
CHAPTER 1   GENERAL INTRODUCTION 
 
The presence of natural organic matter (NOM) in reservoirs impacts on many of the processes 
used in the treatment of water for drinking purposes. This organic matter, which may be 
soluble or insoluble, originates from the degradation of dead plants and animals. The majority 
of the NOM may be removed by coagulation processes associated with water treatment, but 
the fraction which is not removed is strongly correlated with tastes and odour problems, 
bacterial growth in the treated water distribution system and disinfection by-products.  
 
NOM is a complex mixture of organic compounds which, due to the variability in molecular 
size and structure, is difficult to characterise using traditional analytical methods. Most 
analytical methods which are able to differentiate samples of NOM are not sufficiently 
informative to allow reliable correlations between the analysis of the sample and it’s observed 
characteristics in the various stages of the water treatment process.  
 
The factors controlling the range and types of chemical and structural characteristics of NOM 
are the nature of the original organic matter, the degradation processes to which it has been 
subjected and the physical and chemical environments with which it has come into contact. 
The relative significance of each of these factors with respect to the characteristics of the 
NOM is not well understood. Improving the understanding of the factors controlling the 
differences in chemical and structural characteristics between those fractions of NOM which 
are removed during the various stages of water treatment and those fractions which remain in 
solution, will greatly assist efforts aimed at improvement of present water treatment processes 
and the development of new processes. In particular, it is not well known which factors 
govern the presence of the components in a sample of NOM that are not removed by the 
coagulation processes and which are thought to be mostly low molecular weight and 
hydrophilic in nature.  
 
1.1  The major objectives of project 2.1 were are follows: 
 
a) To investigate methods which may improve the characterisation of NOM in aquatic and 

soil environments. 
 
b) to determine the relative significance of the origin, transport and degradation pathways on 

these characteristics 
 
c) to improve the understanding of the role of these characteristics, and hence enhance the 

removal, of NOM in the conventional coagulation process. 
 
1.2 Background to project : Project 2.1 comprised two components, 2.1.1 and 2.1.2.  Project 
component 2.1.1 titled "Characterisation of Natural Organic Matter" had objectives as 
described above. 
 
Project component 2.1.2, titled "Improving Drinking Water Quality from Surface Water 
Sources" was an extension of a Commonwealth Department of Industry Science and 
Tourism(DIST), (Generic Technology Grant 21027) funded project initially proposed in May 
1994 and ending in August 1998.  This project, had been part of the "Australia-Germany 
Collaboration on Water and Environment Research and Development.  Its aim was to 
determine the effects of soil ameliorant on the interactions of organic and/or inorganic carbon, 
nitrogen and phosphorous with soil matrices and their transport through soils to streams and 
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reservoirs. The work carried out in collaboration with the CRC for Soil and Land 
Management was also financially supported through the Land and Water Resources Research 
and Development Corporation (LWRRDC).  A report titled "Catchment Studies" which 
detailed the results obtained to June 1998 was completed by Dr Kaye Spark in November 
1998.  Funding from DIST ceased in August 1998 while the LWRRDC support continued to 
June 2000.   
 
Significant effort and resources had been utilised in order to establish this project.  This 
involved installation of equipment for collection of hydrological data (sub-surface and surface 
flows) and autosamplers for analyses of surface run-off and subsurface waters at two locations 
in South Australia. At each of the two study locations (Mt Bold and Myponga catchments) 
paired sub-catchments were selected on the basis on one being a control and the other a 
treatment subcatchment.  In 1997 and 1998 superphosphate was applied to all the sub-
catchments at 15 kg per hectare and in 1998 gypsum applied to the treatment sub-catchments 
at 15 ton per hectare.  The data collected in 1999 provided results for only one season after 
fertiliser and ameliorant had been applied.  This did not allow determination of longer term 
affects of soil ameliorant application on transport of phosphate and NOM.  The need to 
determine these longer term effects was recognised in early 2000 and as funding from DIST 
and LWRRDC was not continued, further funding for support of a PhD study was secured 
from the CRC for Water Quality and Treatment.  The CRC for Water Quality and Treatment 
had, prior to this, provided support by funding the involvement of the Project 2.1 project 
leader.  From May 1999 a PhD candidate has continued work on this project due for 
completion in 2002. 
 
As the data collection derived from this component of the project (2.1.2) is extensive it will be 
detailed in a separate report.  
 
1.3  Characterisation of natural organic matter, in relation to alum treatment - Report 
1:  This report details the findings from work conducted primarily on the characterisation of 
natural organic matter and in relation to conventional water treatment using the inorganic 
coagulant, alum sulphate.  This work was performed, in part, in collaboration with project 
3.2.1 titled "Development of treatment systems for removal of natural organics".  The results 
reported have some overlap, though again with a different focus.  Further, the application of 
different techniques for characterisation of natural organic matter varied somewhat depending 
on the sample source, type and quantities isolated.  For example, pyrolysis-gas 
chromatography/mass spectrometry (Py-GC/MS) and thermochemolysis were predominantly 
applied for characterisation of NOM in coagulation studies and others, such as diffuse 
reflectance Fourier transform infrared spectroscopy (DRIFT), thermochemolysis and 13C-
NMR were mostly used to characterise NOM from soils.  The PhD study dealt with issues 
that complement those of this report, eg. the treatment efficiency of alum for removal of 
organics extracted from vegetation, soils and reservoirs. These organics were characterised 
using the methods described above.  This enabled comparisons between NOM from diverse 
sources and of different characters providing improved insight into the basis for NOM being 
treatable or recalcitrant to removal by inorganic coagulants.    
 
The application of characterisation techniques was dependant on available expertise, 
instrumentation and time contraints.  The NOM characterisation techniques of high 
performance size exclusion chromatography (HPSEC), assimilable organic carbon assessment 
(based on bacterial regrowth potential, BRP) and trihalomethane formation potential 
(THMFP) were mostly applied in relation to Program 3 studies (Project 3.2.1) and will be 
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described in detail in those project reports.  These techniques will be only briefly described in 
this report or referenced to published literature.   
 
The original CRCWQT project 2.1 outline, objectives, milestones, research plan, research 
methods and literature review are given in Appendix 7.1. Particular questions relating to the 
key project objectives were assigned to students from the University of South Australia and 
formed the bases for their respective postgraduate studies and/or experience. 
Throughout the duration of this project, three summer scholarship (each of 10 weeks duration) 
students, one Honours degree student, one Masters degree student (minor thesis) and a PhD 
candidate worked on particular issues.  In the case of the Masters student, the work was of 
indirect significance to the project and the support provided was only minor. 
The work performed for the Honours and PhD theses were major contributions to this project.  
Where appropriate, minimal further reporting of the work performed for these theses will be 
made in this report and where appropriate reference will be made to them.   
 
1.4  Project work performed by postgraduate students  
These are as follows: 
 
1. Determination of the likely impacts of the reuse of waste water on water treatment 

processes.  (Shaun Thomas, summer scholarship report, 1999). 
2. The biodegradation of natural organic matter in the catchment of Myponga and Mt. Bold 

reservoirs (Simon Anstis, summer scholarship report, 1999). 
3. Development of statistical methods of analysis of IR spectra of dissolved organic matter 

(Deborah Downes, summer scholarship report, 2000) 
4. Investigation on the formation of conjugates by Mucor circinelloides exposed to 

chlorophenolic compounds (Areyb Al-Barghouthy, Masters - Minor Thesis, October 2000) 
5. The biodegradation of natural organic matter in two reservoirs sampled under different 

vegetation systems. (Simon Anstis, Honours Thesis, 1999) 
6. The characterisation of allochthonous dissolved organic matter in water treatment (Declan 

Page, PhD Thesis, October 2000). 
7. The influence of natural organic matter on the movement of phosphorus in soils. (Jon 

Varcoe, PhD Thesis, in progress, commenced May 1999). 
 
The Honours project dealt primarily with microbial extracellular enzyme activities in soils of 
catchments areas with different topographies and vegetation and attempted to determine their 
relationships, if any, with the character of NOM.  Issues addressed in this thesis included 
characterisation of NOM on the bases of structural determination techniques and importantly, 
on its ability to support microbial activity, ie the bioavailability of organics that comprise 
NOM and how they differ and change throughout reservoir-catchment systems.  The question 
as to whether NOM can be characterised through the determination of parameters that indicate 
specific and general microbial activities was explored in this thesis. 
 
The PhD study dealt with the assessment of various established and new techniques for the 
characterisation of natural organic matter from soils and aquatic environments.  These 
techniques included DRIFT, Py-GC/MS, copper oxide oxidation and 13C NMR.  The 
relatively new technique of thermochemolysis was studied for its suitability to characterise 
NOM from various sources and results compared to those of the other more established 
techniques.  The study examined the characters of NOM isolates from various sources, in 
soils and in water bodies and aimed to explain differences based on likely chemical and 
biological processes. It aimed to establish techniques that would enable the use of biomarkers 
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to trace terrestrial sourced NOM to reservoirs and to determine the sources of generic types of 
terrestrial vegetation, ie allochthonous NOM from angiosperm and/or gynmosperm sources.   
The character of NOM in relation to its treatability with the commonly used coagulant, alum 
(aluminium sulphate) was also examined.  Specific NOM isolates that differed according to 
their source and exposure to degradation processes were evaluated for their treatability with 
alum and were studied using structural chemistry evaluation techniques (eg. Py-GC/MS and 
13C NMR) as well as techniques directly relevant to the water industry [trihalomethane 
formation potential (THMFP) and assimiable organic carbon as indirectly determined by 
bacterial regrowth potential (BRP)].   
 
A list of publications of work performed for, or supported by this project is given in Appendix 
7.2.  Where detail is sufficiently provided in these publications, reference will then be made to 
them and is not further described in this report. 
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CHAPTER 2   CHARACTERISATION OF NOM 
 

Introduction 
In this chapter the techniques applied for characterisation of NOM, of bio-polymer 
standards, reference NOM (from the International Humic Substance Society) and 
from a range of field sources, including fresh vegetation, soils, soil litter layers and 
raw surface waters are described.  
 
The analytical techniques that were applied for quantification and characterisation of 
NOM for the various components of this project are as follows, 
• Diffuse Reflectance Fourier Transform Infrared (DRIFT) Spectroscopy, 
• Pyrolysis-gas chromatography/mass spectrometry (Py-GC/MS), 
• Thermochemolysis, 
• Copper oxide Oxidation (CuO oxidation), 
• High performance size exclusion chromatography (HPSEC), 
• Ultrafiltration, 
• 13C Nuclear Magnetic Resonance analysis (13C NMR), 
• Dissolved organic carbon (DOC) measurement, 
• Ultraviolet light absorbance (UV at 254nm). 
 
These techniques were applied in relation to the following study areas: 
 
(a) The evaluation for their suitability in characterising NOM in various matrices and 

from different sources. 
(b) The survey of soil and water samples in South Australia and Victoria to assess 

variations in the character of NOM. 
(c) Determination of suitable bio-markers of terrestrial derived NOM for studies into 

the transport of NOM from its catchment sources to reservoirs. 
(d) Characterisation of NOM components and fractions applied in jar test procedures, 

to differentiate and characterise coagulable and non-coagulable NOM. 
 
This chapter focuses primarily on two techniques used to address objectives relating 
to study areas (a) and (d), which are pyrolysis-gas chromatography/mass spectrometry 
(Py-GC/MS) and thermochemolysis.  Py-GC/MS was extensively used for the 
evaluation of NOM in reservoir waters, before and after alum treatment. Other 
techniques, such as DRIFT and 13C NMR were used to a lesser extent, and are briefly 
described. The techniques applied for (b) are described in Report 2 while those used 
to address (c) have been detailed by Page (2000). 
The techniques performed by staff of this project included DRIFT, pyrolysis-gas 
chromatography/mass spectrometry, thermochemolysis, high performance size 
exclusion chromatography, DOC and ultrafiltration.  13C NMR analyses were 
performed by Dr Ron Smernik, Department of Soil and Water, Waite Agricultural 
Research Institute University of Adelaide. Bacterial regrowth potential (BRP) was 
performed by staff of the Water Treatment Unit of the Australian Water Quality 
Centre.   
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2.1 Spectroscopic Techniques  
 
2.1.1 Diffuse Reflectance Fourier Transform Infrared (DRIFT) Spectroscopy 
 
DRIFT is an infrared spectroscopic technique applied for the characterisation of 
organic and inorganic compounds that gives information on the types and relative 
amounts of various molecular functional groups.  This technique relies on the 
interaction of infrared radiation with samples, measuring the frequencies at which 
absorbances occur and their intensities. 
 
DRIFT spectroscopy has been used to address a variety of questions relating to the 
structure of NOM including characterisation of peat fulvic acids (Francioso et al. 
1998), differentiation of coniferous wood species (Nault and Manville, 1997), the 
influence of soil texture on the organic composition in soils (Capriel et al. 1995), 
sorption of NOM to soils and mineral matrices (Kaiser et al. 1997), heating affects on 
the structure of humic sodium salts (Woelki ans Salzer, 1995) and soft rot in potatoes 
caused by Erwinia carotovora (Stewart et al. 1994),  
 
The application, advantages and disadvantages of DRIFT spectroscopy have been 
described by Page (2000), Spark (1998), Capriel et al. (1997) and Frost and Parker 
(1997).  DRIFT spectroscopy provides some important advantages over other 
techniques used to characterise compounds, namely only a small sample size is 
needed and the technique is relatively quick and inexpensive to perform.  However, in 
the application of DRIFT spectroscopy, functional groups from both organic and 
inorganic compounds are detected, with the potential of one confounding the other, 
when information on one of them is sought.  Hence, if salts are present in a sample to 
be analysed for its organic content, an unambiguous interpretation of the spectra is 
unlikely.  Therefore, knowledge of the relative compositions of the inorganic/organic 
matrices would influence the confidence of interpretation that can be made of the IR 
spectra. 
 
2.1.2  13C NMR  for characterisation of NOM 
Solid state cross polarisation magic angle spinning 13-carbon magnetic resonance 
(CP/MAS 13C NMR or 13C NMR) is a technique that provides information on the 
chemical structure and functionalities of natural organic macromolecules in their solid 
state. 13C NMR spectra of NOM are typically of chemical shifts (using tetramethyl 
silane as a reference) assigned to alkyl, O-alkyl, aromatic and carbonyl compounds.  
Further, chemical structures and functionalities within these general chemical 
groupings and their chemical shifts have been provided by Smernik (2000).  The 
application of 13C NMR for the characterisation of humic substance fractions has been 
shown by many including Hatcher et al. (1980),  Kogel-Knaber (1987), Hayes (1997) 
and Watt et al. (1997).  The applications of this method for structural composition 
determination of humics and other isolates of organic matter have been provided by 
Page (2000).    
 
2.2 Degradation techniques 
 
2.2.1 Pyrolysis-Gas Chromatography/Mass Spectrometry (Py-GC/MS) 
The technique of analytical pyrolysis is described in detail by Page (2000) and the 
following is a summary of his description. 
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Analytical pyrolysis is a technique that can be applied for the analysis of organic 
matter at the molecular level. Pyrolysis thermally degrades polymeric organic matter 
to smaller fragments which can be analysed by gas chromatography and identified by 
mass spectrometry. The resulting pyrochromatogram, sometimes abbreviated as 
pyrogram, constitutes a fingerprint of the sample and gives information on the relative 
amounts of the monomeric components. Advantages of pyrolysis-gas 
chromatography/mass spectrometry (Py-GC/MS) over chemical degradation methods 
is the small sample size required. 
 
Py-GC/MS has been widely used in the study of humic substances from a variety of 
different sources such as: landfill leachates (Göbbles and Puttman 1997); freshwater 
lakes (Leinweber and Schulten 1999; Schulten and Gleixner 1999); leachable 
materials from reservoir catchments (Page et al. 1998); the comparison of humic 
substances from aquatic and terrestrial sources (Wilson et al. 1983); humic substances 
in marine waters derived from decaying plants (Gadel and Bruchet 1987); the effects 
of chlorination on aqueous fulvic substances (Flodin et al. 1997); the characterisation 
of chlorolignin in the effluent of a pulp mill (Flodin et al. 1997) and the quantitative 
analysis of lignin (Bocchini et al. 1997). 
 
The pyrolysis temperatures chosen are normally in the range of 500-800°C (Bruchet 
et al. 1992; Bocchini et al. 1997; Schulten and Gleixner 1999). This provides 
sufficient energy to cause fragmentation of the organic polymers and to give sufficient 
yield for qualitative analysis. Higher temperatures result in fragments that are too 
small to be of much structural significance. Low temperature pyrolysis (250-500°C) 
can be used in special cases to activate low energy reactions, such as 
decarboxylations, dehydrations or the decomposition of quaternary amines (Bracewell 
et al. 1989). 
 
Knowledge of pyrolysis mechanisms in bio-materials is quite advanced for some 
classes of relatively simple compounds, such as amino acids (Meuzelar et al. 1991). 
However, relatively little is known about the pyrolysis mechanisms for most bio-
polymers. Whereas some synthetic polymers such as polystyrene or 
polytetrafluoroethylene produce compounds with simple mass spectra, the pyrolysis 
products of bio-polymers are usually more complex .  Some examples are as follows:  
1. Predominant pyrolysis fragments from polysaccharides include furan and pyran 

derived structures. Other common pyrolysis products also include pyranosides and 
cyclopentenones and alkyl derivatives (van der Kaaden et al. 1983 and 1984). 

2. Predominant pyrolysis fragments characteristic of proteins and nucleic acids 
include the nitrogen containing aromatic products such as pyrroles and pyridines 
and their alkyl derivatives (Meuzelar et al. 1991; Boon and de Leeuw 1987). 

3. Lipids undergo thermally catalysed cyclization reactions and decarboxylation 
reactions at subpyrolysis temperatures. Dominant products include benzene, 
indole, naphthalene and their alkyl derivatives (Saiz Jimenez 1994a; 1996). 

