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Abstract 

The hydrogenation and dehydrogenation behavior of naphthalene, phenanthrene, and pyrene using ammonium te- 
trathiomolybdate as a catalyst precursor were investigated via their product distribution and kinetic/thermodynamic 
parameters. Hydrogenation reactions were carried out in 25 ml microautoclave reactors at 350, 400, and 450°C for various 
times up to equilibrium conditions. A lumped kinetic model was used to determine forward and reverse rate constants, which 
were then used to determine Arrhenius parameters. Enthalpy data were obtained and compared to values calculated in the 
literature. It was found that the temperature where dehydrogenation of hydroaromatics became favorable over hydrogenation 
reactions decreased with increasing ring size. This was also shown by an increasing thermodynamic control over the 
reactions as ring size increased. 
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I. Introduction 

Coal liquefaction can be considered a techni- 
cally viable alternative for the production of 
liquid transportation fuels if the coal macro- 
molecule can be broken up into low molecular 
weight fragments, and the fragments can then 
be hydrogenated to decrease the concentration 
of aromatics and heteroatoms (nitrogen, sulfur, 
and oxygen) in the final product. The liquefac- 
tion process can be facilitated using various 
sulfided catalysts, which are generally resistant 
to poisoning by heteroatomic compounds. Der- 
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byshire [1,2] and Mochida et al. [3] have re- 
viewed the extensive literature on this subject. 
Research by McMillen et al. [4-6] has brought 
about a greater understanding of the hydrogen- 
transfer mechanism involved in the coal dissolu- 
tion process. However, the exact role of the 
catalyst is still under question. The catalyst is 
thought not to participate in bond cleavage di- 
rectly. The breaking of these bonds in the coal 
macromolecule is generally considered to be a 
thermally driven process. However, the use of a 
catalyst, along with a hydrogen-donor solvent, 
does improve conversion to liquid products. In 
fact, if the coal is relatively easy to convert, a 
catalyst will improve conversion even without a 
good donor solvent being present [7]. Therefore, 
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research into catalyst development and the ef- 
fects of catalysts on coal dissolution and up- 
grading of primary products is an important 
component of coal liquefaction development. 

Molybdenum has long been a focus of re- 
search into catalytic coal liquefaction. In a re- 
cent historical essay, Moulijn and colleagues 
have traced the use of sulfided molybdenum 
catalysts for coal conversion back at least to 
1924 [8]. The use of dispersed molybdenum 
catalyst in a pilot plant has been reported by 
Moll and Quarderer [9]. Liquefaction improves 
with an increase in molybdenum concentration, 
but limits have been observed beyond which 
further increases in molybdenum addition no 
longer have a significant effect [10-12]. Be- 
cause the catalytically active form, MoS 2, is 
insoluble, a dispersion of molybdenum onto coal 
particles is often effected using so-called cata- 
lyst precursors. The precursors are soluble com- 
pounds of molybdenum that may have little or 
no catalytic activity themselves but are pre- 
sumed to convert to a catalytically active form 
at liquefaction temperatures. Ammonium hepta- 
molybdate (AHM) has been used in liquefaction 
research [1,13,14]. Derbyshire [1], Moulijn et 
al.[8], and Weller and Pelioetz [14] produced 
ammonium tetrathiomolybdate (ATTM) by sul- 
tiding AHM with H2S. They observed higher 
conversions using this precursor instead of 
AHM. The mechanism by which ATTM de- 
composes to its active form, MoS 2, has been 
studied by Prasad et al. [15], and later by Nan- 
mann et al. [16]. The latter work describes the 
decomposition of ATTM to amorphous MoS 2 
in the temperature range of 350-450°C. Work 
by Romanowski and Roczniki discusses the 
rapid decomposition of ATTM under hydrogen 
atmosphere [17]. 

