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Abstract

Three coals were oxidized in a fluidized bed, using air at temper-
atures from 175°C to 280°C and total pressures from 126 kPa. to 274 kPa.,
for periods of up to 24 hours. An infra-red analyzer was used to measure
concentrations of carbon oxide gases in the fluidizing stream. Both CO
and CO2 rates declined with time and increased with total pressure. The
COZ/CO ratio increased with oxidation temperature.

Oxidation at 200°C fof 12 hours caused about a 10% loss in coal
heating value, with most of that loss occurring in the first two hours.
The loss of heating value correlated well, according to Dulong's formula,
with the decrease in carbon and hydrogen content. The total and carbox-
ylic ion-exchange capacities of the coal increased significantly with
oxidation. The enhanced cation exchange capacity could be used to intro-
duce calcium or other cations, which could help reduce emissions of sulfur
oxides during coal combustion by forming sulfates in the ash.

FTIR spectra of coal samples were obtained using diffuse reflectance
spectroscopy and peak overlap was reduced significantly using the fourier
self-deconvolution technique, The spectra of oxidized coal samples
showed the progressive reduction in the intensities of aromatic, methyl,
and methylene C-H peaks and the appearance or enhancement of a number of
carbonyl peaks.

Carbon-13 NMR spectra of solid coal samples were obtained using the
cross-polarization technique together with magic-angle spinning, and
carbon aromaticities were estimated which, when combined with analyses
for carbon and ash content, allowed the calculation of overall consump-

tion of aromatic and aliphatic carbon. Both aromatic carbon and aliphatic



carbon were consumed, even at 175°C. This finding disproved a previous

theory that aromatic rings were oxidized only above 225°C,
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1. INTRODUCTION

Qur interest in coal oxidation developed out of earlier work on the
desulfurization of coal [1,2,3], notably the results of Kralik's investigations into
oxidative desulfurization using nitrogen dioxide. He had noted that, when
washed with sodium carbonate solution, the oxidized coal took on sodium ions
by cation exchange. Upon subsequent combustion up to 895 % of the sulfur in
the coal was trapped as sulfate in the ash, instead of appearing as gaseous
sulfur oxides. Thus it appeared that, under the right conditions, oxidative pre-

treatment offered a potential method for achieving coal desulfurization.

Historically, the oxidation of coal has been studied for a number of different
reasons. One reason was to investigate the physical changes which occur when
coal is exposed to air at ambient conditions. Typically, the heating value falls
slightly and the coal loses its caking properties. If the coal is stored in a large
stockpile, the heat released by oxidation may build up and raise the
temperature within the stockpile, causing greater loss of heating value and even
ignition. Oxidation has also been used to achieve coal desulfurization, as in the
Ames process [4]. Others oxidized coal using air and other oxidizing agents,
observed changes in the coal and characterized the extract from the oxidized
coal, and were then able to draw conclusions about the chemical structure of
the coal. Thus, although early interest in coal acids was stimulated by interest
in their potential usefulness as raw materials for the chemical industry [5,6],
some workers soon recognized that the study of those acids could alsc help

elucidate coal structure.

Qur purpose in this work was to gain an understanding of the chemistry of
coal oxidation, and to obtain data that could be useful in evaluating the

economic viability of coal-pretreatment processes based on cation exchange; in
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particular, the process whereby oxidized coal takes on metal cations from
solution by ion exchange following which, on combustion, a significant
proportion of the sulfur in the coal is trapped in the ash as sulfate, rather than
being emitted into the atmosphere. In our experiments we oxidized coal with
air, using a fluidized-bed reactor. We measured reaction rates at different
temperatures and pressures, and studied how operating conditions affected the
rate and products of oxidation. The concentrations of various oxygen-
containing groups in oxidized coal were estimated using wet chemical methods,
We sought to understand how acidic functional groups were formed, and cation-
exchange capacity increased, during oxidation. We measured the heating values
of coals oxidized under different conditions. Nuclear magnetic resonance and
infra-red spectroscopy were used to study chemical changes in oxidized coals.
The kinetic, analytical, and spectroscopic data were used in developing a model

of coal oxidation.

1.1 The Structure of Coal

Coal is a carbon-rich sedimentary rock derived from piant matter, originally laid
down as peat. In the course of some 60-300 million years, the peat became
progressively less oxygen-rich and at the same time incorporated inorganic
matter, forming a heterogeneous " fruit cake " consisting of clusters of several
organic macerals and various inorganic compounds, along with small amounts

of volatile gases and water.

Coals are most commonly described in terms of !their Rank, which is a
measure of the degree of coalification . The lowest rank is lignite or "brown coal”
and the highest rank is meta-anthracite. Intermediate ranks are represented by
sub-bituminous, bituminous, and anthracite coals. Most commercially useful

coals are bituminous. Oxygen content, moisture, and volatile-matter content



-3 -

decrease steadily with coal rank while heating value, carbon content and carbon

aromaticity increase [7].

Coal owes much of its scientific interest te the complexity of its structure,
which is heterogeneous, non-uniform, and porous. No two coals are exactly
alike. Differences exist between coals of different geographical origin and
geological history. The challenge of current research is to be able to make valid

general statements based upon the behavior of a wide range of coals.

The organic material in coal is composed of three major kinds of macerals;
vitrinites, inertinites (fusinite and micrinite) and liptinites (exinite, resinite, and
bitumen) [8]. Under the microscope, those maceral types can be physically
distinguished by their reflectance of light. Vitrinites, which appear gray in color,
typically represent 70 -85 % of the organic matter in bituminous coals. They are
derived from the lignin and cellulose in the original plant matter. The light-
colored inertinites, which usually account for about 10 -20 % of the organic
matter, tend to occur as discrete particles embedded within the vitrinite.
Liptinites are very dark in color and are derived from a variety of substances,
such as the resin, cutin and cork cell walls of the original plant matter and oily

material from algea.

The inorganic corﬁpounds present in a particular coal reflect the geological
environment in which the coal was formed. They include the dissolved
carbonate, sulfate, and chloride salts of sodium, calcium, magnesium, and other
cations. Other minerals such as silicates, carbonates, and pyri‘tes also occur in
discrete grains within the coal. There is increasing evidence that the mineral
matter may sometimes catalyze the chemical reactions of coal [9]. The mineral

matter is also noticeable in the infra-red spectra of coals [10].
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In the present work, we are particularly interested in the oxygen content of
coal, especially the oxygen in the organic coal structure. The oxygen-containing
compounds in mineral matter, such as silicates, carbonates, sulfates, and
nitrates are not significantly affected by oxidation below 300 ° C. In the process
of coalification, plant matter was converted to humic acids and then to peat,
then lignite, and finally to bituminous coal and anthracite. All the present-day
analogs of the original precursors of coal contain oxygen. Cellulose and lignins
have ether linkages and phenolic and alcoholic hydroxyl groups. Tannins
contain ether, phenolic and carboxylic oxygen. Alkaloids have alcohol and
methoxy groups. Plant protein contains carbonyl, carboxyl and phenolic
groups. And so on. The oxygen-containing groups, though gradually depleted
during coalification, are found in varying amounts in all coals. Methods for
estimating total oxygen content and the distibution of oxygen among functional

groups are described in Chapter 3.

In general, researchers are mainly interested in the reactions of the organic
portion of coal. Several different appreaches may be used. Some workers have
looked at particular coal macerals, notably vitrains [11,31]. Others have used
extracts of coal in various solvents. Tars and other products of coal pyrolysis
have also been used to gain some insight into the nature of coal. The structure
and reactions of coal liquefied using hydrogen or donor solvents have also been
studied extensively [12] Typically, the heavy coal liquids are fractionated by
distillation and solvent extraction and the different fractions then characterized
in terms of average molecular weights and representative molecular structures,
based on spectroscopic and other evidence [12,13]. Thus structural analysis has
developed as a useful tool for characterizing coal. Another approach is to react
the coal with other chemical substances, usually oxidizing agents, and then

observe the resulting products.
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1.2 Oxidation of Coal -

In the past, research workers have oxidized coal using liquid or gaseous
oxidizing agents, for a variety of reasons - the study of atmospheric oxidation
and weathering [14,15], the production of humic and other acids [5,6], oxidative

desulfurization [1,2,4], and the study of coal structure [16-33].

There is a fundamental difference in chemical mechanism between gas-phase
and liquid-phase oxidation. Liquid-phase oxidation is initiated by electrophilic
attack while gas-phase oxidation occurs by a free-radical mechanism. Therefore
conclusions drawn from liquid-phase systems are not necessarily applicable to

oxidation by gases.

In general, oxidation with air at moderate temperatures has less drastic
effects on the chemical structure of coal than does oxidation with oxidizing
liquids. Oxidation with air is also more selective and more easily controlled. In

this section we review previous studies of coal oxidation by gases and liquids.

1.2.1 Oxidation by Liquids

liquid-phase oxidation has generally been used to fragment the organic coal
matrix into identifiable products of lower molecular size. The severity of the
conditions used wouid depend on the purposes intended. Thus, to produce
humic, polyaromatic, and polycarboxylic acids, coal was reacted with hot nitric
acid, hydrogen peroxide, or alkaline potassium permanganate. Insight into the
structure of the coal could then be gained by identifying the smaller molecules

produced by rupture of the organic coal matrix.