4. Lignins produce structurally similar monomers upon analytical pyrolysis. Common 
pyrolysis products include methoxy and dimethoxy phenols as well as their various 
substituted derivatives (Haider and Schulten 1985; Simoneit et al. 1993; Bocchini 
et al. 1997). 

 

Pyrolysis of DOM is governed by the same basic principles as that of other bio-
polymers. Pyrolysis of polysaccharides and lignins involves hetero-atom bond 
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scission at an oxygen atom followed by elimination of a hydroxyl group as water. 
Pyrolysis yields from bio-polymers are never 100%, and are frequently 50% or less, 
owing to competing char-forming reactions. Such reactions are probably free radical 
in nature, but according to Bracewell et al. (1989) the volatile compounds evolved 
bear structural relationships to parent bio-polymer structures. Subsequent work by 
Saiz-Jimenez  (1994a; 1994b) has demonstrated that volatile monomers derived from 
cleavage of polymeric bonds do not always reflect the parent polymer structure.  
Further details of this are described below in relation to specific bio-polymers and 
pyrolysis reactions. 
 
The following describes the pyrolysis mechanisms for the major groups of bio-
polymers thought to contribute to DOM. 
 
• Polysaccharides:  The general pathways for pyrolytic degradation of 

polysaccharides from model studies of cellulose involve splitting of the polymer 
chain by three basic chemical reaction mechanisms: dehydration; retro-
aldolisation; and decarboxylation (van der Kaaden et al. 1984a; 1984b). The 
hexose degradation pathway for cellulose results in the formation of furan and 
pyran-type fragments and smaller acyclic aldehyde and ketone fragments (van der 
Kaaden et al. 1984a). 

 
• Proteins and nucleic acids:  Rather than protein breaking up into the original 

amino acid building blocks during pyrolysis, the dominant mechanism appears to 
be the splitting-off of side groups from the amino acid moieties (Meuzelar et al. 
1991). The pyrograms of these bio-polymers show signals which are highly 
characteristic of the presence of aromatic and sulphur containing amino acid 
moieties: eg hydrogen sulfide from cystine and methionine; pyrrole, pyrrolidine 
and methylpyrrole from proline; phenol and cresol from tyrosine; toluene, styrene 
and phenylacetonitrile from phenylalanine; indole and methylindole from 
tryptophan (Meuzelar et al. 1991). Pyrolysis of proteins also produces secondary 
reactions as encountered in polysaccharides (Meuzelar et al. 1991). The range of 
pyrolysis products increases as the variety of building units or amino acids is 
increased. Alkylated pyrrolediones and pyrrolidinediones have been found in the 
pyrolysates of proteins (Boon and de Leeuw 1987). These are cyclisation products 
of the aliphatic amino acids such as alanine, leucine, isoleucine and valine. The 
main pyrolytic mechanism for nucleic acids takes place at temperatures as low as 
180°C and appears to involve the expulsion of the sugar moiety with the 
simultaneous formation of base-phosphate condensates (Meuzelar et al. 1991). 

 
• Lipids: With the exception of terpenes, which may be regarded as polymers of 

isoprene, lipids do not possess the repeating subunits which are hallmarks of other 
polymeric materials.  Flash pyrolysis has yielded only limited success in the study 
of non polymeric lipids because the rapid heating and short residence times of the 
products in the reaction zone results in the escape of intact or at most minimally 
fragmented lipids, eg complete fatty acids which are lost by condensation on the 
walls of the reaction chamber (Saiz-Jimenez 1994a, b, c). Elimination and chain 
scission are the dominant processes for lipids.  Thus, lipid moieties tend to be 
strongly under-represented in the pyrograms of lipid containing samples of DOM. 
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• Lignins:  Lignin, a major bio-polymer of woody tissue, is derived primarily from 
three aromatic alcohols, p-coumaryl, coniferyl, and sinapyl alcohols and the 
degradation products from oxidation or pyrolysis are classified as coumaryl, 
guaiacyl, and syringyl moieties, respectively (Haider and Schulten 1985; Simoneit 
et al. 1993; Bocchini et al. 1997). The proportions of these bio-monomers vary 
considerably among the major plant classes (Simoneit et al. 1993). The lignin of 
hardwoods (angiosperms) are enriched in products from sinapyl alcohol while 
softwoods (gymnosperms) have a high proportion of products from coniferyl 
alcohol with a minor component from sinapyl alcohol, and grasses have mainly 
products from p-coumaryl alcohol (Simoneit et al. 1993). Soft wood pyrograms 
contain mainly vanillin and vanillic acid and lesser amounts of other pyrolysis 
products from coniferyl-type lignin, as would be expected from a gymnosperm. 
Grass lignin pyrograms contain primarily p-anisaldehyde and p-anisic acid and 
minor amounts of p-coumaryl-type lignin pyrolysis products (Simoneit et al. 
1993). 

 
Pyrolysis of lignin and wood yields the breakdown products such as phenols, 
aldehydes, ketones, acids, and alcohols, generally with the retention of original 
substituents (hydroxyl and methoxyl groups) on the phenyl ring. Both hard and 
softwoods produce guaiacol (2-methoxyphenol) derivatives whereas hardwoods in 
addition to these produce high levels of syringol (1,3-dimethoxyphenol) derivatives. 
Guaiacyl derivatives are a tracer for both types of wood, and syringyl derivatives 
indicate a hardwood input (Simoneit et al. 1993). 
 
Whilst the presence of single guiacyl-, syringyl-, or coumaryl-type compounds in a 
pyrogram does not constitute a unique tracer for the original source of terrestrial 
vegetation, the relative proportions of such compounds can be used to indicate the 
nature of the source.  Many fragments detected following pyrolysis of dissolved or 
particulate organic matter can be assigned to the above bio-polymers, though many 
other fragments are common to several bio-polymers.  Earlier models (Steiglitz and 
Roth 1983) appear to have over emphasised the role of polyhydroxyaromatics in 
aquatic humic substances. Py-GC/MS studies have revealed the ubiquitous presence 
of polysaccharides, proteinaceous material and N-acetylaminosugars (from bacterial 
cell walls) in aquatic environments (Bruchet and Rybacki, 1992). 
 
Under conditions usually employed for the analysis of humic substances by Py-
GC/MS, there is the possibility of producing a considerable number of artifacts. For 
example, the identification of alkylated benzenes, thiophenes and naphthalenes as 
major compounds in pyrolysates of humic substances could be related to thermal 
secondary reactions of aliphatic precursors (Saiz-Jimenez 1994a, 1994b, 1994c). 
Analytical pyrolysis can cause major modifications of the original building blocks 
which may lead to incorrect conclusions on molecular structure (Saiz-Jimenez 1994a; 
1994b). 
 
One of the most notable features of humic substances studied using pyrolysis is the 
virtual absence of carbonyl containing compounds other than fatty acids in the 
pyrolysate. Fatty acids inside a pyrolysis unit volatilize readily, and to a lesser extent, 
thermal decarboxylation occurs (Saiz-Jimenez 1994a). However, fatty acids alone 
cannot account for the strong carbonyl resonances found in 13C NMR spectra of 
humic substances. Other carboxylate containing structures, absent from conventional 
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pyrolysis spectra (pyrogram), must also be present in humic substances (Saiz-Jimenez 
1994a, 1994b). 
 
Saiz-Jimenez (1994a,b,c) suggested that the loss of carbonyl functionality leads to 
more easily pyrolysable samples, and these samples with a lower oxygen content 
yield relatively higher amounts of pyrolysis products. Pyrolysis may cause aromatic 
moieties from lignins and amino acids to lose functional groups and thereby yield 
aromatic hydrocarbons. However, aromatic hydrocarbons can also arise by cyclisation 
of highly unsaturated chains, which can be formed during pyrolytic elimination of 
groups such as carbonyl and hydroxyl groups. This then results in an analysis which is 
biased in favour of non-polar and less polar compounds (Hatcher and Clifford 1994; 
Saiz-Jimenez 1994c). 
 
2.2.2  Thermochemolysis 
The technique of thermochemolysis is described in detail by Page (2000) and the 
following is a summary.  This technique involves reaction with 
tetramethylammonium hydroxide (TMAH) at elevated temperatures of about 250ºC. 
It provides a relatively good preservation of original carboxyl and hydroxyl structures 
in lignin phenols, due to the formation of methyl esters and methoxyls, when 
tetramethyl ammonium hydroxide is used. Other reagents may be used including 
tetraethyl- and tetrabutyl- ammonium hydroxide, giving rise to ethyl or butyl 
derivatised compounds. 
 
This method has been used to characterise lignin in vascular plants and lignin residues 
in soils and humic acids (Hatcher and Minnard, 1996a) as well as to investigate the 
degradation mechanisms of lignins (Filley et al. 2000). It effectively depolymerises β-
O-4 linkages with adjacent hydroxyl groups, a principal linkage mechanism in the 
lignin polymer, via a base catalyzed mechanism. The selectivity of this procedure for 
the cleavage of the β-O-4 linkage makes it possible to monitor degradative alteration 
of the lignin side chain (Filley et al. 2000). Additionally, acidic oxygen functionalities 
(eg aromatic and aliphatic alcohols and acids) are derivatized during the 
depolymerisation reaction with a methyl group from the TMAH, making the 
monomers less polar and amenable to analysis by gas chromatography-mass 
spectrometry.  Upon the TMAH thermochemolysis of lignin, a suite of derivatized 
lignin monomers is released, the composition and yield of which are characteristic of 
the sources and the relative degradation state of the lignin (del Rio et al. 1998). The 
ability to infer this relative degradation state of the propyl side chain is achieved 
through the use of molecular ratios such as the acid/aldehyde (Ad/Al) ratio. Previous 
investigations using TMAH thermochemolysis on humic acids have demonstrated that 
the Ad/Al (vanillic acid / vannillic aldehyde) and S/V (syringyl / guaiacyl), C/V 
(cinnamyl / guaiacyl) ratios are indicative of the extent of degradation and the sources 
of the lignin respectively (del Rio et al. 1998). A similar relationship is also observed 
for the cupric oxide (CuO) alkaline oxidation technique for lignin analysis (Hedges 
and Ertel 1982). Additionally the release of methylated lignin monomers containing 
the intact propyl side chain is a major advantage of TMAH thermochemolysis 
procedure not shared by analytical pyrolysis or CuO oxidation. The presence of the 
structurally preserved monomers may provide the clearest indication of the diagenic 
state (degree of degradation) and structure of lignin present within the NOM bio-
polymer. The thermochemolysis reactions with TMAH can be conducted using a 
sealed glass ampoule, thus permitting controlled conditions, to which internal 
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standards can be added to provide quantitative measurement. Thermochemolysis of 
NOM mainly produces esters of aliphatic and aromatic acids, methyl esters of 
aliphatic alcohols and phenols, and a variety of other methylated derivatization 
products, where TMAH is used. Thus it is possible to separate and detect many more 
structurally significant products than observed by Py-GC/MS.  Alternatively, 
thermochemolysis can be performed on-line using a flash pyrolysis unit, such as one 
manufactured by CDS.   The reaction is performed in the interface chamber after the 
themochemolysis reagent has been added to the sample in a quartz glass tube and 
reaction products are passed directly to the gas chromatograph/mass spectrometer 
unit.  This approach has the potential of providing a greater amount of sample by-
products onto the GC column but, due to the highly alkaline reagent, of also rapidly 
degrading the column. Application of either approach is therefore dependant on the 
amount and type of sample to be analysed as well as the availability of the appropriate 
analytical equipment. 
 
2.2.3   Copper oxide Oxidation 
Copper oxide oxidation is another degradation technique that can be applied for the 
characterisation of NOM.  This method was evaluated in the PhD studies where it was 
applied to samples collected from reservoir-catchment systems in South Australia and 
the results compared with Py-GC/MS and thermochemolysis techniques.  The method 
is described by Page (2000) and was based on that by Hedges and Ertel (1982). The 
results have been fully reported in the thesis by Page (2000) and will not be further 
described in this report. 
The techniques of HPSEC, ultrafiltration, DOC analysis and SUVA (specific UV 
absorbance) are described in subsequent chapters. 
 
2.3  Materials and methods applied for quantification and characterisation of 
NOM isolates 
 
2.3.1 Organic compounds, bio-polymer standards, reference natural organic 
matter (IHSS) and reference field isolates 
 
These were used in the evaluation of characterisation techniques for natural organic 
matter (NOM) are listed below. 
 
Bio-polymer standards: The bio-polymers used in this study were (1) cellulose (Cat. 
No. 43,523-6, Aldrich Chemical Company Inc.  USA), (2a) lignin, hydrolytic (Cat. 
No. 37,107-6, Aldrich Chemical Company Inc. USA), (2b) lignin, Indulin softwood, 
Westvaco, USA, {obtained by precipitating the lignin to pH around 1 with sulfuric 
acid}, provided by Dr Adrian Wallis, Melbourne, CSIRO, (2c) eucalypt lignin, milled 
and steam exploded, provided by Dr Adrian Wallis, CSIRO (3) albumin, bovine (A-
2153, Sigma ), (4) methyl cellulose (Prod. No. 29217, BDH Chemicals Pty Ltd., 
Australia), (5) triglyceride (Ref No. T2522, Sigma Diagnostic).  Further standards 
used in the PhD studies were (6) pectin, (7) chitosan (Sigma) and (8) tannic acid 
(Aldrich Chemical Company Inc.). 
 
(a) For the evaluation of the thermochemolysis technique (performed as part of the 

PhD studies) the following compounds were used:  eugenol (Tokyo Kasei Kogyo 
Co. Ltd., (TCI)), guaiacol (TCI), 4-hydroxycinnamic acid (TCI), 3-
phenylpropanoic acid (TCI), 3,4,5-trimethoxycinnamic acid (Aldrich), 4-hydroxy-
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3-methoxybenzoic acid (Aldrich), catechol (British Drug House, BDH), 
pentachlorophenol (Aldrich), 3,4,5-trimethoxybenzoic acid (Aldrich), 3,4-
dimethoxybenzoic acid (Aldrich), triglyceride (Sigma), oleic acid (Merck) and 
lauric acid (BDH). These compounds were selected as they are similar in structure 
to the lipidic and phenolic compounds previously reported from 
thermochemolysis of NOM by Fabbri et al. (1996). The methylation efficiency of 
the thermochemolysis method was assessed by reacting the above series of 
phenolic and lipidic compounds and comparing the ratios of the derivatized to the 
underivatized compounds.  Some of these compounds, those having benzyl 
structures, were evaluated as possible standards for terrestrial bio-marker 
compounds.  Pentachlorophenol was trialed as a potential standard, as it is an 
anthropogenic compound, and for evaluation of the loss of chlorine atoms from 
the aromatic ring.  An initial consideration was the determination of the potential 
of the thermochemolysis method for analysis of chlorinated disinfection by 
products in drinking water, particularly chlorinated aromatic compounds. 

 
(b) Samples were collected as reference NOM from South Australian reservoirs.  

These were freeze-dried samples from Happy Valley, Hope Valley and Myponga 
reservoirs.  

 
(c) A series of samples from the Mt Bold catchment, extracted from pond sediment, 

soil and soil litter were used as reference samples.  These samples were isolated 
from the top of a ridge of a sub-catchment (Scotts Creek), at the middle of a slope, 
at the base of the sub-catchment and from water.  Pyrolysis-gas 
chromatography/mass spectrometry was performed on these samples following 
filtration (0.45 µm).  

 
2.3.2  Specroscopic techniques applied for the characterisation of natural organic 
matter 
 
2.3.2.1 Diffuse reflectance Fourier transform infrared spectroscopy (DRIFT) 
 
Drift analysis was carried out on freeze dried samples after adjustment to pH 7, using 
a Nicolet Magna 750 Spectrometer with a KBr filter and a MCP/B detector.  The 
freeze dried samples were mixed to 5% using potassium bromide (Merck 
Spectroscopic grade). 
 
Sample preparation:  
Samples were mixed with KBr at about 1% (w/w). Approximately 0.005 g of finely 
ground sample was mixed with 0.5 g KBr. The mixture was shaken to evenly 
distribute the sample in the KBr and this was placed into a sample receptacle of the 
Nicolet instrument.  A flat spatula blade was used to make a flat surface, level with 
the edges of the receptacle. The sample was then placed into the instrument and left 
for 5-10 minutes for nitrogen to remove any residual water and carbon dioxide. 
 
The instrumentation settings were as follows: 
Number of scans: 64; resolution: 4; apodisation: Happ-Ganzel, final format: 
absorbance; data spacing: 1.928 cm-1.  
Optical bench setup. The settings were as follows: 
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Max: 10.00 Min: -10.00, location: (1027 or 1028), gain: 4;  detector: MCT/B;  
beamsplitter: KBr;  aperture: 32; velocity: 1.8988; spectral range: 4000-400. 
 