In our laboratory, the most recent work show- 
ing the effectiveness of ATTM in coal liquefac- 
tion is that by Burgess [18] and by Huang [7]. 
Through careful coal selection, it was shown 
that coal conversions of up to 95% could be 
achieved in catalytic reactions, although the 
hexane-soluble oils produced in the process still 

remained aromatic. The aromatics in the coal 
liquids have to be removed if they are to be 
used for liquid transportation fuels. In the United 
States, the 1990 Clean Air Act amendments 
have significantly restricted the allowable con- 
centrations of aromatic compounds in gasoline 
and diesel fuels [19]. Coal may be the preferred 
feedstock for advanced generation jet fuels that 
would be able to withstand severe thermal 
stressing without decomposing to carbonaceous 
solids. However, aromatics have been shown to 
be precursors to solid deposition in fuels at 
elevated temperatures [20-22]. Upgrading pro- 
cesses would have to be employed to hydro- 
genate the aromatics produced during liquefac- 
tion. This step would involve catalytic hydro- 
treating of the primary liquid products from 
coal. However, if capital investment and operat- 
ing costs of a coal-to-liquids plant are to be kept 
to a minimum, it would be advantageous to 
hydrogenate as many of the coal fragments as 
possible during the liquefaction step itself; that 
is, as the coal fragments are released during the 
depolymerisation of the coal macromolecule. 

Various strategies have been formulated for 
application of temperature during liquefaction. 
These strategies are concerned with optimizing 
depolymerisation of coal, upgrading primary 
products, and avoiding retrogressive reactions. 
The retrogressive reactions represent the recom- 
bination of reactive free radicals to form a 
carbonaceous char that resists further reaction. 
Such reactions are often the result of the fact 
that the rate of hydrogenation - specifically, 
hydrogen capping of free radicals generated 
from thermal cleavage of coal macromolecules 
- cannot catch up to that of free radical forma- 
tion. In temperature-staged and temperature- 
programmed liquefaction, a low-temperature 
pretreatment stage is followed by a high-tem- 
perature reaction stage. Conditions during the 
second stage are responsible for the quality of 
the coal liquids produced. With careful 'fine 
tuning' of the reaction conditions, it could be 
possible to have advantageous thermodynamics 
in the system along with a reasonably fast rate 
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of depolymerisation of the coal macromolecule. 
Basically, a trade-off between reaction kinetics 
and thermodynamics is possible. 

Because of the complexity of the macro- 
molecular structures of coals, the likely exis- 
tence of numerous parallel reactions during liq- 
uefaction, and the production of dozens of indi- 
vidual compounds in the coal-derived liquids, 
research into the effect of various reaction con- 
ditions is facilitated by model compounds. Hy- 
drogenation of aromatics has been studied for 
many years and the available literature is vast. It 
has been reviewed by Moreau and Geneste [23], 
Girgis and Gates [24], and Stanislaus and Cooper 
[25]. The research has focused on kinetic, ther- 
modynamic and product distribution analysis. 
Correlations among the reactivities of two-, 
three-, and four-ring compounds are lacking. 
Recently, Korre et al. [26] studied the hydro- 
genation of aromatics using CoMo/A120 3 as 
catalyst. Categories of naphthalenic and phenan- 
threnic hydrogenations were introduced and 
comparisons of their kinetic data and equilibria 
were given. 

This paper will discuss the hydrogenation 
and dehydrogenation reactions of naphthalene, 
phenanthrene and pyrene using ATTM as a 
catalyst precursor. The motivation for this work 
stems from previous work in our laboratory on 
the behavior of a variety of polycyclic com- 
pounds, aimed at investigating some of the fun- 
damental chemical processes involved in vari- 
ous aspects of fuel utilization. These include 
direct coal liquefaction [7,18], stability of avia- 
tion fuels [20-22], and carbonization or graphi- 
tization reactions leading to carbon materials 
[27]. Recent work on the liquefaction behavior 
of resinite during coal liquefaction [28,29] also 
motivated the present research on model com- 
pound hydrogenation and dehydrogenation. 

