,1. ("onccpts and Calculations

While the total organic carbon (TOC) in water i« defined a* all carbon atom* covalently

bonded in organic molecules, the standard definition ofdiaaotved organic carbon (DOC) i*

the fraction of TOC that pa**e* through a O.45^tn filter (268], In the present Mudy. MTC

water samples analysed for TOC were filtered through glas* fibre filter* (1,6um). Very

fine coal particles might have paused through the niter*, Therefore, the term T(X\ ax u*ed

in this thesis, includes DOC plus any fine paniculate itrganic carbon that might have

passed through the gtas* fibre filter*,

Since the volume of process water produced from different MTK batch mm varied, the

determinod TCK" concviiUations. in g/l., were m>t suitable for direct comparison, tm»tend,
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the total amounts of ot'ganics released from the coal were recalculated as grams of organic

carbon (OC) removed per kilogram of dry coal, as shown in Equation 5.3.

OC
.„ (CpxVp + CrxVr)

Mcoalx([-fmo)
Equation 53

where:

OC is the organic carbon in the M IE process water released front the coal (g/kg coal,

db);

Cp and (> are the concentrations ols TOC in MTIi product water and rinsing water

samples, respectively (g/L);

I'p and I'r arc the total volumes of MTU product water and rinsing water, respectively

- Mcoal is the mass of the raw coal used in each run (g, wb); and

fun) »* the fraction of water in the raw coal on a wet basis (g/g coal, wb).

y 2.2. Kth'ct °f f'mccxsinft Temperature and Pressure

The first variables examined were temperature and pressure. In this hatch of experiments,

Mil- pn>cc!i*ing conditions investigated included temperatures of 120, 150, 180 and 2(X)V

and applied pressure* of 6, 12 and 25MPa.

5.2.?.I. Uy Yang A

The organic carbon removal from Uiy Yang A in plotted in {igure 5-28 as a function of

MTI. procc*»iing temperature at different pressures, tor eomparmw purpi>ses, the motKture

t cmo\ aJ rcsuhii for the xamc runs arc nhown in Figure 5-29,
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data points shown in the figurei. arc averages of replicates. Table 5-17 presents

detail* {number of rtpiicatcv, means and standard deviations) related to

individual data points.
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Table 5-17. Means and standard deviations (SD) determined for organic carbon and
moisture removal from Loy Yang A lignite.

MTE processing -
condition

6MPa

120°C 12MPa

25MPa

6MPa

150°C 12MPa

25MPa

6MPa

180°C 12MPa

25MPa

6MPa

200°C !2MPa

25MPa

OC (g/kg,

Number of
replicates

1

2

1

4

6

3

2

3

3

2

3

5

db)

McaniSD

0.37

0.45±O.O7

0.4

0.58±0.16

0.60±0.11

O.69±0.04

0.71 ±0.07

I.li.0.1

O.98±0.19

1.3±0.0

l.3±0.4

1.2±0.6

Moisture removal %

Number of
replicates

1

2

1

3

6

3

2

2

3

2

3

4

Mean±SD

44.0

50.4±2.3

52.1

54.8±4.0

59.1±3.5

63.8±3.8

65.1 ±4.0

70.3±O.5

65.7±3.8

75.2±12.4

79.4±6.1

68.7±9.3

There is a notable increase in organic carbon removal as the processing temperature

increased (Figure 5-28). The percentage moisture removal follows a similar trend as shown

in Figure 5-29.

The effect of processing pressure docs not appear to be as sigiiificant as that of temperature

within the range of conditions investigated. As shown in Figure 5-28 and Figure 5-29, the

data points at 12MPa are, in most cases, higher than those at 6MPa. The data points at

25Mpa arc lower at the higher temperatures (180, 200"C); but the dilTerences are within

the limits of error or only just outside them.

The proceeding observations arc based on average results from replicate MTE runs. It can

be seen in Table 5-17 that the errors in some cases are quite high. As mentioned in Chapter

Two, in this case, a more searching statistical analysis (using SPSS*) is desirable to

uncover the probable effect of processing conditions taking into account experimental

errors.

The general linear model (GLM) is the most widely used statistical model. It assumes that

independent variables (e.g. temperature and pressure) affect dependent variables (e.g. OC
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and moisture removal) in a linear fashion [269], The analysis of variance (ANOVA) and

linear regression (LR) are special cases of the GLM model. In the context of this study,

ANOVA investigates whether the changes in moisture removal and OC with temperature

and pressure are significant in a statistical sense, i.e. greater than can be explained by the

experimental error. LR obtains the best (in a least-squares sense) linear relation between

the observed response (e.g. OC or moisture removal) and the so-called explanatory

variables (e.g. temperature and pressure) and checks whether the linear relation is

significant, compared to the experimental error [270]. The statistical techniques make

certain assumptions about the data, but are 'robust' in the sense that they give meaningful

answers even if the assumptions are violated to some extent [270]. Therefore, ANOVA and

LR are suitable tools for statistic analysis of the effect of processing temperature and

pressure. Table 5-18 presents the results of the ANOVA analyses.

Table 5-18. ANOVA analysis of the effects of processing temperature (T) and
pressure (P) on organic carbon (OC) and moisture removal.

OC

MoivSture
removal

T

0.000

0.004

p-value
(all duta)

P

0.254

0.567

T*P

0.980

0.240

p-value
(exclusive of data at

25MPa)

T

0.018

0.001

P

0.171

0.034

T*P

0.600

0.905

p-value
(exclusive of data at

200°C)

T

0.O03

0.017

P

0.070

0.494

T*P

0.794

0.168

T*P - interaction between the two factors.

The p-values give the probability that a large difference between two populations (e.g. OC

at lower and higher temperatures) would occur by chance [269], When the value is small

(i.e. <0.05), the effect of the independent variable on the dependent variable can be

regarded as significant.

All the p-values for the temperature effect are <0.05 (Table 5-18), so that despite the

variability between replicates at specific conditions, the MTE processing temperature did

significantly affect the organic carbon and moisture removal. Linear regression analysis for

the means of organic carbon versus temperature at 6, 12 and 25MPa gave R2 values of

0.8324, 0.9568 and 0.9993, respectively. R2 values for moisture removal versus

temperature at 6, 12 and 25MPa are 0.9939,0.9915 and 0.8758, respectively.
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The effect of pressure was much smaller than that of temperature. Results in Table 5-18

show that, across the whole range of temperatures and pressures investigated, the pressure

effect was insignificant (p-value is much greater than 0.05). However, when the pressure

effect in the range of 6 to 12MPa was evaluated, i.e. excluding data at 25MPa, a significant

eflcct (p-value=0.03) of pressure on moisture removal was revealed. For organic carbon

removal, when the pressure effect was analysed at lower temperature range, i.e. excluding

data at 200°C, the pressure effect became almost significant (p-valuc=0.07).

The standard deviations results in Table 5-17 provide an explanation for the observation

that the pressure effect was insignificant at higher temperatures or pressures. In the cases

of severe conditions (especially high temperatures), the standard deviations are higher than

for the milder conditions investigated. This is probably due to difficulties in maintaining

constant pressure inside the MTE experimental rig when used at high temperature. In other

words, when the deviations arc large in proportion to the data values, the effect of the

factor, i.e. pressure, will be statistically evaluated as insignificant. At lower temperatures

and pressures, the pressure effect appears to be significant since the deviations are now

small in proportion to the data values.

Results in Table 5-18 also show that across the range of conditions investigated, the

interaction between temperature and pressure effects (T*P) is insignificant. This means

that processing temperature and pressure affected both the dewatcring efficiency and the

release of the organics independently.

Two conclusions can be derived from these observations. First, under the conditions

investigated in this study, the removal of organic species as well as moisture increased

with the severity of the MTE processing conditions. Second, temperature caused a more

significant impact than pressure on the amounts of organics and water removed from the

lignite. That the MTE processing temperature has a greater influence than pressure on

moisture reduction was also observed by Guo et ai [271] for temperatures between 20 and

280eC and for pressures between 3 and 12MPa.

Increases in the concentration of organics in the aqueous condensates or wastewater as a

function of process temperature have been observed for t number of fuel drying processes

[54, 86, 272, 273], A linear relationship between the organic carbon released to wastewater
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and the diying temperature was present for HTD treatment of Indian Head lignite in the

range of 27O-33O°C by HTD, although the effect was not stated in the report [54],

Racovalis et al [273] found that TOC concentrations in the HTD wastewater from batch

autoclave experiments increased logarithmically with increasing temperature in the range

of250-350°C.

5.2.2.2. Other lignites

Studies of the effect of MTE processing temperature and pressure on organic carbon

removal were also carried out using Morwel 1 lignite from Victoria and Loehicl High

Sodium lignite from South Australia. The organic carbon removed from Morwell at 20G"C

and different pressures and from Loehicl High Sodium at 6MPa and different temperatures

are presented in Figure 5-30 and Figure 5-31, respectively. The error bars, where present,

represent the standard deviations of data from two and four replicate runs for Morwcli and

Loehicl High Sodium lignites, respectively.
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Figure 5-30. Organic carbon removal venui prmure (200C) - MW.
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Figure 5-31. Organic carbon removal versus tempera.urc (6MP«) - L1IS.

As can be seen in the plots, the organic carbon removal from Morwel! lignite increased

moderately with increasing processing pressure, whilst the increase with temperature for

Lochicl High Sodium was much larger. Statistical analyses indicated that the correlation

between organic carbon removal and pressure for Morwcll was almost significant (p-

valucH).07), whereas the correlation between organic carbon removal and temperature for

LHS was significant (p*valuc<0.05).

!t can be concluded that, despite differences in the absolute amount* of organic carbon

removed from these lignites during MTE, the effects of process seventy were similar to the

ease of toy Yang A. That IK, increasing temperature generally tncrcawx! the amount* of

organic carbon removed to the water phsu»c, whereas the incrcaj»e with pressure wax almost

significant.

.12, .*. Effect of Comptw* Ion Rate and {he of Kneaded ( \ml

5.2.3.1. Compression Rate

The compression rate is the rate at which the pinion travel* downward* to apply

mechanical ftvree onto the cttal {and water) \omkd inside the c<wvpmi*i^ chamber until

the de*ired final ftrmure k reached. A n«ries of ex|H»iment* were undertaken to »ee if the

r»te hud any impact on the atnoun* of organic carbon removed during MTE

1.V7
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Figure 5-32 shows a plot of organic carbon removal versus compression rate at 150°C,

12MPa for Loy Yang A. Since the rate covers a broad range from 10 mm/tnin to

500mm/min, a logarithmic scale is used on the X-axis. The percentage moisture removal is

also illustrated on the same graph. The error bars represent the standard deviations of data

from six replicate runs

15

10

8 05 • I
#••

, 100

60

| 60

i 40

j

i 20

0 0

10 1* 20 25 3005

• OC • Manure removal

5-32, Organic carbon removal virtu* compresakm rate - L V/.,

It can be *©en that, aero** the broad range of compression rate*, both tf»e organic carbon

removal and moisture reduction remained steady within variations due to experimental

error

The purpose of the compression rate tot* was to optimise the rate a* one of the operational

variables for maxtmi&ing moi»nire removal During compression, thefp was an axial

hvdrtultc pretture gradient incrmiitng die tiompret&ton rate led to a rapid increase in

gradient resuhmg m an effective reduction in th* •venge compwttijon pr«iiure applied

Hence, a decttHm of the moitture removal might be expected However, prior fttodie* on

iahorttdry scale [27} ] and ptkti »ctle p , t>) Mi l pr&x*%t* d#monstnt«d that. <f >̂2(>mtn

hoidmg tirm vva* aJlot*«d folbwing oompraiiion. die moisture comwtt oi ths* final

prodwet* readied mm\u*\\y ifve iame level, d*«pttr ch* 4tfVitmmt comj>re*ks(wi mie»

applied Tht» finding tmpliet that, given in adfcqu&tt time for pressure redistribution and

rclascattdn, any effect of the initial cornprasason rate on motfittre removal n
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overcome and the final moisture content is independent of its compression history. Thus, it

appears that for the procedure used in the present study - holding the pressure for five

minutes, then holding the piston position for ten minutes - was sufficient to give moisture

removal independent of compression rate.

The organic carbon removal was observed to follow a similar trend and was also

independent of the compression rate .

5.2.3.2. Kneading Time

The effect of using kneaded coal was investigated by kneading the raw coal at lOrpm for

different periods o( time in an IKA "Ika Vise HDK. 0.6" kneader prior to loading the

material into the MTIi cell.

Kneading the coal produced a paste-like material. The effect of kneading on the physical

properties (e.g. pore sizes, surface areas, etc.) of the coal is unclear, but analysis of the

kneaded coal showed mat kneading generally did not affect the amount of water retained in

the coal structure.

The effect of kneading on organic carbon removal for Loy Yang A lignite is illustrated in

Figure 5-33. The corresponding results for moisture removal are shown in Figure 5-34.

The error bars are standard deviations based on repeat runs.

Since the«e e*perim«tt» were owned out early in the sequence of work, a compression rate of 50inm/min
*** ftrtected *nd ueed for all other MTT batch experiments described.
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Figure 5-33. Organic carbon removal versus kneading time - LYA*.
*The labels on the abscissa give MTE temperature (°C)/pressurc (MPa).
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Figure 5-34. Moisture removal versus kneading time - LYA*.
*The labels on the abscissa give MTE temperature (°C)/pressurc (MPa).

After considering the errors, it can be seen that, for the same processing temperature and

pressure, there was little variation in moisture removal, or for organic carbon removal.

The results indicate that coal kneading did not have a significant impact on the efficiency

of the dewatering or on the release of organic matter into the aqueous product stream.
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$.2.4. Coal Hater Removal ami Organic Carbon Removal

As discussed in Section 5 12, both the removal of organic carbon and of moisture

followed a similar trend as the MTK processing conditions varied In order to glean a better

understanding of the relationship between the removal of organic matter and coal water,

the amount of organic carbon removed under various processing conditions (e.g. dilTcrcnt

temperatures, pressures, compression rates, etc.) is plotted against the corresponding

percentage moisture removal, as shown in Figure 5-35 (Loy Yang A).

25

20

8 10

05

00 . . . .

40 0 50 0 60 0 70 0 00 0 90 0

Momture removal %

Figure 5-35. Organic carbon removal verftu* moisture removal - LYA.

The plot shows that, despite some scatter, there was a good increasing trend in organic

carbon removal with the amount of water removed from the coal. Statistical analysis

indicated that the direct correlation between organic carbon and moisture removal was

significant at the 0.05 level (i.e. 95% confidence level),

The mechanisms of the water removal from lignite during dewatering can be related to the

manner in which water is physically held within the lignite structure. The interpretation of

water sorption isotherms of low-rank coals indicates that various forms of water can be

distinguished as follows [13]:

a) free or bulk water admixed with the coal and contained in macropores and

interstices;
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b) water condensed in conl capillaries:

c) multilayer water, i.e. weakly hydrogen bonded water on top of monolaycr

water, and

d) monolaycr water hydrogen bonded to oxygen functional groups on the coal

•surface.

These various forms of water in lignite arc illustrated in I igurc 5*.V».

Hulk water

( H\|K'n it) lun îwHial groups • Hydrngrn in fumtionul

t stpillan \Mtvr (f-) Mullilavvr water £ Monolaycr wuicr

Figure 5-36. Water in lignite

During non-evaporative thermal dewatering. evolved water comes from (a) shrinkage of

coal particles, reducing the volume of pores, interstices, etc. available for holding water;

(b) thermal expansion of water so that a smaller mass can be accommodated per unit pore

volume available and (c) water forced out from the pores by carbon dioxide, which results

from thermal decomposition of the functional groups | I3j . In a study by Murray and Evans

134) on M i l ) dewatering. water removal from lignite was related to thermal decomposition

of carboxyl groups releasing carbon dioxide during hydrothermal dewatering. However,

since MIT. dewatering is carried out at relatively low temperatures (<200°C), at which

thermal decomposition of oxygen functional groups is insignificant [13], the removal of

coal water via mechanism (c) during MTU is unlikely. It was observed by Favas et ai [51]

that the moisture reduction of lignite by MTB treatment was rather accompanied by
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mncroporo reduction nnd that both moisture and maeropore reduction correlated directly

with the processing severity.

As mentioned in Chapter Four, organic matter released from lignite thermal treatment is

either organic fragments from thermal decomposition of the lignite structure or free

organic species absorbed onto the coal matrix [216-218]. Therefore, the thermal

decomposition of functional groups, possibly accompanied by other thermal reaction, will

have the effect of liberating fragments of the lignite structure. It is reasonable to expect

that these processes will proceed to a greater extent and/or more rapidly at higher

temperature leading to more organic materials being released and/or dissolved in the pore

water. As the water removal proceeds to a greater extent with increasing process severity,

an increase of the organic level in the removed water should be expected.

5.2.5. Organic Carbon Removed from Different Lignites

In order to compare the organic carbon released from different lignites, Loy Yang A

(LYA), Morwcll (MW) and Yalloum (YL) from Victoria and Bowmans A (BMA), Lochiel

(LC), Kingston (KS) and Lochiel High Sodium (LHS) from South Australia were all

treated by MTE at 200°C, 6MPa. The results arc presented in Table 5-19. The carbon

contents of the raw coals are also listed for reference.

Table 5-19. Comparison of organic carbon removed from different Australian lignites
at 200°C, 6MPa.

OC (g/kg, db)

Raw
coal C % daf

LYA

!.3±0.4

69.4

Victorian

MW

2.7AO.2

68.7

YL

3.3±O.l

67.7

BMA

3.8

65.2

South Australian

KS

3.3

67.8

LC

3.7

68.1

LHS

4.2

67.5

daf- diy ash-fire basis

The data indicate that Loy Yang A released the smallest amount of organic carbon. The

organic carbon losses for the other coals were between 3 and 4g/kg (db). The South

Australian lignites released larger amounts oforganics than the Victorian lignites under the

same conditions. In other words, the process water from MTE treatment of Loy Yang A

was the 'cleanest' in terms of organic contamination.
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It is interesting to observe that, in most cases, the raw coals with higher carbon content

(dal) tended to release less carbon during dewatering.

