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DIRECT LIQUEFACTION OF SOFT BROWN
COAL FROM THE KOSOVO BASIN

The behaviour of Kosovo Basin (Yugoslavia) soft brown coal was studied
during a direct liquefaction process by catalytic hydrogenation. A stream of
hydrogen was passed through a tetralin dispersion of the pulverized coal in the
presence of commercial extruded hydrogenating—desulphurizing cobalt-moly-
bdenumjalumina catalyst. The experiments were carried out in the temperature
range between 365 and 440°C at 13.5 and 15.0 MPa, the reactants being kept
at selected stationary working conditions for 1-8 hrs. The yields of liquid
products soluble in n-heptane (light oils), asphaltenes (n-heptane insoluble
liquid products) and the solid coal residue served as a basis for the estimation
of coal reactivity and for the calculation of total coal conversion. The liquid
product yields varied substantially depending on the reaction temperature and
the residence time. The total conversion under most of the applied reaction
conditions was found to be around 80%, the highest (86%) being observed
with the longest, 8 h residence time. Various types of grains of modified coal
and newly formed types of coal grains, as well as mineral matter were
identified by micropetrographic analysis, indicating the release of gases in the
initial stages of hydrogenation and the formation of semi—coke and coke by the

The investigation of Kosovo Basin coal represents
part of a research project involving the liquefaction of
domestic soft brown coals, i.e. lignites, aimed at
searching for ways for the more efficient utilization of
low-rank coals, particularly those from the richest coal
deposits in the country. Kosovo Basin coal has been
used so far to a limited extent, primarily as an energy
source in power plants. Therefore, it was of interest to
study the potential of Kosovo Basin coal for obtaining
various liquid products. A direct liquefaction process by
catalytic hydrogenation, used previously in the
liquefaction experiments of coals from Aleksinac [1],
Kolubara [2-4] and Kostolac [5,6] basins, was also used
for the liquefaction of Kosovo Basin coal. Due to
differences in the petrographic compositions of different
coals, the results observed for any individual coal could
not be quite reliably used in determining the
hydroliquefaction conditions for any other coal, even if
they were of similar rank [7]. Hence, it is necessary to
check the effect of individual process parameters on the
nature and yields of the products of each individual coal
sample [8,9]. The coal reactivity will depend not only on
its chemical structure, but also on its physical properties
[10], mineral matter content [11], the preparation
procedure [12] and some other factors [13]. This paper
describes the results of our study on the liquefaction
behaviour of low-rank coal from the Kosovo Basin.

EXPERIMENTAL

Coal sample

The experiments were carried out with a sample of
washed soft brown coal obtained from the Kosovo
Mines, air-dried to equilibrium moisture and then
crushed, ground and sieved.

The characteristics of the <160 pm coal fraction
used in the liquefaction experiments are shown in Table 1.
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polymerization of liquid products in the later reaction stages.

Table 1. The characteristics of Kosovo Basin coal

Equilibrium moisture (wt %) 18.4
Ash (%) 16.6
Volatiles (wt %, dry basis) 40.7
Sulphur, total (wt%, dry basis) 2.0
Ultimate analysis (wi%, dry basis)
Carbon 65.03
Hydrogen 513
Nitrogen 1.82
aierance) 26.02

Heating value (kag’1)

HHYV 21686.1
LHV 20761.1
Macerals and minerals (vol. %)
Huminite 69.0
Textinite 16.5
Ulminite 11.0
Atrinite 105
Densinite 20.0
Gelinite 6.5
Liptinite 7.0
Inertinite 2.5
Minerals 195
Clay 1.1
Pyrite 2.0
Carbonates 8.5
Gelification index 1.42

Huminite reflectance (% RR) 0.27+0.08
Xylite (wt%) 36.0

Liquefaction procedure

The liquefaction experiments analogous to those
performed on other domestic coals [1-6] were carried
out in a batch reactor with pulverized coal slurry in
tetralin under a hydrogen stream and in the presence of
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a commercial extruded hydrogenating—desulphurizing
cobalt-molybdenum/alumina catalyst. The experiments
were performed by direct catalytic hydrogenation under
the pressures of 13.5 and 15.0 MPa in the temperature
interval between 365 and 440°C and varying the
reaction time from 1 to 8 hours. Details of the
liquefaction procedure are described elsewhere [2,3].

Analysis of the liquefaction products

The vyields of light oils (n-heptane soluble),
asphaltenes (n—heptane insoluble) and the solid residue,
as well as the composition of the liquid and gaseous
products were determined by methods used in earlier
coal liquefaction studies [3,14]. The coal conversion (X,
%) was calculated on the basis of the dry, ash—free (daf)
coal initial mass (m¢) and the dry ash-free (daf) solid
residue (R), according to X=100 (m¢—R)/me.

The micropetrographic composition of the coal
and the coal residue was analyzed according to ICCP
standards [15].

RESULTS AND DISCUSSION

The vyields of n-heptane soluble oil (Ls),
asphaltenes (La) and the solid residue (R), observed at
different temperatures and residence times, are shown
in Figs. 1-3, respectively; the pressure was maintained
at 13.5 MPa.

