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ABSTRACT

A narrow suite of bituminous coals chosen from the DOE/Penn State sample bank
has been hydrogenated in a batch stirred autoclave. Rates of conversion to THF-
solubles have been measured, and the data modeled using a pseudo-second order rate
expression. Extent of conversion and rate of conversion of the coals in the suite
have been correlated to coal compositional parameters and structural features. Re-
cent data on reactivity correlations with information from pyrolysis/mass spectrom-
etry and C-NMR are presented.

INTRODUCTION

The relationship between coal composition and hydrogenation reactivity has been
studied extensively for over 60 years. As early as 1920, Bergius (1) recognized that
coal with less than 85% carbon (daf) made poor liquefaction feedstocks. Francis (2)
suggested that reactivity was related to rank, and many other researchers have
attempted to correlate reactivity with rank (3,4,5). Neavel (6) has shown that a
relationahip does exist between rank and rate of coal hydrogenation to benzene solu-
bles. Fischer (7) and his co-workers at the Bureau of Mines in Bruceton developed
mathematical models for coal liquefaction reactivity based on a petrographic analysis
of the parent coal. This concept was expanded and greatly elaborated upon by Given
et al. (8,9,10,11), who established reactivity ensamples by statistical factor analy-
sis of a large number of samples. Recently, Furlong et al. (12) studied the use of
different definitions for coal reactivity, and demonstrated the utility of a defini-
tion based on kinetic parameters when ranking coals of very similar properties.

A1l studies relating coal properties to coal hydrogenation reactivity are
hampered by the crude tools available for chemical and structural analysis of the
prime reactant. Pyrolysis, followed by mass spectroscopy (Py/MS) of the products
at Tow energy levels provides a new tool for coal analysis that can provide data on
structural features that previously could not be obtained (13). Voorhees et al. (14),
and Meuzelaar et al. (15) have recently reported correlations of structural data from
coal Py/MS and coal hydroliquefaction reactivity.

EXPERIMENTAL

A series of bituminous coals from the DOE/Penn State sample bank were hydrogen-
ated in a batch stirred autoclave reactor into which coal was injected. Table 1
presents data on coal properties in the suite. A1l ccals were low sulfur, in order
to minimize catalytic effects due to HpS and iron pyrite. Details of the run proce-
dure and reaction equipment used have been presented elsewhere (12). Coal samples
were pyrolysed using a Fisher Curie-Point pyrolyser in conjunction with an Extra-
nuclear SpectrEL mass spectrometer. Curie point wires composed of Ni (510 C final
temperature) and low energy (14 ev) electron impact were used throughout for data
acquisition. Mass spectral data were collected on a Hewlett-Packard 2100 S computer,
and the_data then analysed using ARTHUR (Infrometrix Inc., Seattle, Wa.). Solid
state 13C-NMR was performed at the NSF Regional Center for NMR at Colorado State
University, Department of Chemistry.

DISCUSSION AND RESULTS
Rate data on coal conversion to THF-solubles was reduced using a pseudo-second
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order kinetic model of the form:

dc _ 2 2

at = kel F kP
Here k¢ and ky (with units: mass fraction - min'l) are the forward and reverse rate
constants for the reaction:

As previously, coal {C) was defined in these expressions as THF-insoluble organic
matter, which included unreacted coal as well as high-molecular-weight moieties and
coke produced by free radical recombination and condensation reactions. Parameter P
was defined as all products soluble in THF.

Using conversion (X) defined as the fraction of coal reacted to THF-soluble
materials, the mass balance may be rewritten as a function of the conversion:

LA L2 [1],2
F;' at (-x) [ K] X

Here C =1 - X, P = X, and K, the equilibrium constant for the reaction, is given by
ke/ Ky,

f "Data for each of the 11 coals which were successfully run were processed by non-
Jinear parameter estimation methods (16) to obtain values for the parameters kf and
ke in the second-order model. These data are given in Table 2 as are values for the
equilibrium constant K. Also in Table 2 are values for the 60 min conversion to THF-
soluble materials (X(60)).

Data on the aliphatic-to-aromatic carbon ratios in the parent coal samples
plotted against kinetic reactivity (kf) are shown in Figure 1. Mith one exception,
the correlation is one of increasing reactivity with increasing aliphatic to aromatic
carbon ratio. This was to be expected, as it has been well established that the more
aliphatic coals convert more readily in comparison with the more aromatic coals. The
correlation with rate of conversion (Figure 1) is fairly good, thus substantiating
the importance of aliphatic carbon-carbon bonds in coal hydrogenation. Aliphatic/
aromatic carbon ratio also correlates fairly well with extent of reaction (X{60)),
but not with reactivity as measured by the pseudo-equilibrium constant (K) from
Table 2. Overall however, the correlation of aliphatic to aromatic carbon is the
best with reactivity as defined in a kinetic fashion by the forward rate constant.

Coals from the reactivity suite shown in Table 1 were run in triplicate on the
Py/MS, and an average spectrum obtained which represented a composite spectrum for
9 of the 11 coal hydrogenated. Data from Py/MS of the coal suite were reduced by
ARTHUR, and a statistical factor analysis performed on the entire data set. From
the factor analysis, 4 factors were identified which accounted for over 72% of the
variation in the data set. The factors and the percent of total variation explained
were as follows:

FACTOR  VARIATION ACCOUNTED FOR CUMULATIVE VARIATION
24.3%

1 24.3%
2 23.1% 47.4%
3 14.8% 62.1%

4 10.0% 72.2%

These factors were utilized in Karhunen Loeve (K-L) plots obtained from ARTHUR, in
order to ascertain whether any clustering into reactivity groupings could be obtained.
As shown in Figure 2, a plot of K-L factor 3 vs K-L factor 2 does produce such a
clustering, with the higher reactivity coals in the suite falling towards the upper
right hand corner of the plot, and the less reactive coals clustering in the lower
left. These data may indicate the utility of pyrolysis/mass spectrometry as a
rapid screening tool for coal reactivity.

The data set from Py/MS of the coal suite can be rotated towards any other
factor, and composite spectra calculated which demonstrate relationships between
chemical moieties in the spectrum and the chosen factor. Such correlations have
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recently been reported by Baldwin (17) on a suite of coals with a very broad geo-
graphical and rank distribution. Further analysis of this data set was performed

by rotating the composite spectra towards reactivity, with reactivity defined in
each of the three manners 1isted above (kf, X(60), and K). The results of these
analyses are presented in Figures 3-5. As before, the only meaningful correlation
seems to be when reactivity is defined as a kinetic reactivity. Figure 3 indicates
that a strong positive correlation exists between a homologous series of high molec-
ular weight naphthalenes and coal reaction rate. Further analysis of Py/MS data set
is continuing, and will be presented later.
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FIGURE 6

FACTOR BPECTRUM, EQUILIBRIUM REACTIVITY
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CHARACTERIZATION OF SHORT CONTACT TIME DISSOLUTION PRODUCTS
FROM A SERIES OF VITRINITE-RICH COALS

Randall E. Winans, Hsiang-Hui King, Robert L. McBeth and Robert B. Botto

Chemistry Division, Argonne National Laboratory, Argonne, IL 60439

The objective of this study is to identify the transformations that occur in
coal organic structural units during liquefaction. To ensure that mainly primary
reactions are being observed, the study has focused on short contact time
dissolution in donor scolvent media. It has been shown by Neavel that under SCT
conditions a significant amount of bituminous ccals can be dissolved (1).
Whitehurst et al. have reported an in depth study of the SCT reaction on several
coals. In our study we have examined the relationship between the compositional
parameters of the coals and both their reactivity and product chemical charac-
teristics. Given and his co-workers examined the effects of coal characteristics on
longer contact time liquefaction (3-5). This work by Given is one of the first
applications of statistical analysis to this type of problem. However, either
benzene (3) or ethyl acetate (4,5) was used to extract the products and conversion
was calculated from the weight of the insoluble residue. Since the benzene
insoluble, pyridine soluble fraction, often called asphaltols or preasphaltenes, is
a key intermediate in the initial stage of coal liquefaction (6,7), we would like to
correlate the solubility in hexane, benzene/ethanol, and pyridine with compositional
parameters.

We have recently studied the SCT reaction of separated coal macerals (8). 1In
order to separate the macerals by density gradient centrifugation it was necessary
to demineralize the coals with HCl and HF and grind them to less than 3 microns. It
has been shown that mineral matter exerts a beneficial and possibly unpredictable
effect on the coal dissolution (2,9-11). To examine the effects of the deminerali-
zation and grinding, a series of 21 of the treated unseparated coals were studied.
The original raw coals were obtained from the Penn State Coal Sample Bank. It was
observed using multivariate analysis that product solubility, which was used to
determine conversion, can be predicted from linear combinations of carbon, hydrogen,
density and exinite content.

After considering these results, we felt that in order to make the study more
complete, it would be useful to study another set of cocals which had not been
demineralized. Dr. Richard Neavel consented to supply us with a set of 25 coals
from the Exxon Coal Library. These samples are essentially “premium” coals which
have been protected from oxidation and are homogeneous. The preparation and some of
the properties have been described (12). An advantage of using this set of coals is
that other structure studies are in progress in other laboratories and in the
Fundamental Chemistry of Coals program at ANL. This information will be useful in
interpreting the results from the SCT reaction.

Experimental

SAMPLES Analytical data for the demineralized coals are given in Table 1. The
Exxon coals are described in reference 12.

SCT REACTION Typically, 100 mg of coal sample and 300 mg of tetralin were
transferred to a thick wall glass tube flushed with nitrogen, sealed, and plunged
into a preheated fluidized sand bath at 419°C for 6 minutes. For the demineralized
coals 60 mg coal and 240 mg of tetralin were used. After the glass tube was cooled
in air and opened, the contents were washed out with hexane, agitated in an
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ultrasonic bath, and centrifuged. The supernatant was removed and the insoluble part
was washed with three portions of hexane. The hexane insoluble fraction was then
extracted successively with portions of benzene/ethanol (1:1) mixture, and
pyridine. Each insoluble fraction was dried under vacuum at 60°C (80°C for the
pyridine insoluble fraction) and weighed. Conversion was calculated as follows:

wt. of coal - wt. of insoluble fraction x 104
wt. of coal (l-% ash)

conversion (%,daf) =

The benzene solubility was dropped for the Exxon coals when 1t was found that
with the demineralized coals only a few percent more were soluble in benzene
compared to hexane.

Approximate molecular weight or size distribution was determined by gel
permeation chromatography for the benzene-ethanol soluble products for both the
series of demineralized coals and for the Exxon coals. The samples were eluted with
THF through a set of three ultra-styragel columns (Waters Associates) having 1,000,
500 and 100 A nominal pore diameters respectively. The size exclusion limit was
approximately 10,000. This set of columns was calibrated using several polymers and
large nonpolymeric molecules that could be found in coals. The samples were
detected using a UV spectrometer set at 254 nm, and the output digitized and stored
using a microcomputer (DEC LSI 11/23). The data was further processed on a DEC VAX
11/780 computer.

Proton NMR data were obtained on the benzene/ethanol soluble product from the
reactive Exxon coals. Pyridine—d5 was used as the solvent and spectra were obtained
on a Nicolet 200 MHz instrument. Using the measured areas under the aliphatiec and
aromatic regions, the fraction of aromatic carbons (fa) was determined from the
Brown-Ladner equation (11).

RESULTS AND DISCUSSION

For both sets of coals the first aspect of the data which we examined was the
relationship between composition of the whole coal and the yield of the soluble
products. The benzene-ethanol solubility data which was calculated on a wt%Z of coal
(dmmf) is shown in Figure 1 as a function of carbon content. A multivariant
analysis was performed on this data using the Statistical Analysis System (SAS)
package. The correlations observed for these samples were much poorer than those
obtained for the set of demineralized coals. Some representative R values are
given for a selected combination of variables.

Hexane Benzene/EtOH Pyridine
DC Exxon DC Exxon DC Exxon
c 0.919 0.781 0.843 0.130 0.565 0.027
C,H 0.957 0.841 0.918 0.490 0.781 0.477

DC = demineralized coals.

A plot of predicted and observed benzene-ethanol solubility is shown in Figure 2.
This difference found between the two sets of coals may be due to at least two
reasons., First, the Exxon coals were not demineralized, and the effects of mineral
matter on SCT dissolution may be critical and unpredictable. It should be
emphasized that the Exxon coals were processed to give low mineral matter content
and in the multivariant analysis, inclusion of the high mineral matter coals did not
significantly affect the analysis. Secondly, there is a difference in particle




size, which should influence the variatioms 1in yields to a lesser degree. One would
expect the smaller particle size samples to give a higher solubility, but it is
difficult to deduce why the difference in correlation with composition results. It
has been reported by Whitehurst et al. (2) that demineralization increases yields at
short contact times especially for lower rank coals.

It is apparent from Figure 1 that for the lower rank coals the demineralized
ones are more reactive than the untreated coals. This could account for the more
predictable behavior with rank of the demineralized coals. For the Exxon coals in
this study and as has been shown in other studies (2) the lower rank coals are less
reactive under SCT conditions compared tu the high volatile bituminous coals.

Variations observed in molecular size distribution as a function of composition
appears to be more similar between the two sets of coals. A relative molecular
weight or size distribution was obtained for all the coal products under identical
conditions. The absolute values determined for the molecular weights cannot be
trusted for coal derived materials. However, comparisons of the results from coal
products run under standard conditions can be useful. An example of one of the
chromatograms is shown in Figure 3. Most of the chromatograms had inflection points
at molecular weights of approximately 300 and 700. All of the chromatograms were
divided into three areas at 0-300, 300-700, and 700-10,000, and the relative areas
of the three regions determined.

In the initial SCT study of the maceral concentrates, it was observed that the
average molecular weight decreased with decreasing conversion (8). In both sets of
whole coals this trend is followed. In order to look at the results in & more
quantitative way, principal component analysis has been applied to these data. This
approach has been eloquently described by Yarzab et al. (4). The objective of this
analysis is to identify variables, such as original coal composition and molecular
weight distributions, which change in a parallel fashion. The variables that meet
this criteria are assigned to a "factor”. A coefficient 1is calculated for each
variable in each factor, The closer the coefficient or loading is to 1.0 the
better the variable correlates with that factor. Loadings with opposite signs
indicated that these properties are inversely correlated.

The results of the principlal component analysis are shown in Tables 2 and 3
for the demineralized and Exxon coals respectively. Coefficients of less than #0.5
have been left out since they are less significant and it makes it easier to see the
correlations. In both sets of data the carbon content is directly correlated with
the LMW band and inversely with the HMW. The reverse is true for the oxygen content
and for the Exxon set, volatile matter, which inversely correlates with LMW and
directly with HMW. The MMW band is independent of any of the variables used in this
analysis and was assigned the 4th and least significant factor. The values at the
bottom of each table indicate the contribution made by each factor in explaining
variance observed. It appears that the molecular distribution of the products in
SCT dissolution is a function of rank. A plot of the high molecular weight area as
a function of carbon content in Figure 4 appears to confirm this observation.

The fa values were determined by NMR for the benzene-ethanol solubles from the
Exxon coals. Factor analysis indicated that the fa values inversely correlated with
hydrogen content of the coals and with solubilities in both benzene-ethanol and
pyridine. A plot of fa's as a function of hydrogen content is shown in Figure 5.
These results indicate a problem with using solubility to determine conversion. As
expected the more aliphatic products tend to be more soluble. The same amount of
bond cleavage in a more aromatic coal could have a lower yield by solubility. From
this analysis it could be expected that fa values of the products should
approximately follow the solubility. This 1is what is observed in Fipure 6.
Although there is significant scatter in the points the trend is apparent.
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Conclusions
~onL-usions

Apparently yields from SCT dissolution of finely ground, demineralized coals
can be more accurately predicted than with the dissolution of raw coals. Gross
product chemical characteristics do not seem to differ to a large extent. Presently
we are examining more detailed chemical characteristics of the various products
using pyrolysis mass spectrometry with precise mass measurements.
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TABLE 1

Analytical Data for Demineralized Coals

Coal sc® w® a® 35 20%P sasn 22w  21°  Density
PSOC-106 80.0 4.4 1.3 0.8 13.5 0.4 19.0 35.1 45.9 1.328
PSOC-107 78.7 4.7 1.5 0.4 14.7 0.1 13.1 69.5 17.3 1.301
PS0OC-124 82.8 6.9 1.2 1.0 8.1 1.2 56.5 14.6 28.8 1.195
PSOC-151 75.0 4.9 0.8 0.4 18.9 0.3 5.5 83.9 1l0.5 1.322
PS0OC-236 86.9 4.6 1.9 0.5 6.1 0.2 0.2 95.6 4.2 1.280
PSOC-240 67.5 5.0 1.2 1.7 24.6 0.4 4.4 92.1 3.5 1.376
PSOC-268 83.5 4.9 1.4 1.1 9.1 0.4 7.2 82.4 10.4 1.275
PSOC-285 77.5 4.9 1.4 4.4 11.8 3.3 3.0 9l1.5 5.6 1.276
PSOC-297 79.7 5.6 1.7 1.6 1l1l.4 1.4 19.0 62.8 18.2 1.285
PS0OC-1380 89.5 3.4 1.1 0.6 5.4 0.2 0 88.6 11.4 1.357
PSOC-403 85.7 4.8 1.8 0.5 7.2 0.2 2.4 91.6 6.0 1.287
PSOC-409 87.1 4.2 1.9 1.5 5.3 1.1 6.5 86.9 6.6 1.317
PSOC-592 77.4 4.9 1.3 2.0 14.4 0.4 12.5 53.0 34.4 1.316
PSOC-594 75.0 4.8 1.2 2.7 16.3 0.5 5.1 88.5 6.6 1.322
PS0OC-629 91.0 3.2 0.8 0.7 4.3 0.8 0 90.6 9.4 1.401
PSOC-852 75.3 5.0 1.7 0.4 17.6 0.0 1.9 94.0 4.2 1.309
PSOC-975 69.0 4.6 1.0 0.5 24.9 0.2 4.6 91.6 4.0 1.393
PSOC-1005 69.6 4.5 0.9 0.4 24.6 0.0 1.6 95.5 2.9 1.405
PSOC-1109 70.9 6.6 1.6 1.5 19.4 1.3 70.7 21.4 7.8 1.228

Ul 77.3 5.7 1.5 0.7 14.8 1.0 10.2 85.2 4.6 1.244
SIU-744a 8l.4 4.7 1.3 0.8 11.8 0.1 4.6 93.8 1.6 1.300
SIU-744B 82.2 5.1 1.4 0.8 1.0.5 0.3 15.4 71.0 13.6 1.271
adry and ash free basis.

b

by difference.

c

E=exinite, V=vitrinite, I=inertinite.
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TABLE 2. DEMINERALIZED COALS, VARIMAX ROTATED FACTOR PATTERN
FOR PRODUCT MOLECULAR WEIGHT DISTRIBUTION

Factor 1 Factor 2 Factor 3 Factor 4
Carbon -0.80550
Hydrogen 0.89706
Sulfur 0.73940
Oxygen 0.85843
Nitrogen -0.81678
HMW 0.90740
MMW 0.94011
LMW -0.96976
Density -0.91986
Exinite 0.85784
Vitrinite -0.72136
Inertinite 0.86206
Pyridine Sol. 0.89258

Variance explained by each factor:
Factor 1, 4.836022; Factor 2, 3.347514; Factor 3, 1.793194; Factor 4, 1.681776

TABLE 3. EXXON COAL VARIMAX ROTATED FACTOR PATTERN FOR PRODUCT
MOLECULAR WEIGHT DISTRIBUTION

Factor 1 Factor 2 Factor 3 Factor 4
Carbon -0.85545
Hydrogen 0.91672
Sulfur 0.65336 0.53082
oxygen 0.79685
VM 0.89172
MM 0.93145
Inert 0.70451
HMW 0.91429
MMW 0.96824
LMW ~(.88076
Variance Explained by Each Factor: Factor 1, 3.98030l; Factor 2, 2.006584;

Factor 3, 1.756227; Factor 4, 1.258782
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Figure 1.
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Figure 2. Predictad benzense-ethanol solubllities from
multivarient least squares analysis using C and H content.
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Figure 3. GPC of the benzene-ethanol soluble portion
from a demineralized coal(psoc 107 ).
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Figure 5. Variation of the fa of benzene-ethanol
solubles with hydrogen content for Exxon coals.
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CHANGES IN HYDROGEN UTILIZATION WITH TEMPERATURE
DURING DIRECT COAL LIQUEFACTION

D.H. Finseth, B.C. Bockrath, D.L. Cillo, E.G. Illig,
R.F. Sprecher, H.L. Retcofsky, and R.G. Lett

Pittsburgh Energy Technology Center
P.0. Box 10940
Pittsburgh, PA 15236

INTRODUCTION

The role of hydrogen 1is of particular interest in direct coal-conversion
chemistry. The presence of high pressure gaseous hydrogen is beneficial in virtu-
ally any direct conversion experiment, even under low severity conditions where the
net hydrogen incorporation is nil. The hydrogen chemistry is extremely important in
process design due to the large impact of hydrogen consumption on the process
economics. An ideal process would consume a minimum of hydrogen while breaking the
coal into soluble fragments. A reliable means of monitoring the major pathways of
hydrogen utilization, in contrast to only measuring net hydrogen consumption, would
be very useful for process optimization. The goal of this work was to develop an
analytical approach for quantitatively distinguishing hydrogen consumed in hydrogen-
ation from that utilized to stabilize thermolysis fragments.

The current view on the involvement of hydrogen in coal liquefaction is that it
is consumed in direct hydrogenation and in the "capping" of thermolysis fragments.
In the capping mode, the hydrogen may be transferred by means of solvent interme-
diates such as hydroaromatics. The direct hydrogenation of aromatics is reasonably
well understood, but the mechanism of hydrogen transfer is less clear. Upon homoly-
tic thermolysis of a labile bond in the feed slurry, two free radicals are formed,
which then stabilize by abstraction of hydrogen from nearby groups, by
rearrangement, or by coupling. Rearrangement and coupling reactions of radicals can
often result in hydrogen being eliminated from the fragment rather than consumed by
it. In the complex, high molecular weight, sturry environment, all these routes to
radical stabilization are accessible.

If coals were simple solid hydrocarbons (CyHy) without mineral matter or
heteroatoms, there would be little interest in liqueegction, since a major goal of
liquefaction is the removal of N, 0, S, and mineral matter from the coal.
Heteroatom removal is one of the most important roles for hydrogen in coal
liquefaction, and it can be considered a subcategory of the thermolysis stabili-
zation reactions just described.

Experimental evidence shows that the simple picture of bond thermolysis/radical
stabilization outlined above is a gross oversimplification of direct coal conversion
chemistry. In liquefaction experiments under an atmosphere of deuterjum, the label
is found in virtually all positions in the product. Positions ¢ to aromatic rings
are usua]]g preferred, but a significant portion of the label appears in aromatic
positions. The methane produced also contains significant concentrations of
deuterium, and dideuteromethane often predominates.3 The presence of coal strongly
catalyzes isotopic scrambling in a number of model systems.4 These results are
difficult to rationalize using the very simple model for hydrogen utilization.

Reference in this report to any specific commercial product, process, or service is
to facilitate understanding and does not necessarily imply its endorsement or
favoring by the United States Department of Energy.
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Also, considerable conversion of coal to soluble products can occur under mild con-
ditions where no net hydrogen is consumed. In this case, any hydrogen consumed must
be compensated for within the slurry system. The ability of coal to act as 4
hydrogen donor is well documented.

In a realistic direct conversion process, the distinction between coal and
solvent is somewhat artificial. The slurry vehicle in a continuous unit operating
at a steady state is a subfraction of the product from a previous cycle, making it
impossible to clearly distinguish ‘“solvent" from product oil in the reactor
effluent. There is substantial evidence that solvent quality is enhanced by inclu-
sion of certain high molecular weight components.® The solvent in these systems is
intimately involved as a reactant and not as a neutral diluent. Thus, it may be
preferable to consider the total feed slurry as a reactant mixture rather than as
coal plus solvent.

Formulation of Analytical Approach

The fact that it is difficult to understand the detailed, molecular-level
mechanism of hydrogen incorporation in complex liquefaction systems does not
preclude improvements in understanding the net chemistry. It is reasonable to
assume that hydrogen consumption will involve either hydrogenation or bond scission
reactions. Conversely, both aromatization, the reverse of hydrogenation, and
condensation, the reverse of bond scission, are potential sources of hydrogen.
Exchange and isomerization reactions do not affect the net hydrogen balance.

Since stoichiometries of the two classes of hydrogen incorporation reactions
differ, it 1is possible to construct a model that discriminates between the two.
Such a model requires determination of the change in total hydrogen, the change in
aromatic hydrogen, and the number of hydrogens incorporated during bond cleavage.
The relationship between these quantities will be expressed as

H _ H H
Sotal T AC]eavage * Ayyp (1)

where H is the total change in hydrogen,
Motal

Qleavage is the hydrogen consumed in bond cleavage, and

A:YD is the hydrogen consumed in hydrogenation of the slurry.

This relationship describes only the reactions of hydrogen with the organic portion
of the feed slurry. Focusing attention only on the organic reactions alleviates, to
some extent, problems in the 1nterpretat1on of total hydrogen balances. In total
hydrogen balance calculations, it is impossible to d1st1ngu1sh H2S and H20 arising
from organic reactions from those produced by inorganic sources in the coal.
Although NH3 presents less of a problem, some ammonia may be liberated from certain
clays upon heating. The analytical problems associated with measuring small changes
in the huge excess of gaseous hydrogen normally present under direct conversion con-
ditions are also eliminated, since only carbonaceous products are analyzed.

Assuming that the total change in hydrogen ( ) can be determined by clas-

sical elemental analysis, then a method for measur{ﬁg either the hydrogen consumed
upon hydrogenation or bond cleavage is needed to use Equation 1. Since no satis-
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factory method is available to count bonds before and after reaction in a goal
liguefaction system, it is necessary to concentrate on determination of a},..
Although research efforts are underway to determine hydrogen speciation in sHY?d
coals, it is doubtful that any of the current methods are sufficiently quantitative
for the present purpose.’ One analytical tool that can be applied with reasonable
confidence to both solids and 1liquids is 13C nuclear magnetic resonance (NMR).
Fortunately, it provides an indirect measurement of the hydrogen consumed in
hydrogenation. Hydrogenation of organics results in incorporation of one hydrogen
for every carbon reduced. Thus if a sample is hydrogenated without structural
changes from an aromaticity of 0.80 to 0.70, then 10 carbons per 100 have been
reduced and 10 hydrogens have been incorporated. The ratio of 1 hydrogen per carbon
reduced does not hold exactly if there is significant reduction of aromatic nitrogen
heterocycles, but the 1:1 stoichiometry is a good approximation if these reactions
can be neglected. Combining elemental analysis and 13C NMR data, the amount of
hydrogen consumed in bond scission can be determined by difference.

Bond scission can be further divided into three categories, those resulting in
(1) heteroatom elimination as Hp0, H2S, or NH3, (2) C1-C4 hydrocarbon gas produc-
tion, and (3) breakdown of the coal matrix to yield nonvolatile (solid or liquid)
products.

H _ H H , H

AC]eavage = Bos * AC1—C4 * Matrix (2)
If a quantitative measure of the hydrogen used in these three bond scission modes
can be obtained, it would be very useful in monitoring changes in liquefaction
chemistry with reactor conditions such as temperature, pressure, catalyst, residence
time, and feed composition.

In many respects, the direct conversion reactor is an inefficient coal gasifier
that converts 5-20% of the coal to C1-C4 hydrocarbons while producing a by-product
liquid (20-80%). Since C1-C4 hydrocarbon gases usually constitute a significant
product stream, they must be carefully analyzed if the approach just described is to
succeed. If accurate gas analyses are available and it is assumed that all hydro-
carbon gases are generated by cleavage of alkyl substituents from aromatics, an
estimate of the hydrogen consumed in gas production can be obtained. One mole of
hydrogen is incorporated for every mole of light gas formed.

The most difficult term to evaluate 1in Equation 2 is AE X the hydrogen
consumed in heteroatom removal. The difficulty arises because Q the variety of
heteroatomic structures present and the different hydrogen stoichiometries involved
in their elimination. If the organic sulfur in the feed slurry can be assumed to be
primarily thiophenic, two hydrogens are incorporated per sulfur removed as HpS:

Removal of heterocyclic nitrogen proceeds through the fully hydrogenated nitrogenous
ring system (5- or 6-membered).8 There is a net incorporation of one hydrogen per

nitrogen eliminated:
Ha
+ NH
OWOiy©m@E
H
A +NH
N A HH 3

H
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If amine functions exist in the feed, elimination of one amine nitrogen actually
decreases the hydrogen content by one hydrogen:

@NHZ Hz ©H+NH3
A

If the discussion 1is confined to bituminous coals, the majority of the organic
oxygen will reside in either phenolic or ether structures.9 Removal of ether oxygen
results in the net incorporation of two hydrogens per oxygen removed, and removal of
phenolic oxygen results in no net change in hydrogen:

H
R—0-R’ -Zsz-H +HR’ +H0

OH H
@ iz—’@ +H20
A

Under mild conditions where only minimal heteroatom removal occurs, the question of
hydrogen stoichiometry is unimportant. However, under severe processing conditions
significant heteroatom reduction can occur and an average stoichiometry must be
assigned. For the present purposes, it has simply been assumed that on the average
one hydrogen is incorporated into the carbonaceous product per heteroatom removed
from the organic portion of the feed slurry.

Combining Equations 1 and 2 yields

H . A H H H
brotal = Hyp * f1-cq * oAos o Matrix (3)

The term %1 jx can be determined by difference. Using Equation 3, only elemental
analyses, ok aromaticities, and quantitative gas analyses are required to parti-
tion the hydrogen consumption into that used in gas production, hydrogenation,
heteroatom removal, and matrix bond cleavage. In reactions producing significant CO
or €02, a correction must be applied to Equation 3, but in the experiments described
below, both CO and €02 were negligible.

Experimental

The model just described was initially applied to a single steady-state period
800 hours into a long-term_ liquefaction experiment (FB-62) an the 400 1b/day coal
liquefaction unit at PETC.10 The unit was operated at 450°C under 4,000 psig Hp
pressure while feeding a 35% slurry of West Virginia (Ireland Mine) HvAb coal in
centrifuged 1iquid product from a previous period of the run. Subsequently, a
series of liguefaction runs on a 10 1b/day continuous coal liquefaction unit at PETC
was investigated.11 In the latter unit, a 40% coal slurry prepared from Homestead,
Kentucky, HvAb coal and centrifuged 1liquid product produced from the same coal in
the 400 lb/day unit was liquefied under 2000 psig Hp at programmed temperatures
between 375°C and 450°C. More recently, two series of experiments have been studied
involving liquefaction of reactive (I1linois No. 6) and refractory (Blacksville
No. 2) coals in the presence of SRC-11 815ti11at8 in a stirred autoclave under
2000 psig Hp over the temperature range 300°C to 450°C.

Elemental analyses of the organic material in the feed slurries were obtained
from separate analyses of the vehicles and coal. Elemental analyses of the vehicles
were done by classical microanalytical procedures, including direct oxygen
determinations. The feed coals were analyzed by both microanalytical and standard
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ASTM coal methods for moisture, ash, and sulfur forms. Product gases were analyzed

by low resolution mass spectrometry of grab samples and gas chromatography. The
products were split by Soxhlet extractions into methylene chloride soluble and
insoluble fractions, which were then analyzed separately. The carbon aromaticity
change across the reactor was determined by 13C NMR, using the CP/MAS techique on
}he insoluble fractions and high resolution 13¢c AMR in CD2C12 for the soluble
ractions.

Results and Discussion

A comparison of the net changes in composition of the feed slurry and total
product for Run FB-62 on the 400 1b/day unit is presented in Table 1. Combined with
the gas make (8 wt% maf), the data in Table 1 allow application of Equation 3 to
determine the modes of net hydrogen utilization in the reactor shown in Table 2.

Table 1. Analysis of feed slurry and total product, Run FB-62.

Elemental Analyses

(atoms/100 carbon atoms) Carbon
C H N 0 S Aromaticity (fy)
Feed Slurry 100 96 1.3 4.3 0.8 0.70
Total Product 100 106 1.3 2.6 0.6 0.67
Net Change --- +10 0 -1.7 -.2 -0.03

Table 2. Net hydrogen utilization in Run FB-62.

Mode of Hydrogen

Utilization H Consumed/100 C
Gas Make 2
Heteroatom Elimination 2
Hydrogenation 3
Matrix Cleavage 3
Total 10

The results indicate ngarly equal consumption of hydrogen by each of the four path-
ways considered at 450°C in the 400 1b/day unit.

Products produced at various temperatures in the 10 1b/day unit were then
analyzed to determine if this analytical approach would detect changes in hydrogen
utilization as reactor conditions changed. A plot of total product aromaticity vs.
programmed reactor temperature is shown in Figure 1. The actual reactor tempera-
tures vary somewhat from the programmed temperatures, but for simplicity, Figure 1l
uses the programmed temperature. The three data points at each temperature corres-
pond to three different hydrogen flow rates (80, 103, and 125 SCF/hr). The spread
in values at a given temperature arises from experimental errors in the fa determi-
nation and from sampling errors, as well as any real effect of hydrogen flow rate.
Current work is being directed toward reduction of the data scatter. In this work
the data points are all presented with no statistical justification of the indicated
curve. Since other analyses show little, if any, effect of hydrogen flow rate in
this range, the fy values at each temperature can be averaged to yield an estimate
of the actual best value indicated on the plot as a star.
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The horizontal dashed line in Figure 1 indicates the carbon aromaticity of the
slurry feed, obtained as a weighted average of the aromaticities of the slurry
components. At low temperatures, where no chemical reaction takes place, the
reactor would simply be mixing the slurry components. At the other extreme in
temperature (450°C), the 1iquid product aromaticity is expected to again approximate
the value for the solvent, since this is a requirement for steady-state recycle
operation. Figure 1 indicates that the total aromaticity has nearly returned to the
slurry line at 450°C, and the 1liquid product (CH2Ci» solubles) has an aromaticity
(0.69{ that compares well with that of the vehicle (0.68). The most distinctive and
surgrising feature in Figure 1 is the apparent minimum in the carbon aromaticity at
400°C. This minimum suggests very significant changes in product hydrogen distri-
bution upon going from 375°C to 400°C.” This change is observed, although there is
still 1ittle net hydrogen incorporation, no gas production, and relatively little
heteroatom elimination at these temperatures. The only heteroatom lost under these
conditions is oxygen, and part of this apparent loss may well be due to simple water
loss rather than elimination of organic oxygen.

Applying the model to the average fj data in Figure 1 results in the hydrogen
utilization pattern shown in Table 3. As anticipated, little net hydrogen chemistry
has occurred at 375°C. The only directly measurable change is the loss of one
oxygen atom per 100 carbon atoms, requiring one hydrogen from matrix bond formation
for balance. At 450°C, a hydrogen utilization profile much like that observed for
Run FB-62 in Table 3 would be expected, and in general, that is what is found. The
only difference is that the net hydrogenation is apparently less in the smaller
10 1b/day reactor that was operated at the lower hydrogen pressure. The term
"apparently” should be stressed, since the absolute accuracy of f, measurements on
such samples is probably no better than + 0.03. At 400”C, Table 3 indicates a
significantly higher consumption of hydrogen by hydrogenation, 7 hydrogens/100
carbons, while the total net hydrogen incorporation is only 3 hydrogens/100 carbons.
Since 2 hydrogens/100 carbons are consumed in heteroatom removal, this indirect
analysis indicates consumption of 9 hydrogens/100 carbons in the 400°C slurry, while
elemental analysis indicates an incorporation of only 3 hydrogens/100 carbons
overall. The model then forces assignment of a negative value to matrix cleavage
consumption, implying that the net change in number of bonds across the reactor is
an increase. This suggests that under these conditions, internal condensation of
the slurry components is producing hydrogen that compensates for that consumed in
bond cleavage, heteroatom removal, and hydrogenation. It must be emphasized that
this treatment considers only net chemistry, making it impossible to determine if
the internally produced hydrogen or the hydrogen atmosphere provides the consumed
hydrogen.

Table 3. Hydrogen utilization during liquefaction of Homestead,
Kentucky, coal in the 10 1b/day unit.

Mode of Hydrogen Hydrogens Consumed Per 100 Carbons in Feed
Consumption 3750C 4000C 4500C
Gas Make 0 0 4
Heteroatom Removal 1 2 4
Hydrogenation 0 7 1
Matrix Cleavage -1 -6 3
Total 0 3 12

T%PIe 3 indicates that as the temperature of the reactor increases from 400°C
to 450"C, the total hydrogen incorporation per 100 carbon atoms increases dramat-
ically from 3 to 12, but the net consumption in hydrogenation actually decreases
from 7 to 1. This effect is probably due to increasing hydrogen production via
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aromatization with increasing temperature. This 1is not unexpected, since Tlow
temperatures tend to favor hydrogenation, while high temperatures favor
aromatization. Higher temperatures also tend to favor thermolysis over
hydrogenation, and this expectation is also confirmed in Table 3, where the net
bond-breaking consumption {gas make, heteroatom removal, and matrix cleavage)
Changes from -4 hydrogens/100 carbons at 400°C to +11 hydrogens/lOO carbons at
4500¢C. However, even at 450°C, only 3 hydrogens/100 carbons are consumed in
breaking down the slurry matrix bonds This indicates that bond breaking predomi-
nates over condensation by only about 1.5 bonds/100 carbons.

Using the approach outlined, a reasonable picture of the changes in hydrogen
utilization with temperature emerges. At low temperature (375°C), physical changes
and minor internal hydrogen red1str1but1on occur with little net hydrogen chemistry
and no net consumption. At 400°C, there is still only a small hydrogen consumption,
but there is also evidence of significant internal hydrogen chemistry, with
hydrogenation and condensation proceeding to approximately the same degree. At high
liquefaction temperatures, a more conventional view of hydrogen utilization emerges,
significant net consumption being utilized primarily in bond cleavage reactions, gas
make, heteroatom removal, and matrix breakdown.

An additional series of autoclave experiments on the liquefaction of Illinois
No. 6 and Blacksville No. 2 coals is currently being investigated to determine if
this approach can distinguish differences in hydroggn ut11128t10n between coals of
different reactivity over the temperature range 300°C to 450°C Although analyses
of these runs are not yet complete, preliminary results 1nd1cate there are distinct
differences between the coals in the product aromaticity versus temperature
relationship.

Although the approach presented appears to be useful on the basis of the
results accumulated to date, a discussion of potential problems is appropriate.
Analytical errors associated with the various measurements and the assumptions of
the model both contribute to uncertainty in the results. The NMR determination of
fa is a prime source of error. For this number to have any utility, all the feed
and product carbons must be observed and carefully quantified. The problem of
observing all of the carbon in the soluble material is not too serious if the
"soluble" material is not colloidal or suspended. If the correct NMR parameters are
used, the largest source of error 1is then in the integration of peak areas. The
problem of quantitatively determining fy for the insoluble fractions, which requires
the 13¢-cP NMR technique, is more serious. This technique will not observe liquid-
like entrapped material and may not observe carbons that are too far removed from
hydrogen for the efficient transfer of polarization. The lower inherent resolution
of the solid phase NMR spectra also introduces a larger error in measurement of
overlapping peak areas. Another potential source of error is the quantitative
determination of gas yield and composition. This measurement is important due to
its large impact on both total hydrogen consumption and net product aromaticity.
The determination of organic oxygen in coal and coal-derived products is always a
problem, and errors in this determination translate directly into errors in hydrogen
in heteroatom removal. The determination of organic sulfur in the feed slurry
requires distinguishing between organic and mineral sulfur in the coal.

Conclusions

The approach outlined yields a rather detailed description of the net utiliza-
tion of hydrogen during direct liquefaction, partitioning it into contributions from
gas generation, heteroatom removal, hydrogenation, and matrix breakdown.
Preliminary results indicate that internal hydrogen reorganization, with little
consumption, predominates at low temperatures, with hydrogenation being compensated
for by the hydrogen liberated in condensations. As the temperature is increased,
bond cleavage reactions and aromatization reactions appear to become more important,
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and the net hydrogen consumption increases. Additional studies of the assumptions
in the model and of uncertainties in the required analytical data are needed to
critically evaluate the utility of this approach.
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CHARACTERIZATION OF ARTIFACTS PRODUCED
FROM TETRALIN DONOR VEHICLE UNDER
COAL LIQUEFACTION CONDITIONS

Muthu S. Sundaram* and Peter H. Given
Coa! Research Section
College of Earth and Mineral Sciences
The Pennsylvania State University
University Park, Pa. 16802

ABSTRACT

The hexane-soluble o0il fraction of the heavy liquids produced
from the liquefaction of coal using tetralin donor vehicle was frac-
tionated by high pressure liquid chromatography. Three fractions were
obtained: saturates, aromatics and polars. Each fraction was indivi-
dually characterized via capillary column gas chromatography/mass
spectrometry. Several binaphthyls and binaphthyl derivatives, produc-
ed from the donor solvent tetralin under coal liquefaction conditions,
were identified in the aromatic fraction. These artifacts make up an
important fraction of the whole aromatic fraction. There is a fairly
clear tendency for the concentration of binaphthyls and derivatives to
decrease with increasing rank of coal. A stepwise multiple regres-
sional analysis shows that the clay minerals and pyrite present in
coal independently catalyze one or more of the types of artifact for-
mation.

INTRODUCTION

Partially hydrogenated aromatic solvents such as tetralin, hydro-
phenanthrenes and hydropyrenes are used as process solvents in several
coal liquefaction processes. An important function of these solvents
is to donmate hydrogen necessary for capping the thermally produced
free radicals from coal thereby preventing char formation. The effect
of hydrogen donor concentration on the conversion of coal to THF or
pyridine-solubte products has been throroughly investigated (1,2) and
several modern analytical techniques have been applied to characterize
the ensuing products of liquefaction. Combined gas chromatography-
mass spectrometry (GC/MS) has been extensively used in the characteri-
zation of liquefaction products from coal conversion processes (3-6).
However, only a limited amount of work has been done on the identifi-
cation of artifacts produced from the donor solvent itself under the
coal liquefaction conditions (7-9). A knowledge of the artifacts
generated from the process solvent will be very helpful in developing
methods for down-stream processing of the coal-derived liquids. In
this paper, we describe the identification of the artifacts produced
from a process using tetralin as the hydrogen-donor solvent for 1ique-
faction of coal and the influence of coal characteristics on the con-
centration of the artifacts is also discussed.

*Current Address: Process Sciences Divison, Brookhaven National
Laboratory, Upton, NY 11973.
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EXPERIMENTAL
Coal Samples:

Selected characteristics of the coals used in the liquefaction
Studies are shown in Table 1. The set of coals covers a wide range of
rank and geologic province; the mineral matter content varies from a
Tow of 6% to a high of 34% and a2 wide variation in the sulfur content
can also be noted. Other characteristics of the coals, such as
macerals content, calorific value, composition of the mineral matter
are available from the Penn State/DoE coal data base._ _The aromatici-
ties were determined by Gerstein, et al, using CP-MAS 13C nmr (10).

Liquefaction:

The liquefaction runs were performed in duplicate in tubing bombs
under the following conditions: 2.5 gm coal + 7 ml tetralin, 4259C,
Hp pressure (at temperature) 1400 psi, 30 min reaction peried and agi-
tation at 400 min -1, After the gases had been vented, the products
were rinsed out of the reactor into a Soxhlet thimble with ethyl
acetate. Extraction was continued in the Soxhlet apparatus for 24
hours. After evaporation of the ethyl acetate, the residue was weigh-
ed to determine the total conversion and then mixed with 500 ml hexane
and left to stand overnight, after which it was filtered. After remo-
val of the hexane, the soluble portion was distilled at about 70°C and
5 mm Hg pressure to remove naphthalene and excess tetralin and the
monomeric by-products formed from them during the process. The undis-
tilled material was weighed and is reported as "oil".

Analytical Procedures:
i) HPLC Separation:

Prior to GC/MS analysis, group type separation of the hexane-
soluble o1} was performed using a Waters Model ALC/GPC-201 HPLC
(Waters Associates, Milford, Mass.). The instrument contained of the
following accessory hardware: Model 6000A solvent delivery system, a
Model 660 solvent programmer, a Model U6K septumless injection system,
a Rheodyne Model 7010 backflush valve and a Model 440 absobance
detector with inter-changeable UV filters.

Typically, 20 microliter of the oil was injected on to a semi-
preparative (8mm ID X 30 cm length) micro-Bondapak-NHp column (Waters
Associates, Milford, MA.). The mobile phase was spectral quality
n-hexane distilled in glass (Burdick and Jackson, Muskegon, MI) and a
flow rate of 6.0 ml min-1 was used. Saturates are not retained in the
column and are eluted first followed by aromatic hydrocarbons. Polars
have greater affinity towards the stationary phase which makes the
analysis time longer. Hence after the elution of the aromatic hydro-
carbons, solvent flow through the column was reversed using the back-
flush valve and the eluting material was collected as the polar frac-
tion. UV detector response at 254 nm was recorded for the aromatic
and polar fractions.
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The three fractions--saturate, aromatic and polar--were collected
in separate flasks and excess hexane from the fractions was distilled
off in a rotary evaporator. Further concentration was effected by
blowing a gentle stream of nitrogen using a Sillivap concentrator.

ii) GC/MS Characterization:

Identifications of individual components in each fraction were
performed on an integrated GC/MS/Computer system. The instrument used
was a Finnigan Model 4000 automated EI/C! mass spectrometer equipped
with a quadrupole ion detector and interfaced with a Finnigan Model
9610 gas chromatograph and a dedicated LSI computer with 16K memory.

Several stationary phases coated on glass capillary columns were
tested for their application which included SP-2100, SP-2250 (both
from Supelco Inc., Bellefonte, Pa.), SE-30, SE-52, SE-54 and Dexsil
300 (all from Applied Science Lab., State College, Pa.). A 30 meter
SE-54 (methylphenylsilicone) stationary phase coated-glass capillary
column (film thickness, 0.25 micrometer) was found satisfactory for
the analyses of both aromatic and polar fractions.

The operating conditions used for the GC were: injector tempera-
ture 2500C; carrier gas, helium; flow-rate, 1 ml/min. The sample was
quantitatively introduced into the capillary column by purged split-
less injection technique (11). The oven temperature was initially
programmed to increase from 500 to 100°C at 209C min-1 and then to
3000C at 50C min-1.

The mass spectrometer was operated in the electron-impact mode
(70eV electron energy). Chemical ijonization mass spectra (methane
reagent gas) of the eluting components were obtained when necessary.
Spectral data acquisiton was performed at appropriate scanning
intervals and the mass spectra were recorded on magnetic tapes for
later retrieval. Specific compound identification was made from the
characteristic mass spectral splitting patterns., Retention time data
and response factors were obtained for representative compounds. By
monitoring the specific ion current (single ion monitoring), detection
of compounds present at trace levels was considerably improved.

RESULTS AND DISCUSSION

Tetralin has been widely used as a hydrogen donor solvent in many
coal liquefaction studies. In addition to the transfer of hydrogen
from the hydroaromatic ring to coal free radicals, tetralin undergoes
the following changes under coal Tliquefaction conditions:

1. Isomerization: Tetralin rearranges (isomerizes) to produce

methylindans. This reaction is temperature dependent (12) and is
catalyzed by pyrite (13).
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2. Fragmentation: In this case, tetralin decomposes to produce a
mix of smaller molecules which is mainly made up of alkylbenzenes.
Curran et al. reported that the decomposition of tetralin to Cq ben-
zenes was enhanced in the presence of coal extracts (14).

3. Adduction/Polymerization: From deuterium labelling studies,
Franz et al. showed that both 2-tetralyl and 1-tetralyl radicals are
produced in competitive amounts when a Tlow-rank coal 1is heated in
tetralin (15). The tetralyl or naphthyl radical intermediates can
react with free racidals generated from coal or they can recombine
among themselves leading to polymerized products such as binaphthyls
and their derivatives.

Various other isomers of the above representative compounds are also
possiblie.

On the basis of their results from the flash pyrolysis of 1- and
2-tetralyl radical precursors in vacuum, the above authors suggested
that the hydroaromatic radical intermediates 'may prefer disproportio-
nation over combination pathways as temperatures increase'. While
this is true for pyrolysis experiments at high temperatures and short
residence times, it can not be generalized for coal liquefaction
experiments at intermediate temperatures (400-4500C) and considerably
long residence times (ca. 30 min.). Our results indicate that the
dimerization of solvent radical intermediates occurs to a significant
extent in a coal-tetralin system and that the concentration of the
resulting artifacts seems to be affected by the coal characteristics.

A representative HPLC separation of an o0il product is shown in
Figure 1. Figure 2 shows the reconstructed Total Ion Chromatogram
(TIC) of the aromatic fraction of the oil from PSOC-739. The large
peaks at scan numbers 370 to 410 in the TIC in figure 2 are due to
binaphthyls and related compunds, which evidently make up an important
fraction by weight of the whole aromatic fraction. Similar results
were obtained with other coals. Figure 3 shows the Specific lon
Chromatograms {SIC) for m/e values of 254, 258 and 262 corresponding
to the motecular ions of binaphthyl and its tetrahydro and octahydro
derivatives. The peaks are numbered and identified by number in Table
2. It will be seen that, in peaks height, 2,2'-binaphthyl and its
derivatives predominate, indicating the higher reactivity of the
2-position compared to that of the 1l-position.



When all the peaks are examined at the same attenuation, it is
seen that binaphthyls and hydrogenated derivatives account for over
70% of the dimeric artifacts formed in the hydrogenation of all coals
but that of highest rank, PSOC-801 (Stigler seam, Oklahoma). Having
regard to the small size of other peaks in the TIC, it is unlikely
that binaphthyls generated from the coals account for much of the peak
heights observed. Philip et al. reported the presence of two isomers
of octahydrobinaphthyls in a sample from the ligquefaction of a Texas
lignite using tetralin as the hydrogen-donor solvent (16). The actual
amount of these and other products, however, was not specified.
Schultz et al. identified 2,2'-binaphthyl (only) among the aromatic
hydrocarbons in a SRC pilot plant product with a mixture of Kentucky
Nos. 9 and 14 coals as feedstock, but only in trace amount (6). Thus
the binaphthyls found in our work are indeed very largely artifacts of
the solvent. In what follows, all of the compounds named are assumed
to be derived entirely from the solvent.

In addition to the binaphthyls discussed, a number of phenyl
naphthalene were identified: Cy-, Cp- and Cq-phenyl naphthalenes, and
a phenyl tetralin. Only the sum of these compounds are shown in
Table 3, under the heading I¢-v. Furthermore, a number of alkyl! naph-
thalenes and either alkyl indans or alkyl tetralins {or a mixture)
were found (Cy-Cq4). Again, only the sum of the concentraitons of
these compounds is shown in Table 3, under the headingf C,-v . The
part of the HPLC fraction 2 (aromatics) accounted for by solvent arti-
facts is shown as a percentage in the final column of Table 3.

There is a fairly clear tendency for the concentration of bina-
phthyls and derivatives to decrease with increasing rank. The concen-
tration of phenyl naphthalenes, whose formation involves ring-
splitting, tends to increase with rank, as does the concentration of
alkyl napthalene/indan derivatives, whose formation involves isomeri-
zation. As mentioned before, the isomerization of tetralin to methyl
indans is catalyzed by pyrite (13); yet there is no correlation
between the concentration of these derivatives and pyrite content. In
fact, it 1is reasonable to suppose that many Ffactors determine the
yields of the various kinds of artifacts. This is substantiated by an
equation developed by stepwise multiple regression:

Concentration of artifacts (%) = 0.919 MM + 14.5 Spyr - 9.81 fa + 38.2

The variables provided for the regression were: contents of C, O, Sp,
Stot and MM, and the aromaticity, fa. The fraction of variance
explained by this regression, RZ, is 0.851. The equation suggests
that both clay minerals and pyrite independently catalyze one or more
of the types of artifact formation. Abdel-Baset {13) found that clay
minerals catalyze transfer of hydrogen from hydroaromatics to aroma-
tics. Thus the significance of fj in the equation may lie in the fact
that it indicates the number of C atoms available for accepting H
atoms and hence (presumably) for generating free radicals in the
solvent (admittedly this term may be not very significant since the
range of values of fy is small),
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In comparing the yields and composition of the products of lique-
faction experiments, it might be considered desirable to subtract out
the components derived from the solvent., The aromatic fraction of the
0il (HPLC fraction 2) can be corrected as follows:

. _ R 100 - % artifacts
% aromatics (corr.) = % aromatics (HPLC) x — T

Consequential changes are needed in other figures characterizing the
product distribution. Thus:

% hexane-sol. oil (corr) = % sat. + % arom. (corr.) + % polars
% benzene-sol. total liquids (corr.) = % oil (corr.) + % asph.
% gases {corr.) = % conversion - % total liquids {corr.)

The corrected and uncorrected yields of various fractions obtained
from the liquefaction of coals listed in Table 1 are shown in Table
4. From the table, it is clear that the adjustment of the figures for
hexane-soluble 0ils and for the aromatic HPLC fraction makes a quite
appreciable difference to the data and ought to be determined before
product distributions for any batch system are evaluated.