5.2.6. Organic Carbon in Wastewater - Comparison of MTE with Other Drying

'rocesses

In the laboratory batch MTE runs, lOOg of raw coal and approximately 150-200mL of

water - a coal to water ratio between 0.5 and 0.67 - were used producing -200mL process

water with a maximum organic carbon concentration of ~0.4 g/L for Loy Yang A. The

treatment of Morwcll, Yallourn and the South Australian lignites gave water with higher

organic carbon levels - up to 0.8 g/L (~5 g/kg diy coal).

Table 5-20 compares the MTE data with data for a range of lignite drying processes

reported in the literature. These data are organic carbon levels in process wastewater from

non-evaporative thermal processes (e.g. HTD and steam drying) and in aqueous

condensates from an evaporative drying process - fluidised bed drying.

Table 5-20. Comparison of organic carbon level in process waters from different
lignite drying processes.

MTE
(present
study)

Batch
HTD
[273]

Pilot HTD
in USA

[54]

Pilot HTD
in

Victoria
[55]

Steam
drying
[272]

Fluidise-
bed

drying
[86]

Temperature °C

Lignite

TOC(g/L)

OC (g/kg dry
coal)

120-200 250-350 270-330 300 182-222 250

i v t ir Indian , , .
Loy Yang Loy Yang H e g d Loy Yang

0.08-0.4

0.4-2.2

0.3*-7 1.66-4.23

2*-5O*

1.32

Loy Yang Rhenish

O.l*-2.3

• estimated from charts presented in the papers.
- not available

In spite of the fact that different lignites and drying processes are compared, the effect of

processing temperature on the removal of organics is clearly evident. For those processes

employing higher temperatures, e.g. the HTD process, the organic carbon levels in the

process water are significantly higher. In batch HTD experiments using a Loy Yang lignite

[273], the treatment of 40g of a 3:1 watencoal slurry, at temperatures of 250-350°C,

produced wastewater with TOC concentrations up to 7g/L (~50g/kg, db). Even at 250°C -
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the lowest temperature employed in that study, the TOC level was approximately 0.3-0.8

g/L (estimated from the chart presented).

It can be seen that the MTE process investigated in the present study produced water with

lower organic carbon loadings than any of the other listed processes. This can be attributed

to the relatively low temperature employed,

Thus, it can be concluded that, in terms of the organic carbon loading that lignite non-

evaporative drying processes emit to the process water stream, MTE might be seen to be

more environmental friendly than other drying processes, such as HTD.

5.3. Quantities of Major Organic Components in MTE Water

Quantitative results discussed in this section include only those from the GC-MS analyses

of the SPE extracts after acetylation or methylation for each MTE sample. The effects of

process severity and type of lignite on the quantities of major organic components and

compound groups are discussed.

5.3.1. Calculation and Estimation

Using the SPE-GC-MS methods described in Chapter Three, the concentrations of nine

selected phenols and five selected carboxylic acids (refer to Table 3-6) in representative

MTE product water samp1 *s were determined.

In order to compare quantitative results for individual compounds between MTE runs, it is

convenient to convert concentrations of the compounds (g/L) to proportions of dry coal

charge using an equation similar to Equation 5.3, which was used for the OC calculation.

Since the GC-MS analysis of major organic components was only carried out for the

product water samples (refer to Chapter Two), the amounts of these components in the

rinsing water samples had to be estimated to enable calculation of the total amounts

removed to the water phase. Assuming that the proportion of each individual compound

present in the product water and rinsing water samples is the same as that of the total

organic carbon, the total amount of the compound released to the water phase was

calculated using the equation below:
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Equation 5.4

Mi
Mcoal x (l - /iiK>%)

where:

- Mi is the mass of a compound / released to the MTE process water from the coal

(mg/kg coal, db);

- Ci is the concentration of the compound / in MTE product water (mg/L);

- Cp and Cr are the concentrations of TOC in MTE product water and rinsing water

samples, respectively (g/L);

- Vp and Vr are the total volumes of MTE product water and rinsing water samples,

respectively (mL);

- Mcoal is the mass of the raw coal used in each run (g, vvb); and

- fuso is the fraction of water in the raw coal on a wet basis (g/g coal, wb).

Using the quantitation results for the 14 selected major components, the total amounts of

phenolic and carboxylic compounds in the samples could be estimated. The estimation of

the total amount of phenolic compounds was carried out in four steps:

a) Calculating the conversion factor relating concentration to peak area.

As described in Section 3.3.4, standard calibration curves for the nine selected phenols

were carried out by plotting the normalised MSD response of the target ions against

concentration in standard solutions. This gave linear calibration curves of the form

y=bx±a, where 'y' is the normalised MSD response and 'x* is the phenol concentration in

the solutions. In order to calculate the total amount of the phenolic compounds, a similar

approach was used but the total ion current peak area was used for each phenol instead of

the area of the target ion. In this case, the intercept, 'a', was generally small and could be

neglected. Thus, the concentration equation could be expressed as x=y*y, where '/* equals

'1/b' and can be understood as a factor relating concentration to total peak area. For the

eight mono- and di-hydroxy phenols,/was between 2xlO"5 and 4xlO*5 (ug/L per area

count). For pyrogallol, as its calibration curve was not perfectly linear for the whole
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concentration range (refer to Figure 3-14),/was determined to be 2x10* and 6x10*

per area count) in the lower (<200ug/L) and higher (2OO»8OO|ig/L) concentration ranges,

respectively.

h) Summing the total peak areas for phenolic compounds.

The peak areas for all phenolic compounds identified in the TICs of the acctylated extracts

were integrated and summed. Peaks that could not be confidently assigned a specific

identity but thai were identified as phenolic compounds were included in the calculation.

For components that were present at very low levels or that were poorly separated from

impurities (e.g. unidentified peaks, column bleedings, etc.) in the chromatograms, peak

areas were estimated as follows. As indicated in Section 3.3.6, the smallest peak area of the

target ions appearing in the chromatogruim was generally 5000 count units. For all the

nine standard phenols, the ratio of total peak area to target ion peak area was

approximately 2:1. Hence, 10000 counts were used as the peak area of these compounds

(i.e. present at very low concentrations or mixed with impurities). Since the relative

abundance of non-phenolic compounds (e.g. cyclic ketones and furanones) identified in the

acctylation-SPE extracts was small (<IO% of the peak area in most cases) and since no

standard compounds of this type were used as standard calibrants, these compounds were

included in the summation for the mono- and di-hydroxy phenol group. The peak areas of

tri-hydroxy phenols were summed separately.

c) Calculating the total concentration of phenolic compounds.

The total concentration of phenolic compounds in an MTE sample was calculated using the

equation x=y*y (Step (a)), where 'y' is the sum of the peak areas for all identified phenolic

compounds (from Step (b)). To simplify the calculation, the factor/for phenol (3x10"$

ug/L per area count) was used to estimate the concentration of the total mono- and di-

hydroxy phenols. The factors for pyrogallol in the lower (<200ng/L) and higher (200-

900ug/L) concentration ranges (2xlO"4and 6xlO"5 ug/L per area count, respectively) were

used to estimate a range of concentration of the tri-hydroxy phenols.

d) Calculating the total amount of phenolic compounds.
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The C(Miccnlration of the phenolic compounds (tng/L) was converted to proportion of dry

coal charge using an equation similar to liquation 5.4 with the concentration and amount of

a compound replaced by those of the total phenol*.

To estimate the amount of total earboxylio acids, a similar method was applied. The

factors,/ for the five acids were between 8x10"and 3x107 (mg/L per area count). The

factors for suecinic acid (2x107 mg/L per area count) and benzoic acid (3x10' mg/L per

urea count) were used to estimate the concentrations of total aliphatic acids and aromatic

acids, respectively. Acids with the carhoxylic functional groups on both the benzene ring

and side chains (e.g. benzene acetic acids) were taken to be ammatic acids. As the ratios of

total peak area to target ion peak area of the five acids varied from 1.3 to 14, the averaged

ratio for suecinic acid and benzoic acid, 1.5 (corresponding to 7500 area counts), was used

to define the minimum peak area included for components present at very low

concentration or as unresolved peaks.

In other words, the equation x=y*y used to estimate the total concentration of the phenols

or carboxylic acids can be expressed as:

Ctotal • / x A total Equation 5.5

where:

- Ctotal is the estimated total concentration of phenols or acids (ug/L for phenols

and mg/L for acids);

- / i s the conversion factor relating concentration to peak area (ug/L per area count for

phenols and mg/L per area count for acids);

- Atotal is the sum of the peak areas for all identified phenols (including non phenols)

or acids (peak count units).

In order to compare the mass of difTerent organic species and determine the proportions of

each group of compounds to organic carbon (OC as in Equation 5.3), the amount of each

compound group was converted to the corresponding mass of carbon by using the

molecular weights of phenol, pyrogallol, suecinic acid and benzoic acid to facilitate the

conversion. Equation 5.6 details the calculation procedure.
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\f total.

OC
xlOO Equation 5.6

where;

% is the proportion of a compound group to total organic carbon (DC) as a

percentage;

- Mtotal is the estimated total amount of a compound group - (g phenol/kg, db), (g

pyrogallol/kgf db), (g suecinic acid/kg, db) and (g ben/oic acid/kg, db) for mono- &

di-hydroxy phenols, tri-hydroxy phenols, aliphatic acids and aromatic acids,

respectively;

~ MWr is the molecular weight of the four reference compounds for each group - 94

(phenol) for mono- and di-hydroxy phenols, 126 (pyrogallol) for tri-hydroxy phenols,

118 (succinic acid) for aliphatic acids and 122 (ben/oic acid) for aromatic acids;

- k is the molecular weight of the carbons in the reference compound -6x12 for mono-

and di-hydroxy phenols, 6x12 for tri-hydroxy phenols, 4x12 for aliphatic carboxylic

acids and 7x12 for aromatic acids (note that the carbon numbers of the reference

compounds arc 6, 6,4, 7, respectively); and

- OC is the total amount of organic carbon in a sample (g /kg, db).

5.3.2. Effect of Processing Conditions

The effects of processing conditions on the concentrations of the 14 selected compounds

(quantitative determinations) and on the estimated concentrations of the major compound

groups in MTE water arc presented in Table 5-21. Organic carbon levels (OC) are also

presented as a reference. Table 5-22 details the relative abundance of each compound

group to the total quantity of identified organics. It should be noted that the units for the

quantifies of individual compounds and phenolic groups listed in Table 5-21 arc nig/kg,

whereas for the total acids it is g/kg.
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Table 5-21. Amounts of selected organic components and major groups in MTE
water produced under different conditions - LYA and MW.

150T
25MPa

Loy Yang A

200°C
6MPa

200°C
25MPa

200°C
GMPa

Morvvell

200°C
6MPa

200°C
25MPa

phenol 0.075 0.0081 1.3 0.50 0.72 0.11

4-mcthyl phenol 0.027 0.014 0.13 0.035 0.05O 0.073

2,4-dimethyl phenol 0.0053 0.0095 0.053 0.011 0.017 0.025

2-mcthoxy phenol 0.021 0.42 1.1 0.69 0.91 2.0

2-methoxy-4-mcthyl
phenol

1,2-bcnzcncdiol

2,6-dimcthoxy phenol

vanillin

1,2,3-bcnzcnctriol
(pyrogallol)

succinic acid (C4) 0.30 11 46 59 41 98

benzoic acid 0.40 1.4 0.39 0.38 0.34 0.69

pPimclic acid (C7) 0.099 0.60 4.5 4.1 4.2 6.5

1 schacic acid (C10) 0.60 0.62 1.8 1.8 1.7 2.2

I 1.2.4-
"̂  bcnzcnctricarbcxylic 6.8 18 21 25 30 44

acid

0.015 0.026 0.096 0.030 0.035 0.047

0.024 0.033 4.9 2.9 3.9 10

0.013 0.18 0.52 0.34 0.42 0.93

0.040 0.058 2.3 1.7 1.8 2.9

0.038 0.069 0.96 0.16 0.14 0.80

Total mono- & di-hydroxy
phenols (mg phenol/kg, db)
Total tri-hydroxy phenols*
(mg pyrogallol/kg, db)

Total aliphatic acids (g
succinic acid/kg, db)

0.31

0.038

0.091

3.0

0.26-
0.85

13

0.32-
1.1

18 22

0.89-
3.0

52

1.0-3.4 5.6-19

0.43 0.65 0.83 0.74 1.3

Total aromatic acids (g
benzoic acid/kg, db)

Total identified compounds
(g/kg. db)

OC(gAg,db)

0.070

0.16

0.71

0.19

0.62

1.3

0.38

1.0

2.2

0.47

1.3

2.5

0.54

1.3

2.9

0.67

2.0

3.6

* The range of tri-hydroxy phenols is cakulated using factors/for lower and higher concentration ranges
(see Section 5.3.1).

Two water samples from the MTE treatment of Morwell lignite under identical conditions

(200°C, 6MPa) were analysed to examine reproducibility of the approach. These results are
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also shown in the tables and demonstrate that reasonably good rcproducibility was

obtained. The relative differences for the analysis of individual compounds are between 2

and 43%, The biggest percentage difference relates to the result for 2,4-dimethyl phenol

with a concentration as low as 2-3ug/L in water. For all the estimated results, differences

between the two samples are <20%. It should be noted that these differences are influenced

both by analytical errors from the GC-MS quantitation and the experimental errors in the

production of MTE water samples.

It can be seen in Table 5-21 that both the amounts of the 14 selected components and the

estimated amounts of major compound groups in the MTE water increased with increasing

process temperature and with pressure, with just a few exceptions such as phenol and 4-

methyl phenol in the Loy Yang A case. The results are consistent with the effect of

processing conditions on the amount of organic carbon (OC) present in the water (refer to

Section 5.2.2). Thus, not only did the OC in the MTE water increase with process severity,

but so did the amounts per unit coal charge of many individual phenols and carboxylic

acids and the total amounts of these compound classes. That the release of individual

organic components and compound groups increases with process temperature has

previously been observed for lignite in the HTD process [54] and for peat in a fluidised-

bed drying process [86].

The results in Table 5-21 also show that the extent of the increase for different components

and compound groups with processing severity were different in some cases. Generally,

the amounts of individual di- and tri-hydroxy phenols (e.g. catechol and pyrogallol)

increased more than those of mono-hydroxy phenols. The increase for phenols was

generally more significant than that for the acids, although the phenols were present at

much lower levels (mg/kg vs g/kg). This can be seen more clearly by the relative

abundance data in Table 5-22.
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Table 5-22, Percentages of major compound
MTE water produced under differed

Mono- and di-hydroxy
phenols %

Tri-hydroxy phenols %

Total phenols %

Aliphatic acids %

Aromatic acids %

Total acids %

I

150T
25MPn

0.19

0.024

0.22

56

43

100

Quuntitation of orgunics in MTE water

groups in total identified organics In
I conditions - LYA and MVV.

..oy Yang A

200°C 200"C
6MPa 25MPa

0.48

0.042-
0.14

0.52-
0.62

69

30

99

1.2

0.031-
0.11

1.3-1,4

62

36

99

200°C
6MPa

1.4

0.067-
0.23

1.4-1.6

63

36

99

Morwell

200T
6MPa

1.7

0.077-
0.26

1.8-1.9

57

41

98

200°C
25MPa

2.6

0.28-
0.94

2.8-3.5

64

33

97

The results shown in Table 5-22 demonstrate that the phenolic compounds were always

present as a very small proportion of the organic compounds detected by GC-MS. More

than 97% of the identified organic compounds were those containing carboxylic functional

groups. Similar observations have been made for GC characterisation of organics released

during other lignite drying processes [56, 86]. Fagernas et al [86] found that organic

species determined by GC methods in the condensate from fluidised-bed drying of lignite

were predominantly monocarboxylic acids and other organic acids. In the wastewater from

HTD treatment of Loy Yang lignite, volatile fatty acids and acids detected in the

hydrophilic fraction were present in the largest proportions (>400mg/L in total) with the

phenolics at only 22mg/L [56].

One of the reasons for the large proportions of carboxylic acids present in the water phase

may be that free aliphatic acids can be found physically absorbed on the lignite matrix or

weakly bound to it [251, 255]. Thus, they may be liberated more readily to the aqueous

phase than any phenols in covalently bound structures. It should be noted that aliphatic

acids accounted for a larger proportion than any other compound group in the MTE water

(Table 5-22). A second possible reason for the abundance of carboxylic acids is that, due to

their polar and hydrophilic properties, any carboxylic acids decomposed from the lignitic

structure or trapped in the matrix [218] may be preferentially dissolved in water during

MTE processing as compared to the less hydrophilic phenolic compounds.
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/ - • tf possible reason for the relative abundance of carboxylic acids is the mild

co a. .is employed by MTE. Although research has found that the carboxyl groups in

lignite are thermally unstable and can be largely decomposed to form carbon dioxide and

water [274-276], this does not occur to a significant extent at 200°C or below [13]. As the

MTE process was conducted under relatively mild conditions (<200°C), tlie carboxyl

groups in lignite should substantially persist nnd, thus, could be released to the process

water. In fact, even for processes like HTD, which are carried out at temperatures as high

as 300°C, carboxylic acids were still found to be prominent in the process water, as

reported by SECV [56].

5.3.3. Variation between Lignites

Quantitation results for the 14 selected compounds and major compound groups in the

MTE water from treatment of different lignites at 200°C, 6MPa are presented in Table 5-

23. The relative abundances of the compound groups are shown in Table 5-24.
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Table 5-23. Amounts of selected organic components and major groups in MTE
water from different lignites produced at 200°C and 6MPa.