2. Experimental 

All reactions were carried out in 25 ml mi- 
croautoclave reactors (made of type 316 stain- 

less steel). In all runs, 3 + 0.01 g reactant (Al- 
drich, 99%, used as received) and 0.075 + 0.005 
g ammonium tetrathiomolybdate (Aldrich, 99%, 
used as received) were loaded into the reactor. 
The reactor was purged with hydrogen twice, 
before the final pressurization with hydrogen to 
7.2 MPa (5:1 hydrogen/reactant molar ratio). 
Heating was accomplished by lowering the reac- 
tor into a fluidized sand bath preheated to the 
desired temperature. The reactor was agitated 
during the course of the reaction to increase 
contact of the reactant with the catalyst, and 
increase the rate of bulk hydrogen transfer 
through the reacting medium. After a measured 
reaction time, the reactor was removed from the 
sandbath and quenched to room temperature by 
immersing it in a cold water bath. The products 
from the reaction were removed from the reac- 
tor using tetrahydrofuran (THF). The THF was 
removed by rotary evaporation and the product 
was weighed. It was found that in all cases the 
mass balance of reactants and products ex- 
ceeded 98%. The products were dissolved in 
acetone and analysed using a Perkin-Elmer 8500 
gas chromatograph (column used was 30 m × 
0.25 mm i.d. fused silica capillary column (DB- 
17) coated with 50% phenyl-50% meth- 
ylpolysiloxane with a coating film thickness of 
0.25 Ixm). Identification of the products was 
achieved using a Hewlett-Packard 589011 gas 
chromatograph coupled with a HP 5791A mass 
selective detector. 

In order to determine the dehydrogenation 
behavior of the hydrogenated pyrenes, the prod- 
ucts from pyrene hydrogenated at 350°C and 60 
min, 400°C and 80 min, and 450°C and 40 min, 
were catalytically dehydrogenated under N 2. 
This was accomplished using the same reactors 
as in the hydrogenation step. The products from 
the three hydrogenations listed above were 
weighed into the reactor along with a 1 wt% 
(metal) loading of ATTM. The reactor was 
pressurised with approximately 3 MPa N 2 and 
immersed in a sandbath at the desired tempera- 
ture and for the desired reaction time. After this 
time, the reactor was quenched as before, and 
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the products were removed using THF. The 
products were analysed using GC as before. The 
dehydrogenation behavior of tetralin was inves- 
tigated in a similar way to the hydrogenated 
pyrenes. 

3. Kinetic and thermodynamic modell ing 

3.1. Kinetic model 

We begin with the simple equation consider- 
ing an equilibrium between aromatics and hy- 
droaromatics: 

Aromatics + n H  2 ~ Hydroaromatics (1) 

Eq. (1) is the basis for calculating the reaction 
kinetics. 

The rate expression is given by: 

- d [ A l / d t = k f [ A l P ~ i 2 - k r [ H A  ] (2) 

where kf and k r a re  the forward and reverse 
rate constants, respectively, and Pn ,  is the hy- 
drogen partial pressure. [A] and [I~A] are the 
concentrations of aromatiics and hydroaromat- 
ics, respectively. 

To simplify the system, two assumptions were 
made. (1) The forward reaction is pseudo-first- 
order. A reduction in hydrogen pressure is ex- 
pected to occur during the reaction as aromatics 
are converted to hydroaromatics. However, the 
authors feel that because of the low activity of 
the catalyst for hydrogenation, this decrease is 
not enough to undermine any qualitative conclu- 
sions that are drawn from this simplified kinetic 
model. Experimentation has shown that for a 
drop of 100 psi H 2, the rate constant will 
decrease by 10%. Error analyses of the calcu- 
lated rate constants are shown on the Arrhenius 
plots for each reactant. (2) The reverse reaction 
is first order in hydroaromatics. 

Assumption 1 is introduced, and Eq. (2) be- 
comes: 

- d [ A ] / d t  = k~[A] - kr[HA ] (3) 

where k} is the pseudo-first order rate constant. 

