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Abstract

The present work analyses the changes in the chemical structure of a perhydrous coal during
its thermal evolution at different temperatures in an open-medium pyrolysis system. The
results obtained were compared with those described for non-perhydrous coals in order to
establish the effect of the substances assimilated by the coal structure (hydrocarbon/oil-like
substances) on the thermal evolution of the coal. The transformation ratio at each stage of
thermal treatment was determined and the chemical-structural characterisation of the resultant
products was performed. Changes in textural and microtextural properties associated with
structural modifications during the evolution were also tested. The results obtained show that
this perhydrous coal develops a specific evolution pathway different from that followed by
non-perhydrous coals with a normal H/C ratio. The substances assimilated by the perhydrous
coal cannot be easily and totally released from its structure so that they can be only partially
removed after thermal treatment. Thus, the treatment debilitates the interactions between the
substances and the coal matrix in addition to weakening and cracking the matrix during the
thermal process. The increase in temperature also leads to the conversion of some of the
heavy assimilated substances into lighter compounds. However, the assimilated substances
are present even at high temperatures of the thermal process, providing hydrogen which has
the effect of stabilising the radicals originated during the pyrolysis and improving the fluidity
properties in the reacting medium.

Author Keywords : Coal; Chemical structure; Physical structure; Coal strucutre; Perhydrous
vitrinite; Thermal evolution; Pyrolysis



1. Introduction

Lipoidal or bituminous material can become assimilated within the coal structure, especially
in vitrinite (one of the petrographic coal components). Incorporation of lipoidal substances
can take place during early diagenesis when organic material is deposited in environments
with a high bacterial and/or planktonic input [1, 2, 3, 4 and 5]. Furthermore, coals can
assimilate or be impregnated by liquid hydrocarbons (bitumen) during coalification as a result
of the mobilisation/fluidisation of certain liptinite macromolecular substances such as cutinite,
resinous material and other hydrogenated products. This is, therefore, related to coals with
high liptinite contents [6, 7, 8, 9, 10, 11 and 12]. Adsorption of secondary bitumen derived
from the increase in maturity of lipoidal organic matter from the surrounding oil shales [13] as
well as an assimilation or impregnation by oil/petroleum-like substances that have migrated
from other sediments [14] is also possible.

The impregnation or assimilation of hydrocarbons/oil-like substances gives rise to an
enrichment in hydrogen, abnormally low vitrinite reflectance values and, in general, strong
discrepancies in the chemical and petrological parameters related to composition and rank in
the affected coals [14]. They are perhydrous coals and their evolution will take place in a
different way to that described during normal coalification. Thus, it is assumed that in these
coals the aromatisation and condensation processes are hindered [12, 15 and 16] and an
evolution model for them based on hydrogenation rather than the thermal model commonly
used for explaining coalification has been proposed [17]. Coals containing hydrocarbons or
oil-like substances in their structure also show peculiar properties and behaviour from a
technological point of view. As these types of coal have a high calorific value due to their
high hydrogen content, they are very good fuels for combustion. On the other hand, they also
show different textural properties to those described for normal coals and, in general, they
swell strongly. During the carbonisation process they show low viscosity and high fluidity.
The presence of hydrocarbons in the coal structure can, therefore, produce an enhancement of
the coking properties [18 and 19]. The addition of bituminous material and petroleum tar or
pitches to the coal blend during the process of carbonisation is at present used in order to
change the thermoplastic behaviour of coal [20 and 21]. This is because these materials
provide additional fluid components and reduce the softening temperature of the system.
Moreover, the conversion of these types of perhydrous coal into liquids is high probably as
result of the conjunction of two factors, the low degree of condensation of the aromatic units
in the vitrinite network (usually the main coal component) and the presence in the system of
compounds that provide sufficient hydrogen to stabilise the radical formed during the thermal
treatment. Here, it should be mentioned that coal/petroleum co-processing has been proposed
as an alternative approach to the production of liquids related with the conventional coal
liquefaction or hydrogenation of petroleum residues [22]. Perhydrous coals can, therefore, be
regarded, either by themselves or as components of coal blends, as valuable materials for
conversion into useful products of a higher quality. This requires knowledge of the behaviour
of this type of coals during pyrolysis processes, which can in turn provide new insights into
the evolution of its composition and physico-chemical structure. Moreover, the nature of the
substances incorporated into the coal network, especially in the case of coals affected by
hydrocarbons or petroleum-like substances can be elucidated.

Thus, the main objective of this research was to study the changes in the physico-chemical
structure of a perhydrous coal (which has absorbed or has been impregnated with natural
hydrocarbon or oil-like substances) during its thermal evolution by means of an increase in
temperature in an off-line open-medium pyrolysis system. The results obtained were also



compared with those described for non-perhydrous coals, which had been thermally treated in
the same experimental conditions [23]. In this way, the effect of the substances assimilated
during the evolution of coals as well as the different modifications within the coal structure
can be seen.

2. Experimental procedures and analytical methods

2.1. Coal characteristics and experimental procedures

The sample used in this work (AJV coal) comes from the Jurassic Basin in Northern Spain
and an extensive characterisation has been reported in previous papers [14, 15, 16 and 17]. It
was formed by drift-wood which, during the early diagenetic stages, was impregnated with oil
from an adjacent petroleum source-rock [14]. This coal has a very pure organic composition
(1.1% wt. ash) and it is made up exclusively of the huminite/vitrinite maceral group (ulminite
and phlobaphinite, 85.5 and 14.5% vol. mmf, respectively). The oils/hydrocarbons from the
lower sediments have been adsorbed and retained only in the ulminite component because of
its specific nature (derived from vegetal tissue) and physical features (high initial porosity).
This explains the differences in vitrinite reflectance between the huminite/vitrinite macerals
(ulminite 0.39%, phlobaphinite 0.72%, see Plate 1a). The sample shows a high H/C atomic
ratio (0.83) and gives very high oil and gas yields (23 and 7%, respectively, during the Gray—
King pyrolysis at 550°C). This coal has a very low porosity and moisture content [14 and 15]
and the cokes obtained at 1000°C [19] show the development of abnormally large molecular
orientation domains (MOD).

For the present work, the selected perhydrous coal was pyrolysed at different temperatures
(250, 300, 325, 350, 375, 400, 450 and 500°C) in an off-line open-medium prolysis system,
following the procedure described by Sudrez-Ruiz et al. [24] as was reported for the thermal
evolution of non-perhydrous coals [23]. At the end of the process the amount of solid residue
and effluents was determined in order to obtain the transformation ratio at each stage of

pyrolysis.