2.3.2.2 13C NMR 
Similarly to the copper oxide oxidation technique, it was predominantly but not solely 
applied in the PhD studies, and is not further described in this report. For 13C NMR 
analysis, about 50 mg of organic material is generally required, though less may still 
provide informative spectra, if the analysis time is extended to improve the signal to 
noise ratio.  As the approach taken in this project was predominantly not to fractionate 
NOM after treatment with alum, (to minimise the risk associated with loss of 
hydrophilic neutrals), insufficient NOM was obtained from jar test experiments and/or 
it was too dilute in relation to the inorganic matrix for 13C NMR analysis.   
For attainment of objectives of the PhD study, 13C NMR analyses were performed on 
dissolved organic matter (DOM) isolates from aqueous extracts of vegetation, humus 
and soil of several catchments in South Australia (Page, 2000 Section 3.2.7).  The 13C 
NMR method applied is detailed in section 2.1.8. These catchments (Mt Bold, 
Myponga and Warren) varied in terms of predominant vegetation types at the 
collection sites (grasses, Pinus radiata and native forests), and soil types (sandy loam 
and clayey soils). 13C NMR analysis was also attempted on DOM isolated from 
vegetation sources used to make up synthetic waters which were then treated with 
alum in jar test experiments. (Page 2000 - Section 5.2.2.3). 
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2.3.3 Degradation techniques for charaterisation of NOM 
 
2.3.3.1  Pyrolysis-Gas Chromatography/Mass Spectrometry (Py-GC/MS) 
A flash pyrolysis Pyroprobe 2000 system (CDS, Analytical Inc.) interfaced to a 
Hewlett Packard (HP) 5890 gas chromatograph and a VG Tritech TS-250 mass 
spectrometer was used.  For application of this technique, a solid sample (about 0.5 to 
15 mg) was placed into a quartz tube, each end plugged with quartz wool and inserted 
into the platinum coil of the probe. (Alternatively, a liquid sample can be placed onto 
a platinum ribbon afterwhich the solvent is evaporated leaving a solid residue). The 
probe was then placed into the interface unit that enables pyrolysis products to be 
transferred from the probe after flash heating to the injection port of gas 
chromatograph.  Compounds were separated using capillary columns and controlled 
temperature conditions and were identified by mass spectrometry.  In this study flash 
pyrolysis was mostly performed at nominal set temperatures of 650°C or 750°C.  The 
Pyroprobe 2000 system allows for specific temperature control of actual pyrolysis 
temperatures both in the final temperature reached and the associated temperature 
ramps rates.  This system further enables interface temperatures to be controlled both 
at variable ramp rates and final temperatures.  Interface conditions need to be matched 
to those of the probe so that when pyrolysis occurs the temperature of the interface 
ensures that condensation of pyrolysis products does not occur.  The following flash 
pyrolysis conditions were used:  (i) Interface temperatures, initial temperature, 120°C 
and held at that temperature for 1 minute.  The temperature is then ramped at 30°C 
per minute to 220°C and held for 3 minutes.  At an interface temperature of ~ 220°C, 
the probe is activated and goes through a separate temperature cycle.  The temperature 
of the interface is then ramped at 30°C per minute until it reaches 280°C.  The 
interface is held at the final temperature for at least 3 minutes. (ii) Probe temperature 
conditions were as follows: initial temperature, 150°C for 3 seconds, then ramped at 
25°C per second to 350°C and held at this temperature for 10 seconds. The probe was 
then ramped at 10°C per millisecond until it reached 650°C or 750°C.  The probe was 
held at the final temperature for up to10 seconds.  
 
Over the time frame of this project various chromatographic conditions were trialed as 
were various capillary columns.  These included the following: 
Gas chromatography (GC) conditions,  
(i)  The initial temperature of 30°C was held for 3 minutes and then ramped to 280°C 
at 10°C min-1.  This temperature was held at 280°C for 10 minutes.  The injection port 
temperature of the GC was maintained at either 225 or 250°C. 
(ii)  The initial temperature was 35°C which was held for 3 minutes, then ramped to 
120°C at 10°C min-1; ramped at 5°C min-1 to 220ºC; ramped at 10ºC to 280ºC and 
held at 280°C for 5 minutes or more. 
 
Columns used:  
(i) CP-Sil 19CB (0.32 mm id × 30 m, film thickness 0.2 µm), Chrompak, 
(ii) DB-17 (0. 25 mm id × 30 m, film thickness 0. 25 µm), J&W Scientific, CA, USA, 
(iii) BPX5 (0.025 mm id × 30 m, film thickness 0.25  µm), SGE, Australia Pty Ltd. 
The carrier gas was used was high purity helium at a column flow rate of about 2 mL 
per minute.  The injection port head pressure ranged from 12.5 to 15 psi. 
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A surrogate internal standard, (tetrachloroveratrole, 5 :L, 0.0095 ppm in hexane) was 
added to each quartz tube, prior to pyrolysis. Tetrachloroveratrole was found to 
thermally desorb from the freeze dried material at sub-pyrolysis temperatures. The 
characteristic mass spectrum was used to monitor GC/MS performance. 
 
Blank runs (with the pyrolysis cycle) were performed between each sample in order to 
ensure that there was no carry-over of compounds between samples.  Where carryover 
was detected in the ‘blank run’, the probe, interface and GC were heated to their 
respective high temperatures and maintained at these until carryover was no longer 
detected or at background levels. 
 
Mass spectrometry was performed with electron impact ionization at 70 eV and the 
scan speed was 1 scan s-1.  Mass scans were performed from 50 to 600 amu.  Total ion 
current chromatograms were obtained for each sample.  Selected ion monitoring was 
not performed during this study. 
Due to the software capabilities of this instrument, not all pyrolysis products were 
determined for all pyrochromatograms (pyrograms) generated. Instead, for some types 
of samples, key compounds that provided potential bio-polymer source information or 
representative compounds were evaluated for their presence and relative abundances. 
 
NOM samples and reference isolates were freeze-dried and then analysed without 
further preparation.  Samples from jar test experiments (Chapter 3) were either not 
filtered (raw waters) or filtered through Whatman No. 1 papers.  Py-GC/MS results of 
these are described in Chapter 4. Where DOM was studied (as in the PhD studies) 
aqueous extracts were filtered though 0.45 µm filters. 
 
2.3.3.2   Thermochemolysis 
Thermochemolysis was performed at the Australian Water Quality Centre and at the 
University of South Australia.  This technique was applied in a major way to address 
objectives that formed part of the PhD studies of this project ie. the use of biomarkers 
to determine terrestrial sourced inputs to DOM in reservoirs. 
The instrument used at the University of South Australia was a Varian Star 3400CX 
gas chromatograph interfaced to a Varian Saturn 4 Ion Trap detector.  The column 
type used was a DB-5MS, (J&W) (0.25 mm id × 30 m, film thickness 0.25 µm).  The 
carrier gas (helium) column pressure was set at 138 kPa and the transfer line heated at 
250°C.  The ion trap manifold temperature was 240°C.  The scan rate was 500 ms for 
a mass range 40-650 m/z and electron impact (70 eV) mode was used. 
 
The injector temperature was set a 250°C.  The temperature program of the gas 
chromatograph was as follows: initial temperature set at 40°C for 5 minutes, then 
heated at 280°C at the rate of 5°C min-1.  Compounds were tentatively identified by 
matching with a NIST mass spectral library. 
 
At the AWQC, thermochemolysis was performed using a Hewlett Packard (HP) 5890 
gas chromatograph and a VG Tritech TS-250 mass spectrometer.  The instrument was 
operated with the same settings as for Py-GC/MS, except that the flash pyrolysis unit 
was either by-passed, and therefore, analysis was a batch type or the pyrolysis unit 
was incorporated (probe and interface) for heating of the sample to 250°C after 
application of the TMAH to the sample matrix. Approximately 10 mg of freeze-dried 
sample was into a glass ampoule to which was added 200 µL tetra-methyl ammonium 
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hydroxide (TMAH).  The TMAH was present (at 25%) in methanol and this was then 
dried on a block heater at 45°C under nitrogen for at least 18hrs until dry. The 
ampoules were then temporarily sealed with aluminium foil to minimise moisture 
adsorption as the reagent is hydroscopic.  
 
The glass ampoules were sealed with an acetylene torch after air was removed with a 
vacuum pump. These were then placed in an oven at ambient temperature and heated 
to 200°C at 15°C per minute and held at that temperature for 30 minutes.  After 
heating the ampoule was immersed into hexane to check that the vacuum had been 
maintained throughout the heating step. 
 
The ampoule was then opened and the compounds extracted with 200-400 µL of ethyl 
acetate. Tetrachloroveratrole (5 µL of 0.92mg / 25mL hexane) was added to each 
ampoule as a surrogate standard. The solution was then concentrated by gently 
blowing high purity nitrogen onto the sample. A sample volume of 2.0 µL was 
injected into the GC and the GC-MS run under the same protocol as for Py-GC/MS. 
The column type used was SGE, BPX5 (0.025 mm id × 30 m, film thickness 0.25 µm) 
 
(2)  For On-line analysis:  
A freeze dried sample (~10-20 mg) was placed into a quartz tube (2 mm diameter) 
and both ends plugged with quartz wool.  Using a 500 µL GC syringe, TMAH was 
injected through the wool to completely wet the sample.  This was then placed in an 
oven at 35°C or in the pyrolysis probe and the temperature ramped to 50°C at 2°C per 
minute. This temperature was held at 50°C for 180-240 minutes. 
When the sample was dry it was stored in a tightly closed glass vial until analysed 
using the same GC/MS protocol as for Py-GC/MS. 
 
2.3.4 Identification of compounds from Py-GC/MS, copper oxide oxidation and 
thermochemolysis 
 
From the application of the above degradative techniques, large numbers of 
compounds were produced from many sample types.  The significance of compounds 
varied based on their specificity in being derived from a particular parent molecule or 
bio-polymer.  Some common compounds obtained by Py-GC/MS had undergone 
defunctionalisation and/or secondary reactions resulting in a loss of their source 
signature.  Thermochemolysis, although having a greater potential for preserving 
functionality of parent molecules, nonetheless led to some confounding due to an 
inability to differentiate methoxy groups formed though the derivatisation reaction of 
hydroxyls and the natural methoxy groups present. 
 
Identification by these techniques was performed at various levels and to different 
levels of confidence depending on the sample type and the degree of interpretation 
required for particular samples.  Various approaches were trialed and consequentially 
the reporting of results varies.  It should be noted that the mass spectrometer available 
for this project was about 10 years old with slow software when compared with 
current standards.  Tasks that are very simple with modern instruments, such as 
library matching and quantification, required almost a full day for each 
chromatogram/pyrogram compared to minutes using a modern mass spectrometer.  
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Therefore, for many analyses, investigations were limited to specific compounds 
determined to be significant and these were semi-quantified. 
 
Identification of pyrolysis and thermochemolysis products was made on the following 
bases: 
1. Tentative identification based on library matching of mass spectra only (ID1). 
2. Comparison of product compound spectra to those reported in the literature (ID2). 
3. Tentative identification based on library matching and spectral matching to 

products from known bio-polymers (ID3). 
4. Tentative identification based on library matching, spectral matching to products 

from known bio-polymers and with the chromatography retention times (or scan 
numbers being the same or similar) using the same GC-MS conditions (ID4). 

5. In the PhD study where specific lignin bio-markers were investigated, a series of 
theoretically possible bio-marker compounds of lignin and fatty acids were 
purchased.  These authentic standards were then compared with products obtained 
following thermochemolysis reactions on various samples.  Authentic compounds 
were purchased with hydroxyl and acid functionality and were analysed before 
and after methylation using TMAH.  Where methylation was performed on the 
authentic compounds, the reactions resulted in the compounds being 
predominantly methylated  (as methoxy and methyl ester derivatives).  This was 
based on the relative detection responses of the derivatised and underivatised 
compounds (ID5). 

6. Application of Py-GC/MS for characterisation of NOM was further attempted by 
including compounds that were not specific to any particular bio-markers, that 
were potentially derived from secondary reactions or had undergone 
defunctionalisation reactions that precluded any direct value as a specific bio-
marker.  The approach taken was to compare the incidence of these types of 
pyrolysis products from known bio-polymers or well characterised NOM samples 
with those derived from test samples.  By this way a level of commonality or 
difference of these samples to the known samples could be determined.  Hence the 
characterisation was not based on significant structural features but through the 
degree of common structures where their relevance is based on comparison with 
the known bio-polymer or well characterised NOM.  Commonality between the 
known and test samples was made on pyrolysis products having similar retention 
times under the same chromatographic conditions and determined as being the 
same compound from their respective mass spectra (ID6). 

 
(4)  Semi-quantification of pyrolysis products. 
Absolute quantification of pyrolysis products would require information on the 
relative amounts of organic and inorganic compounds present in samples analysed.  
Further, information on the levels of product formation from the potential maximum 
to that actually obtained would be required.  To date, the application of these 
techniques have been predominantly based on qualitative assessment of organic 
matter and in a few cases on semi-quantitative determinations only. 
 
Semi-quantitative determination in this study was made by comparison of compound 
responses (TIC heights or areas) to that of benzonitrile, phenol, methyl cyclopenten-1-
one and methyl furan.  Initial pyrolysis work indicated that benzonitrile was 
commonly present in pyrograms, but subsequent analyses showed that this was not 
the case.  Phenol was selected as this compound was found in most samples and had 
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also been applied by others (Croue, personal communication). Benzonitrile is derived 
from nitrogen based compounds eg proteins, while phenol is a product from many 
bio-polymers such as lignin, protein, and cellulose.  The advantage of using phenol is 
that it is detected with pyrolysis of most samples.  A disadvantage is that it is not 
specific to a particular bio-polymer. Therefore the response of various compounds to 
phenol will be impacted by the variability in the detection of phenol sourced from 
various bio-polymers.  This contrasts with a conceptually ideal compound derived 
from a known and specific bio-polymer source that is ubiquitous. 
 
Thermochemolysis has also been predominantly applied as a technique for qualitative 
investigations into the character of NOM.  Although this technique allows much 
greater preservation of functionality, it also has been shown to cause changes in 
functionality, ie, through Cannizzaro reactions where aldehyde groups react to form 
equimolar amounts of the corresponding alcohols and analogue carboxylic acids 
(Tanczos et al., 1997).   
 
Semi-quantitative methods have been applied for determination of lignin and tannin 
sourced compounds that contribute to NOM.  These methods, such as copper oxide 
oxidation, have enabled assessment of the degree of degradation of NOM based on 
the ratios of acid/aldehyde functionalities.  Other semi-quantitative measurements that 
have been made are the ratios between syringyl, coniferyl and courmaryl moieties.  
This provides an indication of the potential contribution to NOM of lignin source 
types ie of softwoods (predominantly coniferyl moieties), hardwoods (coniferyl and 
syringyl moieties) or grasses (courmaryl moieties), provided these have not 
undergone significant oxidation reactions. 
 
In this project, thermochemolysis was predominantly applied as a qualitative 
technique and in the PhD studies, it was also applied to determine ratio types as 
detailed above. 
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2.4 Results and Discussion 
2.4.1 DRIFT spectroscopy 
DRIFT spectroscopy was applied extensively for work carried out in this project, 
though predominantly for the work detailed in Report 2.  In this report, DRIFT was 
performed only on samples from three South Australian reservoir waters, before and 
after alum treatment (see Chapter 5). 
 
In the PhD study by Page (2000), DRIFT was extensively used for characterisation of 
a wide range of organic isolates and references, including IHSS reference NOM 
(Suwannee River fulvic acid, IR101F [SWFULVIC] and natural organic matter, 
1N101, [SWNOM]), bio-polymers and dissolved organic matter (DOM) from 
different vegetation types (eg mixed native, eucalypt, Pinus radiata, bracken fern), 
soils, humus layers and reservoirs of South Australia and Victoria. DRIFT was 
applied to freeze dried material of waters before and after alum treatment.  This was 
done to assess the applicability of this technique for characterisation of NOM from 
different vegetation sources, for NOM that had undergone degradation processes and 
for NOM in waters before and after treatment.  The chemometric techniques of curve 
fitting and principal component analysis were applied for evaluation of spectra and 
the results have been reported by Page (2000). 
 
Generally, DRIFT spectra of field isolates of NOM samples contained several broad 
absorbance bands, indicative of a heterogeneous composition of organics, and 
functional groups that exist in a variety of molecular environments.  The spectra of 
these samples had a broad strong peak centred at about 3330 and 3400 cm-1 assigned 
mainly to OH.  Spectra of dissolved organic matter (DOM) from vegetation, soils and 
humus included absorbance bands indicative of aliphatic CH2 and CH3 (~2925 - 2980 
cm-1), of COO- and aromatic groups (1590-1620 cm-1), amides and amines (1450-
1550 cm-1) and phenolic OH (1240-1270 cm-1).  Page (2000) provides figures of these 
spectra and discusses the possible assignments of the absorbance bands of the spectra.  
For this information, it is suggested that the reader refers directly to sections 1.1.6 and 
3.2.6 of his thesis and to the second report on this project.   
 
The usefulness of DRIFT spectroscopy for characterisation of natural organic matter 
was found to require the following considerations,  
(a) The pH of the sample before freeze drying needs to be consistent or controlled, as 

absorbances associated with protonated and de-protonated functional groups 
differed.  In this study pH 7 was consistently used. 

(b) The application for characterisation of NOM needs to be performed in the context 
that the IR absorbance bands also include functional groups that are of the 
inorganic matrix.  Hence, the spectrum is a result of the total of inorganic and 
organic functionality and confidence in band assignment needs to be made with 
prior knowledge of the organic and inorganic composition of the sample.  Further 
analyses of samples based on inorganic content as by XRD analysis, TOC content 
etc. would greatly benefit the usefulness of DRIFT analysis and spectral 
interpretation.  Generally, where the proportion of organic to inorganic content is 
very high, the absorbance bands can be assigned to the organic content with 
greater confidence.  Conversely, if the organic to inorganic content is too low, 
then assignment of functionality to the organic component cannot be made with 
any confidence. 
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(c) In this project, a major objective was the characterisation of NOM present in 
surface waters that ultimately would be used for drinking purposes, and 
characterisation of NOM recalcitrant to particular water treatment processes.  
However, it was found that without some desalting step, the natural salt contents 
were very high in relation to the organic content. Further, coagulant salts further 
decreased the concentration of NOM in the final freeze-dried matrix and some 
these also interfered in spectra (eg. sulphate ion absorbance at about 1100 cm-1). 
Fractionation was attempted, eg ultrafiltration and dialysis to minimise the salt (in 
this case, interfering components) from the samples.  Dialysis was found to have 
important practical limitations, though ultrafiltration provided data where there is 
some confidence of absorbance bands of spectra being due to organic constituents. 
The weakness of the fractionation techniques, including resin based ones, is that 
for relevance to water treatment, the fraction often lost or not separated from 
inorganic salts is also the one most recalcitrant to water treatment processes.  The 
neutral hydrophilic fraction mostly remains in the water after treatment and leads 
to disinfection by-products and a bacterial regrowth potential.  This fraction is 
mostly not recovered by these NOM isolation / fractionation techniques.  