At equilibrium k} [A] = kr[HA], and there- 
fore: 

k'f/k r = [HA]eq/[A]eq (4) 

Also, a mass balance gives: 

[A], + [HA],-- [Alo q + [HAlo q (5) 

Therefore, using Eqs. (4) and (5), Eq. (3) can 
be rearranged to give: 

- d [ A ] / d t  = k}(1 + [Ale q 

/[HA]eq)([A] t -  [A]eq) (6) 

By putting kob S = k}(1 + [A]eq/[HA]eq) , and 
integrating, the final expression becomes: 

l n [ A ] t - [ A ] , q / [ A ] 0 -  [A]eq = --kobst (7) 

Therefore a plot of Eq. (7), gives a slope = 
- kob s, and therefore: 

k} = kobs/(1 + [A]eq/[HA]eq) 

k r = k f [ A ] e q / [ H A ] e  q (8)  

3.2. Determination of Arrhenius parameters 

The Arrhenius equation can be used to deter- 
mine how the rate constants vary with tempera- 
ture. By plotting In kf and In k r vs. reciprocal 
temperature, the apparent activation energies for 
hydrogenation and dehydrogenation can be ob- 
tained. Also, the intersection of the two lines is 
the point where the rates of hydrogenation and 
dehydrogenation are equal. This is the boundary 
beyond which unfavorable dehydrogenation 
conditions predominate over favorable hydro- 
genation conditions. 

3.3. Discussion of mass-transfer limitations 

A discussion of the mass-transfer limitations 
on any catalytic process is warranted when con- 
sidering variations in kinetic parameters. Mass- 
transfer limitations can be checked in the reac- 
tion system by the apparent activation energies 
obtained by calculation. Values below 6 
kca l /mo l  are suspect and can mean mass-trans- 
fer is controlling the reaction to some extent. 
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Also, mass-transfer can be inferred in a reaction 
system where conversion is not linear to catalyst 
concentration. In this study, mass transfer limi- 
tations were  checked  by varying the 
catalyst/reactant ratio for pyrene hydrogena- 
tion. Conversion was compared at 1.3, 2.6, 5.3, 
and 13% ATTM/pyrene  ratio. The pyrene con- 
centration was linear in catalyst concentration 
for all loading ratios. This result suggests that 
mass-transfer limitations on this system are neg- 
ligible. In a similar study, Johnston [30] showed 
a similar relationship between catalyst/reactant 
ratio and conversion, and attributed this to a 
reaction system that was not mass-transfer lim- 
ited. However, more experimentation is neces- 
sary to determine quantitatively the effect of 
bulk hydrogen transfer through the reacting 
medium. For example, varying the agitation rate 
of the reactor during hydrogenation should high- 
light any changes in conversion due to any 
mass-transfer effects. 

4. Thermodynamic calculations 

= p n  (10) Kp [ H A ] e q / [ A ] e q  1 /  H, 

where n is the number of moles of hydrogen 
added in a given reaction, e.g. naphthalene + 
2H 2 ~ tetralin (n = 2); phenanthrene + 4H 2 
octahydrophenanthrene (n = 4). 

Using the van't Hoff isochore equation [Eq. 
(11)] 

din Kp/dT = AH/RT 2 (11) 

the enthalpy of hydrogenation for each reaction 
can be calculated. 

5. Results and discussion 

5.1. Naphthalene hydrogenation / dehydrogena- 
tion 

Fig. 1 shows how naphthalene conversion 
varies as a function of time at three tempera- 
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Fig. 1. Effect of temperature on naphthalene to tetralin conversion 
during hydrogenation. 

tures. Tetralin was the only hydrogenation prod- 
uct observed. This behavior is consistent with 
literature reports citing the relative ease of hy- 
drogenation to tetralin but much greater diffi- 
culty of proceeding to the decalins [31,32]. 
Cracking or isomefisafion products of tetralin 
were seen at 450°C, but the total concentration 
did not exceed 5 wt%. At 400 and 450°C, 
equilibrium was reached after 60 min reaction 
time. Total conversion is only slightly better at 
400°C. At 350°C, the reaction does not reach 
equilibrium; after 180 min, the conversion 
reached 72%. To calculate the equilibrium com- 
position of the reaction at 350°C, an extrapola- 
tion was used to find the point of 95% conver- 
sion. 