Victorian

LYA MW* YL

South Australian

BMA KS LC

I
CO

s
3

phenol

4-methyl phenol

2,4-dimethyl phenol

2-methoxy phenol

2-methoxy-4-methyl
phenol

1,2-benzenediol

2,6-dimethoxy phenol

vanillin

1,2,3-benzenetriol
(pyrogallol)

o.oon
0.014

0.0095

0.42

0.61

0.043

0.014

0.80

0.026 0.033

0.033

0.18

0.058

0.069

3.4

0.38

1.8

0.15

0.012

0.010

0.015

0.020

0.042

0.20

0.077

0.14

0.93

0.055

0.016

0.58

0.49

0.077

0.019

1.3

0.027 0.028

0.030

0.039

1.2

0.034

0.18

0.87

1.1

0.14

0.042

6.9

0.11

0.036

0.89

0.12

Total mono- & di-hydroxy
phenols (mg phenol/kg, db)

Total tri-hydroxy phenols**
(mg pyrogallol/kg, db)

Total aliphatic acids (g
succinic acid/kg, db)

3.0

0.26-
0.85

0.43

20

0.95-
3.2

0.79

3.3

0.56-
1.9

0.70

9.9

0.036-
0.12

0.94

14

0.45-
1.5

1.0

29

0.22-
0.73

0.80

LHS

0.12

0.014

0.014

1.7

0.034

0.029

0.11

0.064

(m
g/

kg
,

id
s

succinic acid (C4)

benzoic acid

pimelic acid (C7)

sebacic acid (CIO)

1,2,4-
benzenetricarboxylic
acid

11

1.4

0.60

0.62

18

50

0.36

4.2

1.8

28

3.2

0.41

0.51

34

86

0.36

6.6

1.7

30

110

4.0

3.7

1.7

27

19

4.2

7.1

2.5

37

8.6

2.2

2.7

1.1

12

11

0.78

Total aromatic acids (g
benzoic acid/kg, db)

Total identified compounds
(g/kg,db)

OC(g/kg,db)

0.19

0.62

1.3

0.51

1.3

2.7

0.38

1.1

3.2

0.35

1.3

3.8

0.46

1.5

3.3

0.75

1.6

3.7

0.18

1.0

4.2

* average of duplicate
*• The range of tri-hydroxy phenols is calculated using factors/for lower and higher concentration ranges
(see Section 5.3.1).
- undetected

The data in Table 5-23 show that the quantities of individual components and compound

groups released to the MTE water varied with lignite type. Some trends can be identified
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from the results. Firstly, among all the lignites investigated Loy Yang A was the 'cleanest'

coal in terms of its release of organics to the MTE process water. The amounts of most of

the individual compounds and compound groups released from Loy Yang A were the

lowest - as they were for the organic carbon (refer to Table 5-19).

Secondly, the quantities of the phenolic compounds varied considerably (by a factor of

more than 10 for the two classes of mono-/di-hydroxy phenols and tri-hydroxy phenols)

with lignite type. In general, the Victorian lignites released lower levels of the mono- and

di-hydroxy phenols (except for Morwell), but higher levels of the tri-hydroxy phenols than

the South Australian coals.

Thirdly, the quantities of the carboxylic acids and total identified compounds varied less

than that of the phenols. The variation of the amounts of aliphatic acids released from

different lignites was little more than a factor of 2.

Finally and interestingly, the coals which released larger amounts of the aromatic acids,

namely Morwell, Kingston and Lochiel, also released larger amounts of the phenols. Both

classes are aromatic compounds.

Table 5-24. Percentages of major compound groups in total identified organics in
MTE Water from Different Lignites produced at 200°C and 6MPa.

Mono- and di-hydroxy
phenols %

Tri-hydroxy phenols %

Total phenols %

Aliphatic acids %

Aromatic acids %

Total acids %

LYA

0.48

0.042-
0.14

0.52-
0.62

69

30

99

Victorian

MW*

1.6

0.072-
0.25

1.6-1.8

60

39

99

YL

0.30

0.052-
0.18

0.36-
0.48

65

35

100

BMA

0.76

0.003-
0.009

0.76-
0.85

72

27

99

South Australian

KS LC

0.95

0.031-
0.10

1.0-1.1

68

31

99

1.8

0.014-
0.046

1.9

51

47

98

LHS

1.1

1.1

80

19

99

* average of duplicates

It can be seen in Table 5-24 that for all the lignites investigated phenolic compounds

accounted for very small proportions of the total identified compounds released (<2%). It

is also apparent that the proportions of the aromatic acids were substantially smaller than
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those of the aliphatic acids. As discussed in Section 5.3.2, the presence of free (absorbed)

aliphatic acids (released to the process water), the higher polarity and hydrophilicity of the

acids and the mild MTE conditions, are all factors that may help to explain these

observations.

Comparing the lignites, Loy Yang A and Yallourn lignites from Victoria released the

smallest proportions of the phenolic compounds. The largest proportions of the phenols

were released from Lochiel. Although the proportions of both aliphatic acids and aromatic

acids varied considerably with lignite types, total acids accounted for 98-100% of the total

identified compounds for all the coals investigated.

5.3.4. Molecular Weight Characteristics of Organic Composition of MTE Water

Field-flow fractionation (FFF) is an effective fractionation method which can provide

molecular weight distribution information about organic materials in aqueous solutions.

Representative MTE samples were analysed using this method. A typical molecular weight

distribution pattern of the organic matter in MTE water samples is illustrated in Figure 5-

37.

0.008

(0

40000 80000 120000

Molecular weight (Dalton)

160000

Figure 5-37. Molecular weight distribution of organics in an MTE water sample
produced at 200°C, 6MPa - LYA.

Although a limitation with the FFF analysis is that it does not resolve low molecular

weight components, it gives information about molecular weight distribution of high

molecular weight components and their relative mass. The typical plot in Figure 5-37
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suggests that a high proportion of the organic material in MTE water was of high

molecular weight. For all the MTE samples analysed, the peak of the molecular weight

distribution was observed at 4000-5000 Dalton. Based on this approach, compounds with

molecular weight >700 appeared to account for 80-90% of the total mass. Also, the

molecular weight of ~90% of the mass appeared to be less than 50,000 Dalton, but there

was a very long tail extending to ~ 150,000 Dalton.

Observations from the present study provide some indication of the polar nature of the

high molecular weight organics in MTE process water. The MTE water samples were from

yellow to brown in colour, with a darker colour generally implying a higher TOC

concentration. Most of the material adsorbed on the SPE sorbent and eluted by non-polar

solvents was of relatively light colour; strongly coloured material could be in part washed

off the sorbent with water and most was soluble in methanol, implying it was relatively

polar. GC analysis of the methanol fraction using either polar or non-polar columns did not

produce meaningful peaks, suggesting these polar molecules were of high molecular

weight and, hence, a major source of the high molecular weight material detected by FFF.

Studies of high molecular weight substances in similar water sources may give some clues

to the characteristics of the large molecules in MTE water particularly the strongly light-

absorbing ones. In pulp bleaching effluents, the chromophore groups were found to be

mainly aromatic and quinonoid moieties, with the coloured molecules varying from 400 to

150,000 Dalton in size [92]. These chromophore groups in effluents from pulp and paper

mill industries generally come from lignin degradation and commonly bear phenolic,

hydroxyl and weak acidic functional groups [92]. As discussed in Section 4.4.2, the lignin

component of the original wood is known to be preserved through the early stage of

coalification [247, 277]. Thus, there could be some similarity between the water from

lignite processing and that from pulp and paper processing so that the coloured high

molecular weight compounds in the MTE water could likewise included lignin degradation

products with various oxygen functional groups.

FFF analyses of effluents from HTD processing of Victorian lignites have also revealed the

presence of abundant high molecular weight materials (i.e. of the order of 4000-5000

Dalton) [55, 92]. Fulvic acids were found to be the most abundant organic species with
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lesser amount of humic acids and neutral substances [92]. The most abundant molecular

weight of the fulvic acid and humic acid fractions was 3000-4000 Dalton, as for the MTE

process water analysed here.

5.3.5. Evaluation of the GC-MS Methods Used

Analysis using the SPE-GC-MS methods described in Chapter Three excluded at least two

groups of organic compounds in MTE water from the quantitation results.

The first group includes compounds which gave GC-MS peaks, but were excluded from

the quantitation or estimation. This group includes unidentified components in

derivatisation-SPE extracts and those which were only identified in underivatised SPE

extracts. Analytical results in this study indicated that these compounds were present in

MTE water at relatively low levels. For example, the unidentified peaks in the

chromatograms of derivatised extracts typically accounted for <10% of the total peak areas

(Atotal in Equation 5.5). Also, at the method development stage, SPE sorbents and solvents

of different properties were tested for extraction of MTE water samples. Only a few

components identified in these underivatised extracts (e.g. furancarboxylic acids) were not

detected in the derivatised extracts and, thus, remained unqualified. The quantities and

proportions of such compounds were small, as suggested by their low peak areas relative to

those of the phenols in the same chromatograms and the small proportions of the phenolic

compounds in the total identified organics.

The second group excluded from quantitation includes compounds that could not be

detected by the SPE-GC-MS methods utilised. This includes volatiles and high molecular

weight species.

Volatile compounds, methanoi, ethanol and acetone, were found at high concentrations (3-

500mg/L) in process water from HTD treatment of Indian Head lignite [54]. In this study,

preliminary tests of the MTE water confirmed the presence of such low molecular weight

volatiles. Compounds including methanoi, ethanol, acetone and, probably, propanol were

detected by a headspace-GC method. However, with the GC-MS methods used in this

study, these compounds, if not lost during sample preparation, would elute before or with

solvents from the GC column and thus could not be detected, unless a solvent-free method

(e.g. a headspace GC system) was employed.
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High molecular weight compounds are another group of compounds that could not be

detected using the SPE-GC-MS methods used. In the MTE water, the highest molecular

weight of the organics identified by GC-MS was ~350 Dalton. In similar water sources, the

presence of organic compounds with molecular weight up to -400 Dalton has been

identified using other analytical approaches. Using electro-spray mass spectrometry

(ESMS) to characterise organic components in the wastewater from HTD batch tests,

Racovalis [65] observed some peaks of >400 Dalton. A16n et al [85] applied HPLC and

GLC (gas-liquid chromatography) techniques to characterisation of organic compounds in

condensates from fluidised-bed drying of peat and detected a number of high molecular

weight components with molecular weight >400 Dalton. HPLC provides the means of high

resolution analysis of compounds with molecular weight up to 600 Dalton [278], However,

in the present study, attempts using HPLC followed by ESMS to analyse an MTE water

sample with the highest TOC level of all MTE water samples (TOC=0.9g/L) failed to give

any meaningful information about the presence of polar or high molecular weight organics.

The proportions of the identified compounds in total organic carbon calculated using

Equation 5.6 for a range of MTE water samples are shown in Table 5-25. Results from

FFF analysis of some MTE water samples are also presented.

159



Chapter Five Quantitation of orgnnics in MTE water

Table 5-25. Carbon content of organics In MTE water quantitatively estimated by
GC-MS as a proportion of total organic carbon (OC) compared to FFF results.

Loy Yang A

150°C 200°C
25MPa 6MPa

200°C
25MPa

200°C
6MPa

Morwcll

200°C
6MPa

200°C
25MPa

Total phenols (as carbon)
in OC %

Total acids (as carbon) in
OC%

Total identified organics
(as carbon) in OC %

0.037 0.23

12

12

24

24

0.48

24

24

0.62

27

27

0.65

23

24

1.4

28

29

Victorian (200°C 6MPa) South Australian (200°C 6MPa)

LYA MW* YL BMA KS LC LHS

Total phenols (as carbon)
in OC % 0.23 0.64 0.11 0.20 0.35 0.61 0.20

Total acids (as carbon) in
OC% 24 25 17 16 22 23 11

Total identified organics
(as carbon) in OC %

Relative mass% by FFF
(MW<700 Dalton)

24

17

26

-

17

13

17

-

23

-

23

17

11

12
* averages of duplicate
- undetermined

Comparison of the GC-MS quantitation results with the molecular weight distribution

results from FFF analysis aids the evaluation of the GC-MS methods applied in the present

study. The total identified organic compounds (mainly acids) accounted for approximately

10-30% of the total organic carbon in all MTE water samples examined (Table 5-25). FFF

results indicated that roughly 10-20% of the organics in MTE water were low molecular

weight components (MW<700 Dalton). Furthermore, the proportion of low molecular

weight components as determined by FFF and of GC-MS identified compounds (as carbon

in OC) were well correlated with each other. Hence, the results from the two analyses were

in reasonable good agreement.

Two conclusions can be drawn from these results. First, the GC-MS unidentified organics

were mainly high molecular weight components that cannot be detected by GC-MS.

Second, the GC-MS methods utilised in this study are valid and very efficient for
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identification and quantitation of the chromatographable components with low molecular

weight.

The proportions of the GC detectable organics (as carbon in OC) were, generally, slightly

higher than the proportions of low molecular weight compounds as determined by FFF.

This difference could be due to the time delay between the GC-MS analysis and the FFF

analysis, which was carried out several months after the GC-MS analysis. Polymerisation

due to aging of the samples could have occurred, leading to an increase in the proportion of

large molecules in the water.

5.4. Summary

For identification and quantitation of the low molecular weight organic components that

are chromatographable, the SPfi-GC-MS methods developed in this study proved 1D be

valid and efficient.

The GC detectable organic compounds accounted for a small proportion (10-30%) of the

total organic carbon in the MTE water. Molecular weight distribution analysis by FFF

indicated that unchromatographable high molecular weight components accounted for

most of the compounds not detected by GC-MS.

Restricting attention to GC-MS detectable compounds, in all cases examined (varying

process severity and lignite type), phenolic compounds were present in the MTE water at

very low levels compared to the carboxylic compounds. Carboxylic compounds accounted

for >97% of the total chromatographable organics. Aliphatic carboxylic acids were

generally more abundant than aromatic acids.

For a given lignite, the overall organic levels in MTE process water tended to increase with

processing severity. Increasing the temperature had a bigger effect on organic carbon

removal into the process water than did the pressure. The removal of individual organic

components and compound groups also increased with increasing temperature and

pressure. Changes in other operation parameters, such as compression rate and the physical

state of the coal charge (kneaded vs unkneaded), did not significantly affect the release of

total organic carbon from the lignites.
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Under the same MTE processing conditions, the quantities of organic carbon removed

from Victorian lignites were generally lower than from the South Australian coals. The

abundances of individual components and compound groups varied with lignite.
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CHAPTER SIX

COMPOSITION OF INORGANICS IN MTE PROCESS WATER

6.1. Introduction

This chapter deals with inorganic components present in MTE process water. Results for

the amount of selected inorganics released to the water from different lignites under

different conditions are summarised in two sections. An in-depth discussion of the

mechanisms of inorganics removal during MTE processing is then presented.

6.2. Quantitation and Calculation

Concentrations of one alkali metal element - sodium - and two alkaline-earth metals -

calcium and magnesium were determined for each MTE product water and rinsing water

sample. Potassium, iron and aluminium in the water samples were only quantified at an

early stage of this work. Results showed that these elements, in most cases, were present at

very low levels (marginally above detection limits or undetectable). It is inappropriate to

compare their abundance in different water samples due to the large analytical errors and

low concentrations involved. Chloride and sulphate, as the major inorganic anions in the

water, were also determined. The contents of these inorganics in the original lignites

investigated are given in Table 2-3.

To enable comparison between the results from different MTE runs, the same method used

to convert organic carbon concentrations (g/L) in the MTE water to absolute amounts of

organic carbon removed from the coal (g/kg, db coal) (Equation 5.1) was applied to the

calculation of the amounts of selected inorganics released, to give Equation 5.3.

Equation 6.7

where:

Mcoal x (l - fmo)

- Mj is the amount of an inorganic component j released to the MTE process water

from the coal (g/kg coal, db);
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Cjp and Cjr are the concentrations of the component j in MTE product water and

rinsing water samples, respectively (g/L);

Vp and Vr are the total volumes of MTE product water and rinsing water samples,

respectively (mL);

Mcoal is the mass of the raw coal used in each run (g, wb); and

is the fraction of water in the raw coal on a wet basis (g/g coal, wb).

6.3. Effect of Processing Conditions

This section discusses the release of selected inorganic species in the MTE water produced

under different processing conditions. Most of the experiments were carried out using Loy

Yang A lignite. Morwell and Lochiel High Sodium were also used for some comparisons.

6.3.1. Loy Yang A

6.3.1.1. Sodium (Na)

The amounts of Na removed from Loy Yang A lignite at different MTE temperatures and

pressures are plotted in Figure 6-38. For a clearer view, the data in the plot are averages

from replicate runs. Detailed results including the number of replicates and standard

deviations are shown in Table 5-17.

§
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Figure 6-38. Na removal versus MTE processing temperature at different pressures —
LYA\

*Na content in raw coal=0.9±0.1 g/kg, db

Table 6-26. Means and standard deviations (SD) of Na removal and Mg removal from
Loy Yang A in MTE process water.

MTE processing
condition

6MPa

120°C 12MPa

25MPa

6MPa

150°C 12MPa

25MPa

6MPa

180°C 12MPa

25MPa

6MPa

200°C 12MPa

25MPa

Number of
replicates

1

2

1
*?

6

3

3

3

2

2

3

4

Na (g/kg, db)

MearttSD

0.40

0.42±0.01

0.43

0.39±0.07

0.38±0.06

0.41±0.02

0.47±0.03

0.46±0.03

0.50±0.01

0.47±0.00

0.52±0.12

0.44±0.07

Mg (g/kg, db)

Mean±SD

0.069

0.066±0.008

0.080

0.072±0.010

0.077±0.012

0.078±0.005

0.076±0.006

0.078db0.016

0.085±0.006

0.086±0.006

0.084±0.007

0.064±0.007

The data shown in Figure 6-38 suggest that the Na content of the MTE water (i.e. the Na

removal from the coal) at 180°C and 200°C was higher than at 120°C and 150°C and that
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there were no trends with pressure. Statistical analysis indicated that the direct correlation

between the Na removal and temperature was significant (p-value=0.03) at 12MPa and was

almost significant (p-value=0.06) at 6MPa, but insignificant at 25MPa. The pressure effect

was not significant in all cases.

Analyses of the results for Na removal showed that using different compression rates and

kneaded coals did not significantly affect the Na removal.

In order to gain a deeper understanding of the Na removal as affected by MTE conditions,

Na removal is plotted against the percentage moisture removal for all processing

conditions, including different temperatures, pressures, compression rates and the use of

kneaded coals (Figure 6-39).
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Figure 6-39. Na removal versus moisture removal under different MTE processing
conditions - LYA.