  
Throughout this project, therefore, the application of DRIFT was performed with the 
above points considered, and applied on the basis of sample type or knowledge of its 
composition.  The application of chemometrics was a further attempt to statistically 
separate functionality (absorbances) caused by organic and inorganic constituents.  
However, results obtained by Downes (2000) were that the principal components 
derived from spectra were strongly influenced by clay contents and to a lesser extent 
by organic compositions.   
 
DRIFT spectroscopy was not found to be useful for freeze dried samples of alum 
treated water samples.  This was due to few absorbance bands in spectra; interference 
from functional groups of inorganic coagulants and the organic content being in a low 
proportion to inorganic composition.  As indicated earlier, ultrafiltration was applied 
to alum treated waters to remove inorganic constituents from a fraction of NOM 
recalcitrant to alum treatment.  This appeared to be achieved and DRIFT spectroscopy 
was applied to these samples. The results are detailed in Chapter 5 of this report.  
  
2.4.2 Py-GC/MS 
This technique was applied for characterisation of NOM from a range of sources and 
following alum treatment of surface waters.  It has several important advantages, in 
that only a few milligrams of freeze-dried material is required and although inorganics 
may impact on the pyrolysates, the low concentrations of organic constituents in a 
inorganic matrix can still result in informative pyrograms.  Py-GC/MS was performed 
using very low polar (DB-5) to a slightly polar (DB-17) columns which resulted in 
detection of non-polar and slightly polar compounds. This technique incorporates no 
in situ derivatisation step for hydroxyl and carboxyl groups and so highly polar 
compounds would not have been detected.  
 
2.4.2.1 Pyrolysis products of bio-polymers and IHSS sourced reference NOM 
Pyrolysis products of bio-polymer standards (lignin, (Aldrich), cellulose (Aldrich) and 
bovine serum albumin (BSA)) are shown in tables 2.1, 2.2 and 2.3. Tentative 
identifications and key ions (without assignment to specific isomers) of compounds 
are given in these tables. For lignin, key compounds detected were phenyl and 
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phenolic structures with methoxy and acid functional groups.  This was expected 
considering the aromatic structural nature of lignin and methoxy and hydroxy 
functionalities known to be present in various lignin types. 

For cellulose, major compounds detected were furan, methyl cyclopenten-1-one and 
other ketone structures.  Under the same chromatographic conditions, the same  

Table 2.1  Pyrolysis products of lignin (Aldrich). 
 
Compounds tentatively identified Scan Number  Key Ions 
phenol 579 66, 94 
phenol, methyl 655 77, 79, 108 
phenol, methoxy 712 81, 124 
phenol, dimethyl 748 77,107, 122 
phenol, methoxy-methyl 792, 810 67, 95, 123, 138 
ethanone, (1-(hydroxy, methoxyphenyl)) 981 151, 166 
phenol, methoxy, propyl 1004 137, 166 
phenol, methoxy-4-(propenyl) 1012 77, 103, 149, 164 
phenol, dimethoxy 1069, 1086 93, 139, 154 
benzaldehyde, hydroxy, methyl 1162 81, 109, 151, 152 
ethanone, 1-(hydroxy, methoxyphenyl) 1281 123, 151, 166 
propanone, 1-(hydroxy, methoxyphenyl) 
benzene 

1346 94, 122, 137, 180 

benzeneacetic acid, hydroxy, methoxy 1494 137, 182 
phenanthrenecarboxylic acid 2150 239, 299, 314 
   
 

Table 2.2  Pyrolysis products of cellulose (Aldrich) 

 
Compounds tentatively identified   Scan Number. Key Ions 
   
butenal, methyl 379 55, 84 
furancarboxaldehyde 436 67, 95, 96 
cyclopenten-1-one, methyl 514 53, 67, 96 
cyclohexanone, propyl or cyclopentendione 550 98 
phenol 583 66, 94 
furancarboxaldehyde, methyl 587 53, 81, 109, 110 
unknown cellulose 599 53, 67, 81, 96 
cyclopentendione, methyl 652 55, 69, 83, 112 
cyclopenten-1-one, trimethyl 693 81, 96, 109, 124 
hexen-3-one 740 69, 98 
furandione, methyl 897 56, 84, 114 
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Table 2.3  Pyrolysis products of bovine albumin (BSA). 

 

Compounds tentatively identified Scan No. Key Ions 
   
pyridinemethanol,  pyridinyl 305 52, 79 
butanenitrile, methyl 403 55, 82 
pyrrole, methyl 422, 427 53, 80, 81 
benzamine, hydrochloride or aniline 445 66, 93 
ethanol, 2-(phenylmethyl)amino  480 91,120,65,92 
pyrrole, ethyl 522, 538 80, 95 
pyridinium, 1-methyl hydroxide 531 94 
pyrrole, ethyl, methyl 564 94, 109 
phenol 582 66, 94 
benzonitrile 609 76, 103 
phenol, methyl 660 77, 79, 108, 107 
phenol, methyl 681 77, 79, 107, 108 
1-azabicyclohexane 733 55,82,83,82 
phenol, dimethyl 754 77, 107, 122 
phenol, dimethyl 781 77, 107, 122 
benzeneacetonitrile 818 90, 116, 117 
pyridine, methylthio 832 54, 92, 125 
benzene propene nitrile 954 91, 131 
isoquinoline 995 102, 129 
indole 1038 90, 117 
indole, methyl 1147 77, 130, 131 
pyridine, phenyl 1224 155, 154 
benzene butanamine 1413 91, 149 
quinoline, ethyl 1511 156 
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compounds were consistently formed from cellulose, based on the mass spectra of 
compounds and their retention times.  Phenol was formed from cellulose also, but it 
co-eluted with another product.  This limited the use of phenol for semi-quantification 
of other compounds.  Instead, for this bio-polymer, methyl furan or other compounds 
were used for semi-quantitative determinations.  

For bovine serum albumin, a range of nitrogenous compounds were detected 
including pyrrole, pyridine derivatives and benzonitrile. Other structures such as 
phenolics and alkyl benzenes were also consistently detected.  Those most relied upon 
as representing nitrogenous compounds (proteins and possibly nucleic acids) were 
pyrolysates with nitrogen as part of their molecular structures.  Phenol from this bio-
polymer was consistently detected without co-elution, and was used for semi-
quantitative determinations.  Other phenolic compounds (3-methyl phenol and 4-
methyl phenol) and alkyl benzene structures were detected from lignin samples also. 
 
Pyrolysis of triglyceride resulted in only one major product being detected, ie, 4-
hydroxy benzoic acid methyl ester. 

Pyrolysis products from Suwannee River reference NOM and fulvic acids are listed in 
tables 2.4 and 2.5, together with their key ions and ratios to phenol.  These were used 
to compare compounds derived from samples from aquatic environments. A list of 
compounds from the various bio-polymers analysed with those detected from the 
Suwannee River standards is given in Table 2.6.  This list was generated to examine 
the commonality of products from the bio-polymer standards and from the IHSS 
standards.  Also, it was intended as a data base for comparison with test samples or 
field collected samples.  The significance of pyrolysis products as bio-markers is 
dependant on their specificity in relation to their bio-polymer source.  For example, 
compounds such as methoxy phenols are indicative of lignin sources.  However, 
compounds such as methyl benzene and other alkyl benzene structures can be derived 
from defunctionalisation reactions or cyclisation of unsaturated aliphatic compounds.  
These compounds cannot be used as specific bio-markers but their incidence was used 
to compare test samples to the known standards and reference samples. This was done 
by integrating the list on compounds detected in a test sample with those of the 
standards and references. Commonality was then based on tentative identifications 
and on standardised retention times. All retention times of compounds were 
determined using the same chromatographic conditions and adjusted to the recorded 
retention time of phenol.  Phenol was detected from virtually all samples, standards 
and reference natural organic matter.   

Lists of compounds detected from pyrolysis of lignin from hardwood and softwood 
are given in tables 2.7 to 2.9. 

As described in the introduction, a key difference between lignins from softwood and 
hardwood, is the greater proportion of syringyl moieties in hardwoods.  These lists 
were generated in order to investigate the types of compounds formed from pyrolysis 
of these bio-polymers and to assess if differences could be detected between the two 
types of lignin sources, hardwood versus softwood.  The ratios of compounds with 
dimethoxy to methoxy groups were as follows: for softwood, 0.10; for eucalypt 
(milled), 1.46 and for eucalypt (steam exploded), 0.74.  Hence, the potential syringyl 
moieties (as indicated by dimethoxy benzene structures) produced from pyrolysis of 
lignins of hardwood  (prepared by the two methods, milled and steam exploded) were  
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Table 2.4  Pyrolysis products from Suwannee River NOM, IHSS reference 1N101 
 
Identity Scan No.  Key Ions Ratio to Phenol 
benzene 191 78, 7, 51, 52 0.34 
cyclopenten-1-one, methyl- 220 96, 67, 53, 81 0.51 
benzene, methyl- 293 91,92 1.08 
benzene, dimethyl- 408 91,106,105 1.18 
benzene, dimethyl- 448 91,106,105 0.41 
furancarboxaldehyde 460 96,95,67 0.20 
benzene, ethenyl- 465 104, 103, 78, 51 0.15 
imidazole, methyl- 478 82,54,81 0.19 
benzene, trimethyl- 518 105,120,77,91 0.46 
cyclopenten-1-one, methyl- 540 67,96,53 0.36 
benzene, trimethyl- 555 105,120,77,91 0.48 
benzene, methyl, methylethyl- 578 119,134,91 0.15 
benzene, trimethyl- 600 105,120,77,91 0.39 
phenol 611 94,66,65 1.00 
benzofuran 620 118,90,89,63 0.15 
cyclopenten-1-one, methyl- 632 96,67,53,81 0.22 
benzene, ethyl, dimethyl- 645 119,134,91 0.13 
phenol, methyl- 685 108,107,79,77,91 0.37 
phenol, methyl- 705 108,107,79,77 0.82 
benzene, propynyloxy- 722 131,132,104,103 0.15 
benzofuran, methyl- 732 131,132,51,77 0.11 
phenol, dimethyl- 777 122,107,77,91 0.11 
phenol, dimethyl- 780 122,107,121,77,79,91 0.19 
phenol, ethyl- 805 107,122,77,79 0.17 
benzofuran, dimethyl- 844 146,145,117,131 0.27 
cyclopenten-1-ol, phenyl- 972 160,105,145,77 0.19 
naphthalene, methyl- 1010 142,141,115 0.12 
inden-1-one, dihydro- 1039 104,777,103,78 0.08 
naphthalene, dimethyl- 1139 156,141,155,77 0.20 
ethanone, hydroxyphenyl- 1272 121,136,93,65 0.06 
naphthalene, trimethyl- 1328 170,155, 128 0.11 
naphthalene, trimethyl- 1380 170,155, 128 0.13 
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Table 2.5  Pyrolysis products of Suwannee River Fulvic acid, IHSS reference 1R101F 

Identity Scan No.  Key Ions Ratio to 
Phenol 

cyclopenten-1-one, methyl- S214 96,67,53,81 0.39 
cyclopenten-1-one, methyl- S220 96,67,53,81 0.76 
benzene, methyl- S292 91,92,65,90 1.41 
benzene, dimethyl- S408 91,106,105, 1.27 
benzene, dimethyl- S447 91,106,105,51 0.47 
benzene, ethenyl- (styrene) S464 104,103,78,51 0.18 
imidazole, methyl- S478 82,81,54, 0.27 
cyclopenten-1-one, methyl- S540 67,96,53 0.28 
benzene, ethyl, methyl- S553 105,120,77,91 0.63 
benzene, trimethyl- S599 105,120,119,77 0.42 
phenol S610 94,66,65 1.00 
cyclopenten-1-one, methyl- S629 96,67,53,81 0.29 
phenol, methyl- S684 108,107,79,77 0.29 
phenol, methyl- S704 107,108,77,79 1.44 
benzene, propynyloxy- S721 131,132,104,103 0.19 
phenol, dimethyl- S779 122, 107, 121, 77 0.32 
phenol, ethyl- S805 107,122,77,79 0.29 
benzofuran, dihydro- S890 120,91,119,92 0.35 
phenol, trimethyl- S926 121,136,135,91 0.10 
cyclopenten-1-ol, phenyl- S970 160,105,145,77 0.28 
phenol, trimethyl- S985 121,136,135,91 0.09 
benzofuranone, methyl- S1104 148,76,104,91 0.54 
naphthalene, dimethyl- S1137 156,141,155,115 0.25 
naphthalene, trimethyl- S1326 170,155 0.25 
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Table 2.6 Combined list of pyrolysis products from various bio-polymers and IHSS 
reference samples. Pyrolysis was performed at 650oC and compounds were separated 
using a DB17 column.    

 
Scan No. Compound Source Ratio to phenol
    
160 benzene SWNOM 0.338 
262 benzene, methyl- SWFULVIC 1.414 
262 benzene, methyl- SWNOM 1.077 
265 benzene, methyl- BSA 3.003 
288 furan, methyl- Cellulose 4.012 
303 pyridine derivative BSA 0.207 
376 butenal, methyl Cellulose 0.343 
377 benzene, dimethly BSA 1.019 
377 benzene, dimethyl- SWNOM 1.179 
378 benzene, dimethyl- SWFULVIC 1.275 
384 benzene, dimethyl- Lignin 0.293 
399 pyrazole, dimethyl- Cellulose 3.320 
417 benzene, dimethyl- SWFULVIC 0.472 
417 benzene, dimethyl- SWNOM 0.410 
420 pyrrole, methyl- BSA 0.312 
425 pyrrole, methyl- BSA 0.213 
429 furancarboxaldehyde SWNOM 0.203 
433 furancarboxaldehyde Cellulose 6.078 
434 benzene, ethenyl- SWFULVIC 0.184 
434 benzene, ethenyl- SWNOM 0.154 
437 benzene, ethenyl- BSA 0.719 
443 benzenamine, hydrochloride BSA 0.333 
447 imidazole, methyl- SWNOM 0.189 
448 imidazole, methyl- SWFULVIC 0.273 
478 ethanol, 2-(phenylmethyl)amino- BSA 0.209 
487 benzene, trimethyl- SWNOM 0.458 
490 benzene, ethyl, methyl- BSA 0.193 
509 cyclopenten-1-one, methyl- SWNOM 0.359 
510 cyclopenten-1-one, methyl- SWFULVIC 0.279 
511 cyclopenten-1-one, methyl Cellulose 1.221 
520 pyrrole, ethyl-  BSA 0.104 
523 benzene, ethyl, methyl- SWFULVIC 0.626 
524 benzene, trimethyl- SWNOM 0.479 
529 pyridinium, methyl, hydroxide BSA 0.471 
536 pyrrole, ethyl-  BSA 0.060 
547 cyclohexanone, propyl or cyclopentendione Cellulose 1.481 
547 benzene, methyl-4(methylethyl)- SWNOM 0.154 
550 benzene, ethanyl, methyl- BSA 0.102 
562 pyrrole, ethyl, methyl- BSA 0.043 
569 benzene, trimethyl- SWFULVIC 0.423 
569 benzene, trimethyl- SWNOM 0.392 
580 phenol BSA 1.000 
580 phenol Cellulose 1.000 
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580 phenol SWFULVIC 1.000 
580 phenol Lignin 1.000 
580 phenol SWNOM 1.000 
582 furancarboxaldehyde, methyl- Cellulose 5.923 
587 benzene, ethanyl, methyl- BSA 1.150 
589 benzofuran SWNOM 0.153 
597 cyclopenten-1-one, methyl- Cellulose 1.312 
599 cyclopenten-1-one, methyl- SWFULVIC 0.294 
601 cyclopenten-1-one, methyl- SWNOM 0.217 
614 benzene, ethyl, dimethyl- SWNOM 0.135 
644 imidazolidinedione, methyl- Cellulose 11.902 
649 cyclopentendione, methyl Cellulose 1.519 
654 phenol, methyl- SWFULVIC 0.288 
654 phenol, methyl- SWNOM 0.371 
656 phenol, methyl- Lignin 1.159 
658 phenol, methyl- BSA 0.511 
673 phenol, methyl- Cellulose 2.285 
674 phenol, methyl- SWFULVIC 1.436 
674 phenol, methyl- SWNOM 0.817 
676 phenol, methyl- Lignin 1.203 
679 phenol, methyl- BSA 1.418 
691 benzene, (propynyloxy)- SWFULVIC 0.191 
691 benzene, (propynyloxy)- SWNOM 0.154 
701 benzofuran, methyl- SWNOM 0.112 
713 phenol, methoxy- Lignin 8.889 
737 hexen-3-one Cellulose 0.400 
746 phenol, dimethyl- SWNOM 0.105 
749 phenol, dimethyl- SWFULVIC 0.319 
749 phenol, dimethyl- Lignin 0.543 
749 phenol, dimethyl- SWNOM 0.195 
752 phenol, dimethyl- BSA 0.505 
765 pentanamide, methyl- BSA 0.370 
773 phenol, ethyl- Lignin 0.171 
774 phenol, ethyl- SWNOM 0.173 
775 phenol, ethyl- SWFULVIC 0.294 
779 phenol, dimethyl- BSA 0.144 
793 phenol, methoxy, -methyl- Lignin 2.036 
811 phenol, methoxy, -methyl- Lignin 4.436 
812 phenol, dimethyl- SWFULVIC 0.443 
813 benzofuran, dimethyl- SWNOM 0.268 
816 benzeneacetonitrile BSA 1.045 
830 pyridine, methylthio BSA 0.251 
849 phenol, methylethyl Lignin 0.374 
860 benzofuran, dihydro- SWFULVIC 0.350 
877 pyrolidinedione SWNOM 0.064 
884 benzene, dimethoxy, -methyl- Lignin 1.626 
894 furandione, methyl Cellulose 0.483 
895 benzene, dimethoxy, -methyl- Lignin 0.434 
896 phenol, trimethyl- SWFULVIC 0.104 
905 phenol, ethyl, methoxy- Lignin 2.624 
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940 cyclopenten-1-ol, phenyl- SWFULVIC 0.280 
941 cyclopenten-1-ol, phenyl- SWNOM 0.195 
952 benzenepropanenitrile BSA 0.729 
955 phenol, trimethyl- SWFULVIC 0.090 
975 ethanone, 1-(hydroxy, methylphenyl)- Lignin 4.683 
979 naphthalene, methyl- SWNOM 0.118 
982 ethanone, 1-(hydroxy, methylphenyl)- Lignin 0.384 
993 isoquinoline BSA 0.294 
1005 phenol, methoxy, propyl- Lignin 0.593 
1008 inden-1-one, dihydro- SWNOM 0.081 
1013 phenol, methoxy-4-(propenyl)- Lignin 0.715 
1036 indole BSA 1.297 
1070 phenol, methoxy-4-(propenyl)- Lignin 0.488 
1074 benzofuranone, methyl- SWFULVIC 0.537 
1087 phenol, dimethoxy- Lignin 0.283 
1093 phenol, methoxy-4-(propenyl)- Lignin 0.816 
1107 naphthalene, dimethyl- FULVIC 0.253 
1108 naphthalene, dimethyl- SWNOM 0.195 
1145 indole, methyl- BSA 0.673 
1149 phenol, methoxy-4-(propenyl)- Lignin 2.863 
1167 benzaldehyde, hydroxy, methoxy- Lignin 1.039 
1221 benzenedicarboxylic acid, methyl- SWFULVIC 0.275 
1222 pyridine, phenyl- BSA 0.243 
1237 benzenemethanamine, n-phenyl- BSA 0.237 
1241 ethanone, 1-(hydroxyphenyl)- SWNOM 0.057 
1282 ethanone, 1-(hydroxy, methoxyphenyl)- Lignin 1.175 
1296 naphthalene, trimethyl- SWFULVIC 0.254 
1297 naphthalene, trimethyl- SWNOM 0.107 
1347 propanone, 1-(hydroxy, methoxyphenyl)- Lignin 0.942 
1349 naphthalene, trimethyl- SWNOM 0.129 
1411 benzenebutanamine BSA 0.537 
1416 biphenyl-2-ol BSA 0.480 
1479 phenol, pentyl- BSA 1.045 
1489 TECV  (surrogate internal standard) BSA 0.850 
1490 TECV  (surrogate internal standard) Lignin 1.803 
1493 benzenacetic acid, hydroxy, methoxy- Lignin 1.580 
1507 TECV (surrogate internal standard) SWFULVIC 0.760 
1509 quinoline, ethyl- BSA 0.234 
1509 TECV  (surrogate internal standard) SWNOM 0.269 
1551 benzeneulfenic acid, methyl- BSA 0.614 
2151 phenanthrenecarboxylic acid Lignin 2.019 
    