CONCLUSION

An important fraction by weight of the whole aromatic fraction of
the o0ils obtained from the liquefaction of coal using tetralin as the
hydrogen-donor solvent was made up of binaphthyls and related
compounds. The concentrations of these artifacts were affected by the
coal characteristics. Both clay minerals and pyrite seem to indepen-
dently catalyze one or more of the types of artifact formationfrom
tetralin., This is a somewhat unexpected effect of coal characteris-
tics on the composition of liquefaction products. Other donor sol-
vents, such as partially hydrogenated phenanthrene or a commercial re-
cycle o0il, are obviously likely also to undergo changes during pro-
cessing, whose magnitude and nature will vary with the feedstock, and
whose effects on product composition will be appreciable.
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Table 1

Selected Characteristics of Coals Used

* %

PSOC ASTM % C xS s,
_No. - Province* Rank _ dmmf dry dry

833 Fort Union Bed, Mont. 3 Lig 70.43 0.55 16.26 0.68
791 A Pit, Texas 6 Lig 72.13 0.81 20.78 0.55
785 Lower Wilcox, Texas 6 sbb 73.21 1.06 14.29 0.54
240A4  Big Dirty, Wash. 5 sbb 74.34 0.39 17.82 --
240A1 Big Dirty, Wash. 5 sbb 75.11 3.36 33.98 --
866 G Seam, Colo. 4 HVC 76.97 0.50 22.22 0.64
548 Wolf Creek, Colo. 4 HVC 78.98 n.s52 13.11 n.64
680 Indiana No. 6, Ind. 2 HVC 80.61 3.58 14.23 -
854 Juniata €, Colo. 4 HVB 81.64 0.40 6.71 0.63
739 Kentucky No.12, Ky. 2 HVB 83.29 2.72 15.05 0.70
773 Ohio No.6, Ohio 1 HVB 83.29 2.83 9.30 0.75
808 Croweburg, Okla. 2 HVA 84.71 3.20 6.57 0.73
821 Pittsburgh, W. Va. 1 HVA 84.92 2.56 6.00 0.70
801 Stigler, Okla. 2 MV 88.35 4.65 13.83 0.79

* Key to province numbers: 1, Eastern or Appalachian; 2, Interior; 3,
North Great Plains; 4, Rocky Mountain; 5, Pacific; 6, Gulf.

** Data from 13C nmr, kindly provided by Professor B. Gerstein,
University of lowa, now published by him (10).

+ Calculated by a modification of the Parr formula (Given and Yarzab, 17).
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Table 2

Identification of Peaks in Specific lon Chromatograms
of Figure 3

Figure 3(a): 1. 1,1'-binaphthyl
2. 1,2'-binaphthyl
3. 2,2'-binaphthyl

Figure 3(b): i. 1,2,3,4-tetrahydro-1,1"'-binaphthyl
. 1,2,1',2' -tetrahydro-2,2'-binaphthy!
3. 1,2,3,4-tetrahydro-2,2"'-binaphthyl
4, 1,2,3,4-tetrahydro-2,1'-binaphthy!
(three other unidentified peaks)
Figure 3(c): 1. 1,2,3,4,1',2',3',4"'-octahydrobinaphthytl
2.1,2,3,4,1',2',3"',4"-0octahydro-1,2"'-binaphthyl
3.1,2,3,4,1'.2"',3',4"-octahydro-2,2"' -binaphthyl
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Table 3

Concentrations of Sofvent Artifacts in the
Aromatic HPLC Fraction of Some Coals

percent of total fraction

Binaphthy!

PSOC Tetrahydro- Octahydro- derivatives *

No. C Binaphthyls binaphthyls binaphthyls (total) L¢-v

833 15.6 7.6 15.8 38.9 1.9
791 17.7 13.3 13.4 44.4 0.7
785 10.3 12.4 15.6 38.3 0.7
240A4 14.0 20.2 8.4 42.5 1.5
240A1 19.1 22.4 16.7 58.2 1.2
866 16.0 12.5 15.1 43.6 1.8
548 8.7 9.7 10.4 28.8 2.2
680 6.1 7.9 9.5 23.5 3.9
854 12.6 12.7 9.7 35.4 3.5
739 7.1 6.7 7.7 21.6 2.8
773 7.1 9.4 7.1 23.5 3.9
808 3.9 4.5 5.9 14.3 3.3
821 5.7 6.9 10.6 23.2 3.4
801 4.9 6.2 5.7 16.8 4.1

s e s e

—_ - — =
PR o s e
NOANWHRNE AN OS O

DO BB WR -~

L

Total
artifacts

46.3
52.9
44.4
47.5
63.8
52.0
46.6
38.5
42.7
35.5
36.8
33.0
32.0
59.0

* Total phenylnaphthalenes.

** Total alkyl-tetralins and naphthalenes.
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FATE OF SELECTED 1-, 2-, AND 3-RING COMPOUNDS
DURING RECYCLE COAL LIQUEFACTION OPERATION

D. C. Cronauwer, R. I. McNeil, D. A. Danner

Gulf Research & Development Company
P.O. Drawer 2038, Pittsburgh, PA 15230

and J. H. Wieland, and J. S. Abichandani

Department of Petroleum & Chemical Engineering
University of Pittsburgh, Pittsburgh, PA 15261

INTRODUCTION

To observe the adduction, isomerization, and cracking of labeled
solvent species, a series of coal liquefaction runs was undertaken using a
bench-scale unit capable of continuous recycle operation. These experiments
were made with C-labeled solvents including octahydrophenanthrene, phenan-
threne, methylphenanthrene, dimethyltetralin, and mesitylene. = This work
served as an extension of previously reported“'” laboratory-scale experi-
ments using similar labeled model liquefaction solvents.

EXPERIMENTAL

The recycle runs with labeled compounds were performed using a
continuous, bench-scale, coal liquefaction unit, a schematic of which is shown
in Figure 1. In summary, the unit consisted of feed and product systems, a
preheater of 8 min nominal space time, and a 1 L stirred autoclave of 60 min
space time,

The operating procedure consisted of preparing a feed slurry in a
heated, stirred tank separate to the unit. The feed was made up of Powhatan
No. 5 Mine coal, a portion of recycle heavy product slurry from the previous
period, and a Erocess solvent generated during previous SRC-II runs in the
GR&DC P-99 PDU( ) feeding the same coal. The analyses of the solvent and coal
are given in Table I. This feed blend was introduced into the bench-scale
unit every 4 h.

The '3C-labeled compounds were prepared under the direction of
Professor E. J. Eisenbraun of Okalhoma State University with a portion of the
analyses of intermediates and products being done at GRs&DC. A detailed
description of the techniques of synthesis and analyses of a portion of these
compounds are reported by Seshadri et al. and in Reference 3,

In addition to sample distillation and routine elemental analyses,
samples of heavy product slurry were Soxhlet extracted using, in sequence, the
solvents: pentane, toluene, and tetrahydrofuran (THF). The Soxhlet extrac-
tions with pentane and toluene were typically of 48 h duration, and the THF of
24 h. The solvents were stripped on a steam table ( 80°C) with a stream of
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nitrogen prior to analysis. Selected samples of separator liquids (combined
No. 2, No. 3, and ice traps) and pentane solubles were separated by HPLC into
saturates, aromatics, and resin (polar) fractions. An in-house HPLC was used
with Bio-Sil A silica gel (20-44 micron); a description of the operating
procedure was reported by Suatoni and vaab.(6

The level of 13C-labeling in the product fractions was determined by
the standard technique of combustion to CO2 followed by use of a Varian
MAT 250 MS to determine the ratio of mass 45 to 44 (stated sensitivity of <2 x
10—6)‘ Isotopic compositions are reported as values, the definition of
which follows:

R, -R
c =-—%——5 X 1000% (parts per thousand)
R

13

where Ry and R, refer to the 13C/”C ratio in the sample and reference,
respectively. The reference is PDB (Peedee Formation carbonate [belemnite])
with a value of 0.0112372. Coal has a typical range of -20 to -30 parts per
million (This analysis was done at GR&DC and at Global Geochemistry Corp.)

RESULTS

Overall Material Balance of Recycle Runs-~Lined-out operation of the
bench-scale unit was first established with a feed consisting of Powhatan
No. 5 coal, process solvent (boiling point 400°-800°F), heavy recycle product
slurry, and hydrogen., The product streams primarily consisted of gases, No. 2
and 3 condensates, and heavy product slurry. The reactor was run at condi-
tions of 455°C, 1.0 h space time, and 13.8 MPa (2000 psig). After lined-out
operation was achieved (34 h), a small sample of labeled octahydrophenanthrene
(HPh) was introduced to the feed tank at a level of 26 g/5000 g charge. After
26 h, the next labeled compound, dimethyltetralin (DMT), was similarly
charged, and the product streams were analyzed. For this and the remaining
three labeled solvents, a 24-h period was used. The runs with labeled solvent
were done in the following order: (89-1) octahydrophenanthrene (HPh), (89-
2) dimethyltetralin (DMT), (89-3) mesitylene (MST), (89-4) methylphenanthrene
(MePh), and (89-5) phenanthrene.

In all of the runs, it was assumed that the addition of the labeled
solvent at a level of about 0.5 wt% once every 24 h would not affect lined-out
recycle operation. Based on a detailed material balance of the second and
fourth periods, this assumption appeared valid as shown in the Tables II and
IIX.

Extraction of Process Samples from the Recycle Runs--To isolate
concentrates for GC/MS and 13C/12C—MS analyses, samples of both the combined
condensates and heavy slurry products were separated into fractions using
extraction and HPLC. The results for 89-1 and 89-5 are given in Table IV.
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Calculated Material Balance of lLabeled Species--To follow the course
of the 13C-1abe1ed species during SRC-II type recycle runs, it was necessary
to account for both slurry product withdrawal and losses due to
vaporization, In the case of very volatile compounds, most of the 13C-label
was recovered in the light condensate collected in the traps, This material
was not recycled, and, therefore, it was quickly lost from the system. In the
case of essentially nonvolatile species, losses occurred by removal of a
portion of the reactor effluent stream as heavy product. To account for
vaporization losses, the reactor system was modeled using average material
balances with a factor "XVAP" giving the fraction of 13¢c-1abeled compound that
was lost during each reactor pass due to vaporization. Figure 2 is a plot of
the calculated concentration of traced ('°C) of the slurry from the product
tank as functions of time and losses due to vaporization.

Results of Analysis of Fluids for 13¢c_rabeled Compounds--In addition
to an analysis of the product slurries and condensate streams, individual
samples of pentane solubles (oils), asphaltenes, and THF insolubles were
analyzed for 13C/12C ratios to determine trends with time, overall '3c
material balances were calculated to show how the labeled compounds were
distributed between gases, condensates {Traps 1-3), heavy products (asphal-
tenes, etc.), and bulk product.

As shown in Figures 3 and 4 (13C/12C ratios of slurries and conden-
sates), the results show the trends predicted from Figure 2. Specifically, a
concentration peak occurred at about 4-6 h into the cycle, and this went
essentially to zero after 24 h., In addition, the curves for the phenanthrene
(Ph} and octahydrophenanthrene (HPh) runs were similar, as would be expected
from the closeness of their boiling points. The loss of labeled species into
the condensates recovered in the various traps also followed expected trends.
As indicated by 3¢ analysis, about 11.8% of the highest boiling 1labeled
compound, methylphenanthrene (MePh) was found in the condensates. However,
the C-labeled methyl group readily cracked as indicated by a high recovery
(namely 46.9%) of labeled gases, primarily methane. The recovery of 13c-
labeled compounds in the condensates from the HPh and Ph runs was essentially
identical at 32.9 and 34.2%, respectively. In the run with labeled dimethyl-
tetralin, in excess of 80% of the label was observed in the condensate. Only
a low recovery (about 10%) of the low boiling mesitylene was recovered in the
condensates, From an analysis of the remaining streams, it appeared that this
compound was lost from the heated feed tank.

The levels of labeled compounds in the heavy product fractions
somewhat follow anticipated trends. The amount of HPh held in the asphaltene
fraction, by chemical adduction, was 4.8% of that fed, while that in the THF
insolubles was 0.5%. In the case of Ph, the respective levels were 1.5 and
0.7%. The level of adduction of MepPh was intermediate between HPh and Ph at
2.9% in the asphaltenes and 0.3% in the THF insolubles. Considering the high
level of MePh cracking, these latter values are consistent with those of
HPh. Essentially no_ _adduction of dimethyltetralin and mesitylene were
observed in that the C/ “C ratios of the heavy fractions from these runs
were the same as those of the base case before label use.
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cuts of condensates and slurry product streams were analyzed for Run 89-1
(HPh) and 89-5 (ph). It is first noted that octahydrophenanthrene was present
in the products at concentrations less than 0.03 wts. This compound gave up
at least a portion of its hydrogen very rapidly, and, therefore, it can be
considered to be absent from a recycle system unless external catalytic
hydrogenation is used. Within the accuracy of the GC/MS analysis, the concen-
trations of phenanthrene, dihydrophenanthrene (H,Ph), and tetrahydrophenan-
threne (H,Ph) remained essentially constant through the run perids of Runs 89-
1 and 89-5. The results are given in Table V.

It is first obvious that the results from Runs 89-1 and 89-5 are
consistent. The total concentrations of phenanthrene plus hydrophenanthrenes
averaged 2.9 and 2.8 wt% in the condensate and slurry, respectively. {Note
that alkyl subsituted phenanthrenes are not included.) Due to boiling points,
the relative distributions of hydrophenanthrenes to phenanthrenes were greater
in the condensates than in the slurry. From an overall material balance, the
conversions of coal to Ph, H2Ph, and H4Ph were about 0.7, 0.2, and 0.2 g/100 g
MAF coal, respectively.

By a GC/MS analysis of the product fraction of Runs 89-1 and 89-5,
it was found with the introduction of labeled Ph in SRC-II type operation,
little of this component is hydrogenated to dihydro and tetrahydro species,
In addition, an observed presence of labeled compounds of C3-naphthalene and
isomerized derivatives of octahydrophenanthrene confirms that ring opening and
isomerization of hydroaromatics occurs at coal liquefaction conditions.

ACKNOWLEDGMENT

We are grateful for the funding of this project by the U.S. Depart-
ment of Energy under DE-AC22-80PC30080., We acknowledge the suggestions of A,
Bruce Xing, the laboratory work of H. K. Little, and the 3¢ analyses of T. C.
Ashbaugh, R. J. Drozd, and R. C. Burruss.

REFERENCES

1. McNeil, R. I., Cronauer, D. C., and Young, D. ¢C., "Isomerization of
Tetrahydroaromatic Groups Under Coal Liquefaction Conditions," Fuel,
{scheduled April 1983).

2. McNeal, R. I., Young, D. C., and Cronauer, D, C., "Extents and Models of
Adduction of Hydrocarbon and Nitrogen-Containing Solvents in Coal Lique-
faction," accepted by Fuel.

3. Cronauver, D. C., McNeil, R. I., Young, D. C., and Ruberto, R. G., Final
Progress Report, DOE Contract DE-AC22-80PC30080, September 1982.

4. McIlvried, H. G., "Summary of Results from SRC-II Runs Made on Process

Development Unit P-99, Runs P99-15 to P99-85," Report No. 627RM101,
DOE/ET/10104-42, November 1981.

43



Seshadri,

K. S.,

C. E., Vickery,

Jewell,

E.

H,

D. M.,

and Eisenbraun,

Spectra of Some Substituted Benzenes,
Hydrocarbons," submitted to J Labeled Compounds.

Bymaster,

L., Dobbs,
"Synthesis

D.

E. J.,

T.

Ko,
and

Brown,
C-NMR

and Naphthalenes and Hydroaromatic

44

6. Suatoni, J. C., and Swab, R. E., J. Chromat. Sci. (1976), 14, 535.
Table I
ANALYSIS OF COAL AND P-99 DERIVED PROCESS SOLVENT
Powhatan No. 5 Process
Sample Designation Mine Coal Solvent
1. Proximate Analysis
% Moisture 1.1 -
Ash 9.6 -—
Volatile 39.6 -
Fixed Carbon 49.7 -
2. Elemental Analysis (Dry)
% Carbon 72.3 87.2
Hydrogen 5.1 8.7
Nitrogen 1.5 0.9
Oxygen 7.8 (diff) 2.8
Sulfur 3.6 0.4
Ash 9.7 -
100.0 100.0
Table IX
OVERALL MATERIAL BALANCE
Recycle Run 89
Feed (g/h) Products {(g/h)
Run Period 89-2 89-4 Run Period 89-2 89-4
Coal 367.6 367.8 Gases (and H,0) 98.9 97.5
Process Solvent 196.0 202.3 No. 2 Condensate 96.9 69.6
Heavy Product Slurry 661.6 656.0 No. 3 Condensate 95.1 141.8
(plus ice traps)
Hydrogen
(Consumption) 13.9 13.7 Heavy Product Slurry 900.5 882.3
Total 1239.1 1239.8 Total 1191.4 1190.2
Recovery 96.1% 96.0%



Table III

NET PRODUCT YIELDS (MAF BASIS)

Recycle Run 89

Yield Component 89-2 89-4 Average
H, Consumption -4.2 -4.2 -4.2
C,-C 16.5 15.7 16.1
Other Gases{CO, etc,) 2.3 2.3 2.3
Water 5.9 5.9 5.9
C5—380°F 15. 16.8 16.
380-550°F 9.1 13.0 11.1
550-900°F 10.3 7.6 9.0
C5—900°F 34.9 37.4 36.2
380-900°F 19.4 20.6 20.1
900°F* p.S. 35.3 34.2 34.7
I0oM 9.3 8.7 9.0
P
900°F" Organic 44.6 42.9 43.7
Table IV
HPLC EXTRACTION SUMMARY
Saturates Aromatics Resins Hexane Ins.
Product Praction (wts) (wts) (wts) (wts)
Run pPeriod 89-1:
a. Condensates 5.5 ¢+ 1.6 50.1 + 3.8 44.0 + 4.0 0.4 + 0.2
b. O0ils (Slurry) 2.8 + 0.5 64.7 + 4.1 32.5 £ 6.5
Run Period 89-5:
a. Condensates 4.8 £ 2.4 53.0 £ 5.0 41.9 + 3.7 0.3 + 0.2
b. 0ils (Slurry) 3.3 % 0.3 69.0 ¢+ 3.8 27.7 %+ 3.8
Table Vv

SUMMARY OF PHENANTHRENE CONCENTRATIONS, WT%

Component 89-1 89-5
Condensate Slurry Condensate Slurry
Phenanthrene 1.66 2.10 1.85 2.25
HzPh 0.47 0.24 0.61 0.32
H,Ph 0.67 0.33 0.51 0.30
HgPh <0.03 <0.03 <0.03 <0.03
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Correlation of Coal Quality to Coal Liquefaction

D. S. Hoover

International Coal Refining Company
P.0. Box 2752, Allentown, PA 18001

Introduction

A large-scale direct coal liquefaction plant will consume substantial
quantities of coal as a feedstock material. Due to the nature of the coal
mining industry this supply will be acquired from several mines operating in
different coal reserves. Procurement of coal from multiple sources, over time
will undoubtebly lead to variations in the characteristics of the plant feed.
Physical and chemical coal properties are known to vary within a reserve due
to the mechanisms of seam formation and subsequent geologic metamorphism. In
addition, mining methods and physical beneficiation affect the organic and
inorganic constituents in the mine product. Furthermore, the specification of
a single seam, for example Ky #9 or I11. #6 as the source for potential feed-
coals, is insufficient since it has been shown that substantial variations in
coal properties can exist within a single seam.

Although it is clear that variations in feed coal properties can affect
plant operations and yields, few quantitative relationships have been developed.
The difficulty in understanding the importance of coal characteristics is in
part related to the complex nature of coal, and problems in the selection,
characterization and testing of representative feedstock samples. The driving
force for developing this understanding is directly related to the selection
and procurement of the essential raw material for liquefaction processing. A
scientifically based understanding of how to select coal sources from within a
mining region and how to compensate for variations from an individual mine
will improve the operability and economics of any direct liquefaction plant.

This study has investigated the degree to which coal properties change
within a supply region and how these variations impact on yields and economics
of an SRC-I type process. Statistical data analysis has isolated critical
coal properties influencing liquefaction reactivity and quantitative prediction
equations have been developed.

General Coal Characteristics Influencing Reactivity

Research work to identify the suitability of U.S. Coals for direct lique-
faction were bsgun by the U.S. Bureau of Mines station at Bruceton, PA in the
early 1940's These efforts investigated coals of varying petrograph1c
composition and rank, concluding that these characteristics significantly
affected the ease by which a coal could be Tiquefied. More recently, work has
been completed by a number of investigators which confirms that the total
reactive maceral content of the cog] 13 related directly to its overall
conversion to extractable products

Although coal rank is recognized as a derived property related directly
to a coal's composite organic chemical structure, its impact on liquefaction
reactivity is not clearly understood. Most researchers are in agreement that
coals higher in rank than high volatile A bituminous are poor candidates for
liquefaction feedstocks due to low reactivity. This limitation presents
little problem for the development of a coal liquefaction industry since these
high rank coals represent only ten percent of the country's production. The
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more abundant lower rank coals have displayed divergent reactivities erending
upon the experimental conditions and method of investigation. Neavel has
shown that the coal conversion to benzene solubles plus gases is inversely
proportional to the rank of the coal for residence times from 2.5.to 30 minutss.
These results are generally in agreement with those of Whitehurst™ and Yarzab
for long residence times. However, Whitehurst® has shown that in short residence
time coal liquefaction, low rank coals are substantially less reactive than
high volatile bituminous coals of similar petrographic composition. In
prgceséing coals under SRC-II conditions using disposable iron catalysts,
Wright™ has found that lignites and subbituminous coals have higher conversions
and greater yields of distillate than high volatile bituminous Pittsburgh Seam
coals. Thus, providing that reaction conditions are chosen correctly, the
coal is prepared properly prior to liquefaction and sufficient catalyst is
present, lower rank coals would appear to have higher reactivity than high
volatile bituminous coals. N

One coal characteristic not explained by measures of rank and petrographic
composition is the nature of inherent mineral matter. Many authors have shown
that mineral matter in coal can act as an inherent catalyst for improving
liquefaction yields. The concensus of this work has been that iron sulfides,
particularly pyrite,.are the most effective catalysts present in the inherent
coal mineral matte Although some differences in pyrite catalysis activity
have been reported ~, most work has shown that the very high levels (up to 10%
pyrite on coal) must be added to affec}]a]éignificant change in the yield
structure of Eastern Bituminous Coals. ’ Low iron subbituminous gga]s can
be made more reactive with somewhat lower levels of pyrite addition.

Experimental Investigation of Coal Reactivity

The International Coal Refining Company (ICRC) Research Group has been
heavily involved with developing experimental data to support the SRC-I
Demonstration Plant Project. A portion of this effort was to determine the
effects of feed coal variation on plant performance. Although the majority of
potential feed coals for this plant would come from a restricted area (I1linois
Basin), it became clear in this program that three major technical areas would
need investigation as follows:

o Coal variation from an individual mine,
o Coal variation within the reserve area, and
o Effects of these variations on liquefaction yields.

Due to design and operation considerations, a decision was made early in
the demonstration plant program to consider only use of washed coals. This
constraint significantly limited the number of mine operations which could be
considered as suppliers.

An experimental program was established with the Institute of Mining and
Minerals Research, University of Kentucky, to sample mining operations in a
pattern to provide geographic and stratographic diversity. The sample locations,
in relation to the mining regions are shown in Figure 1. Samples were collected
from the run-of-mine coal as well as the washed coal. Several mining operations
were studied for both long- and short-term variation in coal properties

In the short term coal variability study, samples were collected from the
operation daily and analyzed for changes in composition. Figure 2 shows the
daily shifts in sulfur and ash content for a mine in the KY #9 seam. These
results demonstrate that the coal cleaning plant is necessary not only to
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reduce the amount of mineral matter in the coal, but also to buffer variations
in composition due to mining. An additional benefit from coal preparation is
an increase of approximately three percent in the total reactive maceral
content of the clean coal, enhancing the liquefaction potential.

Based upon the results from the short term study, a five day period was
selected as the time in which to composite a sample to define a plant's average
output. Thus, once a month a five day period was sampled and composited for
each of six months. These results (Figure 3) show that some long term shifts
in clean coal composition can occur. The variations may result from changing
characteristics of an individual coal reserve or changes in mine operations.

A liquefaction processing plant will need the flexibility to deal with these
changes if they would significantly affect operations.

The second portion of this project was to define the regional variation
in coal composition. Table 1 shows the range in several clean coal properties
across the region compared to the variation which might be expected from an
individual plant. These results illustrate that the variation across the
region is generally two to four times that which might be expected from an
individual plant. Furthermore, the absolute ranges in variables, such as
vitrinite reflectance, pyritic sulfur and total reactive macerals, are such
that they will affect substantially coal liguefaction results. Therefore,
despite the contention that coal supply from an individual mine will shift
with time, there are probable advantages to selecting and blending coals from
mines whose average composition is in the high reactivity range.

The third portion of this program was to test the set of clean coals to
determine the effects of variations in properties on coal liquefaction. 1In
this program the coals were liquefied in a 100 pound per day continuous bench
scale process development unit (CPDU) under standard conditions as follows:

o Reaction Temperature 840°F

o Reaction Time 30 min

o Total Pressure 2000 psig

o H, Flow Rate 28,000 SCF/Ton Coal

o Coal Concentration 40 wt.% in Wilsonville Recycle Solvent

These are essentially the SRC-I standard process conditions with the
exception of the shorter (30 min) residence time.. A1l samples from the process
unit were analyzed by a standard workup procedure to determine the yields of
products on a dry ash-free coal basis and hydrogen consumption

Figure 4 shows the range in reactivity demonstrated by these coals as
related to oils yield and hydrogen consumption. These two factors are useful
for assessing coal reactivity since they are among the most sensitive economic
parameters in a liquefaction plant. The results show a group of high reactivity
coals (>25% o0ils yield), a group of average coals (15-25% oils yield), and one
very low activity sample.

Ranges in coal reactivity of this magnitude impact both on plant operations
and on revenue economics. Improvements to plant operation may include:
improved solvent balance, less loss of preasphaltenes to the gasifier residue,
and the flexibility to operate at lower severity. The advantages of operation
at a decreased severity are lower duty on the fired preheater and better
reaction stability. Of course, to operate with a high reactivity coal at high
severity would require some additional hydrogen capacity and this element does
impact on operations and economics.
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Table 2 shows a yield and economic comparison of operating a hypothetical single-
stage SRC-I type plant in a maximum heavy fuel 0il mode. This analysis assumes
that all the middle 011 produced will be blended with the solid SRC and sold
as heavy oil. The comparisons are shown on an identical plant case, operating
with an average and, alternatively, a high activity coal. Although this
assessement has been simplified and contains several assumptions, it is clear
that using the high activity coal, including the hydrogen penalty, results in
a significant (11%) improvement in revenues. Since these coals are sold
currently on a fuel basis (cents/mm btu) there can be compelling economic
incentives for choosing high activity coals.

The advantages in operations and economics for a simple thermal process
(i.e. SRC-1) also appear to be present for more complex catalytic systems.
Figure 5 shows the results of processing a low activity and a high activity
coal, with and without a slurry phase catalyst. In this comparison, it is
evident that the catalyst acts to provide an incremental improvement in oil
yield over the baseline non-catalyst case. Rather than seeing the yield
structures converge due to catalytic processing, they maintain approximately
the same differential as the original coal reactivity. Although these results
demonstrate that initial coal activity dominates in one stage thermal and
catalytic processes, it is not clear what impact it has on integrated two-stage
processing.

Analysis of Liquefaction Data

In order to realize an advantage due to coal reactivity in either operations
or economics, it is necessary to understand methods of selecting high activity
coals. One objective of this research program was to develop correlations
between coal characteristics and liquefaction product yields. In order to
develop these types of correlations it is necessary to have a homogeneous data
set which provides a sufficiently broad, and normally distributed, pattern of
variables. Although the current dataset is probably too small (13 coals) to
develop highly correlated relationships, it is useful for determining trends
in the data.

The coal characteristics and liquefaction yield data sets were both
analyzed to detect and minimize strong statistical intercorrelations. This
analysis resulted in the selection of four independent coal variables and
five relatively independent liquefaction variables which were correlated
against each other (Table 3). Based on the relationships detected from Table
3 the following empirical prediction models were calculated.

Total Conversion = (14.1 (Pyritic Sulfur) + 4.1 (Vitrinite Eq. 1
reflectance) + 77.2) x Total Reactive
Macerals/100
R? = 0.82
011 Yield = 16.2 (Pyritic Sulfur) - 1.2 (Volatile Matter) + Eq. 2
13.6 (Vitrinite Reflectance) + 52.9
R2 = 0.47

The multiple R-squared for equation #1 (0.82) is relatively good for
complex multivariate relationships such as those existing in coal research.
The constant term in this equation (77.2) is relatively large in comparison to
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the values of the predicted variable and attempts to generate a strong relation-
ship would work to reduce this value. The parity plot in Figure 6 of the

observed conversion versus the predicted conversion shows there are no significant
outliers (or large residuals) in this data set and that predictive relationship

is reliable. Unfortunately, the R-squared for equation #2 is not as good

(0.47). Figure 7 is the parity plot of o0il yield observed versus oil yield
predicted for this equation; it indicates that there are no single or patterned
outtiers. This suggests that an additional characterization factor is probably
necessary to improve the prediction of o0il yield.

This analysis of the data set resulted in the selecting of many of the
same variables as those determined by the Pittigurg & Midway Coal Mining Co.
for the prediction of SRC-II yield structures. The relationship between
pyritic sulfur in the clean coal and the conversion of total reactive macerals
detected in the statistical analysis (correlation coefficient equals 0.902) is
shown in Figure 8. This relationship shows that as pyritic sulfur drops below
1.10 wt. percent, the coal conversion reactivity decreases significantly.
However, in another portion of the research program, experiments on the importance
of coal preparation showed that levels of pyritic sulfur had little affect on
- liquefaction yields. The results from one of these experiments are shown in
Figure 9. Despite coal samples which range in ash and pyritic sulfur in
excess of those detected in the data analysis, the liquefaction yields are
rather consistent.

The reconciliation of these seemingly diametrically opposed results
appears to reside in the activity of the pyrite present in cleaned coals
versus that in the run-of-mine and partially cleaned samples. A series of
coals all cleaned to approximately the same ash Tevel would be expected to
contain approximately the same amount of pyrite, if it were distributed in the
same manner in all the samples. The cleaned coals in the data analysis set
(similar in preparation and ash content) ranged in pyritic sulfur from 1.42 to
0.65 percent, indicating that some of the samples probably contained pyrite
which was finely dispersed in the organic matrix and was not removed by cleaning.
Generally, these coals were those which had high activity for liquefaction.

The pyrite that would be present in the level 1 and level 2 cleaning shown in
Figure 9 would be comprised substantially of coarse material from seam partings
and pyrite nodules. The experimental data on these samples indicate that this
type of pyrite has 1little catalytic effect in the SRC-I liguefaction system.
The majority of the catalytic activity appears to be provided by the finely
dispersed pyrite retained in certain cleaned coals.

The importance of pyrite dispersion is also in gen?Talzaggeement with
results determined in the disposable catalyst programs. > '°°’ These workers
found that additions of particulate pyrite at levels approaching 5 weight
percent pyritic sulfur on coal were necessary to show much catalytic activity.
However, when iron was added to the coal 1n]g dispersed system, much lower
levels resulted in high catalytic activity. Hence, not only the amount, but
more importantly the form of the pyrite in the coal appears to be the most
important factor in controlling its contribution to the coal activity.

One can conclude also from the data analysis that the level of geochemical
maturity, or rank of the coal as measured by vitrinite reflectance, is of
significance to Tiquefaction yields. Although the range of rank in these
samples is not as large as might be necessary to fully identify this effect,
increases in rank correlate negatively with both oil yield and conversion.

The subtte differences in the ranks of the coals in this sample suite do
reflect changes in the structural chemistry of the coal macerals. In this
range of geochemical maturity, coals lose oxygen and are believed to undergo
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rearrangement and ring condensation. These reactions may tend to result in a
more refractory organic phase to dissolution and liquefaction. A negative
correlation of liquid yield ?gd conversion with coal rank parameters was also
reported by the P&M workers.

Summary

It is clear from the preceeding discussion that variations in coal properties
do affect liquefaction results. The observed differences between coals can
be as large as those between Western Subbituminous compared to Eastern Bituminous,
or as small as changes in coal within a single seam or individual mine. These
variations in properties do affect liquefaction yields, plant operations and
economics. Selection of coals, even from a restricted region, can be advantageous
since critical properties vary more from source to source then from an individual
mining operation.

Research at ICRC and elsewhere has shown that quantitative relationships
can be developed between coal characteristics and yields. These efforts have
shown that the amount of dispersed pyrite in the coal, the geochemical maturity
and the petrographic composition are important coal parameters. Clean coals
from this region with less than 1.10 wt. percent pyritic sulfur were found to
have significantly reduced liquefaction reactivity. Unfortunately, the prediction
of oil yield from coal properties has proven difficult and will probably
require the addition of more fundamental parameters of coal chemistry to
improve its precision.

An improved understanding of the relationship of coal properties to
liquefaction results would be useful from a scientific point of view as well
as a processing standpoint. The advantages of selecting and manipulating
coals for improved processing results are self evident. The impact of pyrite
dispersion in the organic matrix may indicate that initial dissolution reaction
and associated hydrogen rearrangement, promoted by an in-situ catalyst, are
instrumental in defining the final product distribution. The ability to
better understand the mechanisms of coal dissolution from a fundamental point
of view may lead to new improved processing concepts, as well as a better
understanding of the U.S. coal resource.
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TABLE 1

COAL CHARACTERISTICS VARIATION IN SUPPLY REGION

MAXIMUM
COEFFICIENT COEFFICIENT OF
OF VARIATION OF A
MEAN VARIABILITY* VARIATION SINGLE PLANT
ASH 9.2 4.7 0.25 0.11
HEATING VALUE 12283 +1100 0.09 0.04
TOTAL SULFUR 3.1 +1.3 0.21 0.12
PYRITIC SULFUR 1.4 +1.0 0.36 0.23
T. R. MACERALS 93.3 +3.1 0.02 0.01
VIT REFLECTANCE 0.57 +0.18 0.16 0.04
*+ 2 STANDARD DEVIATION
TABLE 2
YIELD AND ECONOMIC COMPARISON
AVERAGE HIGH
ACTIVITY COAL ACTIVITY COAL
PRODUCTS YIELD* YIELD*
FUEL GAS 4.5 7.4
LIGHT OILS 8.0 12.8
MIDDLE OILS 0.0) 255 0.0} 41.9
HEAVY OILS 17.5 29.1
SOLID SRC 44.8 27.1
TOTAL PRODUCTS 74.8 76.4
TOTAL REVENUE** $8.90 $9.88

‘LBS OF PRODUCT/100 LBS DAF FEED COAL

**DOLLARS OF REVENUE/100 LBS DAF FEED COAL (1990 PRICES IN 1981 DOLLARS)

TABLE 3

CORRELATION OF INDEPENDENT COAL CHARACTERISTICS
AND LIQUEFACTION YIELD DATA

HYDROGEN HYDROCARBON TOTAL

CONVERSION ASPHALTENES/

CONSUMPTION GASES oILs OF TRM  PREASPHALTENES
DAF HYDROGEN 0.176 0.156 0.022 0.103 -0.191
DRY PYRITIC
SULFUR 0.661 0.131 0.527 0.902 0.214
DAF VOLATILE
MATTER — 0.283 —0.243 0.121 -0.311
VITRINITE
REFLECTANCE —0.153 —0.289 —0.159 -0.360 -0.120
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Correlation of Recycle Solvent Quality to Coal Liquefaction

F. K. Schweighardt

International Coal Refining Company
P. 0. Box 2752, Allentown, PA 18001

INTRODUCTION

“Solvent quality" is a contrived solvent property used in coal liquefaction
It is.- assumed to be an important guide for expressing how well a recycle solvent
will convert coal to products soluble in tetrahydrofuran (THF) or pyridine. Over
the past 40-50 years, much has been written about the solvents used to prepare
coal slurries, yet few solvent quality parameters have been quantified and related
to process conditions or feedstocks.

For this report, solvent quality was measured by kinetic microautoclave test
as used at the Wilsonville Advanced Coal Liquefaction Facility (1). The micro-
autoclave method, originally developed by the Conoco Coal Development Company,
has been used to quantify solvent quality at Wilsonville since 1978. This method
(Note 1) defines solvent quality as the weight percent tetrahydrofuran solubles
generated, based on weight percent moisture- and ash-free (MAF) coal. Tradition-
ally, a solvent quality test result in the lower range (65) warned of potential
preheater coking problems. More recently, solvent quality has been used to
monitor the effects of adding light solvent refined coal (LSRC) and distillates
to the solvent stream to enhance coal liquefaction and maintain solvent balance

This study attempts to identify important independent and dependent variables
associated with the solvent refining of coal (SRC) by relating plant operation to
coal feedstock and product slate and by correlating the impact to changes in the
results from the microautoclave solvent quality test.

PROPERTIES AND CHARACTERISTICS OF COAL LIQUEFACTION SOLVENTS

In SRC liquefaction, an effective process solvent should be (a) coal-derived
to permit continuous plant operation; (b) a distillate with a nominal boiling
range of 450-85D°F; (c) able to sustain a 10-40 wt % coal slurry through feed
pumps; (d) able to rapidly accept coal dissolution products in solution or suspens-
ion; (e) able to act as a hydrogen donor or shuttling agent for hydrogen transfer
under a predominantly free-radical mechanism; and (f) capable of carrying the
liquefaction product stream through solid/1iquid separation processes and ultimately
of being recycled to continue the process.

The chemical properties of recycle solvents have been well-documented by
whitehurst et al. (2), Burke et al.,(3) and Neavel (4). A recycle solvent
generated wunder SRC-I process conditions exhibits a complex molecular compo-
sition. The solvent is composed of a mixture of alkyl (C,-C, )-substituted poly-
nuclear hetero- and hydroaromatic compounds. Gas chromatography/mass spectrometry
(GC/MS) data have revealed that 40 individual components comprise almost 60 wt %
of the solvent. The remaining 40 wt % may include hundreds to thousands of
individual compounds (5). The major molecular species are (5-30%) substituted
naphthalenes and (5-10%) phenanthrenes.

During SRC-I liquefaction, each time the solvent/coal mixture passed through
the reactor 0-30 wt%¥ new solvent material s generated, on an MAF feed coal
basis. Therefore, the molecular composition would be expected to constantly
change and shift in response to processing conditions and feed slurry composition.
At Wilsonville, the virgin distillate solvent exits the process at vacuum tower
T102, trays 3 and 8 (see Figure 1 for a process flow scheme). The solvent is
then held briefly in a holding tank (V178), from which daily samples are taken
for solvent quality testing.
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Recently, the solvent in V178 (originally V131A) has been mixed with LSRC or
other product streams in tank V131B just before it is recycled into the process
at VIOTA as a new coal slurry. The LSRC, a product stream from the critical
solvent deasher, is added to the distillate solvent for several reasons. Most
important to the overall process is that LSRC appears to enhance solvent quality
by adding high-boiling compounds (6), and somehow promotes distillate yijeld so
that solvent balance 1is maintained. Handling the LSRC in material balance
calculations is a problem. If the LSRC is inert, it can simply be subtracted.
However, if the LSRC is a reactant, its degree of conversion must be quantified
before an o0il yield can be computed (7). Because the addition of LSRC to the
distillate solvent has not been continous for all coal types, solvent quality
values from V131B samples are not included throughout this report.

Anthracene oil is sometimes added to the system at V178 to maintain solvent
balance. For this study, data points were eliminated if more than 5% by volume
anthracene oil was added to the V178 solvent within 5 days of a material balance
period.

THE ROLE OF SOLVENT IN SRC-I LIQUEFACTION

Our current understanding of coal liquefaction is that bituminous coal, when
mixed with solvent at 200-250°F begins to dissolve, but that most of the coal
matrix is in suspension. The primary dissolution products are believed to be
small molecules already trapped within the coal (8). Depending on coal type and
rank, these compounds may represent 5-20% of the coal.

At Wilsonville, the feed slurry 1is held at 150-250°F (depending on the
percent LSRC added) for 8-12 hr without hydrogen before it enters the preheater
(B102) under partial hydrogen pressure. Under these holding conditions in tanks
V101A and V101B, the recycle solvent must exhibit good dissolving power. That
way, the solvent can extract and exchange with the small molecules trapped in the
coal and fill other voids created by loss of water and swelling.

Thermal reactions, in which sissile bonds (9) break and initiate actual coal
matrix Tliquefaction, do not occur until ~600°F. Such temperatures are first
reached in the preheater (B102) under ~2,000 psi hydrogen pressure. At lique-
faction temperatures, the nascent free radicals apparently rapidly combine with
labile hydrogen from the feed coal during the first .1-5 min, forming a cresol-
(or pyridine-) soluble product (4). When temperatures in the preheater reach
780°F, the recycle solvent appears to rapidly solvate the primary liquefaction
product. After the process slurry stream enters the reactor, the exothermic
reaction drives the temperature to almost 840°F during a residence time of 30-60
min. In the reactor the original recycle solvent and the new coal product
components shuttle hydrogen to free-radical sites generated from splitting and
cracking at reaction temperature (840°F).

The solvent, which is now modified in molecular composition by the addition
of cracking and splitting products from 0-30 wt % MAF coal, can itself be rehydro-
genated. This newly available, "donatable" hydrogen can be shuttled to more
recently generated active sites formed in reactor R101 to further stabilize the
system,

That portion of the solvent that is active in shuttling hydrogen to free-
radical sites has been associated with the hydroaromatic content. Other hydrogen-
transfer species have been suggested (2) to be active when hydroaromatic species
were absent or depleted, including aromatic hydroxyl (e.g., B-naphthol) and alkyl
(methyl) side chains like those found on 2-methylnaphthalene. Curran et al. (10)
concluded that the liquefaction solvent needs sufficient donatable hydrogen to
promote greater distiltate yield and reduce coking, and that the hydrogen can
come from many sources.
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Correlation of Solvent Quality to Process Operation

A review of past operating reports from Wilsonville and interviews with
Wilsonville staff resulted in an assemblage of 48 primary parameters that define
a pilot plant run under the SRC-I first-stage regime (Note 2). Fifty-seven data
points analyzed for these 48 variables span from 1978 (run 133) to 1982 (run
234). During this period, five major coal types were processed for 3-58 days on
stream, per run. Usually one to three data points from each run were selected to
represent a material balance at nominal steady-state conditions. These material
balance points form the data base of this report.

In analyzing these data, we assumed that each coal type can be viewed inde-
pendently, and that data for each coal type can be averaged. The reason for this
assumption was that we believe the variability in cocal reactivity changes the
demand on the operating conditions, generates a coal-specific recycle solvent
after line out, and would promote a unigue product distribution. A1l coals or
similar coal types are combined only when deemed necessary for general comparison
purposes. The objective of this study is therefore to relate the microautoclave
solvent quality test result to process factors that cause or are affected by a
change in the solvent's role in SRC-I liquefaction.

The objectives of first-stage SRC-I liquefaction are assumed to be:

Maximum conversion of coal to cresol (or pyridine) solubles
Minimum hydrogen consumption based on MAF coal conversion
Maintenance of process solvent in solvent balance

Minimum hydrocarbon and maximum heteroatom gas production
Minimum preasphaltene content in the vacuum tower (T102) bottoms

o0 o0o0oO

The major process variables considered are coal type, dissolver (R101)
temperature and pressure, and coal space rate in the dissolver.

Reaction severity, i.e., the degree of coal conversion to distillate and
gas, can be assessed from yield structure information, such as hydrocarbon and
heteroatom gas production (total gas minus H,0) and net hydrogen consumption.

Although total gas production may not Seem to relate to the recycle solvent's
physical or chemical properties, it is presumed to be affected by "solvent quality."
Solvent quality in this case refers to the solvent's ability to shuttle hydrogen
to those coal species that have split into large components and to minimize
hydrocarbon cracking that forms C.-C, gases.

The benzene solubles (SRC o0ils and asphaltenes) of the vacuum tower bottoms
(T102) and the total SRC (pyridine solubles) of this same stream may be the best
analyzed samples to quantify both product distribution and reaction severity.
This T102 bottoms stream is "process-normalized" in that minor process excursions
are averaged by the volume and throughput of the tower.

Process solvent is not measured, but it is determined by difference when
calculating a material balance from Tlaboratory distillation (450-end point) and
subsequent gas chromatography results (450-850°F). We believe process solvent
yield 1is neither a precise nor an accurate parameter to consider for correlation.

The 1light oils (C.-450°F), which are quantified by gas chromatography data,
provide another measure of liquefaction severity and solvent breakdown independent
of total gas production.

Table 1 1ists typical process parameters with the 1limits of the values
accepted as equivalent in this study.
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Table 1

Wilsonville SRC Process Conditions

Dissolver pressure 1,700 = 100 psig
Dissolver temperature 825 + 10°F
Dissolver volume in use 75%

Coal space rate 38 + 3 1b/hr-ft3
H2 partial pressure (heater inlet) 1,470 = 75 psi

Representative solvent quality test results for V178 (holding tank) solvent
collected over the past 4 years are plotted as a function of time and coal type
in Figure 2. Day-to-day variation can be as great as 10 units on the solvent
quality scale. As an analytical test, solvent quality may be considered to have
a precision of #2.

RESULTS

Total Gas Production

Figure 3 plots the entire data set for total hydrocarbon and heteroatom gas
production (MAF coal) vs. solvent quality for all coals. The distribution is
clustered at 8 + 2% total gas and 75 * 6 solvent quality. Replotting total gas
production from Kentucky #9 coal only gives four distribution curves, one for
each mine. Figure 4 shows that each plot has distinct clusters and a few outlying
data points. In Figure 4, the data points are coded to define common dissolver
conditions (pressure, temperature, and volume used). Only in the Fies Mine
Kentucky #9 coal is there an apparent shift to greater gas production at higher
dissolver temperature and pressure. Figure 5 provides a different perspective by
plotting total gas production data as a function of days on stream over 4 years.
Note that because all data points are presented, process conditions varied more
than the accepted limits given in (Table 1) for any one common preheater/reactor
condition. Note that high gas production usually follows a change in coal type.
This trend is apparently independent of reactor pressure, coal space rate, and
almost independent of temperature (825-840°F).

Gas production is graphed as a function of total elemental hydrogen consump-
tion in Figure 6; all data points are presented. If a total gas production range
of 5-10% and a hydrogen consumption of 1.5-3% on MAF coal are arbitrarily set as
lower and upper limits, the points outside these limits are mainly those from the
material balance periods taken within 30 days after a change in coal type for
SRC-1 processing. These same points are the outlying data points in Figure 4.

Product Correlation to Solvent Quality N

In order to analyze the data meaningfully and objectively, we related solvent
qualities to product distribution by coal type at the selected material balance
periods. Process variables such as preheater temperature and reactor pressure,
temperature, and volume are documented in the discussion.

Dotiki Kentucky #9 Coal. The major differences in processing Dotiki coal
occurred between Runs 202/203 and 204/206/208. The first set of runs was
conducted at a lower dissolver temperature (825 vs. 840°F). Also, the pyrite
content of the coal in runs 206B and 208 was less than 1.1%, whereas in run 203
it was 1.3%.

Figures 7A-7D0 plot solvent quality vs. specific product components. Figure 7A
(pyrite content vs. solvent quality) identifies each point by run/ material
balance number and can be used as a guide to identify the equivalent run in
Figures 7B-7D.
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Solvent quality does not appear to affect product yield. However, the
percent pyrite in the feed coal appears to affect solvent quality; that is, if
the percent pyrite is below 1.1 wt ¥, the solvent quality value deviates from the
major distribution cluster. The operating conditions during runs 206 and 207
were upset because the high-pressure separator failed and nearly 70 vol ¥ of the
unit was filled with cresol-insoluble material. Run 208, which was short, however,
had the highest solvent quality (70) and lowest (1.1%) pyrite content. This
solvent quality value is unusually high; its cause is unknown and only one material
batance (MB) sample was taken for this run. Daily solvent qualities measured
before and after the 208AB MB were between 64 and 66.

Lafayette Kentucky #9 Coal. Runs 163 to 201 were conducted with Lafayette
coal. Runs 163, 166, and 201 were at 75% dissolver volume at 1,700 psi and
825°F; dissolver pressure in runs 167, 168, 171, and 172 increased to 2,100 psi
with uniy 50 voil ¥ of the dissolver in use; and run 190 was performed at 2,100
psi, 825°F, and 75% dissolver volume. The largest volumes of anthracene o0il were
added to the system between runs 170 and 182. Solvent quality increased from 65
to 75, but fell to 68 after run 182 and remained there until the next coal type
(Dotiki) was used. Figures 8A-8D illustrate the relationship for Lafayette coal.
Note that most Lafayette feed coals had a pyrite content of less than 1.2 wt X%.

Pyro Kentucky #9 Coal. Pyro Mine coal was run under dissolver conditions of
1,700 psi and 825°F for runs 151, 159, 160, and 161, and at 2,100 psi and 825°F
for run 162. These process conditions are the most constant for the coals tested.
Because run 151 was conducted with Indiana V solvent and processed 3 months
before run 153, run 151 can be eliminated from each solvent quality correlation.
Figures 9A-9D show the relationship between Pyro coal solvent quality and product
distribution. Product yield ranged widely (#8%), but solvent quality changed
only slightly (& 2). The range of product distribution is no less than that for
other coal types that experienced solvent quality changes of more than %10 from
the average.

Fies Kentucky #9 Coal. Fies Mine coal was processed under the most varied
conditions of all coal types (Note 2). Most Fies Mine coal was run at dissolver
conditions of 2,100 psi, 840°F, and 75 vol %. 0nly three feed coals (229A, 2298,
and 210AB) had a pyrite content below 1.1%. Anthracene oil was added only once,
after run 210. Solvent quality was 75 and was not greatly affected (#2). The
reason for this 1is not clear, but the optimum activity of hydrogenated anthracene
oil may be 75 + 2 as measured by the solvent quality test. Solvent quality and
product distribution for Fies Mine coal are compared in Figures 10A-10D. In
general, only total gas production (depicted earlier in Figure 4) shows any
apparent correlation between solvent quality and dissolver temperature: lower
dissolver temperature and higher solvent quality yield the lowest gas production.

Effect of Solvent Quality on the Attainment of Ligquefaction Objectives

We assume solvents are primary products of the feed coals, therefore their
compositions are affected first by the coal's structure, second by processing
conditions, and third by addition of external material (LSRC), control of distil-
late boiling point distribution, or modification by chemical means.

Once a new steady-state process condition is reached and the solvent 1ined
out, the solvent's new properties apparently allow a different product yield
distribution to be maintained. The preheater and reactor temperatures have their
greatest impact on the rate of formation of primary liquefaction products that
place a demand on the solvent for rapid coal dissolution and hydrogen donation.

If the solvent is returned to the front end without addition from another
stream (LSRC or distillate), we can at best anticipate an apparent steady-state
solvent because the feed coal 1is constantly changing. Most importantly, the
coal's pyrite content and distribution is more variable than the organic macro-
molecular structure. Figure 11 shows the range in solvent quality as a function
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of coal type with and without LSRC addition, independent of process conditions,
for all material balance periods. Circles represent average results, and the
bars define the upper and Tower limits of the solvent quality.

Next, we considered only those solvent quality results obtained from material
balances more than 30 days after a change in feed coal type and more than 5 days
after addition of anthracene oil. All data points were averaged by coal type
with respect to their pyrite concentration (Figure 12).

Figure 12 shows that the Fies, Pyro, and Indiana V coals with >1.2% pyrite
generated solvents with average SQ values above 72. The trend of Fies, Pyro, and
Indiana coal data clustering together and Dotiki and Lafayette coal data clustering
together was also observed for nearly all average product distributions (e.g.,
Figures 7-11) as well as other variables not included in this report.

Measurement of Liquefaction Behavior

Based on these observations, a logical approach to defining coal-derived
recycle solvent quality is to react samples of the solvent, or the modified
solvent, 1in the microautoclave test with the daily feed coal. This solvent
quality test would involve comparison of the daily microautoclave product distri-
bution (residue, preasphaltenes, and total benzene solubles) with the product
distribution for a well-maintained standard coal of the same type. The primary
liquefaction activity of the solvent would be determined under hydrogen-starved,
solvent-rich conditions, to mimic the slurry tanks and the rapid coal dissolution
process in the preheater at 750 + 2°F. The secondary liquefaction activity of
the solvent would be determined from a similar product distribution under hydrogen-
rich conditions (2,000 psi), to quantify the sustaining hydrogen-transfer reactions
in the reactor.

These two tests would be made within the same sand bath; at the same time, a
third test microautoclave would be run. In this third bomb, the standard coal
type would be reacted with a standard model compound solvent mixture. Together,
all three results would provide internal checks on the reliability of the test
(standard coal vs. standard solvent); optimum continued dissolution of process
coal (feed coal vs. recycle solvent/no H,)); and optimum continued conversion to
the desired product slate (feed coal vs. regycle solvent/ H,).

Figure 13 summarize how this approach to measuring Solvent quality could be
used to predict Tiquefaction behavior of the next day's operation. Over a 3-month
period in our laboratories, we have demonstrated that solvents from holding tank
V178 yield different SQ values depending on whether they are tested with the feed
coal that they will be slurried within the next run or a standard Indiana V coal.
The greatest difference is the relative distribution of benzene solubles to
preasphaltenes. Silver and Miller (11) were first to note similar coal conversion
differences when using a solvent generated from Wyodak coal and reacting it with
Kentucky #9 coal.

