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ABSTRACT

The seemingly atypical behaviour of Western Canadian
coals in many wutilization technologies may be related to
differences in the distribution of oxygen in reactive functional
groups rather than differences in elemental composition. There is
a paucity of such data for Canadian coals. European
Carboniferous coals, for which data are available, cannot be used
because of differences in formative history.

The distribution of oxygen in reactive functional groups
-COOH, -OH, and =C0 were determined for 10 Canadian coals of
three geological ages. Focus was on the plentiful low rank coals,
and others were selected to compare Cretaceous age coals with
equivalent Carboniferous coals. The consequences of mild
pyrolysis on the distribution of 0-bearing functional groups were
investigated by slow heating at 200°C and 300°C: fast heating was
used to study decarboxylation of low rank coals.

Automated titrimetry allowed some refinement of the
classical wet analytical procedures used. Fourier Transform
Photoacoustics Infrared Spectroscopy (FTIR-PAS) was used for
qualitative confirmation of chemical modifications and completion
of reactions.

Oxygen concentrations in O-bearing functional groups

follow the sequence [OOH] > [OCO] > 1 and versus total

OCOOH]
oxygen, are described by regression lines. Wide variations in
concentrations of oxygen in O-bearing functional groups among

coals of similar elemental composition indicate that coal



reactivities vary as well. The distribution ot oxygen in O-
bearing functional groups partially conform with data reported in
the literature.

Molecular rearrangements occur at slow heating and fast
heating, but at slow heating most coals show increased =CO and
-OH. The extent of decarboxylation depends on temperature and
rate of heating. Chemical changes entail small losses in total
oxygen. The results may be explained by any of three pathways
involving loss of -COOH: reversible anhydride formation, quinone
formation, and/or CO release with free radical stabilization by

-OH.
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CHAPTER 1
INTRODUCTION

Vhen exposed to air, freshly mined coais lose moisture
rapidly and oxidize. Coal quality deteriorates on weathering:
bituminous metallurgical coals (see note 1) lose commercial value
by oxidative destruction of their caking properties and thermal
coals lose calorific value (see note 2). Lower rank coals react
more rapidly with oxygen than the higher ranks (Berkowitz,1979).

Alberta’s coals (see note 3) have been reported to
exhibit atypical behaviour in many aspects. For example,
subbi tuminous coals yield substantially less tar in low
temperature carbonization assays than rank correlations would
lead one to expect (Selvig & Ode, 1957), and metallurgical coals
do not conform with well established relationships between
petrographic compositions and coke strength (Shapiro & Gray, see
note 4; Neavel,198la). It was reported that the oxygen content
vas higher for a given reflectance than in Appalachian coals
(Ignasiak & Berkowitz, 1974). Vhether these anomalies are the
result of faster maturation, or of the depositional history of
Alberta coals, cannot be ansvered until the coals are compared
with the Eastern Canadian Carboniferous counterparts. Data on
the distribution of oxygen functional groups may provide a basis
for understanding these anomalies.

The paucity of information on the distribution of oxygen

in coals of Alberta and other parts of Canada prompted this



study. In addition, reliable data for freshly mined coals will
provide a better understanding of the role of oxygen functional
groups in coal processing, conversion and utilization. Much of
wvhat is inferred about the role of O-functional groups in coal
reflects observations on the impact of weathering on coal
properties. The same groups that already exist in the fresh coals
are more abundant in the weathered coals. For example, in
processing coals, surface properties are important and these are
affected by O-bearing functional groups. Knowledge of the
distribution of oxygen groups in Canadian coals is important to
coal utilization engineers and geologists as well as to coal

chemists.

1.1 The Impact of Oxygen on the Surface Properties of Coals

Cleaning or selective removal of impurities from coals is
commonly necessary to meet market specifications. The cleaning
process exploits differences in the properties of coal and
associated impurities, and is most often based on differences in
specific gravity. However, as the particles become finer,
specific gravity differences are progressively overshadowed by
surface properties which, in turn, are largely influenced by the
distribution of oxygen functional groups.

These groups govern many behavioural facets of coal fines
by conferring polar characteristics on the coal. The polar
groups, especially -OH, are centers for facilitating H-bonding of
sorbates such as alcohols and 820 (Kini et al., 1956). The

efficiency of such processes as oil agglomeration and flotation,



vhich involve interaction of coal surfaces with nonpolar oils, is
primarily dependent on the relative hydrophobicities of the coal
surfaces. The deterioration of oil-agglomerating properties has
thus been attributed to carboxyl groups and, to a lesser extent,
to hydroxyl groups (Du Plessis et al., 1985).

Flotation depends on interaction of coal particle
surfaces with air bubbles. Collectors, conditioners and other
surface active agents are normally used to enhance differences in
hydrophobicity between coal and jjangue particles. The presence
of oxidized coal particles, even in small quantities, has been
shown to significantly influence coal flotability (Somasundaran,
1988). Large differences in surface properties of floated and
sedimented coals were shown by infrared spectroscopy (Angle et
al., 1988) to be associated with oxygen functional groups.

In both flotation and agglomeration, the wettability of
the coal is important. The oxygen functional groups have been
tied to wettability characteristics (Murata, 1982). A shift of
vetting tension, measured by a film flotation technique which
uses alcohol to change the surface tension of the continuous
phase, is found along with differences between oxidized and
nonoxidized coals. This provides a quantifiable measure of
changes in surface energy induced by increased oxygen functional
groups (Fuerstenau et al., 1987). Interaction of organically
bound oxygen with solvents is strong and causes the coals to
swell and heat up as well (Attar & Hendrikson, 1982).

There is no doubt that moisture in coals would cause

difficulties in all surface-dependent processes, including



preparing high-calorific coals for market. Drying coals with
high oxygen contents is more difficult than drying coals with low
oxygen contents (Attar & Hendrikson, 1982). Adsorption of
moisture as influenced by oxygen functional groups was observed
in the early 40’s and vas later reiterated by Schafer (1972) for
lov rank Australian coals, then by Tartarelli & Belli (1985) for
European coals. Schafer (1979) correlated moisture adsorption
with carboxyl content and showed that the cationic forms of the
carboxyl groups retained higher moisture. The higher valence
cations retained more moisture. Charge characteristics of coals
have also been attributed to polar groups (Angle & Hamza, 1983).
Variability in the distribution of ditferent oxygen
functionalities has contributed to the relative heterogeneity of
the populations of finely charged particles. These charges confer
stability on suspended fine coal particles in a washery (Angle &
Hamza, 1983). Selective adsorption of polymeric flocculants was
shown to depend on the charges of these coal fines (Angle &
Hamza, 1987). 1In the search for evidence of selectivity in the
cleaning of coals, the clean and rawv feed coals were removed from
a pilot washery operation and compared using electrokinetics and
Fourier Transform Infrared Spectroscopy. Definitive differences
in the clean and rav coals were shown by the different band
intensities of oxygen functional groups and also by charges
conferred by these functional groups on the coal particles (Angle
et al., 1985). The clean coals showed lower intensities in the
1700cm'1 bands assigned to -COOH, than the raw coals, and at the

same time were less negatively charged and more hydrophobic.
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addition of excess sodium hydroxide which converts the ammonium
ion to ammonia that can be neutralized by distilling it into a
saturated boric acid solution; and the borate is titrated against
standard HCl. With coal, converting the N in oxime to NH4+ may
produce erroneous results if the former forms Nz. Refinements of
this procedure via new designs of instrumentation overcome some
of the difficulties (Barris & Kratochvil, 1981). As in any
multistep reaction in quantitative analysis, accumulated
experimental errors can be expected.

Satisfactory results were obtained (Ihnatowicz, 1952; Blom
et al. 1957) by determining coal-carbonyl via a reaction with

phenylhydrazine in sodium acetate at 90°C.

Step 1) coal=C=0 + H,N-NH-§ ———-—- > coal=C=N-NH-¢ + H

2 0

2

Step 2) ¢-NH-NH, + 0 ——————- > é+ N, + H,0

2 2

Step 2 is accomplished by an oxidizing agent such as Fehling's
solution. Nitrogen in the reaction product was determined by
volumetric analysis.

Other reactions involve reduction of carbonyl by titanous
chloride (Blom et al. 1957). Specific reactions of ketonic
carbonyl vith dinitrophenyl hydrazine have been also used (Kroger
et al., 1965). Detailed accounts of several other, not commonly
used, wet methods of analysis have been described by van Krevelen

(1961).
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Carbonyl-oxygen has also been studied by FTIR spectroscopy,
and some success has been achieved in comparative studies.
Painter et al. (1981) as well as Bouman & Freriks (1980) observed
the changes in intensity of the 1600<:m-1 peak during coal
oxidation. The former found no change during oxidation at 100°C
but the latter noted quite pronounced intensity increases. On the
other hand, Tooke & Grint (1983), using British coals, found that
deoxygenation (via pyrolysis in nitrogen) caused the intensi-v of
3300cm™! -OH band to increase while diminishing the 1600cm™!
(=C0) band. There is still much controversy over assignments to
the 1600<:m-1 peak (Painter et al., 198la). Earlier, Ignasiak et
al. (1972) had strongly disagreed with the carbonyl assignment
because their results showed increased intensity of the 1600cm'-1
peak with phenolic -OH increases, not with carbonyl. Data
obtained quantitatively or qualitatively by FTIR should be

treated with caution for this region. Good analytical data via

vet chemistry should be obtained for comparison with such data.

Other Functional Groups

Estimation of all oxygen groups which are not 'considered
reactive are normally lumped together and are calculated by
difference from total oxygen determined by indirect or direct
methods. Reactive peroxides, which are relatively unstable, only
occur in weathering coals. They are described as "interim forms"
(in which two adjacent carbons bond), prior to dissociation, to
water and carbon oxides. They are often described in mechanistic

pathways of coal oxidation (Berkowitz, 1989).
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Other groups are methoxyl O—CH3, ethers, furans and pyrans
wvhich are considered unreactive in nature, and so there are
1imited analytical methods available. Methoxyl may be an
exception and can be measured by the Zeisl method (Blom et al.,

1957) which entails

(i) R-OCH, + HI —--m-mmome > ROH + CHyI
(i1) CH,I + 3Br, + 3H,0 ---—- > HIO, + SHBr + CH,Br
and (iii) HIO, + SHI --------m- > 31, + 3H,0

Iodometric titration against sodium thiosulphate is then used to
determine the iodine concentratior.

There are many ether forms, and analysis of ether-oxygen in
coal has not been convincingly proven. The methods used most
often are cleavage of ether by HI at 135°C in KOH and acetylating
the -0H formed (Bhaumik et al., 1962); or reduction by sodium in
liquid ammonia (Takegami et al., 1964; Kroger et al., 1964;
Lazarova & Angelova, 1968)

Most of these methods have inherent deficiencies. For
example HI does not react with diaryl ethers; Na in liquid
ammonia will cleave diaryl but not dialkyl ethers. There are

also several complex side reactions (Berkowitz, 1989).

2.3 Methods Selected
The present work undertaken, involves measurement of the
three reactive O0-bearing functional groups. Based on this

review, wet analytical methods are used. In addition, the
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concentrations are presented as a fraction of the total oxygen
determined by difference from the elemental analyses. FTIR-PAS
is used only as a qualitative check on completion of the

reaction.



CHAPTER 3
EXPERIMENTAL

3.1 Choice of Coal Samples

It has been recognized by many workers that differences
in coal reactivity pertaining to combustion, solvent extraction,
liquefaction and beneficiation processes cannot be attributed to
rank dependency alone (Given, 1960; Berkowitz, 1979; Attar,
1982). This fact and the importance of depositional and
metamorphic histories on coal properties (Raj, 1976; Abdel-Baset
et al., 1978; Chafee et al., 1981; Given, 1984) determined the
choice of coals.

The ten coals selected were of different ranks and
geological history, and represented Tertiary, Cretaceous and
Carboniferous coals. The samples were drawn from the sample bank
of the coal conversion laboratory, Department of Mining,
Metallurgical and Petroleum Engineering, University of Alberta.
The exception is coal #20 which was obtained from Cardinal River
Mines Ltd. The coals are identified in Table 1 which summarizes
the geographic location, geological age, and rank. Their
elemental and petrographic analyses are shown in Table 2.

The five subbituminous Upper Cretaceous/Tertiary coals
(#2,#4,%7,49,#11) vere sampled from locations a few hundred
kilometers apert and chosen to represent coals with broadly
similar diagenetic and geochemical histories. One L. Paleocene
(Tertiary) lignite (#1) was obtained from Saskatchewan and

represented the lowest rank coal of this suite. The U.

37



Table 1. Identification, Source and Rank of Coals

38

Coal Geological Era Location (ASTM)
Formation Rank
1 L. Paleocene Estevan, lignite A
Ravens Craig Fm. Sask.
2 U. Cretaceous, Castor- subbit. C
L. Horseshoe Battle River,
Canyon Fm. Alta.
4 U. Cretaceous, Drumbheller, subbit. C
Horseshoe Alta.
Canyon Fm.
7 U. Cretaceous, Highvale Mine, subbit. B
Scollard member Wabamun,
Paskapoo Fm. Alta.
9 U. Cretaceous, South Tofield, subbit. C
L. Horseshoe Alta.
Canyon Fm.
10 U. Cretaceous / Obed Marsh, hvb
Tertiary, Obed, Alta.
Paskapoo Fm.
11 U. Cretaceous, Vesta Mine, subbit. C
L. Horseshoe Sheerness,
Canyon Fm. Alta.
14 L. Carboniferous Lingan Mine, hvb
(Pennsylvanian) Cape Breton,
N.S.
16 L. Carboniferous Phalen Mine, hvb
(Pennsylvanian) Cape Breton,
N.S.
20 U. Cretaceous / Cardinal River mvb

Tertiary

Mine, Cardinal
River, Alta.
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Cretaceous/Tertiary hvb and mvb coals (#10 and #20) from the
Foothills and Mountain Regions of Alberta were selected as
examples of Western Canadian bituminous coals for comparison with
Carboniferous Eastern Canadian coals of similar rank. The latter
(#14 and #16) were obtained from Cape Breton (Nova Scotia) and

may be similar to those studied by Blom et al. (1957).

3.2 Sampling

The crushed coals were stored with excess moisture in
sealed polythene bags at -10°C. Aliquots of these samples, each
about 300 grams, vere removed as required and partly dried in a
desiccator in vacuo at room temperature. Before opening, the
desiccator was purged with nitrogen gas. The crushed coals were
then ground to -200 mesh (Tyler) using a Retzch pulverizer.
Previous studies (Ruberto & Cronauer, 1978) showed that this size
wvas optimum for the chosen methods of analysis. Since the coal
was fairly moist and the samples were small, grinding required
only about 10 seconds, and air oxidation of the samples was
therefore minimal. The prepared samples were then quickly
removed and stored under 002 in amber-colored bottles.