Plate 1. (a—d) Optical microscopy (reflected white light and oil immersion). Evolution of the perhydrous
huminite/vitrinite structure during the main steps of the pyrolysis process. (a) Raw sample (25°C). U, ulminite
(humotelinite) with 0.39% of reflectance and P, phlobaphinite (humocollinite) with of 0.72%. (b) Stage (350°C).
Gradual loss of definition of the botanical structures (ulminite reflectance, 0.81% and phlobaphinite reflectance,
0.95%). Limits between macerals poorly defined. Borders of particles are rounded. Development of small-size
porosity at this scale. (c) Stage (375°C). Vitrinite particles with homogeneous appearance due to the unification
of the optical properties of ulminite and phlobaphinite (reflectance of 1.30%). Significant development of
vacuoles and small-size porosity of irregular distribution. (d) Stage (500°C). Vitrinitic fragments with
homogeneous texture corresponding to the thin walls between vacuoles of great size. High reflectance, 2.33%.
(e~h) Scanning electronic microscopy images. Evolution of the fine structure of the perhydrous
huminite/vitrinite during the pyrolysis process. (¢) Raw sample (25°C). Botanical structure (ulminite and
phlobaphinite). Heterogeneous appearance as result of the superposition of lamellae with a relative ordered
distribution. (f) Stage (350°C). Progressive softening. Vitrinite with heterogeneous and clot aspect. (g) Stage
(375°C). Development of devolatilisation vacuoles and porosity of different size in walls between vacuoles.
Walls with relatively homogenous texture. (h) Stage (500°C). Vitrinitic particles with vitreous aspect after
solidification. Irregular fracture of sharp limits. Massive development of degasification vacuoles (which can
coalesce) and porosity with different size. Homogenous walls between pores with their flat and smooth surfaces.



2.2. Analytical methods

Optical microscopy observations were carried out with a MPV Combi Leitz microscope in
reflected white light using oil immersion lenses (32%, 50x). The reflectance was determined
according to standard procedures (ISO 7404/5 1984). Observations by means of fluorescence
microscopy were achieved with a MPVII Leitz apparatus, using water immersion lenses
(same magnifications) and blue—violet light excitation. The vitrinite ultrafine structure was
studied in grains crushed to <I mm covered with a gold film using a SEM Zeiss-DSM 942
instrument.

Textural characterisation was performed through the determination of real (true) and apparent
densities. These data were used to calculate the pore volume and the porosity. The real density
was determined using a glass pycnometer. The samples (ca. 2 g, particle size between 1 and 3
mm) were degassed at 100°C for 3 h before the introduction of helium. Apparent density was
determined by means of a mercury porosimeter using a Carlo Erba Macropore Unit 120
apparatus. The samples were dried and degassed before being filled with mercury. The same
equipment was used to measure the accumulative pore volume of a pore size (D) with a
diameter greater than 7.50 nm. The distribution of the pore size allowed the separation of
macro (Dp>50 nm) and mesopores (50 nm>D,>7.50 nm). The approximate volume of the
micropores was calculated by difference.

Proximate analysis was carried out following International Standard Procedures ISO-589
1981; ISO-562 1981 and ISO 1171 1981). Ultimate analyses were performed in a
microanalyser Carlo-Erba CHS-O 1108 and Rock-Eval pyrolysis was carried out in
accordance with Espitali¢ [25 and 26]. Determinations of the Free Swelling Index were
performed according to the UNE-32005 procedure. The solid residues were prepared for FTIR
analysis, using the standard KBr pellet procedure for this type of material [27, 28 and 29]
(coal:KBr mixture at a 1:100 ratio). All of the absorbance spectra were recorded on a Perkin—
Elmer 1750 and analysed following procedures described by Iglesias et al. [15].

The oils generated during the different pyrolysis stages (from 300 to 500°C) and the extracts
(obtained following a modified procedure described in Blanco et al. [30]) from the raw
vitrinite and the pyrolysate at the 250°C stage were analysed by means of gas
chromatography/mass spectrometry (GC/MS) and nuclear magnetic resonance (‘'H-NMR and
BC-NMR). The chromatographic study was carried out on a Hewlett—Packard HP 6890 gas
chromatograph equipped with flame ionisation detection (FID) and identification of the
compounds was performed by means of GC/MS using a Finningan GCQ gas chromatograph
equipped with mass detection. The experimental conditions used in this work were the same
as those previously reported by Jiménez et al. [23].

The 'H (400.13 MHz) and Bc (100.61 MHz) NMR spectra were measured on a Bruker
AMX400 spectrometer equipped with a 5 mm broad band (*'P-'"*Ag) reverse probe. Samples
were prepared by dissolving the oils in CDCl; and/or CS; (D,0 as external lock, presaturation
of the water signal). The °C spectra were obtained in the inverse gate decoupling mode on
samples doped with 5 mg of Cr(acac)s;. Exponential multiplication of LB=2 was applied prior
to Fourier transformation. The DEPT pulse sequence was used for *C-editing. Quaternary
carbon atoms were identified through spin echo experiments.



3. Results and discussion

3.1. Mass balance

Fig. 1 shows the mass balance of the pyrolysis process. The water is released up to the 375°C
stage, arising from both the water trapped in the coal network and from the deoxygenation of
organic matter. The moisture of the coal studied is very low [14] and during pyrolysis this
parameter does not change significantly (from 2.95% in the raw material, to 1.43% for the
pyrolysate at the 500°C stage). This shows that dehydration reactions play an important role
in the production of water for this coal although the amount of water collected was relatively

low (ca. 8% throughout the entire process).
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Fig. 1. Mass balance of generated products during the pyrolysis process of the perhydrous coal.

The production of oil is significant at the 325°C stage and between 350 and 500°C (Fig. 1).
The evolution of the gas yield shows an increase up to 375°C and then, between the 450 and
500°C stages, a new pulse in gas production is observed ( Fig. 1). The gas and oil yields
throughout the pyrolysis process of this coal are higher than those obtained from a non-
perhydrous vitrinite in the same experimental conditions [23]. Differences in the evolution
yields with the increase in temperature are also found ( Fig. 2a and b). The differences in the
relative oil production (Fig. 2a) occur above 325°C and a higher oil production in the case of
non-perhydrous vitrinite is observed at higher temperatures (400—450/500°C). The gas
production ( Fig. 2b) occurs at higher temperatures during pyrolysis of the perhydrous
vitrinite. Furthermore, the progressive increase in gas yield in the 350-450°C temperature
range for the non-perhydrous vitrinite is not found in the perhydrous coal ( Fig. 2).
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Fig. 2. Comparison of the results obtained from the thermal treatment of a perhydrous and non-perhydrous
vitrinites series. (a) Oil and (b) gas productions at different stages refer to the total amount collected (data for
non-perhydrous vitrinite were taken from Jimenez et al. [23]).

