Modeling of Coal Liquefaction Kinetics
Based on Reactions in Continuous Mixtures

Part ll: Comparison with Experiments on Catalyzed and
Uncatalyzed Liquefaction of Coals of Different Rank

Experimental kinetic data for three Australian coals are compared
with predictions from the mathematical model developed in Part |. For
these coals, as well as data reported for North American coals, the
model is found to show good agreement, using the characteristic molec-

ular weight as the only parameter. The effects of reaction time and tem-
perature are coupled via a severity index that arises in the model as a
dimensionless reaction time. The model is also shown to be applicable
when catalysts are present. The product distribution for a particular
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coal seems to be a function only of the conversion even in the presence
of catalysts, as long as the chemical reaction controls the rate of lique-

faction.

SCOPE

Conventional coal liquefaction kinetic modeling is
based on the grouping together of products into sev-
eral "'lumps,” usually determined by the solubility prop-
erties of the various species present. The reaction net-
works for such a lumped-product system depend
clearly on the particular coal and it is not possible to
generalize such models. In Part |, a model based on the
concept of reactions in a continuous mixture was pro-
posed and a methodology of applying such a model
was developed.

In this paper, the product distributions obtained upon
liquefaction of three Australian coals—a low-rank Vic-

torian brown coal and two subbituminous coals—are
examined and compared with model predictions using
the model developed in Part | and the lumping functions
proposed therein. The kinetic data were obtained from
two different types of reactors, a tubular flow reactor
and a batch microautoclave reactor. All experiments
were conducted under conditions where there was ex-
cess availability of hydrogen from donor solvent (tetral-
in). In addition, other reported kinetic data for North
American coals were examined. The effect of catalyst
addition (mostly iron-based), is also examined and the
applicability of the model is evaluated.

CONCLUSIONS AND SIGNIFICANCE

The modei proposed in Part | is found adequate in
predicting the product distribution for all coals exam-
ined. The only parameter varied between different
coals is the characteristic molecular weight for coal.

Correspondence concerning this paper should be addressed to T. Sridhar.
J. B. Agnew is presently at the Department of Chemical Engineering, University of Adelaide,
Adelaide, 5001, Australia.
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The molecular weight for coal broadly depends upon
the rank, and increases as the rank increases.

The model provides a basis for coupling the effects
of reaction time and temperature using the concept of
severity index. The implication for liquefaction of coal
is that there is no optimum temperature for maximizing
the yield of a particular product as long as the solvent
is capable of supplying all the hydrogen requirements.
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The product distribution is uniquely determined by
reaction severity. This implies that the activation en-
ergy is similar for all reactions in the network.

The first-order rate constant for the formation of
tetrahydrofuran (THF) solublies (defined as the liquefac-
tion products) for different coals is found to follow an
Arrhenius relationship. The activation energy for this
rate parameter is a unique function of coal being pri-
marily dependent upon the atomic hydrogen/carbon
(H/C) ratio of coal.

The effect of added catalysts in the presence of a
good donor solvent is shown to accelerate all reactions
equally, without altering the selectivity. The predicted
profiles for both catalyzed and uncatalyzed reactions
are found to be the same at the same conversion level.
The beneficial effect of catalyst may however be more
pronounced when solvents of poor quality such as
recycle solvents are used. It follows that the catalyst
function in such applications is primarily to promote
hydrogen transfer reactions in the solvent.

Background

There have been numerous attempts to identify factors that
would correlate coal properties with their behavior during lique-
faction. Neavel’s work (1976) on liquefaction of a suite of coals
indicated a relationship between coal rank and conversion.
Given and coworkers (1980) studied a wide suite of coals in an
attempt to establish parameters capable of correlating liquefac-
tion behavior of different coals. Furlong et al. (1982) have pro-
posed a kinetic method of correlating reactivities of different
coals based on a fitted second-order rate constant for a revers-
ible scheme. Despite extensive efforts, no universal index of coal
reactivity has been found.

In Part [ a generalized coal liquefaction model was developed
where, in the presence of an excess available hydrogen supply
(as in a good donor solvent), one would essentially study the
thermal reactions of coal. In the model formulation we defined a
parameter o characteristic of the rate of breakdown of the origi-
nal coal. For coals made up of similar structural units & would
be a good indicator of the reactivity. Coals of a particular rank
would have similar basic unit structures within the matrix and
hence be likely to yield products of similar nature.

In coal liquefaction, the role of catalyst is attributed variously
as promoting the rehydrogenation of donor solvent using gas-
phase hydrogen (Guin et al., 1978; Rottendorf and Wilson,
1980) or capping of reactive fragments produced from thermal
cracking of coal using gas-phase hydrogen (Cassidy et al., 1982;
Cochran et al., 1982; Moritomi et al., 1983) or promotion of
coal-tetralin reactions (Tsai and Weller, 1979). Recently
Brooks et al. (1983), while examining the effect of pyrite cata-
lysts using a Pittsburg No. 8 coal and model compounds, found
these catalysts to accelerate all three reactions mentioned above,
especially those involving molecular hydrogen from the gas
phase.

