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ABSTRACT

The Argonne Premium Coal Sample Program includes eight coals
(Upper Freeport, Wyodak-Anderson, Illinois #6, Pittsburgh,
Pocahontas #3, Utah Blind Canyon, Lewiston-Stockton and Beulah-
Zap seams) chosen to provide a range of chemical composition, in-
cluding sulfur content, maceral content and geographic distribu-
tion. One of the purposes is to provide a set of pristine
samples for comparison and correlation. They have been collected
in ton-sized batches and processed to provide a minimal exposure
to oxygen, thoroughly mixed, and packaged in borosilicate glass
ampoules containing either 5 grams of -100 mesh or 10 grams of
-20 mesh material. This material has been analyzed by a number
of laboratories, including a round robin with Commercial Testing
and Engineering Co. Further data are being added to an analyti-
cal data base as they become available. Over 190 shipments have
been made to over 110 different users. Research is currently
being carried out in almost every area of coal science with these
samples.

* This work was supported by the Office of Basic Energy Sciences,
Division of Chemical Sciences, U. S. Department of Energy,
under contract number W-31-109-~ENG-38.

INTRODUCTION
Goals:

The Premium Coal Sample Program was initiated at the Argonne Na-
tional Laboratory about five years ago to provide the basic coal
research community with a small number of carefully selected,
collected, processed packaged and analyzed samples. The tech-
niques of mixing, sealing and storage are intended to provide a
large number of uniform samples that will be stable over a long
time, and will permit reproducible experiments to be carried out
at different times and laboratories.

Selection of Samples:

The coals included in the program were selected to give a range
of composition in terms of the carbon, sulfur, hydrogen and
oxygen contents. A cluster analysis involving data from over 200
channel samples in the existing Pennsylvania State University
database was used to provide eight ranges of composition, from
which the chemical composition characteristics of the eight
samples were chosen. In addition they were selected to give a
range of rank, geographical distribution, and maceral content.



In the order collected, these eight coals are:

# Seam Oorigin Rank
1 Upper Freeport PA MVB
2 Wyodak-Anderson WY SUB
3 Illinois #6 IL HVB
4 Pittsburgh PA HVB
5 Pocahontas #3 VA LVB
6 Utah Blind Canyon uT HVB
7 Lewiston-Stockton wv HVB
8 Beulah-Zap ND LIG

The abbreviations are: LIG = lignite, SUB = subbituminous, HVB
high volatile bituminous, MVB = medium volatile bituminous, LVB
low volatile bituminous.

Collection:

Details of the procedures for collection have been given in ear-
lier reports (1-8). In brief, the samples from underground mines
were collected from freshly exposed blocks of coal, the thickness
of the seam. Typical samples were about 1 1/2 tons. For thick
underground seams (#3,4,5,6,7), the 55 gallon stainless steel
drums were taken to the seam face, and representative samples
were placed directly into the drums. For the thinner seam (#1)
the sample was taken to the surface in double plastic bags. Sur-
face mine samples (#2 and 8) were obtained from core samples.

Processing and Packaging:

At the surface the drums were purged with enough argon to reduce
the oxygen content to 100 ppm, and quickly transported in a
temperature-~controlled semi-trailer to Argonne National
Laboratory (ANL) for processing. AT ANL, the drums were weighed,
placed into airlocks, purged, the contents were crushed, pul-
verized to -20 mesh, thoroughly mixed, and the contents were
packaged. Half the batch was reground to -100 mesh, and then
packaged. Packaging included placing about 80% of the coal in
carboys of borosilicate glass for long term storage. The balance
went into amber borosilicate glass ampoules of 10 grams of -20
mesh or 5 grams of =100 mesh material. The oxygen content of the
packaging facility was maintained below 100 ppm at all times, and
was typically about 30 ppm.

CURRENT STATUS
Inventory - Long Term Supply:

The ampoules and carboys are kept in a dark air-conditioned
storage room. About 10,000 of the 5 gram ampoules and 5,000 of
the 10 gram ampoules were made for each sample. Initially about
120,000 samples were placed in storage with about 550 of the 5
gallon carboys. As shipments deplete the inventory, then carboys
can be placed in the packaging facility and additional ampoules
filled and sealed to replenish the inventory. The current demand
is such that the supply of ampoules should not need replenishing
for another 6 years. The Illinois #6 sample is the most fre-
quently requested.



Homogeneity:

Samples were taken during the processing to be irradiated and
counted for homogeneity analysis. The results indicate that the
samples were well mixed. Additional samples have been sent to a
number of laboratories for analysis. Commercial Testing and En-
gineering Company performed a round robin analysis for the
proximate analysis, and also carried out a number of ultimate,
ash and other analyses as well.

Stability:

Stability analyses are carried out in two ways. The ampoules are
routinely sent to the Analytical Chemistry Laboratory at ANL for
gas analyses. The gas inside of the ampoules is analyzed for
oxygen, hydrogen, nitrogen, carbon dioxide, methane, and other
hydrocarbon gases. The results have indicated that no oxygen is
entering the ampoules and the interior gas has a generally stable
composition, with some tendency to liberate methane and carbon
dioxide. The other stability study involves the gieseler plas-
ticity analysis for the bituminous samples. These samples are
sent at half year intervals for continued monitoring.

Analyses:

Other laboratories are encouraged to make the results of their
analytical efforts known to the author so that they may be incor-
porated into a compendium of results for the benefit of all of
the sample users. Table 1 gives a listing of the results for the
analyses done by CT&E. The modified Parr formula used for the
Dry mineral matter free content calculations was:

Mineral matter(dry) = 1.13 Ash + 0.47 Pyritic S(dry) + 0.50 Cl
(dry)

Other Studies:

This unique set of samples can advantageously be used to carry
out a number of studies in a "round-robin" type of effort to help
different laboratories compare their results, and develop an un-
derstanding of the differences in the coal samples. A study of
the NMR characteristics of the samples is being planned, with the
results to be shared near the end of 1989.

Shipments:

The acceptance and popularity of the samples may be gauged by the
number of shipments, re-ordering and scope of work done with
them. At the time of the writing, over 190 shipments had been
made. These included over 110 different laboratories and inves-
tigators. Several of these have requested four different batches
of samples. The shipments have gone approximately about 2/3 to
academic institutions, and the rest about evenly divided between
industrial and governmentally supported laboratories. About 5%
of the shipments have gone to countries other than the U. S. A.
The number of ampoules shipped has exceeded 6,000.



USGS Circulars - Geology and Geography:

In addition, the United States Geological Survey, which super-
vised the collection of the samples, is preparing a series of
USGS Circulars, which will summarize the geological and
geographical information of general interest about these samples.
These may be obtained directly from the USGS.

Newsletter:

A newsletter has been initiated to provide current information of
value to all recipients of the samples. The quarterly publica-
tion gave the contents of this symposium, and announced the
development of a bibliography of references to the use of the Ar-
gonne Premium Coal Samples. All recipients of samples are asked
to provide references to reports, journal articles and other
public information so that this information may be shared with
other investigators.

Types of Research Work:

The types of research being done with the samples are about as
diverse as the research being done on coal. The symposia that
follows will give a representative sample, but certainly does not
include all of the work that is being done. The major fields in-
clude: structural studies, determination of the functional
groups qualitatively and quantitatively in the coal, coalifica-
tion, pyrolysis, liquefaction and gasification, sulfur removal,
nevw methods of analysis and others.

Symposia:

This symposium is the second in a series devoted to research done
with the Argonne Premium Coal Samples. The first, held in New
Orleans in September, 1987 had 23 papers on a variety of topics.
The organization this year is based on the subject matter of the
individual papers. The range of work is such that a number of
papers are finding their way into symposia on topics of special
interest such as coal liquefaction, and this trend will probably
continue.

Future Activities:

The APCSP will continue to provide samples and information about
these samples to the users. It is planned to provide a data
handbook to give in one document the most frequently requested
information. This will include the results of the analytical
work that is reported to the author, and special studies which
have been arranged to provide for a reasonably complete set of
information.

Further, individual studies may be initiated to respond to cer-
tain findings of potential interest to the user community. The
observation of increased concentrations of methane and carbon
dioxide in some of the ampoules led to speculation that anaerobic
bacteria may be present with the samples. An effort is underway




to culture bacteria from samples of coal from each of the
batches. The results of this effort will be described at a fu-
ture meeting.
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Table 1.
Coal

AR H20
AR Ash
AR N
AR §

AR Btu

Dry Ash
Dry M
Dry s

Dry Btu

Dry C
Dry R
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KINETICS OF VACUUM DRYING AND REHYDRATION IN NITROGEN
OF COALS FROM
THE ARGONNE PREMIUM COAL SAMPLE PROGRAM"

Karl S. Vorres and Roger Kolman
Chemistry Division, Building 211
Argonne National Laboratory
Argonne, IL 60439

ABSTRACT

The kinetics of vacuum drying and rehydration in nitrogen of
Wyodak-Anderson subbituminous, and Illinois #6 and Utah Blind
Canyon high volatile bituminous coal samples have been studied at
room temperature. Some samples were oxidized at room tempera-
ture. Several cycles of drying and rehydration were carried out
on the same sample. The drying rates depended on particle size
and moisture content of the sample. Several different mechanisms
of moisture loss and rehydration were indicated by the kinetic
data. The mechanism depended on particle size, coal rank, and
degree of oxidation.

* This work was supported by the Office of Basic Energy Sciences,
Division of Chemical Sciences, U. S. Department of Energy,
under contract number W-31-109-ENG-38.

INTRODUCTION

Drying and rehydration of a porous material can give some insight
into the surface properties and the internal structure of the
material. The rate of moisture removal or replacement will
depend upon the coal surface, the macromolecular network of the
coal particles and the structure of the pores through which the
moisture flows.

An earlier study (1) reported the results of drying and rehydra-
tion studies on 1Illinois #6 Argonne Premium Coal Samples. The
work involved different particle sizes and indicated that the
mechanisms of drying and rehydration changed, depending on the
coal particle size. The samples were fresh and aged, which also
affected the results.

In general four mechanisms were observed (1). One involves a
diffusion limited process of migration through a uniform barrier,
and is observed with a parabolic curve. This is also referred to
as Fickian diffusion. A second mechanism, obeying first order
kinetics, similar to radioactive decay, would imply that the
probability of a given water molecule being removed or adsorbed
was a random probability event, and that all surface sites from
which the water molecules depart or the water molecules in the
sample were apparently equivalent. The third mechanism gives a
plot following an adsorption isotherm curve. The mechanism here
depends on the degree of surface coverage. A fourth mechanism,
sometimes associated with the parabolic curve, is a 1linear
mechanism implying a uniform barrier for diffusion.



The equation for the diffusion through a growing uniform barrier
is:

2
W< = kt
where W is the mass change, k is a rate constant and t is the
elapsed time.

The equation for the first order kinetics is:

logw =%kt
A characteristic half-time or half-life is associated with this
reaction such that half the reaction is over in the half life,
3/4 is over in two half lives, 7/8 is over in three half lives
etc.

For the adsorption or desorption reaction, the equation is:

W = k(t/t + 1)
A characteristic half time or half life is also associated with
this reaction. The half time is the time for half of the ob-
served change to take place. Then 2/3 of the reaction takes
place in two half times, 3/4 takes place in three half times, 4/5
takes place in four half times etc.

The equation for the linear reaction is:
W = kt

This study extended the earlier work and involved examination of
the drying and rehydration behavior of a lower rank Wyodak-
Anderson sample, and a similar rank (but lower moisture content)
sample from a different coal basin (Utah Blind Canyon seam).

APPARATUS, MATERIAL AND PROCEDURES

The studies were carried out with an Ainsworth recording
thermobalance (described earlier (1)). The samples were weighed
on a quartz pan and suspended from the balance. A guartz en-
velope was placed around the sample to control the gaseous en-
vironment. A water bath was placed around the sample to provide
for temperature control to about 1° C. Initially the gas atmos-
phere was removed with a vacuum pump for dehydration. After
dehydration, the samples were rehydrated by stopping the vacuum
pump, backfilling with nitrogen, removing the quartz envelope,
inserting an ice cube, re-evacuating to remove air, and backfill-
ing with nitrogen. The ice cube was melted with warm water, and
the water bath was replaced. The cycle was repeated by removing
the quartz envelope and water, drying the envelope and replacing
it and the water bath. From two to four cycles of dehydration
and rehydration with the same sample were obtained in this way.

Sample weights varied between 0.100 and 1.112 grams. The weights
used were:

IL #6 Block 1.112 grams
IL #6 -20 mesh 0.100 gram
IL #6 -100 mesh 0.239 gram
Wyodak -20 mesh 0.100 gram
UT Blind Canyon ~100 mesh 0.346 gram



The data were recorded on chart paper and estimated to the
nearest .01 mg. Buoyancy corrections for going between vacuum and
atmospheric pressure were made. Due to some difficulties in es-
tablishing the initial weight during the conversions from wvacuum
to moist nitrogen and vice-versa (due to the rapidity of the
change and the sensitivity of the sample to the change in condi-
tions) the nature of the initial mass change is considered some-
what uncertain for some of the pulverized samples.

Data were transferred to a Lotus 1-2-3 file and analyzed on an
IBM PC-XT microcomputer. Initial plots were generated from the
program.

Some of the analytical data on the samples are as follows:

Sample Moisture Ash carbon (maf)

Wyodak-Anderson 28.09 6.31 75.01

Illinois #6 7.97 14.25 77.67

Utah Blind Canyon 4,63 4,49 80.69
RESULTS

The data for the samples was placed on a common basis of mass
change in milligrams per gram of sample. The results for the Il-
linois #6 sample are given in Figures 1-6 for cycles of dehydra-
tion or of rehydration for the block, -20 mesh and -100 mesh
material, respectively, at room temperature. Figures 7-8 indi-
cate the data for the Wyodak sample at room temperature, while
the Figures 9-10 indicate the data for the Utah Blind Canyon for
room temperature. The points represent observed data, and con-
tinuous lines represent calculated results using the equations
for the mechanisms which gave the best fit to the data. Numbers
on the figures refer to the cycle of dehydration or rehydration
to which the points correspond.

The mechanisms observed are summarized in Table 1.

X DISCUSSION

The dehydration of the Illinois # 6 block followed a set of
desorption curves. The amount of water desorbed depended on the
amount initially present or returned during the rehydration step.
The rehydration #2 was allowed to continue for 3 weeks and indi-
cated that the amount of water which can be adsorbed under those
conditions significantly exceeds the ASTM moisture value. The
adsorption process is slow and probably would require a number of
weeks for a one gram block to reach equilibrium. The desorption
mechanism indicates that the rate controlling step involves a
loss of moisture from the surface, rather than diffusion from the
bulk of the particle to the surface.

The rehydration of the Illinois # 6 block followed a set of
parabolic curves, of the type indicating a growing uniform bar-
rier to further diffusion of moisture. This could indicate that
the moisture swells the macromolecular network in a manner that
uniformly impedes further increase of moisture. The effect of
pores for this process is not noticeable.




The dehydration of the =20 mesh material is unigque for the
samples which have been studied. The initial loss was very low
due to the small amount of moisture in the sample at the start.
Subsequent runs followed a combination of linear and parabolic
segments. The mass change for the initial linear segments in-
creased from cycle 2 to cycle 3. The surface of this sample was
oxidized which would provide a number of hydrophilic sites, in
contrast to the hydrophobic sites to be expected on pristine
samples. The moisture loss is significantly greater than the
ASTM moisture value, and a large part takes place in the initial
linear segment. This suggests that some moisture may be caught
in the interstices of the particles. The ASTM moisture should be
the sum of the moisture held in pores and in the macromolecular
network. The pore moisture can be approximated by subtracting
the amount taken up during the parabolic portion and the final
linear part from the ASTM moisture. The amount in excess of the
ASTM moisture may approximate the amount held in the interstices
between the particles.  The interstitial water is expected to be
released quickly and following the linear mechanism.

The rehydration of the -20 mesh material was observed to largely
follow the adsorption mechanism.

The dehydration of the =-100 mesh sample followed the desorption
model. The sample had initially been equilibrated with distilled
water at room temperature and lost about 11 % moisture. The sub-
sequent rehydration allowed only about 8 % moisture (the ASTM
moisture) and that was lost in the following dehydration.

The rehydration curves initially followed an adsorption model and
then showed evidence of multilayer formation. However, the sub-
sequent dehydration did not show evidence of separate layers
being desorbed.

A comparison of the rates of the reactions showed that the block
is the slowest to change mass per gram. The initial rate for the
-20 mesh reflects the low initial moisture content of that
sample. The intermediate rate was indicated for the -100 mesh
material, and the fastest rate for the oxidized -20 mesh material
after the initial dehydration. This comparison is valid for both
the dehydration and the rehydration mechanisms.

The dehydration data for the Wyodak sample indicated a desorption
model.

The rehydration of the Wyodak sample indicated the formation of
several layers of moisture following an initial layer of moisture
adsorption. Nevertheless, the subsequent dehydration did not
show any significant or comparable deviation from the normal
desorption curve. The mass loss on the second dehydration indi-
cated that only about 15 % moisture was lost, compared to the 28
% moisture determined by the ASTM method.

The dehydration of the Utah Blind Canyon sample followed the
desorption model. The rehydration of the sample also followed
the adsorption curve. There was no evidence of multilayer forma-
tion.
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CONCLUSIONS

The mechanisms of dehydration and rehydration vary depending on
the sample size and history. The behavior of an individual par-
ticle is best approximated by the block of Illinois #6 which in-
dicated the desorption mechanism for dehydration and the
parabolic mechanism or Fickian diffusion for rehydration. In
general pristine samples followed an adsorption or desorption
mechanism. Aged or oxidized samples showed combinations of
linear and parabolic mechanisms which probably reflect a change
in the surface properties in going from a hydrophobic behavior
for the more pristine to hydrophilic for the more aged or
oxidized material. Multilayer adsorption was observed on the
lower rank materials which implies that the functional groups
present on the surface facilitate this type of phenomenon.
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TABLE 1.

MECHANISMS FOR THE DEHYDRATION AND REHYDRATION OF COAL SAMPLES.

Sample Dehydration Rehydration
Illinois #6 Block Desorption Parabolic
-20 mesh L-P-1L Adsorption
-100 mesh Desorption Adsorption
Wyodak-Anderson -20 mesh Desorption Adsorption
Utah Blind Canyon =100 mesh Desorption Adsorption
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Figure 3.

Figure 4.
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STRUCTURAL GROUP ANALYSIS OF ARGONNE PREMIUM
COALS BY FTIR SPECTROSCOPY

K.A. Martin
S.5. Chao

Institute of Gas Technology
Chicago, Illinois 60616

INTRODUCTION

Infrared spectroscopy 1s a well-established method of coal characterization
(1-12), Aspects of coal structure such as functional groups and hydrogen-
bonding (11) and changes in structure during pyrolysis (6,7) and oxidation
(4,5,9,10) have been described through infrared analysis and related to
macromolecular processes. In.particular, Painter et. al. (2), have proposed
an FTIR procedure for a fairly exhaustive analysis of coal functional groups.
Many of these suggestions are incorporated into the present study for the
development of a functional group analysis data base for a set of standard
coals.

EXPERIMENTAL

Eight Argonne premium coal samples were studied: Pennsylvania Upper Freeport,
Wyodak, Illinois #6, Pittsburgh #8, Pocahontas #3, Utah Blind Canyon, West
Virginia Stockton-Lewiston, and Beulah-Zap. Each ampoule of -100 mesh coal
was mixed, opened, and the contents dried in a vacuum oven at 40°C for two
hours. The dried samples were stored under vacuum until used. Diffuse
reflectance infrared (DRIFT) spectra were obfained on neat dried samples with
a Nicolet 60SXB FTIR with 500 scans at 4 cm = resolution. KBr pellets were
also pregared (about 0.3% coal by weight) and spectra collected with 128 scans
at 4 cm - resolution. Carbon, hydrogen and nitrogen analyses were performed
with a LECO CHN-600 analyzer, and oxygen analyses were performed on a Carlo
ERBA 1106 elemental analyzer. The low temperature ash of each coal was
obtained with 0.5 g sample in an International Plasma Machine 1101B at 130
watts for several days. Another 0.5 g of each coal was acetylated by heating
the coal at 100°C in a 2:1 mixture of pyridine and acetic anhydride for eight
hours followed by filtering and vacuum drying.

RESULTS AND DISCUSSION

Each of the two sampling methods employed here, DRIFT and KBr pellets, have
advantages and drawbacks in coal analysis. DRIFT suffers from a lower signal-
to-noise ratio, but is very sensitive to some infrared bands which do not
appear well in transmission spectra. Figure 1 compares the C-H stretching
region of the Blind Canyon coal from DRIFT and KBr pellet spectra. Absorbance
units are used rather than Kubelka-Munk units because the latter result in
intensities too weak to resolve well. A weak band at 2732 cm * is apparent in
the DRIFT spectrum, but barely observed in the transmission spectrum. The
relative intensities of the C-H bands also change, with the symmetric and
asymmetric CH; modes enhanced in the DRIFT spectrum. DRIFT is especially
useful because coal can be sampled without an interfering matrix, which is
important in determinations of OH and water content. KBr pellets, on the
other hand, offer the advantages of a high signal-to-noise ratio and better




control over sample concentration for quantitative work. The strengths of
both methods have been exploited in this study.

A common method for determining relative aromatic and aliphatic hydrogen
concentrations has been to compare the absorbances or integrated areas of the
3100-3000 and 3000-2800 cm™! regions (2,7). Table 1 gives the results of
using conversion factors obtalned from model compounds to determine the
relative amounts of aliphatic and aromatic hydrogen from the integrated areas
of the CH regions. As expected, the ratio of aliphatic to aromatic hydrogen
increases as the C/H ratio decreases. A pitfall in this procedure is the
assumption of a single average conversion factor for all of the coals.
Individual C-H groups have different extinction coefficients and variations in
the composition of the aliphatic molety would affect the average absorption
coefficient. Inspection of the asymmetric CH stretch of these coals indicates
that the ratio of CHy to CH2 groups increases as the coal rank increases.
Also, the second der?vative and deconvoluted spectra show that the Beulah-Zap,
Wyodak and Blind Canyon coals have very few CH; bands, while the other coals
have a more diverse composition. In spite of this variation, a single
conversion factor applied to all coals should result in a good approximation
of the relative abundance of the aliphatic and aromatic hydrogens.

The out-of-plane aromatic CH regilon, 900-700 cm_l, has three major bands in
each of the coal spectra after subtraction of the low-temperature ash spectrum
at 870-855 cm !, 816-812 cn” , and 754-748 el (Figure 2). These can be
assigned to the bending modes of an isolated hydrogen, two adjaceat hydrogens,
and three or more adjacent hydrogens, respectively. From curve-fitting
results, the coals with the highest C/H ratio, Pocahontas and Pennsylvania,
have the largest contribution from the band due to lone hydrogen, along with
the Illinois and Lewiston-Stockton coals, indicating a higher degree of
substitution or cross-linking in these coals., The Wyodak, Blind Canyon and
Beulah~Zap coals1 with the lowest C/H ratios, have the largest contribution
from the 815 cm™ ' band and a much smaller contribution from the 870 cm™ " band,
but also fewer aromatic hydrogens overall. This implies a less aromatic
structure with less substitution and less cross-linking.

Another facet of aromatic substitution may be the weak band at 2732 cn”! which
appears in all but the Wyodak and Beulah-Zap coals. Painter (2) has assigned
this as an overtone of methyl groups attached directly to an aromatic ring.
The increased intensity of this band as the aromaticity and CH, concentration
increase supports this assignment. The integrated peak area of this band
compared to the total aliphatic CH area can be converted into the percentage
of aliphatic hydrogens in methyl groups attached to aromatic rings, using
factors obtained from model compounds. The results for the six coals are
given in Table 2. These results indicate that over half of the aliphatic
hydrogens in the Pocahontas coal are in methyl groups attached to aromatic
groups. This leaves few hydrogens which can form methylenic linkages. Blind
Canyon coal, on the other hand, has very few hydrogens in this form. This is
compatible with the observation that the Blind Canyon coal is less highly
substituted.

The prominent band at 1600 co™! 1n the spectra of all coals has been
attributed to an aromatic ring mode, highly conjugated carbonyls, electron
transfer between aromatic planes, to a non-crystalline, non-aromatic graphite-
like phase, or to combinations of these (12). Figure 3 shows the spectra of
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the eight coals between 1700 and 1500 em™! after aubtraction of the low-
temperature ash spectrum. It can be seen that the shape and maxima of the
bands shift for the different coals,_iuggesting a different underlying
character. The most intense 1600 cm ~ band is found in the Beulah-Zap coal,
with the intensity of this band in the other coals decreasing in the same
order as the oxygen coatent decreases. Deconvolution, second derivative and
curve-fitted spectra showed that the composition of this band varjes. The
Wyodak and Beulah-Zap coals have major bands at 1655 and 1562 cm ~, usually
assigned to conjugated carbonyls and carboxylate groups (2), but only weak
features near 1600 cm = where the aromatic ring mode 1s expected. The
Pocahontas and PittsbuE%h coals, however, have their strongest contribution
from a band at 1611 cm ~.

In order to measure the phenolic and alcoholic content of the coals,
acetylated derivatives were prepared. The subtracted spectra of the
acetylated and initial coals were curve-fit between 1800 and 1500 cm .
Figure 4 shows the subtracted spectra for the lllinoils, Pennsylvania, Wyodak
and Pocahontas coals. The bands at 1770, 1740 and 1685 cm_¥ have been
assigned to acetylated phenolic, alkyl OH, and NH groups (2). Conversion
factors were obtained from model compounds. Because of the inconsistency in
the amine results, only the phenolic and alcoholic results are reported.
Table 3 gives the relative abundance of phenolic and alkyl OH groups in the
coals. Contrary to Painter's findings (2), this ratio is not very consistent,
but increases significantly for the low rank coals. However, this discrepancy
could be due to incomplete acetylation of less accessible OH groups.
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Table 1. Relative Ratioa of the Number of Aliphatic and Aromatic Hydrogens

Pocohontas
Pennsylvania
Lewiston—Stockton
Pittsburgh No. 8
Illinois No. 6
Beulah-Zap

Blind Canyon
Wyodak

Table 2. Concentration of Aliphatic Hydrogens in ¢-CH4 Groups

Pocahontas
Pennsylvania
Pittsburgh

Aliphatic Hydrogens/
Aromatic Hydrogens
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Lewiston-Stockton

Il1linois
Blind Canyon

Table 3. Ratio of Phenolic to Alkyl OH

Pocahontas
Blind Canyon

Lewiston-Stockton

Pittsburgh
Pennsylvania
Beulah-Zap
Wyodak
Illinois

RPP/kate2 /PF
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56.4
42.9
26.4
24,9
14,7
12.9

C/H Ratio

20.03
16.54
15.30
14.99
14,23
14.89
13.33

.13.80
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Figure 1. Comparison of KBr pellet and diffuse reflectance
spectra of Blind Canyon coal.
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Figure 2, Aromatic hydrogen out-of-plane bending modes

(a = Pittsburgh, b = Illinois, ¢ = Lewiston-Stockton,
d = Blind Canyon, e = Pennsylvania, f = Pocahontas,

g = Wyodak, h = Beulah-Zap).
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SUBTRACT: COAL (T=0)1 - LTA

a
u b
4 B
T
0] 4
o
o [
2]
m
T
7 d
e
4 f
g
h
1foo—TB75 1650 1625 1600 1575 1550 1525 1500

WAVENUMBER

Figure 3. Comparison of 1600 cm—1 band for the different
coals (a = Pittsburgh, b = Illinois, ¢ = Lewiston-Stockton,
d = Blind Canyon, e = Pennsylvania, f = Pocahontas,

g = Wyodak, h = Beulah-Zap).
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SURFACE AND PORE PROPERTIES OF ANL AND PETC COALS.
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Brigham Young University, Provo, Utah 84602

and
D. M. Smith and F. L. Williams
Department of Chemical and Nuclear Engineering
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University of New Mexico
Albuquerque, New Mexico 87131

ABSTRACT

Surface areas, pore volumes, pore size distributions, and solid densities were measured
for three ANL coals (Pittsburgh No. 8, Wyodak, and Beulah Zap Lignite), two PETC coals (Lower
Wilcox, and Dietz) and a Utah Scofield coal and for chars derived from these coals. Surface
areas were measured using nitrogen and carbon dioxide adsorptions; pore volumes were
determined using nitrogen adsorption, mercury porosimetry, and NMR spin-lattice relaxation
measurements of samples saturated with water. Solid densities were obtained using helium
displacement. The results indicate that chars have larger surface areas and pores reiative to
coals; large fractions of the internal surfaces of coals are not penetrated by nitrogen molecules
but are penetrated by carbon dioxide suggesting that the pores are mostly smaller than 1 nm.

INTRODUCTION

Coals are highly-aged biomaterials (with mineral inclusions) of high surface area and
high porosity. These surface properties play an important role in their application as fuels.
For example, in pulverized coal combustion the removal of volatile matter and the oxidation of
the remaining char are processes the kinetics of which are governed at least in part by diffusion
of materials in and out of the pores. Moreover, char oxidation rates depend upon the surface
properties of the char, such as total surface area, active surface area and pore structure.

The work reported here is part of an ongoing collaborative study of the surface
properties and pore structure of U.S. coals and in particular of a suite of 11 coals selected for
comprehensive study by the Advanced Combustion Engineering Research Center (ACERC) of
which 8 are ANL coals and 3 are PETC coals [1]. The principal objective is to correlate the
surface, pore, and chemical properties of coals and chars with their rates of combustion.
Ultimately these correlations will be developed into a computerized mathematical model of char
oxidation which relates reactivity with structure [2].

This paper reports surface areas and pore volumes of 6 coals (3 ANL, 2 PETC, and one
Utah coal) and of high temperature chars derived from three of these coals. It includes the
results of studies of the precision of surface area and pore volume measurements on a given
sample and on different samples by different adsorption techniques and by different
laboratories. Comparisons are made of the results of this study with those reported in the
literature for the same coals and similar chars derived from these coals.

EXPERIMENTAL

Materials. The coals studied are listed in Table 1 according to rank and source.
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Table 1
Rank and Source of Coals Studied

Bank Location Coal Bank Source
1. Pittsburgh #8 H.V. A Bituminous Greene Co., PA ANL
2. Utah Scofield H.V. C Bituminous Scofield, UT Valley Camp Mn
3. Dietz Subbituminous B Bighorn Co., MT PETC
4. Wyodak Subbituminous C Gillette, WY ANL
5. Beulah-Zap Lignite A Mercer Co., ND ANL
6. Lower Wilcox Lignite A Titus Co., TX PETC

Coal Preparation. The parent coals were air-classified and sieved. The lignite coals
agglomerate easily and therefore, to facilitate the sieving process, they were first separated
into wide size fractions using a cyclone particle classifier. The coal was processed through the
separator two times. The first time, the apparatus removed the largest particles which were
reground. The reground coal was then fed through the classifier again along with the smaller
fraction from the first separation to remove the smallest size fraction. The larger size fraction
was then classified using sieve screens to obtain the -200/+230 mesh size fraction. Sieving
was performed to collect 200-300 grams of each coal using a RoTap sieve shaker; every fifteen
minutes the screens were blown clean. The number of 15-minute periods for completion was
greatly dependent on the individual sample, but was generally 4-6. The sieving was considered
complete when the percentage passing through the 230 mesh screen remained constant. Both -
325/+400 mesh (37-44 um) and -200/+230 mesh (63-74 pm) size fractions were
collected so that the effects of particle size could be studied.

Char Preparation. Details of the char preparation unit are described elsewhere [3).
The apparatus consists of a vibrating annular coal feeder, airfmethane delivery system, a flat
flame burner, and a cooled probe collection system. The coal feed rate is generally about 30
grams per hour. The flat-flame burner is fabricated from a ceramic monolith support
(Cordierite, Corning Glass Works) with 300 square cells per square inch. The monolith is
divided into two halves, and glass capillary tubes are inserted in every other hole in every other
row. This arrangement gives a flame composed of many diffusion flamelets (at about 2000 K).
Flows are controlled by high-accuracy rotameters and pressures are maintained constant by
low-pressure line regulators to ensure a stable flame. Typical flow rates (SCFH) are: N2 feed,
0.632; N2 quench, 6; methane, 5.867; and air, 59.4. The collection system consists of a
water-cooled, nitrogen-quenched probe, a cyclone separator, and a household vacuum. The
particle residence time may be changed by varying the height of the collection probe above the
burner. The cyclone separator is designed to collect 20 micron particles with greater than
90% efficiency.

Surface Area/Pore Volume Measurements. Total surface areas were measured
by means of carbon dioxide adsorption at 273 or 298 K and nitrogen adsorption at 77 K, using
either volumetric [4,5] or flow (Quantasorb) adsorption systems. Carbon dioxide adsorption
measurements at UNM were conducted at 273 K and three relative pressures using a Quantasorb
flow adsorption analyzer, after samples had been outgassed in a dry helium stream at 373 K.
CO2 adsorption measurements at BYU were conducted at 298 K and 3-7 relative pressures
using either flow or static, volumetric systems on samples previously outgassed in vacuo for
12 hours at 378 K or outgassed in helium at 373 K. In both cases, the data were analyzed using
the Dubinin-Polyani (DP) or Dubinin-Radushkevich (DR) equation using an area for the CO2

molecule of 0.201 nm? based on good agreement between nitrogen adsorption and carbon dioxide
adsorption measurements on a graphite carbon [6]. Nitrogen adsorption and desorption
experiments were conducted over the relative pressure range of 0.05 to 0.99 at 77 K using
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either an Autosorb-1 automated volumetric adsorption analyzer (UNM) or (at BYU) a
volumetric adsorption apparatus [4,5]. Samples were outgassed in vacuo at either 383 K for
three hours (UNM) or 378 K for 12 hours (BYU). Nitrogen isotherms were analyzed using the
BET equation and an area for the nitrogen molecule of either 0.162 nm2 (BYU) or 0.170 nm2
(UNM) to obtain surface areas.

Pore size distributions for pores in the 1-100 nm range were obtained from extended
nitrogen isotherms using the Kelvin equation. Mercury intrusion experiments were obtained
(at UNM) for selected samples previously outgassed at 383 K in vacuo for one hour in the
pressure range of 12 to 33,000 psia. The analysis of the mercury intrusion data was
complicated by (i) filling of irregular-shaped voids around particles and (ii) sample
compression at higher pressures necessary to fill pores smaller than 3 nm diameter [6).

NMR spin-lattice relaxation measurements of pore volume and pore size distribution
were performed (at UNM) at 20 MHz and 303 K on samples saturated with water vapor. Coal
and char samples were saturated by placing them in a desiccator, evacuating, backfilling with
water or salt solution and allowing the samples to equilibrate with the solution vapor at a given
pressure. Samples were weighed into 5 mm NMR tubes and a 180°-1-90° spin-lattice
relaxation experiment was performed from which pore size distributions for pores of greater
than 0.5 nm were extracted [6,7). The surface-interaction parameter, B, was determined
from measurements at different water contents [8]. Helium or "true" densities were obtained
by helium pycnometry at UNM.

RESULTS AND DISCUSSION

Surface areas were measured for six coals and three chars while pore volumes, pore size
distributions, and densities were also measured for three coals and three chars (two samples of
one of the chars). Data obtained at BYU and the University of New Mexico (UNM) are
summarized in Tables 2-4 and in Figure 1.

Table 2 summarizes the results of a repeatability study of CO2 and nitrogen adsorptions
on a Utah Scofield coal using a volumetric system to (i} define pretreatment conditions that
would lead to removal of adsorbed CO2 and allow repeatable measurements on the same sample
and (i) define the precision of CO2 and N2 adsorption measurements on the same sample and
different samples (of about 1 g). The data (Table 2) indicate that immersing the sample cell in
boiling water for five minutes, while evacuating, quantitatively removes adsorbed CO2 and
enables the adsorption measurement to be repeated with a high degree of precision (better than
7%). The data (Table 2) also indicate the precision of both CO2 and N2 measurements is within
7% on different samples.

Table 3 summarizes results from a similar repeatability study on high temperature
Dietz chars using a flow system. They indicate that different runs on the same sample are
repeatable to within 1-2% while the precision of measurements on different samples of the
same preparation is 7-14% for samples sizes of 25-35 mg from a poorly-mixed preparation
and 2-7% for sample sizes of 75-120 mg from a well-mixed sample. Accordingly, it is clear
that the precision of surface area measurements by the flow method is significantly greater for
samples larger than 50-75 mg and/or is improved by mixing the sample well. These results
emphasize the importance of choosing representative samples and of conducting repeat
measurements on different samples of the same preparation rather than repeating
measurements on the same sample. Comparison of the data for the Dietz A and B preparations
(temperature and residence time were nearly the same) indicates that large variations in
surface areas (20% for CO2 and 300% for N2) can be obtained with only subtle variations in
the preparation conditions. Similar variations are observed for Dietz Chars B and C prepared
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under nearly the same conditions (Table 4). This emphasizes the need for careful temperature
and residence time control in char preparation. Thus, we are presently computerizing our
preparation system to enable better reproduction of gas temperature and particle residence
time in our preparations.

Table 4 summarizes our measurements of total surtace area, pore volume, pore volume
distribution and interaction parameters from NMR measurements for the five coals and 3 chars.
Wilc Chars 1 and 2 were prepared separately; the preparation of Wilc Char 2 involved a higher
residence time and probably a higher degree of burnout; this is confirmed in part by the larger
nitrogen BET surface area of Wilc Char 2 relative to Char 1. Wherever possible, measurements
were repeated to obtain a measure of experimental precision; the listed limits of error refer to
the the standard deviation for a series of 2-5 measurements.

Several significant trends in the data (Table 4) are evident: (i) CO2 surface areas of
coals are generally 50-300 and of chars 2-5 times larger than the corresponding N2 surface
areas, (i) CO2 and N2 surface areas of chars are higher than those of the corresponding coals,
and (iii} the fraction of pores having diameters of less than 0.5 nm is significant for both coals
and chars. The first of these trends is explained by the ability of the CO2 to penetrate
micropores (of less than about 1 nm diameter) whereas N2 is unable to penetrate; accordingly
it is clear that most of the internal surface area of coals and much of that of these chars consists
of micropores having diameters less than 1 nm. The larger measured surface areas of chars
relative to coals is explained by a combination of the following factors: (i) the removal of
strongly adsorbed molecules or functional groups from the micropores that would otherwise
hinder access of CO2 and N, {ii) creation of new micropores during the restructuring process
involved in devolatilization, and (iii} creation of greater macroporosity as volatile materials
are removed.

The data in Table 4 and Figure 1 indicate that the net result of these factors is to slightly
decrease during char production the fraction of pores in the range of 0.5-1 nm, while
significantly increasing the fraction of pores in the range of 1 to 10 nm and to increase pore
volume measured by either nitrogen or water adsorptions . The data for the Wilc Char provide
an exception to this trend; however in this case, the unexpectedly large pore volume of coal may
be due to swelling as water is taken up by the lignite structure. A similar effect may also
explain the unexpectedly large fraction of pores less than 0.5 nm for Wilc Char 1.

Table 5 compares surface area and pore volume data available in the literature with
those determined in this study. The relatively few surface area data available are in fair to good
agreement with the data obtained in this study, while the pore volume data are insufficient to
enable comparison. The differences in the results from this and other studies are probably
explained by differences in the pretreatments of the samples, e.g.. the extent of oxidation and
outgassing of the sample and by differences in the conditions of adsorption, e.g. the temperature
at which COp was adsorbed and the cross-sectional area used in calculating surtace areas. This
emphasizes the need for development of standard pretreatment conditions and methods of
adsorption. To realize that goal additional studies of pretreatment effects, such as that of Deevi
and Suuberg, [10], are needed. It is hoped that this continuing study will contribute to that end.
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2C0p area = 0.201 nm2; Pco2 = Polynomial Fit

Table 3: Repeatability Study in a Flow System of CO2 and N2 Adsorptions on Dietz Charsa

Procedure
Outgassed; CO2 adsorption

CO2 adsorption

Same as run #1.2
Same as run #1.1
Same as run #1.2
Same as run #1.2
Same as run #1.2
Same as run #1.2
Same as run #1.2

&42 Pumped to <10 Torr

Same as 4.2
Same as 4.2
Same as 4.2

Cell immersed in boiling water for 5 min.; pumped 2 hr. to <104 torr;

b No area = 0.162 nm2

CO, SA
{m2/g)

289
296
289
293
298

293+ 4.1

394
381
304

360+ 49

301
293
293
307
280

296+ 7.6

Repeatability Data for CO228 and sz Adsorptions on a Utah Bituminous
Coal (Scofield Mine; Deseret Coal Co.) Obtained in a Static System

S.A.(m?%g)
o N>
129.8
129.3 0
132.4
156.8
140.9
147.4 0
150.8 0
153.8
152.7
1.72,1.94
1.95
1.96
1.73

N, SA
{m2/8)

333
325
327
331
224

328+ 3.9

328
322
288

313+ 22

106
89
93
99
22

96.0+ 5.9

Prepared in methane flame (gas temperature of 2000 K; residence time of about 10 ms).

Sample® Bun No.°
A1 1
2
4
5
]
ave 5runs
B-5 5
6
7
8
9
ave 5runs
A-1
A-2
A-3
ave of A samples
B4
B-5
B-6
B-7
B-8
ave of B samples
a.
b.

A and B are different repeat preparations of char; A-1 to A-3 are different samples of Preparation A. A samples
were 25-35 mg and not well mixed; B samples were 75-120 mg and well mixed
Run numbers and averages of runs are provided for samples A-1 and B-5 only
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Table 4: Physical and Surface Properties of ANL, PETC & Other U.S. Coals and Chars

Sample

Pitt #8 (-200+230)"
Pitt #8 (-200+230)"
Pitt #8 Char?

Wil (-2004230)f
Wilc (-2004230)?
Wilc Char 1f

Wilc Char 1?

Wilc Char 2¢

Dietz (-200+230)g
Dietz Char A

Dietz Char B

Dietz Char ¢8d .
Wyodak (-200+230)
Wyodak (-325+400)
B-Zap (-200+230)'
B-Zap (-325+400)'
Ut Scof (-200+230)
Ut Scof (-325+400)i

Surface Area (m2/g)
CO,® N2
119£17 1.310.1
117418

155 74.6
14417 33

154

253130 60.5
242135 47

252 124

218 3.0
360£49 313122
2908+6.8 97+7.4
526120 131

206 5.0+0.4
208 5.010.1
229450 0.5+0.2
255462 1.0+0.6
153+10  1.6+0.05
144111 1.9+0.1

Pore Volume (m
(-

0.43

0.16
0.61

0.012

0.056
0.033

0.128

0.164
0.012

0.107

g)

Hz0?
0.031

0.053
0.282

0.124

0.153
0.257

0.110

ﬂd' e
{om/s)

20.4

67.1
487

36.3

226
260

123

using CO, area of 0.201 nm2/molec. and Pegy = 26,144.7 mm Hg at 0° C.

b Measued at -196° C; Calc. from BET Egn. using N area of 0.170 nm?/molec.
¢ From extended BET measurements
4 From NMR analysis of adsorbed water
¢ Interaction parameter from NMR
! Measured by Mr. Wayne White at UNM; SA's by flow measurement
9  Measured by UNM personnel; SA’s
" Measured at BYU by flow method
! Measured at BYU by volumetric method
/ Char Cwas prepared under conditions very similar to those of Char B
Table 5: Comparison of Muitisource Surface Area & Pore Volume Data for ANL and
PETC Coals and Chars
Surface Area (m?/g) Pore Vol (cm3/g)
Samples €O, N> Ha N, Bel,
Coals
Pitt #8 119 13 0.43 0.012 This study
141 <1.0 - - 9
Wyodak 207 5.0 - - This study
308 2.6 - - 9
B-Zap 242 0.5-1.0 - - This study
- 2.2-46 0.08-0.14 10
268 <1.0 - - 9
115 1.2-2.6 - - 1
Wilcox (2,000 Kyb 252 47-124 - 0.16 This study
Wilcox (1,700 K)¢ 211 191 0.68 - 12
a Gas temperatures shown in parenthesis
b Prepared in a methane flat flame burner
c Prepared in a drop tube furnace at a residence time of about 0.2 sec.
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Fraction of

0.35

0.28
0.31

0.88

Density

¢ of gem®

1.39+0.01

1.48+0.01
2.03+0.09

Measured at 0° C at UNM using flow system , 25° C at BYU using static system; Calc. from DP Eqn.
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Figure 1. NMR pore volume distributions for two coal/char pairs.
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AN EPR STUDY OF PORE ACCESSIBILITY IN ARGONNE PREMIUM COAL
SAMPLES

Lalith S. Cooray, Lowell D. Kispert, and Shing K. Wuu
Chemistry Department, The University of Alabama
Tuscaloosa, ALabama 35487

INTRODUCTION

We have recently reported (1) an EPR method developed in this lab to determine the pore size
and number distribution in high voltatile bituminous coal in the presence of a swelling solvent by
diffusing nitroxide spin probes of different size, shape and reactivity into the swellable pores of
coal samples. The same method has also been shown (2) to be useful in estimating the number
distribution of accessible reactive sites containing carboxylic acid, phenol and amine substitutents in
samples of Mary Lee (A), Black Creek (B), Illinois no. 5 (C) and Illinois no. 6 (D), all high
volatile bitumnous coal samples by using small size (~0.7 nm radius) spin probes.