The results obtained are rationalised on the basis of a different thermal stability of the
pyrolysates from both vitrinites (perhydrous and non-perhydrous) as a result of structural
differences between them and the presence of hydrocarbons in the network of the perhydrous
vitrinite. It is known that during pyrolysis the reacting medium plays an important role in the
conversion of coals [31 and 32]. The higher conversion into liquids at lower temperature
required for the perhydrous coal possibly arise from the presence of hydrocarbons or oil-like
substances in its structure which can act as hydrogen donors, thus improving fluidity in the
reacting medium. On the other hand, if there is not sufficient hydrogen in the reacting medium
to stabilise the radicals formed during pyrolysis, polymerisation of such intermediate radicals
is favoured. As a result, the amount of tar/oil is low and the temperature of tar released
increases. The impregnating substances in the structure of the perhydrous coal are present in
the reacting medium at least up to the 375°C stage as is inferred through the swelling
behaviour ( Table 1). Such heavy substances [14] could be converted into lighter compounds
during heating. Their contribution to gas production up to 400°C cannot, therefore, be
discarded. It explains, at least in part, the differences found between the gas yield trend in
perhydrous and non-perhydrous vitrinites ( Fig. 2b). On the other hand, the gas generated at
high temperatures (400—450/500°C) could be partly due to the condensation reactions within



the vitrinite network. Thus, the condensation reactions produced at 400°C needed more
energy in the case of perhydrous coal than in non-perhydrous vitrinite.

Table 1. Free swelling index for the perhydrous coal (vitrinite) and its pyrolysates

Pyrolysis temperature (°C) Free swelling index
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3.2. Evolution of the physical structure of the perhydrous coal during the
pyrolysis process

3.2.1. Macroscopic changes

Macroscopic changes in pyrolysates from perhydrous coal start at 350°C and at the 500°C
stage, the pyrolysate is an expanded and voluminous mass, inconsistent, friable and highly
porous. These changes are related with the decrease in the free swelling index (Table 1).
Values for this index are very high ( Table 1) in the raw sample and in the pyrolysates from
the initial temperatures (250, 300 and 325°C) in accordance with their low rank ( Table 2).
This behaviour was not observed during the same thermal treatment in non-perhydrous
vitrinites [23]. The strong swelling is mainly due to substances assimilated within the ulminite
matrix in the perhydrous coal. The massive generation of such substances by cracking
processes seems, therefore, to take place in the 325-350°C temperature range. The strong
interactions between the impregnating (absorbed) compounds and the vitrinite network could
be attributed to the heavy nature of these substances [14].

Table 2. Results of reflectance determinations on the petrographic components

Pyrolysis temperature (°C) Reflectance (%)
25 0.39/0.722

250 0.39/0.72

300 0.40/0.72

325 0.51/0.73

350 0.80/0.95

375 1.30

400 1.47

450 1.75

500 2.33

& Ulminite/phlobaphinite reflectance values.



3.2.2. Optical microscopy determinations: evolution of reflectance, texture
and structure

The evolution of the reflectance of ulminite and phlobaphinite, during the pyrolysis of this
perhydrous coal is shown in Table 2. Differences in reflectance between these macerals
disappear at the 375°C stage, at which ulminite and phlobaphinite show the same optical
properties and reflectance value (1.30%). The components then evolve together up to the
500°C stage reaching a reflectance value close to that of the anthracite rank ( Table 2). This
evolution is accompanied by important modifications of the optical texture and structure of
the macerals ( Plate 1). Thus, the initial optical characteristics of ulminite and phlobaphinite (
Plate 1a) are maintained almost up to the 350°C stage although a progressive loss of structural
definition at the 325°C pyrolysis stage was detected. At this stage ulminite increased its
reflectance by 0.11% while phlobaphinite is unchanged ( Table 2). The fluorescence
properties previously described for the ulminite component in the raw material [14], which
are maintained in colour and intensity through the 250 and 300°C stages, strongly decrease
until finally they almost disappear. Some cracks and fractures of different size were also
observed. For the 350°C stage reflectances ( Plate 1b) of ulminite and phlobaphinite have
considerably increased ( Table 2) and the fluorescence properties are totally lost. Moreover,
he morphological characteristics of the particles have changed and the development of a
disperse microporosity (<10 um), irregularly distributed in the coal particles has taken place.
At the 375°C stage and above this temperature the original botanical structures of the coal
cannot be distinguished ( Plate 1c) and ulminite and phlobaphinite have the same
homogeneous appearance and reflectance value. At this temperature, an abundant porosity in
the form of large vacuoles of different size (usually higher than 40 pum) with variable
morphology is developed ( Plate 1c¢). Small size-pores, lower than 5 pum, are disperse. This
porosity it due to the massive departure and expulsion of the effluents generated at this stage (
Fig. 1). Particles of vitrinite have a specific morphology, which correspond to the broken
walls around pores and vacuoles. This significant porosity coincides with the sharp expansion
undergone by the coal at this temperature and with the total loss of the free swelling index (
Table 1). For the 400°C stage and above the presence of large vacuoles which in most cases
coalesce and a significant microporosity are the most important features. This is more evident
in the pyrolysate at 450°C. No orientation was found in the distribution of porosity. At this
stage and at 500°C, expansion of the sample during pyrolysis was so great that at optical
microscopy scale only the thin and broken walls of the vacuoles remain ( Plate 1d). The
absence of anisotropy in the high temperature pyrolysate indicates that the aromatic layers are
not sufficiently oriented even if the reflectance value is close to anthracite rank ( Table 2).
Thus, for the least three stages of temperatures (400-500°C) the rapid increase in reflectance
and the development of a high porous structure of pyrolysates are the most significant
features, but they are different to those described for a normal vitrinite pyrolysed in similar
conditions. In the case of normal vitrinite the original botanical structures were
microscopically discernible up to the 450°C stage [23] and the reflectance slowly increased
reaching lower values than those shown by the perhydrous coal. The pyrolysis behaviour of a
perhydrous vitrinite is clearly different to that of the non-perhydrous vitrinite as revealed by
the evolution of its optical properties.