Before further use, the coals were riffled in a nitrogen
filled glove bag, split into 50g portions, and transferred to
polyethylene bottles, covered with de-ionized water, sealed in
heat-sealed Kapak pouches (originally designed for food storage)
vhich had been purged with ultrahigh pure (UHP) nitrogen, and

subsequently frozen until needed further. This procedure
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preserved the chemistry of the fresh coals until further

analysis.

3.3 Apparatus and Instrumentation

The following equipment and instrumentation were used in
this work:

Fisher Model AE 160 Analytical balance; Leco CHN-600
Elemental Analyser; Fisher Model 490 Coal Analyzer; Fisher
Isotemp vacuum oven Model 281A; Perkin Elmer TGS-2/TADS System;
CANMET/CRL Automatic Titration System for solids and liquids;
Bruker 113V-PAR Fourier Transform Infrared Spectrometer with
Photoacoustic Cell (EG&G Princeton); Fisher Thermolyne Combustion
Tube Furnace; Retzch Pulverizer by Brinkman; Fisher Magnetic
Stirrer; Millipore R0O-20 and Milli-Q Water System. The Condenser

assembly is shown in Fig. 1.

3.4 Materials

All chemicals were ACS grade and were obtained from
Fisher Scientific. The Amberlite Rexyn IR-120 H ion exchange
resin vas obtained from Aldrich Chemicals. Details pertaining to
the chemicals and supplies are set out in Appendix 5. ‘Vater used
in this work was purified by a MillR0-20 and Milli-Q water
purification system made by Millipore Corp. All solutions were
prepared with degassed water which was either boiled or sonicated
to eliminate dissolved carbon dioxide. Sodium  hydroxide

solutions (0.05M) were made from pellets and standardized against
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Fig.1l. Photograph of apparatus for refluxed reactions.
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potassium hydrogen phthalate as primary standard. Buffer
solutions of pH 7.0, 8.0, and 4.0 were phosphate-based (See

section 3.7.1 to follow).

3.5 Protonation

Pretreatment with concentrated hydrochloric acid as a
required step in the determination of oxygen containing
functional groups in coal has been emphasized by earlier workers
(Ruberto & Cronauer 1978). Such pretreatment ensures that salts
are absent and that oxygen functional groups are in the free
protonated form. Ruberto and Cronauer’s work on lignites
demonstrated that higher carboxylic acid concentrations are
recorded with HCl-pretreated samples.

Protonation was carried out by mixing 30 grams of coal
with 300ml 2M HCl in a 500ml beaker covered with parafilm, and
then magnetically stirring the slurry gently for approximately
12 hours (i.e overnight). After acidification, the coal was
filtered on 7cm #42 'hatman hardened ashless filter papers in 7cm
disposable Buchner funnels. The solids were washed with (18MQ
resistivity) purified water until chloride-free washings were
recorded by silver nitrate.

The clean coal was placed in an oven which was then
evacuated and repeatedly purged with ultra high purity nitrogen,
and finally dried in vacuo at 70°C or 100°C for 20hrs. If there
vas too much moisture in the coal, spluttering would occur at
100°C, and in such cases 70°C was chosen. In some cases, drying

at 70°C wvas followed by drying at 100°C in order to observe
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possible differences in functional group composition after
different drying histories.

The dried samples were placed in vials which vere purged
vith UHP nitrogen, and sealed in nitrogen-filled Kapak thermo-
seal pouches. The sealed pouches were then stored at -10°C.
During the subsequent analyses, the coal powders were kept in UHP
nitrogen-purged desiccators. After all analyses were completed,
the samples were resealed in Nz-filled Kapak pouches and refrozen

for storage.

3.6 Mild Pyrolysis

3.6.1 Slov Heating

For thermal stability studies, the protonated samples
vere heated in a stream of UHP nitrogen (8ce/min) in a Fisher
Scientific 281A Isotemp Vacuum Oven. The oven was first
repeatedly (3-4 volume changes) purged with UHP nitrogen and then
set to specific temperatures (100°C, 200°C, or 300°C) as desired.
Heating to the selected temperature took about 1.5h. The heating
rates were approximated as 3.5°C/min to 100°C, 3f8°C/min to
200°C, and 3.4°C/min to 300°C. Samples were held at 100°C for
20h, at 200°C for 20h and at 300°C for 0.5h. These periods were
deemed sufficient for attainment of equilibria. Several coals
were usually run simultaneously, with nitrogen flowving at 8
ce/min.

At the end of the heating period, the samples were

allowed to cool to room temperature in flowing nitrogen over some
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6h-8h. The cooled samples were then placed in Kapak heat-seal

pouches that were purged, filled with nitrogen and heat-sealed.

3.6.2 Past Heating

In order to observe the effects of fast heating on the
thermal stability of -COOH, a tube furnace preheated to 200°C or
300°C, was used. A constant stream of UHP nitrogen vas
maintained at 12 cc/min. Up to 3 gm of protonated coal in a
ceramic crucible was pushed into the mid-third of the furnace
from the downstream end of the tube, and the temperature in this
zone vas recorded by a thermocouple and a digital thermometer.
Temperature rises due to exothermicity were prevented by
increasing the flow rate of the nitrogen gas.

Final temperatures were maintained for exactly 0.5 hr,
after which the boat was pulled out and the coal transferred to
nitrogen-filled glass bottles that were quickly placed in a
desiccator and rapidly cooled to room temperature by a fast
stream of NZ' (Cooling took approximately 0.5h). The samples
were then analysed for [-COOH] by the methods described in the

following sections.

3.7 Vet Chemical Methods

The distribution of oxygen in three oxygen-containing
functional groups was determined by measuring the concentrations
of carboxyl (-COOH), carbonyl (=C0), and hydroxyl (-OH), the last
of which is mainly present in coal in phenolic form. 1In order to

present the data on a dry ash free basis (daf), all samples were
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subjected to proximate analyses. All measurements of O-bearing
functional groups were replicated two or more times. When
different batches of the same coal were replicated, the
measurements were averaged after a standard Q-test and the
standard deviations were pooled. The timetable for the different

analyses is presented in the form of a flow chart in Appendix 6.

3.7.1 Automatic Potentiometric Titrimetry

All titrations were performed with an automatic
potentiometric titration system developed at CANMET and
described by Angle et al. (1988). The sampling system is shown
schematically in Fig. 2. Liquids to be titrated were degassed
with UHP nitrogen for 10 minutes, then titrated with .O5M NaOH.
The pH versus volume of titrant was continuously measured and
stored by the computer. The equivalence point was calculated
from the volume of titrant at the maximum of the first derivative
plot and this volume was used in the calculations. NaOH was
standardized against potassium hydrogen phthalate (Harris &
Kratochvil, 1981). The sensing pH electrode was glass with a

silver/silver chloride rzigrence electrode.
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3.7.2 tnalysis of [0] in Hydroxyl Groups

Analysis of oxygen in -OH can be represented by

COAL-OF + (CHy-C=0),0  Pyridime . CH,-COOH + COAL-COOCH,

COAL—COOCH3 + 1/2 Ba(OB)2 ——————— > COAL-0H + 1/2 Ba(OOCCHa)2

1/2 Ba(OOCCH3)2 + 2BHC1 - > CﬂacGOH + BaCl2
These analyses are described in three steps. coal acetylation,
hydrolysis of acetylated coal, and anzlysis of the hydrolysate.

Muantitative determination of [-OH] was carried out by a
modification of the procedure developed by Blom et al. (1957).
Ion exchange was used instead of distillation to obtain the
equivalent acetic acid (Hatami et al., 1967; Takeya et al.,1965),
and [CH3COOH] was automatically titrated potentiometrically. The
time frame of the reactions is detailed in a flow chart in
Appendix 5.

The protonated coals were first acetylated by refluxing
1.0 gram of coal in 30ml of 1:2 acetic anhydride and pyridine for
20 hours. After refluxing, 200ml of de-ionized water vas slowly
added to the cooled reaction mixture. After cooling to room
temperature, the acetylated coal was filtered on Whatman #42
hardened ashless filter paper, washed with de-ionized water until
free of acid (by pH measurement) and pyridine (by odor). All

filtrates were discarded, and the clean acetylated coal was dried
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in an oxygen-. - avacuated oven at 100°C for 20 hours. This
treatment wey @zy.ier proved to be adequate for removal of
tenaciously kez.’ pyridine from coal (Liotta, 1979; Collins et
al., 1976).

Precisely 0.3 g of the acetylated coal was wetted with a
few drops of methanol, and 2 g of barium hydroxide added to the
coal in a 250ml round bottom flask. Thereafter, 40ml of de-
ionized vater was added with some teflon boiling stones. The
acetylated coals were hydrolysed by refluxing for 20 hours at
lowv heat. The condenser assembly is shown in Fig. 1.

After hydrolysis, the mixture was filtered on #50 Scm
Whatman hardened ashless filter paper. The solids were washed
with de-ionized water and the filtrate was quantitatively
transferred to a 200ml volumetric flask which was made up to
volume with the washings. The solids were again dried in vacuo
at 100°c. Both the acetylated and hydrolysed coals were
qualitatively analysed by FTIR-PAS to check completion of the
reactions (see Sec. 3.10 ).

The barium acetate contained in the filtrate was
converted to acetic acid by exchanging 50ml aliquots of the
filtrate on an ion exchange column made up of Amberlite IR 120
(type H) Rexyn resin. The eluent (250 ml) was titrated as
previcusly outlined, and oxygen in [-OH] was calculated (Blom et

al.,1957; Hatami et al.,1967; Takeya et al.,1965) from

[Opgl = 4x(Xt_- Xb) x F
S - 4x42(Xt-Xb)
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vhere
Xt = millimoles of titrant at equivalence point
Xb = millimoles of blank
4 = 200ml/50ml i.e. four runs per sample of exchangeable barium
acetate.
42 = Mol.wt of acetylated coal- Mol. wt of original coal.
= Coal—(OOCCH3) - Coal-OH = 12x2 + 16x2 + 1x3 - 16 - 1
F = 16x100x1/(100 - ZHZO ~ %Ash)

S = Veight of acetylated coal in grams.

3.7.3 Analysis of [0] in Carboxylic Acid Groups
Carboxyl protons are exchanged with barium in barium

acetate, thus liberating free acetic acid which is then titrated.

2(Coal-COOH) + (CH3COO)2Ba — (Coal.COO)zBa + ZCH3COOH

Carboxyl (-COOH) groups were determined by a modification
of Scha? -“’s method, which is itself an adaptation of classical
methods that employed calcium acetate instead of barium acetate.
A similar procedure was also used by Takeya et al. (1965) and
Hatami et al. (1967) in studies of Japanese coals. The optimum
reaction time of 67h, as determined by Takeuchi & Berkowitz
(1988) for Canadian coals, was adopted, and further refinements
included automated titrimetry for determination of the acid
content (Angle et al., 1988).

0.3 gm aliquots of the protonated coals were weighed out

on a Fisher model AE160 analytical balance, and transferred to a
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150 ml polyethylene Erlenmeyer flask in order to avoid
dissolution of -OH groups in glass flasks. To aid vetting of the
coal, a few drops of methanol were introduced and then 100ml of
barium acetate (15.333g/1l; pH=8.25) were added to the coal. Air
in the flask was replaced by UHP nitrogen, and the flask sealed,
gently swirled, and allowed to stand for 67 hours. During this
time, the flask was intermittently swirled by hand.

Following completion of the reaction, the solids were
filtered on Whatman #50 ashless filter paper, washed with barium
acetate and then with de-ionized water. Care was taken to avoid
dilution of the buffered filtrate in order to avoid barium
hydroxide precipitation. The washed filtrate was quantitatively
transferred to a 150ml flask, and acetic acid titrated as
outlined in Section 3.7.1. All protonated coal samples were
barium acetate exchanged in duplicates or more as required. A
control barium acetate solution was treated like the coal samples
and its titrant volume vas used to calculate the millimole value
of the blank which was subsequently subtracted from the sample
data.

Oxygen in [-COOH] was calculated by

[0cgog] = (Xt - Xb) x 32 x 0.1

M
vhere

Xt

millimoles of titrant at equivalence point

Xb millimoles of titrant of blank

M grams of daf coal
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32 = 2 x the atomic veight of oxygen
0.1= 100 /1000, for conversion to ¥

and is reported on a dry ash free basis (daf).

3.7.4 Analysis of [0] in Carbonyl Groups
Carbonyl was determined by the classical method developed
by Blom et al (1957) and summarized by Van Krevelen (1961). This
method takes advantage of the reaction between =C0 and
hydroxylamine to form the corresponding oxime. The success of
this reaction was confirmed by FTIR-PAS (see Sec. 3.10 and
Appendix 4).

COAL-C=0 + OH.H,N.BCl — - __ > COAL-C=NOH + H,0 + HC1

2 2

0.7g aliquots of the protonated coals were wveighed into

250ml round bottom flasks, 1.0 g of hydroxylamine hydrochloride

added, and 15ml pyridine was introduced. Teflon boiling chips

(10 pieces) were added, and the mixture was swvirled gently to

dissolve the hydroxylamine hydrochloride before refluxing at 1low
heat. Refluxing proceeded for 20 hours at a gentle boil.

After refluxing, the mixture was cooled to room
temperature and 40ml water added under swirling. Concentrated
HC1l (18ml) was then added slovly to avoid heating by this
exothermic reaction. The reaction mixture was alloved to cool
and coal vas filtered off on Whatman #42 ashless filter paper.
The coal was repeatedly washed with de-ionized water until free

of pyridine and the pH was the same as that of de-ionized water.

The sample was dried at 100°C for 20hr in vacuo.
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The dried coals were analysed, for nitrogen, using a Leco
CHN analyser. Controls (without hydroxylamine hydrochloride) were
run simultaneously. The increase in nitrogen content of the coal
is directly related to the original carbonyl concentration in the
coal and vas calculated by subtracting the nitrogen content of

the control from that of the sample. [0] in =CO was calculated

from
[Ocol= 16 (XN’ - ZN ) x F
14 x100
N’ = nitrogen in oximated coal
N = nitrogen in the control
F =1/(100 - ZHZO - % ash)
16 = atomic weight of oxygen
14 = atomic weight of nitrogen

In all cases the controls gave the same result as the

original protonated coals.

3.8 Carbon, Hydrogen and Nitrogen (CHN) Analyses

C, H, and N analyses were determined with a LECO CHN-600
Analyser. The equipment was calibrated for C and N by g -
dosing, and for H by burning standard sugars. All coal samples
were analysed in triplicate or more (as necessary for rechecking

the data). [0] was determined "by difference" and %S was assumed



54

to be negligible. All data was reported on a dry ash free basis

(daf).

