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The structure of a range of solid fuels have been investigated 
studying the oxidation products of these solid fuels with the 
mild oxidising agent alkaline nitrobenzene. In order to 
determine the action of this reagent on the solid fuel structure, 
a range of model compounds were also studied. Correlation 
between the model compound and solid fuel studies was made to 
determine the structure of the parent solid fuel. 

The model compound studies have also shown that the mechanism of 
this reaction is by no means clear, a number of competing 
reactions appearing to be taking place. 
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1.1 

INTRODUCTION 

General Introduction 

From its use as a dehydrogenating solvent in the Diels-Alder 

reaction alkaline nitrobenzene was employed for the 

conversion of 2-methoxy-4-propenylphenol (Isoeugenol, 1) 

to 4-hydroxy-3-methoxy benzaldehyde (vanillin, 2) as shown 

in figure es much of the worlds vanillin being 

produced in this way from ligno sulphates”. 

To date, the primary academic use of alkaline nitrobenzene 

has been in the study of lignin containing materials. Its 

first use in this area was by Freudenberg in the late 

1930's as a diagnostic test for lignins~. When the 

reagent is applied to lignin containing materials, between 

20 and 75% of the lignin is converted to identifiable 

aromatic fragments, principally aromatic aldehydes? 1. 

The estimation of these aldehydes has been of great 

importance in structural studies of lignin as the amounts 

of each aldehyde obtained are determined by the origin and 

structure of the parent lignin sample. 

Alkaline nitrobenzene has also been employed in botanical 

studies, being adapted for taxanomic purposes. This again 

is due to the relationship between final aldehyde 

composition and the initial origin and structure of the 

sample being studied ae
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More recently, alkaline nitrobenzene has been applied to the 

12 
degradation of humic acids“ and reductively ethylated solid 

fueis!?. The alkaline nitrobenzene oxidation of humic 

acids! from various land and marine sources gave fairly 

simple product mixtures which were readily resolved by gas 

chromatography. The results of these studies were 

consistent with the difference in deposition of each of the 

acids, terrestrial humic acids probably being derived from 

land based vegetation containing lignin. Alkaline 

nitrobenzene oxidation was applied to reductively ethylated 

solid fueisae in order to increase the resolvability of 

these materials by gas chromatography. Reductively 

ethylated solid fuels had such high molecular weights that 

identification of individual fragments by GC and GC-MS was 

not possible. However, by treating the reductively 

ethylated fuels with alkaline nitrobenzene, products were 

obtained which could be identified by these techniques. 

There have been few studies of the oxidation of model 

compounds by alkaline nitrobenzene, the majority of such 

studies being limited to lignin model compounds. Studies 

have concentrated primarily on the relative yields of vanillin 

and closely related compounds in the resulting product 

mixtures Heras: . 

In 1.2 we review the structural chemistry of lignins based 

on the use of alkaline nitrobenzene, the review being 

10



1.2 

extended to the alkaline nitrobenzene oxidation of humic 

acids and reductively ethylated coals. In considering the 

structure of reductively ethylated coals one finds that one 

has strayed rather from the structure of lignins. The model 

compound work which underlines the interpretations of the 

oxidation of lignin has little application to reductively 

ethylated coals. In order to use alkaline nitrobenzene to 

examine the structure of solid fuels one has therefore to 

examine its action on a wide range of model compounds, such 

an investigation being described in subsequent chapters of 

this thesis. 

Lignin Chemistry and Alkaline Nitrobenzene 

The term 'lignin' is derived from the latin 'lignum' 

meaning wood. Indeed, lignins exist in amounts ranging 

from 15-30% in aborescent gymnosperms and angiosperms, 

forming an essential component of the woody stems. They 

are not, however, restricted to aborescent plants but are 

also found as integral cell wall constituents in all 

vascular plants including the herbaceous varieties. Their 

presence has also been demonstrated in roots, foliage and 

stems. 

The precise definition and the differentiation of lignins 

from other polyphenolic plant material has been in question 

up until quite recently. However, due to a general 

clarification of theories, a definition reference has been 

proposed which has received widespread recognition. 