3.2.3. SEM observations

At the initial stage (25°C) the vitrinite shows a laminar, granular, rough and ridged texture
with a heterogeneous aspect (Plate 1e) typical of a botanical structure. These characteristics
slowly and progressively change with the increase in temperature (325°C) and are specially
evident for the 350°C stage ( Plate 1f). At this stage, at which the thermal degradation of the
vitrinite network is significant as shown by the hydrocarbons yield ( Fig. 1) and the variation
in optical properties, the vitrinite shows a softened, melted appearance and clot surfaces (
Plate 1f) with limits and borders of rounded particles. At the scale of these observations,
porosity in the pyrolysate at 350°C was not observed. These findings differ from those
reported for pyrolysates of non-perhydrous vitrinite at the 325 and 350°C stages at which they
showed a rigid appearance, clear vacuole development and a porosity of different size [23]
related with the loss of water and the expulsion of free hydrocarbons. The behaviour of the
perhydrous vitrinite found at 350°C must be mainly due to the substances absorbed in its
structure, which contributed to an increase in the fluidity of the vitrinite network, thereby
preventing the development of other characteristics. However, a sharp change in the
appearance of the vitrinite was produced at 375°C as a consequence of the significant
degradation of its structure ( Plate 1g). At this stage vitrinite shows a porous structure in
which a massive development of degasification vacuoles ( Plate 1g) has taken place. These
vacuoles are of different size (100, 200 pum), but always higher than 40 um as detected by
optical microscopy. However, a porosity of reduced size (<5-10 um) and of irregular
distribution with no preferential orientation has also developed on the walls between vacuoles
( Plate 1g). These walls are of a relatively homogeneous texture ( Plate 1g). All of these
characteristics indicate that this sample has gone through a relatively plastic phase at this
temperature, developing a highly porous system due to the expulsion of hydrocarbons ( Fig.
1). The progressive pyrolysis gives rise to devolatilisation processes as reflected in the
increase of the number, size and morphology of the vacuoles and pores. As a result the
thickness of the walls between vacuoles is considerably reduced. The vacuoles tend to
coalesce and collapse ( Plate 1h) especially in pyrolysates from the higher stages of the
thermal process (500°C stage) because of the massive departure of gas. At this stage, vitrinitic
particles show a vitreous aspect ( Plate 1h).

3.2.4. Evolution of textural properties (density and porosity determinations)

The evolution of the textural properties with increasing temperature of pyrolysis is shown in
Fig. 3a—c. As expected the real density of the pyrolysates gradually increases with
temperature, showing a very good linear correlation (=0.98) with the atomic ratio H/C (Fig.
3a). This confirms the strong influence of elemental composition and especially of hydrogen
content on this parameter [33, 34 and 35]. The variation of the density values for the
pyrolysates ( Fig. 3a) shows a similar trend to that described for other thermal treated coals
[36]. Such a trend is attributed to the release of volatile matter and the corresponding
organisation and rearrangement of aromatic units.
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Fig. 3. (a) Evolution of the real (true) density of the perhydrous coal during the pyrolysis process and
relationship with the H/C atomic ratio. (b) Variation in pore volume and in pore distribution for the perhydrous
coal with increasing pyrolysis temperature. (c) Evolution of the porosity (%) with the increase in the carbon
content (%daf) of the pyrolysates.

Fig. 3b shows the evolution trend of the total pore volume (mm® g ') and the pore distribution
(macro-, meso- and micropore following the [UPAC [37] classification) for pyrolysates from
the perhydrous coal. For residues from the 250 to 300°C temperatures, only a slight increase
in the amount of micropores with respect to those of the initial stage (25°C) was observed.
This increase results from the loss of gases and very light compounds. For the 325°C stage (
Fig. 3b) there is a sharp decrease in total pore volume due to the decrease in the amount of
micropores. This could be interpreted as a result of the thermal degradation of the vitrinite
matrix and the absorbed substances from which, hydrocarbons are generated and differently
mobilised. As the conditions (internal pressure and temperature) in this pyrolysis step are still



not suitable for initiating a massive expulsion of hydrocarbons, they are partially retained
inside the vitrinite structure occupying the porosity. The minimum in porosity at 325°C points
to the softening of the coal and the beginning of plastic behaviour which is enhanced by the
mobilisation and fluidisation of produced hydrocarbons. Above 325°C, when the massive
production and expulsion of hydrocarbons ( Fig. 1) is produced, the pore volume (mainly
because of the micropore distribution) of the pyrolysates increases progressively ( Fig. 3b)
reaching a maximum at 500°C. Above 375°C the increase in pore volume coincides with the
development of the significant network of large vacuoles in the residues ( Plate 1) as shown
from microscopic determinations.

The increase in porosity agrees with the increase in rank of the solid residues and it correlates
with their carbon content (Fig. 3¢). However, the increase in porosity, especially above the
450°C stage ( Fig. 3b and c), is higher than in the case of normal vitrinites with a similar
carbon content and reflectance values [33]. This disappointing result could be due to the
conjunction of two factors, the rapid rise in temperature and the high temperatures used
during the pyrolysis process (which favoured the development of porosity in relation to
natural vitrinites) and the anomalous behaviour of this sample throughout the pyrolysis
process.

3.3. Evolution of the composition and chemical structure of the perhydrous coal
during the pyrolysis process

3.3.1. Variation of chemical parameters

The evolution of the volatile matter during the pyrolysis of the perhydrous coal is given in
Fig. 4 and compared with data for the non-perhydrous vitrinite [23]. Nishioka et al. [38] have
reported that coal pyrolysis can start at low temperatures (250°C) with processes involving
chain reactions and/or electrocyclical processes. Thus, the loss of volatile matter for the
pyrolysate from the perhydrous vitrinite at 250°C could be interpreted as a result of the
cyclisation and aromatisation of alkyl chains and/or aromatisation of hydroaromatic
compounds. Between 325 and 400°C, when a significant oil yield is observed ( Fig. 1), the
strongest decrease in volatile matter occurs ( Fig. 4), mainly due to the loss of aliphatic
structures through depolymerisation reactions. Differences in the decrease in volatiles
between the perhydrous and non-perhydrous coals can be attributed to the different oil and
gas production ( Fig. 1) at these stages [23]. However, no straightforward correlation between
hydrocarbon production and decrease in volatile matter was found. Thus, whereas
hydrocarbon expulsion for the perhydrous coal at these temperatures is three times higher than
that found for the normal coal the decrease in volatiles is only two times higher. For
pyrolysates from the 400-450/500°C range of temperature the loss of volatile matter is lower
in the perhydrous vitrinite than in the normal vitrinites and it occurs at higher temperatures (
Fig. 4). These results point to different contributions from the processes of depolymerisation,
aromatisation and condensation during the pyrolysis of the two coals and confirm the view
that for the normal vitrinites the condensation reactions occur at lower temperatures of
pyrolysis. The differences in volatile matter at the 400°C stage between the non-perhydrous
and perhydrous vitrinites suggests a higher degree of aromatisation in the latter. This could
explain the different behaviour of these residues in relation to condensation processes.
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Fig. 4. Evolution of volatile matter content during the pyrolysis process of the two series of coals (perhydrous
and non-perhydrous, data for non-perhydrous vitrinite were taken from Jimenez et al. [23]).