3.9 Proximate Analyses

Proximate analyses followed ASTM Standards D3172 and
D3173. Where ample sample was available, a Fisher Model 490 Coal
Analyser vas used; otherwise a Perkin Elmer TGS-2
thermogravimetric system linked to a TADS data station was used.
The latter method was more suitable for the mildly pyrolyzed coal
samples. Comparative tests of the two methods showed them to

furnish substantially identical results.

3.10 Fourier Transform Infrared using Photoacoustic
Spectroscopy (FTIR-PAS)

As indicated in Chapter 2, this method is now fairly
wvidely used for surface characterization of coals and in this
study provided qualitative checks on quantitative determination
of oxygen in reactive functional groups. All protonated coals
and their analytical derivatives were analysed by Fourier
Transform Infrared Spectroscopy to corroborate that reactions
had, in fact, gone to completion. The technique vwas also applied
to samples which had been subjected to heat treatment.

A Bruker 113V-PAR model spectrometer and an EG&G
Princeton model PAS cell which accomodated about 25mg of coal
vere used. In this technique, the spectra were recorded under
nitrogen (see Sec. 2.2.2.1, Chapter 2). Spectra were collected

1

over the range 4000cm ™! to 400cm™ ! at a resolution of 4 cm™" and
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averaged from ten files of 250 scans per file. All samples were

ratioed against a Fisher carbon lampblack reference povder.



CHAPTER 4

RESULTS AND DISCUSSION-I: DISTRIBUTION OF OXYGEN FUNCTIONAL
GROUPS

4.1 Introduction

Data on the distribution of oxygen in functional groups
are presented in two formats. The first shows the concentration
of oxygen in each functional group ([OOH], [000], and [OCOOH])
expressed as a weight percentage of the coal mass (Table 3). The
second shovws the concentration of oxygen in each functional group
as a percentage of the total oxygen in the coal ([0081/[0],
[OCOI/[0] and [OCOOH]/[O]), (Table 4). Detailed data are
presented in Tables 1-10, Appendix 1. Total oxygen [O] wvas
determined "by difference" from elemental analyses and is shown
in Tables 1-10, Appendix 2. All values are presented on a dry
ash free (daf) basis. The required proximate analyses are
summarized in Appendix 3.

Data encompass Alberta Upper Cretaceous/Tertiary
subbituminous coals of the Plains (#'s 2,7,9,11) and higher
ranked (hvb and mvb) U. Cretaceous coals of the Foothills (#10)
and Mountain Regions (#20) respectively. The 1lignite (#1) was
from Estevan, Saskatchewan. Tables 3 & 4 present summaries of
average concentrations of oxygen in O-bearing functional groups,
measured after drying at 70°C and /or 100°C (see Appendix 1 for
details), along with XC and [0]. Tables 3 & 4 shov pooled

standard deviations from the mean of replicates. The larger

56
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stardard deviations, especially in XC are indicative of sampling
arrors of different batches of coal mass taken from the samc'
location. Fig.3 shows {Ox] versus [0] (wvhere x is the O-bearing
functional group) and Fig.4 shows plots of [0x]/[0] versus [0]
for 211 coals. Fig.5 shows regression lines of [Ox] versus XC.
For direct comparison with Fig. 6a which shows [0x] versus XC as
reported for European Carboniferous coals (Blom et al., 1957),

Fig.6b presents the data of Fig.5 plotted cumulatively.

4.2.Trends of Oxygen-Bearing Functional Group Concentrations
Clear trends emerge from either data set, with
concentrations of O-bearing functional groups falling into the

sequence

[0gg ¥ > 0ol > [0c40q]-
The one exception was #20 {(mvb) for which

. § ¥
[0gg] * %l > [0go]-

Possible reasons for this deviation are discussed in section 4.3.

als
[OCO} and [oCOOH] increase linearly, and least square regression

Fig.3 illustrates these trends. As [0] increases, [00

lines can be fitted to the data. The slopes of these lines
correspond with the above trend. The greatest slope corresponds
to IOOH] versus [0], and the smallest slope relates to [OCOOH)'
The linear equations for the O-bearing gioups are



It is from such observations that inferences have been
drawvn about the role of O-bearing functional groups in fresh
coals. Such inferences tend to be validated by the fact that
concentrations of acidic functional groups (-OH, -COOH) decrease
with increasing rank and coal surfaces change slowly from
hydrophilic to hydrophobic. 0f course, in weathered coals this
hydrophilicity is increased along with 0-bearing functional group

concentrations.

1.2 The Significance of Oxygen in Conversion Processes

Vhereas surface related processes 1leave the coals
relatively intact and easy linkages can be made to oxidation of
the coal, conversion processes such as liquefaction and pyrolysis
degrade the coal material depending on the conditions and
severity (Whitehurst, 1978). The material left after conversion
consists of a mixture of the coal extract and a solid char which
does not resemble the original coal (Neavel, 1981).

Observations on oxygen contents and inferences respecting
its influence on conversion processes have been derived from
analysis of coal extracts and "model" materials (Trewhella &
Grint, 1988). It was shown that, generally, there is a 1loss of
the less stable oxygen forms in conversion processes, and mostly
phenolic functional forms are 1left in the extracts (Attar &
Hendrikson, 1982). Carboxylic acids were absent from the extracts
(Ruberto & Cronauver, 1978). The decreased oxygen content of coal
explained by scission of ether bridges (Fisher & Eisner, 1937),

has been linked to changes in solubilities in H donor solvents



(Takegami et al., 1963). Szladow & Given (1978) suggested that
hydrogenolysis of hydroxyl groups occurs after ethers are
depleted.

The difference in structure before and after conversion
processes can be described by statistical correlations
(Vhitehurst, 1978; Abdel-Baset et al., 1978). In many of these
processes reaction rates and temperature play a major
interdependent role. The extent of conversion depends on process
severity such as, rate, extent and temperatuse of heating.

Oxygen in the coal consumes the much needed hydrogen
required for forming oils. On the other hand, oxygen in the form
of OH stabilizes free radicals and so prevents recombination of
small fragments into higher molecular weight species (McKeogh,
1983; Attar & Hendrikson, 1982). This occurs to a large extent
with low rank coals ( Zhou, Dermes & Crynes, 1984). '

Low rank coals were found to differ from higher ranks in
rates and the degree of conversion. With 1low rank coals,
conversion rates are slower. Conversion occurs to a lesser extent
than with higher rank coals under similar conditions (
Whitehurst, 1978). Whether this is the case because of the
contribution of the oxygen functionalities or to open pore
structures which facilitate accessibility of reagents has not
been clearly defined (Lucht, 1983). If the ability to access
specific bonds in the coal matrix is a prerequisite for
successful processing of coals to higher energy fuels, the exact
distribution of oxygen in coal must be known (Attar & Hendrilkson,

1982). The application of Attar’s kinetic model of coal



liquefaction demands data on oxygen functional groups (Attar,

1978).

1.3 The Significance of Diagenetic and Metamorphic History on
Oxygen in Coal

The premise that the depositional environment and
geochemical prehistory influences the composition and
reactivities of coals has been broadly invoked by several workers
(Chafee et al., 1981 for Australian brown coals, (called lignites
in North America); Given, 1984 and Raj, 1976 for USA coals;
Berkowitz 1979, for Canadian coals). This influence would be more
important with the lower rank, less mature coals which have not
been homogenized over time, or by geothermal gradients and /or
tectonism.

"Normal metamorphic development" produces a coal that
depends on the geothermal gradients. It refers to the alteration
of the coal through compaction, dehydration, and removal of
functional groups via condensation reactions. These are caused by
sustained heat flow from the earth’s interior which are
assoclated with the geothermal gradients. Gradients may vary
between 10°C to 30°C per kilometer of depth. Reactions that are
believed to occur are the élimination of peripheral substituent
groups such as -OH, -COOH, -OCH3 and a simultaneous increase in
the molecular weight of the condensed coal product (Berkowitz,
1979). Hence the properties associated with increased rank are

also as a function of depth of burial in undisturbed strata.



These properties are indicated in Hilt’s rule and stem from
normal metamorphism (Teichmuller & Teichmuller, 1968).

"Regional metamorphic development" of coals occurs by
further changes induced by increased differential pressures and
temperatures of orogeny, or indirect exposure to increased
localized temperatures superimposed on geothermal gradients.
Alberta’s Cretaceous coals were quickly matured because of
orogeny and so rank may not follow correlations with conventional
"coal systematics" (see Sec. 1.4). This phenomenon per se does
not tell much about the actual chemistry of the maturing
processes or the coal’s structure.

It has been suggested that variability in structure is
directly related to the history of the coal material, based on
the diagenetic pathways and metamorphic processes rather than
entirely rank related (Given, 1960,1978; Raj, 1976). Diagenesis
and variability in original plant material would seem to
influence the composition of low rank coals. This depends on
whether the plants were highly lignified conifers and deciduous
types as in the Cretaceous, or alternatively, the lower plant
forms such as ferns, hedges and mosses as in the Carboniferous.
The Carboniferous coals developed in tropical cliﬁates vhich
influenced homogenization of the premordial mass (van Krevelen,
1963; Banks, 1970) prior to maturation into higher rank coals.

Ve can therefore tie the final coal material to the
degradative path only within limits. The higher rank coals, such
as anthracites, are homogenized and undifferentiated. On the

other hand, the differences in sapropelic and humic coals are



clearly definitive. The former developed by putrefaction of
vegetable debris in an anaerobic setting and therefore have less
oxygen in their structure than the latter, which were exposed to
oxygen before inundation.

In Alberta coals, earlier evidence suggested that rapid
maturation of coals may also have affected the nature of the
chemical reactions which occurred in metamorphic development of
coals (Berkowitz et al., 1974). Therefore, shallow burial of the
plains coals, contrasted with large overburden deposited on coal
during regional metamorphism (that occurred in the foothills
during orogeny), and the age difference between Western and
Eastern Canadian coals, suggested that the distribution of 0-
functionalities may be dissimilar varying between regions as well

as in comparison to the European coals.

1.4 Historical Perspective

Many inferences about coal behaviour are based on
statistical correlations of coal properties with elemental
compositions. This accumulated body of information, termed "coal
systematics", in the past was based primarily on Carboniferous
coals. Correlations involving oxygen were mainly derived from
total oxygen contents.

Total oxygen was determined indirectly, by difference,

from the elemental analysis, i.e.

0] = 100 - [ C+H + N+ S J%
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vhere [] means concentration in weight-percent. Total oxygen was
linked to rank and wused to predict related coal properties.
Later, there was recognition that some of coal’s reactivity can
be related to the distribution of oxygen in different functional
groups (Georgiadis, 1947; Ihnatowicz, 1952; Blom et al. 1957).
Others seized on the notion that some properties and behaviour of
coal could be explained in terms of the distribution of oxygen
in the functional groups.

Extensive literature on oxygen distributions in different
coals appeared. Studies on analytical determination of O-bearing
functional groups on coals were developed quickly. These studies
vere generally performed on coals which were most conveniently
located and/or were easily available to the investigator. Most of
the research was based on adaptations of the methods developed
previously. For example, Blom et al. modified the methods of
Syskow & Kucharenko (1947) on Moscow brown coals, of Ihnatowicz
(1952) on Polish coals, and Georgiadis (1952) on other European
coals. These classical methods were modified in order to
eliminate observed shortcomings such as reaction times, and for
comparative studies of methods and coals.

Nonaqueous titration techniques for determining total
acidic [-OH] were developed by Brooks & Maher (1957) working with
Australian brown coals. These techniques were adapted and
compared with never methods by Maher & Schafer (1976). The
distribution of oxygen-bearing groups in one form or another for
coals of many parts of the world were reported in the literature.

Some dealt with British "bright" coals (Brown & VWyss, 1955;
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Wyss, 1956; Horton, 1958), with Indian lignites (Mazumdar et al
1957; Iyengar & Ghosh 1957), with Australian brown coals (Brooks
et al., 1958; Bhaumik et al., 1962; Schafer, 1970a,1970b; Maher &
Schafer, 1976), with Japanese Cretaceous coals (Hatami et al.,
1967; Takeya et al. 1965), and with US coals (Given, 1962; Abdel-
Basset et al., 1978). There is still a paucity of such data for
Canadian ccals.

From these studies, generalizations about oxygen
distributions were developed. They made disproportionate use of
the results of Blom et al.(1957) for vitrains of Carboniferous
coals which were extrapolated further to low rank coals. These
quantitative data on the concentrations of O-bearing functional
groups were widely applied irrespective of the geological and
geographic origins of the coals of concern.

According to these generalizations, the fraction of
oxygen in -OH increases with increasing rank of the coal and
reaches a maximum of 70% in coals with 85%C-86%C. Coals with more
than 90%C display rapidly diminishing [-OH], and only about 30%
of total oxygen exist as -0H (Horton, 1958 ). On the other hand,
Vyss (1956) reported that [-OH] accounts for 40% of total oxygen
in most coals with less than 90%C. Others claimed [-OH] ranges
betwveen 0-11% of coal mass or equivalent to about 60% of total
oxygen in  bituminous coals (Dryden, 1963). Phenolic -OH
diminishes with increasing rank and is absent in coals with
greater than 89%C (Yohe & Blodgett, 1947; Brown, 1955).

It was reported that there were no appreciable amounts of

carboxyl or methoxyl groups in bituminous coals. Some of these
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groups may persist in small amounts in the 1lower rank brown,
lignitic and subbituminous coals (Dryden, 1963). In brown coals
as much as 30¥ of the total oxygen is contained in -COOH, but
this falls off rapidly with increasing rank. At 75%C, [-COOH)
amounts to 4% of total oxygen, and at higher ranks it disappears
completely. It was also claimed that carbonyl oxygen accounted
for about 5%-10% of total oxygen throughout a wide range as rank
increases from 65%C to 90%C (Horton, 1958).

Although these concentrations were not found to be
universal when data for coals from other geological eras were
collected, they persisted as estimates. They were used to
illustrate changing properties of coal maturing under normal
metamorphism. Often the results vwere presented without
geological history and were used as fact irrespective of the type

of coals being illustrated.

1.5 Other Considerations

In hypothesizing about the role of oxygen, some of the
behavioural differences betwveen coals may also reflect the
distribution in oxygen as it affects steric factors and
molecular configurations which are important for reactivity.
Vhile some functional groups are integrated within ring
structures others are found only peripheral to the rings or along
chains. 1In such cases, the ease of dissociation of a proton from
one peripheral group is affected by the proximity of another
group. Thus, where the structural configuration affects coal

chemistry, quantitative data on the oxygen distributions of
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functional groups may add little to the understanding of
mechanisms. Many models of coal structure have been proposed to
better understand the apparent behaviour of the coals, and some
of these account for spatial arrangements of O0-bearing functional
groups. These models represented an assemblage which portrayed
some essential chemical characteristics in coal as they were then
understood. Among the numerous proposed models, none vas
successful in accounting for the complexity in coal’s behaviour.
Given (1961) based his model on vitrinite rich coal at 84%C.
Wender et al. (1981) and Wiser (1973) referred only to
bituminous coals. At that time little information was available

for low rank coals.