The effect of temperature was most pronounced
on the yields of n-heptane soluble liquid products (La)
(Fig. 1), except for 1h reaction time, when the increase
of the yield was observed only at temperatures above
420°C.
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Figure 1. Yields of n—heptane soluble liquefaction products (Ls)
at different temperatures and residence times.
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Figure 2. Yields of asphaltenes (Lp) at different temperatures and
residence times.

However, at temperatures higher than 420°C it was
not advisable to prolong the liquefaction experiments to
4, 6 or 8 hours, because the liquid products polymerized
which made their separation by filtration impossible.
Some difficulties in the filtration of the products were
observed even in experiments at 420°C after longer
residence times (6 and 8 h). This phenomenon was
observed previously in the case of other soft brown
coals [3], but only under the most severe conditions
(440°C, 8 h, 16.5 MPa).

By prolonging the reaction time at constant
temperature, the yields of light, n—heptane soluble oils
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Figure 3. Yields of solid residue (R) at different temperatures
and residence times and the corresponding coal conversion de-
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(Ls), increased (Fig. 1), while the yields of asphaltenes
(La) decreased (Fig. 2). The results of 1 h liquefaction
tests differed to some extent. Namely, in the first stage of
the process, the yields of light oils were lower and those
of asphaltenes were somewhat higher, indicating that
the heavy liquid products were not hydrogenated to
greater extent during short reaction times, i.e., light oils
were not yet produced on account of asphaltenes.
According to the most commonly used interpretation of
the direct catalytic coal liquefaction mechanism [16], in
the first stages of the process, at the lowest temperature,
coal dissolution generally begins in contact with the
solvent, and the C-O, C-S, C-N and other bonds start
to break by the simultaneous effect of heat and
hydrogen in the presence of catalyst. The nature of the
free radicals formed, which depends on the structure of
the initial coal, will determine the extent to which they
will be stabilized by hydrogenation or will unite into
smaller or larger cross-linked free radicals, leading to
products of higher molecular mass, i.e., heavy oils,
polymers or solid coke-type products [17].

Since the vyields of both the light oils and
asphaltenes during the first hour only changed slightly
even at temperatures close to 440°C, the type of
cross—linking in the structure of Kosovo coal might be
supposed to be such as to permit the easy dissolution of
one portion of the grains, the dissolution or
disintegration of the remaining larger amount of coal
substance requiring either substantially higher
temperature or longer residence time at lower
temperatures. Such behaviour in the liquefaction
process was specific and was not observed in the case
of other domestic soft brown coals investigated so far,
suggesting a different structure and composition of
Kosovo Basin coal.

The effect of pressure on the liquid product yields
was slightly pronounced, as demonstrated by the
example shown in Table 2.

Table 2. Liquefaction product yields and total coal conver-
sfon at different pressures (t=365°C, 1=4h)

p(MPa) | Ls, wi% | Lawi% | R wi% X (%)

13.5 13.3 30.1 23.0 76.9

15.0 13.9 30.7 20.8 79.2

Similarly to experience with other domestic soft
brown coals [3,4], the effect of increasing the pressure
above 13.5 MPa was much less important than the effect
of temperature and residence time. Therefore,
experiments at higher pressures were not discussed in
more detail in this paper.

Changes in the composition of the gaseous
products during the 4h experiments at constant
pressure and temperature (13.5 MPa and 365°C) are
shown in Fig. 4.
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Figure 4. The composition of gases during 4 h liquefaction at
365°C and 13.5 MPa.

The most intense release of gases was observed
during the first two hours upon reaching steady state
reaction conditions. Subsequently, following a period of
4 h, the release of gases was practically neglectable.
High amounts of gases in the initial stages led to high
total coal conversions (Fig. 3) in spite of the relatively
small simultaneous yields of liquid products (Figs. 1 and 2).

Changes in the composition of the gaseous
products, depending on the reaction time in
experiments at higher temperatures, are shown in Fig. 5
(a,b).

Similarly to liquefaction at lower temperatures, the
gaseous product release was the most intense in the
initial stages of the process. Gas chromatographic
analyses of the gases obtained in 1 h experiments (Fig.
5a) carried out in 0.5 h intervals, indicated analogous
changes in the concentrations of individual gases with
time. Relative to liquefaction at a lower temperature (Fig.
4), a somewhat higher amount of gases was released at
420°C (Fig. 5b), resulting from the more intense thermal
disintegration of coal at the higher temperature. The
relatively high concentration of CO2> was due to the
higher proportion of carbonates in Kosovo Basin coal.

The following fifteen categories of grains were
found by the micropetrographic analysis of the solid
residues isolated after liquefaction: 1) unchanged
(unreacted) coal; 2) changed (reacted) coal; 3) changed
(reacted) coal (A-type); 4) humoplasts; 5) cenospheres
(A,B); 6) grains of cross—linked structure; 7) semi-coke;
8) coke; 9) homogeneous high reflectance grains; 10)
inertinite (fusinite); 11) fragments; 12) granular residue;
13) clay; 14) pyrite; and 15) carbonates. The changes in
the composition of the solid residues were considered
as a function of the reaction conditions, i.e., temperature
and residence time. The most characteristic changes in
the petrographic composition of the solid residues are
shown in Table 3.
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Figure 5. The composition of gases during 1h (a) and 8h (b) liquefaction at 420°C and 13.5 MPa.