According to this definition, lignins can be understood to 

a
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Primary Precursors of Lignins 
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be polymeric natural products arising from an enzyme - 

initiated dehydrogenative polymerisation of three primary 

precursors: trans-3(4-hydroxy-3-methoxyphenyl)-2- 

propene-l-ol (trans-coniferyl alcohol); trans-3(3, 
  

5-dimethoxy-4-hydroxyphenyl)-2-propene-1l-ol (trans-sinapyl 
  

alcohol) and trans-4-hydroxyphenyl- 2-propene-1l-ol 

(trans-coumaryl alcohol), 1, 3 and 4 in figure 1.2.1 

respectively. These precursors have been identified by 

the products vanillin, syringaldehyde and 

p-hydroxybenzaldehyde, 2, 5 and 6 in figure 1.2.2 which 

they gave respectively on alkaline nitrobenzene oxidation 

The evidence to confirm this stems from an in-depth study 

carried out by Freudenberg!” together with supporting work 

by Adler”? and Moateloo, Freudenberg’, using the 

information from the dehydrogenative polymerisation of 

coniferyl alcohol and combined analytical information?? on 

spruce lignin, proposed a tentative structure for lignin. 

Modifications to this structure were introduced by 

Freudenburg and Herkines and again somewhat later by 

Hackin=* as new information was aquired. It is the latter 

structure that is shown in figure tiga This figure 

represents an average fragment of a larger lignin molecule 

and contains some 20 monomeric units. The majority of these 

monomeric units are of the guaiacylpropane type, whilst 

two (units 5 and 12) are the p-hydroxyphenyl-propane type 

and one (unit 10) of the syringyl propane type. 

15



The complexity of the structure in figure 1.2.3 

demonstrates the magnitude of the difficulties in the 

structural analysis of such a material. It should be 

noted that the monomeric units are linked together by 

bonds possessing a high stability. For example, these 

include biphenyl carbon - carbon linkages (between units 9 

and 10), alkyl-aryl linkages, (units 17 and 18, 16 and 20) 

and ether linkages all of which, with the exception of 

a-aryl ether bonds,are quite resistant to hydrolysis. 

Lignin has been identified in plant tissues by microscope 

studies” or by chemical methods of identification™” -". 

The oxidation of plant lignin with alkaline nitrobenzene?» 

to vanillin, syringaldehyde and p-hydroxybenzaldehyde is 

the most effective method for obtaining large yields of 

identifiable degradation products and has consequently 

become the most widely employed diagnostic technique. The 

yields of these aldehydes when combined may account for up to 

65% of the lignins in the plant material”°, With the 

exception of lignin units containing carbon - carbon or 

ether linkages attached to position 5 or 6 of the phenyl 

ring, all structural units are converted to these aldehydes 

in alkaline nitrobenzene oxidation, albeit in varying 

yields. Therefore, both the total yields and the relative 

ratio's of these 3 aldehydes provide information for the 

structural characterisation of lignins. 

16



Until recently, the classification of lignins was divided 

into 3 broad groups: softwood (gymnosperm) lignins, 

hardwood (angiosperm) lignins and grass lignins. The 

alkaline nitrobenzene treatment differentiates these. 

Gymnosperm lignins give principally vanillin plus small 

amounts of p-hydroxybenzaldehyde 0 » whilst syringaldehyde 

and vanillin are obtained from angiosperm lignin®. Grass 

lignins yield significant quantities of all three 

aldehydes?” However, this classification is now 

considered incomplete as it omits lignins of herbaceous 

angiosperms and some untypical gymosperms””, 

te divided the lignins of the plant Consequently, Gibbs 

kingdom into two major classes only, namely "guaiacyl 

lignins", those yielding significant amounts of 

syringaldehyde; and "gyaiacyl-syringyl lignins", those 

yielding only trace amounts of syringaldehyde in alkaline 

nitrobenzene oxidation. 