It was observed that the distribution of reactive sites varies substantially. For example, the
detected acidic and phenolic sites in (B) and (D) (premium coal sample program) exceeded the
detected amine site by approximately an order of magnitude. Sample of (B) possessed the greatest
number of reactive acidic and phenolic sites of all the coal samples examined. It was also inferred
that the ability for the coal pore to hydrogen bond to a spin probe was shown not to be an important
process for incorporating spin probes in (A) and (B) and only a slight factor in samples of (C) and
D).

Unfortunately very little independent studies on pore distribution have been reported for coal
samples A, B, C and D. Thus it is not possible to verify various conclusions. To remedy this
situation, we have expanded our study to include Blind Canyon and Pittsburgh #8 in addition to the
Tllinois #6 coal samples from the Argonne Premium Coal Sample Program as well as samples from
Nlinois #6 (PSOC-1354) and New Mexico (PSOC -311) coals wherein comparisons can be made
to other studies. For instances, D. Smith and coworkers (3) have studied extensively the pore size
distribution for PSOC-311 and PSOC-1354 coals before exposure to solvents by NMR spin-lattice
relaxation methods. In addition, small angle neutron scattering studies of Pittsburgh #8 swelled
with different solvents have been carried out by Winans and Thiyagarajan (4) while studies by
Larsen and Wernett (5) using gas adsorption techniques have permitted some independent
measurements of pore accessibility to various solutes in Illinois #6 coal.

This study reports a spin probe - EPR study of pore size distribution, the basic/acidic reactive
site distribution, hydrogen bonding site distribution and the effect of a swelling solvent on Blind
Canyon, Pittsburgh #8 and Illinois #6 from the Argonne premium coal sample program and Illinois
#6 (PSOC-1354) and New Mexico (PSOC-311) from the Penn State Coal Sample Bank at Penn
State University.

EXPERIMENTAL

All coal samples were stored and handled under nitrogen or argon. The procedures for
preparing (2) the spin probe doped coal samples and analyzing (1,2) the EPR spectra has been
described previously. The ash free percentage by weight values for the coal samples obtained from
the Argonne Premium Coal Sample Program are as follows: Illinois #6; C(79%), H(5.6%),
0(9.7%), and S(5.4%); Pittsburgh #8; C(83%), H(5.8%), O(8%), and S(1.6%); and Blind
Canyon; C(79%), H(6.0%), O(13%) and S(0.5%). The proximate and ultimate analysis for
PSOC-1354 and PSOC-311 are available from the Penn State Coal Sample Bank at Penn State
University. The spin probes (I-IX) were obtained form Molecular Probes, Inc. Junction City,
Oregon. The pore size distribution of the coal samples was studied using spin probes I-V while the
basic/acid reactive site distribution was examined by using spin probes VI and VII. To differentiate
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between hydrogen-bonding to the nitroxyl group and substitutents in the swellable pores of the
coal, spin probes VIII and IX were used. The effect of a swelling solvent was demonstrated by
swelling samples of Pittsburgh #8 coal with toluene, benzene and pyridine. To reduce the sample
uncertainty, Professor D. Smith at the University of New Mexico sent his samples of PSOC-311
and PSOC-1354 so that a direct comparison could be made between our results and those he
deduced from NMR studies.

RESULTS
Pore Size Disﬁbution

The relative concentration of incorporated spin probes varied among different coal samples
and is given in Table I. The relative spin concentration ratio of spin probes LILIILIV:V for Illinois
#6 (Argonne) and PSOC-1354 (Illinois #6) equals 5.6:15.6:1.3:1.0: 1.9 and 3.5:25.2:1.0:1.0:3:3
respectively. It is clear that both samples have rather similar pore size distribution except that the
Tllinois #6 (Argonne) coal sample has a greater number of pores with a radius of 0.67-3.4 nm by a
factor of 3 to 7. All the coal samples studied show the highest number of cylindrical pores with a
diameter of 0.9 nm. However, compared to other samples, Blind Canyon coal has a quite high
number of chain-like pore shapes. On the other hand, Pittsburgh #8 coal shows a pore distribution
of largely cylindrical type pore shapes. For the coal samples Illinois #6 (Argonne), PSOC-311, and
PSOC-1354, the long chain pore (radius = 1.3 nm) occurs the least number of times whereas for
Pittsburgh #8 and Blind Canyon coal the long chain pore with a radius of 3.4 nm occurs the least
number of times.

The pore structure of PSOC-311 and PSOC-1354 coal samples has been analyzed by Smith
etal. (3) using low field NMR spin lattice relaxation measurements. It is known that the spin lattice
relaxation time T of H,O attached to the pore surface differs from the corresponding T for the
bulk H,O. Furthermore, Smith et al. (3) has shown that pore size determination can be deduced
from '[% measurements. Their results show the number of pores in PSOC-1354 with a radius of
0.5-5.0 nm is greater than that found in PSOC-311. In contrast, our studies show just the
opposite trend in the presence of a swelling solvent for each spin probe used. This disagreement
can be rationalize as follows. The NMR method measures the total volume of pores available in a
particular coal sample. However, the spin probe method determines the pore volume that are
accessible to a given spin probe upon swelling with a given solvent. On this basis it is possible to
deduce that PSOC-1354 coal has more bottleneck pores (unaccessible to spin probes) than the
PSOC-311 coal in the presence of toluene.

Recently Small Angle Neutron Scattering (SANS) studies (6) of the pore shapes and sizes of
Tlinois #6 coal characterize the pore shapes as elongated voids with an average radius of 2.5 nm.
Unfortunately the spin probes used in this study are all smaller than this except for V (3.4 nm).
" Even so the spin probe study indicates a majority of cylindrical and a substantial number of long
chain-like pores occur, in reasonable agreement with the SANS data. (6) It has been shown (7) by
use of the SANS method that the shape distribution of the micropore and mesopores in unmodified
coal do not change when the coal samples in the dry state are suspend in cyclohexane. Toluene, the
swelling solvent used in our studies is considered to be a mild swelling solvent and therefore
assumed not to significantly change the pore structure. Previous gas adsorption work (5) in
Illinois #6 coal samples suggests that coal pores are mostly closed and inaccessible to molecules
such as cyclopropane which are not soluble in the coal.

Reactive Site Distribution

The relative acidic/basic reactive site distributions in various samples of coal were determined
using spin probes VI and VII. The results are given in Table 2 where the data is normalized to spin
probe VI in Pittsburgh #8. The molecular volume of each spin probe is shown within the
parenthesis.

33



The number ratio of pores containing amine groups to those containing acid or phenolic
groups is 1:1.2; 1:3.7; 1:5.4; 4.6:1; 1:2.4 for coal samples PSOC-311, PSOC-1354, Illinois #6
(Argonne), Blind Canyon, and Pittsburgh #8 respectively. It is interesting to note that among the
data listed in Table 2, only Blind Canyon coal (a low sulfur coal) has more basic sites than acidic
acids within the pores defined by spin labels VI and V1L The presence of acidic sites in Illinois #6
has been confirmed by a small angle neutron scattering study (6).

De, of H. n Bonding in Swellable Po

The relative spin concentration obtained for spin probes VIII and IX are depicted in Table 3.
The volume of each spin probe is given within the parenthesis. It is apparent from the data given in
Table 3, that the presence of an additional site for hydrogen bonding slightly benefits the
incorporation of spin probes in PSOC-311 and Blind Canyon coal samples. On the contrary, for
coal sample PSOC-1354, the presence of additional site for hydrogen bonding is a significant
hinderance for spin probe incorporation. Values for Pittsburgh #8 could not be obtained because
the EPR spectrum exhibited very poor resolution. Even though the exact reason for this is not
understood, it could be due to the failure to collapse sufficient number of pores around the spin
probes before being washed away with ethanol.

Pore Distribution ndence on Swelling Solven

In Table 4 are presented the changes in the concentration of spin probes I, II and V as
Pittsburgh #8 is swelled with toluene, benzene and pyridine. It is to be noted that as the solvent is
changed from benzene to pyridine, the number of spherical pores decreases (i.c. spin probe I)
while the number of elogonated pores increase (spin probe II). Generally, toluene is considered a
poor swelling solvent relative to pyridine. Thus the accessible pore volume for those solvents
which do not disrupt the original coal structure is significantly reduced over that when a solvent like
pyridine is used. These results are in agreement with Winans and Thiyagarajan study (4) using
small angle neutron scattering techniques to examine the effect of swelling solvent on pore
structure. The results of a mild swelling solvent like benzene was compared to an aggressive
swelling solvent (pyridine). The pore structure of Pittsburgh #8 in the presence of benzene was
found to be roughly spherical whereas in the presence of pyridine, it was found to be elongated.
This very nice agreement with an independent measurement suggests that the spin probe EPR
measurements are useful indicators of the behavior of coal pores in the presence of various solvents
and measure the relative difference in accessible pores on the molecular level.

CONCLUSION

The spin probe - EPR method showed that as the swelling solvent was changed from
benzene to pyridine, the number of spherical pores in Pittsburgh #8 decreased while the number of
elongated pores of distinct size increased sharply in agreement with previously reported SANS
studies (4). Reasonable agreement was found with independent studies (6) on the average size
distribution and the presence of acid character in the accessible pores of Illinois #6. Comparison
between NMR data and the pore distribution pattern deduced by the spin-probe EPR method
indicates that toluene swelled PSOC-1354 has more bottleneck pores with a radius of less than 5
nm which are not accessible to toluene than PSOC-311.
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Table 1.  The relative pore size distribution for spin probes I, II, III, IV, and V (toluene
swelling solvent).

. I I I v v
Radius 0.67n 0.90 n 1.07 1.3 nm 3.4 nm
Molecular Vol. . 1439 f3 230.7 213 308.7 A3 335343 459.1 A3
Sample Spherical Cylindrical Chain Long Chain Long Chain
PSOC-311 48.6 202.6 48.6 7.7 37.7
PSOC-1354 10.2 73.7 2.9 3.0 9.7
ILLINOIS #6 72.3 201.1 17.0 12.8 25.3
BLIND CANYON 15.4 133.0 116.9 70.9 10.3
PITTSBURGH #8 4.0 133.4 1.9 9.3 1.0

(a) Effective radius including Van der Waals nearest approach distance.

Table 2. The relative basic/acid reactive site distributions for spin probes VI and VII (toluene
swelling solvent).

VI vl
(1436 A3) (131.5 A3

Coal Sample Basic sites Acid sites
PSOC 311 16.9 21.2
PSOC 1354 1.6 6.1
Illinois #6 3.1 16.9
Blind Canyon 8.8 1.8
Pittsburgh #8 1.0 24
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Table 3: Relative sites

distribution for spin probes VIII and IX (hydrogen-bonding-

differences).
VI X
Coal Sample (138.3 A3) (1382 A3)
(1-H bond site) (2-H bond sites)

PSOC-311 21.3 37.1
PSOC-1354 25.7 1.0
Tlinois #6 3.5 37
Blind Canyon 5.7 110
Pittsburgh #8 - -

Table 4.  The relative spin probe concentration for probes L, II, III as a function of swelling
solvent for Pittsburgh #8 coal.

Spin Probe Solvent Spin Probe Concentration Ratio?
1 Toluene 4.2
(Spherical) Benzene 18.8
Pyridine 1.0
18 Toluene 205
(Cylindrical) Benzene 348
Pyridine 2860
v Toluene 2.0
(Long Chain) Benzene 5.1
Pyridine 6.1

(a) normalized to spin probe I in pyridine.
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ANALYSIS OF ARGONNE PREMIUM COAL SAMPLES BY THERMAL METHODS

Fawzy S. Sadek and Sara A. DeBot,
Chemistry Department, Winston-Salem State University,
Martin L. King BLvd., Winston-Salem, N.C. 27110

Thermal methods are used to determine the chemical
characteristics of coal as well as its reactivity. Coal grading
or ranking is generally based on fixed carbon and volatiles.
Percentages of moisture, volatiles, fixed carbon and ash are
reported in what is referred to as proximate analysis of coal,
coke or fuel materials. ASTM methods can be used to determine
each of these values, however, the procedures are time consuming,
results are very subjective and the most important value, fixed
carbon, 1is not measured directly. A more reliable and faster
method for conducting proximate analysis is thermogravimetry (TG)
(1,2). The sample’s mass is continuously measured as a function
of temperature in a controlled atmosphere and fixed carbon is
measured directly as well as the range of medium volatiles and
ash.

Coals are further characterized according to heat values,
considered by some to be one of their most important properties,
especially from a commercial or industrial aspect. Gross
calorific value is traditionally determined by ASTM methods which
employ various bomb calorimeters (3,4). Although these methods
can generate acceptable results, they are also time-consuming,
can be dangerous and give only total heat values.
Thermogravimetry is an equally accurate technique compared to
ASTM procedures, much faster and gives more information about the
sample. The calorific value of bltuminous coals containing 5-40%
volatile matter on dry ash free (DAF) basis can be calculated
from proximate analysis data using the Goutal equation (5).
Earnest and Fyans (6) developed a modified form of this equation
to obtain heat values of anthracitic coals and cokes while
Ferguson and Rowe 7) have presented an equation relating
calorific values of lignites to their proximate analyses.

A method for calculating heat values from ultimate analysis
data has been described by Culmo (8). Percents carbon, hydrogen,
nitrogen and sulfur determined by elemental analysis along with
TG values of moisture and ash, were used to calculate calorific
values from the Dulong equation. Results were reported to be in
agreement within 3% of the ASTM values. Giazzi and Colombo
introduced a modification of this equation for calculating gross
and net heat values (9).

An alternative method for the direct determination of
calorific values of coals by Differental Scanning Calorimetry
(DSC) was introduced by Fyans in 1977 (10). This technique
measures heat flow as a function of programmable temperature with
the total area under the curve being proportional to the heat of
combustion. A typical thermocurve for coal shows a two step
decomposition with the first peak being the combustion of
volatiles and the second relates to fixed carbon. Fyans and
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Earnest have reported surprisingly good agreement between the
area of the DSC peaks and the ASTM calorific values (10-12).

In recent years the goals of thermal analysis investigations
have become more and more dguantitative. Unresolved problems
associated with DSC, however, have brought results by this method
under question. Varhegyi, et.al. (13), showed that DSC curves
reveal considerably 1less energy release than the true reaction
heats of oxidation of organic materials and the measured heat is
strongly affected by the experimental conditions. To correctly
characterize calorific values for volatiles produced in various
steps of thermal decomposition as well as the heat of oxidation
of the resulting char, they proposed the use of catalysts as aids
to combustion at the low temperatures of DSC. In an effort to
improve the DSC technique for coal analysis, we have focused on
the use of metal oxides as well as the effects of variables
related to sample characteristics. Heat values determined by DSC
and bomb calorimeters are compared with calculated values from
proximate and ultimate analysis.

EXPERIMENTAL SECTION
Apparatus:

Ultimate Analysis of coals by the determination of C/H/N/S
was made on the left channel (0/S) of a cCarlo Erba Elemental
Analyzer Model 1106. A model C-31 Cahn Co. microbalance and IBM
computer were interfaced with the instrument. Eager 100 software
of Carlo Erba was used for operating the system and data
analysis.

The Mettler system used for proximate analysis and drying of
coal samples was composed of a TG-50 thermogravimetric unit, M3
microbalance, TC-10A controller TA processor equipped with TA
3000 version 3.1 software attached to an IBM/PC computer for data
storage, TA-70 for data processing, RO-80 Swiss printer/plotter
for actual time thermocurve printing and Epson HI-80 for printing
processed data. A Mettler DSC 20 with measuring cells containing
medium sensitivity sensors was used to determine heat values of
coal samples directly. Nitrogen used for pyrolysis was purified
with a Supelco High Capacity Heated Carrier Gas Purifier, cat.#
2-3802.

Samples and Materials:

The 100 mesh Premium Coal Samples used in this study were
supplied by Argonne National Laboratory (ANL). All chemicals used
for filling reactors, and consumables for Elemental Analysis were
purchased from Carlo Erba Co.. Platinum crucibles with fine
platinum mesh 1ids were used for proximate analysis of coal.
Standard 40 mul aluminum or gold crucibles were utilized in the
determination of heat values by DSC. Two equal weight crucibles
with 1lids were selected and a hole of approximately 0.5mm was
made in the center of each 1id. A 1:1 mole ratio mixture of
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magnesium oxide and silver oxide was finely ground in a mortar
and stored in a vial shell in a vacuum dessicator until use.
Approximately 0.3 to 0.6 mg dried coal was spread evenly in the
center of the crucible and from 8 to 12 mg of the additive
mixture was placed over the sample. The heat capacity was
counterbalanced by putting an amount of the spent additive in the
reference crucible equal to 93% of the freshly prepared mixture.

Ultra high purity (99.99% or better) oxygen, nitrogen, helium
and argon were purchased from National Specialty Gases, a
division of National Welders Supply. Magnesium oxide, lead
chromate (Analytical Reagent, Mallinckrodt), silver oxide (Baker
and Adamson), praeseodymium oxide (Alpha Inorganics), calcium
oxide, copper oxide (certified ACS, Fisher), and lead dioxide
(Fisher) were used as received.

Procedures:

Remixing of coal samples was done according to
recommendations of the supplier before the ampoules were opened
in a glove box filled with argon gas. Approximately 25 mg of the
as received coal was placed in a platinum crucible in the TGA
furnace in dry, oxygen free nitrogen for moisture amralysis. The
temperature was brought to 112°C at a heating rate of 100 °C/min
and then held isothermally for 2 min. The evaporation of moisture
from each of the seven samples is graphically presented in Fig.

Proximate and ultimate analyses were made on the dried
coal samples. Percent moisture and ash were used for calculating
results on dry basis as well as moisture and ash free basis (14).
Heat values were calculated from proximate analysis data applying
the Goutal equation and using in house software. The software
calculates the Heat Value (AH) as follows: AH (cal/gram) = 82C
+ av, where C is % fixed carbon, V is % volatiles and "a" is the
Goutal coefficient. The value of "a" is a function of V and is
obtained by interpolating known values of "a" at various values
of V as derived by Goutal. Elemental analysis percentages were
used in the calculation of heat values from the modified Dulong
equation (8). Gross and net heat values are printed at the end
of each analysis in calorie/gram units. These are changed to
BTU/1lb for comparison with ASTM bomb calorimeter values.

A procedure for determining heat values by DSC was stored on
the TC-10A processor. This included 10°C/min heating rate from
room temperature to 600°C. An oxygen flowrate of 20 ml/min was
used. Integration of the heat flow during the dynamic experiment

ives the heat change in coal directly. The two peak curve was
integrated over a baseline starting at 1059 to the end of the
run.

RESULTS AND DISCUSSION

Proximate and ultimate analyses of seven bituminous Premium
Coal Samples are shown in Table 1. The calculated precentages are
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comparable with those reported by ANL. Proximate analysis data
made by TG were calculated by the instrument while data 1listed
for ANL/ASTM were derived indirectly from the values of volatiles
and ash provided with the samples., ASTM criteria for proximate
analysis precision in reproducibility of data between two
laboratories or by different methods are met with minor
exceptions found in volatile matter of the Illinois $#6 sample and
percent ash of the Wyodak sample.

In ultimate ana1y51s (14) the four major elements of coal
were determined simultaneously on 1.0 to 3.0 milligram samples
(Fig.3). The ANL data were made on different allquot portions.
Results are comparable with the exception of Illinois #6 and
Blind canyon carbon percentages and Upper Freeport hydrogen
values. The sulfur values show a distinct difference for Illinois
#6. In both proxlmate and ultimate analysis three or four values
are compared with each other or with their counterpart made by a
standard method. The logical way to compare sample data is to
51mp11fy to one numerical value. Mathematical equations to
combine each group of data have existed for several decades.
Goutal introduced his quatlon to give the heat value of
bituminous coals as a function of percent volatiles and fixed
carbon. By applying this equatlon to calculate heat values of TG
data as well as ANL data we arrived at the values shown in Table
1. The average error of the TG heat values relative to ANL data
calculated with the same equation is 3.9%. The difference between
TG data and bomb calorimeter values is 3.5%. It 1is worth
mentlonlng that most TG calculated heat values are slightly
higher than those determined by the ASTM/bomb calorimeter method.
Thlis phenomenon repeats itself with calculated heat values from
elemental analysis results. Work with elemental analysis
confirmed that a catalyst 1s needed to insure the complete
combustion of carbon in organic compounds regardless to the use
of large amounts of oxygen and high temperatures. Oxides of
copper, chromium, tungsten, vanadium and others (14) have been
used at temperatures up to 10509 to accomplish the complete
oxidation of carbon to carbon dioxide. A comparison of elemental
analysis results with those obtained with bomb calorimeters shows
an average error of about 1.5% higher which may indicate a more
complete combustion of the sample.

Direct determination of heat values by DSC traditionally has
produced results 20 to 40 percent lower than those determined by
bomb calorimeters. Varhegyi, et. al., proved by mass spectrometry
that these 1low results are due to the formation of carbon
monoxide (13). A mixture of cupric oxide and lead chromate was
used as a catalyst but the true heat of combustion of the coal
samples was not achieved even though the instruments maximum
temperature reaches 750 ©°C. Many commercially available DSC
instruments have a maximum of only 600°C and some manufacturers
recommend pressurized containers made of either glass or
stainless steel and/or pressurized DSC cells, further
complicating the situation. It was found that the effects of
factors such as heating rate, sample mass and partlcle size, type
and amount of additive, hole size in container 1lid as well as
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oxygen flowrate, are dependent on each other.

Heating metal oxides in an oxygen atmosphere u51ng TG proved
that most of the oxides are stable and usually contain the metals
in the highest oxidation state (16). Contrary to this statement
the TG curves of calcium, magnesium, lead, praeseodymium and

silver oxides in Fig. 4 show a mass loss. The curves were
gbtalned in an atmosphere of oxygen and at a heating rate of 40
/min. Dissociation of these oxides with the release of active

oxygen appears to be definite. Magnesium oxide and silver oxide
release oxygen and dissociate without phase transitions while
calcium oxide and praeseodymlum oxide dlssoc1ate with phase
transitions. Lead dioxide loses oxygen as shown in F1g 4 in two
steps below 650°t and a thlrd step above 650 % which disturbs
the DSC curve in that region.

Magnesium oxide (Fig. 5) was selected as a combustion aid
due to its release of oxygen in the reglon of coal volatile
matter to assist in its complete oxidation. 1In addition, it has
been reported that magnesium oxide catalyses the oxidation of
carbon monoxide to carbon dioxide (17). Formation of carbon
dioxide releases approximately four times the amount of heat as
the formation of carbon monoxide from the same amount of carbon.
This 1is basically the reason for the lower heat values measured
in unpressurized 1low temperature DSC. Silver oxide (Fig.5)
releases 1its oxygen relative to the fixed carbon combustion
region as shown in Fig. 6. Heat value results determined using
the magnesium-silver oxide mixture are listed in Table 1. DSC
results are comparable with ASTM values.

CONCLUSIONS

Thermogravimetric and elemental analysis data have been used
to derive heat values of Argonne Bituminous Premium Coal Samples.
The average error between heat values calculated from proximate
analysis data by the classical Goutal Equation and ASTM/bomb

calorimeter values was less than 4%. It was found to be 1less
than 2.0% between Ultimate Analysis values calculated by the
Dulong Egquation. A comparison of heat values obtained dlrectly

by conventional low temperature DSC using metal oxide additives
shows an average error of 0.5%.
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Table 1. COMPARISON OF ARGONNE PREMIUM COAL SAMPLE DATA OBTAINED
BY DIFFERENT THERMAL METHODS.

PROXIMATE ANALYSIS*

1.
2.
3.
4.
5.
6.
7.

Upper Freeport
Wyodak
Illinois #6
Pittsburgh #8
Pocahontas #3
Blind Canyon
Lewis Stockton

ULTIMATE ANALYSIS*

1.
2.
3.
4.
5.
6.
7.

HEAT VALUES* (BTU/1b)
CA

Upper Freeport
Wyodak
Illinois #6
Pittsburgh #8
Pocahontas #3
Blind Canyon
Lewis Stockton

Upper Freeport
Wyodak
Illinois $#6
Pittsburgh #8
Pocahontas #3
Blind Canyon
Lewis Stockton

TGA (%)
vM
27.6
45.2
36.6
36.7
19.0
45.2
30.2

(o] H
75.1 4.6 1.5
67.9 4.9 1.0
64.6 4.5 1.2
75.0 5.0 1.5
85.7 4.4 1.2
74.9 5.6 1.5
66.3 4.3 1.2
. GOUTAL
TGA ANL
13535 13537
11687 11487
11817 10982
13200 14356
16090 14867
12417 12240
12005 12057
basis.

* As received, on dry
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FC
59.2
47.3
48.0
54.1
76.7
50.2
49.8

ELEMENTAL ANALYSIS (%)
N S

ocoooNMON
MONEOOW

CALC.
E. A.

13701
11578
11664
13684
15141
13633
11869

[
74.2
68.4
65.7
75.5
86.7
76.9
66.2

DULONG

ANL

12874
11641
11363
13415
15102
13743
11626

ANL/ASTM (
vM
27.5
44.7
40.1
37.8
18.6
45.8
30.2

ANL/ASTM (

13611
11800
11951
13740
15029
13896
11857

%)

FC
59.3
46.5
44.4
52.9
76.6
49.5
50.0

%)

cooNRON




Figure 1. Drying of ANL Premium Coal Samples by TGA.
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Figure 3. Elemental Analysis of Upper Freeport

.
162 H Coal Sample.
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THE DOUBLE CROSS POLARIZATION 13C-NMR EXPERIMENT IN
SOLID FOSSIL FUEL STRUCTURE ANALYSIS

Edward W. Hagaman and Madge C. Woody '

Chemistry Division

Oak Ridge National Laboratory {
Oak Ridge, Tennessee 37831-6201

The Double Cross Polarization 13C-MAS/NMR experiment has been used to derive y
a new operational classification of solid fossil fuels based on chemical reac-
tivityl®2, The method requires labeling reactive sites in the organic matrix

with a magnetically active isotope not present in the precursor material, and

using the Tocal, isolated dipole-dipole interaction between this nucleus and |
nearby 13C nuclei to detect via cross polarization the carbon centers in the

vicinity of the label. The technique is a marriage of chemistry and spec- !
troscopy and the information content of the DCP spectra is defined by both

partners.

1H-13C-31p DCP/MAS 13C-NMR spectroscopy has been used to statistically describe
phenolic ortho-substitution patterns of coals via their aryl phosphinate or
phosphate derivatives, as per model 1. The identification of specific func-
tional group types as the activation source for acidic C-H bonds in these
materials has also been effected via the tertiary phosphine oxide derivatives
generated from coal carbonions as in model 2. The bold line in these
structures indicates the carbon bonding network that is detected by this
technique, with signal intensities nominally proportional to the inverse sixth
power of the 31P-13C internuclear distance. The sensitive volume element
centered on 31P in which DCP signals are observed is determined by the rate at
which the 31P-13C cross polarization signal accrue$, primarily determined by
the depolar interaction strength, and the rate at which this signal decays,
the 13C rotating frame T,. For the 31P-13C pair, DCP signals are confined to
a spherical volume element with a ca. 4 A radius.

OPO(CH3)2
H,C PO(CH3)2
0CH,

1=
mno

In these applications of DCP NMR the new, detailed structure and/or reactivity :
information is realized by detection of carbon resonances one or more bonds

removed from the reaction center, but in a volume element of intramolecular

dimensions. To the extent that intermolecular contributions to the spectrum

are deﬁectgd, and not recognized as such, the structure/reactivity correlation

is weakened.
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Direct substitution of phosphorus on the aromatic rings in the organic matrix
of the coal is not readily accomplished. This environment potentially can be
labeled with fluorine in a selective fashion using newly developed reagents3.
The possibility of determining the changes in average ring substitution pat-

terns as a function of chemical treatment or coal diagenisis emerges. Recent
developments in the field of OCP 13C NMR will be presented.
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SOLID STATE '3C RELAXATION STUDIES OF COALS

R. E. Botto* and David E. Axelson**

*Chemistry Division, Argonne National Laboratory,
9700 South Cass Avenue, Argonne, IL 60439

**Energy, Mines & Resources Canada, CANMET,
P.0. Box 1280, Devon, Alberta, Canada TOC 1EO

INTRODUCTION

Despite many studies of coal and related fossil fuels, no attempts have been made
to systematically correlate changes in the solid state 1°C-NMR parameters as a
function of static field strength. In particular, questions arise regarding
differences in spectral resolution and relaxation parameters. While discrimina-
tion among the complex structural components of fossil fuels can be based on
relaxation time differences (1), this also necessitates a more intensive study
of static field-strength effects if a more complete understanding of coal struc-
ture is to be gained.

Carbon-13 spin-lattice relaxation was
chosen as the parameter of interest
for this study because it represents
a "dilute"™ nuclear spin system, which
therefore wminimizes spin diffusion
interaction among phases. Further-
more, it is not as complicated to
interpret as T,, measurements, and
exhibits a field dependence in the
slow motion regime (Figure 1). These
studies also comprise part of a more
comprehensive on-going evaluation of
the Argonne Premium Coal Samples.

nT,

EXPERIMENTAL Figure 1. Motional dependence of T; with magnetic field.

All NMR spectra taken at higher field were obtained on a Bruker CXP-200 spectrom-
eter. Parameters used to acquire data were as follows: spectrometer frequency
50.306 MHz, 3 kHz magic-angle spinning in a boron nitride rotor containing a
deuterated polymethylmethacrylate base (exhibiting no !*C background from
residual non-deuterated material), dipolar decoupling of 50-60 kHz, 90° pulse
width of 4-5 ms, spin temperature alternation of the H-1 pulse, 20 kHz spectral
width, 4K data points, 50-75 Hz line broadening, 500-3000 scans/spectrum, ambient
temperature, 12 bit digitizer resolution, quadrature detection, both normal and
spinning-sideband suppressed spectra (TO0SS), recycle delay 3-5 s, contact time
1 ms and 50-80 ms decoupling time. All chemical shifts were reference to TMS
via adamantane as a secondary reference.
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Spectra taken at lower field at Argonne were obtained at 25.18 MHz using a Bruker
CXP-100 spectrometer in the pulse Fourier transform mode with quadrature phase
detection. The sample spinners were made of ceramic with an internal volume of
250 uL and were spun at approximately 4 kHz. Operating parameters in CP experi-
ments included a spectra width of 10 kHz, a 90° proton pulse width of 3.75 us
(67-kHz proton-decoupling field), an acquisition time of 20 ms, a pulse
repetition time of 2s, a contact time of 1.5 ms, and a total accumulation of 1000
transients. In a typical experiment, words of memory were allocated for data
acquisition and then increased to 4K (2K real data) by zero filling. Before
Fourier transformation of the data, the interferogram was multiplied by a
decreasing trapezoidal window function after the first 40 data points. Carbon
aromaticities were derived from integrated signal intensities for sp?-hybridized
(6§ 110-160) and spa-hybridized (§ 0-60) carbon absorption bands. For the
aromatic carbons, signal intensities of the spinning sidebands were added to the
intensity of the centerband. Chemical shifts were referenced to TMS using
tetrakis(trimethylsilyl)silane [TKS] as a secondary reference (2).

American coals were obtained from the Argonne Premium Coal Sample Program. For
the Canadian coals, homogenized bulk samples representative of the coal deposits
from their respective regions were obtained by a bucket auger drill rig. Samples
were stored in sealed barrels at low temperatures to minimize long term deteri-
oration. The same samples were used for the NMR measurements on the two instru-
ments to eliminate sample heterogeneity problems for the purposes of this compar-
ison.

RESULTS AND DISCUSSION

Proximate and ultimate analysis of the coals are summarized in Table 1. Apparent
aromaticities are given in Table 2 and carbon-13 spin-lattice relaxation measure-
ments are shown in Table 3.

Related studies on proton relaxation at different fields have been reported by
Packer et al. (3), Pembleton (4), and Sullivan et al. (5). Dudley and Fyfe (6)
discussed carbon relaxation times for a pitch and three Canadian coals. Emphasis
was placed on the effects of paramagnetics (including oxygen) in rationalizing
the results. Palmer and Maciel (7) reported relaxation parameters for a kerogen
concentrate of a Colorado oil shale and Powhatan #5 coal. Aliphatic and aromatic
regions exhibited bi-exponential relaxation decay curves for both T; and T,
measurements for the kerogen concentrate. The coal sample was characterized by
T,c of 5.8 s for all carbons (By = 1.4 T, 21°C). For the kerogen concentrate the
effect of the static field strength on the T;5 value was also determined. On
increasing By, from 1.4 T to 4.7 T the proton T, increased from about 100 ms to
184 ms. Changing the temperature from ambient to -141C resulted in only a
marginal increase in T, to 124 ms, whereas the optimum contact time did not
change at all.

Figure 2 illustrates the nature of the spectra obtained on a low rank coal
(lignite) at the two different field strengths. . The 50-MHz CP/MAS spectrum was
obtained using sideband suppression (TOSS). No apparent differences in resolu-
tion exist under these conditions.

Apparent aromaticities are summarized in Table 2. The average deviation for the
ten coals at the two fields is about #0.02 units, about equal to the precision
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TABLE 1.

Ultimate Analysis

of Coals.®

Sample [ H N (o] S A
Beulah- Zap lignite 72.9 4.83 1.15 20.30 0.70 9.7
(APCS #8)

gdak -Anderson subB 75.0 5.35 1.12 18.00 0.47 8.8
CS
Herrin hvCB 77.7 5.00 1.37 13.50 2.38 15.5
(APCS #3)
UKBer Freeport mvB 85.5 4.70 1.55 13.20 0.74 13.2
Pocahontas 1vB 91.0 4.44 1.33 2.47 0.50 4.2
(APCS #5)
Ontario lignite 66.9 4.65 0.9 27.23 0.32 4.8
Ardley subB 75.7 4.1 1.2 18.5 0.50 20.0
Smokey Tower subB 75.8 5.1 1.7 16.9 0.50 20.0
Dunvegan hvAB 84.4 5.6 2.1 5.4 2.50 4.4
Gates 1vB 93.2 4.63 1.5 0.17 0.50 11.0
2Column headlngs defined as follows C = X carbon; H = X hydrogen, N
% nitrogen; O = % oxygen; S = X sulfur; A = ash

TABLE 2.

Apparent Carbon

Aromaticities of Coals.

Coal

2.3 Tesla CP/MAS

Aromaticity
4.7 Tesla TOSS

Beulah-Zap lignite
Ontario lignite

Wyodak-Anderson subbituminous
Ardley subbituminous B

Smokey Tower subbituminous A

Herrin hvC bituminous

Dunvegan hvA bituminous
Upper Freeport mv bituminous

Pocahontas 1v bituminous

Gates lv bituminous

.66
.62
.67
.74
.66
.72
.76
.82
85
.82

O O O O © O O O © ©O

O O O O © © O O O ©

.69
.61
.63
.75
.67
.71
.71
.81
.86
.82
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of the aromaticity measurements.
The effects of sideband suppression
and magic-angle spinning itself on
aromaticity measurements of fossil
fuels have been discussed pre-
viously (8,9). Agreement is
reasonably good between aromati-
cities derived from both normal and
sideband suppressed spectra for
this series.

50-MHz TOSS
fa=0.61

More significant deviations in

measured aromaticities arise from

comparison of values derived from

spinning and non-spinning samples

(9-12). Line narrowing is found in

the strong collision limit (wt >>

1) due to effective coherent 25—-MHz CP/MAS
spatial averaging from magic-angle fa=0.62
spinning, as well as in the weak

collision limit (wt << 1) due to

incoherent averaging from the

random molecular motion. In the

intermediate regime (wt = 1), where

the MAS frequencies are similar to 200 100
the frequencies associated with the
molecular motion of either some or
all components of the sample, de-
structive interference gives rise
to severely broadening lines. This
phenomenon occurs over a relatively Figure 2. 25- and 50- MHz CP/MAS spectra of Ontario lignite.
narrow range of spinning frequen-

cies (10,11). A similar destruc-
tive interference effect has also been noted between dipolar decoupling
frequencies and molecular motion (12). Subject to these considerations, the

present data indicate that good agreement can be attained in independent
measurements of apparent aromaticities of spinning samples.

The C spin-lattice relaxation times (in seconds) and corresponding mass
fractions (percentages in brackets) for all samples studied are given in Table
3. Aliphatic and aromatic regions at both field strengths were analyzed
separately. Most coals exhibited two-component exponential decays for each
region. Differences in relaxation times of these components vary widely (from
a factor of about 2 to over 30). Separation of the decays for the more similar
relaxation rates gives rise to greater uncertainty in the mass fractions
reported, although trends are still discernible as a function of rank.

Figure 3 illustrates one such trend between rank (as denoted by %C) and the
B¢ T, of the long component of the aromatic decay. For the low-rank coals the
relaxation time for this fraction is of the order of 2-6 seconds, with the longer
relaxation times usually associated with the higher field. Above the 80%C the
T, difference at the two static field strengths increase significantly for the
same sample. In addition, the relaxation times appear to reach a maximum value
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at about 85%C. The phenomenon occurs at both fields.
observed for the long relaxing component of the aliphatic carbon.

The trends in Figure 3 arise
from differences in coal
structure that also vary sys-
tematically with rank. These
compositional variations are
reflected in both the field
dependence of the measure-
ments and the observation of
the maximum. We propose that
these data can be related to
two general factors: an
underlying difference in coal
structure as rank increases
and the presence of paramag-
netic species (oxygen, heavy
metal minerals, organic free
radicals). In the former
case, changes in molecular
motion (overall rotational
diffusion, 1local segmental
and librational motions)
would be manifest as T; dif-
ferences. In the latter
instance, paramagnetic spe-

cies in sufficient quantity
could dramatically reduce the
T, values measured.

A plot of the mass fraction
of the long relaxing aromatic
component versus %C is shown
in Figure 4. At both fields
there is a systematic in-
crease in the fraction of
species relaxing slowly.
This trend may be attributed,
in part, to a decrease in the
oxygen-rich humic portion of
the coals studied with in-
creasing rank. Scatter in
mass fraction measurements
reflects the relative diffi-
culty of deconvoluting over-
lapping decays of varying
degrees of similarity (and
with different signal-to-
noise ratios) at the two
fields.
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Figure 3. Variation in aromatic carbon relaxation (long) with carbon

content of coal.
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As confirmation of the effect
of paramagnetic specles on 10
our measurements, the Beulah-
Zap lignite was treated with
a dilute HC1 solution to
remove iron. The relaxation
decay changed significantly
as shown in Figure 5. The
original two-component decay
became a single-exponential
decay after treatment, with
a concomitant increase in the
relaxation time occurring.
Atomic absorption data on the 1
HC1 washings indicate a
significant level of extract-
able iron in this lignite

HCI Treated

log M,

0.6

sample: 1,951 pg Fe/g coal. 0 2 4 8 8
Relaxation discrimination Time (s)

experiments allow the analy-

sis of short and long relax- Fgure5. Changes in aromatic carbon T, of APCS #8 with acid
ing components and will be treatment.

presented.

CONCLUSIONS

Spectral resolution is virtually invariant with rank over the static frequency
range of 25 to 50 MHz. Although correlations between relaxation times and rank -
related parameters are clearly observed at both field strengths, they probably
arise from both fundamental changes in coal structure (with increasing degree
of coalification) and systematic variations in the nature and extent of para-
magnetic specles present. The paramagnetic species themselves may represent a
combination of stable organic free radicals present in large aromatic ring
systems and a distribution of inorganic speciles, presumably which are chelated
to oxygen-rich organic structures (particularly in the low-rank coals). The
presence of a maximum in the spin-lattice relaxation time at both fields at 85%C
probably reflects these competing interactions.

For the raw, untreated coals there are systematic differences in relaxation times
with rank that may be of use in relaxation discrimination experiments.

It remains to be determined how the concentration and exact distribution of
paramagnetic species can be quantitatively related to the relaxation rates
observed. The rank dependence of these variables is also of ultimate concern
for the rationalization of these data.
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ABSTRACT

Macerals were separated from two high volatile bituminous coals obtained from
the Argonne Premium Coal Sample Program and one high volatile bituminous coal
from the Pennsylvania State University Coal Sample Bank. A preliminary survey
of the nature of these macerals using chemical and spectroscopic techniques are
reported. Alkylation using C enriched methyl iodide followed by solid '*C NMR
analysis were used to determine the concentrations of acidic OH and CH sites in
these macerals. The relative quantities of various types of methyl ethers and
methyl esters were also estimated from the NMR spectra.

INTRODUCTION

The combined use of alkylation using >C enriched reagents and solid ™C NMR
spectroscopy has been shown to be an effective procedure for the determination
of the different types of acidic sites in coals (1-7). Alkylation using tetra-
butylammonium hydroxide as base catalyst alkylates the acidic oxygen functional
groups in coal such as phenols and carboxylic acids to produce ethers and esters
(8). Certain acidic carbon sites in structures such as fluorene, 1lndene, and
benzanthrene can also be alkylated under these reaction conditions (3,5). The
distinct chemical shift differences of methyls on carbon and oxygen allows the
estimation of the relative degree of methylation on oxygen versus carbon.
Furthermore, the O-methyl region of the 'C spectra can be resolved into three
distinct regions corresponding to the methyl carboxylates, unhindered aryl methyl
esters and hindered aryl methyl ethers.

Macerals were separated from three high volatile bituminous coals by density
gradient centrifugation (9). The concentration of the various types of hydroxyl
and carboxylic acid groups in these macerals as estimated by "C enriched
methylation and solid ¢ NMR spectroscopy are reported.

RESULTS AND DISCUSSION

Preliminary Survey. The coals used in this study were obtained from the
Pennsylvania State University Coal Sample Bank and the Argonne Premium Coal
Sample Program. These were the West Virginia Upper Kittanning seam hvA
bituminous coal (PSOC-732), the Utah Blind Canyon seam hvB bituminous coal (APCS-
6), and the West Virginia Lewiston-Stockton seam hvA bituminous coal (APCS-7).
Maceral groups were separated from these coals using density gradient
centrifugation (9). The elemental data for the coals and macerals, which can
conveniently be discussed in terms of mole ratios, are shown in Table I. The
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H/C values for the macerals follow the order: liptinite > vitrinite > inertinite
for the West Virginia Upper Kittanning and the West Virginia Lewiston-Stockton
macerals, and resinite > sporinite > vitrinite for the Utah Blind Canyon
macerals. Nitrogen is more concentrated in the vitrinites than in the other
macerals. The nitrogen content is substantially lower in the Utah Blind Canyon
resinite than in the other macerals from this coal, and this finding is in accord
with previous reports of other Utah resinites (10,11). The 0/C values follow
the order: wvitrinite = inertinite > liptinite for all the macerals. It should
be noted that the oxygen content was calculated by difference from the C, H, N
microanalyses. The contributions from sulfur and mineral matter were not taken
into consideration even though significant differences in the sulfur content of
different maceral types in the same coal have been reported (12-14).

The solid “C-CP/MAS spectra of the macerals are shown in Figures 1-3. The NMR
spectra are scaled to the intensity of the largest signal. The fraction of
carbon aromaticity (f,) in CP/MAS experiments are shown in Table II. Quantita-
tive interpretations of CP/MAS experiments must be made with caution. Recent
experiments suggest that f, values determined by CP/MAS techniques may under-
estimate the aromatic carbon content of coals and macerals (15).