It can be seen that there was an increasing trend for the Na removal with increasing

moisture removal. Statistical analysis indicated that this correlation was significant (p-

value«0.05).

Other studies on the MTE process have also found a direct correlation between the Na

removal and moisture reduction [50, 51]. As concluded in Chapter Five and observed in

previous studies on MTE [3, 7, 8, 48-51], reduction of the moisture content in lignite by

MTE treatment increases with increasing processing severity, particularly the temperature.
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Therefore, it is reasonable to expect that the Na removal would, to some extent, increase

with increasing processing severity. The reason that the pressure effect on Na removal was

identified to be statistically 'not significant' in the present study may be due to the fact that

the increase in moisture removal with pressure was marginal (refer to Section 5.2.2) and,

thus, the increase in Na removal (correlated with moisture removal) with increasing

pressure, if any, may be less than the experimental scatter.

The correlation between the Na removal and moisture reduction of the lignite suggests that

the Na removed during MTE treatment was present as dissolved Na in the water in the

original lignite. This is discussed in detail in Section 6.5.

6.3.1.2. Magnesium (Mg) and calcium (Ca)

Figure 6-40 and Figure 6-41 plot the Mg removal versus processing temperature at

different pressures and versus the percentage moisture removal (for all MTE processing

conditions), respectively. The data presented in Figure 6-40 are the averages from replicate

runs. Detailed results including the number of replicates and standard deviations are shown

in Table 5-17.
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Figure 6-40. Mg removal versus MTE processing temperature at different pressures
-LYA\

•Mg content in raw coal=0.6±0.1 g/kg, db
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Figure 6-41. Mg removal versus moisture removal under different MTE processing
conditions - LYA.

Mg removal did not show any obvious consistent trend with increasing temperature or

pressure (Figure 6-40). Statistical analysis showed that the correlation between Mg

removal and processing temperature or pressure was not significant. However, Figure 6-41

shows that there was a weak correlation of the Mg removal with moisture reduction.

Statistical analysis indicated that this correlation was significant (p-value=0.04).

The plots of Ca removal versus processing temperature at different pressures and versus

moisture removal (not shown) are very similar to the corresponding cases of the Mg

removal. However, statistical analysis did not show significant correlation of the Ca

removal with either processing severity or moisture removal. A possible reason could be

the data scattering relative to the generally low concentrations of Ca in all MTE water

samples.

The amounts of Ca and Mg removed from Loy Yang A were approximately 10 and 5 fold

lower, respectively, than the amount of Na removed, though the three elements, Na, Ca and

Mg, were present at similar levels (0.09, 0.05 and 0.06%, db, respectively) in the original

lignite. Therefore, the big difference between the amount of Na removed and those of Ca

and Mg was obviously not due to their different concentrations in the lignite. It suggests

that the removal of the latter two elements was more difficult than that of the Na, possibly
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due to larger proportions of Ca and Mg being present in non-removable forms in the

lignite.

6.3.1.3. Chloride and sulphate

The chloride removal (data averaged from replicates) is plotted against MTE processing

temperature at different pressures in Figure 6-42. Figure 6-43 gives a plot of the chloride

removal versus percentage moisture removal (for all MTE processing conditions).
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Figure 6-42. Chloride removal versus MTE processing temperature at different
pressures - LYA*.

*C1 content in raw coal=l .0±0.2g/kg, db
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Figure 6-43. Chloride removal versus moisture removal under different MTE
processing conditions — LYA.

The effect of processing severity on chloride removal was not significant, as suggested by

Figure 6-42 and confirmed by statistical analysis. Like the cases of Na and Mg, chloride

removal also increased weakly with moisture removal (Figure 6-43). Statistical analysis

revealed a significant correlation (p-value=0.03) between chloride removal and moisture

removal.

The removal of sulphate showed similar relationship with the processing severity or

moisture removal to the removal of chloride. That is, the effect of processing severity on

sulphate removal was not significant, but there was a statistically significant increasing

trend of sulphate removal with moisture removal.

The amount of chloride or sulphate in the water was in the same range as that of Na, i.e.

0.3-0.6g/kg.

6.3.2. Morwell and Lochiel High Sodium

In addition to the extensive experiments carried out using Loy Yang A lignite, some runs

to investigate effects of processing conditions were also conducted using Morwell (MW)

lignite from Victoria and Lochiel High Sodium (LHS) lignite from South Australia.

Morwell lignite was subjected to MTE at 200°C and different pressures (6, 12 and 25MPa).
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Lochiel High Sodium was dewatered by MTE at 6MPa and various temperatures (150, 180

and 200°C).

Figure 6-44 and Figure 6-45 show the plots of the Na removal from Morwell lignite versus

processing pressure at 200°C and versus corresponding moisture removal, respectively. For

Lochiel High Sodium lignite, the plots of Mg removal versus processing temperature at

6MPa and versus corresponding moisture removal are shown in Figure 6-46 and Figure 6-

47, respectively. The plot of Na removal from Lochiel High Sodium lignite versus

moisture removal is shown in Figure 6-48. Error bars present are standard deviations for

two and four replicate runs for Morwell and Lochiel High Sodium cases, respectively.
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Figure 6-44. Na removal versus MTE processing pressures (200°C) - MW*.
*Na content in raw coal=0.8±0,lg/kg, db
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Figure 6-45. Na removal versus moisture removal at different MTE processing
pressures (200°C) - MW.

For Morwel I lignite, the plots show that the Na removal increased with increasing

processing pressure and moisture removal (Figure 6-44 and Figure 6-45). The plots of

chloride and sulphate removal versus moisture removal (not shown) also exhibited an

increasing trend. No trends could be identified in the plots of the Ca and Mg removal

versus either processing pressure or moisture removal. However, statistical analysis

indicated that only the increase in Na removal with increasing pressure was significant.

The removal of other selected inorganic components from Morwell lignite did not

significantly correlate to either processing pressure or moisture removal.
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Figure 6-46. Mg removal versus MTE processing temperature (6MPa) - LHS*.
* Mg content in raw coal=8.4±0.2g/kg, db
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Figure 6-47. Mg removal versus moisture removal at different MTE processing
temperature (6MPa) - LHS.
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Figure 6-48. Na removal versus moisture removal at different MTE processing
temperature (6MPa) - LHS*.

* Na content in raw coal=l4.1±0.2g/kg, db

For Lochiel High Sodium lignite, linear regressions of the plots for selected inorganics

versus processing temperature or versus moisture removal suggested either no apparent

trends (as seen in Figure 6-46 and Figure 6-48) or even a decrease with moisture removal

(Figure 6-47). However, statistical analysis (ANOVA) indicated that there was no

significant correlation of the removal of selected inorganic components with either

processing temperature or moisture removal.

The reason that the removal of selected inorganic components from Morwell and Lochiel

High Sodium did not show significant correlation with either processing severity or

moisture removal may be that the effect of the MTE processing severity or the increasing

trend with moisture removal, if any, was marginal (as observed in the Loy Yang A case).

When only a few replicate experiments were carried out using Morwell and Lochiel High

Sodium lignites, any correlation between the removal of the inorganics and processing

severity or moisture removal could not be identified due to natural data scatter in the

results of the experiments. This scatter is probably in large part a consequence of the

addition of a variable amount of water at the start of an MTE experiment arA the

procedures used (gentle shaking and tapping) to remove air bubbles from the coal. As a
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result, variable mixing of this added water with the original coal water and consequently

the transfer of inorganics to the added water probably varied between runs. This would

lead to variation in the proportion of inorganics removed, even for runs conducted under

otherwise identical conditions.

6.4. Comparison between Lignites

In order to compare the extent of the removal of inorganics from diffeient lignites, Loy

Yang A (LYA), Morwell (MW) and Yallourn (YL) from Victoria and Bowmans A

(BMA), Kingston (KS), Lochiel (LC) and Lochiel High Sodium (LHS) from South

Australia were all subjected to MTE processing under the same conditions - 200°C, 6MPa.

The amounts of the inorganics in the raw coals investigated together with the amounts and

proportions released to the MTE process waters are summarised in Table 6-27.
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Table 6-27. Comparison of the removal of selected inorganics from different lignites
(200°C, 6MPa).

Content
in raw

coal
(%, db)

Amount
in MTE
water
(g/kg,
db)

%in
MTE
water

Lignite

LYA

MW

YL

BMA

KS

LC

LHS

LYA**

MW**

YL**

BMA

KS

LC

LHS

LYA

MW

YL

BMA

KS

LC

LHS

Na

0.09

0.08

0.07

1.51

0.80

0.88

1.41

0.47±0.00

0.39±0.02

0.33±0.02

9.6

3.9

6.0

7.0

52

49

47

64

49

69

50

Ca

0.05

0.32

0.14

0.07

1.18

1.33

0.68

0.043±0.002

O.O82±U.O05

0.050±0.001

0.64

0.22

0.59

0.26

8.6

2.5

3.6

91

1.9

4.4

3.8

Mg

0.06

0.21

0.18

0.82

1.30

0.81

0.84

0.086±O.O06

0.13±0.01

0.12±0.00

3.3

0.31

1.3

0.77

14

6.2

6.7

40

2.4

16

9.2

CI

0.10

0.06

0.05

1.41

0.28

0.45

0.59

0.58±0.07

0.34±0.04

0.27±0.00

14

3.3

5.4

6.0

58

56

54

98

119

120

101

S*

0.28

0.25

0.20

4.24

3.40

3.37

2.85

0.15±0.0O

0.11±0.01

0.098±0.002

5.6

1.7

3.3

2.9

5.4

4.2

4.9

13

5.0

9.7

10

* The data for the raw coals are total sulphur content and for the MTE water are sulphur converted from
sulphate (SO4

2).
** average of duplicates

As shown in Table 6-27, the levels of the selected elements present in the three Victorian

lignites were similar. The contents of Na and S in the South Australian lignites were more

than ten fold greater than in the Victorian lignites. The other three elements were also

present in higher amounts in the South Australian coals with only one exception - Ca in

Bowmans A.

In the water removed from different lignites, Na and Cl were the two most abundant

elements. Ca was the least abundant, followed by Mg (or S in the cases of Morwell and

I

I
* • :
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Yallourn). All the inorganics in water removed from the South Australian lignites were

present at substantially higher levels than in the cases of the Victorian lignites,

corresponding to their higher concentrations in the original lignites. The results for the

South Australian lignites are similar to those reported in a previous study by Quast and

Readett [116], who also found large amounts of Na, Cl and S (as sulphate ion) with lesser

amounts of Ca and Mg in water extracts of Bowmans, Lochiel and Kingston lignites and

lowest levels of water soluble inorganics from Kingston.

The percentage removal data provide a clearer view regarding the behaviour of these

inorganics. Compared to the sometimes big differences between the absolute amounts of

an element in the MTE process water from different lignites, the proportions of a given

element removed were similar in most cases. For the three Victorian lignites,

approximately 50% of the Na and Cl were removed by the MTE treatment, whilst the

South Australian coals lost 50-70% of the Na and (within limits of error) all their chlorine.

The proportions of the other three elements extracted into the water phase were much

smaller, i.e. less than 10% in most cases. Loy Yang A released the largest proportions of

the Ca and Mg among the Victorian lignites, whereas, for the South Australian lignites, the

smallest proportions of these two elements were removed from Kingston.

There are two observations worthy of special mention. First, exceptionally large

proportions of the Ca and Mg were removed from Bowmans A (91% and 40%,

respectively). This may imply that the predominant forms of Ca and Mg in this coal were

different from those in the other lignites, i.e. more water soluble. Second, the proportions

of the Cl removal were unrealistically high (> 100%) for Kingston and Lochiel. It should be

noted that the data were calculated from the results of coal analysis using ICPAES

(errors=±0.02%, db) and water analysis using a colorimetric method or ICPAES

(errors%=12% in the case of Cl in LYA and MW as shown in Table 6-27). A systematic

error in either or both techniques could give rise to the impossible percentages; the high

proportions may be due to either a systematically high analytical result for Cl in the water

samples or a low result for the Cl content of the coals. However, such errors were unlikely

to affect comparisons between lignites so that the results suggest that a greater fraction of

the Cl was indeed removed by MTE treatment from the South Australian lignites.

Ml ; i
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For all the lignites studied, 50% or higher proportions of the Na and C\ could be removed

by MTE treatment. Ca, Mg and S were also removed to a lesser extent (except for the high

Ca removal from BMA). These elements are known to contribute to fouling/slagging and

corrosion problems during lignite utilisation [68, 74, 75, 279]. Therefore, the removal of

these inorganic species via MTE treatment is of potential significance for the beneficiation

of these lignites.

6.5. Removal Mechanisms of Inorganics during MTE

6.5.1. Removal of the Elements from Lignite

The resets of this study revealed that the sodium in lignites behaved differently to calcium

and magnesium during MTE treatment. It also showed that elements like iron and

aluminium were only present in MTE process water at very low levels (see Section 6.2).

The difTeient behaviours of these elements during MTE processing suggest that they were

originally present in different chemical forms.

The extent of removal of the elements during MTE processing can be related to the forms

in which they are present in the lignite. In general, inorganic constituents in coals occur

either (a), in mineral form, as discrete minerals or (b) as non-minerals distributed

throughout the macerals chemically bound to organic functional groups or dissolved as

ionic species in water within the pores [112, 280].

Unlike high-rank coals, in which minerals constitute almost all the non-carbonaceous

fraction, low-rank coals contain reasonable amounts of non-mineral inorganics that mainly

exist in two forms: as free ions present in the water associated with the coal and as cations

exchanged onto functional groups (e.g. carboxyl, phenolic, etc.) forming part of the

organic coal substance [68, 116]. For the study of the behaviour of the inorganic elements

that can be leached into the water phase during dewatering, the non-mineral inorganics are

therefore clearly of more importance.

In Victorian lignites, it has been confirmed that almost all the calcium and magnesium

occurs as exchangeable cations associated with the carboxyl functional groups [115, 281,

282], However, sodium is not only organically bound to functional groups but also

dissolved, mainly as chloride, in the in-seam moisture [1)5, 281, 283]. For the South
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Australian lignites, generally, water-soluble inorganics consist of predominantly sodium,

chlorine and sulphur (as sulphate ion) with lesser amounts of calcium and magnesium

[116].

Since large proportions of the original sodium in these lignites were dissolved in pore

water, apparently, the soluble proportion of the sodium was preferentially removed during

MTE processing. Therefore, the removal of this element was in proportion to the water

removed from the lignites (see Section 6.3.1.1).

For Victorian lignites, the presence of calcium and magnesium in these lignites almost

exclusively as organically bound elements has been recognised in previous studies [115,

281, 282], If any removed calcium and magnesium were originally present as dissolved

salts in the pore water, this proportion would be very small. If this be so, the major

proportion of calcium and magnesium removed in the MTE process water could come

from different sources. It is indicated that, during high temperature non-evaporative

thermal treatment of the lignite, organically bound inorganic cations (e.g. calcium and

magnesium) can be released due to thermal decomposition of carboxylate functional

groups [13]. During MTE dewatering, the removal of calcium and magnesium in

conjunction with carboxylate decomposition is less likely due to the relatively low

temperatures employed. However, the caJcium and magnesium in lignite might be

associated with the organic acids leached into the water phase. This mechanism nas been

proposed for the removal of calcium and magnesium during water extraction of Victorian

lignites [281, 284]. Durie [281] suggested that the small amounts of Wvrter-soluble calcium

- <5% and ~15% - extracted from Morwell and Yalloum lignites, respectively, were

probably organically bound and associated with the colloidal humic suspension in the

extracts. In this study, the pH of all MTE product water from the Victorian lignites

investigated was between 4 and 5. In this weakly acidic environment, the removal of

calcium and magnesium as organically associated cation-* quite possibly occurred. For the

South Australian lignites, the small proportions of calcium and magnesium present in the

MTE process water (except for Bowmans A) were compatible with a similar removal

mechanism; though, in these cases, due to a lack oi previous work, the possibility that the

calcium and magnesium removed during MTE were simply dissolved as inorganic salts in

the pore water cannot be totally excluded.

•I
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Non-mineral iron and aluminium in Victorian lignite can be present as exchangeable

cations [68, 285] or as a monovalent cationic hydroxy complexes, i.e. (Fe complex)4 and

(Al complex)4, bound to the carboxylate groups [115]. The low water solubility of the

forms of these elements present in lignites may explain their very low levels in the MTE

water analysed. The result in this study is in agreement with that of Bou-Raad et al [284],

who also found the two elements as ions in aqueous extracts of some Victorian lignites to

be at very low or undetectable levels. During hydrothermal dewatering of South Australian

lignites including Bowmans, Lochiel and Kingston, these two elements were also found to

be essentially fully retained in the coals [286].

6.5.2. Cations andAnions in the Water Phase

Although the methods used to measure the concentrations of the sodium, calcium and

magnesium in MTE water (AAS and ICPAES) cannot determine the forms of these

elements, it is likely that these elements are in fact present in their most stable form in the

aqueous phase, i.e. as cations.

Chlorine and sulphur in the MTE water were analysed both as elements by ICPAES and as

chloride and sulphate anions by a colorimetric method (refer to Chapter Two). The results

for chlorine and chloride were very similar. Also, when the total sulphur determined by the

ICP method was expressed as sulphate ions, the results were in good agreement with those

from the colorimetric determinations.

For the purpose of further understanding the mechanisms of the removal of the inorganics

during MTE processing, this section discusses the behaviour of the selected inorganics as

ionic species in the water phase.

6.5.2.1. Sulphur and sulphate

A possible special effect of the behaviour of sulphur in lignites during MTE processing

requires that a whole subsection of discussion be dedicated to this element.