Some oxidizing agents, such as nitric acid and potassium permanganate,
attack mainly the benzylic or aliphatic part of the coal, producing humic and

benzenecarboxylic acids of high molecular weight, whose structure bears a
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resemblance to the aromatic fraction of the coal. Alternatively, an oxidizing
medium can be used which selectively attacks the aromatic rings and preserves
the aliphatic chain. The structure of the small aliphatic compounds thus
produced provides clues to the chemical structure of the non-aromatic part of
the coal. An example of such an oxidant is the mixture of hydrogen peroxide,
sulfuric acid, and triflouroperoxyacetic acid (TFPA) at 85 ° C. Using that
mixture, Deno ef al.[16,17] found that Cs-Cg aliphatic diacids and triacids,
arising from polycyclic systems consisting of hydroaromatic and aromatic rings,
accounted for 50-90 % of all the observed products from the digestion of coal.
By identifying the acids, they were able to characterize the aliphatic structures
of various coals, based on the results of model compound studies. Those studies
had shown the direct correspondence between the aliphatic-chain length of the
acid and that of the original hydrocarbon. For example, propyl benzene was
converted to butyric acid, and ethyl benzene to propionic acid. Thus they
reasoned that the presence of acetic acid in the liquid product of digested coal
implied that the starting coal contained aryl-methyl groups, while the presence

of succinic acid implied that Ar-CHz-CH,-C methylene groups were present.

Likewise, characterization of the humic acids produced by oxidation of the
aliphatic fraction of the coal can be used to elucidate coal structure. The acids
range from simple aliphatic acids such as oxalic acid to acids with molecular
weights as high as 10,000. Generally the low-molecular-weight acids are water-

soluble while the high-molecular-weight acids are alkali-soluble.

Kamiya [18] produced aromatic polycarboxylic acids by reacting a Japanese
bituminous coal with oxygen in an alkaline solution at 27 © C. The extract
consisted of oxalic acid, aromatic acids, and humic acids. The acids were

separated into different fractions. Benzenepolycarboxylic acids accounted for
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about 45 % of the carbon contained in the aromatic-acid fraction. Those acids
included three dicarboxylic acids ( phthalic, iso-phthalic, and terephthalic ), two
tricarboxylic acids ( trimellitic and hemimellitic }, as well as tetracarboxylic,
pentacarboxylic, and haxecarboxylic acids. A naphthalene tricarboxylic acid
was also identified. High-molecular-weight humic acids were identified as the

pre-cursors of benzenecarboxylic acids.

Moschopedis [19] characterized humic acids using chemical and
spectroscopic techniques. He identified quinones and other oxygen-containing
groups in humic acids. For one humic acid extract he estimated the quinonic
content as 0.8 mg.equiv per gram of dry, ash-free (d.a.f) coal and the contents of
carboxylic, phenolic, and methoxy-group content as 4.4, 29, and 1.7,
respectively. Another study [20] indicated that about 80 % of the carboxylic
acid groups were present as adjacent pairs, capable of forming anhydrides in

the same way as phthalic acid, for example, forms the anhydride,

During the late 1950s and the 1960s, Mazumdar and his colleagues at the
Indian Central Fuel Research Institute conducted extensive systematic studies
of coal oxidation [21-24,29,30]. An essential starting point of their studies was
the characterization of oxygen-containing functional groups in various coals

[21,22].

Mazumdar et al. [23] reacted six coals of different rank with a 1:1 mixture of
concentrated nitric and sulfuric acids at - 14 to + 15 ® C, for three hours.
Chemical analysis for oxygen-containing functional groups showed a significant
increase in —COOH groups and very small increases in the concentrations of —OH
and —CO groups. When the reacted coal was heated to 350 0 C, the amount of
CO, released was consistent with that expected from decomposition of the

carboxylic groups. The authors concluded that, in the presence of concentrated
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nitric and sulfuric acids, the aromatic rings were nitrated while methyl groups
alone were oxidized to carboxylic acids. The authors also noted in a subsequent
paper [24] that nitrated coal yielded no methane when pyrolyzed, thus
suggesting to them that nitric acid had converted all the methyl groups to
carboxylic acids. However, carboxylic-acid groups could also have been produced

by the oxidation of methylene and other aliphatic C-H groups.

Some highly significant findings emerged from a systematic series of
oxidation experiments conducted by Yokokawa et al.[25], using some thirty
pure model compounds as well as lignin, lignite humic acids, and the methylated
derivatives of lignin and humic acids. The model compounds used were
representative of the oxygen-containing species and other functional groups of
coal. They performed two sets of oxidation experiments. In the first
experiments all the commpounds were boiled in 1 N nitric acid for about 5 hours.
The other oxidizing agent they used was alkaline potassium permanganate. The
pure compounds were oxidized at 20 deg C, and the humic acids were oxidized at
25-50 deg C . They reported the following findings. The aromatic rings of
uninuclear phenols were easily oxidized to COp and oxalic acid. Naphthols were
also similarly oxidized, but much more slowly, With nitric acid, aromatic rings
were simultaneously nitrated, giving products which were very resistant to
further oxidation. Methyl ethers produced by the methylation of phenols were
not oxidized. The hydroxyl group apparently activated aromatic rings towards
oxidation. Hydroaromatic structures containing alcoholic hydroxyl groups were
even more reactive. Alieyclic structures containing ;OH groups, such as 4-
methyl hexanol and 1,2,3,4- tetrahydro-2-naphthol, were oxidized with the
greatest ease, producing large quantities of CO; but very little oxalic acid.
lignin and lignite humic acids, but not their methylated derivatives, were easily

oxidized, to give CO; , oxalic acid, and water-soluble acids. Hydrocarbons
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without substituted hydroxyl groups, such as tetralin, decalin, 5,6,7,8-
tetrahydro-1-naphthoic acid and y-cyclohexyl propionic acid, were not oxidized

at all.

When Kralik [1] studied the oxidative desulfurization of a bituminous coal by
nitrogen dioxide he performed experiments in which he used water and carbon
tetrachloride as carrier liquids. The NO; combined with residual water in the
coal to form nitric and nitrous acids and several reactive electrophilic species
including the nitronium ion and the nitrosonium ion. The two latter species are
known powerful nitrating species, while nitric and nitrous acids are oxidizing
agents. Thus, as well as incorporating significant amounts of nitrogen, the coal
acquired an enhanced capacity for cation exchange, consistent with the creation

of phenolic and carboxylic acid groups.

1.2.2 Air Oxidation

Air oxidation is a common cause of loss of heating value in coal. When coal is
stockpiled, the enthalpy of oxidation can cause a large rise in the temperature
within the pile, to values above 100 ° C, leading to more rapid oxidation of the
coal and even to spontaneous combustion. 1f the temperature rise due to
stockpiling is avoided, coal does not deteriorate significantly under atmospheric
conditions. Measurements of the loss of heating value of coal stored in small
piles where spontaneous heating was avoided showed that there was no
noticeable deterioration after several years' exposure [26]. The more significant
changes which occur are physical. Ambient air oxidation dramatically reduces
caking, which otherwise would cause agglomeration, loss of permeability, and
blockage of feed lines during coking or gasification of coal. At higher
temperatures, the physical changes are enhanced and chemical changes become

apparent. Kona ef al,[27] oxidized coal with air at 200-300 ° C and found that
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caking properties virtually disappeared after a few hours. Grindability, as
measured by the Hardgrove grindability index, also fell drastically. Plasticity was

substantially reduced, and the free-swelling index dropped.

Liotta ef ale[14] made claims for significant chemical reaction at ambient
temperature, based on the reaction of an Illinois bituminous coal at 20-30 ° C
for 56 days, but the evidence offered was not convincing. They reported a
dramatic 26 % increase in the amount of organically-bound oxygen in the coal
coal but, curiously, no increase in the amounts of carboxylic and phenolic
groups. They defined ether-group content as the difference between the total
concentration of organic oxygen and the sum of phenolic and carboxylic groups.
So they concluded that the additional oxygen had been chemically incorporated
in the form of ether linkages. Actually the oxygen could also have been present
as carbonyls, quinones, aliphatic hydroxyl groups or, most likely,
hydroperoxides. Fourier-Transform Infra Red spectroscopy indicated no
increase in the intensities of the carbonyl or quinonic peaks, but there was an
increase in overall peak intensity in the region 900-1200 cm™, which the
authors associated with ether groups. In fact tertiary alcohols, peroxides, and
sulfates also absorb in the same region. Sulfates, for instance, could have been
produced by the oxidation of pyrite, which is present in coals. The free-radical
mechanism proposed to explain the formation of ether linkages included an
implausible step and differed from the generally-accepted mechanism of
autoxidation [RB]. The authors also proposed that changes in physical
properties were caused by the loss of cross-linked polymeric properties, which
somehow resulted from the formation of the ether linkages. No scientific theory

relating cross-linking to physical properties was proposed, however.