The conventional approach in modeling the kinetics of reac-
tion in all cases would involve writing a network for the lumped
products and estimating the optimum set of parameters that
best correlate the data. Such a procedure, due to its empirical
nature, would not allow any generalization based on the lumped
models. With this background, a model based on the concept of
reactions in continuous mixtures (Aris and Gavalas, 1966) was
developed in part I to simulate the reactions occurring during
liquefaction of coal.

In the following sections we evaluate the predictions of the
model developed in Part I with the experimental results obtained
from liquefaction of three Australian coals, a Victorian brown
coal from the Morwell seam and two subbituminous coals from
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Queensland. The effect of catalysts on the kinetics of product
formation for the brown coal is also examined. Literature data
on the liquefaction of coals of different rank carried out in the
presence of an excess amount of tetralin as the donor solvent are
also used in the model evaluation, both in the presence and
absence of catalysts.

Experimental

The kinetic data for brown coal were obtained from two types
of reactors. A continuous-flow tubular bubble-column reactor
with external jackets for heating was employed to provide well-
defined reaction time and temperature. The detailed description
of the bubble column, operational experience, and the results
from some of the runs have been presented elsewhere (Agnew et
al.,, 1984). The flow characteristics and the hydrodynamic
behavior of the bubble column under coal-liquefaction condi-
tions have been well examined (Sangnimnuan et al., 1984). Two
tubular vessels of 19 and 12 mm ID were employed to obtain a
range of residence times in the reactor. Since there was some
axial temperature variation, an equivalent isothermal tempera-
ture was calculated. In the range of operating conditions
employed, the reactor can be considered essentially as plug-flow
in nature, with Peclet numbers greater than $ for the 19 mm
column and greater than 10 for the 12 mm column.

A batch microreactor, 19 mm ID and 125 mm long, was
employed to obtain short reaction-time data for the brown coal,
and complete kinetic data for the two Australian subbituminous
coals. To provide rapid heatup rates, a fluidized sand bath was
used as the heating medium. Thorough mixing within the reac-
tor was ensured by using a pneumatically actuated shaker.

Materials

Samples of a Victorian brown coal from the Morwell seam
(supplied by the Victorian Brown Coal Council) were used in
the experiments. Drum 289 of the 1979 100 metric ton bulk
sample was used. The analysis of this coal and the two high-
volatile subbituminous coals, Wandoan and Taroom, used in
this study are summarized in Table 1. All coals were specifically
.chosen for their low sulfur contents and were oven-dried (at
110°C) and ground to <74 um before use.

The kinetic data for all the coals were obtained using a 3:1
ratio of tetralin to coal under a hydrogen atmosphere. Details of
the slurry preparation and the continuous reactor operation (at
10 MPa) are presented elsewhere (Agnew et al., 1984). For the
runs carried out with the microreactor, 6 g of tetralin and 2 g of
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Table 1. Analysis of Morwell, Wandoan, and Taroom Coals

Coal
Morwell Wandoan Taroom
Source
Austinvale Northern Sturt
Morwell  Sturt Basin Basin
Element Victoria  Queensland Queensland
Ultimate Analysis (wt. % DAF basis)
Carbon 70.4 77.4 76.15
Hydrogen 4.9 5.99 5.94
Sulfur 0.3 0.48 0.43
Nitrogen 0.5 1.08 1.17
Oxygen (diff.) 239 15.1 16.4
Ash 3.4 9.4 7.4

coal were used and the reactor was initially pressurized to 4
MPa with hydrogen. To establish that sufficient hydrogen donor
solvent was present in the microreactor, a higher tetralin charge
was used and found to yield no improvements in conversion.

The kinetic data for the catalyzed liquefaction were obtained
from the tubular flow reactor using cheap iron-based catalysts
added via ion-exchange methods reported earlier (Agnew et al.,
1984).

Product analysis and data base

The liquid and solid products were analyzed using the solvent
extraction method (Jackson et al., 1983), which is summarized
in Figure 1. The gaseous products were analyzed for carbon
oxides as well as hydrocarbons using a Varian gas chromato-
graph equipped with a flame ionization detector and a thermal
conductivity detector.