As discussed above, sulphur in MTE water was predominantly, if not entirely, present as

sulphate. In South Australian lignites, sulphur can be present in significant portion as

soluble sulphate [116]. Thus, the sulphate sulphur in these lignites could be the main

source of the sulphate in the MTE water. Nevertheless, studies indicate that, in Victorian
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lignites, the proportion of sulphur in sulphate form is small and that it occurs mostly as

organic sulphur [281] and may also occur in mineral form as pyrite or marcasite [68],

neither of which is water soluble. The sulphur content of the MTE process water from

Victorian lignites (Table 6-27) translated to 0.01-0.02wt%, db sulphate sulphur in the

original coal, which would be close to the limit of detection, thus the results could be

consistent with sulphate sulphur in the original coal as the main source of the sulphur in

the MTE water for the Victorian coals.

However, results from sulphur fixation during ashing, particularly low temperature ashing

of lignite, indicate that a conversion of organic-form sulphur to soluble sulphate during

MTE processing, with possibly some involvement of inorganic cations, cannot be excluded

as a source of sulphur in MTE water.

During lignite ashing at high temperature (>370°C), different forms of sulphur in lignite

can be fixed to form sulphates in the ash [281, 287]. The important role that the ion

exchangeable cations play in this process was recognised as early as 1965 •:/ Dune and

Schafer in their unpublished work introduced by Schafer [239]. Indeed, 'he amount of

fixed sulphur was found to depend on the calcium to sulphur ratio, but not OJ, ue original

form of sulphur [239].

Low temperature ashing (LTA) involves ashing at a low temperature utilising an electronic

device with radio frequency or microwave producing gases in excited states [288-290].

The temperature for LTA varies between <60^C [289] and 150-200°C [290, 291], but is

typically about 150°C [292-294].

A sulphur fixation effect has been observed particularly for low-rank coals during LTA.

Miller et al [287] described a new method to determine the mineral matter in coal by LTA

and discovered that side reactions including the fixation of organic sulphur as sulphate led

to a higher-than-expected measured mineral content for low-rank subbituminous coals and

lignites and affected the suitability of LTA for these coals. The involvement of cations

associated with carboxyl groups was also recognised. Morgan et al [295] found that it was

the interaction of exchangeable calcium with sulphur and oxygen that contributed to the

existence of significant quantities of anhydrite (CaSQ*) in ash of the lignites from LTA.

Similarly, during LTA of a series of low-rank coals at 125°C, bassanite (CaSCV I/2H2O)
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was detected as one of the major mineral phases in some of the lignite samples [296]. The

researchers suggested that the formation of this hemihydrated calciuin sulphate was due to

the fixation of organic sulphur by organically bound calcium cations that were not

completely removed by the ion exchange procedure employed. The fixation of organic

sulphur as sulphate during LTA was also observed for Australian lignites [294],

In summary, in low-rank coals such as lignites, even if the sulphates are not originally

present, they may be formed by reactions between sulphur in any forms and exchangeable

cations at temperatures as low as <150°C. The amount of the sulphate formed is likely to

be associated with the concentration of the exchangeable cations in the lignite.

The temperatures employed in the MTE processes in this study were between 120°C and

200°C - a level that is comparable with that in LTA situations where sulphur fixation

occurs. Thus, it is possible that a similar sulphur transformation effect occurred so that

sulphate ions could occur in the MTE water from lignites that were unlikely to originally

have contained soluble sulphate salts. Furthermore, if this process was actually occurring,

the amount of the sulphate ions would be expected to correlate with that of the

exchangeable cations, sodium, calcium and magnesium, just as if the sulphur had been

present in the original coal as sulphate.

6.5.2.2. Relative abundance of selected cations and anions in MTE water

The molar abundance of individual ions and the relative abundance ratios for selected

cations and anions in different combinations were calculated to provide further insight into

the origin and fate of the ions during MTE processing. The average results for each

condition are presented in Table 6-28. The data with numerical values close to 1 are

marked in bold.

182



Chapter Six Inorganics in MTE Water

Table 6-28. Average charge equivalence ratios of selected cations to anions released to
MTE water from different coals.

MTE
temperature Lignite

Na+:
Na+: (CT
+SO4

2")

B

(Ca2++Mg2+) (Na++Ca2++Mg2+)
: SO4

2" : (CI+SO42*)

C D

120°C

150°C

180°C

200°C

200°C

LYA

MW

YL

BMA

KS

LC

LHS

1.2

i.l

1.2

1.3

1.8

1.9

1.1

1.8

1.7

1.8

0.75

0.75

0.81

0.80

1.1

1.1

0.57

0.85

0.74

0.88

0.86

1.2

0.98

0.93

2.0

2.1

0.87

0.34

0.66

0.42

1.1

1.1

1.1

1.1

1.9

2.0

0.98

1.0

1.1

i.l

For Loy Yang A lignite, at lower temperatures, the average ratios of sodium to chloride

(ratio A) are close to 1. This suggests that, in these cases, the sodium in the MTE water

came mainly from sodium chloride dissolved in the pore water of the original coal. This

result is consistent with the report that soluble sodium is predominantly present as sodium

chloride in Victorian lignites [115, 281], At all temperatures, the relatively low sodium to

anion ratios (ratio B) and the value close to 1 for ratio C suggest that indeed calcium and

magnesium were important in determining the sulphate content of the MTE water, because

either sulphates of these elements were dissolved in the pore water or calcium and

magnesium assisted in a transformation of sulphur to sulphate during MTE processing

(refer to Section 6.5.2.1).

For the Bowmans A case, the ratios are very similar to the cases of Loy Yang A at low

temperatures, except for the ratio B. This suggests that the removal of the sodium was also

predominantly as sodium chloride. However, unlike the case of Loy Yang A, in which

calcium and magnesium were almost exclusively present as organically bound cations and

were difficult to remove during MTE processing, for the Bowmans A lignite, the large

proportions of calcium and magnesium removed into the water during MTE processing

(91% and 40%, respectively) suggest they were, to a large extent, present as soluble salts
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in the original lignite. Sulphur in South Australian lignites can be present as soluble

sulphate ions, as indicated by Quast and Readett [116]. The very low ratio B (sodium to

chloride and sulphate) and a ratio C not far from 1 may suggest that significant proportions

of calcium and magnesium were possibility released as sulphates from Bowmans A.

The behaviours of the ionic species in the other three South Australian lignites were very

similar. The major differences between these cases and the Loy Yang A case are the much

higher ratio A and the much lower ratio C. Since the ratio D (total cations to total anions)

is nearly one, it implies that sodium and the two alkali-earth elements were distributed

between the two anions — either as chloride or as sulphate or as both. In these cases, it is

likely that sodium was not only associated with chloride but also with sulphate. The

presence of the sulphate-associated sodium would lead to a high ratio A (sodium to

chloride), whereas the presence of the sodium-associated sulphate would result in a low

ratio C (calcium and magnesium to sulphate), both observed for the three lignites.

For Loy Yang A and the South Australian lignites, the rations of all cations to all anions

(ratio D) is close to 1, suggesting that the cations and anions selected for quantitation have

accounted for most of the major ionic species present in the water. Other anions, such as

anions of the organic acids (refer to Chapter Five), apparently were only a relatively minor

contributor to the charge balance.

The behaviours of the ions in Morwell and Yallourn were different from all the other

lignites investigated. The ratios of all combinations of cation to anion are approximately 2,

except for the ratio B (sodium to chloride and sulphate), which is close to 1. Apparently,

the removal of the sodium in these coals was associated with the removal of both chloride

and sulphate anions. That all the ratios of cation to anion are very high suggests that

significant portions of anions present in the water were not accounted for during

quantitation. A similar effect was observed by Bou-Raad et al [284], who examined major

cations and anions in aqueous soxhlet extracts of Morwell and obtained high cation to

anion ratios if only chloride and sulphate were accounted for. The authors attributed this

effect to the release of significant levels of carbon based anions such as acetate, carbonate

and oxalate, with oxalate as the predominant organic anion. In the present study, the

release of carboxylic compounds (carboxylic acids and/or carboxylates) has been
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confiniicd by the results of characterisation of organic species as introduced in Chapter

Four and Five. The results for Morwell and Yallourn suggest a possibility that carbon

based anions or other anions, as well as chlonde and sulphate, may contribute to the charge

balance in the water from the two lignites.

6.6. Summary

For Loy Yang A lignite, the release of selected inorganics (except for calcium)

significantly correlated with moisture removal of the lignite during MTE processing.

However, unlike the removal of organic materials, which was significantly affected by

MTE processing severity, the removal of the selected inorganic species from the lignite

exhibited non-significant correlation with the processing severity, except for the significant

or almost significant effect of temperature on sodium removal at low pressurCvS. Such a

correlation would be expected for components contained in the pore water.

For Morvvell and Lochiel High Sodium lignites, the removal of selected inorganics did not

show significant correlation with either the processing severity or moisture removal. This

is possibly because the experimental uncertainty (data scatter) from replicate runs was too

great relative to the expected trends.

The South Australian lignites generally released higher levels of the inorganics than the

Victorian lignites during MTE treatment. However, the proportions of the inorganics

removed from different lignites were similar. For all the coals investigated, over 50% of

the sodium and even larger portions of the chloride could be removed by MTE processing.

Approximately 80-90% of the calcium, magnesium and sulphur still remained in the

lignites, except for calcium and magnesium in Bowmaivs A, where 91% and 40% were

removed, respectively.

The removal of the inorganic species during the MTE process could be correlated to the

forms of these species present in the lignites. In all the lignites investigated, significant

proportions of the sodium were present as soluble salts and, thus, were readily removed

(>50%) associated with chloride and/or sulphate anions. In the Victorian lignites, almost

all the calcium and magnesium were present as organically associated exchangeable

cations. Small proportions of these elements were nevertheless removed to the MTE water

likely due to thermal decomposition of carboxylate functional groups releasing the bound
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cations or together with associated organic unions; for two Victorian lignites (Morwcll and

Yalloum) removal of calcium and magnesium other than as soluble inorganie salts was

almost certainly significant. For the South Australian lignites (exeept Bowmans A), the

removal of small proportions of the calcium and magnesium was also consistent with

removal of organically bound cations, but dissolved sulphates could contribute. For the

Bowmans case, it appears likely that the large proportions of calcium and magnesium

removed during MTE processing were present in sulphate form. Sulphate sulphur in the

original lignites could be the main source of sulphate in MTE water. However, for the

Victorian lignites, a transformation of organic sulphur to sulphate during the MTE

treatment could not be fully excluded.
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CHAPTER SEVEN

EFFECT OF ACIDIFICATION AND MEANS OF HEATING ON THE

NATURE OF MTE PROCESS WATER

7.1. Introduction

The results discussed in Chapter Six reveal that the MTE treatment of Victorian and South

Australian lignites resulted in the removal of a significant amount of sodium and smaller

amounts of calcium and magnesium from the lignites.

An important contribution of sodium, calcium and magnesium to fouling problems during

combustion has been identified for Victorian lignites [75]. The presence of sodium-

containing inoiganic species in lignite, which become volatile uuring utilisation, has been

recognised as a very important factor in the fonnation of ash deposits for both Victorian

and South Australian lignites [68, 78, 79, 282]. It was also noted that it was the

exchangeable calcium cations rather than mineral calcium that was involved in the

fonnation of carbonate minerals during hydrogenation of low-rank coals, .ausing serious

operation difficulties in the reactor system [282]. Therefore, a reduction of the inorganic

content of lignite by MTE treatment could be of benefit to the lignite utilisation industry.

A large proportion of these inorganic elements is present in lignite as organically bound

exchangeable cations [115, 281]. A feature of ion exchangeable cations in lignite is that

they can be exchanged by hydrogen when the acidity of the environment is raised [68, 297,

298]. Therefore, an increase in the acidity of the coal water mixture during dewatering

would be expected to promote this ion exchanf process, leading to a reduction of these

inorganic elements in the dewatered products. Furthermore, some minerals in the ccal are

acid soluble and may be therefore released to the water phase under acidic conditions.

Therefore, one of the aims of this study was to investigate the effect of increasing the

acidity of the coal water slurries on the removal of selected elements during MTE

dewatering. Such an investigation may also assist in deepening our understanding of the

removal mechanisms of these elements from lignites.

187



Chapter Seven Effect of acidification and means of heating

Hydrochloric acid and carbon dioxide in the water phase have both been employed as

means of removing inorganic matter from coal. Treatment with hydrochloric acid for

demineralisation of low-rank coals was studied as early as in 1937 by Sustmann and

Lehnert [299, 300]. It has been demonstrated that using hydrochloric acid for mineral

removal from coals [301-303] and lignites [304] is an efficient approach. Carbon dioxide

(as carbonic acid in the presence of water) has also been utilised for coal beneficiation and

shown to be an effective method for demineralisation [305], Thus, these two methods were

selected in this study for investigating demineralisation effects during MTE.

In order to develop a better understanding of the relationship between the forms of the

inorganic species and the mechanisms of the removal of inorganics by MTE treatment,

water and acid extractions of the lignites were also carried out.

Another aim of the study was to compare two methods of providing the process heat. At an

early stage of MTE development, the laboratory-scale rigs for batch tests were heated

electrically [49, 306]. As the technique progressed to larger scales, steam at high

temperature and pressure was used to supply the thermal energy for the process [6, 7, 52,

53]. This study investigated the effect of using hot water preheating followed by steam

heating instead of electrical heating on the constituents of the MTE process water.

7.2. Experimental

7.2.1. MTE Processing and Water Production

7.2.1.1. The lignites

The feed coals used in the experiments were "run of mine' samples homogenised and

ground to <10mm. They were Loy Yang B and Bowmans B from Australia and Hambach

from Germany. Properties of the coals are given in Table 2-3.

Since one of the aims of this investigation was to understand the potential for removal of

the inorganics by the MTE treatment, Loy Yang B and Bowmans B, with higher ash

content (inorganic matter) than Loy Yang A and Bowmans A, respectively, were

specifically chosen for this work. Hambach, with higher ash content than Loy Yang B,

from the Rhenish lignite district located west of Cologne, Germany, was selected as a

comparison.
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7.2.1.2. The apparatus

Figure 7-49 to Figure 7-51, respectively, show a photo, a schematic diagram of the

compression vessel and a flow chart of the MTE rig, located in the Department of

Chemical Engineering, University of Dortmund, that was utilised for this work.
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in- outlet
thermocouple p"

cool i r^
watei
outlet

Figure 7-49. Photo of the MTE rig located Figure 7-50. Schematic diagram of the
in the University of Dortmund (307|. pressure vessel (307).

(13bar)

/ a i r

PV pressure vessel
EHA electric heating appliance
CD cooling device
SP spindle
G gear

3 f.;HA E electric motor
PCV pressure control valve
TC total condenser
SB sample bottle
B balance
RD rupture disk

H) WPV water preheating vessel
(heated with hot oil)

Figure 7-51. Flow chart of the experimental set-up [307J.

The experimental rig consists of a high quality steel cylinder (Figure 7-50 and PV in

Figure 7-51) with an inner diameter of 125mm. It can be adapted to either electrical

heating or steam heating. A compression force of up to 150 bars (!5MPa) can be applied

190



Chapter Seven Effect of acidification and means of heating

onto the load inside the cylinder (i.e. coal water slurries) by means of an electrically

powered piston (SP, G, E in Figure 7-51) inserted at the bottom of the cylinder. The water

that is squeezed out leaves the vessel through orifices at both the top and bottom. With the

assistance of a cooling device (CD) mounted outside the vessel, it is possible for the

system to be cooled to ambient temperature quickly after each run. To avoid solid loss

during compression, two stainless steel mesh plates were located at each end of the

cylinder to hold the load.

This rig arrangement allows the injection of pressurised carbon dioxide (CO2) to the sealed

compression vessel. A 'weak1 acidic environment could therefore be realised through the

injection of CO2 to the system. The system is also designed to accommodate preheating of

the coal by hot water flushing followed by heating with pressurised steam.

7.2.1.3. The conditions

A list of the experiments undertaken and the corresponding conditions is given in Table 7-

29. Each of the three selected lignites was treated under each of the five listed conditions.

The Hambach lignite was also treated at 200°C in order to characterise major organics in

the product water.

The experiments discussed in this chapter were not replicated due to time constraints.

Errors (shown as error bars in the figures) are calculated from the analytical errors of each

measurement (some are too small to show). Previous work using the same MTE apparatus

was found to provide reliable and reproducible results [308]. Moreover, the main concern

of the work discussed in this chapter was to identify trends between different lignites and

different processing conditions. Absolute precision with respect to the extent of dewatering

and demineralisation was a secondary concern.
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Table 7-29. MTE conditions employed in the experiments

Net
Code

Temperature ~ „ . . „ , . . . . Heating
;o^x pressure Cell load Prior to heating **
(°C) ( M p a ) means

EW
(electrical/water)

EC
(electrical/CO;)

EA
(electrical/acid)

SF (steam/fresh
water)

SR
(steam/recycled

water)

150

150

150

130-160

130-160

12

12

12

12

12

650g coal/650ml
distilled water

650g coal/650ml
distilled water

650g coal/650mL
0.05M HCI

650g coal

650g coal

-

COj injection

-

~300ml 180°C
distilled water

Hushing

~300ml 180°C
recycled water

flushing

electrical

electrical

electrical

steam

steam

For convenience of discussion, the five conditions are coded as shown in the first column

of Table 7-29. The EW condition is the 'standard condition' since these experiment was

carried out under similar conditions to those used for the MTE rig at Monash University.

The net pressure, 12MPa, was the actual mechanical force supplied by the piston, 14MPa,

minus the fluid pressure inside the vessel, 2MPa. This was slightly higher than the pressure

employed in comparable experiments with the rig at Monash University. In the latter cases

the net pressure was the applied pressure, 12MPa, minus O.SMPa (the maintained fluid

pressure inside the MTE cell).

7.2.1.4. The process

In the EW experiments, the compression cell was loaded with a known weight (65Og) of

raw coal and distilled water (650mL). The coal and water were stirred in-situ to form a

slurry in order to expel any trapped air and to ensure homogeneous heat transfer within the

cell during the experiments. When sealed, the vessel was heated by electrical heating coils

(EHA in Figure 7-51) to the desired temperature, which was held for 20-30 minutes before

mechanical compression using an engine-driven spindle began (SP, G, E in Figure 7-51).