In order to determine why only a 5% increase 
in conversion is seen between 450 and 400°C, 
the equilibrium composition of the naphtha- 
lene/tetral in/hydrogen reaction system was 
calculated using Gibbs free energy values from 
the Texas A & M  University thermochemical 
database (5:1 hydrogen/reactant molar ratio was 
used in the calculation). At 350°C, equilibrium 
composition was calculated to be 98% tetralin 
and 2% naphthalene. At 400°C, values were 
84% tetralin and 16% naphthalene. At 450°C, 
values were 64% tetralin and 36% naphthalene. 
Therefore, the experimental values agree quite 
well with the theoretical values at 350 and 
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Fig. 2. Naphthalene hydrogenation kinetics at 350, 400 and 450°C. 
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plot. 

450°C. However, conversion at 400°C is 19% 
less than expected from theoretical calculations. 
Reasons for this could be experimental error in 
the hydrogenation of naphthalene at 400°C. The 
sandbath temperature may have been higher 
than 400°C. Also, mass-transfer limitations 
could have reduced the overall conversion. 
However, mass-transfer did not appear to limit 
conversion at 350°C, a temperature at which 
bulk hydrogen transfer through the reacting 
medium would be slower. 

Fig. 2 shows a kinetic plot of Eq. (7) for 
naphthalene hydrogenation. It can be seen that 
the data fit the model well. Using Eqs. (8) and 
(9), rate constants were calculated, and these are 
reported in Fig. 2. The fig. shows that as tem- 
perature increases, kf increases. The dehydro- 
genation rate constant also increases with in- 
creasing temperature, but the activation energies 
of the two reactions are different. Fig. 3 shows 
an Arrhenius plot for naphthalene hydrogena- 
tion/dehydrogenation. From regression analy- 
sis, calculated apparent activation energy for the 
forward reaction is 13 kcal/mol,  and activation 
energy for the reverse reaction is 36 kcal /mol  
(these values show that the reaction rate is not 
controlled by mass-transfer processes). Fig. 3 
also shows that dehydrogenation becomes the 
favorable reaction above 450°C. 

To confirm this observation experimentally, 
tetralin was catalytically dehydrogenated under 

nitrogen atmosphere at 350, 400 and 450°C. 
Fig. 4 shows the product distribution. It can be 
seen that at 350 and 400°C (30 min reaction), 
conversions of tetralin to naphthalene are 10 
and 20%, respectively. At 450°C, conversion 
increases to 55%, for the same reaction time. 
Therefore, these data confirm that dehydrogena- 
tion is the major reaction only at high tempera- 
tures ( >  450°C). This has also been shown in 
our laboratory with research on the thermal 
stability of tetralin. It was shown that tetralin 
was stable to decomposition and dehydrogena- 
tion at 450°C [33]. 

The use of tetralin as a donor solvent in coal 
extraction and liquefaction has been studied in 
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Fig. 4. Effect of temperature on tetralin to naphthalene conversion 

during dehydrogenation. 
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detail for many years. A comprehensive review 
of the earlier work is given by Kiebler [34]. 
Several useful but more recent studies are also 
available [35-38]. Data derived by Hooper et al. 
[37] show that formation of naphthalene from 
tetralin only occurs at temperatures greater than 
435°C, and shows a pronounced increase in 
dehydrogenation at 450°C. These results agree 
quite well with the earlier work of Peter, who 
found tetralin decomposition up to 38% for 
reactions at 440°C and 1 h [39]. The reaction 
rate is slower than the present work because 
these authors used only thermal (i.e. non-cata- 
lytic) conditions. However, the thermodynamic 
behavior (conversion) is similar to that seen 
from the data obtained in the present study. It 
can be argued that the point where the hydro- 
genation and dehydrogenation rate constants are 
equal is the temperature that a H-donor solvent 
is most effective. This would be about 450°C 
for the naphthalene/tetralin system. 

Fig. 5 shows a van't Hoff plot for hydrogena- 
tion of naphthalene to tetralin. Because of the 
uncertainty of behavior at higher temperatures, 
and uncertainties about the run at 400°C, two 
lines were plotted. One included the data at 
450°C, and the other did not. Therefore a range 
of values was obtained. Kp values were calcu- 
lated using Eq. (10). Eq. (11) was used to 
calculate the enthalpy of hydrogenation. A range 
of - 2 5  +_ 5 kcal /mol  is obtained from Fig. 5. 

The value is in reasonable agreement with liter- 
ature values of -29 .8  and - 3 2  kcal /mol  
[40,41]. 