Hydroxyl and Carboxylic Acid Concentration. The macerals were alkylated with
"C enriched methyl iodide (98% ¥C) using tetrabutylammonium hydroxide as the

basic catalyst in tetrahydrofuran following Liotta's procedure (8). The degree
of alkylation estimated from the elemental data as methyl groups that had been
added to each 100 carbon atoms of the maceral group is shown in Table III.

Methylation on carbon occurs to the extent of 10 to 25 percent of the total
methyls added to the macerals of the West Virginia Upper Kittanning and Lewiston-
Stockton coals. Methylation occurs on carbon to a lesser degree for the macerals
of the Utah Blind Canyon coal, as expected for a less mature coal. The
observation that less methyls were added on the whole coals rather than the
individual macerals of the Utah Blind Canyon and West Virginia Lewiston-Stockton
coals may be due to the larger particle size of the whole coals relative to the
macerals. Thus, reagent accessibility may be a factor for these alkylations.
However, the relative O- vs. C-methylation ratio for the whole coal is similar
to that of the vitrinite, which suggests that the alkylatable oxygen and carbon
sites are randomly dispersed.

The CP/MAS spectra of the Utah Blind Canyon macerals alkylated with C enriched
methyl iodide is shown in Figure 4. The O-methylation region of the *C NMR
spectra appear in three distinct regions. The relative contributions of the
three regions based on their relative intensities are summarized in Table IV,
The most plausible structural elements in methylated coal that give rise to
resonances centered at 50 ppm are the methyl carboxylates; centered at 55 ppm
are the unhindered aryl ethers; and at 60 ppm are the hindered aryl ethers (16).

Methyl carboxylates represent a major proportion of the O-methylated products
of the liptinites from all three coals while little or no methyl carboxylates
are detected in the methylated vitrinites or inertinites. The higher concentra-
tion of carboxylic acid in liptinites relative to vitrinites have been noted by
others using infrared spectroscopy (17-19), but the comparative estimates of the
carboxylic acid concentration have not been previously reported for macerals.
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The relative intensities of the two resonances centered at 55 ppm and 60 ppm
that can be assigned to unhindered methyl ethers and hindered methyl ethers vary
between the maceral types. The ratio of hindered methyl ethers to unhindered
methyl ethers follow the order: liptinites > vitrinites > inertinites. This
is consistent with the notion that this reflects the degree of alkyl substituents
on the aromatic structures in these macerals.
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TABLE I. The Elemental Data of the Macerals Expressed as Molar Ratios.

Maceral Group RH/C N/C 0/c®
West Virginia Upper Kittannin PSOC-732
Whole Coal - 0.67 0.015 0.11
Liptinite 0.88 0.012 0.05
Vitrinite 0.71 0.017 0.10
Inertinite 0.56 0.014 0.11
Utah Blind Canyon (APCS-6)
Whole Coal 0.90 0.016 0.19
Resinite 1.41 .005 0.05
Sporinite 1.07 0.013 0.13
Vitrinite 0.92 0.016 0.19
West Virginia lewiston-Stockton (APCS-7)
Whole Coal 0.75 0.016 0.12
Liptinite 0.97 .012 0.10
Vitrinite 0.70 0.016 0.13
Inertinite 0.49 0.011 0.12

°The oxygen content was determined by difference from the C,H,N microanalyses.

TABLE II. Carbon Aromaticities Estimated by Cross-Polarization NMR.

Maceral Group

£5(

CP)*

Whole Coal
Liptinite
Vitrinite
Inertinite

Whole Coal
Resinite

Sporinite
Vitrinite

Whole Coal
Liptinite
Vitrinite
Inertinite

West Virginia Upper

West Virginia Lewiston-Stockto:

0.
0.
0.
0.

ittannin

78
59
79
87

PS0C-732

Utah Blind Canyon (APCS-6)

APCS-7

*CP Experiments:

2 ms.

mix time.
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TABLE III. Dl.stri?ution of Added Methyl Groups as Estimated by
: Solid ™C NMR Spectra.

Methyl Groups/100°C

On On
Maceral Group Total Oxygen Carbon

West Virginia Upper Kittanning (PSOC-732)

Whole Coal 4.8 3.8 1.0
Liptinite 6.0 5.0 1.0
Vitrinite 5.2 4.4 0.8
Inertinite 1.6 1.3 0.3
Utah Blind Canyon_ (APCS-6)
Whole Coal 1.9 1.8 0.1
Resinite 0.9 0.9 <0.1
Sporinite 2.1 2.0 0.1
Vitrinite 3.1 2.8 0.3
West Virginia Lewiston-Stockton (APCS-7)
Whole Coal 1.3 1.2 0.1
Liptinite 4.2 3.2 1.0
Vitrinite 3.1 2.8 0.3
Inertinite 2.5 2.0 0.5

TABLE IV. Relative Quantities of Methyl Ethers and Methyl Esters.

Maceral Group 60 ppm 55 ppm 50 ppm

West Virginia Upper Kittanning (PSOC-732)

Whole Coal 1.1 2.7 0
Liptinite 1.2 2.4 l.4
Vitrinite 1.2 3.2 0
Inertinite 0.2 1.1 0
Utah Blind Canyon (APCS-6)
Whole Coal 0.7 1.1 0
Resinite 0.3 0.2 0.4
Sporinite 0.9 0.9 0.2
Vitrinite 1.0 1.8 0
West Virpinia Lewiston-Stockton (APCS-7)
Whole Coal 0.4 0.8 0.1
Liptinite 1.5 1.2 0.5
Vitrinite 0.8 1.9 0.1
Inertinite 0.2 1.8 0
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Figure 1, Solid "C CPMAS spectra of West Virginia Upper Kittanning Coal
(PSOC 732). (A) Liptinite; (B) Vitrinite; (C) Inertinite; (D) Whole Coal.
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Figure 2. Solid ™C CPMAS spectra of Utah Blind Canyon Coal (APCS #6).
(A) Resinite; (B) Sporinite; (C) Vitrinite; (D) Whole Coal.
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Figure 3. Solid C CPMAS spectra of West Virginia Lewiston-Stockton Coal
(APCS #7). (A) Liptinite; (B) Vitrinite; (C) Inertinite; (D) Whole Coal.
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Figure 4. Solid ™C CPMAS spectra of Utah Blind Canyon Coal (APCS #6) methylated
with ®C enriched methyl iodide. (A) Resinite; (B) Sporinite; (C) Vitrinite;
(D) Whole Coal.
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AN INVESTIGATION OF HEATING RATE AND PRESSURE EFFECTS
IN COAL PYROLYSIS AND HYDROPYROLYSIS

Jon Gibbins-Matham and Rafael Kandiyoti
Chemical Engineering Department
Imperial College, London SW7 2AZ

INTRODUCTION

The high-Eressure wire-mesh apparatus (perhaps best known from work by
Anthonyl’ and Suuber:gz’3 at MIT) allows a well-dispersed coal sample to be
used, which minimises secondary effects and enables a wide range of heating
rates to be applied. Generally, however, the heating rates that have been
employed in high-pressure wire-mesh experiments have been limited to about

50 K/s and above by the relatively simple one- or two-stage, fixed-level
heating systems that have been used, while the absence of any cooling to
prevent reactor components overheating has limited maximum run times to about
30 seconds. TIn this study it has been possible to extend the investigation of
the effects of pressure to heating rates as low as 5 K/s in a wire-mesh
apparatus with a computerised feedback temperature control system. Water
cooling has also been provided for the parts of the apparatus in contact with
the heated sample holder, allowing holding times as long as 200 seconds at
600°C. Preliminary data from the apparatus is presented, showing the effect of
heating rate on pyrolysis yields under inert gas pressure and the role of
heating rate and holding time at temperature in hydropyrolysis reactions.

SAMPLE PREPARATION

The principal coal used in this study is Pittsburgh No. 8 from the Argonne
Premium Coal Sample Program. A single 10 gram sample of —-20 mesh coal was used
for all experiments. All the sample was ground by hand in air, within about 30
minutes, to pass through a 150 micron sieve and then screened to +100 microns.
Some supplementary data is also given for a UK bituminous coal, Linby. This
was obtained as washed singles (25 mm sized coal) and was first crushed to
approximately 6 mm by hand in air and then ground in a small hammer-mill and
sieved to 100-150 microns in a glove-box under nitrogen. The sample used was
sealed in a screw-top jar in the glove-box and stored for approximately 18
months in a domestic freezer before use; this had no detectable effect on the
pyrolysis yields. Both coal samples were dried overnight under nitrogen at
105°C and stored under flowing nitrogen until required. The analysis of the
Linby coal is given in Table I.

EXPERTIMENTAL APPARATUS AND METHOD

The high pressure wire-mesh apparatus used in this study is shown in Fig. 1.
The wire-mesh sample holder (1) is folded to contain the coal sample between
two single layers of 65 micron AISI 304 stainless steel mesh. The sample
holder, which also serves as an electrical resistance heater, is held between
two electrode/clamps (2 and 3), one of which (3) is sprung to keep the sample
holder taut when thermal expansion takes place. Beneath the sample holder is a
water-cooled brass plate (4) with a 30 mm diameter hole in it below the working
section where the coal sample is spread. A layer of amber mica (5),
approximately 0.25 mm thick, electrically insulates the sample holder from the
brass plate, while still allowing heat conduction. Another layer of mica (6)
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is used to isolate the live electrode (2) which is connected to an insulated
terminal (7). Cooling water travels through two hollow support pillars (8)
connected to longitudinal holes in the brass plate (4) which communicate in
turn with the hollow earthed electrode (3) through two 3.5 mm diameter
stainless steel tubes (9), which also act as springs. The base of the pressure
vessel (10), the top (11) and the clamping collar (12) are made from 316
stainless steel. The apparatus, with the electrode assembly in position, has
been hydraulically tested to 300 bars, giving a 50% safety margin at the
maximum pressurising gas cylinder pressure of 200 bars. The gas inlet (13) for
helium or hydrogen is a compression fitting sealed with a taper thread in the
base. A diffuser (14), consisting of approximately twenty.layers of wire-mesh
in a brass frame, 1s provided to break up the jet from the small-bore inlet.
Other compression fittings are used for the gas outlet (15) at the top and a
pressure tapping (16) in the base.

The regulator on the appropriate gas cylinder is used to set the internal gas
pressure in the apparatus. This can be held within about +/- 1.5 bars of the
desired value, over a range of 20 to 170 bars. The gas flow rate is set by a
pressure letdown/flow control valve on the outlet line from the reactor and
measured, at atmospheric pressure, by a dry gas meter with an opto-electronic
shaft encoder added in—house. By counting the encoder's output pulses on a
microcomputer the average flow rate is calculated over ten second intervals.

A sample of 100-150 micron coal is placed in a pre-weighed sample holder which
is then stretched between the electrodes. A suction nozzle is used to
distribute the coal evenly in an approximately 12 mm diameter circle at the
centre of the working section; the suction also serves to remove any particles
which can pass through the mesh. The sample holder is then re-weighed to
determine the sample size. After the sample holder is replaced in the
apparatus two thermocouples are formed, at the edge and centre of the sample
respectively, by inserting the thermocouple wires through holes in the mesh.
This arrangement avolds distortion of the mesh by welding and, since the short
length of mesh between the thermocouple wires is itself part of the
thermoucouple circuit, unambiguously locates the measuring junction on the
surface of the sample holder. Before heating, the system is filled to 100 bars
with the working gas and then emptied three times to remove air. The apparatus
is then pressurised to the desired value and the flow control valve opened to
set the required flow rate of 1 litre/min for every bar of internal pressure.
After heating is completed the gas supply is shut off and the internal pressure
allowed to come to atmospheric. If hydrogen has been used the apparatus is
repressurised to 100 bars with helium and emptied again to avoid the risk of
ignition when it 1s opened. Finally, after the thermocouple wires have been
withdrawn, the sample holder is removed and weighed to establish the total
volatile yleld. Further details of the equipment and experimental methods are
given elsewhere for this apparatus® and a very similar wire-mesh reactor for
atmospheric pressure and vacuum pyrolysis studies”»°,

When the apparatus was conceived it was hoped to provide a forced sweep of gas
through the sample holder, a technique that has been gegonstrated successfully
in this laboratory for atmospheric pressure operation®’®. This would have
given positive removal of the volatiles from the hot zone around the sample
holder and allowed tars to be collected in an external trap. Unfortunately,
even at 20 bars the cooling effect of gas flowing at orly a few cm/s through
the sample holder was found to be so intense that uniform temperatures could
not be maintained and, because very high power inputs therefore had to be
applied, even slight deviations in the local cooling effect could cause severe
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overheating and melting of the sample holder material. After extensive trials
with various gas flow arrangements the best that could be achieved was to
provide a diffuse flow of gas upwards from the base of the vessel at a
volumetric flow rate (at the internal pressure) of 1 litre/min. This provides
some entrainment of the products and also relieves expansion on heating.

In order to observe the flow patterns and to see whether ylelds differed from
other atmospheric pressure results with a forced sweep gas flow, Linby coal was
pyrolysed in helium at atmospheric pressure with the diffuse flow. The
high-pressure apparatus was used, but with the steel top replaced by a glass
top of similar dimensions. As Fig. 2 shows, the absence of the forced sweep
caused only a small reduction in total volatile yields and, since tars could be
seen to be recirculated back onto the sample holder by natural convection
currents, this reduction was probably due more to secondary re-deposition of
the volatiles rather than to a significant increase in the surface mass
transfer resistance. Some discolouration of the working section of the sample
holder was also observed, which tends to confirm this, but when high pressure
hydrogen is used no visible deposit is formed on the sample holder. Any tars
which touch the surface apparently crack to form lighter volatiles rather than
char. As discussed later, however, a direct test of the effect of sweep
velocity at pressure would be desirable.

Even with the diffuse flow regime, heat losses by convection from the sample
holder are very large: at 70 bars the power input must be increased
approximately five-fold compared to atmospheric pressure operation to hold the
temperature steady at the same value and the ratio between convective and other
heat losses, which is roughly 1:1 at atmospheric pressure, then rises to about
9:1. With convection so dominant, only slight variations in the gas flow are
needed to cause significant (up to about +/-50 K) fluctations in the local
temperature of the sample holder. Although the computer feedback control
system can usually hold the average of the readings from the two thermocouples
within 20 K or less of the desired value, the instantaneous difference between
the individual readings is determined solely by the unsteady physical
conditions inside the reactor. Similar fluctations in temperature at high
pressures (measured with a single thermocouple) are reported by Anthony1
despite the use of an insulated baffle below his sample holder to reduce
circulation currents. The temperature fluctuations have a time-scale of the
order of 0.2 seconds, so to give reasonably representative time-averages for
the peak temperature (rather than a.possibly misleading instantaneous value) a
significantly longer holding period at peak temperature is generally used. The
fluctuations do, however, limit the precision with which the effective
transition between a slow-heating stage and a rapid-heating stage can be
located, since the control system must be set to start rapid heating when the
instantaneous control temperature (i.e., the average of the two thermocouple
readings) reaches a specified value.

RESULTS AND DISCUSSION

In order to give the effect of hydrogen pressure on primary coal pyrolysis
reactions the greatest possible weighting compared to char hydrogasification
reactions a peak temperature of 600°C is used in most of the results presented
here. Atmospheric-pressure data obtained in this laboratory for Pittsburgh No.
87:° and Linby” coals suggest that, for holding times in excess of about 5
seconds, this temperature is high enough for the bulk of the thermally-induced
primary breakdown reactions to run to completion. A longer hold time,
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10 seconds, was chosen to allow for a possible increase in resistance to
volatile transport at elevated pressure, and as Fig. 3 for Linby coal shows,
even at 100 bars this appears to give an adequate margin for thermally
initiated breakdown reactions. As data presented below (Fig. 7) shows, the
hydrogasification reactions carry on for a much longer period. With the
standard conditions selected, the effect of heating rate on pyrolysis yields
for Pittsburgh No. 8 in hydrogen and helium at 70 bars. (1000 psig) was
investigated. The results (presented in Fig. 4) showed that at 70 bars the
yields in helium appear to be unchanged or to decrease slightly, while yields
in hydrogen show a very pronounced fall, from about 52% of the daf sample at
5 K/s to around 47% at 1000 K/s.

Although more data over a range of temperatures and pressures, as well as at
lower heating rates, is required to allow firm conclusions to be drawn, the
level or slight downward trend with increased heating rate in helium at 70 bars
is of interest because previous studies in this laboratory »8 have shown an
opposite effect of heating rate in helium at atmospheric pressure, with tar
being the main product affected. It was suspected at the time (partly because
vacuum pyrolysis showed an even greater sensitivity to heating rate) that tar
transport was being enhanced due to the greater sample plasticity and more
rapid outward flow of volatiles at high heating rates. While observations
suggest that plasticity, if anything, increases with pressure, the volume of
the volatile prodats and hence the rapidity of their outward flow must be
reduced by the applied pressure, which may account for the observed equality
between fast and slow heating at 70 bars in inert gas.

In addition, the helium results can be regarded as a base-line for the
hydropyrolysis data, showing the purely physical effect of the applied gas
pressure. The yield at 5 K/s must then reflect a greater degree of chemical
interaction between the hydrogen and the coal, but it cannot be deduced from
Fig. 4 whether this is due to hydrogen promoting yields during the initial,
rapid volatile release stage of pyrolysis or simply more char gasification
occurring in the longer time available (ie. during heating, since hold times
are identical) at the slower heating rate.

To investigate the temperature range over which hydrogen was enhancing yields
at 5 K/s, two-stage heating was used. The sample holder was heated at 5 K/s to
the required intermediate temperature and then immediately heated at 1000 K/s
to 600°C and held there for 10 seconds. The results, shown in Fig. 5, suggest
that varying the heating rate between 5 K/s and 1000 K/s will have no effect
below about 500°C. As discussed earlier, precise resolution of the
intermediate temperature is difficult, but it appears likely that there is a
gradual transition to the higher yield above 500°C. If the effect had been
observed at lower temperatures, before significant amounts of volatiles were
evolved, it might have been possible to rule out hydrogasification reactions,
but Fig. 6 shows that appreciable amounts of devolatilisation will have taken
place by 500°C even at 1000 K/s and differentiation between enhanced primary
pyrolysis and hydrogasification is therefore not feasible.

To attempt to distinguish between a possible beneficial effect of a lower
heating rate in the later stages of the initial, rapid pyrolysis reactions and
more extensive char gasification in the extra 20 seconds available between
500°C and 600°C, the total volatile yields as a function of holding time after
5 K/s and 1000 K/s heating were measured. If it was simply that extra time for
hydrogasification is available at 5 K/s then presumably this difference would
become less significant at longer holding times and the two sets of data would
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converge to the same asymptotic value. In fact, as Fig. 7 shows, while the
differences do become less significant at longer hold times, even when ylelds
superficially seem to have reached an asymptotic value at 200 seconds there is
still an offset of about 2% of the daf sample.

It is tempting to ascribe the additional 2% of material that apparently can be
volatilised by reducing the heating rate from 1000 K/s to 5 K/s to increased
interaction between hydrogen and the pyrolysing mass; stabilisation of the
heavy tar precursors remaining as the melt start to coke could be a feasible
mechanism. The magnitude of the difference is, however, well within the likely
experimental scatter and a more detailed study would be needed to allow such a
definite conclusion. It would also be possible to explain the apparent trends
if slower heating produced a more reactive char, unless the extra products
could be analysed and shown not to be able to come from char gasification
reactions; more detailed product distribution data, including tar/liquid
yields, would be needed for this.

Finally, in all the experiments some coked residue from fluid material that had
been evolved from the coal particles could be seen. This was much more
noticable for runs in helium, when globules of charred liquid residue covered
large areas of the outer faces of the mesh adjacent to the sample. Hydrogen
appears to be giving a higher volatile yield as a result of chemical removal of
some of this material, probably before charring takes place. While a sweep
flow has been shown to be relatively unimportant at atmospheric pressure and
flow rates up to 0.3 m/s, the visible availability of un-removed liquid
material suggests that a gas sweep, perhaps at a higher flow, might be able to
increase volatile yields by promoting evaporation and possibly entrainment.
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TABLE I Linby Coal: Proximate and Ultimate Analyses

% dry basis
M FC Ash’ [« H 0 N S
36 60 4.0 77.8 5.1 10.1 1.6 1.4
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SIMULTANEQUS THERMOGRAVIMETRIC AND MASS SPECTROMETRIC OBSERVATIONS ON
VACUUM PYROLYSIS OF ARGONNE PCSP COALS

Yongseung Yun and Henk L.C. Meuzelaar
Center for Micro Analysis & Reaction Chemistry, University of Utah
Salt Lake City, Utah 84112

ABSTRACT

The most serious limitations of many coal gasification and liquefaction models
are due to the lack of reliable char and total volatiles yield data, of
accurate kinetic parameters, and of reliable data on the composition of the
total volatiles in the initial devolatilization step. Consequently, a vacuum
thermogravimetry/mass spectrometry (TG/MS) system consisting of a Mettler TAl
Thermoanalyzer and a Finnigan MAT 3200 quadrupole mass filter was built to
obtain accurate quantitative and qualitative data on coal devolatilization
processes at heating rates in the 10-2-100 K/s range. Hundreds of mass
spectra can be obtained during a single TG run, thereby providing detailed
information about the concentration of various devolatilization products as a
function of temperature while continuously recording the sample weight loss.
Moreover, factor analysis-based methods enable deconvolution of overlapping
trends and numerical extraction of chemical component spectra. TG/MS results
on four Argonne PSCP coals are discussed.

INTRODUCTION

Previous mass spectrometric studies of coal devolatilization phenomena in our
laboratory [1, 2, 3] have focussed on the use of Curie-point gyro]ysis mass
spectrometry (Py-MS) techniques using heating rates in the 102-104 K/s

range. This enabled Chakravarty et al. [1] to identify at least four
structural components with distinct kinetic profiles in an ANL-PCSP Pittsburgh
#8 coal: (1) a relatively minor vacuum distillate fraction consisting
primarily of alkylsubstituted one- and two-ring aromatic hydrocarbons; (2) a
sporinite-1ike fraction consisting of branched and/or alicyclic hydrocarbon
components; {3) a cutinite- or alginite-1ike polymethylenic component; and (4)
a vitrinite-like component consisting primarily of alkylsubstituted
hydroxyaromatic and aromatic moieties. Attention was drawn to the fact that
only the two aliphatic components appeared to exhibit a simple
depolymerization behavior consistent with the idea of a first-order
unimolecular decomposition reaction. The vacuum distillate component was
thought to be more appropriately described by a reaction order between 0 and
1, whereas the vitrinite-1ike component appeared to behave like a char-forming
thermoset, and thus, should be described by a reaction order considerably
greater than 1. Attempts to obtain more accurate kinetic parameters, however,
were only partially successful due to the very short reaction times involved
{approx. 8 s) and the significant broadening of the product evolution profiles
by diffusion processes between the pyrolysis zone and the ionization region.

In order to overcome this problem we decided to build a vacuum
thermogravimetry/mass spectrometry (TG/MS) system capable of precisely
controlling heating rates in the 10°2-100 K/s range while providing

accurate temperature and weight loss information and simultaneously recording
the evolution profiles of gas and tar products.
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Vacuum TG/MS experiments with coals have been reported previously by Ohrback
et al. [4, 5]. However, in the experiments reported here we were especially
interested in using the set of eight standard coals available from the Argonne
National Laboratory Premium Coal Sample Program (ANL-PCSP) in order to enable
direct comparison with TG/FTIR experiments performed by Serio et al. [6], as
well as to enable reproduction of our experiments by other researchers.
Moreover, since most of our extensive Py-MS data on U.S. coals [7, 8, 9] has
been obtained under low voltage (approx. 12-14 eV) electron ionization
conditions, we wanted to perform the TG/MS analyses under comparable
ionization conditions.

Finally, an important goal of the experiments reported here was to use
sophisticated multivariate analysis techniques, as developed by Windig et al.
[10], in order to deconvolute overlapping trends in the TG/MS data and to
identify the underlying chemical components.

At the time of writing, only 4 of the 8 ANL-PCSP coals have been analyzed and
a full report of the results on all 8 coals will be published elsewhere.

EXPERIMENTAL

Four ANL ampule samples (Pittsburgh #8 (-100 mesh), I11inois #6 (-100 mesh),
Wyodak (-20 mesh), Beulah-Zap {-100 mesh)) were employed in vacuum TG/MS runs
and the ultimate analysis data of the samples were described elsewhere [11].
The TG/MS system (Figure 1) consists of a Mettler TAl Thermoanalyzer directly
interfaced to a small Finnigan MAT 3200 quadupole mass filter. Pyrolysis was
performed directly in front of the ion source of the mass spectrometer in
order to prevent recombination reactions and/or secondary decomposition of
reactive compounds as well as to minimize the loss of polar compounds through
condensation. A turbomolecular pump {Balzers TPU 050) was used for evacuating
the MS chamber up to 4 x 10-7 torr in 7-8 minutes. In addition, two
diffusion pumps were employed to maintain a pressure of less than 1 x 1074
torr in the TG balance chamber. Moreover, the LN> cold trap in Figure 1 was
used to guarantee a low background signal level in the mass spectra. A
detailed description of time-resolved Curie-point pyrolysis MS (TR Py-MS) can
be found elsewhere [2].

Sample aliquots of approximately 4-5 mg were heated under vacuum (3-6 X 10-7
torr) while the temperature was increased from ambient to 700°C at

259C/min. MS conditions were as follows: electron impact energy 14 eV, mass
range scanned m/z 33 to 193 (m/z 48-193 for Pittsburgh #8 seam coal), total
number of scans 80, and total scan time 27 minutes. Each spectrum scanned was
stored separately in the memory of an IBM 9000 computer.

Factor analysis was employed to deconvolute overlapping time trends and to
numerically extract the chemical component spectra. In order to give all the
variables an equal contribution, factor analysis was done on the correlation
around the origin matrix. Deconvolution was performed by using a combination
of pure mass [12, 13] and variance diagram (VARDIA) [10, 14] technigues.

RESULTS AND DISCUSSION

The time-integrated low voltage mass spectra of Pittsburgh coal obtained by
TG/MS and by TR Py-MS are highly similar with regard to type and relative
abundance of the pyrolysis products (as shown in Figure 2) in spite of a
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factor 3 X 102 difference in heating rate and a factor 2 x 102 difference

in sample size, as well as differences in pyrolysis technique, ion source,
quadrupole, etc., In fact, since Curie-point Py-MSpatterns obtained at heating
rates of 6 X 104 K/s and 1 X 102 K/s are highly similar too {not shown

here), we can conclude that the mechanisms of primary coal devolatilization
reactions appear to be independent of heating rate over at least five orders
of magnitude (10-1-10% K/s range).

The main differences between the TG/MS and TR Py-MS data on Pittsburgh #8 coal
in Figure 1 appear to be the much larger SO,* and HSSH* signals (due to

the higher end temperature of the TG/MS system; similar SO, increases can be
seen when using higher temperature Curie-point wires), and the somewhat
increased dihydroxybenzene. The dihydroxybenzene intensities in the TR Py-MS
spectrum can be increased by preheating the pyrolysis chamber. Hydroaromatics
(e.g. tetralins) tend to form relatively late during the devolatilization
process, therefore the higher end temperatures explain their increased
abundance in the TG/MS spectrum.

The sharp evolution profile and the constant evolution temperature of SOp,

as illustrated in Figure 3, offer exciting possibilities for controlling the
final distribution of sulfur between the char and the gas phase (e.g., in low
temperature gasification and/or liquefaction processes). However, we do not
see the very early SO» components shown by Serio et al. [6] in TG/FTIR.
Possibly, the FTIR signal shows interference from a different compound.

Four factors were employed to deconvolute ovrlapping trends in total ion count
profiles from TG/MS. The eigenvalues and variances explained by the first six
factors are illustrated in Table 1, showing that the first four factors can
explain approx. 98% of total variance for each coal. Our deconvoluted data
provide a strong indication for the presence of two kinetically distinct
pyrolysis regimes (under our TG conditions at approx. 370-380°C and at
420-4400C, respectively). Whereas each of these regimes may indeed be
relatively independent of rank as suggested by Serio et al. [6], the
"vitrinitic component" (m/z 124/138) appears to shift from the lower to the
higher temperature regime with increasing rank. The aliphatic hydrocarbon
component always pyrolyzes in the higher regime. The following hypothesis for
these observation would be possible: the two temperature regimes represent
ether bridges (or other weak bonds) and methylenic bridges, respectively. In
liptinites such as alginites or cutinites methylenic bridges are present from
the beginning (and thus already in low rank coals). In vitrinitic macerals
derived from lignin-like structures the initial bridges are primarily ether
type. With increasing rank these are “replaced" by methylenic bridges (or
perhaps lost through CO elimination with consequent formation of new
methylenic cross-1inks).

The rank dependent shift in the ratio of aromatic vs. terpenoid (isoprenoid)
structure reported by Blazso et al. [15] was also confirmed by our findings
(disappearance of m/z 191 component, appearance of m/z 156 component).

The rank dependent appearance of the "oil formation" window in high volatile A
and B bituminous coal [1] is evident in Pittsburgh #8 coal. Perhaps this
could be called "geothermal pyrolysis". However, the relatively aromatic oil
formed does not appear to contain many polymethylenic moieties (contrary to
the suggestion by Serio et al. [6]). Also the term "guest molecules" is an
obvious misnomer. These are not "guests" but “"offspring" (sons or
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daughters). The TG/DTG curves (only shown DTG curve in this preprint) show |
only very small quantities of these vacuum distillable components. This can q
be explained as follows: assume that the total amount is only a few percent of
dry coal weight and that the total tar yield is approx. 20%, then (e.g., 30%
gas, 40% char, 10% ash) the vacuum distillable "bitumen" could still be as
much as approx. 10% of the tar.

Although SOp evolution appears to coincide with the end of the main tar
formation phase (and/or onset of the char formation process) neither the
origin nor the mechanistic significance of the S0 evolution are entirely
clear at present.

It should be pointed out here that the charring stage is strongly
underrepresented in our study due to the limited lower mass range (> m/z 34)
and the low voltage EI conditions (low MW pyrolysis products tend to have
higher ionization potentials). Further TG/MS runs are planned to investigate
Tow MW pyrolysis products.
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TABLE 1
VARIANCE EXPLAINED BY THE FIRST SIX FACTORS OBTAINED BY PRINCIPAL COMPONENT
ANALYSIS OF THE CORRELATION AROUND-THE-ORIGIN MATRIX FOR EACH TG/MS DATA SET

Pittsburgh #8 I1linois #6 Wyodak Beulah-Zap
Factor | Eigen- Eigen- % Eigen- % Eigen- %
Number ! value variance| value variance| value variance |value variance
1 119.99 87.27 | 138.07 88.29 135.92 87.39 ]129.53 84.32
2 7.02 5.11 8.33 5.33 8.92 5.74 12.46 8.11
3 5.07 3.68 4.43 2.83 5.29 3.40 6.66 4,33
4 2.43 1.77 3.47 2.22 2.99 1.90 2.83 1.85
5 1.74 1.27 1.38 0.88 1.48 0.95 1.31 0.85
6 1.23 0.90 0.71 0.46 0.92 0.59 0.83 0.54
) LIQUID NITROGEN
QUADRUPOLE COLD SCREEN
TURBO WOLICULAR
- ~ . . .
Figure 1. Schematic diagram of

vacuum TG/MS system, based on
the combination of a Mettler TA1
TG/DTA system and a Finnigan MAT
3200 mass spectrometer with
specifically designed vacuum
housing.
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CHARACTERIZATION OF THE ARGONNE PREMIUM COAL SAMPLES BY PYROLYSIS
HIGH RESOLUTION MASS SPECTROMETRY

Randall E, Winans, Robert L. McBeth and Paul H. Neill
Chemistry Division, Argonne National Laboratory, Argonne, IL 60439

INTRODUCTION

The complete set of Argonne Premium Coal Samples have been characterized using
Pyrolysis High Resolution Mass Spectrometry (PyHRMS). A major objective in the
study is to examine differences in the heterocatom (oxygen, sulfur and nitrogen)
containing molecules as a function of rank of the coals. Operating In the high
resolution mode makes it possible to directly separate these species from each
other and from the hydrocarbon molecules. In addition, many molecules, which
can not be observed with gas chromatography by virtue of their size or polarity,
can be observed with this method.

We have applied PyHRMS to characterization of separated coal macerals and coal
degradation products.!”® There are many papers on low resolution PyMS applied
to coals*® and one applied to these premium coals.® The PyMS approach can
provide very detailed information on the molecules which are released in vacuum
pyrolysis, however the probability of secondary reactions is a consideration and
all interpretation must be made with this fact in mind. This approach yields
more specific molecular data than any other method. A problem with low resolu-
tion PyMS is that in many if not most cases there may be several ions present
with the same nominal mass but with different chemical compositions. This
problem is eliminated by using an high resolution spectrometer which may scan
more slowly, but will resolve peaks which overlapped at lower resolution and
yield more information.

EXPERIMENTAL

The samples have been obtained from the Argonne Premium Coal Sample Program and
the preparation of the samples has been described.”’ The appropriate elemental
analysis for the samples is presented in Table 1. A second set of samples was
obtained by extracting the original coals in refluxing pyridine under a nitrogen
atmosphere. The residue was washed with dilute aqueous HCl and with methanol
and dried in vacuo at 60°C.

TABLE 1. Elemental Analysis for the Fresh Coal Samples.

Per 100 Carbons

Sample Name %C(maf) H N S (o] Ash
1 Upper Freeport mvB 85.5 66.0 1.55 0.32 6.59 13.20
2 Wyodak-Anderson SubB 75.0 85.6 1.28 0.23 18.00 8.77
3 Herrin hvCB 77.7 77.2 1.51 1.15 13.03 15.50
4  Pittsburgh hvAB 83.2 76.7 1.69 0.40 7.96 9.25
5 Pocahontas 1vB 91.0 58.5 1.25 0.21 2.04 4.23
6 Blind Canyon hvBB 80.7 85.7 1.67 0.17 10.78 4.71
7 Stockton-Lewiston hvAB 82.6 76.3 1.62 0.30 8.93 19.80
8 Beulah-Zap Lignite 72.9 79.5 1.35 0.36 20.88 9.72
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Both sets of samples, fresh coal and extract residue, were pyrolysed under the
same conditions, in an all glass heated inlet system (AGHIS), rapidly to 600°C.
The inlet system was designed in this laboratory to use a quartz pyrolysis probe
fitted with a platinum grid which was heated by a computer controlled DC power
supply. The inlet system was thermostated at 300°C and a silicon-carbide leak
metered the sample into the mass spectrometer. An internal standard has been
used which was the Diels-Alder adduct of D°-anthracene and maleic anhydride
prepared from the two reactants in refluxing p-xylene. The spectrometer, a
Kratos MS-50, was operated at 40,000 dynamic resolving power scanning at
100 sec/decade,with an EI source set at 70 eV. The resulting data (10 scans)
were averaged and sorted according to heteroatom content and hydrogen deficiency
(Z number = number of double bonds + rings).

RESULTS AND DISCUSSION

The internal standard is very important for comparing the results of the PyMS
between the different rank coals. It allows a more quantitative comparison,
while ideally not participating in any secondary reactions. Our standard appears
to function very well. The Diels-Alder product shown below undergoes a thermally
induced retro-reaction very cleanly at approximately 300°C to yield D°-

anthracene quantitatively. In the precise mass measurement mode it is easy to
separate this ion from the coal pyrolysis products. All of the data presented
in this paper have been normalized to this standard. Since this standard is

released at a lower temperature than the coal pyrolysis there is no evidence for
deuterium scrambling. The peaks resulting from the standard are excluded from
the final averaged spectra and from the Z number and heterocatom analysis. 1In
the analysis the following heteroatoms or combination of heteroatoms were
searched for: nmnone, oxygen, two oxygens, three oxygens, sulfur, two sulfurs,
sulfur-oxygen, sulfur-nitrogen, and nitrogen. Typically, peaks accounting for
greater than 90% of the total ion current can be assigned reasonable formula.
This approach has been used to characterlze petroleum and coal liquids and has
recently been described in detail.®

A typical averaged spectra is shown in Figure 1 for the fresh Illinois Herrin
Seam coal (APCS #3). Note that there are a significant number of peaks at m/z
ratios greater than 200, which is characteristic for all the high volatile
bituminous coals. Hydrocarbons are usually found in the 400 region which can
be attributed to molecules derived from pentacyclic triterpenoids. This is
especially true in the Utah coal (APCS #6) which is rich in liptinites. Most
of these types of molecules are extractable, which is seen in the loss of these
high mass peaks in the pyridine extracted Utah coal.

The effect of pyridine extraction on the distribution of pyrolysis products is

very rank dependent. There is very little difference between raw and extracted
coals for those of higher rank such as the low volatile bituminous coal, while

86



80+

80-]

70

801

RA

200 260 400
m/z

Figure 1. Averaged mass spectra for the fresh Herrin Seam coal (APCS #3), [RA = relative abundance].

an Increased yileld of pyrolysis products and a greater variety of molecules is
found for the lower rank coals which have been extracted. The results for the
subbituminous coal are shown in Figure 2. Also, note that the higher mass
peaks(>200) are more abundant in the extracted sample. This effect may be simply
due to the fact that the low rank coals contaln a significant amount of water.

100
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50 -4
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RA
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T T
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Figure 2. Comparison between averaged mass spectra for fresh and extracted subbituminous coal (APCS #2).
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The analysis of the as received sample indicated 28% moisture for the
subbituminous coal. The pyridine extraction will effectively remove this water
and the sample was vacuum dried. The effect of vacuum drying on the fresh
samples 1s being explored.

The oxygen content of these coals greatly varies from 20% in the lignite down
to 2.5% in the lv bituminous. However, the relative yields of oxygen containing
species 1n the pyrolysis product does not change as much as one would

expect based on this variation in oxy-
gen content. There is a decrease with
rank which can be seen in the adjacent

Figure 3. Also, species with two oxy- “
gens are almost absent in the higher a ™
rank coals, the mv and 1lv bituminous 2 0
ranks. It is known that for lignite 5 1
and subbituminous coals significant z

amounts of the oxygen is lost as CO
and C0,.° However, it may possible
that in the higher rank coals the
pyrolysis products are enriched in the £] »
oxygen containing molecules while the

residue is depleted compared to the Figyre 3. Variation in the oxygen containing products as a
original oxygen content. These coals function of carbon content presented in a stacked plot.
have not been exposed to atmospheric

oxygen making it unlikely that these oxygen containing aromatics where formed
from surface oxidation.

7= —
50 ©®
% Carbon

Although the total amount of oxygen-containing species in the products does not
change dramatically with rank, the types of molecules that are seen do change
with rank. As can be seen in the

adjacent Figure 4, the amount of ions 4

in single ring aromatics(Z=4)

decreases with increasing rank while Mlgnite
the larger heteroaromatics such. as 2 0 Pittsburgh Bituminoue

dibenzofuran(Z=9) and mnaphthobenzo-
furan(Z=12) are more prevalent in the
higher rank coals. These compounds
are likely assignments for a combina-
tion of these Z numbers and the carbon
number for the first peak seen in the
series with one oxygen. For example, 14
while hydroxyfluorene has a Z number 1,

% of Total lons

of 9, the parent molecule has a carbon i/

count of 13 which is one greater than 045 ———— ; .

dibenzofuran. Presently, a method is 6 2 4 8 8 10 2 w
Z Number

being used to help to distinguish
between hydroxylated aromatics and
both aryl ethers and annellated furans
by modifying the acidic hydroxyls
prior to pyrolysis.? With the
Pocahontas low volatile bituminous coal, molecules with a single oxygen were
observed at up to Z=19 with significant abundances at up to Z=17. With the
lignite coal the maximum hydrogen deficiency observed was 12.

Figure 4. Distribution of molecules which contain one
oxygen as a function of hydrogen deficiency for three coals.
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Examination of the data from molecules
containing a single sulfur ylelded two 3
very interesting results for the
higher rank coals. Data from the very
sulfur-rich Illinois Herrin Seam coal
are compared to those from the low
volatile bituminous coal in Figure 5.
First, the yield of sulfur in the low
volatile coal seems to be enhanced in
comparison to the original amount of
sulfur in the coal. The hv bituminous
coal has five times as much,
'organic’ sulfur in it as the 1low
volatile coal. The yield of H,S is
probably much larger for the Herrin
Seam coal. Second, in the Pocahontas Z Number
coal small amounts of thiophene(Z=3) o . - .
and dibenzothiophene(Z=9) are ob- Figure 5. Distribution of species containing a single sulfur
: : atom for two of the fresh coals.
served. These species along with
benzothiophene and naphthobenzothio-
phene are typical sulfur heterocyclics
found in coal liquefaction products!®!! and coal extracts. However, in
duplicate experiment for both the fresh and extracted sample, the most abundant
class of sulfur compounds had a Z number of 10 as is seen in Figure 5 and a
carbon number of 14 for the parent molecule in the series. This result was also
observed in the Upper Freeport mv bituminous coal. Selected peaks for the Herrin
coal and the Pocahontas low volatile coal are shown in
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i
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Figure 6. Selected ion peaks containing one sulfur Figure 7. Selected ion peaks with one sulfur for Z =
from Z = 8 - 14 for the Herrin seam coal. 8 - 14 for the Pocahontas low volatile coal (APCS #5).

Figures 6 and 7. Note that in both these plots the relative abundances for each
subplot will vary since they are automatically scaled. The numbers on each plot
represent the carbon number for the adjacent peak. In Figure 7 the most abundant
peak has 19 carbons and a hydrogen deficiency of 10. A possible structure which
would fit this data is alkylated phenylbenzothiophene. Phenylthiophenes have
been identified in the extracts of Wyoming coal (PSOC-521).!! The position of
the phenyl group would determine if fragmentation would result in benzothiophene
fragment peaks which are not seen in the high rank coal. The benzothiophene
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fragment 1is observed 1if the phenyl were on the thiophene ring.!® Another
possibility, although it seems less likely, is an addition of a S-member ring
to dibenzothiophene which one would expect to be converted to an indene type
structure in the pyrolysis. The results are being investigated further using
PyGCMS for these high rank coals.

SUMMARY

Extraction of the coals yielded variable results ranging from enhanced pyrolysis
yield from the low rank coals to no difference for the very high rank coal. It
was shown that this approach is useful for examining the distribution of hetero-
atom contalning molecules which are produced in the vacuum pyrolysis. It is
interesting to note that these species appear to be enriched in the products
produced from the higher rank coals.
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PYROLYSIS MODELING OF THE ARGONNE PREMIUM COALS

M.A. Serio, P.R. Solomon, Z.Z. Yu, G.V. Deshpande, and D.G. Hamblen
Advanced Fuel Research, Inc., 87 Church Street, East Hartford, CT 06108 USA

INTRODUCTION

The establishment of the Argonne Premium Sample Bank (1) provides a good
ogportunity to test a recently developed "general" model of coal devolatilization
(2-4). The model, which is called "FG-DVC", combines a functional group model
for gas evolution (FG) and a statistical model for tar formation (DVC). It
assumes that the kinetics of functional group decomposition are independent of
coal type, but that the amounts do vary with coal type (5-7). The rank
dependence of the tar yield, tar molecular weight distribution, extract yields,
and viscosity are explained by the rank dependence of COp yields according to
this model (2,8). The early evolution of C0p in low ranE coals appears to lead
to crosslinking at low temperatures and hence thermosetting behavior, low tar
yields, and Tow extract yields (8).

The validation of the FG-DVC model was previously done for two coals, North
Dakota lignite and Pittsburgh Seam bituminous (2). The Argonne Premium Sample
set provides six more coals and different samples of these same two coals for
comparison. In order to compare with data over a wide range of conditions,
pyrolysis experiments were done in three different reactor systems, as described
below.