Table 3. Petrographic composition of the solid residues

Categories p=13.5 MPa
of grains t (°C) 365 400 420 440
(vol %) wh) | 1 6 8 1 4 6 8 1 4 6 8 1
4 humoplasts 9.0 2.0 - - 3.5 - 0.5 2.5 - - - -
5 cenospheres
A 9.5 1.0 0.5 - 35 5.5 15 3.5 1.0 15 3.0 2.0
B 3.0 15 - - - 15 0.5 0.5 - - - -
7 semi-coke 25 6.0 3.0 2.5 5.0 3.0 2.0 9.5 8.0 8.0 6.0 10.0
8 coke 1.0 0.5 - - 35 15 25 3.5 0.5 0.5 3.0 3.0
13 clay 100 | 360 | 635 | 195 | 17.0 | 340 | 230 | 250 | 305 | 225 | 21.0 | 150
14 pyrite 35 6.5 7.0 8.0 45 5.0 55 3.0 55 5.0 45 5.5

The appearance of humoplasts (cat. 4) under the
mildest conditions (365°C, 1 h) is characteristic for the
initial stages of coal structural changes. The proportion
of humoplasts is subsequently reduced or they
disappear at higher temperatures and longer reaction
time. Humoplasts are followed by the formation of
cenospheres (cat. 5) with one (A) or more vacuoles (B),
which result from the elimination of certain parts of coal
by dissolution or the release of gases, leading
simultaneously to the formation of a cross—linked
structure (cat. 6). The proportion of semi—coke (cat. 7)
and coke (cat. 8) tends to be higher at higher
temperatures, due to thermal processes and
polymerization of the liquid products.

None of the solid residues contained unreacted
coal (grain category 1), indicating that under all the
applied conditions the coal did react with the solvent
and/or hydrogen already at the beginning of the
process. The grain categories 9-15 represent inert
carboniferous and mineral components of the coal
which remain in the solid residues. A high proportion of
clay in the solid residues and a correspondingly low
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total proportion of carboniferous components, indicate
high coal conversion.

CONCLUSIONS

Direct liquefaction of Kosovo Basin coal by
catalytic hydrogenation led to  about 80% total
conversion under the applied conditions. A maximum
yield of n-heptane soluble light oils was obtained at
420°C in experiments which lasted 4, 6 or 8 h. In 1 h
experiments the maximum vyield required a temperature
of 440°C. In liquefaction experiments at temperatures
above 420°C and during longer reaction times,
polymerization of the liquid products was observed,
preventing separation of the products and, hence,
determination of the yields. Relatively high conversions
at low temperatures, even in the initial stages of the
process, were due mainly to the release of gases and
partly due to coal dissolution. This observation was
confirmed by micropetrographic analysis which revealed
grains containing carbonized membranes of the original
coal macerals.
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1ZvOD

LIKVEFAKCIJA MEKOG MRKOG UGLJA KOSOVSKOG BASENA
(Nauéni rad)

Bojana D. Aleksié1, Bogdan R. Aleksié1, Branislav Z. Markovié1, Olga C. Cvetkoviéz,
Marko D. Ercegovacs, Dragomir K. Vitorovié?
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Ispitivano je ponasanje mekog mrkog uglia Kosovskog basena (Jugoslavija)
pri direktnoj likvefakciji. Kataliticka hidrogenizacija izvodena je u proto¢nom
Sarznom reaktoru propustanjem vodonika kroz suspenziju tetralina i usitnje-
nog uglja, u prisustvu komercijalnog presulfidiziranog Co—-Mo/Al2O3 kataliza-
tora. Eksperimenti su izvodeni na temperaturi 365 | 440°C, pritisku 13,5 i 15,0
MPa, u trajanju 1-8 sati. Reaktivnost uglja je procenjivana i ukupna totalna
konverzija izracunavana je na osnovu prinosa te¢nih proizvoda rastvornih u
n-heptanu (laka ulja), asfaltena (proizvodi nerastvorni u n—heptanu) i évrstog
ostatka. Konverzija uglja pri navedenim uslovima iznosila je oko 80 %, a naj-
veda je bila ([B6 %) pri najduzem reakcionom vremenu. Mikropetrografskom
analizom identifikovane su razli¢ite vrste zrna modifikovanog uglja kao i novo
stvoreni tipovi zrna uglja kao i mineralnog materijala. Dobijeni rezultati ukazu-
ju da se gasovi oslobadaju u poéetnim fazama hidrogenizacije, a da polimeri-
zacijom te€nih proizvoda polu-koks i koks postaju u kasnijim fazama
hidrogenizacije.

Kljucne reci: ugalj = meki mrki
ugalj « Kosovski basen ¢ katali-
tiCka hidrogenizacija ¢ likvefakcija
uglja «

Key words: Coal « Brown coal
Soft « Kosovo Basin coal « Ca-
talytic hydrogenation ¢  Coal
liquefaction ¢
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