    
BSA: bovine serum albumin (Sigma);  Cellulose: (Aldrich),  Lignin, (hydrolytic): 
(Aldrich);  SWNOM: Suwannee River natural organic matter 1N101, (IHSS);  
SWFULVIC: Suwannee River fulvic acid IR101F, (IHSS).  
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Table 2.7  Pyrolysis products from Eucalypt Milled Lignin. 

 
Scan No.  Tentative Identification 

of compound 
Ratio to 
phenol 

S463 pyrazole, dimethyl- 1.15 
S592 benzaldehyde 0.72 
S651 phenol 1.00 
S654 benzene, propenyl- 1.14 
S689 phenol, methyl- 2.53 
S709 cyclopentanedione, methyl- 4.88 
S737 phenol, methyl- 4.88 
S756 indene, methyl- 0.89 
S784 phenol, -dimethyl- 1.91 
S814 phenol, methoxy, methyl- 4.73 
S824 benzofuran, dimethyl- 0.54 
S836 phenol, methoxy, methyl- 3.30 
S841 phenol, methoxy, methyl- 2.05 
S909 phenol, ethyl, methoxy- 0.44 
S918 phenol, ethyl, methoxy- 1.39 
S922 phenol, methoxy, dimethyl- 1.15 
S928 benzene, dimethoxy, methyl- 1.71 
S934 benzaldehyde, hydroxy, methoxyphenoxy 3.03 
S954 benzeneacetonitrile, cyano- 0.64 
S998 benzene, methylsulfinyl 1.66 
S1005 ethanone, hydroxy, methylphenyl 3.62 
S1038 phenol, methoxy, propenyl 0.38 
S1043 phenol, methoxy, propenyl 3.81 
S1124 phenol, dimethoxy- 5.99 
S1178 phenol, methoxy, propenyl 0.22 
S1191 phenol, methoxy, propenyl 10.78 
S1222 benzaldehyde, hydroxy, methoxy- 2.21 
S1241 benzene, trimethoxy- 8.66 
S1333 phenol, methoxy, trimethyl- 5.50 
S1405 phenol, dimethylethyl, methoxy 3.13 
S1421 phenazinol, acetate 2.52 
S1445 phenol, dimethoxy, propenyl 14.92 
S1480 benzopyran-2-one, hydroxy, methoxy- 0.82 
S1517 phenol, dimethoxy, propenyl 9.63 
S1579 benzene, dimethoxy, tetramethyl- 5.01 
S1585 benzene, dimethoxy, tetramethyl- 7.36 
S1598 benzenecarboxylic acid, dihydro, methoxy- 0.23 
S1614 benzaldehyde,hydroxy, dimethoxy 9.68 
S1644 tridecanoic acid 0.50 
S1699 ethanone, hydroxy, dimethoxyphenyl 3.54 
S1717 benzenedicarboxylic acid, bis-methylpropyl 0.23 
S1754 butanone, trihydroxy, methylphenyl 7.01 
S2060 pyrene, dimethyl- 0.62 
S2240 benzenedicarboxylic acid, diisooctyl ester 0.77 
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Table 2.8  Pyrolysis products of Eucalypt steam exploded lignin. 

 
Scan No.  Tentative identification of compounds. Ratio to 

phenol 
S417 pyridinemethanol, pyridinyl- 4.20 
S513 pyridinium, amino, methyl, hydroxide 3.51 
S531 cyclopenten-1-one, methyl- 5.86 
S583 proline, methyl-5-oxo, methyl ester 1.03 
S604 pyrimidine, methyl- 23.92 
S611 phenol 1.00 
S615 benzene, methoxy, methyl- 3.84 
S631 pyran, derivative 2.62 
S674 phenol, methyl- 48.77 
S680 phenol, methyl- 5.79 
S699 phenol, methyl- 29.97 
S733 cyclopenten-1-one, trimethyl- 54.09 
S766 phenol, dimethyl- 30.43 
S783 benzoic acid, bromomethyl 1.51 
S790 phenol, dimethyl 3.92 
S795 phenol, ethyl 2.54 
S813 phenol, methoxy, methyl 47.24 
S836 phenol, methoxy, methyl 62.26 
S853 phenol, ethyl, methyl 2.89 
S865 purine, methoxy 1.87 
S869 phenol, ethyl, methyl- 7.95 
S907 phenol, ethyl, methoxy- 27.10 
S918 benzene, dimethoxy, methyl- 34.39 
S923 benzeneethanol, methoxy- 14.24 
S930 phenol, dimethoxy- 45.27 
S975 benzenediol, methoxy- 37.96 
S1005 ethanone, hydroxy, methylphenyl 42.79 
S1014 phenol, methoxy, trimethyl- 19.03 
S1018 phenol, methoxy, trimethyl- 31.82 
S1028 phenol, methoxy, propyl- 29.36 
S1039 phenol, methoxy-4-(propenyl)- 36.31 
S1075 furan, furanylmethyl, methyl- 4.92 
S1094 benzene, ethenyl, dimethoxy- 10.13 
S1099 benzene, trimethoxy- 12.58 
S1121 phenol, dimethoxy- 31.75 
S1144 benzenamine, methoxy- 53.04 
S1187 phenol, methoxy, propenyl 72.58 
S1202 benzaldehyde, hydroxy, methoxy- 11.87 
S1212 benzene, dimethoxy, propenyl 6.61 
S1237 benzaldehyde, hydroxy, methoxy- 49.51 
S1276 benzoic acid, dimethoxy- 13.51 
S1287 isoquinolinol, tetrahydro, methoxy- 16.85 
S1307 benzene,  dimethoxy, tetramethyl- 4.99 
S1335 ethanone, hydroxl, methoxyphenyl 60.52 



 
 

2-27 
 
 

S1343 benzoic acid, acetyloxy, methoxy-, methyl ester 11.65 
S1354 ethanone, hydroxy, dimethoxyphenyl 4.06 
S1358 benzene, dimethyl, phenylmethyl 6.94 
S1371 dimethoxy indanone 3.05 
S1429 ethanone, dimethoxyphenyl 3.99 
S1445 phenol, dimethoxy, propenyl 98.64 
S1542 phenol, dimethoxy, propenyl 15.70 
S1556 naphthalenol, methoxy- 12.32 
S1624 benzoic acid, dimethoxy- 33.17 
S1640 benzaldehyde, trimethoxy- 2.05 
S1648 hexadecanoic acid 6.09 
S1682 naphthalene, dimethoxy- 21.41 
S1697 benzaldehyde, trimethoxy- 34.26 
S1720 benzenedicarboxlic acid, butyl, methylnonyl- 7.60 
S1756 butanone, trihydroxy, methylphenyl 45.47 
S1831 naphthaquinone, dimethoxy- 9.33 
S1862 ethanone, hydroxy, dimethoxyphenyl 13.23 
S1971 benzene, trimethoxy, propenyl 11.92 
S2195 benzofurandione, hydroxy, hydroxybenzyl 3.81 
S2239 benzenedicarboxlic acid, diiosoctyl ester 3.47 
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Table 2.9  Pyrolysis products of Indulin softwood lignin. 

 
Scan No.  Tentative Identification of compounds Ratio to 

phenol 
S285 benzene, (butoxymethyl)- 1.47 
S454 benzene, ethenyl- 0.27 
S505 benzene, trimethyl 0.19 
S565 benzene, methyl, methylethyl 0.10 
S585 trisulphide, dimethyl- 0.38 
S605 phenol 1.00 
S615 benzene, methoxy, methyl 0.30 
S652 cyclopenten-1-one, methyl 0.08 
S678 phenol, methyl 1.97 
S694 phenol, trimethyl 0.54 
S707 phenol, methyl 1.89 
S738 cyclopenten-1-one, trimethyl 3.67 
S774 phenol, dimethyl 1.11 
S814 phenol, methoxy, methyl 0.92 
S838 phenol, methoxy, methyl 1.55 
S858 phenol, trimethyl 0.17 
S882 benzofurandione 1.93 
S898 phenol, propyl 0.11 
S911 benzene, dimethoxy, methyl- 0.46 
S941 phenol, ethyl, methoxy 0.82 
S954 benzenediol, methyl 0.89 
S967 benzofuran, methoxy 0.16 
S978 benzenediol, methoxy 1.09 
S998 benzenediol, methyl 1.10 
S1014 benzenediol, dimethyl 0.31 
S1022 benzenediol, dimethylethyl 0.88 
S1035 benzenemethanol, methoxy 1.44 
S1047 phenol, methoxy, propenyl 1.99 
S1061 benzenesulphenic acid, methyl- 1.09 
S1078 indene-1-one, dihydro, hydroxy, methyl- 0.34 
S1087 benzene, methoxy, methylthio 0.36 
S1099 benzene, methoxy, propenyl, methyl 0.18 
S1121 phenol, methoxy, propenyl 2.77 
S1132 benzenemethanol, hydroxy, methoxy 0.31 
S1150 phenol, methoxy, dimethyl 0.91 
S1184 phenol, methoxy, propenyl 1.37 
S1215 benzenediol, methoxy 1.12 
S1229 ethanone, trihydroxyphenyl 1.16 
S1259 benzene, dimethoxy, propenyl 0.11 
S1272 benzene, dimethoxy, propenyl 0.23 
S1291 phenol, methylpropyl 0.18 
S1296 benzene, dimethoxy, propenyl 0.38 
S1310 flourene, carboxylic acid 0.21 
S1322 ethanone, hydroxl, methoxyphenyl 1.56 
S1336 benzoic acid, acetyloxy, methoxy, methyl ester 0.63 
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S1351 naphthalenol, acetate 0.05 
S1359 naphthalene, trimethyl 0.23 
S1390 benzamine, methoxy, methyl 0.75 
S1421 flourene, methyl 0.23 
S1445 propanone, hydroxy, (hydroxy-methylphenyl) 0.90 
S1522 benzenediol, dimethylethyl 0.29 
S1540 benzeneacetic acid, hydroxy, methoxy 0.70 
S1545 ethanone, (methyl-2-furanyl)methyl-2-furanyl 0.13 
S1551 naphthalenol, methoxy 0.68 
S1610 benzeneacetic acid, dimethoxy 0.36 
S1672 naphthalene, dimethoxy 0.46 
S1686 benzene, methyl-3-(methylphenyl)methyl- 0.39 
S1750 benzene, methoxy, phenoxy 0.28 
S1785 1-phenanthrenecarboxaldehyde 0.41 
S1821 benzopyran-2-one, dimethoxy- 0.71 
S1849 phenanthrenecarboxaldehyde 0.45 
S1862 naphtho, pyran-7,8-dione, dihydro 0.43 
S1876 naphtho, pyran-7,8-dione, dihydro 0.13 
S1899 benzopyran-2-one, dimethoxy, methyl- 0.30 
S1926 benzopyran-2-one, dimethoxy, methyl- 0.21 
S1943 salithion 0.17 
S1967 benzene, ethylidene, ethyl 0.23 
S1986 phenenthrene, dimethyl 0.50 
S1998 naphtho, pyran-7,8-dione, dihydro 0.28 
   

at much higher relative proportions to guaiacyl moieties (indicated by mono methoxy 
benzene structures), than for softwood.  Although lignin is predominantly insoluble in 
aqueous solutions, a list of pyrolysis products from this bio-polymer type was 
obtained in order to assess the potential of measuring organics sourced from it in 
aqueous environments.  The application of Py-GC/MS to detect lignin bio-markers 
was studied by Page (PhD thesis, 2000) and the results are detailed therein. For the 
work detailed in this report, Py-GC/MS analyses of the various lignin sources were 
also performed to enable characterisation of NOM present in waters before and after 
conventional and enhanced water treatment.   

Some compounds detected from lignin are indicative of polysaccharides, eg methyl 
cyclopenten-1-one was detected in the sample of Indulin softwood lignin.  These 
compounds are likely to be derived from materials that are not "pure" bio-polymers, 
eg the lignin isolates contained cellulose and/or hemicellulose; or lignocarbohydrate 
complexes were present. Overall, the products from lignin were predominantly 
aromatic, many with hydroxyl and methoxy functionalities.  A few aromatic 
compounds with carboxyl groups were also detected towards the end of the gas 
chromatography cycle, having long retention times. 
 
2.4.2.2 Repeatability of Py-GC/MS analyses 
The repeatability of Py-GC/MS analyses was evaluated using hydrolytic lignin and 
cellulose (Aldrich).  The results are shown in tables 2.10 and 2.11.  For lignin, the 
relative abundances of aromatic compounds with hydroxy or methoxy functional 
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groups compared with phenol, are given. The numbers of Py-GC/MS tests applied for 
sample analysis and for method evaluation were, in general, minimised due to the  
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Table 2.10  Repeatability of pyrolysis products from hydrolytic lignin (Aldrich). 

Compound (tentative identification)   Scan No.   Ratio to phenol  
 Key Ions Lignin1 Lignin2 Lignin3 Lignin1 Lignin2 Lignin3  
phenol 94,66,77,67 607 605 607 1.00 1.00 1.00  
phenol, 2-methoxy- 109,124,81,53 741 740 741 1.53 1.17 1.11  
phenol, 2,4-dimethyl- 107,122,121,77 803 802 803 0.59 0.53 0.43  
phenol, 2-methoxy-4-methyl- 123,138,95,67 845 843 845 0.70 0.60 0.55  
phenol, 2,6-dimethoxy 154,139,93,96 1133 1131 1133 2.50 1.42 1.63  
phenol, 2-methoxy-4-(1-propenyl)- 164,77,149,91 1192 1191 1192 0.54 0.38 0.40  
benzaldehyde, 4-hydroxy-3-methyl- 135,136,107,77 1211 1209 1212 0.27 0.22 0.31  
ethanone, 1-(4-hydroxy-3-methylphenyl)- 135,150,77,107 1328 1326 1328 0.15 0.13 0.12  
         
 

Table 2.11  Repeatability of pyrolysis compounds from cellulose (Aldrich). 

 
Selected compounds Key Ions  Ratio to phenol   Ratio to methyl 

furan. 
 