SUMMARY

The concept of quantifying solvent quality by a microautoclave test does
have merit if the test is run with the same coal-type used for coal liquefaction.
Correlation of the solvent quality result to preheater chemistry (rapid coal
dissolution with minimum hydrogen shuttling) and reactor chemistry (rapid and
sustaining hydrogen donation/shuttling) 1is apparently possible. As used at
Wilsonville during runs 133-234, the microautoclave S5Q result was of tangential
significance for absolute day-to-day pilot plant operation. However, during the
past 4 years the Wilsonville staff has collected SQ data under the most varied of
conditions, e.g., changes in feed coal, addition of LSRC to the solvent, redefinit-
ijon of solvent boiling range, and most recently, addition of hydrotreated material
to the solvent. These SQ results do provide us with a relative measure of coal
conversion behavior to solvent composition under pilot plant conditions to consider
for future process design. The Wilsonville staff has prepared a topical report
on solvent activity covering this subject (12).
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From our SQ study of Wilsonville it is our opinion that bench-scale experi-
ments comparing different coals with solvents of questionable parentage for
single pass conversion are at best of Timited relative value, and result in
conflicting interpretations from lab to lab. Such experiments do define the kind
of solvent composition that provides specific results. If such results or such
solvents can be produced in situ is another question. Laboratory liquefaction
experiments that may be the most meaningful (although the most time-consuming and
expensive) are full recycle of the solvent for attaining apparent steady-state
operation. We estimate 5-12 solvent passes are required for line-out depending
on process conditions.

Note 1

Wilsonville Solvent Quality Test (#43080-60): Into a 30 mL bomb, add

1.5 g of standard Indiana V coal, 12 g of solvent, and a 1-in. steel rod.

Place in sandbath (750°F) for 10 min and shake at 1,000 spm over 1.5 in.
Extract the reaction products with tetrahydrofuran (THF) to determine THF
insolubles. Calculate percent conversion on MAF coal. See Reference 12 for
details.

Note 2

The full data base is available upon request from the author.
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EFFECTS OF HEAVY RECYCLE SOLVENT
COMPONENTS ON DIRECT COAL LIQUEFACTION

James R. Longanbach

Battelle Columbus Laboratories
505 King Avenue
Columbus, Ohio 43201

Introduction

The quality of the recycle solvent is critically important in all direct
coal liquefaction processes. The fact that overall solvent quality can be great-
ly improved by adding some of the lighter nondistillable products to the solvent
is one of the mgst important discoveries in direct coal liquefaction research in
recent years.(1 Many recent studies have focused on the role of solvent in
direct liquefaction. It has been shown that most hydrogen transferred to the dis-
solving coal durin in;tia] preasphaltene formation comes from the solvent rather
than hydrogen gas.{1s2) The high molecular weight aromatic hydrocarbons in the
recycle solvent are particularly adept at transferring hydrogen to coal and can
retard retrogressive reactions which can lead to the formation of undesirable
insoluble products. On the other hand, the coke formation reactions are also caused
in Targe part by hiah molecular weight solvent ?ngonents, particularly those con-
taining phenolics and polyfunctional compounds.

Other studies have focused on the role of nitrogen-containing aromatics in the
recycle solvent. The lower molecular weight aromatics which contain basic nitrogen
have been shown to be excellent hydrogen transfer agents(4 and may also readily
penetrate the coal structure to re?c§ with reactive coal species before retro-
gressive reactions can take place.

One of the problems encountered in all of these studies has been that when
actual process derived solvents are used, they are so complex that the results
are hard to assign unambiguously to particular chemical properties of the solvent,
while the use of model compounds have simply not included materials of sufficiently
high molecular weight to adequately represent the heavier species in true recycle
solvents.

The purpose of this work is to further study the liquefaction chemistry of
the heavier materials in a process derived liquefaction solvent. Solvents obtained
from near equilibrium operation of the Lummus ITSL Process are being used because
others hav? ghown that this solvent is less complex than solvents from other
processes. {6

Experimental

Samples of SCT Recycle Solvent (2SCT16-1122), the solvent recycled to the
short contact time coal dissolution step, and SCT Heavy 0il1 Product (25CT16-1122),
the 500*F product from the same process step, were obtained from the Lummus I1TSL
Process pilot plant.

Both of these materials are black solids at room temperature. Analyses are
listed in Table 1. Both have number average molecular weights (by vapor pressure
osmometry) between 400-500 grams/mole. The SCT Heavy 0i1 Product, which is approx-
imately a 1.8:1 mixture of reacted SCT Recycle Solvent and dissolved coal, has an
B/C ratio of 0.80, slightly higher than the H/C ratio of the starting I11inois #6
coal and somewhat less than the H/C ratio, 0.95, of the SCT Recycle Solvent.

ITlinois #6 coal used in the Lummus ITSL Process was also obtained and
analyzed with the results shown in Table 2. The coal has been dried to approxi-
mately 4 percent moisture and ground to more than 70 percent -200 mesh for use
in the process.
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The procedure used for the liquefaction studies consists of mixing solvent
and coal in a microautoclave (»18 cc volume) and pressurizing with either hydrogen
or helium, containing a small amount of krypton as an internal standard, to 1000
psia (at room temperature). Standard reaction conditions are 800 F for 5 minutes.
The autoclave is agitated with a wrist action shaker and heated in a fluidized
sand bath. The autoclave is equipped with a thermocouple and recording pressure
transducer. A typical pressure and temperature versus time curve is shown in
Figure 1. The average heatup time, to 790 F, is 1.9 minutes. After reaction,
quenching to 600 F requires ~0.5 minutes. This method gives excellent control of
residence time at temperature.

The gases are transferred to storage in a 2-liter evacuated gas bulb for
later analyses. The liquefaction products are washed from the autoclave with THF
and the insolubles are extracted with THF in a Soxhlet extractor. Conversions of
MAF THF insolubles are calculated using the weights of insoluble organic material
(IOM) in the coal and solvent, the starting ash content of the solvent and coal
and the moisture content of the coal. Excess THF is stripped from the THF solubles
on a rotary evaporator and the resulting concentrated solution is slowly added to
20 parts of boiling heptane per part of THF to precipitate heptane insolubles.
After the THF is distilled from the mixture, the precipitate is allowed to settle
overnight and removed by vacuum filtration, The heptane is distilled from the
filtrate and each of the fractions is dried in a vacuum oven overnight at 110 C,
cooled and weighed. Net changes in the amounts of THF soluble-heptane insolubles
(asphaltenes and preasphaltenes) and heptane solubles (o0ils) are calculated by
subtracting blank extraction data for the starting solvent and coal to obtain
differential solubility changes caused by liquefaction.

The gases are analyzed for Ho, CO, C02, CHg, C2's and Kr. After normaliza-
tion to a standard krypton concen%ration, net yields (or losses of hydrogen) for
each gas are calculated.

Results and Discussion

In order to study the chemistry of the 800*F Recycle Solvent components, the
SCT Recycle Solvent was separated by vacuum distillation into fractions with boil-
ing points above and below 800 F {427 C). Liquefaction experiments using the
800-F material serve as a baseline to allow a systematic study of the effects of
addition of various fractions of the 800*F materials to the liquefaction solvent.
Additional chemical insight may be obtained by running reactions in the presence
and absence of a 1000 psia (cold) hydrogen atmosphere. Also, the use of the same
chemical class fractions obtained from the 800°F and 800%F fractions may help
illustrate the effects of higher molecular weight on the reactions of the solvent.

The SCT Recycle Solvent sample has been distilled under vacuum to obtain
800*F and 800~F fractions with the results listed in Table 3. Approximately 36
percent of the sample distilled below 800 F. The 800-F material has a higher H/C
ratio and about 50 percent lower number average molecular weight. As expected, it
is almost entirely heptane soluble. The 800*F fraction contains 80 percent of
the nitrogen, 84 percent of the sulfur and 76 percent of the oxvgen in 65 weight
percent of the sample. The heteroatom concentrations are not large, however, and
total only about one heteroatom per molecule (containing an average of 34 carbon atoms).

Liquefaction experiments have been done using 6 g of either the total SCT
Recycle Solvent or the 800°F SCT Recycle Solvent fraction with 3 g of I1linois #6
coal under 1000 psia (room temperature) hydrogen or helium. The results are
listed in Table 4.

Since both solvents and the coal are partially soluble in THF and heptane
when exposed to the workup procedure before liquefaction at elevated temperature,
the results have been corrected using blank extractions of the starting materials
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to reflect the charges in the three solubility fractions before and after lique-
faction. The results have also been corrected to remove the ash and moisture
present in the starting coal. The reaction conditions have been chosen to obtain
good, but not complete conversions so that differences due to the solvent and gas
atmosphere can be seen. The reaction conditions gave nearly equal conversions of
MAF THF insolubles, except for the 800°F SCT Recycle Solvent under hydrogen, which
gave a significantly higher conversion. Most of the THF insoluble material is
converted to THF soluble-heptane insolubles (preasphaltenes plus asphaltenes).
Under helium there is a small net loss of heptane solubles (oils).

Hydrogen is produced on balance under a helium atmosphere while hydrogen is
incorporated into the products on balance under a hydrogen atmosphere. The 800°F
SCT Recycle Solvent may be exceptional in this respect and actually release a
small amount of hydrogen, even in the presence of 1000 psig of hydrogen. The
effects of different solvents and gas atmospheres on CO is negligible but more
€0, is produced under helium and more CHy is produced under hydrogen.

The 800-F and 800%F SCT Recycle So?vent fractions are now beina separated
into c?emica] classes using the liquid chromatography method described by Later,
et al. Preliminary results from the separation of the 800*F SCT Recycle Solvent
fraction are listed in Table 5.

Table 5. Separation of 800%F SCT Recycle Solvent
Fraction by Liquid Chromatography

Recovery,
Solvent Chemical Class Weight Percent
Hexane Aliphatic hydrocarbons 4.9
Benzene Aromatic hydrocarbons 27.9
Chloroform N-Aromatics 4.8
THF-EtOH (10%) OH-Aromatics 33.3
Total recovery 70.8

The 800*F material is approximately one-quarter aromatic hydrocarbons and
5 percent of aliphatic hydrocarbons and N-aromatics.

These separations will be extended to the 800-F SCT Recycle Solvent fraction
and then these fractions will be added separately to the 800°F recycle solvent to
determine the effect of various types of solvent molecules on the conversion and
yields during the coal dissolution step.
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TABLE 1. ANALYSES OF SCT RECYCLE SOLVENT AND
HEAVY OIL PRODUCT FROM THE LUMMUS
ITSL PROCESS PILOT PLANT

Sample SCT Recycle Solvent SCT Heavy 0i1 Product

(2sCT16-1122)
Elemental Analyses, Wt %

(25CT-1122)

Ash 1.30 3.61
Carbon 86.77 85.87
Hydrogen 6.88 5.74
Nitrogen 0.94 1.02
Sulfur 0.53 0.99
Oxygen (by difference) 3.6 2.8
H/C 0.95 0.80
Distillation Data, Wt %
800°F 35.6 38.2
800*F 64.4 61.8
THF Solubility, Wt % 9.4 88.6
Molecular Weight, g/mole 477 424
TABLE 2. ANALYSES OF ILLINOIS #6 COAL FROM THE
LUMMUS ITSL PROCESS PILOT PLANT

Proximate Analyses, Wt % As-Received Dry

Moisture 3.99 -

Ash 9.72 10.12

Elemental Analyses, Wt %

Carbon 69.73 72.63

Hydrogen 4.93 4.67

Nitrogen 1.18 1.23

Sulfur 2.88 3.00

Oxygen (by difference) 8.35

H/C 0.77

Particle Size Distribution, Wt %

+70 mesh 0.07

-70 +120 3.64

-120 +200 18.90

-200 +325 14.84

-325 62.55

THF Solubility, Wt % 13.7
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TABLE 3. ANALYSES OF 8CO-F AND 800*F FRACTIONS FROM
THE DISTILLATION OF SCT RECYCLE SOLVENT
(25CT16-1122}

Sample So0-F 800*F

Weight % of

Starting Material 35.6 64.4

Elemental Analyses, Mt %

Carbon 90.96 87.88
Hydrogen 7.12 6.18
Nitrogen 0.57 1.30
Sulfur 0.23 0.69
Oxygen (by difference) 1.12 1.95
Ash <0.01 2.00
H/C 0.94 0.84
Molecular Weight, g/mole 257 456

Solubilities, Wt %

THF insolubles 0.0 5.5

Heptane insolubles 1.5 39.5

Heptane solubles ﬁ.s 57.9

TABLE 4. SUMMARY OF MICROAUTOCLAVE LIQUEFACTION RESULTS
WITH SCT RECYCLE SOLVENTS AND ILLINOIS #6 COAL
Run No. 7 15 9 17
Solvent Total SCT Recycle Solvent 8007F SCT Recycle Solvent
Gas Atmosphere He Hy He Hy
Conversion of MAF
THF Insolubles, % 78.2 75.0 78.6 84.6
Net Change of Heptane
Insolubles, % of Total 19.0 17.8 18.0 19.2
MAF Products
Net Change of Heptane
Solubles, % of Total -2.0 0.5 -0.0 1.1
MAF Products
Gas Analyses, Volume %
Hy 0.85 -7.87 1.09 1.55
co 0.16 0.12 0.13 0.14
€0y 1.06 0.75 1.15 0.58
CH 0.77 0.98 0.75 0.90
C2H4/€2H6 0.49 0.39 0.35 0.34
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THE ORTHO-ALLYLBENZYL RADICAL: A SENSITIVE PROCEDURE FOR
THE ASSESSMENT OF HYDROGEN DONOR SOLVENT REACTIVITY.*

James A. Franz, Russell D. Barrows and Donald M. Camaioni

Pacific Northwest Laboratory, P.0. Box 999, Richland, WA 99352

The thermal conversion of coal involves the decomposition of inter-
connected hydroaromatic structures into resonance stabilized benzylic radical
fragments. Capping of these radicals with hydrogen from a donor solvent
leads to the formation in high yields of lower molecular weight soluble
and volatile products (1-5). In the absence of a donor solvent, the
radicals abstract hydrogen from alkyl coal structures and depending on the
supply of donatable hydrogen within the coal, conversion yields may be
greatly affected (3, 6). In view of the great variety of radicals which
must form during coal liquefaction and the many possible competing reactions
which lead to products, the ability of a donor solvent to transfer hydrogen
to coal radicals is undoubtedly of great importance.

Although much quantitative data describing the reactions of alkyl and
heteroatom radicals with hydroaromatic donor solvents exists, (7-9) sur-
prisingly 1ittle data is available on the reactions of resonance stabilized
radicals with hydroaromatic donors (10-14). Realizing the importance of
this data to the development of a basic understanding of coal conversion
chemistry we have developed a procedure for the guantitative determination
of hydrogen donor strengths toward benzyl radical. The method competes the
rearrangement of o-allylbenzyl radical against hydrogen transfer to the
radical from a donor solvent, see Equations 1 and 2. At this time, the
method provides relative and estimated absolute rates of hydrogen atom
transfer. Experiments are in progress which are designed to convert these
relative rates to absolute rates with a high degree of accuracy and
precision.

Experimental

Synthesis of o-allylazotoluene. o-allylbenzylazine was synthesized
from o-allylbenzaldehyde and hydrazine sulfate according to the procedure
of H. H. Hatt (15). The azine was reduced to its corresponding hydrazine
derivative with Na-Hg(5%) in methanol. o0-Allylbenzylhydrazine was oxidized
to o-allylazotoluene according to the procedure of Cohen and Wang (16);
m.p. 47.5-49.00C; NMR (CDC13) , 7.33-7.20 (sharp m, 8H, aromatic-H), 6.25-
5.75 and 5.15-4.80 (m, 6-H, olefinic-H), 4.96 (s, 4-H, benzyl-H to nitrogen
atom, superimposed on vinyl region), 3.48 (d of t, 4-H, J = 6.2, 1.5Hz,
benzyl-H to vinyl group); Analyses: Calc., C, 82.72, H, 7.64, N, 9.65;
found, C, 82.6, H, 7.73, N, 9.58.

Determination of relative rates of hydrogen atom transfer to o-allylbenzyl

radical. Solutions of the o-allylazotoluene, hydrogen donor, and sometimes
an inert solvent such as benzene or phenyl ether, were degassed and sealed
in pyrex tubes and then thermostatted for 20 minutes (approximately 2 half-
Jives). The concentration of azo compound was kept low (<.01M) to minimize
radical induced decomposition and to minimize consumption of donor solvent
(usually <5% consumed). The relative amounts of 2-methylindan (2MI) and

* This work was supported by the U.S. Department of Energy, Processes and
Technigues Branch, Division of Chemical Sciences, Office of Basic Energy
Sciences, under Contract DE-AC06-76 RLO-1830.
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and o-allyltoluene (0AT) were determined by capillary gas chromatography
analysis after they were separated from the unreacted azo compound by high
performance liquid chromatography. In calculating kypg/Kre> the room temp-
erature concentrations of donor solvents were corrected to reflect the
solution density at 1600C (17). We expect the error in these values to be
5% due to lack of precise information about the actual )iquid densities.

Results and Discussion

0-Allyazotoluene is a conviently prepared thermal source of o-allyl-
benzyl radicals. In donor solvents egquilivant to or better than m-xylene
it has a half-1ife of approximately 10 min at 1609C. Upon decomposition,
a pa1r of o-allylhenzyl radicals form and undergo reactions of rearrangement,
hydrogen abstraction and combination.

CHCH=CH,
X - - L
. 1)
CH,- CH, CH,
CHZCH-——'CHz CHZCH=CH2
+DH —» @E +D- 2)
CH,

CHy
CHCH=CH ~
, 2 CHCH=CH, ,
— 3)
CH,-
CHCH=CH, CH CH=CH
+D —» @ 4)
CH, - CH,D

The y1e1ds of products, 2-methylindan ( 2MI), and o-allyltoluene (0AT),
formed from the competing reactions of rearrangement, Equation 1 and hydrogen
atom abstraction, Eguation 2, are observed to vary according to the hydrogen
donor strength of the donor solvent (DH). Under the experimental conditions,
the formation of 2MI and OAT are irreversible and the amount of DH consumed
is small, so that the rate constant for hydrogen abstraction, kapg, relative
to rearrangement, Kye, for a given donor is provided by the expression,

Kabs ~ [0AT] 5)

Kpe [2M1]{DH]n
where n is the number of donatable hydrogens per donor molecule.

The formation of 2MI is controlled by the unimolecular rearrangement
of o-allylbenzyl and the rate constant, kye, for this reaction is independent
of solvent composition, such that the values, kabs/Kre, provide a quanti-
tative index of hydrogen donor strength. In Table I, index values for a
series of hydrogen donor solvents and model compounds have been compiled
from kaps/kee values. For convience of comparison, the values have been
indexed relative to m-xylene for which kapg/kpe is 2.53 x 1073,

Interestingly the index quantitatively bears out the expected relation-
ship between donor strength and resonance stabilization energy of the radical
formed from the donor molecule, i.e., 9,10-dihydroanthracene > allylbenzene »
9,10-dihydrophenanthrene > diphenylmethane >m-xylene. Diphenylmethane is
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a much poorer solvent than dihydroanthracene because steric hinderance
prevents both phenyl rings from being simultaneously conjugated with the
radical site. Little steric hinderance is in effect for the radical de-

rived from allylbenzene and therefore the radical experiences greater
resonance stabilization than diphenylmethyl radical and exhibits a greater
rate of hydrogen donation. Of the recyclable solvents, 9,10-dihydroanthracene
is a far superior donor to tetralin or 9,10-dihydrophenanthrene.

The index quantitatively illustrates the astonishing effects of combined
polar and resonance effects in accelerating atom transfer reactions, i.e.,
thiophenol >phenol > «xylene. These results indicate that compounds such
as naphthols and thiols are among the most important donors in high sulfur
coals and oxygen rich medium ranked coals. It is clear that they play
important and as yet relatively unknown roles in the formation of soluble
conversion products and chars (18).

These results easily show the importance of establishing such a method
for assessing donor solvent strengths. Furthermore, good methods for
estimating the Arrhenius parameters for the absolute rate of rearrangement
for o-allylbenzyl radical are at hand (19) and an experimental determination
is in progress. Therefore, this body of data will be of great value both
to researchers invoived in developing thermochemical kinetic models of coal
liquefaction and to investigators interested in understanding basic chemical
transformations.

Table I. Hydrogen Donor Strength of Selected Solvents and Model Compounds
Towards o-Allylbenzyl Radical.

Donor Relative Donor Strength
m-xylene(a) 1
1,5-Cycloctadiene 1
Diphenylmethane 20
Tetralin 27
9,10-Dihydrophenanthrene 33
Phenol 76
Allylbenzene 114
9,10-Dihydroanthracene 635 5
Tri-n-butylstannane 3.2 x 10
1-Naphthol 1970
Thiophenol 1.10x106

(@) kaps/kcyc = 2.53 x 1073
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THE USE OF o-TERPHENYL AND DIBENZO(c,g)PHENANTHRENE
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The use of H-donors to increase yields of distillable liquids in direct coal lique-
faction is well-documented (1,2,3). Several mechanisms have been proposed including
the radical-trapping of hydrogen from the H-donors (4,5). Another mechanism sug-
gested on the basis of thermochemical data (6) is a transfer of a hydrogen atom
(radical) to an aromatic compound. This transfer is energetically favorable when
specific atoms in the aromatic molecule are attacked. Phenanthrene, for example, is
stabilized by 38 kcal/mole when attacked by a hydrogen radical to form the 9-hydro-
phenanthryl radical. This addition of hydrogen has not been studied to any extent at
either of the model compound level or the process level.

Another reaction which may resemble the radical addition reaction was observed when
1,1'-binaphthyl was heated with an H-donor to form the thermally stable perylene
(PER) (7). An H-donor was essential for coupling and different H-donors produced
perylene in different yields. This reaction was used to study the relative ability
of an H-donor to transfer its hydrogens at the high temperatures and pressures used
in liquefaction. The coupling reaction appeared to have potential as a system to
study this variety of H-transfer which may have important implicstions in the direct
coal liquefaction process.

Problems encountered in this method of evaluating H-donors included the low yields
of perylene and the low solubility of perylene in many solvents. Molar ratios of
perylene to starting materials ranged from 1 x 10 2 to 28 x 10 2 after 1 hour reac-
tion at 470°C. It was thought that a higher conversion of substrate would improve
the reliability of the analytical method and would allow for shorter reaction times.
One solution to the problem connected with the coupling to form perylene would be to
find another molecule which would react by a similar mechanism but would give higher
yields of a thermally stable product under similar reaction conditions. Copeland,
Dean, and McNiel (8) reported that o-terphenyl (OTP) gave higher (60 pct) yields of
coupled product, triphenylene (TP), than binaphthyl (18.7 pct) gave perylene when
reacted with decalin at 490°C with a catalyst and hydrogen for 3 hours. Triphen-
ylene was very stable and this reaction appeared to be a good alternative candidate
for evaluation of H-donor reactivities. Several reactions were carried out with the
o-terphenyl (Wiley Organics) and various H~donors at 470°C for 1 hour without hydro-
gen gas in small microreaction vessels. The results of these reactions are summar-
ized in Table I and are compared to previously obtained results with 1,1-binaphthyl

.
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TABLE I

MOLAR RATIOS OF PRODUCT OF REACTANT FOR REACTIONS OF o-TERPHENYL
AND 1,1'-BINAPHTHYL WITH H-DONORS AT 470°C FOR 1 HOUR*

H-Donor TP/OTP x 10 2 PER/BN x 1072
9,10-dihydrophenanthrene 2.05 3.1
1,2-dihydronaphthalene 2.47 3.4
1,2,3,4-tetrahydronaphthalene 2.51 1.3
fluorene 5.91 2.0
4,5-dihydropyrene 1.65 14.1
1,2,3,6,7,8-hexhydropyrene -~ 28.0
indane 0.42 1.27
1,2,3,4-tetrahydroquinoline 0.37 --
1,2,3,4-tetrahydroisoquinoline 0.40 1.38
2,3-cyclohexenepyridine 0.88 --
indoline -~ 3.84
5-indanol 0.49 1.24
indene 1.92 3.19

*Obtained by (Mole % coupled product)/(Mole % starting OTP or BN + sum of mole % of
by-products)

The ratios of coupled product to starting materials were less satisfactory than
those of binaphthyl in predicting H-donor ability. Some H-donors which promoted
higher yields of perylene from binaphthyl also produced higher yields of triphenyl-
ene from o-terphenyl. There were exceptions including fluorene, 4,5-dihydropyrene
and 1,2,3,6,7,8-hexhydropyrene which gave differing amounts of coupled product and
in some cases even gave opposing trends. It was found with both substrates that
many H-donors known to be good donors at lower temperatures did not give significant
amounts of coupling at the higher temperatures used. This was particularly true of
the heteroaromatic compounds with hydrogen attached to the heteroatom such as with
1,2,3,4-tetrahydroquinoline.

The conversion of o-terphenyl to triphenylene was not as great as expected based
upon the three-fold yield of triphenylene over perylene (Equation 1). Moreover, very
close to the peak of triphenylene in the gas chromatogram (using 6' x 2 mm ID 3 pct
Dexsil 300 on Supelcoport 100/120 with programmed temperature) were several peaks
analyzed by GCMS to be quatraphenyls (MW 306). Large amounts of biphenyl from the
cracking of the terphenyl also reduced the possible yield of triphenylene and this
complicated the analysis and the possible implications of the reactions to lique-
factions.

Kinetics of the conversion of o-terphenyl to triphenylene were studied and compared

with previous results of conversion of 1,1'-binaphthyl to perylene under similar
conditions. The results are summarized in Table II.
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TABLE II

PSEUDO FIRST ORDER RATE CONSTANTS FROM THE CONVERSIONS OF o-TERPHENYL
AND 1,1'-BINAPHTHYL TO TRIPHENYLENE AND PERYLENE RESPECTIVELY

H-Donor o-Terphenyl 1,1'-Binaphthyl
(k, min 1) (k, min !)

9,10-dihydrophenanthrene 7.0 x 103 1.2 x 10_2

1,2,3,4-tetrahydronaphthalene 7.4 x 103 1.9 x 10 2

1,2~dihydronaphthalene --- -

The similarity between the products and the similar rate constants for each H-donor
implied that the same mechanism was involved. When modeled as a first order reaction
(Table II), o-terphenyl conversion was slower than binaphthyl conversion. It was
interesting that 1,2-dihydronaphthalene formed no more coupled product with either
binaphthyl or o-terphenyl after 45 minutes substantiating a similarity in the mech-
anism. The lower rate constants and the extra side products formed with o-terphenyl
led to the conclusion that this system was less advantageous binaphthyl than
coupling in the study of H-donor solvents.

Dibenzo(c,g)phenanthrene (DBP) (Equation 1) was investigated as another substrate
likely to be a substitute for o-terphenyl and binaphthyl. Its structure suggested
the possibility of facile coupling which could lead to enhanced rates and greater
yields of coupled products. Dibenzophenanthrene was synthesized by coupling
l-tetralone to bis-dialin (BD) which was then reacted with maleic anhydride (9,10).
The adduct was then brominated, dehydrobrominated, decarboxylated, and finally
dehydrogenated to the desired dibenzo(c,g)phenanthrene, (Equation 1).

The low yield (7.5% overall) of dibenzophenanthrene was quite poor compared to that
in the synthesis of binaphthyl (60%) from the common intermediate, 1,1'-dialin. The
final product separated on an alumina chromatographic column with petroleum ether
was 89% (VPC) pure. A small amount of this compound was reacted with 9,10-dihydro-
phenanthrene in the microreactor under the usual conditions. The yield of 8%
coupled benzo(1,12)perylene (BP) product was an order of magnitude larger than
either triphenylene or perylene. The retention time of the coupled product, ben-
zoperylene, of 20.5 minutes was significantly longer than the retention times of
other peaks in this reaction or of any component found in hydrogenated anthracene
oil used as an experimental H-donor. There appeared to be no side reactions except
some transfer of hydrogen from H-donor to the dibenzophenanthrene. Thus preliminary
results indicate dibenzophenathrene might have distinct advantages over binaphthyl or
o-terphenyl and would provide a very promising system to apply to the study of
H-transfer reactions.
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COAL STRUCTURE VS. FLASH PYROLYSIS PRODUCTS
W. H. Calkins

E. I. Du Pont de Nemours & Company
Central Research & Development Department
Experimental Station
Wilmington, DE 19899

The fast pyrolysis of coal produces tar, char and a
range of low molecular weight gases in various proportions and
amounts depending on the pyrolysis conditions (temperature, pressure)
and the coal being pyrolyzed. Much research effort has been devoted
to study of the reaction kinetics and effect of process variables,

attempting thereby to elucidate the pyrolysis mechanism . Less
effort has been focused on coal chemical structure and its relation-
ship to the pyrolysis reactions and pyrolysis products. It was to

attempt to better understand coal structure and its influence on
pyrolysis products and pyrolysis mechanisms that this project was
undertaken. This paper will report only on that portion of the work
concerned with the aliphatic hydrocarbon products and particularly
the light olefins.

A continuous bench-scale pyrolysis apparatus (Fig. 1) was
constructed similar to the design of Tyler(2). The coal entrained
in a nitrogen stream was injected into a sand bed fluidized with
nitrogen and heated in a split furnace to the temperature desired.
Volatiles emitted from the sand bed were passed into two cold traps
in series containing cellulose thimbles to filter out the tar and
char from the off-gas. Gas exiting the cold traps was vented
through a wet-test meter with a side stream entering a Perkin~Elmer
Sigma One computer-controlled gas chromatograph which analyzed for
some 16 components. At the end of a pyrolysis run, the tar and
char caught in the two thimbles were extracted in a soxhlet extractor
with methylene chloride and methanol to obtain the weight of tar and
char produced.

Figure 2 shows tar yields vs. temperature for a Texas
Lignite. Figure 3 shows how the quantity and composition of the

pyrolysis gas from the same coal varies with temperature. Only
the major gases are shown. These curves are typical of many coals
although the actual quantities vary . From these two figures,

it is apparent that the tar produced goes through a maximum at
about 600°C and up to that temperature relatively small amounts of
gases are evolved. Above 600°C, the production of the various
gases increases rapidly while at the same time, the tar yield drops
off. The inference can be drawn that the gas is coming from tar
pyrolysis. That this is so, can be shown by pyrolyzing tar which
has been produced at 600°C, at higher temperatures. Similar
gaseous products are produced and in similar ratio as when coal is
pyrolyzed at the higher temperature(4).

The yields of the hydrocarbon gases produced on coal
pyrolysis vary greatly depending on the particular coal. This
is shown for ethylene, one of the major products, in the first two
columns of Table 1. The ethylene yield is related to the propylene
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yield as shown by Figure 4. Similarly, the ethylene yield is
related to the butadiene yield, suggesting that these gases have a
common precursor. The methane and benzene, however, show no obvious
relation to the ethylene yields. These products are apparently
derived mainly from other components in the coal.

Coal Structure vs. Pyrolysis Products

To try to relate these yield differences to structural
differences in the coals themselves, each coal whose pyrolysis
behavior was studied was examined by 13C NMR (with cross polarization
and magic angle spinning). This work was dcne by E. A. Hagaman and
H. Zeldes of Oak Ridge National Laboratory in a cooperative program
with Du Pont. Typical pattern differences between a high ethylene-
producing cecal (PSOC 124), a low ethylene-producing bituminous coal
(Sewickley) and two intermediate coals (Con Paso Blue 2 and PSOC 181),
are shown in Figure 5. While the PSOC 124 coal shows high aliphatic
character and the Sewickley shows the expected higher aromaticity,
various other evidence suggests that aliphatic character alone is not
the determining factor. The fractional area representing a chemical
shift at 31 ppm, however, which is associated with methylene chains
greater than 5 or 6 segments long, appears to correlate with the
ethylene yield results. This peak which occurs at a chemical shift
of 29 ppm in substances in solution is apparently shifted slightly
to 30-32 ppm in solid coal. This was shown by running stearic acid
in solution, and impregnated on to anthracite coal. The 29 ppm peak
was shifted up field and broadened on the coal.

A plot of ethylene yield vs. the area fraction of the 13C
NMR spectrum at a chemical shift of 31 ppm, times the weight fraction

of carbon in the coal is shown in Figure 6. The line is the least-
squares fit to the points shown. While there is scatter in the data,
a correlation is apparent (Correlation coefficient = .92).

Tar Structure Studies

Low temperature (600°C or less) pyrolysis of coal produces
high yields of tar which on further pyrolysis produces the volatile
hydrocarbon products we observe on high-temperature pyrolysis of
coal. This shows that this tar contains the aliphatic precursors
we observe in the coal itself, although they may be changed somewhat
from the form in which they are in in the coal. A number of tars
were therefore produced by pyrolysis of several different coals at
600°C in the laboratory coal pyrolysis unit for further study.

A 13C NMR pattern for a solution of Millmerran tar (10%
in CDCly) from 600°C pyrolysis is shown in Figure 7. It shows
a very strong peak at a chemical shift of 29 ppm. The 1lH NMR
spectrum was run on the same tar in CDC13 solution (Figure 8). It
shows a strong peak at 1.2 ppm known to be due to methylene chains
over 5 units long. By using a Dow Corning silicone DC200 fluid
(#H=8.06) internal standard in the CDCl3 solvent, quantitative
determination of the (CHy)p peak by ratio of its area to that of the
0 ppm silicone peak was possible. This showed 33.6 wt. % (CH2 in

)
P n
the tar. Similar patterns are shown by tars of other coals.
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To quantify the assignment of the 1.2 peak in the proton
NMR spectrum, a series of model compounds having long methylene
chains was dissolved in CDCl, containing the silicone internal
standard. 1In all cases, the”1.2-1.3 peak was very large and clearly
detectable. Weight % (CH,), calculated for each compound are shown
in Table 2. As can be seen from the Table, not all methylene groups
appear in the proton NMR spectrum at 1.2-1.3 ppm. Only those (CHj)
groups shown in brackets in the structural formulas show up at that
pPlace. Those CH; groups conjugated with or close to the carboxyl
groups Or benzene rings appear at higher chemical shifts, and methyl
groups appear at 0.7-0.8 ppm. This clearly identifies the 1.2-1.3
ppm peak as due to (CH,)  but at the same time indicates that any
analysis based on this method will not include all of the (CH,)
groups in coal. If the chains are long, however, most of the
methylene will be included.

Table 3 shows the distribution of types of protons in 600°C
pyrolysis tars from four different coals representing a wide range
of olefin yields on pyrolysis. The Table shows that roughly 35% of
the protons in the tar are polymethylene protons, the rest are
divided between methyl groups, hydroaromatic hydrogens, hydrogens
attached to aromatic carbons, and a small number of olefinic and
some unidentified protons.

Table 4 shows the distribution of protons in tar from Texas
Lignite pyrolyzed at various temperatures from 600°C to 920°C. This
clearly shows that as the pyrolysis temperature is increased, the
content of polymethylene in the tar decreases as do the hydroaromatic
hydrogens. The aromatic hydrogens on the other hand increase rapidly
to become the predominant species. This provides a convenient measure
of the completeness of pyrolysis.

To try to isolate and purify larger quantities of the
hydrocarbon precursors, a separation was made of the Millmerran tar
by Preparative Liquid Chromatography. A number of fractions across
the chromatogram were analyzed by FTIR and 1H NMR and fraction 21
representing 38% of the original sample turned out to be high in
(CHp), (concentration 68%). An Infrared spectrum cf that.fraction
(Figure 9) showed a well resolved peak at 720cm~1, known to be
characteristic of long methylene chains. This peak has a low
extinction coefficient and is rarely descernible above background
in coals themselves. A GC/MS pattern of that fraction (Figure 10)
shows olefin/paraffin pairs of peaks from C;7 to Cy4.

The polymethylene compounds in pyrolysis tars are mainly
present as linear paraffins or olefins, however, there are indications
of lesser amounts of branched paraffins and olefins and alkylaryl
compounds as well in the unfractionated tars. The form the poly-
methylene compounds have in the coal itself is not known, but
extraction of various coals with methylene chloride for several days
failed to remove more than 1% of the material, suggesting that the
major part of the polymethylene compounds may be either chemically
‘combined in the coal structure or else trapped.

Model Compound Pyrolysis

While it seemed likely on the basis of petroleum experience
that polymethylene compounds would pyrolyze to form the low molecular
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weight aliphatic hydrocarbons we observe on coal pyrolysis, known
compounds as models of polymethylene and other structures in coal
were pyrolyzed at similar temperatures and contact times as the
coal.

Table 5 summarizes the results of pyrolysis of 7 model
compounds. Products are only shown as major and minor. As can be
seen by referring to the Table, under the pyrolysis conditions used,
compounds containing methylene chains such as dodecane, octadecane,
stearic acid, ethylbenzene, propylbenzene, butylbenzene, and phenyl-
dodecane on cracking give substantial quantities of ethylene along
with butadiene, propylene and other hydrocarbons in amounts roughly
comparable to what we observe in coal pyrolysis. The aromatic
portion in alkylaryl compounds appears to go mainly to toluene
althcugh small amounts of benzene and some styrene are produced as
well. Some methane is also produced along with minor amounts of
ethane, butane and other hydrocarbon. These results are quite
consistent with what we find in coal pyrolysis and with petroleum
cracking technology.

Interestingly, the methylaryl compounds investigated thus
far do not produce methane on pyrolysis under the conditions we used.
Toluene and the three xylene isomers apparently are only slightly
converted at 850°C and 0.5 to 1.0 second contact time in the sand bed.
9-Methylanthracene and 3,6-dimethylphenanthrene produced nc methane
or other gaseous products, although they appeared to form tar or coke.
This is consistent with the observations of Lang et al on methyl-
naphthalenes{5) which form condensation products but not gases under
pyrolysis conditions.

Analysis for Polymethylene in Coal Itself

With 13C NMR indication of the (CH,) moiety in coal and
evidence of (CH,) in low and high temperatugenpyrolysis tars, as
well as model cOmpound pyrolysis information, it seemed important
to devise a quantitative analytical method for (CH,) in coal itself.
This raised the question whether coal could be liqae?ied under
generally accepted solvent refining conditions and still retain
undecomposed the polymethylene component? Also, if the (CH,) 1is
liberated but not destroyed, can it be detected and quantitat?vely
determined by proton NMR?

Figure 11 shows the proton NMR pattern of the liquefaction
product of PSOC 124, a high ethylene yielding coal which was lique-
fied using 3 grams of coal, 3 grams of tetralin as donor solvent,
0.1 gram each of sodium sulfide and ferrous sulfide as liquefaction
catalysts and 2000 psi pressure {(cold) of hydrogen in a 10 ml
shaker bomb. The liquefaction was run at 425°C for 2 hours in a sand
bath with vertical shaking. The product liquid was washed out of
the shaker tube with methylene chloride and filtered to remove the
solids (ash, unconverted coal and catalysts). After removal of the
CH,Cl, by distillation, a weighed sample of the liquid was dissolved
in deutero-chloroform containing a known amount of DC200 silicone
fluid as internal standard. Examination of the NMR pattern clearly
shows the (CH,), peak at 1.2 ppm and the CH3 peak at about 0.8 ppm
indicating that the polymethylene component” of the coal is released
from the coal matrix but not destroyed in the ligquefaction process.
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The rest of the NMR pattern (beyond 1.3 ppm) is heavily affected by
the presence of the donor solvent and its dehydrogenation products
so that this method is only useful for detecting the (CHjy),..

To develop a routine analysis based on coal ligquefaction,
first a series of batch shaker tube liquefaction runs were made in
10 ml shaker tubes using the same recipe as previously but varying
the time, temperature and donor solvent. Tests were made with three
different donor solvents [tetralin, dihydrophenanthrene (DHP),
and tetrahydroquinoline (THQ)]. The (CH2)n figures on the right
hand 5 columns of Table 6 were obtained by separating the liquid
from the solid by extraction with CH»Clp, filtration to remove the
solids, and distilling off the solvent (CH»Cly)}. The (CHy), content
of the liquid was determined by dissolving a weighed sample of liquid
into a volumetric flask and making up to the line with CCl3D
containing a known quantity of DC-200 silicone internal standard.
All conversions were 85% or more and usually above 90%.

In most cases, all three donor solvents gave similar
results, but in a few cases the tetrahydroquinoline gave higher
values. THQ was, therefore, selected for further investigation.
Liquefactions were run, varying temperature and contact time. These
results are shown in the three right-hand columns of Table 6 where
results were reported for 400°C and 1.65 hours and 435°C for 4 hours.
The lower temperature short contact time liquids were viscous and
hard to work up. The high temperature longer time reactions showed
little change over the 425°C/2 hour samples, so the latter conditions
were selected as optimum.

The values obtained for (CHp), content of coals from coal
liquefaction are reasonable based on the amount of ethylene produced
in pyrolysis shown in column 1 and ethylene plus other hydrocarbons
believed to come from the same source shown in column 2 of Table 6.
These should represent minimum amounts in the coal. Column 3 shows
the (CHy), found in pyrolysis tars calculated on the basis of the
original coal which should also be a minimum since not all the tar
is driven out of the coal at 0.5 seconds pyrolysis contact time.

For a number of reasons, it was desirable to be able to
run this liquefaction analysis on a micro (<10 mg) scale. This would
be much simpler to do if no added catalyst was required and hydrogen
pressure was not needed. Experiments were, therefore, tried to see
whether such an analysis could be developed under those conditions.
Liquefactions were run in 3" long 3 mm pyrex glass tubes. Approx.
5 mg of (-200 mesh) coal samples (weighed to .0l mg) were charged
to the tubes along with 10 mg of calcined clean sand, 1.1 times the
weight of coal of the donor solvent and a 1 cm long 2 mm glass rod
(for agitation) and the tubes purged with nitrogen and sealed.

Two such tubes were packed into each 10 ml shaker tube
with steel wool packed around them. They were then subjected to
425°C for 2 hours in a sand bath with rapid vertical agitation
with approximately 5 minutes heat up time to temperature and rapid
cool down in a cold air stream.
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The tubes were worked up by breaking in the middle and
rinsing repeatedly with CCl,D containing a weighed amount of DC-200
fluid, through a glass wool plug filter into a 1 ml volumetric flask.
The contents of the flask were put into an NMR tube and run on the
IBM NR-80 Fourier Transform NMR Spectrometer. The area of the
1.2 ppm peak was determined relative to the silicone peak and the
weight % (CHjp), calculated using the area ratio.

The results of these experiments are shown in columns 1,
2 and 3 in Table 7. They clearly show that low results are obtained
with tetralin and dihydrophenanthrene under these conditions. This
may be due in part to lower donor activity, but more likely due to
low hydrogen content of the donor in the absence of a hydrogen
atmosphere. The results with tetrahydroquinoline, however, appear
to be about the same whether in the micro mode without hydrogen
pressure or catalyst or in the macro mode with both. This system
was, therefore, adopted as being simple, rapid and giving results
equivalent to the macro system. Analysis of pairs of samples from
some 40 coals by this method ranging in % (CH;), content by
weight of from 0 to 17% (MF) showed a standard deviation of 0.59%.
Table 1 column 3 shows these values for the coals previously dis-
cussed together with the ethylene yields. 1In view of the sampling
problems with a heterogeneous material like coal and the small
sample size, analyses were normally run in pairs. The coal was
ground fine (-200 mesh) and well blended. Where greater accuracy
is desired, more replicates can be easily run and the 1y NMR can be
run with more scans.

Ethylene yields (850°C) vs. (CH )n concentration for these
coals are plotted in Fiqure 12 with the liInear regression line shown.
A correlation coefficient of 0.952 and a 0 intercept shows a good
correlation.

Similarly plots of propylene and butadiene yields for the
same coals, vs. {(CHp)p content also show strong correlations.

Conclusions

We conclude from the experiments described that the low
molecular weight aliphatic hydrocarbons produced by flash pyrolysis
of coal at temperatures of 700°C and over, result primarily from the
cracking of long methylene chains which are part of the coal structure
or trapped in it. Low temperature (600°C) pyrolysis of the coal
drives off a portion of the coal as tar which contains these poly-
methylene moieties, primarily in the form of normal paraffins and
olefins from Cy7 to Cy,s and higher. This polymethylene precursor(s)
in coal is apparently destroyed during coalification, as it is
essentially absent in anthracite and is much higher in lignite and
subbituminous coals. However, even in low rank coals the concen~
tration of the polymethylene moiety varies widely, probably
determined by the types of plants from which the coals are derived.
Cannel coals generally contain fairly large amounts of (CHp), (up
to 17% or more). Some lignites and subbituminous coals contain
as much as 10% (Cﬂz)n.
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Several other investigators(6 15) have reported the
presence of aliphatic hydrocarbons in coal based mainly on solvent
extractions. The amounts reported, however, have been generally
much less than was found in this work. The difference presumably
is that most of the polymethylene is chemically bound or trapped
and non-extractable. Deno(lg) reported the presence of long chain
methylene compounds by chemical degradation of the coal, however,
no quantitative conclusions could be drawn from that work.

The liquefaction method for estimation of (CH,), content
of coals is being used to determine the (CH,), content of coal
macerals and to explore the geochemical origins of the polymethylene
components in coal.
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ETHYLENE YIELDS IN COAL PYROLYSIS AND (CHZ)n CONTENT {(WT. %)

TABLE 1

Coal

PSOC 124

King Cannel
Millmerran
Lovelady-L-2
Lovelady Y-4
Lovelady 81 VLL-92
Blind Canyon

PSOC 435

Emery

Con Paso-Blue 3
Con Paso-Blue 2
Con Paso-Yellow 4
Upper Hiawatha
Wyodak

Texas Lignite

PSOC 181

Con Paso-Yellow 6
PSOC 464

Lower Hiawatha
Pittsburgh 8

PSOC 1106

PSOC 657

Illinois 6-Burning Star
PSOC 833 '
Sewickley

Ohio 9-Egypt Valley
Anthracite

*Moisture Free
*% Moisture and Ash Free

(850°C

0.5 sec.

CT.)

MF *
11.9
9.47
6.08
5.91
4.90
4.82
4.82
4.75
4.50
4.36
3.73
3.67
3.30
3.21
3.20
3.07
2.80
2.78
2.66
2.50
2.42
1.85
1.83
1.77
1.48

.61
0.0

MAF **

13.1
11.04
7.01
7.94
6.68
7.00
5.07
4.98
4.95
4.88
4.78
4.17
3.65
3.52
3.59
3.33
3.05
3.06
2.85
2.98
2.53
2.28
2.18
2.01
1.75
.68

0.0

(CHy), (MF)*

17.0

14.5
9.65
9.11
8.40
8.48
6.56
8.86
7.12
5.72
7.21
5.18
5.03
4.0
6.01
5.02
4.31
4.12
5.00
4.47
4.04

.18

.75

.00

.20

.78

.0

OHNNHN



TABLE 2

(CHy), ANALYSIS OF KNOWN COMPOUNDS

(Proton NMR)

0
"
[ (CHy) 1] CHCHp~C-OH

@ CHyCHy [(CHZ)Q] CHz

Theory

100

64.0

82.0

85.8

88.8

51.2

84.6

91.7

92.5

49,1
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TABLE 5

PYROLYSIS OF MODEL COMPOUNDS (LIQUIDS)
(0.3 ml/hr Liquid Feed in ca 2.1 1/min.

850°C 0.5-1.0 Sec. Contact Time

)

Model Compound
Stearic Acid

Dodecane

Octadecane

Ethyl Benzene

Propyl Benzene

n-Butyl Benzene

Phenyl Dodecane

103

Gaseous or Volatile Products

Principal Products

Minor Products

CoHy
C3Hg

C4Hg

CH4

CO2

Styrene

''oluene
Methane

Toluene
Ethylene
Styrene

Ethylene
Toluene
Ethyl Benzene
Methane
Styrene

Ethylene
Propylene
Methane
Toluene
Styrene

Benzene
Colg

CoHg

Benzene

CoHy

Benzene
Methane
Ethyl Benzene

CoHg
CoH

376
Benzene

C4H6

CoHg

Benzene
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FLASH PYRDLYSIS OF COAL IN REACTIVE AND
NON-REACTIVE GASEOUS ENVIRONMENTS

Muthu S. Sundaram, Meyer Steinberg and Peter T. Fallon
Department of Energy and Environment
Process Sciences Division
Brookhaven National Laboratory
Upton, L.I., N.Y. 11973

ABSTRACT

The objective is to obtain process cinemistry for the rapid pyrolysis
of coal with reactive and non-reactive gases for the production of ligquid
and gaseous fuels and chemical feedstocks. The gaseous products were
analyzed via an on-line GC and the heavy liquids were characterized by
HPLC, IR and GC/MS. The total carbon conversion was higher in the pre-
sence of reactive gases than in the presence of non-reactive gases. The
heat-up rate of the coal particles in non-reactive gasifying media follow-
ed the order HedNp>Ar. The total carbon conversion from New Mexico sub-
bituminous coal in the presence of these gases also followed the same
order. Experiments were performed in a down-flow, entrained tubular reac-
tor under a wide range of process conditions: 7000 to 1000°C, 20-1000
psi, 0.5 - 5 sec. coal particle residence time. The effects of these pro-
cess variables and the physical properties of the pyrolyzing gases on the
yield and the quality of products from the pyrolysis of New Mexico sub-
bituminous coal will be discussed.
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INTRODUCTION

The flash pyrolysis of coal is a fast, gas-phase, non-catalytic,
direct coal conversion technique for the production of gaseous hydro-
carbons and significant quantities of aromatic 1liquid hydrocarbons for
distillate fuels and chemical feedstocks. Pyrolysis is a complex process
during which several chemical reactions occur simultaneously. A general
concept of the pyrolysis process is shown in Figure 1.

Considerable amount of work has been done in the past on pyrolysis of
coal which was summarized recently in a classic review by Howard {(1). The
experimental techniques, reaction conditions and the coal used were so
diversified that the information available is of Tlimited value in a
process point of view, We have, therefore, undertaken a systematic
generalized study to methodically develop and build a reliable data base
on the flash pyrolysis of coals with reactive and non-reactive gases. The
choice of inert gas is based on covering a range of physical property
effects, i.e., heat capacity, thermal conductivity and diffusivity etc.
The choice of reactive gas is based on the type of gases usually formed in
the pyrolytic reactions of coal. The results obtained from the pyrolysis
of New Mexico sub-bituminous coal in Hp, CHg, He, Np and Ar atmospheres
are presented in this paper.

EXPERIMENTAL

New Mexico sub-bituminous coal ground to less than 100 mesh and
vacuum dried at 700C was used in all pyrolysis experiments. The ultimate
analysis of the coal is given in Table 1.

The experimental equipment used in these studies (Figure 2) is a
highly instrumented 1-in.-i.d. by 8-ft-long entrained downflow tubular re-
actor system, which has been described in detail (2). Coal particles 150
micrometers or less in diameter are fed by gravity into the top of the re-
actor from a coal feeder enclosed in a high pressure vessel. The pyroly-
sis gas enters through a preheater, contacting the coal particles at the
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top of the 8-ft reactor. The heat transfer, pyrolysis, and secondary
reactions take place as the coal and entraining gas meet and flow con-

currently down the reactor. Below the reactor is a 3-ft forced air cool-
ing section in which the product-laden gases are cooled to 2500 to 3000C.
The char is removed from the effluent gas in a high pressure vessel which
is maintained at 2500 to 300°C to prevent liquid product condensation.
The heavy liquid products in the effluent gas are removed in two conden-
sers, one water cooled (150C) and the other Freon cooled (-400C). The
remaining gases are then reduced to atmospheric pressure, measured via a
positive displacement meter, and vented to the atmosphere.

The velocity of the coal particle through the reactor is calculated
by adding its free-fall velocity based on Stoke's law to the down-flow gas
velocity. The residence time is determined from the length of the reactor
and the total coal particle velocity.

Product yields, as a function of coal particle residence time, are
determined by sampling from taps located at 2-ft intervals along the
length of the reactor. The product analysis is accomplished via an on-
1ine, programmable gas chromatograph (GC) which determines C0, C0p, CHg,
CoHg, CoHg, and BTX (benzene, toluene, and xylene) concentrations every 8
minutes. Products heavier than BTX (>Cg) can not be measured on-line
because of condensation in the sample lines and the temperature 1limit
(2300C) of the gas chromatograph. These products are collected in the
condensers and analyzed at the end of each experiment. Selected 1liquid
samples are subjected to elemental analysis and GC/MS studies.

The duration of an experiment is at least one hour and steady state
is achieved in 3 to 4 minutes. Coal feed rates are usually about 500
g/hr. To facilitate uniform flow, 10% by wt Cab-0-Sil, a silica flour, is
added to the coal. The non-reactive gases used were the inert gases,
argon, helium and nitrogen: The reactive gases included hydrogen, methane
and carbon monoxide. Yields are based on the percent of the carbon in the
feed coal which is converted to products and determined as follows:
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Carbon in Product, g x100
Carbon in Feed, g

% Carbon converted to product=

A sum of the gaseous and liquid product yields, expressed as % carbon
converted, will give the total carbon conversion due to pyrolysis. From
feed rates, product yields, and an elemental analysis of the feed coal and
char produced, a complete material balance can be made.

RESULTS AND DISCUSSION

Coal particles entering the reactor are heated to reaction tempera-
ture by convection from the preheated gas and by radiant heat from the
reactor wall. In calculating the coal particle heat-up rate due to con-
vection, a number of experimental configurations were considered for which
heat transfer coefficients had been determined. These included heat and
mass transfer from a falling water droplet (3), heat transfer to a
fluidized-bed of particles (4), heat transfer to particles at Reynolds
numbers greater than 500 (5), heat transfer ja a distended bed of parti-
cles (6), and the theoretical heat transfer between a particle and a stag-
nant fluid. Since the Reynolds number for the coal particles falling
through the gas in our work is very low, less than 10, neither the
fluidized-bed nor the high Reynolds number work seemed appropriate. Also,
the fluidized-bed work gave very Tow heat transfer coefficients, which
were attributed to excessive bypassing of gas through the bed during the
experiments (7). Since the work on distended beds showed good correlation
of data from void fractions of 0.45 to 0.78, this appeared to provide the
closest approach to our experimental conditions. The expression used is
as follows (6):

Nu = 2.06 Npg0-425Nppl/3

=
o

where Nu = Nusselt number = -QK_R (1)
9
NRe = Reynolds number = ER_¥JLQ
9

Npr = Prandtl number

1
I
(=]
-
=]
=
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hg = heat transfer coefficient for gas film,
Dp = diameter of particle,
Kg = thermal conductivity of gas,
= velocity of particle through gas (free fall),
Pq = density of gas,
Mg = viscosity of gas, and
Cpg = heat capacity of gas.