EXPERIMENTAL

Coal Properties - Elemental and ultimate analysis data are given for the
eight Argonne coals in Table 1. This information was obtained either from
Reference 1 or directly from Karl Vorres. The values were normalized to equal
100%. MNote that the coals have been numbered in descending rank order based on
carbon content. This is a different numbering system than the Argonne sample
designations,

Reactors - The reactors used included a thermogravimetric analyzer (TG) with
evolved gas analysis by Fourier Transform Infrared (FT-IR) spectroscopy. The
TG-FTIR apparatus is offered commercially by Bomem, Inc. under the name TG/Plus.
The TG/Plus couples a Dupont 951 TGA with a Bomem Michelson 100 FT-IR
spectrometer. The details of the TG-FTIR apparatus can be found in several
publications (6,9,10). Under the present work, approximately 35 mg of the -100
mesh fraction of each coal sample was heated at 30°C/min, first to 150°C for
drying, and then to 900°C for pyrolysis.

The entrained flow reactor (EFR) has been described previously in other
papers (7,11). The experiments were done at a single injector/collector
separation of 24" at three different temperatures (700, 1100, and 1400°C). The
heating rate in this system is approximately 5000°C/s and the total residence
time is approximately 0.5 s.

The molecular weight distribution of tar evolved during pyrolysis at
0.05°C/s under vacuum to 450 or 500°C was determined by Field Ionization Mass
Spectrometry (FIMS) at SRI International. The apparatus has been described by

St.John et al. (12). The total weight loss under these conditions was also
determined.
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A summary of the experimental conditions is given in Table 2. The TG-FTIR

and FIMS experiment were done with the -100 mesh ampoules, while the EFR
experiments were done with bulk samples supplied by Karl Vorres.

RESULTS AND DISCUSSION

Experimental Data - The experimental results for these coals from the
TG-FTIR have been presented in a previous paper (6). These data showed some
variations {e.g., 15°C for CHq, 60°C for tar, 60-90°C for most oxygenates) in the
peak temperatures for the maximum evolution rate, particularly in the case of
oxygenated volatiles. The variations in the peak temperatures for the various
species are consistent with results from an earlier programmed pyrolysis
experiment on ten coals (5). However, for each species, the variation in the
peak temperature with rank is small relative to a) the width of the peak; b) the
variations among species; ¢) the variations among experiments with significantly
different heating rates; d) the typical variations in the data of different
investigators for the same species from the same coal. In view of the relative
insensitivity of individual species kinetics when compared to these factors, the
FG-DVC model assumption of rank independent rates appears sound. The corollary
conclusion that the principal variation of p{ro]ysis behavior with rank is due to
variations in the concentration of functional groups and hence, the amount of
each pyrolysis product is also unchanged. These conclusions are supported by the
ability of the FG-DVC model, which incorporates these assumptions, to fit
pyrolysis data for a wide range of coal types over a wide range of conditions, as
discussed below.

The complete set of data for the EFR experiments has been given in DOE
reports (13). The data for the three temperatures for a high rank (Pocahontas)
and low rank (Wyodak) coal are shown in Figs. 1 and 2, respectively. The Wyodak
coal shows a significantly higher volatile yield (lower char yield) which can be
accounted for by higher yields of oxygenated volatiles. Both coals show the
influence of secondary cracking reactions above 700°C and secondary gasification
reactions above 1100°C. At 1400°C, the products are close to thermodynamic
equilibrium in both cases and consist primarily of char, CO, and Hp. Models
have been developed to describe secondary reactions (7), but these have not been
included in the version of the model used here, except for the tar cracking
which is part of the standard FG model used for reactors where the tar is not
quenched (2,7). Consequently, we do not show model predictions for the 1400°C
EFR experiments which are dominated by these effects.

Determination of Parameters for the FG-DVC Model - The FG-DVC model contains
several parameters, some of which depend on the coal and one which depends on the
experiment type. The large number of parameters has been criticized by some.
However, it should be pointed out that the model is able to predict a large
number of pyrolysis phenomena such as the yields of individual gas species, the
yields of tar and char, the tar molecular weight distribution, the crosslink
density and the viscosity. The model also accounts for the variation of these
quantities with temperature, heating rate, residence time, and pressure in a
manner that agrees well with experiment. The details of the model inputs and a
sensitivity analysis are included in a recent paper (2).

The first step is to obtain elemental analysis data for C,H,N,0, and S.
This is needed to construct a coal composition file. The next step is to
determine the amounts of the individual functional group (FG) pools (COz-extra
loose, CO2-1oose, CO2-tight, CHg-loose, etc). This requires data from at least '
two standard pyrolysis experiments., The first is a slow heating pyrolysis
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experiment, 1ike the TG-FTIR experiment, which can provide good quantitative gas
yields and differential evolution curves. This type of experiment is best able
to resolve the individual loose, tight, etc. pools for a given gas, especially
when both the integral and differential curves are compared with the model
predictions. The values of the FG pools so determined are checked against a
second pyrolysis experiment done at high heating rates, such as the EFR 1100°C
data. The pools are adjusted to simultaneously fit the low and high heating rate
experiments, This usually involves a series of iterations,

This procedure has been followed for the eight Argonne coals and the results
are shown in Fig. 3 for the major FG pools, which are CHy, COp, H20, and CO.
These values have not yet been fully optimized and may change slightly in the
future, but give good agreement with experiment except in the case of Hy0 where
the data are scattered. The oxygenated species show a systematic increase with
decreasing rank. The amount of CHq goes through a maximum in the medium rank
coals, as do other hydrocarbon species such as tar (see below).

Once the functional group pools have been established to allow a good match
between the integral and/or differential yield curves for two pyrolysis
experiments, the input parameters for the DVC (tar formation) part of the
model are determined. The first step is to adjust the average oligomer length to
match the coal extract yield. The next step is to adjust the number of
unbreakable bridges ("hard" bonds) between monomer clusters to fit the
experimentally observed tar yields for the same low and high heating rate
experiments used to calibrate the functional group ?ools. The relationships
between these input quantities and the experimentally measured quantities are
shown in Figs. 4 and 5. The extract yield data (which were obtained from
Professor Milton Lee at Brigham Young University) and the average oligomer length
are inversely correlated. The same is true of the number of hard bonds and the
tar yield. Again, these values have not been fully optimized and are subject to
change.

Other parameters which go into the tar formation model are the average
monomer molecular weight (Myyq) and the average molecular weight between
crosslinks (M.). The value og Mc is interpolated from the literature data of
Nelson (14). We eventually plan to use literature data for Mz,q as well.
However, the size of the average cluster varies significantly among different
research groups and the reported rank variations are not systematic or clearly
understood. Currently, we are using a value of 256 for all the coals except the
Pocahontas where a value of 506 is used. The significantly higher average
cluster size for the Pocahantas compared to the others is supported by the
calculations of Gerstein et al. (15) based on NMR, FT-IR and elemental analysis
data obtained for a number of coals.

The last important parameter to be selected is the value of AP, which is the
average pressure difference between the ambient and the particle's interior
during pyrolysis. This parameter is used in the internal transport model. The
choice of AP has a significant effect on tar yield and the tar molecular weight
distribution for non-softening coals under most conditions except high pressure.
For fluid coals, a value of AP = 0 is a good approximation for pressures of one
atm or higher. The sensitivity of the model to the choice of AP is discussed in
a recent paper (2). This is the only parameter in the model which is adjusted
for each type of experiment. The original FG model also had a fitting parameter,
X uhjch was uﬁed to match the fina] tar yield to account for differences in
pgft1c e size, heating rate, bed depth and” reactor geometry (2). While it can be
said that we have traded one adjustable parameter, X,, in the FG model for
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another, AP, in the FG-DVC model, this is not exactly true as the latter model
is much richer in its ability to predict a variety of pyrolysis events, The
values of AP are more restricted than X, and have a more fundamental basis that
it is related to the coal's viscosity.

The use of the FG-DVC model involves several constraints: 1) Where
experimental data are available on the starting coal, such as for the molecular
weight between crosslinks (M), the extract yield, or the elemental analysis,
they are used as inputs. Additional information will be incorporated as it
becomes available. 2) The kinetic parameters for the evolution of the FG group
pools are assumed to be invariant with coal type. 3) The amounts of the FG
pools are constrained to fit data from experiments at very low (0.5°C/s) and very
high (5000°C/s) heating rates. This results in a model which is very robust in
its ability to fit pyrolysis data over a wide range of conditions. It is also
true that when enough coals have been studied, a detailed calibration of the
model may not be needed and perhaps the elemental analysis, the particle size and
the reactor conditions will be sufficient.

Comparison of Model with Experimental Data - The model is compared with
experimental data from the three reactors in Figs. 6 and 7. Except for Hy0, the
agreement of the model is generally quite good over a wide range of extents of
pyrolysis and for what is a wide range of coal types. A comparison is made
between the tar molecular weight measured by FIMS and the predicted values in
Fig. 8. The model predicts rank dependent phenomena, such as the steep drop off
in the distribution for the low rank coal due to crosslinking events (2,8).

CONCLUSIONS
The conclusions for this work are as follows:

) The pyrolysis kinetic data for this series of coals support the
assumption of relative rank insensitivity, as does the ability of the
model to fit the data using rank independent rates.

) There is a systematic variation in the amounts of individual pyrolysis
gases with rank. The oxygenates (CO, CO2, H20) are highest for the low
rank coals while the hydrocarbons are highest for the medium rank
coals.

° There is a systematic variation in the tar yield and tar molecular
weight distribution with rank. The tar yield is highest for medium
rank coals. The mean of the tar average molecular weight distribution
is highest for the high rank coals. The drop-off in the tar molecular
weight distribution is greatest for low rank coals.

. The rank dependent phenomena are well described by the FG-DVC model
over a wide range of experimental conditions.
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Table1- Elemental Analysis of Argonne Premium Coal Samples.

As-Received
% daf Basis % Dry Basis Basis
C H 0] N S Ash Moisture
1. Pocahontas 90 4.7 3 1.3 1.0 5 0.6
2. Upper Freeport 84 5.0 7 1.5 2.5 13 11
3. Pittsburgh #8 82 5.8 88 1.6 1.8 9 1.6
4. Lewiston-Stockton 81 5.5 11 1.6 0.8 20 24
5. Utah Blind Canyon 79 6.0 13 1.6 0.5 5 4.6
6. Nlinois #6 76 5.7 10 14 6.4 16 8.0
7. Wyodak 74 51 19 1.1 04 8 281
8. Beulah-Zap 72 52 21 1.1 0.8 6 322

Table2 - Experimental Conditions

Reactor Temperature

Heating Rate Hold Time Pressure

°C) °Cls s atm
TG-FTIR 900 0.5 0 1
EFR 700,1100, 1400 5000 05 1
FIMS 500 0.05 0 0
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THERMOCHEMICAL COMPARISON OF ARGONNE PREMIUM COAL SAMPLES WITH MODEL SOLID ACIDS.

by

Edward M. Arnett™
Brenda J. Hutchinson
Michael Gumkowski
Qitao Liu

Department of Chemistry
Duke University
Durham, North Carolina 27706

Abstract

This presentation will be a summary of results acquired over the last five
years using the heats of interaction of a series of bases with various solid
acids as a means for classifying them. A sulfonic acid resin provides a solid
model for Brénsted acidity. Silica is a model solid for hydrogen bonding
interactions and several grades of graphitized carbon black are an excellent
model for van der Waals/dispersion force interactions. Heats of interaction of
the series of bases with several types of Argonne premium coals will be
compared with those for the model solids and will serve as a means for coal
classification.

INTRODUCTION

Thermochemical methods based on various types of calorimetry are a
powerful tool for comparing acid-base interactions both in homogeneous and
heterogeneous systems. Previous reports from this laboratory have described
the thermochemical method for comparing solid acids with their homogeneous
analogues in response to interactions with a variety of basic liquids. We
have attempted to find appropriate solid prototypes for Brénsted acidity (1),
hydrogen-bonding acidity (2), and dispersion force interactions (3). These
could be used as standards for comparison in classifying more complex solid
acids such as coals.

Much of the recent literature on the thermochemistry of adsorption onto
coals has focused on their interactions with water or alkanols so that pre-
treatment conditions could be examined with respect to their influence on the
resulting heat of interaction (4-7). Some studies have examined other types of
interacting compounds, such as amines, pyridines, and alkanes (8-12).

The present report compares six carefully classified coals from the Argonne
National Laboratory Premium Coal bank by two calorimetric methods (heats of
immersion and thermometric titration) using a series of twelve solvents chosen
especially to bring out the differences between Brénsted acidity, hydrogen-
bonding and dispersion force interactions (13).

RESULTS
Heats of immersion of the six premium coal samples, three coals from a
previous study and two prototype solids (Dowex, silica) into twelve carefully
chosen solvents at 75° are listed in Table I. Also listed in Table I are the
heats of adsorption of the bases with Carbopack F. The values reported are
averages of two or three measurements, along with the standard deviation.
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DISCUSSION

An important goal of this project is to see whether acid-base interactions
of complex solids such as coals can be characterized thermochemically in the
same manner which has been successful for characterizing acid-base interactions
of homogeneous systems. A number of years ago, we demonstrated that there was
a clear difference between the thermochemical order for interaction of a series
of bases with the strong Brénsted acid, fluorosulfuric acid, as compared with the
hydrogen-bonding acid, p-fluorophenol (14,15). The twelve basic solvents listed
in Table I were chosen primarily to discriminate between surface sites which form
hydrogen-bonds and those which are capable of Brdnsted acid interactions. For
example, dimethyl sulfoxide is a strong hydrogen-bond acceptor although it is a
relatively weak proton acceptor from Brénsted acids in solution (15).

Comparison of Premium Coals with Each Other. Heats of immersion data for six
coals listed in Table I were subijected to linear correlation analysis. By heat
of immersion, the greatest similarity is between Illinois #6 and Pittsburgh #8
and between Wyodak and N. Dakota lignite. The biggest difference is between
Pittsburgh #8 and Pocahontas #3.

Comparison with Earlier Work. The premium Wyodak coal sample (taken from the
Gillette strip-mine) may be compared to the four year old sample of Wyoming
Rawhide coal obtained from Exxon and kept dry under nitrogen. Comparison of
heats of immersion in ten solvents (see Table I) gives a correlation coef-
ficient of 0.96. A similar correlation for the Exxon sample of Illinois #6

as compared to the Argonne Premium, using only six bases, has an r value of
0.97. Finally, with a sample of only five bases, correlation of the old data
for Texas Big Brown lignite with the Premium sample of North Dakota lignite
gives an r value of 0.97.

Comparison with Standard Solid Acids. Heats of immersion of Dowex sulfonic
acid resin, the prototype Brénsted acid, and of silica, the prototype solid
hydrogen-bonding acid, can be compared with heats of immersion of the five
premium coals using data for ten bases: pyridine, dimethyl sulfoxide, 4-methyl-
pyridine, toluene, cyclohexanone, 2,6~dimethylpyridine, 2,4,6-trimethylpyridine,
n-butylamine, propylene carbonate and n-hexylamine as shown by the correlations
in Table II.

It is clear that by themselves neither Dowex, silica, or graphitized carbon
black provide good models for the interaction of basic liquids with these coals.
When two parameter equations are used to include contributions from both Brénsted
acidity and hydrogen-bonding, there is considerable improvement. As might be
expected, the introduction of yet another correlation parameter for dispersion
forces improves things even more. Recent work in this laboratory indicates
that Carbopack F@% graphitized carbon black, is a better model than graphite for
non-specific physical adsorption. Regression equations using heats of immersion
of Dowex, silica and van't Hoff heats of adsorption determined by gas chromatog-
raphy on Carbopack F as parameters to describe the heats of immersion of five
premium coals in ten liquids are also shown in Table II.

The percentage contributions of Brénsted acidity (Dowex), hydrogen bonding
(Silica), and dispersion force interactions (Carbopack) to the heats of immer-

V sion for each coal in ten bases were determined by the method of Swain and Lupton.
: It is interesting to see the variation of these contributions from one type of
coal to another and the relatively large role of hydrogen-bonding. This supports
the proposal of Larsen (16) for the role of this type of interaction to the
swelling and solubilization of coal. This treatment has the advantage of
expressing the results of three types of actions that are presumed to affect an
interaction {(such as that between a solid and liquid) in percentage terms.
However, its shortcoming is that the results are assumed to be completely

<~ =

'
t
)
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determined by these actions, that is, they add up to 100%, which in turn implies
that a perfect fit should be obtained with three parameters. This is clearly far
from the case.

Table II shows that our fundamental strategy of trying to dissect the
interactions of a complex solid, such as a coal, with a series of solvents into
contributions that are modeled by prototype "simpler"™ solids has had only
modest success.

Finally, it may be asked whether accessibility or acid properties are
strongly affected by the surface areas of the coals. These have been deter-
mined by BET analysis and when the results are compared with heats of immersion
or titrametric heats there is no indication that surface area is a significant
factor. This behavior is very different from heats of immersion of silicas in
the same bases where surface area plays a key role (2). 1In all probability the
difference lies in the fact that coals are readily swollen and penetrated by
the basic solvents so that eventually most acid sites are reached in the open
cross-linked gel network. In contrast silica is a relatively undeformable solid.

References

1. Arnett, E.M.; Haaksma, R.A.; Chawla, B.; Healy, M.H., J. Am. Chem. Soc.
1986, 108, 4888.
2. Arnett, E.M.; and Cassidy, K.F., Reviews of Chemical Intermediates,
1988, 9, 27.
3. Arnett, E.M.; Hutchinson, B.J.; Healy, M.H., J. Am. Chem. Soc. (In press.)
4. Fuller, E.L., Jr., J. Coll. Interf. Sci., 1980, 75, 577.
5. Senkan, S5.M.; Fuller, E.L., Jr., Fuel, 1979, 58, 729.
6
7

Glanville, J.0.; Newcomb, K.L.; and Wightman, J.P., Fuel, 1986, 65, 485.
. Phillips, K.M.; Glanville, J.0.; and Wightman, J.P., Colloids and Surfaces,
1986, 21, 1.
8. Brooks, D.; Finch, A.; Gardner, P.J.; Harington, R., Fuel, 1986, 65,
1750.
9. Larsen, J.W.; and Knemmerle, E.W., Fuel, 1978, 57, 59.
10. Glanville, J.O.; Wightman, J.P., Fuel, 1980, 59, 557.
11. Larsen, J.W.; Kennard, L.; and Kuemmerle, E.W., Fuel, 1978, 57, 309.
12. Chawla, B., Arnett, E.M., J. Org. Chem. 1984, 49, 3054.
13. Gumkowski, M.; Liu, Q.; Arnett, E.M., Energy and Fuels,
1988, 2, 0. (In press)
14. Arnett, E.M.; Quirk, R.P.; Larsen, J.W., J. Am. Chem. Soc., 1970, 92,
3977, -
15. Arnett, E.M.; Mitchell, E.J.; Murty, T.S.S.R., J. Am. Chem. Soc. 1974,
96, 3875.
16. Llarsen, J.W.; Green, T.K; Kovac, J., J. Org. Chem. 1985, 50 4729.

104



wosuTgaINK "¢ 9 4Q PeujeIR0 ‘3
kpyenva 4w dq peuTe Q

@21) sounrajey cw

ace T v 1Y - WLISUC - 0 FECTL - G670 F 6O+ PLCO FOTZT- 910 FLE - WD F aZCl- o143

~1uot80w

weEce £ 097C0T- 05°0 ¥ GU°ZE- 03°Z ¥ CI'PE- ZK' U ¥ SE°C6- 6T ¥ 1098 £0°C 3 32799~ 9471 ¥ 05701~ Toocctot- wuiwep

austAy13

TACA - U FerL- r0ta FACE - veo# - STOE 00~ ¥OOFLTO - Feoe - 021 ¥ ST e 10 F Azl - eieuoassd

sustAdord

- 60 FoeLcE- S0 ¥ eETer- UL FSCNE- 0¥ 0 ¥ XM - 16T F 06795 S0 ¥ §50L- otc ¥ 997101 -

~153ng-0

o F 15er- o0 ¥ eziot- 1O F TR0 Z0 F T - NPT E 6T - §0°0 FS0°LT- €170 FZ - CrO F T - MIRTIAM

Tharmmai-y e

oL'e ¥ z0'er- 20°T ¥ 49°€2- £00°0 ¥ 3071t~ 4570 FOET - EL°O ¥ 0970 - 200°0 ¥ I6°6 - TEUP- 0170 Toute - SI'O ¥ 6T - ewippdd

TAyIemta-9 e

€270 5 Z9°11- €970 F AN~ 0z70 ¥ L0° wro §9°0 FE0C - 9070 3 4076 L1 E ez ¥ 90°4s- v

~themu-G

$1°0 55976 - 007U F LAL- TLOO ¥ OV ol- WO ECI0OS T F A0~ LT EI0 0C'0 ¥ OCTTI- OT'U FE0°Y - 6570 F80°7 - 4ULFAEL - suow

~au01343

S 820 F #r0r- 0z T §e2'2i- €10 FISTU - 2970 ¥ SH70 - V60 ¥ 50°2 - Tao - 0670 F 6379 - 90 T e - suenrop
$2°0 ¥ €2°1T- 2570 ¥ Lo'€- 6070 F RN~ #9°0 T WCE - 950 T CI'Y - 79°0 3 UI'9z- et ¥ eziTz- o101 § OLER- TZ'L F SLTZE- OFT0 ¥ S1USE- ST F o9ecil-

020 F 4376 - 09T FTQZZ- SO FLO4 - 60 FOE - 92- 4070 $50°TN- 0470 ¥ OLUp- #PFEOIING

TdQ 1=

AP - EUT 3 L0al- 2170 F O~ 00°T FO6TSE- 09T F

1070 F Z6°0 - #bD F S6TRZ- £00°0 ¥ e6°SI- 800 ¥ ZE°9 - 29°0 § €692~ §9°0 ¥ OC'C ~ €0°T ¥ 020z LU°0 ¥ 90°62- 000 ¥ OCTIN- 0N°0 ¥ €1°0C- 080 § YL~ WOT 3 NCSC- euipiiie

TTeSET e D TS7vesT 57TwsT T
24-novdoasey (b71w3 AT/ 1ea) 130daess 2 2% t8/1e3) thy1ea) b/1en (®s1e0) 1671931 epunty 5/192)
19 Siven q*a1118 05-gu xaaoq 10adq €1010g UIoM (9 £9IW0UrO04 go WEINUSIIEA eSeraL o8 STOULITE 99 EEOUTITE pbuimoin aepodn
pe "2 9 Jo =iy ™ o =ym 1o = uy o iy 70 Wi 16 =lyy 10 Wl Jo lyp Jo w=wy 10 ™y
22 PIAbTT BATBaz U (2 399d0q1e] Duw ITITE ‘Keaoa) £p{10g edA103074 Ge3ul Pue APRiS £00Taaid U PUIa0day 61903 eRIuL ‘6190) mmjmesd 21 Jo (MThy) uojeisemi jo elew 3 wIa

105



, Table II. Regression of Premium Coal Immersion Values Against Those for Dowex
and Silica and Carbopack-F for Ten Bases (see Table I).

(10 Bases as listed in Table I).

AHWyodak = -10.833 - 0'754AHDowex + 4‘440AHsilica - 7'218AHCarbopack—F

r = 0.962; rpowex = ~—-546; Isjlica = 0-886; rcarbopack-r = 0-468

AH7)) | #6 = 61.806 - 0.312AHp uex + 3'625AHSiliCa + 1'126AHCarbopack—F

r = 0.947; rpoyex = 0662; rgj1ica = 0.942; rcarbopack-F = 0.078

AHpitrg. 8 = 29.867 = 0.366AHpouex * 2.821AHgi1ica ~ 1'197AHCarbopack—F

r = 0.946; rpoyex = 0-618; rgji1ica = 0-934; fcarbopack-F = 0.235

AHpocan, $3 = —5.084 - 0.085AHpguex + 0.202AHgj)135ca ~ 0-519AHcarpopack-F

r = 0.658/ Ipowex = 0-156/ Igiljca = 0.466; ICarpopack-r = 0.453

AHN pDakota = —52.691 - 0.905AHpoyuex *+ 3.481AHg5)5ca - 9-556AHCarbopack—F

r = 0.893; rpoyex = 0.375; rgi1ica = 0.715: carbopack-F = 0.596
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DETERMINATION OF PHENOLIC STRUCTURES IN LOW RANK COALS:
ELUCIDATION OF TRANSFORMATION PROCESSES OF LIGNIN
AT THE EARLY STAGE OF COALIFICATION

R. Hayatsu, R. L. McBeth, R. G. Scott, and R. E. Winans

Chemistry Division, Argonne National Laboratory,
9700 South Cass Avenue, Argonne, IL 60439

INTRODUCTION

Because lignin is considered to be a major precursor of coal vitrinite, chemical
alteration studies of lignin structure are important for elucidating coalifica-
tion processes as well as for understanding the chemical structure of vitrinite.
Many investigators have attempted to elucidate the chemical processes in the
coalification lignin. For example, Wayman et al. (1) have reported that a 100-
million-year-old conifer consists of lignin-like material which is about one-
third demethylated. Extensive cleavage of lignin ether linkages was also
observed. Recently, based on 3¢ NMR study, Hatcher (2) has concluded that the
defunctionalization reactions of lignin-derived aromatic structures occur
sequentially during coalification. A similar pathway has been suggested by
Wilson (3). From a comparative NMR study of [B-“C]lignin and its coalified
products, Botto (4) has suggested that transformation of lignin is initiated by
the heterolytic bond cleavage of labile B-aryl ether groups.

The present study continues our investigation of transformation processes of
plant organic material to coal during early stages of coalification. To under-
stand alteration of phenolic structures in lignin, and natural and synthetic
coals have been characterized by using two-step depolymerization procedure of
alkaline hydrolysis followed by silver oxide oxidation. In parallel experiments,
lignin model compounds and a polymer have been transformed using thermal
catalytic reaction conditions that mimic natural catagenetic metamorphism.

EXPERIMENTAL

Samples. The elemental compositions are presented in Table 1. Prior to the
oxidations, all coal samples were exhaustively extracted with benzene-methanol
(3:1) and CHCl; under reflux, and these were demineralized with HC1l-HF at room
temperature. A softwood lignin was isolated from pine.

Alkaline Hydrolysis. Each sample (0.5-1.0 g) was hydrolyzed with 12% NaOH aq.
solution in an autoclave at 180°C for 4 hours. The air in the autoclave was
replaced by nitrogen. The yields of alkaline hydrolyzed fractions from all
samples are shown in Table 1. The soluble hydrolyzed fraction (after acidity)
consists of humic acid-like material (soluble in alkali only but not HCl and
organic solvents) and small molecules (soluble in organic solvents); dried at
60°C under vacuum.

Oxidation. Each alkaline hydrolyzed fraction was methylated with dimethyl-dg

sulfate (5) before oxidation. A methylated -dj sample (0.3 ~ 0.4 g) was oxidized
with alkaline silver oxide (freshly prepared 6 g of Ag,0 and 60 ml of 16% - NaOH
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aqueous solution) at 80°C for 10 hours. After filtration, the reaction mixture
was acidified with 10%-HC1l, concentrated, and extracted with benzene-methanol
(3:1) and ether-methanol (3:1). Finally the solvent extractable material was
esterified with diazomethane for GCMS analysis.

Thermal Catalytic Reaction. As shown in Table 2, six lignin model compounds and
a polymer were used. Each sample (0.5 g) and montmorillonite K-10 (Aldrich
Chemical Co.) were placed in a 25 x 2 cm i.d. glass tube. After evacuation, the
tube was sealed and then heated at 150°C for two weeks. After the reaction, the
mixture was extracted with refluxing benzene-methanol (3:1) and then CHC1,.

In general, phenolic groups are strongly adsorbed on the surface of clay
minerals. Therefore, it is necessary to treat the reaction mixture with 6N-HCl
(reflux for 6 hrs.) before extraction with organic solvent. The solvent
insoluble residue was treated with concentrated HC1-HF (1:1) at room temperature
to remove the clay. A synthetic coal was prepared by heating a mixture of
lignin, amino acids and K-10 at 150°C for two months (6-7).

Characterization and Identification Procedures. The analytical procedures used
in this study have been described in detail previously (5,7-8).

RESULTS AND DISCUSSION

Ve have found that the alkaline hydrolysis effectively solubilizes lignin and
low rank coals. The most likely mechanism of solubilization is the cleavage of
ether linkages except aryl methyl and diaryl ethers. As expected, high oxygen
containing samples (L, No. 1-3 and SY in Table 1) were hydrolyzed appreciably
and produced significant amounts of solubilized materials.

BE 3.4-dIOH-Ph-COOH ) OH-PH-(COOH), ,
A 4-OH-Ph-COOH S Ph-(COOH),.o

B\
___ AIIIIIHIHIIIITNIN
Z
%-i\\\\\\\\\\\\\\

Sample

N\\\\\\\\S
7

T ¥ U U ¥ 1 U LN T T +
O 10 20 30 40 60 80 70 80 90 100

Figure 1. Relative abundances of the phenolic- and benzene-carboxylic acids obtained from silver oxide oxidation of
alkaline solubilized materials; determined by GCMS as methyl esters.
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A summary of the silver oxide oxidation products from d,-methylated solubilized
materials is shown in Fig. 1. The yields are 63-89 wt%. The major product from
oxidation of lignin is 3-methoxy-4-methoxy-d;-benzoic acid. This result is in
excellent agreement with the latest softwood lignin model (9) and other oxidation
studies (e.g. 10). On the other hand, the oxidation of coal samples shows much
smaller yields of dimethoxybenzoic acid. The GCMS analyses of coal oxidation
products indicated that the concentration of 3.4-dimethoxy-dg derivative is much
higher than that of 3-methoxy-4-methoxy-d, compound which is lignin‘’s major
product; (OCD;),/0CD, 0CH; ratios are 0.16 for lignin and 4.7 - 7.5 for coal
samples.

Most informative was the identification of large amounts of phenol-polycarboxylic
and benzene-polycarboxylic acids in the oxidation products of low rank coals
(Nos. 1-3). These acids are found in very little or negligible concentration
in the oxidation products of lignin or slightly altered lignin. These observa-
tions apparently show that phenolic structures in lignin are considerably changed
even at early stages of coalification.

With increasing rank (HV bituminous coals), the yield of phenolic acids
decreases; benzenecarboxylic acids become the most abundant products. Poly-
nuclear aromatics such as naphthalene carboxylic acids have also been found as
minor products.

As shown by the results of thermal catalytic reactions of lignin models in
Table 2, it is apparent that the reactions proceed by intra- and inter-molecular
rearrangements of ethers. Aryl methyl and aryl butyl ethers (runs 1-3) rearrange
to alkyl phenols; benzyl ethers were found to be converted to diphenylmethane
derivatives through cleavage of ether linkages and benzylation. The reactivity
of ethers under the reaction conditions used in this study are shown to increase
in the following series:

Ph-0-nBu > Ph-CH,-0-CH,-Ph > Ph-0-CH,-Ph >

Ph-0-CH; > Ph-0-Ph.

These results imply that ether linkages in lignin structures (benzyl aryl type
ethers; B-0-4, a-0-4 and y-0-4) are labile and readily cleaved with accompany-
ing intra- and inter-molecular rearrangements at early stages of coalification.
Botto has observed (4) the occurrence of such rearrangement reactions from 3¢
NMR studies of [B8-13C] lignin samples coalified by the thermal catalytic reac-
tions.

In this and previous (6-7) studies, we have also found that the oxidation results
of synthetic coals obtained from lignin closely resemble those of the oxidation
of samples No. 1 and 2 (Fig. 1), and other coals and vitrinites (6-7). Both
natural and synthetic coals produce phenolic- and benzene-polycarboxylic acids
as major oxidation products.

An important problem has been understanding how phenolic structures in lignin
are altered to benzene and other aromatic structures such as naphthalene and
tetralin. In our preliminary studies, we have found that phenols and phenyl
ethers undergo catalytic hydrogen transfer reactions with terpenoids found in



low rank coals and sedimentary rocks. The terpenoids are apparently acting as
hydrogen donors. These reactions are believed to be catalyzed by clay minerals.

One of our experiments indicates that the reaction of p-hydroxy-polystyrene and
d-limomene in the presence of montmorillonite K-10 produce alkyl benzenes and
p-cymene together with alkyl phenols. Such hydrogen transfer reactions may
reveal the processes by which benzene rings are formed at the expense of lignin-
phenols. It is considered that somewhat transformed lignin may also contain
hydrogen donors such as hydroaromatics. Indeed, Botto has suggested (4) forma-
tion of hydroaromatic structures such as dihydrofurans during coalification of
lignin. Detailed results for this study will be reported.

SUMMARY

The present study indicates that natural alteration processes from lignin to low
rank coal are highly diverse and involve many types of organic reactions. Among
them are clay catalyzed intra/inter-molecular rearrangement, hydrogen transfer
and transalkylation reactions (11-14) which occur simultaneously rather than
sequentially.
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THE DESULFURIZATION OF COAL AND MODEL COAL COMPOUNDS
IN AMBIENT TEMPERATURE MOLTEN SALTS

David S. Newman, Ellen M. Kurt, and Denguan Chen
Department of Chemistry
Bowling Green State University
Bowling Green, Ohio 43403

ABSTRACT

An ambient temperature molten salt, CsHgN*-Al;Cl; (pyridinium heptachloroalumi-
nate) containing dissolved CdClz was used as the recaction medium and catalyst for the
acylation and concomitant desulfurization of 1L #6 coal and several model coal compounds.
The reactions were done at 40°C and 1 at. pressure and, in the case of the model compounds,
products were identified and mechanisms proposed.

INTRODUCTION

Gaseous hiproducts of the combustion of coal are the major contributors to acid rain.
Since a gradual change from a primarily petroleum-based economy to a coal-based economy
is virtually inevitable, cleaning, liquefying, gasifying, and generally modifying coal have
become major goals of chemistry and chemical engineering. Ideally, coal should be modified
by means of chemical scission reactions which remove designated portions of the coal or break
specific chemical bonds via a known mechanism. Moreover, these scission reactions should
occur at ambient temperature and atmospheric pressure so that unwanted side reactions
occur at a minimal rate. To this end we have developed a series of Friedel-Crafts acylations
and alkylations that take place in the ambient temperature molten salt Cs HsN*t Al;Cly
(pyridinium heptachloroaluminate). (1,2,3,4) For Example, we found that F-C alkylation
of PSOC 244 high sulfur coal increased its solubility in a 3:1 benzene/methanol solution
approximately five fold relative to the untreated demineralized coal. (1,2) We also found
that acylating IL #6 coal with acetyl chloride in this medium increased its solubility in 3:1
benz/methanol by about a factor of five. (3,4) The increased solubility is caused by hydrogen
ions breaking the methylene chains holding the sub units of the coal macromolecule together.
The mechanism for the acylation and accompanying depolymerization is most likely: (3,5,6)

CHyCOCl + ALCl; »CH,CO® 4 2AIC1; (1)
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followed by:
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The proton then reacts with AICI:
HY + AlCI; e HCl + AlCh (3)
AlChL + AICIy = ALCl; (4)

Both AlICl3 and HCI have been identified as reaction products. The net reaction is

CH3COCl+ R— H — HCl+ RCO - CH, (5)

In 1980 Mobley and Bell found that ZnCl; catalyzed the removal of sulfur from the model
coal compounds dibenzyl sulfide and tetrahydrothiophene and a variety of solid sulfides were
identified. The net result of the ZnClz-model compound interaction was the breaking of the
aliphatic -C-5 bond in each of the model compounds. (7) The ZnCl; had little effect on
aromatic C~S bonds in thiophene and diphenyl thiophene. The mechanism suggested by
Mobley and Bell for the catalytic reaction is somewhat similar to the mechanism for the F-C
acylation or alkylation of coal or model compounds in pyridinium heptachloroaluminate.
Since CdCly is more soluble in this melt, (8) and also has a great affinity for sulfur, we
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decided to dissolve CdCl; in the heptachloroaluminate melt. The dissolution reaction is
probably,

CdCly + 2Cs Hs Nt AlLCly »Cd* 4 4AICY; + 2Cs HeN'* (6)

The CslIgNAl;Cl; acts as an acid and the CdCl; acts as a base. We then used the
Cd** containing inelt as both catalyst and reaction medium for the renioval of sulfur from
model compounds and from coal. We also thought that the scission of -C-C- and C-§ bonds,
as well as the formation of sulfides, would be facilitated by the F-C reactions and by the
aluminum ion which forms an extremely stable sulfide. Hydrogen ions, arising from a variety
of sources, would also be expected to facilitate the formation of H3S.

The F-C experimental conditions were similar to those used in earlier studies. (2,3,4)
RESULTS AND DISCUSSION
Reactions of Model Coal Compounds
1. Dibenzyl Sulfide

Dibenzyl sulfide (0.0041 moles) was dissolved in 0.1143 moles of pyridinium heptachloroa-
luminate to which 0.0071 moles of acetyl chloride and 0.0027 moles of CdCl; were added.
The mole fraction of CdCl; in the slurry was 0.022. The reaction was allowed to proceed
under N3 for 20 hours at 40°C whereupon it was quenclied with water. The inorganic com-
pounds HCI(g), H2S(g) and AlCl3(g) were isolated and identified as reaction prodicts. The
organic reaction products tentatively identified by GC/MS are listed in Table | in order of
abundance.

In addition to the compounds listed in Table I, unidentifiable polymeric material was
obtained. A second mixture with different concentrations (melt, 0.1200 moles: dibenzyl
sulfide, 0.0076 moles; acetyl chloride, 0.0615 moles; CdCl,, 0.0081 moles) was allowed to
react under Nz for 20 hours at 40°C. The same products, in different proportions, were
identified.

Some of the original cadmium was found in the aqueous layer, and some was incorporated
into a black precipitate which formed during the reaction. It is not clear what percentage of
the model compound’s C-S bonds were broken, but our estimate is that approximately half
were cleaved under the reaction conditions used. We think that if reaction conditions were
optimized for sulfur removal, all of the C-S bonds in dibenzyl sulfide could be broken.

2. Thiophene

Thiophene (0.0106 moles) was allowed to react with acetyl chloride (0.0625) moles in
the Cd** containing melt. H,S(g) was identified along with HCl(g) and AICl3(g). A yellow
filtrate was collected upon filtration of the quenched reaction products. A solid precipitate
formed which consisted of brownish-white crystals and a few black crystals. Both Cd and
Al were found in the precipitate, as well as some polymeric material that could not be
identified. The yellow liquid contained unreacted thiophene, acylated thioplene, and several
species which have not been identified yet. Since the H2S and probably the Cd and Al found
in the precipitate arose from a reaction of the thiophene with the melt, aromatic C—S bonds
had to have been broken! This was not found to occur with ZnClz even though the reaction
conditions were much harsher (250°C, 10 atm pressure). (7)
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3. Dibenzothioplene

Dibenzothioplene did not react to a measurable degree under the previously described
experimental conditions.

I1. IL #6 Coal

A 1g sample of HF/HCI demineralized IL #6 coal (batch # 1.D. 301.00135) was slurried
in 50 ml of Cd** containing heptachloroaluminate molten salt to which 1 g of acetyl chloride
was added. The reaction was allowed to continue for 16 hours under nitrogen atmosphere.

The procedure is similar to that used in earlier studies. (1,2,3) The coal’s solubility was

then measured in 3:1 benz/methanol and found to be 11.7%. A small quantity of H;S
was identified as a reaction product of the F-C acylation by allowing the N2 carrier gas to
pass through an aqueous CdCl; solution and observing the precipitation of CdS. The total
sulfur content of the insoluble and soluble portions of the coal were analyzed and compared
with the sulfur content of the original demineralized coal. The difference between the sulfur
content of the reacted and original coal is assumed to have formed H;S. The data are shown
in Table II. The sulfur containing compounds formed during the reaction will be identified
where possible and the results reported at a later date.

The formation of anthracene or phenanthrene from dibenzy! sulfide is perhaps the most
unexpected aspect of the model coal compound study. A plausible mechanism that fits all
of the data is the following:

CsHs — CHy —~§ - CHyCsHg + Cd+t — CeHsCHy — § — CeHs (7)
cdt
CeHsCHy — § — CHyCoHs — CoHsCHP + S ~ CHy — CgHs (8)
cd+ cd+
CsHsCH + CHyCOCl — CeHsCHaCl + C HyCO® (9)
CeHsC H,Cl + Csllsclli+ — Ceﬂscﬂz® +H+ (10)
CHLCI

Ou) — QOO -« v w

CH,CI (9,10 dihiydroanthracene)
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In order to substantiate this mechanism, benzyl chloride was added to the melt and
allowed to react for 20 hours at 40°C. GC/MS of the precipitate gave the same spectrum
as authentic anthracene alone. To establish the presence of 9,10 dihydroanthracene as an
intermediate in the reaction, authentic dihydroanthracene was added to the neat melt and
allowed to react for 20 hours at 40°C. GC/MS of the precipitate showed the same spectrum
as anthracene alone did. The mechanism for H3S formation is probably as follows:

H* 415 - CHy - CoHs — H:S +° CHyCoHs (13)
Cd* Cd+
H* + H:S — HiS$H + Cd** (14)
cat

The Cd*+ thus serves as a catalyst for the reaction. Al*? also reacts very strongly with
sulfur and its role in the desulfurization mechanism is currently under investigation.

CONCLUSION

The extremely mild conditions used for the solubilization and desulfurization of coal and
model coal compounds indicate that the molten salt may be an extremely useful medium
for coal chemistry. If the soluble coal compounds can be identified, the nature of the sulfur
containing fragments of the coal macromolecule can also be determined with some degree of
assurance because their structure is the same as, or at least mechanistically related to their
structure, in the original coal. Furthermore, if reaction conditions are optimized, a very high
percentage of a coal’s sulfur can be removed at room temperature and atmospheric pressure.
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Table 1. Organic Reaction Products of Dibenzyl Sulfide at 40°C

CH, co@cu,s H
or @cm—s‘cocu,

Table II. Weight Percent Sulfur in Coal Samples

Original Coal Insoluble Portion Soluble Portion
4.57 3.37 2.42
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THE EFFICIENT, LARGE SCALE SEPARATION OF COAL MACERALS

Gary R. Dyrkacz and C.A.A. Bloomquist

Chemistry Division, Argonne National Laboratory,
9700 South Cass Avenue, Argonne, IL 60439

INTRODUCTION

For fundamental work on the chemical structure of coal, one of the first tasks
that should be performed on a coal sample is to ensure that it is as homogeneous
as 1s currently possible. This should require, at the very least, a petrographic
analysis, and in many cases a subsequent separation to regulate the quality of
the maceral or maceral group, even if the coal sample is optically monomaceral.
Dyrkacz et al. have shown that even "pure" vitrinite shows a density distribu-
tion, which is, in part, related to differences in chemistry within the vitrinite
maceral group.’®  However, despite the probability that experimental data may
suffer from poorly characterized coal samples, it is not traditional practice
to be concerned with the maceral separation of coal. The primary reason for this
is that maceral separation is considered to be tedious and time-consuming. There
is some truth in this statement, but the underlying question which should be
asked is what is more important, the credibility and general applicability of
the research data, or the additional time required to do a physical separation.

In our continuing efforts in the area of maceral separation, we have recognized
the need for a process to supply relatively large amounts of macerals as rapidly
as possible. Earlier we reported some Initial work using combined sink/float
and density gradient centrifugation (DGC) or continuous flow centrifugation and
DGC.* These early results indicated that continuous flow separation was some-
what effective, but beset with equipment specific difficulties.

Nevertheless, there are several notable advantages In using continuous flow
centrifugation for maceral separation. First, the coal particles can be in a
highly dilute suspension, which reduces particle-particle interactions. Second,
large amounts of material can be separated; the major limitation being the
capacity of the rotor. Third, the separation efficiency is higher. Unlike batch
sink/float centrifuge operations, there are less cross-contamination problems
with removal of the light and heavy particles, since the light phase is continu-
ously removed. Lastly, the separation is fast. To produce an equivalent amount
of purified coal material, much less manipulation is necessary to achieve separa-
tion compared to batch sink/float.