1.6 Approach to Study

In this study ten coals were examined. Five very similar
coals were of subbituminous rank; one was a lignite; three were
high volatile bituminous (hvb) coals - two of Carboniferous age
(collected in Nova Scotia) and the other of Cretaceous age
(collected in Alberta); and one was a medium volatile bituminous
(mvb) coal collected in the Foothills region of Alberta, 50
kilometers south west from the hvb coal. These vere selected
because of the high reserve of low rank coals in Western Canada.
The experimental data were intended to clarify relationships
betveen this hvb coal of the Canadian Plains and their Eastern
Canadian Carboniferous counterparts.

Data on the distribution of oxygen-bearing functional

groups in coals of the Alberta Plains would establish the extent
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to which the work of Blom et al. on Carboniferous coals is
generally applicable. With this in mind, the distribution of the
three dominant oxygen-bearing functional groups, -COOH, -OH, and
=C0, in lignite, subbituminous and bituminous coals compare with
Blom’s data.

Since preheating of caking coals at lov temperatures
appears to alter their caking properties, extractability and
solubilities (Berkowitz, 1978), it was decided to investigate the
relationship between mild pyrolysis and the distribution of
functional groups for some of the coals. This was studied by
determining [-OH], [-COOH}, and [=CO] after heating at 200°C
(20hr) and 300°C (0.5hr). Decarboxylation was also explored by
rapidly heating 1low rank coals to 200°C (0.5hr) and 300°C
(0.5hr). All these data were expected to provide some basis for
explaining behavioural differences between Western (Cretaceous)
and Eastern (Carboniferous) coals.

This chapter has shown the usefulness of data on
distribution of oxygen in functional groups. Chapter 2 revievs
the published 1literature on analysis of oxygen in coal, and
chapter 3 describes the experimental procedures used in this
study. The distributions of O-bearing functional groups are
presented and discussed in chapter 4. Chapter 5 addresses the
changes that occur in these functional groups as a result of

thermal treatments. Results are summarized in chapter 6.

footnotes
1. Metallurgical coals are coals which are suitable and
most commonly used for coke production. These maybe high
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volatile bituminous for bulk or low to medium volatile bituminous
for strength. Coals are graded according to their value for
specific use, employing whatever empirically applicable test
parameters are appropriate to that wuse. This includes ash
content, moisture, calorific value, rank and petrographic
composition (Chemistry of Coal Utilization, 2nd supplementary
Vol., Elliot, M.E. ed. Chapter 3).

2. Rank only express the progressive metamorphism of

coals from lignite to anthracite. However coals are categorized
into ranks depending coal properties. Among these are elemental
analysis, calorific value, moisture (van Krevelen, 1961;
Berkowitz, 1979).
21 3. Alberta has about 75% of Canada’s thermal coal
resources (Smith, 1989). Thermal coals (for heat and
electricity) are high volatile bituminous (hvb) and
subbituminous (subbit.) generally found in the Plains of Alberta.
Metallurgical coals, which are low and medium volatile bituminous
coals (mvb), are found in the Rocky Mountain and Foothills
regions (1988 coal directory of the Coal Association of Canada).

4. For Shapiro and Gray Correlation, see "Introduction to
Coal Technology" by N. Berkowitz or "Chemistry of Coal
Utililzation" 2nd Supplementary volume, ed. M.E. Elliot p-148



CHAPTER 2
LITERATURE REVIEW

This chapter briefly discusses oxygen as it occurs in
coal, and describes the most common analytical metheds reported
in the literature. It emphasizes analytical methodologies and
presents key experimental data as well as the inferences derived
from them. Experimental findings from some of the classic
research in the field have been summarized in in-depth reviews
by Attar & Hendrikson (1982) and by Zhou, Dermes & Crynes (1984).
A related review by Berkowitz (1988) discusses mechanismg of
atmospheric coal oxidation. Material from the newer 1literature

as it pertains to methods is included here.

2.1 Oxygen in Coal

Oxygen is an integral part of coal. It constitutes a major
part of the building blocks of the plant material from which coal
is derived, and occurs in coal in diverse forms. Organically
bound oxygen is part of the structural network of the coal
material and inorganic oxygen is associated with moisture as well
as with mineral matter in the coal. Organic oxygen occurs 1in
functionalities such as carboxyl (-COOH), carbonyl (=C0) and
hydroxyl (-OH). These groups are all polar and reactive in
comparison to oxygen in ether structures (R-0-R) or heterocycles
such as furan (Blom et al., 1957; Ihnatowicz, 1952; Van Krevelen,
1961). Reactive peroxides (0-0), and hydroperoxides (H-0-0-H) do

not occur in fresh coals, but are found in veathered coals. -0OH

16
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is present in predominantly phenolic form; current knowledge
indicates that there is no alcoholic -OH (Berkowitz, 1988). =C0
occurs in ketonic or quinoid form or in lactones. Linear as
vell as cyclic ethers occur as Ar-0-Ar, Ar-0-Al, Al-0-Al vhich
(Ar = aromatic ring, al = Aliphatic chain). Because of such
diverse forms, analytical methods are not available to
distinguish between these ethers and quantitative data for ethers
are often suspect (Blom et al., 1957).

The current thinking on functional group-rank relationship
(vhich is based primarily on Carboniferous coals and normal
metamorphism) is that -COOH, -OH and =CO all decrease during
metamorphism, and hence as coal rank increases. The highest rank
coals therefore are left exclusively with heterocyclics, ether
structures and possibly low concentrations of quinoid =CO groups.
For US coal populations studied by Abdel-Baset et al. (1978) a
linear correlation between carbon content and [-OH] suggested
that [-OH] can be a parameter defining rank in the same manner as
carbon content.

Transformation of oxygen functionalities during
coalification is explained by two possible pathways (Attar &
Hendrikson, 1982). One involves reactions that eliminate oxygen
in the form of water and carbon dioxide, and the other reactions
that condense oxygen into more stable functions. These reactions
may occur simultaneously or sequentially. Examples are, alcohols
--> ethers, aliphatics--> alicyclics and/or hetero-aromatic
structures. Oxygen serves as one type of linkage in aromatic

structures (Ouchi & imuta, 1973). In ether form it is a
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crosslinking agent (Liotta et al., 1983). In its hydroxyl form
it 1is responsible for structures which participate as weak
hydrogen bonding agents in coal (Liotta, 1979; Kini et al., 1958;
Horton, 1958).

In whatever form these functionalities occur, oxygen is the
most abundant heteroatom in coal, generally much more so than
sulfur and nitrogen. The determination of oxygen is therefore of
primary concern, with methods of analysis determined by
interest, need and, often convenience.

Most of the published data on oxygen in coal can be
categorized into: (i) "original" in as-mined coals, (ii) coal
extracts, (iii) coals depolymerized via pyrolysis or
hydropyrolysis and (iv) oxidized coals (Attar & Hendrikson 1982).
In this work direct investigation of the as-mined and slightly

pyrolyzed coals were the primary concerns.

2.2 Analytical Procedures

Analysis of oxygen in coals may entail determination of
total oxygen or determination of individual forms of oxygen. The
former employs three specific methods to date: 1) oxygen-by-
difference, ii) neutron activation, and iii) combustion. The
latter employs wet chemical methods using specific reactions for
individual oxygen groups, or modern surface-sensitive
instrumental techniques such as spectroscopy, or a combination of

wet chemical and spectroscopic methods.
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2.2.1 Tota' Oxygen

2.2.1.1 Oxygen-by-difference

Oxygen "by difference" is determined (ASTM D3176-85) from
elemental analysis, i.e. as

[0] = 100 - ([C] + [H]} + [N] + [S] + [HZO] + [ASH])X
and on a dry, ash-free basis:
(0] = 100 - ([c] + [H] + [N] + [S])Z

This method is the most routinely used. However, its major
drawback lies in the fact that all analytical errors accumulate
in the oxygen value. Errors due to weight changes in the coal
mineral matter are also included (0Ode, 1963). However, this

methed is the least tedious.

2.2.1.2 Neutron Activation
The most direct method of oxygen determination is a
Neutron Activation method (Ruberto & Cronauer, 1978; Berkowitz,

1985; Volborth et al., 1987), which involves

The oxygen concentration in the coal sample is obtained by

counting the emitted beta or gamma radiation from 16N, and

comparing the counts to standard samples of known oxygen content.
Unfortunately, this is not the most convenient method as the

16

short half 1life of ~ N (7s) may cause difficulty in collecting

the data.
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2.2.1.3 Pyrolysis

The coal samples can be pyrolyzed at 1100°C and the
released volatile matter is passed over carbon at 1100°C - 1200°C
to generate CO, which is then converted to CO2 and quantitatively
determined by adsorption on a bed of Ascarite or, more simply

estimated by gas chromatography (Abernathy & Gibson, 1966).

2.2.2 Functional Group Analysis

Two approaches can be used for determination of O-bearing
functional groups: wet chemical procedures and spectroscopic
techniques. Used together, they can complement each other by
confirming completion of reactions or by providing parallel sets

of consistent, confirmatory data.

2.2.2.1 Instrumental Techniques

In the past several years, many spectrosopic techniques
have become relatively commonplace for the study of bulk and
surface oxygen in coals and solvent-refined coals. Fourier
Transform Infrared Spectroscopy (FTIR) (which will be discussed
later), X-ray Photoelec‘ron Spectroscopy (XPS), sometimes also
termed electron spectroscopy for chemical analysis or ESCA, and
Nuclear Magnetic Resonanc# Spectroscopy (NMR) have all featured
in the literature. Liiltle or no sample preparation is necessary,
but because all oprics and data processing are computer

controlled, the operations require great care.
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Nuclear Magnetic Resonance (NMR)

In its most general definition, the NMR spectrum of a
compound is the resultant of the interactions between the
magnetic field of electromagnetic radiation at specific
frequencies and the magnetic moment of nuclei of the element of
interest which has positive or negative spin numbers (Dyer,
1965). Data are processed in the later versions by Fourier
transform.

Variants of NMR spectroscopy are used in the study of coal
structure. The determination of the relative concentrations of

aromatic and aliphatic components is often done by both NMR

(using 13C NMR) and FTIR. However, oxygen determination by NMR
is not simple, and the only form of NMR which can be used
successfully for oxygen determination in coal is 17O—NMR. This

has been successfully applied to determine [0] in alcohols,
phenols, ethers, carboxylic acids, furans, ketones and aldehydes
in coal liquids (Grandy et al., 1984a). This technique has found
limited use in the study of natural substances because of the low
abundance of 170 and because 1line broadening in the spectrum
associated makes resolution difficult. Materials of low oxygen
content require about 16hr of spectrometer time. For example, in
an analysis of heavy distillate, 2.7 million scans are used. The
method is specific to one element, and the signal area is
directly proportional to the concentration of the functional
group. Although quantitative analysis of O-functional groups
appears promising, it so far proved useful only in liquids

(Grandy et al., 1984b).
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The use of solid state NMR in the study of oxygen in coal
has been useful but controversial to date (Snape et al., 1989).
There is still uncertainty as to whether all oxygen groups are

sampled during analysis.

FPourier Transform Infrared Spectroscopy(FTIR)

Historically, the use of KBr discs of coal with
transmission spectroscopy was improved by Fourier transform.
Later, diffuse reflectance spectroscopy, a technique in which
fine povdered mixtures are ground in KCl or KBr to cause
dispersion of infrared radiation, wvas enhanced by FTIR. Most
recently, FTIR in Fourier Transform Infrared Photoacoustic
Spectroscopy (FTIR-PAS) has been used in coal structure analysis.
The method uses about 25mg of the unmodified sample powder.
Infrared radiation is absorbed by the sample which reflects the
radiation in the form of heat. Heat causes pressure waves in a
contacting gas in a frequency range vhich can be detected by a
microphone. Since absorption intensities are dependent on the
surface areas of the particles, it is important for comparative
purposes, to use samples of the same size range (Bosencwaig,
1980). Statistical averaging of the hundreds of spectra has
become a way of overcoming sampling difficulties.

Each of these methods can address specific aspects of coal
functionalities as long as the bonding of atoms permits
detectable infrared energy of absorption in stretching or bending

vibrations. The most commonly used of these techniques to date
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has been FTIR. The FTIR-PAS technique was used in this work for
checking on completion of the reactions used in wet chemistry.
There have been characteristic wavelengths of absorption
assigned to specific O-bearing functional groups. Protonated
cafboxyl has been identified with the 1700cm-1 band, and in salt
form with bands at 1560-1590 cm™l. The 3300 cm ™’ band is
identified with -OH stretch. (Osawa & Shih, 1971). There 1is

1 band

still some controversy about the assignment of the 1600cm
to carbonyl. There is also some contribution to this band by
-COOH as discussed before (Painter et al., 1983). Overtones and
overlaps of bands become a problem. There is difficulty in
getting good quantitative data because of different absorption
coefficients of the various bonds and band overlap. Often
derivitization is required to overcome this. In addition, the
3300cm—1 band is significantly affected by moisture and N-H
stretching. The quantitative use of FTIR is not simple, and has
been thoroughly reviewed by Painter et al. (1985). Bands that
are of unequivocal quantitative use are those in which
vibrational motion is well defined. Since all coal spectra have
similar general features, the major differences between coals are
band intensities. It is highly unlikely that band intensities
due to the concentration of the appropriate functional groups
remain constant among similar samples. If indeed they do, then
peak integration can be performed and the area calculated under a

peak can be related to the concentration of the specie of

interest.
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X-ray Phoelectron Spectroscopy (XPS)

XPS is little used in coal science. It is worthy of
discussion here since quantitative data on oxygen functionalities
has been recently acquired by it (Perry & Grint, 1986). The
technique measures the kinetic energies of core and valence
electrons (which have characteristic binding energies). This
energy is emitted from coal when it is irradiated by soft X-rays
(Mg or AlKa). All elements except hydrogen and helium can be
analysed by this method.

The method has high surface sensitivity and only 3-4nm of
the outer surface layer is analysed. This means fine grinding
would be required to determine the oxygen of the bulk of the
coal. There is more sensitivity to specific elements than to the
functional groups. Again quantitative analysis is dependent on
computer programs designed to resolve peaks by deconvolution
techniques and these also suffer from lack of definition of
fundamental spectral lineshape.