The systematic application of alkaline nitrobenzene 

oxidation to the characterization of lignins was carried out 

by Creighton, Gibbs and Hibbert®, whose results on 

guaiacyl lignins are shown in table 1.2.1. A more 

comprehensive study was carried out by Leopold and 

Malmstrom. The yields of total aldehydes (containing over 

90% of vanillin) varied from 17 to 25% of Klason lignin in 

the former study, whilst somewhat larger values (21.4 to 

28%) were obtained in the latter investigation. The 

TF;



TABLE 1.2.1 

ALKALINE NITROBENZENE OXIDATION PRODUCTS OF CONIFERS, 

ACCORDING TO CREIGHTON, GIBBS AND HIBBERT® 

Klason Total aldehydes Vanillin, 2 

Species Lignin % % of KL of KL 

White spruce 

(Picea glauca) 28.6 2347. 2355 

Hemlock 

(Tsuga canadensis) 31.1 23.2 22.4 

White pine 

(Pinus strobus) 34.9 20.1 18.5 

Western red cedar 

(Thiya plicata) 33.9 24.6 24.0 

Redwood 

(Sequoia sempervirens) 31.8 24.8 * 23.5 

Ground Hemlock 

(Taxus canadensis) 32.5 22.0 20.7 

18



higher values may have resulted through an improved method 

of isolation of the aldehyde material. Leopold and 

Malmstrom!® observed that syringaldehyde and 

p-hydroxybenzaldehyde were only minor components of the 

aldehyde mixture. Emphasis was placed on the amounts of 

p-hydroxybenzaldehyde isolated, which varied from 0.5 to 

3.5%. From this result it was suggested that 

p-hydroxyphenylpropane units existed in lignin largely in a 

condensed form and are therefore not readily converted to 

p-hydroxybenzaldehyde. Therefore, the percentage of these 

units in lignin is likely to be much larger than the 

percentage of p-hydroxybenzaldehyde found in the oxidation 

products. It was observed by Preudenburg”> that p-hydroxy 

benzaldehyde yields are higher in lignins from one year old 

seedlings than from mature wood lignin in Norway spruce. 

Further work by Kawamura and Higuchi“’, as shown in table 

1.2.2, suggests that the total yields of aldehydes may be 

greatest in lignins from newly formed wood, becoming 

progressively less in older growth rings within the tree. 

This is probably due to an increase in condensation of the 

p-hydroxyphenylpropane units with increasing age of the 

wood. 

In hardwood lignins, oxidation by alkaline nitrobenzene 

produces only minute quantities of p-hydroxybenzaldehyde’!, 

indicating that the frequency of p-hydroxy phenylpropane 

units in hardwood lignins is lower than in guaiacyl lignins. 

19



TABLE 1.2.2 
EFFECT OF AGE ON THE YIELD OF ALDEHYDE 

FROM PINUS THUMBERGIT woop*? 

Total aldehyde in 

Klason Lignin alkaline nitrobenzene 

Sample Z of wood Meo % % of lignin 

l-year old growth ring 24.5 14.7 TPs 

2-year old growth ring 25.4 14.9 3155 

Central part 28.3 15.0 12.0 

20



The composition of the products obtained also reflects the 

varying ratios of guaiacyl and syringyl groups in hardwood 

lignins. Creighton, Gibbs and Hibberts® results showed 

that the syringaldehyde-vanillin (s/v) ratios lay in the 

range 2.3 to 3.3 (molar ratio quoted), as shown in table 

1.2.3, while molar ratios of 0.3 to 1.5 for syringyl-to 

guaiacyl-propane units were obtained from analytical 

compositions of milled wood lignins and lignin 

thioglycollic acids 710" Generally, the s/v ratios were 

around three times higher than the ratios of corresponding 

units in lignin. This reflects the more efficient 

conversion of syringylpropane units to syringaldehyde in 

alkaline nitrobenzene oxidation, which can be assumed to 

be due to the absence of condensed structures among 

syringyl propane units, a point noted by Freudenberg and 

sidhu*> : 

Alkaline nitrobenzene degradation has also been used to 

characterise bark phenolic acids. Characterisation studies 

have been reported for phenolic acids from a variety of 

sources one. Degradation results in small amounts of 

typical lignin degradation products, ie vanillin, vanillic 

acid, 5-formyl vanillic acid and p-hydroxybenzaldehyde. 