Mazumdar and his colleagues made important contributions to the study of
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air oxidation [29,30]. In one investigation Mukherjee et al,[29] oxidized coal in
an air oven at 200 ® C for up to 1300 hours. They took periodic samples of
oxidized coal, from which humic acids were extracted by refluxing in alkali
solutions and then recovered by precipitation in the presence of a strong
mineral acid, followed by extraction and drying. The cation-exchange capacities
of the coals were determined using barium sclutions. By varying the pH of the
solutions the amounts of —COOH and ~OH could be separately estimated. As
expected,the cation-exchange capacity increased with oxidation time. The
results also indicated the oxidation of low-rank coals, initially containing high
concentrations of —COOH and —OH groups, tended to produce almost exclusively
—COOH while high-rank coals, which had very low concentrations of —COOH and
~QOH, increased their concentrations of both. The —-OH/COOH ratio of the
humic acids increased with oxidation time, suggesting that the —COOH groups
were the more susceptible to thermal degradation. In reference [30], Mazumdar
et al presented data to show that the ring indices of several coals increased
with oxidation, and thereby concluded that air oxidation at 170 ° C had no effect
on condensed aromatic structures. The ring index was used as a measure of
aromaticity, but there was some ambiguity about the way it was calculated.
Even assuming the correctness of Mazumdar's ring-index calculation, the
change in the index would not be sufficient proof of the non-oxidation of the
aromatic structure. An increase in the value of the index would simply imply
that the condensed rings were less severely oxidized than the aliphatic fraction.
In further experiments reported in the same article [30] the authors slowly
increased the temperature in the oven while monitoring the weight of the coal
and the production of CO, CO;, and water. At the beginning, the powdered coal
was laid on a Petri dish in the oven at 170 ° C, through which a stream of air

was passed. When the evolution of carbon oxides ceased, the coal sample was
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weighed, the oven temperature was raised by 10 ° C, and oxidation was
continued at the higher temperature. Thus the temperature was progressively
increased, up to 240 ° C. There was little change in the amount of carbon oxides
evolved or the weight of coal until the temperature reached 230 ® C. Then
substantial loss of organic matter became evident. The weight of a sample of
vitrain fell by 40 % between 220 ° C and 230 ° C. Mazumdar et al. attributed this
loss to the incipient oxidation of the aromatic fraction of the coal. Actually, the
evidence that no aromatic material was oxidized below 230 ° C was only
circumstantial. The functional groups first oxidized at 230 ° C could have been
other relatively unreactive groups, not neccesarily aromatic material. The
phenomencn observed at that temperature could also have been the result of a
sudden change in the pore structure of the coal, making the coal more

accessible to oxidation and thus rendering the coal much more reactive.

Another interesting observation from ref. [30] was that the rate of oxidation
of vitrains was at least 50 % slower than the rate of coals, and the maximum
percentage weight loss was significantly lower for the vitrains; indeed, the high-
rank vitrain actually showed a small net gain in weight. Further, the estimated
concentration of unreactive oxygen was rmuch higher for vitrains than for their
corresponding coals. Those results imply that the chemistry of vitrains is
somewhat different from that of coals. The authors suggested that the

difference was due to catalytic action by mineral matter in coal.

1.2.2.1 Mechanism of Coal Oxidation

Following from the work of Jones and Townsend [31], Moschopedis et al,[19,20],
and Jensen ef al,[32], a general mechanism of coal oxidation began to emerge.
Oxidation in air was believed to proceed in four main stages: first, the formation

of coal-oxygen surface complexes, especially peroxides, second, oxidation of the
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coal to produce alkali-soluble species collectively known as humic acids, third,
progressive thermal degradation of the humic acids inte smaller molecules
soluble in acids and water and finally, the breakdown of those molecules into
carbon monoxide, carbon dioxide, and water. The four stages were believed to

overlap, with CO, CO;, and water being by-products in the last two steps.

Jensen et al,[32] first proposed the existence of a separate ‘burn-off'' reaction
by which water and carbonic gases would be produced without decomposition of

humic acids.

In 1979 Berkowitz [7] summed up the prevailing view of how air oxidation of
coal occurs, as follows: Initially oxygen is chemisorbed at readily-accessible
aromatic and aliphatic surface sites and reacts to form carboxylic, carbonyl,
and phenolic groups and, in the presence of water, peroxide and hydroperoxide
complexes. The peroxides are unstable above 70 ® C. In time the coal substance
is degraded to humic acids which are further broken down into progressively
smaller molecules. Humic acids are only formed in significant amounts above
150 ° C and decompose to give water and carbonic gases, especially above 250 °
C. Water and carbonic gases are alse formed, at all temperatures, by a direct
"burn-off” reaction. The overall scheme is shown in Figure 1.1 At higher
temperatures, the above processes are merely accelerated. The oxidation of
aromatic structures follows Tronov's scheme, shown in Figure 1.2 , and similar
reactions cause the oxidation of hydreoaromatic structures. Tronov's scheme is

similar to the mechanism of the gas-phase oxidation of naphthalene.

The existence of the 'burn-off'reaction in the general mechanism described
by Berkowitz is rather doubtful. A dual-path mechanism seems superfluous. We
would expect the carbonic gases and water to arise from some oxidized

intermediate species not necessarily humic acids, which are chemically stable.
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Both Mazumdar et al,[30] and Kam et al.[33] reported that there was a
change in mechanism at about 230 ° C. Mazumdar et al,ascribed that change to
the incipient oxidation of the aromatic fraction of coal while Kam ef al,believed
that it was due to the predominance of 'site-oxygen' reactions over ‘site-site"

reactions at higher temperatures.

In fact the evidence for a change in mechanism at 230 ° C is by no means
conclusive. The apparent change could have been an artifact of the particular

experimental systems used.

1.3 Spectroscopic Analysis of Coal

The combined use of chemical and spectroscopic analysis can contribute greatly
to a better understanding of the structure and chemical reactions of coal. Both
infra-red (IR) and nuclear magnetic resonance {(NMR) spectroscopy have been
used to characterize coal and its products. Although spectra of coal-derived
liquids can be analyzed in fine detail, the spectroscopic analysis of solids is still
a developing science, especially with NMR. Further progress will depend on
improvements in instrument design , continued breakthroughs in theoretical
analysis, and advances in the techniques of nuclear decoupling and spectral

resolution. In this section we discuss both IR and NMR.

1.3.1 Infra-Red Spectroscopy

Infra-Red spectroscopy was first used to characterize coal following the
development of more sensitive diffraction-grating spec‘érometers in the 1950's.
Much of the early work was concerned with developing reliable methods of
sample preparation [34,35,36,37] and with the correct assignment of ir
absorption bands to given C-H and C-O bonds [34,37,38,39]. Currently,the most

widely-used procedure for sample preparation is the potassium halide method,
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in which coal is ground with potassium chloride or bromide under specified

conditions, and pelletized into a disc whose i.r spectrum is then obtained.

For the study of coal oxidation, the most interesting regions of the spectrum
are: the 2980-2860 cm™ region, corresponding to the aliphatic C-H stretching
modes, 3400 cm™, due to associated OH and NH, 3030 cm™, due to aromatic C-
H stretching, 1800-1500 em™, representing C-O stretching frequencies for a
number of different functional groups, and various C-H and C-O bending

frequencies in the 1500 to 900 cm™ range.

Any mineral matter present obviously contributes to the i.r spectrum. In the
past, interference due to mineral matter was often avoided by working with
vitrains rather than whole coals [39,40]. Today some use spectral subtraction
techniques, in conjunction with Fourier Transform Infra-Red (FTIR)

spectroscopy.

The amount of information obtainable from a spectrum depends on the
precision of the instrument. Fourier-Transform Infra-Red (FTIR) spectrometers
give the best spectra. The advantage of FTIR spectrometers derives mainly from
their unique optical system, which utilizes an interferometer to scan a wide
range of frequencies at the same time, producing an interferogram. A fast-
fourier-transform algorithm implemented by an on-line computer is used to
convert the interferogram into a frequency spectrum. By this design, the FTIR
spectrometer has much higher spectral resolution and much higher
signal/noise ratios than the conventional spectrometer, producing a sensitivity
which is particularly advantageous in analyzing an opaque material such as
coal. Because the spectra are stored by the computer, they can be conveniently
compared and analyzed. The subtraction of spectra from different samples, to

highlight their differences, is just one simple example. The high resolution
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makes possible the use of effective techniques for resolving broad bands of
closely-spaced, overlapping peaks, which could not be separated otherwise. Two
such techniques are least-squares curve fitting and fourier self deconvolution
[41,42]. Using those procedures in conjunction with FTIR we are able to follow
more closely the fate of given C-H and C-0 bonds in the coal, and thereby realize

great improvements on past studies of the infra-red spectra of coal.

1.3.2 Nuclear Magnetic Resonance Spectroscopy

Proton and carbon-13 NMR spectroscopy of coal-derived liquids gives fairly
detailed, quantitative information of the functional distribution of protons and
carbon atoms in the sample. The combination of data from FTIR and NMR

spectroscopy can help characterize coal liquids unambiguously.

Carbon-13-NMR spectra of whole, solid coals can be obtained using the
combined techniques of cross-polarization and magic-angle spinning. Such
spectra do not, however, show the detailed disposition of functional groups in
the sample. The major result from those spectra is an estimate of the carbon
aromaticity of the coal. Thus we can investigate whether a given treatment -

such as oxidation - causes changes in the aromaticity of the coal.