If hydroaromatics are to be produced from 
aromatics, two factors have to be considered, 
conversion and length of time to reach the 
desired conversion level. As can be seen from 
the data, conversion decreases with increasing 
temperature, but the kinetics of the reaction are 
slower at lower temperatures. From the data, it 
can be concluded that high temperatures are 
desirable for the first 40 min of reaction, but 
after this time, thermodynamics limit the con- 
version. At this point, it is then advisable to 
reduce the temperature to below 400°C, and 
continue to convert naphthalene to tetralin, as 
can be seen in the reaction at 350°C. To hydro- 
genate only at 350°C would take too long to 
achieve respectable conversion. These results 
suggest that a concept of 'reverse temperature 
staging', in which an initial, high-temperature 
stage is followed by a second, low-temperature 
reaction stage, may be of benefit in achieving 
high yields of hydrogenated products from the 
liquefaction step itself. 

5.2. Phenanthrene hydrogenation / dehydro- 
genation 

Fig. 6a, b and c show the product distribu- 
tions for phenanthrene hydrogenation at 350, 
400 and 450°C, respectively. They show de- 
creasing conversion as temperature increases. 
Also, product selectivity differs in the three 
different temperature reactions. At 350°C, the 
major primary product is dihydrophenanthrene 
(DHPh). Tetrahydrophenanthrene (THPh) is also 
a primary product, while octahydrophenan- 
threne (OHPh) is a hydrogenation product of 
DHPh and THPh. However, a maximum in the 
concentration of DHPh appears after 50 rain 
reaction. The concentration then decreases from 
28 to 19 wt%. This can be attributed to the 
dehydrogenation pathway of DHPh to phenan- 
threne. This was confirmed by hydrogenating 
DHPh at 350°C using ATTM. Fig. 7 shows that 
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phenanthrene is the major product during this 
reaction. Comparing the product distribution of 
THPh and OHPh with that of the same com- 
pounds shown in Fig. 6a, it can be concluded 
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that THPh is a direct hydrogenation product of 
phenanthrene, and OHPh is a hydrogenation 
product of DHPh. The interconversion of DHPh 
and THPh [42] seems unlikely based upon the 
fact that the concentration of THPh is the same 
when phenanthrene and DHPh are used as reac- 
tants. OHPh concentration is higher when DHPh 
is used as the reactant, suggesting that DHPh 
hydrogenates to OHPh directly. 

At 400°C, the concentration of DHPh reaches 
a maximum in 30 min less time than at 350°C. 
This is due to greater reaction rates at the higher 
temperature, and unfavorable thermodynamics 
allowing dehydrogenation to take place more 
readily. At 450°C, dehydrogenation is the most 
favorable reaction and therefore conversion is 
limited to only 27%. 

Fig. 8 shows a kinetic plot of Eq. (7) for 
phenanthrene hydrogenation. Pseudo-first order 
rate constants reported in Fig. 8 show that as 
temperature increases, kf increases. The dehy- 
drogenation rate constant, k,, also increases with 
increasing temperature, but the activation ener- 
gies of the two reactions are different. Fig. 9 
shows an Arrhenius plot for phenanthrene hy- 
drogenation/dehydrogenation. From regression 
analysis, calculated activation energy for the 
forward reaction is 7 kcal /mol ,  and activation 
energy for the reverse reaction is 23 kcal /mol .  
These values are low but this may be attributed 
to the unusually high dehydrogenation suscepti- 
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bility of DHPh. It may also show that the 
reaction is partly controlled by diffusion pro- 
cesses. The crossover temperature where dehy- 
drogenation becomes the favorable reaction is 
404°C. 

Fig. 10 shows a van't Hoff plot for hydro- 
genation of phenanthrene to DHPh, THPh and 
OHPh. Kp values were calculated using Eq. 
(10). Data for the reaction at 350°C were not 
included because the susceptibility of DHPh 
toward dehydrogenation caused considerable 
uncertainty in the results. Eq. (11) was used to 
calculate the enthalpies of hydrogenation, and 
these are reported in Fig. 10. It can be seen that 
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Fig. 9. Phenanthrene hydrogenation/dehydrogenation Arrhenius 
plot. 

the value of A H per mole of hydrogen added is 
almost constant for the three reactions, and that 
the value of - 12.3 kcal/mol (for the predomi- 
nant reaction of phenanthrene + H 2 ~ DHPh) 
compares well with values given in the litera- 
ture ( -  12 kcal/mol) [43]. 