However, significant amounts of protocatecualdehyde have 

also been found. This is not normally found amongst lignin 

degradation products unless demethylating conditions have 

been used. The presence of the catechol nucleus would 

21



TABLE 1.2.3 

NITROBENZENE OXIDATION PRODUCTS OF ANGIOSPERM WOODS 

Klason Lignin Total aldehydes 

8 

s/V 
  

Species z % of KL (molar ratio) 

Red maple 
(Acer rubrium) 

Whole wood 22.0 46.0 2.8 
Heartwood 23.6 39.2 2.4 
Sapwood 20.6 44.5 Seif 

Silver maple 
(Acer Saecharinum) 18.8 51.0 2.3 

Aspen 
(Populus tremuloides) 

Whole wood 17.4 44.7 2.8 
Heartwood 17.0 43.3 a) 
Sapwood 20.6 41.5 a4 

N red oak 
(Quercus borealis) 18.4 47.2 2.8 

Yellow birch 
(Butula lutea) 19.6 44.9 2.6 

White ash 
(Fraxinus americana) 18.5 48.6 2.9 

Slippery elm 
(Ulmus fulva) 23.0 41.7 2.7 

American elm 
(Ulmus americana) 2153 40.9 2.6 

Butternut 
(Juglans cinera) 19.0 45.2 203 

Black walnut 
(Juglans nigra) 20.9 39.3 2.1 

Basswood 

(Tilia americana) 23.8 35.2 23 

22,



therefore indicate that bark phenolic acids had essentially 

the same structure as wood lignin, with the catechol nucleus 

replacing that of the guaiacyl nucleus. If this was 

correct, then acidolysis of bark phenolic acids should 

yield C,-substituted aromatic degradation products. No 

65-67 
such products were found so some doubt therefore 

remains as to the origin of this material. 

Alkaline nitrobenzene oxidation has been applied to many 

other systems, including periodate Regie te 

11213 

» lignins 

45,74 
’ from cotton plants » tissue culture lignins 

75-77 
lignosulphates from acid sulphate cooks and from 

neutral sulphite semichemical eaoks/o. eucalyptus 

79,80 
lignins » aspenwood lignin and aspenwood hydrotropic 

lignin®}, the comparison of softwood lignins obtained by 

82,83 
various processes . fitolientns’:, taxonomic 

85-87 
differentiation » condensations of lignins with ortho 

and para-phenolic sulphonic acids,°°, fossil and peak 

89-91 92 
lignins » mutant maize lignins’”, the neutral, weak acid 

and strong acid fractions of acid sulphite and bisulphite 

93,94 
spent liquors and the commercial production of vanillin 

from softwood sawdust”. 

The alkaline nitrobenzene oxidation reaction can be justly 

regarded as among the most important methods for studying 

lignin. It demonstrates the aromatic nature of the lignin 

and, in the view of many researchers in this area, enables 

23



1.3 

the degree of variability in isolated lignins to be 

assessed. It is generally accepted that if lignin undergoes 

any kind of condensation change, then the vanillin yield 

from the alkaline nitrobenzene oxidation is a measure of 

such changes. 

Humic Acid Chemistry and Alkaline Nitrobenzene 
  

Humic acids are dark coloured, high molecular weight 

organic compounds that can be extracted from soil, peat or 

marine sediment by a weak aqueous alkaline solution. They 

are then precipitated from this extract by mineral acids. 

In the terrestrial and marine environment, humic acids are 

amongst the most widely occurring products. They occur in 

soils, lakes, rivers, oceans and as a fraction of lignites. 

Humic material is derived from the microbial transformations 

of a wide range of land plants and aquatic algae. 

Humification occurs under both aerobic and anaerobic 

conditions, though the process may be more eae under the 

former”, During the alteration of humic materials after 

deposition, a number of important changes occur. Oxygen and 

nitrogen functional groups are split off, the humus 

aromaticity increases and there is condensation between 

unsaturated aliphatic chains’’. 

The range of elemental content of humic acids is shown in 

table 1.3.1. 

24



In early studies, it was thought that humic substances in 

soils arose as a result of the transformation of cellulose 

by oxidation and dehydration. Waksman?® demonstrated that 

plant carbohydrates are quickly decomposed by the action of 

micro-organisms, and so play an insignificant role in the 

formation of humus. The primary source of humic material 

in soils is therefore the lignin of plant tissues and the 

protoplasm of soil micro organisms. The relationship 

between humic acids and lignins can be readily 

demonstrated by the similarity in their structure and 

composition, both containing aromatic units, methoxyl 

groups and other functional groups which can be recognized 

by techniques such as infra-red spectroscopy’ 100. 

It is thought that the aromatic rings of humic acids are 

probably formed by aromatization of carbohydrates and as a 

result of the mellanoidin reaction. The mellanoidin 

reaction is based on the interaction of the amine group of 

an amino acid with aldehyde or ketone groups of reducing 

suparsys: as shown in figure 1.3.1. 