The data base for the brown coal included results from the
work carried out at Monash University by various investigators
over the past five years (Agnew et al., 1984; White et al., 1982;
Thewlis et al., 1983). Results obtained at identical conditions of
temperature and time using the flow reactor and microreactor
were found to agree very well. This observation lends further
support of negligible backmixing in the flow reactor and hence
the assumption of plug flow of the reactor contents. Further it
suggests that gas phase hydrogen may not be a limiting reactant
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Figure 1. Product analysis and classification.
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contributing to hydroliquefaction reactions under these condi-
tions. As reported by Gollakota and Guin (1984), in coal lique-
faction reactors the mass transfer coefficient can vary signfi-
cantly due to the type of contactor used, and the compatibility
between the microreactor results and bubble-column reactor
results confirms that the hydrogen donor solvent, tetralin, is
effective in providing all the hydrogen necessary to stabilize the
reactive fragments produced during coal liquefaction. Thus one
is studying, in effect, the thermal reactions of coal.

Table 2 contains a summary of elemental analyses of the coals
used by other investigators who have published kinetic data for
coal liquefaction in batch or plug-flow reactors. All these inves-
tigators have employed tetralin as a model donor solvent and no
external catalyst was used. The product distribution was mostly
reported in terms of solubility-based criteria. However, Mohan
and Silla (1981) and Leonard and Silla (1983) presented the
product yields in terms of functional groups obtained by chro-
matography.

Reproducibility

Since there was a large data base available for brown coal, a
reproducibility check was made to estimate the expected error
bounds associated with the experimental data. All repeated
results were examined. The deviation for each sample / at a par-
ticular temperature and reaction time was calculated. An over-
all average deviation for all the product fractions was calculated
for n; number of repcated runs for sample i: Average deviation =
[7; X (deviation in sample)];/Zn,.

It was generally found that as the numerical value of product
fraction increased the error bounds decreased. The average
deviation calculated using the above procedure yielded error
bounds for conversion (+£4%), preasphaltenes (+8.8%), and
asphaltenes (+9.0%).

Since the oils, gases, and water (OGW) fraction was obtained
by differcnce, the uncertainty for this fraction was estimated
using the maximum probable error (MPE) method outlined by
Holman and Gajda (1978). The estimated uncertainty for
OGW fraction was = 10.5%.

Resuits and Discussion
Rate of coal dissolution

Brown Coals. According to the model formulation, all tetra-
hydrofuran (THF) insolubles are assumed to be unreacted coal.
The experimental data over the range 588 to 688 K are pre-
sented in Figure 2 along with the predicted values based on first-
order kinetics. It has to be noted that these predictions are based
on zero initial concentration of THF solubles and complete con-
version of THF insolubles at infinite time. It can be seen that
such predictions do not adequately represent the experimental
data.

Figure 3 contains the data corrected for the initial rapid con-
version, assuming a 10% initial THF soluble product, along with
first-order fitted values based on 10% THF solubles at zero reac-
tion time. The fit is clearly better at short reaction times. This
10% instantaneous dissolution for brown coal can be attributed
to physical extraction along with scission of very weak linkages
present in the coal matrix. In low-rank coals such an assumption
seems consistent with the idea of a more extensive network of
relatively weak bonds as compared with higher ranking coals.
Zieminski (1982) has offered a similar explanation for the ini-
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Table 2.

Summary of Reported Liquefaction Kinetic Studies*

Coal
Madisonville #9 Pittsburgh Seam
Kentucky Utah W. Virginia Kentucky #6 Illinois #6
Investigators
Shalabi et al. Wiser & Hill Curranet al. Leonard & Silla Mohan & Silla
Element (1979) (1967) (1967) (1983) (1981)
Ultimate Analysis (wt. % Moisture-Free Basis)
Carbon 55.89 72.88 71.77 75.2 68.9
Hydrogen 4,30 5.58 4.86 5.2 4.8
Sulfur 492 0.65 2.48 2.6 3.7
Nitrogen 0.87 1.51 1.25 1.7 1.2
Oxygen 8.79 10.82 7.12 8.2 8.9
Ash 25.23 8.37 12.52 7.1 12.5

*Uncatalyzed batch/PFR using tetralin.

tial rapid step of extracting ca. 10-15% of DAF (dry ash free
basis) coal that involved a low activation energy (ca. 42 kJ/
mol). Szladow and Given (1983) have adopted a similar proce-
dure for correcting the zero-time yields of pyridine solubles.

The usual approach to modeling coal conversion data is to
assume a temperature-dependent maximum conversion (Shal-
abi et al., 1979; Cronauer et al., 1978; Han et al., 1978). Thus a
pseudoreversibility concept is incorporated in these models. Al-
though such an approach would allow an additional parameter
whereby a good first-order fit would be obtained for THF con-
version plots, we feel that such an explanation is not totally jus-
tified. However, following Szladow and Given (1981, 1983), we
use a temperature-independent maximum attainable conversion
that corresponds to the reactive portion of coal. Looking at the
data for the highest temperature and longest time, Figure 3, we
find that essentially all of the THF insolubles are consumed.
Hence there appears to be no “refractory-unreactive portion” in
brown coal.