Thermodynamics appear to play a more im- 
portant part in the hydrogenation of phenan- 
threne than for naphthalene. The temperature 
limit for favorable conditions is much lower 
than for naphthalene at 404°C. Also, the differ- 
ence in reaction kinetics is not so pronounced as 
temperature increases from 350 to 400°C. The 
reaction rate of naphthalene hydrogenation in- 
creased almost by a factor of three, whereas 
phenanthrene reaction rate increased by only a 
factor of 1.2. These observations are in agree- 
ment with the conclusions of Girgis and Gates 
[24] that 'equilibrium considerations take on 
increasing importance with an increasing num- 
ber of rings in fused-ring aromatics'. 

5.3. Pyrene hydrogenation / dehydrogenation 

Fig. 1 l a, b and c show the product distribu- 
tions for pyrene hydrogenation at 350, 400 and 
450°C, respectively. The major product at all 
temperatures is dihydropyrene (DHPy). Sec- 
ondary hydrogenation products are tetrahy- 
dropyrene (THPy) and hexahydropyrene 
(HHPy). Conversion decreases as temperature 
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increases as seen with the other compounds in 
this investigation. The product selectivity at 350 
and 400°C is similar except that at 350°C the 
hydrogenation of DHPy to THPy is allowed to 
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continue after 80 min reaction time. Therefore, 
it can be seen that dehydrogenation reactions 
are limiting conversion at 400°C. At 450°C, 
conversion of pyrene stops after 20 min, with 
only 27% conversion to hydroaromatics. 

Fig. 12 shows a kinetic plot of Eq. (7) for 
pyrene hydrogenation. The pseudo-rate con- 
stants were calculated from the plot, and these 
are reported in Fig. 12. In a similar study by 
Stephens and Chapman [44], a forward rate 
constant of 0.019 min-1 was obtained using a 
kinetic model based on pseudo-first order kinet- 
ics. Our value of 0.013 min-1 compares reason- 
ably well with this value, even though the hy- 
drogen/pyrene molar ratio was much larger 
than in this study. This does suggest that the 
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pseudo-first order kinetic model used in this 
study is justifiable. 

Fig. 13 shows an Arrhenius plot for pyrene 
hydrogenation/dehydrogenation. From regres- 
sion analysis, calculated apparent activation en- 
ergy for the forward reaction is 9 kcal/mol,  and 
activation energy for the reverse reaction is 18 
kcal/mol.  Fig. 13 also shows that dehydrogena- 
tion becomes the favorable reaction above 
372°C. 

In order to confirm this dehydrogenation be- 
havior, hydrogenated pyrenes were subjected to 
dehydrogenating conditions, and the concentra- 
tion of pyrene was followed. Fig. 14 shows that 
as temperature increases the amount of dehydro- 
genation increases. However, in contrast to te- 
tralin dehydrogenation, lower temperatures do 
have a considerable effect on the dehydrogena- 
tion rate. 

The use of pyrene as a hydrogen shuttler has 
received some attention in the literature 
[30,38,45-47]. In essence, a hydrogen shuttler 
is a compound that is easily hydrogenated by 
gaseous hydrogen, and easily transfers the ac- 
quired hydrogen to coal or coal-derived frag- 
ments in a subsequent process. Study of the 
hydrogenation/ dehydrogenation behavior of 
pyrene and hydropyrenes (particularly dihy- 
dropyrene) is a vital step in determining the 
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Fig. 14. Effect of temperature on hydrogenated pyrenes to pyrene 
conversion during dehydrogenation. 
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overall effectiveness of pyrene or similar heavy 
aromatics as components of coal liquefaction 
solvents. The present work shows that hydropy- 
renes are susceptible to dehydrogenation at tem- 
peratures above 372°C. Therefore, because coal 
liquefaction is usually carried out at higher tem- 
peratures than this, the important consideration 
is not the ability of hydrogenated pyrenes to 
give up their hydrogen, but it is the hydrogena- 
tion reactivity of pyrene itself that will deter- 
mine the effectiveness of the solvent. 