Eller and Kochi?” proposed that the humic structure was a 

polymer derived from hydroquinones. Erdtman!03 suggested 

that humic formation occurred upon the oxidation of phenols, 

the humic acid molecule being a polymer of individual 

aromatic nuclei bonded through carbon atoms. Another 

structure proposed by Manskaya and Drozdova!?4 suggested 

25
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that condensed aromatic systems were linked to one-another 

via alkyl-alkyl, alkyl-aryl and aryl-aryl ether linkages. 

It was assumed by Flaig!®> that the structural units in 

humic acids arose from a variety of phenolic materials, 

although it was also noted that the decomposition products 

of lignin were a major component of terrestrial humic acids. 

It was shown that phenolic compounds derived from the 

aromatization of carbohydrates undergo a transformation 

reaction prior to taking part in the humification 

process!°>, The first step to occur in the conversion of 

Phenolic compounds is that of demethoxylation, the phenols 

then being oxidised to quinones. These quinones then 

polymerise!0>-07, That oxidation of a humic acid in a 

weakly alkaline medium yields a quinone provides some 

evidence in support of this theory. 

There are distinct differences between terrestrial (land 

based) and marine humic acids. The land based humic acids 

are carried by rivers in dissolved and particulate forms to 

coastal environments. On reaching the sea, the dissolved or 

dispersed humic matter rapidly flocculates due to the 

increase in salinity’. Marine sediments differ from 

terrestrial soils with respect to the environment of 

deposition and the origin of the organic input. For 

27



example, marine sediments are always deposited under water; 

oxygen may be present or absent, and the pressure may be 

low, as in coastal areas, or high, as in deep sea basins. 

It is usually found that sedimentary humic material has a 

digi 2 ratio than that of soil humic material!8, higher 

It is also found to be more aliphatic, is less condensed, 

poorer in phenolic groups, poorer in carbon and richer in 

nitrogen, sulphur, carbonyl and carboxyl groupsl097111 

The prime reason for the chemical differences is probably 

the difference in source material. The majority of the 

marine humic material is formed from algal proteins, 

carbohydrates and lipids ae » whereas terrestrial humic 

materials are largely composed of degraded lignin derived 

from vascular plants. 

It was found!? that the alkaline nitrobenzene oxidation 

products of humic acids which were insoluble in base showed 

reduced infra-red absorptions due to OH groups at 3200 cai 

and CH, and cH groups at around 2900 en?, They also 

exhibited no absorption around 1720 cn! due to carbonyl 

groups, but the absorption due to conjugated aromatic 

systems at 1580 cn! was found to be considerably 

enhanced. Aqueous sodium hydroxide soluble material 

showed hydroxyl and carbonyl absorption in the 3400 cnt 

and 1720 cmt regions respectively and also at 1630 cn! 

due to either conjugated aromatic systems or keto-enol 

configurations. The spectra also showed bands 
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characteristic of aromatic aldehydes, together with a 

series of peaks in the 1200-650 cn! region, indicating 

various substitution patterns from mono-to 

penta-substitution on aromatic nuclei. It was proposed 

that these alkali soluble/acid insoluble fractions were 

probably derived from the lower molecular weight fraction 

humic acids. 

Gas chromatography/mass spectrometry (GC-MS) studies!* 

indicated that most of the products were substituted 

benzenoid structures. The decomposition products of lignin 

appear to be a likely source of these materials. A high 

Proportion of the products contained carbonyl groups 

bonded either to a ring system or to an aliphatic chain as 

ketones, aldehydes or carboxylic acids. The majority of 

the products contain aliphatic side chains of not more 

than five carbon atoms. In alkyl-aromatics the position 

of the carbonyl group was found to be either at the 

a-andBpositions@®, The same type of substitution in the 

products suggests that lignin was the source material for 

these land based humic acids. 

Another feature found in the products!* was the presence of 

substituted phenyl groups attached to each other via 

methylene (-CH,-) groups as shown by (7) in figure 1.3.2. 