  S.N.1 S.N.2 S.N.3 S.N.4 S.N.1 S.N.2 S.N.3 S.N.4 
furan, 2-methyl- 82, 53, 81 2.88 4.40 1.90 6.87 1.00 1.00 1.00 1.00 
2-furancarboxaldehyde 96, 95, 67 4.60 5.84 3.25 10.62 1.60 1.33 1.71 1.55 
phenol 94, 66, 65 1.00 1.00 1.00 1.00 0.35 0.23 0.53 0.15 
2-furancarboxaldehyde, 5-methyl- 110, 109, 53 2.89 5.92 3.30 11.58 1.00 1.34 1.74 1.69 
2-cyclopenten-1-one, 3-methyl- 96, 67, 53, 81 0.90 1.51 0.73 2.12 0.31 0.34 0.38 0.31 
phenol, 4-methyl- 107, 108, 77, 79 1.19 2.38 1.66 3.91 0.41 0.54 0.87 0.57 
          
          
S.N.: sample number.          
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long times required for tentative identifications (eg. library matching) and 
quantification.   
The TIC response from phenol was used for semi-quantification of other compounds. 
For lignin, total ion current (TIC) responses from a range of compounds were similar 
between triplicate analyses (Table 2.10).  However, application of phenol for semi-
quantification of TIC responses of compounds from cellulose lead to differences in 
magnitudes of up to about 4.  This was caused by the co-elution of a compound (not 
identified) with phenol.  Using methyl furan as a pyrolysis product for semi-
quantification, consistent results were obtained for samples tested in quadruplicate 
(Table 2.11). Although, analytical pyrolysis is a method predominantly applied for 
qualitative evaluations, pyrograms were consistent for any one sample and under the 
same pyrolysis and GC conditions.  Semi-quantitative results are only an empirical 
indicator of abundances, as true quantification, using authentic standards is not 
feasible due to the wide range of compounds produced and the pyrolysis process.  It 
can be a further assumption that the pyrolysis reactions have gone to completion, but 
the extent of pyrolysate production and the type of products are also a function of 
pyrolysis temperature and gas chromatography conditions applied.  Hence, the 
products formed in both type and quantity are dependant on the analytical conditions 
applied and for that reason, this technique has been mostly used in qualitative 
assessment of organic matter. 
 
2.4.2.3  Impact of inorganic compounds on pyrolysis 
The impact of inorganic compounds on the formation of organic pyrolysates has been 
discussed by Page (2000) and results have been presented of investigations conducted 
on the impact of alum (aluminium sulphate) on cellulose and lignin.  In that work, 
alum was found to depress the production of pyrolysates from cellulose to 
undetectable levels while alum had no apparent effect on those from lignin.  Alum had 
been tested due to its application in jar tests and the characterisation of NOM after the 
waters were treated with alum.  Further investigations were conducted in order to 
determine the effects of alum and bicarbonate on a NOM isolate obtained from the 
field and on lignin.  This NOM isolate was obtained by aqueous extraction of a 
sample of Moorabool catchment vegetation, likely to contain organics from a variety 
of bio-polymers, including sugars and polysaccharides.  The results are shown in 
tables 2.12, 2.13 and 2.14.  Compounds detected from the field collected NOM 
included some that are indicative of sugars/polysaccharides, proteins, aromatics and 
possibly unsaturated aliphatic compounds. An effect of alum or sodium bicarbonate 
on this NOM isolate was not apparent.  Bicarbonate was evaluated due to its presence 
at potentially high concentrations in many Australian surface waters, some of which 
were extensively studied for this project.  Both aluminium sulphate and sodium 
bicarbonate were found to have no impact on pyrolysates from lignin. 
 
2.4.2.4  Comparison of pyrolsis products from field samples with those from bio-
polymers and reference NOM 
Data compiled from Py-GC/MS analyses of bio-polymer standards and IHSS 
reference samples (Table 2.6) were compared with those of NOM isolates obtained 
from Mt Bold catchment and from three reservoirs, ie, Happy Valley, Hope Valley 
and Myponga Reservoirs (tables 2.15 and 2.16).  Happy Valley Reservoir receives 
water from the Mt Bold reservoir-catchment system and therefore NOM in this 
reservoir includes sources from the Mt Bold catchment.  Comparisons of 
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standard/reference data with these field isolates were tabulated separately, ie., 
comparisons were made to the bio-polymer pyrolysates (Table 2.15) and to 
pyrolysates from the IHSS reference NOM (Table 2.16).  Table 2.15 gives summed 
ratios of TIC areas of compounds (to phenol) detected from the field isolates and from 
the bio-polymers, plus their relative percentages.  No clear trends are evident in the 
proportions of organics, grouped according to their potential bio-polymer sources and 
the locations from which they were isolated. 
 
The summed ratios according to source tended to increase from samples derived from 
leaf litter, to soils located at the top of a ridge and then down the slope.  The 
significance of this is open to speculation due to this data being of a single series and 
single analysis performed on each sample.  One explanation might be that, for this 
series, the NOM at the lower slopes contained more organics that resembled the 
parent bio-polymer sources, possibly due to the wetter local environment continually 
leaching fresh organics from litter layers and fresh vegetation or other soils processes 
released these types of organics.  Table 2.16 indicates that organics in soils at the 
middle and lower slopes also include those with characters more closely resembling 
the IHSS reference samples than NOM from the litter layer or from the top of the sub-
catchment slope.  This indicates that the conversion of organics to humic substances 
increases as they are transported down the slope, or occurs to a higher degree at the 
lower slopes, and then resembling that found in the reservoirs.  The sample with the 
least resemblance to the IHSS samples was the litter layer extract.  This sample would 
have had the least degradation of organic compounds, compared with the other NOM 
isolates. 
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Table 2.12  Effects of alum addition on pyrolysis products from a leachate sample of Moorabool catchment vegetation. 

 
      
Scan No. Compound Leachate Leachate with alum  Leachate Leachate with alum 
  ratios to methyl  added ratios to methyl ratios to added ratios to 
  cyclopenten-1-one. cyclopenten-1-one.  ethenyl benzene ethenyl benzene 
208 pyrazole, dimethyl 2.73 4.77 2.55 3.30 
450 benzene, ethenyl 1.07 1.44 1.00 1.00 
509 benzene, methoxy 0.51 0.35 0.47 0.25 
526 cyclopenten-1-one, methyl 1.00 1.00 0.93 0.69 
552 benzene, (methylethenyl) 0.30 0.41 0.28 0.28 
615 benzene, methoxy, methyl 0.68 0.60 0.64 0.41 
656 benzene, ethenyl, dimethyl 

deriv. 
0.19 0.37 0.18 0.26 

716 benzofuran, methyl 0.44 0.66 0.41 0.46 
935 octadecene 0.61 0.90 0.57 0.62 
1115 naphthalene, dimethyl 0.34 0.31 0.32 0.21 
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Table 2.13 Effects of sodium bicarbonate on pyrolysis products from a leachate 
sample from  

the Moorabool catchment (site 4) vegetation. 

 
Scan No. Compound tentatively identified Leachate Leachate with 

bicarbonate 
  Ratios to methyl Ratios to methyl 
  cyclopenten-1-one cyclopenten-1-one 
433 benzene, 1,3-dimethyl- 0.82 0.90 
439 1H-pyrrole, 3-methyl- 0.13 0.17 
449 benzene, ethenyl- 0.98 0.57 
504 benzene, 1,3,5-trimethyl- 1.09 0.84 
524 cyclopenten-1-one, methyl- 1.00 1.00 
613 cyclopenten-1-one, methyl- 0.91 0.81 
696 phenol, 4-methyl- 1.83 1.02 
711 2-cyclopenten-1-one, 2,3,4 trimethyl- 0.32 0.23 
    
 
The ratios of the summation of the cyclopenten-1-one compounds to the other 
compounds listed 
are 0.5 without bicarbonate addition, and 0.6 with bicarbonate addition.   
 

Table 2.14  Effects of alum and sodium bicarbonate on pyrolysis products from lignin 
(Aldrich). 

 
Compound tentatively  Ratio to phenol 
identified Ligalum LigHCO3 Lignin 
phenol 1.00 1.00 1.00 
phenol, 2-methyl  0.59 0.53 0.45 
phenol, 2-methoxy- 0.93 1.21 1.11 
phenol, 2,4-dimethyl- 1.05 0.87 0.43 
phenol, 2-methoxy-4-methyl- 0.63 0.60 0.55 
ethanone, (1-(4-hydroxy-3-methoxyphenyl))  0.12 0.10 0.12 
phenol, 2-methoxy-4-propyl  0.19 0.16 0.05 
phenol, 2,6-dimethoxy 1.76 1.72 1.63 
phenol, 2-methoxy-4-(1-propenyl)- 0.67 0.49 0.40 
benzaldehyde, 4-hydroxy-3-methyl- 0.16 0.10 0.31 
ethanone, 1-(4-hydroxy-3-methylphenyl)- 0.16 n/a 0.12 
propanone, 1-(4-hydroxy-3-methoxyphenyl) 0.13 0.14 0.13 
-benzene     
phenanthrenecarboxylic acid 0.09 0.05 0.04 
    
Ligalum: mix of lignin and alum. 
LigHCO3: mix of lignin and sodium bicarbonate. 
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Table 2. 15  Summed ratios of peak areas (to phenol) and  relative percentages of pyrolysis products detected from both field  

collected reference samples and bio-polymer standards. 

 
            
Bio-polymer Reference samples from litter, soils and reservoirs- summed ratios      
 L-0197  O-0197 O-0297  O-0397 O-0497 O-0697  O-0797  R-0397  R-0297  R-0197   
            
bsa 0.76 1.22 2.10 2.55 3.26 3.13 1.77 0.26 1.44 1.37  
cellulose 0.75 1.37 1.61 2.02 3.07 1.81 2.37 1.35 4.67 1.68  
bsa/lignin 0.53 0.81 0.95 0.58 nd  1.60 1.24 1.11 1.70 0.36  
            
Totals 2.04 3.40 4.66 5.14 6.33 6.54 5.38 2.72 7.81 3.41  
            
Bio-polymer Reference samples from litter, soils and reservoirs-relative percentages     
 L-0197  O-0197 O-0297  O-0397 O-0497 O-0697  O-0797  R-0397  R-0297  R-0197   
            
bsa 37.2 35.9 45.0 49.5 51.5 47.9 32.8 9.6 18.4 40.2  
cellulose 36.9 40.3 34.5 39.3 48.5 27.7 44.1 49.6 59.8 49.3  
bsa/lignin 25.9 23.8 20.5 11.2 nd 24.4 23.1 40.8 21.8 10.5  
            
            
bsa : bovine serum albumin          
O-0197 Mt. Bold top 1, O-horizon soil    O-0797 Mt. Bold O-horizon soil, probable anaerobic conditions 
O-0297 Mt. Bold top 2, O-horizon soil    L-0197 Mt. Bold, eucalypt leaf litter   
O-0397 Mt. Bold top 3, O-horizon soil    R-0397 Happy Valley Reservoir raw water at pump inlet 
O-0497 Mt. Bold midslope, O-horizon soil, under eucalypt tree R-0297 Hope Valley Reservoir raw water   
O-0697 Mt Bold sediment of pond above water level  R-0197 Myponga Reservoir raw water   
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Table 2.16  Summed ratios of peak areas (to phenol) of compounds detected from both field collected reference samples and  

IHSS Suwannee River reference samples. 
 
           
Reference   Reference samples from litter, soils and reservoirs.     
NOM           
 L-0197  O-0197 O-0297  O-0397 O-0497 O-0697  O-0797  R-0397  R-0297  R-0197  
swnom 0.57 0.11 0.44 0.16 1.05 1.70 0.59 1.63 4.71 1.32 
swfulvic/swnom 3.58 5.17 7.26 4.44 11.17 9.90 8.09 6.24 23.03 8.34 
swfulvic nd 0.08 nd nd nd nd nd 0.56 nd 0.17 
           
Subtotal 4.15 5.37 7.70 4.60 12.21 11.60 8.68 8.43 27.73 9.83 
           
           
swnom  IHSS Suwannee River natural organic matter 1N101 swfulvic IHSS Suwannee River fulvic acid IR101F  
O-0197 Mt. Bold top 1, O-horizon soil    O-0797 Mt. Bold O-horizon soil, probable anaerobic conditions 
O-0297 Mt. Bold top 2, O-horizon soil    L-0197 Mt. Bold, eucalypt leaf litter   
O-0397 Mt. Bold top 3 , O-horizon soil    R-0397 Happy Valley Reservoir raw water at pump inlet 
O-0497 Mt. Bold midslope, O-horizon soil, under eucalypt tree R-0297 Hope Valley Reservoir raw water   
O-0697 Mt Bold sediment of pond above water level  R-0197 Myponga Reservoir raw water   
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2.4.3  Thermochemolysis 
2.4.3.1  Thermocholysis of bio-polymers, NOM from reservoirs and pulp mills 
Thermochemolysis was applied as it provides better preservation of chemical 
functionality (Hatcher and Clifford, 1994).  Particularly, carboxyl and hydroxyl 
groups are preserved through derivatisation  (methyl ester and methoxy formation 
from carboxyl and hydroxy groups, respectively) and with the reduction in polarity, 
these compounds are better able to be analysed using gas chromatography with 
capillary columns.  However, the studies reported in the literature so far, deal mostly 
with qualitative assessments, ie identification of compounds.  As with pyrolysis, true 
quantification is difficult due to the high number of compounds produced, the 
inability to determine the extent of the thermochemolysis reaction on any one sample 
and the potential of artefact reactions such as Cannizarro reactions.  Nonetheless, this 
technique is useful for determining aromatics with polar functional groups as well as 
aliphatic and fatty acids.  The technique was applied to the same bio-polymers as 
those analysed using Py-GC/MS and also on NOM isolated from reservoir water 
samples from South Australia. Results of these analyses are shown in tables 2.17 to 
2.25.  The potential of this method to detect chlorinated disinfection by-products was 
briefly studied by examination of reactions on a sample known to contain chlorinated 
monomers and bio-polymers ie. a chlorination stage-effluent sample from pulp and 
paper production (Table 2.26).  This sample had been collected from the Apcel Mill 
(now Kimberly-Clarke, Millicent, South Australia), in 1991.  Chlorinated methoxy 
and methyl ester derivatised compounds were detected demonstrating that chlorine 
substitution can at least be partially preserved throughout the thermochemolysis 
reaction.  
 
2.4.3.2  Repeatability of thermochemolysis analysis 
Three bio-polymer standards were analysed either in duplicate or in triplicate, all off-
line, in batch preparations.  The results are given in tables 2.17 to 2.20.  Greater 
inconsistency was found for the product types detected in repeated analyses of 
cellulose and proteins (BSA) compared with Py-GC/MS.  Product formation was 
relatively more consistent for lignin (Aldrich) as indicated by the ratios of products to 
methoxy benzoic acid, methyl ester (Table 2.21).  
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Table 2. 17  List of compounds and their key ions detected following 
thermochemolysis (off-line) of cellulose (Aldrich). 
 
Scan   
Number Tentative Identification Key Ions 
Cellulose 1.   
S135 butanoic acid, hydroxy-, methyl ester 59, (31, 41) 
S146 furancarboxaldehyde 96, 95, 67 
S245 benzene, methoxy- 108, 78, 65, 77 
S377 butanedoic acid, dimethyl ester 115, 55, 59, 87 
S639 phenol, dimethoxy- 154, 125, 69, 94 
S768 benzoic acid, methoxy-, methyl- ester 135, 166, 107, 77, 92 
S781 furandicarboxylic acid, tetrahydro-, dimethyl- 101, 69, 129, 59 
S798 cyclodecane, methyl- 55, 69, 83, 97, 111 
S807 benzene, trimethoxy- 168, 153, 110, 95, 125 
S827 naphthalene, ethenyl- 154, 153, 152, 77 
S961 hexadecane 57, 71, 85, 99 
S1281 TECV (internal standard)  
Cellulose 2.    
S181 cycloheptatriene 91, 92, 65 
S262 butanoic acid, hydroxy, methyl ester 59 
S272 furancarboxaldehyde 96, 95, 67 
S306 octanal, methoxy, dimethyl 73 
S371 benzene, methoxy 108, 78, 65, 77 
S604 benzenediol, methoxy- 140, 125, 97 
S634 benzene, dimethoxy- 138, 95, 77, 123 
S716 benzaldehyde, methoxy- 135, 136, 77, 92, 107 
S842 benzene, trimethoxy- 168, 153, 110, 95, 125 
S891 benzoic acid, methoxy, methyl ester 135, 166, 107, 77, 92 
S906 furandicarboxylic acid, tetrahydro-, dimethyl ester 101, 69, 129, 59 
S929 benzoic acid, hydroxy, methoxy 168, 153, 97, 125 
S1085 ethanone, 1-(hydroxy--dimethoxyphenyl)- 181, 196, 153 
S1159 mandelic acid, o-methoxy-, methyl ester 137, 109, 196, 77, 94 
S1166 butanic acid,-(methoxyphenyl)thioxomethyl 151, 108 
S1238 benzoic acid, dimethoxy-, methyl ester 133, 164, 105 
S1402 TECV (internal standard)  
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Table 2.18  Relative abundances (ratios) of compounds detected following 
thermochemolysis (off-line) of cellulose (Aldrich). 
 