With all of these advantages in mind, we have again turned our investigations
to continuous flow centrifugation for maceral separations. However, this time
we are using a centrifuge specifically designed for such work. We report here
our initial investigations on the separation of the maceral groups from Lewiston-
Stockton coal from the Argonne Premium Coal Sample Program (APCS-7).
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EXPERIMENTAL

Coal Pre-treatment. The APCS-7 coal (-100 mesh) was ground to 1-2 microns
average particle size using a Fluid Energy Mill (Sturtevant). The coal was then
demineralized using HCl and HF as we have previously reported.®

Continuous Flow Centrifugation Procedure. A continuous flow centrifuge (CEPA-LE
Laboratory centrifuge, Carl Padberg Zentrifugenbau GmbH; U.S. supplier:
New Brunswick Scientific Co., Inc.) with a model "K" clarifier rotor was used
for the work reported here. A Sharples model T-1, (PenWalt Corp.), with a 1-H
clarifier rotor was also used for some early work. Rotor speed was measured
with a Xenon strobe lamp and maintained at 37000 * 2000 rpm. A peristaltic pump
(Masterflex, Model 7520-00, Cole-Parmer) was used to pump the coal slurry through
the spinning rotor at a flow rate of 160 mL/min. Before the coal slurry was fed
into the rotor, clear solution was used to fill the rotor. Clear solution was
also used after the separation to ensure that all the floating coal had been
removed. The rotor effluent and deposit were filtered, washed with water, dried
and weighed. When the rotor was stopped, fluid that remaining in the spinning
rotor drained out. This material was collected and analyzed separately.

DGC Monitoring of the Continuous Flow Separation. Aliquots of the three

fractions: effluant (float), deposit (sink) and rotor liquid, derived from the
continuous flow centrifuge separation were analyzed by the analytical density
gradient centrifugation procedures of ref. [5].

RESULTS

The continuous flow centrifuge that we employed is commonly used for separation
of biological materials, such as the harvesting of cells or other biological
particulates. This centrifuge is a much simpler design than we used previously.®
The heart of the centrifuge 1s the rotor which consists of a simple rotating
hollow cylinder which narrows to an open tube at the bottom and has holes drilled
perpendicular to the main axis for the fluld to exit at the top. The expelled
effluant is retained by an encircling collector ring. Fluid is injected into
the rotor at the bottom through a nozzle centered in a lower bearing assembly.
A series of radlal vanes within the bottom of the rotor help accelerate the fluid
to the rotor velocity. From this description, it is obvious that the CFC process
is not truly continuous, since once the rotor deposit nearly fills the rotor,
operation must be suspended long enough to empty the rotor. However, this
represents only a minor inconvenience when compared to the manipulations involved
in a sink/float centrifuge separation.

The coal sample that was chosen for our investigations was the Lewiston-Stockton
coal (APCS-7) from West Virginia. This coal 1s reported to have a high
proportion of all three maceral groups. Our own petrographic analysis shows this
coal to contain 11.5% liptinite, 72.8% vitrinite and 15.6% inertinite.

There are two ways to analyze the efficiency of the continuous flow procedure.
One of the more common approaches is to petrographically analyze the samples
generated in the CFC separation. However, we know that the maceral groups have
particle density distributions that naturally overlap each other.? Thus, the
presence of more than one maceral type in a sink or float fraction does not
necessarily translate to a bad separation. Since petrographic analysis is not
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able to make such fine distinctions, we chose to use density gradient centrifu-
gation (DGC) to determine the true state of the separated material.

To effectively use DGC, it 1s first necessary to obtain the density distribution
of the unseparated coal. Figure 1 represents the separation and maceral analysis
of a two gram sample of APCS-7 coal, using a CsCl/Brij-35 aqueous gradient. This
maceral distribution pattern is consistent with other coals of similar rank.?*

Two CFC separations were done on APCS-7 using separate samples. The density
cuts were made at 1.232 and 1.332 g cm® using CsCl/Brij-35 aqueous solutions.
From Figure 1, these densities are near the density points where equal amounts
of either liptinite/vitrinite or vitrinite/inertinite particles should be
present. The concentration of coal in the feed slurry was 40 g/L. This amount
is not the highest slurry concentration that can be used, but instead represents
a conservative experiment to demonstrate the separation. However, even this
slurry concentration is still much higher than we would recommend for optimum
resolution in simple sink/float maceral separations.

Once the separations were completed, the coal in each fraction was isolated by
filtration, washed, dried and weighed. Figure 2 represents the sum of all the
observations for these two individual separations. The data on the sink/float
fractions, as we have already indicated, were derived from analytical DGC on very
small amounts (2 mg) of each fraction. The vertical bars on the plots represent
the densities of the solutions. Following any particular density distribution
of a sink or float fraction (lower two plots), anything passing the vertical line
represents cross-contamination. As can be seen some of the fractions are better
than 90% disengaged. This result approaches the limit of analytical DGC to probe
the CFC separation, since there is some unavoidable maceral band spreading which
can give the false impression of contamination. On the other hand, there are
some fractions which show substantial cross-contamination. The liptinite/vit-
rinite+inertinite separation shows a strong bimodal distribution in the float
fraction, as does the sink fraction in the liptinitetvitrinite/inertinite
separation.

The curves in the lower two plots of Figure 2 oversimplify a more complicated
experimental reality, which more critically explains the reason for some
fractions showing poorer maceral resolution. The sink data in Figure 2 are
actually composed of two separate fractions. Three fractions are actually
collected from each run: the float, which exits the rotor during the run, the
sink, which is the deposit on the rotor wall, and a third portion, which is
obtained from the solution left in the rotor when the run is completed. This
additional fraction is collected once the velocity of the rotor decreases below
a certain limit. The centrifugal force becomes to low to retain the fluid, and
it drains out the bottom of the rotor. It is the sum of this material and the
material deposited on the rotor wall, which 1s shown in Figure 2. Figures 3 and
4 show all three fractions from both density cuts. Each density distribution
curve has been normalized’to the highest absorbance value (roughly proportional
to mass). Notice that all the fractions labeled as sink (material on rotor wall)
are actually well separated. The fraction labeled as rotor drainage (Rtr. Drng.)
exhibits a high degree of cross-contamination in both runs. Table 1 provides
the separation data on the purity of the fractions; the data is derived by
integrating the analytical DGC results before and after the solution density
cut line shown in either Figures 2 or 3. Without the inclusion of the rotor
drainage material (which can account for approximately 50% of the sink material
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collected), the material deposited on the rotor wall shows excellent resolution
from float material.

We have attributed the behavior of this rotor drainage fraction to the sum of
several processes:

1. When the solution in the rotor drains out at the end of the run, some of
the material from the rotor wall 1is unavoidably carried away in this
process. At this time we cannot say how much. The level of contamination
with sink material may be high because in our tests relatively small
amounts of ¢oal (20 grams) are being separated and are being deposited in
a narrow area of the rotor.

2. The coal particles have a range of particle size from about 0.5 to 6
microns. The very fine particles may not have time to separate during
their passage through the rotor and may be held up in the rotor.

3. Some of the material cannot be separated because it is at or very close
to the same density as the solution density.

We have examined several of the float contaminations in our sink fractions under
the microscope, and indeed have found that finer material is present in much
higher concentration than in the feed. 1In the case of the liptinite/vitrin-
itetinertinite separation in Figure 3 the float fraction also shows a large
contamination peak. We have determined that the high density peak is due to the
presence of extremely fine particles (< 1 micron). This fact suggests that the
high density peak does not represent the true amount of material. We have
observed previously that fine particles may give rise to a much larger absorb-
ance than larger particles due to greater scattering. The purity in this case
should be considered as a minimum enrichment.

DISCUSSION

We believe that the separation of macerals by continuous flow centrifugation
offers a simple technique for the large scale separation of macerals. With
relatively little cost (~ $10K), it provides an opportunity for obtaining quite
pure maceral fractions. Although we have not completely worked out all the
nuances of this separation system, we believe that the problems we have indicated
can be minimized to pose only minor inconvenience.

We cannot say that this system completely bypasses the diasagreeable tedium or
time involved in separating macerals, nor will it by itself overcome the mental
inertia required to make maceral separation an accepted necessary fact in funda-
mental coal science. However, we find our particular brand of continuous flow
centrifugation is considerably faster than sink/float separatiom, can provide
a good quality product with even one separation cycle, and permits the handling
of more material than a conventional sink/float centrifuge separation.
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TABLE 1. Analysis of Continuous Flow Centrifugation Separation by Analytical

Density Gradient Centrifugation.

Percent Purity of Fraction from DGC

Float Rotor Drainage Rotor Deposit Total Sink

Cut Density = 1.232 g cm-3

47.9 95.7 99.6 98.6

Cut Density = 1.332 g cm-3

97.4 59.3 97.6 79.4
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WEATHERING STUDY OF ARGONNE PREMIUM COAL SAMPLES
BY FTIR AND MOSSBAUER SPECTROSCOPY

K.A. Martin
S.S. Chao

Institute of Gas Technology
Chicago, Illinois 60616

INTRODUCTION

A considerable number of infrared studies have been done on the low-
temperature oxidation of coal with conflicting results. Because the reactions
occurring in coal are dependent on a number of factors such as coal rank,
particle size, temperature and humidity, a consensus on the oxidation
mechanism(s) has not been achieved. Oxidation has been found to produce
ethers (1-4), carboxyl groups (2-6), and OH functionalities (5). The
formation of a peroxide is generally considered to be the major pathway for
the production of new oxygen-containing groups, while at the same time a
decrease in the aliphatic CH stretching region is observed (1,5) corresponding
to dehydrogenation. The present study is an attempt to use FTIR to follow the
effects of mild weathering conditions on a series of standard coal samples.

In one part of the study, the room temperature desorption of moisture from
these coals was followed using diffuse reflectance spectroscopy (DRIFT), and
in the other part, the coals were weathered at room temperature in water-—
saturated air and sampled at fintervals over a three month period for FTIR and
Missbauer analysis.

EXPERIMENTAL

Eight Argonne premium coal samples (-100 mesh) were studied: Pennsylvania
Upper Freeport, Wyodak, Illinois #6, Pittsburgh #8, Pocahontas #3, Utah Blind
Canyon, West Virginia Stockton~Lewiston, and Beulah-Zap. After thorough
mixing, each ampoule of PCSP coal was opened and about 300 mg of the neat
sample was transferred to a DRIFT sample cup and enclosed in an environmental
chamber in a stream of dry air (2 ml/sec). Infrared spectra were collected at
intervals over an eight hour period and again after 24 hours with a Nicolet
60SXB FTIR using 300 scans at 4 cm = resolution. The same dried KBr reference
was used for each series of spectra and, because difference spectra were
obtained, the KBr did not contribute to the absorption in the OH region.

For the longer-term study, a second vial of the coal was opened and the coal
transferred to a large petri dish which was placed in a large dessicator
(without dessicant) through which water-saturated air at 22°C was flowed at a
rate of approximately | ml/sec. Portions of the coal were removed at
intervals of 0, 1, 4, 24, and 48 hours, 1 week, and 1 and 3 months. These
samples were dried in a vacuum oven at 40°C for two hours to halt the
weathering process and stored under vacuum prior to analysis., Each sample was
divided into different portions for infrared, Mjssbauer and elemental
analysis. Another 0.5 g of the original coal was removed to make the low-
temperature ash (International Plasma Machine 1101B, 130 Watts for several
days). DRIFT spectra were obtained on the neat coal sample with an
environmental chamber for the non-weathered coal and without an environmental
chamber for all DRIFT samples. Transmission spectra were obtained on KBr
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pellets (about 0.3% coal by weight). All spectra were collected at 4 cm
resolution using 500 scans for the DRIFT spectra and 128 scans on the KBr
pellets. Samples for Mtssbauer analysis were prepared by grinding 0.3-0.6 g
of the coal with 0.8 g of SOMAR blend, an organic binding agent, and pressing
the samples into 32 mm diameter pellets. Méssbauer spectra were obtained on a
Ranger Scientific MS-900 spectrometer at room temperature for 1-3 days.
Carbon, hydrogen and nitrogen analyses were performed with a LECO CHN-600
analyzer, and oxygen analyses were performed with a Carlo ERBA 1106 elemental
analyzer.

RESULTS AND DISCUSSION
Moisture Desorption

The desorption of water irom the fresh coal samples was followed by DRIFT in
the region 3800~2800 cm ~. DRIFT is especially useful for this type of study
because it eliminates the error associated with water which may be trapped in
a KBr pellet. This method has been used previously to study water desorption
at elevated temperatures (7). The decrease in the integrated area of the OH
region from the fresh coal to the vacuum-dried coal can be directly related to
the moisture content determined by a separate procedure. In this case,
absorbance units were used rather than the Kubelka-Munk units normally used
for DRIFT spectra with good results. Table 1 gives the molsture contents of
the initial coals and the moisture contents remaining after 1/2 hour and 8
hours of exposure to a stream of dry air at room temperature. Eight hours was
found to be sufficient to remove over 90% of the moisture in all but the
I11linois and Pittsburgh coals. Between one—third to one-half of the water was
removed within the first half-hour of drying with the rate of desorption
proportional to the initial moisture level. Spectral subtraction revealed no
other changes in the spectrum other than a negative band near 1640 cm™ * as
vater was removed.

Weathering

Weathering under humid conditions over a longer period of time showed other
changes in the OH region. DRIFT spectra of the vacuum—dried coals show an
increase in the OH band over periods of 1 week and 1 month (Figure 1) with the
largest increases found in the Pittsburgh, Illinois, Beulah-Zap and Blind
Canyon coals and the least increase in the Pocahontas ¢oal. Simultaneously, a
slight increase in absorption centered around 1100 cm™" is observed in all of
the KBr pellet coal spectra after 1 week and after 1 month of weathering. An
increase in this region after weathering is usually attributed to ethers but
may also be due to alcohol griups. Other increases were apparent in the
carbonyl region 1800-1500 cm™~ after 1 month (Figure 2). A weak band at 1710
cm” °, not very apparent in the compressed spectra of Figure 2, appears in the
subtraction spectra of the Pocghontas and Wyodak coals. All of the coals show
an increase near 1660-1630 cm -, which may be due to highly hydrogen-bonded
carbonyls or to water bending modes from water of hydration which is not
removed by vacuum. All of the coals except Pennsylvania and Pocahontas show a
slight increase in the region 1560-1540 cm ~, which may arise from the
formation of carboxylate groups.
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In contrast to previous studies which found ether formation the dominant
reaction under low temperature oxidation conditions (1-2), these results
indicate the formation of an OH group, from either a hydroxyl functionality or
water of hydration. This formation 1s only slightly dependent on coal rank,
as the Pennsylvania and Pocahontas coals form the least amount of OH, but the
other coals form OH in a manner independent of rank. The formation of ether
groups and/or alcohol g{oups is indicated by the increase near 1100 cm -. The

nev bands near 1650 c¢cm ~ may be due to water or to a shift in carboxyl group
frequency due to increased hydrogen bonding, as might occur with the formation
of OH groups, or to oxidation to new carbonyl groups. Carboxylate groups
appear to form for all but the highest rank coals. 1In conclusion, new
functional groups are formed on coal after weathering under humid conditions
at room temperature for as little as 1 week. These include carboxylate groups
on all but the Pennsylvania and Pocahontas coals, carbonyl groups on the
Pocahontas and Wyodak coals, and chemisorbed water, alcoholic or ether groups.
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Table 1. Moisture Content of Coals After Room Temperature Air-Drying

Moisture Remaining
After 1/2 Hour, %

Moisture Remaining
Af ter 8 Hours, %

Initial
Moisture, %

Pocahontas 0.84
Pennsylvania 1,41
Pittsburgh 2,54
Lewiston-Stockton 2.70
Blind Canyon 5.04
Illinois 8.65
Wyodak 24,23%
Beulah-Zap 32.84%

*From PCSP provided data.
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THE IMPORTANCE OF DIPHENYLMETHANE-LIKE STRUCTURAL UNITS
IN AN ARGONNE PREMIUM COAL SAMPLE*

R. Rife Chambers, Jr., E. W. Hagaman and M. C. Woody
Chemistry Division .
Oak Ridge National Laboratory
Oak Ridge, Tennessee 37831-6197

INTRODUCTION

The development and application of chemical and spectroscopic techniques
for the purpose of evaluating the acidic 0-H and C-H sites in coal has received
much attention recently (1-8). In general, these studies have relied on the
ability of bases to abstract acidic protons from O-H and C-H sites to generate
coal anions. These anions can then be alkylated with a variety of reagents
which includes alkyl halides (2,5), alkyl tosylates (4) and alkyl sulfates
(6,8). The resultant coal derivatives can be studied by using a combination of
chemical and spectroscopic probes such as soxhlet extractability (2,5), pyroly-
tic behavior (9) and 13¢ MMR (2,6,7,8).

Our approach (3,6,8) for characterizing the acidic C-H bonds in coal is to
treat O-methyl coal with a series of indicator bases, BLi, followed by methyla-
tion with C-13,14 double labelled methyl iodide, equation (1).

1. BLi
(CH30)Coal~Cp3-H ———>  (CH30)Coal-C
2. *CH31

*,
5p3-CH3 (1)

*e . 13,14,

By varying the identity of BLi, and thus the pKj of the conjugate acid BH, it is
possible to evaluate the number of C-H bonds as a function of pK;. The bases we
have used thus far, 9-phenylfluorenyllithium (pKs, 18.5 (10)), fluorenyllithium
(pKa» 22 (10)) and trityllithium (pK,, 31 (10)), have allowed us to evaluate the
distribution of acidic C-H sites within the three PKay ranges: 12 < pKy < 18.5,
18.5 <pKy < 22, and 22 < pK; < 31. The application of this approach to two
bituminous coals, namely I]?inois No. 6 hvCb and PSOC 1197 1vb, led to the
discovery of a significant concentration of acidic C-H sites with 18.5 < pK;

< 22 which was interpreted as evidence for fluorene-like structural units in
coal (6,8).

This approach to coal structure analysis is limited to the evaluation of
acidic C-H sites with pK, < 31. Furthermore, it was shown that PhCHpPh (pKg,
33(11)), the prototypica? diarylmethane, is not alkylated to a signigicant
extent upon treatment with trityllithium and methyl iodide (12). For these
reasons, we have developed approaches for the evaluation of acidic C-H sites
with 31 < pK; < 33, In this article, we illustrate these approaches using Upper
Freeport mvb (APCS number 1) as the coal.

*Research sponsored by the Division of Chemical Sciences/Office of Basic Energy
Sciences, U.S. Department of Energy under contract DE-AC05-840R21400 with the
Martin Marietta Energy Systems, Inc.
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RESULTS AND DISCUSSION

The Upper Freeport coal, empirical formula CjpoH765103, was O-methylated at
pH 12 by using tetrabutylammonium hydroxide as base and natural abundance
dimethyl sulfate as previously reported (8), equation (2).

1. B, pH 12
Coal(OH) ——————> Coal(OCH,) (2)
2, (CH3)2504

B = nBu,NOH

Parallel experiments in which 14C-dimethyl sulfate was employed as the methylat-
ing agent established that no more than 0.4 O-methyl groups per 100 coal carbons

are formed under these conditions.

The first approach to evaluate the C-H sites with 31 < pKz < 33 relies on a
comparison of the relative reactivity of the O-methyl coal towards alkylation
with base and 13,14CH3I, where the pKa of the conjugate acid of the base equals
31 or 33, This was done using trityllithium (pKz, 31 (10)) and diphenylmethyl-
lithium (pKy, 33 (11)) as the bases. Carbon-14 combustion analysis (13) was
used to evaluate the number of methyls introduced with the two bases as a func-
tion of the number of repetitive treatments with base and methyl iodide. The
data, as shown in Table 1, demonstrate the requirement for a minimum of three
multiple treatments to achieve exhaustive methylation. This result parallels
our earlier observations on the C-alkylation of O-methyl I1linois No. 6 (3) and
O-methyl PSOC 1197 (6,8). This chemical property can be interpreted as evidence
for the methylation of structural units which contain multiple acidic C-H bonds
such as the methylene group, -CHp-, The calculation of the number of acidic C-H
bonds with 31 < pK; < 33 is done by making the difference: number of methyls
added with diphenylmethyllithium minus number of methyls added with triphe-
nylmethyllithium. For O-methyl Upper Freeport, this calculation yields 0.5 *
0.2/100 coal C when the first treatment values are used and 1.1 * 0.3/100 coal C
after three treatments.

A second approach was also used to evaluate the number of C-H sites with
31 < pKy < 33. This involves the exhaustive methylation of all acidic C-H sites
with pKy < 31 followed by methylation using diphenylmethyllithium and 13,l14CH3I,
Alkylation of the acidic sites with pK; < 31 was accomplished by treating
0-methy1 Upper Freeport with trityllithium and natural abundance methyl iodide a
total of six repetitive treatments. Subsequent methylation of this coal deriva-
tive with diphenylmethyllithium and 13,14CH3I followed by 14C combustion analy-
sis yielded a value of 0.9 C-H sites/100 coal C (1 treatment only). Further
work is in progress to determine whether this value increases as a result of
multiple treatments.

These preliminary data from the two complementary approaches indicate that
diarylmethylene units, ArCHsAr, and substituted analogs such as ArC(H)RAr which
have C-H sites with 31 < pKy < 33 are important structural entities in the Upper
Freeport coal. Considering only the first treatment data from each approach
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where multiple alkylation at -CHp- groups is assumed to be negligible, then the
number of these structural types can be estimated as 0.5 - 0.9 per 100 coal car-

bons.
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Table 1. C-Methylation_of O-Methyl Upper Freeport by using BLi and
13, 14CH31 in THF at 0°C

Base, BLi

(pKa, BH) Treatment No. No. 14CH3/100 Coal C

1 0.61 * 0.06

trityllithium 2 0.90 + 0.09

(31) 3 1.1 *0.1

1 1.1 0.1

diphenylmethyllithium 2 1.8 £ 0.2

(33) 3 2.2 t0.2
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1.0 INTRODUCTION

With advances in single stage processes such as H-Coal, EDS and SRC, and
refining and upgrading of coal liquids by Chevron and UOP, the direct lique-
faction process has continuously evolved to the present two-stage catalytic
configuration, which produces the highest 1iquid yield and product quality of
any process worldwide.

The Two Stage Liquefaction (TSL) process has been successfully applied to
bituminous and subbituminous coals, overcoming problems associated with
earlier processes. But, potential for additional improvement is recognized in
several areas:

o Cleaning coal prior to liquefaction.
o Low temperature and pressure preconditioning of feed coal.

o Novel catalysts development to arrest regressive reactions and improve
hydrotreatment and cracking reactions.

o Improvement in hydrocarbon value recovery and reduced energy rejection
by alternate bottoms processing techniques.

In this paper, after discussing briefly the history of liquefaction and devel-
opment of the TSL process, present potential areas for research and develop-
ment are presented.

2.0 BACKGROUND

During the 1970's, four single stage processes (SRC-I, SRC-1I, H-Coal and EDS)
received substantial interest. Two of these, SRC-I and SRC-II, primarily
involved thermal liquefaction and hydrogenation reactions. Others utilized
catalytic reactions as well. The liquids from these processes needed substan-
tial upgrading to obtain marketable products (1). The common features and
drawbacks of these processes are:

o 90% or betterocoal conversion is obtained but, reaction severity is
high (820-860 F temperature, 1500-3000 psi pressure and 20-60 minutes
residence time).

o Distillate yields are about 50X of MAF coal, which are low relative to
recent developments.




[+]

Hydrogen utilization is good but, efficiency is low due to high ylelds
of hydrocarbon gases.

Attempts to improve the distillate yields and reduce reaction severity resul-
ted in the development of two stage liquefaction (TSL) processes.

3.0 INTEGRATED TWO STAGE LIQUEFACTION (ITSL)

A. Early Studies

In late 1970's several thermal coal dissolution investigations con-
culded that coal conversion is essentially complete in an extremely
short residence time of 1-2 minutes. The investigations also observed
that higher hydrotreatment temperature and residence times resulted in
increased yield of hydrocarbon gases. About the same time, at Wilson-
ville (Runs 145-146), increased importance of liquid phase hydrogen
transfer in liquefaction was observed. Combining these observations
Lummus developed the ITSL process.

Lummus ITSL

The Lummus ITSL process, tested in a 500 1lbs per day PDU, consists of
a short contact time (SCT) coal dissolution first stage followed by a
LC-Fining catalytic hydrotreater as a second stage. Based on petro-
leum background, Lummus introduced Antisolvent Deashing (ASDA) equip-
ment between the two stages.

The SCT reactor operated at shorter residence times (2-3 min.) and low
pressures (500-1000 psi), while maintaining coal conversions above 90%
MAF. The hydrocarbon gas ylelds were low and hydrogen utilization
efficiency was high. Distillate yields were significantly better than
the single stage processes. The SCT resid was reactive not only for
conversion to distillate but also for heteroatom removal. The ITSL
process also showed that the ashy recycle is not detrimental to cata-
lyst activity and that a lighter and more desirable product (-650 °p)
can be made with little loss in hydrogen efficiency.

Wilsonville ITSL

Scale-up of the ITSL process to 6 tons/day (24 times) was performed at
Wilsonville. A H-Oil ebullated bed hydrotreater (in place of the
LC-Fining unit) and a Rerr-McGee Critical Solvent Deashing (CSD) unit
for ash removal (in place of ASDA) were utilized. Inspite of the
retrogressive reactions in the CSD that lowered the coal conversion
from 92 to 88X and the high organic rejection with the ash concentrate
stream, a distillate yield of about 542 was obtained.

Wilsonville increased the distillate yield to 62% by placing the de-
asher after the second stage (after vacuum distillation) which had no
detrimental effect on the catalytic activity in the second stage
reactor. With this reconfigured ITSL (RITSL) operation, retrogressive
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reactions were limited and good operability with on-stream time of
more than 95% was demonstrated. This RITSL operation showed that
deashing prior to second-stage hydrotreatment was not necessary.

To further reduce retrogressive reactions by minimizing holding time
between the reactors (first and second stage) and to eliminate pres-
sure let down and repressuring, the two reactors were operated in a
close coupled ITSL (CCITSL) mode. In this operation, all the first
stage gases (CO, “25' H,0 etc.) and light oil were removed prior to
second stage. There was no significant impact on catalyst activity
and there was no discernable loss in performance relative to ITSL
(ylelds, allowable space velocities, etc.). However, more rigorous
analysis at a consistent set of conditions is necessary to verify the
improvement of CCITSL over RITSL.

4,0 CATALYTIC TWO-STAGE LIQUEFACTION (CTSL)

A. HRI CTSL (1984 - Present)

In CTSL, the first stage temperature was lowered to 750°F to more
closely balance hydrogenation and cracking rates, and to allow the
recycle solvent to be hydrogenated in situ to facilitate hydrogen
transfer during coal dissolgtion. The second stage was operated at
higher temperature (820-830 F) to promote resid hydrocracking and
generation of an aromatic solvent, which is then hydrogenated in the
first stage (see Figure 1). The lower first stage temperature pro-
vides better overall management of hydrogen consumption, with hydro-
carbon gas ylelds reduced by about 50 percent. Higher distillate
yields were attained by the reduction of resid in the rejected ash-
concentrated stream and the subsequent conversion of that recovered
resid to distillates.

A pressure filter reduces resid concentration in the reject stream
(filter cake) below 45-50 percent. This change signalled the end of
the "hydrogen balanced" process and showed that overall liquefaction
economics improve if the process maximizes distillate yield and
produces hydrogen by natural gas reforming or by coal gasification.

A third change by HRI was in the use of NiMo catalyst. The H-Coal
process had used a cobalt-molybdenum (CoMo)-on-alumina catalyst
(American Cyanamid 1442B), which is used in petroleum applications.

In coal liquefaction, hydrogenation of solvent must occur first,
before the aromatic molecules can thermally crack. The catalyst must
hydrogenate large molecules which determine the rate at which resid is
converted. The (NiMo) catalyst has a bimodal pore distribution with
larger micropores, 115-125°A, which allows easier diffusion, as op-
posed to 60-70"A for H-Coal catalyst, and the nickel promoter is also
more active for hydrogenation than cobalt.
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B.

The latest reported results with Illinois No. 6 coal show a 78 percent
distillate yield (Table 1). Hydrogen efficiency is over 10 pounds of
distillate per pound of hydrogen reacted. In addition, the two cata-
lytic reaction stages produce a liquid with low heteroatom concentra-
tions and a high R/C ratio.

Wilsonville CTSL (1986-Present)

The most significant differences at Wilsonville are the reactor tem-—
peratures. As in ITSL, most of the thermal cracking takes place in
the first reactor and solvent hydrogenation is in the second reactor.
Therefore, the first reactor is at the higher temperature (800—820°F),
while the second reactor is kept slightly lower at 795°F. Other reac-
tion conditions are similar to HRI CTSL, including the catalyst type.
The distillate yields are about the same, i.e. 782 MAF Coal. Wilson-
ville deashes by CSD, and steady improvement has reduced organic re-
jection to 8-15 percent, about the same as achieved by HRI.

Evolution of Liquefaction Technology

Substantial improvements in liquefaction processes and catalysts
associated with these processes have taken place. The yields and
quality of liquids have improved substantially. History of process
development improvements are shown in Table !. Yields of distillates
have increased from 41% to 78X (5 barrels/ton of MAF bituminous coal).
Quality is comparable to or better than No. 2 Fuel 0il with good
hydrogen content and very low heteroatom content.

5.0 FUTURE RESEARCH AND DEVELOPMENT

The overall goal of coal liquefaction R&D is to develop technology to produce
marketable liquide economically ($25/Bbl by 1995), This requires scientific
and engineering knowledge based on:

o

Improved processes to provide product selectivity and quality,
increased liquid yields per ton of coal and improved thermal
efficiency--involves current as well as novel catalysts and processes.

Improved plant operability and onstream factors by process and compo-
nent development.

Reduction of Capital and Operating costs by optimization and integra-
tion of R&D improvement.

Brief descriptions of significant areas follow:

A. Preconversion and Regressive Reactions

The preceding discussion placed emphasis on process improvements,
principally on the coal dissolution and resid upgrading reactions.
This requires a better understanding of coal conversion chemistry.
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The term "first reactor" is a misnomer, because there is strong
evidence that the coal has undergone considerable reaction before
entering that vessel (2). Coals have been found to undergo changes at
temperatures as low as 200 C. Suuberg (3) has measured the evolution
of carbon dioxide from low rank coals at low temperatures and Solomon
(4) has related this gas evolution to cross-linking, which reduces
coal reactivity thereafter. The onset of swelling has been measured
at 200°C, with completion at about 500°¢C (4), again an indication of
cross-linking. Derbyshire has shown that soaking coal at temperatures
below 400 °C increases yield of toluene solubles, presumably as the
result of increased hydrogen transfer from the solvent (5). Recently,
with liquid-phase transfer, 85 percent conversion of sub-bituminous
coal and 91 percent conversion of bisuminous coal (to quinoline-
solubles) in about 30 seconds at 425 C (6) was reported. These
findings show that coal has already reacted in the preheater, and in
all likelihood, the coal (or coal 1iquid), in the reactor may be less
reactive and must have necessitated high severity reaction conditions
to undo the damage that took place during heat-up.

More information on the mechanism pf these preconversion reactions and
their impact on process ylelds and product quality are required. The
effects of time, temperature, solvent quality, and catalgst—dispersed
or soluble-on the kinetics of coal dissolution below 400 C and on the
structure of the liquid product must be quantified. Process develo-
pers will utilize this information to modify preheat conditions to
supply a more reactive feed to the first reactor. The anticipated
benefits are increased coal conversion, increased reactivity of coal
liquids, smaller reactors, moderating reaction conditions and better
hydrogen efficiency. A more reactive feed should also improve cata-
lyst activity in both stages.

Hydrotreatment and Cracking Reations

Process development has emphasized resid conversion and liquid yield,
but how is conversion achieved? Unlike petroleum resid, which cracks
thermally to smaller molecules, which are then hydrogenated, coal
resid must first be hydrogenated before cracking can occur. Hydro-
genation is catalytic, while the cracking reactions may be either
thermal or catalytic. Little is known about the kinetics of these
reactions, and this work has the potential to improve on current TSL
performance.

Catalyst activity for conversion falls to about 20 percent of its
initial value in a few days. Sandia has related most of the catalyst
deactivation to carbon laydown on the catalyst and the inhibiting
effects of certain nitrogen compounds in the coal liquids (7). Others
point to phenols as a source of deactivation (8). The mechanism of
deactivation is not understood. With additional information, improved
catalysts and regeneration may be possible.
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A better understanding of the kinetics of these reactions could
greatly improve process economics or even cause a major modification
of the process. Lummus Crest, Inc. (LCI) found that resid hydrogena-
tion is rapid at 450°C (9) therefore, most of the second stage reactor
volume is required for conversion, which might be by thermal cracking.
Increasing the cracking functionality of the catalyst could signifi-
cantly reduce reactor volume.

In addition to investigating the kinetics of resid hydrogenation/
cracking, additional information is needed on kinetics of hydrogena-
ting heavy distillate (650°p+), and hydrogen transfer rates from sol-
vent to coal and from distillate to resid. This latter point is of
great importance in the preheater reactions just discussed. The bene-
fits of soaking at low temperature may be related to relative rates of
thermal cracking and hydrogen transfer at 200-400°¢, Therefore, this
temperature range must be included in the kinetic study of hydrogena-
tion and cracking.

Integration of Coal Beneficiation and Cleaning

The quality and quantity of resid (or organic) rejected is a function
of ash composition in the coal. Removal of ash by coal beneficiation
has been a fairly standard practice and interest in deep cleaning to
remove pyritic sulfur has increased substantially in the last decade.
This has resulted in significant advances, such as:

o Heavy media cyclone cleaning

o 01l agglomeration

o Microbubble flotation

0o Molten caustic cleaning

Intuitively, reduced ash content reduces organic rejection and facili-
tates liquefaction and hydrotreating by reduced corrosion and erosion.
However, reduced pyrites and sulfur may decrease the catalytic acti-
vity. As a result, benefits of beneficiation and cleaning were un-
certain and liquefaction units operated with standard coal beneficia-
tion used for power plants (107 ash).

Recent coal agglomeration work by Consol, Alberta Research Council and
PETC, and liquefaction data from PETC, HRI and Wilsonville operations
have shown the advantages of deep coal cleaning (about 5% ash). Li-
quid yields increased by 5% and energy rejection was reduced. Corres-
ponding economic benefits were noted by Mitre.

There are many unanswered questions:

0 What are the liquefaction characteristics of cleaned coal?

o Can selective coal cleaning improve the process substantially.
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o Should the coal be cleaned to an ash content of 1%, 2% ash or 52?
What limits this ash content - coal cleaning process or lique-
faction process?

0 How do we integrate? With bottoms? With heavy distillates?

0 What are the implications of integration on liquefaction reactions,
hydrotreating reactions and coal cleaning?

o Which coal cleaning process is more attractive economically and
under what conditions?

Future R&D should provide answers to some of the above.

D. Alternate Liquid/Solid Separation System

The Wilsonville PDU employs the CSD developed for the SRC-1 process
and HRI uses pressure filtration because the feed is lighter and less
viscous than deasher feeds of just a few years ago. Both CSD and
filtration achieve high recovery of resid, but are expensive to
install and operate. As a result, comparative economics of alternate
systems and alternate processes are required to achieve even better
results at lower cost.

Recently, a fluid coking study (10) showed that over 60 percent of the
toluene solubles in the deasher feed is recoverable as coker
distillate. This is also expensive, but Mitre has estimated that it
has economic advantages over CSD (11). Additionally, the coker dis-
tillate is highly aromatic and analyses by Consol have shown that,
after hydrogenation, it is capable of effecting higher coal conversion
than recycle solvents currently being used (12). Therefore, coking is
being investigated, not only as a viable alternative approach to
1iquid/solid separation, but as a possible source of improved coal
reactivity.

Should deep cleaning of coal become an integral step of direct lique-
faction, the solids rejected will be only about 9 percent of MAF coal,
and solids removal by vacuum distillation may become attractive. To-
tal organics rejected in the vacuum tower bottoms would be only about
11 percent (less than 15 percent by CSD). Most of the bottoms will be
recycled to the solvent tank and a small purge stream will remove ash,
possibly by coal beneficiation. This alternate liquid/solid separa-
tion scheme is dependent on improvements elsewhere in the process and
corresponding follow-up R&D, process integration and economic evalu-
ation are required.

E. Systems Integration Schemes

Research to improve direct liquefaction technology must take into
account the integrated nature of the process. A change made in any
component in the process will impact others. Therefore, the entire
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system, its technical viability and overall economics, must be
considered as process improvements occur. For example, the alterna-
tive liquid/solid separation discussed earlier (Figure 2) uses a
vacuun tower as the means of 1iqu1d/solid separation and may result in
many process changes:

o The composition of the recycle solvent will be changed (ratio of
solvent/resid/solids);

o The vacuum tower bottom may be fed to coal beneficiation to recover
more organics;

o The vacuum tower overhead may be the agglomerating oil for benefi-
clation;

o The vacuum tower bottoms may be fed to a coker to recover coker
distillate, and the coker distillate may be hydrogenated in the
second stage.

o The hydrogenated coker distillate may leave as product or may be
recycled as solvent. Its effect on solvent quality is, as yet,
unknown.

Similarly, the investigation of preconversion reactions may well
result in changes that may effect the entire process and a similar
systems approach will be necessary. Even changes in catalyst or
reaction conditions must be viewed in terms of its impact on overall
operability and economics of the process. Coordinated R&D with
systems integration schemes are required.

Integration and Optimization

The direct liquefaction section is part of a larger plant. Some of
the other areas that must be considered include:

o Hydrogen production and purification

o Coal preparation and handling

o Waste processing and disposal

o Refining and upgrading of coal liquids to marketable products

The first three areas constitute a large fraction of the cost of a
liquefaction plant and R&D to improve these operations could greatly
improve the overall economics of liquefaction.

Hydrogen production is always a potentially fruitful topic for re-
search because of the cost of the hydrogen plant. Should hydrogen be
made by gasification of CSD or vacuum tower bottoms, or by gasifi-

cation of coal, or by reforming of natural gas? Whichever is selected
will effect the entire plant. The effect of carbon monoxide on cata-
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lyst activity is still not clear. Research is needed in that area.

If CO has no inhibiting effect on catalyst activity, the hydrogen
plant can be simplified. Conversely, the economic incentive of a less
expensive hydrogen plant may be the impetus to develop such a CO-
resistant hydrotreating catalyst. What are the requirements for
recycle gas purification? How can they be integrated and optimized?

Similarly, it 1s to be expected that the use of coals different than
those tested to date may require process modifications to achieve
optimum yields. These coals may require different liquefaction pro-
cessing or coal preparation. Weathering and oxidation effects on
reactivity may have to be investigated.

The refining of coal liquids has received relatively little attention,
even though this 1is the step that makes the marketable products that
are the ultimate goal of the plant. Chevron (1) has already shown
that a heavy distillable coal 1liquid is difficult to refine. This
finding directed efforts to the production of a lighter (-650°F) coal
liquid, which has been achieved successfully. However, further inte-
gration with the utilities and refiners may lead to other process
modifications in order to make coal liquids more valuable, either as a
refinery feed or as marketable products.

6.0 CONCLUSIONS AND RECOMMENDATIONS

The current CTSL process is the best direct liquefaction process in the world.
It produces the highest yield of liquid product, having the highest quality--
and it does this at a lower cost per barrel than previous processes. Signifi-
cant improvements, however, are attainable and are needed to be competitive
with crude oil prices ($25/bbl). These will come from research on the funda-
mentals of coal liquefaction and on process modifications. All research must
be performed with an understanding of the effect it will have on the entire
process. The most promising areas for future research are in preconversion
chemistry and retrograde reactions, hydrogenation and cracking reactions, coal
preparation, and solids rejection. Many of these programs are already in pro-
gress. The results are expected to provide a better understanding of lique-
faction and foster a new generation of more economic and efficient direct
liquefaction technology.
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Process

SRC 11
(1982}

H-Coal
(1982)

Wilsonville
(1985), RITSL

Wilsonville
{1986), CTSL

Wilsonville
(1987}, CTSL

HR1, CTSL
(1987)

Table 1.

CTSL DEMONSTRATION RUN COMPARISON WITH H-COAL
{ILLINOIS NO. 6 COAL)

H-Coal CTSL _Run No.
Process {PDU-5) {e27-20) (227-47)
YIELDS, Wt% MAF
C.1-Cy 1.3 6.6 8.6
C.-390°F 22.3 18.2 19.7
390-650°F 20.5 32.6 36.0
650-975°F 8.2 16.4 22.2!
9579F+ 0il 20.8 12.6 2.7}
HYDROGEN CONSUMPTION 6.1 6.3 7.3
COAL CONVERSION, Wt% MAF 93.7 9u.8 96.8
9759F+ CONVERSION, Wt MAF 72.9 82.2 Qu. !
Ca-9750F, WtS MAF 51.0 67.2 77.98.2
HYDROGEN EFFICIENCY 8.4 10.7 10.7
Ca+ DISTILLATE PRODUCT QUALITY
EP, OF 975 975 750
°aPI 20.2 23.5 27.6
% Hydrogen 10.63 11,19 11.73
% Nitrogen 0.49 0.33 0.25
% Sulfur 0.2 0.05 c.01
BBL/TON 3.3 4.1 5.0
17500F Distillate end point.
2Coal contained 5.8% ash.
NOTE: All data at catalyst age representative of typical commerical
replacement rates.
Table 2 HISTORY OF PROCESS DEVELOPMENT AND PERFORMANCE
FOR BITUMINOUS COAL LIQUEFACTION
Nonhydrocarbon
Wt
Distillate Yield Distillate Quality
Configuration {wt® MAF coal} ({bbl/t MAF coal) (gravity OaPI S [¢] N
One-stage, L3l 2.4 12.3 0.33 2.33 1.0
noncatalytic
One-stage, 52 3.3 20.2* 0.20 1.0 0.50
catalytic
Integrated two-stage, 62 3.8 20.2%0 0.23 1.9 0.25
thermal-catalytic
Integrated ciose- 70 4.5 26.80¢ 011 <t 0.16
coupied two-stage
cataiytic-catalytic
integrated close- 78 5.0 . - - -
coupled two-stage
low-ash coal
Catalytic-catalytice 78 5.0 27.6 0.01 - 0.25

®*Light product distribution, with over 30% of product

fuel.

in gasoiine beiling range;

iess than heavy turbine

®*rHigher bo:ling point distribution, with 20% of product in gasoline fraction and over 401 turbine fuei range.

*APl and clemental analysis data unavailabie at this time,
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TWO-STAGE COAL LIQUEFACTION
PROCESS DEVELOPMENTS AT WILSONVILLE

J. M. Lee, 0. L. Davies, T. E. Pinkston and J. R. Gough
Catalytic, Inc., Wilsonville, AL 35186

INTRODUCTION

The Advanced Coal Liquefaction R & D Facility at Wilsonville, Alabama has been
operating for over 14 years to develop alternate technologies for producing low cost
fuels. A recently completed close-coupled integrated (CC-1TSL) processing mode was
an important development in the Wilsonville program for making clean distillate
fuels. In the CC-ITSL mode the two reactors were directly coupled without any
pressure letdown. Interstage cooling was done only to the extent required to control
the second reactor temperature. Such close-coupled operation should offer several
process benefits such as increased overall thermal efficiency, reduced potential for
retrogressive reactions which may take place in the absence of hydrogen at longer
residence times, and improved product quality.

This paper is focused on two-stage coal liquefaction process performance with
close-coupled reactors. Results are presented for two runs: Run 253 and Run 254.
Run 253 processed high ash I111inois No. 6 coal and used Shell 317 1/20" trilobe
bimodal catalyst in both reactors. Product yield and product quality data are
discussed. Catalyst performance comparisons for Shell 317 (Run 253) and Amocat 1A
and 1C (Run 251-1 and Run 252) are made in terms of distillate yields, catalyst
deactivation and catalyst replacement rates.

Run 254 processed Tow ash Ohio No. 6 coal and used Shell 317 1/20" trilobe
bimodal catalyst in both reactors. The effects on process performance of the low ash
feed coal, high resid recycle, high second stage reaction temperature and high space
velocity are presented. The effect of the coal type on the distillate yield is
discussed in comparisons of I111inois No. 6 and Ohio No. 6 coals. The first stage
catalyst equilibrium activity level is discussed. Catalyst performance data at
different second stage reaction temperatures are presented in terms of catalyst
deactivation and catalyst replacement rates. Optimum and cascading catalyst require-
ments are discussed.