1.4 Objectives

Our purpose was to identify the products and understand the mechanism of coal
oxidation in air, with particular interest in the formation of ion-exchange
structures, in view of their potential usefulness. We investigated the origin of
the carbon oxides produced during oxidation. We sought to observe and explain
the effects of temperature and oxygen concentration on the rate of oxidation.
We measured cation-exchange capacity for coals oxidized under different

conditions. While the literature suggests that carboxylic groups are derived
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from methyl groups in the coal, the chemical precursors of phenolic groups are
not clearly identified. Using chemical analysis and FTIR spectroscopy we
observed the functional groups affected by oxidation. A number of workers had
reported an apparent change in the mechanism of oxidation around 225 ® C. We
wished to investigate whether that change was real and whether it was indeed
caused by the incipient oxidation of the aromatic fraction of coal. NMR was

used to measure possible changes in aromaticity.



18

"—"-C01 COZ ’ HZO
COAL + G, —a=Intermediote Species —-C0, C0,, H,0
Humic
Acids
2L5—O;EReqe'\ermed Coal + CO + CO, + H0

FIGURE 1.1: Mechanism of Coal Oxidation in Air,

Proposed by Berkowitz (7)

-0 — X0 X

OH
poe
OH
9 0 Cs0
. ~
—— el ,C'O
[ ‘o C=0
(o]
T
c:o C=0
XXz — XX
C=0 ﬁﬂo
OH
FIGURE 1.2:

Tronovs' Scheme for the Oxidation
of Coal in Air



(1]
[2]
(3]
(4]

(5]

-19 -

References
Kralik J.G, Ph.D Thesis, California Institute of Technology, Pasadena, 1981
Vasilakos N, Ph.D Thesis, California Institute of Technolegy, Pasadena, 1981
Attar A and Corcoran W.H Ind. Eng. Chem. Prod. Res. Dev,, 17, 102, 1978

Friedman S, Lacount R.B, and Warzinski R.P, in Coal Desulfurization, ACS

Symp. Ser. No.64, American Chemical Society, Washington D.C, 1977

Frankie N.W, Kiebler M.W, Ruof C.H, Savich T.R, and Howard H.C, Ind. Eng.

Chem, 44, 2784, 1952
Friedman L.D and Kinney C.R, Ind. Eng. Chem.,42,2525,1950

Berkowitz N, An Introduction to Coal Technology, Acadernic Press, New

York,1979

Gorbarty M.L, and Ouchi K { Eds ), Coal Structure, Adv. in Chemistry Series

No. 192, American Chemical Society, Washington D.C, 1981
Z. Abdel-Baset, P.H. Given, and R.F. Yarzab, Fuel, 47, 95, 1978

Painter P.C, Snyder R.W, Starsinic M, Coleman M.M, Kuehn D.W, and Davis A,

Appl. Spectrosc,, 35, 475, 1981
Conrow R.B, Dufie R.A, Shannon 4.8, and Sternall S, Fuel, 42, 275, 1963

Petrakis 1, Allen D.T, Gavalas G.R, and Gates B.C, Anal. Chem., 85, 1559,

1983
Allen D.T, Ph.D Thesis, California Institute of Technology, Pasadena, 1983
Liotta R, Brons G, and Isaacs J, Fuel, 62, 781, 1983

Yohe G.R, Fuel, 44, 135, 19865



[16]

[17]

[18]
[19]
[20]

[21]

[22]

[23]
(R4]
[25]
(28]
[27]

[28]

-20 -

Denc N.C, Greigger B.A, and Stroud S.G, Fuel,57,455,1978

Deno N.C, Jones A.D, Koch C.C, Minard R.D, Potter T, Sherrard R.S, Stroh

J.G, and Yevak R.J , Fuel,61,49,1982

Kamiya Y, Fuel, 40, 457, 1961

Moschopedis S.E, Fuel, 41, 425, 1962

Wood J.C, Moschopedis S.E, and Den Hertog W, Fuel, 40, 491, 1961

Mazumdar BXK, Bhangale P.H, and lahiri A, J.Sci Ind Research, 15B, 44,

1956

Bhowmik J.N, Mukherjee AK, Mukherjee P.N, and Lahiri A Fuel, 41, 443,

1962

Mazumdar BK, Chatterjee AK, and Lahiri A, Fuel, 46, 379, 1967
Chatterjee A K and Mazumdar B X, Fuel, 47, 93, 1968

Yokokawa C, Wanatabe Y, Kajiyama S and Takegami Y, Fuel, 41, 209, 1962
Schmidt L.D and Elder J.L, Ind Eng. Chemn., 32, 249, 1940

Kona N.R, Fairbanks HV, and leonard J.W, Fuel, 47, 177, 1968

Walters W.A, Mechanisms of Oxidation of Organic Compounds, John Wiley &

Sons, New York, 1964
Mukherjee P.N, Bhowmik J.N, and Lahiri A, Fuel, 36, 417, 1957

Mazumdar BK, Chakrabarty S.K, Saha M, Anand K.S, and Lahiri A, Fuel, 39,

469, 1959
Jones R.E and Townsend D.T'A, J. Soc. Chem. Ind., 68, 197, 1949

Jensen E.J, Melnyk N, Wood J.C, and Berkowitz N, in Coal Science, Given P.H

(Ed), Advances in Chemistry Series No. 55, American Chemical Society,



[33]
[34]
[35]
[36]

[37]

[38]
[39]
[40]
[41]

[42]

_21_

Washington D.C, 1966

Kam AY, Hixson AN, and Perlmutter D.D, Chem. Eng. Sci., 31, 821, 1976
Brooks J.D, Durie R.A, and Sternhell S, Aust. J. Appl. Sci., 9, 63, 1958
Czuchajowski 1, Fuel, 39, 377, 1960

Albers G, Lenart L, and Oelert H.H, Fuel, 53, 47, 1974

Painter P.C, Rimmer S.M, Snyder R.W, and Davis A, Appl. Spectrosc., 35, 102,

1981

Rao H.S, Gupta P.L, Kaiser F, and Lahiri A, Fuel, 42, 417, 1963
Adams W.N and Pitt G.J, Fuel, 34, 383, 1955

Osawa Y and Shih J.W, Fuel, 50, 53, 1971

Kuehn D.W, Snyder R.W, Davis A,and Painter P.C, Fuel, 61, 692, 1982

Griffiths P.R, Department of Energy Report No. DOE/PC/30210-T3, 1982



-92 .

2. OXIDATION OF COAL IN AIR

The work described in this chapter was undertaken to obtain information that
would be helpful in modeling the kinetic mechanism of coal oxidation, and to
obtain samples of oxidized coal for subsequent chemical and spectroscopic
analysis. The effects of external heat and mass transfer resistance had to be
minimized, so that the rates measured could be interpreted chemically. Using a
fluidized-bed reactor, we obtained data free of external transport effects. We
investigated how rates of production of CO and CO; depended on coal type,
temperature, oxygen concentration and time. We looked for a change in the
COsCO; ratio at some temperature, possibly indicating a change in the

mechanism of oxidation.

Several authors had reported an apparent change in mechanism at 225°C.
We sought to determine whether this apparent change was real and if so whether
of chemical or physical origin. If the change was chemical, we wished to
establish whether it resulted from the decomposition of carboxylic groups or, as

some authors had supposed, from the incipient oxidation of aromatic rings.

2.1 Previcus Work

Most of the early published data on coal oxidation indicated that the rate of
oxidation in air tends to decay with time. Several workers measured the
amount of oxygen consumed and fitted their data to equations such as (1), in
which g is the cumulative amount consumed and C and n are empirical
constants. The exponent n was reported as -0.5, by Frey [1] and -0.25 by
Schmidt and Elder [2]. Other workers [3,4] expressed their data in terms of the
Elovich equation, shown below as Egs. (3) and (4), in which the quantities q, tg

and B are empirical constants.
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The Elovich equation was in fact originally proposed in 1940 as an empirical
relation. Later, several workers, notably Taylor and Thon [5] justified it by a
theory of chemisorption involving the creation and subsequent deactivation of
active sites on the surface. Thus, Wood argued that his data, taken at 30°C
indicated that chemisorption was the key step in coal oxidation. The same
results, however, could have been obtained from a measurement of gas
diffusion. Harris and Evans [6] have shown that numerical values consistent
with the Elovich equation, subject to a suitable choice of the constant tg, can be
generated from the standard mathematical solution to the problem of unsteady

diffusion into a sphere, viz. Eq. (4):

2.2
Doty (@

r

el

where r is the radius of the sphere, t is the time, D, is the effective diffusivity,

and q is the total amount of diffusing species taken up by the sphere at time t.

The empirical relations of Egs. (1)-(3) should not be taken too literally
because they were based on data that were generally not very accurate. The
values of (dq/dt) used by the authors of Refs. [1-4] were obtained by estimating

the slope of the q vs. t curve, using measurements of q which were not precise
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because the experimental systems used were somewhat crude.