Yields of such compounds ranged from 20% to 40% of the 

total product yield. The presence of these compounds in 
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FIGURE 1.3.2 

TYPICAL METHYLENE BRIDGED COMPOUND FOUND IN PRODUCT MIXTURE 
OF ALKALINE NITROBENZENE OXIDISED HUMIC AcIDs!2 

=—_ 

OH 

7) 
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high yields indicates that they may be the major building 

block of the terrestrial ligno-protein humic acid 

structure. The same type of structure has also been 

reported by other workers!!2-114 

The majority of the products from lignin-based humic acids 

comprised aromatic structures, whereas those from the deep 

sea humic acids were comprised of long chain fatty acid 

esters of marine organisms, the percentage of substituted 

aromatic hydrocarbons in the deep sea acids being lower 

compared to other humic acids. After oxidation with 

alkaline nitrobenzene, all the land based humic acids gave 

approximately 30-40% of alkali insoluble products which 

were thought to be derived from the highly condensed 

aromatic fractions of the humic acids!?, However, deep 

sea humic acids did not show any alkali insoluble residue 

when similarly treated. This result is expected since the 

major source of marine humic acids are carbohydrates, 

lipid, proteins and fats of marine organisms, and so would 

not contain highly condensed aromatic structures. The 

alkali soluble-acid insoluble fraction consisted mainly of 

biphenyl derivatives (8)-(13) as shown in figure 1.3.3, 

containing carbonyl groups a-to the phenyl ring. 

Conversely, the alkali-acid-ether soluble fraction of the 

deep sea humic acids included methyl esters of long chain, 

branched aliphatic carboxylic acids as shown by (14) to 

(16) in figure 1.3.4. 
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FIGURE 1.3.3 

BIPHENYL AND AROMATIC FRAGMENTS FOUND IN ALKALI-SOLUBLE- 
ACID INSOLUBLE FRACTION AFTER ALKALINE NITROBENZENE 

OXIDATION OF HUMIC AcrD!2 

32



a aL 

OL 

sptoe 
otuny 

eas 
deap 

worz 
peutejqo 

sptoe 
oT[Axoqied 

otQeYydt{e 
peyouerg 

 
 

7
°
)
 

w
a
n
d
a
 

(91) 

z 
\ 

uo 
“(2Ho)Ho 

“(@H) 
“ao 

| 
®49009 

(st) 

z, 
u
f
o
,
 

= 
bu 

Sy 
"(fH9)Ho | 

£49009 

(aL) 

1 * Euo) 
©Ho 

z 
' | 

£y9009 

33



The dominating even numbered carbons indicate that the 

source material was marine organisms in which even-numbered 

aliphatic fatty acids predominated!!5, The cyclohexane 

material was thought to be formed by the cyclisation of long 

chain alkanes. 

For the alkali soluble-acid insoluble fractions}, the gas 

chromatograms of the terrestrial humic acid samples were 

dominated by a relatively small number of peaks 

corresponding to material of molecular weight less than 

300. Similar patterns of retention times were shown by 

each of the fractions studied, and there was little 

difference between the chromatograms obtained from 

oxidised samples and from samples which had first been 

reduced and then oxidised. For the alkali-acid-ether 

soluble fractions of alkaline nitrobenzene oxidised humic 

acids, the gas chromatograms of the terrestrial humic 

acids showed more peaks than the chromatograms of the 

alkali soluble acid insoluble fractions of the same humic 

acids and were more difficult to resolve. 

From these studies, representative hypothetical structures 

were proposed for a number of terrestrial and deep sea humic 

acids. These are shown in figures 1.3.5 to 1.3.7. Again, 

as in the study of lignins, alkaline nitrobenzene proved a 

more useful oxidative method than other techniques due to 

its mild nature giving products which retained structural 

and functional groups of the parent material. 
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1.4 Lignite Chemistry and Alkaline Nitrobenzene 

Lignites comprise immature coals having a composition 

between peat and bituminous coals. They are characterized 

by containing relatively high proportions of resins and 

waxes, often higher than 15%, and they contain 68-78% carbon 

and more than 15% oxygen on a dry ash free basis. 

Manskaya and her colleagues used alkaline nitrobenzene to 

show that lignin structures persisted in peat and in 

116-117 
immature - but not mature-lignites This work was 

extended by Gaines et mle” by the oxidation of three 

Turkish lignites. Alkaline nitrobenzene oxidation was 

chosen in order to minimise any serious degradation of the 

parent structure of the lignite. 