   Ratios to  
Scan No.  methoxy hydroxy methoxy 
 Tentative Identification benzene butanoic acid benzoic acid
Cellulose 1.   methyl ester methyl ester
S135 butanoic acid, hydroxy-, methyl ester 2.09 1.00 0.69 
S146 furancarboxaldehyde 1.59 0.76 0.52 
S245 benzene, methoxy- 1.00 0.48 0.33 
S377 butanedoic acid, dimethyl ester 1.91 0.92 0.63 
S639 phenol, dimethoxy- 2.87 1.37 0.94 
S768 benzoic acid, methoxy-, methyl- ester 3.05 1.46 1.00 
S781 furandicarboxylic acid, tetrahydro-, 

dimethyl- 
3.01 1.44 0.99 

S798 cyclodecane, methyl- 9.11 4.36 2.98 
S807 benzene, trimethoxy- 2.44 1.17 0.80 
S827 naphthalene, ethenyl- 11.19 5.35 3.67 
S961 hexadecane 10.47 5.01 3.43 
S1281 TECV (internal standard) 1.99 0.95 0.65 
Cellulose 2.      
S181 cycloheptatriene 2.00 1.15 0.40 
S262 butanoic acid, hydroxy-, methyl ester 1.74 1.00 0.35 
S272 furancarboxaldehyde 0.57 0.33 0.11 
S306 octenal, methoxy, dimethyl 0.21 0.12 0.04 
S371 benzene, methoxy 1.00 0.57 0.20 
S604 benzenediol, methoxy- 1.66 0.95 0.33 
S634 benzene, dimethoxy- 1.13 0.65 0.23 
S716 benzaldehyde, methoxy- 5.21 2.99 1.04 
S842 benzene, trimethoxy- 0.47 0.27 0.09 
S891 benzoic acid, methoxy, methyl ester 4.99 2.86 1.00 
S906 furandicarboxylic acid, tetrahydro-, dimethyl 

ester 
6.13 3.52 1.23 

S929 benzoic acid, hydroxy, methoxy 6.71 3.85 1.34 
S1085 ethanone, 1-(hydroxy--dimethoxyphenyl)- 0.66 0.38 0.13 
S1159 mandelic acid, o-methoxy-, methyl ester 1.91 1.10 0.38 
S1166 butanic acid,-(methoxyphenyl)thioxomethyl 1.77 1.01 0.35 
S1238 benzoic acid, dimethoxy-, methyl ester 0.75 0.43 0.15 
S1402 TECV (internal standard) 4.94 2.84 0.99 
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Table 2.19 List of compounds and their key ions, detected following 
thermochemolysis (off-line) of bovine albumin. 

Bovine serum albumin-Sample 1  TIC 
Scan No. Tentative identification Key Ions Area 
S374 Butanedioic acid, dimethyl ester 115, 55, 59, 114 2839 
S397 Methanamine, N-(phenylmethylene) 118, 119, 77, 51 4223 
S459 Pyrolidinedione, methyl 113, 56, 55 35621 
S487 Pyridinone, hydroxy, dimethyl 98, 139, 110, 56 3770 
S605 Imidazolidinedione, trimethyl 127, 56, 142, 128 19430 
S674 Benzene propanoic acid, methyl ester 104, 91, 105, 164 3226 
S763 Piperidine ethanol 98, 55, 70 14496 
    
Bovine serum albumin-Sample 2   
S467 Pyrrolidinedione, 1-methyl- 113, 56 4303 
S755 Cyclohexanecarboxylic acid, 1(dimethylethyl)- 128, 57, 99 7776 
S769 L-Proline, methyl-oxo-, methyl ester 98, 70 17894 
S988 Imidazolidinone, dimethyl- 114, 113, 56, 72, 85 10347 
S1243 Propenoic acid, 3-(methylphenyl)-, methyl ester 145, 190, 115, 117 5341 
S1312 Penten-3-one, phenyl- 131, 103, 77, 160 2191 
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Table 2.20  Key ions and relative abundances of compounds detected following thermochemolysis (off-line) of lignin (Aldrich). 

 
      Ratios to  
 Scan Number Tentative Identification Key Ions methoxy benzoic acid, 

methyl ester 
Sample 1 Sample 2 Sample 3   Sample 1 Sample 2 Sample 3 
S472 S472 S473 benzene, ethyl, methoxy 121, 136 1.21 1.09 0.74 
S524 S524 S526 benzene, ethenyl, methoxy 134, 91, 119 23.72 26.81 20.77 
S663 S663 S666 benzaldehyde, methoxy 135, 136,77,92,107 2.72 2.51 1.91 
S715 S715 S717 benzene, trimethoxy- 168, 153, 110, 95, 125 0.75 0.72 0.67 
S795 S795 S797 benzene, ethenyl, dimethoxy- 164, 149, 91, 77, 103 7.96 9.98 8.80 
S816 S816 S819 benzoic acid, methoxy, methyl ester 135, 166, 107, 77, 92 1.00 1.00 1.00 
S964 S964 S967 benzaldehyde, dimethoxy 166, 165, 95, 77 2.23 3.15 2.48 
S1111 S1111 S1114 benzoic acid, dimethoxy, methyl ester 196, 165, 79 3.73 5.18 3.74 
S1126 S1126 S1130 benzaldehyde, trimethoxy 196, 181, 125, 110 4.01 6.40 4.40 
S1240 S1240 S1244 propenoic acid, -(methoxyphenyl), 

methyl ester 
161, 192, 133, 89 54.01 63.41 50.78 

S1276 S1276 S1279 TECV (internal standard)  17.34 24.13 18.19 
S1331 S1331 S1334 benzene, -(ethandiyl)-methoxy- 121, 242 1.29 0.97 0.93 
S1496 S1496 S1501 propenoic acid, -(dimethoxyphenyl), 

methyl ester 
222, 191, 207 10.74 11.27 11.30 

S1523 S1523 S1525 octadecenoic acid, (acetyloxy), methyl 
ester 

294, 81, 96, 67, 262, 150 1.72 2.86 3.02 
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Table 2.21  Key ions and relative abundances of compounds detected following 
thermochemolysis of lignin derived from eucalypt wood (source: CSIRO). 

 
    
Scan   Ratios 
Number Tentative Identification Key Ions methoxy benzoic acid
   methyl ester 
S112 propanol, methoxypropoxy 59, 73, 104 0.13 
S122 propanoic acid, ethyl ester 57, 102, 75 0.17 
S184 benzene, methyl 91, 92 0.24 
S263 butanoic acid, hydroxy, methyl ester 59 (31, 41) 0.06 
S503 butanedioic acid, dimethyl ester 115, 55, 59, 114 0.19 
S552 benzenamine, methyl 106, 107, 77,79 0.14 
S845 benzene, trimethoxy 168, 153, 110, 95, 125 0.64 
S894 benzoic acid, methoxy, methyl ester 135, 166, 107, 77, 92 1.00 
S930 benzene, trimethoxy- 168, 153, 110, 95, 125 0.26 
S1013 benzene, methoxy-(phenylmethyl)- 198, 197, 121, 165 0.17 
S1098 benzaldehyde, dimethoxy- 166, 165, 95, 151 0.46 
S1124 benzene, dimethoxy, tetramethyl- 179, 194, 136, 151 0.27 
S1245 benzoic acid, dimethoxy, methyl ester 196, 165, 79 1.59 
S1263 benzaldehyde, trimethoxy- 196, 181, 125, 110 1.24 
S1290 benzene, dimethoxy, tetramethyl- 179, 194, 136, 151 0.25 
S1346 benzoic acid, hydroxy, dimethoxy- 198, 183, 127, 109 0.17 
S1361 ethanone, (trimethoxyphenyl)- 195, 210, 66, 139,109 1.17 
S1405 TECV (internal standard)   
S1418 benzoic acid, trimethoxy, methyl ester 226, 211, 155, 195 3.81 
S1465 benzene, ethenediyl, methoxy- 240, 225, 165, 153, 120 0.25 
S1492 thiophene, dimethylethyl 181, 166, 196 0.29 
S1499 benzene, tetramethoxy, propenyl 238, 223, 192, 239 0.12 
S1529 propanoic acid, trimethoxyphenyl 238, 223, 163, 239,135 0.30 
S1579 benzene, tetramethoxy, propenyl 238, 223, 192, 239 0.40 
S1618 benzene, tetramethoxy, propenyl 238, 223, 192, 239 0.49 
S1724 benzene, ethyl, ethenediyl, methoxy- 268, 253, 145, 269 0.33 
S1920 hexadecanamide 59, 72 0.20 
S1986 phenoxaphosphine, ethyl, hydroxy, methyl 259, 274, 105 0.16 
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Table 2.22  Key ions and relative abundances of compounds detected following thermochemolysis of lignin derived  

from softwood (source: CSIRO). 
    
   Ratio 
Scan Number Tentative Identification Key Ions methoxy benzoic acid 
   methyl ester 
S345 acetic acid, dimethoxy-, methyl ester 75, (47) 0.11 
S372 benzene, dimethoxy- 108, 78, 65,77, 93 0.12 
S505 butanedioic acid, dimethyl ester 115, 55, 59, 114, 87 0.80 
S584 benzoic acid, methyl ester 105, 77, 136, 51 0.06 
S637 phenol, methoxy, methyl- 123, 138, 95, 67, 77, 55 1.12 
S746 benzene, dimethoxy, methyl- 137, 152, 109, 77, 79 0.11 
S794 benzaldehyde, methoxy- 135, 136, 77, 92 0.64 
S842 benzene, trimethoxy- 168, 153, 110, 95, 125 0.14 
S891 benzoic acid, methoxy, methyl ester 135, 166, 107, 77, 92 0.08 
S924 benzene, ethenyl, dimethoxy- 164, 149, 91, 77, 103 0.97 
S930 benzene, trimethoxy-  168, 153, 110, 95, 125 0.37 
S947 benzoic acid, methoxy-, methyl ester 135, 166, 107, 77, 92 0.92 
S959 propenoic acid, phenyl, methyl ester 131, 103, 162, 77, 161 0.25 
S1035 benzoic acid, (acetyloxy), methoxy, methyl ester 182, 151, 51, 79 0.32 
S1111 benzaldehyde, dimethoxy- 166, 165, 95, 77, 151 4.93 
S1140 benzenemethanol, dimethoxy- 168, 139, 151, 137, 65 0.46 
S1226 ethanone, (dimethoxypheny)- 165, 180, 107 0.57 
S1260 benzoic acid, dimethoxy, methyl ester 196, 165, 79, 77 6.30 
S1269 benzaldehyde, trimethoxy- 196, 181, 125, 110 0.14 
S1287 benzeneacetic acid, dimethoxy, methyl ester 151, 210, 107 2.06 
S1295 benzene, dimethoxy, tetramethyl- 179, 194, 136, 151 0.33 
S1336 propanone, dimethoxyphenyl 165, 77, 122, 107, 194 0.26 
S1376 benzeneacetic acid, dimethoxy- 151, 196, 107, 152 0.59 
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Table 2.22 (cont.)   
   Ratio 
Scan Number Tentative Identification Key Ions methoxy benzoic acid 
   methyl ester 
S1394 benzene, trimethoxy, propenyl 208, 193, 209 0.11 
S1412 benzoic acid, trimethoxy, methyl ester 226, 211, 155, 195,125 0.74 
S1440 propenoic acid, hydroxy, methoxyphenyl)- 194, 179, 133, 77 0.39 
S1489 thiophene, dimethylethyl 181, 166, 196 0.46 
S1507 thiophene, dimethylethyl 181, 166, 196 0.59 
S1524 benzeneacetamide, dimethoxy 151, 195, 107 0.08 
S1649 pentadecanoic acid, methyl, methyl ester 74, 87, 270, 55, 143, 227 0.14 
S1773 biphenyl, trimethoxy 244, 214, 229, 198, 245 0.30 
S1838 octadecanoic acid, methyl ester 55, 69, 74, 83, 87, 84, 67 0.36 
S1965 hexadecanoic acid, dimethyl ester 98, 74, 84, 112, 241, 283 0.20 
  209, 69, 87  
S2082 methyl abietate 316, 121, 256, 105, 91 0.99 
  241, 55, 239  
S2113 agroclavine 237, 238, 154, 167 0.24 
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Table 2.23  Key ions and relative abundances of compounds detected following thermochemolysis (off-line) of Suwannee River Fulvic acid 
(IR101F). 

 
   Ratios to 
Scan Tentative Identification Key Ions Methoxy benzoic Methoxy 
Number   acid methyl ester benzene 
     
S107 propanoic acid , ethyl ester (29), 57, 102, 75 0.22 0.55 
S174 benzene, methyl- 91, 92 0.45 1.11 
S275 butenoic acid, methyl, methyl ester 83, 55, 114 0.17 0.43 
S302 pentanoic acid, methyl ester 83, 55, 114, 59 0.14 0.35 
S320 butanoic acid, oxo methyl ester 57, 59, 116 0.10 0.25 
S371 benzene, methoxy- 108, 78, 65, 77, 51, 93 0.40 1.00 
S377 glycine, dimethyl, ethyl ester 58, 42 0.47 1.18 
S388 pentanoic acid, methyl, methyl ester (41), 69, 68, 59, 128 0.13 0.32 
S497 oxirane, (ethylhexyl) oxy-methyl 57, 56, 70, 55, 83, 87,112 0.56 1.39 
S506 butanedioic acid, dimethyl ester 115, 55, 59, 114, 87 2.50 6.22 
S537 pentanedioic acid, dimethyl ester 59, 100, 55, 101, 129 1.34 3.33 
S553 benzenamine, methyl- 106, 107, 77, 79 0.58 1.45 
S559 butanedioic acid, dimethyl, dimethyl ester 73, 59, 55, 115, 83,  0.40 0.98 
  101,143   
S596 pyrrolidinedione, methyl (29), 113, 56 0.58 1.43 
S636 benzene, dimethoxy 138, 95, 77, 123, 52, 65 0.68 1.69 
S660 pentanedioic acid, methyl, methyl ester 55, 114, 59, 73, 115 0.58 1.44 
  143, 83, 88   
S713 pyrrolidinedione, ethyl, dimethyl- 127, 55, 70 0.52 1.30 
S725 benzoic acid, methyl, hydrazine 119, 91, 65, 150 0.06 0.15 
S842 benzene, trimethoxy- 168, 153, 110, 95, 125 0.49 1.21 
S891 benzoic acid, methoxy, methyl ester 135, 166, 107, 77, 92, 64 0.17 0.42 
S945 benzoic acid, methoxy, methyl ester 135, 166, 107, 77, 92, 64 0.83 2.06 
S1094 benzaldehyde, dimethoxy- 166, 165, 95, 77, 151 0.26 0.65 
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Table 2.23 (Cont.)  Ratios to 
Scan Tentative Identification Key Ions Methoxy benzoic Methoxy 
Number   acid methyl ester benzene 
     
S1240 benzoic acid, dimethoxy, methyl ester 196, 165, 79, 77 1.14 2.83 
S1403 TECV (Internal standard)  0.59 1.48 
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Table 2.24  Key ions and relative abundances of compounds detected following thermochemolysis of Suwannee River NOM (1N101). 
   Ratios to  
Scan    methoxy benzoic methoxy 
Number Tentative Identification Key Ions acid methyl ester benzene 
     
S114 propanoic acid , ethyl ester (29), 57, 102 0.16 0.44 
S276 butanoic acid, methyl, methyl ester 83, 55, 114 0.06 0.16 
S370 benzene, methoxy 108, 78, 65, 77, 93 0.36 1.00 
S387 pentanoic acid, methyl-, methyl ester (41), 69, 68, 59, 128 0.13 0.35 
S505 butanedioic acid, dimethyl ester 115, 55, 59, 114, 87 2.07 5.69 
S557 butanedioic acid, dimethyl, dimethyl ester 73, 59, 55, 115, 114,  0.39 1.06 
  83, 101, 143, 142   
S617 butanedioic acid, dimethyl ester 115, 55, 59, 114, 87 0.28 0.78 
S633 benzene, dimethoxy 138, 95, 77, 123, 52, 65 0.21 0.59 
S658 pentanedioic acid, methyl, dimethyl ester 55, 114, 59, 73, 115, 143 0.76 2.10 
  83, 88, 99   
S716 cyclobutanedicarboxylic acid, dimethyl ester 112, 140, 141, 113, 59, 81 0.13 0.36 
S841 benzene, trimethoxy- 168, 153, 110, 95, 125 0.17 0.46 
S890 benzoic acid, methoxy, methyl ester 135, 166, 107, 77, 92 0.25 0.69 
S928 benzoic acid, hydroxy, methoxy- 168, 153, 97, 125, 151 0.60 1.66 
S944 benzoic acid, methoxy-, methyl ester 135, 166, 107, 77, 92 0.75 2.06 
S988 benzene, trimethoxy- 168, 139, 125, 109 0.24 0.65 
S1010 benzoic acid, ethyl, hydroxy, methyl ester 148, 149, 180, 91, 90 0.21 0.59 
S1019 benzeneacetic acid, methoxy, methyl ester 121, 180, 78 0.25 0.67 
S1102 phenol, amino, dimethylethyl 206, 221, 57, 150 0.18 0.49 
S1221 benzoic acid, dimethoxy, methyl ester 196, 165, 122, 137, 138 0.07 0.20 
S1240 benzoic acid, dimethoxy, methyl ester 196, 165, 79, 77 1.12 3.08 
S1279 benzeneethanamine, (dimethoxyphenyl)methyl- 151, 152, 180 0.06 0.17 
S1363 propenal, dimethoxyphenyl- 192, 161, 177, 121, 149 0.10 0.27 
S1402 TECV (Internal standard)  0.47 1.28 
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Table 2.24 (Cont.)    
   Ratios to  
Scan    methoxy benzoic methoxy 
Number Tentative Identification Key Ions acid methyl ester benzene 
      
S1522 flourene, carboxylic acid, hydroxy, methyl ester 181, 152, 240 0.10 0.27 
S1648 octadecanoic acid, (acetyloxy), methyl ester 294, 81, 96, 67 262, 55  0.25 0.67 
  150, 110, 124   
S1858 tetradecanoic acid, methyl, methyl ester 74, 55, 87, 57, 69, 83, 97 0.13 0.35 
S1944 Alpha-D-glucopyranoside, phenyl, tetra-o-methyl- 111, 187, 101, 71, 75,  0.10 0.28 
  89, 155, 127   
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2.4.3.3  Thermochemolysis products from hardwoods and softwoods 
Lists of compounds detected following thermochemolysis of samples from hardwood 
and softwood are given in tables 2.21 and 2.22.  Most compounds were aromatic with 
methoxy group substitutions.  It should be noted that the thermochemolyis reaction 
with tetramethylammonium hydroxide causes hydroxyl groups to be methylated.  This 
produces confounding results as to whether the group is indigenous or a result of the 
derivatisation reaction.  For some types of products with consecutive positioning of 
three methoxy functional groups on the benzene ring, eg. trimethoxy benzene 
structures, the parent structure may have been syringyl moieties, gallic acid (3,4,5-
trihydroxbenzoic acid) or tannic acids.   
 