The changes in H/C and O/C atomic ratios (Fig. 5) start above the 325°C stage of pyrolysis
and coincide with a significant hydrocarbon production (Fig. 1) and with the changes in the
vitrinite structure observed at microscopic scale. These modifications develop at lower
temperatures than in the case of non-perhydrous vitrinite ( Fig. 5b) as a result of the high oil
expulsion from the perhydrous vitrinite between 325 and 350°C ( Fig. 1). Progressive
pyrolysis also produces a greater decrease in the H/C atomic ratio in the case of perhydrous
vitrinite ( Fig. 5a and b) but pyrolysates from the 375 and 400°C stages are still very enriched
in hydrogen ( Fig. 5b). This could be due to structural differences in the aliphatic structures
derived from the hydrogenated substances in the perhydrous vitrinite, which act as hydrogen
donors during the thermal evolution.

The S2 parameter (Fig. 6a) progressively decreases in pyrolysates with increasing
temperature, especially for the residues obtained at the 350°C stage and above. At these stages
the maximum amount of hydrocarbons is generated (Fig. 1) through the thermal degradation
of the vitrinitic structure and the compounds adsorbed into this structure. Because of the
almost nil hydrocarbon yield at 250°C, the decrease in S2 in the corresponding pyrolysate (
Fig. 6a) cannot be due to thermal extraction. It could be rather interpreted (as in the case of
the evolution of the volatile matter content) as a result of processes involving chain reactions
and/or aromatisation of hydroaromatics. Such reactions affect the hydrogen transfer processes
and thus hydrocarbon potential (S2 peak). For pyrolysates obtained at 400°C and above this
stage, the evolutionary trend of S2 is similar in both series of vitrinites ( Fig. 6a). However,
below 400°C the behaviour observed is clearly influenced by the different hydrogenation rate
of the initial coals (vitrinites).
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Fig. 5. (a) van Krevelen type diagram showing the evolution of the atomic ratios for the perhydrous sample. (b)
Comparison of the atomic ratio H/C values for the pyrolysates derived from the two series of coals (perhydrous
and non-perhydrous, data for non-perhydrous vitrinite were taken from Jimenez et al. [23]).

The increase in the S1 peak (Fig. 6b) up to 350°C is probably due to the
release/transformation of the impregnating substances. Heating produces a weakening of the
strong interactions between these substances and the vitrinite matrix and also favours their
mobilisation. As a result, although the impregnating substances cannot be totally expelled as
oils, they can be more easily removed at lower temperature. At the same time, the
transformation of some of the heavy substances initially present into lighter compounds
cannot be discarded as an explanation of the increase in the S1 values up to the 350°C stage.
The change in the nature of the impregnating substances is supported by the total loss of
fluorescence properties at this stage.
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As expected, Tmax values increase as the pyrolysis temperature increases (Table 3). This
increase starts between 300 and 325°C, so that it occurs at a higher temperature than in the
non-impregnated coal series (Table 3). For the perhydrous vitrinite, the strongest
modifications of this parameter take place in the 375-400°C and 450-500°C temperature
ranges, which indicates that at these temperatures the thermostability of the organic structures
undergoes major modifications. On the other hand, the thermostability of the pyrolysates is
higher in the case of those from non-perhydrous vitrinite as shown by the higher T« values
at the same stages of pyrolysis (Table 3). However, differences in T},,x between the two series
are smaller for the 400 and 450°C temperatures.



Table 3. T« values for the perhydrous vitrinite and its pyrolysatesa

Pyrolysis temperature (°C) Tnax (°C)
25 422 (431)
250 424
300 423 (441)
325 430 (447)
350 M5 (461)
375 468 (495)
400 520 (528)
450 364 (573)
500 626

* Values in brackets correspond to those reported for a normal vitrinite pyrolysed in the same
conditions [23].

3.3.2. Definition of the pyrolysis stages through the analysis of changes in
functional groups inferred from a FTIR study

Fig. 7 shows the most significant FTIR spectra for the pyrolysates from the perhydrous
vitrinite. Results from a semi-quantitative analysis (aliphatic and hydrogen concentration, and
the distribution of the aromatic hydrogen) are depicted in Fig. 8a—c.
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Fig. 7. FTIR spectra of the raw perhydrous coal and their pyrolysates for the most significant stages of
temperature (350, 400 and 450°C).

On the basis of the FTIR results, three different stages of pyrolysis temperatures (25-325,
350—400 and 450-500°C) can be distinguished. In the first temperature range (25-325°C) no
change in functional groups was found in agreement with the evolution of the elemental
composition (Fig. 5). Although other results indicate that the degradation of the vitrinitic
structure has already started, this process is not massive as reflected in the unchanged bulk
chemical composition ( Fig. 5a and Fig. 8).
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Fig. 8. Semi-quantitative FTIR data for raw perhydrous coal and their pyrolysates. (a) Aromatic hydrogen
concentration (integrated area between 3100 and 3000 cm ', aromatic C---H stretching modes); (b) aliphatic
hydrogen concentration (integrated area in the 3000—2700 cm ', aliphatic C---H stretching modes); (c) aromatic
hydrogen distribution (relative intensities of the aromatic bands between 900 and 700 cm ', aromatic C---H out-
of-plane bending modes).

Above the first range of temperatures the transformations induced in the vitrinite structure are
strong as reflected in the FTIR analysis by the lack of an aromatic band at 1500 cm ™' in the
spectrum of the pyrolysate from the 350°C stage (Fig. 7). This band is present in the spectrum
of the oil produced at this temperature indicating its highly phenolic nature [14 and 17]. At the
same time, the spectrum of the pyrolysate at 350°C shows an overall increase in intensity.
This is attributed to changes in the physical structure of the vitrinite (soft and melted
appearance) detected at this stage through SEM observations ( Plate 1c¢).



The FTIR spectra of the pyrolysates between 350 and 400°C (Fig. 7) show a decrease in the
broad band centred at 3400 cm ' (OH groups in phenolic structures) and in the aliphatic
stretching modes (30002700 cm ). However, the concentration of aromatic hydrogen (Fig.
8a) does not undergo significant changes although the relative intensity of the 870 cm ™' mode
due to isolated aromatic C---H groups and that of the 750 cm™' mode (four adjacent aromatic
C---H groups) increases (see %870 and %750 in Fig. 8c). By contrast, the relative intensity of
the 815 cm ' band due to two and/or three adjacent aromatic C---H groups decreases (%815
in Fig. 8c). These results suggest a competition between desubstitution (increase in aromatic
hydrogen) and condensation (decrease in aromatic hydrogen) [39, 40, 41, 42, 43 and 44]. This
is confirmed through changes in the distribution of aromatic hydrogen ( Fig. 8c). Thus, the
increase in the relative intensity of the 870 cm ' can be ascribed to the formation of
polycyclic aromatic systems [45] whereas the increase in %750 indicates a decrease in the
degree of substitution of the aromatic rings.