During the compression stage, the hydraulic pressure was maintained using the pressure

control valve (PCV in Figure 7-51), at a level higher than the saturation steam pressure to

avoid water evaporation. When the desired compression pressure was attained, it was
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I
I

maintained for appioximately 1.5 hours, during which time the hydraulic pressure was

maintained at 20MPa. After chilling in a condenser (TC in Figure 7-51), the expelled water

was collected in a prewcighed glass container (sample bottle) located on a weighing

balance (SB, B in Figure 7-51). Following each experiment the pressure vessel was cooled

using a cooling coil (CD in Figure 7-51) until the temperature in the vessel was below

60°C. Then the hydr ilic pressure was released, the vessel was detached and the coal

pellet and product water were collected and weighed. The system was thoroughly rinsed

with distilled water. The rinsing water was collected separately and weighed.

Experiments EC and EA were carried out under similar conditions to EW, except that, for

the EC experiments, after the pressure vessel was sealed, CO^ gas (at 30 bars or 3MPa)

was continuously injected into the slurry for approximately one hour prior to heating. In

the EA experiments, the coal water slurry was prepared using 65OniL 0.047M hydrochloric

acid solution (replacing the distilled water).

The pH of the distilled water addtv' 1 the EW experiments was around 6, while that of the

0.047M hydrochloric acid solution used in the EA runs was 1.3. In the EC cases, as the

system was scaled for injection of CO2, the pH of the coal slurries could only be estimated.

Assuming that the dissolution of CO; in the water was close to equilibrium after

continuous injection under 30 bars for one hour, the concentration of CO2 was

approximately Ikg/L (20°C, 30 bars) [309]. Based on the equilibrium constant of dissolved

CO2, the pH of the coal water slurries inside the cylinder was estimated to be 2.5.

Therefore, the acidity of the coal-water slurries in the experiments increased in the order

EW<EC<EA.

Steam was used as an alternative means of heating (with hot water flushing) to simulate the

conditions of larger scale MTE runs. ~300mL distilled water (in SF experiments) or

'recycled water* from the SF run using the same coal (in SR experiments) was preheated to

-I8O°C in a separate vessel (WPV in Figure 7-51) before each run. After the pressure

vessel was loaded with coal (only) and sealed, this hot water was forced by pressurised

steam to pass through the coal in the vessel. As soon as the hot water was used up

(signalled by steam emerging from the water outlet), steam was conducted directly to the

cylinder until the temperature inside the vessel increased to the intended value (~150°C).
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The steam supply was then cut off and the mechanical compression force applied. It should

be noted that, in the steam heating experiments, it was difficult to control the temperature

precisely and the temperature decreased gradually by 20-30°C over the compression

period.

For all the experiments, the temperature, fluid pressure, applied mechanical force and

position of the piston were measured as a function of time and recorded.

For each run, the masses of raw coal and dewatered product coal were measured and their

water contents determined. Both the product water and rinsing water samples were filtered

using 0.45um Teflon filters. Samples were stored below 4°C for subsequent use.

The methods used for the water analysis are described in Chapter Two. There were some

small differences for the work reported in this chapter. Since the water samples were

filtered with 0.45um filters, the total organic carbon determined by a DIMATOC 100 TOC

analyser could be directly equated to dissolv d organic carbon (DOC) (see Secti« n 5.2.1).

Sodium, potassium, calcium, magnesium and iron in the water samples were quantified

using a Perkin-EImer 1100B atomic adsorption spectrometry (AAS). Chloride and sulphate

were measured at the Water Studies Centre, Monash University, using a flow injection

colorimetric method.

7.2.2. Water ami Acid Extraction of Lignites

The purpose of the extraction experiments was to remove the inorganics in their original

state so as to reflect and further the understanding of their behaviour during MTE

treatment, rather than determining the total water/acid extractables. Therefore, the raw

lignites (not dried) were used for both water and acid extraction experiments and the

extraction was carried out using only one batch of water or acid.

The three lignites were subjected to extraction using distilled water and diluie hydrochloric

acid (HC1). The lignites were ground to very fine particles and the moisture content was

measured prior to use. Two lOg portions of each coal were placed each in a plastic conical

flask. Plastic rather than glass flasks were used to prevent extraction of sodium, etc. from

the glass material. One portion was mixed with 50mL distilled water and the other with
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50mL 2M HCK The flasks were then sealed and fixed on an electrical mixer. The water

and acid extractions were continued for ~48 hours at room temperature.

After extraction, the contents of the flasks were filtered with a filter paper followed by a

0.45|im Teflon filter. The filtrates were analysed for sodium, potassium, calcium,

magnesium a n using an AAS.

Water extracts >f the three lignites was also carried out using slurries with different coal

to water ratios ablr 7-30). Different amounts of each coal were each added to 50mL of

distilled water and the slurries extracted for ~48 hours. The extracts were filtered and

analysed as above. The selection of a maximum 30g Hambach lignite sample instead of the

maximum 50g used for the other two lignites was because the coal absorbed so much of

the added water in the 50/50 (w/v) coal water mixture that there was little residual water to

allow effective extraction.

7.3. Inorganics Removed by Water and Acid Extraction

In this section, the results of the removal of inorganics from lignite by water and acid

extraction are discussed.

7.3.1. Water Extraction of Different Amounts of Coal

For all the elements analysed, their concentrations in the water extracts increased as the

ratio of coal to water increased (except for iron in Loy Yang B and Bowmans B where

concentrations were very low and the variation could be ascribed to analytical error).

However, when the data were recalculated as percentage removal of the total amount of the

elements in the raw coal, the trends were different, as shown in Table 7-30 (errors <±1 in

the last significant figure).
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Tnblc 7-30. Percentage removal of selected inorganics by water extraction.

Hambach

Loy Yang B

Bowmans B

Coal/water
(g, wb/mL)

0.5/50
1/50
10/50
30/50

0.5/50

1/50
10/50
50/50

0.5/50
1/50
10/50

50/50

P«

-6

-6

~6

-6

4-5

4-5

~6

4-5

4-5

Na%

40

24

13

10

62

60

55

55

61

62

60

54

K%

16

10

5.7

4.1

12

13

14

13

42

47

39

33

Cn%

0.1

0.1

0.06

0.07

9.9

3.2

3.8

5.8

0.4

0.4

2.1

1.8

M g %

0.09

0.1

0.08

0.1

0.7

1.8

10

18

0.5

0.9

3.7

4.3

Fc%

0.1

0.2

0.07

0.04

1.1

0.5

0.06

0.02

0.2

0.2

0.03

0.005

It is assumed that water extraction of lignite mainly removes water soluble inorganics

(usually present in 'salt' form) that are physically contained within, or dissolved in, the

pore water of lignite and possibly some organically bound cations dissociated from the

surface functional groups [310]. The removal of small proportions of calcium and

magnesium as organically bound cations by water extraction has been suggested by studies

on Victorian lignites [281, 284]. Therefore, the inorganics that remain in the coal after

water extraction include non-soluble minerals, most of the organically bound cations

and/or the water solubles that could not be extracted under the conditions employed.

It can be seen in Table 7-30 that, in most cases, the water extraction removed a large

proportion of the sodium, a smaller proportion of potassium, much smaller proportions of

calcium and magnesium and very little iron. The large proportions of scJiam and

potassium removable by water extraction suggest that significant proportions of these

elements were present in the lignites as soluble salts in pore water. Thi results that small

proportions of the calcium and magnesium and even smaller proportions of the iron were

removed by water extraction imply that these elements were mainly present in the lignites

in water insoluble forms, either as exchangeable cations or !n mineral forms. These

observations are consistent with the results for inorganics removal by MTE treatmer. of
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some Victorian and South Australian lignites discussed in Chapter Six and those of

previous investigations on Australian lignites [115, 116]. In the Hambach lignite, small

proportions of major elements in dissolved form were previously observed for this coal

[53].

The percentage removal of sodium and potassium generally decreased with increasing coal

to water ratios, except for that of the potassium in Loy Yang B which varied within error

(Table 7-30). It should be noted that the extraction of lignite using a certain amount of

water is not expected to continue until all the water soluble inorganics are in the aqueous

phase; rather, an equilibrium will eventually be reached, with inorganic elements

distributed between the coal and aqueous phases. Therefore, the extent of the removal of

inorganics depends not only on the form of the inorganics present in the coal, but also on

the length of the extraction period [130, 284] and the coal to water ratio of the slurry [311].

For water soluble inorganics, it is expected that equilibrium would be reached more

rapidly, giving more inorganics in the aqueous phase for smaller coal to water ratios.

Given ~48 hours of extraction, with sufficient water and only a small amount of coal

(0.5/50 and/or 1/50 w/v), the removal of the water soluble portions of sodium and

potassium may be considered complete. This means 40% and -60% of the sodium in

Hambach and the two Australian lignites, respectively, may be present as soluble salts in

coal water. Likewise, 16%, 12-13% and 42-47% of the potassium in Hambach, Loy Yang

B and Bowmans B may be present as soluble salts. As the coal to water ratios increased,

significant proportions of the sodium could still be extracted from the two Australian

lignites (>50%), whereas only ~10% of the sodium was removed from Hambach. This is

possibly because the water extraction of Hambach at high coal to water ratios was not as

efficient as for the other coals due to the smaller amount of free water available for

extraction because more water was absorbed by the coal (refer to Section *T.2.2).

Unlike the percentage removal of sodium and potassium, the percentage removal of

calcium and magnesium from Bowmans B and of magnesium from Loy Yang B increased

substantially as the coal to water ratio increased. In Hambach, the proportions of calcium

and magnesium extracted by water did not vary significantly with coal to water ratio. As

calcium and magnesium in lignites are often largely present in water insoluble forms, one

of the mechanisms of removal for these elements would probably be exchange of
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organically bound cations for hydrogen ions in a weak acidic environment. The values of

pH in the water extracts were consistent with the occurrence of such a pivcess. When

extracting small amounts (i.e. 0.5g and lg) of the Loy Yang B and Bowmans B lignites,

the pH in the water extracts was ~6, as in the distilled water used. When larger amounts of

these two coals (i.e. lOg and 50g) were added, the pH of the extracts decreased to 4-5 (See

Table 7-30). Ion exchange process with hydrogen ions would be promoted in the more

acidic environment in the cases of the Australian lignites, leading to the removal of larger

proportions of these elements. In the Hambach cases, the pH of all the water extracts was

about 6, so that no effect on ion exchange would be expected.

The concentration of the iron in all water extracts was very low, so that any apparent

differences were smaller than experimental error and no valid comparisons could be made.

The very small proportions of the iron in all the cases suggest that this element was present

in all three lignites predominantly in water insoluble forms.

7.3.2. Comparison of Water Extraction with Acid Extraction

Table 7-31 presents the percentage removal of selected inorganics by water extraction and

acid extraction (coalrwater 10g:50mL). Calculated errors are <±1 in the last significant

figure.

Table 7-31. Percentage removal of selected inorganics by water extraction and acid
extraction.

Hambach

Loy Yang B

Bowmans B

water

acid

water

acid

water

acid

Na%

13

102

55

84

60

89

K%

5.7

58

14

33

39

99

Ca%

0.06

102

3.8

19

2.1

58

Mg%

0.08

94

10

92

3.7

92

Fe%

0.07

74

0.06

39

0.03

56

• 1 Og coa! (wb): 50mL water or 2M HC1.

Acid extraction removes not only the water soluble portions of the inorganics but also

cations originally bound to the organic matrix and dissolves acid soluble minerals (such as

hydrous oxides and carbonates) and some cations associated with clay minerals [116, 312,

313]. The inorganic components not leached from the coal after acid extraction are
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supposed to be mainly incorporated in acid insoluble minerals, particularly clays, quartz

and pyrite [314] and may also include acid extractable minerals and exchangeable cations

that could not be removed under the extraction conditions.

Under the same conditions (Table 7-31), acid extraction removed significantly larger

proportions of all the five inorganic elements from all lignites than water extraction.

Comparison of the results for the three lignites shows that the removal of all five elements

increased most for Hambach. Although the additional removed material may include water

solubles that were not removed by water extraction, the considerably bigger difference

between the proportions of acid cxtractables and water extractables for all the elements for

Hambach than for the two Australian lignites suggests that larger proportions of these

elements were present as exchangeable cations and/or acid soluble minerals in Hambach

than in the Australian lignites.

Comparison between the water and acid extractable fractions confirms that, for calcium,

magnesium and iron, exchangeable cations and/or acid soluble minerals accounted for

significantly larger proportions of these elements in all three lignites than the water

solubles.

After acid extraction, sodium and calcium in Hambach and potassium in Bowmans were

almost fully extracted. >90% of the magnesium was removed from all three lignites.

However, substantial proportions of some elements still remained, such as calcium and

magnesium in Loy Yang B lignite. Raw coal analysis (Table 2-3) indicates that all five

elements in these three lignites are almost totally acid extractable, as defined by the

standard analytical method. The results suggest that the method is only a rough guide to

what can be extracted in a more practical situation such as the extraction conditions

employed in this work.

7.4. Water Removal by MTE Processing

The moisture contents of all the MTE products were between 28% and 38% (wb). For

Hambach, Loy Yang B and Bowmans B with initial moisture contents of 54%, 67% and

55% respectively, the average moisture removal was 63%, 74% and 60%, respectively.

The lignite with the highest initial moisture content (i.e. Loy Yang B) lost more water

during MTE processing. Cavallaro and Quast [315] noticed a similar effect during
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mechanical dewatenng; the lignites with a higher initial moisture content underwent

greater dewatenng than the drier coals.

Figure 7-52 shows the percentage moisture removal from the three lignites under dilTerent

MTE processing conditions.

100.0

0.0

Hambach LoyYang Bowmans
• EWBEC • EA S3 SF O SR

Figure 7-52. Percentage removal of the initial water in different lignites by MTE*.
*For key to conditions refer to Table 7-29.

The percentage moHure removal from the lignites during MTE was essentially

independent of the process conditions investigated in this work (Figure 7-52). Small

differences could be due to experimental errors such as small temperature deviations.

Thus, it can be concluded that, at constant processing temperature and pressure, the

dewatering effect of MTE was not significantly influenced by the conditions investigated,

e.g. injection of CO2, use of hydrochloric acid or heating with steam.

7.5. Organics in MTE Process Water

In this section, the removal of organics as dissolved organic carbon (DOC) from the

lignites under different conditions is compared. Results of GC-MS characterisation of

major organic components in the MTE water removed from Hambach at 200°C are also

summarised.
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7.5.1. Organic Carbon Removal by MTE processing

In the discussion in this chapter, variations of MTE processing conditions refer to cither

different acidities of the coal water slurry (i.e. processing medium) in EW, EC and EA

runs or to the use of different heating methods in comparisons between the EW, SF and SR

runs.

7.5.1.1. Effect of the acidity of processing medium

Figure 7-53 shows the loss of organic matter (as DOC) to MTE process water from the

lignites for processing media of different acidities.

0.50

0.40

I 0.30
o
o

3
o

0.20

0.10

0.00
Hambach LoyYang Bowmans

• EW e EC • EA

Figure 7-53. Organic carbon removal versus MTE processing medium*.
*For key to conditions refer to Table 7-29.

Figure 7-53 shows that, for all three lignites, the organic carbon removal decreased as the

acidity of the coal water slurry was raised, with the only exception being the Bowmans B

case under the weak-acid condition (EC). The use of 'strong' acid (EA) instead of water

(EW) significantly reduced the amount of organics removed from these lignites by MTE

treatment. The injection of CO2 (EC) only slightly reduced the organic carbon removal

from Hambach and Loy Yang B. In all three cases (EW, EC and EA), Bowmans B

exhibited the greatest tendency to release organics to the water phase followed by

Hambach then Loy Yang B.
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The decreased release of organic species into MTE water with increasing acidities of the

coal water slurry could be related to the effect of pll on the proportion of ionised and non-

ionised forms of organic functional groups. Oxygen functional groups in lignite are present

either in ionised forms, such as carboxylates or phenolates associated with exchangeable

cations, or in non-ionised forms associated with hydrogen. During MTE treatment in an

acidic environment, as the pH decreased, the proportion of the non-ionised carboxylic acid

or phenol form would increase at the expense of the ionised (carboxylate or phenolate)

form (refer to Figure 7-54). The non-ionised forms, being less polar, would be expected to

be less soluble than the ionised forms, so that the solubility of the organic material would

indeed be expected to decrease with decreasing pH, as observed.

Figure 7-54. Change in state of acidic functional groups in lignite in an
acidic environment.

The proceeding argument also shows why, as observed in a number of studies [316-318],

the treatment of lignites with aqueous hydrochloric acid can improve the solubility of

lignite in organic solvents.

The above argument could not explain why organic carbon removal from Bowmans B in

the EC case was higher than in the EW case. The reason for this apparently anomaly is

unclear.

7.5.1.2. Comparison of heating methods

In Figure 7-55, organic carbon removal under the standard condition (EW) is compared

with that from the processes using steam for heating and hot distilled water (SF)/'recycled'

water (SR) for preheating.
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Figure 7-55. Organic carbon removal versus MTE heating methods*.
*For key to conditions refer to Table 7-29.

Figure 7-55 shows that there was a significant decrease in organic carbon removal from

Loy Yang B and Bowmans B when using steam/hot water (SF and SR) instead of electrical

heating (EW). However, an increase was observed in the case of Hambach. Organic carbon

in the MTE water from SF and SR runs was present at similar levels.

The effect of using different heating methods on organic carbon removal may be related to

the different temperature control processes during the runs. Over the course of the SF and

SR runs, there was a temperature reduction of 20-30°C (compared to the constant

temperature in the EW runs). As concluded in Chapter Five, processing at lower

temperatures leads to reduced removal of organic carbon. In addition, in the EW

experiments, the time required for heating the coal inside the chamber to the desired

temperature was much longer than in the SF and SR cases (~3hr vs <0.5hr). Over the much

longer time at elevated temperature, thermal decomposition of the organic structures and

dissolution of the fragments, which contribute to the organic carbon level in the water

phase, might proceed to a greater extent. Therefore, the lower temperature and much

shorter heating time may be the two main reasons that much smaller amounts of organic

carbon were removed from Loy Yang B and Bowmans B during the SF and SR runs.