As an example, consider the experimental system used by Carpenter and
Giddings [4]. They put coal in a packed bed within a closed system through
which air was recirculated slowly by means of a pump. The water and CO.
produced by reaction were removed by adsorbents contained in U tubes and the
CO was oxidized over an electrically-heated platinum wire, to produce COp which
was then removed by adsorption. Every 15 minutes the recirculation pump was
stopped and a known amount of oxygen was added to the closed system,
sufficient to reestablish the total pressure of the system. That amount was
defined as the amount of oxygen consumed by coal oxidation. Thus, they
measured the rate of oxygen consumption. They assumed that the oxygen
required to oxidize the CO was negligible, whereas in fact it represented up to
30% of all the oxygen consumed. Apart from errors in measuring oxygen
consumption, the overall rate was also influenced by gas-to-particle mass

transfer resistance because gas recirculation was slow.

In the work of Schmidt and Elder [2], about 180 lbs of - 1/4-inch coal were
placed in a rotating drum and a mixture of nitrogen and oxygen was passed
through it. The effluent gases were analyzed chemically for oxygen, CO and COy.
The temperature of the drum was maintained using a gas burner. Because of
low flow rates and large particles, the overall rate was again affected by external

mass transfer.

The different authors reported different orders of reaction with respect to
oxygen concentration. Carpenter and Giddings [5] oxidized six coals at 95°C and
reported orders of 0.32 to 0.67 . Elder [2] quoted 0.61. Because of external
mass-transfer resistance, no valid mechanistic interpretation can be placed

upon those orders of reaction. Likewise, the value of 12 kcal/g mole for the



-25 -

activation energy of the oxidation reaction, reported in Ref. [2], may be subject

to error.

Perlmutter and co-workers [7-9] used a packed-bed reactor to study the
oxidation of seven coals of different rank and geographical origin. The range of
oxidation temperatures was 200-277°C and the partial pressure of oxygen was
varied from about 0.1 almospheres to about 0.4 atmospheres. Experiments
were performed with three particle-size fractions: -6 to -14 mesh {1.41 to 3.38
mm), -14 to -18 mesh (1.0 to 1.41 mm), and -18 to -50 mesh (0.3 to 1.0 mm),
which had external surface areas of 3.25, 5.5 and 15.25 m®/kg, respectively.
They monitored the concentrations of oxygen, CO and CO; in the effluent gas
using a gas chromatograph and measured the amount of water produced by

absorption in the drying agent anhydrone,

A dual-path model was proposed for the reaction between coal and oxygen,
similar to that of Berkowitz which is shown in Figure 1.1. Reaction was assumed
to occur only at the external surface, and intra-particle diffusion was neglected.
The burn-off reaction, path I, was assumed not to be rate-limiting. Rapid
chemisorption of oxygen would create "activated complex” reactive sites, which
would then decay by further reaction with oxygen and by bimoclecular site-site

deactivation reaction, such as free-radical recombination.

At 200 and R25°C, the rates of evolution of CO and CO; were constant with
time; and at 250 and 277°C the rates decayed exponentially with time. At a
given temperature the ratio of CO; to CO produced remained constant with time.
Their data, reproduced in Table 2.1, show that this ratio had its minimum value
at 225°C. Actually, as we shall see later, their data may have been confused by
the use of large overall oxygen conversions, causing concentrations and

temperatures within the packed-bed reactor to be highly non-uniform and
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significantly different from their nominal values.

The authors speculated that the apparent change in mechanism was caused
by the predominance of the activated site-oxygen reaction over bimolecular site-

site deactivation, at the higher temperatures.

The experimental system used by Kam et al. [B] [B] and Avison et [9] al. [9]
represented a significant improvement over previous systems. The rates of
consumption of oxygen and production of carbon oxide gases were more
accurately measured than in previous investigations. Relatively high flow rates
of air were used and thus the influence of gas-to-particle mass transfer
resistance was minimized. Using typical values of operating parameters for an
oxidation run, as given in Ref. [B], we estimated (see calculation in Appendix A)
that gas-film mass-transfer resistance accounted for about only 0.24% of the
total difference in oxygen concentration between the bulk gas and the reaction
interface. In other words, the overall rate was controlled by the rate of chernical
reaction and, perhaps, by intra-particle diffusion but not by external mass

transfer. This statement contradicts one of the conclusions of Kam et al. [B].

In Ref. [B], it was stated that the overall rate was affected by external mass
transfer. That conclusion was based on the observation that the reaction rate
increased with decreasing particle size and with increasing air flow rate. To
explain why the rate of reaction increased with increasing air flow rate, we note
that, for the experiments described in Ref. [B], the overall conversion of oxygen
typically ranged from about 70% at the beginning of an oxidation experiment to
about 30% after six hours of reaction. Those figures are extracted from data
reported in Ref. [B], and evaluated in Appendix A. At such high levels of
conversion, increasing the air flow rate raises the mean oxygen concentration

and thereby causes the overall rate of reaction to increase. Considering that



-27 -

the oxidation of coal is an exothermic reaction, we would expect that the large
concentration gradients within the bed also led to significant temperature
gradients and possibly also to "hot spots”; because of the well-known difficulty of
maintaining uniform temperatures in packed beds. The higher reaction rate
observed with smaller particles could be due also to possible higher bed

temperatures, caused by agglomeration and poor air circulation.

The. very high conversion of oxygen used by Kam et al. invalidated the
assumption made, in developing their mathematical model of reaction [7], that
the packed bed could be regarded effectively as a differential reactor, allowing
them to linearize the standard design equation for the plug flow reactor.
Consequently, much of the quantitative interpretation of reaction rates

presented in Ref.[8] was incorrect,

2.2 Oxidation of Coal in a Fluidized Bed Reactor

The benefits of fluidized-bed reactors have long been recognized [10,11]. A
fluidized bed behaves as a turbulent system, characterized by large eddy
diffusivities of heat, mass and momentum. In gas—solid systems, particulate {i.e.
non-bubbling) fluidization minimizes gas by-passing, effectively giving complete

mixing of the gas and solid phases.

The fluidized-bed reactor meets the important requirements of a good
laboratory reactor for studying gas-solid reactions. Those criteria are given

below.
1. Isothermal operation and ease of control of temperature.
2. low conversion of key reactive component.

3. Minimal influence of external mass transfer on overall rate of reaction.
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4. Facility for taking representative samples of reacted solids, where needed.
5. Low cost and ease of construction.

The measurement of reaction ralel is slagpliicl ooeally d regaiicmeant= (1) and
(2) are satisfled. With an isotlierinal Dol el lon coinensicn of the reactive gas-
stream component A, the bed can be trealed as o didc. ential reactor [12]. The
instantaneous rate, r,, is calculated readily frora the miclar fiowrate F and the

3

difference in molar concentrations {(ca) of A in the inlct and exit streams. Thus,
ra =FAcy, Acy << c, (5)

In our fluidized-bed oxidation experimernts, the conversion of oxygen was
typically 1.5% and, therefore, the conditions for the use of Eq. (5) were well

satisfied.

A packed-bed reactor such as that used by Kam et al, by contrast, is an
integral reactor. Such reactors are generally suitable for obtaining rate
constants with systems for which rate expressions are available and where small
concentration differences would be difficult to measure. The assumed rate
expression is used to calculate the overall conversion by numerical solution of
the coupled equations of heat and mass transfer and chemical reaction. The
iterative calculation is repeated until the calculated conversion is arbitrarily
close to the observed conversion. Clearly, good estimates of intrinsic reaction
rates will not be obtainable unless the correct rate expression is used. The
integral reactor is unsuitable for a system with multiple reactions or with

unknown, or time-dependent, kinetics.

Appendix A shows the calculation in which we estimated the magnitude of
external mass-transfer resistance under typical operating conditions of our

reactor. Based on that calculation, we estimated that external mass transfer



-29 -

accounts for only approximately 0.13% of the overall oxygen-concentration
difference between the bulk gas and the particle. Thus we concluded that the

overall rate of reaction was essentially independent of external mass transfer.

The possible influence of intra-particle mass transfer on the overall rate of

reaction is discussed in Chapter 6 of this thesis.

The only other reported use of a fluidized-bed reactor to study coal oxidation
was by Toynbee and Fleming [13], who oxidized a sub-bituminous coal with air at
200-325°C in a 2-inch diameter fluidized bed for up to seven hours. According to
their account, the bed tended to heat up by about 75°C upon addition of coal,
causing temperature control to be extermely difficult. The composition of the
effiuent gas at 325°C is shown in Table 2.2 . The table shows that the rates of
production of carbon oxide gases declined markedly with time. The authors did
not report any rates of reaction. In view of the high conversion of oxygen
implied by the figures in Table 2.2, the true rate of reaction would have been

difficult to evaluate.

2.3 Experimental Set Up

2.3.1 Apparatus

The experimental apparatus we used is shown schematically in Fig. 2.1. Air
was taken from the BO psig laboratory air supply. Any CO and CO; present in the
air was removed by molecular sieve material contained in a cylindrical
container. Fresh, regenerated molecular sieve was used in every experiment.
For some special experiments, pre-purified nitrogen was used instead of air. The
feed pressure of either gas could be adjusted to the desired value by adjusting

the pressure regulators and the valves in the feed lines.