The first-order rate constant for the formation of THF solu-
bles at each of the temperatures was estimated using an IMSL

CONVERSION TO THF SOLUBLES

. 1
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TIME ( sec )
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Figure 2. Morwell coal conversion (MAF basis) vs. reac-
tion time.

Comparison with first-order model (zero initial THF solubles).
x, 315°C: *,335°C; +, 375°C; 0, 395°C; #, 415 C
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(1982) routine based on a finite-difference Levenberg-Mar-
quadt algorithm. Figure 3 shows the fit between the experimen-
tal data and the predicted conversion.

Australian Subbituminous Coals. Figures 4 and 5 contain
conversion-time plots for Wandoan and Taroom coals, respec-
tively. Unlike the brown coal, the conversion at the highest tem-
perature and longest reaction time asymptotes to a value less
than 100%. Based on this asymptotic value we estimate the tem-
perature-independent reactive fraction (DAF basis) for these
coals as 91% for Wandoan and 93% for Taroom coal. These val-
ues are slightly higher than those for bituminous coals, between
85-90% as reported by Han and Wen (1979) and 89% as
reported by Szladow and Given (1981).

Model parameters

In the model developed in Part I, the following functions were
used for the rate and stoichiometric kernels:

K(xh x2) = [('xl + xz)z/(u + 0)2] s 4 (la)
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Figure 3. Morwell coal conversion (MAF basis) vs. reac-
tion time.

Comparison with first-order model (10% initial THF solubles).
x, 315°C; *, 335°C; +, 375°C; 0, 395°C; #,415C
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Figure 4. Wandoan coal conversion (MAF basis) vs. reac-
tion time.

and

V(x’l’ x’21 xlv -XZ)
12
(x1x; + x,%3)

(1b)

[xi(x) — x) + x5 (x2 — x3)]

The solubility functions that were used to obtain lumped prod-
ucts were,

Ly =7, - (12x; + 16x;,)7! (2a)

Ly = v, - (12x; + 16x;)7" (2b)

There are three parameters that can be varied independently
to fit the three lumped-product distributions. One of these is a
characteristic molecular weight for coal, which is required to
obtain the continuous reaction model’s prediction of product dis-

tribution as a function of carbon and oxygen atoms per mole-
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Figure 5. Taroom coal conversion (MAF basis) vs. reac-
tion time.
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cule. The other two parameters are v, and +, in Eq. 2 that arise
in lumping the continuous product distribution to the lumped
products, preasphaltenes, asphaltenes, and OGW fraction. As
discussed in Part 1, these two parameters (v, and v,) arise due to
the classification based on solubility; they are solvent- dependent
and hence should be kept independent of coal.

Recently Lucht and Peppas (1984) have proposed a cross-
linked macromolecular network model for coal. They proposed
that a coal macromolecule was comprised of hypothetical
repeating units somewhat analogous to a polymer. The number-
average molecular weight between crosslinks. M., for coal was
obtained using a modified Gaussian network equation (Lucht
and Peppas, 1981). Using the equilibrium swelling of pyridine-
extracted coal samples Lucht and Peppas (1984) calculated M,
for coals of varying carbon content. The results show a correla-
tion between M, and percent carbon content over a range of 70
to 82.5% carbon [DMMF (dry mineral matter free) basis].
Since the molecular weight between crosslinks is somewhat
analogous to the characteristic molecular weight of coal that we
have proposed in the present model, we choose a value close to
1,000 (at 70% C content) as the molecular weight of brown
coal.

The actual molecular weight used in the model simulation for
brown coal was 1,036 (with calculated carbon and oxygen con-
tents based on the elemental composition of ¥ = 65 atoms and
v = 16 atoms, respectively). The parameters (y, = 200 and

= 400) were found to yield model-predicted lumped compo-
nents matching the experimental values. Once these parameter
values were determined for the brown coal, they were used for
all other coals studied here. The characteristic molecular weight
of coal was the only parameter that was varied to simulate the
product distribution for other coals.

It should be noted that the combination of parameters fitted
for brown coal is not unique since, as observed in Part I, use of a
higher value for the characteristic molecular weight along with
appropriate values for v, and v, would have led to similar fits.
Hence one should exercise care in interpreting the absolute val-
ues of the molecular weights of the products predicted by the
model, which would all be under 1,000, being less than the coal
itself. However, the relative molecular weights of the various
lumped fractions and the relative change within a lumped frac-
tion as a function of reaction time and temperature should be
compared with the experimental results.