Catalyst properties used in the close-coupled integrated runs (Run 250-254) are
listed in Table 1. Catalyst performance in the close-coupled configuration has been
extensively studied and reported in the previous EPRI and DOE contractors'
conferences (1,2,3,4). Relative process economics evaluations (5), configuration
effects on process performance (6) and developments of ITSL models (7) were reported
elsewhere.
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PROCESS DESCRIPTION

A block flow diagram of the catalytic-catalytic CC-ITSL process is shown in
Figure 1. The process consists of a slurry preparation step and two catalytic
reaction stages followed by hydrotreated solvent recovery and critical solvent
deashing systems. The system was integrated by the recycle of CSO (Critical
Solvent Deashing) resid, hydrotreated solvent, and low-pressure flash bottoms
containing ash, unconverted coal, hydrotreated resid, and hydrotreated solvent.
Solids recycle allowed an increased concentration of solids in the CSD feed and hence
a lower CSD feed rate. The solvent recovery system consists of atmospheric flash and
vacuum flash equipment. The recycle distillate was fractionated in a vacuum tower to
reduce the 1ight ends (650°F- fraction) in the recycle solvent.

RUN 253 RESULTS

Catalyst Activity and Deactivation

Run 253 was the first CC-ITSL run with a significantly extended operation of
catalyst addition to the first stage (2 1b/ton MF coal). The operation time with the
catalyst addition was about 27 days. The impact of the catalyst addition was very
significant. The C4+ distillate yield is approximately higher by 21 wt % MAF coal at
3000 1b resid + CI/1b catalyst of the second stage catalyst age, compared to the
yield linearly extrapolated from the batch deactivation data.

A slight decline of the slope indicates that 2 1b/ton addition is not sufficient
at 385 MF 1b/hr coal feed rate to maintain catalyst activity to achieve the "all-
distillate" product slate with 69 wt % MAF C4q+ distillate. This observation is
further substantiated in the catalyst requirement data for the resid extinction mode.
Using the estimated catalyst activity data approximately 4.0 1b/ton catalyst addition
is projected for the "all-distillate" product slate with a 69 wt % distillate yield.
At 480 MF 1b/hr high coal feed rate, the catalyst requirement is doubled to 8.1
1b/ton (Table 2).

These higher catalyst requirements for Run 253 with Shell 317 catalyst (approxi-
mately 2 to 3 times higher than those for Run 251-I and 252 with Amocat 1A and 1C
catalysts) (Tables 2 and 3} were attributed to less catalyst charges in both reactors
by 12 wt % and lower TSL catalyst activity as compared in Figures 2 and 3. Shell 317
catalysts for Run 253B showed a lower C4+ distillate yield by 10 wt % MAF coal at a
similar catalyst volume basis and by 3 wt % MAF at the same catalyst weight basis
(Figure 2), compared to Amocat 1A/1C catalysts used in Run 251-IC. In addition,
Amocat 1C/1C catalysts for Run 2528 showed a higher C4+ distillate yield by 5 wt %
MAF coal at a similar catalyst volume and the same catalyst weight basis, compared to
Amocat 1A/1C catalysts used in Run 251-10 and IE (Figure 3}.

Each stage catalyst activity was much different from TSL catalyst activity
trends discussed before; Run 253 Shell 317 catalyst activity was lower in the first
stage and higher in the second stage reactor, compared to Run 251-1 and 252 Amocat 1A
and 1C catalysts. Run 253 Shell 317 catalyst deactivation rates for both reactors
?ppear?g g? be very similar to those for Runs 251-I and 252 Amocat 1A and 1C cata-

ysts (2,3).
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Catalyst selectivities in TSL hydrogenation and heteroatom removal were dis-
cussed and compared in Run 253 Report (8). Selectivities were studied with relation
to TSL hydrogen consumption, which is an indication of TSL process severity. Run 253
with Shell 317 and Run 252 with Amocat 1C catalyst showed slightly higher selec-
tivities for the potential 1iquid yield (C4+ resid) production by 1 to 3 wt % MAF
coal, compared to Run 251-1 with Amocat 1A and 1C catalysts. This was primarily
attributed to less C1-C3 gas make. Overall heteroatom (N, S, 0) removal was similar
for all three runs. However, Run 253 with Shell 317 and Run 252 with Amocat 1C
catalyst showed higher nitrogen removal activity. Analyses of aged Shell 317
catalysts used for Run 253 indicated the first stage as a guard bed by removing
catalyst deactivation and poison material before going to the second stage. The
second stage aged catalyst showed lower carbon deposits by 6 wt % of catalyst than
the first stage and a higher hydrogenation activity value by 50 (m moles of hydrogen
consumed) in hydrogenation of naphthalene. This guard bed effect was also commonly
?bserved with other catalysts such as Amocat 1A and 1C used for Run 251-I and Run 252

2,3).

Product Quality

Run 253 product quality data are listed in Table 4. During Run 253 the recycle
distillate was fractionated in a vacuum column to reduce the 1ight ends in the
recycle solvent. The naphtha and distillate yields were about the same in all the
periods {C, E and F). The gas-0il yield was the lowest in the concentrated coal
slurry test. Other than this there were no major differences in product quality
among various Run 253 tests. Preliminary laboratory analyses of distillate products
indicated a significant reduction of the distillate product end point, by 30 to 80°F.
This was achieved by increasing the recycle of 650°F+ by 8 wt % in the recycle
process solvent {from 89 to 97 wt %).

RUN 254 RESULTS

Run 254 processed low ash Ohio No. 6 coal in a catalytic-catalytic close-coupled
configuration. Unwashed high ash Ohio coal with about 10-12 wt % ash was used for
the startup process solvent equilibration at 500 MF 1b/hr coal feed rate. Low ash
Ohio coal with 6 wt % ash was prepared by washing the run-of-the-mine coal with heavy
media. During the operation with 40 wt % resid level, the "all-distillate" product
slate could not be achieved because of high potential distillate (Cq+ resid) yields,
76-78 wt % MAF coal, and high excess resid yields, 8-10 wt % MAF processing the low
ash Ohio No. 6 coal. In order to achieve one of the run objectives of the resid
extinction, it was recognized that a higher catalyst activity level is required,
since Ohio No. 6 coal apparently has lower resid conversion activity than I1linois
No. 6 coal. The higher level of resid recycle could also dimprove significantly resid
conversion, as observed in the previous runs {(8,9), that is, 0.3 wt % MAF coal
di?tillate yield increase per 1 wt % resid content increase in the recycle process
solvent.

Low Ash Chio No. 6 Coal

Advantages of the low ash Ohio No. 6 coal with 6 wt % as opposed to the high ash
with 10 wt % are threefold as shown in Tables 5 and 6; {1) an increase of the
potential 1iquid yield (Cq+ resid) by 6 wt % MAF coal, (2) an increase of coal
conversion by 3 wt % MAF coal, and {(3) a decrease of organic rejection by 8 wt % MAF
coal. The increase of coal conversion is probably due to removal of less reactive
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coal components such as inertinites by cleaning with heavy media (10). The low UC
yield with the low ash coal reduced the organic rejection and consequently increased
the potential liquid yield. The ratio of the organic rejection to the UC yield was
2.68, same for both periods, which indicates that the UC yield is a primary variable
affecting the organic rejection.

Effect of Second Stage Reaction Temperature

The effect of the second stage reaction temperature change from 760°F to 790°F
was studied during periods 254C-D and 254F-G. The observed C4+ distillate yield
increase due to the temperature increase was very significant, about 11 wt $ MAF coal
during 254C-D. The hydrogen consumption was also increased in a relatively small
degree from 6.1 to 6.7 wt % MAF, which gives a significantly better hydrogen
efficiency at 790°F (10.3 vs 9.5 1b Cg+ dist/1b Hp consumed). C1-C3 gas make and
organic rejection were similar for both periods. The C4+ distillate yield response
during 254F-G due to the second stage reaction temperature change from 760°F to 790°F
was 8 to 9 wt % MAF coal, which is slightly lower than that during 254C-D.

Activation energy for the second stage catalyst was calculated based on the Cgq+
distillate response during 254C-D. The activation energy was approx.imately 43,300-
53,750 Btu/1b mole for the second stage reaction temperature range of 760°F to 790°F.
A similar value of 47,800 Btu/1b-mole was also observed during 254F-G for the periods
at a higher level of resid recycle about 50 wt %. This activation energy processing
Ohio No. 6 coal is slightly higher than that processing I11inois No. 6 coal (42,300
Btu/1b mole for the temperature range of 720°F to 770°F) (11).

The effect of the second stage reaction temperature change from 790°F to 810°F
was studied during period 254J-K. The estimated C4+ distillate response due to the
second stage reaction temperature change by 20°F was 6 wt % MAF coal, which cor-
responds to the activation energy 69,000 Btu/1b mole for the temperature range of
790°F to 810°F. This activation energy is much higher than that observed for the
temperature range of 760°F to 790°F (47,800 Btu/1b mole).

The high second stage reaction temperature at 810°F (254K) lowers hydrogen
efficiency and distillate selectivity by producing more C1-C3 gas make (2 wt % MAF
coal), compared to at 790°F (254J).

Effect of High Resid Recycle

Very careful experimentation for periods 254G-H was conducted to evaluate the
effect of 50 wt % resid recycle in the recycle process solvent on process perfor-
mance. Period 254D was selected for comparisons with 40 wt % resid recycle.
Significant advantages of the 50 wt % high resid recycle are found in process
performance improvements; (1) 6 wt % MAF coal increase in the Cq+ distillate yield
and (2) a higher hydrogen efficiency (11.1 vs 10.3 1b C4+ dist/1b Hy consumed).
C1-C3 gas make and organic rejection were similar for both periods. The "all-
distillate” product slate became possible for period 254G-H with more resid con-
version through higher recycle of the reactive resid. The Cg+ distillate increase
was slightly higher than the projected (5 wt % MAF). The economic impact in the
commercial plant design will be slightly compensated due to the higher resid recycle
by 40% and the higher slurry rate by 10%, although the production rate of the
distillate is increased by about 9%.




During period 254G the C4q+ distillate yield was 78 wt %2 MAF coal, the highest
ever observed at Wilsonville, the lowest organic rejection 7 wt % MAF (2541), and the
highest coal conversion 97 wt % MAF. The hydrogen efficiency was very high, 11.3 1b
Cq+ dist/1b Hp consumed. This highly improved distillate production can be achieved
by a moderate catalyst addition below 5 1b/ton of MF coal. Three main reasons can be
attributed to these excellent process achievements; (1) high coal conversion activity
of the low ash Ohio coal, (2) high distillate selectivity at 790°F of the second
stage reaction temperature, and (3) high recycle of the reactive resid.

Effect of Space Velocity

Three different coal feed rates, 440, 365 and 300 MF 1b/hr were studied during
periods 254H, I and J. The first stage catalyst ages were similar approaching the
equilibrium catalyst age of 610 1b MF coal/1b catalyst due to the catalyst addition
at 3 1b/ton of MF coal, while the second stage catalyst ages were different,
gradually increasing, due to the batch mode of operation. The Cg+ distillate yield
was 72 wt % MAF coal at 365 MF 1b/hr coal feed rate (254H) and increased to 76 wt %
MAF at 300 MF 1b/hr (2541) and then significantly decreased to 64 wt % MAF at 440 MF
1b/hr (254J). The response for 300 MF 1b/hr (2541) was relatively smaller than the
expected (4 wt % vs 8 wt %). This was due to the catalyst activity decline in the
second stage at a low coal feed rate. Similar observations were made during Run 253
processing I11inois No. 6 coal. Catalyst requirements for 440 MF 1b/hr will be high,
not desirably for the practical operation, more than 5 1b/ton of MF coal, which is
suggesting the operation at a higher second stage temperature than 790°F.

The effect of the coal feed rate decrease from 440 to 375 MF 1b/hr at 810°F of the
second stage reaction temperature was studied during period 254K-L. The estimated
C4+ distillate response due to the coal feed rate change was 8 wt % MAF coal.

C1-C3 gas make and organic rejection were similar for both periods. Catalyst
requirements for 440 MF 1b/hr is estimated to be below 5 1b/ton of MF coal (Table 7),
much less than at 790°F of the second stage reaction temperature. This was due to
the high second stage catalyst activity at 810°F (Figure 6).

Catalyst Activity and Deactivation

Two-stage catalyst activity was compared in Figure 4, based on Cq+ distillate
yield trend data. Ohio NO. 6 coal with both high (254B) and low (254C) ash contents
significantly reduced the C4q+ distillate yield by 7 wt % MAF coal in the batch mode
of operation, compared to Il1inois No. 6 coal with a high ash content (253D). In
addition, in comparisons of 254D and 253EFG Ohio No. 6 coal required a higher
catalyst addition (3 vs 2 1b/ton of MF coal) and a higher second stage reaction
temperature (790°F vs 760°F) for a similar Cq+ distillate yield (70 wt % MAF coal).
These indicate that Ohio No. 6 coal has lower resid conversion activity than I1linois
No. 6 coal. Run 254B in the batch operation processing Ohio No. 6 coal showed a
similar tyo-stage catalyst deactivation rate to that for Run 253D processing I1linois
No. 6 coal.

Catalyst activity trends for Run 254 operation with a high level of resid
recycle (50 wt %) were analyzed for the two-stage system, first stage and second
stage, based on two-stage resid make and resid + UC conversion. The first stage
equilibrium activity level with 3 1b/ton of MF coal catalyst addition was achieved at
the catalyst age near to 550 1b MF coal/1b catalyst (calculated equilibrium age = 610
1b MF coal/1b catalyst), as illustrated in Figure 5. The first stage catalyst ages,
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550 and 610 1b MF coal/1b catalyst, are corresponding to the second stage catalyst
ages, 2000 and 3000 1b resid + CI/1b catalyst, respectively. In Figure 5 the
measured first stage catalyst activity values with the catalyst addition are very
close to the theoretically calculated by using the estimated batch deactivation data,
which confirms that the first stage batch catalyst activity data in Figure 6 are
reasonable for further catalyst requirement calculations.

Because of the continuous catalyst addition in the first stage, the two-stage
catalyst deactivation rate was gradually decreased and became primarily dependent on
the second stage deactivation rate. Figure 6 shows a graphical presentation of
differences in the second stage catalyst activity at different reaction temperatures,
760°F, 790°F and 810°F. Second stage reaction temperature increases from 760°F to
790°F, and further to 810°F significantly increased catalyst activity levels,
although the second stage deactivation rate for 810°F was significantly higher (but
for 790°F, slightly higher) than for 760°F. At the same reactor temperature of 810°F
for both stages, the second stage catalyst activity was higher than that of the first
stage and the second stage catalyst deactivation rate was lower. These observations
at 810°F of the second stage reaction temperature need to be substantiated because of
limited data points at high catalyst ages (1600-2100 1b MF coal/1b catalyst of second
stage catalyst ages).

Catalyst requirements at 790°F of the second stage reaction temperature were 3.1
to 4.6 1b/ton of MF coal to achieve the "all-distillate" product slate {77 wt % MAF
coal C4+ distillate yield) for 300 to 370 MF 1b/hr coal feed rates (Table 7).

Effects of the 810°F of the high second stage reaction temperature on catalyst
performance were very substantial (Table 7 and Figure 7): (1) increased coal
throughput, {2) increased catalyst activity, (3) lower catalyst requirements and (4)
lower distillate selectivity {Ca+ distillate yield decreased to 74 wt % MAF coal
because of a high C1-C3 gas make) {Figure 8).

Optimum Catalyst Requirements and Cascading

Catalyst replacement.rates reported in Table 7 and Figure 7 were calculated,
assuming to achieve each stage performance experimentally measured at the Wilsonville
pilot plant. Considering the significant differences in each stage catalyst activity
due to different reaction temperatures employed for CC-ITSL configuration studies,
one might visualize that there would be an optimum catalyst requirement for a fixed
coal feed rate with resid extinction only by shifting each stage catalyst requirement
loading. For instance, Figure 9 presents graphically optimum catalyst requirements
for 300 and 370 MF 1b/hr coal feed rates. The variable selected as X-coordinate is
the first stage resid + UC conversion. The plots are simply showing that the optimum
catalyst requirement is not only a function of the coal feed rate but also of the
first stage resid + UC conversion. In addition the operation range for the optimum
is very narrow within 1 to 3 wt % variation of the first stage resid + UC conversion.
Data in Figure 9 were generated without considering catalyst residual activities and
based on 77 wt % Cg4+ distillate yield with resid extinction. Organic rejection was
assumed to be 8 wt % MAF coal. Operating conditions were 810°F first stage tempera-
ture, 790°F second stage temperature, 2.3 solvent/coal ratio, 50 wt % resid and 12 wt
% CI in the recycle process solvent.
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Other interesting points can be made from plots in Figure 9, that is, (1)
catalyst cascading is practically possible with a possible reduction of catalyst
addition about 1 to 2 1b/ton of MF coal (this saving can be considered as maximum)
and (2) Wilsonville plant experimentations were conducted at operating conditions of
optimum catalyst requirements (Run 2541 and GH).

Four different cases were studied for optimum catalyst requirements and cas-
cading possibility. Results were generated with considering catalyst residual
activities and are summarized below. The catalyst addition for the cascading is
listed for the range of interest. The actual amount is dependent on the cascading
catalyst activity, which needs to be experimentally determined. The upper limit has
only theoretical meaning for an equal amount of the catalyst addition for both stages
with zero cascading catalyst activity. This upper 1imit shows a higher catalyst
addition than the optimum.

Case 1 2 3 4
Base data 7541 Z5%GH 2540 758K
Coal feed, MF 1b/hr 300 370 375 440
Second stage T, °F 790 790 810 810

Cqt dist with resid extinction
wt % MAF coal 77 77 74 73

Catalyst addition
1b/ton of MF coal

experimentally measured
first stage
second stage
tota

optimum
Tirst stage

jom
~
ﬁb—-w
ww
28
~

2.4 3.3 0.3 1.1
second stage 0.5 1.0 1.2 1.8
total Z3 T3 T35 Z.3

cascading
irst stage 1.8 2.6 0.9 1.6
second stage 1.8 2.6 0.9 1.6
Total 1.8-3.6 7.6-5.2 0.9-1.8 176-3.2

As already pointed out, in Cases 1 and 2 at 790°F of the second stage reaction
temperature, optimum catalyst requirements only improve slightly about 0,2-0.3 1b/ton
of MF coal, since Wilsonville pilot plant data were generated near at the optimum
operating conditions. Another significant improvement can be made by doing cascading
from the second stage to the first stage reactor, potentially reducing the catalyst
requirement by 1.1 to 1.7 1b/ton of MF coal.

Very unusual striking results were revealed for the operation at 810°F of the

second stage reaction temperature. Optimum calculations are suggesting that
Wilsonville plant experimentations were not conducted at operating conditions of
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optimum catalyst requirements (Run 254L and K) and therefore, if operated at optimum,
catalyst savings will be about 1.6 to 2.0 1b/ton of MF coal. Additional reduction of
catalyst addition can be made by 0.6 to 1.3 1b/ton of MF coal by doing catalyst
cascading (this can be considered as a maximum potential). These observations need
to be substantiated by further experiments at young catalyst ages, which data are not
available at the present time. The assumption made for the second stage catalyst
activity at 810°F should be further investigated and experimentally proved, before
making definite conclusions of significant process performance achievements at 810°F
of the second stage reaction temperature.

A significant advantage of 810°F of the second stage reaction temperature as
opposed to 790°F lies in an increase of the coal throughput by 47% and the Cgq+
distillate production rate by 40% (Cases 1 and 4). Optimum catalyst requirements for
both Case 1 and 4 were same, 2.9 1b/ton of MF coal. These process performance
improvements will impact tremendously the process economic valuation for commerciali-
zation and reduce significantly the selling price of the distillate product, if other
critical variables in the economic evaluation are similarly affecting the results for
both cases.

SUMMARY
Several noteworthy accomplishments in 1987/88 are listed below:

(1) Successful operations processing I1linois No. 6 and Ohio No. 6 coals
were demonstrated by using Shell 317 catalyst in the close-coupled
ITSL catalytic-catalytic configuration.

(2) Interstage separation was eliminated, resulting in significant
reduction in capital costs.

{3} Best process performance was achieved processing low ash Ohio No. 6
coal with 78 wt % MAF coal distillate yield, 97 wt % coal conversion
and 7 wt % organic rejection.

(4) High second stage reaction temperatures, 790°F and 810°F, were
investigated, resulting in significantly increased coal throughput and
distillate production due to high catalyst activity and low catalyst
requirements.

(5) The increased reactive resid recycle improved the distillate pro-
duction.

(6) The increased gas-oil recycle produced Vighter and better quality
distillates.

(7) The close-coupled ITSL process data-base was significantly expanded

- for processing bituminous coals.

(8) The process economics was significantly improved for future com-
mercialization of the coal liquefaction process.
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Table 1

Wilsonvllle CC-ITSL catalyst properties

—
AmocatiIC  Amocat 1A Shell 317

catalyst Shell 324
RUN(s) 250,251 250-252 251 253,254
thape (====-- cylindrical - - - - - - ) trilobe
size 32" (---- 16" ----) wu20°
W (wt %) 27 23 2.7
Co 25
Mo 13.2 104 98 1ne
suriace area, m'yy 185 190 235 235
pote volume, ccig 048 085 0.80 075
pore size distribution unimodal (-==---- bimodal - - - - - - )
compacted bulk density, Vn® 54 42 “ 38
C —
Table 2. Shell 317 Trilobe Catalyst Replacement Rates
run no. 253D 2538
coal feed (mf Rvhr) 385 480
WHSYV (hr™') 39 51
second stage
reactor temperature (°F) 760 760
TSL C4+ distiliate
(% maf coal) 69 68
catalyst addition
(ibton mf coal) 4.0 8.1
Table 3. Amocat 1A and 1C Catalyst Replacement Rates
run no. 2514E 25%iD 25%IC 252C
catalyst (1st/2nd stage) 1AHC  1AAC 1AAC  CAC
coal feed (mf Ib/hr) 300 385 480 385
WHSV (hr” ') 27 34 4.2 s
second stage
reactor temperature (*F) 760 760 760 760
TSL C4+ distillate
(% maf coal) 70 70 70 70
catalyst addition
(Ibon mt coal) [1X:] 16 3.0 1.2

—
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Table 4. Run 253 - Distillate Product Properties

[ = —
olemental (wib%)
distiflation cut %MAF®  C H N S  O(dit) APt
Run 253C (40% coal sturry)
naphtha (IBP-350°F) 19.9 84.80 1494 002 006 0.18 46.7
distiiate ( 273 87.74 12.03 0.1 0.01 0.1 18.9
gas oll (850°F+) 162 8884 1063 029 001 023 50
Run 253E (no separator)
naphtha (IBP-350°F) 148 8535 1445 004 007 0.00 44.1 °
distiliate (350-850°F) 262 67.97 1161 0.5 0.05 0.02 17.5
gas oil (850°F+) 27.0 89.57 987 037 0.02 010 29
Run 253F (ground catalyst &
no separator)
naphtha (IBP-350°F) 147 8558 1421 003 002 0.16 43.8
distiiate (3! 224 8783 1171 043 001 032 18.1
gas oll (650°F+) 285 8954 10.07 034 002 0.03 3.8
[« —
by simuisted distillstion on GC
tnitrogen by Kjesdand
Table 5
10% vs 6% coal ash TSL operating conditions
un no. 2548 254CD
first stage
catalyst replacement (Ih/ton MF cosl)
averaps reactor
Iniet hydrogen partial pressure (psd)
coal feed rate (Ib/hr MF)
space velocity (:.:-M-'D cal)
solvent resid content (wit)
solvent Cl content (wi%)
calalyst age Db (resid + Cii/ib cat]
(b MF coal/ib cat)
second stage .
Sverage reactor tempersture
space b feedMrdd cat)
teed resid content (wi%e) )
catalyst age Db (resid + Ci/ib cat] 600-000 1100-1450
(b MF coal/ib cat) 400-600 700-950
Table 6
10% vs 6% coal ash TSL yield structures
un no. 254B 254CD
potential liquid yleld
Cq+ resid (% maf coal) 70 76
coal conversion (% maf coal) o4 97
energy content of feed coal
rejected to ash conc. (%) 18 9
organics rejected to ash conc.
(% maf coal) 18 8




Table 7. Shell 317 Trilobe Catalyst Replacement Rates

run no. 2541 254GH 254L 254K
coal feed (mf Ibvhr) 300 370 375 440
WHSV (hr™*) 35 43 4.3 5.1
second stage
reactor temperature (*F) 790 790 810 810
TSL C4+ distiliate
(% matf coal) 7 77 74 7
catalyst addition
(Ibton mf coal) a 45 a5 45
Figure 1
CC-ITSL with solids recycle
catalytic - cataiytic
cloee - coupled mode
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Figure 2. Amocat 1A/1C vs Shell 317 Catalyst
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Figure 5

RUN 254 first stage Shell 317 aging
with catalyst addition
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Figure 6

catalyst aging - RUN 254
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Figure 7. Run 254 - Catalyst Replacement vs 2nd Stage Temperature
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Figure 8. Run 254 - Distillate Selectivity vs 2nd Stage Temperature
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PROGRESS IN DIRECT COAL LIQUEFACTION:
THE ECONOMIC PERSPECTIVE

David Gray and Glen Tomlinson
The MITRE Corporation
Civil Systems Division

7525 Colshire Drive
McLean, VA 22102

ABSTRACT

The economic impact of demonstrated and projected improvements in two-stage
direct coal liquefaction processes are evaluated. The computerized methodology
employed estimates the quantity and quality of products from a 30,000 ton/day
commercial scale plant, based on input test data. Steam, hydrogen and fuel gas
balances are determined. Capital and operating costs are then estimated, and the
required selling price of raw liquid products is determined by conventional
discounted cash flow (DCF) analysis. Product quality is quantified by computing
the cost of upgrading the raw products to motor gasoline.

Improvements in two-Stage processing since the early demonstration of the
Lummus Integrated Two-stage (ITSL) process in 1980 are shown to reduce the required
initial selling price (RISP) of gasoline from coal liquids by about 16 percent.
Further process improvements, which offer the potential for an additional 16
percent RISP reduction, are identified.

This report also compares the economics of two-stage processing with earlier
studies of the H-Coal, Exxon Donor Solvent and Lummus ITSL processes. The high
costs of coal liquids found in these earlier studies are explained and revised
costs for these earlier plants using a common financial and technical basis are
determined.

INTRODUCTION

Two-stage coal liquefaction research and development efforts have yielded
significant increases in distillate quantity and quality over the last few years.
The Lummus Integrated Two-stage Liquefaction (ITSL) process experience(l) showed
that high yields of good quality coal liquids can be produced from bituminous coals
using a combination of short contact time (SCT) thermal processing, anti-solvent
deashing and LC-Fining* of deashed coal extract. Since then the concept has
undergone several modifications.

At the Wilsonville Advanced Coal Liquefaction R&D Facility(2), both the
thermal processing and the hydrotreating have generally been of longer duration
than at Lummus. The critical solvent deashing system® has been more efficient at
recovering coal extract and has thus rejected less soluble material than the Lummus
anti-solvent process.() The ITSL concept itself, where the thermal first stage
and catalytic second stage have been separated by the deashing step, has been
modified so that the topped thermal effluent is hydrotreated before deashing. This ;
configuration is called the Reconfigured ITSL (RITSL) mode of operation.(5) More
recently the RITSL mode has been modified so that the first and second stage
reactors are directly coupled together and the entire thermal effluent is

* Registered Trade Mark of Lummus-Cities Service hydrorefining process. )
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hydrotreated. This is the close-coupled operation (CC-ITSL). A vent separator is
often used between the two-stages to let down the first stage products. In even
more recent tests a portion of the ash-containing effluent from the hydrotreater is
recycled to the first stage, the so called ash-recycle mode.(® Catalytic-
catalytic configurations have also been tested at Wilsonville.(®

The overall objective of these modifications in two-stage processing is to
increase the yield of high quality distillate while reducing the cost of
production,

Sandia National Laboratories, which is supported by the U.S. Department of
Energy under contract DE-AC04-76DP00789, has contracted MITRE to develop a method
to quantify the impact of these modifications on the cost of coal liquids. 1In
response, MITRE has developed a computerized coal liquefaction cost model that
simulates the technical and economic performances of conceptual commercial scale
coal liquefaction plants that incorporate the research and development improvements
under study at Wilsonville.

METHODOLOGY

Introduction

The analysis methodology employed in the coal liquefaction cost model has been
developed over the past several years. The objJective of the methodology is to
estimate the outputs and required selling price of products from a conceptual
commercial scale plant. During 1986, the methodology was refined and computerized
to permit rapid evaluation of the impact of variations in process performance on
the required selling price of product liquids. The model is programmed in LOTUS 1-
2-3 (Issue 2) and can be readily modified and expanded as refinements in the
analysis methodology are developed. The paragraphs below present a brief overview
of the analysis methodology. A more complete description may be found in reference

).
Commercial Plant Output

Product outputs, product quality, and the flows to primary process units in
the liquefaction plant are determined from experimental test data. The data may be
directly scaled to the selected commercial size based on moisture ash free (MAF)
coal throughput. (Postulated results may of course be substituted for test data in
order to determine the potential economic impact of speculative process
improvements.) The model is designed to make certain data adjustments if desired.
In most runs, the data are adjusted to reflect operation with no net output of
resid (+850°F residual material). When this adjustment is made in the model, the
space velocity (hence capacity) of the hydrotreater is adJusted to the level
required to achieve the desired resid conversion.

The resid adjustment provision of the program is also used when there are
changes in the resid available to be converted because of assumed changes in the
quantity of resid rejected with process solids (for example variations in deasher
performance). The conversion factors for the resid are averages of several actual
sets of data obtained during the Wilsonville operations.

Auxiliary Processes

The bottoms rejected from the liquefaction plant are gasified to produce



hydrogen. Additional coal is gasified when bottoms are not adequate to meet
hydrogen requirements. Texaco gasification is assumed. Steam driven air
separation equipment is used to produce oxygen for gasification. The model
performs preliminary steam and fuel gas balances in order to obtain a thermally
balanced plant and to determine the required capacities for auxiliary equipment. A
coal fired steam plant with flue gas desulfurization is used to superheat steam
produced from in-plant heat recovery, and to produce and superheat any additional
steam required. :

Cost_Analyses

Preliminary designs of commercial plants employing two-stage liquefaction were
prepared by UOP/SDC in 1981 under DOE contract(®.9), These designs are used as the
baseline for estimating capital and operating costs in the MITRE model. The
UOP/SDC studies considered both Non-Integrated Two-stage Liquefaction (NTSL)(®),
and Integrated Two-stage Liquefaction (ITSL)(® configurations, and thus
encompassed the major process elements of a wide variety of two-stage plant
configurations.

The total erected costs (TEC) of process equipment required in the plant being
analyzed are estimated by comparing the capacity required to the capacity of
similar units in the baseline design. A 0.7 scale factor is used. Thus

. 0.7
_—unit capacity *
TEC (unit) = TEC baseline unit x unit capacity x INF
baseline capacity

Analyses of Required Selling Prices

The required selling price per barrel of raw product is computed by dividing
the annual costs by the annual output in barrels. Anmual costs are the sum of net
operating costs and capital recovery costs. The program computes capital recovery
costs by multiplying the required capital by an input capital recovery factor. The
capital recovery factor for any specific set of financial assumptions is calculated
by discounted cash flow (DCF) analysis in a separate program. The baseline
economic assumptions used in the study are 25% equity, 15% DCF, 3% inflation, 34%
tax rate, 8% interest on debt, and a 5 year construction period. These assumptions
result in a capital recovery factor of 0.167.

There are substantial differences in the quality of products produced by
direct liquefaction processes in terms of boiling range, hydrogen content and
heteroatoms. These characteristics necessarily influence the degree to which the
product must be further processed to produce specification fuels. We have
accounted for differences in product quality by estimating the cost of additional
processing required to produce a standard heteroatom free 40 API gravity product
(e.g., "hydrotreated product”) or unleaded motor gasoline.

The value of the syncrude relative to petroleum crude (equivalent crude value)
is determined by computing the cost of crude that would permit gasoline to be
processed and sold at the same price as the gasoline from syncrude.

RESULTS AND DISCUSSION
Table 1 summarizes the results of using the coal liquefaction cost model.
The table shows economic and technical data for four conceptual commercial

* INF accounts for inflation between the year the UOP/SDC design was
developed and the year 1986 (INF = 1.125).
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two-stage plants processing Illinols #6 coal. The baselime plant (Lummus ITSL) can
produce raw liquid product for $41.52/barrel (1986 dollars), which is equivalent to
crude selling for $35.82/barrel. Wilsonville run 244-B data, which was obtained
using the Integrated two-stage liquefactlon configuration, can produce product at
an equivalent crude value of $35.36/barrel, i.e. very similar to the Lummus
results. However, the close-coupled configuration run 250-D shows a significant
reduction in product cost. The final column in Table 1 shows results obtained
using data from Wilsonville run 250-G, which is a close-coupled run with ash-
recycle. Again thils shows a further decrease in product cost. Raw product cost
reductions of about 16 percent have been realized in going from Lummus ITSL to the
ash-recycle close-coupled Wilsonville configuration. This product cost decrease is
brought about by the combination of a significant yleld improvement (26 percent
increase on a raw product basis) and only a slight increase in capital required to
obtaln that gain (about 5 percent capital increase). Therefore, it is estimated
that raw coal liquids could be produced for approximately $35/barrel; this is
equivalent to crude oil at about $30/barrel.

As an R&D guldance tool, the model can also be used to estimate potential
savings in required selling prices that could be realized if certain potential
process improvements were incorporated into the system. Potential improvements
include using cleaned coal and eliminating the deashing system, increasing coal
slurry concentration, and improving catalyst activity, selectivity and life. The
model predicts that an additional cumulative reduction in required selling price of
products of approximately 16 percent is possible by incorporating all of the above
improvements into the current ash-recycle Wilsonville two-stage configuration
processing Illinois #6 coal. Table 2 shows that these additional cost reductions
result in production of coal liquids for about $29/barrel, which 1s equivalent to
crude at about $25/barrel.

Table 3 summarizes earlier direct coal liquefaction economic studies
undertaken by Bechtel(10), Exxon(i1) and UOP/SDC(¢,8) for the H-Coal, Exxon Donor
Solvent and Lummus ITSL processes respectively. Direct comparisons are not
meaningful, however, because of the differences in plant scale, economic factors,
and other assumptions. The earlier studies were made during a period of high
inflation and high capital return expectations, and the analysts assumed a
continuation of high inflation through the construction period. In order to
separate the lmpact of improved technology from the overriding impact of changes in
economic conditions, the earlier technologies were re-evaluated using the our
model. The required selling prices computed by the model thus reflect the same
costing methodology, plant scale and economic assumptions used in the analysis of
the advanced two-stage system.

The results are shown in Table 4. Required selling prices are shown for raw
liquefaction products, and for products after hydrotreatment to a consistent
standard of quality. The latter prices are more meaningful for comparative
purposes, since they reflect the large differences in the quality of the single and
two-stage products, On this basis, required selling prices have been reduced from
about $49 to about $36.60 per barrel, which represents a savings of about 25%.

CONCLUSIONS

Over the past decade continued research in the production of liquid fuels from
coal has substantially increased both the quantity and the quality of distillate
from a ton of coal. This increase of distillate, which amounts to approximately 35
percent, has resulted in a significant real decrease in the cost of liquid products
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from coal of about 25%. Continued research is expected to further reduce the cost
of coal liquids.
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TABLE 3
REQUIRED SELLING PRICES FROM PUBLISHED STUDY DESIGNS

PROCESS H-COAL H-COAL EDS ITSL
DATA SOURCE BECHTEL BECHTEL EXXON UOP/SDC
DEBT/EQUITY RATIO 0/100 52/48 0/100 75/25
Required Selling Price
(§/Barrel)
1981 Dollars $ 57 $ 36 $ 53 $ 43
Start-Up Year Dollars $ 90 $ 57 $121 $ 69
(Year) (1988) (1988) (1993) (1986)
Financial Assumptions
Return on equity 15.0% 15.0% 15.0% 26.0%
Interest Rate NA 10.8% NA 17.0%
Inflation Rates
Construction costs 8.5% 8.5% 7.5% 10.0%
Operating Costs 6.0% 6.0% 7.0% 10.0%
Product Value 6.7% 6.7% 9.0% 10.0%
TABLE 4
REQUIRED SELLING PRICE OF PRODUCTS $/BARREL ($1986)
(ILLINOIS #6 COAL)
SINGLE-STAGE TWO-STAGE
PROCESSES PROCESSES
EDS H-COAL ITSL CURRENT
Raw Product $43.58 $42.35 $41.52  $34.52
Hydrotreated Product $49.18 $48.80 $43.61 $36.56
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RECYCLE OILS FROM FLUID COKING OF
COAL LIQUEFACTION BOTTOMS

R. A. Winschel
F. P. Burke

CONSOLIDATION COAL COMPANY
Research & Development
4000 Brownsville Road
Library, PA 15129

ABSTRACT

A series of nine fluid-coker tars, produced by Lummus-Crest, Inc., from coal
liquefaction vacuum bottoms, was characterized to evaluate their use as lique-
faction recycle oils. The primary variables in the coking tests were temperature
(1000 to 1200°F) and coker feedstock source. The properties of the tars are
principally influenced by the coking temperature. Those produced at higher
temperature are more aromatic and contain less hydrogen, and are principally
unsubstituted and methyl-substituted condensed aromatic compounds. The tars
produced at 1000°F are expected to be poor hydrogen donor solvents, whereas
those produced at 1200°F are not expected to be hydrogen donor solvents.
However, a 1200°F tar was readily hydrotreated to produce a good to excelient
donor solvent. Based on these results, it would appear that tars produced from
fluid coking of liquefaction vacuum bottoms can be recycled to a catalytic
liquefaction reactor to produce additional liquids without adversely affecting
process performance.

INTRODUCTION

In the development of processes for the direct liquefaction of coal, the efficient
removal of solids from the product has proven to be particularly difficult. Many
techniques have been tested and used, including filtration, hydrocyclones,
vacuum distillation, Critical Solvent Deashing and antisolvent deashing; however,
no truly satisfactory means has been developed. All suffer from high product
rejection, high cost or serious engineering difficulties. An alternate method,
fluid coking of vacuum bottoms, is being explored by Lummus-Crest, Inc.,
under subcontract to Burns and Roe Services Corp. through U.S. DOE Contract
DE-AC22-84PC72571. The recently completed Lummus experimental program
included ten tests in which five different samples of coal liquefaction vacuum
bottoms were coked in a 20g/hr (nominal) continuous stirred coking unit
(CSCU). The CSCU was used to simulate true fluid coking. The range of
operating conditions used in the CSCU tests was chosen based on earlier tests
(1,2) with a batch coker. Operating conditions for the CSCU tests are shown in
Table 1, as reported by Lummus (3). Ranges of product yields (3) from the ten
tests (on a wt % of total product basis) were as follows: gases, 5 to 18; coker
distillate, 30 to 81; coke plus ash, 14 to 59. On an ash-free product basis,
coke yields (3} ranged from 11 to 52 wt %. Details of the coker tests, the
equipment and product yields appear elsewhere (3). The vacuum bottoms that
were coked were originally produced in the Advanced Coal Liquefaction Test
Facility at Wilsonville, Alabama, and at the Catalytic Two-Stage Liquefaction
(CTSL) continuous bench unit, which is operated by Hydrocarbon Research Inc.
(HR!) in Lawrenceville, New Jersey. The vacuum bottoms were produced from
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Ohio 6, !llinois 6 and Wyodak coals. In the conceptual integration of liquefaction
and fluid coking, the coker tars would be processed in the liquefaction plant,
uitimately to produce additiona! distillate products. The tars could be intro-
duced to the liquefaction plant as part of the recycle solvent or as a second
stream entering a second-stage reactor. The coke would be gasified to produce
hydrogen, burned for power or landfilled.

The coker tars may be quite dissimilar to typical liquefaction oils. If used as a
significant part of the recycle oil, the donor-solvent quality of that stream could
be altered. Moreover, the ease with which the coker tars can be hydrotreated
to finished products is unknown. The objectives of the work reported here are:
1) to characterize the coker tars, 2) to evaluate their properties as donor
solvents, and 3) to explore the potential of hydrotreating to improve their
characteristics as products and as donor solvents.

EXPERIMENTAL
MATERIAL

Nine coker "distillates" were obtained from Lummus. Lummus uses the term
"coker distillate" to describe these materials; however, since they are largely
non-distillable, the term "coker tar" will be used here. The feedstock and
operating conditions used to produce each of the coker tars are shown in

Table 1 (3). Lummus' program consisted of ten tests, but no product was
provided from Run CSCU-11, In some cases, the samples we re+ceived were total
liguid products (TLP), In other cases we received the 650°F portion from a

true boiling point distillation of the TLP, .Typically, the 650°F portion
accounted for about 97% of the TLP (4).

ANALYSES

C,H,N and S were determined on the tars with Leco CHN-600 and SC-32 instru-
ments. There was some difficulty obtaining samples containing representative
quantities of ash for the CHN-600 instrument and, as a result, C, H, and N
results may contain more uncertainty than usual. Ash was determined on the
whole samples. The samples were filtered through Whatman #42 filter paper with
freshly distilled tetrahydrofuran (THF), The filter cake was dried, weighed and
ashed to determine the ash and insoluble organic matter (IOM) content, and to
confirm the ash content. The filtrate was rotary evaporated to dryness to
remove the THF and to determine the mass of solubles. Complete removail of
THF was verified by proton nuclear magnetic resonance (!H-NMR) spectroscopy.
IH-NMR spectra were obtained in CDCI, solution as previously reported (5).
Spectra were obtained on each whole sample and on several of the THF-soluble
portions, There was no significant difference between the spectra of the two
types of samples. The !H-NMR solvent, CDCl,, dissolved almost, but not quite
the entire THF-soluble sample. This did not appreciably affect the H-NMR'
spectra since spectra obtained on the whole sample in CsDsN were essentially the
same as the spectra of the THF solubles in CDCIl;. Phenolic -OH contents were
determined on the THF solubles by the previously reported Fourier-transform
infrared spectroscopic method (6). Gas chromatography/mass spectrometry
(GC/MS) analyses were performed by the previously reported method (7).

HYDROTREATING

A  sample of the coker tar from Run CSCU-1 (5g) was hydrotreated
(750°F, 60 min) in a 45 mL shaking microautoclave in the presence of 5g of
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Amocat 1A catalyst and 1600 psig H, (cold). The total H, charged was about
0.34 g. Its initial pressure at 750°F would be about 3700 psig. The micro-
autoclave was agitated at 1000 half-inch strokes/min. The catalyst was supplied
by Hydrocarbon Research, Inc., and was removed from the first-stage reactor
early in Run O-1 of their Catalytic Two-Stage Liquefaction program. The
product was freed of solids and analyzed as described above. The overall
recovery of charged material (excluding gases) was 97.8 wt . The THF-soluble
hydrotreated product accounted for 88.5 wt % of the feed, or 101.9 wt % of the
THF-solubles in the feed.

DISCUSSION
CHARACTERISTICS OF COKER TARS

The elemental analyses and ash and IOM contents of the coker tars are shown in
Table 2. Table 3 shows the proton distributions of the chloroform solubles and
the concentrations of phenolic -OH in the. THF solubles. All the coker tars
contained substantial quantities of ash and IOM. The ash appeared to be a
mixture of coal ash and alumina particles that reported with the tars through
entrainment. [t appears that the alumina "seed" used as the bed in the coker
(3) was the source of the alumina particles in the coker tar ash. The IOM in
the coker tars may have also originated from entrainment, though some portion
of it may derive from retrogressive reactions among the tar components.

The characteristics of the hydrocarbon portion of the tars are clearly influenced
heavily by coking temperature. Averages (+ std dev) of selected properties are
shown below as a function of temperature. '

Coking wt %, ash free Proton Types, % in CDC!, Solution

T, °F C H Aromatic Cyclic Beta Paraffinic
1000 91.2 0.4 6.6 0.5 36,8 7.5 12,2 $2.7 25.0 £0.5
1100 91.8 0.4 5.0 £0.3 53.2 £2.3 6.7 0.8 12.4 0.2
1200 94.8 +0.4 4.6 0.1 €8.0 £1.6 3.1 £0.3 4,7 0.8

Aromatic protons consist of the sum of condensed and uncondensed aromatic
protons. Paraffinic protons consist of the sum of alkyl beta plus gamma
protons. Cyclic beta protons provide an indication of the donatable (hydro-
aromatic) hydrogen content. Though Lummus did not use a complete factorial
experimental design, the above table clearly demonstrates that the properties of
the hydrocarbon portion of the tar are most affected by coking temperature.
With increasing coking temperature, the tars became much more aromatic and
contained much lower concentrations of hydroaromatic, paraffinic and tota!
hydrogen. Over the range tested, the other variables had a less significant
impact on the properties of the hydrocarbon portion of the tars.