-30 -

The 12-inch long reactor and the 4-inch long preheater were made from 3/4-
inch o.d, 1/8-inch wall mild-steel tubing. Both sections were heated externally
using copper heating blocks made by inserting electrical heating elements into
specially-drilled holes in each of two identical copper blocks. The preheater was
filled with 0.3-0.4 mm glass beads to increase its heat capacity and the area
available for heat transfer. The reactor section and the preheater section were

both well insulated with alumina blanket insulating material.

The power supplied to the heaters was controlled by two independent variacs.
The preheater voltage was normally set at about twice the voltage of the reactor
heater voltage. An on/off temperature controller was used to regulate the
preheater. It was actuated by the voltage signal from a sheathed thermocouple
inserted into the fluidized bed, about an inch above the distributor plate of the
bed. The thermocouple readings were also recorded by a chart recorder. Bed

temperature was controlled frequently to within + 1°C.

Entrained particles in the exit stream were removed by a screen at the top of

bed and by a solids trap consisting of a 3/4-inch tube filled with glass wool.

When required, samples of oxidized coal were withdrawn via a 1/8-inch
diameter sample port, while keeping the bed fluidized. First the bed would be
de-fluidized, then thel plug on the sample port would be removed. Then the air
supply valve would be opened momentarily, fluidizing the coal and causing it to
issue out of the sample port. The duration of the pulse determined the quantity

of sample taken.

The effluent gas from the reactor was cooled to room temperature in a coiled
1/4-inch diameter copper tube immersed in a water bath, and then passed
through a millipore filter and thence to the Infra-Red Spectrometric Analyzer

for CO and CO;. The analyzer was a Series 702 Model, manufactured by Infrared
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Industries Inc. of Santa Barbara, California. The range of the COg scale was 0-1%
and the range of the CO scale was 0-68%. The exit gas stream was not analyzed
for oxygen because the total conversion of oxygen was very low, and a suitable

accurate instrument to monitor oxygen concentration was not available.

2.3.2 Experimental Method

A 3/4-inch diameter fluidized bed made from lucite was used to establish
minimum fluidizing velocities and optimum operating velocities for the different
particle-size fractions used. The reactor was operated as a bubbling fluidized

bed.

Before the start of each oxidation run, the infrared analyzer was checked
fully using an oscilloscope, and then calibrated. Calibration consisted of a zero
calibration and a span (proportionality) calibration. Pre-purified nitrogen was
used for the zero check and a standard gas mixture containing known
concentrations of CO and COz; was used for the span calibration. During a run,
the zero calibration was repeated every hour and the span calibration was
repeated every four hours. Typical CO concentrations represented less than 4%
of the fullscale reading and were therefore rather inaccurate. CO; readings were
about 10-50% of fullscale. Therefore, we based most of our quantitative analysis

on COp reaction rates.

At least four hours before the start of an oxidation run, the heaters were
switched on and the temperature controller set to the temperature at which the
oxidation run was to be performed. The air flow rate was also set to the value to
be used in the experiment. The infrared analyzer was switched on, to allow

sufficient warm-up time prior to calibration.

During warm-up, the temperature in the reactor was recorded by the
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thermocouple recorder chart. Coal was added to the bed when the desired
steady temperature had been attained. The flow of air was shut off and a known
weight of coal, usually about 10 grams, was added to the bed through the coal
feed line. The coal was allowed to heat up for about two minutes and then the
flow of air was restored. The desired operating temperature was usually re-

established in about 30 minutes.

Normally, several runs were made for each given set of operating conditions.
Some runs were for measuring rate data, others were for obtaining samples of
oxidized coal for subsequent chemical and spectroscopic analysis. When
reaction rates were to be measured, no samples of oxidized coal were taken.

The typical run lasted about 12 hours.

2.3.3 Experiments Performed

Three different coals were used: PSOC 704, a high-volatile bituminous "A"
coal; PSOC 615, a low-volatile bituminous 'B" coal; and PSOC 247, a lignite "A". All
three coals were obtained from the Penn State Coal Bank in Pennsylvania. Table
2.3 shows analytical data on the coals, provided by the coal bank. PSOC 704 coal

was used in most of our investigations.

2.3.3.1 Oxidation Experiments

We studied the air oxidation of coal at temperatures of 175-425°C and total
pressures of 125 kPa. to 274 kPa. (3.5 to 25.0 psig) and used coal particles of
four different size fractions. We measured rates of evolution of CO and CO,. As

mentioned earlier, oXygen consumption was not measured.

The following sets of oxidation experiments were performed:
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. Oxidation of PSOC 704, PSOC 615 and PSOC 247 coals at 200°C and 126 kPa.
(3.5 psig), using 68-B0 mesh (177-250 um) particles, to compare rates of

reaction for three different coal types.

. Oxidation of PSOC 704 coal at 200°C and 126 kPa. (3.5 psig), using 42-48
mesh (297-354 um), 60-80 mesh {177-250 wum) and 100-120 mesh (125-149
pm) particles, to investigate the effect, if any, of particle size or external

mass transfer on the rate of oxidation of coal.

. Oxidation of acetylated, 60-80 mesh PSOC 704 coal at 200°C and 126 kPa.
(3.5 psig) to see what effect, if any, the blocking of free hydroxyl groups
would have on the rate of oxidation of coal in air. The hydroxyl groups in
the coal were blocked by forming their acetyl derivatives by refluxing the
coal for 24 hours, using a 2:1 mixture of pyridine and acetic anhydride, as

described in Chapter 3.

. Oxidation of 80-80 mesh PSOC 704 coal, acid-washed using the procedure
described in Chapter 3, at 200°C and 126 kPa. (3.5 psig) to investigate the
possible catalytic effect of Fe*® and other cations on the autoxidation of

coal.

. Oxidation of 60-80 mesh PSOC 704 coal at a series of temperatures in the
range 280-325°C, noting how the CO0z/CO ratio varied with oxidation

temperature.

. Oxidation of 60-80 mesh PSOC 704 coal at 126 kPa. at temperatures of 175,
200, 230, 250, and 280 ° C to study the effect of temperature on reaction

rates.

. Oxidation of PSOC 704 coal at 200°C, using 868-80 mesh (177-250 um)

particles and total pressures of 126, 181, 205 and 274 kPa. (3.5, 11.5, 15.0
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and 25.0 psig), to study the dependence of reaction rate on oxygen partial

pressure and measure the order of reaction with respect to oxygen.

2.3.3.2 Heating of Oxidized Coal in a Stream of Pure Nitrogen

We used 80-B0 mesh PSOC 704 coal for these experiments. We observed the
effect of heat on oxidized coal by measuring the concentration of COz and CO in
the effluent gas stream and by analyzing samples of the coal before and after

prolonged heating. Two sets of heating experiments were performed:

In the first set of experiments, set A, a sample of oxidized coal was subjected
to heating at four successively higher temperatures, from 200 to 250°C. The
coal had been oxidized at 200°C for nine hours using air, and then the flow of air
replaced by a stream of pre-purified nitrogen, while maintaining reactor
temperature at 200°C. The concentration of CO; in the effluent stream was
monitored. A few measurements of CO concentrations were also made but,
because the CO scale was relatively insensitive, we did not use them to calculate
CO evolution rates. After heating at 200°C for four hours, the bed temperature
was raised to 210°C within 30 minutes and maintained at 210°C for 3.5 hours

and then to 250°C for three hours. The results are shown in Fig. 2.11.

In the second set of experiments, set B, samples of coal were oxidized for six
hours at 126 kPa. (3.5 psig) and at temperatures of 200°C and 250°C,
respectively, and then heated at the given temperature for 6-12 hours in a
stream of pure nitrogen. We had established that the hold-up time between the
gas inlet valve and the CO/CO; analyzer was about four minutes. Allowing for
that delay, we determined initial COp rates for the heating experiment at each
temperature, and compared that rate with the oxidation rate. The results are

shown in Fig. .12 and Table xx.
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2.4 Results and Discussion

Reaction rates for the oxidation experiments and heating experiments are
summarized in this section. Some of the implications of those results are
discussed briefly. In Chapter 6 of this thesis we will attempt a fuller explanation
of the important aspects of coal oxidation, encompassing our findings from
chernical analysis and spectroscopy of oxidized coal as well the results

summarized here.

2.4.1 Oxidation Experiments

Figures 2.2 and 2.3 show COz and CO rates at 200°C for the three coals used in
this study. The lignite PSOC had the highest rate of reaction and the low-volatile
bituminous PSOC 6815 the lowest. Rates of evolution of CO and CO, declined with
time, at different rates for each coal, with the steepest decline occuring in the
early stages of oxidation. Presumnably, the rate of oxidation fell as reactive

species in the coal are depleted.

Below about 250°C, the ratio COy/CO decayed fairly slowly with time. With the
higher rates of oxidation at higher temperatures the CO,/CO ratio decreased
with time, apparently indicating preferential consumption of COp-producing
reactive functional groups. The value of this ratio at 200°C was 1.71 for PSOC
247, 0.99 for PS0OC 704 and 1.26 for PSOC 615, Clearly, the ratic depends on the
nature of the reacting coal. In Fig. 2.10 we see that the ratio was also a function
of temperature. Figure 2.10 shows a fairly linear increase in CO,/CO ratio for
PSOC 704 coal, from 0.87 at 175°C to about 1.5 at 300°C. In contrast to the data
of Kam et al. shown in Table 2.1, we found no minimum in the value of the
C0z/CO ratio at some temperature. Above 300°C the ratio did not increase

further, but actually began to show a faster rate of decline with increasing time
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of oxidation. Our data suggest no sharp change in oxidation mechanism

between 175 and 300°C.