Reaction severity and product yields

Brown Coals. In the development of the continuous reaction
model we arrived at the dimensionless form of the model equa-
tion leading naturally to a dimensionless time 6. This definition
of dimensionless time couples the effects of reaction tempera-
ture (via ) and reaction time ¢ and can be considered as a reac-
tion severity index (SI):

Sl=f=ca-1

rate constant for
SI = formation of THF x
solubles (&)

reaction
time, ¢ (3)

With such a definition it is possible to construct a generalized
plot of conversion to THF soluble products (defined as
unreacted coal). Figure 6 shows such a plot using all the experi-
mental data from the continuous-flow reactor and the batch
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CONVERSION TO THF SOLUBLES
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Figure 6. Model fit for conversion of Morwell coal.

microreactor. The solid line indicates the first-order coal con-
sumption model fit and the broken lines indicate the +4% devia-
tion estimated from the experimental data on reproducibility.
Large deviation between the experimental points and the theo-
retical line is a direct consequence of the poor fit of Figure 3.
Based on our definition of reaction severity index, generalized
plots for the lumped products can be constructed. Figure 7 con-
tains the experimental data for the fractional yields of preas-
phaltenes, asphaltenes, and the OGW fraction obtained from
liquefaction of brown coal. Included on this plot are the pre-
dicted curves obtained by using the parameters stated earlier.
The bounds of uncertainty on the experimental data are shown
by broken lines on either side of the solid line. Bearing in mind
the diversity of the data base that includes two different reactor
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Figure 7. Model fit for product yields (Morwell coal).

Broken lines are estimated uncertainties in data.
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systems from three different investigators over a wide range of
temperatures (588 to 688 K) and reaction times (0 to 3,600 s),
the fit between the model and experiment is quite good.

The model predicts the simultaneous formation of a spectrum
of products (as observed for a Texas lignite by Phillip and
Anthony, 1982) without recourse to formation of intermediate
pseudocompounds such as preasphaltenes, asphaltenes, etc. This
has been achieved without introducing too many parameters,
using a conceptually advanced model. The concept of reaction
severity index arises naturally in the model. A coupling effect of
reaction temperature and time as arising in the severity index
has been recognized by Petrakis et al. (1983). Figure 8 shows a
plot of preasphaltenes fraction against the severity index due to
Petrakis et al.:

SI = 2 x reaction time (min) + temperature (°C —400) (4)

Comparing Figure 8 with the corresponding Figure 7 one can
readily see that the severity index arising from our model is at
least as effective in coupling the effects of reaction temperature
and time as that of Petrakis et al. Admittedly, as pointed out by
Petrakis et al., their severity index was empirically derived to
correlate their data without any theoretical justification for
their choice, and as such cannot be expected to be universaily
valid.

Australian Subbituminous Coals. Based on the definition of
severity index, a generalized plot for the conversion to THF
solubles can be constructed. Such a plot is shown in Figure 9,
which includes the data from both Wandoan and Taroom coals.
Included in the plot is the theoretical curve predicted by the
first-order irrversible model. We note that in this plot the data
have been expressed as a fraction of the reactive portion in coal
estimated earlier.

Figure 10 contains plots of weight fractions of preasphaltenes,
asphaltenes, and OGW fraction obtained for the Wandoan coal;
the corresponding data for the Taroom coal are shown in Figure
11. As in the case of brown coal, the severity index seems to rea-
sonably couple the combined effects of reaction temperature
and time for the two coals over the range studied. The predicted
profiles for all product fractions are shown as solid line in these
figures. These theoretical profiles were obtained by choosing an
appropriate value for the characteristic molecular weight of coal
in each case to fit the experimental preasphaltenes fraction.
Once a good fit was obtained for the preasphaltenes, the rest of
the lumped product profiles were predicted. Thus molecular
weight was the only parameter that was varied between the dif-
ferent coals.
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Figure 8. Preasphaltenes yield for Morwell coal vs.
Eq. A.
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Figure 9. Model fit for conversion.
Wandoan and Taroom coals.

The fit between the experimental and predicted product
yields is quite remarkable, especially when one considers that
only a single parameter (the characteristic molecular weight)
has been changed for different coals. Table 3 contains a sum-
mary of the parameters used for different coals. It should be
noted that the carbon and oxygen contents were assigned for
each coal based on the assumed molecular weight and using the
elemental analysis. The use of a higher molecular weight for the
subbituminous coals as compared with the brown coal can be
reconciled in terms of an increase in the degree of condensed
structure with increase in carbon content leading to a larger
molecular mass per macromolecule of coal (Lucht and Peppas,
1984).
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Taroom coal.

North American Coals. Of the investigators listed in Table 2,
only Shalabi et al. (1979) used a three-solvent method of frac-
tionating reaction products similar to the present work. While
conversion of coal was defined in terms of THF solubles, these
investigators used benzene and pentane to obtain the lumped
product fractions. Figure 12 shows their data plotted as a frac-
tion of the DAF ‘‘reactive coal” basis. The reactive fraction
being estimated as 88% of DAF coal obtained at the most severe
reaction condition. As in the case of the other coals, the severity
index is found to be effective in coupling the temperature and
the time effects.