Most of the chemical shifts in this method have been
determined from model compounds; therefore, transfer of model
character to real systems is a likely source of error. On the
other hand, since quantitative determination of functional group
and the element is done in the same experiment, changes in
functional groups can be correlated with oxygen (Briggs & Seah,

1983; Perry & Grint, 1986).
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2.2.2.2 Vet Chemical Methods

These methods have been extensively revieved in the past
(Blom et al., 1957; van Krevelen, 1961,1981; van Krevelen &
Schuyer, 1961; Dryden, 1963; Ignasiak et al., 1972; Ruberto &
Cronauer, 1978; Given & Yarzab, 1978; VWender et al., 1978; Abdel-
Baset et al., 1978); and recently by Attar & Hendrikson (1982)
and by Berkowitz (1988). Some instrumental methods were reviewed
by Ignasiak et al. (1972) and by Berkowitz (1985).

The wet chemical methods are subject to the usual errors
incurred in the performance of such techniques. The principal
veakness is inability of the reagents to completely access the
coal structures due to variable porosities, i.e. the macropores
and micropores (Berkowitz, 1979). The question of completion of
reaction, and therefore time of reaction, becomes important for
diffusion of the chemi:.als to the reactive sites. Since the
porosity of coal decreases with increasing rank, the question of
reagent access is more problematic for higher rank coals in which
the pore structures are finer and less open than in lower rank
coals. These problems can be minimized by fine grinding. The

-200 mesh particles are the largest convenient _sizes for
accurate determination of oxygen functional group concentration
by these methods (Ruberto & Cronauer, 1978). Optimum reaction
times must be determined for each of the functional groups that

are analysed by a given method.
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Carboxylic Oxygen

Carboxyl groups (-COOH) are found in all low rank coals,
and are most easily and reliably determined by ion exchange which
forms the basis for determining acidity in coals. Most methods
reported are only minor modifications of the basic ion exchange
experimental procedure. The powdered, protonated and preferably
demineralized coal is treated with an excess of either barium or
calcium acetate. The cations displace the exchangeable protons
of carboxylic acids, and this liberates acetic acid which s
determined by potentiometric titration. Accuracy depends on time
of reaction, particle size and method of titration.

In the earliest studies, [~COOH] was determined indirectly
from the decrease in calcium ions. This method assumed one
calcium was bound to two (adjacent) carboxylic groups as in -C00-
Ca-00C, thus allowing only proximal accessible groups to interact
(Blom et al., 1957). The results of this method were found to be
higher than calculations derived from released acetic acid
(Ihnatowicz, 1952). The assumption of two carboxyl per calcium
jon was the source of error. Also, there was the possibility of
phenolic groups interacting and adding to errors. .

Schafer (1970a,1970b) compared several related ion exchange
methods which included the exchange of calcium acetate. Among
these methods were

i) exchange with barium acetate in which the pH wvas
strictly controlled at 8.25 to eliminate possible exchange with
phenolic protons. (The exchange reaction vas also optimized by

refluxing the protonated coals with barium acetate for 4hr, and
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then titrating the released acetic acid against NaOH and an
indicator dye);

ii) exchange with sodium or barium chloride, followed by
titration; and

iii) exchange with mixtures of barium chloride and barium
hydroxide, followed by titration;

Good reproducibility was obtained with low rank coals. The
only complications that could arise from the latter two methods
are the presence of ortho phenols which may exchange at pH less
than 8.0. In this case strict pH control at 8.25 ensures complete
exchange of carboxyl groups.

Participation of phenolic -OH could also be prevented by a
methylation reaction which blocks -0H prior to ion exchange.
However, there are more reaction steps and potential sources of
error increase.

Vhen sodium acetate was used by Brooks & Sternhill (1957)
on lowv rank coals, the mixture was refluxed for 16-20 hrs. Lynch
& Durie (1960) refluxed coal with sodium acetate for 4hrs. Sodium
acetate, howvever, solubilized some of the components of the coal
and produced a brown filtrate. This made detection difficult
when using indicator dyes in titration.

Carboxylic acids can also be determined from the total
acidity with a subsequent correction for the phenolic -0H
contribution. Coal suspensions were titrated in ethylenediamine
against sodium aminoethoxide (Brooks & Maher, 1957). Values were
lover than those recorded by means of Ihnatowicz’s and Schafer’s

methods. A comparison of ion exchange and titrimetry on five
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coals from around the world showed higher results from nonaqueous
titrimetry. Some phenolic -OH would titrate with carboxylic
groups, and weaker, less accessible, phenolic -OH could be found
(Maher & Schafer, 1976).

Another variation of Schafer’s method entailed allowing the
coal slurry to stand in the barium acetate for 70 hours for ion
exchange under nitrogen, with gentle intermittent swirling by
hand. Refluxing of the samples was compared to samples just
standing. Optimised times were determined by Takeuchi &
Berkowitz (1988) for low rank coals.

Determination of carboxylic acids by quantitative FTIR was
attempted by Starsinic et al. (1983). They used least squares
curve fitting routines and curve resolving procedures for
elimination of band overlap of the 1700cm—1 peak. While they
criticized Schafer’s method on the grounds that it suffered £rom
incompleteness of the reaction, they nevertheless adopted this
method for calibration of this FTIR procedure in order to define
extinction coefficients. They used difference spectroscopy and
claimed both speed and accuracy. However, in the absence of
depth profiling of the coal particles, the technique remains more

surface than bulk oriented.

Hydroxyl Oxygen

Phenolic -OH is more thermally stable than -COOH, and 1is
commonly found in coal extracts and liquefaction products. Its
analysis has been studied more than other groups. The wet

chemical methods have been reviewed by van Krevelen (1961) and,
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more recently, by Attar & Hendrikson (1982). The analyses have
been described under two categories:

1) total -OH determinations which include acetylation,
trimethylsilylation and deuteration;

ii) total acid determination for which corrections must be
made for [-COOH]; this category includes methylation, reaction
with dinitroflurobenzene, barium exchange, nonaqueous titration,
and acetylation with ketene.

The most common method to date is acetylation of the
povdered coal. The coal is suspended in pyridine, acetic
anhydride is added and refluxed at 90°C for 20-24 hours. The
acetylated coal is then hydrolysed with barium hydroxide to
produce barium acetate and -OH is quantitatively determined by
either acidifying with phosphoric acid and titrating this
distilled acetic acid with a base (Blom et al., 1957), or
releasing acetic acid by ion exchange and titrating it (Takeya et
al., 1965).

In a modification of this technique, the acetic anhydride
is radiochemically labelled with 140 and counted by scintillation
counter upon release (Hill & Given, 1969). Alternatively, the
labelled coal can be combusted and the gas counted by a
scintillation counter. Scintillation counting ncrmally has very
substantial experimental errors, especially when dealing with
small amounts of -OH.

Alternative procedures involve forming the trimethyl-
sililylether derivative by reacting -0H with hexamethyl-

trisilazane in pyridine. The modified coal can be then analysed
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for 1increased silicon content (Friedman et al., 1961).
Deuteration has been used to exchange H in -OH following which
the deuterated coal 1is combusted. The condensed vater can be
measured by increased density and the [OH] determined indirectly
(Yokoyama et al., 1967).

The nonaqueous potentiometric methods developed by Brooks &
Maher (1957) determine total acidity. These procedures have been
compared with total exchange against barium hydroxide and found
to produce lower values (Maher & Schafer, 1976). Like
thermometric titration with alcoholic alkali for determination of
the total acid. (Vaughan & Swithenbank, 1970), these methods must
be complemented with a method for determining [-COOH] which is
subtracted from the total acid concentration. Again, error
minimization depends on the experimenter and on the porosity and
size of the coal particles. Care must be taken to minimize
oxidation of the samples during analysis.

The four major wet methods - ion exchange with Ba(OH)Z,
acetylation, acid-base titration and silyl-ether formation - were
evaluated with model compounds and a standard vitrain sample by
Halleux et al. (1959). Agreement between acetylation and
trimethylsilyl-ether formation was found. However, with model
compounds some side reactions were observed. Results of [OH]
versus [C], (Blom et al., 1957; Ihnatowiecz, 1952; Lahiri, 1957;
Vyss, 1955) showed large differences. This seems to reflect not
so much differences in methods as differences in coals, and

perhaps differences in sample treatments.
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Dutta & Holland (1983) compared nonaqueous titration with
acetylation of a subbituminous and a bituminous coal. Both
yielded similar results for the bituminous coal, but for the
subbituminous coal nonaqueous titration values were only 30X of
the concentrations found by acetylation. It was suggested that
lower values for the subbituminous were due to proximal phenolic
groups vwhich were partially titratable, and alcoholic groups
wvhich vere not titratable. Earlier, Dutta & Holland (1983) were
of the opinion that the acetylation method was self consistent
and reproducible. Abdel-Baset et al. (1978) analysed 37 US coals
by using 14C-acetic anhydride and found a linear correlation
between vitrinite reflectance and [0H]. However, no correlation
wvas observed vwhen the analytical results were expressed as a
fraction of total oxygen, ie. [OOH]/[OI. For coals of the same
rank, hydroxyl contents decreased in the order
Interior Province > Eastern Province > Rocky Mountain coals.

Some attempt has been made to determine [-OH] by
quantitative FTIR, using pressed KBr discs. Using plots of
extinction coefficients, it was claimed that, with care,
correlations with rank can be reproduced within 5% _ and with
results of Abdel-Baset et al. within +10% (Solomon & Carengelo,
1981,1982,1988). Snyder et al. (1983) did not find much
variation 1in the ratios of intensities of the 1740 and 1770 ¢::m_1
bands of acetylated coals. By choosing another band (such as the
carbonyl difference bands of acetylated and original coals), and
using linear correlations for fitting individual band intensity

data, they found that the absolute intensities of the acetyl
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bands decreased with increasing rank of coals. By diffuse
reflectance FTIR, Fuller et al. (1982) showed broad phenolic
bands to decrease with increasing coal ranks. As indicated
earlier, moisture contributions to -OH band intensities can be
reduced by using acetylated coals which show better defined and
more pronounced peaks. However, incorrect determination of

extinction coefficients can lead to errors.

Carbonyl Oxygen

Carbonyl is found in coal in several forms (viz. quinoid,
ketonic, aldehyde) and estimation of this functional group in one
analysis is difficult. The most commonly used method involves

formation of an oxime with hydroxylamine hydrochloride.

90°C

Coal-C=0 + OH.HZN.HCI —Eifiaiﬁé-_—_> Coal-C=NOH + H20 + HC1
The oxime is then acidified and the nitrogen increase is measured
before and after oxime decomposition, which is accomplished by
acetone and acid. [=CO0] 1is calculatec from the difference.
Saponification and reduction of the acetoxime produces ammonia,
which can be determined by titrimetry, so that the results can be
rechecked.

In some cases nitrogen in the coal-oxime is measured by the
Kjeldahl nitrogen determination: the oximated coal is heated ir
concentrated sulfuric acid which converts nitrogen to ammonium

acid sulfate (NHa)zsoa); the soluticn is then made basic by
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Fig. 3 Veight percentage of oxygen in O-bearing functional

groups (x = -OH, =C0O, -COOH) versus total oxygen [0]
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(1) [0gg] = -0.971 + .488([0]
(2) [0goy] = -1.444 + .265[0]
(3) [0cg0g] = -1-784 + .227[0]

vhere, the correlation coefficients are 0.94, 0.98 and 0.92 for
lines (1), (2), and (3) respectively. From the above equations,
the ratio of oxygen in the O-bearing functional group to total
oxygen (0] can be defined in terms of [0} by a simple
transformation of these equations i.e. by dividing through by
[0}]. The solid lines in Fig.4 correspond to such transformations

£({0]) plotted against {0] e.g.
£([0]) = - 0.971/[0] + .488 = [OOH]/IO]

As [0] becomes large, the ratio will approach a limiting value.
Experimental data shown by the scatter symbols, fits this
empirical function f£([0]) plotted against [0]. However, the
scatter increases for the ratio plots and especially in the case
of IOOH]/[O] versus [O]. Again, the largest increases occur in
[OOH]/IO], as [0] 1is increased followed by [OCOI/IO], and
[0000u1/ 101

These trends should be regarded only as general
indicators since ° nistry of the coals will influence their
contents of O-beari.. .ctional groups. For instance, if the

data for Carboniferous coals #14 and #16 are removed from the
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Fig. 4 Oxygen in O-bearing functional groups (x = -OH, =CO,
~COOH) as a fraction of total oxygen [0]. Solid lines

indicate the empirical £({0])) plotted against [0].
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FPig. 5 Weight percentage of oxygen in O-bearing functional

groups (x = -OH, =CO, -COOH) [0x] versus 2ZC

95
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graphs, there vill be a shift in the slopes of the regression
lines. On the other hand, a larger selection of coals including
coals in the 76XC - 81%C range, will be more statistically
significant.

Indian lignite (Iyengar & Ghosh, 1958) showed the same

trends as the lov rank Canadian ccoals, i.e.

Similar studies have been performed on Japanese Cretaceous coals
of comparable carbon contents, using identical exberimental
methods (Hatami et al., 1967). Their data sets for lower carbon
coals follow the same pattern as the subbituminous coals used in
this study. For coals from 72%C to 82%C the trend was similar to
that shown above for Canadian coals. However above 83%C, no
OCOOB vas found, quite unlike the Canadian coals. On the other
hand Takeya et al., (1965) found [ OCOOH]/[O] wvas greater than
[OCO]/IO] in peat. No [OCOOH] vas reported for lignite but as
the rank of the coals increased the trend became similar to that
observed in Canadian coals. Unlike coal #20 (87%C) the higher
carbon Japanese coals (>85%C) showed

[o

[o (o

on! > col® [Ocgog! = 0 -

The trend observed for Canadian Coals (Fig.5 & Fig.6b) is
different from that reported by Blom et al. (1957) for a suite of

European Carboniferous coals (Fig.6a). When total -OH oxygen is

-
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[%g! > Ocgp! > 0]

considered. Values vere interpreted as a weight percentage of the
coal. Coal #20 was in accord with this trend which was unlike the
Canadian Carboniferous hvb coals #14 and #16. With Canadian
coals,the decrease of O-bearing functional groups appear more
linear with carbon content as compared with the coals reported by
Blom et al. (Fig.5 and Fig.6b vs Fig.6a). By their data total
oxygen was not accounted for, and in effect "residual" oxygen was
ignored. Residual oxygen (see Tables 3 & 4), which carries the
total errors of all other measurements, seems to depend « the
particular coals and does not show any clear trend.

For Australian brown coals Given (1984) found

[09g] < [0¢gog!

based on total oxygen dmmf. He also reported that ([-COOH] in
North Dakota lignites was even greater than in Australian brown
coals, even though the latter were considered to be less mature
lignites. Canadian 1lignite #1 did not rank highest in terms of
[0] or concentrations of all O-bearing functional groups as would
be anticipated from est;blished rank relationships. It had the

greatest 0 concentration among the coals studied, but this

CooH

concentration was lover than {OOH] and IOCO].
The results recorded in this work do not wholly conform
vith the generalizations in the literature. Given (1984) stated

that among the O-bearing functional groups, carboxylic acids
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would be of the maximum concentrations in subbituminous coals, as
he found for brown coals (lignite). Berkowitz (1989) concluded
from the available literature for low rank coals that oxygen is

equally partitioned between functional groups.