The effect of temperature on the rate of oxidation of PSOC 704 coal is shown
in Figs. 2.4 and 2.5. The absolute rate and the slope of the rate vs. time curve
increased sharply with temperature. From an Arrhenius plot of initial CO; rate
against the reciprocal of the temperature, Fig. 2.6, we estimated the activation
energy as 68.2 MJ/kg mol (16.3 kcal/g mole). A similar plot of the initial CO rate

gave an activation energy of 49.0 MJ/kg mol {(11.7 kcal/gmole).

Measured CO; rates at 200°C for PSOC 704 particles of different size showed
that particle size has no effect on the overall rate of CO; evolution. Rates of CO

evolution for different-sized particles were also similar.

Figure 2.7 shows that blocking free OH groups by acetylation does not cause a
decrease in the rate of oxidation; indeed, the reaction rate is marginally
increased, probably because the pyridine solvent used extracted some organic
material and possibly opened up the micropore structure. In addition, the CHs
of the acetyl group may also have contributed to the slightly higher initial

oxidation rate of the acetylated coal.

The rates of production of CO and CO; were not affected by prior washing of
the coal with dilute HCl. Therefore, we conclude that the air oxidation of coal at

200°C is not catalyzed by acid-soluble cations.

The influence of oxygen partial pressure on the CO; evolution rate is shown in
Figs. 28 and 2.9 and in Table 2.4. The apparent order of reaction was 2.1
initially, 1.5 at six hours and 1.6 at 12 hours. The error in these values was
about + 10%, and so we may say that the initial rate is bimolecular in oxygen.
The change in reaction order with time indicated that the reactions occurring

were complex and, perhaps, sequential.
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2.4.2 Heating of Oxidized Coal in a Stream of Pure Nitrogen

Figures 2.11 and 2.12 show rates of evolution of CO; as a function of time, for
samples of PSOC 704 coal heated in a stream of pure nitrogen following

oxidation in air.

Results of the set "A" experiments are shown in Fig. 2.11. We note that the
thermal CO; rate decayed much faster than did the oxidation rate at the same
temperature. Evidently, the thermal reaction involved the rapid decomposition
of oxygenated species which, in the absence of oxygen, were not replenished.
From the initial rates of the thermal reaction at 210, 230 and 250°C, we
estimated that the activation energy of the thermal reaction was about 83
MJ/kg mol (15 kcal/g mol), roughly equal to the activation energy of the
oxidation reaction. The CO scale of our infrared analyzer was unfortunately not
sensitive enough to give us reliable readings of CO concentration in the nitrogen
stream; nevertheless, the few readings we obtained suggested that the CO;/CO
ratio for the thermal reaction was approximately equal to that of the oxidation

reaction at the same temperature.

Figure 2.12 shows the sudden decline in C0y/CO rate when nitrogen was
substituted for air, at 200°C and 250°., We estimated the initial rates of the

thermal reaction by extrapolation. The rates are summarized in Table 2.5 .

Samples of oxidized coal and heated coal were analyzed for total acidity and
carboxylic acidity. The results are shown in Table 2.6. Clearly, the thermal
reaction was not fast enough to cause significant depletion of the carboxylic-
acid groups in coal. That conclusion is consistent with the observed low rates of
evolution of carbon oxide gases in the thermal experiments. At 200°C, the
thermal COg rate is about 4 x 107® kg mol/kg coal-sec so that, in eight hours,

about 1.15 x 107 kg mol/kg coal of CO; is produced. Assuming that an equal
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amount of CO is evolved, we see that if the carbon oxide gases were derived from
carboxylic groups the carboxylic acidity would be reduced by 0.23 g mol/kg coal
in eight hours. The fact that the carboxylic acidity of the coal is unchanged
after heating suggests that the carbon oxides were derived from some
oxygenated intermediates other than carboxylic acid groups. On the other
hand, there is a notable decrease in the phenolic content of the coal, which
strongly suggests that, on heating, the phenolic groups undergo condensation

and form ether groups.

The observation that the concentration of carboxylic-acid groups is not
affected greatly by heating, whereas the thermal CO; rate decays rapidly, implies
that those acid groups are not the proximate source of the carbon oxide gases.
Those gases must be produced from some other oxygenated intermediates
whose concentration falls off rapidly when not replenished by the reaction of

coal and oxygen.
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Table 2.1
Relative Rates of Production of CO; and CO

in Packed-Bed Oxidation Experiments of Kam ef. al. , Ref. [8]

Temperature (°C) | CO/CO; ratio
200 1.57
225 1.06
250 1.38
277 1.561
Table 2.2

Composition of Reactor Exit Gas in

Fluidized-Bed Oxidation Experiments of Toynbee and Fleming, Ref. [13]

Percentage of Gas in Exit Stream
Gas After 27 Minutes | After 6.5 Hours
of Oxidation of Oxidation
COq 8.7 3.4
co 2.5 1.8
0z 7.6 17.86
C0,/C0O Ratio 3.5 1.9
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Table 2.3

Data on Coals Used in Oxidation Experiments

Penn State Coal Bank Number
PSOC 704 PSOC 615 PSOC 247
Origin West Virginia | Pennsylvania | North Dakota
Coal Province Fastern Eastern N. Great Plains
Coal Region Appalachian Applachian Fort Union
Rank High Volatile A | Low Volatile Lignite A
Bituminous Bituminous
Proximate Analysis
{ % , moisture-free )
Ash B.24 15.73 11.29
Volatile Matter 40.55 19.25 41.00
Fixed Carbon 51.21 65.02 47.73
Elemental Analysis
( % , moisture-free )
Cc 75.29 72.17 65.88
H 5.18 3.97 4.22
N 1.02 1.14 1.32
Organic S 1.71 0.78 0.44
0O (diff.) 6.71 4.02 15.36
Min. Matter 10.09 17.92 12.77
Total S 3.37 1.08 0.47

Note: Data and Coals were provided by the Penn State Coal Bank.
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Table 2.4

Effect of Oxygen Partial Pressure on Rate of CO; Evolution for

80-80 Mesh PSOC 704 Coal Oxidized at 200° C

Total Oxygen CO; Rate (kg mol/kg coal-s)x 107
Pressure Partial
(kPa.) Pressure | Initial Rate Rate at Rate at
(kPa.) 7=860hr { 7=120hr

125.5 26.3 52 4.0 3.8

180.6 37.8 12.3 7.2 6.3

204.7 42.9 16.7 B.7 7.3

_R73.7 57.3 25.7 13.0 12.3
Apparent Order 2.1 1.5 1.6

of Reaction (+ 10 %)
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Table 2.5

Rates of Evolution of CO; from PSOC 704 Coal

Temperature (° C) 200 250
CO; Rates (kg mol/kg coal-s)
- R,, Oxidation Rate at 7= 6 hr 400x10% | 1.08 x 1077
- Ry, Initial Heating Rate, at T=6hr 4 min | 1.58 x 107® | 275 x 10"
- Ry, Heating Rate at 7 = 6 hr 30 min 7.4x107® | 1.23x 1078
Ratio Rz / R, 0.396 0.260
Ratio Rg / R, 0.185 0.116
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Table 2.6

Acidity of PSOC 704 Coal Samples Oxidized in Air and

Heated in a Stream of Pure Nitrogen

Oxidation Heating in Np Acidity (g eq./kg coal)
Temp | Time | Temp | Time | Total | Carboxylic | Phenolic
(°C) | (ar) | (°C) | (hr)
200 12 - - 5.27 2.12 3.15
12 200 8 4.11 2.15 1.986
250 12 - - 7.72 3.73 3.99
12 250 8 5.69 4.05 1.85
12 250 12 523 3.99 1.24
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3. CHEMICAL AND PHYSICAL ANALYSIS OF COAL

The methods currently available for chemical characterization of coal are all
subject to varying degrees of uncertainty, mainly because coal is an essentially
non-homogeneous material. First, representative samples are sometimes
difficult to obtain. Even when the ASTM procedure D 3172-73 is used, a
representative sample may not be obtained if the coal particles are chemically
non-uniform. An example of this problem is seen in the analysis of coal for iron
content, where some particles may have chips of iron pyrite attached to them
while others are essentially iron-free. A second common problem with coal
analysis, especially where liquid reagents are used, as in functional-group
analysis, is that often sites of reactive functional groups in the coal are
physically inaccessible to the reagent molecules, due to mass-transfer limitation
or steric hindrance. In some cases mass-transfer limitations can be reduced,
and chemical reaction speeded up, by using small particles of coal and
performing the reaction at elevated temperatures for long periods of time, on
the order of days rather than hours. Solvents such as methanol and pyridine
may also be used to swell the coal and open up the transitional pores in the the
coal, allowing reagent to diffuse further into the coal. Most of the pore surface
area in coal, however, is accounted for by the smallest pores, the micropores,
which are impenetrable to all but the smallest molecules. Where analytical
precision is essential, the experimentalist .must resert to using coal-derived
liquids, which can be reacted with chemical reagents without mass-transfer
limitations. Unfortunately, the process of 1iquefacti§n alters some of the
chemical characteristics of the coal. Heteroatoms such as oxygen and sulfur
are lost while carbon and hydrogen escape as methane or ethane. Therefore
results based on the analysis of coal-derived liquids are not always directly

applicable to coal.
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In this chapter we describe the analytical procedures which we used to
characterize coal, and also give some estimate of the reproducibility of the data.
Of course, reproducibility alone does not guarantee accuracy. In discussing the
results we will also indicate, where applicable, the possible effects of diffusional
and other limitations on the accuracy of the data. As long as we appreciate the
limitations of the data, useful information about coal can be obtained from

chemical analysis.