The model-predicted profiles are shown in Figure 12 as solid
lines and were obtained using a higher characteristic molecular
weight for the Kentucky No. 9 coal studied by Shalabi et al.
(1979). As before, all other parameters were kept constant (Ta-

Table 3. Summary of Model Parameters
Used for Different Coals

u v
(No. (No.
Molecular Carbon Oxygen
Coal v 2 Weight  Atoms) Atoms)
Morwell brown
coal 200 400 1,036 65 16
Wandoan coal 200 400 1,212 85 12
Taroom coal 200 400 1,820 125 20
Kentucky #9
(Shalabi et al.,
1979) 200 400 2,088 150 18
Pittsburg coal
(Brooks et al.,
1983) 200 400 1,328 100 6
AIChE Journal
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ble 3). The adequacy of the model in predicting the asphaltenes
and the OGW fractions is clearly shown in this plot.

For the other coals referred to in Table 2, the kinetic results
were obtained either using only one solvent to classify the prod-
ucts (Wiser and Hill, 1967; Curran et al, 1967) or using chro-
matographic method (Mohan and Silla, 1981; Leonard and Sil-
la, 1983) to classify the products. These investigators provide no
data on the fractional yields of asphaltenes and OGW fractions
obtained during liquefaction of their respective coals. Hence the
model predictions for these fractions for their coals cannot be
tested. However, it is possible to ascertain the validity of the sev-
erity index proposed by the model by examining the liquefaction
yields obtained at different temperatures.

Figure 13 contains a plot of Wiser and Hill’s (1967) data for
the formation of benzene solubles obtained for a Utah high-vola-
tile bituminous coal. The experimental results have been plotted
on a reactive coal basis estimated to be 93% from their data. The
model curve has been obtained using a first-order fit for the for-
mation of benzene solubles. The fit is reasonable, again showing
that the present definition of reaction severity index is ade-
quate.

The product yield obtained from chromatographic separation
method for Illinois No. 6 coal (Mohan and Silla, 1981) has been
compared with the product yield for Kentucky No. 6 coal (Leon-
ard and Silla, 1983) and found to show a great variation. In Fig-
ure 14 both these data have been plotted together using the pres-
ent definition of severity index (Eq. 3); the differences in the
product yields are less apparent. While the multifunctional
group shows a poor trend, the hydroxy! and ether yields obtained
for the two coals at the same severity are comparable. It should
be borne in mind that these two coals had a considerable differ-
ence in their elemental composition, and if differences in the
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Figure 13.

functionalities of the two coals existed, thesc will be most appar-
ent in the multifunctionals fraction.

Temperature effects

Table 4 contains a summary of the reactive portions esti-
mated from the experimental data for all the coals studied as
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Figure 14. Comparison of product yields at equivalent
reaction severity indices.
Lines show trends. .

Iltinois No. 6 coal (Mohan and Silla, 1981)
Kentucky No. 6 coal (Leonard and Silla, 1983)
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Table 4. Reactive Portion and First-Order Rate
Constant for Coal Dissolution

Reactive
Frac.
wt. % Rate
Temp. DAF Constant
Coal Catalyst K Basis s7! x 10*
Morwell none 588 100 1.09
608 1.80
648 4.00
668 7.56
688 18.62
Fe 648 100 4.06
668 11.25
688 19.73
Fe/Sn 648 100 5.08
668 13.20
688 25.10
Wandoan none 653 91 5.65
673 11.80
693 35.10
Taroom none 673 93 17.68
693 62.03
Kentucky #9 (Shalabiet none 623 87 2.30
al., 1979) 648 9.00
673 21.75
Kentucky #6 (Leonard none (610- 84 9.78
and Silla, 1983) 665) 55.80
(665~

717)
illinois #6 (Mohan and  none (603~ 88 19.22
Silla, 1981) 663) 74.82

(663—

723)
Pittsburg (Curran et al., none 587 90 4.65
1967) 627 9.68
661 32.40
Utah hVB (Wiser and none 623 93 0.52
Hill, 1967) 648 1.15
673 4.07
723 13.25
Pittsburg #8 (Brooks et none 723 100 9.70
al., 1983) Pyrite 723 100 26.68
Liddell (Rottendorfand none 673 92 1.37
Wilson, 1980) 3% Ni-Mo 673 92 1.42
5% Ni-Mo 673 1.80
10% Ni-Mo 673 2.63

well as the first-order rate constants that best fitted the conver-
sion-time data at the respective temperatures. Based on these
rate constants, Arrhenius plots for the temperature dependency
of all the coals are shown in Figure 15. Where a nonisothermal
reaction condition was employed (Mohan and Silla, 1981; Leon-
ard and Silla, 1983), an arithmetic average temperature has
been used for the purpose of constructing the plot. All the rate
parameters were estimated using an IMSL (1982) routine based
on a Levenberg-Marquardt algorithm.