It is not clear why the organics released from Hambach exhibited an opposite trend. It is

worthy of mention that, in the steam/hot water processes, samples of the two Australian
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lignites in the chamber were not pre-compressed prior to heating, as attempts of pie-

compression failed to allow hot water and steam to efficiently pass through the coal bulk.

However, pre-compression was applied to the Hambaeh lignite, resulting in a more

compact coal bulk which would probably allow more efficient thennal conduction than for

the Australian lignites.

It is notable that organic carbon in the 'recycled' water carried over from the SF run did

not lead to an increase of the total organic carbon level in the water from that for the

corresponding SR run.

7.5.2, Characterisation of Organic Composition ofMTE Water from Hambaeh

GC-MS identification and quantitation of major organic components was only carried out

on the product water from the MTE treatment of Hambaeh at 200°C, 12MPa. All SPE-GC-

MS experimental methods and calculation methods introduced in Chapters Three and Four

were applied to the identification and quantitation of organic components in this water

sample.

In general, major organic components identified in the water from Hambaeh were very

similar to those identified in the water from other lignites treated at 200°C, 6MPa (refer to

Table 4-14 to Table 4-16). Only a few compounds, such as 3,4,4-trimcthyl-2-cyclopentcn-

1-one and 2,6-chlorophenol, were not identified in the water from other lignites.

Carboxylic acids, phenols, cyclic ketones, furanones and benzofuranones were the major

compound groups present in this water, as for the MTE Water from Australian lignites.

Table 7-32 lists the amounts of selected organic compounds and compound groups in the

MTE water from Hambaeh (200°C, 12MPa). Results (from Chapter Five) for Loy Yang A

and Lochiel, which released the lowest and highest levels, respectively, of most of the

identified organic components and compound groups at 200cC, 6MPa are also shown in the

same table for comparison. The unit for individual compounds and total phenolic

compounds is mg/kg. The unit for total acids and organic carbon is g/kg.
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Table 7-32. Amounts of selected organic components and major groups in MTE
water from Hninbach (11B) compared with Australian lignites.

phenol

4-methyl phenol

£• 2,4-dimcthyl phenol

&6 2-mcthoxy phenol

g 2-mcthoxy-4-mctliyl phenol

i3 1,2-bcnzcnediol (catechol)

J 2,6-dimethoxy phenol

vanillin

1,2,3-benzcnetriol
(pyrogallol)

^ succinic acid (C4)

"°. benzoic acid

ob pimelic acid (C7)

^ sebacic acid (CIO)

% 1,2,4-benzenetricarboxylic
acid

Total mono- & di-hydroxy
phenols (mg phenol/kg, db)

Total tri-hydroxy phenols (mg
pyrogallol/kg, db)

Total aliphatic acids (g succinic
acid/kg, db)

Total aromatic acids (g benzoic
acid/kg, db)

Total identified compounds
(g/kg, db)

OC (g/kg, db)

undetected

HB

200°C/12MPa

0.23

0.13

0.047

5.0

0.033

0.030

0.015

0.090

-

0.065

0.52

0.93

0.29

3.5

24

-

0 69

0.61

13

4.7

LYA

200°C/6MPa

0.0081

0.014

0.0095

0.42

0.026

0.033

0.18

0.058

0.069

11

1.4

0.60

0.62

18

3.0

0.26-0.85

0.43

0.19

0.62

1.3

LC

200°C/6MPa

1.1

0.14

0.042

6.9

0.11

0.036

0.89

0.12

-

19

4.2

7.1

2.5

37

29

0.22-0.73

0.80

0.75

1.6

3.7

It can be seen that the results for Hambach are comparable with the cases of the Australian

lignites using a different MTE rig and treated at lower pressures. The major difference of

the results is that the five selected carboxylic acids (but not total acids) were present in the

water from Hambach at lower levels. These results indicate that although the relative
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abundance of individual components might be different, the abundance of major

compound groups and total identified compounds present in the water from Hambach was

not significantly different from that in the other cases.

Table 7-33. Relative abundance of major compound groups in total identified
organics and organic carbon in MTE Water from Hambach.

HB

200°C/12MPa

LYA

200°C/6MPa

LC

200°C/6MPa

nt
if

ie
d

ds

-O 3••"" o

to
ta

;o
m

j

Mono- and di-hydroxy
phenols %
Tri-hydroxy phenols %

Total phenols %

Aliphatic acids %

Aromatic acids %

Total acids %

1.8

1.8

52

46

98

0.48

0.042-0.14

0.52-0.62

69

30

99

1.8

0.014-0.046

1.9

51

47

98

% identified compounds (as
carbon) in OC 15 24 23

Relative abundance results in Table 7-33 a]so demonstrate that major organic compound

groups in the MTE water from Hambach were present in similar proportions as in the

water from the Australian lignites (nearly identical to the Lochiel case). Phenolic

compounds accounted for very small proportions of the total identified compounds. 98% of

the GC-MS detectables were carboxylic acids. Components identified by GC-MS

estimated to account for 15% of the total organic carbon.

That the organic constituents in the MTE water from Hambach were similar to those

identified for the Australian lignites is possibly due to similarities in the distribution of

oxygen containing functional groups in these lignites. The oxygen content in Hambach

(26%) is similar to that in the Australian lignites investigated (refer to Table 2-3). Rhenish

lignite has a high oxygen content (23.4-27.8%); carboxyl groups are the most important

oxygen-containing functional group followed by hydroxyl groups and/or ethers and

ketones with small proportions of methoxy groups [319], A similar distribution of oxygen

containing functional groups is present for Victorian lignites [239, 274], and the behaviour

of South Australian lignites suggests similarities in their composition also (Chapter Five).
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7.6. Inorganics in MTE Process Water

The discussion in this section focuses on the behaviours of monovalent sodium and

divalent calcium and magnesium during MTE processing. The concentrations of potassium

and iron in some cases were too low to permit meaningful comparison and discussion.

The levels of the inorganics in the MTE water from the various lignites were quite

different. In order to compare the results for the three lignites in the same graph, the data

are expressed as percentage removal of the total amount of the respective species present

in the raw coals (refer to Table 2-3).

7.6.1. Comparison of MTE Treatment to Water Extraction

In contrast to the water extraction experiments, the MTE treatment was carried out at

elevated temperatures; in a notably shorter period of time (2-4 hours vs >48 hours); under

pressure and without agitation of the coal water slurry. In the following discussions where

the results from the two types of treatment (MTE vs extraction) are compared, it should be

kept in mind that some aspects of the MTE conditions might benefit the removal of

inorganics from the lignites, such as the elevated temperature and pressure. In particular,

Jimenez-Carmona et al [ 119] observed that extraction of the cations in coal was achieved

in a much shorter time at high temperature (300°C) than ai low temperature (180°C) during

subcritical water extraction. Other aspects would inhibit inorganics removal, such as the

shorter period of time and the absence of agitation. The observed behaviours would be the

consequence of the combined effects of all factors.

Table 7-34 summarises the percentage removal of sodium, calcium and magnesium by the

standard MTE treatment (EW) and the water extraction experiments (errors<±l in the last

significant figure).
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Table 7-34. Percentage removal of selected elements by MTE and water extraction*.

Hambach

Loy Yang B

Bowmans B

Treatment

Extraction

MTE (EW)

Extraction

MTE (EW)

Extraction

MTE (EW)

Coal: water
(w/w)

1:100

1:1.7

1:1

1:100

1:1

1:1

1:100

1:1

1:1

Na%

40

10

31

62

55

54

61

54

54

Ca%

0.1

0.07

0.2

9.9

5.8

19

0.4

1.8

3.8

Mg%

0.09

0.1

1.3

0.7

18

14

0.5

4.3

8.0

* For MTE conditions refer to Table 7-29; For water extraction conditions and data refer to Table 7-30.

For sodium, results show that the water extraction of a small amount of coal (coakwater

1:100) removed a larger proportion of this element than MTE and water extraction using

large amount of coal (coal:water=l:l). Comparing the latter two cases, for the two

Australian coals, the proportions of the sodium removed by MTE and water extraction

were similar, whilst, for Hambach, the MTE treatment improved the sodium removal

compared to the water extraction.

The sodium removed by water extraction was probably mainly present in a water soluble

form in the lignites investigated (see Section 7.3.1) and the fact that less sodium was

removed by MTE (EW) than by water extraction of small amount of coal (1:100) implies

this was also true for sodium removed during the EW process. For the two Australian

lignites, the MTE treatment at elevated temperature in a shorter time achieved similar

results for sodium removal compared to the water extraction at 1:1 coal to water ratio.

Assuming that the water extraction of lignites at the low coal to water ratio (1:100)

removed all water soluble sodium from the three lignites (see Section 7.3.1), both the MTE

and water extraction were able to remove a majority (~90%) of the water soluble sodium

from these two lignites. In the Hambach case, as mentioned in Section 7.3.1, water

extraction of Hambach at high coal to water ratios was inefficient due to the little free

water available for extraction. The MTE treatment employing elevated temperature
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enabled the removal of larger proportions of the sodium from this coal, i.e. -80% of the

total water soluble sodium.

The behaviour of calcium and magnesium during MTE and water extraction was

significantly different from that of the sodium. In all cases, the percentage removal of these

elements was much lower than that of the sodium for the same lignite. However, the MTE

treatment involving relatively severe conditions did facilitate a further removal of these

elements from all three lignites (except for magnesium in Loy Yang B).

As discussed in Chapter Six and Section 7.3 in this chapter, calcium and magnesium in the

Victorian lignites investigated were largely present as organically bound ions. During

water extraction at room temperature, the removal of elements in these forms is likely to be

a result of ion exchange process (by hydrogen), which is related to the low pH of the coal

water environment, as suggested in Section 7.3.1. Nevertheless, during the MTE

dewatering processes, the organically bound cations may be released into water associated

with carbon based organic anions (e.g. carboxylates) in Victorian lignites (refer to Section

6.5.2.2 dealing with charge balance). An observation in the Hambach case may provide

evidence for the removal of the organically associated elements during MTE related to

processes other than ion exchange. The pH of the MTE process water from Hambach in

the EW case was ~6 - the same level as in the water extracts of this coal, so that the further

removal of both calcium and magnesium by MTE treatment was apparently not due to an

effect of lower pH. That the MTE treatment removed larger proportions of the calcium and

magnesium from all three lignites (except for magnesium in Loy Yang B) than the water

extraction suggests a removal mechanism related to the more severe conditions of

temperature and pressure, e.g. release of cation-organic complexes (carboxylates, etc.)

from the coal structure.
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7.6.2.

7.6.2.1.

Effect of Acidity of Processing Medium

Sodium

100

2o
2
CO

Hambach LoyYang Bowmans
• EW m EC • EA

Figure 7-56. Percentage removal of Na versus MTE processing medium.

As shown in Figure 7-56, sodium removal from the Australian lignites was nearly

independent of the acidity of the processing medium, whereas the removal from Hambach

increased considerably with increasing acidity of the coal water slurries (from 30% to

>80%), especially in the 'strong acidic' (EA) case. A greater effect of acid on sodium

removal from Hambach lignite was also noted for ordinary acid extraction (Table 7-31).

The above observations further support the proposal that the 50-60% sodium removed by

MTE treatment from the two Australian lignites were originally present as water soluble

salts. Hence, the extent of sodium removal was not affected by the acidity of the coal water

slurries. It also suggests that under the MTE conditions employed, only the water soluble

portions of the sodium in the two lignites could be removed. In the Hambach case, the

substantially greater proportions of the sodium removed during the EA runs suggest that

the element was originally present in either an organically bound form or in an acid soluble

mineral form.

Compared to the results from acid extraction, by which >80% and -100% of the sodium in

the Australian lignites and Hambach, respectively, could be removed, MTE processing
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removed smaller proportions of the sodium. This is likely due to the still weak acidic

condition employed by MTE (0.047M vs 2M HC1 for acid extraction).

In the case where the water insoluble portions of the sodium was removed (e.g. EA

Hambach case), the removal of the sodium as exchangeable cations might have occurred,

(in addition to any dissolution of the sodium as acid soluble minerals). As illustrated in

Figure 7-54, when acid was introduced during MTE processing, any sodium cations

exchanged onto the functional groups (such as carboxyl and phenolic groups) might be at

least partially replaced by hydrogen as the acidic functional groups re-associated. This

would lead to a further release of organically associated sodium into the water phase.

7.6.2.2. Calcium and magnesium

The behaviours of the two alkaline-earth metals during the MTE treatment were again

similar in most cases and are therefore discussed togetlier. The percentage removal of

calcium and magnesium in coal water slurries of different acidities is shown in Figure 7-57

and Figure 7-58, respectively.

Ham bach LoyYang Bowmans
• EW S EC • EA

Figure 7-57. Percentage removal of Ca versus MTE processing medium.
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Figure 7-58. Percentage removal of Mg versus MTE processing medium.

Under the same condition, the proportions of calcium and magnesium removed from

different lignites varied significantly. Loy Yang B released the largest proportions of both

elements, while Hambach released the smallest proportions, with Bowmans B in between.

This ordering of the magnitude is consistent with the results obtained from the water

extraction experiments at similar coal to water ratios (Table 7-30). It can be deduced that

the removal of these elements from Loy Yang B was more facile than from the other two

lignites. However it is also the case, for all the lignites, that major proportions of the

calcium and magnesium remained in an insoluble form.

For a given lignite, MTE treatment in the hydrochloric acid environment (EA) significantly

improved the removal of the calcium and magnesium. The extent of the improvement in

the Hambach case was the greatest (as for acid extraction), whereas the removal of both

elements from Bowmans B only slightly increased. As calcium and magnesium in lignites

were present mainly in water insoluble forms, the further removal of the elements under

acidic conditions may be a result of either an ion exchange process removing the

exchangeable cations (refer to Figure 7-54) or dissolution of acid soluble minerals. An

increase in the pH of the MTE process water from all EA experiments (pH=2.5-4) relative

to the pH of the hydrochloric acid solutions (pH=1.3) added prior to each EA runs may be
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considered evidence for the occurrence of the exchange of cations with hydrogen, leading

to reduced hydrogen ion concentrations.

The use of the CCVwater system for removal of inorganics in lignite involves not only the

coupling of water with carbon dioxide generating a weakly acidic solution that would be

beneficial [305], but also penetration of carbon dioxide into the coal [320] along fault lines

of mineral inclusion possibly resulting in the separation of the mineral matter from the coal

matrix [305].

However, comparing the EC cases with the EW cases, the percentage removal of the

calcium and magnesium from all three lignites was only slightly different. Although the

variations were beyond analytical error (as shown by the error bars in the figures), the

possibility that they were due to small variations in process conditions could not be

excluded. The effect of injecting CO2 to the MTE system on the removal of these elements

could be concluded to be not significant.

7.6.2.3. MTE for coal beneficiation

Coal beneficiation involves the separation of mineral and inorganic matter from the

combustible portion of the coal [321]. The removal of inorganic species by the MTE

treatment recognised in the present work is expected to be of benefit for lignite utilisation.

In this study, the two demineralisation methods using the carbon dioxide/water system and

hydrochloric acid solution were combined with the MTE treatment. The efficiency of these

treatments for overall removal of inorganics in lignite is discussed in this subsection.

It should be noted that the number of inorganic species selected for quantitation in this

study was very limited relative to the numerous species that would be present in the MTE

process water. Therefore, for the evaluation of the beneficiation efficiency (i.e. removal of

total mineral matter) of the MTE treatment, it is more appropriate to use the data from ash

analysis. Percentage ash removal by MTE in different processing media is shown in Figure

7-59.
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Hambach LoyYang Bowmans
• EW S EC • EA

Figure 7-59. Percentage ash removal by MTE in different processing media.

Initial ash yields of the raw Hambach, Loy Yang B and Bowmans B lignites were 5.3, 3.7

and 16.3% (db), respectively. Under the same processing condition, the MTE treatment

removed the largest quantities of ash from Bowmans B among the three lignites. However,

as Bowmans B has the highest ash level, the proportion of the ash removed from this coal

was the smallest.

In the EW cases, i.e. the MTE treatment without any demineralisation assistance, over 10%

of the total ash from Hambach and Loy Yang B and 5% from Bowmans B could be

removed. This outcome offers an additional benefit of MTE besides its moisture removal

capability.

In the EC cases, the de-ashing effect of the carbon dioxide/water system can be seen more

clearly when the reduction of ash yields in the MTE coal products, rather than the levels of

individual elements present in the MTE water, is examined. For Hambach and Bowmans

B, the EC treatment led to noticeable further ash removal relative to EW treatment. The

further reduction was 9.4% and 4.3% of the total ash yield in the two lignites, respectively.

The results were comparable with the 5-15% ash reduction obtained by Sapienza et al

[305], who utilised a pressurised carbon dioxide/water system for bituminous coal

beneficiation. The ash removal from Loy Yang B was not affected by the introduction of

CO2 in the system. It is likely that the inorganic species removed from Loy Yang B in the
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EW and EC cases were originally mainly present in water soluble forms. Therefore, the

removal was not affected by slightly increased acidity of the coal water slurries.

An increase of the acidity of the coal water slurries using hydrochloric acid solutions (i.e.

the EA cases) significantly increased the ash reduction from all three lignites. Up to 35%

of the total ash from Loy Yang B, 24% from Hambach and 16% from Bowmans B were

removed.

7.6.3. Comparison of Heating Methods

Besides two major differences between the EW experiments and the SF and SR

experiments - higher temperature and longer heating period in the former cases - which

affected the removal of organic caibon from the lignites, there were two factors that might

influence the behaviours of the inorganics during these runs. First, the total quantities of

water entered the system in the SF and SR cases were larger than for the EW experiments.

Second, the coal water slurries during the EW treatment were left motionless inside the

compression vessel, while in the SF and SR cases the flows of water and steam condensate

continuously flushed the coal bulk prior to compression.

Therefore, the removal of the inorganics in different cases was not only affected by the

forms of these inorganics present in lignites but also by the differences in processing

conditions.

7.6.3.1. Sodium

The percentage removal of sodium in the experiments using steam for heating is shown in

Figure 7-60. The results from the runs using 'standard condition' (EW) are shown in the

same figure for comparison.
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Figure 7-60. Percentage removal of Na versus MTE heating *. ,'thods.