Fig. 15 shows a van't Hoff plot for hydro- 
genation of pyrene to DHPy, THPy and HHPy. 
The enthalpies of hydrogenation are reported in 
Fig. 15. The values for A H per mole of hydro- 
gen added are almost constant for the three 
reactions, and the value of - 6 . 6  kcal /mol  (for 
the predominant reaction of pyrene + H 2 

DHPy) compares reasonably well with values 
given in the literature ( -  10 kcal/mol) [30]. 

Dehydrogenation reactions of pyrene hydro- 
aromatics predominate above 372°C. Therefore 
when optimising conditions for hydrogenation 
of pyrene, the most important variable to take 
into account is the temperature. Reaction rate 
does not play an important role in the reaction, 
except for the early stages of conversion (first 
20 min of reaction). These observations satisfy 
the earlier statement that equilibrium considera- 
tions increase with increasing ring size. 
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6. Conclusions 

The main objective for this work was to be 
able to make comparisons for 2, 3, and 4-ring 
systems and try to extrapolate this behavior to 
larger ring systems. From a kinetic standpoint, it 
appears that the rate of reaction is most impor- 
tant for bicyclic compounds. As ring size in- 
creases, kinetics play a less important role, and 
thermodynamics becomes the driving force for 
the outcome of the reaction. In fact, the data for 
pyrene shows that even at the low temperature 
of 372°C, dehydrogenation reactions predomi- 
nate. This would imply that if even larger ring 
systems are hydrogenated, equilibrium consider- 
ations will become even more important. 

This shift in relative importance of thermody- 
namic and kinetic considerations can be at- 
tributed in part to the heats of formation of the 
various polycyclic compounds and their hydro- 
genated species. Shaw et al. [48] have reported 
these values. Fig. 16 shows a comparison of 
enthalpy data from the present work and Shaw 
et al.'s data. It can be seen that there is a good 
correlation between the data. Fig. 16 also shows 
the following thermodynamic trends. When 
adding 1 mol H 2, dihydrophenanthrene is more 
readily formed than dihydropyrene. When 
adding 2 mol H2, tetrahydronaphthalene is more 
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Fig. 16. Comparison of - A Hhydrogenatio n from present work with 
theoretical data [48]. 

readily formed than tetrahydrophenanthrene, 
which is more readily formed than tetrahy- 
dropyrene. 

In terms of coal liquefaction, temperature 
effects are very important when hydrogenating 
three- and four-ring systems, whereas the kinet- 
ics of hydrogenation of two-ring systems are 
very important. Therefore, a trade-off between 
kinetics, thermodynamics and product selectiv- 
ity is necessary. A significant question to be 
asked when determining a coal liquefaction pro- 
cess is the type of product that is required. If it 
is desired to convert coal not simply to a syn- 
thetic crude oil, but rather to some specific 
product slate, then the coal has to be selected on 
a basis of its molecular architecture. For exam- 
ple, a product that requires a large concentration 
of tetralin and decalin, a coal-derived jet fuel 
for example, would need a feedstock in which 
bicyclic components dominate in its structure. 
Conditions for liquefaction can then be deter- 
mined to match the desired reaction chemistry 
of the selected feedstock. Data from this work 
suggest that the important factor will be depoly- 
merisation kinetics, and subsequent hydrogena- 
tion kinetics. A product that requires larger ring 
structures as part of its composition would re- 
quire a coal that has these large polycyclic 
moieties as part of its structure. Our data sug- 
gest that if hydrogenation of the fragments is to 
take place, the temperature of the reaction would 
have to be selected carefully. A possible reac- 
tion strategy for consideration in the future, 
particularly for direct production of high yields 
of hydroaromatic or fully hydrogenated com- 
pounds, would be a reverse temperature pro- 
gram that would have a low-temperature final 
stage to avoid dehydrogenation reactions. 
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