Monomethoxy phenols cleaved from the parent lignin molecule by thermochemolysis 
would undergo derivatisation to dimethoxy compounds.  Similarly, syringol, 
syringinic acid and syringaldehyde indicative of hardwood lignin when abundant in 
relation to the corresponding guaiacyl structures, would have the para hydroxyl group 
methylated, leading to the formation of a trimethoxy or tetramethoxy compounds.  For 
comparison of softwood and hardwood lignins, thermochemolysis was performed on 
samples of Indulin softwood lignin and on eucalypt lignin.  The ratios of tri- and tetra- 
methoxy aromatic compounds to mono- and di- methoxy aromatic compounds were 
2.9 for the hardwood sample and 0.08 for the softwood sample. These ratios were 
based on the summation of relative abundances of compounds to methoxy benzoic 
acid methyl ester. This is consistent with the findings from the Py-GC/MS analyses of 
these lignin samples where it was also found that bio-markers for syringyl structures 
were relatively higher from hardwood than from softwood.   
 
2.4.3.4  Thermochemolysis of IHSS reference samples 
Thermochemolysis was also performed on IHSS reference samples (Suwannee River 
fulvic acid and NOM, tables 2.23 and 2.24, respectively).  The products yielded were 
diverse in chemical composition, consistent with being sourced from various bio-
polymers but the two samples were mostly similar.  Aliphatic acids, nitrogenous and 
methoxy benzene compounds predominated in the products following 
thermochemolysis.  Few sugars or biomarkers of sugars were detected in these 
samples by this technique, which contrasts with the results obtained by Py-GC/MS 
whereby methyl cyclopentenone, benzofuran and furancarboxaldehyde compounds 
were detected.  Hence, the results from the above analyses, as well as those from the 
PhD studies (Page 2000), indicate an under-representation of compounds derived 
from sugars and polysaccharides compared with lignin and other aromatic 
compounds. 
 
The application of the above techniques are complementary to each other, in that each 
provides different but potentially significant information.  Each provides certain 
advantages for the characterisation of NOM, yet has limitations, particularly in the 
quantification of components.  Secondary reactions associated with pyrolytic 
degradation and confounding, resulting from in situ derivatisation of polar functional 
groups, require cautious interpretation of products from these analyses.  However, as 
NOM is mostly heterogenous in nature, variable in size and composition, it is likely 
that the structures from the parent bio-polymers have undergone major alteration by 
microbial and chemical processes.  These processes in themselves are likely to have 
been different depending on the physical, chemical and biological conditions to which 
the NOM was exposed.  This would seem to preclude the concept of regulated system 
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controlled degradation processes, such as occurs with catabolism within living 
procaryotic or eucaryotic cells.  Instead a range of "likely degradation processes", 
occur that are time dependant, leading to the formation of organic structures that have 
a commonality in their character.  Hence common features are found in NOM as it is 
exposed to degradation and humification processes. In attempting to determine the 
structure of macromolecules, such as proteins and nucleic acids, great benefit exists 
when the structures are polymeric with well ordered and system controlled monomer 
structures. Composition and chemical structure determination may be made by 
determination of these "few" monomers and from knowledge of chemical structure 
configurations.  In contrast, degraded NOM has undergone reactions without this 
"regulation" resulting in less ordered compositions, making the final molecule 
potentially chemically/structurally unique or rare and of "a family of molecules" that 
may exhibit a high degree of chemical diversity.  For these types of compounds, the 
current analytical tools for chemical and structural studies are at "the molecular 
family" level and not at the individual molecule level. 
 
The results of the application of Py-GC/MS and thermochemolysis for the 
understanding of the character of NOM in raw and alum treated waters are given in 
Chapter 4. 
 
2.4.4  13C NMR analyses 
The results of 13C NMR analyses of freeze-dried materials from raw surface waters 
(Hope Valley, Myponga and Warren Reservoirs); DOM isolated from vegetation, 
humus and soils and DOM used in jar test experiments are detailed by Page (2000, 
PhD thesis sections 2.2.4.3, 3.2.7, and 5.2.2.3.  Generally, better spectra were 
obtained for samples from organic-rich sources such as DOM from vegetation, humus 
and soils.  The technique was not applicable for characterisation of NOM used in jar 
tests after alum treatment due to the low amounts of NOM recovered in the treated 
waters. 
 
2.5 Summary 
The degradation techniques of pyrolysis-gas chromatography/mass spectrometry and 
thermochemolysis can be applied for characterisation of organic matter from a wide 
range of sources including soils and natural waters.  Advantages of these methods 
include the need for only small quantities of organics (several milligrams) and that 
extensive sample preparation is not required.   
Application of these techniques to NOM samples from soils and natural waters 
resulted in a wide range of products indicative of NOM being sourced from a wide 
range of bio-polymers.  Semi-quantification of pyrolysis products using phenol 
enabled comparisons of abundances of potential parent bio-polymer sources between 
samples.  Comparison of pyrolysis and theremochemolysis products from NOM 
samples with those of reference NOM and standard bio-polymers also provides a 
means of evaluating NOM on the basis of bio-polymer sources.  
DRIFT spectroscopy is potentially a useful technique for characterisation of NOM 
though its application needs to take into account interferences from inorganic sources.  
Further, due to the hetergeneity of NOM, generally few poorly resolved peaks are 
obtained.  Therefore it is suggested that generally, DRIFT be applied to desalted 
samples of natural waters and inconjunction with other characterisation techniques.  
Development of chemometric methods may enable evaluation of the organic 
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components in a mixture with inorganics.  This possibility was investigated and is 
described in Report 2 and by Page (2000). 
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Table 2.25 Compounds detected following thermochemolysis of NOM isolates sourced from three southern  
Australian reservoirs (Hope Valley, Moorabool and Myponga).  

 
 No.  Scan No. Compound    CAS-number Key ion/ions 
 

1.    10.433 Benzene, methoxy-     100-66-3 45 45, 108, 78 
 2.    11.901 Phenol      108-95-2 94 94, 66, 65 
 3.    13.500 Aniline, N-methyl-    100-61-8 106 106, 107, 45 
 4.    13.932 Phenol, 2-methoxy-    90-05-1  124 124, 109, 81 
 5.    15.733 Benzenamine, 3,4-dimethoxy-   6315-89-5 153 153, 67, 113 
 6.    16.999 4-Methoxybenzene-1,2-diol   3934-97-2 140 140, 104, 125 
 7.    17.601 Cyclohexasiloxane, dodecamethyl-   540-97-6 342 342, 73, 430 
 8.    17.967 Benzeneacetic acid, 3-hydroxy-, methyl ester 42058-59-3 135 135, 166, 69 
 9.    18.132 Cyclohexane, 1,1-dimethyl-   590-66-9 97 97, 55, 69 
 10.  18.267 Benzene, 4-ethenyl-1,2-dimethoxy-   6380-23-0 164 164, 91, 149 
 11.  18.466 Benzoic acid, 3-methoxy-, methyl ester  5368-81-0 135 135, 166, 77 
 12.  18.833 Vanillin      121-33-5 151 151, 152, 81 
 13.  19.215 Methyl 3-methoxy-4-methylbenzoate    149 149, 180, 91 
 14.  19.400 Benzoic acid, 4-(acetyloxy)-3-methoxy-,   35400-19-2 151 151, 182, 152 
 15.  19.900 Benzenepropanoic acid, 2-methoxy-, methyl  55001-09-7 194 194, 134, 163 
 16.  20.032 Benzeneacetic acid, 4-hydroxy-3-methoxy-  306-08-1 137 137, 182, 151 
 17.  21.234 Benzeneacetic acid, 2,5-dimethoxy-   1758-25-4 196 196, 137, 138 
 18.  21.266 Benzoic acid, 3,4-dimethoxy-, methyl ester  2150-38-1 196 196, 137, 138 
 19.  21.467 4-Hydroxy-3-methylbenzaldehyde   15174-69-3 135 135, 107, 136 
 20.  21.633 Acetic acid, 2-(3,5-dimethoxyphenyl)-, deriv.   210 210, 152, 151 
 21.  22.434 3-Methyl-2-propionyl-benzoic acid     163 163, 107, 164 
 22.  22.883 *Benzene, 1,2,3,4-tetrachloro-5,6-dimethoxy 944-61-6 261 261, 276, 259 
 23.  23.201 Benzaldehyde, 3,4-dimethoxy-, methyl der.    167 167, 152, 151 
 24.  23.333 Diphenylmethoxy acetic acid   21409-25-6 167 167, 152, 151 
 25.  23.366 Furan-2-one, 3-[2,5-dimethoxybenzylidene    167 167, 219, 146 
 26.  23.399 1,1-Biphenyl, 2,3,4,4'-tetramethoxy- deriv.    346 346, 331, 193 
 27.  23.734 Benzene, 4-(dimethoxymethyl)-1,2-dimethoxy 59276-33-4 181 181, 166, 45 
 28.  24.084 3,5-Dimethoxy-4-hydroxycinnamic acid  530-59-6 224 224, 162, 149 
 29.  24.699 9-Hexadecenoic acid, methyl ester, (Z)-  1120-25-8 55 55, 67, 69 
  

Table 2.25 (continued). 
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No.  Scan No. Compound    Cas-number key ion/ions 
 
30.  24.883 Pentadecanoic acid, 14-methyl-, methyl ester 5129-60-2 74 74, 87, 55 
31.  25.500 2-Hexadecanol     14852-31-4 57 57, 55, 97 

 32.  26.666 10-Octadecenoic acid, methyl ester   13481-95-3 55 55, 69, 67 
 33.  26.700 10-Octadecenoic acid, methyl ester   13481-95-3 55 55, 69, 67 
 34.  26.882 Heptadecanoic acid, 16-methyl, methyl ester  5129-61-3 74 74, 87, 55 
 35.  30.616 1,2-Benzenedicarboxylic acid, deriv.  27554-26-3 149 149, 167, 71 
       
       
 * Internal standard. 
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Table 2.26  Compounds detected following thermochemolysis of effluent samples from Kimberly-Clark, Australia.  

 
 No.  Scan No. Compound    CAS-number Key ion/ions 
 

1.     9.983 Cyclohexanone, 2-(2-propenyl)-   94-66-6  95 95, 79, 94 
 2.   11.465 Pentanoic acid, 4-oxo-, methyl ester  624-45-3 115 115, 99, 87 
 3.   12.300 Butanedioic acid, dimethyl ester   106-65-0 115 115, 56, 87 
 4.   12.950 Butanedioic acid, methyl-, dimethyl ester  1604-11-1 129 129, 60, 100 
 5.   13.499 Benzoic acid, methyl ester    93-58-3  105 105, 77, 51 
 6.   13.649 2-pentenoic acid, 3-ethyl-, methyl ester  13979-17-4 111 111, 142, 146 
 7.   13.766 2-pentenedioic acid, dimethyl ester   5164-76-1 126 126, 127, 69 
 8.   14.150 Pentanedioic acid, dimethyl ester   1119-40-0 101 101, 45, 129 
 9.   14.366 3-nonenoic acid, methyl ester   13481-87-3 45 45, 46, 87 
 10. 14.901 Benzoic acid, 2-methyl-, (2-methylphenyl  55133-99-8 104 104, 59, 46 
 11. 15.551 3-methylglutakonic acid dimethyl ester    140 140, 112, 141 
 12. 15.866 Hexanedioic acid, dimethyl ester   627-93-0 114 114, 143, 111 
 13. 15.966 2,4-dimethoxyphenol    13330-65-9 139 139, 107, 170 
 14. 16.134 1,2,6-trimethoxy-hexane      131 131, 71, 72 
 15. 16.399 1-chloro-2,4-dimethoxybenzene   7051-13-0 172 172, 157, 93 
 16. 16.416 1,2-dimethoxy-3-chloro-benzene   90282-99-8 172 172, 157, 65 
 17. 16.801 4-phenyl-3-butyn-2-one    1817-57-8 129 129, 101, 115 
 18. 16.932 1,2,3-trimethoxybenzene    634-36-6 168 168, 153, 110 
 19. 16.932 Benzoic acid, 4-hydroxy-3-methoxy-  121-34-6 168 168, 153, 110 
 20. 17.148 1,2-dimethoxy-4-chloro-benzene   16766-27-1 172 172, 159, 157 
 21. 17.167 1,2-dimethoxy-3-chloro-benzene   90282-99-8 172 172, 157, 65 
 22. 17.367 Benzoic acid, 3-methoxy-, methyl ester  5368-81-0 135 135, 166, 77 
 23. 17.584 Benzoic acid, 4-(chloromethyl)-, methyl   34040-64-7 153 153, 184, 93 
 24. 17.767 2,5-dimethoxybenzyl alcohol   33524-31-1 168 168, 153, 125 
 25. 17.867 1,2,4-tri-O-acetyl-3,5-di-O-methylribito  84925-33-7 129 129, 101, 135 
 26. 18.134 Benzene, 1,2,3-trimethoxy-5-methyl-  6443-69-2 182 182, 167, 139 
 27. 18.315 4-chloro-ortho-anisic acid    57479-70-6 187 187, 126, 127 
 28. 18.333 Benzene, 1,2,3-trimethoxy-5-methyl-  6443-69-2 167 167, 139, 182 
 29. 18.601 Benzene, dichlorodimethoxy-   72361-17-2 191 191, 206, 149 
 30. 18.617 3,4-dimethoxy-5-hydroxybenzaldehyde  29865-90-5 182 182, 167, 139 
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Table 2.26 continued. 
 
 No.  Scan No. Compound    CAS-number Key ion/ions 
 

31. 18.799 1,2,3,4-tetramethoxybenzene   21450-56-6 198 198, 183, 140 
 32. 18.800 Benzenemethanol, 3,4,5-trimethoxy-  3840-31-1 198 198, 183, 140 

33. 18.949 2,5-dimethyl-para-anisaldehyde   6745-75-1 163 163, 77, 50 
 34. 19.017 Benzoic acid, 3,4,5-trimethoxy-   118-41-2 212 212, 141, 154 
 35. 19.167 1,2-dimethoxy-3,4-dichloro-benzene    206 206, 208, 191 
 36. 19.268 Benzaldehyde, 3,4-dimethoxy-   120-14-9 166 166, 77, 165 
 37. 19.566 1,4-benzenedicarboxylic acid, dimethyl ester  120-61-6 164 164, 163, 135 
 38. 19.634 Benzenepropanoic acid, 2-methoxy-, methyl ester 55001-09-7 194 194, 134, 162 
 39. 19.716 Propanedioic acid, (3-methoxy-2-propenyl  41530-32-9 169 169, 200, 163 
 40. 19.867 Benzenemethanol, 3,4,5-trimethoxy-  3840-31-1 198 198, 183, 155 
 41. 19.951 1,2,3,4-tetramethoxybenzene   21450-56-6 198 198, 155, 183 
 42. 20.133 2-chloro-4,5-dimethoxybenzaldehyde  18093-05-5 200 200, 202, 65 
 43. 20.215 3-chloro-2,6-dimethoxybenzoic acid  36335-47-4 216 216, 175, 201 
 44. 20.349 2',6'-dimethoxyacetophenone   2040-04-2 165 165, 180, 166 
 45. 20.534 Benzoic acid, 3,5-dimethoxy-, methyl ester  2150-37-0 196 196, 165, 138 
 46. 20.650 *Benzoic acid, 3,4-dimethoxy-, methyl ester  2150-38-1 196 196, 165, 197 
 47. 20.818 Benzaldehyde, 2,3,4-trimethoxy-   2103-57-3 196 196, 181, 210 
 48. 20.900 3,4,5-trimethoxybenzyl chloride   3840-30-0 185 185, 216, 181 
 49. 21.066 Benzeneacetic acid, 3,4-dimethoxy-, methyl ester 15964-79-1 151 151, 210, 152 
 50. 21.134 2-chloro-4,5-dimethoxybenzaldehyde  18093-05-5 200 200, 201, 202 
 51. 21.334 3,4,5,6-tetramethoxyphenol, propionate    214 214, 184, 199 
 52. 21.483 2,3,4-trimethoxybenzoic acid, deriv.  573-11-5 165 165, 228, 169 
 53. 21.501 Benzene, 1,3-dichloro-deriv.   55191-16-7 218 218, 355, 185 
 54. 21.734 2-chloro-3,6-dimethoxybenzoic acid, methyl ester   230 230, 199, 232 
 55. 22.199 Benzoic acid, 3,4,5-trimethoxy-, methyl ester 1916-07-0 226 226, 151, 155 
 56. 22.516 3,5-dimethoxy-4-hydroxycinnamic acid  530-59-6 193 193, 224, 194 
 57. 22.583 2-chloro-3,6-dimethoxybenzoic acid, methyl ester   230 230, 199, 232 
 58. 22.800 Benzoic acid, 3,4,5-trimethoxy-, methyl  ester 1916-07-0 226 226, 195, 211 
 59. 22.884 Benzene, (2-methoxyethoxy)phenoxy-  54986-30-0 185 185, 244, 187 
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Table 2.26 continued. 
 
 No.  Scan No. Compound    CAS-number Key ion/ions 
 

60. 22.966 3,4,5-trimethoxy-2-methylbenzoic acid, deriv.   191 191, 240, 181 
 61. 23.267 Benzoic acid, 2-hydroxy, deriv.   6161-77-9 181 181, 240, 193 
 62. 23.400 trans-2,4,5-trimethoxycinnamic acid  24160-53-0 206 206, 207, 238 
 63. 24.350 3,4,5,6-tetramethoxyphenol, propionate    55 55, 74, 87 
       
  
 
 