In fluid coking, material can report to the tar product through a combination of
cracking and devolatilization. Additional material is carried out of the coker by
simple steam distillation and entrainment. The characteristics of the tars indi-
cate that the former mechanism is relatively more important at 1200°F and that
the latter mechanisms are relatively more important at 1000°F, However,
cracking reactions are important even at 1000°F, as evidenced by the proton
distributions of, for example, the feedstock and tar product from CSCU Run 8.
Though the exact feedstock used in Run CSCU-8 was not available for analysis,
numerous other second-stage vacuum bottoms samples from Wilsonville Run 254
were analyzed (8). Ranges of their properties are shown below.




Proton Distributions, %

Vacuum Resid, Range Run CSCU-8
Proton Type From Wilsonville Run 254 Coker Tar
Aromatic 22.4 - 35.4 42.1
Cyclic Beta 14.1 - 18,2 10.3
Paraffinic 20.5 - 32.6 21.4

The lower concentrations of paraffinic and cyclic beta protons in the tars
produced at 1200°F indicate that pyrolysis reactions have cracked most of the
alkyl substituents longer than methyl from the aromatic nuclei,

In contrast to the hydrocarbon moities, the heteroatom contents and phenolic
-OH concentrations in the tars show no clear temperature dependence and may

primarily reflect the characteristics of the liquefaction bottoms used as the coker
feed.

EVALUATION OF TARS AS DONOR SOLVENTS

Conceptually, the coker tars could be introduced to the liquefaction plant as a
portion of the recycle oil. If the tars were to comprise a significant ‘portion of
the recycle oil, their properties as donor solvents could be important to the
performance of the overall process.

None of the tars was directly tested for donor solvent quality. However, a
previously developed correlation (5)  between proton distributions and donor
solvent quality was used for their evaluation. The original correlation was
developed for distillate coal liquefaction recycle oils. Though the correlation was
not developed for coker tars, it should provide a good indication of their donor
solvent quality. The solvent quality index shown in Table 3 was calculated from

Equation 4 of Reference 5. These data are summarized below by coking tempera-
ture.

Calculated Solvent

Coker Temp., °F Quality Index
1000 78.0 7.4
1100 67.4 6.9
1200 52.5 #4.1

With increasing coker temperature, donor solvent quality is substantially
reduced. Based on our experience in evaluating solvent quality, we would
conclude that the tars produced at 1000°F are poor donors, those produced at
1100°F are even poorer donors and those produced at 1200°F are essentially
non-donors.

In those situations in which donor solvent properties are important, for example
in a non-catalytic first~stage reactor, it would be expected that the tars would
deleteriously affect liquefaction performance if used as a substantial portion of
the recycle oil. Of course, any deleterious effect would be reduced as the tar
became a smaller portion of the recycle oil. In catalytic liquefaction, such as
the H-Coal or catalytic two-stage liquefaction processes, the solvent quality of
the recycle oil may be less important. If the tars can be rapidly hydrogenated
to produce hydroaromatics (donors), then they may actually improve the donor
solvent quality in the reactor inventory. The low concentration of alky! groups

longer than methy! would be beneficial to the donor solvent quality of the hydro-
genated tars.
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HYDROTREATING OF COKER TAR

All advanced liquefaction processes being developed employ at least one catalytic
reactor to maximize distillate production by converting the solubilized coal to
distillable products. If fluid coking is to be successfully combined with lique-
faction, it must be possible to hydroprocess the coker tars to produce suitable
products and an acceptable recycle oil. If the tars are refractory to hydro-
treating, coking will provide very little additional liquids yield to the liquefaction
process.

One experiment was performed with a coker tar produced at 1200°F to explore
the potential of hydrotreating to upgrade the coker tar. Procedural details are
presented in the Experimental section. Analyses of the feed and product are
presented in Table 4. The data show that even this simple batch hydrotreating
was quite successful in hydrogenating the coker tar and removing heteroatoms.
1H-NMR spectra of the feed coker tar and the hydrotreated product, which are
shown in Figures 1A and 1B, respectively, show that a substantial portion of the
aromatics were converted to hydroaromatics. The calculated solvent quality
index (5) increased from 51.3 to 85.9, i.e., the tar was converted from an
essentially non-donor solvent to a high quality solvent.

GC/MS analyses were performed on both materials. Only the portion boiling
below about 500°C was detected by the procedure used. The only identified
components in the coker tar were four-ring condensed aromatics containing 0 to
2 alky! carbons (most alkylation was methyl and dimethyl). The hydrotreated
product contained compounds with a range of from two to six rings, most of
which were partially hydrogenated and contained 2 or fewer alkyl carbons.
Examples include methyl tetralins, octahydrophenanthrene, decahydropyrene and
tetrahydrochrysene, all of which are good donors.
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TABLE 1
COKER FEEDSTOCKS AND OPERATING CONDITIONS (3)

Operating Conditions

Inject Steam Approx. Res.
cscu Vacuum Bottoms Feedstock Source P, to Feed, Time, sec.
Run _ Coal Plant (Run No.) Sample T, °F psig wt Ratio Liquid Vapor

[} Ohfo 6 W'ville (254) 3587 1000 10 0.40 7.7 4,0
1 Ohio 6 W'ville (254) 3587 1100 10 0.40 7.9 4.3
9 Ohio 6 W'ville (254) 3587 1200 10 0.40 7.3 3.6
1 Ohio 6 W'ville (254) 3587 1200 2 0.31 8.2 5.2
2 M. 6 ¥'ville (250-D,E) 3567 1200 10 0.28 10.2 5.9
4 M., 6 W'ville (250-D,E) 3567 1200 10 0.33 7.8 4.6
12 1m. 6 W'ville (253) 3584 1100 10 0.40 7.4 3.9
7 m. 6 HRI (1-25) 3576 1000 10 0.35 9.6 5.8
6 1", 6 HRI (1-25) 3576 1200 10 0.37 8.4 5.5
13 Wyodak W'ville (251) 3566 1100 10 0.4 7.4 3.9
TABLE 2

ANALYSES OF COKER TARS

wt %, Ash Free

wt %, As Determined

Sample c H N S 0 (diff) Ash 10M
Ccscu-8, TLP 91.0 6.3 1.0 0.1 1.6 2.5 0.6
CSCU-9, TLP . 92.1 4.7 " 1.0 0.2 2.0 4.7 4.0
CcsCu-1, 650°F+ 95.0 4.7 1.1 0.2 -1.0 10.7 6.9
cscu-2, GSO°F+ 94.3 4.5 1.2 0.2 -0.2 9.8 8.8
CSCU-4, 650°F 9.9 4.6 1.0 0.2 =0.7 12.7 8.2
CSCU-12, TLP . 91.3 5.3 1.0 0.3 2.1 4.4 3.3
CSscu-7, 650°F+ 91.5 7.0 0.6 <0.1 0.9 1.2 1.0
CSCU-6, 650°F 95.1 4.7 0.9 0.1 -0.8 19.0 7.3
CSCy-13, TLP 92.0 4.9 1.0 0.7 1.6 26.9 13.6
TABLE 3

PROTON DISTRIBUTIONS AND PHENOLIC -OH CONCENTRATIONS

OF COKER TARS

Conc. of Calculated

Proton Distributions, % Phenolic -0H Solvent

Cond  Uncond Cyclic Alkyl Cyclic Alkyl in THF-Sols., Quality
Sample Arom Arom Alpha Alpha Beta Beta Gamma meq/g Index
Ccscu-8, TLP 28.2 13.9 12.7 13.5 10.3 141 7.3 0.65 68.8
cscu-9, TLP 54,7 10.9 14.9 10.7 3.5 . 1.8 0.60 59.3
Cscu-1, 650°F 57.6 1.1 13.6 10.9 2.7 3.2 1.0 0.53 51.7
CSCU-2, 650°F 54.8 12.4 12.2 11.6 3.3 3.7 2.1 0.53 49,5
CSCU-4, 650°F 56.7 11.9 13.6 11.0 3.0 2.4 1.4 0.51 52.8
cscu-12, TLP 41.2 10.3 16.6 12.3 7.3 7.8 4.4 0.64 72.3
CSCU-7, 650°F 25.6 5.9 16.1 9.6 14,1 19.3 9.4 0.23 79.2
CSCu-6, 650°F 60.0 9.9 12.9 10.3 2.8 2.8 1.4 0.30 49.1
CSCU-13, TLP 42.6 12.2 13.5 134 6.1 9.0 3.5 0.52 62.6
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TABLE 4
HYDROTREATING RESULTS

Feed THF Soluble
(CSCU-1) (a) Hydro Product

Analysis, wt § Ash Free

o 92.3 91.7

H 5.1 6.7

N 1.3 0.9

O (Diff) 1.2 0.6

S 0.2 <0.1
Conc. of Phenolic -OH in

THF Solubles, meq/g 0.55 0.31
H-Aromaticity of CDCl;

Solubles, § 68 41

(a) This is a different sample of the 650°F+ fraction from Run CSCU-1
than appears in Tables 2 and 3. Differences in analytical data from
Tables 2 and 3 may be real or may reflect uncertainty.

A

SSB gqq
™ s & 7 & 5 & 3 2z 1 o
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8
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/
ss8
/
9 8 7 & 5 A3 2 1o
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Figure 1. lH-NMR Spectra in CDCl; of A) Coker Tar from Run CSCU-1 and
B) of Hydrotreated Product (SSB = Spinning Side Bands).
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CATALYSIS IN DIRECT COAL LIQUEFACTION : STATUS AND DIRECTIONS FOR RESEARCH

Frank Derbyshire
Sutcliffe Speakman Carbons Limited
Guest Street, Leigh, Lancashire, U.K.

The economic viability and operability of processes to convert coals to useful
liquid products is contingent upon the development and application of effective
catalysts. New and improved catalysts can lead to more favourable process
economics by increasing the rate of conversion and the selectivity to the desired
products and by allowing operation at reduced temperatures and pressures.

The processes of primary coal dissolution and coal liquids upgrading are
distinguished. The status and limitations of catalysts used to promote these
reactions are discussed together with approaches which could lead to the
development of improved and novel catalysts.

INTRODUCTION

The production of distillate fuels and chemicals from coal has never been
economical in a free market economy. The principal factors which contribute to
the high cost of coal-derived liquids are the large amounts of hydrogen which
must be added to remove heteroatoms and to convert material containing about 5
wt% hydrogen to products with between 12 to 14 wtX hydrogen, the severe reaction
conditions (temperature and pressure) and the relatively low rates of conversion
which are experienced.

In spite of these limitations there are valid reasons for pursuing research and
development in coal liquefaction. Practically every future energy scenario
envisions the development of indigenous fossil fuel resources to supplement and
replace materials derived from petroleum crudes. In the short term, situations
could arise whereby the supplies of imported crudes to oil-poor industrialised
nations are restricted and, in the long term, world petroleum reserves will be
eventually be depleted.

As has occurred in the development of the petroleum processing and chemical
industries, the route to significant improvements in liquefaction processing
lies in the successful development and application of suitable catalyst
systems. In this paper some of the more salient aspects of liquefaction
catalysts are reviewed in terms‘'of the limitations of our present understanding
and approaches which could lead to improved and novel developments. Reference
is made to a much more extensive critical review which the author has recently
completed for the International Energy Agency under the sponsorship of the
United States Department of Energy (1). A companion review on catalysis in
syngas conversion has also been prepared by Alex Mills (2).

The recognition that liquefaction takes place in two loosely-defined stages,
consisting of coal dissolution followed by upgrading of the solubilised
products, has lead to the concept of two-stage process configurations. The
progression from a single, noncatalytic process to a catalytic - catalytic two
stage progress is summarised in Table 1 (3). The adoption of a fully catalytic
process has lead to increases in coal throughput and in the yield and quality of
distillate products. In addition, since the construction of the first
commercial-scale plants in Germany there has been appreciable progress in
lowering operating severity and improving the selectivity to liquid products,
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Table 2. Nevertheless there is still a pressing need for innovations which can
lead to further gains in process performance and operability. The distinction
between the processes of dissolution and upgrading provides a convenient
division between dispersed and supported catalysts. While there are exceptions,
the former have been applied primarily to promote the process of coal
dissolution and the latter to upgrading the solubilised coal liquids. These
catalysts cannot really be used interchangeably. It is unlikely that

dispersed catalysts could realise the selectivity which is possible with
supported catalysts; restricted access to the reaction surface of supported
catalysts precludes their being able to directly influence the reactions of
coals and high molecular weight coal derived products.

SUPPORTED CATALYSTS

The catalysts which have been applied to coal liquids upgrading comprise a
combination of the metals Co, Ni, Mo and ¥, together with promotional additives,
distributed over a porous support of alumina or silica-alumina. The catalysts
must be sulphided in order to attain their active form. These catalysts are
used extensively in petroleum refining and evolved from catalysts which were
originally developed for hydroprocessing distillate coal liquids. No concerted
attempts have bheen made to adapt them for hydroprocessing high boiling coal
liquids. Research efforts have focused mainly on catalyst screening and
evaluation and little attention has been given to investigating novel
formulations.

One of the important conclusions emanating from a long program of research by
Sullivan and co-workers at the Chevron Research Company (4, 5) is that coal
liquids can bhe adequately hydroprocessed over conventional catalysts provided
that the end-point does not exceed about 370°C. The presence of higher
boiling materials is deleterious to catalyst 1life which is shortened by the
formation of carbonaceous deposits, the adsorption of basic compounds and the
deposition of metals, These effects are considerably more pronounced in the
presence of non-distillable coal-derived materials. Under these conditions and
during continuous processing there is a rapid and massive reduction in catalyst
activity during the first 30 to 50 hours on stream, due principally to the
deposition of carbonaceous materials which effect a drastic reduction in surface
area. Subsequent loss in activity is more gradual and is attributed to the
accumulation of metals. Other contributory causes are the loss of active metals
and sintering. Substantial research has been conducted at the Sandia National
Laboratories and the Pittsburgh Energy Technology Center to investigate the
causes and mechanisms of deactivation (see reference 1). The deposition of
carbon is generally attributed to the adsorption and reaction on catalyst acid
sites of species such as polycondensed aromatics and heteroatom-containing
compounds.

It is concluded that the existing generation of supported catalysts cannot
adequately meet the exacting requirements for upgrading primary coal liquids.
Two prospective approaches to resolving this problem are indicated. The first
involves the development of new supported catalysts which are less susceptible
to deactivation by the mechanisms discussed. Avenues for research are
considered in reference {(1). The second approach .is to produce materials which
are more amenable to upgrading over supported catalysts through effective
catalytic control of the process of coal dissolution. While both of these
strategies are considered to be important priorities for future research, the
remainder of this paper will be given to a discussion of dissolution catalysis.
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It is considered that successful research in this area could have an immediate
impact on liquefaction process development.

s

DISSOLUTION CATALYSTS

Although many catalysts have been examined in fundamental studies, large scale
investigations have been primarily concerned with two groups of catalyst
materials; metal sulphides and acid catalysts. The sulphides of metals such as
Mo and Fe are believed to function as hydrogenation catalysts while metal
halides 1like 1InCl2 promote bond cleavage by an ionic mechanism. In both
cases, effective control of the dissolution process requires intimate contact
between the catalyst and coal. In turn, this means that the used catalyst is
associated with the solid reaction products, which complicates its recovery.
For this reason, low cost has been a priority in catalyst selection as it allows
use on a once-through basis. This has limited the choice of candidate catalyst
materials, The development of technologies for catalyst recovery could
alleviate the cost constraint and have a major influence on broadening the
resource base for the selection of catalysts.

1t is also true to state that research on catalytic coal dissolution has been
retarded by the persistent and misguided belief that catalysts cannot influence
the reactions vhereby the solid coal feed is converted to soluble products.

Sulphide Catalysts

For most metals, the thermodynamically stable form under liquefaction conditions
is a sulphide or mixture of sulphides. Fortunately, a number of sulphided
metals are active catalysts for coal dissolution. A water or oil-soluble
catalyst precursor is normally introduced to the coal or coal-solvent slurry in
a manner intended to disperse it efficiently. The sulphided catalyst is
subsequently produced by the in-situ reaction of the precursor with sources of
sulphur. For a given metal, the catalyst activity will be a function of its
dispersion and the stoichiometry of the sulphide phase.

Dispersion is very difficult to quantify. It is always described qualitatively
and inferred from experimental data. Logically, it will be dependent upon the
precursor composition and the mode of its addition. There is a need to develop
methods to quantitatively assess catalyst dispersion. Without this information,
there is no means to distinguish effects due to differences in dispersion from
those caused by changes in other parameters.

The kinetics of formation of the active phase will be determined by the
dispersion and composition of the catalyst precursor and the availability of
sulphur-containing species. This reaction is of some relevance since, if the
rate is slow, the initial and critical reactions within the coal matrix may be
thermally controlled, despite the ostensible presence of catalyst.

Increasing the partial pressure of H2S will promote precursor conversion and
can have an important influence on catalyst activity. In the presence of added
pyvrrhotite, increasing the H2S partial pressure has been shown to enhance the
hydrocracking of diphenylether and diphenylmethane (6). Research on upgrading
petroleun  feedstocks with unsupported vanadium catalysts showed that the
catalyst activity passed through a maximum between 10-25 mole percent HzS
(7). Studies with supported catalysts have demonstrated that increasing the
partial pressure of H2S accelerates the rate of
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hydrodenitrogenation {8-11). One explanation of these phenomena is that the
H2S partial pressure serves both to maintain the catalyst in its sulphided
state and to control its stoichiometry. However, it has also been found that

H2S alone can promote cracking reactions and its direct participation in
hydrogenolysis reactions may well contribute to the effects observed in the
presence of catalysts.

Some thoughts are presented here concerning the mechanisms by which sulphide
catalysts may promote coal dissolution. Indisputably, they promote
hydrogenation of the coal. It is also probable that they provide several other
functions although, as yet, there have been no clear indications of these.

McMillen (12-14), and earlier Vernon (15), have described a mechanism by which
the addition of H-atoms to the ipso positions of linkages to aromatic systems
can induce bond cleavage. Free H atoms could be made available from one of
several sources including the catalytic dissociation of molecular hydrogen.
However, even at high levels of dispersion, a large proportion of the catalyst
centres must be distant in molecular dimensions from the bonds which are
broken. The facility with which hydrogen is known to move through the structure
of coals suggest that it should be able to diffuse from the sites where it is
generated by a spill-over mechanism, Figure 1. Thus the catalyst can be viewed
as a means to inject H-atoms into the coal or the coal-solvent mixture and
thereby increase the pool of available hydrogen. This hydrogen will be
available for aromatic hydrogenation, the promotion of bond cleavage reactions
and radical stabilisation.

In the proposed mechanism, the catalyst does not participate directly in bond
cleavage which is dependent upon the level of thermal energy input. This could
explain why, for a given coal, different catalysts have been found to show
evidence of liquefaction activity over the same range of temperature, Figure 2
(16). The threshold temperature will depend upon the types and distribution of
connecting linkages and is expected to differ from coal to coal and to show a
systematic change with coal rank.

The effectiveness of the catalyst can be strongly influenced by the presence and
composition of a liquefaction solvent. While space precludes an extended
discussion of this subject, it seems that those solvent characteristics which
have been found to be desirable in ‘thermal’ liquefaction also hold for
catalytic coal conversion. The solvent can provide additional routes for the
transport of H-atoms produced by the catalytic dissociation of Hz. The
presence of polycondensed arcmatics in the solvent has been found to be
particularly advantageous (see reference 1).

The possibility that there exists a temperature threshold, below which
hydrogenation catalysts have little effect on liquid yields places a lower limit
on the temperatures required for liquefaction. However this constraint need not
hinder the development of more effective catalysts.

Catalysts with higher activities for dissociating molecular hydrogen will
increase the availability of hydrogen atoms and may make it possible to operate
at more elevated temperatures {(thereby increasing the rate of conversion) while
suppressing condensation reactions. Reductions in operating pressure may also
be realised. A number of single metals and metal compounds which possess the
desired attributes have been excluded from research programs because of their
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cost. The scope of fundamental research should not be restricted by such
considerations. Until the extent of any potential benefits are determined
experimentally, judgements of economic viability can only be subjective.

Although catalytic hydrogenation does not appear to significantly enhance the
vield of product liquids below a certain temperature range, it has been shown
that reaction at lower temperatures can effect structural modifications to the
coal which are advantageous to the production of liquids upon subsequent
high-temperature reaction (17,18). The influence of the catalyst can thus be
augmented by reacting the coal in successive stages of increasing temperature.

Perhaps the most promising approach to the development of novel catalysts lies
in research into multicomponent systems which, in comparison to work on single
metals, are essentially unexplored. There are good reasons to anticipate that
synergistic effects will lead to exciting discoveries. Synergism has been
reported for Fe - Mo catalysts (19). It is supposed that the two metals provide
complementary functions which results in non-additive behaviour. A further
example of this is given below. The use of a second component could also reduce
catalyst cost if the concentration of a more expensive component can be reduced.

Acid Catalvsts

Acid catalysts can promote the cleavage of the linkages which connect coal
structural units and crack the structures which comprise these units. Several
of the catalysts of interest for coal dissolution are metal halides, such as
ZnCl2, which possess a low melting point and develop significant vapour
pressure at sub-pyrolysis temperatures. This facilitates their penetration and
dispersion in the coal matrix. Cracking reactions proceed by an ionic mechanism
in which protonation of the reactants is the initial and rate - limiting step.
The driving force is the strength of the acid. By using stronger acid catalysts
the rate of reaction can be accelerated and the reaction temperature can be
reduced.

Process development research conducted by Zielke and co-workers at the
Consolidation Coal Company in the 1960s and 1970s demonstrated that it is
possible to liquefy coals at fast rates of throughput and with high selectivity
to gasoline-range products, wusing a zinc chloride catalyst. The disadvantages
were (i) that the use of massive concentrations of ZnClz necessitated the
development of techniques for catalyst recovery and (ii) that the corrosive
nature of the catalyst created problems in plant construction and operation (see
reference 1).

It is possible that many of these technical difficulties could be resolved.
However, there is a further problem relating to the process chemistry. In
general, acid catalysts do not promote hydrogenation. As a consequence of their
inability to adequately stabilise the cracked products, cracking reactions are
accompanied by condensation reactions leading to the production of high
molecular weight materials. A possible solution is to introduce a second
component which can provide a hydrogenation function, Table 3 (20). As
discussed above, there are indications that research into multicomponent
catalyst formulations can lead to improved control of the reaction chemistry of
coal conversion. In this case, it could bring the more desirable features of
acid catalysis closer to practical realisation.

192




References

1.

10

11

12

13.

Derbyshire, F J (1988) Catalysis in coal liquefaction: new directions for

‘research.

IEA Coal Research, London, UK _(in press)

Mills, G A (1988) Catalysts for fuels from syngas.
IEA Coal Research, London, UK (in press)

Weber W, Stewart N (1987) Direct coal hydroliquefaction.
EPRI Journal: 12{(1); 40-41

Sullivan R F (1986) Transportation fuels from two-stage liquefaction
products.

American Chemical Society, Division -of Fuel Chemistry, Preprints; 31(4);
280-293 .

Sullivan R F, Frumkin H A {1986) Refining coal liquids: where we stand.

American Chemical Society, Division of Fuel Chemistry, Preprints; 31(2);
325-339

Sweeny P G, Stenberg V I, Hei R D, Montano P A (1987) Hydrocracking of
diphenyl ether and diphenylmethane in the presence of iron sulphides and
hydrogen sulphide.

Fuel: 66; 532-541 (1987)

Gatsis J G (1975) Catalytic conversion of hydrocarbon mixtures.
US Patent 3,915,842; 6 pp (28 Oct 1975)

Hirschon A S, Laine R M (1985) Catalytic hydrodenitrogenation of an SRC II
coal liquid: effect of hydrogen sulphide.
Fuel; 64; 868-872

Satterfield C N, Gueltekin S (1981) Effect of hydrogen sulfide on the
catalytic hydrodenitrogenation of quinoline.

I&EC Process Design & Development; 20; 62-68

Yang S H and Satterfield C N (1983) Some effects of sulfiding of a
NiMo/Al203 catalyst on its activity for hydrodenitrogenation of
quinoline.

Journal of Catalysis; 81, 168-178

Yang S H, Satterfield C N (1984) Catalytic hydrodenitrogenation of
quinoline in a trickle-bed reactor. Effect of hydrogen sulfide.
I&EC Process Design & Development; 23; 20-25

McMillen D F, Malhotra R, Chang S-J, Nigenda S E (1985) Solvent radical
mediated hydrogenolysis in coal liquefaction.

In: Proceedings - 1985 International Conference on Coal Science, Sydney,
NSW, Australia, Pergamon Press pp 91-94

McMillen D F, Malhotra R, Hum G P, Chang S-J (1987)
Hydrogen-transfer-promoted bond scission initiated by coal fragments.
Journal of Energy and Fuels; 1; 193-198

'

193



14,

16.

17.

18.

19.

20.

McMillen D F, Malhotra R, Chang S-J, Nigenda S E (1985) Hydrogenolysis in
coal liquefaction and pyrolysis: the relative importance of solvent radicals
and free hydrogen atoms.

American Chemical Society, Division of Fuel Chemistry, Preprints; 30 (4);
297-307

Vernon L[ W (1980) Free radical chemistry of coal liquefaction: role of
molecular hydrogen.
Fuel; 59; 102-106

Charcosset H, Bacaud R, Besson M, Jeunet A, Nickel B, Oberson M (1986) On
the chemical effects of catalysts in the direct liquefaction of coal.
Fuel Processing Technology; 12; 189-201

Derbyshire F J, Davis A, Epstein M, Stansberry P (1986) Temperature-staged
catalytic coal liquefaction.
Fuel; 65; 1233-1240

Bolton C, Riemer C, Snape C E, Derbyshire F J, Terrer M-T (1988) Effect of
low temperature catalytic hydrogenation on pyrolysis and hydropyrolysis of a
bituminous coal.
Fuel; {in press)

Garg D, Givens E N (1983) Relative activity of transition metal catalysts
in coal liquefaction.

American Chemical Society, Division of Fuel Chemistry, Preprints; 28 (5);
200-209

Mobley D P, Bell A T {1980) Hydrogenolysis of dibenzyl ether using zinc
chloride-metal co-catalyst systems.
Journal of Catalysis; 64; 494-196

194




| Table 1 ~ History of Process Development and Performance for Bituminous Coal

) Liquefaction
Configuration
Single stage Single stage Two stage Two stage
noncatalytic catalytic noncatalytic/ catalytic/
(1982) (1982) catalytic catalytic
(1985) (1986)
Distillate 41 52 62 70
{(wt% coal maf)
Distillate 12,3 20.2 20.2 26.8
quality/gravity
°API
Nonhydrocarbons
(wt¥%)
S 0.33 0.20 0.23 0.11
0 2.33 1.0 1.9 <1
N 1.0 0.50 0.25 0.16

Source: Weber and Stewart, 1987 (3)

Table 2 - Impact of Catalysis on Process Conditions and Selectivity

Process Temp oC Pressure MPa Liquid/gas ratio
Single Stage
I G Farben 480 30-70 2.4
Ruhrkohle ) 475 30 2,3
H-coal 450 12 4.0
Two Stage
{noncatalytic/catalytic)
British Coal 100-425 20 4.8
Lummus 410-460 18 10.8
. Two Stage
} {catalytic/catalytic)
' HRI 400-440 17 12.0

! Source: various
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Table 3 - Effect of hydrogenation component on ZnCl2z - catalysed cracking
of dibenzylther

Catalyst

None
InCle
NI

Ki+ZnClz2

% Ether % Yield
Conversion Toluene Insoluble Resin

3.8 1.4 -
100.0 3.9 97.0
38.2 19.5 2.5
96.5 65.6 6.0

Source:  Mobley and Bell,

1980 (20)
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Figure 1

DISTRIBUTION OF H-ATOMS BY
HYDROGEN SPILLOVER

Produced by catalytic dissociation of H,.
H-Atoms induce bond cleavage and stabilise radicals.

Figure 2
P(MPa) T(°C)
25p
o 500
Sno,
20p Fe;0,
MoO,
Temp. «400
il
<300
1 2 3 t(h)

EVIDENCE FOR EXISTENCE OF A
THRESHOLD TEMPERATURE [N
CATALYTIC COAL LIQUEFACTION

(BITUMINOUS COAL: TETRALIN: CATALYST =
40: 95: 0.8; HEATING RATE 3°C/MIN)

H. Charcosset and others (1986), Fuel Processing Technology, 12, 189-201
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DIRECT COAL LIQUEFACTION: DISTINCTION BETWEEN REACTANTS
AND CATALYSTS

ENEO C. MORONI
U.S. department of Energy, FE-231 GTN, Washington, D.C. 20545
INTRODUCTION

An extensive research and development program on disposable
catalysts and slurry catalysis was supported by the Fossil Energy
Office of the U.S. Department of Energy (DOE) during the period
1978-82. Actually, prior to 1978, a project of similar nature was
carried out for several years, at a low priority effort, at the
U.S. Department of Interior, Bureau of Mines laboratories which is
now known as the Pittsburgh Energy Technology Center (PETC).

Although numerous slurry-phase catalysts were tested in this
program, two metals, iron and molybdenum, in their sulfided form,
were singled out as the most promising candidates for scale-up
processing,

In 1982, Gray and Neuworth (1) and in 1983, Davidson (2) have made
comprehensive reviews on the role of iron sul fides on coal
liquefaction, and, up to the present, there has been a continuing
level of activity in this area. Iron and molybdenum sul fides
catalysts were amply covered in a very recent comprehensive and
critical review on catalysis in direct coal by Derbyshire (3).
This excellent review provides a current state of knowledge of all
form of catalysis which are potentially of interest from a
practical standpoint, in addition to give valuable new directions
for research in this area.

Garg and Givens (4) have shown evidences of synergism for an
Iron-Molybdenum catalyst in which mixed catalyst has a definite
advantage over each individual metal preforming. Similarly Gatsis
(5) uncovered a distinct synergism occurring for an Iron-Yanadium
catalyst which permits the partial replacement of the expensive
Vanadium with the low cost Iron, with no loss of the catalytic
activity level,
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The aforementioned references report that iron sulfides catalysts
exhibit consistently lower hydrogenation activity than either the
molybdenum or the vanadium sulfides. Various explanations were
attributed to the low catalytic activity of the iron sulfides, such
as the very low surface area and the variable catalytically active
iron sulfides forms found in pyrites, the precursors present in the
mineral matter of most coals.

This paper, presently in the form of a communication to be
complemented by the oral presentation and to be expanded for
publication in Energy and Fuels, intends to provide evidences that
the active forms of iron sul fides have a different function than
the other metal sulfides, the function of being reactants and
catalysts.

An additional objective of this paper, in conjunction with a series
of papers presented by this author in recent years (6), is to
stimulate the research community, dedicated to coal liquefaction
fundamentals, to undertake a more systematic research approach to
discriminate the critical reactions from the numerous ones
occurring particularly the lower temperature range, which, in turn,
profoundly affect the subsequent reactions occurring at the higher
temperatures.

INITIAL STAGES OF COAL LIQUEFACTION

This author (7) has stressed the importance of reactions involving
heteroatom-containing compounds in coal dissolution and subsequent
coal liquid upgrading. of the three major heteroatoms present in
coal, the most abundant is the oxygen, and, particularly when it is
in the form of carboxylic and phenolic species, it seems to
dominate the reactions occurring in the initial stages of
liquefaction, Except for the low-rank coals, in which the
carboxylics are converted at the temperature range of 250-3000C,
with the observed loss of C02, the phenolic chemistry appears to
dominate the reactions occurring in the 280-3500 C temperature
range, for coals of all ranks, except, perhaps, for the low-oxygen
german's hard coal. In particular, the phenols are the major
contributors for the regressive reactions, causing the high
viscosity of coal liquids and increasing the difficulty of
upgrading and refining, and, as discover in recent work, the
promoters for catalyst deactivation. Lemberton et al.(8) tested a
sulfided nickel-molybdenum on alumina catalyst for the
hydrogenation/hydrocracking of a mixture of phenanthrene, carbazole
and l-naphtol, and discovered that the catalyst maintain its
activity in the presence of the phenathrene-carbazole mixture, but
it is strongly deactivated when l-naphtol is added to that mixture.
This experimental evidence of catalyst deactivation promoted by the
phenols confirms the intuitive thoughts emerged some ten years ago
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from the experimental data provided by Suntech (9) by which the
removal of the phenols from a SRC II  distillate solvent caused
a seven-fold increase in the kinetics of nitrogen remdval by
catalytic hydrogenation, At a later date, Garg et al. (10) used a
defunctionalized solvent in which most of the phenols and nitrogen
compounds were removed from a SRC I process solvent,and obtained
high conversion and oil yield with only 0.2-0.5 weight percent
addition of pyrite to the coal/solvent slurry. When the untreated
solvent was used for comparison, addition of 3-5 percent pyrite was
required to obtain the same conversion and oil yield.

The obvious thought, derived from this data, was that a large
portion of the active iron sulfide reacted with the oxygen moieties
with the loss of catalytic activity, and , only the excess pyrite
functioned as the actual catalyst. To prove this point, the work of
Montano (11) indicated a strong affinity of an active iron sul fide
surface towards oxygen in which the carbon-oxygen bonds are broken
even from very stable aromatic ethers to generate aromatic
hydrocarbon and catalytically inactive forms of iron sulfate or
oxide.

The removal of oxygen moieties from coals, in the initial and
subsequent stages of liquefaction, by the reaction with inexpensive
iron sulfides, whose precursors happened to have the good fortune
of being the most abundant components of the mineral matter in
coal, ought to be considered. highly desirable from the economic and
technological point of view.

CONCLUSIVE REMARKS

Derbyshire (3), in his review on catalysis for coal liquefaction,
questioned the modest progress obtain in catalytic liquefaction,
particularly when research in this field has been conducted for
half a century. Absence of a realistic model coal structure, and ,
of a clear understanding of the reaction chemistry and, the cyclic
nature of interest in research of coal liquefaction were the main
reasons for the impediment of progress in catalysis, according to
Derbyshire.

The data and thoughts presented in this communication seem to
complement Derbyshire's assessment, in that the scarce progress in
catalytic liquefaction is due to the fact that catalyst activity is
more dependent on the feed composition in contact with the catalyst
than on the catalyst formulation. Preconversion treatments to
remove first the active oxygen species is necessary prior to submit
coal-derived extracts to supported catalysts for further conversion
to environmentally acceptable fuels.

This suggests that the research approach in coal liquefaction ought
to be systematic because there is the likelihood of significant
complex relationships between coal structure, reaction mechanisms,
thermodynamics, analytical chemistry, kinetics and, finally,
catalyst selection,
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INTRODUCTION

The energy industry will have to consider atemative sources for the production of liquid fuels in
view of the rapid depletion of conventional light oil reserves. Several processes are being developed for
upgrading heavy crudes and bottom-of-the-barrel residual oils.{1:2) The heavy oils contain large amounts of
metals which interfere with catalytic upgrading to clean distillates by acting as catalyst poisons. in the 1970s,
several direct liquetaction processes were developed to produce liquid fuels from coal. One of the drawbacks
of these processes is the fact that it is necessary to recycle a significant amount of product oil to slurry feed
coal. This leads to increased plant complexity and higher production costs. Coprocessing, where coal is
liquetied in a once-through mode in a heavy oil slurrying medium, may form a bridge between the existing
petroleum-refining technology and the synfuels industry of the future. Besides producing light products from
coal as well as from heavy oil, it can accomplish a high degree of demetallation of oil, by rejecting the metals to
the solid residue.

The composition of coal-derived recycle solvents is very different from that of heavy oils. The former
are highly aromatic and hydroaromatic while the latter are mostly paraftinic and naphthenic. Thus, it should be
expected that coal conversion in a heavy oil, in general, would be less than in a coal-derived soivent in the
absence of a catalyst. However, it is possible to achieve a high degree of conversion by proper choice of host
oil, operating conditions, or by pretreating the host oil before it is used for liquefaction. Yan and Espenscheid
have reported that 0% conversion of lllinois No. 6 coal to pyridine-solubles was achieved by liquefying the
coal in bottoms from a fluid catalytic cracking unit without using any catalyst{3) as this solvent was highly
aromatic. Similar high conversions have been reported by researchers using catalysts.(4-6) Curtis et al. have
reported that petroleum residua are deficient in labile hydrogen; however, il a catalyst is used under hydrogen
atmosphere, coprocessing can proceed with fairly high conversions. Muis possible to increase the liquefying
efficacy of a residuum by its prior hydrocracking, or by adding extemal hydrogen donors.{(8)

This paper presents the results of thermal (with no added catalyst) coprocessing of Iliinois No. 6
(hvBb) coal with Maya {6500F+) ATB residual oil and with whole Boscan crude. The relationship between
reaction conditions and coal conversion and product selectivity has been studied. The removal of vanadium
during coprocessing has been investigated. The results on heteroatom removal reactions have also been
presented as the amount of heteroatoms in petroleum is often corretated with that of matals.(9)

EXPERIMENTAL

Tables 1 and 2 show analyses of lllinois No. 6 coal and the host oils respectively. A few experiments
were made using a coal-like char and an activated carbon (NUCHAR). The char was synthesized in this
laboratory from cellulose. All liquefaction experiments were conducted using a horizontal 20 mi microreactor.
Typically the reactor was loaded with 8-10 g of reactants along with four 2 mm stainless steel balls as a mixing
aid. |t was pressurized with hydrogen 10 6.9 MPa {1000 psig) at ambient temperature. The reactor was then
brought to the desired reaction temperature by immersing it in a heated fiuidized sand-bath. The reactor was
shaken horizontally (five one-inch displacements per second) to ensure adequate mixing. The desired
lemperature was attained within 3-4 minutes and this was taken as zero time. At the end of the desired
reaction time, the reactor was removed from the sand bath and cooled with water. The products were
removed by washing the reactor with tetrahydrofuran (THF). Almost all the runs were made in duplicate.

The reaction products were classified as THF-insolubles (also referred to as coke), asphaltenes, and
oils based on their solubility behavior. Asphaltenes were detined as product soluble in THF but inscluble in
pentane; oils (often called maltenes) were defined as products soluble in pentane. The vanadium content of
samples was determined using inductively coupled plasma (ICP).
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RESULTS AND DISCUSSION

COAL CONVERSION AND PRODUCT DISTRIBUTION

llinois No. 6 coal was liquefied in the Maya ATB at temperatures between 4100-4500C using
various coal-to-solvent ratios. Figure 1 shows the effect of coal concentration on coke yields at 4250C. The
coke (THF-insolubles) yields comprise unreacted organic matter from the coal along with its inorganic matter
and the high molecular weight materials produced during the reaction. At short reaction times (<15 minutes),
there was a decrease in the coke yields due to partial dissolution of coal. Part of the coal might have liquefied
(breakdown of the macromolecular coal structure) under hydrogen pressure at 4250C. Perhaps the
dissolution was also due to the extraction of a so-called mobile (trapped) phase from the coal. Some covalent
bonds such as C-C, C-O, and C-S bonds which form the linkages in the macromolecular coal structure can be
cleaved at 4250C to form reactive free radicals. A portion of these free radicals can be quenched with
molecular hydrogen at high hydrogen pressures or with the hydrogen transterred from the solvent. As
mentioned earlier, heavy oils, relative to recycle solvents, are deficient in hydroaromatic hydrogen - the type of
hydrogen which can be easily transferred. Table 3 shows the amount of *transferable” hydrogen present in
the Maya ATB, the Boscan ATB and, for the purpose of comparison, from two coal liquids.{10) (Note that the
table shows the transferable hydrogen from the Boscan ATB, whereas the whole crude was used in the
experiments in our study. However the data in Table 3 do provide a valid comparison, as the Boscan crude is
very heavy and the difference between the the whole crude and the ATB is small.) Table 3 shows that the
heavy oils contain very litlle transferable hydrogen as compared to coal liquids. As a result, it should be
expected that coal-derived and resid-derived free radicals would tend to form heavier products such as coke
once the transferable hydrogen is consumed. .

As shown In Figure 1, the coke yields increased with an increase in the coal concentration in the
teed. The higher coke yields are due to to the increase in the rates of coking in addition to the higher amounts
of THF-insolubles originally present in the feed. The rate of coke formation varied with coal concentration as
apparent from the difference in the slopes of the coking curves (at longer reaction times) in Figure 1. Coal
concentrations below 25 wt.% showed a negligible increase in the rate of coking over the rate of thermal
coking of the Maya ATB alone. However, the rate of coking was significantly higher for 40 wi.% coal
concentration. The results can be attributed to the limited supply of transferable hydrogen available in the
resid and the higher demand for hydrogen imposed by the high coal concentrations.

It is not possible to calculate the actual coal conversion (to THF-solubles) as the THF-insolubles
contain the unconverted coal plus the coke formed from the liquefied coal and also from the resid. However,
one can use the "net” coal conversion as an approximate measure of liquefaction. The net coal conversion is
a measure of the effective contribution of coal to THF-solubies and can be calculated from the yield of
THF-insolubles during coprocessing after subtracting from it the amourt of coke formed from the processing
of resid alone under identical conditions. Figure 2 shows net coal conversion in the Maya ATB as a function of
coal concentration in the coprocessing feed. The net coal conversion showed a maxima relative to the
reaction time. At higher reaction times, the net coal conversion decreased due to retrogressive reactions.
The decrease was more pronounced for higher coal concentrations. Similar trends were obtained when the
Boscan crude was used in place of the Maya ATB. As said earlier, the Boscan crude showed a greater
tendency to coke. Figure 3 shows net coal conversion obtained with the Boscan crude. The net coal
conversion was slightly lower with the Boscan crude. The effect of coal concentration in the feed on the net
coal conversion can be seen from Figures 2 and 3. At long reaction times, net coal conversions with the Maya
ATB were higher for higher coal concentrations. This is understandable as a high coal concentration leads to
increased hydrogen demand and, if the supply is limited, to increased retrogressive reactions. However, at
shorter reaction times with the Maya ATB, net coal conversion for 40 wt.% coal concentration was higher than
for 25 wt.% coal concentration. The net conversion for 10 wt.% coal with the Maya ATB was intermediate
between those for 25 wt.% and 40 wt.% coal concentrations. Obviously, the data are too scattered to draw a
statistically valid inference. Most of the converted coal formed asphaltenes on a net basis and very little oils
were generated.

The increased occurrence of retrogressive reactions, when the demand for hydrogen outpaces the

limited supply of the transferable hydrogen in the resid, was also apparent when the liquefaction temperature
was varied. The effect of temperature on the net coal conversion is illustrated in Figure 4. At high
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temperatures, the net coal conversion fell shamly (the yield of coke rose) for reaction times greater than 10
minutes due to high demand for hydrogen. The maximum conversion at 4500C was much lower than that at
4100C and at 4250C.

DEMETALLATION OF HEAVY OILS

The coprocessing of coal and heavy oils was accompanied by significant demetallation of the heavy
oil. The metals present in the asphaltenes and the oils were transferred to the solids formed during
coprocessing. The Maya ATB contained 400 ppm of vanadium. A significant amount of this metal content was
rejected along with the coke when the resid was processed by itself; however, the demetallation was
signiticantly higher when the resid was processed along with coal. The results are shown in Figure 5. When
the resid was processed without any coal, 65% of the vanadium present in the feed was transferred to the
coke, whereas 89% of the vanadium was transferred to the coke when the feed contained 40 wt.% coal. The
overall demetallation of the oils (maltenes) was relatively easier than that of the asphaltenes fraction.

The Boscan crude contained 1100 ppm of vanadium. The results on demetallation of the Boscan
crude are shown in Figure 6. The results are similar to those on the Maya ATB. Although the Boscan crude
contained much more vanadium, the amount of vanadium removed with coke was similar to that from the Maya
ATB on a percentage basis. With a feed containing 25 wt.% coal and 75 wt.% Boscan crude, 84% of the total
vanadium was rejected to coke.