MTE treatment using steam for heating removed smaller proportions of the sodium from

Hambach but larger proportions from the Australian lignites, except for the SF case of Loy

Yang B (Figure 7-60).

MTE treatment with no increase in the acidity of the processing medium mainly removed

the water soluble portions of the sodium from the lignites (see Section 7.6.1). Therefore,

the extent of the removal largely depended on the ratios of coal to water, as discussed in

Section 7.3.1 and 7.6.1. In the EW runs, the ratio of coal to water was 1:1 (650g/650mL).

For the SF and SR experiments, the added water was from two sources: (a) hot water for

preheating and (b) steam condensate. Since the condensation of steam continued until the

temperature was high enough, the final volumes of the product water from the SF and SR

treatment of Hambach, Loy Yang B and Bowmans B were approximately 400mL, lOOOmL

and 700mL more than those from the corresponding EW experiments, respectively.

Moreover, during the heating period, the hot water and steam condensate flushed through

the coal bulk continuously, equivalent to an agitation effect. This period was longer for the

Australian lignites as it was more difficult for the water to pass through these lignites than

in the Hambach case. Therefore, during the SF and SR runs, both the presence of a larger

amount of water and the water flushing effect would be expected to increase the removal

of the sodium compared to the EW case. This was observed for the two Australian lignites.
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Sodium removal from Hambach was affected by different factors. For this coal, the

removal of sodium at high coal to water ratios was very difficult, as shown by the waier

extraction experiments (Section 7.3.1). The MTE treatment at elevated temperature

enabled further removal of the sodium in these cases (refer to Table 7-34). In the SF and

SR runs, the further addition of 400mL water resulted in a coal water slurry of 1:1.6,

similar to the highest coal to water ratio case of water extraction and therefore of little help

in this connection. Thus any effect of heating method on the removal of sodium from

Hambach would be due principally to temperature and possibly to the processing time.

Since the SF and SR treatments were at temperatures 20-30°C lower and for a much

shorter time than the EW treatment, it would be expected that SF and SR would tend to

remove less sodium from Hambach, as observed.

7.6.3.2. Calcium and magnesium

The results for calcium and magnesium in the EW, SF and SR experiments are shown in

Figure 7-61 and Figure 7-62, respectively.
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Figure 7-61. Percentage removal of Ca versus MTE heating methods.
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Figure 7-62. Percentage removal of Mg versus MTE heating methods.

In the case of calcium, as can be seen in Figure 7-61, very small proportions of the element

were removed from Hambach and Bowmans B (-0.3% and -4%, respectively). For these

two lignites, the calcium removal was basically independent of the different heating

methods employed during MTE treatment. This is likely due to the difficulty of removing

calcium from these lignites. Any variations of the processing conditions were not

significant enough to affect the calcium ii;moval from these two lignites.

In the case of Loy Yang B, calcium was removed in much larger proportions compared to

the cases of the other two lignites. Using steam for heating, its removal was significantly

reduced. As this element was present mainly in water insoluble form in lignites and its

removal could be associated with organic anions during MTE treatment (Section 6.5.2.2),

it appears that the higher temperature and much longer heating time in the EW case would

assist the removal of this element.

Results in Figure 7-62 show that the effect on removal of the magnesium from Hambach of

different heating methods was similar to that for removal of calcium from Loy Yang B.

The effect can again be explained by the lower temperature and shorter heating time

employed in the SF and SR cases.

However, for the two Australian lignites, magnesium removal increased when using steam

for heating in the SF and SR cases. This behaviour of magnesium in these cases was
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similar to that of the sodium in the two Australian lignites, although the removal

mechanisms of magnesium, which was present in lignites mainly in water insoluble forms,

were likely different from those for sodium. The observation could not be explained by the

effect of temperature or different heating time. Using the information available at present,

this effect could not be explained.

7.6.3.3. Use of the 'recycled' water

As can be seen in Figure 7-60 to Figure 7-62, in most cases, the two types of MTE

treatment (SF vs SR) achieved similar results in terms of the removal of selected elements.

The only difference between the SF and SR experiments was that the SR runs used about

300mL of the product water from the corresponding SF runs containing certain levels of

'contaminants' removed from the same coal. The amounts of selected elements contained

in the reused water were -15-20% of the total amounts of the respective elements in the

water from the SR runs. As the proportions of the elements present in the water from the

SF and SR runs were at the same level, it appears that the presence of certain amounts of

the 'contaminants' in the added water actually reduced further removal of the inorganics

during the SR treatment.

The consequence of using the 'contaminated' water during MTE may be related to a

process similar to extraction equilibrium. Under a certain extraction condition,

concentrations of the dissolved species in the water may reach a level when no further

dissolution from the coal could occur. As the SF and SR experiments were carried out

under nearly identical conditions, it is likely that the two processes reached a similar

equilibrium state at which the inorganics could not be further removed. This would result

in the same levels of the inorganics present in the water phase, despite the use of 'recycled'

water.

7.6.4. Cations andAnions in the MTE Process Water

It is useful to compare the relative abundance of various anions and cations in the MTE

water to gain a further insight into the behaviour or removal mechanisms of the inorganic

elements during MTE processing.
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Table 7-35 presents the charge equivalence ratios of selected cations to anions in the MTE

water averaged from the data from the EW, SF and SR runs. The results from the EC and

EA runs were not included as the charge balance in these cases involved considerable

amounts of carbonate and chloride that were not originally present in the system. The data

with values that are close to 1 are marked in bold. For comparison purposes, the results for

Loy Yang A and Bowmans A, discussed in Chapter Six, are also listed in the table.

Table 7-35. Average charge equivalence ratios of selected cations to anions released to
MTE water.

Hambach

Loy Yang B

Bowmans B

Loy Yang A

Loy Yang A

Bowmans A

200°C/12MPa

200°C/12MPa

200°C712MPa

150°C/6MPa

200°C/6MPa

200°C/6MPa

Na:Cl

A

4.8

0.90

1.7

1.1

1.3

1.1

Na: (C1+SO4
2)

B

3.6

0.80

0.91

0.75

0.80

0.57

(Ca+Mg)
:SO4

Z

C

2.7

1.7

0.39

1.2

0.93

0.87

(Na+Ca+Mg)
:(C1+SO4

2)

D

4.3

0.98

1.1

1.1

1.1

0.98

For the assessment of this table, two basic points must be remembered. First, besides the

major inorganic species selected for quantitation in this work, a far greater number of both

organic and inorganic ions may be present. Second, whatever ionic species are present in

the water, the net charge must be zero.

The results for Loy Yang B are very similar to those for Loy Yang A at low temperature.

The ratio A is close to 1, which suggests the removal of the sodium mainly as soluble

chloride salts. Since the contents of sodium and chlorine in Loy Yang B were much higher

than in Loy Yang A (refer to Table 2-3), it seems that, in the Loy Yang B case, the process

of sodium removal associated with chloride occurred predominantly even at high

temperature.

Comparing the Bowmans B case to Bowmans A case shows that ratio B in the former case

is close to 1 instead of the ratio A in the latter case. This suggests that the removal of the

sodium from Bowmans B was associated with both chloride and sulphate ions. In the

Bowmans A case, very large proportions of the calcium and magnesium were removed and
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the removal was likely to be associated with sulphate ions (refer to Section 6.5.2.2). For

Bowmans B, smaller proportions of these two elements were removed. As significant

portion of the removed sulphate ions was associated with the sodium removal, leading to a

low ratio C, the presence of the sulphate associated sodium, therefore, resulted in a high

ratio A.

For both Loy Yang B and Bowmans B lignites, ratio D (sodium, calcium and magnesium

to chloride and sulphate) is close to 1. This suggests that the selected cations were released

into the aqueous phase mainly associated with chloride and sulphate anions and that all

major ionic species contributing to charge balance in the MTE water were accounted for

during quantitation. This result is similar to the cases of most Victorian and South

Australian lignites investigated in this study (refer to Chapter Six).

For the Hambach case, though, the situation is very different. All calculated ratios are

much larger than 1 indicating that considerably large number and/or quantities of anions

other than chloride and sulphate must have been released to the water phase and were not

accounted for during quantitation. The information available did not allow clarification of

the nature of these ions. Carbonate and organic anions may be important.

7.7. Summary

The effects of increasing the acidity of the coal water slurries for MTE treatment and use

of different heating methods on the removal of both organic and inorganic components

from lignites were investigated.

The removal of moisture from Hambach, Loy Yang B and Bowmans B was not influenced

by either variation of acidity of MTE processing medium or use of different heating

methods. About 55-75% of the original water content in the coals could be removed at

150°C, 12MPa.

Organic compounds in the MTE process water from the Hambach lignite, as identified by

GC-MS, were very similar to those removed from the Australian lignites investigated. GC-

MS methods identified only small proportions (~15%) of the organic carbon present in

MTE process water, among which 98% were carboxylic acids with very small proportions

of phenolic compounds.
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The introduction of hydrochloric acid during MTE processing considerably reduced the

release of organic matter to the water phase. The treatment improved the sodium removal

from the Hambach lignite but did not substantially affect its removal from the Australian

lignites. However, the removal of both calcium and magnesium from all lignites during

MTE processing was increased significantly by the acid addition. MTE treatment in the

'strong' acidic environment significantly improved the beneficiation efficiency of the MTE

process, as shown by the reduction of ash yields of the MTE coal products.

The injection of gaseous CO2 marginally reduced the release of the organic carbon during

MTE, but did not show any significant impact on the removal of sodium, calcium or

magnesium. However, a further ash reduction in the MTE coal products by this treatment

compared to the standard MTE processing shows that the 'weak acidic' environment was

still beneficial in terms of the desired inorganics removal.

MTE processing using two heating methods (electrical vs steam/hot water) affected the

removal of organic carbon and inorganic components differently for the three lignites.

MTE treatment using steam for heating reduced the removal of organic carbon but

improved the removal of sodium and magnesium from the two Australian lignites. In the

Hambach cases, the removal of organic carbon increased by the MTE processing using

steam, while the removal of sodium and magnesium decreased. Only a small proportion of

the calcium was removed and this was not significantly affected by the use of different

heating methods. The use of 'recycled' water instead of distilled water for preheating did

not affect the proportions of either organic carbon or selected inorganics present in the

water phase.
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CHAPTER EIGHT

CONCLUSIONS AND FUTURE WORK

An understanding of the nature and composition of the water from MTE dewatering is

essential for the purpose of process evaluation. It will assist process optimisation and will

also inform the development of w«. reuse and waste management strategies. This work

characterised both organic and inorganic constituents present in the process water and

examined the effects of processing conditions and lignite type on their nature and

concentration. The project achieved three main goals. Firstly, a variety of analytical

protocols suitable for the isolation, identification and quantitation of major low molecular

weight organic components (MW<400amu) in MTE process water were established. These

were based on solid phase extraction and GC-MS detection. Secondly, the major low

molecular weight organic components in the MTE process water were identified and

quantified. The effects of MTE processing conditions on the organic carbon content and on

the distribution of major organic components and compound groups in the MTE water

were investigated. Thirdly, the effects of processing conditions on the behaviour of

inorganic species during MTE treatment were determined and compared for lignites from

Victoria, South Australia and Germany.

8.1. Method Development for Organic Analysis

The major low molecular weight organic components in MTE water were identified and

quantified using the GC-MS technique. Sample pretreatment schemes were developed

utilising the SPE method both with and without derivatisation. Phenols and carboxylic

acids were recognised as the two major organic compound groups present in the MTE

water.

Direct extraction of water samples using the polymer based PPL solid phase with ethyl

acetate as the eluent proved to be unsuitable for the analysis of phenols and acids at low

concentrations in the MTE water. Nevertheless, it was shown that the approach can be

utilised for the analysis of mono-phenols at sub-ppm levels with high recoveries and good

reproducibility. The method is simple, fast and the elution solvent is non-hazardous. The
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sorbent is optimised for the extraction of highly polar species from large volume water

samples [159]. The detection of some polar phenols and carboxylic acids (including some

not detected in the derivatised extracts) demonstrated that, where large volumes of water

are available (e.g. effluents from MTE pilot plants), the selectivity for polar compounds,

the high adsorption capacity and the compatibility with high volume flows may allow the

use of this approach to the analysis of these polar organics without the need for

derivatisation.

A two-step acetylation method using acetic anhydride, following pH adjustment of the

sample, was developed for phenol analysis. The method was shown to provide

improvement over the commonly used one-step method and was capable of simultaneous

determination of mono- and multi-hydroxy phenolic compounds at ppb levels. The

acetylation of phenolic functional groups considerably improved the GC sensitivity and

lowered the detection limits for these compounds, especially the di- and tri-hydroxy

phenols, and significantly increased the number of phenolic components identified in the

MTE water samples.

A novel methylation method involving direct aqueous phase derivatisation of carboxylic

acid groups was quantitatively evaluated and validated. This method, based on the use of

trimethyloxonium tetrafluoroborate (TMO), eliminated the time consuming acid isolation

step and was shown to be more efficient than non-aqueous methylation methods based on

the use of boron trifluoride/methanol and acetyl chloride/methanol. Using TMO, large

numbers of polar carboxylic acids, most of which were not detected via other approaches,

could be identified and quantified.

The SPE-GC-MS methods established in the present study enabled the development of a

reasonably comprehensive understanding of the organic composition of MTE water. It is

likely that they can be applied to the identification and quantitation of organic compounds

in other aqueous samples of similar or related origin.

GC coupled with MS proved to be an excellent tool for both identification and quantitation

of low molecular weight organic compounds (MW<400amu). The highly efficient

separation capability of GC enabled the identification of individual components by MS. In

addition, the use of advanced data analysis software, with functions such as identification

i
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and quantitation using target ions, peak purity analysis and single ion extraction has

greatly improved the efficiency of GC-MS identification and quantilation.

8.2. Nature of MTE Water

8.2. 1. Organic Constituents of MIX Water

The amount of organic carbon extracted into the water from lignite during MTE processing

increased with processing temperature and pressure. Compression rate and the use of

kneaded coal appeared to have little impact on the organic carbon content of the MTE

water. The quantities of individual components and compound groups present in the MTE

water also generally increased with increasing processing severity.

The major compound classes identified in the water removed from different lignites under

all conditions were similar. They included carboxylic acids, phenolic compounds, cyclic

ketones, furans and related compounds as well as some nitrogen, sulphur and chlorine

containing compounds. The number and relative abundance of individual components in

the water varied with the lignite.

Phenolic compounds accounted for veiy small proportions (<2%) of the total GC-MS

identified organics. Low molecular weight compounds identified by GC-MS were

predominantly carboxylic acids. High molecular weight organic materials not identified by

GC-MS accounted for >70% of the total organic carbon in the MTE water.

Concentrations of the organics in MTE water were lower than in the process water from

other lignite dewatering processes. This finding, along with MTE's o*her features sucn as

its significant moisture reduction and energy saving capabilities, supports the view that

MTE is a promising approach to lignite dewatering. Nevertheless, the presence of organic

impurities, particularly toxic phenolic compounds, implies that careful consideration of

appropriate remediation strategies will be necessary.

8.2.2. Inorganic Species in MTE Water

The removal of sodium into the water increased significantly with increasing processing

temperature at low pressures. The effect of processing severity on other selected inorganics

was generally not significant. Nevertheless, the removal of major inorganic components

was significantly correlated with moisture removal from the lignite during MTE
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processing. Increasing the acidity of the coal water slurries was found to significantly

improve the removal of major inorganic elements.

The behaviour of the inorganic elements during MTE processing depends on the forms in

which they are originally present in the lignite. In the Victorian lignites investigated, a

large proportion of the sodium occurs as water soluble salts and, therefore, was more

readily removed by the MTE treatment than calcium and magnesium, which tend to occur

in the lignites as organically bound cations. The organically bound cations could be in part

exchanged with hydrogen when the acidity of the coal water slurries increased and, thus,

could be transferred into the water phase. Chloride and sulphur (in the form of sulphate)

were also removed into the MTE process v/ater. The same considerations explain the

behaviour of the South Australian and German lignites investigated.

In terms oi the reduction of inorganic species from the coal, the MTE treatment can be

regarded as an efficient coal beneficiation process. The removal of more than 50% of the

sodium and reasonable proportions of other inorganics, in most cases, implies that MTE

can produce not only a drier but also 'cleaner' coal product that may help to reduce fouling

problems during lignite utilisation.

8.3. Suggestions for Future Work

8.3.1. Organic Analysis

GC-MS coupled with the SPE sample pretreatment method proved to be a veiy effective

approach for characterisation of organic species in the MTE water. Compounds which

could be analysed using this method are of low molecular weight with estimated boiling

point >100°C and molecular weight <400. The MTE water contains many organic species

outside these ranges of boiling point and molecular weight, as discussed below.

Volatile compounds such as methanol and ethanol were found in MTE water samples in

preliminary tests in this study and in similar water sources [54]. Headspace techniques

coupled with GC-MS may be the method of choice for the identification and quantitation

of these volatile materials. Methods for applying headspace and GC-MS techniques, after

esterification of water samples, for the analysis of volatile carboxylic acids are also

available in the literature [108]. Molecular weight distributor, analysis by FFF suggested

1
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that a large proportion of the organic species in the MTE water are very high molecular

weight compounds/polymers not characterisable by GC-MS.

Therefore, to gain a more comprehensive understanding of the organic composition of the

MTE process water, further research is required to analyse both the very volatile

components and the polar, high molecular weight components. Further understanding of

the nature of these substances, particularly of the high molecular weight compounds, is

probably important for the purpose of selecting appropriate water treatment techniques.

8.3.2. Water Reuse and Waste Management

The presence of some toxic phenolic and other organic impurities implies that the MTE

process water cannot be discharged without cleanup. During the selection of MTE water

treatment techniques, a major concern would be these organic contaminants. The focus of

future work in this area could involve testing different water treatment approaches for

cleanup of organic impurities found in the MTE water. Solutions may include a

combination of processes such as filtration, adsorption, membrane technologies and

biodegradation.

1
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