3.1 Analytical Procedures

3.1.1 Heating Values

Heating values were measured according to ASTM Method D 240-84, using the
1341 oxygen bomb calorimeter manufactured by the Parr Instrument Company.
The method measures the higher heating value (HHV) . By taking all the
neccesary precautions and carefully following the standard procedure we
obtained results which were reproducible to within 233 ki/kg (100 Btu/Ib) , or
about + 1 % . The most critical experimental detail was ensuring that no coal
was blown out of the combustion crucible while filling the bomb with pure

oxygen under pressure, prior to combustion.

3.1.2 Ash Content

Ash content was determined according to ASTM method D 3174-73. A 1 g sample
of coal of known moisture content was weighed into a crucible and placed in a
cold muffle furnace. The furnace was slowly heated to 750 ° C over a period of 2

hours and maintained at that temperature for four hours. The furnace was
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switched off and allowed to cool down to room temperature, and the remaining
ash was weighed. The sample was again heated, cooled and re-weighed until the

final weight was constant.

3.1.3 Volatile Matter Content

Volatile matter content was determined in accordance with ASTM method D
3175-77. About 1 g of the sample was weighed into a nickel crucible of known
weight. The crucible was covered with a lid and placed into a muffle furnace at
950 ° C. After heating for exactly 7 minutes the crucible was removed from the
furnace and allowed to cool, then weighed. The crucible was then weighed empty
to find the net weight of the final coal residue. The volatile matter content of
the coal was given by the percentage loss in weight minus the moisture content

of the original coal sample.

3.1.4 Elemental Analysis

3.1.4.1 Carbon, Hydrogen, and Nitrogen

Analyses were performed at the Caltech Microanalytical Laboratory and also at
Galbraith Laboratories Inc. in Tennessee. Analyses of PSOC 704 coal samples by
the two laboratories gave slightly different results. The relative percentage
differences between the two sets of values was about + 0.5 % for carbon, about
+ 7 % for hydrogen, and about + 10 % for nitrogen. Those figures give a true

indication of the degree of error associated with each elemental analysis.

The following procedure was used for C, H, and N at the Caltech
Microanalytical Laboratories. 1-2 milligram samples of coal were combusted in

a stream of pure oxygen and the products analyzed for percent carbon,
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hydrogen, and nitrogen using a Perkin-Elmer model 240 A analyzer. A
combustion aid, consisting of a mixture of vanadium pentoxide and tungsten
trioxide, was used to ensure complete combustion of samples. Carbon and
hydrogen contents were determined from the amount of carbon dioxide and
water absorbed from the combustion gases. Nitrogen content was measured by
a modified Dumas method, by which oxides of nitrogen were converted to
nitrogen gas, whose concentration in the product stream was then measured by

a thermal conductivity detector.

Because of the small size of the samples used in microanalysis, several

determinations were usually required in order to obtain reproducible results.
3.1.4.2 Sulfur and Forms of Sulfur

The total sulfur content of coal was measured using a Leco furnace, in
accordance with the high-temperature combustion method described in ASTM
Method D 3177-75. A 0.5 g sample was placed into a boat made of refractory
material and burned in a tube furnace at 1350 ° C, in a stream of oxygen. The
sulfur oxides produced by combustion were absorbed into a solution of
hydrogen peroxide, producing sulfuric acid. After 15 minutes of combustion the
flow of oxygen was stopped, and the furnace was purged for about 10 minutes
using a stream of helium. The amount of acid produced was then determined by

titration against a sodium hydroxide solution.

With coals that contain measurable amounts of chlorine, HCl is produced
upeon combustion and contributes to the acidity of the effluent gases. The ASTM
procedure describes how to make the proper correction for chlorine. The coal
we used, however, contained less than 0.01 % Cl and therefore no correction was

neccesary.,
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There are three main forms of sulfur in coal - sulfates, pyritic sulfur, and
organic sulfur. The ASTM Method D R492-68, which we used, defines organic
sulfur as the difference between total sulfur and the sum of sulfate and pyritic
sulfur. Organic sulfur content is subject to the accumulated errors in the
determination of the other forms of sulfur and therefore can be relatively
inaccurate. The ASTM procedure, however was accurate enough for our

purposes.
8.1.5 Total Acidity

The total acidity of a given coal is the total concentration of phenolic and

carboxylic acid groups.

Total acidity was measured using a procedure based on barium cation
exchange at 12.5, by a slight modification of the baryta method, first described
by Syskov and Kukharenko [1], and later elaborated by Schafer [2,3]. This
procedure requires that the coal sample first be washed in dilute acid, to
remove any cations which may be associated with the acid groups in the coal
and replace them with protons. The measured values of total and carboxylic
acidity for acid-washed coal samples are usually higher than the values obtained
without acid washmg. The difference is greatest for lignites and oxidized
bituminous coals. For example, Ruberto and Cronauer [4] reported that the
measured carboxylic acidity of a particular lignite increased from 0.9 to 3.1

m.eq/g coal after acid washing.

Our procedure for acid washing was based on a slight modification of a
procedure suggested by Blom et al. [5]. About 1 g of -80 mesh coal was added to
50 ml of 1N HCl in a beaker and then boiled for 3 hours on a heating plate. Then

the coal was filtered and washed repeatedly with distilled water until the pH of
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the effluent, as measured by a standard pH meter, was neutral. The coal was
then dried in a vacuum oven at 105 ® C. The dry, acid-washed sample was used
in the cation-exchange procedures for the determination of total acidity and

carboxylic acidity.

Total acidity was determined as follows: About 0.3-0.4 g of the coal sample
was accurately measured and placed into a 200 ml flask containing 25.0 ml of a
0.1 N solution of barium hydroxide. About 50 ml. of distilled water was added,
and the flask was purged of air, using nitrogen gas, and then sealed so as to
prevent the absorption of CO; from the atmosphere while the contents of the
flask were magnetically stirred for 24 hours. The protons released by cation
exchange reacted with the hydroxyl ions in solution, thus reducing the alkalinity
of the solution. The pH of the solution, initially about 12.5, fell to a steady final
value of 12.2 within one day. The coal sample was filtered and washed, and the
filtrate and washings were collected and used to determine the amount of alkali
remaining after barium exchange, by titration against hydrochloric acid. The
acid released by the coal sample was equated to the alkali consumed. Barium
hydroxide tends to react readily with the CO; in air; therefore we performed a
blank run from which we were able to establish that, using our procedure, the
amount of alkali lost because of reaction with atmospheric CO; was negligible.
The results we obtained were reproducible to within + 3 % for the bituminous

coals and + 10 % for the lignite.

3.1.6 Carboxylic Acid Groups

The concentration of carboxylic acid groups was estimated by cation exchange,
using barium acetate at pH 8.3. Variations on this method have been used by a

number of workers in the past. Our procedure was based on the guidelines laid
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down by Schafer [2,3].

Depending on the pH of the solution, cation exchange can affect phenolic
groups as well as carboxylic acid groups. The acid released by cation exchange
lowers the alkalinity of the solution, and the change in alkalinity then gives a
direct measure of the acidity of the coal sample. In determining carboxylic
groups we used a 1N solution of barium acetate, which has a pH of 8.3. Schafer
had concluded from his investigations that complete exchange of carboxylic
acid groups at room temperature would be achieved at pH B.2-8.4, without

exchange of the phenolic groups.

The procedure we used was as follows: About 0.3-0.9 g of coal was weighed and
added to a 200 ml flask containing 75.0 ral of 1N barium acetate solution. The
flask was flushed with nitrogen gas for about five minutes, a magnetic-stirring
bar was placed in the flask, and then the flask was sealed with self-adhesive film,
to exclude any CO; from the atmosphere, and placed on a magnetic stirrer.
After 24 hours, the pH of the solution was measured using glass and calomel
electrodes and sufficient 0.02N Ba(OH); solution was added by burette to restore
the pH to 8.3. The flask was again flushed with N gas, re-sealed, and replaced
upon the magnetic stirrer. It was essential that the titration be performed in
the presence of the coal so that we could ensure that complete ion exchange
took place at the stated pH of B.3. The rate of ion exchange was quite slow
under those conditions. Therefore the routine was repeated every 6-8 hours,
with addition of a 0.02 N Ba(OH); solution in the presence of coal, until a steady
pH of B.3 was attained. Usually about eight such titrations were neccesary. The
acid released by cation exchange was equivalent to the total amount of Ba{OH);
solution required to restore the pH to a steady value of 8.3. To account for

losses caused by reaction with atmospheric CO; 