The three lignites studied were initially extracted with a 

benzene/methanol mixture to remove resinous material. The 

dried residues were found to have a carbon content between 

68.8 and 70.2% The methoxyl content was also determined and 

found to be between 0.6+ 0.1% for the 68.8% C lignite to 

3.2 0.4% for the 70.2% C lignite. The latter, high 

methoxyl/carbon, lignite was also considered to be the 

youngest lignite geologically. The methoxyl groups were 

found to be part of the lignite structure and not due to 

adventitious lignin and were distributed throughout the 

structure, being found in even the less oxidisable material. 

Treatment of lignite with alkaline nitrobenzene resulted in 

solutions which gave a positive reaction when treated with 
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a-nitroso-B-naphthol, indicating that the solutions 

contained vanillin and, consistent with Manskaya's 

results! !® el » this lignite was formed from vegetation 

containing vanillic lignin. The products from the lignites 

suggested that although lignin monomers were not present 

phenolic aldehydes and ketones were formed. 

The absence of methoxyl groups and lignin monomers in 

solid fuels containing more than 70% carbon (which are 

formed earlier geologically) can be explained either by 

methoxyl groups being lost as coalification proceeds, or 

that vegetation from which solid fuels were formed in 

earlier geological periods did not contain lignin that 

possessed methoxyl groups. 

In the Gaines study, structures relating to the 

phenylpropane backbone of the lignin structure were 

detected, as shown by (17) in figure 1.4.1. There was 

little evidence of polycyclic aromatic structures, 

indicating that lignite consists of aromatic, primarily 

benzenoid, rings, linked together by aliphatic groups. It 

also confirmed that there was much more aliphatic hydrogen 

than aromatic hydrogen. A large number of the aromatic 

groups were thought to be phenolic in nature, with little 

evidence of carboxyl groups in any of the products 

examined. This last result is somewhat surprising since 

lignites are considered to possess carboxyl groups and 
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FIGURE 1.4.1 

Phenylpropane related product from lignite 

1 
R 

(17) 

  

OH 

(18) 

FIGURE 1.4.2 

TYPICAL OXIDATION PRODUCT FROM THREE TURKISH LicniTes''® 
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yield carbon dioxide on pyrolysis. Decarboxylation during 

the oxidation process was suggested to account for this 

result. Whereas vanillin or other guaiacyl moieties will 

be produced under these oxidising conditions when the 

lignites are of such a geological age that they possess 

methoxyl groups as noted, the oxidation products of 

lignites were both complicated and various. 

Structures as shown by (18) in figure 1.4.2 were 

identified as being present in the oxidation products of 

all the three lignites studied. This suggests that 

lignites contain benzene rings having alkyl chain 

substituents branched at the a-position relative to the 

ring. This agrees with nmr spectra of other oxidation 

products which show the presence of Ar CH RR, hydrogen 

atonene It was also noted that the alkyl chain did not 

always occur ortho to an OH group in the aromatic ring, as 

other oxidation products demonstrated that the carbonyl 

group was further from the aromatic ring. 

These results indicate that in the lignites studied 

branching occurred at various positions within the aliphatic 

structure, further indicating that the lignites contained 

material having a variety of patterns of substitution. 
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1.5 Coal Chemistry and Alkaline Nitrobenzene 

Studies on the reaction between alkaline nitrobenzene and 

coals have been somewhat limited. Initially, 

a studied the oxidation of two Turkish coals Gaines et al 

(carbon content approximately 80 and 82%) with alkaline 

nitrobenzene and obtained mixtures of phenolic aldehydes and 

ketones. However, in this report there was some conjecture 

as to the origin of these products. In the previous work on 

lignites, after extraction with ethanol/benzene, reaction 

conditions were approximately 200°C for two hours. In the 

coal study, the reaction time was increased to four hours. 

It was observed that after this period, the yield of 

alkali-insoluble residue was approximately 90%, with not 

more than 5% being soluble in ether. This compared to a 

60% residue yield in the lignite studies, with 

approximately half being soluble in ether. There were two 

possibilities to explain this behaviour: either the 

conditions used yielded a minimum of alkali-insoluble 

material, and so a maximum of soluble material; or that 

the phenolic aldehydes and ketones were derived from low 

molecular weight material trapped within the 

macromolecular structure. 