By substitution

\
YAY/ \o.425 | 1/3)
_[2.06 K Dp Ve . Cpg M
' ) (g (e @
and
M Cpg ggé = hg Ag (Tg-Ts), (3)
hgq A
dTs = gl (Tg-Ts) dt,
M Cp Tq - T
¢t = Mlps i), 4
TR "(g =) @
Where

Cpg = heat capacity of coal
M = mass of coal particle
Ag = area of coal particle
Tg = temperature of gas
Ts = temperature of coal particle
Tij = initial temperature of coal particle
t = time to raise the particle temperature from Ty to Tg

Equation (2) was used to calculate the gas-film heat transfer co-
efficient between the coal particle and the preheated gases hydrogen,
methane, carbon monoxide, helium, nitrogen, and argon. The values of gas-
film heat transfer coefficient for various pyrolyzing gases under a set of
arbitrarily chosen conditions are given in Table 2. Table 2 shows that
for reactive gases, the heat transfer coefficient decreased in the follow-
ing order: Hp>CHg4>CO; for non-reactive gases the order is found to be
He>Na>Ar. Equation (4) was wused to calculate the coal particle
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temperature as a function of time and is plotted in Figure 3. Figure 3
shows that hydrogen gives the highest heat-up rate and argon the Tlowest;
among the non-reactive gases, helium gives the highest rate. Although
calculations of the final temperature of the coal particle were made,
these should be considered as limiting values because chemical energy
exchange and devolatilization also take place.

Calculations of the radiant heat transfer from the hot reactor wall
to the coal particles indicate this contribution to be about 5 to 10% of
the total heat transfer. Since these calculations are probably not accu-
rate to better than t10%, radiant heat transfer was not included in the
coal particle heating rate or the temperature estimates.

When pyrolysis took place in the presence of non-reactive gases, the
total carbon conversion followed the order: He>Np>Ar. For example, at
9000C and 200 psi pressure of He, Ny and Ar, the total carbon conversions
were: 21.0%, 20.1% and 14.5%, respectively (Table 3). This includes the
yields due to hydrocarbon gases, oxides of carbon, BTX and heavy liquids.
In runs using Np or Ar as the pyrolyzing gas, difficulties were experienc-
ed in measuring the CO produced which arose as a result of inadequate
resolution of this component from the solvent peak (Np or Ar). Hence, the
CO yields from helium pyrolysis runs under identical conditions were used
to determine the total carbon conversion in these cases. This could
introduce some error in the total carbon conversion data for Ny and Ar
pyrolysis runs. In the case of reactive gases, the total carbon conver-
sions were 37.6%, 30.4% and 17.5% respectively for Hp, CHq and CO atmos-
pheres. There is a significant increase in total conversion in hydrogen
and methane atmospheres over other inert gases. Though CO is a reactive
gas, no enhancement in pyrolysis yields were noticed dnder the conditions
investigated. The decrease in the gas film heat transfer coefficient for
reactive and non-reactive gases and the total conversion both follow the
same trend within each category. Thus, there appears to be a relationship
between the heat transfer coefficient (or the heat-up rate of the coal
particles) and total carbon conversion (Figure 4).
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The effect of gas pressure on total carbon conversion was also inves-
tigated (Figure 5). As expected, hydrogen gave the highest carbon conver-
sion. However, increasing the hydrogen pressure from 100 psi to 500 psi
had tittle influence on the total conversion. The effect of pressure on
total conversion was marked for all other gases. The maximum in the total
carbon conversion and the pressure at which it occurs clearly seem to be
dependent on the pyrolysis temperature. These differences indicate that a
strong relationship exists between coal devolatilization and the transport
properties of the pyrolyzing gases. Mora experiments are planned to
understand these effects on coal pyrolysis in greater detail.

The flash pyrolysis of coal produces a wide range of gaseous and
liquid products. The gas stream is mostly made up of methane, ethane,
ethylene, CO and CO; besides the entraining gas. A typical pyrolysis
product distribution is shown in Figure 6. Similar product distributions
were obtained for other pyrolysis atmospheres and other conditons (8).
Among these pyrolysis products, ethylene showed greatest variation in its
yield. This is shown in Figure 7. Under all conditions, ethylene was
produced in characteristically higher quantities in methane atmosphere
(which we term "flash methanolysis") than in the presence of any other gas
used. As high as 10.5% carbon in the feed coal was converted to ethylene
at 8250C and 50 psi CHq pressure. This is approximately two times higher
than that with the inert gases under similar conditions (10.5% with
methane and 4.9% with helium). From several blank experiments, in the
absence of coal, it was determined that homogeneous decomposition of
methane does not occur in the reactor (8). A free-radical mechanism for
the enhanced yield of ethylene during flash methanolysis of Douglas Fir
wood, in the same pyrolysis reactor, was recently proposed (9). Figure 7
also reveals that in all cases, the ethylene yield decreased with gas
pressure,

As expected, high yields of gaseous hydrocarbons were obtained when
pyrolysis took place in hydrogen atmosphere. The total gaseous hydro-
carbon yield ranged from 8.9% C at 8009C and 50 psi to 28.0% C at 900°C
and 500 psi. The yields of both ethane and ethylene dcecreased with
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increase in the pressure of hydrogen. In non-reactive gas media, no
ethane was produced in measurable quantities in most instances. Among
non-reactive gases, the yield structure was comparable between helium and
nitrogen atmospheres and a representative case is shown in Table 3 in
which the product yields from the pyrolysis of New Mexico coal in various
gasifying media, under identical conditions, are compared. From the same
table, it could be seen that in argon atmosphere, the yield of gaseous
hydrocarbons and other products are considerably low.

The yield of COp was about 1-2% C under all conditions in the pre-
sence of all gases with the exception of CO. Higher yields of COp were
obtained (7-9% C) when the pyrolyzing gas was CO. This is believed to be
due to disproportionation of CO under the reaction conditions.

The 1liquid products (excluding process water) consist of two frac-
tions: the "light 0il1" fraction, boiling between 60° and 150°C, and the
"heavy liquid" fraction, boiling above 150°C. This classification is
arbitrary, and various distillation ranges are used by different workers.
In the BNL work, usually more than 90% by weight of the "light oil" is
made up of benzene, toluene, and xylene, and the "heavy liquids" or "tars"
contain condensed ring aromatic structures and high molecular weight
compounds with high aromaticity (10).

"Light 0i1" from coal 1is a potential source of some key chemicals
such as benezene-toluene-xylene (BTX). Even though the exact mechanism of
their production is not known, it is generally thought to consist largely
of secondary pyrolytic reactions. Prolonged heating of the primary
devolatilization products induces cracking and if hydrogen is available,
stable lighter products are formed. Thus, the yield of light oil depends
on the residence time of the tar vapor in the pyrolysis reactor and on the
temperature. With longer residence times, more light oil is formed at the
expense of the heavy liquids (tar). Too high a temperature (>9000C)
results in an increased yield of gases at the expense of both light oil
and tar.
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BTX yield ranged 1-3% C in the case of CO and non-reactive gases; up

to 7% carbon in the feed was converted to BTX during flash hydropyrolysis
and flash methanolysis experiments. The IR spectra of light oils, free
from process water, obtained from a series of flash hydropyrolysis experi-
ments with New Mexico sub-bituminous coal show (i) strong absorption in
the low frequency range between 900 and 675 cm-1, typical of aromatic ring
C-H out-of-plane bending, (ii) strong absorption in the medium frequency
range between 1600 and 1580 cm-1 due to C=C stretching, and (iii) moderate
absorption between 3100 and 3000 cm-! characteristic of the aromatic C-H
stretch. Weak absorptions at 2926, and 2853 cm-1 (9¢_CH3, Vas CHp, and
Vg CHy, respectively) indicate that the extent of alkyl substitution is
small.

Phenols, if any, were present only in very small amounts in the light
0ils produced from the flash pyrolysis of New Mexico sub-bituminous coal.
The IR spectra of light oils produced at 9009C at 20, 60, and 200 psi
showed absorption due to -OH groups to be present only in the 20 psi
sample, and this spectrum was similar to the one obtained at 8000C and 200
psi. An increase in the hydrogen pressure or residence time of the
volatiles tends to decrease the amount of phenols in the product stream,
and temperatures above 9000C and hydrogen pressures above 50 psi favor the
dehydroxylation/decompostion reactions of phenols. The light o0il from the
inert helium pyrolysis at 9009C and 50 psi had a composition qualitatively
similar to that from flash hydropyrolysis under the same conditions, but
for different reasons: In the presence of external hydrogen, the phenols
initially formed undergo decomposition, but during inert gas pyrolysis the
conditions are not favorable for initial phenol formation.

Heavy liquid or tar is an inherent product of coal devolatilization.
Its composition is much more complex than that of 1light oils. Tar
accounts for only a small amount of the carbon in the feed coal that is
converted (0-5% C). Tars from selected runs were subjected to detailed
investigation, but the data available at present are limited.
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A basic problem in identifying the individual components in a tar is

that compounds of widely varying polarities are present, precluding GC/MS
analysis of the tar as such. By fractionating the tars on the basis of
solubility in selected solvents and analyzing the fractions for individual
compounds; valuable information could be obtained.

In one scheme of solvent fractionation, the tar is separated into oil
(hexane soluble), asphaltenes (hexane insoluble but benzene soluble), and
pre-asphaltenes (benzene insoluble). The yields of total ;ar and tar
fractions from selected pyrolysis runs are shown in Table 4. The pre-
asphaltenes, which include compounds of high polarity, comprise only a
very small part of the tar. Except when the pyrolysis gas is methane, an
increase in tar yield is accompanied by an increase in oil yield. The tar
yield from flash methanolyis is between those from helium pyrolysis and
from hydropyrolysis. In the case of helium pyrolysis, the tar yield tends
to increase with increasing pressure.

The individual components in an o0il sample from the flash hydropyro-
lysis of New Mexico sub-bituminous coal at 10009C and 25 psi hydrogen
pressure were identified with capillary GC/MS which is shown in Figure 8.
The peaks are identified in Table 5. Naphthalene is the most abundant
product in this tar; higher-ring aromatic compounds and heteroatom con-
taining specie account for less than 10% of the total. No sulfur contain-
ing compounds were detected, The reason for the presence of relatively
large amount of acenaphthylene in this tar is not known at present.

CONCLUSIONS

The conclusions which can be drawn from this work thus far are as
follows:

1. Under the same conditions, the total carbon conversion was higher
in the presence of reactive gases than in the presence of non-reactive
gases. Among the reactive gases, the total carbon conversion followed
the order: Hy > CHgq > CO. Among the non-reactive gases, the total
carbon conversion followed the order: He> Np> Ar.



2. Pyrolysis in methane was characterized by high yields of ethylene
and liquid products. As high as 10.5% carbon in the feed coal was conver-
ted to ethylene at 8259C and 50 psi. The ethylene yield during pyrolysis
of coal with methane was approximately two times higher than that with the
inert gases under similar conditions (10.5% CHq vs 4.9% with He at 8259 to
8500C and 50 psi).

3. Phenols, if any, were present only in very small amounts in the
light oil fraction of the liquid products. In the presence of external
hydrogen, the phenols formed undergo decomposition, but during the inert
gas pyrolysis the conditions are not favorable for initial phenol forma-
tion. An increase in the hydrogen pressure or residence time of the vola-
tiles tends to reduce the amount of phenols in the produect stream, and
temperatures above 9009C and hydrogen pressures above 50 psi favor the de-
hydroxylation/decomposition reactions of phenols.

4, In the case of helium pyrolysis, the tar yield tends to increase
with increasing pressure. The tar yield from methane pyrolysis is between
those from helium pyrolysis and from hydropyrolysis.

5. The pre-asphaltenes, which include compounds of high polarity,
comprise only a very small part of the tar. Except when the pyrolysis gas
is methane, an increase in tar yield is accompanied by an increase in oil
yield.

6. A correlation appears to exist between the total carbon conversion
to gaseous and liquid products and the heat-up rate of coal particles for
inert gases in the order of He > N» > Ar. Uncovering other effects of
heat-up rate of coal particles on the pyrolytic behavior of coals require
further investigation.
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Table 1

Ultimate Analysis (Wt % Dry) of New Mexico Sub-Bituminous Coal
Used in Pyrolysis Experiments

— o
WO OB

Carbon
Hydrogen
Oxygend
Nitrogen
Sulfur
Ach 1

O MR N W

a) By difference.

Table 2

Calculation of Gas Film Heat Transfer Coefficients
for Various Pyrolyzing Gases

Coal Particle Size - 100 micrometers
Coal Particle Initial Temp. - 200C
Gas Conditions - 9009C and 1000 psi

Gas hg (Cal/cm2-KO-sec)
Hydrogen 2.21 x 10-1
Methane 2.02 x 10-1
Helium 1.73 x 10-1
Carbon Dioxide 9,9 x 10-2
Carbon Monoxide 7.7 x 10-2
Nitrogen 7.16 x 10-2
Argon 4.96 x 10-2
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Table 3

Product Yields from the Flash Pyrolysis of
New Mexico Sub-bituminous Coal

at 9000C and 200 psi

Coal Residence Time: 2.4-4.6 sec.

Entraining Gas He
% Carbon Conv. to Prod.
CHg 8.1
CoHy 3.5
CoHg 0
Total Gaseous H.C. 11.6
BTX 1.8
2Cg L.z
Total Liquid H.C. 3.0
Co 4.4
€0z 2.0
Total COy 6.4

Total Carbon Converted 21.0

N2
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14.5

( )CO could not be resolved from Ny or Ar on the on-line GC.
The values in paranthesis are CO yields from inert helium

pyrolysis runs under identical

introduce some error in
carbon conversion.
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Table 5

Composition of Heavy Liquids from the
Flash Hydropyrolysis of New Mexico Coal

Peak No. Component % Peak Area
1 xylene 0.54
2 xylene 0.27
3 phenol 3.07
4 indene 6.45
5 naphthalene 60.80
6 quinoline 1.15
7 isoquinoline 0.29
8 Cyp-naphthalene 1.25
9 C1-naphthalene 0.32

10 biphenyl 0.03
11 acenaphthylene 14.98
12 acenaphthene 1.66
13 C1-biphenyl/acenaphthene 1.79
14 fluorene 2.64
15 phenanthrane/anthracene 3.82
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100 200 300 400 500
PRESSURE, psi AT 900°C

Figure 5. Total Conversion vs Pressure, at 9009C
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CHARACTERIZATION OF COAL CHARS FROM A FLASH PYROLYSIS PROCESS BY
CROSS POLARIZATION / MAGIC ANGLE SPINNING 13C NMR

Mei-In M. Chou and Donald R. Dickerson
Illinois State Geological Survey
615 East Peabody Drive
Champaign, IL 61820

Dale R. Mckay and James S. Frye
Department of Chemistry
Colorado State University
Fort Collins, CO 80523

INTRODUCT ION

In the last two decades, flash pyrolysis has been used to investigate the
structure of coal and shale (1-4). Several coal conversion processes based on
flash pyrolysis are under investigation in the United States (5-8), West Germany
(9), and Australia (10,11,12). Studies of the molecular properties of the flash
pyrolysis products have been confined to the liberated organic matter: volatile
liquids and gases. Changes occurring in the organic structure of the chars are
poorly understood.

The development of L3¢ cross polarization (CP) (13) and Magic Angle Spinning
(MAS) (14) Nuclear Magnetic Resonance (NMR) spectroscopy with high-power proton
decoupling has allowed investigators to obtain spectra of the organic matter in
solid coal (15-25). Sullivan and Maciel (26) and Dudley and Fyfe (27) have
verified the quantitative reliability of this technique as applied to coal. L3¢
NMR spectra of coal demonstrating the utility of both CP and MAS have been re-
ported previously (15,16,18,21,22), however, there has been no reported investi-
gation of !’c cp/Mas NMR spectra of the chars produced by flash pyrolysis.

This paper reports the results of this technique applied to the study of
chars produced by the flash pyrolysis of coal at progressively higher temperatures.
The investigation has given valuable insight into the changes of organic composi-
tion of coal during carbonization as well as the optimum temperature for efficient
conversion of coal into liquids and gases.

EXPERIMENTAL

A high-volatile C bituminous (HVCB) Illinois Harrisburg (No. 5) coal was used.
The analyses of the raw coal sample are given in Table 1. The coal was flash
pyrolyzed in a quartz tube under a flow of helium. The tube was heated at a ramp-
rate of 75°C/msec to the desired final temperature with a 20 sec hold at the final
temperature. Since only small quantities of coal were used for each run, a
sample of sufficient size for NMR analysis and elemental analysis at each tempera-
ture was prepared by combining the products of replicate preparations.

Chars produced at 300°, 400°, 500°, 600°, 700°, and 800°C were studied. The
3¢ CP/MAS NMR measurements of the chars were made on a JEOL FX60Q NMR spectro-
meter modified for CP and MAS. The spectra were recorded under standard condi-
tions that have been described previously (26).

For the volatile analysis, the same sample of coal was heated in steps; first
to 300°C, then successively to 400°C, 500°C, 600°C, 700°C, and to 800°C. The
volatile matter was entrained in a helium flow of 35 mL/min and was analyzed by
gas chromatography (GC) using a 2,5m x 3 mm stainless steel column packed with 3%
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Table 1. Proximate and ultimate composition of the Illinois No. 5 (HVCB) coal
sample, (moisture-free basis).

Proximate analysis % Ultimate analysis $
Volatile matter 43.3 Hydrogen 4.72
Fixed carbon 44.3 Carbon 65.45
Ash 12.4 Nitrogen 1.13
Oxygen (by diff.) 11.52
Sulfur 3.91
Low Temp. Ash 13.27

Dexsil 300 on 80/100 Chromosorb WHP connected to a flame ionization detector (FID).
The column temperature was programmed from 50°C to 250°C at 8°C/min and held at
the final temperature for 15 min.

RESULTS AND DISCUSSION

The GC traces of volatile products evolved at each charring temperature are
shown in Figure 1. The evolution of decomposition products, gases and liquids,
starts at 500°C, maximizes at 600°C, and completes at 700°C. At 800°C the main
volatiles evolved are hydrogen and light hydrocarbon gases. The hydrogen to
carbon atom ratios (H/C) of the coal and chars at each temperature are given in
Table 2. There is little change in the H/C ratios at temperatures below 500°C.
Above 500°C, the H/C ratios decrease as the temperature is increased. The data
show a change in H/C value from 0.82 (highly benzenoid) at 500°C to 0.36 (highly
graphitic) at 800°C. Based on similar results, polycondensation of the aromatic
ring system occuring at the same time as dehydrogenation of the hydroaromatic and
alicyclic systems has been suggested as a model for carbonization by early coal
workers (28)., However, '3C CP/MAS NMR results give an insight into the changes
of the organic matter of chars.

Table 2. The atomic ratio of hydrogen to carbon {(H/C) for coal and chars at each
temperature step.

Temperature (°C) Raw coal 300 400 500 600 700 800

H/C 0.87 0.87 0.85 0.82 0.57 0.54 0.36

13q CP/MAS NMR spectra of the raw coal and the six chars are illustrated in
Figure 2. In general, the spectra exhibit two broad characteristic peaks. The
chemical shifts are referenced to tetramethylsilane (TMS) with hexamethylbenzene
(HMB) used as a secondary external standard. The chemical shift of the aromatic
peak of HMB is taken to be 132.3 ppm relative to TMS. 7The peak at 129 ppm is
assigned to sp2 (mainly aromatic) carbon and the peak at 30 ppm is assigned to

sp® (saturated) carbon.

The !'3C CP/MAS NMR spectra show (fig. 2) that the aliphatic carbon peak is
progressively decreasing as the temperature is increased; while the aromatic
carbon peak retains approximately the same height and shape. The peaks at 298
ppm and ~37 ppm are spinning side bands (SSB). For a given temperature the NMR
spectra provide a measure of the relative carbon distribution of the organic
material remaining in the char. The relative percentages of aromatic (f,) and
of aliphatic (f47) carbons are calculated by dividing the integrated area of each
individual carbon peak by the sum of the areas of the peaks. The fj7 values of
chars are shown in Figure 2. The f,, of the raw coal is 67%. The initial stage
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of heating (300°C) produces a char with 68% of f,,, and successive heatings give
chars with f,, of 70% (400°C), 73% (500°C), 89% (600°C), 95% (700°C), and 96%
(800°C). However, the actual amount of aromatic (w,,) and aliphatic (wa3) carbon
in char can be calculated by using the NMR measurements (f,.; f41), the organic
carbon content of the char (%Corg), and the weight of the char (wWchar)-

war = %Corg X far X Wehar’ Wal = %Corg X fa1 X Wehar

Figure 3 shows the calculated values and the weight of char based on 100 g
of raw coal used in relation to temperature: the amount of aromatic carbon in
char (way) remains relatively constant at each temperature, while the amount of
aliphatic carbon in char (w,;) is reduced during higher temperature charring. At
600°C, both a large reduction of the aliphatic-carbon content and a maximum
weight loss occur.

This study shows that the aliphatic part of the organic matter in coal is
substantially lost during pyrolysis at temperature greater than 500°C. Although,
the loss of aliphatic-bound carbon from coal may involve several mechanisms, it
may have been volatilized directly or it may have been converted to an aromatic
form from which it could volatilize or could become fixed as part of the char.
The maximum temperature for efficient evolution of volatiles from coal by heat is
at 600°C to 700°C. Also, the amount of carbonaceous residue at 800°C can be
estimated from the aromatic-bound carbon of raw coal. The usefulness of the !3¢c
CP/MAS NMR technique as a tool for coal process research is clearly demonstrated.
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DEPOSIT FORMATION IN HEAT EXCHANGER FROM COAL DERIVED NAPHTHA
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INTRODUCTION

Coal derived naphthas have been observed to produce deposits
in hydrotreaters, heat exchangers, heaters, and reactor inlets which
operate at approximately 400°C. These deposits are black in appearance
and cause plugging of the reactor components. This results in a shut-
ting down of the system. Such downtime is expensive due to both produc-
tion losses and repair costs. If causes for deposit formation can be
identified and a probable mechanism found, it should be possible to
decrease or eliminate this expensive reactor downtime,

There are two main objectives for this study. 1) Determine
what classes of compounds are responsible for deposit formation. This
involves concentrating various classes of compounds by both distillation
and chromatographic means and developing a way to indicate their poten-
tial for deposit formation. 2) Indicate a possible mechanism for de-
posit formation. This includes an examination of the deposit and the
identification of secondary products of deposit formation.

EXAMINATION OF DEPOSIT

A deposit was formed in a pilot plant heat exchanger from a
coal derived naphtha. The heat exchanger was run at approximately 400°C
in an atmosphere consisting of vaporized naphtha and hydrogen. The
formation of the deposit had resulted in shutting down the pilot plant.
It was estimated that 10g of deposit was formed from 50 gallons of full
range (66-204°C) naphtha. Therefore, only 0.006% of the original material
was involved in deposit formation.

The deposit was drilled out of the plugged heat exchanger. It
was insoluble in pentane, dichloromethane, chloroform, methanol, di-
methyl sulfoxide, and pyridine. The elemental analysis of the deposit
is given in Table 1, along with that of a typical naphtha feed. These
analyses were performed by Micro-Analysis of Wilmington, Delaware.

The N/C ratio in the deposit relative to the feed increased by
a factor of 15.0 while that of S/C and 0/C increased by 9.9 and 1.8,
respectively. Therefore, the nitrogen and sulfur compounds were heavily
involved in deposit formation. The S/N ratio of the deposit was 0.11.
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This indicates that the deposit was not comprised predominantly of .
ammonium polysulfides. These po]{iylfides have been observed as deposit
materials in hydrotreatment runs.

The fact that the 0/C ratio only increased by a factor of 1.8
partially rules out an oxidative mechanism. The increase in oxygen
could have been due to a small amount of oxidation which occurred after
the deposit was collected. No precautions were taken at the time of
collection to blanket it with nitrogen, and the deposit was several
months o1d at the time of analysis.

CONCENTRATION OF DEPOSIT PRECURSORS

Coal 1iquid naphtha is a complex mixture. In order to iden-
tify the deposit precursors, they had to be concentrated. A combination
of distillation and ion exchange chromatography was used to do this.

The effect of these two concentration techniques was tested using TGA.
From these experiments it was possible to identify the structural types
responsible for much of the deposit formation.

The TGA experiment used to test concentrates for deposit for-
mation consisted of heating the sample in a platinum boat from 25°C to
400°C, under nitrogen, at 20°/min. At 400°C the weight was recorded and
the atmosphere switched to oxygen. The temperature was then increased
to 700°C, and the material in the pan was burned off. This latter step
allowed the tare of the balance to be checked.

It was determined that the residue remaining in the pan at
400°C was insoluble in common organic solvents. Herein, the insoluble
residue is designated as "deposit."

[t was shown in the pilot plant that the 177-204°C naphtha
produced more deposit than the full range (66-204°C)} naphtha. There-
fore, various distillate cuts of the 177-204°C sample were prepared and
tested for deposit formation. From these experiments it was found that
the bottom 40% of the 177-204°C naphtha contained essentially all of the
deposit precursors. The bottom 40% of the naphtha was used in the
remainder of the experiments. It formed 1.73+ .04 Wt.% deposit on
heating to 400°C.

Because of the large amount of nitrogen seen in the deposit,
the nitrogen containing compounds were concentrated on an ion exchange
resin. Basic nitrogen compounds such as quinolines, pyridines and
amines(Eagﬁ been reported to be removed by Amberlyst-15 i?g)exchange
resin,"’Y’ The resin was prepared as described elsewhere and it was
used to remove the basic nitrogen compounds. It was ultimately decided
that a ratio of 2.3:1::resin:bottom 40% was needed to lower the basic
nitrogen content from 1.4% to 88 ppm, as determined by nonaqueous titra-
tion. This was the lowest basic nitrogen level that could be achieved.

While it was not possible to get the basic nitrogen content
below 88 ppm, the deposit formation from the sample of ion exchange
treated effluent was reduced to 34.7% of its original level. The cor-
relation between deposit formation as measured by TGA and basic nitrogen
level is shown in Table 3.




—]

The material retained by the Amberlyst-15 ion exchange resin
was desorbed by a solution of ammonia saturated methanol. The methanol
was stripped off at 50°C under a stream of nitrogen. The resultant
material was]Sa11ed the basic nitrogen concentrate. Examination of this
material by "~C NMR showed it to contain nitrogen heterocycles, such as
pyridines and quinolines, and phenols. When heated to 400°C, the basic
nitrogen concentrate gave 4.95% deposit as compared with 0.60% deposit
from the effluent from the ion exchange resin. The weighted sum of the
amounts of deposit from the basic nitrogen concentrate and that of the
base-free material was 1.74%, which compares well with 1.73% deposit in
the unseparated material. This indicates that there is no interaction
between the basic and base-free material. The basic nitrogen concen-
trate was used in the remainder of this work.

The elemental analysis of the basic nitrogen concentrate,
base-free material and bottom 40% of the 177-204°C naphtha is shown in
Table 2. While the Amberlyst-15 concentrated the basic nitrogen com-
pounds, it also carried along a large amount of oxygen in the basic
nitrogen conce?grate. An examination of the material boiling above
200°C by both "“C NMR and Mass Spectrometry showed no evidence for
molecules containing both basic and phenolic functionalities on the
same molecule. It was not possible to completely separate this residual
oxygen by caustic extraction.

EFFECT OF HEATING ON STRUCTURE

In order to arrive at an understanding of the mechanism of
deposit formation, the effect of heating on the structure of the basic
nitrogen concentrate was observed using FT-IR. Due to small amounts of
deposit (~1-5mg) formed in the TGA pan, the use of other analytical
techniques was not possible.

Samples were prepared by heating the basic nitrogen concen-
trate in the TGA at 400°C for a desired length of time. The deposit was
recovered from the pan by soaking the pan with its contents in methylene
chloride and evaporating the methylene chloride under nitrogen.(4;he
deposit was then made into KBr pellets as described previously.

Spectra were run on a_?igi]ab 15B FTS System. Two hundred co-added
interferograms at 2cm = resolution were taken for each sample.

Visual observation of the spectra showed chqnges in aromatjc
C-H, aliphatic C<H and hydroxyl bands at 3000-3100cm™ ', 2820-3000cm™ ,
and 3100-3600cm ', respectively. These three bands(ﬂ$re curve resolved
and integrated using the methods of Painter, et al. The integrated
intensities for the three regions were plotted against heating time at
400°C and are shown in Figure 1. Substantial decreases were seen in all
three of these regions with increased sample heating time.

MECHANISTIC CONSIDERATIONS

The decreases in aromatic C-H, aliphatic C-H, and hydroxyl
bands described above have substantial implications for deposit forma-
tion. The loss of aliphatic C-H indicates a pyrolysis type of reaction.
An analysis by gas chromatography of the TGA gaseous effluent shows the
presence of 1ight alkanes and alkenes as would be expected from a py-
rolysis reaction.
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The loss of aromatic C-H indicates a cross-linking of free
radicals formed during pyrolysis with the subsequent formation of higher
molecular weight molecules. The addition of octahydrophenanthrene to
the basic nitrogen concentrate Towered the amount of deposit formed by
52%. Presumably, this is due to the capping of free radicals formed
during pyrolysis.

The loss of 0-H indicates either a loss of adsorbed water or
a condensation reaction with a subsequent loss of water. The amount of
water formed during heating was measured by gas chromatography. The
adsorbed water in the feed was also measured. The amount of water pro-
duced during heating was substantially larger than the amount of ad-
sorbed water on a molar basis. This indicates that some deposit for-
mation occurs through condensation (phenol coupling) reactions. Reac-
tions 1§5e these have been shown to occur upon heating naphthol to
400°C. Silylation of the phenols with BSTFA resulted in a 24% de-
crease in the amount of deposit formed.

CONCLUSIONS

The heat exchanger deposit precursors are concentrated in the
basic nitrogen concentrate obtained from the naphtha bottoms. This
concentrate contains both heterocyclic nitrogen compounds and phenols.
The primary reactions responsible for deposit formation were: 1) con-
densation of phenols, and 2) pyrolysis of alkylated nitrogen hetero-
cycles.
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ELEMENTAL

%C
%H
%0
%N
%S
%Ash

us/ec
LAY

% Carbon

% Hydrogen
% Nitrogen
% Oxygen

% Sulfur
H/C

TABLE 1

ELEMENTAL ANALYSIS OF FEED AND DEPOSIT

FEED DEPQSIT
83.92 73.63
10.86 5.74
5.14 8.22
0.52 6.86
0.23 1.83
0.00 3.73
1.55 0.94
TABLE 2
ELEMENTAL ANALYSES OF BASIC NITROGEN CONCENTRATE,
BASE FREE MATERIAL, AND BOTTOM 40% FRACTIONS
Bottom 40% Basic Nitrogen Concentrate Base Free Material
79.67 78.25 80.30
8.44 7.95 8.94
1.54 3.54 0.14
9.59 10.04 10.03
0.65 0.22 0.58
1.27 1.22 1.34

EFFECT OF BASIC NITROGEN ON DEPOSIT FORMATION

TABLE 3

Basic N Content

88 ppm
173 ppm
280 ppm

1.39%

Wt.% Deposit

.60%
.83%
1.40%
1.73%
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Radical Initiation and Phenol Inhibition in the Thermal, Free
Radical Decomposition of 1,3-Diphenylpropane(1), Dibenzylether(2)
and Phenethylphenylether (3). Coal Liquefaction Model Studies

K.E. Gilbert

Department of Chemistry
Indiana University
Bloomington, IN 47405

Current thought on the structure of coal and the chemistry
of c¢oal 1liquefaction suggests that coal consists of large
polycyclic clusters joined by short aliphatic links and that
liquefaction reactions occur at these links. Much research has
gone into the two atom links. We have been interested in the
three atom links because in addition to the cleavage-abstraction
reactions available to the two atom links, the three atom 1links
may also react by radical chain reactions. These radical chain
reactions can occur over a much wider temperature range than the
cleavage-abstraction reactions and thus offer the possibility of
a low temperature liquefaction process. Previous work has shown
that 1, 2 and 3 decompose by free radical chain reactions as
neat liquids or as solutions in hydrogen donating solvents in
the temperature range of 300 to 400°C.(1)(Equation 1) Initiation
of the radical chain process by benzylphenylether at 350° was
demonstrated, but inhibition of the chain reactions by standard
inhibitors, such as hindered phenols, was not studied. Herein we
report on the effect of hindered phenols on the decomposition of
1, 2 and 3 at 350°, the development of methods for initiating
These reactions at temperatures as low as 1380, the effect of
hindered phenols on these reactions at lower temperatures and on
the kinetic and thermodynamic barriers to these radical chain
reactions,

Y
PN
ph” > x Ph - ph” Xy . phovd 1)
1 X=Y=CH,
2 X=0 ; Y:CH2

3 X:CH2 ;Y=0

h large number of phenols, including 2,6-di-tert-butyl-y-
methylphenol, have no effect on the decomposition of 1 at 3500.
Stock has found that phenols catalyze the decomp051t10n of 2 at
400°.(2) In order to understand the effect hindered phenols on
radical chain processes the reaction of 1, 2 and 3 have been
investigated at lower temperatures. -7 -

Prior to experimental work the thermodynamics of the
overall reaction of 1 to toluene and styrene, 2 to toluene and
benzaldehyde and 3 the phenol and styrene were investigated
using the group additivity method of Benson (Table 1).(3)




Reaction of 1 is unfavorable at temperatures below 3000, thus
initiation of this reaction should not occur at lower
temperatures, Replacement of a CH, group by an oxygen greatly
changes the thermodynamiecs and the decomposition of 2 and 3 are
energetically favorable over the temperature range of interest.

The decomposition of 1 could not be effected by any of the
low temperature initiators in accord with the thermodynamic
calculations (Table 2). Reaction of 2 could be initiated by all
of the low temperature initiators except AIBN, though this may
not be a good experiment since AIBN is not very effective at
hydrogen abstraction.(4) Reaction of 3 could be effected by di-
tert-butyldiazene (TBD) at 180° but not by di-tert-butylperoxide
(TPO) at 138° reflecting a kinetic barrier to reaction., In all
cases the products were those expected from a radical chain
reaction,

Reaction of 2 with TPO was found to be 0.68 order in 2 and
0.62 order in TPO (Table 3). The products were toluene,
benzaldehyde and 1,2~diphenylethane(4) in the ratio of
1.1:2:0.65. The chain length, given by the ratio of benzaldehyde
to 4, is 1.5. A mechanism consistent with this data is given in
Scheme 1, Since the chain length is short both terms in the
kinetic expression, derived using the steady state
approximation, contribute thus accounting for the non-integral
order in 2. The large amount of Y4 formed suggests that hydrogen
transfer from 2 to benzyl radical is slow at this temperature

and controls the reaction path.

Addition of 2,6-di~tert-4-methylphenol to a mixture of 2
and TPO decreases the rate of reaction and surpresses the
formation of Y4, Toluene and benzaldehyde are the major products.
The reaction order in 2 is 0.67 and -0.53 in phenol. A mechanism
consistent with this data is given in Scheme 2. This is a
general reaction scheme and under these experimental conditions
k. and k., are small, The rate expression, using the steady state
approximation, involves only first term under these conditions.
Since k,>k, (5) while [21>[{Ar0OH] the two terms in the
denominator are of similar magnitude. The data suggests that
phenols function as inhibitors in this reaction by effectively
competing with the substrate for initiator radicals, and by
scavenging the chain carrying benzyl radicals.

Reaction of 2 with TBD at 180° to 200° was found to be 0.93
order in 2, 0.5 order in TBD with the products being toluene,
benzaldehyde and 4 in a 6:8:1 ratio. The reaction mechanism of
Scheme 1 accounts for this data with the recognition that the
second term in the kinetic expression becomes more important at
longer chain lengths, The increased temperature favors hydrogen
transfer from 2 to benzyl radical at the expense of termination.

Addition of a 2,6~di-tert-butyl-4-methylphenol to the
reaction of 2 and TBD decreases the reaction rate and surpresses
the formation of 4 while still giving toluene and benzaldehyde.
The reaction is first order in 2 and inverse first order in
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phencl., The mechanism in Scheme 2 applies, except under these
conditions k. is significant, This results in a two term rate
expression, ?henol competes with 2 for initiator radicals and
also for benzyl radicals. Reaction 7 is not yet important and
hindered phenols continue to function as inhibitors at 180°¢.

Reaction of 2 with 1,1,2,2-tetraphenylethane at 250° gives
toluene and benzafﬁehyde in a reaction that is first order in 2.
Addition of a hindered phenol has no effect on the reaction,
Thus on going from 180° to 250° hindered phenols go from being

inhibitors to being chain transfer agents,

In summary it should be noted that 2 is an excellent model
compound, It decompcses over a wide temperature range to give
stable products, can be initiated with a wide variety of
initiators and allows the study of kinetic barriers to radical
chain reactions. Finally the wide temperature range permits
investigation of the temperature dependence of inhibition by
phenols.

Conversely the all carbon system, 1, demonstrates a
thermodynamic barrier to reaction with no reaction observed
below 300°. This suggests that all carbon systems will not
cleave to toluene and styrene by any process below 300o and that
attempts to construct lower temperature coal liquefaction
processes based on the thermal chewistry of all carbon systems
will not be successful, That is the reactions of one and two
atom links are limited to high temperatures by the energy
required to cleave a C-C bond, while the three atom and higher
number links are thermodynamically limited and would require
higher temperatures to drive the reactions towards product
formation., This might be circumvented by hydrogenating the
alkenes formed, however this would probably require the use of
catalysts and gets into subjects more complex than we wish to
discuss here, This also suggests that free radical initiators
will have no effect on coal liquefaction processes,
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Table 1 Thermodynamics of the Reactions of 1,2 and 3

fw

> Ph-CH3 + Ph™x>
—_ Ph-CHg + Ph-CHO
—_— Ph-OH + Ph"Xx

AH
.66

1.23

10.30

A G kecal/mol

100 200 300
5. 2.3 -.9
-18 =24 -29
-2.3 =5.7 -9.1

Table 2., Reaction of 1, 2 and 3 with Various Initiators

Initiator/Temperature

ATBN/80°
TP0/138°
TBD/180-200°

o]
(Ph) ,CHCH(Ph) ,/250

Ph” N0-Ph/350°

NR

NR

NR

NR

147

2 3
NR NR
+ NR
+ +
+ +
+ +

400
4.

n

-34

-12.5




Table 3 Reaction of 2 with TPO and TBD

IDBE] {13 LAroH]l log Ry  Rxn Qrder
3.07 TPO/1.12 - -4.07
2.38 - -4.,15
1.77 - -4.,19 .68
1.46 - -4.29
1.15 - -4.,37
1.77 1.55 - =-4,11
1.12 - -4.19 .62
.61 - -4,36
1.77 1.12 .87 -4.85
.58 -4.68
.37 -4,52 -.61
.29 -4.49
.14 -4.,36
2.38 1.12 .29 -4.,41
1.77 ~-4.,49 .67
1.15 -4.,62
3.1 TBD/ .51 - -3.97
2.0 - -4.19 .93
1.3 - -4.,32
2.0 .82 - -3.95
.51 - -4.19 5
.36 - -y, 27
2.0 .51 1.15 -4.82
.89 -4.,69 -1.10
.57 -4.47
.29 -4.16
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MOLECULE-INDUCED HOMOLYSIS IN COAL CHEMISTRY: RADICAL INTERMEDIATES
IN THE THERMAL DECOMPOSITION OF 1,2-DIHYDRONAPHTHALENE*

James A. Franz**, Donald M. Camaioni**, Robert R. Beishline***
and Don Dalling****

**Pacific Northwest Laboratory, Richland, WA 99352
***Weber State College, Ogden, UT 84408
****Department of Chemistry, University of Utah, Salt Lake City,
Ut 84112

Molecule-induced homolysis (MIH), the process by which two closed-shell
molecules react to produce free radicals, has been recognized as an important
contributing pathway to radical initiation during coal dissolution(1,2). The
production of organic radicals by MIH and other pathways can lead in stepwise
fashion to the production of highly reactive radicals to a significant degree at
temperatures »400°C. In this paper, we summarize results which show that the
decomposition of 1,2-dihydronaphthalene {(DHN) involves both 1-hydronaphthyl (1HN)
and 2-hydronaphthyl (2HN) radicals as well as 1-tetralyl radical and that the
production of THN and 2HN leads to the scission of hydrogen atom (He) and its
participation in subsequent hydrocracking reactions.

Experimental. 1,2-Dihydronaphthalene (Aldrich) was purified by careful
fractional distillation. 1,2-Dihydro-4-deuteronaphthalene(DHN-4-d) was prepared
by treatment of 1-tetralone with lithium aluminum tetradeuteride. The 1-
deuterotetralol (21g) was heated at 1009C for 20 minutes at reduced pressure with
KHS04 (2g) followed by flash distillation. The crude product was dissolved in
hexane, filtered through neutral alumina, and concentrated to give pure { 99.7%)
product in 66% overall yield. Thermal decomposition of DHN or DHN-4-d was
carried out by degassing and sealing the reagents in pyrex tubes and placing the
tubes in stainless steel vessels and surrounding the pyrex tubes with tetralin to
balance internal pressure. Yields of products, naphthalene, tetralin and Cpq
compounds were measured by capillary gas chromatography (gc). The C20 products,
1-5 (Figure 1), were jsolated from 16 hour_reactions at 3009C by preparative gc
and characterized by !3C NMR (20 MHz) and H NMR (300 MHz) and mass spectrometry
for both OHN and DHN-4-d precursors. Compound 2 was subjected to an exchange of
its benzylic hydrogen by heating in sodium dimsylate-d5/DMSD-dg at 1009C. Reactions
of DHN and the reagents of Table 1 were carried out at 425°C for 10 minutes and
the product mixtures were analyzed by capillary gc for hydrocracked products.
Products were identified by coinjection of authentic standards.

Results

Products of the thermolysis of DHN. When DHN is heated at 3009C the products,
tetralin {40 * T0%], naphthalene (40 * 10%), Cpqg compounds, 1-5, (15% combined
yield) and a variety of trace ( 5%) Cpg products are formed.” When heated at
4250C, Cpp compounds comprise less than 5% of the products, naphthalene is formed
in excess of tetralin and Hy gas is formed.

Structures of Compounds 1-5. Compounds 1 and 2 each exhibited molecular
weights of 260, four aliphatic methine carbons, 4 aliphatic methylene carbons,

* This work was supported by the U.S. Department of Energy, Processes and Tech-
niques Branch, Division of Chemical Sciences, Office of Basic Energy Sciences,
under Contract DE-AC06-76 RLO-1830.
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4 unprotonated aromatic carbons along with the protonated aromatic carbons as
determined by off-resonance decoupling techniques. TH NMR at 300 MHz revealed 12
fully resolved aliphatic hydrogens for each of 1 and 2. Compounds 3, 4, and §
exhibited molecular weights of 262, 262 and 258. Homonuclear decoupling
unambiguously established the structure of 1, as well as establishing the syn
relationship of hydrogens b and h shown in The structure of 2. Deuterium exchange
with compound 2 removed protons a, b, ¢, f, and g, but not d. When DHN-4-d was
used to produce isomers 1-5, deuterium appeared only as shown in the product
structures. -

Hydrocracking Reactions. Table 1 presents hydrocracking reactants and products.
The modest "yields of products reflect the large number of competing reactions
which consume He and do not produce hydrocracked products.

Discussion

The .principle initiation pathway for the DHN reaction is proposed to be that
of Equation 1. The value of aHg%gg for THN assumes a DHO for the 3-hydrogen

—>
H
Tl H H

1HN 2HN

(1)

o 30 35 56 60
AH]‘,zu

keal /mole

of DHN to be 94.5 kcal/mole corrected for the difference in resonance stabilization
energy (ARSE) between DHN and IHN (ARSE), 16.7 kcat/mole, from Herndon's calculations
(3). The value for 2HN assumes no resonance stabilization of DHN by the styrene-
like olefinic portion of the molecule, giving a value of RSE of 12.4. Thus, the
value of aH” for reaction of the two molecules of DHN to give 1-tetralyl (T¢) and

THN is 31 kcal/mole, and 35 kcal/mole to produce Te and 2HNe. Other thermochemical
values in Equations 1 and 2 are experimental values or estimates (4). Thus,
appreciable concentrations of both 1HN and ZHN are expected at 300°C and above.

Both THN and 2HN may undergo elimination of He (Equation 2) with activation barriers
of 30-35 kcal/mole, assuming 2-3 kcal barriers for H* addition to naphthalene.

AHO0=32 0=
1HN ——>+ e LHO=28 oy (2)

The structures of 1 and 2 are both consistent with the addition of 2HN to
DHN followed by a second internal cyclization step and hydrogen abstraction from
available donors (Equations 3, 4).

Both compounds 1 and 2 arise from face-to-face interaction of DHN and 2HN.
The different products arise from the two different possible orientations of DHN
in Equation 3. When DHN-4-d is used to produce 1 and 2, deuterium is predicted
to occur at one methine and one methylene carbon, as observed. For possible
structures arising from 1HN, two adjacent methine carbons would have been deuterated.
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Compound 4, when produced from DHN-4-d, has deuterium solely at the position
indicated. This dictates that 4 is derived from the symmetr1ca1 termination
product of }-HN which has undergone further reduct1on (Equation 5), as opposed to

(5)
__> 4 +5

a pathway involving the adduct of THN to DHN, which would lead to 2 deuterated
aliphatic carbons (only one deuterated methylene is observed). If intermediate 6
undergoes a net disproportionation, compound 5 is produced. Compound 3 arises
from either the termination of Te and 1HN followed by reduction or the addition
of Te to DHN followed by He abstraction. Thus, these products provide convincing
evidence that 1-tetralyl, 1-hydronaphthyl, and 2-hydronaphthyl radicals are
important intermediates in the decomposition of DHN, consistent with the MIH
pathway of Equation 1. It was previously established by Heesing and Muller (5)
that the primary products, tetralin and naphthalene, were produced in a non-
concerted reaction, but the intermediacy of THN and 2HN was not established
because the structures of Cyp products were not determined. Both THN and 2HN can
of course be produced by He abstraction from DHN.

At higher temperatures (>4009C), Cpp products are insignificant and Hy is
formed in significant (10-30%) yields. The products of Table 2 are best explained
by addition of H* (compare Benson's study of cyclohexadiene (6)) at the ipso
position of the aryl group followed by departure of the substituent radical. The
source of He must be the elimination of He from radicals such as 1HN and 2HN with
modest barriers of 30-35 kcal/mole. Thus, the process of molecule-induced homolysis
which occurs between structures which are relatively easily oxidized or reduced,
together with chain decomposition steps, leads ultimately to hydrogen atoms, with
no intermediate step requiring more than 35 kcal/mole. Partially oxidized or
reduced structures in coal, or compounds capable of exceptionally stable radicals
thus probably play an essential role in initiation pathways during coal dissolution
leading ultimately to the cleavage of strong C-C bonds.
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Table 1. Thermolysis of 1,2-Dihydronaphthalene in the Presence of Other Compounds.

Reagent (wt., mg) DHN (wt., mg) Products (% yield)?
Phenylether (450) 82 Phenol (1.4%)
Diphenylmethane (207) 35 Toluene (2.6%)

Tetralin (92) 13 n-butylbenzene (5.1%)
2,6-Dimethylnaphthalene (74) 24 2-methylnaphthalene (2.6%)

@ Mole produced per mole DHN consumed.
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THERMAL CRACKING OF COAL MODEL DIARYL ETHERS IN TETRALIN SOLUTION

Y. Kamiya, E. Ogata, K. Goto, and T. Nomi

Faculty of Engineering, University of Tokyo
Hongo, Tokyo, Japan, 113

1. INTRODUCTION

Recently, the importance of aromatic ether structure(1,2) in coal molecule has
been stressed, and so the thermal cracking of several aromatic ethers has been
studied by several workers(3,4), in order to elucidate the coal liguefaction
mechanism.

It is known that aliphatic ethers can be easily decomposed, but diaryl ethers
such as diphenyl ether are quite stable at temperatures as high as 450°C.

Previously, we have reported that some diaryl ethers with polycyclic aromatic
ring(5) were cracked relatively easily at 450°C.

In this paper, we wish to report the effect of ring structure of polycyclic
aromatic ether as well as the effect of solvent on the thermolysis of diaryl ether,
since aryl ether is one of key structures in coal liquefaction.

2. EXPERIMENTAL

Tetralin and other solvents were reagent grade and used after washing with
sulfuric acid, alkali and water and subsequent distillation at 70°C under reduced
pressure. Diaryl ethers were synthesized by refluxing a mixture of aryl bromide,
phenolic compound, Cu20 and y-collidine for reaction time from 100 to 400 hr.
According to repeated purification by 5102-A1203 column and recrystallization,
diaryl ethers employed were of purities above 99%.

Solvent and diaryl ether were added to 90 ml magnetic stirring(1000 rpm)
autoclave. After pressurizing with hydrogen, the autoclave was heated to reaction
temperature within 25 min and maintained at the reaction temperature during the
reaction time. At the completion of an experiment, the autoclave was cooled by
electric fan to room temperature. The reaction products were subjected to gas
chromatographic analysis to determine the yield of products.

3. RESULT AND DISCUSSION

3.1 _Thermolysis of dinaphthyl ethers

The conversion of 1,2'- and 2,2'-dinaphthyl ethers in tetralin at 430°C was
plotted against the reaction time in Figure 1. Almost linear relations indicate




that the conversion of ethers is of first order with respect to substrate
concentration and the first order rate constants are calculated to be 4.7 x 10~

5

and 2.8 x 1072 sec™! for 1,2'- and 2,2'-dinaphthyl ethers, respectively. The yield

of naphthols was plotted against the residence time as shown in Figure 2. The ratio
of 1-naphthol to 2-naphthol from 1,2'-dinaphthyl ether was 1 to 4, indicating that
2-naphthoxy radical is favorably formed.

1-Naphthol and 2-naphthol were confirmed to be not s¢ stable at 430°C and their
first order rate constants of cenversion in tetralin were measured to be 4 x 10~
and 3.5 x 1072 sec™! at 430°C respectively.

On the basis of the above rate constants the cracking rate constant of
dinaphthyl ethers to naphthols can be calculated to be 2.3 x 107 and 1.25 x 107°
sec”! for 1,2'- and 2,2'-dinaphthyl ethers.

3.2 Effect of chemical structure of aryl ether on the reaction rate of thermolysis

Nine kinds of diaryl ether with phenyl, diphenyl, naphthyl, phenanthryl and
anthryl groups were treated in tetralin solution at 430°C for 5 hr, as shown in
Table 1. Diphenyl ether was very stable, but phenanthryl or anthryl ethers have
shown very high conversion values.

Generally, the conversion rate constant of diaryl ethers increased with
increasing the number of polycyclic aromatic ring of aryl! structure.

The rate of conversion of phenyl aryl ether increased as the following order
with respect to aryl group: Phenyl < Diphenyl < 2-Naphthyl < 1-Naphthyl <
Phenanthryl < Anthryl.

Apparent ratio of the cracking rate of aryl-oxygen bond of diaryl ether can be
calculated on the basis of the rate of formation of phenolic compound from ether
along with the rate of elimination of corresponding phenolic compound. Because of
very complex reaction system these calculated values in Table 2 can not be evaluated
with high accuracy, but it seems to show that the bond dissociation energy of
phenyl-oxygen bond is the highest and that of aryl oxygen bond decreases with
increasing the number of polycyclic ring.

In order to make clearer the effect of aromatic structure on the rate of
cracking, several diaryl ethers were treated in 1-methylnaphthalene, a poor hydrogen
donating solvent, at 450°C for 2 hr as shown in Table 3. In this case, the color
of solution after reaction was dark brown, indicating that polymerization reaction
took place. The order of reactivity of diaryl ethers evaluated by the conversion
rate constant was almost the same as the order in tetralin, that is, the rate
constant increased with increasing the number of polycyclic aromatic ring of diaryl
ether. However, the difference in the relative value of k was larger in tetralin
than in methylnaphthalene.

3.3 Solvent effect
Above results lead us to further experiments on solvent effect in cracking
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reaction.

As shown in Table 4, the effect of hydrogen donor solvent on the pyrolysis of
2,2'-dinaphthyl ether was most remarkable. In a poor hydrogen donor such as
1-methyInaphthalene, the conversion of dinaphthyl ether was only 23%, but it was
increased to 39% in tetralin and to 93% in 9,10-dihydroanthracene. As for
n-hexadecane, this compound itself was cracked remarkably at 430°C and so could be a
good hydrogen donor because of radical and olefin formations. Decalin also could be
a hydrogen donor for hydrogenation of naphthalene nucleus.

The effect of dihydroanthracene was outstanding, and so the conversion rate
constant in dihydroanthracene was five times as large as in tetralin.
Dihydroanthracene itself was comletely converted to other compounds by complex
reactions involving dehydrogenation and disproportionation. The accelerating effect
due to dihydroanthracene was so great that even diphenyl ether being the most stable
diaryl ether was cracked to the conversion of 13.3% at 430°C in 5 hr.

It was also observed that the conversion of 2,2'-dinaphthyl ether was
proportionally increased with the concentration of dihydroanthracene in
1-methylnaphthalene.

The marked solvent effect by hydrogen donors on the conversion of polycyclic
diaryl ethers can be attributed to the hydrogenation of aromatic rings by hydrogen
transfer, because the hydrogen transfer reaction really occurs and the cracking of
aliphatic ether proceeds very rapidly. A mixture of partially hydrogenated products
from 2,2'-dinaphthyl ether by Pd-Pt catalyst was found to be cracked more rapidly
than dinaphthyl ether.

Another interesting solvent effect was observed in the case of naphthol, that
is, the rate constant of conversion of 2,2'-dinaphthyl ether was increased from
2.8 x 1072 t0 7.8 x 1072 sec™! by the addition of 26g of 1-naphthol.