For the 450 and 500°C stages the FTIR spectrum of the pyrolysates shows a decrease in
intensity (Fig. 7) which is a result of the restructuring of the aromatic framework leading to an
alignment of the aromatic structures. The decrease in the intensity of the aromatic C---H
stretching modes ( Fig. 8a) does not reflect a decrease in the concentration of the aromatic
hydrogen as a result of condensation reactions as previously reported [41] or as occurs during
natural coalification to the anthracite rank [43 and 44]. The lack of variation in the
distribution of the aromatic hydrogen ( Fig. 8c) confirms this view. The concentration of the
aromatic and aliphatic hydrogen in this range of temperatures (450-500°C) does not
significantly vary ( Fig. 8a and b). However, a drastic change in the relative intensity of the
aromatic bands between 900 and 700 cm ' is observed (Fig. 8c). A noticeable increase in the
%870 ( Fig. 8c) indicates a cross-linking and condensation of the aromatic framework. The
increase in cross-linking explains why, although some alignment of the aromatic structures
takes place in the 400-450°C range of temperatures, the pyrolysates do not develop
anisotropic characteristics. The preponderance of the process of aromatic condensation
between 450 and 500°C, confirms the contribution of this process to the gas generated at these
temperatures ( Fig. 1) and to the decrease in volatile matter content in the corresponding
pyrolysates ( Fig. 4).

3.3.3. Composition and structural study of the extractable fraction (from
the raw sample and pyrolysate at 250°C) and of oils produced during the
pyrolysis process (300-500°C temperature range)

In this work, the assignment of the "H-NMR and *C-NMR spectra was carried out according
to the literature [46, 47, 48, 49, 50, 51 and 52]. In Fig. 9, the chromatograms and "H-NMR
spectra of the soluble organic fractions from the perhydrous raw vitrinite and its pyrolysate at
250°C are depicted. Table 4 and Table 5 show the identification of the major compounds
present in the volatile fraction and the "H-NMR quantitative data, respectively.
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Fig. 9. (a) Gas chromatograms and (b) "H-NMR spectra of the soluble fractions from the raw perhydrous coal
and its pyrolysate at 250°C.

Table 4. Major compounds in the soluble fractions identified by GC/MS (raw perhydrous vitrinite and in its
pyrolysate at 250°C) and in the oils generated between 300 and 500°Ca

Peak code Compound

A Ethylbenzene

B m-, p-Xylene

C o-Xylene

D C3-and C4-Benzenes

Fl1 2-Methylnaphthalene

F2 I-Methylnaphthalene

G Dimethyltetrahydornaphthalene

H Biophenyl

I Ethylnaphthalenes

J1 2.6 and/or 2.7-Dimethylnaphthalene
12 1.3 and/orl.7-Dimethylnaphthalene
13 1,6-Dimethylnaphthalene

J4 2.3- and/or 1.4-Dimethylnaphthalene

1,5-Dimethylnaphthalene
1.2-Dimethylnaphthalene
Methylbiphenyls
C-3-Naphthalenes
Dibenzofuran

Fluorene
Methyldibenzofurans
Methylfluorenes
C2-Biphenyls
Dibenzothiophene
Phenanthrene
C3-Dibenzofurans
Methylphenanthrenes
Dihydropyrene
Benzofluorene

Phenol

o-Cresol

p-Cresol (and m-cresol)
2.6-Dimethylphenol
2-Ethylphenol
2.4-Dimethylphenol
4-Ethylphenol
3-Ethylphenol
Trimethylphenol

CH U UE LR A M ROTOZE RS S

10 Dimethylphenol

11 Dimethylbenzofuran

12 Dimethylbenzofuran + 2-propylphenol
13 Ethylmethylphenol

14 4-Propylphenol

15 C4-Phenol

16 C4-Phenol

17 4-Butylphenol

# For peak code see Figs. 9 and 12.



Table 5. Quantitative 'H-NMR data for soluble organic fractions (raw perhydrous vitrinite, 25°C, and its
pyrolysate at 250°C) and the oils produced between the 300 and 500°C stages of pyrolysisa

Peak code Compound

A Ethylbenzene

B m-, p-Xylene

C o-Xylen=

D C3-and C4-Benzenes

Fl 2-Methylnaphthalene

F2 I-Methylnaphthalene

[ Dimethyltetrahydornaphthalens
H Biophenyl

I Ethylnaphthalenss

11 2.6 and/or 2.7-Dimethyinaphthalens
12 1.3 and/orl.7-Dimethylnaphthalene
I3 L&-Dimethylnaphthalens

4 2,3- and/or L 4-Dimethylnaphthalens
15 . 5-Dimethylnaphthalens

Ja 1.2-Dimethylnaphthalens

K Methylbiphenyls

L C-3-Naphthalenes

M DHbenzofuran

N Flucrens

Ok Methyldibenzofurans

P Methylfluorenes

] C2-Biphenyls

R DHbenzothiophene

5 Phenanthrene

T C3-Dibenzaturans

[ Methylphenanthrenes

v Dhihydropyrens

X Benzofluorenes

1 Phenel

2 o-Cresol

3 p-Cresol (and m-crescl)

4 2. &6-Dimethylphenol

3 2-Ethylphencl

& 2 4-Dimethylphencl

7 4-Ethylphenol

8 3-Ethylphenol

0 Trimzthylphenal

10 DHmethylphenol

11 Dimethylbenzofuran

12 Dimethylbenzotu ran 4 2-propylphenol
13 Ethylmethylphencl

14 4-Propylphenol

15 C4-Phenol

L& C4-Phenol

17 4-Butylphenol

1 For peak code see Figs, 9 and 12,

Soluble fractions (from the raw vitrnite and its pyrolysate at 250°C) show the same qualitative
composition and some differences in the quantitative analysis. Chromatographic results show
a higher degree of substitution in the naphthalene derivatives for the 250°C pyrolysate extract
(Fig. 10a). The relative contribution of naphthalene derivatives with respect to phenanthrene
and dibenzofurane derivatives is also lower in this extract than in the raw sample extract (Fig.
10b). However, the distribution of alkyl derivatives of naphthalene and phenanthrene is the
same in both cases ( Fig. 10c and d). This result indicates that the differences in the proportion
of the compounds present in the volatile fraction of the extracts are more likely to be due to
the composition of the absorbed substances than to the thermal transformations of these



compounds. Thus, pyrolysis causes a weakening of the forces of interaction between the
impregnating substances in the vitrinite and the vitrinite matrix itself and in consequence
these substances can be extracted.
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Fig. 10. Semi-quantitative GC data for the soluble fractions of the raw perhydrous coal and its pyrolysate at
250°C. (a) Contribution of naphthalene and C1-C3 alkyl naphthalenes to the total amount of naphthalene
derivatives in the volatile fraction. (b) Ratio of naphthalene derivatives to phenanthrene and dibenzofuran
derivatives. (c) Distribution of the C1 and C2 naphthalenes. (d) Distribution of the C1 phenanthrenes.