4.3 Variations in Oxygen Distributions in Canadian Coals

In Fig.4 the coals are clustered depending on whether [0]
values are low or high. However, within the clusters there are
vide variations among coals of similar rank. The hvb Cretaceous
coal #10 groups neither with the hvb Carboniferous coals #14 and
$16, nor with the mvb U.Cretaceous/Tertiary coal #20, but

associates with low rank coals.

%4.3.1 Lov Rank U.Cretaceous/Tertiary Coals

For the five subbituminous coals studied, there is
generally wide variation in partitioning of O-bearing functional
group concentration among coals. For the four subbituminous C
coals, [OOH] ranges between 8% and 10X, ([OOH]/[0] betveen 38X
and 48X ). Lovest IGGH] occurred in lignite #1. The
subbituminous B coal #7 showed higher [OOH] than the 1lignite at
9X (IOOH]/[O] = 44%) but values were within those of its lower
rank counterparts. Subbituminous C coal #2 showed the highest

Vhen data for [OOH]/[O] from this study were compared
with data published by Abdel-Baset et al. (1978), close

aggreement with coals of the Rocky Mountain Province was observed

(34X - 39X for subbit. B coals, and up to 46% for hvb coals).
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Similarly good aggreement was found with results recorded for lov
rank Japanese Cretaceous coals for which IOOH]/IOI ranged from
33X to 44X. Japanese lignites also has the lowest loou]/[O] at
33X (Takeya et al., 1965).

Data for loco]/lol (17X - 21X ) from this study were also
comparable with data for Japanese low rank Cretaceous coals (16%
- 21X ). No [=CO ] vas found in Japanese lignites (Takeya et al.
1965).

For subbituminous C coals (Tables 3 & 4), the
concentrations of oxygen in -COOH functional groups can be
broadly described by noting that [oCOOH] and IOCOOH] /[0] were
2% - 3% and 11X - 15X respectively.

The highest IOCOOH] and IOCOOH]/[O] vere found in lignite
(#1) and the subbituminous B (#7) respectively (4.0% and 3.5% ;
17.9X and 17.7X). The subbituminous B coal #7, which is slightly
higher in rank than the subbituminous C coals, contained higher
IOCOOHI' This is contrary to rank expectations.

The carboxyl oxygen cohtent of lignite, as compared to
that of other coals is in keeping wvith vhat is conventionally
expected for the least mature coals. The IOCOOB] in lignite #1
vas higher than in an Indian lignite (4.0% vs 2.2% dmmf; Iyengar
& Ghosh, 1958). Although, previous work generally assumed that
in lignites [OCOOH] vill predominate over the other oxygen-

bearing functional groups, this was not the case.
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4.3.2 High Ranked U.Cretaceous/Tertiary and Carboniferous Coals

A comparison of U. Cretaceous/Tertiary coals hvb #10 and
mvb #20 vith Carboniferous hvb #14 and hvb #16 is shown in Tables
3 & 4, and Figs. 3, 4, & 5. As expected, the mvb coal #20
displays the lovest concentrations of all O-bearing functional
groups. Yet [OCOOH]/IOI is higher (4.4%) than in the hvb Eastern
Carboniferous coals #14 and #16 (3X and 1X ). Most of the oxygen
in coal #20 (79X of total oxygen) appears to be in unreactive
forms which include ethers and heterocyclics.

The partitioning of O-bearing functional groups in the
hvb coals were found to be as follows:
[OOH] accounts for 3% - 9% and [oOH]/[ol for 33% - 56%
[OCO] accounts for 1% - 4% and [000]/[0] for 12% - 20%
[0 ] accounts for 0.1 - 1X and {0 17(0] for 1X - 7%

Co0H cood

HBvb coal #10 (Vestern Canadian U. Cret./Tert.) displayed
the highest oxygen for all but ¢ e O-bearing functional groups.
Vhen [OOH]/[O] of Western coal is compared with the Eastern
coals, values differ considerably (50% in coal #10, 33X in coal
$#14, and 562 in coal #16). Between the two Carboniferous coals
#14 and #16 there are some differences in [OCO] and loCOOH"
During proximate analyses of coals #14 and §#16 it was observed
that #14 formed a coke button in the thermogravimetric pan. It
is conceivable that this reflects low porosity which in turn is
associated with low bed moisture (Berkowitz, 1985, see note 1.).

It is therefore possible that coal #14 wvas 1less completely

acrassible to the reagent than #16, resulting in lower [OOH].
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Concentration of oxygen in phenolic -OH was generally
higher than the 36X quoted by Brown & Wyss (1955) or the 40X
generalised by Horton (1958) for the "bright" British coals.

All  these differences may be conceivably due to

differences in metamorphic histories.

4.4.Regional Metamorphic Bffects

Coals of equal rank can possess diverse chemistries
because of different formative histories. Coals of similar
elemental composition, such as Eastern Carboniferous hvb #14 and
¥16 as well as the Western U. Cretaceous subbituminous C coals,
vere different in O-bearing functional group compositions. The
higher concentrations of O-bearing functional groups in Vestern
Canadian plains coals as compared to their Eastern counterparts
could be attributed to diagenetic and metamorphic history in a
broad sense. This idea was earlier put forvard by Abdel-Baset et
al. (1978) and Given (1984) when comparing populations of US
coals.

The fact that coal #20 has_ﬁore [OCOOH] than [oCO] at
87XC may be a resultant of diagenetic and regional metamorphic
effects, such as orogeny. However, the low concentrations of all
0-bearing functional groups and disagreement with trends reported
in the literature precludes firm conclusions. For such high
carbon coals the reverse order or absence of [-COOH] would be
expected.

Variations in the compositions of the subbituminous coals

and the lignite suggest differences in diagenetic conditions at
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each location. Hovever{ it is difficult to prove any specific
effects.

If one accepts the views of Raj (1976) that the phenol
content is an indicator of diagenetic history, lignite #1 and
subbituminous C coal #9, which have similar -OH contents, would
originate from similar plant material. On the other hand,
subbituminous C coals #2 and #9 have significantly different -OH
concentrations despite originating from the same geological
formation at separations of a few hundred kilometers. Perhaps
small differences in environmental conditions, e.g. pAH,
temperature, seam depth and climatic changes, have influenced the
compositions of the coals.

In light of the data presented here, variations in O0-
bearing functional group concentrations reflect considerable
differences in the chemistry and reactivity of the coals. In
these circumstances equivalent elemental compositions should not
be expected to show the same chemical reactivity. Any reactions
vhich are specific to a preferred oxygen site will be affected by
such differences in oxygen partitioning. Some differences in
reactivity are seen in conversion experiments with these coals
(Berkowitz et al., 1988). Chemical variations will influence
behaviour of both /b coals and subbituminous coals. Surface
properties of coals and, consequently, processing of coals would

be affected by variation in partitioning of oxygen.
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4.5 Observations respecting Experimental Methods

Schafer (1970a, 1983) showed that carboxylic acids in
subbituminous coals can be determined by ion exchange against
barium acetate. Takeya et al. (1965) and Hatami et al. (1967)
modified the methods by using specific equilibration times for
ion exchange, then titrating the acetic acid back to pH 8.25,
using a phenolphthalein indicator. In the current work,
automated potentiometric titration did not involve an indicator.
Fig.7 shows the titration plot of unbuffered acetic acid produced
from hydrolysis of the acetylated coals, after passing through
the ion exchange column. Fig.8 shows the titration curves of a
buffered system for determination of carboxylic oxygen.

The standard method'for preparation of a barium acetate
solution of pH 8.25 involves dissolving 15.33g/1 barium acetate
and diluting this stock until pH 8.25 is achieved. It was found
that the stock was already at pH 8.25 without dilution. Anr
dilution of the above stock changed the buffering capacity and
the pi decreased. Dilution of the buffering capacity of the
filtrate with de-ionized water caused barium hydroxide to
precipitate vhen the filtrate was titrated with NaOH. This effect
is clearly shown in the titration curve of Fig. 9. 1In the
presence of an indicator dye, precipitation would not be abserved
and the data would be erroneous. To avoid precipitation, the
exchanged coals were rinsed with a barium acetate solution, and

dilution by water vas thereby minimized.
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Fig. 7 Typical titration and derivative curves of unbuffered
filtrate of ion exchanged hydrolysate of acetylated coal.
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Fig. 8 Titration and derivative curves of filtrate from a coal
exchanged against barium acetate and buffering capacity
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Fig. 9 Titration and derivative curves of filtrate from a coal
exchanged against barium acetate. Buffering capacity is

reduced and 'Ba(OH)2 precipitates. Titrant is .03M NaOH.
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4.6 Qualitative Variations among Coals as detected by FTIR-PAS

It vas intended that within the scope of this study FTIR-
PAS would only be used in qualitative checks for the completion
of chemical reactions. However, during the initial
characterization of the protonated coals by FTIR-PAS, soi
differences wvere observed in the coal spectra. These spectra are
included for the interested reader (Figs. 10 - l4e, Appendix 4).

The mid infrared region between l;OOOf.:u\'1 and 1;00(:1:\_1 of
the coal spectra is shown in Appendix 4. The typical coal
spectra show minor differences in the intensities of functional
group bands. Fig. 10 shows typical superimposed spectra of coals
#2,#1,47,and #4 on the same scale. Despite wide differences in
intensities of the peaks, intensities for the -OH stretch region
(3300cm'1) do not correspond to the actual -OH analysis, possibly
because of the presence of moisture which influences these
bands. The subbituminous coals and the lignite show little
qualitative differences except for the 1700(:111'1 region assigned
to [-COOH]. Coal #1 has the most pronounced shoulder.

Variations in Alberta coals of different rank are shown
in Fig.11 vhere coals #11 (subbituminous C), #10 (hvb) and #20
(mvb) are compared. The mvb coal #20 shows aromatic CH stretch
at 3030cm“1. In coal #10 there is some evidence of aromatic CH
stretch which is not as resolved in #11. Othervise, 1little
qualitative differences between coal #10 and coal #11 are

observed except for the -0H region at 3300cm_1.

Different
batches of #10 and #11 are compared in Fig.12 (Appendix 4) but

the differences between these coals seem negligible. The
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apparently similar spectra of these coals may suggest that
surface functional groups are nearly identical. The tendency of
coal #10 to cluster with the lower rank coals shown previously in
Figs. 3, 4 & 5. indicate a possible reason for such properties.

Differences between coal #10 and #14, vwhich are
U.Cret./Tert. and Carb. age but of similar rank, are shown in the
3030cm—1 aromatic CH stretch band, and 900cm—1 (fingerprint
aromatic) region. Higher intensities are also observed for #14 as
compared to #10 in the 1000 - 1500 cm_1 region. The fingerprint
region depicts stronger aromatic band intensities for #14 than
$10  (Fig.13, Appendix 4). Also, a 1700cm™> shoulder is
noticeable in #10 and not in #14. This qualitative difference is
corroborated by analytical data for [-COOH].

The various derivatives of coal #4 are shown in Appendix
4 (Figs.l4a-14e) as examples of completed reactions involived in
the analysis of the oxygen functional groups. The most
pronounced difference be' 2en the original and acetylated coals
is the elimination of the -OR band at 3300cm_1. Spectra such as

these verified that the reaction did indeed take place.

Note 1. Berkowitz, N. The Chemistry of Coal,(1985), page 257.



CHAPTER 5

RESULTS AND DISCUSSION II- THERMAL STABILITY

5.1 Introduction

Even relatively mild pyrolysis causes appreciable
structural changes in coals. At temperatures below 600°C
aliphatic and hydroaromatic moieties form primary tar and gases
(Van Krevelen et al., 1957; Given, 1960; Mazumdar & Chatterjee,
1972). Some decarboxylation and dehydroxylation, with consequent
condensation reactions are indicated as possible in the 175°C -
200°C range (Berkowitz, 1979). With structural changes 1in the
coals during pyrolysis, it 1is expected that there will be
appreciable changes in oxygen functional group distributions.
However, the extent of structural rearrangements (which includes
losses of functional groups) depend on the rate of heating, the
atmosphere in which heating is conducted, and the temperature.

Heating rate effects have been thoroughly studied and
revieved by weight loss curves, using thermogravimetry (Howard,
1981), but there are fev data for thermal stability of oxygen
functional groups, particularly at temperatures below the nominal
decomposition temperature (Td) of coal.

The effects of mild thermal pretreatments on the
distribution of O0-bearing functional groups were studied in the
early 1950s, but 1little information was then sought about the
temperature-time relations. Data only covered oxygen functional
groups of chars and semicokes from Carboniferous bituminous coals

(Ihnatowicz, 1954; Uporova & Rafikov, 1956; Maher, 1957). The

78
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general conclusion was that there were decreases in acidic
functional groups. Stadnikov et al. (1936) had earlier concluded
that while -OH vas stable up to 350°C, decarboxylation was almost
completed below 375°C. Kreulen & Kreulen van Selms (1957) noted
the loss of carboxyl groups during prolonged heating of lignite
and dopplerite at 150°C and 175°C.

Gradual eliminatiorn of -COOH around 200°C and almost
complete elimination of -COOH at 300°C were reported for
Australian brown coals (Brooks & Sternhill, 1957; Brooks et al.,
1958). Vith these coals, pyrolysis was conducted at
temperatures up to 600°C, but the heating rate was 5-7°C/min, and
final temperatures were held for 2-5 hrs. Little change in =CO
and only small decreases in -OH measured by infrared spectroscopy
at 3300cm™} were observed below 300°C .

There sre large differences in the temperature at which
-OH is reported to be lost. Brooks & Maher (1957 as well as
Browvn (1955b) found 1little loss of -OH from bituminous coals
below 400°C, but Friedel & Queiser (1956) observed significant
losses near 360°C. Even at lowv temperatures the complex
structural changes in coal are expected to be influenced by
heating rates and temperature-time histories.

The results presented here show the concentrations of
oxygen in three 0-bearing functional groups (-OH, =CO, -COOH) for
a suite of coals which were mildly pyrolyzed in a stream of
nitrogen at final temperatures of 200°C and 300°C. Target
temperatures wvere reached by slow heating starting with coals

vhich were initially dried in vacuo at 100°C for 20h (and in a
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few cases at 70°C and 100°C sequentially, each for 20h in vacuo)
then slovly cooled to room temperature. Selected low rank coals
vere heated rapidly, cooled rapidly and analyzed only for oxygen
in -COOH functional groups. The results are separated into tvo
categories:

(1) slow heating in nitrogen to the final temperature -
(to reach 200°C the coals vere heated at approximately 3.8°C/min
and held at 200°C for 20h; Similarly, to reach 300°C the coals
vere heated at approximately 3.4°C/min and held for 0.5h);

(ii) fast heating at the desired temperature - (in this
case the coals vere placed in a furnace at 200°C or 300°C for
0.5h).