After oxidation of the 82% carbon, resin free coal, the 

infra-red spectrum of the residue was notable with respect 

0 was smaller to two features: the absorption at ~2900 cm 

than in the parent coal, indicating that the oxidation had 

caused a decrease in the proportion of aliphatic material, 
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and there was little absorption in the 1700 em! region 

indicating that the residue contained little or no free 

carbonyl groups. From these observations it was proposed 

that under these conditions alkaline nitrobenzene had a 

dehydrogenating effect rather than an oxidising effect as 

occurs in lignites. 

A pyridine insoluble coal residue was also oxidised using 

alkaline nitrobenzene!”°, This was found to suffer 

significant attack by the reagent, the infra-red spectrum of 

the product showing the presence of carbonyl groups. 

From this study it was concluded that alkaline 

nitrobenzene appeared to produce products which were 

derived from the whole of the coal structure and not 

merely from the low molecular weight material trapped in 

the macromolecular structure. 

Further studies on the products obtained from this oxidation 

were carried out?20, This reinforced the theory that under 

alkaline nitrobenze oxidation, the coals gave a much higher 

yield of insoluble material than did lignites, and that this 

material appeared to have been dehydrogenated rather than 

oxidised. Material soluble in sodium hydroxide and ether 

but not in hydrochloric acid was found to be predominantly 

carbonyl substituted aromatic compounds with further 

phenolic and aliphatic substituents, whereas material 
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soluble in sodium hydroxide, hydrochloric acid and ether 

contained a large proportion of material in which hydroxyl 

and CHO groups were ortho to each other. Material soluble 

in sodium hydroxide, hydrochloric acid and benzyl or amyl 

alcohol but not ether was also found to contain phenolic 

material in which carbonyl groups were present in 

aliphatic substituents but were not adjacent to the 

aromatic rings. These materials were similar to those 

obtained from the lignite studies, although obtained in 

lower yields. The reduction in yield of soluble products 

in the coal samples probably arises from an increase in 

condensation of the macromolecular structure, with reduced 

aliphatic branching, compared to that in lignites, 

together with a decrease in low molecular weight material 

trapped within the coal structure. 

More recently, alkaline nitrobenzene has been applied to 

reductively ethylated solid fuels? in order to determine 

their structure and composition, and from this information 

to determine that of the parent fuel. 

The fuels studied were reductively ethylated by the method 

of Sternberg et ari2o9t23 using potassium/naphthalene/ 

tetrahydrofuran and ethyl iodide. The reductively ethylated 

fuels were extracted successively with chloroform, ether, 

tetrahydrofuran, methanol and pyridine. Each of these 

extracts were then oxidised by alkaline nitrobenzene. The 
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resulting solutions after steam distillation were then 

extracted in the same manner as the reductively ethylated 

fuel. 

The resulting extracts gave gas chromatograms which were 

simpler to characterise than those obtained from lignites 

and discussed previously. Analysis of the products was 

carried out by gas chromatography/mass spectrometry, and 

from these analyses, compounds were identified which could 

be characterized into four distinct groups. 

i Aliphatic and aromatic compounds not containing 

oxygen 

ii Aromatic compounds with carbonyl groups 

iii Aromatic compounds with ether linkages or hydroxyl 

groups but no carbonyl groups 

iv Aliphatic compounds containing oxygen. 

These products are shown in tables 1.5.1 to 1.5.4 

respectively. 

When studied, the gas chromatograms consisted of a large 

number of peaks, though no single peak predominated with 

respect to the rest of the trace. It should be noted, 

however, that it is by no means certain that the peaks seen 

would account for the total oxidised product distribution; 

it is likely that there would be higher, though soluble, 

molecular weight materials which may have given 
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TABLE 1.5.1 

ALIPHATIC AND AROMATIC COMPOUNDS NOT CONTAINING OXYGEN IDENTIFIED 

AFTER OXIDATION OF REDUCTIVELY ETHYLATED COAL (89.0%C) 
WITH ALKALINE NITROBENZENE !3 
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TABLE 1.5.2 

AROMATIC COMPOUNDS WITH CARBONYL GROUPS IDENTIFIED AFTER OXIDATION 
OF REDUCTIVELY ETHYLATED COAL (89, 02¢) 

WITH ALKALINE NITROBENZENE! 
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