It is known that hydrogen donor such as tetralin can partially hydrogenate
aromatic nucleus(5) but not effective for the cracking of resulting aliphatic
structure. Therefore, the main role of hydrogen donor solvent in coal liquefaction
has been ascribed to the hydrogenation and stabilization of coal fragments being
thermally produced.

If hydrogen donor only plays a role stabilyzing coal fragments, it would not be
so effective for the thermal cracking of coal and the successive o0il formation
reaction.

The remarkable effect of hydrogen donor on the cracking of polycyclic aromatic
ethers would be a good explanation for the effective degradation of coal molecule in
the presence of hydrogen donor solvent.

4. CONCLUSION

Nine kinds of diaryl ether were thermally cracked at 430°C in tetralin or
1-methylnaphthalene solutions and the following conclusions were obtained.
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1. The rate of conversion of diaryl ether increased with increasing the number
of polycyclic aromatic ring of the ether.

2. The cracking reaction of diaryl ether was of first order with respect to
ether concentration.

3. In the case of phenyl polycyclic aryl ethers, phenol was preferably formed
rather than the other polycyclic aromatic phenols as cracking products.

4, Hydrogen donor solvent and naphthol accelerated remarkably the cracking

reaction of diaryl ethers.
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Figure 1. Thermal Cracking of Dinaphthyl Ethers in Tetralin at 430°C.
( Ether 5.0g, Tetralin 30 ml, Initial PH2 50 kg/cm2 }
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TABLE 1 THERMAL CRACKING OF DIARYL ETHERS IN TETRALIN AT 430°C FOR 5 HR

( Ether 5.0g, Tetralin 30 ml, Initial PH2 50 kg/cm2 )
Ether Conversion(%) k. 1076sec”! 5;}321;$ Products Yield(mole%)
Diphenyl ether 3.0 1.7 1.0 Phenol 0.84
4-Phenoxy 7.6 4.4 2.6 Phenol 1.51
diphenyl 4-Phenylphenol 1.65
2-Phenoxy 12.8 7.6 4.5 Phenol 4.64
naphthalene 2-Naphthol 1.16
1-Phenoxy 38.0 26.6 15.7 Phenol 17.0
naphthalene 1-Naphthol 1.67
9-Phenoxy 53.0 42.0 24.9 Phenol 271
phenanthrene 9-Phenanthrol  4.12
9-Phenoxy ( >99.9 ) ( >3840 ) ( >2260 ) Phenol 72.8
anthracene Anthrone  0.53
2,2'-Dinaphthyl 39.2 27.6 16.3 2-Naphthol 12.8
ether 1,2'-Dinaphthyl
ether 4.7
1,2'-Dinaphthyl 57.0 46.9 27.8 2-Naphthol 19.5
ether 1-Naphthol 4.6
2,2'-Dinaphthyl
ether 2.2
2-Naphthy1- 66.1 60.1 35.5 2-Naphthol  19.1
9-phenanthryl 9-Phenanthrol 4.4

ether

*1; First order rate constant.
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Figure 2. Reaction Products from Thermal Cracking of Dinaphthyl ether
in Tetralin at 430°C.

( Ether 5.0g, Tetralin 30 ml, Initial P, 50 kg/cn’ )
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TABLE 2  THERMAL CRACKING RATE CONSTANT OF DIARYL ETHER
Cleaved AryT-Oxygen First Order Rate Constant
Diaryl Ether Bond k, 10-6 sec-1
Diphenyl ether Pheny1-0Oxygen 0.52
1-Phenoxy naphthalene 1-Naphthy1-0xygen 13.0
Pheny1-0xygen 1.7
Z-Phenoxy naphthalene 2-Naphthy1-0xygen 3.1
Pheny1-0xygen 1.0
1,2'-Dinaphthyl ether 1-Naphthy1-0xygen 22.6
2-Naphthy1-0xygen 5.6
2,2'-Dinaphthyl ether 2-Naphthy1-0xygen 12.5

TABLE 3

THERMAL CRACKING OF DTARYL ETHERS IN 1-METHYLNAPHTHALENE AT 450°C FOR 2 HR

( Ether 5.0g, Solvent 30 ml, Initial PAr 50 kg/cm2 )

Diaryl Ether Conversion(%) k, 10 Relative Value of k
Diphenyl ether 8.3 1.2 1.0
2-Phenoxy naphthalene 22.2 3.5 2.9
1-Phenoxy naphthalene 68.2 15.9 13.3
9-Phenoxy phenanthrene 81.1 23.1 19.3
2,2'-Dinaphthyl ether 38.7 6.8 5.7
1,2'-Dinaphthyl ether 80.0 22.4 18.7

TABLE 4 EFFECT OF SOLVENT ON THE THERMAL CRACKING OF 2,2'-DINAPHTHYL ETHER
AT 430°C FOR 5 HR 2
( Ether 5.0g, Solvent 30 ml, Initial PH2 50 kg/cm® )
Solvent Conversion of Ether(%) K, 1076 sec”!
1-Methylnaphthalene 23 14
n-Hexadecane 31 20
cis-Decalin 38 27
Tetralin 39 28
9,10-Dihydroanthracene 93 153
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THE KINETICS OF CATALYTIC HYDROGENATION OF PYRENE--
IMPLICATIONS FOR DIRECT COAL LIQUEFACTION PROCESSING*

H. P. Stephens and R. N. Chapman

Sandia National Laboratories, Albuquerque, NM 87185

INTRODUCTION

Although recycling heavy solvents has recently re-emergedl’z’s’4
as a key to cutting the cost of direct coal liquefaction, little data
for the hydrogenation of heavy solvent donors have been reported.
This study addresses the kinetic and thermodynamic aspects of cata-
lytic hydrogenation of pyrene, a donor solvent precursor thought to
play an important role in coal liquefaction processes that use heavy
recycle solvents.”»

In the presence of a catalyst, pyrene (Py) is hydrogenated to
di- (H,Py), tetra- (H4Py), hexa- (H6Py), deca- (HloPy) (Figure 1) and
perhydfo- (H 6Py) specdies via a complex mechanism involving a network
of reversiblé parallel and series reactions. Though several studies
have dealt with aspects of pyrene hydrogenation, ing¢cluding hydro-
cracking reactions,’/ reaction product distributions®:? and thermo-
dynamic properties, the kinetics of hydrogenation have not been
previously reported.

EXPERIMENTAL

Thirty-six batch hydrogenation experiments were performed with
solutions of 9.1 wt % pyrene in n-hexadecane, which approximated the
concentrations found in integrated two-stage liquefaction recycle
solvents.ll To evaluate the effects of reaction conditions on the
kinetics of hydrogenation, reactions were performed over a range of
conditions: Temperatures of 348, 374 and 394°C, pressures of 500,
1250 and 2000 psig, and catalyst/pyrene weight ratios of 0.05, 0.15
and 0.45. Several experiments performed without catalyst confirmed
that contributions of homogeneous reactions and reactor wall effects
were insignificant. 1In addition, several catalyzed experiments
performed with hexahydropyrene proved the existence of reversible
reaction steps.

Materials. Pyrene, hexahydropyrene, and n-hexadecane were used as
obtained from Aldrich Chemical Company. Modified Shell 324, a Ni-Mo/
alumina catalyst currently used in the second stage of integrated
two-stage pilot plant operations,2 was added to the reactors as a
-200 mesh powder. High purity hydrogen (99.999%) was used in all the
experiments.

Apparatus and Procedure. 'The batch reactions were performed in
stainless steel microreactors,12 equipped with thermocouples and
pressure transducers, with a liquid capacity of 3.6 cm” and a gas
volume of 22 cm3. Four reactors could be operated simultaneously.
After the reactors were charged with 100 mg of pyrene, 1 g of
n-hexadecane and 5, 15 or 45 mg of catalyst, they were pressurized
with hydrogen (420, 1050 or 1850 cold charge), and heated to tempera-
ture (time to temperature = 1 min) in a fluidized sand bath while

* This work supported by the U.S. Dept. of Energy, Contract No.
DE-AC04-76DP00789.
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being horizontally shaken at 200 cycles/min. Temperatures and
pressures were recorded with a digital data acquisition system during
the course of the experiments. Following the heating period, the
reactor vessels were rapidly quenched to ambient temperature (time of
quench = 10 sec), and the products of the experiment were removed for
analyses. It was estimated from the reactor heat-up and quench rates
that the time at temperature could be determined to within 0.5 min.
Temperatures could be maintained constant to within + 2°C and
pressures to within + 20 psig during the heating period of the
experiments. h

Product Analyses. The products were washed from the reactor with
toluene, filtered to remove catalyst and transferred to a volumetric
flask. Following addition of an internal standard (2-methylnaphtha-
lene), the product solution was brought to 50 ml with additional
toluene and analyzed by gas chromatography (Hewlett-Packard 5840A
with flame jonization detection FID) using the following conditions:
1/8 in x 10 ft column with Supelco 10% SP-2100 on 100/120 Supelcoport,
temperature 220°C, nitrogen carrier gas 20 cc/min.

Gas chromatography/mass spectrometry techniques were used to
identify the order of elution of components of the reaction mixture,
which agreed with previously published results.9 Quantitative analy-
sis of the reaction mixture was accomplished using external and
internal standards. The external standard, a solution of 2-methyl-
naphthalene, n-hexadecane, pyrene and 1,2,3,6,7,8-hexahydropyrene in
toluene was used to obtain FID response factors for the components
relative to the internal standard, 2-methylnaphthalene. These were
0.99 for n-hexadecane, 1.10 for hexahydropyrene and 1.04 for pyrene.
The relative response for hexahydropyrene was used for the other
hydropyrenes. The weights (W) of n-hexadecane, pyrene and hydro-
pyrenes in each sample were calculated from their GC chromatogram
areas (A), the response of 2-methylnaphthalene (R__) and their
relative response (Rr)' mn

W=R_"*R - A

The concentration of pyrene and hydropyrenes was calculated on a
molal, moles/1000 g hexadecane, basis. Concentration was normalized
to initial pyrene concentration for the kinetic calculations.

CALCULATIONS

As a first step in delineating the overall reaction network for
catalytic pyrene hydrogenation, the hydrogenation of pyrene to 4,5-
dihydropyrene (equation 1) was analyzed:

k
Py + H2=1_A H, Py 1)
k
-1

The assumption that pyrene is not formed directly from hydropyrenes
other than HyPy and does not directly form hydropyrenes other than
H,Py is supported by reported studies of hydrogenation product distri-
blitions as a function of temperature and pressure.9 Because the hydro-
gen concentration was in excess during the reactions (e.g., minimum of
26 moles of H, per mole Py), the rates can be modelled by pseudo
first-order kinetics:




d{Py],

Te - ° kg [HPrl, - K IPyl, )

d[H,Py]

—gr— ° £(t) (3)
(Py],» [H,Py] =~ = molar concentrations of pyrene and dihydropyrene

respectively, relative to the initial concentration
of pyrene after n time intervals.

k1, k-l = pseudo first-order rate constants.
f(tn) = an empirical function derived by performing a
least squares fit [H,Py] vs time data using

piecewise cubic splifies.

The values of k, and k_, were determined by performing a mini-
mization on F in equltion (4}:

F=X [([PY]“It .

2
- *
: oIy )
J noj

2
+ ([HZPY]nlt T [Hzpy]j*) } (4)
nj

[Py]j*, [HzPy]j* = experimental concentrations at time tj.

[Pyl »  [H,Py]
t -t.
nj

l = calculated concentrations at time t..
e =¢ J
n

The values of [Py]n and [HZPy]n were estimated by setting [Py]
[Py] * = 1 and [HzPy]o = [HzPy] * =70 and numerically integrating
equa%ions (2) and® (3) using”a f8urth order Runge-Kutta algorithm.

0_

RESULTS AND DISCUSSION

Qualitative aspects of the kinetics of pyrene hydrogenation may
be obtained from curves of concentration vs time, at constant temp-
erature and pressure, for the major species of the system. Figure 2
shows curves at 348°C and 1250 psig for the concentration of pyrene
and 4,5-dihydropyrene (H,Py) and Figure 3 for 4,5,9,10-tetrahydro-
pyrene (H,Py), 1,2,3,6,7,8-hexahydropyrene (H.Py) and 1,2,3,3a,4,5-
hexahydropyrene (I-H.Py). As can be seen fro% the figures, the
hydrogenated specie with the largest concentration is H,Py followed
by H. Py, H,Py and I-H.Py.  For these experiments, the cOncentration
of deca- aﬁd perhydropyrenes was less than 1% of the product mixture.

The kinetics and thermodynamics of the formation of 4,5-dihydro-
pyrene are discussed below with respect to the effect of catalyst/
pyrene ratio, hydrogen pressure and temperature.

Catalyst/Pyrene Ratio. Figure 4 shows a plot of k1 and k_1 vs cata-
Tyst weight for experiments performed at 348°C and 1250 psig pressure.
As can be seen from Figure 4, k, for hydrogenation of pyrene and k_1
for dehydrogenation of dihydropyrene are proportional to catalyst
weight, which is proportional to active surface area.




Hydrogen Pressure. From a plot of k, and k_, vs H, pressure, Figure §,
it can be seen that while k, is 1ine5r1y pro%ortio%al to pressure up
to 1250 psig, k_, is relatively independent of pressure. This supports
the assumption tﬁat equation (1) is the only reaction directly involv-
ing Py up to pressures of at least 1250 psig. However, the high for-
ward rate constant at 2000 psig may indicate a change in reaction
mechanism. In addition to the kinetic parameters, the pressure equil-
ibrium constant and heat of reaction may be calculated for hydrogena-
tion of Py to H,Py. The pressure equilibrium constant Kp is defined
as

[H,Py] 1 K
1 2 1 1

K = p— ——— = p— = (s)
P Hy [Py] Hy -1

where P, the hydrogen partial pressure, is taken as the hydrogen
fugacity. Based on the rate constants obtained at 348°C for 3 prgs-
sures and i catal{st/pyrene ratios, K was found to be 7.24 x 107" +
0.61 x 10™" psig-+. From K_ values obtained from the 374 and 394°C
data, 4.77 x 10-4 and 3.14 Px 10-4 psig-1 respectively, the heat of
hydrogenation AH of pyrene to dihydropyrene can be obtained from a
van't Hoff plot shown in Figure 6. The enthalpy of hydrogenation was
found to be -15 kcal/mole, which is comparable to values for hydro-
genation of other polynuclear aromatics.

Temperature. Figure 7 shows an Arrhenius plot of rate constants k
and k .. The apparent activation energies obtained from Figure 6
for tﬁ% hydrogenation of pyrene and dehydrogenation of dihydropyrene
were found to be 28 and 46 kcal/mole respectively for Shell 324
catalyst. As can be seen from Figure 7, although the forward and
reverse rate constants are nearly equal at 348°C, the reverse rate
constant is over twice that of the forward rate at 394°C. Therefore,
although both reaction rate constants increase with temperature,
dehydrogenation is favored over hydrogenation at temperatures above
350°C.

CONCLUSIONS

Ultimate application of this kinetic and thermodynamic data to
direct coal liquefaction must take into consideration the conditions
imposed by the particular process used. However, two generalizations .
may be made regarding hydrogen supplied by the dihydropyrene component
of donor solvents: (1) Increasing hydrogen partial pressure increases
both the rate at which H,Py is formed and the equilibrium concentra-
tion of H,Py. Therefore, pyrene rehydrogenation should be done at as
high a préssure as is cost effective., (2) Although an increase in
temperature favors the rate of attainment of equilibrium between Py
and H,Py, the position of the equilibrium is shifted toward pyrene.
Tempefature must therefore be adjusted to achieve an optimum trade-off
between rate of formation and maximum possible concentration of HzPy.
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FIGURE 1
STRUCTURES FOR PYRENE AND HYDROGENATED PYRENES
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FIGURE 2

CONCENTRATIONS OF PYRENE AND DIHYDROPYRENE

(348 °C, 1250 PSIG, 15 MG SHELL 324)
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FIGURE 3

CONCENTRATIONS OF TETRA AND HEXA HYDROPYRENES

(348 °C, 1250 PSIG, 15 MG SHELL 324)
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FIGURE 4

DEPENDENCE OF RATE CONSTANTS ON CATALYST LEVEL
(348 °C, 1250 PSIG, SHELL 324)
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FIGURE 6

ENTHALPY OF HYDROGENATION REACTION
(348 °C, 1250 PSIG, 15 MG SHELL 324)
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FIGURE 7
ARRHENIUS PLOT OF RATE CONSTANTS
(1250 PSIG, 15 MG SHELL 324)
n k (Lines are least squares fit of data)
-1.0
(]
O ky; Eg=2B keal/mole
-1.5 |
0O k_y: Eo =46 keal/mole
-20 |
q
-25 +
-3.0 |
=35
=40 1 1 I 1 L
1.50 1.52 1.54 1.58 1.60 1.62

1/1T (x103 k~%)

168




—~—

In-Situ Study Under Direct Coal Liquefaction Conditions of the
Surface Interaction Between Iron Sulfides and Selected Number of
Model Compounds

P.A. Montano, A.S. Bommannavar and Y.C. Lee

Department of Physics, West Virginia University
Morgantown, West Virginia 26506

Abstract:

The importance of iron sulfides in direct coal liquefaction has been noted by
several investigators; an increase in coal conversion and quality of the products
has been observed in their studies. 1In order to gain a better understanding of the
role of iron sulfides in coal liquefaction we have investigated "in-situ" the
interaction of FeS, and Fe,S, with a series of model compounds. In our experiments
10% catalysts by wéight were added to the model compounds. The model compounds
studied were dibenzothiophene, pyrene, phenanthrene, 1,4-naphthoquinone,
phenothiazine, and quinoline. The experiments were performed in nitrogen and
hydrogen atmospheres. We find evidence of interaction between the pyrrhotites and
some of the model compounds. The formation of intermediate iron oxides in
1,4-naphthoquinone indicates a strong interaction between the irog on the pyrrhotite
surface and oxygen. The surface composition of pyrrhotite at 450 ¢ was also studied
in a UHV reaction chamber and the interaction with H,, 02 and CO was investigated
using electron energy loss spectroscopy.

I. INTRODUCTION

Direct coal liquefaction is a process that has been known for a number of
years. The liquefaction of coal is a complex process involving a close interaction
between coal, hydrogen-donor solvent, and catalysts. The role of mineral matter and
particularly iron sulfides in coal liquefaction has been the subject of several
investigations (1-3). Mukherjee and Chowdbury observed an increase in coal
conversion in the presence of mineral matter (2). Recycling the mineral matter
tends to increase the reaction rate and enhance the conversion of pyridine-solubles
to benzene solubles (4). The addition or presence of pyrite enhances the production
of liquid products from coal (5). The specific effect of each mineral has not been
well established (6) because some of the minerals occur in very small amounts. Some
of the clay minerals may have only a simple physical effect (6). All the
experimental results suggest the iron sulfides as the most actively involved
minerals in coal liquefaction.

It has been observed that the conversion to liquid products for four different
coals correlates with the stoichiometry of the pyrrhotites present in the residues
(7). Stephens et.al. (8) carried out a series of experiments with various additives
on an ILL#6 coal and observed an enhancement in conversion to benzene solubles with
the addition of pyrrhotite and H,S. Mossbauer studies (9,10) of the iron sulfides
in coal indicate the existence of an interaction between coal components and the
pyrrhotites at high temperatures. These experiments suggest an active role of the
pyrrhotites in coal liquefaction. However, still many questions remain unanswered
concerning the catalytic roles of H,_ S and Fe S. Lambert points out that the
catalytic activity observed for pyrite is soiéfy due to H,S acting as a hydrogen
transfer catalyst (11). 2

More research is needed in order to clearly distinguish between the role of H_S
and the behavior of the pyrrhotites during coal liquefaction. In a complex material
such as coal, it is difficult to identify the roles of vastly differing organic

functional groups and their interaction with Fe1_xS and/or H2S. A simpler approach
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is the study of model compounds. Several studies have appeared in the literature on
the effect of pyrite and pyrrhotite on model compounds. Guin et.al.{12) studied the
hydrogenolysis of benzothiophene in the presence of pyrite. The main product was
2,3-dihydrobenzothiophene. When pyrite was used, the selectivity was shifted toward
ethylbenzene. Pyrite seems to catalyze the hydrogenation of pyrene to dihydropyrene
(13). Bockrath and Schroeder (14) observed that when pyrrhotite is heated in
tetralin, only dehydrogenation is catalyzed. We report in the present work
"in-situ” Mossbauer measurements of FeS, and Fe, S, in six different model compounds.
The behavior of the sulfide surfaces is also studied using electron energy loss
spectroscopy. In addition, the changes taking place on the surfaces during
reactions with simple gases are investigated using this technique.

Experimental

The "in-situ" Mossbauer measurements were carried out using the reactor shown
in Figure 1. A more detailed description of this reactor can be found in Reference
(9). The FeS, and Fe_S_ additives used were from natural mineral samples and were
charaCterizedEby x—ra; giffraction and Mossbauer spectroscopy. In the experiments
with model compounds, 10% catalyst (200 mesh) by weight was added and mixed with 1
gm of the nmodel compounds. The model compounds studied using Mossbauer spectroscopy
were pyrene, phenanthrene, dibenzothiophene, 1,4-naphthoquinone, phenothiazine and
quinoline. The experiments were carried out at 440 °C in a nitrogen or hydrogen
atmosphere. The reaction time was one hour. The residues were measured at room’
temperature. The stoichiometry of the pyrrhotites present in the residues was
determined using the method described in references (7,15). Data acquisition and
analgﬁis were conducted on a microprocessor-based computer. The source was a 200
mCi Co:Rh. All the isomer shift values are given in reference to @-Fe at room
temperature. The surface properties of FeS, and Fe,S_ we studied using Auger and
electron energy loss spectroscopy. The samples were mounted in an UHV chamber with
a specially-designed high pressure reactor. 1In this reactor the samples were

exposed to various gases (CO, HE' 02) and high temperatures.

II. BXPERIMENTAL RESULTS AND DISCUSSION

Mossbauer Measurements

The most important Mossbauer parameters in the study of the transformations and
interactions of iron sulfides in coal are the isomer shift, the magnetic hyperfine
and quadrupole splittings. The isomer shift (IS) results from the electrostatic
interaction of the nuclear and electron charge distributions inside the nuclear
region. The observed IS in the Mossbauer spectrum is the difference between the
shifts in the source and absorber. The IS is given by the following relation:

) (1

The quantity §R/R is a nuclear property and can be estimated using well
characterized standards. The IS gives unique information on the valence state of
the Méssbauer atom or ion. The range of IS valueg for iron compounds in reference
to a~Fe covers values between -0.78 mm/sec for Fe isolated in nitrogen to +1.9
mn/sec for Fe' (1 mm/sec = 0.48 x 10”7eV for the 14.4 keV transition of ° Fe.)
The IS values reported include the second order Doppler shift (SODS). The SODS can
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be easily distinguished by its temperature dependence. Its contribution to the
present work is not large enough to justify the correction of the measured centroid.

The magnetic hyperfine splitting arises from the interaction of the nuclear
dipole moment with a magnetic field due to the atom's own electrons. The
Hamiltonian describing this interaction can be written as:

= - 2
H (— M B) (

where I is the spin of the nucleus, M is the magnetic moment, M, the magnetic
quantum number, and B the magnetic field at the nucleus. For a pure magnetic
interaction six transitions are possible between the 14.4 keV level (I=3/2) and the
ground state (I=1/2). The presence of vacancies in the pyrrhotites results in a
lower magnetic field at the iron ion; this feature is used to calculate the
stoichiometry of the pyrrhotites in coal liquefaction residues. The atomic
percentage of iron is calculated according to (15)

at.%Fe = 100 x [0.6836 X 107K fi
= 1

R = - I AN
mhf  Apopey 4 11

ong 0.2881 ] 5

Hmhf = average magnetic hyperfine field

ATotal = total Mossbauer spectral area

A.1 = gpectral area under i-th site

H. mhf on i-th site

i
The quadrupole splitting (QS) occurs when the Mdssbauer ion electrons and/or
the neighboring atoms produce an inhomogeneous electric field at the nucleus and
when the nucleus possessessa quadrupole moment. The quadrupole splitting for the
excited state 14.4 keV of ~ Fe is given by

2
@ - et (1 +5)!2
where
eq = VZZ = principal axis of the field gradient tensor
Vax T Vry
n = --—~ = asymmetry parameter
V22
Q = quadrupole moment of the nucleus

The combination of IS and QS is very useful in the identification of minerals
in coal. The procedure followed is to measure these parameters for standard well
characterized compounds and to compare with the values obtained for the coal
minerals.

The above MOssbauer parameters will be used to study the transformations and

inversions of several model compounds with Fe52 and Fe758.




A. Interaction and Decomposition of FeS_ in the Presence
(4

of Model Compounds

Pyrene: Pyrite partially decomposes_in the presence of pyrene even in the absence
of hydrogen. The observed IS at 440 C for the sample in a nitrogen atmosphere is
close to zero. The spectrum shows a well-defined doublet with a quadrupole
splitting (QS) close to the value observed for pure pyrite. The spectrum of the
residue shows the presence of a pyrrhotite with a stoichiometry close to that
observed for Fe.S,, about 46% of the original pyrite remains unreacted. The
conversion of pyrite to pyrrhotite is larger than the one obtained in the absence of
pyrene. In the presence of H, the transformation of pyrite to pyrrhotite is
complete. At 440°C the Méssbguer spectrum shows only a broad singlet with an IS =
0.35 mm/sec, this value is smaller ther ‘the one obtained for the pure pyrrhotites in
the absence of pyrene {Table I). This is given as evidence of an interaction
between the pyrrhotite and the gases present in the reactor. It is possible that
what we obgerved in this experiment is an intermediate state of the iron on the
pyrrhotite, probably interacting with molecular hydrogen and pyrene. The hexagonal
pyrrhotite obtained after the reaction is very similar to the one observed in
residues from coal liquefaction. H,S apparently does not play any other role but
that of controlling the HZ/HZS ratig in the reactor.

Phenanthrene: The results of the Mossbauer measurements in a nitrogen atmosphere
are very similar to those obtained for pyrene. There is partial conversion to

Fe1 S and the presence of a doublet with parameters close to those of pyrite

at ZXOOC (no real evidence of an interaction). By contrast in the presence of
hydrogen, the IS at 440 C is the same of pure Fe, _S. The conversion of pyrite to
pyrrhotite is complete (Table II). We must again emphasize that the conversion of
pyrite in the presence of the model compound is faster than in the absence of
phenanthrene. If there is hydrogenation (1) of the phenanthrene, it is possible
that the pyrrhotite does pot play any direct role, or that the intermediates

decompose faster than 10" sec (the lifetime of the Mossbauer level).

Dibenzothiophene: 1In the presence of this compound and in a nitrogen atmosphere,
pyrite fully deEomposes to Fe S. The pyrrhotite formed from this reaction has a
stoichiometry close to that o}‘fe Sg (Table II). There is evidence of interaction
with DBZ at 440 C, a doublet is ogserved with IS close to zero and QS = 0.63 mm/sec
(Figure 2). These values are similar to those of pyrite, however there is no pyrite
1efg in the residues (Figure 3). 1In a hydrogen atmosphere the Mdssbauer spectrum at
440°C is very different from that observed in nitrogen. A single Mdssbauer line
with an IS = 0.36 mm/sec is observed. The residue of this run is an hexagonal
pyrrhotite. The present results indicate a reaction with the pyrrhotite. It is
very probable that hydrogenation is the major catalytic role of the pyrrhotites in
this system.

Phenothiazine: There is partial decomposition of pyrite in a nitrogen atmosphere,
however in this case there is less decomposition than for pyrene or phenanthrene.
Decomposition takes place in the presence of hydrogen but it is incomplete. The IS
and QS at 440°C are clearly due to the unreacted pyrite (Table II). These
measurements do not indicate any kind of strong reaction for TFeS, or Fe S with
the model compounds. If any reaction occurs, it is very weak compared to—pyrene,
phenanthrene or DBZ.

Quinoline: There is only partial decomposition of pyrite to pyrrhotite in nitrogen
or hydrogen atmospheres. The stoichiometry of the pyrrhotite present in the
residues is very close to Fe7S . In order to obtain such a stoichiometry, a high
partial pressure of H_S must ve present in the reactor. The Mossbauer spectrum at
440°¢ can be attributed to FeS alone; there is a very small contribution from the
pyrrhotite and no evidence of reaction. These results suggest no active role for
the pyrrhotite in catalyzing the hydrogenation of quinoline to tetrahydroquinoline
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(THQ), only H_3 remains as a possible catalyst. We will come back to this problem
when discussing the interaction with Fe758.

1,4-Naphthoquinone: A very interesting result is obtained when the reaction takes
place in a nitrogen atmosphere. It is observed that Fe, 0, is present in the
residue. In order for this to happen the pyrrhotite fofmed from the partial
decomposition of pyrite must react with the oxygen present in the model compound.
In a hydrogen atmosphere the magnetite is absent from the final products and full
conversion of pyrite to pyrrhotite occurs. The present results indicate a strong
affinity of the pyrrhotite surface towards oxygen, and indicates that breaking of
oxygen bonds in coal is a possible mechanism by which coal conversion is enhanced.

B. Interactions and Transformations of Fe7Sn in the Presence
- O

of Model Compounds. (All the experiments in a hydrogen atmosphere.)

Pyrene: A single Mossbauer line is observed at 440°C with an IS = 0.35 mm/sec. The
residue shows the presence of FeS (troilite) and F, _S with 48,2 at% Fe (Table III).
Figures 4 and 5 show the Mdssbauer spectra for this Fun at 440°C and room
temperature respectively. The presence of troilite requires a very low partial
pressure of H_S in the reactor. This is not totally unexpected since the amount of
free sulfur available from Fe SB is very limited. There is evidence of a reaction
with the pyrene, but the sulfzdes obtained in this case differ markedly from those
obtained for FeS,. This difference may be attributed to the excess of HZS when
pyrite is the precursor of pyrrhotite.

Phenanthrene: The Mossbauer measurements in this case giye very similar results to
the ones obtained for pyrene. There is a reaction at 440 C; there troilite is

present in the residues. These results contrast with the ones obtained when pyrite
is added to phenanthrene. There is a marked difference between the behavior of the
nascent pyrrhotite and Fe.S_.. The excess of sulfur atoms on the pyrite surface is

probably responsible for such a difference.

DBZ: There is evidence of a reaction at high temperatures (1s = 0.30 + 0.06
mm/sec). The residue contains troilite. Since DBZ has sulfur, there must be a
reaction between H,S and the compound in order to effectively reduce the partial
pressure of H,S ang allow the formation of FeS. There is evidence of active
involvement og HZS in the reactions.

uinoline: There is some evidence of a reaction at high temperature (44000), the
IS = 0.40 *+ 0.07 mm/sec close to that of pure pyrrhotite, but still slightly more
negative. The residue of this run does not show any FeS, the pyrrhotite obtained
has 48.2 at.% iron. We attribute this behavior to the presence of unreacted H_S,
otherwise FeS can be formed. This behavior is different from that observed fof
pyrite, again pointing out the difference between the nascent pyrrhotite (from
pyrite) and Fe758-

Phenothiazine: Similar results to those obtained for quinoline, but in this case
the at.$ iron in the residues is lower (Table III). This last result is clear
evidence of a higher partial pressure of H.S in the reactor. This behavior
contrasts with the one observed for DBZ. gn both molecules sulfur is present,
however in phenothiazine there is also nitrogen. It is tempting to attribute some
reactivity to the pyrrhotite and nitrogen, although the present experimental
evidence is insufficient to characterize pyrrhotite as an HDN catalyst.

1,4-Naphthoquinone: No troilite is observed in the residues; hexagonal pyrrhotite
is obtained with 48.1 at.% iron. Results are very similar to the ones obtained for
FeS

2.

In the present experiments we have studied the reactions of Fe52 and Fe758 with
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a selected number of model compounds. From the results of such experiments we
suggest that one of the mechanisms by which pyrrhotite enhances coal liquefaction is
through interactions with oxygen bonds in coal. There is also evidence from the
present experiments as well as those reported in the literature that the pyrrhotites
act as hydrogenation catalyst. However, the role of H,S cannot be completely
ignored. There is clear evidence of direct involvement of H,S in the reactions.

The reactions with nitrogen compounds are not very clear and more work remains to be
done in this area of research. We are of the opinion that hydrodesulfurization has
to be excluded as one of the roles of the pyrrhotites. In the following paragraph
we will discuss the behavior of the pyrrhotite surfaces interacting with simple
gases.

Electren Energy Loss Measurements

Normal incidence was used for the EEL measurements. The EEL spectra were
measured in the second derivative mode for various primary electron energies (50 eV,
150 eV, 250 eV). A small modulation was applied to the CMA (v__=1 volt) and used as
a reference sigpal. The major impurities were carbon and oxygen. The samples were
subjected to Ar ion bombardment for several cycles until a clean surface was
obtained.

Electron energy loss spectroscopy is strongly surface sensitive. By varying
the electron primary energy one is able to distinguish between volume and surface
properties (16). 1Interband and intraband transitions can be identified with this
technique. Ionization losses can be easily studied using electron energy loss
spectroscopy. In the present work the major ionization losses studied are the M

and M1 of sulfur and iron.

2,3

A. EBEL Study of Fe S, At High Temperatures and in the Presence
of C0, 0, and H, ©

oL 4 U, 2 %

Effect of Temperature: The effect of temperature on the EEL spectrum of a

single crystal of Fe_S_ is shown in Figure 6 (Ep=150eV). One observes the
transformation of th EEL spectrum as the temperature is increased, at 32000 there
is iron enrichment of the surface. This is detected by the observed enhancement of
peak C (surface plasmon of Fe). The peaks J,K are due to & 3p +3d transition (M2
levels of iron). At 450 C the spectrum of the iron sulfide is different from that3
observed at RT with B peak shifted in energy from 5.1 to 6.2 eV. The new iron
sulfide on the surface has a different electronic structure although some iron
character is retained.

Interaction,with Co, O _and H.: The Auger spectrum of Fe_S_ after reaction
with CO (4 x 10 ' torr) at 450 C i§ shown in Pigure 7. One oble%ves the presence of
oxygen on the surface. This oxygen is bonded to the iron in the pyrrhotite. This
is clearly seen in Figure 8 where the low energy iron Auger peak shows the
characteristic shape of the oxide (a strong doublet around 50 eV). No carbon is
detected on the surface; the absence of carbon can be explained only by the
formation of some volatile species of carbon and sulfur (like CS.). The electron
energy loss spectrum at Ep=150eV is shown in Figure 9. The two Strong peaks at low
energies are charactezistic of the Fe-O system. The Auger spectrum for Fe,S
exposed to 0, (4 x 10 torr, 450 C for five minutes) is shown in Figure 7. ~One can
observe the Strong similarities with the spectrum obtained for €O exposure. In
Figure 9 the EEL spectrum for oxygen exposure is also shown. There is a great
similarity to that of Fe S8 exposed to CO. The lower J,K peak positions and
sharpness are characteriZtlc of iron oxides. If hydrogen is used instead of 0, or
CO one obtains the spectrum shown in Figure 9. This spectrum is that of an iron
sulfide where some of the sulfur has been removed from the surface. The iron
character of the surface is still retained as shown by the presence of the 3p +3d
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transitions. If a combination of CO/H_ (1:1) is used at 45000 the oxygen is totally
removed from the surface (formation of H,0). The iron sulfide surface is restored
but with a stoichiometry different from %hat of Fe_Sg- In all the experiments
described here, a clean Fe,S, sample was used as a starting material. An iron foil
doped on the surface with sulfur was alsg studied using EEL spectroscopy. A very
similar spectrum to that obtained at 450 C for Fe Sg was measured. Such a result
indicates a strong iron character of the pyrrhotiZe surface.

B. EEL Study of FeS_ at High Temperatures and in the Presence

of €0, 0, and H,

A typical energy loss spectrum of a pyrite single crystal surface is shown in
Figure 10 (top). After heating the sample to 220 C one observes a dramatic change
in the spectrum. We attribute this change to the presence of elemental sulfur, and
probably some Fe S. At 320°C the spectrum of the surface is more similar to that
of Fe S. It ié_ﬁoted that the 3p +3d transitions show the presence of more than
two linés. This spectrum for the J,K transitions can be produced by the presence of
two iron species (Fe1 S and FeS.). At 450°C the surface is that of pyrrhotite with
no pyrite character retained. Tﬁe spectrum is almost identical to that obtained at
450°C from Fe S8 (Figure 7). We want to point out that the high temperature
pyrrhotite is not Fe758.

The behavior of pyrite at 450°C in the presence of CO and O, contrasts markedly
with that of Fe Sg (see Figures 10 and 11). We believe that thi§ difference in the
BEL spectra betZeen the two samples is related to the excess of elemental sulfur
present on the pyrite surface at 450 C. This excess of sulfur does not permit the
iron in the pyrrhotite to react with CO or oxygen. If H, is used as a gas instead
of CO or O, a small change is observed in the EEL spectrum, probably due to the
removal of “the sulfur from the surface. If a combination of Co/H, (1:1) is used in
the reactor, an EEL spectrum very similar to that observed for Fe,S_, is obtained.

In thi's case elemental sulfur is removed from the surface and the surface behaves as
that of a pure pyrrhotite.

In conclusion we find that the major difference in the behavior of the
pyrrhotite and pyrite surfaces at high temperature is due to the presence of an
excess of sulfur on the latter. We also observe that the pyrrhotite surface has a
strong iron character and great affinity to oxygen. Although the present study is
only on very simple gases, these gases are present in the reactor during direct coal
liquefaction.
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46.7 at.%Fe at.% Fe
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IRON-BASED CATALYSTS, HZS AND LIQUEFACTION
Virgil I, Stenberg, K. Tanabe, T. Ogawa, P. Sweeny and R. Hei
University of North Dakota, Grand Forks, Morth Dakota 58202

INTRODUCTION

One of the most promising advances of the past 50 years of coal liquefaction
catalysis is learning of the iron and sulfur synergism. Now with the promotional
effects of hydrogen sulfide demonstrated (1) and its mechanism of action being
unveiled (2,3{, the interaction of hydrogen sulfide with iron needs to be understood
for explaining the basis of presulfiding catalysts and for new catalyst design.
Presulfiding metal oxide hydrogenation catalysts has long been known to enhance
liquefaction yields. However, the chemistry-based reason(s) for the enhancement is
unclear. The metal oxides are probably converted to a mixed oxide-sulfide under
sulfur-rich conditions. Using differential thermal analysis under high pressure for
coal hydrogenation, Takeya (4) rates red mud + S at 297°C as having better catalytic
activity than red red mud at 429°C. A combination of iron oxides and sulfur have
been used for coal liquefaction effectively (5,6).

In related studies, Beardon and Aldridge have patented the pretreatment of coal
with hydrogen sulfide to enhance conversions (7). Gatsis (8) utilized 4 to 8 volume
percent hydrogen sulfide (based on hydrogen gas) tc enhance the conversion of
bituminous coal (Pittsburgh Seam Coal) into a more filterable, higher hydrogen
content product using a solvent. The operating conditions in the extraction zone
were 250°-500°C and 500 to 5,000 psig with a solvent to coal weight ratio of 0.2 to
10 and a residence time from 30 seconds to 5 hours. If hydrogen is not present in
the extraction zone, then it is recommended that the H,S amount be increased to 40%
based upon the amount of coal fed into the extractioh zone. Hettinger has shown
that hydrogen sulfide causes a significant increase in hydrocracking (9). Goudrian
et al. (10) and Satterfield and Model (11) conclude that hydrogen sulfide improved
hydroliquefaction of bituminous coals using hydrogen gas and lignites using
synthesis gas. Sondreal, Willson and Stenberg (1) have demonstrated the positive
effect of H,S cn lignite liquefaction using synthesis gas. The product stream on
the continughs flow unit has lower viscosity, lower gas yield and higher distillable
0il yield. This enhancement could be due to the interaction cf H,S with the
minerals present in coal. -

EXPERIMENTAL

Diphenylmethane was purchased (Aldrich) and recrystallized from its ethyl
alcohol solution, cooled and the purity of diphenylmethane determined by GC was over
99.9%. Sulfur {Aldrich) and H S (Matheson, Coleman and Bell) were used directly
without purification. A1l the feactions were carried out in a 12-ml 316 stainless
steel batch microautoclave (12). The heat-up time was at 2 minutes and cool-down
time at 0.5 minutes, respectively. The reactior conditions were as follows:
temperature, 300-425°C, mainly 425°C; time, 0-120 minutes, not including heat-up and
cool-down times; the molar ratio of sulfur reactants are designated in each table.
After the autoclave was cooled, the volume or pressure of gas was rneasured. The
liquid products were washed cut from the autoclave with ether, and tpen analyzed by
GC. Instruments for identifying the products were GC-MS and “H-nmr., A gas
chromatograph (Varian 2100) used for the separation of liquid products. Separation
was effected by a column (0.64 cm x 183 cm) with 3% OV-17 supported on Suplecoport
A.

RESULTS AND DISCUSSION

Diphenylmethane was selected as the model compound for these studies to
exemplify the chemical reactions of an aromatic ring-aliphatic side chain in coal.
Its chemical structure denies aliphatic elimination reactions. The aromatic-methy-

1en?-arpmatic bonds apparent absence in SRL, SRC and the lower boiling liquids from
coal Tliquefaction does not detract from dlpheny]methane's theoretical value nor
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prove its absence of its strucural relatives in coals. Its ability to reflect
improved conditions for the liquefaction of coals in the ultimate criterion of value
as a model compound. Its behavior under Tliquefaction conditions has already
accurately reflected the H,S enhancement of coal Tiquefaction.

The thermal stability of diphenylmethane is higher than bibenzyl and
diphenylpropane. Diphenylmethane is thought to be one of the most thermally stable
coal-related model compounds. This is bourne out by the data on the pyrolysis of
diphenylmethane under various reaction conditions as illustrated in Table 1.
Diphenylmethane does not decompose in the argon at the temperature of 425°C and
reaction time of 60 minutes. Similar results were obtained in the presence of
hydrogen sulfide. However, the decomposition of diphenylmethane was enhanced in the
presence of either sulfur alone or a mixture of hydrogen sulfide and sulfur. In the
pyrolysis reaclions of diphenyimethane, sulfur functions as a reactant and 13
products are formed together with a polymer, cf. Table 1. With either elemental
sulfur under argon or under HZS atmospheres for 30 min, the conversions are 49.9 and
35.8%, respectively.

The presence of H,S during the reaction of ciphenylmethane with sulfur
influences the product gistribution. With H,S, the yields of the low molecular
weight products, toluene and thiophenol, are‘higher than those of the comparable
reaction with S, despite the reductiun in diphenylmethane conversion, cf. Table 1
The yield of high molecular weight products, classified as "polymer" in Table 1, was
reduced which accounts for the difference.

The yields of gaseous and polymeric products increased with temperature and
relative concentration of sulfur with 1ittle dependence on time, cf. Table 2. The
amounts of gas evolved correlated with the yield of polymeric products under these
conditions except when the S,:diphenylmethane ratic was low. The reactions to form
both gaseous and polymeric Preducts are rapid and the yields appear to stabilize
after 30 minutes.

Table 3 illustrates that diphenylmethane-S, product distribution does indeed
change before 30 minutes even though the conversion did within experimental error.
Tetraphenylethylene was the principal product in the initial stages of the reaction,
and it vanished after 60 minutes reaction time. Benzene, toluene and thiopheno]
yields appear to be the main benefactors of these secondary reactions. Since the
formaticn of tetraphenylethylenre occurs largely within the 2-minute heat-up time,
its formation 1is one of the principal primary reactions occurring in the
diphenylmethane mixture. Its incomplete conversion into products is pcssibly due to
either the diphenylmethane-S, reaction occurring only in the liquid phase at lower
temperatures where su]fur—inguced radical reactions are known to occur or a change
in the chemical nature and reactivity of sulfur occurred with the reaction time.

In addition to tetraphenylethylene, tetraphenylethane and thiobenzophenone were
detected at 300° and 350°C and their concentration decreases with increasing
temperature. The low boiling products, benzene, toluene and thiophenol are not
formed at 300° and 350°C. Therefore these must be categorized as secondary
preducts.

In the hydrogen gas and/or the H,S gas, the diphenylmethane conversion was
about 4%. Benzene and toluene were fogmed in about equal amounts. On the other
hand, the diphenylmethane conversion was enhanced in a H2-H S mixture gas. The
diphenylmethane conversion was H,S concentration dependent, esgecially at lower H,S
concentrations, and independent é% H2 concentration under the conditions employed fn
this study. The main products with”the H,-H,S mixture gas were again benzene and
toluene. Several minor products were fotmed in less than 1% of the weight of
diphenylmethane charged.

The results obtained 1in a presulfided reactor tube showed that the
diphenylmethane hydrocracking was promoted in part by the metal sulfide layer formed
on the stainless steel reactor wall. The reactor wall was sulfided with H,S before
the introduction of diphenylmethane which results in a black coating being %ormed on
the reactor wall. Since the metal sulfide is being formed as the reaction proceeds

in the nonsulfided metal reactor tube, it is difficult to be certain of the
percentage, 1f any, of the hydrocracking which occurs in the gas phase.
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With pyrrhotite, H, gas causes considerable hydrocracking of diphenylmethane
which contrasts with 1tg behavior in the absence of the iron sulfide. Benzene and
toluene are the main products with benzene in excess.

The H,S gas mixture over pyrrhotite enhanced the diphenylmethane
hydrocrackIﬁ% %eact1on cons1derab1y more than H alone did. Moreover, the
d1pheny1methane conversion in the presence of pyrrhgt1te was much higher than that
in its absence. The effect of pyrrhotite particle size was not important.

Using pyrrhotite, the diphenylmethane conversion increases rectilinearly with
increasing hydrogen pressure. A similar effect on conversion occurs when the
hydrogen pressure is kept constant and the reaction time increased. As the rigor of
the diphenylmethane reaction solution is enhanced by either increasing the hydrogen
co?centration or the reaction time, the benzene:toluene ratio increases from the
value of 1.

The conversion of diphenyimethane is dependent on the HZS concentration only
until slightly more than a 1:1 mole stoichiometry is achieved whether or not
pyrrhotite is present. The yields of benzene and toluene are similarly effected.
The increasing concentration of H,S inhibited the formation of products other than
benzene and toluene. The amount &% pyrrhotite present influences the conversion but
not the product distribution. The pyrrhotite loading attained its optimum effect at
a weight ratio to diphenylmethane of 0.5.

The thermal hydrocracking of diphenylmethane in the presence of initiating
radicals has been suggested to proceed by reactions 1 and 2. In the absence of
initiating mo]ecu]es such as bibenzyl, the slow thermal decomposition reaction of

1

+ RH + H°
H' y Pﬁ oCH, -+ PhH + PhCH,’ 2)
2'pR- '+ PhCH,"

3)

d1pheny1meth§ne, react1on 3 and tﬁe thermal decomposition data obtained under argon,
provides the only source of R* for reaction 1 with the consequence of slow kinetics
of the thermal decomposition of diphenylmethane under hydrogen. Another reason for
the slow kinetics of the diphenylmethane decomposition under hydrogen is the
endothermic character of reaction 1. From bond dissociation data, one can expect
this reaction to be endothermic by 0 to +25 kcal/mole depending on the nature of R’.
The Tack of hydrogen pressure dependence with no additives present is probably an
artifact attributed to the low level of conversion and obscurred by experimental
error.

With hydrogen sulfide and hydrogen present, the conversion and product yields
are significantly higher. These results are consistenL with reactions 4 and 5
becoming operational in the reaction mixture. The hydrogen sulfide pressure

R* + H,S » RH + “SH 4

“SH o+ F _— 5)
dependence is rat1ona11zeg by reaction 4 and its maximum concentration opt imum is
controlled by reaction 5 which regenerates H,S. The reaction sequence 4 and 5 is a
thermodynamic stepwise alternative to the h15h1y endothermic reaction 1. Thus, the
hydrogen sulfide effect is suggested to teke place by replacing reaction 1 with two
potentially faster reactions which accomplished the same end result. Reaction 4 is
estimated to be endothermic or exothermic by the range of -9 to +16 kcal/mole and 5
endothermic by +9 kcal/mole. Therefore, hydrcgen sulfide functions as a H-transfer
catalyst in a hydrogen-hydrogen sulfide gas mixture, and this results in an enhanced
diphenyimethane hydrocracking reaction.

The significant changes on using pyrrhotite together with hydrogen and hydrogen
sulfide is rate enhancement, hydrogen and hydrcgen sulfide dependence and increased
benzene formation. The rate enhancement can be attributed to a weakening of the SH
bonds or outright dissociation of H,S on the pyrrhotite surface which serves to
enhance the rate of reaction 4. The ﬁydrogen pressure dependence with pyrrhotite is
attributed to the increased concentration of an active "SH and reaction 5 becoming a
significant factor in the reaction mixture. Since benzene is formed in higher
yields than toluene and toluene is converted in low yield into benzene under these
conditions 1in the absence of pyrrhotite, adsorption of diphenylmethane on the
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pyrrhotite surface is indicated and the benzene in excess of a stoichiometric ratig
with toluene formed from some adsorbed species.

Two factors were considered in the design of new iron oxide supporteg
catalysts: (&) iron is the principal transition metal to be used based on the cost
factor, and (b) the acidity of the support oxide should be varied to determine the
optimum acidity. These metal oxides have been screened and the promising results
published (3). Since then, we have continued work with these catalysts using sulfur
additives and have obtained much more exciting results than those published, cf,
Tables 5 and 6.

Diphenylmethane is converted into mainly benzene and toluene when exposed to
reducing conditions at Tiquefaction temperatures such as 425°C (Table 5). When
hydrogen is used in the stainless steel reactor with no added catalyst there is ro
conversion of the starting material. When metal oxide heterogeneous catalysts are
added, the starting material is converted intc the observed products to varying
degrees (Tabie 6). All three newly designed and synthesized catalysts are active
and compare favorably with the commercially available Co0-MoQ,. Table & gives data
which demonstrate the positive effect of sulfiding the cataTysts before or during
use. The Si0,- supported catalyst was selected for the present study on the basis
of cost effectiveness.
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Teble 1

Produc
Benzene
Toluene
Thiophenol
Diphenyl sulfide
Unknown
Dibenzothiophene
Thioxanthene
Triphenylmethane

tsb

9-Phenylthioxanthene

9,10-Dihydro-9,10-diphenylanthracene

Tetraphenylethylene

12,13-Dihydrodinaphthothiophene

1,1,1-Tripheny1-2-phenytethane

Polymer
Conversion

The Pyrolysis of Diphenylmethane

. a
with 58 and HZS/SB

—_

—

B W

w

w
[

. . (<}
WRWOAINMNO WNO OO WO

OCANOrHOOS OO0 W
(o]

%The reactions were done at 425°C for 30 min. at temperature with

of 2.5:1:1.

plus S charged.

Table 2

Temp, °C Time, min
300 30
250 30
425 30
425 60
425 120
425 30
425 30b
425 0

a

Mole ratio
S:PhZCH2

P b

0.5

SR

—
NN ~NRNN =

N NP OH~NO

The Reaction of S8 with Diphenylmethane

Gaseous
products, wt%

bweight percent of total sulfur plus diphenylmethane charged.

14,
25.

35

33.
34,
9.

44

24.

w
w

OMNOOOWM N
2O NBOOO~

Trace
Trace
0.0
0.4
Trace
25.2
35.8

H S:PhZCHZ:S ratio
The sulfur reaction was done under an argon atmospherg.

The results are given in mole percent based on the amount of starting material
except for the amount of polymer. The latter is given in weight percent of Ph?CH2

Polymeric
products, wt%

N O oN O X

The heat-up time was 2 minutes with an immediate temperature quench.
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Table 3

Productsb

Benzene

Toluene

Thiophenol

Unkncwn

Thiobenzophenone

Thioxanthene

Triphenylmethane
§-PhenyTfluorene
9,10-Dihydro-9,10-diphenylanthracene
Tetraphenylethylene
12,13-Dihydrodinaphthothiophene
1,1,1-Triphenyl-2-phenylethane
Conversicn

Time Dependence of 58-Ph2CH2 Product Distribution®

Time at temperature, min

¢ 30 60 120

0.4 1.1 1.3 1.8
0.6 3.6 4.2 3.3
2.0 6.9 7.3 5.5
1.2 0 0 0
0.9 0 0 0
1.3 0.7 G.9 0.7
0.5 1.3 1.6 1.1
0.9 0 0 0
0.2 0.2 0.3 0.3
7.6 0.4 0 0
1.6 1.6 1.5 1.7
0.2 0.3 0 C.3
46.9 49.9 48.8 47.5

4The reaction temperature was 425°C; the S:Ph,CH, mole ratio was 1; and the
reactions were done under an atmosphere of a?go%.
The results are given in mole percent based on the diphenylmethane charged.
The heat-up time was 2 min with an immediate temperature quench.

Table 4

Productsb

Benzene

Toluene

Thiophenol

Diphenyl sulfide
Unknown
Dibenzothicphene
Thioxanthene
TriphenyImethane
Tetraphenylethylene
12,13-Dihydrodinaphthothiophene
Polymer

Ph2CH2 conversion

a

except for the amount of polymer.
cp]us Sq charged.
The hedt
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Diphenylmethane Conversion with SB-HZSa

Time &t temperature, min

o° 15 30 60 120

0 0.4 1.0 1.1 1.3
0 6.7 8.0 6.9 6.7
0 7.5 9.0 8.6 8.2
0 Trace 0.4 0.2 0.4
0 0.7 0.7 0.6 0.6
0 0.5 0.8 0.7 0.7
0.8 1.5 2.0 1.4 1.2
0 0.2 0.4 0.3 0.2
0.3 0 0 0 0
0 Trace 0.4 Trace Trace
24.4 27.9 25.2 27.6 29.0
7.8 34,3 35.8 32.9 31.5

bThe reaction tenmperature was 425°C and the H,S:S:Ph,CH, molar ratios were 2.5:1:1.
The results are given in mole percent based bpon thg a%

ount of starting material

The latter is given in weight percent of PhZCH2

-up time was 2 min with an immediate quench.