The aromatic hydrogen is higher in the extract of the 250°C pyrolysate than in that of the raw
vitrinite (Table 5) and significant changes in the aliphatic 1.1-2.1 and 2.1-4.3 ppm regions
can be observed ( Fig. 9b and Table 5). Fig. 9b shows a clear decrease in the signal at 0=1.28
ppm due to CH, groups in relatively long chain n-alkyl aromatics [53 and 54]. Thus, the
overall decrease in the contribution of protons between 1.1 and 2.1 ppm is due to the decrease
in the relative contribution of the protons in the 1.1-1.5 ppm range ( Table 5). On the other
hand, the relative contribution of protons in the 1.5-2.1 ppm range, which contains the
resonances of BCH; and CH in hydroaromatic structures, increases slightly (Table 5). In the
region due to aliphatic protons in alkyl groups directly bonded to an aromatic ring (2.1-4.3
ppm) most of the signals fall between 2.4 and 3.5 ppm (aCH,, CH). Thus, the increase in the
relative contribution of protons in the 2.1-4.3 ppm range from the raw sample extract to the
250°C pyrolysate extract (Table 5) is due to a higher concentration of aCH, groups. These
results indicate a decrease in the average aliphatic length with a subsequent increase in
aromaticity. This can be rationalised through the cyclisation of aliphatic chains with the
formation of hydroaromatic structures, which are further dehydrogenated to aromatics [51].
These results confirm the view that during pyrolysis at 250°C, thermal reactions involving



chain reactions take place, thus explaining the variation in some of the chemical parameters
for the 250°C pyrolysate as mentioned above (see Fig. 4 and Fig. 6a).

Fig. 11 show, the '"H-NMR and "*C-NMR spectra of the oils generated in the 325-400°C
range of temperatures. The quantitative data deduced from the 'H-NMR of the oils generated
in the entire range of temperatures (300-500°C) are given in Table 5. The total amount of
aromatic and aliphatic hydrogen does not show significant variation between the analysed
oils, it being similar to that obtained for the 250°C pyrolysate extract. However, changes in
the shape of these regions indicate that the aromatic and aliphatic protons arise from different
types of structures in the 250°C pyrolysate extract and in the oils. The close similitude
between the 'H-NMR spectra of the oils generated at 325 and 300°C and those obtained for
the 250°C pyrolysate extract (Fig. 9b and Fig. 11a) indicates that thermal extraction with the
release of some of the absorbed substances plays an important role during pyrolysis at these
temperatures, especially at 300°C. However, this is not the only process taking place at these
stages as shown by the differences found in the 2.1-3.5 and 1.5-2.1 ppm regions. Thus, in the
first region (2.1-3.5 ppm) the oils display signals between 2.1 and 2.4 ppm ( Fig. 11a) typical
of methyl substituents directly attached to the aromatic ring which are not observed in 250°C
pyrolysate extract ( Fig. 9b). The presence of these groups seems to be related with the
increase in aromatic protons on uncondensed structures (see the broadening between 6.4 and
7.2 ppm in Fig. 11a). The qualitative differences between the spectra of the 250°C pyrolysate
extract and the oils are also reflected from the quantitative point of view ( Table 5). On the
other hand, the >C-NMR spectra (Fig. 11b) of the 300 and 325°C oils show clear signals due
to phenol derivatives at 149—157 ppm (Car—OH), 110-118 ppm (Car-H ortho to Car—OH),
119-112 ppm (Car-H para to Car—OH) and 122—-124 ppm (Car—CHj3 ortho to Car—OH). The
presence of phenol derivatives in these oils suggests the beginning of the degradation of the
vitrinite phenolic structure between 250 and 300°C although the intensity of such degradation
is not sufficient to affect the elemental composition of the pyrolysates at these stages (see Fig.
5).
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Fig. 11. (a) "H-NMR and (b) "C-NMR spectra of the oils produced in the 325-400°C temperature range.



The presence of phenolic compounds is confirmed in the chromatogram of the oil obtained at
325°C (Fig. 12a and Table 4). The intensity of peak 3 m-, p-cresol and the presence of the
aromatic absorption at 1500 cm ' in the FTIR spectrum of this oil indicate the higher
contribution of para-alkyl substituted phenols reported for the raw perhydrous coal [17]. The
other identified compounds are those present in the extracts from the raw sample and 250°C
pyrolysate. The contribution of these compounds is high, confirming the view that the release
of absorbed substances is also an important process at this temperature. At the 350°C stage
and above the nature of the oils is predominantly phenolic ( Fig. 12a). The relative
contribution of phenol derivatives increases as the temperature rises, mainly due to the
increase in the amount of C1 and C2 alkyl derivatives ( Fig. 12b). The strong modification of
the nature of the oils generated above 325°C associated with the mentioned degradation of the
phenolic structure is also clearly reflected in the 'H-NMR and *C-NMR spectra (Fig. 11). At
the same time, the spectra also show modifications in the assimilated substances within the
vitrinite matrix.
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Fig. 12. (a) Gas chromatograms of the oils produced at the 325 and 350°C pyrolysis temperatures. (b)
Concentration of phenol derivatives in the volatile fraction of the oils produced between 325 and 500°C. (c¢) Plot
of the total amount of phenol derivatives in the volatile fraction of the generated oils vs. the concentration of
methyl derivatives directly bonded to the aromatic ring from the "H-NMR spectra of the oils.