The purpose of these experiments vas to determine vhether
the loss of O-bearing functional groups 1is affected by
heating at the temperatures indicated above. The study of slow
heating effects on reactive O-bearing functional groups of all
coals, vas designed to determine the extent of functional group
redistribution or re-partitioning. Fast heating of lov rank coals
at 200°C and 300°C provides comparative data for testing
temperature-time-heating rate effects on decarboxylation. 20h of
slov heating is considered adequate for equilibrium.

Detailed data for concentrations of oxygen in 0-bearing
functional groups are given in the Appendix 1. [00“], [OCO] and
IOCOOH] wvere determined for all coals except coal #4 (subbit.C)
and coal #20 (mvb). After fast heating, only IOCOOH] in coals

#1,42,47 and §9 wvere measured.
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Tables 5 & 6 summarize data for the absolute
concentrations of oxygen in each 0-bearing functional group, the
total oxygen concentrations and the fraction of this total for
each group after slow heating at 200°C and 300°C. Figures 5.1,
5.2, and 5.3 present graphs of [OOB]. IOCO] and [oCOOHl versus
[0] after heating at 100°C, 200°C and 300°C respectively.

Differences in (OCOOH] between lov rank coals after slow
and fast heating at 200°C and 300°C are shown in Table 7, and
linear regression plots of IOCOOB] versus [0]) after fast heating
at 300°C and 200°C respectively for the same coals are presented
in Fig. 5.4. The results are discussed in terms of variations in
coals of different rank and origin. Trends are derived from
regression lines for absolute concentrations of oxygen in O-
bearing functional groups versus total oxygen in the heated
coals. For a pictoral representation of the coals before and
after heat treatment, Figs. 5.8 to 5.15 shov pie charts of O-
bearing functional groups as fractions of total oxygen 1in the
heat-treated coals. These diagrams illustrate redistribution of
the 0-bearing functional groups relative to each other after heat
treatment.

The FTIR-PAS spectra of coals after slowly heating are
presented in Figs. 5.5, 5.6, and 5.7, Appendix 4, and may be
compared with the quantitative data presented in Tables 5 & 6.
The FTIR-PAS technique is more surface- than bulk oriented- and

therefore samples functional groups c.tser to the coals surface.
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Pyrolytically generated differences as shown by vet analytical

techniques may not be shown in the FTIR-PAS spectra.
5.2 Slov Heating

5.2.1 Thermal Stability of Hydroxyl Oxygen

It has been shown in chapter 4 that concentrations of
oxygen in O-bearing functional groups wvere clustered 1into
distinct populations when plotted against corresponding total
oxygen. Fig. 5.1 illustrates that this pattern is maintained for

[0 versus [0] after heating at 200°C and 300°C. From the

OH]
regression lines, the general trend of behaviour in slow heat
treatment emerges.

High rank coals (low total oxygen) respond differently
towvards slov heating than lowv rank coals (high total oxygen).

Among the Carboniferous hvb coals {0 increases after 200°C

OH]
vhereas the U.Cretaceous/Tertiary hvb coal #10 associates with

the lover rank coals and displays little change in [O even

OB]
though there is a general decrease in total oxygen. This is shown
by the decreasing slope of the trend line at 200°C in Fig. 5.1
vhich is heavily influenced by the Carboniferous hvb coals. There
is only slight decrease in total oxygen for all coals (Tatle 5).

Among the low rank coals there is wide scatter in [OOH] versus

[0] at 200°C, quite similar to the distribution of |[O among

OH]
the original coals after drying at 100°C. Varied chemistries of
individual coals are maintained. However coals #2 and #9

(subbit. C) vhich are elementally similar yet widely different in
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Fig. 5.1 Linear regression plots of IOOH] versus [0] for low and

high rank coals after slov heating at (i) 100°C (20h)

in vacuo, (ii) 200°C (20h) and (iii) 300°C (0.5h) in N2
(8ce/min).
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0-bearing functional group distribution are becoming closer in
total oxygen coﬁtent as well as in [OOH] after slov heating at
200°C.

After heating at 300°C (0.5h) the trend lines for IOOB]
versus [0] appear to deviate from the original data of 100°C. In
general, only minor changes occur in Carboniferous hvb coals #14
& #16 as vell as in the Cretaceous hvb coal #10. Both #16 and

$10 appear to decrease slightly in [O indicating less

on}
thermal stability when slowly heated at 300°C.

On the other hand, after heating at 300°C most of the low
rank coals shov a marked increase in [OOH] with slight decrease
in [0]. This effect is shown by the shift of the 300°C line
towards higher [OOH]' The slope of this line indicates that
minor decreases occur in total oxygen content of the coals as
[OOH] {ncreases absolutely. Coal #9 which showed anomalous
behaviour after heating at 300°C was excluded from the 300°C plot
as an outlier.

Among the low rank coals the wide scatter in IOOH]
indicates once more differences in partitioning of this
functional group after 300°C. It would appear that [-OH] in the
lov rank coals is thermally quite stable at 200°C. But at 300°C
the increase in [0081 may be explained by a conversion of other
oxygen forms to -OH groups. Such increases might reflect
scission of ether linkages (Fisher & Eisner, 1937). Varying

lOOB] among low rank coals indicates varied coal reactivities

when slowly heated to 300°C. In some, but not all instances,
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time and temperature-dependent molecular rearrangements seem to
occur.

Qualitative data from the FTIR-PAS spectra of individual
coals (e.g. subbit. C #9 at 200°C, Fig. 5.7 Appendix 4) showved
decreased intensity of the 3300cm-1 region. Since infrared
quantitative data reportedly (Solomon, 1981) have an accuracy of
+10% for any functional group, the decrease in the spectral
‘intensity could be attributed to loss of moisture. On the other
hand, the subbit. C coal #11 shoved no change in IOOH] at 200°C
and a decrease at 300°C (Tables 5 & 6). These changes were
qualitatively corroborated by the FTIR-PAS spectra only at
200°C. This indicates that the sensitivity of the technique is
limited to large changes at coal surfaces.

The comparative FTIR-PAS spectra of coal #14 shown in
Fig.5.6 (Appendix 4) exhibit the opposite effect to  the
quantitative data. 1In this case, the differences in the loss of
wste: are greater than the increase of -OH groups at 200°C, and
so this effect dominates in the 3300<:m'1 spectra. Little change

in the intensity of the 33(Z)O<:m'1

band is observed between 200°C
and 300°C.

It would not be surprising, however, if increases in the
intensities of 33()0cm—1 bands are a result of internal
condensation reactions. It has been confirmed that -OH is one
of the more stable reactive oxygen functional groups (Attar &
Hendrikson, 1982). In studies of liquefaction and pyrolysis it

has been found that -OH disappears only at temperatures above

400°C, i.e. during active decomposition of the coal.
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5.2.2 Thermal Stability of Carbonyl Oxygen

In Fig. 5.2 the IOCO] versus [0] regression lines at
200°C and 300°C show IOCO] to increase with temperature when coal
is slowly heated. The difference between lines for 200°C and
300°C is not significant. Since total oxygen decreases only
slightly, the increase in [oco] after heating at 200°C and 300°C
is not reflected in changes of slopes (slopes at 100°C = 0.24, at
200°C = 0.23 and at 300°C = 0.24), but a shift in the y axis
direction.

The scatter of data at both temperatures suggests
different chemistries of the individual high rank coals. The
Carboniferous hvb coals show opposite responses vith respect to

[o after slov heating at 200°C. While #14 shows an increase,

COl
#16 shows a decrease. A

(43

300°C IOCO] in #16 1increases vhereas
#14 shows little or no change from data for the original coal.
The Cretaceous/Tertiary hvb #10, hovever, shows decreases in

[0 at both temperatures, with the larger decrease appearing

co‘
after heating at 300°C.

The chemistries of the individual lov rank coals with
respect to carbonyl oxygen also vary after slow heating at 200°C

and 300°C. Some increases in [O are observed after slow

COl
heating to higher temperatures. For example, in subbit. coal #2,

[0 changed from 4.7% to 5.3% after 20h at 200°C, and more

COl
significantly to 5.6X% after 0.5h at 300°C. The scatter in [OCO]
versus [0] is larger after heating at 300°C, again suggesting

varying response of the coals to temperature. The fractions of

IOCO]/lOI appears pictorially in Figs. 5.8 -5.13.
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Fig. 5.2 Linear regression plots of [OCO] versus [0] for low and
high rank coals after slov heating at (i) 100°C (20h)
in vacuo, (ii) 200°C (20h) and (iii) 300°C (0.5h) in
N2(8cc/min).
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The FTIR-PAS spectra for coal #11 in Fig. 5.5 (Appendix
4) show that the 1600cm"1 region, identified in part with =CO
stretch, increased in intensity as the temperature increased.
This qualitatively corroborates the 200°C, data but not the 300°C
data. For coal #9 at 207°C a small intensity decrease of the
160()<:m'1 band is observed (Fig. 5.7 in Appendix 4); and for the
higher rank Carboniferous coal #14, the FTIR-PAS spectra at three
temperatures  (Fig. 5.6 in Appendix 4) shoved no obvious
differences in relative intensity between 200°C and 300°C in the
1600cm_1 region. These results cannot be conclusive as there is

1 band and

much controversy about the assignment of the 1600cm”
other functional groups may be influencing the intensities by
band overlap.

Vhere there are little changes in total oxygen and
increases in [OCO], there is reasonable inference that =CO is
formed from other forms of oxygen in the coal. A possible
chemical reaction path is offered in section 5.4.

Japanese coals are reported to show increase in [Gco]
only vhen bituminous coals with 86%C-88%XC were heated at 200°C
and 300°C (Hatami et al., 1967). This is in agreement with Fig.
5.2 for Carboniferous coals and some of the lowver rank coals
($2,%11,%47). Others (Lynch et al., 1985) have observed increases
in [OCO] vhen a Western Canadian mvb coal and an Eastern Canadian
hvb coal were heated in nitrogen at 150°C - 200°C, and explained
this by postulating conversion of peroxides to carbonyl
structures. Peroxides are short lived, and known to develop

during atmospheric oxidation of coals (Berkowitz, 1989). However,
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Lynch et al. relied entirely on FTIR-PAS spectra, and in such
spectra there is still controversy about the =_7 assignment

(Painter et al., 1981a).

5.2.3 Thermal Stability of Carboxyl Oxygen

In the case of the U.Cretaceous/Tertiary hvb coal #10
significant decreases in IOCOOH] vere observed at both 200°C and
300°C (Table 5 & 6, Fig. 5.13), but the Carboniferous
counterparts #14 and #1§ shoved only insignificant changes at
these temperatures (Figs. 5.3 and Figs. 5.14 - 5.15). Even after
long hours of heating, IOCOOH] in these coals did not approach
zero. According to the literature, coals of such high carbon
content should be devoid of [oCOOH]' The refinement in the
method of analysis (see chapter 3) is probably responsible for
this apparent difference.

For all lov rank coals, IOCOOH] decreased significantly
vhen slowly heated to 300°C (Tables 5 & 6, Fig. 5.3). Decrease in
[OCOOH] is more pronounced at 300°C than at 200°C. The larger
decrease after slowly heating to 300°C is accompanied by a small
decrease in total oxygen [0]. However, the regression trend
lines in Pig. 5.3 show decreasing slopes as temperatures
increased, suggesting a greater decrease in [oCOOH] relative
to [0] (slopes at 100°C = .23, at 200°C = .19 and at 300°C = .12
respectively).

The low rank coals shov a great deal of scatter in
IOCOOH) after slovwly heating at both temperatures (Figs. 5.3,

5.4). However, less scatter is observed after slowly heating at
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Fig. 5.3 Linear regression plots of IOCOOH] versus [0] for low
and high rank coals after slow heating at (i) 100°C
(20h) in vacuo, (ii) 200°C (20h) and (iii) 300°C (0.5h)

in N2 8ce/min.
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300°C. The temperature effect 1is more marked than the time
effect, since longer times of heating at 200°C (20h) still
produced higher IOCOOH] than heating at 300°C (0.5h).

Decreases in [OCOOHl are consistent with observations
reported elsevhere for Texas lignites and Australian brown coals
(Schafer,1979a; 1979b). Schafer found the rate of elimination of
carboxylic acids depended on the cation attached to the C00-
group. In the early 1950s coals were mildly pyrolyzed and
functional groups vere analysed and in most instances, decreases
in IOCOOH] vith increasing temperature were noted. The extent of
decarboxylation often varied videly, (Ihnatowicz, 1952; Maher,
1957; Uporova & Rafikov, 1956; Brooks & Maher, 1958; Brooks &
Sternhill, 1957). Gradual elimination of [oCOOB] was observed at
200°C and complete elimination at 300°C (Brooks & Maher, 1958;
Brooks & Sternhill, 1957). Howvever, rates of heating were rarely

specified.

5.3 Rffects of Rapid Heating on Carboxyl oxygen

5.3.1 Comparison of Slow and Fast Heating

Effects of slow and fast heating on [oCOOH] versus [0},
are shown in the scatter about the lines in Fig.5.4. Values of
[OCOOH]/[O] for low rank coals are also shown in the pie
charts (Figs. 5.8 - 5.12a ). Fig. 5.4 demonstrates that the data
for slov and fast heating at 200°C show generally little

differences in IOCOOH] betwveen slowly and rapidly heated coal in
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Fig. 5.4 Comparison of [oCOOH] versus [0] for low rank coals
after slov and fast heating at (i) 200°C (0.5h) and
(ii) 300°C (0.5h). Solid lines are linear regression

plots for fast heated coals.
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3 out of 4 cases. Small differences were not in proportion to the
times of heating, since fast heating to 200°C was for only 0.5h
as compared to 20h for slow heating. This suggests that at slov
heating, time is not as important a factor as temperature.
Hovever, some internal molecular rearrangements are taking place
since decreases in [0] are minimal and other functional groups
are increasing (for a pictorial representation of the chars, see
pie charts). At fast heating, the temperature seems more
important.

At 300°C fast heating always resulted in larger decreases
in IOCOOH] and less data scatter than slow heating (Fig. 5.4,
Table 7, Figs. 5.8 - 5.12a). Since time was constant at 0.5h for
both slow and fast heated coals, the large difference is directly

attributable to the heating rate.