Table 5. Diphenylmethane Product Distribution Using the Fe203 - 5102 Catalyst®

Gases co

Added  H,0 H, Hy  HD H,
Products H,SS(P) H,S°(P) S (6)  H,5°(U)
Benzene ‘T “83 71 43 “105
Toluene 1 75 67 21 88
Cyclohexanes 4} 3 7 0 5
Others 0 1 2 8 1
Conversion 1 88 gl 41 100

P=presulfided
U=unsulfided

%The reactions were cone in thg 12ml rocking autoclaves at 425°C for,l hr. H (4.9
x 107" moles), H,S (3.9 x 107° moles), and diphenyimethane (3 x 107> moles) wére
used. A 10 weigﬁt percent load of catalyst was used. The cited data is duplicate
resuits. The presulfiding was done by exposing the catalyst to 250 psi HZS’ 1400
psi H, and raising the temperature to 425°C and keeping it there for 1 hr.

bThe reaction temperatrue was 450°C.

Table 6. The React;on of Diphenylmethane Using the Tanabe Newly Synthesized

Catalysts
None Fe,0 Fe,0 Fe, 0 Fe,0
23 on 2r8, on %iB, on 3189 Co0 Mo,
CO/HZO/HZS NA Trace 4" 2 - Trace” 34
HZ/HZS NA 30 82 98 100 a9
HzéS 9 30 g2 a5 81 99
H2 NA 5 45 16 23 56
HZ/HZS/HZO NA 2 3 4 4 26

The reactions were done in the 12m1 rocking autoclaves at 426°C for.l hr. H, (4.9
x 107" moles), H,S (3.9 x 107 moles), and diphenylmethane (3 x 1077 moles) wgre
used. A 10 weigﬁt percert load of catalyst was used. The cited data is duplicate
results. The presulfiding was done by exposing the catalyst to 250 psi HZS’ 1400

psi H2 and raising the temperature to 425°C and keeping it there for 1 hr®

bThe catalyst is presulfided for this run.
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INCREASING THE ACTIVITY OF COAL MINERAL MATTER
FOR HYDRODESULFURIZATION AND HYDRODENITROGENATION

Kindtoken H-D. Liu and Charles E. Hamrin, Jr.

Department of Chemical Engineering
and Institute for Mining and Minerals Research
University of Kentucky
Lexington, Kentucky 40506

Catalysis by coal minerals has been the subject of much work in recent
years by Guin et al. (1,2), Granoff, et al. (3,4,5), Given and coworkers
(6,7), and Mukhejce and Chowdhury (8) since its discovery by Wright and
Severson (9) in 1972. Several studies using model compounds such as thio-
phene, benzothiophene, pyrrole, pyrrolidene, and n-butyl amine have also
been published based on work performed at the University of Kentucky (10-
16). It is the purpose of this paper to compare the hydrodesulfurization
(HDS) and hydrodenitrogenation (HDN) activities of mineral matter modified
by iron or nickel additions to the activities of untreated mineral matter.

EXPERIMENTAL - A pulse micro-reactor packed with mineral matter using hydro-
gen as the carrier gas was used to evaluate catalytic activity over the
temperature range of 573 to 723 K at 101 kPa. Conversions were calculated
from the total of C, gases detected in the product stream by gas chromato-
graphy. Details of the system are presented elsewhere (16). Modification
of mineral matter was carried out by preparing physical mixtures of Ky #9
and Ky #11 with Harshaw Ni-4301 (6% Ni and 19% W as oxides on silica-
alumina) and by evaporating various iron and nickel solutions containing
Ky #9 and Ky #11. Physical mixtures were prepared in two different ways.
In one method Ho-pretreated, —-24+42 mesh particles of LTA and the Harshaw
catalyst were combined to give 10 w/o nickel and loaded into the reactor
for activity testing. The activity was between that of the LTA and the
catalyst. A second physical method was used which gave more interesting
results. The catalyst was ground in a mortar and pestle and combined with
either of the LTAs, pressed, crushed to -24+42 mesh, and Hy pretreated as
for other test samples. The catalyst charged was 5 X 10-4 kg containing
10 w/o nickel (calculated).

Two grams of LTA were mixed with the corresponding amount of Ni (NO3) o
6Hy0 to give 10, 25, and 50 w/o Ni mixtures. A small quantity of double
distilled water (0.021) was added to dissolve the salt. If necessary, heat
was added for about 30 seconds to carry out the dissolution. The slurry was
then placed in a 383 K oven overnight to evaporate the liquid. The remaining
solid was pressed, sieved, and pretreated as described earlier. Similar
treatments were carried out with FeClg3*6H0, Fe(NO3)3'9H20, and NiCly-6H0.

RESULTS AND DISCUSSION - The HDN conversion for the combination of the Ky
#11 LTA with the ground Harshaw catalyst is shown in Figure 1, along with
the pure components. On the left is the Ky #11 LTA showing total conversion
along with the amount of butane and unsaturates. This contrasts sharply
with the catalyst which produces only butane, gives lower conversion, and
loses activity as pulsing continues. The mixture (3rd graph from left) pro-
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duces a mean conversion of 72.5 which 1s much higher than either of the
components indicating a synergistic effect. The first pulse produced only
butane but thereafter the butane accounted for about 12.5%, l-butene for
about 9%, and 2-butenes for about 51% of the total 72.5% conversion.
Apparently, the hydrogenation sites are quite sensitive to nitrogen
poisoning, but they do not affect the denitrogenation activity.

The effect 1s even more impressive when Ky #9 which was third lowest
in activity was combined with the powdered catalyst. As shown in Figure 2,
the mixture (right graph) gave a mean conversion of 77.2% which was the
highest of any material tested. Again the first pulse gave pure butane;
thereafter about 32% (of the 77.2%). After five pulses cis-2 butene appears
and is about the same value as butane with the remainder trans-2-butene.
No l-butene was observed.

The catalyst produced from Ni(NO3); 6H0 and Ky #11 evidenced quite
stable performance with a mean conversion of 53.6% which is very close to
the LTA value (Figure 1). Unsaturates make up almost all of the products.

Results for all of the Fe and Ni solution-type catalyst are presented
in Table I which gives both HDN and HDS conversion. None of the mixtures
improve the HDN conversion appreciably and the ferric nitrate decreases it
by 26%. Very large changes in HDS conversion are apparent since the LTA
gives < 1% and the 50% Ni yields a value of 38.8%. The values of the sur-
face area for the N1 treated mixtures give a mean value of 28.9 m2/g + 2.2
which is slightly less than the untreated LTA value of 32.0. This indicates
the added Ni is responsible for the increase in activity and the surface
area is unaffected by the treatment. The iron treatment shows some improve-
ment as does the nickel chloride, but the nitrate is by far the most effec-
tive treatment rivaling the Harshaw mixtures as shown in Figure 3. Here it
is seen that 107 Harshaw with Ky #11 gives 23% conversion compared to 21%
for the above treatment. The highest HDS conversion was 24.2% for the Ky#9-
Harshaw mixture. 1t is also interesting to note that the Harshaw catalyst
does not give a high concentration of n-butane as it did for HDN. Probably
H25 poisoning is responsible for the lack of hydrogenation.

The effect of temperature on HDS conversion for Ky #11 mineral matter,
25% Ni, and 50% N1 is shown on Figure 4. The 25% Ni mixture increases
linearly by almost 3-fold from 600 to 700 K. The 50 w/o mixture increases
7-fold from 500 to 700 K. It is also obvious that the activity has increased
significantly for the Ni-mixtures over the untreated mineral matter. One
measure of this is the temperature required for the more active materials
to give the same conversion as the mineral matter; i.e. 1% at 683 K. This
requires considerable extrapolation, but it is estimated that the 25% Ni
mixture would require a temperature of 523 K and the 50 w/o about 453 K.

Another comparison is shown in Figure 5 where log conversion is plotted
against the reciprocal temperature. A previously reported curve is shown
for presulfided Ky #11 LTA (Morooka and Hamrin, 10) which gave an activation
energy of 58.6 kJ/mole. In this study a value of 57.5 kJ/mole was found for
Hy-treated Ky #11 which is in good agreement with the earlier value indi-
cating that pretreatment by H or HyS does not affect the activation energy.
Shown on the figure are the data for the 25% Ni mixture which gave a value
of 30.4 kJ/mole with a correlation coefficlent (r = 0.97). For the 50%




Ni-LTA, a value of 30.3 kJ/mole (r = 0.97) was found. The Ni treatment cut
the activation energy almost in half, but increasing the amount of Ni from
25 to 50 w/o had no effect on it.

Additional Hg-treatment on the Ni-modified LTA catalyst increases its
HDS activity but decreased its HDN activity. Typical results are given in
Table II for the 25% Ni mixture where the HDN activity decreased from 54.7
to 47.5 when additional Hy treatment of 95 hours was carried out. This may
be explained by the increase of cracking activity of the catalyst as the
reduction of Ni sites proceeded.

The fact that Ni-added catalyst increased the HDS activity up to 58
times seems due to the high hydrogenation activity of Ni metal which plays
an important role on the hydrocracking of thiophene as the first step to
give 1,3-butadiene followed by hydrogenation to give n-butenes and butane.
On the other hand, since the Ni added catalyst only keeps the HDN activity
unchanged implies that the hydrogenation activity of Ni metal does not con-
tribute to the n-butylamine conversion; therefore the n-butylamine HDN con-
version 1s not a hydrocracking reaction but a cracking reaction in which
dehydrogenation occurs.

Pyrrole and pyrrolidine pulsing on Ni modified Ky #11 LTA catalyst
showed some poisoning effect on the n~butylamine HDN activity while thio-~
phene pulsing increased the HDN activity from 41% to 51% but decreased the
selectivity to n~butane.
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Effect of Fe and Ni Modification of Ky #11 LTA
on HDN and HDS Conversions

w/o Added
Addition Compound Element
None 0
Fe(N03)3'9H20 10
FeClj 6H20 10
NiCl, 6H20 10
Ni(N03)£ 6H20 10
Ni(N03)i 6H20 25
Ni(NO3)£ 6H20 50

TABLE I

Surface Area

n?/g
32.0

Conversion*
HDN HDS
52.0 0.78
38.6 1.98
48.0 0.96
48.8 4.73
53.6 14.0%%
54.7 16.0
60.7 38.8

* At 673 K, W/F = 2.91 g cat-hr/mole, 4 hr hydrogen pretreatment at 673 K.

** Extrapolated to O additional H

treatment.

2
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TABLE II

Effect of Additional Hy Treatment on
HDN Activity of 25% Ni-Ky #11 Mixture

HDN Conversion From
C4's Produced, %

€y - C43 By Cracking, %
Total Conversion, %

n-Butane in Total, 7%

Additional H, Treatment at 673 K, hr
0 1 39 95

54.7

1+

0.9 51.0

1+

0.7 50.1 +

+
=
w

6.0 + 0.7 7.4+ 4.1 11.0 + 1.1 18.
60.7 58.4 61.1 65.

7.9 4+ 1.4 9.1+ 1.1 16.5 + 3.3 49,
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Figure 4. HDS Conversion versus Reaction Temperatures

Figure 5. Comparison of Thiophene Conversion - Temperature
Relationships for KY # 11 and KY # 11 - Ni Mixture.

for KY # 11 with and without Nickel.
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Relative Activity of Transition Metal Catalysts
in Coal Liquefaction

Diwakar Garg and Edwin N. Givens

Corporate Research & Development Department
Air Products and Chemicals, Inc.
P.0. Box 538, Allentown, PA 18105

Abstract

The catalytic activity of transition metals for coal liquefaction was studied
and compared. Impregnation of coal with transition metals significantly
increased the production of 0ils and the conversion of asphaltenes and preas-
phaltenes in coal liquefaction. Overall conversion of coal increased marginally
with transition metals. The production of hydrocarbon gases decreased slightly
with metals. Iron impregnation was more active in preasphaltenes conversion
than cobalt, nickel, and molybdenum; whereas the other metals were more active
in asphaltenes conversion than iron. Hydrogen consumption decreased with the
use of metals. The quality of generated solvent decreased with iron, whereas

it increased with other metals. Significant synergism was observed between

iron and molybdenum. Simultaneous impregnation of coal with iron and molybdenum
significantly increased the conversion of coal, asphaltenes, and preasphaltenes,
and the production of 0ils compared to individual metals. The mixture of iron
and molybdenum also decreased the hydrocarbon gas production over iron and
molybdenum alone. In addition, the gquality of generated solvent was higher

with iron and molybdenum mixture compared to iron alone.

Introduction

Extensive research has been performed in the areas of catalytic and non-catalytic
coal liguefaction. It is well known that in coal liquefaction, high-molecular
weight compounds rupture thermally, producing unstable free radicals. These
free radicals react with hydrogen donated by hydrogen donor species present in
the process solvent to form stable species. Therefore, the presence of
sufficient hydrogen donor compounds in the coal liquefaction reaction mixture

is necessary to prevent the repolymerization of free radicals thereby aiding

the production of lower-molecular-weight oils and asphaltenes. It has been
speculated that mineral matter catalyzes the coal liquefaction reaction by
enhancing the transfer of hydrogen from the gas to 1iquid phase thus maintaining
the hydrogen donor capability of the process solvent.

The catalytic effect of mineral matter on hydrogenation of model compounds and
coal has been investigated by a number of investigators.(1-12) Iron compounds
which are abundant both in nature and as an article of commerce were studied
extensively. The Germans found that adding iron sulfate and Bayermasse (iorn
oxide containing material obtained from aluminum manufacture) to feed slurry
improved coal liquefaction.(13) Numerous researchers who have studied the
catalytic activity of iron as either iron pyrite or pyrrhotite in liquefaction
have reported improved results.(14-22)




Like iron, molybdenum and several other transition metal have been shown to
catalyze coal liquefaction.(13,23,24,25,26) Since transition metals are both
expensive and scarce, their application in liquefaction will depend greatly on
their activity at low concentrations. Interestingly, several metals have been
shown to be very active in coal liquefaction at very low concentrations.(13,25,26)

In the present paper, the activity of iron, molybdenum, cobalt, and nickel in
catalyzing the liquefaction of coal is discussed. The catalytic activity will
be related to the product distribution which will include hydrocarbon gas
make, oil yield, asphaltene and preasphaltene yields, and degree of coal
conversion. The effect of iron and molybdenum mixtures was also studied.

A1l the data reported in this paper refer to results in a continuous 100
pounds per day coal process unit.

Experimental Section

Materials. A Tow-ash, low-pyrite Eastern Kentucky Elkhorn #2 coal obtained
from a mine in Letcher County was used in the study. The sample was treated
in a coal preparation plant to reduce the ash and pyrite contents. This
sample was purposely selected to minimize.the influence of the coal ash and
pyrite on the liquefaction. The coal sample was ground to 95% minus 200 mesh
particles, dried in air and screened through a 150 mesh sieve prior to use.
The detailed analysis of the screened coal is reported in Table 1

SRC-II heavy distillate supplied by the Pittsburg and Midway Coal Mining
Company was used as a process solvent. The chemical analysis of the process
solvent is shown in Table 2. The solvent contained 93.8% pentane-soluble
0ils, 5.0% asphaltenes, 0.4% preasphaltenes, and 0.8% insoluble organic
material (pyridine insolubles). The process solvent contained organic
compounds boiling in the range of 550 to 850°F temperature.

Iron sulfate (Fe504.7H 0) was received from Textile Chemical Company, Reading,
Pennsylvania. The samB]e contained approximately 97% iron sulfate cyrstals
and minor quantities of iron oxide, titanium dioxide and magneisum sulfate as
impurities. Ammonium molybdate, nickel nitrate, and cobalt nitrate were
reagent grade materials obtained from Fischer Scientific Company, Fair Lawn,
New Jersey.

Metals Impregnation. A sample of coal was impregnated with 1% iron by adding
a 10.0% ferrous sulfate solution in distilled water to ground coal. Three
different samples of coal were impregnated with 0.02% molybdenum, nickel, and
cobalt by mixing the samples with 0.5% ammonium molybdate, nickel nitrate and
cobalt nitrate solutions, respectively. Since molybdenum, nickel, and cobalt
are very expensive compared to iron, very low concentrations (200 ppm) of
these metals based on coal were used. Another sample of coal was impregnated
simultaneously with a mixture of 1 wt.% iron and 0.02 wt.% molybdenum based on
coal. The impregnated coal samples were dried at 60°C for 72 hours and ground
under nitrogen before use in liquefaction experiments.

Equipment. Process studies were done in a continuous 100 pound/day coal
Tiquefaction unit equipped with a continuous stirred autoclave. The use of a
stirred tank reactor ensured that solvent vaporization matched that of an
actual coal liquefaction dissolver and that coal minerals did not accumulate.
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Since there was no slurry preheater, all of the sensible heat was provided by
resistance heaters on the reactor. Because of this high heat flux, the reactor
wall was about 27°F hotter than the bulk slurry. Multiple thermocouples
revealed that the slurry temperature inside the reactor varied by only 9°F

from top to bottom. A detailed description of the reactor is presented
elsewhere. (27)

The products were quenched to 320°F before flowing to a gas/liquid separator
that was operated at system pressure. The slurry was throttled into the
product receiver while the product gases were cooled to recover the product
water and organic condensate. The product gases were then analyzed by an
on-line gas chromatograph.

Procedure. Coal Tiquefacticn runs were performed at 825°F, 2,000 psig
hydrogen pressure, 1,000 rpm stirrer speed, hydrogen feed rate equivalent to
5.5 wt. ¥ of coal, and a superficial slurry space velocity of 1.5 inverse
hours. The coal concentration in the feed was 30 wt.%.

At least 10 reactor volumes of the product were discarded prior to collecting
a product sample. A complete sample consisted of one 8-0z product slurry, one
1-L product slurry as back-up sample, a light condensate sample, and a product
gas sample.

The product slurry from the continuous reactor was solvent separated into four
fractions: (1) pentane-soluble material (0il), (2) pentane-insoluble and
benzene-soluble material (asphaltene), (3) benzene-insoluble and pyrdine-soluble
material (preasphaltene), and (4) pyridine-insoluble material. The latter
contains insoluble organic material (IOM) and mfnegal residue. The overall

coal conversion is calculated as the fraction of organic material (moisture-ash-
free coal) soluble in pyridine.

Results and Discussion

Effect of Transition Metals - The impregnation of Elkhorn #2 coal with 1 wt.%
iron had no effect on overall coal conversion but increased the production

of oils from 12 to 25% (Table 3). The production of hydrocarbon gases decreased
with iron; the decrease in the production of hydrocarbon gases is statistically
significant at this level. The production of heteroatom gases changed marginally
with iron impregnation. The preasphaltene concentration decreased from 44 to

36% with iron impregnation. Hydrogen consumption based on elemental hydrogen
balance decreased from 0.6 to 0.4 percent with iron impregnation.

The hydrogen contents of the oil, asphaltene and preasphaltene fractions were
lTower with iron impregnation compared to the baseline run (Table 4). Apparently
the dispersed iron system was not effective in hydrogenating the liquefaction
products. This would be advantageous in that expensive hydrogen would not
wasted in hydrogenating SRC (asphaltenes and preasphaltenes), which would be
used ultimately as a boiler fuel. The SRC sulfur content was unchanged with
iron impregnation. Likewise, the sulfur contents in the various fractions

were unaffected with iron (Table 4). Nitrogen content in the oil and asphaltene
fractions decreased slightly, whereas it increased in the preasphaltene
fraction. The oxygen content of oils decreased slightly, but it increased
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significantly in the asphaltene and preasphaltene fractions with iron impregnation.
No definite conclusion could be drawn concerning deoxygenation because oxygen
content was determined by difference.

The hydrogen distribution in the solvent generated by coal liquefaction was
determined by proton NMR to determine the changes in solvent quality by iron
impregnation. The hydrogen donor capability of a solvent was measured in

terms of the combined concentration of H, and H_. The higher the combined
concentration of H_ and H_, the better wduld be’the quality of the process
solvent. Data in ?ab]e 5 revealed that the hydrogen donor capability of the
solvent generated with no catalyst and with iron was lower than that of the
original process solvent. The aromatic hydrogen content of solvent increased
with both no catalyst and with iron. However, the increase in aromatic hydrogen
content was more dramatic with iron. The decrease in the quality of the

solvent generated with iron was contrary to the speculation made by several
researchers that mineral matter improved coal liquefaction by enhancing hydrogen
transfer from gas to liquid. In terms of actual plant operation, a decrease

in solvent quality means a decrease in the liquefaction performance. Therefore,
the generated solvent has to be hydrogenated externally to increase its hydrogen
donor capability and to maintain the liquefaction performance of the iron
catalyst.

The impregnation of coal with 0.02 wt.% (200 ppm) cobalt and molybdenum increased
the coal conversion slightly. The magnitude of the increase in coal conversion
was very similar to that obtained with 1 wt.% iron (Table 3). The coal conversion,
however, decreased with nickel impregnation. The production of o0ils increased
significantly from 12 to 20-21% with cobalt, nickel, and molybdenum. The
increase was slightly lower than that obtained with iron. The production of
hydrocarbon gases was higher with cobalt, nickel and molybdenum than iron but
still lower than the base-line run. Preasphaltenes conversion increased with
cobalt, nickel, and molybdenum, but it was much lower than that noted with

iron. Asphaltenes yield was slightly lower with cobalt, nickel, and molybdenum
than iron; asphaltene concentration decreased from 21 to 18 with cobalt,

nickel, and molybdenum, whereas it decreased to 19 percent with iron

Hydrogen consumption based on elemental hydrogen balance was lower with cobalt,
nickel and molybdenum compared to baseline run (Table 3). Lower hydrogen
consumption was due to Tower production of hydrocarbon gases and lower hydrogen
contents in the asphaltene and preasphaltene fractions (Table 4). Like iron,
other metals were also found to be ineffective in hydrogenating asphaltenes

and preasphaltenes. Nitrogen and sulfur contents in various fractions were

very similar with and without metals. The hydrogen contents of the oil fractions
obtained with metals were similar to the base-1ine run except for nickel

(Table 4).

The quality of solvent generated with cobalt, nickel and molybdenum was higher
than that generated either with iron or without metals (Table 5). The concen-
tration of H,, decreased and that of H_and H_ either increased or maintained
with cobalt, 'nickel and molybdenum. TRe incrlase in the quality of generated
solvent is an indicative of enhancement of hydrogen transfer from gas to
liquid phase with cobalt, nicke! and molybdenum catalysts.
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The above discussion showed that the impregnation of Elkhorn #2 coal with
metals significantly increased oils production, increased preasphaltene
canversion and decreased hydrocarbon gas make. The metals, however, did not
change SRC sulfur content.

Comparing the activity of iron to that of other metals, it was found that iron
impregnation yielded higher o0ils production and preasphaltenes conversion than
other metals. However, other metals were more active in asphaltenes conversion
than iron. The hydrogen content of generated solvent decreased with iron and
nickel, whereas it was maintained with cobalt and molybdenum. The quality of
generated solvent decreased with iron, but it increased with other metals.

Interaction of Metals in Coal Liquefaction - To utilize the selective activity
of iron for the conversion of preasphaltenes and of other metals for the
conversion of asphaltenes, a sample of coal impregnated simultaneously with
iron and molybdenum was liquefied. The conversion of both asphaltenes and
preasphaltenes increased with iron/molybdenum mixture compared to iron and
molybdenum alone (Table 6). In addition, oils production increased significantly
with the mixture compared to iron and molybdenum alone. Iron and molybdenum
together not only increased oils production and asphaltenes and preasphaltenes
conversion but also significantly increased the overall coal conversion from
87 to 91%. The production of hydrocarbon gas was lower with mixture than
either alone. The SRC sulfur content changed slightly, but the change was
within the 1imits of experimental error. These increase in coal conversion,
oils production and asphaltenes and preasphaltenes conversion indicated a
significant synergistic effect of the two metals.

Hydrogen consumption with the iron/molybdenum mixture was higher than molybdenum
and iron alone (Table 6). The hydrogen content of the various fractions generated
with iron/molybdenum mixture was very similar to that obtained with iron and
molybdenum alone (Table 7). No significant differences were noted in the

nitrogen and oxygen contents in the various fractions generated with iron and
molybdenum alone or used together except for slightly lower nitrogen content

noted in preasphaltene fraction obtained with iron/molybdenum mixture. The
quality of solvent generated with iron/molybdenum mixture was higher than iron
alone, but was lower than that obtained with molybdenum alone (Table 8).

The above discussion shows that a synergism exists between iron and molybdenum
in the catalysis of coal liquefaction reaction. This synergism can be
effectively utilized to increase the oils production and the conversion of
asphaltenes and preasphaltenes. Furthermore, the increase in oil production
can be obtained without significantly increasing hydroger consumption by
taking advantage of synergistic effect. The combination of iron and moly-
bdenum, however, is ineffective in reducing SRC sulfur content.

Conclusion

The impregnation of coal with transition metals like iron, cobalt, nickel, and
molybdenum increases the oils production by increasing the asphaltenes and
preasphaltenes conversion. Metals impregnation also help in improving overall
coal conversion except for nickel. The production of hydrocarbon gases decreases
with metals. Likewise, hydrogen consumption decreases with metals. Iron is

more active for the conversion of preasphaltenes and the production of gils

than other metals, where.s it is less active for the conversion of asphaltenes.
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These differences may partly be due to the use of higher concentration of iron
than other metals. Since iron is rather inexpensive compared to other metals,

it is economically feasbible to use higher concentration. On the other hand,

it is not economically feasible to use higher concentration (greater than 200
ppm) of other metals. Simultaneous impregnation of coal with iron and molybdenum
shows significant synergism in coal liquefaction. The conversion of coal,
asphaltenes, and preasphaltenes and the production of oils are much greater

with iron/molybdenum mixture than either of them alone. The mixture also

results in lower hydrocarbon gas make than iron and molybdenum alone. The
mixture, however, is ineffective in reducing the SRC sulfur content.
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Table

Chemical Analysis of Elkhorn #2 Coal Sample

Carbon
Hydrogen
Oxygen
Sulfur
Nitrogen

Moisture
Ory Ash

Distribution of Sulfur

Total
Sulfate
Pyrite
Organic

Analysis of SRC-II] Heavy Distillate

Table 2

Weignt

o —

77.84
5
7
1
1

24

.20
.08
.75

.55
.29

Element

Carbon

Hydrogen

Oxygen

Nitrogen

Sulfur

Effect of Transition Metals on Coal Liquefaction

Table 3

Weight %

8

O~ — w0

[ RN NS

Catalyst None
Metal Concentration,

wt.% Coal -
Feed Composition
Temperature, °F 825
Pressure, psig 2,000
Hydrogen Flow Rate, MSCF/T 18.9
Reaction Time, Min. 35

Product Distribution, wt.% MAF Coal

HC 5.2
co, COZ 0.7
H,S 0.3
ofts 12.2
Asphalitenes 21.2
Preasphaltenes 44,2
1.0.M. 14.7
water 1.5
Conversion 85.3
Hydrogen Consumption,
Wt.% MAF Coal 0.64
SRC Sulfur, % 0.6
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Iron Cobalt
1.0 0.02
70% Solvent + 30%
825 825
2,000 2,000
20. 23.
32. 36.
3.5 3
0.6 0
0.2 0
25.0 21
19.1 17.
35.8 40
13.5 14,
2.3 1
86.5 85
0.40 0.
0.6 0.
8

NP WR NG A N®

>

Coal

~N @

©

Nickel

0.02

825
2,000

23.

37

NOULUNoOoOu®

oo
vw

Molybdenum

0.02

825
2,000

36.

oo
Y

@W WD N~ —
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Table &

Qistribution of Elements in Varijous Liguefaction Reacticn Fractions

Catalyst None Iron Cobalt Nickel Mo tybdenum

0il Fraction, wt.%

C 89.5 89.9 89.6 89.8 89.5
H 7.2 7.0 7.2 7. 7.2
0? 1.7 1.5 1.7 1.7 1.7
N 0.9 a.8 0.8 0.8 0.9
S 0.7 0.7 0.7 n.g 0.7
Asphaltene Fraction, wt.%
¢ 85.9 85.6 85.6 85.0 85.3
Ha 6.3 6.0 5.8 5.9 5.9
0 4.8 5.5 5.7 6.2 6.0
N 2.4 2.4 2.3 2.4 2.2
S 0.6 0.5 0.6 0.5 0.6
Preasphaltene Fraction, wt.%
c 85.3 82.9 83.5 83.5 83.4
Ha 5.2 4.9 4.7 4.6 5.1
0 6.2 8.9 8.9 9.0 8.3
N 2.2 2.6 2.3 2.3 2.6
S 0.6 0.7 0.6 0.5 0.6
Oxygen is determined by difference
Table 5
Distribution of Protons in the 0i)] Fraction
Process Generated Solvent
Catalyst Solvent None Iron Cobalt Nickel Molybdenum
Total Hydrogen, wt.% 7.2 7.2 7.1 7.2 7.1 7.
BaR 3.20 3.26 3.64 2.90 2.88 2.75
Ha 2.02 1.95 1.80 2.12 2.24 2.32
By 1.98 1.99 1.66 2.18 1.97 2.13
HAR = concentration of araomatic protons
H_ = concentration of alpha protons defined as protons on carbon atoms immediately

adjacent to an aromatic ring.

H_ = concentration of beta and higher protons defined as those protons residing
on two or more carbon atoms removed from an aromatic ring

9
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Table 6

Synergistic Effect in Co.

al Liquefaction

Catalyst Iron
Metal Concentration, 1.0
wt.X coal
Feed Composition 70% Solven
Temperature, °f 825
Pressure, psig 2,000
Hydrogen Flow Rate, MSCF/T 20.6
Reaction Time, Min 32.8
Product Distribution, wt.% MAF Coal
HC 3.5
co, CO2 0.6
H?S 0.2
Oils 25.0
Asphaltenes 19.1
Preasphaltenes 35.8
1.0.M. 13.5
Water 2.3
Conversion 85.6
Hydrogen Consumption,
wt. % MAF Coal 0.4
SRC Sulfur, % 0.6

Table 7

Mo lybdenum

t + 30% Coal
825
2,000
23.

36.

(LN

~
OO®NWR N O N —

oo
s
o

Iron + Moiybdenum
1.0 iron + 0.02
mo lybdenum

825

2,000
23.4
37.2

3
0
0

36.
15
33.

NDWOoONW O N —

~ @
pre

Distribution of Elements in Various Liquefaction Fractions

Catalyst Iron
0il Fraction, %
89.9
H 7.1
o? 1.5
N 0.8
S 0.7
Asphaltene Fraction, X
C 8

Ha
0

N
s

onnad
cawoo

Preasphaltene Fraction, %
c

o

oNn®eR
OV

L)
oa
N
S

a Oxygen is determined by difference

Table 8

Distribution of Protons in the 0il Fraction

Molybdenum

8!

[SR=T RN}
~NWw NN

[
omnowe
aNOCVW

®

onOWwW
AP w— s

Catalyst Iron
Total Hydrogen, wt.% 7.1
HAR 3.64
H 1.80
a
L 1.66
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Molybdenum
7.2
2.75
2.32
2.13

Iron e Molybdenum
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Iron + Molybdenum
7.2
2.92
2.15
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DISPOSABLE CATALYSTS IN TWO-STAGE COAL LIQUEFACTION

S.B. Reddy Karri and V.K. Mathur*

Department of Chemical Engineering
University of New Hampshire
Durham, NH 03824

Introduction

In Two Stage Liquefaction, coal is dissolved and partially hydrogenated
in the short contact time first stage using process derived solvent as vehicle
oil. The unreacted coal and ash are removed by antisolvent deashing and the
product 0il is upgraded in a separate catalytic reactor (Stage II). This
scheme is proposed as a means of converting coal to distillate with higher
yield, reduction in hydrogen consumption, and minimal catalyst poisoning since
no catalyst is used in the first stage. A number of papers have been published
discussing various aspects of this technique (1,2,3,4,5).

In this investigation a disposable ore catalyst consisting of a mixture
of bauxite, 1imonite, and molybdenum ore concentrate is added to the first
stage and its effect on the yield and quality of the product oil from the
second stage is studied.

Rationale for the Use of Ores as Catalysts

Our research work (6,7) as well as a Titerature review reveals that
cobalt and molybdenum are eminently suited catalysts for hydrogenation and
hydrodesulfurization of coal, whereas nickel and molybdenum are good for
hydrodenitrogenation. Other metals like iron, copper, tin, zinc, platinum,
and tungston have also been found to be effective in coal liquefaction (8).
The most inexpensive sources of these metals are their ores where they are
present mostly as sufides or oxides

A number of researchers (9,10) have shown iron pyrites to be an effective
catalyst in coal ligquefaction. Our earlier studies (11,12,13) have shown that
mixtures of iron pyrites and minerals containing other catalytic active transi-
tion metals were better liguefaction catalysts than iron pyrites alone. The
best ore catalysts tested, in terms of high liquid yield and low product oil
viscosities, were mixtures of pyrites, molybdenum ore concentrate, and cobalt-
containing ores.

In this study an acid treated (14) mixture of bauxite, limonite and
molybdenum ore concentrate was used as a disposable catalyst in the first

stage. In the second stage a commercial supported nickel-molybdenum catalyst
was used for hydroprocessing.

*Inquiries should be addressed to this author.
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Materials, Experimental Equipment, and Experimental Procedure

The major materials used in this study consisted of bituminous coal, a
coal-derived heavy distillate, and a disposable ore catalyst. Bitminous coal
from the Blacksville No. 2 mine, West Virginia (Pittsburgh seam) whose proxi-
mate qnd ultimate analyses are presented in Table I was used. The vehicle oil
was distillate with a boiling range 232-455°C produced at .the Ft. Lewis pilot
plant running in the SRC-II mode.

A mixture of acid treated bauxite, limonite, and molybdenum ore concen-
trate (analyses of ores given in Table II) was used as a disposable catalyst
in Stage I. A commercially available supported Ni-Mo-alumina catalyst from
American Cynamid Co. (HDS-3) was used as a hydroprocessing catalyst for the
Stage II. The catalyst and coal used were ground to minus 200 mesh. Hydrogen
gas of > 99.95% purity was used.

Experimental Equipment

The hydrogenation reaction was carried out in a stainless steel liner
placed in a high pressure internally stirred autoclave of one liter capacity.
The experiments were carried out at a stirrer speed of 1000 rpm. The autoclave
was provided with a cooling coil through which water could be passed to reduce
the reaction temperature if so desired. The autoclave had an electric furnace
controlled with a proportional temperature controller. The temperature of the
reaction mass was continuously monitored by a temperature recorder. In addition,
the autoclave was provided with a thermowell, a pressure gauge, a vent, a
sampling valve, and a safety rupture disc. A compressor was used to pressurize
the autoclave with hydrogen.

Experimental Procedure

Each of the experimental runs consisted of two stages. In the first,
SRC-I1 distillate was used as the vehicle while in the second, the liquid
product from the first stage was used instead. This procedure was followed to
approximate the use of product oil from the Stage I for hydroprocessing in
Stage II.

Stage I Liguefaction: Forty grams of crushed coal were placed in the
liner. About 83.6 gms of SRC-II distillate (in approximately 1:2.1 ratio)
were then added to the liner. A pre-determined amount of the disposable ore
catalyst was next added to the contents of the 1iner. The stirrer assembly
was fitted onto the autoclave and securely bolted. After testing for leakage,
the autoclave was purged with hydrogen. 1t was then pressurized to a pre-
determined value so that a pressure of about 2000 psig (13.79 MPa) was reached
at the reaction temperature. The heating was initiated thereafter. It usually
took 65-70 minutes to heat the autoclave and its contents from room temperature
to reaction temperature. The reaction was then allowed to proceed for a given
period of time. The temperature was maintained at the reaction temperature
during this period. After the elapse of reaction time, the reaction was
arrested by turning off the power to the furnace and cooling the contents down
rapidly by passing cold water through the cooling coil. The autoclave was
allowed to cool down to room temperature by leaving it overnight. The 1ique-




Table I

Proximate and Ultimate Analyses of Coal Sample

Proximate Analysis

As Recd. Moist. Free Moist., Ash Free
% % %
Moisture 1.2 N/A N/A
Volatile 35.8 36.2 41.0
Fixed Carbon 51.5 52.1 59.0
Ash 11.5 1.7 N/A
Ultimate Analysis
As Recd. Moist. Free Moist., Ash Free
% % %
Hydrogen 5.0 4.9 5.5
Carbon 72.0 72.9 82.5
Nitrogen 1.0 1.2 1.4
Sulfur 2.7 2.7 3.
Oxygen . 7.7 6.7 7.6
Ash 11.5 1.7 N/A
Btu/1bm 12,892 13,052 14,776
Table 11
Mineral Ores and Their Percent Composition
1. Limonite Ni 1.1 Si 16.4
Mg 9.8 Fe 20.2
Al 1.4 Cr 0.5
2.  Molybdenum Oxide Mo 47.0 Ca 0.4
Concentrate (Moly. Corp.) Fe 2.8 Cu 0.5
Si 3.5 Sn 0.4
Mg 0.6 Zn 0.2
Al 0.6 K 0.2
S 0.4
3. Bauxite (Canada) Mn 0.1 Si 1.9
Ni 0.5 Ca 0.3
S 0.1 Co 0.1
Sn 0.7 Al 28.8
Ti 10.1 Cr 0.3
Mo 0.2 Cu 0.1
Ag 0.1 Fe 5.6
Na 0.6 K 0.3
Mg 0.1
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fied products were then taken out of the autoclave and hot filtered to remove
unconverted coal, ash, and catalyst. The filtered liquid and residue were
weighed and percent conversion and liquefaction calculated. Viscosity of the
product liquid at 60°C was determined using a Brookfield viscometer.

Stage II Liquefaction: The same procedure was repeated using filtered
product liquid from the Stage I. A commercial supported Ni-Mo catalyst was
used for this stage.

Results and Discussion

_ The main objective of this investigation was to study the effect of
addition of a disposable catalyst in the Stage I on the yield and quality of
product 0il from the Stage II. The percent conversion, percent oil yield and
viscosity of the product oils are presented in Table III.

Percent conversion and liquefaction of coal are defined as follows:
Percent Conversion = {Original Coal (macf) -
Residue (macf)} x 100/0riginal Coal (macf)
Percent Liquefaction = Liquid Products x 100/0riginal Coal (macf)
where macf = moisture, ash, catalyst free

Experiments S.N. 1 through 12 show the effect of addition of a disposable
catalyst to Stage I. Experiments were conducted at reaction time of 30, 10,
and 6.5 minutes for Stage I, whereas reaction time for Stage Il was kept
constant at 30 mintues. The other operating conditions were maintained the
same as mentioned earlier under experimental procedure. It was found that
percent coal liguefaction for all Stage I reaction time was about 10 percent
higher when the disposable catalyst was used. Similarly, viscosity of product
oil, from both Stage I and 1I, was lower for all Stage I reaction time when
the disposable catalyst was used. Product oil from Stage II showed about 35
percent reduction in viscosity with the use of our disposable catalyst in
Stage I.

In another set of experiments S.N. 13 through 16, effect of reaction
temperature on product oil viscosity from Stage II was studied. Experiments
were conducted at reaction time and temperature of 30 minutes and 400°C in
Stage II, respectively, with and without the use of the disposable catalyst in
Stage I. The first stage liquefaction was conducted at reaction time and
temperature of 6.5 minutes and 425°C, respectively. The viscosity of product
0oil from Stage II was found to be lower by only about 20 percent as compared
to 35 percent in earlier experiments S.N. 9 through 12. This is considered
due to lower reaction temperature in Stage II

Solvent analysis (15) was performed on product oil from Stage II for
experiments S.N. 14 and 16. It was found that asphaltene content (cyclohexane
insolubles) of product oil with no catalyst used in Stage I was 12.3 against
8.3 percent when liquefaction was conducted in Stage I in presence of the
disposable catalyst. Preasphaltene (THF insolubles) content was found to be
0.3 percent in both the cases.
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Conclusions

The disposable catalyst containing acid treated bauxite, limonite, and

molybdenum ore concentrate when used in the first stage of the Two-Stage
Liquefaction process improved the yield and quality of product oil. Coal
liquefaction yield in Stage I increased by about 10 percent with the use of
this catalyst. Similarly, the viscosity of product oil from Stage II showed a
decrease of 20-35 percent when the disposable ore catalyst was used in Stage

I
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COAL LIQUEFACTION WITH TIN OXIDE CATALYST

M. Mizumoto, H. Yamashita, and S. Matsuda
Hitachi Research Laboratory
Hitachi Ltd.

Ibaraki, Japan 31912

INTRODUCTION
In recent years, a large amount of work has been performed in the

region of coal chemistry. Liquefaction of coal has been investigated widely
not only of industrial application but also fundamental interests. Various

catalysts are examined in a huge amount of papers reported. They are
classified into many categories. One of them 1is metal oxide catalyst.
Metal oxide catalysts are easily prepared and handled. Iron oxide catalyst
and HDS catalyst have been tested in pilot scale experiments. In this

paper, we examined the catalytic activity of metal oxide catalysts for
direct liquefaction of coal.

It is useful to investigate the mechanism of the liquefaction of coal
using model compounds which are typical of coal. In the latter part of this
paper, we examine the hydrogenation of benzyl ether and discuss the reaction
path of liquefaction.

EXPERIMENTAL SECTION

Figure 1 shows the experimental apparatus used in this work. The auto-
clave was made of stainless steel. Coal or model compounds were mixed with
solvent and catalyst in the autoclave by continuous stirring. The autoclave
was heated up to reaction temperature at a rate of 59C/min under pressurized
hydrogen.

Liquid products were seperated into three fractjons by solvent
extraction. That is, n-hexane soluble fraction was calted oil, n-hexane
insoluble and toluene soluble fraction was called asphaltene, and toluene
insoluble fraction was called residue. Conversion of coal was calculated
from the weight of residue (daf). Gas chromatography was used for analysis
of gas and liquid products. Residue was analyzed by X-ray diffraction.

The composition of coals used in this work is shown in Table 1.
Powdered coal (0.1 - 0.4 mm) was mixed with twofold of creosote oil.
Catalysts were prepared by the following methods. That is, calcination of
hydroxide (Fep03, Ti02, MnO, In0, $n02) and impregnation method
(Co-Mo-A1203, Ni-Mo-Ti02). Powdered catalyst passed through a 200 mesh
sieve was mixed with slurry in a ratio of 5 wt% to coal. Benzyl ether,
phenyl ether, and dibenzyl were used as model compounds. They were added to
1-methylnaphthalene (MN) or tetralin and hydrogenated in the presence or
absence of Sn0p catalyst.

RESULTS AND DISCUSSION

Coals were liquefied at 4500C for 30 min under pressure of 150 atm.
Pressurized hydrogen was allowed to flow at a rate of 300 l/hr (stp).




Figure 2 snows tne conversion of Taiheiyo coal 1liquefied with various
catalyts. [t was found that SnQp catalyst showed the highest activity, and
that the conversion of coal and yield of o0il reached 100% and 75%,
respectively. Consequently the reactions with Sn02 catalyst were examined
in detail hereafter.

At first, three kinds of coal were liquefied with 5n02 catalyst under
the same conditions mentioned above. Conversion of coal 1is shown in
Figure 3. It was found that the conversion of coal increases with the
content of volatile matter.

It was found that catalyst distributed in residue was reduced to metal-
lic tin from X-ray diffraction analysis. Therefore it was considered that
catalyst present in coal mixture under reaction conditions is melted tin
metal.

The following scheme 1is welli-known as the reaction path for coal
liquefactijon.

coal > fragments products

decomposition hydrogenation
recombination

carbonaceous solid

Scheme I

Coal is thermally decomposed to fragments followed by hydrogenation and
recombination reactions. Fragments were recombined with each other to form
carbonaceous solid which is one of the components of residue. When SnQp was
used as catalyst, residue was not formed. It is considered that Sn02 has
higher selectivity for hydrogenation than for recombination. In order to
confirm the reason we examined the hydrogenation of model compounds.

Benzyl ether was hydrogenated with or without SnQ» catalyst under

initial pressure of 150 atm. Figure 4 shows the gas chromatograms of
products hydrogenated at 3500C in 1l-methylnaphthalene. There are some
differences in product distribution. In the presence of Sn0p catalyst,

benzyl ether decomposed to toluene and benzyl alcohol. Compounds which have
higher boiling points than benzyl ether {called HBP compounds) such as
fluoranthene were formed at low selectivity. On the contrary, the selec-
tivity to HBP compounds increased in the absence of Sn0p catalyst. Products
from hydrogenation of benzyl ether with several catalysts are shown in
Table 2. The selectivity to HBP compounds was found to be about 40% without
SnQ2 catalyst, while in the presence of Sn0p about 10%. It was also found
that the selectivity was independent of the hydrogen donating property of
solvent.

Phenyl ether and dibenzyl were hydrogenated under the same conditions.

Compared with benzyl ether, conversions of them were low due to higher bond
energy.
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It was deduced that decomposition of benzyl ether takes place by the
following scheme from the results of this work.

O @ Qs 0 O == - 40

(1,‘! arpadicte)

Ercowlreylar radartanoaion

Scheme I1

Benzyl ether decomposed to benzaldehyde and toluene accompanied with intra-
molecular rearrangement of hydrogen without SnO2 catalyst. Benzaldehyde
decomposed consecutively to benzene and reacted with solvent molecule to
form HBP compounds such as fluoranthene. On the contrary, the reaction path
seems to be different in the presence of Sn02 catalyst. It was considered
that the rate of hydrogenation of intermediate becomes higher than that of
rearrangement with SnO2. Therefore benzyl ether decomposed to toluene and
benzyl alcohol with low selectivity to HBP compounds.

In this paper we discussed the reaction path of hydrogenation of coals

and model compounds. It was concluded that tin interacts with fragments of
coal and stabilized fragments to prevent recombination reaction.
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Table 1. Composition of coal.

_—— < T

: nroximate analvsis (%) ultimate analvsis (%)
coal - =
ash moisture v.nm, f.c. C H N
Taiheivo 13.9 5.1 43.8 37.2 63.9 5.6 1.1
Mi-ike 16,2 2.6 37.2 44,0 68,3 5.0 1.1
Da tong 9.7 1.9 23.9 59.5 77.5 4.6 0.9
Taiheiyo
Mi-ike
Da tong

0] 20 40 60 80 100
Conversion of coal (%)

Figure 3, Reactivity of coal with Sn02.

reaction temnerature; 450°C, reaction time;

30min, H2 pressure; 150atm
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Table 2. Products from nvdroeenation of benzvl ether,
catalvst | solvent selectivity (%)
benzene [tolusne |benzvl alcohol EBP commmds§
MN§ 4.7 57,0 0 38,3
no
tetralin 2.4 55.8 0 41.8
Ni—I\’Io—TiO9 tetralin S.9 45.6 0 44,5
SnOQ MN 0 51.6 38.4 10,1
§ l-methylnapnthalene
§8§ compounds wnose boiling points are higher than bhenzylether
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A STRUCTURAL INVESTIGATION OF THE EFFECT OF CATALYSIS
ON THE LIQUEFACTION PRODUCTS OF A BROWN AND
A BITUMINOUS AUSTRALIAN COAL

M.G. Strachan,™ A.M. Vassallo® and R.B. Johns”

A. Department of Organic Chemistry, University of Melbourne,
Parkville, Victoria, Australia 3052.

B. C€.S.I.R.0. Division of Fossil Fuels, North Ryde, N.S.W.,
Australia 2113,

INTRODUCTION

The effect of catalysts on the donor solvent hydrogenation of Australian coals,
both brown and black, have been investigated by a number of workers (1-5).

However, these studies have concentrated mainly on obtaining conversion, oil yield,
asphaltene and preasphaltene data, rather than emphasising chemical structural
analysis of the resultant products. To solely use the forementioned criteria as a
basis for catalyst evaluation can and may be misleading, as the product quality is
an unknown parameter, which can give much insight into both the effectiveness and
mechanism of catalysis.

The paper reports a study comparing the effects of a single catalyst, Co/Mo, on
two Australian coals of different rank at their uncatalyzed optimal oil yield
temperatures (4)(8)(9) under donor solvent conditions. It was considered more
appropriate to compare the products from the two coals at their respective optimal
011 yield temperatures rather than at the same temperature. The former accounts
and compensates for differing thermal reactivities with rank, thereby allowing a
direct comparison of product qualities to be made.

The coals used for the study were a Victorian brown coal, LY1277, from the Loy
Yang Field, a medium-1ight lithotype, and a N.S.W. high volatile bituminous coal
from the Liddell Field. They were chosen because of their known liquefaction
potential. They were reacted at 375°C and 425°C respectively, in batch autoclaves
using a solvent (tetralin) coal ratio of 2:1, a catalyst concentration of 10% w/w
coal and were reacted for 2 hours at temperature.

The total liquid product (TLP) (defined as CHpCl1y solubles) was fractionated by a
separation method (6) designed specifically to separate by functionality into
chemically defined classes viz. acids, bases and neutrals. This method utilizes a
sequence of ion-exchange resins and silica adsorption chromatography. A feature

of the method is that it does not remove the donor solvent until all the polar
material is absent, hence alleviating the risk of thermal alteration of the samples
as may occur with an initial dissolution step. The method is very effective in
class separation.

The TLP, residues and the resulting fractions have been investigated by a number of
analytical and spectroscopic methods in an attempt to use chemical analysis as a
probe for investigating the effectiveness, mode of action, and structural
dependence of the catalyst. Although the TLP has been fractionated into its
component classes the majority of the data reported here concerns mainly the TLP
and residue.

RESULTS AND DISCUSSION

The effect of the Co/Mo catalyst on the two coals, as judged by normal liguefaction
criteria is shown in Table 1. 1In both cases conversion increased with catalysis,
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however the o0il yields for the catalyzed (C) Liddell run was lower than for the
uncatalyzed (UC), run, the converse of the Loy Yang case. The oil yield for the
uncatalyzed Liddel11 run was much better than for both the Loy Yang runs, with the
catalyzed Liddel run being only slightly lower in yield than the catalyzed Loy Yang
run. On a conversion basis the catalyzed Liddell run gave 92% conversion compared
to 62% for the uncatalyzed run, and 75% and 60% for the catalyzed and uncatalyzed
Loy Yang runs respectively. Hence, on an oil yield/conversion basis the coals
exhibit different liquefaction behaviour. Catalytic liquefaction of Liddell
markedly increases conversion, but decreases oil yield. The increased conversion
is at the expense of increased Hp0 production and gasification. The gases being
predominantly hydrocarbons. To determine the effect of catalyst, as to whether it
primarily increases oil yield and/or conversion, or actually upgrades the products,
the ratio of the Hy0 and gases to oil yield must be taken. Clearly the ratio of
H20/011 yield and gas/oil yield is very similar for the Loy Yang runs (Table 1),
while it is markedly different between the two Liddell runs. These data indicate
that in the Loy Yang runs the catalyst is not removing heteroatoms or upgrading

the product, but rather interacting only with the coal and assisting its
dissolution. However in the Liddell case the marked increase in the two ratios
indicates both cleavage of alkyl side chains and heteroatom removal (i.e. the
product is being affected by the catalyst).

Elemental analysis (Table 2) gives credence to these initial conclusions with H/C
and 0/C ratios being marginally higher for the uncatalyzed Loy Yang oil than the
catalyzed oil, but still very similar. Whereas, the Liddell runs show the
converse viz., increased H/C and much decreased 0/C for the catalyzed compared to
the uncatalyzed oil. Data on the oils (Table 3) shows the composition (% w/w oil)
of the LY1277 oils to be very similar (similar percentages of the various acidic,
basic and neutral materials). This adds further to the hypothesis that the
catalyst is primarily increasing the yield of product rather than upgrading it.

If the catalyst had acted on the 0il it would not be unreasonable to expect
differences in the composition of the oils. This is indeed shown with the

Liddel1l oils, where the uncatalyzed oil has 75% of its material as acids and bases
(25% and 50% respectively), whereas in the catalyzed oil over 75% of the material
is neutral, with less than 16% being basic. It is observed that nearly 70% of the
011 exists as nonpolar neutrals which are predominantly aliphatic and aromatic
hydrocarbons (7), whereas in the uncatalyzed oil this fraction represents only
14%. This is in marked contrast to the LY1277 oils where their respective
percentages of nonpolar neutrals is very similar, as is the percentage of polar
neutrals. Obviously this data shows quite markedly that for the Liddell 0ils the
catalyst is acting not only on the coal but also on the resultant product,
upgrading it via loss of functionalities to produce hydrocarbon neutral material.
This data reaffirms the trends shown by H20/0i1 yield and gas/oil yield ratios.

Spectroscopic and molecular weight data further confirms these trends. A
comparison of IR spectra (Figs. 1, 2), using semi-quantitative methods reveals only
a minor decrease in the -0OH absorption for the catalyzed LY1277 oil, whilst there
is a marked reduction in the same absorption in the catalyzed Liddell oil. This is
reinforced by the analogous reduction in the Hoy as shown by 'Y nmr. The
aromaticities as determined by 13C nmr (Fig. 3) of both catalyzed oils increased
marginally over their uncatalyzed counterparts, with both the Liddel1 0ils being
much more aromatic than the LY1277 oils.