The Arrhenius plot for the rate constants for brown coal
yielded an activation energy of 93 kJ/mol for coal dissolution.
This value is comparable to the reported value for a Texas lig-
nite (Haley et al., 1981). Figure 15 shows that the Utah, Ken-
tucky No. 9, Wandoan, and Taroom coals exhibit progressively
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Figure 15. Arrhenius plot of first-order rate constant (a)
for coal dissolution.

higher temperature dependency with activation energy increas-
ing from ca. 120 to 200 kJ/mol. The rate parameters for Iilinois
No. 6 and Kentucky No. 6 coals follow a different temperature
dependency with an activation energy of 85 kJ/mol. The similar
values for the activation energies within a group of coals indi-
cates that similar types of bonds are broken for these coals,
probably reflecting similar basic unit structures.

There appears to be a direct correlation between activation
energy and elemental (H/C) ratio for these coals, Figure 16.
Since this ratio would give an indication of the degree of con-
densed ring structures in coal, one could explain the relationship
in terms of the strength of bonds broken. The large variation in
activation energies for the rate parameters obtained from these
coals indicates that comparison of reactivity of different coals
should include the temperature effects as well. At low tempera-
tures, brown coals would exhibit rates of formation of THF solu-
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Figure 16. Dependency of activation energy for coal dis-
solution on atomic (H/C) ratio of coal.
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bles comparable to those of black coals, and at high tempera-
tures black coals would display much higher reactivity.

Effect of added catalysts

Brown Coals. Work on brown coal catalysis using iron and
iron/tin catalysts shows significant activity when the catalysts
are in a highly dispersed form, using ion-exchange methods
(Agnew et al., 1984). The results obtained from the continuous
reactor (Agnew et al.) using 3:1 tetralin to coal reveal a higher
rate of conversion to THF soluble products as well as a higher
rate of formation of oils. The fractions of asphaltenes and preas-
phaltenes formed show similar trends at higher temperature
runs. As shown in Figure 17, the product yields obtained at a
particular conversion are not dependent upon the presence of
catalysts.

The exact role of catalysts in coal liquefaction in an environ-
ment where there is an excess amount of a good donor solvent
(tetralin) is not clear. The role of catalysts is often associated
with aiding hydrocracking reactions (Vernon, 1980) or provid-
ing an effective medium for transferring molecular hydrogen
from gas phase to the thermally fragmented coal (Watanabe et
al., 1984). Marshall et al. (1982) attributed the higher conver-
sions obtained with iron/tin catalysts to an enhancement in the
conversion due to contributions from gas phase hydrogen. Since
the model proposed is based on the assumption that thermal
cracking reactions are involved in the rate-controlling step, one
would expect the model to be valid for runs carried out with cat-
alysts in the presence of a good donor solvent. Allowance for the
presence of catalysts is made via the first-order rate constant «
for the formation of THF soluble product. All other model
parameters are kept constant.
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Figure 18. Model fit for conversion.
Mowell coal, Fe and Fe/Sn catalysts.

Figure 18 shows a plot of conversion to THF solubles as a
function of reaction severity index both for iron- and iron/tin-
catalyzed runs. Included in this plot is the theoretical curve
obtained from a first-order rate model for the formation of THF
solubles. The rate constant was estimated as before, using an
IMSL routine and is summarized in Table 4. The rate constant
« obtained for the formation of THF solubles when catalysts
were present is higher than the corresponding results for the
uncatalyzed liquefaction of brown coal, Table 4. This higher
value of rate constant results in a correspondingly higher value
for the reaction severity index; see Eq. 3.

Figures 19 and 20 contain plots of preasphaltenes, asphal-
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Figure 17. Product yields vs. conversion for Morwell

coal.
Effect of catalyst.
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Figure 20. Model fit for product yields.
Morwell coal, Fe/Sn catalyst

tenes, and OGW fractions respectively obtained for iron- and
iron/tin-catalyzed experiments. The model-predicted profiles
(shown as solid lines in these figures) fit the experimental data
well. From these plots it would seem that the severity index ade-
quatcly allows for the effect of catalyst.

Other coals. Brooks et al. (1983) reported conversion and
product yield as a function of time at 723 K for a Pittsburg coal
in a light recycle solvent studying the effect of added pyrite cata-
lysts. The rate constant has been obtained for the case of uncata-
lyzed liquefaction and pyrite-catalyzed liquefaction and is
shown in Table 4. Using the corresponding reaction severity
index for these two cases, Figure 21 has been constructed. With
the data plotted in this form, the differences between catalyzed
and uncatalyzed runs are less, which again shows that the pyrite
catalyst promotes all the reactions equally, even for a light recy-
cle solvent. The plot also contains the model-predicted profiles
using an assumed molecular weight of 1,328 (u = 100, v = 8)
for this coal.