A sharp decrease in the singlet at 0=1.28 ppm and a broadening in the 1.1-1.5 ppm range can
be observed in the "H-NMR spectrum of the oil generated at 350°C (Fig. 11a). Above 350°C
the singlet at 1.28 ppm is almost absent and new signals in the 1.1-1.5 ppm region appear.
The contribution of aliphatic protons in a to the aromatic ring (2.1-4.3 ppm) increases and the
signals due to CHs groups directly bonded to the aromatic ring (2.1-2.4 ppm) become more
significant (Fig. 11a and Table 5). The increase in the relative contribution of these methyl
groups is closely related to the increase in phenol derivatives in the volatile fraction ( Fig.
12¢). The aliphatic region of the *C-NMR spectrum of the oil obtained at 350°C shows an
increase in the number and relative intensity of the signals with respect to that obtained at
325°C. Consequently, the aromaticity factor (fa=Car/Ctotal) decreases from 72% in the oils
obtained at 300 and 325°C to a value of 65% for the oil at the 350°C stage. Between 350 and
375°C stage the contribution of aliphatic structures decreases, and, the aromaticity increases
(fa=72%). The quantitative analysis also shows a decrease (increase) in the contribution of
CH,+CH (CHj3) groups to the total amount of aliphatic carbon, from 55% (45%) at the 350°C
stage to 52% (48%) at the 375°C stage. A simplification of the *C-NMR region due to
methyl groups in o to the aromatic ring (1823 ppm) with a preponderance of the signal at 21
ppm is also observed (Fig. 11b). Above the 375°C stage the C-NMR spectra of the
generated oils do not show any significant variation either from the qualitative or the
quantitative point of view. The results obtained are rationalised through the cracking of the
long chain aromatics and the formation of newly substituted aromatic compounds, due to
mainly the degradation of the phenolic structure of the vitrinite network. The results obtained
also confirm the view that the transformation of the heavy compounds absorbed by the
vitrinite matrix to lighter compounds contributes to gas production in the 325-375°C
temperature range and to an increase in S1 value up to the 350°C stage of pyrolysis (Fig. 6b).

In the aromatic region of the 'H-NMR for the oils obtained above 325°C (Fig. 11a) there is a
clear increase in the amount of protons in uncondensed structures (6.4-7.2 ppm).
Furthermore, the spectra of the oils obtained at 375°C and above this temperature show two
multiplets centred at 6.7 and 7.0 ppm with a multiplicity pattern corresponding to an AA" XX’
spin system. These results, therefore, agree with the predominantly phenolic nature of the oils
with a clear preponderance of para-methyl phenol. Similarly, in the >*C-NMR (Fig. 11b) the
contribution of signals due to aromatic carbons in phenol derivatives (149-157, 122—-124,
119-122 and 110-118 ppm ranges) increases and there is a decrease in the broadening in the
aromatic region between 120 and 130 ppm. The *C-NMR spectra also show that in the oils
produced by the perhydrous vitrinite the major sites of alkyl substitution in phenol derivatives
are, in agreement with the ligneous nature of the raw material, the two and four positions
whereas meta isomers are almost absent. Thus, no signals in the 100—113 ppm range can be
observed but the resonances due to Car-H ortho to Car—OH fall between 114 and 118. No
significant signals at 139 ppm (Car—CH3 meta to Car—OH) were produced and no quaternary
carbon atoms in the 119-122 ppm were detected.



4. Summary

The results obtained show that the studied coal with its structure affected by assimilation
(impregnation) of hydrocarbons or oil-like substances develops a specific evolution pathway
during the pyrolysis process. This evolution pathway clearly differs from that followed by
non-perhydrous coals with a normal H/C atomic ratio. This is thought to be due to the
structural differences in the vitrinite network of the perhydrous and non-perhydrous samples
and the presence of absorbed (impregnating) substances in the reacting medium. Although
thermal evolution was performed in an open-medium pyrolysis system, the assimilated
substances in the vitrinite structure are unambiguously present up to the 400°C stage of
temperature. This suggests strong interactions between these compounds and the vitrinite
network, which are favoured by the heavy nature and the high polarisability of these
compounds. Thermal treatment debilitates the interactions between the absorbed substances
and the vitrinite matrix. The increase in temperature also produces modifications in the
assimilated substances and some of their heavy compounds are converted into light
compounds. The presence of the absorbed substances within the vitrinite matrix in the
reacting medium, enhances the hydrogenation processes during pyrolysis relative to the
polymerisation and recombination reactions which predominate during the thermal treatment
of the non-perhydrous coals.

Although the raw material is a non-coking coal, the coal passes through a relatively plastic
phase during the low-temperature pyrolysis process. The softening of the coal and plastic
behaviour were favoured by the mobilisation and fluidisation of the compounds assimilated
by the vitrinite structure. However, the modifications to the nature of these substances as
result of the increase in temperature and cross-linking in the final stages of the thermal
treatment, do not allow sufficient orientation of the aromatic layers and in consequence, the
vitrinite at these stages of evolution still shows an isotropic behaviour.

On the basis of the structural and chemical changes observed during the thermal evolution of
the perhydrous coal studied, the following three phases can be distinguished.

4.1. Stage | (25-235°C)

Pyrolysis at 250°C does not supply sufficient energy to degrade the structure of the coal
(huminite/vitrinite) but it does affect the hydrocarbons assimilated by this structure. Thus,
processes of cyclisation and aromatisation involving chain reactions were found at this step of
pyrolysis. For the 300 and 325°C range of temperatures, the thermal degradation of vitrinite
with the release of some of the absorbed substances plays an important role although the
extent of the degradation is not sufficient to affect the bulk of the elemental composition or
functional groups. In this phase, the conditions of pressure and temperature are still not
adequate for causing a massive expulsion of the generated hydrocarbons. The hydrocarbons
are therefore retained inside the vitrinite structure, occupying its porosity, until they are
expelled out of the system.

4.2. Stage 11 (350-400°C)

In this phase, the massive breakdown of the vitrinite network produces strong modifications
in the physico-chemical structure. The structural and textural homogenisation of the vitrinite
is complete at the 375°C stage, but the perhydrous character of the raw material still remains



in this stage and at 400°C. The generated oils show a mainly phenolic nature with a clear
preponderance of p-alkyl substituted phenol derivatives. Nevertheless, the oil produced at
350°C also shows a noticeable contribution of the substances assimilated into the vitrinite
structure, but strongly modified by the conversion of some of the heavy compounds into
lighter ones. At the end of this stage when the influence of the substances assimilated by the
vitrinite structure has considerable decreased a significant increase in the thermostability of
the pyrolysates takes place. Structural differences in the pyrolysate obtained at the 400°C
stage with respect to the corresponding pyrolysate of the non-perhydrous coal, seem to be the
factor responsible for the higher energy required to produce the condensation reactions in
solid residues with the additional increase in temperature.

4.3. Stage 111 (450-500°C)

The rapid increase in reflectance and the development of a highly porous structures in
pyrolysates are typical of this phase of pyrolysis. At 450°C a restructuring of the aromatic
framework and the production of some alignment of the aromatic structures take place but the
reorientation of the aromatic layers is not sufficient to produce anisotropy. Furthermore, the

rise in pyrolysis temperature (500°C stage) increase the degree of cross-linking and
condensation in the pyrolysate.
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