H nmr has shown there to be a reduction in the amount of aromatic protons (Har)
for the catalyzed compared to the uncatalyzed LY1277 o0il, the converse accurred for
the Liddell oils (Table 4). Similarly, the percentage of methylene protons (Ho)
and hence average side chain length increased for the catalyzed LY1277 oil compared
to the uncatalyzed oil, whereas there was a marked reduction in both for the
catalyzed Liddell oil. This is not surprising considering the high yield of
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hydrocarbon gases from the latter, most probably formed from side chain cleavage.
This view is further substantiated by the increase in the percentage of protons or
carbons o to aromatic rings (Ha) compared to the uncatalyzed Liddell oil. However,
with the catalyzed LY1277 oil there is a marked reduction in the percentage of Ha.
This observation and the increase in Ho suggests that the catalyst may be operating
in either of two ways: (a) hydrogenating aromatic rings or (b) enhancing the
cleavage and hence ring opening of naphthenic rings in the coal structure. It is
more likely the latter is occurring as the former was not observed for the Liddell
0i1, which also contains aromatic rings, and the structure of brown coal is
suggested as having a large proportion of naphthenic rings and arene systems (10).
This, mode of action of the catalyst is more consistent with the other data,
suggesting it is operating on the decomposition and dissolution of the coal rather
than upgrading the oil. Modified Brown-Ladner equations (11) showed the LY1277 oils
to both have a similar degree of substitution, whereas the Liddell oils were much
lower in value with the catalyzed oil being substantially lower than that for the
uncatalyzed oil. This trend is also shown by the Har/Car ratio, from both the
modified Brown-Ladner method and directly from H and 13C nmr, (cf. Table 4) where
the degree of condensation is much reduced for the uncatalyzed compared to the
catalyzed Liddell oil, which in turn is similar in value to the LY1277 oils

This is suggestive of the catalyzed Liddel1 o011 having a smaller average ring size
and hence molecular weight than the other oils. Molecular weight data proves this
to be the case, with the catalyzed Liddel1 oil having a MW less than half that of
the uncatalyzed oil (169 and 379 respectively). The latter is slightly less than
that found for the LY1277 0ils which in turn have similar Mis (498 for the
uncatalyzed and 512 for the catalyzed oil).

The semi-quantitative IR data agrees very well with that from !H nmr. The aromatic
C-H bending region in the IR increases only marginally for the catalyzed Loy Yang
0il (Fig. 1) but is markedly increased for the catalyzed Liddell oil (Fig. 2).

The differences in the relative amounts of -OH stretchings are also reaffirmed by
the amount of -C-0- IR spectral intensity, with the Liddell oils being less than
the LY1277 oils, and the catalyzed Liddell oil1 being markedly reduced in the

amount of -C-0- stretching while the LY1277 is only marginally reduced. Similarly
the 13C nmr also agreed with the !H nmr data, indicating that the Caliphatic/
Caromatic ratio decreases quite markedly between the LY1277 and Lidde]? oils

(Fi?. 3), but only slightly between the uncatalyzed and catalyzed oil from the same
coal.

IR investigations of the residues revealed that the contribution of aliphatic -CHy-,
-CH3 bending regions were greater in the catalyzed than in the uncatalyzed residues.
CP-MASS 13C nmr of LY1277 catalyzed residue (Fig. 4) showed it to have a lower
aromaticity than the uncatalyzed residue, but still higher than the parent coal.
For the Liddel1 case, hower, both residues had the same aromaticity which again
were higher than the parent coal. The data fromthe LY1277 residues indicates that
the catalyst, may in fact be hydrogenating aromatic rings whilst dissolving the
coal. MWhy this occurs only for LYI277 and not for Lidde1l may be due to the
selectivity of the catalyst, displaying structural dependence for the chemically
very different starting materials. The result is surprising considering the
previous data on the oils and the similar aromaticities, but not if the differing
structures of the two coals are taken into account.

Pyro]ysis-Gas Chromatography of the residues and the parent coals reaffirms
previous observations that the catalyst does alter the organic structure of the
rgs1dues. A main observation is the loss of the alkane/alkenes in the catalyzed
Lidde11 residue, while they are present in the uncatalyzed residue. This agrees
with the marked increase in hydrocarbon gas production in the former. The
pyrograms of the Loy Yang residues, although differing in some components between
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uncatalyzed and catalyzed residues, are not dissimilar, differing mainly in
relative quantities of components.

This paper has attempted to show that there are definite advantages and
disadvantages associated with the catalytic/non catalytic liquefaction behaviour

of coals possessing a wide variation in rank. The use of catalyst, while appearing
to only increase the oil yield/conversion for Loy Yang coal, markedly upgraded the
product from Liddell coal - thereby indicating a quite different mode of action
(reflecting a structural dependence) in each case. The possibility that the mode
of action and reactivity of the catalyst may be temperature dependent (as the oils
were produced at two different temperatures) cannot be overlooked. It was not the
purpose of this paper to investigate such a possible phenomena. Rather it was to
show, and it clearly has, the problems that may arise in product quality and
upgrading if the only criteria for liquefaction are oil yield and conversion based.
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TABLE 1: PRODUCT DISTRIBUTION

. . A . .
Conversion 0i1A Ho0 . A H20/o11 gas/oil
Sample yield y?e]d Residue Gas Yield yield
LYlz77 60.30 45.92  6.52 40.72 6.84  0.14  0.15
(uncat.)
%Zii7; 74.63 55.89 8.02  25.37 10.37 0.14  0.19
LiddeTl 62.22 59.57 1.48  37.78 1.17  0.03 0.02
(qncat.)
Liddell 91.75 54.71 8.25 8.25 29.53  0.15 0.54
(cat.)

A - g/100 g DAF coal
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TABLE 2: ELEMENTAL ANALYSES
Sample c H o* N H/C  0/C  N/C ASH
(DAF)
LY1277 65.66 4.48 31.34 0.80 0.20 0.819 0.358 0.010 <1.0
Liddell  80.1 5.9 10.90 2.03 1.0 0.883 0.102 0.022 28.1
Total 0ils
%Iiizz.) 81.72 7.49  9.79 1.00 1.10  0.089 0.010
%Zli?; 85.08 6.85 7.83 0.24 0.966 0.069 0.002
%122211) 87.80 6.15 3.94 2.11 0.841 0.033 0.021
%Zgﬂf;1 90.71 6.53 1.53 1.23 0.863 0.013 0.015
Residues
%Iiizz_) 80.13 4.98 16.93 1.05 0.746 0.159 0.011 3.0
%z;ifg 69.66 4.95 24.51 0.889 0.853 0.264 0.011 17.9
%:ggilT) 82.73 4.85  9.97 2.45 0.704 0.090 0.025 25.6
%Zgﬂf;] 63.18 4.64 29.38 2.8l 0.881 0.349 0.038 72.6

*By difference

TABLE 3: CHEMICAL CLASS COMPOSITION OF TOTAL LIQUID PRODUCT (w/w % of 0il)
: LY1277 Liddell
Fraction* Uncatalyzed Catalyzed Uncatalyzed Catalyzed
Al 22.09 23.51 11.63 1.69
A2 0.86 0.68 2.72 1.91
A3 1.03 1.36 2.48 0.42
A4 6.72 5.62 2.48 0.84
A5 1.55 1.19 0.01 2.12
A6 1.38 1.87 2.72 1.06
Bl 2.80 4.77 2.97 0.21
B2 9.00 9.03 50.50 15.25
N 54.50 51.97 24 .49 76.50
NPN 31.07 34.76 14 .45 69.84
PN 23.43 17.21 10.04 6.66

A series - acidic fractions from resins
B series - basic fractions from resins

TN = Total neutrals, i.e., NPN + PN: NPN = Nonpolar neutrals;
PN = Polar neutrals.

*See Ref. 6.
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H-COAL® PROCESS MODELING AND SCALEUP
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ABSTRACT

H-Coal® Process commercial viability nas been confirmed by a highly successful,
2-1/2 year demonstration program at the Catlettsburg, Kentucky, Pilot Plant. A
major accomplishment was the confirmation of scale-up of the H-Coal® Procgss che~
mistry in the well-mixed ebullated-bed reactor system. This paper describes the
H-Coal® Process Model developed from bench scale and PDU testing and its rela-
tionship to the Pilot Plant operations. Kinetics, hydrodynamics, and overall pro-
cess simulation are described.

PROCESS BACKGROUND

The H-Coal® Process is a direct catalytic coal liquefaction process developed by
Hydro?iybon Research, Inc. for conversion of coal into high-quality, clean liquid
fuels'l/. The process can be modified to produce a range of products from a heavy
fuel o0i1 to an all-distillate (C4-650°F boiling range) syncrude. The novelty of
the H-Coal Process resides in the use of the commercially proven ebullated-bed
reactor in combination with other process steps to achieve C4-975°F liquid product
yields in the range of 40 to 55 weight percent on dry coal. Over twenty coal
types have been evaluated in more than 70,000 hours of operation. The history
development, and advances of the H-Coal® Process have been extensively documented.
Some details of the process and HRI's ebullated bed reactor are appended to this
paper.

H-COAL PROCESS SCALE up

The development path for commercialization of the H-Coal Process is similar to
that used bx HRI for scale up of the commercial H-0i1™ residuum and heavy crude
hydroconversion process. The H-0i1 reactor system was successfully scaled up from
the bench, through the PDU, followed by a pilot plant demonstration unit and
finally to the commercial scale plant. The diameters of experimental reactors
employed for collecting process, engineering and scale-up data are listed below.
A1l reactors have operated at commercial design conditions.

H-0i1 H-Coal
Reactor Diameter Reactor Diameter
Bench Unit 3/4 in, 3/4 in.
Development Unit 8-1/2 in. 6 & 8-1/2 in.
Pilot Plant 4 ft. 6 in. 5 ft.
Commercial Plant 13 ft. 10-13 ft.




e ——

In addition, HRI has constructed two cold-flow reactor models for fluid dynamics
studies and the development of improved reactor internals: a 6 in. x 12 ft glass

column and a 5 ft x 24 ft. carbon steel vessel. These cold flow studies, combined

with data collected from the various experimental units, have provided the infor-
mation to scale the effects of equipment size, pressure and temperature on reactor
fluid dynamics and vessel internals designs.

The performance of the H-0il unit at the Kuwait National Petroleum Company's
(KNPC) Shuaiba Refinery is evidence of this successful scale up technique. The
KNPC H-0i1 unit has two reactor trains, each operating on vacuum residuum at about
25,000 B/D. Both reactors have been operating since 1968.

The H-Coal reactor has been thoroughly tested in bench- and PDU-size systems and
has recently completed a 2 1/2 year demonstration program at the Catlettsburg,
Kentucky H-Coal Pilot Plant. The H-Coal Pilot Plant operation has achieved many
significant results including:

) Confirmation of H-Coal process chemistry and equipment scale-up.

[ Establishment of process mechanical operability and reliability in
commercial-scale equipment

. Collection of engineering design and operating data on critical equipment

- Slurry Preheater

Letdown valves
- Slurry pumps

-~ Reactor and internals

[ Accumulation of about 7000 hours of on-coal operations with over 56,000
tons of coal processed.

H-COAL REACTOR IS WELL M1XED AND THERMALLY STABLE

To determine the degree of catalyst backmixing in an ebullated bed, a
radioactively-tagged catalyst sample was charged to the PDU reactor in separate
operations with Kentucky and Wyoming coals. The amount of tagged catalyst in the
daily withdrawals and subsequent reactor catalyst bed dump was determined. The
residence time distribution of catalyst in the ebullated-bed was then analyzed. A
detailed discussion of the experimental procedures, and some of the test results
were reported in the Titerature. The estimated reactor Peclet number reported by
Bickel and Thomas(3} for the Kentucky coal operation was 0.451. Using a modified
dispersion model and taking into consideration the fluid dynamics during the cata-
lyst addition and withdrawal operations, the Peclet number for the Wyoming coal
operation was estimated to be 0.248 (detailed analysis to be published). These

low_Peclet numbers indicate that the catalyst mixing characteristics in the PDU
ebullated-bed reactor approximated that of the CSTR.

The axial temperature variation in an ebullated-bed reactor is significantly
smaller than that in a plug-flow (fixed-bed or moving-@ed) reactor at the same
conversion level. The axial temperature gradient {AT) in an ebullated-bed reac-
tor can be estimated using the following expression:




. =OH 1
AT = "/n‘;‘ T_TR (CAf -CAI) (1)

where,

CAf, Cap = concentration of reactant in the feed and in
the reactor outlet, respectively.

D Hr
R

heat of reaction

1

dimensionless constant related to recycle
liquid/feed ratio and internal 1iquid
backmixing. This constant ranges from
5-15 in ebullated-bed operations.

average fluid density and heat capacity,
respectively,

@ G

The calculated temperature gradients from equation (1) are in agreement with POU
and Catlettsburg Pilot Plant data as shown below:

MEASURED V¥S. PREDICTED H-COAL REACTOR TEMPERATURE GRADIENTS

(I11inois No. 6 Coal, Burning Star Mine)

PDU-5 Catlettsbhurg
Reactor Internal Oiameter 0.71 ft. 5 ft.
Reactor Temperature 85Q0°F 345-851°F
Reactor Pressure 2,700 psig 3,000 psig
Reactor Temperature Gradient
Measured 16-20°F 11-18°F
Predicted 16°F 16°F

For a commercial-size H-Coal reactor operating at conditions similar to that of
the Catlettsburg Pilot Plant, a temperature gradient of about 7°F was predicted.
This lower reactor temperature gradient was due to increased backmixing in large
size reactor. The same calculation procedure predicted temperature variations of
2-5°F in commercial H-0i1® reactors, which is consistent with commercial
experience. The higher temperature gradients observed in H-Coal® reactors were
caused by higher heat of reaction and lower ebullating recycle flow in the H-Coal®
Process.

In plug-flow reactors, such as fixed beds and moving beds, the temperature gra-
dient acraoss the reactor for an exothermic hydrocracking reaction can be calcu-
lated using the following equation:
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where subscripts f and 1 denote reactor feed and outlet conditions, respectively.
Comparing equations (1) and {2), one can deduce that the axial temperature gra-
dient in a plug-flow reactor is about one order of magnitude higher than that in
an ebullated-bed reactor when both are operating at the same conversion level.

The well-mixed ebullating-bed reactor system enables commercial reactor systems to
utilize the exothermal heat of reaction to preheat the H-Coal reactor feed. This
enables the coal slurry preheater to operate at a low temperature {~700°F at the
Pilot Plant). No coke was found in the slurry preheater after 2-1/2 years of
Pilot Plant operation because of the mild preheater severities. The H-Coal reac-
tor system is energy-efficient, cost-effective, and has the potential for highest
plant on-stream factors of any direct coal liquefaction process.

H-COAL PROCESS MODELLING

The H-Coal® Process has been successfully demonstrated on the bench scale with
over 20 coal types including bituminous, sub-bituminous, 1ignite and brown coal.

The H-Coal® Process offers considerable product slate flexibility, ranging from an
all-distillate syncrude to a maximum heavy fuel oil production. The H-Coal®
Process meets these requirements through manipulation of Key process variables
including:

o Coal space velocity

o Catalyst type and replacement rate
o Hydrogen partial pressure

[} Reactor temperature

e Recycle slurry composition

HRI has developed a tool to predict the effect of these key process variables on
H-Coal yields and product qualities for I11inois No. 6 coal. The H-Coal® Process
Simulator is a comprehensive computer model of the H-Coal reactor system at
steady-state conditions. The Simulator includes recently updated correlations for
H-Coal product qualities, reactor vapor/liquid equilibrium "K" values, and an
H-Coal kinetic model. A1l reactor feed and effluent streams, reactor composition,
and product yields and qualities are depicted. Procedures are contained in the
Simulator for elementally balancing yields ‘and calculating reactor slurry com-
position as a function of recycle slurry and recycle gas feed stream rates and
compositions. The reactor slurry composition is an important parameter in the
H-Coal Kkinetic model for predicting product yields.

HRI has developed a semi-empirical kinetic model based on a back-mixed reactor
system. The conversion reactions are assumed to be irreversible. The reactions
are first order except for preasphaltene and asphaltene conversion. The reaction
mechanism assumed is shown in Figure 1. Coal is made up of inert components (ash
and inert organic material) and reactive components. The primary reactions
involve the conversion of reactive coal to preasphaltenes and gases (including
hydrocarbon and heteroatoms). Secondary reactions involve the conversion of
preasphaltenes to asphaltenes, distillates (C4-400°F, 400-650°F, and 650-975°F)
and gases. Finally, in tertiary reactions, asphaltenes convert to distillates and
gases, and distillates convert to lighter boiling components.
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The kinetic model is incorporated into the H-Coal® Process Simulator. In the
Simulator, empirical correlations are used to separate the distillate components
into narrow (50°F) boiling range fractions. These components are utilized to
obtain better estimates of reactor composition (through vapor/liquid equilibrium
flash calculations), physical/chemical properties of the product streams, and for
elemental balancing of the H-Coal® Process yields.

Table 1 summarizes the data base used to develop the H-Coal Kinetic Model for
IT1inois No. 6 Coal (Burning Star Mine). A1l process variables cover a wide range
with the exception of temperature. The temperature effect has been modeled based
on prior data obtained on a different I111incis coal (Monterey Mine).

TABLE 1. H-COAL KINETIC MODEL - RANGE OF DATA USED

COAL TYPE: I11inois No. 6 (Burning Star Mine)
CATALYST: HDS-1442A
NUMBER OF YIELD PERIODS: 140
PROCESS UNITS: BENCH, PDU
PROCESS VARIABLE RANGES 3
Tty - 8

Coal space elocty 55 ML

Hydrogen Partial Pressure 1100-1900 psia

Temperature 840 - 852°F

Catalyst Age 0-600 hours

0-3000 1b coal/lb catalyst
Operating Mode Bottoms Recycle
Reactor Stages Single

The H-Coal Kinetic Model components, correlating parameters, range of yield data,
and standard deviations of the correlations are summarized in Table 2. Coal con-
version is correlated as a function of coal space velocity, reactor temperature,
and the concentration of reactive coal in the reactor. The I1linois coal is very
reactive and coal conversion data covered a narrow range of 87-96 weight percent
of MAF coal. Hydrogen partial pressure effects were not statistically signifi-
cant. Although catalyst age and activity influence solvent quality, no catalyst
impact on coal conversion could be correlated from available data. The standard
deviation for the total bench and POU data base was 1.2%.

TABLE 2. REVISED H-COAL KINETIC MODEL

COMPONENT FORM OF CORRELATION RQNﬁiFOEOZEELDS gzeﬁaﬁﬁgN
Coal Conversion Fy (Sv,T,C) 87-96 1.2
Preasphaltenes Fo (SV,T,AGE,HpPP,C) 1.3-20 -
Toluene Conversion F-fp

Asphal tenes F3 (SV,T,AGE,HyPP,C) 11-30 2.5
975°F~ Conversion  Fy-Fp-F3 45-80 2.0
SOOGS0 Liguia £ (Pl Reel e 21
C4-400°F Liquid F6 (F1,F2,F3,F4,F5) 10-40 3.1
€1-C3 Gas F7 (F1.F1.F2,F4,F5) 5-15 1.7
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Preasphaltene and asphaltene conversions were correlated as a function of coal
space velocity, catalyst age, hydrogen partial pressure, reactor temperature, and
reactor concentration. Statistical performance was significantly improved by
correlating the toluene conversion {coal conversion minus preasphaltene yield) and
975°F* conversion (coal conversion minus preasphaltene and asphaltene yield).
This eliminated data scatter associated with small differences between large num-
bers. Standard deviations of 1.8% and 2.0% were achieved for the toluene conver-
sion and 975°F* conversion, respectively. Yields of distillates (C4-400°F,
400-650°F, 650-975°F) were similarly correlated. The data, however, were more
limited and data scatter more significant. Further data are required to confirm
these reactions rate constants.

The H-Coal® Process Simulator includes empirical correlations of hydrogen consump-
tion, and heteroatom (COx, HpS, NH3, Hp0) yields. Liquid product gqualities are
calculated by kinetic (for S,N) and empirical correlations.

The H-Coal® Process Simulator has been used extensively to predict H-Coal® Process
performance over a wide range of operating conditions and to evaluate process
improvements. Significant improvements have been made in increasing the recycle
solvent boiling range (400°F* to 600°F*) and extincting the heavy vacuum gas oil
stream. This improves process economics when a transportation product slate is
desirable.{4) Also, recent studies have shown that the hydroclones used for pre-
paration of recycle slurry oil may be eliminated in most cases without sacrificing
liquid yields. The Simulator has been used to verify Pilot Plant performance.

H-COAL PILOT PLANT YIELDS PREDICTIONS CONFIRMED

The H-Coal Pilot Plant had a successful 131 day run with Illinois No. 6 and
HDS-1442A catalyst (Run 8) during the second half of 1981. The run was conducted
with daily catalyst addition and withdrawal to maintain a target catalytic acti-
vity. During this run, 19,200 tons of dried coal were processed with the reactor
processing c¢oal or oil slurry 100% of the time and coal fed for 72% of the time.
The data obtained at the Pilot Plant are felt to be representative of what would
be achieved in long term commercial operations.

Yield data were obtained in both September and a four-day material-balance period
(October 29-November 2). The yield data obtained during the material-balance
period were considered most representative due to lined-out H-Coal operations at
steady-state conditions during this period.

Table 3 presents a comparison of yields obtained at the PDU scale with those
obtained during the four-day material-balance period at the Pilot Plant for the
I1inois No. 6 bituminous coal. Table 4 presents similar data for Wyodak sub-
bituminous coal. These data show equivalent yields at the two scales and confirm
the scaleup of H-Coal® Process chemistry. The H-Coal Kinetic Model and Process
Simulator closely predicted the demonstrated Pilot Plant performance. These
results provide confidence in HRI's ability to project commercial scale plant per-
formance based on results obtained in bench and POU units.
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TABLE 3. H~COAL PROCESS CHEMISTRY SCALE-UP ILLINOIS NO. 6 COAL

UNIT PDU PILOT PLANT
Nominal Size, T/D 3.5 200
YIELDS PERCENT PERCENT
/L3 10.58 .
C4/400°F 18.74 22.41
400/975°F 28.33 25.27
975°F* Residuum 19.00 21.26
nconverted Coal 5.78 3.46
Ash 11.51 11.31
Total Distillate 011 47.07 47.68
Residuum Plus Coal 24.78 24.72

TABLE 4. H-COAL PROCESS CHEMISTRY SCALE-UP WYODAK COAL

UNIT POU PILOT PLANT
Nominal Size, T/D 3.5 200

YIELDS PERCENT B/T PERCENT BTU
C17C 39.8 - 9.29 =
C4/480°F 22.12 1.62 25.95 1.93
400/975°F 24.06 1.40 23.93 1.41
975°F* Residuum 11.27 0.51 10.65 0.48
Unconverted Coal 10.72 - 9.12 -
Ash 8.84 - 9.13 -
Total Distillate 011 46,18 49,88

Residuum Plus Coal 21.99 19.77

SUMMARY

The H-Coal® Process follows the same successful development and scale up path used
for the H-0i1 Process. Results of reactor testing and modeling are in agreement
with plant data, confirming that ebuilated beds are well-mixed and highly stable.
A kinetic model and overall precess simulator have been developed and shown to
accurately predict results from bench, POU, and Pilot Plant scales. Pilot Plant
results confirm scaleup of the H-Coal® Process chemistry. Data obtained in future
bench and PDU units may be used with confidence for design of commercial scale
plants.
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H-Coal® Kinetic Model Reaction Mechanism

FIGURE 1
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APPENDIX

H-COAL PROCESS DESCRIPTION

Figure 1 presents a simplified flow diagram of the H-Coal Process. Coal is
slurried with a process-derived oil, pumped to reactor pressure, mixed with
hydrogen, preheated and fed to the reactor. There, coal, recycle oil, and
hydrogen react in the presence of a catalyst. Depending on the process severity
selected, the net product yield can be all-distillate material or, at low
severities, a distillate and a heavy fuel oil. The reactor typically operates
at temperatures of about 800-850°F and pressures of 2500-3000 psig. A portion
of the reactor effluent is treated to reduce its solids content. Low-solid-
content 0il is recycled as a slurry oil for the coal. The balance of the liquid
is fractionated to produce an all-distillate product. The vacuum residuum, con-
taining nondistillate oils, unconverted coal, and ash, can be fed to a partial
oxidation unit to produce the hydrogen for the process.

EBULLATED-BED REACTOR DESCRIPTION

Figure 2 1s a sketch of the ebullated bed reactor which is the heart of the
H-Coal reactor design. The reactor feed and recycle streams from the ebullating
pump enter the bottom of the reactor. The liquid flow causes the catalyst bed
to expand and fluidize. The catalyst remains in the bed. The reactor products,
including the unconverted coal and ash solids, leave the bed and are separated
for further processing. Because the catalyst is constantly in motion, a portion
can be withdrawn and replaced to maintain high catalyst activity. On a daily
basis, about one or two percent of the catalyst inventory is removed for this
purpose. The ebullated-bed reactor system has over 30 unit-years of commercial
operations in HRI's H-0i1© petroleum residuum hydroconversion process. The
H-Coal® catalyst now being used has also been demonstrated commercially in H-01)
operations.

The ebullated-bed reactor allows intimate contact between catalyst particles,
hydrogen, and the coal-oil slurry to achieve essentially isothermal reaction
conditions and provide low constant reactor differential pressure. Other major
advantages of the H-Coal reactor system are that:

e High liquid yields and qualities are achieved in the presence of a synthetic
catalyst and are not dependent on the catalytic effect of coal ash.

e Continuous catalyst replacement controls deactivation, provides constant
product quality, will permit continuous catalyst regeneration, and provides
for high on-stream factors.

e Operating conditions can be varied to meet flexible product slate require-
ments.




FIGURE A-1

Simplified H-Coal® Process Flow Diagram
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HYDROGEN AND METHANE SOLUBILITY IN
SRC-II COAL LIQUID

Fu-Xin Ding, Shiao-Hung Chiang and George E. Klinzing

Chemical and Petroleum Engineering Department
University of Pittsburgh
Pittsburgh, PA 15261

INTRODUCTION

The most important steps in coal liquefaction processes are the dissolution
of ccal in the hydrogen-laden solvent and the subsequent hydrotreating of the
coal derived liquid. A small amount of methane 1s usually formed during coal
liquefaction. Thus hydrogen and methane solubility data are essential for the
design and operation of coal liquefaction reactors.

A number of investigators studied vapor-liquid equilibrium in binary and
multicomponent systems  of §ea\ry hydrocarbon liquids and 1light gases, including
hydrogen and methane.(l—11 Only limited experimental data for methane-—coal
liquig5 $3d hydrogen—-coal 1liquid mixtures have been reported 1in the litera-
ture."”? An attempt was made in this study to obtain solubility data {in the
binary system of hydrogen—coal 1iquid (SRC-II) and the ternary system of
hydrogen-methane—coal 1liquid (SRC-II) under conditions comparable to those
encountered 1in coal liquefaction processes. Two speclally designed 1in-situ
hydrogen probes were adopted for monitoring hydrogen concentration/partial
pressure in both vapor and 1liquid phase.

EXPERIMENTAL

The experimental set-up and procedure %seg in this study are essentially the
same as that described 1in previous papers.( s 1) A schematic flow diagram of the
equipment 1s shown in Figure 1.

A one-liter autoclave was used as the equilibrium cell. The autoclave 1is
made of stalnless steel and equipped with an automatic temperature controller
capable of maintaining constant temperature within 1 K of the desired setting.
A magnatic stirrer, driven by a variable speed motor, was 1installed 1in the
autoclave. Two 1in-situ probes were used to measure the hydrogen partial
pressure. The operating principle of these probes has been discussed
elsewhere.(lz)

Hydrogen and methane were supplied to the equilibrium cell from high
pressure cylinders through gas feed lines. liquid and gas samples can be
withdrawn from the cell into the low pressure section. A Hewlett-Packard 5880A
chromatograph system was used for sample analysis.

High pressure hydrogen (41 MPa) and methane (13 MPa) were used in this work
with reported purity of 99.995% and 99.0%, respectively. The SRC-II coal liquid
(supplied by the Gulf R&D Co.z was catalytically hydrotreated with Ni-Moly
catalyst for four hours at 640°F. 7
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RESULTS AND DISCUSSION

Hydrogen—Coal ILiquid Binary System. The hydrogen solubility data were obtained
by measuring hydrogen partial pressure (using the in-situ probe) and by taking
liquid samples at temperatures ranging from 420 to 68l K and total pressures from
4 to 11 MPa. TFigure 2 shows the hydrogen solubility as a function of total
pressure. When the total pressure is held constant, the hydrogen solubility
increases with temperature to a maximum value and then decreases. The reason for
this apparent solubility inversion is attributable to the rapid increase of coal
liquid partial pressure with temperature, which causes a significant decrease in
hydrogen partial pressure in the gas phase under constant total pressure. It can
be shown that the hydrogen solubility increases monotomously with temperature 1if
hydrogen partial pressure 1s held constant (Figure 3). In addition, hydrogen
solubility data of thig study are found to be in good agreement with the results
reported by Lin et al at temperatures below 550 K.

Hydrogen-Methane-Coal Liquid Ternary System. Experimental measurements were made
at two temperatures, 591 K and 645 K, and at pressures up to 14 MPa. In order to
determine the effect of methane on hydrogen solubility, methane partial pressure
was varied from zero to 3.5 MPa. The experimental results are plotted in Figures
4 and 5. Under constant hydrogen partial pressure and temperature, the hydrogen
solubilty decreases dramatically with an increase in methane partial pressure.
For example, at 645 K and constant hydrogen partial pressure (9.52 MPa), hydrogen
concentration in the liquid phase falls from 0.136 to 0.0387 mole fraction when
methane partial pressure Iincreases from zero to 3.0 MPa. The methane solubility
versus its partial pressure is shown in Figures 6 and 7. The results indicate a
linear relationship between methane solubility and its partial pressure at
constant temperatures and constant hydrogen partial pressures. A study of the
effect of hydrogen partial pressure on methane solubility is underway and the
result will be presented in a future paper.

CONCLUSION

Hydrogen and methane solubilities have been experimentally obtained in the
binary hydrogen—coal 1liquid (SRC-II) and ternary hydrogen-methane-coal 1liquid
(SRC-II) systems at elevated temperatures and pressures, In the binary system,
hydrogen solubility exhibits a temperature inversion at constant total pressure
due to the strong dependence of coal 1iquid partial pressure on temperature. In
the ternary system, hydrogen solubility is affected considerably by methane
partial pressure at constant temperatures. The methane solubility exhibits a
linear correlation with its partial pressure when hydrogen partial pressure 1s
held constant.
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DISSOLVING COAL AT MODERATE TEMPERATURES AND PRESSURES
Frank R. Mayo, Albert S. Hirschon, John S. Zevely and Karen Sundback

SRI International, 333 Ravenswood, Menlo Park, CA 94025

Introduction

The objective of the research reported here was to determine the kinds and
proportions of breakable C-C and C-0 bonds in the connecting links between the
condensed systems in coal. Such information should tell us about the possibility of
coal liquefaction under mild conditions. The kinds and proportions of C-0 and C-C
bonds were investigated by cleavage reactions. Cleavages of C-0 bonds in esters and
ethers by strongly basic amines, i1odides, and acids are discussed first and then our
results on the distribution of oxygen in coal are compared with the results of other
workers. We then discuss the cleavage of C-C bonds in connecting links by oxida-
tions of coal fractions and some differences among the oxidation products. In terms
of C-C bonds to be broken by oxidation, the principal problem is determining whether
the condensed aromatic systems are joined by single or multiple methylene groups.
Our conclusions are compared with some in the literature. This paper is an
expansion of a previous presentation.(l)

The above findings and conclusions are the foundation for a new program to
prepare a coal product on a laboratory scale at a moderate temperature and pressure
that will melt or dissolve in a cheap solvent at or below 100°C. Ash can then be
removed and the product can be used as a clean fuel or processed more easily than
coal to a liquid fuel. A progress report will be made.

Coal Preparation: Extraction of Coal With Pyridine

All of the work reported here was done with a beneficiated Illinois No. 6 coal,
obtained from Pennsylvania State University as PSOC 25. This dried coal contalned
76.0% C, 4.88% H, 1.46% N, 2.17% S, 1.71% ash, and 13.8% O by difference. Much of
the work reported in this section was carried out with soluble coal fractions so
that changes could be followed by number-average molecular weights (M_). Some of
these fractions were prepared by extracting our coal exhaustively with pyridine at
100°C. About 16% dissolved, apparently without chemical reaction. About one-third
of the pyridine-soluble material was soluble in toluene; it contained more hydrogen
and less oxygen than the toluene-insoluble, pyridine-soluble (TIPS) fraction, which
i1s a useful model for coal and was used in much of our work. The TIPS fraction is
heterogeneous in molecular weight and chemical composition. One TIPS fraction of
ﬁg 1100 (by vapor-phase osmometry) was fractionated by GPC; 76% of the total
had Mn in the range 550-1550. After hydrolysis of a TIPS fraction by alcoholic KOH,
the products were easily separated into fractions of M_ 350 to 1430, H/C ratios (a
measure of aromaticity) of 0.98-0.74, and with different proportions of aromatic
hydrogen.

Reactions of Coal Fractions With Amines

Strongly basic amines have long been known to dissolve more coal than
pyridine.(2,3) We now attribute the high solubilities of coals in these solvents to
chemical cleavage of C-0 bonds in ester and ether groups. This conclusion comes
from reactions of both TIPS and pyridine-extracted coal with BnNHy. After these
reactions, most of the free BnNH, was removed by vacuum distillation and the rest by
washing with dilute aqueous HCl; the latter was then extracted by aqueous ammonia.
Table 1 shows that close to one molecule of BnNH, becomes bound to the TIPS for each
cleavage reaction or additional molecule formed. With both TIPS and pyridine-
extracted coals, the extents of reaction increase with the severity of treatment.
For the pyridine-extracted coal, we do not know how much BnNH, 1s incorporated per
cleavage, but if the ratio is 1, there is about 350 in molecufar welght units
assoclated with each bound BaNHj-.

The amine extracts from long reactions of coal at 100° are apparently true
solutions, but they become partly insoluble on drying. Thus, one EDA extract was

253




centrifuged and dried at 76° and 1 torr, but then only 90.5% was soluble in EDA and
only 24% was soluble in pyridine on repeated extractions. In a BnNH, extraction,
considered to be equivalent, the extract was centrifuged in an ordinary centri-
fuge. Another 1.5 hours at 30,000 g then produced no additional precipitate.

Nearly all the solvent was then removed from the solution and 200 mL of pyridine was
added to a 1-g sample. The total solubility in Table 2 1s consistent with other
extractions but the high solubility in pyridine was unprecedented. We think that
this high solubility is due to the owission of the first drying, but the presence of
a few tenths of 1% of BoNH) in the pyridine may also have had some effect. The
drying may partly reverse the cleavage or cause condensation in other ways.

Other Cleavage of TIPS

Several other reagents, wostly halides or sources of halogen, but also acids
and sodium, also cleave TIPS, presumably at C-0 bonds as reported at the Houston
meeting.(4) Table 3 gives the average numbers of molecules recovered from an
original TIPS molecule, as measured by M_. After allowance for bound halogens, the
carbon recoveries were usually 90-957%. e assume that the missing material was low
molecular weight water-soluble or volatile material lost in the workup and therefore
that the numbers in Table 2 are minimum values. However, to the extent that the
products contain salts or other impurities (for which we have no evidence), the
numbers in Table 2 are too large.

A TIPS fraction of M_ 1283 was treated for 7-15 days at 90°C with hydrogen
iodide in solution in pyrgdine, toluene, or water. By GPC, the high-molecular
weight peak in the TIPS disappeared almost completely and was replaced by low
molecular weight peaks. Similar but incomplete changes occurred in toluene and
water. The reaction of HI in pyridine resulted in recovery of 4.4 moles of product
per 1283 g of TIPS and incorporation of 3.03 g-atoms of lodine per initial mole of
TIPS. From the iodine content of the product, we would expect 4.03 molecules of
product, in good agreement with the M_ data considering that there was 6% loss of
carbon and that the lodide hydrolyses at room temperature.

Distribution of Oxygen in a TIPS Fraction

A TIPS fraction of Mn 1090, by reaction with alcoholiec KQOH, contains ~ 0.8
ester group per average molecule and reaction with HI or ZnCl, gives ~ 1.2
additional cleavages per TIPS molecule. The phenol content corresponds to 3.5
oxygen atoms per average molecule. The net result is that these three functional
groups account for 64% of the 14.4% oxygen in our coal. These results are compared
with results of others in Table 4. The principal difference is that we report as
esters what others report as carboxyl groups.

Although there is little doubt about the cleavage of ethers by hydrogen iodide,
or of esters by amines, the cleavage of ethers by EDA and BnNH, has no precedent in
the literature. We have treated model ethers with these amines for long periods at
100°C, sometimes in the presence of an equal weight of coal, but we have found no
evidence of reaction with benzyl phenyl ether, dihexyl ether, 4-hexyloxyphenol, or
trimethylene oxide. However, since the amines and the halides produce similar
effects, we see no alternative to ether cleavage by amines. Perhaps the involvement
of condensed aromatic nuclel or the uneven concentration of phenol groups(9) makes
the coal ethers more reactive.

Oxidations of Coal Fractions

We reported most of our work on coal fractions at the Atlanta Meeting.(10) We
aimed at maximum recovery of "black acids”, slightly soluble in weak aqueous base,
with minimum loss of carbon. We expected investigations of these black acids, made
with different oxidizing agents, to give us information on breakable C-C boads in
coal. For oxildations, we used mostly extracted coals 1n suspension, and aqueous
NaOCl or oxygen in water at pH 13, adding sodium hydroxide to maintain the pH, or a
suspension in 15-35% nitric acid. We obtained 65-80% ylelds on carbon of black
acids with the reageats named, with M_ about 1000, and 12-20% loss of carbon. Five
to 10% yields of water-soluble acids were also obtained. Although the nitric acid
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oxidation products had the lowest H/C ratios (0.65 from 0.73 in pyridine-extracted
coal) other differences among the black acids were not obvious.

Because the ylelds of black acids with the three main oxidizing agents were
similar, we have compared the black acids with respect to molecular weight distri-
butions and water solubility. We used both gel permeation chromtography (GPC) in
dimethylformamide and high performance liquid chromatography (HPLC), starting the
elution with 10 wL of 25% n-propanol in water, followed by neat DMF. GPC was done
in a Waters column with 500 X pores, packed in DMF. HPLC separations were done on a
Hamilton PRP-1 column. With each column, the flow rate was 1 mL/min and a UV
detector at 313 nm was used. Several known compounds were tested on the HPLC
column: 2-paphthoic acid, trimellitic acid, pyromellitic acid, and phenyl benzoate
eluted at 8-12 mL but everything else tested (mostly aromatic hydrocarbons, some
with one oxygen atom) eluted at 24 mL or more. Thus the HPLC column is mostly a
test for water solubility. The plots of UV absorption against retention time
consist mostly of fairly sharp peaks with little absorption between well-separated
peaks.

Results on 11 black acids are summarized in Table 5 arranged according to their
origins. Several black acids from NaOCl oxidations of pyridine-extracted coal were
combined, dissolved in dilute base, and fractionally precipitated by addition of
hydrochloric acid. Sample F28D precipitated between pH 5.5 and 5.0, F29E between
5.0 and 4.66. As expected, by GPC 28-D contained more of the highest molecular
welght (lowest retention volume) component at 5 mL and less of the lower molecular
welght materials. Sample F29E suggests that the 5.0 mL GPC peak corresponds to the
4.3 ML HPLC peak, but the correspondence is poor with Sample F29D. We suspect that
the 5.0 mL GPC peak 1is not as homogeneous as 1t appears and that the water-soluble
components are polycarboxylic acids that are associated in DMF.

The 5.0 mL GPC component is the major GPC component in most of the black acids
in Table 5. Exceptions are black acids T74B, U60B, and U85A, which show that degra-
dations by sodium hypochlorite, 50% nitric acid, and Ce * are relatively severe.
The most 5.0 mL component came from an oxidation with oxygen in water suspension at
pH 13 and 50°C; this reagent is apparently the mildest and most selective of those
that we have used. However, 35% nitric acid gave more lower molecular weight and
water-soluble material without much sacrifice of carbon recovery.

By HPLC, five of the eleven black acids gave at least 46% of the 4.3 mL com-
ponent and seven of the eleven have a 27.8 oL component that is either the largest
or second largest component. Six of the black acids in Table 3 contain more than
70% of one component by either GPC or HPLC (underlined in the Table); two of them
show more than 70%Z of one component on both columns. One of the latter black acids,
T10B, represents 68% recovery of carbon in the coal fraction. Because of our high
recoveries of soluble carbon and the different effects of oxidizing agents on the
aliphatic and aromatic portions of coal, these chromatographic methods offer con-
siderable potential for determining some average structures in unprocessed coal.

Oxidations with m-Chloroperbenzoic Acid (MCPA)

The objective of this work was to determine the proportion of single methylene
groups as connecting links between condensed systems in coal. This problem evolved
into a search for diaryl ketones in the black acid oxidation products of coal frac-
tions. The diaryl ketones were expected to react with MCPA to convert them to
esters, which were then saponfified. The critical measurement 1s a decrease in M
on saponification of the esters. However, we could measure the M_ only on the
water-insoluble products that we recovered from the saponification; the water-—
soluble products were presumably the lowest molecular weight material. 1In three out
of four experiments deserving consideration, there was a 2-9% increase in M_ of the
recovered acids. In one experiment, there was a decrease in M_ from 410 to 391, but
these black acids represent only 187 of the carbon in a TIPS fraction that was
oxldized with 50% nitric acid. We propose that this oxidation concentrated diaryl
ketones in the black acids, but even then, their proportions were barely measurable
by our MCPA method.
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These results indicate that there are no important proportions of bridging
methylene groups in our coal, but our method is insensitive. However, the next
section shows that this conclusion is consistent with most of the evidence from the

literature.

Cleavages in Diphenylalkanes

Literature data on breakdown of a,w-diphenylalkanes are summarized in Table
6. These hydrocarbons are designated by the number of methylene groups that they
contain. The first reference shows that with AlCl3 and H, at 325°C, 1,3~
diphenylpropane is most reactive, followed by diphenylmethane and diphenylethane.
All the hydrocarbons with O to 4 methylene groups were cracked; the extents of
reaction ranged only from 32 to 83%. The sccond reference indicates that 1 has the
most reactive bond in ccal because a very small yield of dihydroxydiphenylmethane,
in which both aryl-CH,-aryl bonds were broken, was obtained. However, all the other
references in Table 5 indicate that in the absence of AlCly or BF5 1 1is the least
reactive of these hydrocarbons and that there may not be much of this kind of bond
present in coal anyway. Two references indicate that ether links break more easily
than C-C bonds. In terms of bond energles, the phenyl-C bonds are strongest. In
terms of our project objective, the C-C bonds that are breakable in conventional
coal liquefaction appear to be mostly, perhaps entirely, in sequences of two or more
methylene groups.

Summary and Conclusions

We have shown that 44% of the carbon in our beneficiated Illinois No. 6 coal
can be dissolved by cleavage of ester and ether links by amines, acids, or iodides
at 100°C and atmospheric pressure. Up to 80% of the remalning carbon can then be
made soluble in weak aqueous base by oxldation at 60°C or below. One practical
problem in coal liquefaction is now to try the use of cheaper reagents to break
ester and ether links, and to determine what temperatures and pressures are
required. Other practical problems are to reduce the consumption of base in
oxldations with oxygen (pH 13 has been required) and to see if oxygen can replace
part of the sodium hypochlorite or nitric acid used for oxidations. Some remarks on
our progress are expected to be made at the meeting.
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REACTIONS OF ILLINOIS NO. 6 COAL WITH EXCESS BnNH»
Pyridine extraction —» 18.1% sol. + 81.9% insol.

TIPS (toluene-iusol.,pyr.-sol.), ylelds corrected.

%N 7 Moles/1090g TIPS
n TIPS BnNH,
No extraction 1,68 1090 1.0 0
2L h at 23° 2.79 534 2.0 1.1
9 d st 100° 3.31 379 2.9 1.7

Pyridine-insoluble, yilelds corrected (%N)
Lhet23° —» 1.3% sol.(L4.36) + 97% insol.(3.49)
16 4 at 23° - 7.3% sol.(l4.12)
11 d at 1000 —» L45,7% sol.(S.11)+ 52% insol.{5.13)

Table 2

EXHAUSTIVE EXTRACTION OF ILL. 6 COAL
BY BnNHé

Cesrbon recoveries
after correction
for bound amine

Soluble in pyridine L42.7%
Soluble in BnNH,,

not in pyridine 1,5
Undissolved Sh.2
Unaccounted for 1.6
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Table 3

MOLECULES FORMED BY CLEAVAGE OF ONE MOLECULE TIPS
(mostly in pyridine solution)

Reagent Molecules Reagent Molecules
ZnClp 3.1 p-C7H7S03H 1.6
LiI-Hp0 3.1

Ne in NHy + 1.6
ZnBrp 3.0 BuNH» -
Pyridine+HI 2.7 Me,S1I 1.5
MeI neat 2.0 LiC10), 1.
Renzylemine 1.8 HBr 1.3
BnMe3N*I- 1.7 I 1.1

Table 4

OXYGEN DISTRIBUTIONS IN COALS

Distribution of 0, %
Cosl 9C daf %0 OH C=0 COoH Ether Inert Ref,

A 79.4 12.5 48 13 6 18 1)) Blaumik

B 83.0 8., 50 6 2 26 16 HI

¢ 88,0 4.0 30 5 0 L0 25 1962 5

K-I 78,2 15.1 16 4 &5 8 67

K-II 81.1 11.7 11 4 L 5 76/ Wachowsks

K-IIT 87.0 6.0 g 6 25 65% OH change

K-N 87.9 L.S 8 61 23} 1977

A 92.6 L.2 5 28 67

Canedian 89.4 3.9 24 8 L8 20 Wachqyska
1

T11. 6 82.5 6.7 36 6 10 42 6 onerto 8

Subbit. 77.3 16.2 35 6 27 6 26 1978

111, 76.0 I 36 esterl6 12 36 This psper
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B nes- 00

Black
Acid
No.
T74B

TS7B

F28D

F29E

T33B

R56B

T10EB

L23B

K234

U60B

U85A

Table 5
BLACK ACIDS BY GPC AND HPLC

"FRACTIONATIONS OF

Retention Times, min.b
Origin Yielc® GPC HPLC

TIPS NaoCl 7 10.0 12,1 5.0 27.7 3.5 L.5
L5 28 27 ol 18 1l

EDA extract k3 5.1 7.7 8.1 23.7 L4.8 4.3
37 20 16 81 3 2

Pyr-extd.C 5.0 10.L 6.I. 4.3 25.0 5.6
88 10 2 L6 28 7

Pyr-extd.,d 5.0 6.8 7.0 L.3 27.9 31.1
kL 9 8 ey 25 3

EDA-extd. 62 5.0 9.5 12.3 25,6 L4.0 28.2
56 b1 3 53 27 6

02 in H0 5.0 7.1 9.9 24.9 3.8 4.1
90 s 3 33 22 22

EnNHp-extd, 68 15,0 11,0 8.2 4.3 27.6 31.0
7% 13 8 75 19 2

Pyr-extd. 15% HNO3 68 4.8 7.9 9.7 27.8 3.9 29,0
17 18 3 o 23 18

35% HNCy 64 5.0 7.7 10.0 L.3 27.9 31.0
’ 53 32 15 62 36 2

EDA-extd, 50% HNO3 18 8.1 10.5 9,7 k.6 28.0 31.1
61 25 7 58 38 3

TIPS celtt St 8.2 5.2 10.7 25.7 B4.3 6.0
58 20 17 Lo 3y 9

8 vield of black acid from indiceted substrate, on cerbon.

b The numbers on the second lines for ezch retention times are

the percentsges of the totzl products, 2s measured b

ultreviolet detector.

¢,% Combined black acids from NsOCl oxidstions precivitsted
between pH 5.5-5.0%rrS5.0 to 4. 66d
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Table 6

CLEAVAGES OF Ph-(CH»),-Ph

Resgent

AlCly + Hp 1n
CgHgs 90 m

PhOR + BF=
Tetralin, 18 h

Tetrelin + Ho
Om

Excess tetralin

Decalin + Ho #
Pmsm1,§h

1y ym

CO + Hy0, 1 h

325

100
100
450

y50

<400

450

Loo

Tegp., Order of remctivity
c

for n values
3>1=2>4=>0

1

3>2) )4»
2>1

234 3> 1
mostly ether splits
2

U

No significent asmount
of 1 in THF-soluble
products

3>2>1

Reference

Taylor,11
1580

Heredy,12
1961

Benjemi
1578 13

Vernon,l
1930

Croneaue
i
ul ann

1981 16

Liotta,l7
1981

Takemuﬁﬁy
Ethers split more easily 1981
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APPLICATION OF CROWN ETHERS AS PHASE TRANSFER CATALYSTS
IN THE ELECTRON TRANSFER REACTIONS OF COAL

Ramani Narayan and George T. Tsao

Laboratory of Renewable Resources Engineering
Purdue University
West Lafayette, Indiana 47907

INTRODUCTION

The electron transfer reactions of coal as exemplified by the Sternberg procedure
(1) for reduction and reductive alkylation has been the subject of intensive
investigation by a number of research groups (2-5). The reaction suffers from the
problems of extended reaction time, side reactions, incorporation of the electron
transfer agent and/or solvent into the coal. Further, in most cases, negligible
quantities of scluble products were obtained on quenching the reaction immediately
after the electron transfer step.

In view of this, the discovery by Pedersen (6,7) that certain macrocyclic
polyethers called crown ethers have the ability to complex alkali metal cations,
and the results of Dye (8), Kaempf (9) in the solubilization of alkali metals using
these crown ethers, prompted us to envision the use of crown ethers to act as
phase transfer catalyst in the electron transfer reaction with coal.

Thus, a stable solution of electrons can be prepared in an inert ethereal
solvent like THF at room temperature because the equilibrium

+ -
M=~—= M + e solvated

is shifted to the right by the complexation equilibrium

+ +
M + crown ether —» M CE - complex

The limitations of solubility, decomposition problems, reactivity and
incorporation of the electron transfer agent can be overcome.

Another important facet of the crown ethers is that they have been successfully
employed as reagents for direct solid-liquid phase transfer reactions (10). Thus,
the problem of interphasic electron transport from solution to the aromatic
substrate in coal would be solved, because the crown ether can function as a
phase-transfer catalyst.

Further, the complexation of K by crown ether results in the metal cation
being held inside the cavity of the crown ether and the resulting ion pair is
loose. This would promote the irreversible electron transfer with bond cleavage
(11).

EXPERIMENTAL

Coal: The Illinois No. 6 coal from the Burning Star No. 2 mine (courtesy of the
Southern Company Services, Inc.) C-68.25%, H-5.30%, N-1.69%, S-3.62%, Ash-17.7% was
used in the studies. It was demineralized, (12) extracted with Benzene:Methanol
(3:1) to remove the trapped organic, and dried in vacuum at 100°C for 24 hours
before use.




Reagents: The crown etheg selected for study was the 18-crown-6, 1. This crown
ether has a hole 2.6-3.2 A in diameter. The electron donor alkgli metal selected
for the study was potassium because its ionic diameter is 2.66 A and should,
therefore, fit nicely in the crown ether hole resulting in a 1l:1 complex. Using a
1:1 molar ratio of potassium to crown ether (CE), a 0.14 molar and 0.28 molar
solution was prepared which was deep blue in color clearly indicating the presence
of 'solvated electrons' in solution. This was reacted with different weights of
coal under a blanket of nitrogen and the reaction quenched with water.

RESULTS AND DISCUSSION

Analysis: The percent g-atom of potassium consumed in the reaction of the K-CE
reagé;E-hith coal was determined by measuring the difference in the volume of
hydrogen evolved when the blank reagent and the reaction mixture was quenched with
water after the same reaction period. To establish the accuracy of our analytical
method and the validity of our reagent as an electron transfer agent, it was
reacted with standard compounds and the mole of compound consumed per g-atom of
potassium computed by the hydrogen evolution method. The values obtained compare
favorably with those reported in literature (13) for the same compound using a
different electron transfer agent and a different analytical method (Table 1).

TABLE 1

Mol of Compound Required Literature

Compound _per g-atom of Metal Value
Benzil 0.6 0.50
2-Butanol 1.29 1.1
Naphthalene 0.58 0.50
Effect of Electron Concentration and Time: The percent g-atom of potassium

consumed in the reaction is a measure of the uptake of electrons by the coal
resulting in the formation of the coal radical anion which undergoes cleavage at
the ether and sulfur linkages. In the reaction of a 0.14 molar solution of K in
THF with different weights of coal, the metal consumption increased with coal
weight until it levelled off at the larger coal weights (Fig. 1).

One can deduce from this that for a given molar solution of metal, there is a
certain concentration of electrons present which is going to be dependent on the
amount of crown ether used. As the coal weight increases, the aromatic substrates
available for electron transfer increases and more electrons are transferred to
coal which is reflected in the amount of K consumed. This will continue till at a
certain coal weight, all the available electrons get transferred. Any further
increase in coal weight will still reflect the transfer of all the available
electrons and the K consumed will be the same in each case. For the 0.14M solution,
the minimum weight of coal required to be able to take up all the available electrons
is 100 mg.

Increasing the K concentration to 0.31 molar showed a dramatic increase in the
percent K consumed (Fig. 2) although the plot of percent K consumed against coal
weight followed the same pattern as that obtained for the 0.14 molar solution. It
is probably that at this increased electron concentration, a two electron transfer
is taking place with the formation of the coal dianion and at the lower concentration,
a one electron transfer occurs with the formation of the radical anion (Scheme 1).
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Since complete electron transfer takes place at the 100 mg coal weight, it was
selected for a time study. The K consumption increases very rapidly in the first
thirty minutes and then levels off (Fig. 2). This suggests that the transfer of
electrons proceeds very rapidly and is complete in thirty minutes with the electron
concentration obtained from a 0.14M K/THF solution.