Rottendorf and Wilson (1980) studied the liquefaction be-
havior of Liddell coal (Australia) and the effect of a commercial
Ni-Mo hydrodesulfurization catalyst on the formation of liquid
products and the yield of tetralin solubles. Based on the as-
sumption of the solid residue to be essentially unreacted coal,
first-order rate contant was obtained for the different catalyst
loading and this was used in constructing Figure 22 for the for-
mation of tetralin soluble products vs. reaction severity index.
Once again our definition of severity index is shown to be ade-
quate in combining the effects of temperature and time for dif-
ferent catalyst loadings. Since Rottendorf and Wilson did not
use a three-solvent method to characterize their products, com-
parison with the model was not possible.

Temperature Effects. The presence of catalyst seems to alter
the rate of formation of THF soluble products by changing the
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Figure 21. Model fit for product yields.
Pittsburg coal; Brooks et al. (1983).

selectivity to any one group of lumped products. This would
imply that all reactions are speeded up to the same extent. The
Arrhenius plot of the rate constants for catalyzed liquefaction
are shown in Figure 23. For the brown coal studied the rate
parameters for both iron-catalyzed and iron/tin-catalyzed runs
follow a similar temperature dependency (i.e., the same activa-
tion energy) as uncatalyzed liquefaction. Thus the only alter-
ation seems to be an effective increase of the reaction tempera-
ture. This finding, at least in the presence of a good donor
solvent, has important implications, since if the selectivity is not
altered by catalyst addition there is little advantage to be gained

TETRALIN SOLUBLES YIELD

» 4+ . 873 K uncatalyzed
% . 573k Ni-Mo catalyst (3%)
0 : 673 k NA-Mo catalyst (5%)
0.2 X . 673 k NA-Mo catalyst (10%) -
0 L n
[} 2.0 6.0

S

4.0
EVERITY INOEX

Figure 22. Effect of catalyst loading on product yield for
Liddell coal.
Rottendorf and Wilson (1980)
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in terms of an increased rate of conversion. This conclusion is in
broad agreement with that of Kang (1983).

Analytical expression for product yields for all coals

The general shape of the product yields predicted for all the
coals examined (Figures 7, 10, 11,12, 19, 20, and 21) indicates a
fundamental similarity of these profiles. Since the characteristic
molecular weight of coal is the only parameter that varied
between coals, the theoretical profiles can be fitted by the fol-
lowing analytical equations:

Coal =exp (—a - 6) (5

K
Preasphaltenes = ——— exp(—b . 8)

(a—-b)
K,
—_— —a-8 6
+(b_a)eXP( a-6) (6)
Asphalt L exp-k 0)
spnaltenes = —————¢ - .
P (@ Kg TP
K,
+ ————exp(—a -0
K. —a) p( )
K, - K,
+ ———————exp(—K; - 8
b~ K@ - Ko P (KO
KC'KI
+ ——————exp(—b -8
@K, —p PO
K, - K|
+——————exp(—a-0) ()
G- aK - P9
OGW =1
— (Coal + Preasphaltenes + Asphaltenes) (8)
where,

a=K, +K,+K; and b=K,+ K; 9)
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the constants (K's) are related to the molecular weight (M,,) of
coal:

K, =1.19exp (-1,475/M,)

K, = 0.1254 exp (1,053/M.,)

K; = 0.1317 exp (1,125/M.,,)

K, = 0.0552 exp (375/M,)

K5 = 0.0104 exp (3,203/M,,)

K, = 0.0245 exp (1,282/M.) (10)

Equations 5 to 9 allow calculation of the yield profiles using the
parameter values of Eq. 10 without the need to use the con-
tinuum model, with deviations not exceeding 3%. The only
unknown in Eq. 10 is the characteristic molecular weight for
coal. At this stage there does not seem to be a simple method of
determining M,,.

Acknowledgment

The authors wish to gratefully acknowledge funds provided under the
National Energy Research, Development, and Demonstration Program,
which is administered by the Commonwealth Department of National
Development and Energy. G. N. Prasad was supported by a Common-
wealth postgraduate research award. R. T. White and P. Thewlis were
responsible for obtaining the kinetic data from the continuous reactor
unit for Morwell coal.

Notation

(Other terms are defined in Part I Notation.)
K\, K,, K3, K4, K, K¢ = parameters, Eq. 10, dimensionless
M, = molecular weight between crosslinks in coal
(after Lucht and Peppas, 1984)
M,, = characteristic molecular weight of coal
n; = number of repeated runs at the same condi-
tions
OGW = oils, gases, and water.
SI = severity index.
T = reaction temperature
THF = tetrahydrofuran
a = rate constant for formation of THF solubles,
s~ (= rate kernel for coal, Part I)
6 = reaction severity index (= a - t), dimensionless
(= dimensionless time, Part I)
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