5.4 Inferences and Explanations of Observed Trends.

The redistribution of O-bearing functional groups after
mild pyrolysis allows several inferences. Slow heating at 200°C
and 300°C indicates several molecular rearrangements with locol
changing in tvo ways. In most instances it increased while total
oxygen decreased, thus raising loco]/[0] in some coals. In other
instances, loco] decreased slightly. This leads one to suspect
complex conversion of other O-bearing groups to carbonyl

entities. At 200°C, [O increases in high rank coals but

OHl

hardly changes in low rank coals. At 300°C an increase in loOH]

in 1lov rank coals is noted, but in some high rank coals there is

a tendency of [OOHl to decrease.
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It is also noted that loCOOH] decreased by different
amounts depending on the temperature and rate of heating. Since
-COOH may be lost via elimination of COZ’ C0 and/or HZO and free
radicals may form at peripheral functional groups, one can only
speculate. However, two reaction paths are plausible for some of
the observations respecting decarboxylation.

The first involves anhydride formation i.e

OOH ﬁ

ey + Hgo
OOH
o

and rehydration when moisture is not quickly evolved. There are

perhaps two rates of reaction R1 and Rz(reverse). At high

heating rates 820 leaves quickly, and R1 > RZ’ Rehydration is
more likely to occur with slow heating . (wvhich changes the
internal structure of the coal, and perhaps traps water in

pockets). Thus smaller decreases in IOCOOH] are then observed.
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A second mechanism involves a condensation reaction of

this type

OOH

—_—>

+ H,0

which would lead to high [OCO] and large decreases in lOCOOHl'
Since nothing is definitely known about the thermal stability of
the residual 0-bearing functional groups or the exact pathway of
decarboxylation, material balances are not possible.

1f, hovever, [0000H ] is lost via elimination of carbon

monoxide, the followving

OOH

—> + OH™ —> |
- CO N
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may account for observed increases in IOOH] in lov and high rank

‘coals after slov heating.

5.5 Qualitative Observations on Coal Chemistry after Pyrolysis.
For most coals, the pyridine extracts of acetylated heat-
treated coals vere far darker than those of the original coals.
It wvas also observed that in some instances (e.g. #7) heating
conferred greater hydrophobicities on the coal surface. This
became apparent when the coals were more attracted to plastic
surfaces than to the aqueous phase. For all heat-treated coals,
vetting vas more difficult than before heating to 200°C or 300°C.
This indicates some changes in macropore network of the coals as
vell as conversion to greater hydrophobicity. This is not
surprising as hydrophilicity is associated with the carboxyl
groups vwhich are lost during pyrolysis. Thus, surface properties
of coals change with thermal history and processing of coals

would be affected by these properties.

5.6 Ramifications of Heating rate Effects

Fev mild pyrolysis experiments reported in the literature
give heating rates. The conclusions dravn in some of these
studies may not be as general as heretofore believed. The
thermal history of the coals has an important bearing on the
distribution of oxygen in functional groups and needs to be
considered in interpretation of experimental results.

Although the making and breaking of bonds must be

thermodynamically feasible, in many instances chemical changes
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are kinetically governed. Each coal must be considered as an
assembly of functional groups or bonds with a given initial
distribution of oxygen functional groups which is specific to
that coal. In many instances the rate of heating influences the
kinetics of reactions in the coal. This was earlier suggested
with reference to liquefaction kinetics (Attar, 1978; Messenger &
Attar, 1979).

The data reported here clearly indicate that the rate of
heating is important in structural changes and may, indeed,

influence the preferred reaction pathways.
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CHAPTER 6
CONCLUSIONS

The conclusions are divided into two parts. The first
part covers the distribution of O-bearing functional groups and
the second part covers thermal stability. Recommendations are

given at the end of this chapter.

6.1 The distribution of oxygen in functional groups

Automatic Potentiometric Titrimetry (APT) is a
demonstrable improvement of classical techniques for the
It is more sensitive than

determination of [0 and [O

OH] COOH]'
visual methods and facilitates close control of the buffering
capacity of barium acetate/acetic acid. This avoids premature
hydroxide precipitation which would not be observable with
colored indicator dyes. APT is sensitive in detecting traces of
-COOH.

In nine cases out of ten, both the concentrations of 0-

bearing functional groups and the fraction of total oxygen in

these groups were in the order

OOH > 0CO > oCOOH

This result conforms with results reported for Japanese
Cretaceous coals. The sole exception was the U. Cret./L. Tert.

mvb coal for which :
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%z > %o0n > Oco
The sequence agreed with data for European Carboniferous coals in
which IOCOOH] > IOCO].
Oxygen concentrations in the functional groups increased
linearly with total oxygen, and the fraction of total oxygen in
each group approached a limiting value as total oxygen increased.

Unlike European Carboniferous coals, concentrations of
oxygen in each functional group decrease more linearly with
increasing %C (with interpolations in the 76%C - B0XC range) and
are comparable with data reported for Japanese Cretaceous coals
and Indian lignites. Residual oxygen, which 1is not generally
reported in the 1literature, ranged from 17X to 79% of total
oxygen.

Large variations in concentrations of O-bearing
functional groups among coals with quite similar elemental
compositions emphasize the fact that coals which are
compositionally equivalent are not necessarily equivalent in
their chemistries. These variabilities will affect coal
behaviour in conversion and processes influenced by surface
properties.

The wide variations are 1likely due to environmental
influences during diagenesis. The lignite, however, did not have
the highest concentrations of either [OOH] or [OCO] as might be
expected from established rank correlations, and subbituminous B
coal did not conform to conventional rank correlations in terms

of total oxygen and O-bearing functional group concentrations.
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According to the literature, IOCOOH] should be higher than other
groups in 1low rank coals, but this is not the case for Canadian
coals.

Differences in concentrations of O0-bearing functional
groups in the two U. Cret./Tert. coals, hvb #10 and mvb #20,
suggest regional metamorphic effects. In accord with rank
correlations, coal #20 (mvb) contained lower concentrations of
all O-bearing functional groups. However, in this coal, IOCOOH]
was unexpectedly higher than [OCO] (vhich was negligible).

-COOH is the first group to be lost in normal metamorphism, and
is virtually absent in most normally metamorphosed coals with
greater than 85%C.

Tertiary and Carboniferous coals of similar rank differed
significantly in concentrations of O-bearing functional groups.
These differences may be attributed in part, to the impact of
dissimilar diagenetic and metamorphic histories of the coals. One
of the Carboniferous Eastern Canadian coals (#14) formed a coke
butten on heating during TGA, suggesting lower porosity and
perhaps limited reagent access, thus lower measured [OOH].

The FTIR-PAS aromatic bands vere more intensified in the
coals of Carboniferous age as compared to the Tertiary age of
similar rank. No aromatic CH stretch bands were seen in the
spectra of subbituminous coals. This technique appears to have

limited applicability in studies of oxygen functionalities at

concentrations typical of this work.
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6.2 Thermal Stability of Canadian Coals

Decarboxylation of coals 1is affected significantly by
heating rates. Vhen heated rapidly at 200°C or 300°C, the coals
lost more OCOOH than when heated slowly for a longer time. The
loss of -COOH was greater at 300°C than at 200°C for slow or fast
heating. Temperature is an important factor for decarboxylation
even at slov heating rates. Heating rates should be reported
with experimental results because they affect reactivity and
hence the processability of coals.

For slowly heated samples the effects on redistribution
and loss of O-bearing functional groups were more pronounced at
300°C (0.5Hr) than at 200°C (20hr). Although [OOH] and [Ocol
somatimes decreased in the low rank coals, the general trend was
for both [OOH] and IOCO] to increase and [oCOOHl to decrease. At
slow heating, 1tasse changes were accompanied by a small loss of
total oxygen. Changes in [OOH] and [OCO] accompanied by a loss
of [OCOOH] and, ir addition, larger losses in [oCOOH] after fast
heating, may be explained by: '

(i) a reaction in which formation of an anhydride from

proximal carboxylic groups liberates H,0. If this is not

2

removed, as in slov heating, the reaction is reversible.

(ii) the reaction of proximal COOH with H on aromatic species

to form a -CO- bridged product complex.

(iii) the loss of CO from COOH generating a free radical

vhich is stabilized by -OH to form phenolic -OH.



117

Pyridine extracts during acetylation of pyrolyzed coals
were darker than non-pyrolyzed coals, suggesting molecular
rearrangments occur in the coals during pyrolysis. The variation
in chemical composition, and hence reactivity, after pyrolysis
would influence the processing of even mildly pyrolyzed coals.

Molecular rearrangements caused by mild pyrolysis may not
be observable directly by FTIR-PAS. This method for studying
oxygen functionality on coals was not sensitive to concentration
differences found in the samples, probably because it measures

more from the surface than the bulk of coal particles.

6.3 Recommendations

The errors commoﬁ to most wet analytical methods can be
minimized by proper sampling and allowing enough time for
reagents to access the inner surfaces of coals. Most research
done in this area is partial to one method or another, but
because sample treatments are not uniform, it is difficult to
compare results. Therefore it is recommended that standard
methods be established for the determination of oxygen functional
group distributions to allow global comparisons. All results
should also be reported with standard deviations or error
analysis.

The surface-sensitive techniques of FTIR-PAS need to be
further explored for quantitative data. Detection of -OH groups
is subject to many interferences from water and N-H stretch and
cannot be used for correlation with quantitative data. The

1700cm—1 band is more promising for correlations, but measures
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must be taken to avoid or resolve band overlaps. Peak to peak
ratioing for analysis should be explored.

For thermal pretreatments it is recommended that, at
temperatures below Td’ further experiments be performed to
establish the influence of faster heating rates on O0-bearing
functional groups. Perhaps this can be followed by experiments
in processing of the coals.

In this work the emphasis was on low rank coals. A
larger number of coals of other ranks should be studied to verify
the trends indicated by this suite of coals. Surface properties

should also be studied for correlation with this data.
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Appendix 3

Proximate Analyses of Protonated and Heat-treated Coals
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Appendix 4

FTIR-PAS Spectra of Protonated, Chemically modified and

Heat-treated coals
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Fig.10 Typical FTIR-PAS spectra for lov rank coals (#2, #4
subbit. C, #1 lignite, #7 subbit. B)
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Fig. 11 FTIR-PAS spectra of different rank Vestern Canadian coals

#11 (subbit. C.,), #10 (hvb) and #20 (mvb).
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Fig.12 FTIR-PAS spectra of U.Cretaceous coals #11 (subbit. C)

and #10 (hvb)
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Fig.13 FTIR-PAS spectra of similar rank (hvb) coals which differ
in Geological age (#10 is.U.Cretaceous /Tertiary, #14 is

Carboniferous).
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Fig.14a Typical FTIR-PAS spectra of a protonated coal
(#4, subbit.C).
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Fig.14b Typical FTIR-PAS spectra of a Ba-exchanged coal

(#4, subbit.C).

178



PHOTOACOUSTIC INTENSITY

WAVENUMBERS, CM-1

Fig.l4c Typical FTIR-PAS spectra of an acetylated
coal (#4, subbit.C).
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Fig.14d Typical FTIR-PAS spectra of a coal (#4, subbit.C.)

hydrolysed after acetylation.

180



181

3040 f1 T | T T Y T T
>
=
2
W .2247 } [
-
£
1)
2
Q
é 1453 | -
(o]
-
a
-0659 i 1 [ ] ] 1 [

4000 3500 3000 2500 2000 1500 1000 500
WAVENUMBERS, CM-1

Fig.l4e Typical FTIR-PAS spectra of an oximated coal (#11
subbit.C)
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Fig. 5.5 FTIR-PAS spectra of coal #11 (subbit.C) after

slow heating at 200°C (20h) and 300°C (0.5h) in N2

(8ce/min)
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Fig. 5.6 FTIR-PAS spectra of coal #14 after slow heating at 200°C
(20h) and 300°C (0.5h) in N2 (8cc/min), compared with

coal dried at 100°C in vacuo (20h).
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Fig. 3.7 FTIR-PAS spectra of coal #9 (subbit. C) after slow
heating at 200°C (20h) in N2 (8cc/min) compared with

the original coal dried in vacuo at 100°C (20h).

184



Appendix 5

List of Chemicals and Time Table of Experimental Plan
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CHEMICALS AND SUPPLIES

All chemicals were ACS grade and vwvere
Scientific unless othervise indicated.
Barium acetate crystals

Barium Bydroxide Crystals

Phosphate Buffer Solutions pH 4.0, 8.0. 7.0
Potassium Hydrogen Phthalate crystals
Hydroxylamine Hydrochloride

Silver nitrate crystals

Concentrated HCl

Spectrograde Pyridine

Acetic Anhydride

Sodium Hydroxide Pellets

186

obtained from Fisher

Amberlite Rexyn-H ion exchange resin (Aldrich Chemicals)

Whatman Filter paper - ashless #50 7cm,5cm
Glass vials for sample storage

Kapak heat seal pouches and Heat sealer
UHP nitrogen

Vacuum flasks

250 ml Heating mantles

Condensers

Plastic Erlenmeyer flasks 125ml, 250ml, 500ml

Plastic Buchner Funnels Sem,7cm
Magnetic Stirrers
Vacuum pumps

Desiccators
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SAMPLE PREPARATION (1—2 WEEKS)

Crushed Coal
at -10°C
Water

Dry—in vacuo
till slightly moist

at Room Temp.

Grind
to°200 mesh
under N,

Riffle, Split

>

STORE UNDER N,
v
PROTONATION
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PROTONATION

2x15g Coal (-200 mesh)
let sit overnight
each in 300mL
2N HCl

Wash
(de—ionized Water)
until
—ve AgNO, test

Dry in vacuum
100°C 20 hrs
Cool under N2

Split into
three (3)
ten (10) gram
samples
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HYDROXYL DETERMINATION (2 WEEKS)

Acetylation (Fume Hood)

1g x 2 round bottom flask
2 x 10mL Acetic Anhydride
2 x 20mL Pyridine

Reflux for 20hrs
(drying tube attached)

cool

Add 200mL H,O filter
and wash with $00-800mL
H,0 (no acid traces)

Store solids in Np
for FTIR

Dry overnight
20hrs at 100°C
under Nz, then in vacuo |

300mg from both
samples goes to

hydrolysis reaction




HYDROLYSIS

300mg Acetylated

Coal, few drops

CH30H, 2g Ba(OH)
in 40mL H,0

Reflux 20hrs
drying tube attached

cool

filter on #50
Whatman paper,
wash, make up

190

to 200ml
filtrate solids
Y 4
4 x 50mL column FTIR & Save for
(Amberlite Potentiometric
XAD-120-H) Titration
Titrate with

NaOH (0.05m)




CARBONYL OXYGEN (2 WEEKS)

Oximation (Fume Hood)

2x700mg

2x1g hydroxylamine

2x15mL pyridine

Reflux 20hrs
(Gentle Boil)

Cool

Add 40mlL nzo
Add 18mlL conc.
HCl

Filter and
wash with
600-800mL H,O

Dry 100°C for
20hrs in
Vacuum

FTIR

CHN
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