Solubility Studies: Based on the above studies, 1 g of coal was treated with 20
mmol of K in the THF with 20 mmol crown ether (0.2 molar in K), stirred for six
hours and quenched with water. After rotaevaporating to dryness, the reacted coal
was washed extensively with water to remove the K-salts and crown ether and
extracted with THF. The degree of conversion was calculated as % solubility = wt
of feed coal - wt of THF insoluble residue/wt of feed coal x 100. The elemental
analysis and solubility of the feed coal and solubilized coal is summarized in
Table 2.

TABLE 2
*THF
Sample c H s N  Solubility H/C O (By diff)
Feed Coal 74.47  4.97 3.55 1.42 5.9% 0.8  15.59
Reacted Coal (1 g Coal/  74.41 7.39 2.0 1.40  52.% 1.12  14.80

0.2M K-THF Solution)

*Based on coal residue insoluble in THF. Thus any error in the weight due to
presence of moisture crown ether, etc., would only mean more THF solubility than
obtained.

1

H_and 13c NMR Studies: The 470 MHz lH NMR fgectrum of the solubilized coal is
shown in Fig. 3, while Ehe proton decoupled ~“C NMR spectrum is shown in Fig. 4.
The integration in the “H NMR shows that the ratio of H _:H is 1:4. The broad
peak around 3.4 ppm is assignable to the hydroxyl proto%g. seﬁe sharp resonance
signals in the 1-1.6 ppm region are assigned to the R-CH_-R grouping. These could
also arise from methyl protons (CH,-R), however, the absé&nce of any methyl carbon
resonances in the 11-22 ppm region” rules out this possibility. Furthermore, the
appearance of a group of signals in the 28-34 ppm region confirms the presence of
methylene groups (-CH,-) in a saturated ring system. This, in all probability,
would be a saturated six-membered ring system joined to an aromatic ring system.
The strong resonance signal at 69.7 ppm evidently comes from the C atom bearing the
hydroxyl group (-CHOH) in the saturated ring. The aromatic ring carbons appear in
the 125-145 ppm region. The 125-128 ppm signals are due to the protonated aromatic
carbons and the 138-145 ppm signals due to quaternary mapthalenic type carbons.

Thus, by using a phase transfer catalyst 18~crown-6, rapid and effective
electron transfer to coal has been achieved. This has resulted in the formation of
coal radical anions or dianions depending on the concentration of the solvated
electrons in solution (Scheme 1). These ions have undergone facile cleavage
reactions (Scheme 2) resulting in depolymerization as demonstrated by the considerable
increase in THF solubility from 5.9% for the starting coal to 52% for the reacted
coal. The increase in the H/C ratio from 0.8 to 1.12 representing an uptake of 32H
atoms per 100 C atoms is due in part to hydrogen pick-up from the capping of the
cleavage coal radical or anion fragments. That this corresponds to reductive
cleavage of the ether bonds in coal is supported by the preience of a large percent
of hydroxyl groups in the solubilized coal as indicated by “HNMR. A Birch type
reduction of the aromatics to hydroaromatics would account for the uptake of the
remaining hydrogen atoms (siheme 3£3and is supported by the appearance of the R-

CHZ_R grouping in both the "H and C NMR.
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Figure 4. Figure 3.
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THE EFFECT OF LIQUEFACTION CONDITIONS ON THE TRACE ELEMENT CONTENT
OF SOLUBLE COAL-DERIVED NON-VOLATILE PRODUCT

J. W. Hellgeth, R. S. Brown and L. T. Taylor

Department of Chemistry
Virginia Polytechnic Institute and State University
Blacksburg, Virginia 24061

INTRGDUCTION

Trace element data on coal-derived products at the pilot plant stage
are generally available., Several years ago the feed coal (Kentucky hvBb(1)
and West Virginia hvAb(2)) and products from a single batch of a long-term
liquefaction run on a 400 1b coal/day process development unit were sampled.
Preferential removal of selected elements from the liquid product via
centrifugation was observed in each case. Iron-containing minerals were
preferentially removed if the West Virginia coal was employed; while,
aluminum silicates were removed with Kentucky coal. Numerous elements (V,
Cr, M, Ni, B, Be, Ti, As) did not show preferential removal upon
centrifugation. Other elements were predicted to be associated with orgaric
moieties.

Later multi-element analysis data on wet-ashed Amax feed coal, the
chloroform-soluble solvent refined coal (Wilsonville, AL demonstration
facility) derived therefrom and several size exclusion chromatographic
fractions were obtained.(3) Appreciable metal concentration was found in
practically all samples. For several elements, concentrations were higher
in SRC than in its parent feed coal. This observation suggested the
presence of organometallic species since these materials were soluble in a
wide variety of organic solvents and had passed 5.0 um filters.

Neutron activation analysis has been employed to obtain information on
trace elements present in process streams of SRC I and SRC II {Tacoma, WA
demonstration facility) products derived from a Western Kentucky coal.(4) In
the SRC I process the filtered mineral residue was observed to be the sink
for most trace elements with the exception of Ti, C1, Br and Hg. The SRC I
product was found to contain less than 2% of the elemental concentrations in
the coal. The SRC II distillate product contained less than 1% of the
elemental content of the feed coal. All elements were depleted in SRC I
relative to the coal except Br.

A more recent study(5) has been concerned with SRC's which differ (from
each other) either in feed coal source, conversion severity or method of
residue removal. These materials originated at the Wilsonville facility and
were directly analyzed as filtered pyridine solutions via atomic emission
spectrometry. Of the metals observed, those which showed any significant
concentration (10-1000 wg/g of SRC) were Al, 8, Cu, fe, Si and Ti. West
Kentucky SRC from different mines (Lafayette and Fies) exhibited similar
metal content with few exceptions. The effect on elemental concentration of
mineral matter removal via filtration or critical solvent deashing was
varied. The most significant changes were seen with Ca, Fe, Si and Ti.

With the exception of Ti, the elemental concentration in the CSD product was
two times or greater than the concentration of the filtered product. An
increase in hydrogen pressure (2000-2100 psi) and temperature (418°-450°C)
had a minimal effect on metal content. Only for Ca, Si and Ti was there
greater than 50% reduction in concentration on going to more severe reaction
conditions. Those metals which are expected to be most strongly
organo-bound (i.e. transition metals) did not significantly change
concentration as a function of processing conditions. Mineral-related
elements such as Al, Ca, Mg and Si, on the other hand, appeared to fluctuate
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in concentration with processing parameters.

As can be seen above, all trace element studies have involved
coal-derived process solvents, pilot plant sampling, lengthy and rather
severe reaction conditions and mostly bituminous feed coals. In several of
these investigations analytical methods were applied to the ashed sample
rather than to the unmodified material where less sample-handling and less
opportunity for introduction of impurities are possible.

We wish to report soluble trace metal analysis data on an extensive
number of "in-house" short-contact time SRC's prepared with various basic
nitrogenous and non-basic model process solvents with both bituminous and
subbituminous coals. Data are reported as a function of liquefaction time
and temperature, method of residue removal and solvent solubility. In
addition, size exclusion chromatoaraphy (SEC) of selected SRC's with
metal-specific inductively coupled plasma atomic emission spectrometric
(ICP-AES) “"on-line" detection will be utilized to aid in determining the
fate of trace metals during liquefaction.

RESULTS AND DISCUSSION

Trace metal analysis of 18 elements in pyridine via ICP-AES has been
performed on numerous in-house SRC's in order to determine the effect of
various conversion parameters on metal content. Table I list pyridine
soluble SRC (Indiana V coal) metal concentrations as a function of process
solvent. In order that some point of reference be established in comparing
analyses, concentrations are expressed in ug of metal per gram of extracted
moisture-free coal not of SRC. The numbers in each case are representative
of two independent liquefaction runs and respective metal determinations.
Relative standard deviations varied between 1% and 10% depending on the
Tevel of metal. Significant metal content is found for 12 of 18 metals
monitored. The highest concentrations invariably are observed with Fe, Si
and Ti regardless of the process solvent employed. In general, metal
content does not appear to be greatly influenced by the various process
solvents employed. Initially, one might have argued that the presence of a
good ligand donor solvent such as THQ would complex and solubilize more
metal than a poor ligand donor solvent. This is not the case with Indiana V
SRC. A greater than ten-fold change in metal content with the four solvent
systems is observed only with Ca (17.4-319.9) and Mn (3.73-48.4); while, Al
(20.3-121.0) and Si (27.1-208.0) also reflect a rather large fluctuation in
concentration. Those elements reflecting the greatest fluctuation in
concentration are probably mineral related. Differences in both mineral
particle size distribution and viscosity of the SRC extract (which would
affect the separation achieved by centrifugation) could cause this
variation.

Data were also obtained as a function of reaction time (10 and 30
minutes) for pyridine soluble SRC derived from Wyodak #3 coal. Increased
reaction time lowers the content of most metals. Again, many of those
elements decreasing in soluble metal concentration with an increase in
reaction time could be mineral related (Ca, Mg, Si and Ti). A possible
explanation for this observation is that a longer reaction time may more
extensively de-complex these elements thereby removing them from the
pyridine soluble SRC into the residue. This finding is somewhat surprising
in that one might have reasoned that a Tonger reaction time would lead to
more extensive metal solubilization (i.e. mineral matter converting to
organometallics). This may very well be the case with Ag, Al, Cu and Fe
which show an increase in concentration with reaction time.

The most dramatic change in SRC metal content is found with the
extraction solvent employed. Table II compares the analysis of 9 elements
obtained on toluene and pyridine soluble fractions (Wyodak #3 SRC). The




TABLE I

METAL ANALYSIS DATA OF SRC'S PREPARED WITH
VARIOUS PROCESS SOLVENTSE,b

TETRALIN/PYRENE  THQ TETRALIN/MN  TETRALIN/THO/PYRENE
(50:50) (100) (50:50) (25:50:25)
Element 86 .4%C 93.7%¢ 91.9%¢ 92.8%C
Al 50.9 107.0 20.3 121.0
B 95.4 97.9 104.0 105.1
Ca 319.9 65.7 17.4 90.4
Cu 10.2 6.87 9.01 5.35
Fe 240.3 165.4 277.4 219.8
Mg 17.9 19.2 6.93 5.35
Mn 21.5 3.73 48.4 13.4
Ni 21.9 19.9 12.4 30.1
Si 132.9 201.4 27.1 208.0
Ti 133.4 113.7 116.2 199.9
v 6.17 5.06 4.82 9.04
In 40.8 19.2 15.4 27.3

@Indiana V Coal; S:C, 2:1, 400°C; 30 minutes; 7.5 MPa Hp

b<l yg/g MF Coal measured for Ag, Ba, Cd, Cr, Mo, Sn.
coal.

Units are ug/gMF

CPyridine Conversion {MAF)

TABLE II

METAL ANALYSIS DATA OF PYRIDINE AND
TOLUENE SOLUBLE SRC'S@

WYODAK #3b INDIANA Vb
Toluene Pyridine Toluene Pyridine
Conversion¢ ConversionC ConversionC ConversionC
Element 77.85% 82.59% 84.2% 93.9%
Al 21.5 436.6 6.44 170.1
B 4,56 6.82 40.9 93.7
Ca 18.4 135.2 3.01 90.0
Fe 25.6 207.5 9.58 141.3
Mg 0.81 68.8 0.63 19.7
Ni 1.72 5.63 0.74 6.57
Si 17.9 775.6 16.9 314.5
Ti 15.9 130.0 7.48 43.9
In 3.71 8.83 6.74 15.1

aTHQ; S:C, 2:1; 418°C; 7.5 MPa Hp; 30 minutes

b<l ug/g MF Coal:

Ag, Ba, Cd, Cr, Mn, Mo, Sn, V (Toluene)
<1 ug/g MF Coal:

Cd, Mo, Sn (Pyridine)

CMAF basis

T
[N
N
0



differences in concentration are large. In many cases metal concentrations
are approximately one to two orders of magnitude higher in pyridine soluble
SRC relative to toluene soluble SRC. Also, the number of elements appearing
at concentrations less than 1 ug/g MF coal are 3 times more numerous for
toluene soluble SRC relative to pyridine soluble SRC {9 versus 3) given
nearly the same percent conversion. This observation is especially
jmportant in that it indicates that the metals concentrate themselves in the
toluene insoluble-pyridine soluble products. Again similar findings (Table
I1) are observed with SRC derived from Indiana V. This finding has an
jmplication regarding metal speciation. The greater concentration of metals
in the pyridine soluble fraction suggests that the nature of many of these
soluble coal-derived metals is more like a coordination complex rather than
a true organometallic metal to carbon bonded species.

Trace metal analysis data are also available for SRC material derived
from four different Wyodak coals, Table III. Identical liquefaction
conditions were employed. Conversions are based on pyridine solubility
which accounts for the relatively high metal contents found. A relatively
wide variation (>200%) exists between high and low specific metal content
for the four SRC's even though they are all derived from Wyodak coals. The
highest metal content appears to be almost uniformly associated with SRC
from Wyodak #4 coal (e.g. 13 out of 18 elements). Our Wyodak coals differ
considerably from each other in ash content, fixed carbon, %C, %0 and %S.
Table IV lists ultimate and proximate analyses for these four coal samples.
On amoisture free basis the ash content of Wyodak #3 is approximately
double the ash content of the other Wyodak coals; yet, its SRC has the
lTowest metal content for half of the elements monitored. SRC from Wyodak #4
which contains the highest concentration of soluble metals has a feed coal
of intermediate ash content and percent sulfur and the lowest percent
oxygen. This lack of correlation between ash content and soluble SRC metal
content supports the idea of organo-bound metals in coal-derived products.
In fact SRC soluble metal content appears to not correlate with either ash,
moisture, volatiles nor fixed carbon content. A general trend of metal
content versus percent conversion is also not apparent.

Information regarding the number of groups of species for a particular
metal and the effective molecular size of each group have been obtained via
SEC-ICP-AES on both pyridine and toluene soluble Wyodak #3 SRC (Table II).
In both cases the SRC was generated under identical liquefaction conditions.
Seven common elements (Ca, Cu, Fe, Mg, Si, Ti, B) were chromatographically
detectable in both SRC's employing pyridine elution (e.g. toluene soluble
material was re-dissolved in pyridine and eluted from the column with
pyridine) and a u-styragel column. As might have been expected a greater
overall concentration of metal is detected in the separation of pyridine
soluble SRC than toluene soluble SRC. A greater concentration of larger
"sized" material is also observed in pyridine soluble SRC (VR-85) relative
to toluene soluble SRC (VR-39) as evidenced by the greater emission
intensity of the earlier eluting metal-containing species in the respective
metallograms. Totally size-excluded material (retention volume = 3.5 mL) as
well as selectively permeated metal species are apparent. This implies that
there exjsts a group of organo-metallics of rather large size and another
(usually broader) distribution of organometallics of considerably smaller
size. This bimodal behavior is especially pronounced in the pyridine
soluble fractions.

Metallographic comparison data are available on SRC's prepared at
different reaction times. Pyridine extraction was employed; therefore, a
greater number of chromatographically detectable metals was realized.
Changes in reaction time do not appear to cause as extensive alterations in
metal size distribution as changes in reaction temperature. The minor
changes which are observed are not consistent from one metal to another.
More specifically, B and Ca appear to have a greater concentration of large
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TABLE III

METAL ANALYSIS DATA OF SRC'S PREPARED WITH
DIFFERENT WYODAK COALS@»C

Wyodak #1
Element 72.3%b
Ag 1.57
Al 397.0
B 31.8
Ba 3.76
Ca 1567
Cd -
Cr 1.17
Cu 5.64
Fe 125.0
Mg 391.0
Mn 19.6
Mo -
Ni 13.8
Si 113.0
Sn -
Ti 49.0
v 4.28
Zn 11.6

Wyodak #2
84.7%b

312.0
28.5
3.27
1228

2.35
4.07
171.0
258.0
21.9

17.6
170.0
44.2
4.34
22.1

Wyodak #3 Wyodak #4
85.4%b 83.3xb
0.97 5.75
194.0 483.0
14.9 28.6
0.97 15.9
540.6 4069

- 2.02
1.70 4,28
6.92 13.1
157.9 180.0
90.5 320.0
7.12 17.0

- 4.35
20.6 53.0
104.5 169.0
39.5 66.9
5.28 7.10
9.43 52.7

350% tetralin/50% methyl naphthalene; S:C, 2:1; 400°C; 7.5 MPa Hp;

30 minutes.

bpyridine conversion (MAF)

CUnits are ug/g of MF coal

TABLE IV

ULTIMATE AND PROXIMATE ANALYSES

a a a a c
Wyodak Wyod ak Wyodak Wyod ak Ind V
#1 #2 #3 #4
%C 65.81 64.00 48.27 64.80 65.8
%H 5.15 5.34 4.47 5.59 5.0
N 0.86 0.85 0.71 0.88 1.4
%0 21.19 20.97 24.32 17.52 7.6
%S 0.41 1.07 6.60 1.96 3.7
Ash 5.1 5.9 20.3 0.1 10.3
Moisture 9.9 8.1 7.0 7.6 5.1
Volatiles 36.1 37.7 35.0 39.4 37.4
(54.8) (52.6) (37.0) (48.6)
Fixed Carbon 49.3 48.3 37.7 44.9 47.2
(40.1) (41.0) (41.4) (42.6)

dSamples prepared by drying for 5 days, 133 Pa, 20°C to remove storage water.

byumbers in parenthesis are proximate analyses on moisture free basis
obtained in our laboratory.

CData obtained from Kerr McGee Corp., Cresent, OK.
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size species at the longer reaction time {30 minutes) than the shorter one
(10 minutes). The reverse situation operates with Cu, Fe, Ti and Zn. An
interpretation of these results suggest that B and Ca may incorporate with
initial regressive reaction products; whereas Cu, Fe, Ti and ZIn are tied-up
more with the progressive reaction products. A longer reaction time should
be conducive to both primary-secondary product progressive reactions as well
as to regressive reaction behavior.
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ANALYTICAL CHEMISTRY OF PRODUCTS FROM PROCESS STRATEGIES DESIGNED TO
REDUCE THE BIOLOGICAL ACT1VITY OF DIRECT COAL LIQUEFACTION MATERIALS

D. W, Later, C. W. Wright and B. W. Wilson

Pacific Northwest Laboratory
P.0. Box 999
Richland, Washington 99352

INTRODUCTION

The current status of understanding the chemical basis for the generally
increased genetic activity of direct coal liquefaction materials, as compared to
petroleum-derived products, has led to the investigation of a number of potential
process strategies for reducing the biological activities of coal-derived
liquids. Approaches that have been investigated include optimized fractional
distillation, catalytic hydrotreatment, recycling of heavy-end and bottoms
materials, and two stage liquefaction coupled with reduced liquefaction severity
and improved quality hydrogen donor solvents.

Biodirected chemical analyses of coal Tiquefaction materials over the last
several years have led to the identification of at least two important classes of
compounds which are largely responsible for the biological response observed in
laboratory systems upon exposure to these materials. The classical carcinogens in
coal liquids are the polycyclic aromatic hydrocarbons (PAH), primarily those
having from 4 to 6 aromatic rings. Kennaway, Cook and others in the early part of
this century showed that certain coal-derived PAH could cause skin tumors in mice
and rabbits (1,2,3). It has been found, in general, that genetic activity,
particularly initiation of tumorigenisis, resides in high boiling heavy-end
materials and correlates with overall PAH content better than with any other
chemical class (4-6). More recently nitrogen-containing polycyclic aromatic
compounds (N-PAC), specifically the amino-PAH, have been recognized as genotoxic
constituents in several coal-derived materials. In quantitative terms, the amino-
PAH occur at relatively lower concentrations as compared to the PAH. However, due
to the increased sensitivity of the Salmonella typhimurium microbial mutagenicity
test to amino-PAH, they are readily detected in the complex coal 1liquid mixtures
by this biological assay (7-11). The possible contribution of amino-PAH to the
etiology of any cancers induced in coal product workers is only now beginning to
be understood. Amino-PAH such as 2-aminonaphthalene and 4-aminobiphenyl are
recognized as human carcinogens (12). Furthermore, recent studies have
demonstrated that the amino-PAH as a chemical class do contribute to the overal)
initiation of skin tumors in laboratory mice (13).

A common goal of the direct liquefaction process strategies considered in
this study is the reduction of biological activity via reducing the concentration
levels of the amino-PAH and the 4-, 5- and 6-ring PAH. In this report, coal
liquefaction strategies such as distillation, bottoms recycle, hydrogenation, and
two stage Tiquefaction will be discussed in terms of their effect on the chemical
composition of process materials.

ANALYTICAL METHODS

The evolution and development of analytical methods at PNL (Pacific Northwest
Laboratories) has been primarily directed by the requirement of determining the
biologically adverse chemical classes and compounds in coa) Tiquefaction
materials. Accordingly, methods have been designed for the identification and
quantification of not only homogeneous chemical classes, but also individual
components. Figure 1 outlines the overall analytical approach currently used. An
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initial separation of crude materials by adsorption column chromatography (14)
enables the determination of gross chemical composition in terms of PAH and N-PAC
content. Secondary chromatographic separations are achieved by HPLC methods (15)
for the PAH, and a combination of adsorption and gel permeation chromatography
{14,16) for the N-PAC. Finally, instrumental methods such as capillary column gas
chromatography and mass spectrometry are used to provide detailed qualitative and
quantitative chemical analysis of individual components in the separated
materials.

During the last several years, the SRC {sclvent refined coal) processes have
received prime attention and consideration as potential direct coal liquefaction
technologies. An illustration of the detailed data obtained from the previously
described analytical procedures for the PAH fraction of a full boiling range
SRC Il end-product is provided in Figure 2 and Table 1. It should be noted at
this point that al)l process materials investigated during this study and discussed
in this paper were from process development units or pilot plants and may not
necessarily be representative of products which will eventually be produced on a
commercial scale.

RESULTS AND DISCUSSION
DISTILLATION

An effective process technique that has been used in the petroleum industry
for the gross separation of end-products of refining according to volatility is
distillation. Optimized fractional distillation has recently been applied to the
products of direct coal liquefaction in an effort to effect a molecular weight
separation and isolate the biologically active components in the higher boiling
fractions (6). Bioassays of crude distillates and chemical class fractions from
several direct liquefaction processes have shown that the majority (>99%)of
genetic activity is contained in the distillate fractions boiling above
700°F (4-5). Figures 3 and 4 aid in understanding the chemical basis for this
observation.

Figure 3A and 3B present chemical class weight distribution information for
the 50°F distillate cuts of typical end-products from the SRC II and EDS (Exxon
Donor Solvent) coal liquefaction processes, respectively. For each process,
greater than approximately 80% of the material 1is distilled below 700°F. In terms
of chemical class composition, there is a decrease in aliphatic hydrocarbon
content and increasing levels of N-PAC and polar hydroxylated polycyclic aromatic
hydrocarbons (HO-PAH) with increasing boiling point temperature. The neutral PAH
portion of each distillate cut generally remains constant.

The effect of distillation temperature on molecular weight is shown in
Figure 4 for the PAH fraction of the SRC II boiling point cuts. As a general
trend, compounds of increasing molecular weight can be correlated with increasing
distillation temperature. For example, pyrene, which is noncarcinogenic, is at a
maximum concentration in the 700-750°F cut, while the potent carcinogenic
compounds such as benzo(a)pyrene are distilled in the greater than 800°F cuts.
This trend is also observed for the mutagenic N-PAC and amino-PAH components of
the distillate fractions.

In summary, optimized fractional distillation in effect eliminates the bulk
of components from the full boiling range material (Figure 1) which have a
molecular weight greater than approximately 200 daltons and minimizes the levels
of compounds that contain polar nitrogen and oxygen functional groups.
Additionally, materials resulting from this process strategy would have a higher
aliphatic hydrocarbon content and would be nominally biologically inactive.
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BOTTOMS RECYCLE

Information from the distillation studies led to the suggestion that the
greater than 700°F material, or bottoms, might simply be recycled continuously to
extinction within the process to yield a non-biologically active end-product.
Recently, experiments have been conducted with the SRC II process by the Merriam
Coal Liquefaction Laboratory to determine the feasibility and applicability of
this process strategy. Crude materials sampled from the SRC II process while
operating in the bottoms recycle mode, with a recycle cut point temperature of
290°C (554°F) and assayed for microbial mutagenicity (S. Typhimurium, TA98) showed
no detectable activity although these net products contained 5-10% (by weight)
material boiling above the recycle cut point temperature. This work also
demonstrated that an increased recycle of heavier-ends reduced the net yield of
heavy distillate.

CATALYTIC HYDROGENATION

Catalytic hydrogenation has been considered both as an off-line post-
production upgrading step, as well as an integral process in direct coal
liquefaction technologies. Early results with catalytic hydrotreatment of an
SRC II fuel oil blend material showed that mutagenic activity was substantially
reduced by hydrogenation (17). This was explained by the reduced levels of amino-
PAH due to deamination of the nitrogen functionality which occurs readily under
the reducing conditions of hydrogenation processes. Furthermore, hydrogenation of
the PAH components can lead to reduced aromaticity and/or carbon-carbon bond
scission of higher molecular weight PAH. This again leads to a reduction in the
biological potency of the end-products.

Several direct liquefaction technologies including EDS and TSL (two staye
liquefaction) incorporate some form of catalytic hydrogenation step within the
process. Table 2 lists the quantitative results for the major components detected
in the PAH fraction of the 700-750°F distillate cut of end-products from the
SRC II (no hydrogenation) and EDS (process solvent hydrogenation) processes. An
obvious effect of the hydrogenation process is a general reduction in the EDS
material of the concentration levels of parent PAH, for example pyrene and
benzofluorene, as compared to other constituents of the fraction such as the
hydroaromatics and alkylated species. In general, the EDS distillate cut is
composed of several compounds within a fairly narrow concentration range, while
the SRC II material has a few major components with other constituents at much
lower concentration levels. Table 3 gives an estimate of the magnitude of the
chemical differences that result from the hydrogenation process. The increased
proportions of alkylated and hydroaromatic PAH in hydrotreated materials has the
net effect of increasing the hydrogen to carbon ratio and enhancing the quality of
both process products and recycle solvents.

TWO STAGE LIQUEFACTION

Two stage liquefaction processes such as the second generation integrated two
stage liquefaction (ITSL) incorporate several process features which lead to both
process streams and potential product materials which show reduced genotoxicity
(18,19). It appears that the two most important features are reduced liquefaction
severity in the first stage and catalytic hydrotreatment in the second stage. Low
severity extraction depends upon the availability of high quality hydrogen-rich
solvent which results from hydrotreatment. Severity in the initial liquefaction
step is reduced primarily by lowering the residence time of the coal slurry in the
first stage reactor. The improved solvation and hydrogenation properties of the
higher quality solvent allows the coal to be solvated quickly and efficiently,
thus minimizing the possibility of retrograde reaction which leads to the
formation of polar materials and may cause polymerization or coking.
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Reduction in nitrogen content of the distillates is the main reason for the
lower genotoxicity of the ITSL materials as compared to the single stage
processes. Figure 6 compares gas chromatograms of the nitrogen-containing PAH
fractions after the first and second stages of the ITSL process. Deamination that
is only partial in the low severity reactor is relatively complete in the
hydrotreator product. This reduces the overall concentration of genotoxic amino-
PAH in the process material and end-products. Similarly, hydrogenation and
cracking occurs for the other PAH components in the process material resulting in
the superior recycle solvent properties required for Tow severity liquefaction in
the first stage and high quality end-products that are suitable for upgrading and
refining.

CONCLUSION

The ability to perform detailed chemical analysis provides insights and
understanding into both the areas of biological effects and process strategies.
There are a number of chemical differences which have been discussed for the
different products from direct liquefaction strategies, including hydrogenation,
de-nitrogenation, and alkylation. The higher molecular weight genotoxic PAH and
N-PAC which are minor constituents in most full range distillate coal 1iquids can
be effectively reduced in concentration by optimized fractional distillation,
bottoms recycle, or hydrogenation. Furthermore, two stage liquefaction with
enhanced recycle solvents under low severity conditions coupled with hydrogenation
reduces the aromatic and polar PAH content while increasing the hydrogen to carbon
ratio of the process material. In general, the strategies investigated in this
work result in higher quality process materials and end-products which are
suitable either for refining or upgrading into usable products.
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TABLE 1. Quantitative and Qualitative Analysis of the PAH
~ in the SRC II Full Range Distillate(a)

Compound PAH Fractio?
Peak No. Mol. Wt.(P) Identification (PPM_{ug/g)(¢)
128 Naphthalene 730 ¢ 50(d)
1 142 2-Methylnaphthalene 15,040 + 680
2 142 1-Methylnaphthalene 2,840 3 130
3 156 2-Ethylnaphthalene 11,400 = 540
4 156 2,6- and/or 2,7-Dimethylnaphthalene 12,500 + 1000
5 156 1,7- and 1,6- or 1,3-Dimethylnaphthalene 8,260 + 440
6 156 Cy-NaphthaTene
152 Acenaphthylene 340 ¢+ 20
7 154 Acenaphthene 7,990 &+ 450
8 170 C3-Naphthalene
9 170 C3—Naphthalene
10 168 Dibenzofuran 13,360 + 740
11 166 Fluorene 13,960 + 1180
12 168 C,-Acenaphthene and/or Dihydrofluorene 39,960 + 4140
13 184 C4-Naphtha]ene
14 180 9-Methylfluorene 16,650 + 3040
15 182 C,-Dibenzofuran and/or €,
and/or Cl-Dihydrofluorene
16 180 2-Methy1fluorene 11,750 + 680
17 180 1-Methy1fluorene 9,830 + 480
18 180,182,198 C,-fFluorene and/or Cz-Acenaphthene and/or
Cy-Dihydrofluorene, and/or
Cy-Dibenzofuran
19 184 Dibenzothiophene 12,290 ¢ 750
20 196 C.-Acenaphthene and/or Cz—Dihydrofluorgne
21 178 Pﬁenanthrene 44,640 + 2840
22 194,196 C,-Fluorene and/or C,-Dihydrofluorene
23 196 C,-Dihydrofluorene
24 192 3-Methylphenanthrene 9,300 + 840
25 192 2-Methylphenanthrene 11,950 + 800
26 192 1-Methylphenanthrene 3,680 + 490
27 212 2-Chloroanthracene Internal Standard
28 204 Dihydrofluoranthene 8,780 + 100
29 202 Fluoranthene 3,820 + 30
30 202 Pyrene 19,520 + 470
31 204 Dihydropyrene
32 218 Cy-Dihydrofluoranthene and/or
Benzo(a)naphthofuran
33 216 Benzo{a)fluorene 2,840 ¢ 230
34 216 Benzo(b)fluorene and/or
2- or A-methylpyrene 10,360 + 1110
35 218 Dihydrobenzo{b)fluorene and/or
Benzo(b)naphthofuran
36 216 1-Methylpyrene 2,650 + 470
37 230 Cl-Benzofluorene and/or
Cz-pyrene/fluoranthene
38 228 BenZ(a)anthracene 660 + 60
39 228 Chrysene 1,110 + 120
40 242 6- or 4-Methylchrysene 2,110 + 210
41 252 Benzo{j or b)fluoranthene 250 + S0
42 252 Benzo(e)pyrene 200 + 60

SRC 11 Full Range Distillate obtained from Gulf Research and Development Co.,
An Amax Belle Ayr
Mine subbituminous coal was used during run DOE 454RA which was made in the

Merrian Coal Liquefaction Laboratory, Shawnee Mission, KS.

convention recycle mode.

As determined by capillary column gas chromatographic-mass spectrometry.

Determined from response factors of standard compounds.

Based on three determinations; 10 mg/ml, 5 mg/ml, and 2.5 mg/ml‘dilutions.
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TABLE 2. Concentrations of the Major Components of the 700-750°F Distillate
Fractions of SRC II and EDS End-Products.

PAH FRACTION

)
‘(ggM (ug/g)'d

Compound E.D.S src_11(¢)
Dihydrofluoranthene 2,098 36 21,822 + 6,335
Fluoranthene 1,089 + 16 30,210 + 1,819
Pyrene 29,838 + 976 275,991 + 32,372
Dihydropyrene 6,391 ¢ 157 27,733 + 8,413
Benzo(b)fluorene and/or

2- or 4-Methylpyrene 47,042 + 11,610 257,629 + 70,359
1-Methylpyrene 26,567 t+ 6,371 34,335 + 4,405
Benz(a)anthracene 308 23 4,098 t 942
Chrysene 1,554 + 335 2,086 + 561

(a) Concentration of components in the PAH fraction as determined from response
factors of standards. Based on three determinations at 10 mg/mL, 5mg/mL, 2.5

mg/mL dilutions.

(b) EDS 50° distillate from a feed blend of naptha and process solvent of I1linois
No. 6 coal; ECLP operations, Exxon Research and Engineering Co., Baytown, TX.

(c) SRC II 50° distillates from a feed blend of naptha and process solvent of
Powhatan No. 5 mine coal; PDU P-99 operated by Gulf Science and Technology

Co., Harmarville, PA.

TABLE 3. Concentration Ratios of Selected 4-Ring PAH in the
700-750°F Distillate Fractions of SRC II and EDS

Compound Ratio EDS SRC 11
yrene 1.1 8.0
1-methylpyrene

pyrene 4.7 10.0
dihydropyrene

fluoranthene 0.5 0.7
dihydrofluoranthene
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FIGURE 1. Overview of the analytical methodology used for the detailed
chemical characterization of coal liquefaction materials.
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FIGURE 3. Weight distribution of chemical classes in the (A} SRC II and (B)

EDS distillate fractions (see Table 2 footnotes for a detailed
descritpion of these process materials)
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ALTERNATIVE PATHWAYS FOR PYROLYSIS OF CELLULOSE

Fred Shafizadeh

Department of Chemistry, University of Montana
Missoula, Montana 59812

INTRODUCTION

Pyrolysis of biomass involves heterogeneous substrates and complex reactions.
The substrate may contain various amounts of cellulose, hemicelluloses, 1ignin,
extractives and inorganics with different thermal properties. The reactions involve
alternative pathways and consecutive series, which are affected by pyrolytic con-
ditions including the time and temperature profile, ambient atmosphere and catalysis
by inorganic materials. Consequently, composition, yield and rate of formation of
the products are highly dependent on the employed substrate and pyrolytic condition.
This situation accounts for variation of the results, particularly on kinetic
studies, which may range from kinetics of specific chemical reactions to global
kinetics or modeling of an entire process. The latter may be based on a rate
determining chemical step or even a physical process such as heat or material trans-
fer. Pyrolysis of cellulose illustrates these points. The alternative pathways
proposed for pyrolysis of this material is shown below (1,2).

Fission products, CXHy, H, (3)
Cellulose Z———> Anhydrosugars, Tar (2)

Char, H,0, CO,, CO M

Pyrolysis at temperatures below 300°C involves depolymerization, dehydration,
rearrangement and formation of carboxyl and carbonyl groups, evolution of CO and CO,,
development of free radicals and condensation to char. At temperatures above 300°CS
these reactions are accompanied by the conversion of the glycosyl units to levoglu-
cosan by transglycosylation. This reaction is preceded by the activation of the
molecule, presumably through glass transition, which gives the required conforma-
tional flexibility. At still higher temperatures (above 500°C), the glycosyl
structure of the levoglucosan or cellulose rapidly breaks down to provide a variety
of Tow molecular weight fission products, including hydrocarbons and hydrogen as well
as €0, CO, and H,0 obtained at lower temperatures. The pyrolysis products could
further rgact to"alter the composition of the pyrolysate. The secondary reaction may
proceed in the gas phase as further decomposition of levoglucosan, in the solid phase
as the condensation and crosslinking of intermediate chars to nighly condensed poly-
cyclic aromatic structures, or by interaction of both phases as gasification of char
by reaction with Ho0 and CO; at high temperatures to produce CO and Hp. In view of
all these possibilities the kinetic data are valid only for specific chemical reac-
tions or well defined systems. Generalization could be misleading and controversial,
because of major differences in the results obtained under different coriditions.
These differences are shown in the following examples of pyrolysis of cellulose under
different conditions.
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KINETICS OF CELLULOSE PYROLYSIS

Global Kinetics

The global kinetics for isothermal evolution of volatile pyrolysis products
from purified cotton linter cellulose, within the temperature range of 275-310°C,
has been studied in air and nitrogen (3). The Arrhenius plot of the results on
first order kinetics-is shown in Figure 1. These data gave activation energies of
37 and 17 Kcal/mole in air and nitrogen. Figure 1 indicates a transition at ca.
300°C which reflects the existence of two different pathways. As seen in Figure 2,
the rate of pyrolysis measured by weight loss under isothermal conditions, shows
an initial period of acceleration and proceeds much faster in air than in inert
atmosphere., As the pyrolysis temperature is increased, the initiation period and
the differences between pyrolysis under nitrogen and air gradually diminish and
disappear at 310°C when pyrolysis by the second pathway takes over.

Kinetics of the lower temperature pathway

The reactions in the first pathway, which dominates at lower temperatures,
involve reduction in molecular weight or DP by bond scission, appearance of free
radicals, elimination of water, formation of carbonyl, carboxyl and hydroperoxide
groups (in air), evolution of carbon monoxide and carbon dioxide, and finally pro-
duction of a charred residue. These reactions, which contribute to the overall
rates of pyrolys1s of cellulosic materials, have been individually 1nves;1gated
Reduction in the degree of polymerization of cellulose on isothermal heating in air
or nitrogen at a temperature within the range of 150-190°C has been measured by the
viscosity method. The resulting data have been correlated withrates of bond scission
and used for calculating the kinetic parameters., These calculations g1ve an activa-
tion energy of 21 Kcal/mole for bond scission in air and 27 Kcal/mole in nitrogen,
and 1nd1cate that at low temperatures a larger number of bonds are broken in air
than in nitrogen.

The rates of production of carbon monoxide and carbon dioxide at 170°C are
much faster in air than in nitrogen, and furthermore, accelerate on continued heating.
It is instructive to compare the initial linear rates for the evolution of these
gases with the rates of bond scission obtained for depolymerization at 170°C. As can
be seen in Table I the rate of bond scission in air approx1mate1y equals the rate
of production of carbon dioxide plus carbon monoxide in moles per glucose unit. In
nitrogen, however, the rate of bond scission is greater than the rates of carbon
monoxide and carbon dioxide evolution combined.

Table I. Initial rates of glycosidic bond scission and carbon
monoxide and carbon dioxide formation at 170°C.

Reaction Rate X 105 in N2 Rate X 105 in air
mole/162 gm hr mole/162 gm hr
Bond Scission 2.7 9.0
€O Evolution 0.6 6.4
CO2 Evolution 0.4 2.1
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On heating cellulose in air, hydroperoxide functions are simultanecusly formed
and decomposed, and their concentration climbs until a steady state is reached. At
170°C the steady state is reached in about 100 min, The decomposition of the hydro-
peroxide function appeared to follow first-order kinetics with a rate constagt of
2.5 - 10-2 min-1 at 170°C. From the steady-state concentration of 3.0 . }O' mole/
162 g min, the rate of hydroperoxide decomposition is therefore 7.5 x 10/ mole/162
g min. When compared with the initial rate of bond scission in air at 170°C (Table
1), it is apparent that hydroperoxide formation could make a sigrificant contribu-~
tion to bond scission.

Kinetics of the intermediate pathway

The primary reaction in this pathway involves depolymerization by transglyco-
sylation forming a tar containing anhydrosugars (levoglucosan and its isomer),
randomly linked oligosaccharides and various dehydration and fission products. As
the reaction proceeds, the residue contains some glycosyl units that have been
detected by CP/MAS 13C-NMR and FTIR, and some char (4). The char is formed partly
from direct decomposition of cellulose as discussed earlier and partly by decompo~
sition of the tar. On raising the temperature the tar forming reactions accelerate
rapidly and overshadow the production of char. At this time, it should be pointed
out that evaporation of levoglucosan and the volatile pyrolysis products is highly
endothermic. Thus, the increased oven temperature could raise the rate of heat
transfer but not necessarily the temperature of the ablating substrate which is
cooled by the heat of evaporation, especially under vacuum. In other words, at the
higher temperatures, the pyrolysis process may be controlled by the rate of heat
transfer rather than the kinetics of the chemical reaction. Material transport
presents another major obstacle to the investigation of chemical kinetics, because
if the products of primary reactions are not removed, they can undergo further de-
composition reactions. Table II shows the difference between the yield of differ-
ent pyrolysis products in vacuum, which removes the primary volatile products, and
in nitrogen at atmospheric pressure which allows more decomposition of the anhydro-
sugars. It also shows the effect of inorganic catalysts in changing the nature of
the reactions and products.

Table 1I. Analysis of the pyrolysis.products of cellulose at 300°C
under nitrogen and vacuum.

Condition Atm. pressure 1.5 Mm Hg gissgglzg’

Char 34,292 17.8%4° 25.8%°

Tar 19.1 55.8 32.5
levoglucosan 3.57 28.1 6.68
1,6-anhydro-g8-D-glucofuranose 0,38 . 5.7 0.91
D-glucose trace trace 2.68
hydrolyzable materials 6.08 20.9 11.8

Ahe percentages are based on the original amount of cellulose.

288

N e




In view of these considerations, the chemical kinetics of cellulose pyrolysis
have been investigated within the limited temperature range of 260-340°C and under
vacuum in order to obtain chemically meaningful data (5). Under these conditions,
the chemical kinetics of cellulose pyrolysis could be represented by the three
reaction model shown below.

k Volatiles

ke W
. 1 \'
CE1Julose———————+"Active Cellulose”
n A
ce Char + Gases
D
where
“dMeg1y) = ki[Heeys]
at
d(”A) = ki[wceH] - (kv + kc)!:wA]
at
d(W,) = 0.35k [W,]
dt
Ky = 1.7 X 1021~ (58,000/RT) s -1
k, = 1.9 X 1016 (47,300/RT) g1
ke = 7.9 x 10'Te(36,000/RT) ;-1

In this model it is assumed that the initiation reactions discussed earlier
lead to the formation of an active cellulose, which subsequently decomposes by two
competitive first order reactions, one yielding anhydrosugars (transglycosylation
products) and the other char and a gaseous fraction.

Partially pyrolyzed cellulose, in addition to the original sugar (glycosyl)
units, contains new functionalities formed by dehydration, rearrangement, decarbonyl-
ation, decarboxylation and condensation. 1In the intermediate chars these function-
alities 3nc1ude carbonyl, carboxyl, aromatic and aliphatic carbons as analyzed by
CP/MAS 13C-NMR (5). After complete pyrolysis of the glycosyl units (5 min at 400°C)
a relatively "stable" char is left that contains about 70% aromatic and 27% aliphatic
carbons. On heating at 500°C char is converted to a highly condensed and crosslinked
material, containing about 90% polycyclic aromatic carbons,
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CONCLUSION

Pyrolysis of cellulose proceeds by alternative pathways involving a variety
of reactions which provide different products. The kinetics of these reactions
are highly dependent on the experimental conditions.
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KINETICS OF THERMAL DEGRADATION OF WOOD AND CELLULOSE BY T.G.A.
COMPARISON OF THE CALCULATION TECHNIQUES

C. VOVELLE, H. MELLOTTEE, J.L. DELFAU

C.N.R.S. - Centre de Recherches sur la Chimie de la Combustion
et des Hautes Températures
45045 ORLEANS CEDEX - FRANCE

INTRODUCTION :

Kinetics of thermal degradation of cellulosic materials has attracted wi-
despread attention due to its importance in two main fields : synthetic fuel produc~
tion from biomass and fire research. Usually, the results of kinetic studies have
been expressed by means of an overall mass loss rate equation

d n
- a% =A (m - mf) exp (-E/RT) 1)
with m = mass of material at time t, m¢ = final mass, T = temperature, A = preexpo-
nential factor, n = reaction order, A =activation energy and R = perfect gas cons-
tant.

Several reviews (1), (2), (3) have pointed out that there is a great scat-
ter in the values measured for the kinetic parameters : A, n and E. In particular,
activation energies reported for wood are very often lower than those obtained for
cellulose.

Recently (4), we have performed thermogravimetric analysis of cellulose
and several kinds of woods and we have shown that this discrepancy was mainly rela-
ted to the use of an overall equation to represent thermal degradation of wood. By
calculating the mass variations by means of a simulation model allowing several reac-
tions to be taken into account, we have reproduced with a good precision the experi-
mental thermograms. For wood, in nitrogen, this agreement between experiments and
calculations was obtained with a two-step degradation mechanism. The first step
starts around 520 K and corresponds to the degradation of the mixture hemicelluleose
+ lignin. The second step is observed around 620 K and is due to the pyrolysis of
cellulose.

It is highly interesting to notice that for this second step of wood pyro-
lysis, the values of the kinetic parameters obtained with pure cellulose could be
used.

The methods usually proposed for determining kinetic parameters from ther-
mogravimetric analysis curves are based on the assumption that the mass loss rate
can be interpreted by means of an overall equation. In view of the results that we
obtained for wood, it was interesting to study how these methods could be applied
to a two-step degradation mechanism and compare the precision of the results obtai-
ned with different methods. In this paper, we have reported kinetic calculations
performed with the most commonly used techniques : FREEMAN and CARROLL (5), maximum
point (6), ratio method (7), COATS and REDFERN (8) and BROIDO (9). These calculation
techniques have been applied to thermograms measured for pure cellulose and three
kinds of woods : fir, poplar and oak, the experiments having been performed under
nitrogen.

EXPERIMENTAL :

A SETARAM thermobalance has been used. This apparatus allows simultaneous




TGA and DTA measurements. It is worth specifying that due to DTA requirements, the
thermocouple used to measure the sample temperature was surrounded by the platinum
sample holder, so that there is a good coupling between temperature measured by the
thermocouple and the sample temperature,.

A nitrogen flow rate equals to 120 ml/min has been used, and the heating
were respectively : 16.2°C/min (cellulose), 12.9°C/min (oak), 13.0°C/min (fir) and
23.2°C/min (poplar). All the experiments have been performed with initial mass close
to 25 mg.

Mass and temperature versus time curves were digitized by means of a H.P.
plotter. Transformation and smoothing of the data to mass versus temperature curves
and derivative calculations were performed by a H.P. 1000 computer.

RESULTS AND DISCUSSION :

We have plotted on figure 1 the thermograms obtained with cellulose and
the three kinds of woods. Usually, from these curves, a conversion factor is defined
by =

m, - m
Yo = 2)
m o -m
[+] £
with : m = mass remaining at time t, m, = initial mass and m; = final mass.

The overall kinetic equation is expressed in term of this conversion fac-
tor :
[\

=AY )" exp (-E/RT) 3)

or by using the heating rate : P = dT/dt

ay A n
T = B (1 -Y) exp (-E/RT) 4)

To use this equation for wood, it is necessary to define a conversion fac-
tor specific to each step of the degradation mechanism., If the step s is assumed to
be observed between an initial value of the mass : (my)_ and a final value (mg)_, this
conversion factor is defined by :

(m) -m
0'g
Y = 7 5)
s (mo)s - (mf)S

These boundary values play an important role, since the variation of

Y, over a given temperature range can be modified by changing the values used for

my)_ and (mg)_ and it can be considered that five kinetic parameters are needed to
specify the thermal degradation : A, n, E, (mo)S and (mf)s.

In order to get starting values for these boundary values of the mass, we
have used the results obtained in the previous study carried out with the simulation
model (4). These results have been reported in table I. When performing these calcu-
lations, the following assumptions had been made :

- wood is composed in equal proportion of cellulose and a so called "se-
cond component”
) - for each component, several reactions can be observed, each reaction oc-
curring between an initial value uoand a finai value agof the mass ratio a= my/(mo)y
with m = mass of component k at time t and (mo)k = ipnitial mass of component k.

From the values reported in table I, it can be seen that the first step

i? the thermal degradation of wood, starting around 520K corresponds to the pyroly-
sis of the so-called second component, the pyrolysis of cellulose being responsible
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for the second step observed at higher temperature. In fact, these two steps are
not really successive and a progressive replacement of the first one by the second
is rather observed. Owing to this overlapping, it seemed preferable to not use the
intermediate part of the thermograms and in the following we have considered that:

-~ At the beginning of the first step, only the pyrolysis of the second
component is observed. Assuming that this component represents 50% of the initial
mass of wood and with the values of ag reported in table I, the boundary values for

the first step are equal to m, and .7 mg.

- Kinetic parameters of the second step can be calculated accurately only
when the pyrolysis of the other component is achieved, so that the initial value
of the mass is .7 mg, while, from the values of agit is found that the final value
is close to .33 my-

In fact , these values have been allowed to vary slightly in order to
optimize the results.

In the following we have described the results obtained by applying suc-
cessively the different methods.
FREEMAN and CARROLL method :

By taking the logarithm of both sides of equation 4 and differentiating
with respect to temperature, the following expression is obtained :

d log (dY/dT) _ n - E d (1/T) 6)
d log (1 -Y) 2.3 R d log (1-Y)
By plotting the left hand side versus 4 a/m _ a straight line mustbe
d log (1-Y)

obtained, with a slope equals to E/2.3 R and an intercept equals to n.
The preexponential factor A is calculated thereafter by means of equation 4.

To illustrate the precision which can be expected when using this method,
we have plotted the results obtained respectively for the first step and the second
step of fir pyrolysis on figures 2 and 3. It can be seen on figure 2 that the points
corresponding to the lowest values of d(1/T)/d log(l -Y) tends to be outside of the
straight lire, this deviation being due to the beginning of the occurrence of the
second step. However, on the main temperature range of each step, the linear rela-
tionship is fairly well verified.

The values obtained for the second step of wood pyrolysis and for cellulo-
se pyrolysis (table II) are in good agreement with the values that we calculated
previously with the simulation model (table 1). For the first step, on the other
hand, the activation energies obtained for fir and oak are slightly higher than tho-
se calculated previously and some discrepancies are observed in the values of the
order of reaction.

It is mainly interesting to notice that these calculations confirm that
the kinetic parameters of the second step of wood pyrolysis keep the value obtained
with pure cellulose.

A second remark can be done concerning the method of calculation. Due to
the properties of logarithms and derivatives, the results are independent of the
value chosen for (mg)g and only (mg) is playing a réle. For the second step of wood
pyrolysis, the value of (mg); can be known with accuracy since it corresponds to
the final value of the mass observed on the thermogram. Therefore, for the second
step, the determination of the kinetic parameters by means of this method is not
affected by errors resulting of a wrong estimation of the initial value of the mass.

Maximum point method :

From equation &4, the following relationship is obtained between the values
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of the parameters corresponding to the maximum conversion rate

2

RT,2 /dY
E=rntap\ar /, &

where Ty, Yy and (dY/dT)y represent respectively the values of the temperature,
the conversion factor and the derivative of the conversion factor at the point where
the conversion rate is maximum.

The order of reaction is calculated by using one of the following expres-
sions : . (1-n)
n=(1-Y) if n#1 8)

n=1if (1- Ym) =1/e 9)
with e = basis of neperien logarithm.
The preexponential factor is calculated from equation 4.

This method cannot be applied to the first step of wood pyrolysis, since,
due to the overlapping with the second step, there is no maximum in the conversion
rate vs temperature curve.

The values obtained for cellulose and the second step of wood pyrolysis
are reported in table III.

It can be observed that the kinetic parameters determined for wood are
still very close to those calculated for pure cellulose.

However, in addition to its limitation concerning the treatment of the
first step of wood pyrolysis, this method suffers a second disadvantage related to
its accuracy. A small error in the estimation of the temperature corresponding to
the maximum conversion rate entrains a large variation in the values ofy . This
is illustrated by the following values measured for fir

TK 635 636 637
(av/am) k1 2.77 1072 2.85 1072 2.82 1072
Y .612 644 672
m

Moreover, this method is directly dependent on the values chosen for (mo)
and (mf) and it can be seen that if the values of n, A and E obtained for poplar
are close to the values calculated with the other methods, the value used for
(mo)S seems abnormally elevated.

Ratio method

This method has been formulated by MICHELSON and EINHORN (7). 1f equation
4 is written for two values of the temperature T; and T, the following expression
can be derived :

(dY/dT)j (1- Yj) E T, - T

— 1
@v/an, nlee TNy Y 73R TOT 10)
i J
where the subscripts i and j mean that the quantities have been measured at tempera-
tures Ti and Tj.

log

If this calculation is repeated for couples of temperature such that the
ratio r = (1-Y;)/(1-Y;) remains constant, the plot of the left hand side versus
Ty - T1/Ty Ty "must be a straight line of slope equal to E/2.3 R. The order of
reaction is calculated from the value of the intercept.
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Values obtained by applying this method (table IV) are in close agreement
with those determined with the FREEMAN and CARROLL method for pure cellulose as well
as for the two steps of wood pyrolysis.

It is important to notice that the rdle played by the boundary values (mgg
and (mg) in the calculation of the conversion factor is reduced to a minimum when
to ratio method is used. Calculation of the order of reaction involves only (mf%
while, for the activation energy, the values are totally independent of (m,)_ and
(mf)_ since these two quantities vanish when the left hand side of equation 10 is
calculated. This method is therefore particularly convenient for the kinetics of
wood pyrolysis, especially for the first step, where, due to the relatively small
value of the difference (mo)S - (mg)_, the conversion factor is very sensitive to
a small change in the value estimatea for (mf)s.

COATS and REDFERN method :

Equation 4 cannot be integrated directly. However, using an approximation
for the integral of the exponential term several expressions can be derived. COATS
and REDFERN (8) have obtained :

log [— lo ;1 —Y)] - log 2R [ 1 - Z_EI] . —E  ifa=1 11)
T BE E 2.3 RT

(1-n)
and log [}l—g—ﬁl:—ll——————] = log AR [ 1 - g—BI—] R Y n% 1 12)
T° (1- n) BE E 2.3 RT

The first term in the right hand side is sensibly constant in the tempera-
ture range used in the calculations so that a plot of the