In order to understand the mechanism of demetallation in coprocessing, a few samples of the
feedstock, THF-solubles, THF-insolubles, pentane-solubles, and pentane-insolubles were analyzed using
X-ray absorption fine structure (EXAFS) spectroscopy using facilities at Stanford University. X-ray absorption
near-edge spectra (XANES) of all the samples were very similar and matched that of a vanadyl porphyrin
(tetraphenylporphyrin) standard. Although these results are insufficient to identify precisely the type of
vanadium compounds present, it can be concluded that the removal of vanadium along with the solids formed
is not due to any change in the nature of bonding of vanadium. Vanadium remains chiefly in organometallic
complexes very similar to the original porphyrins. This is contrary to that found in catalytic hydrodemetallation
where vanadium on adsorption on a catalyst is converted to an inorganic form.(11) The samples studied here
were obtained on noncatalytic coprocessing at 4250C and at 1000 psi (measured at ambient temperature)
hydrogen pressure. It is possible, of course, to have different behavior under more severe conditions or
when a hydrogenation catalyst is present.

There are several potential pathways by which the demetallation might have occurred. The
metal-containing components might have been adsorbed on the surface of coke. It is also possible that such
compounds might have been trapped in the coke matrix during its formation. The third possibility is that the
metal components became chemical constituents of the coke. If either of the latter two routes is valid, then
the extent of demetallation would depend upon the amount of coke produced during the reaction. If the
demetallation occurs through adsorption, the extent of demetallation would not only depend upon the
amount of coke produced but could also depend upon the amount of unconverted coal present in the
system. Several experiments were made to shed light on the mechanism of demetallation using chars made
from cellulose and also using activated carbon in place of coal.

Cellulose when heated to high temperatures (3300C-4750C) in an inert atmosphere yields chars
whose elemental analysis and infrared spectra resemble those of coal.(12) Chars can be liquefied similar to
coal. When a feed containing 90 wt.% Maya ATB and 10 wt.% of a char made from cellulose at 4150C-4250C
and under 5.2 MPa nitrogen pressure was coprocessed at 4250C, 80% of the vanadium content was rejected
along with coke after one hour reaction time. Under similar conditions, 69% of the vanadium was removed
using 10 wt.% coal. It was further observed that the liquefaction and the demetallation behavior of char and its
IR spectrum were dependent upon the conditions under which it was synthesized. It can be concluded that
the demetallation is dependent upon the chemical nature of the liquefying substance. Since the char didnot
contain inorganics, the inorganic matter in coal is not responsible for the observed demetallation. Activated
carbon in place of coal was equally effective in removing metals. There was no decrease in the yields of
THF-insolubles at any reaction time indicating that as expected, the activated carbon, unlike coal, did not
liquefy. The net amount of coke produced was higher relative to the processing of the Maya ATB alone.
Thus, it is not clear if the demetallation observed with the activated carbon was due to the adsorption of the
metal compounds on the activated carbon or it was due to the coke formed during the reaction.
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Although the mechanism of demetallation is not clear from this series of experiments, it is possible
to make some observations. It is unlikely that demetallation occurs due to the trapping of metal-containing
compounds in the coke matrix as it forms, since only a small amount of coke formed can cause large amount of
demetallation. In the early stages of coprocessing, when the yield of coke decreases due to the liquefaction
of coal, the demetallation is seen to proceed at a rapid rate. This indicates that the demetallation is dependent
not on the amount of coke present in the system (which includes the unreacted coal and the coke formed) but
rather on the amount of coke .formed during the reaction. Thus, physical adsorption of metal-containing
compounds on coal Is not likely the main mechanism of demetallation. Yan has studied the use of inorganic
solids to demetallate heavy oils.(13) The extent of demetallation was found to be strongly dependent upon
the processing temperature. At 7000F (3710C), metal removal was very small. The demetallation increased
rapidly as the temperature was increased to 8000F (4270C). The amount of demetaliation was independent of
the surface area of the solids at higher temperatures. In a recent paper, Audeh and Yan reported that very low
levels of demetallation are observed when an adsorbent such as silica gel is used in place of coal under the
conditions of low coking.{14) This again indicates that adsorption is not the main mechanism of demetallation
although it may be a contributing factor.

Demetallation through chemical reactions is a probable occurrence. It is known that the cokes
produced from petroleum resids or coal liquids are anisotropic in nature.{15) The transformation of isotropic
resid into anisotropic coke occurs via an intermediate anisotropic nematic liquid-crystal phase. The nematic
liquid crystals consist of lamellar constituent molecules stacked paraliel to each other. The coking process
involves continuous polymerization of the constituent molecules of the liquid-crystal phase eventually forming
a solid semicoke. The intermediate phase between the starting isotropic liquid and the solid semicoke is
called mesophase. Large molecules containing planar regions tend to form mesophase. The asphaltenic
molecules present in resids can form mesophase very easily. It has been reported that metals tend to
concentrate in mesophase.(16) The organometallic structures found in petroleum are planar or have planar
regions and hence are probably capable of forming mesophase. It is reasonable to expect that such
structures would participate in the polymerization process leading to the formation of coke. It should be
pointed out that such condensation need not involve any change in the nature of vanadium bonding. The
formation of mesophase is initiated when the concentration of mesophase precursors reaches a threshold
level. The enhanced demetallation in the presence of coal is perhaps due to the introduction of components
{such as coal-derived asphaltenes) which participate in the process. Recent report that addition of deashed
SRC (which is a liquid at the coprocessing temperatures) can demetallate heavy oils{ 10} support this
hypothesis. Another cause for the enhanced demetallation may be the Interaction between mesophase and
solid surlaces. Solid coal particles may increase the amount of mesophase formed.{17) it has been observed
in this laboratory, using a high-pressure and high-temperature microscope, that the presence of solids aids in
the crystallization of mesophase under typical coprocessing conditions. The solid surface may act as a
depository for condensed products.

HETEROATOM REMOVAL

lllinois No. 6 coal contained 2.98 wt.% sulfur and 0.67 wt.% nitrogen, while the Maya ATB contained
4.6 wt.% sulfur and 0.48 wt.% nitrogen. The amount of heteroatoms in the THF-solubles decreased on
coprocessing. Treating 10:90 and 25:75 coal-to-resid teeds for one hour at 4250C removed 40-50% of the
sulfur present in the resid to the coke and the product gas. A 35% sulfur removal was observed processing
the Maya ATB alone under the same conditions. Similar observations were made on nitrogen removal. 55%
of the nitrogen present in the feed was removed when 25:75 coal-to-resid ratio was used compared to 8%
removal observed when the Maya ATB was processed alone. The results can be attributed to the association
between heteroatoms and metals.

CONCLUSIONS

lllinois No. 6 bituminous coal was coprocessed with Maya ATB (6500F+) and with whole Boscan
crude under thermal, non-catalytic conditions. Retrogressive reactions hinder production of THF-solubles
when the demand for hydrogen increases as when the temperature is high or when the feed contains a high
concentration of coal. Coprocessing results in a significant level of demetallation and heteroatom removal as
these compounds are removed with the product coke. It is thus possible to achieve over 85% removal of
vanadium. Very high levels of demetallation can also be achieved using char or activated carbon in place of
coal. :
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A Y.
Moisture
Volatile Matter
Fixed Carbdn
Ash

4.24

36.93
48.18
10.56

TABLE 1
ANALYSES OF ILLINOIS NO. 6 COAL

ULTIMATE ANALYSIS (wh.%)

Hydrogen 5.04
Carbon 67.18
Nitrogen 0.89
Sulfur 2.98
Oxygen 13.26
Ash 10.56

TABLE 2

ANALYSIS OF MAYA (6500F+) ATB RESID AND BOSCAN CRUDE

Gravity (OAP})
H/C Atomic Ratio
S (Wt.%)

N (wt.%)

V (ppm)

Ni (ppm)

MAYAATB
88
152
4.60
0.48
400
.78

TABLE3

BOSCAN CRUDE
10.0
155
5.30
0.60
1100
100

TRANSFERABLE HYDROGEN IN RESIDS AND COAL LiQuiDs(10)

Maya (6500F +)

Boscan (6500F +)
Wilsonville VTB
Wilsonville ITSL Solvent

TRANSFERABLE HYDROGEN
{(mmol/g) (% of total H)
21
18
37 11
75 16
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INTRODUCTION

Previous studies (1,2) of catalyst samples from laboratory experiments with
model compounds and coal-derived hydrotreater feeds from the Wilsonville
Advanced Coal Liquefaction R&D Facility have shown that most deactivation is due
to hydrotreating strongly basic heterocyclic nitrogen compounds. For example,
hydrotreating nitrogen polycyclic aromatic compounds, separated from a
hydrotreater feed from Wilsonville run 247, caused a 95% loss of the catalyst's
hydrogenation (HYD) activity within a 2 h run. This activity loss was much
greater than obtained by hydrotreating the whole hydrotreater feed or the other
chemical classes of compounds (aliphatiecs, neutral polycyclic aromatic
compounds, hydroxy polycyclic aromatic hydrocarbons) that made up the feed.
Hydrotreating model compounds representative of the different types of nitrogen
compounds present in coal liquids, including strongly basic compounds
(quinoline, pyridine, acridine), a weakly basic compound (indole), and a neutral
compound (carbazole), showed that the strongly basic compounds caused greater
deactivation than the other compounds. Losses of about 75% of the HYD activity
were observed by hydrotreating the strongly basic compounds in 2 h reactions,
compared with a 50% loss for indole and a 24% loss for carbazole.

Quinoline hydrotreating studies (3) were performed to determine the effects
of process conditions on deactivation caused by hydrotreating strongly basic
nitrogen compounds. The reactions were carried out at two times (5 min, 2 h)
and two temperatures (300°C, 400°C). The results showed that the deactivation
was the same in all cases. Gas chromatographic (GC) analyses of the liquid
products from these runs demonstrated that increasing reaction severity yielded
more unidentified compounds (i.e., compounds that were not part of the reported
quinoline hydrodenitrogenation (HDN) reaction scheme (4)). At the lowest
reaction severity condition (300°C, 5 min), 19% of the liquid product consisted
of unidentified compounds, whereas at the highest severity condition (400°C, 120
min) 86% was unidentified. At low severity, only 2% of the nitrogen was
removed, as determined by liquid product analyses, whereas at high severity 18%
was removed. A comparison of the amount of nitrogen remaining in the liquid
product from the high severity reaction with gas chromatographic analyses of the
liquid product showed that most of the remaining nitrogen was present in
compounds that were formed by side-reactions.

The ultimate objectives of the catalyst deactivation work reported here are
to determine how the deactivation due to hydrotreating strongly basic nitrogen
compounds occurs on the catalyst surface and to identify the compounds that
cause the deactivation. The work reported here is aimed at evaluating the
usefulness of Field Ionization Mass Spectrometry (FIMS) analyses for our
catalyst deactivation studies. Results of the application of FIMS techniques to
characterize the compounds volatilized from the aged catalysts and the liquid

* This work was supported by the U.S. Dept. of Energy at Sandia National
Laboratories under contract DE-ACO04-76DP00789.
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products of our quinoline HDN experiments are described. The results are
compared to those obtained for catalysts used at Wilsonville. The field
emission method employed in FIMS is a mild, yet efficient, ionization that
exclusively produces molecular ions from most chemical compounds. Thus the mass
spectra of complex mixtures are not complicated by the presence of large numbers
of peaks associated with molecular fragments. FIMS thus provides molecular
profiles of samples. It has been used in the characterization of both petroleum
and coal derived-materials (5-7). The relative ionization efficiencies of many
different classes of organic compounds analyzed by FIMS are very similar,
varying by only a factor of two (8).

EXPERIMENTAL PROCEDURES

FIMS results are reported for aged catalysts from Wilsonville runs 246 and
247 and for catalysts and products from quinoline hydrotreating experiments (3).

Materials

The catalyst used both for processing coal at Wilsonville and for the
laboratory hydrotreating experiments was Shell 324M, which contains 12.4 wt% Mo
and 2.8 wt% Ni on an alumina support, in the form of extrudates measuring about
0.8 mm in diameter and 4 mm in length. Prior to use in the laboratory
experiments, the catalyst was presulfided with a 10 mol% H,S/H, mixture at 400°C
and atmospheric pressure for 2 h. Before analysis, all aged catalyst samples
were Soxhlet extracted with tetrahydrofuran, to remove as much soluble material
as possible, and then dried overnight at 100°C under vacuum,

Wilsonville Catalysts

Two catalyst samples from each of two Wilsonville runs were analyzed by
FIMS. The run 246 samples had catalyst ages of 36 and 592 1lb resid/lb catalyst
and the run 247 catalysts had ages of 28 and 546 1lb resid/lb catalyst. Catalyst
age was determined from the amount of resid, which is nondistillable material at
600°F and 0.1 mm Hg, in the Wilsonville hydrotreater feed. Activity test
results and characterization results of these Wilsonville samples have been
reported previously (9).

Run 246 processed subbituminous Wyodak coal using the Double-Integrated Two-
Stage Liquefaction (DITSL) mode up to a catalyst age of about 300 lb resid/lb
catalyst and the Integrated Two-Stage Liquefaction (ITSL) mode for the remainder
of the run. Deashing was performed between the two stages. In the DITSL mode,
only the light thermal resid from the deasher went to the hydrotreater, whereas
in the ITSL mode all the deashed material went to the hydrotreater. The
temperatures in this run ranged from about 320°C to 340°C.

Run 247 processed Illinois #6 coal in the Reconfigured Integrated Two-Stage
Liquefaction mode. In this mode, the deashing occurs after the second stage so
that all the material from the first stage goes to the hydrotreater. The run
temperatures ranged from 350°C to 375°C.

Quinoline Hydrotreating Experiments

Each hydrotreating experiment was performed in a 26 cc batch microreactor
with 1200 psig H, cold charge pressure. Runs were made for either 5 minutes or
2 hours at either 300°C or 400°C. Experiments were performed with 1.5 g of
model compound and 0.5 g presulfided catalyst. Activity test results and
characterization results for the aged catalysts from these reactions have been
reported previously (3).

FIMS Analysis
FIMS uses a field emission device to ionize the constituents of the vapor




released from a sample when it is heated in an evacuated chamber. The ions are
separated by mass in a magnetic sector mass spectrometer. The field ionization
mass spectrometer at SRI International, which was used in this study, consists
of an activated tantalum foil field source interfaced with a 60° magnetic sector
mass analyzer and a PDP 11/23 computer for data acquisition and analysis. A
single catalyst pellet or about 50 mg of liquid product was placed in a sample
holder and introduced into the mass spectrometer through a heatable direct-
insertion probe. Spectra were collected by scanning the spectrometer repeatedly
over the 50 to 800 amu range while the sample was gradually heated. The heating
range for the catalyst samples was about 25°C to 450°C, whereas the liquid
products were heated from about -60°C to 350°C.

RESULTS

Wilsonville Catalysts

Results of the FIMS analyses on the run 246 catalysts (Figure 1 and Table 1)
show that the average molecular weights of the volatile species increase with
catalyst age; the welight average molecular weight increases from 256 to 278. In
addition, the number of peaks increases from 382 to 465 with age. Analyses of
the molecular weights show that at least 49% of the peaks are due to nitrogen
compounds; compounds with an odd number of nitrogen atoms have odd numbered
molecular weights (10). Although there are approximately an equal number of odd
and even mass peaks, 60% of the total ion intensity is present in the odd
molecular weight peaks. The nine highest intensity peaks from the 36 1lb
resid/lb catalyst sample and 16 out of the highest 24 peaks are due to nitrogen
compounds. In the higher aged catalyst, the highest 14 peaks and 22 out of the
highest 24 peaks are due to nitrogen containing compounds.

The FIMS analyses of the two catalyst samples from run 247 (Figure 2 and
Table 1) show similar trends to those observed for the run 246 catalysts. The
welght average molecular weights increase with catalyst age. The increases are
about 24% for these catalysts as compared to about 8% for the run 246 catalysts.
About 48% of the peaks in the spectra from the run 247 samples have odd numbered
molecular weights. The total number of peaks also increases with catalyst age.
About 52% of the total ion intensity in the 28 1b resid/lb catalyst sample and
47% in the 546 1b resid/lb catalyst sample are due to nitrogen compounds. For
the 28 1b resid/lb catalyst sample, the highest 6 peaks and 18 out of the
highest 24 peaks are due to nitrogen compounds. The higher aged sample from run
247 had 13 nitrogen compounds out of the 24 compounds with the highest peaks.

There is also evidence for the presence of many alkylated compounds in all
four of the Wilsonville catalyst spectra. For example, in the 36 lb resid/lb
catalyst sample, each peak in the series 216, 230, 244, 258, 272, 286, 300 and
314 differs from the next peak by 14 mass units suggesting that the compounds
ylelding these spectra differ by one CH, group. This series is also present in
the other three spectra, although the number of compounds in the series and the
intensities of the peaks vary. 1In addition, there are many other series, with
peaks differing by 14 mass units, that suggest the presence of additiomal
alkylated compounds.

Catalysts from Quinoline Experiments

Results of the FIMS analyses on the catalysts from the quinoline
hydrotreating experiments (Figure 3 and Table 1) show that the number of peaks
obtained increases with both reaction time and temperature. The volatile
material from the catalyst used in the 300°C 5 minute reaction has an average
molecular weight comparable to that of quinoline (129), although FIMS spectra of
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the volatile material from all the other catalysts have higher average molecular
weights than either quinoline or the highest molecular weight compound reported
in the quinoline HDN reaction scheme (4) (propylcyclohexylamine, 141). The
spectrum for the volatile material from the catalyst from the 300°C 5 minute
reactlon shows that about 68% of the total lon intensity is due to quinoline.
The spectrum of the catalyst from the 300°C 120 minute reaction also shows
quinoline as a major peak, but has an additional major peak with a molecular
weight of 202. The compound causing this peak and the origin of this compound
are unknown. The catalysts from the two 400°C reactions each have the same
major peaks, although the intensities are different. The only identifiable
peak, based on the quinoline HDN reaction scheme, out of the highest 8 peaks in
these patterns is that due to quinoline.

Liquid Products from Quinoline Experiments

The spectra obtained from the liquid products (Figure 4) from the quinoline
HDN reactions are very different from those obtained from the catalysts. There
are many more peaks present in the product spectra than in the spectra of the
material volatilized from the catalyst; about half of the peaks in each product
spectrum are due to nitrogen compounds. The average molecular welghts of the
products are also much higher than for the volatile species from the catalyst
samples. The spectrum of the product from the 300°C 5 minute reaction has one
major peak with a molecular weilght of 133 that makes up about 64% of the total
ion intensity. This peak is due to tetrahydroquinoline (THQ), 1,2,3,4- THQ,
5,6,7,8-THQ or both. This spectrum is different than that obtained from the
catalyst used in this reaction, which had quinoline as the major peak and only a
very small amount of THQ. The spectrum from the 300°C 120 minute reaction
product also has 133 as the highest peak, but in addition it has a significant
peak at 266 and a peak at 399 indicating the presence of THQ dimers and trimers.
There is a small peak at 135, which is the molecular weight of o-propylaniline
(OPA). The spectrum of the product from the 400°C 5 minute reaction also shows
the presence of THQ as the major peak and a peak due to the THQ dimer. There's
a larger quinoline peak in this pattern than observed in the 300°C product
spectra; this is reasonable since hydrogenation occurs more readily at the lower
temperature. The product spectrum from the 400°C 120 minute reaction has 624
peaks with at least 70% of the total ion intensity due to nitrogen compounds.
The highest intensity peak in this pattern is at a mass of 135, which is
probably due primarily to OPA. There is also evidence in this spectrum of the
presence of alkylated species. The series of peaks 129, 143, 157, 171 and 185
indicate the presence of alkylated quinoline compounds. The series 93, 107,
121, 135, 149 and 163 also suggests the presence of alkylated species.

DISCUSSION

The results of the FIMS analyses of the Wilsonville catalysts indicate that
some nitrogen compounds are preferentially adsorbed on the catalyst. An
analysis of a hydrotreater feed from run 247 (11) has shown that the maximum
amount of nitrogen compounds in the hydrotreater feed would be approximately
17%, whereas about 50% of the compounds volatilized from the catalysts are
nitrogen compounds. This preferential adsorption of nitrogen compounds is not
surprising since many nitrogen compounds are basic compounds that would be
readily adsorbed on acidic catalyst sites. These results do suggest, in
agreement with previous studies (1,2), that nitrogen compounds are the
precursors of the compounds responsible for catalyst deactivation. The increase
in the average molecular weights of the volatile compounds with catalyst age
could be due to several factors: retrogressive reactions occurring on the
catalyst surface (due to elther time at temperature in the Wilsonville run or
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the desorption procedure in the FIMS analyses), or changes in the hydrotreater
feed as the run progresses. Hydrotreater feeds, withdrawn from the pilot plant
at the same times as the catalyst withdrawals, were not avallable for FIMS
analyses.

Analyses of spectra taken of catalysts from HDN reactions with quinoline are
a little easier to interpret than spectra of Wilsonville catalysts because the
reactor feed is known and the HDN reaction scheme has been reported (4).
Therefore, it is possible to identify some of the peaks in the FIMS spectra and
to ascertain which expected peaks are not present.

Results of studies of the Wilsonville catalysts and the quinoline
hydrotreating catalysts suggest that FIMS is a very useful technique for helping
identify compounds adsorbed on catalysts during reaction. Based on the results
of these studies, we have identified several blank and baseline analyses that
should be performed in order to elucidate the significance of the analyzed
compounds in regard to either studying reaction mechanisms or determining
deactivation mechanisms. First, quinoline and several other compounds that are
part of the HDN reaction scheme should be adsorbed on the catalyst at room
temperature and the samples then analyzed by FIMS to determine if other
compounds are formed catalytically in the desorption step of the analysis.
Although changes in compounds have not been found to be a problem with liquid
samples, this could be a problem on a catalyst surface when high temperatures
are present. Second, analyses should be performed on ground -200 mesh catalysts
so that diffusional limitations in the catalyst are minimized. Identification of
individual compounds in the FIMS spectra is imprecise because of the limited
information available for each peak. Attempts to correlate volatilization
temperature to compound properties (such as adsorption energy) have not been
effective with catalyst samples because of the wide temperature range over which
each compound is volatilized. This could be related to the catalyst's effective
diffusivity in addition to the compounds properties. If diffusional limitations
are minimized, compounds should be volatilized over a smaller temperature range
than occurs with extrudates. The volatilization temperature might then be
useful in helping identify the compound. Third, FIMS analyses should be
repeated on several catalyst pellets from a given hydrotreating reaction. This
would not only indicate the reproducibility of the analysis of catalysts, but
would also give sufficient catalyst for both elemental analyses (so that the
amount of volatile material could be determined) and activity testing (so that
the impact of the volatile material on activity could be evaluated). Finally,
catalyst samples and hydrotreater feeds removed from the Wilsonville facility at
the same time should be analyzed to determine interactions between the feed and
catalyst.

The results of the analyses of the liquid products provide information about
the effects of reaction conditions on the product. The liquids are completely
volatilized in the FIMS analyses so that all compounds are analyzed. In
addition, results of the FIMS analyses have been compared to previous
quantitative GC analyses of the liquid products from these hydrotreating
reactions. For the product from the 300°C 5 minute reaction, GC analysis gave
about 5 wt% quinoline, 76 wt% THQ, and 19 wt% unknown compounds (i.e. compounds
that are not part of the HDN reaction scheme), and FIMS gave 3 % quinoline, 70 %
THQ, and 27 % unknown compounds. The results of these two analyses are in good
agreement; the agreement between the GC and FIMS analyses of the liquid products
from the other three reactlons at the more severe reaction conditions were
equally good. These results indicate, in agreement with previous studies, that
there are no chemical changes in the samples due to the FIMS analysis. FIMS
analysis gives additional information about the compounds that cannot be
obtained with GC alone.
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CONCLUSIONS

The results of this study indicate that FIMS analyses are useful for

characterizing changes that occur in the feed during hydrotreating. Potential
changes that can be quantified include molecular weight distributions, number of
compounds and types of compounds. If FIMS analyses are combined with other
analytical techniques such as Fourier transform infrared spectroscopy and
GC/mass spectrometry, it should be possible to identify many of the compounds in

the reaction products.

Results of studies of the compounds volatilized from aged

catalysts also suggest that FIMS is potentially useful for determining catalytic
reaction mechanisms and for studying catalyst deactivation. Additional
experiments are being carried out to clarify the interpretation of these

results.
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Table 1. FIMS data for the catalyst and product samples

Wilsonville Catalysts

Catalyst we
Age Av_MW*
Run 246 36 255.7
592 277.5
Run 247 28 247.5
546 304.4

Quinoline HDN Catalysts

Reaction Wt
Conditions Av MW
300°C, 5 min 131.5
300°C, 120 min 173.6
400°C, 5 min 174.0
400°C, 120 min 166.7

Quinol ine HDN Product

Reaction ’ Wt
Conditions Av MW
300°C, 5 min 201.9
300°C, 120 min 275.6
400°C, 5 min 287.7
400°C, 120 min 295.2

* Average molecular weight

% 0dd MW
Intensity

% 0dd MW
Intensity

81.2
48.7
52.4
52.2

% 0dd MW
Intensity

75.8
55.6
59.2
70.3

216

Number of % 0dd MW
Peaks Peaks
382 48.9
465 49.2
401 48.4
424 46.7
Number of % 0dd MW
Peaks Peaks
41 51.2
60 40.0
146 34,2
343 45.8
Number of % 0dd MW
_Peaks =~ _Peaks
182 55.5
344 52.2
560 49.7
624 50.0
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Figure 1. FIMS spectra of Wilsonville run 246 catalysts.
a = Catalyst age of 36 1b resid/lb catalyst;
b = Catalyst age of 592 1b resid/lb catalyst.
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Figure 2. FIMS spectra of Wilsonville run 247 catalysts.
a = Catalyst age of 28 1b resid/lb catalyst.
b = 546 1b resid/lb catalyst.
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Nitrogen Base Poisoning of NiMo Liquefaction Catalysts: A Kinetic Study

Bruce D. Adkins, Diane R. Milburn and Burtron H. Davis

Kentucky Energy Cabinet Laboratory
P. 0. Box 13015, Iron Works Pike
Lexington, Kentucky 40512

INTRODUCTION

A mechanistic model has been proposed to explain coking on hydrotreating
catalysts from four process configurations of the Wilsonville, AL coal
liquefaction pilot plant (ref. 1). This model, which utilizes reversible
adsorption of nitrogen bases on acid sites, and irreversible poisoning of
these sites by sodium, can explain all of the trends seen in the elemental
compositions of the catalysts used in six pilot plant runs spanning four
process configurations, two coals and two catalysts. The model, presented
here for Bronsted acid sites, is:

CH + NBL& c-(NB H) (1)
K,

CH + NBy ;:§f££:g C (NByH) * (2)
d My

CH + ANa —Xasa_y CNa + AH (3)

/
BH+ANa—3$u-—> BNa + AH (&)

where CH represents an acid site capable of chemisorbing either one nitrogen
base molecule or one sodium atom and BH represents another type of site
capable of reacting with sodium but not the nitrogen base. NB;, represents a
group of nitrogen bases associated with distillate solvent or light thermal
resid (LTR) from the Critical Solvent Deashing unit (CSD) and having a lower
average molecular weight than NBy, which represents basic nitrogen compounds
having a higher average molecular weight, associated with the thermal resid
stream (TR) from the CSD. C‘(NBLH)+ and C‘(NBHH)+ are the

acid-base adducts formed on the catalyst surface. ANa is the sodium present
in coal ash, and CNa and BNa are the Na-exchanged acid sites. The essence of
this mechanism is that NB;, NBy, and Na can exchange on the catalyst
surface.

In considering the proposed exchanges, the question of overall rate
control must be addressed. A simple kinetic analysis is presented in an
attempt to determine whether adsorption, k,, or desorption, k4, is
controlling these exchanges.

Kinetic Analysis

For an exchange between species "1" and "2", illustrated in reactions (1)
and (2) or in (2) and (3):

1-kfe; N
In —— = it (5)
1-k*e®
11



where

*
ka1 + kq2kg

*
W = —
ka k42
*
- kg1 + Kaoka
7 =
*
1 + Kk,
and
ka111}
* al 5 -
k3 = ~———— = T“Adsorption selectivity"
ka212]

where k,'s represent first-order adsorption rate constants, k4q's represent
first-order desorption rate constants, @) is the fractional surface coverage
of species "1™ at any time, and ei is the initial surface coverage of "“1".
Pseudosaturation throughout the exchange is assumed in equation (5), such that

6 + 6y = 1.

Solving for the three specific reactions proposed in the model, we obtain
for the exchange of WBy-WBy shown in reactions (1) and (2):

* *
In (1-k),NB -nB; ®us) = -k2,u8, -NB * (6)
where:
&y =
1= Gy,
a
Oy, = ©
x
o . kg, NBy + ka,Ngy-WE, ¥d,NB;
l,NBH—-NﬁJ k* "
a,Ng N8, *d,mB
K + K
ot _ kd,npy + ke, up,NB,
2B Ny, T
a,NByNB
k NBy]
oo = a,NB,,[NBH
e e T [NBy ]
a,NB [NBL

The exchange shown in equations (2) and (3), of NBy and Na yields:

-« e
1-k], ng,-Na ONp,

1n = (€3]

x
1-k} nB,Na




e e R — -

—

) = fwp,
°§BH =1
*
k4,uB, + ka,NB,-Na Kda,Na
KL, NB N2 = =3
ka,Wg -Na kd4,Na
*
k4,NB, + Ka,NB,-Na Kd,Na
k2,NByNa = <
1 + ka,NB,-Na
* ka,N'BH[NBH]
a, -Na = —m———
P kg, Na [ANa]

The form of equation (7) is troublesome if kg ya¢¢ kg,np . For
irreversible sodium chemisorption, a better form is: H

*x
In Oyg, = —kd,NB-Na t (8)
where:
. . ka,nBy
K4, 5B, Na =

_—
L+ ka,NBH-Na

1. Kinetics Calculated from Process Data

Ccarbon, nitrogen and sodium analyses were used to solve equations (6)
through (8) for the various runs examined (ref. 1). Full coverage of NB is
determined by the carbon content at saturation in the DITSL runs, which is
reached very early in the run, and full coverage of NBy is estimated by
extrapolating the RITSL carbon data to 0% Na. QNBH is then:

C - Cyp
ONB = _—L-—. (9)
H
Cypy - CnB |,

where C represents % carbon, Cy is the % carbon present at saturation of
NB, and Cyp,, is the % carbon présent at full coverage of NBy. An
example of tﬁe fit for this exchange is shown in Figure la.

Nitrogen analyses are used in solving for the NBy-Na exchange, making
the analyses easier and more certain by eliminating the assumption that all
carbon on the catalyst is present in the form of chemisorbed basic nitrogen.
A sample of the fit of equation (8) to these data is shown in Figure lb.
Difficulties were encountered attempting to fit eqn. (7), which suggested the
irreversible case (eqn. 8) be used instead.
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The results obtained by fitting the model to the data allow examination of
the two factors controlling the overall rate exchanges on the catalyst:
rate(s) of nitrogen base desorption (ky's) and the adsorption selectivity
for the two competing species (kg). The relationships for limiting cases
in the NB{-NBy exchange are shown in Table 1, and for the NBy-Na
exchange in Table 2.

II. Kinetics of Laboratory Desorption of Nitrogen Bases

Laboratory experiments were conducted using a CSTR to test the critical
assumption that the nitrogen bases desorb from the catalyst. 1In two separate
experiments blends of DITSL catalysts, still in the original process oil, were
placed in the reactor extracted in flowing THF at 120°C, the gently stirred
in tetralin feed at 250°C and 2000 psi for three weeks. Samples were taken,
twice weekly, after cooling and depressurizing the reactor. Analyses of the
catalyst showed a decrease in both nitrogen (from 0.45% to a fairly stable
0.15%) and carbon for the first two weeks, after which time a non-nitrogen
containing coke formation was seen, probably tetralin derived carbon on the
acid sites exposed by base desorption. A value of 0.04 day™ ' was obtained
for kd,NBv which is in good agreement with the values from Tables 1 and 2,
considering the effects of the non-nitrogen containing coke have been
ignored. However, readsorption of nitrogen bases cannot be ruled out as the
concentration of desorbed based present in the reactor could have been as high
as 200 to 500 ppm at any time.

III. CGComparison with Kinetics of Nitrogen Base Poisoning of Cracking
Catalysts

Extensive literature exists on nitrogen base and alkali poisoning of
cracking catalysts (e.g., ref. 2). Much less. information is available on the
poisoning of acidic hydrotreating catalysts, such as Shell 324. We can use
cracking catalyst measurements in an attempt to rationalize the kinetic
measurements obtained from process and laboratory data. However, the acidity
of Shell 324 is likely to be different from that of silica-alumina cracking
catalysts.

One of the earliest of these studies was performed by Mills, et al. (ref.
3) in which they studied the adsorption of quinoline on silica/alumina
cracking catalysts at 315°C and several pressures. They identified two
distinct kinetic regions in the desorption curve, corresponding to what they
termed a rapidly desorbing "physisorbed" species, followed by a much slower
“chemisorbed" species. Much later Kittrell, et al. (ref. 4) calculated rate
constants from these data and suggested that the adsorption and desorption
rates for the more rapidly desorbed quinoline should be used to predict
reversible nitrogen poisoning of cracking catalysts. The numbers he obtained
were approximately kg = 200 day'l, kg = 150 day'l. An attempt to
obtain order-of -magnitude consistency between Kittrell et al.'s rate constants
and our measurements yields the following relative rates:

200
CH + NBL &> C™(NBLH)* (10)

0.07
CH + NBy &——> c~(NB H)* (11)

0.05 L |
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4
CNa + AH (12)

CH + ANa

.0

0.01
Thus, if k, and kg of the NBy group (which is estimated to have an

overall stoichiometry very similar to that of quinoline) are as large as 200
day‘l and 150 day‘l regpectively, a large kinetic difference in the NB
and NBy species is indicated. It would be highly speculative at this point
to assume that these are the two species observed in reference 3. The main
inconsistency with this picture is the rapid saturation of NB;, and NBy on
fresh sulfided catalyst beds that is clearly seen in DITSL and RITSL data.

_ Next let us assume that the nitrogen bases adsorb rapidly, but is very
slow to desorb, analogous to the. second species proposed by Mills et al., and
using our CSTR measurement of ky = 0.05 day‘l. Fitting the calculations
to our model for this case yields:

200

CH + NB, =———= C—(NB H)* (13)
0.05
200

CH + NBy ;szggec-(NBHH)+ 14)

130
CH + ANa -3—0) CNa + AH (15)

This ranking accommodates the rapid saturation of RITSL and DITSL with NBy
and NBL .

IV. Gravimetric Vapor Phase Experiments

The questions raised in this kinetic study can only be answered by kinetic
measurements using a differential flow reactor adsorption and desorption.
Thus, a high pressure gravimetric reactor system, shown schematically in
Figure 2, has been constructed. This will allow us to measure the adsorption
and subsequent desorption of several nitrogen compounds at different
pressures, and determine their kinetic rate constants. The ability to
introduce hydrogen should also shed light on the HDN performance of this
catalysts.
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EFFECT OF PORE STRUCTURE ON CATALYTIC COAL LIQUEFACTION
Young-Woo Rhee, James A, Guin, Christine W. Curtis

Auburn University
Department of Chemical Engineering
Auburn University, AL 36849

Introduction

Considerable evidence for pore diffusional limitations in coal
liquefaction has been reported in the literature (1-10). In this research
catalysts having different pore structures were prepared using two methods,
impregnation and coextrusion. The pore structures were controlled either by a
sintering technique or by using combustible fibers (7). The initial activity
of prepared catalysts was evaluated in coal liquefaction reactions with
tetralin solvent. A model describing the relation between catalyst surface
area and catalyst activity was developed by assuming 1) that every pore
perfectly communicates and has a cylindrical shape, 2) that the pellet
catalyst has a simple bimodal pore size distribution and 3) that a single
first-order reaction occurs in the diffusion controlled region. For
simplicity, reactant molecular size also was assumed to be uniform.

Experimental Section

Catalyst Preparation. Catalysts were prepared using Catapal alumina
(Vista Chemical Co.) and cellulose fiber (Avicel) using techniques similar to
those used by Tischer (7). Ni and Mo were added by two methods: incipient
wetness following calcination or prior to the extrusion process itself
(coextrusion). Catalysts were presulfided prior to use. Catalysts were
evaluated in 3/16 inch pellet form. The powder prepared by grinding the 3/16
inch pellets was also evaluated.

Catalyst Characterization. To measure the pore size distribution and
apparent density of the extrudates, a Quantachrome Autoscan-33 porosimeter
equipped with the Autoscan data reduction system was used. The maximum
intrusion pressure of mercury was 33,000 psig, which corresponds to ca. 64
angstroms in pore diameter. Surface areas were obtained from a Quantasorb
system using the multipoint BET method. Apparent density, macropore diameter
and macropore volume of each catalyst were calculated from the mercury
porosimeter data. True density, micropore diameter and total pore volume were
obtained from a combination of pycnometer (water displacement), BET, and Hg
porosimetry methods.

Coal Liquefaction. A horizontal welded tubing bomb microreactor of ca.
45 cc volume was used with the following reactants: 3 g Illinois #6.coal, 10 g
tetralin, 1 g catalyst, and 1250 psig (cold) Hy. The reactor was agitated at
425 °C for 60 min in a fluidized bed sand bath. Liquefaction products were
classified as gases, oils (pentane soluble), asphaltenes (benzene soluble),
preasphaltenes (soluble in a mixture of 10 vol.% methanol and 90 vol.%
methylene chloride), and IOM (insoluble organic matter). Solubility fractions
were expressed on a solvent-free basis.
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Results and Discussion

Characterization of Catalyst Pore Structure. Physical properties of
laboratory prepared catalysts and supports are given in Table 1. A macropore
is defined as a pore whose diameter exceeds 500 angstroms. Average pore
diameters are calculated from the pore volume and BET surface area data by
assuming cylindrical pores. Table 1 shows that the pore size distributions of
unimodal 3/16" catalyst supports are dependent on the calcining temperature.
As the calcining temperature increases, apparent density and average micropore
diameter become larger, and surface area is reduced. This phenomenon results
from a destruction of some micropores and reconstruction of macropores by a
sintering process. Data for support D in Table 1 indicate that most
micropores are destroyed and reoriented at high temperatures. Also, as shown
in Table 1, the combustible fiber loading directly increases macropore volume
and average macropore diameter.

Coal-Tetralin Reaction System. Catalysts shown in Table 1 were used in
tetralin-coal reactions using both 3/16 inch pellets and their powder. The
powder form of the catalysts, as shown in Table 2, gave the highest activity,
indicating diffusional restrictions in the pellets. As shown in Table 2,
calcining temperature had a direct effect on catalyst activity as evidenced by
pentane-soluble oil yield. 1If the activity of the pellet catalystseis plotted
versus the surface area, a maximal point in the catalyst activity exists.

This interesting phenomenon results from a competition between the effective
diffusivity and surface area. In a typical catalytic reaction of small
molecules, an increase of surface area generally enhances catalyst activity.
However, in a reaction of large molecules this increase can reduce the
catalyst activity because of diffusional hindrance in the micropores. Thus,
catalyst G, having the highest surface area of the unimodel catalysts, does
not yield the most pentane soluble oils, due to the very small pore size and
the hindered diffusion through these pores.

One way to increase pore accessibility without significantly reducing
specific catalyst surface area is to introduce macropores. Using the
technique of combustible fibers, we produced macroporous catalysts J,K, and L
having high surface areas of 250-300 mz/g. When compared to unimodal
catalysts, the bimodal catalysts (J and K in Table 3) give an oils fraction
slightly greater than the best unimodal catalyst (I) in Table 2. An increase
of fiber loading from 20 to 40 wt% has little additional effect on the
activity,.

Development of Model. In order to analyze the above results we developed
a catalyst model similar to that of Froment and Bischoff (11), i.e. a parallel
pore cross linked model with perfectly communicating pores.

For a first order irreversible diffusion controlled catalytic reaction the
reaction rate per pellet volume is

ry =k Cg 9

-kC5/ ¢ "
= Sy (k ge) Cs / Vp
= (Sx kgt / Vp) (Sy D)™ Gg )
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where Sy is the surface area per pellet volume, and Dy is the effective
diffusivity.

From a material balance in a batch reactor, we obtain

d(Cg)

= ry Veat = Tg Weat = (Tv / pc) Weat 2
dc

Solving eqs (1) and (2) together we obtain
Ln (Cg / Cgo) = - k' t (3)
where k' is expressed as follows,

Sx ks?  Veat

k' = (Sy D) (&)
Yp
or
SX ksk wcat },
k! & ———— (Sg De / Pc) (5)
Yp

Equations 4 and 5 are useful for comparing catalyst activity in terms of
physical properties such as porosity, density, pore sizes and pellet
morphology. Equations (4) and (5) are most convenient when performing
reactions using a constant catalyst volume or weight, respectively. In either
case the first two terms remain constant if the catalyst shape and the amount
of solvent are the same in each reaction.

As a very simple catalyst pore structure model, we adopt a model having
only two sizes of cylindrical pores, denoted by radii Ry and Rp. Define the
total porosity, € = €] + €9, where €] and ¢9 are void fractions of micro (Ry)-
and macro (Rp)-pores.

From the definition,

Sy = surface area of pores / volume of pellet
Sy = 2 (e1/R1 + €2/Rp) (6)

Introducing dimensionless variables A; = R,/R; where Ry is the reactant
molecule size (radius),

Sv = (2 ¢/Ry) [(e1/€) A1 + (e2/¢) Az] 7N

Sg = (2 ¢/Rp/pg) [(e1/e) A1 + (ez/€¢) A2]/(1 - €) (8)
In a dimensionless form,

<Sy> = € [(e1/€) A1 + (e2/€) Ap] 9

<Sg> = €/(1 - €) [(e1/e) A1 + (ep/€) Ag] (10)
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In the hindered diffusion regime, the effective diffusivity D, is
Deg = (¢ Dp/7) [(e1/€) Kyl Kpl + (€2/€) Kyo sz] (11)

vhere the frictional resistance, Kyj and partition factor, Kpj are expressed
as follows (12).

Kei = 1 - 2.106 2y + 2.09 333 - 0.95 a45 (12)

Kpg = (1 - Ap)? (13)
Equation 11 assumes the tortuosity r 1s not a function of pore size.
In a dimensionless form,

<Deg> = € [(e1/€) Kyl Kpl + (€2/€) Kyo sz] (14)
Define k, and kg from equations 4 and 5 as follows:

ky = (Sy De)* (15)

kg = (Sg De/pc)™ (16)
In a dimensionless form,

ky> = <S> <D>M (17)

<kg> = <ky>/(1 - €) (18)
Substituting equations 9 and 15 into equations 17 and 18 gives

<ky> = € [(A] €1/€ + X €p/€) x 3
(e1/€ Kr1 Kp1 + €2/¢ Kpp Kp2)l (19)

<kg> = €/(1 - €) {[(A] €1/€ + X9 €3/€) x
(€1/€ Ky1 Kp1 + €2/¢ Kpp sz)]k (20)

where 0 < A1 < 1.

Model Application. The batch reactions conducted in this work were performed
with constant catalyst weight and thus eq (20) is most useful for activity
comparison. The major difficulty with direct application of eq (20) is that
the reactant molecule radius Ry 1s unknown and, of course, has a wide
distribution in coal reactions. To circumvent this problem, we utilize the
fact that for a unimodal catalyst (ep=0), eq (20) has a maximum at 21=0.18
(12). This fact, together with the data of Table 2 showing an optimal
micropore size of ca. 85 angstroms (catalyst I), can be used to define an
approximate Ry of 15 angstroms. With this assumed value of Ry, <kg> can be
computed from eq (20) using the catalyst properties in Table 1. The results
of these calculations are given in Table 4.

Comparison of <kg> values with pentane soluble oils yield as given in Table 4
shows reasonable qualitative agreement, in view of the many approximations
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made, e.g. first order reaction, single molecule size, etc. The bimodal
catalysts have a slightly higher activity in terms of oils yield, however, the
effect is not great. Model calculations indicate that a major advantage of
the bimodal catalysts may appear later during catalyst deactivation when pore
sizes are reduced due to coke and metal deposits, and reactant diffusion
becomes more hindered compared to the fresh catalysts.

Nomenclature

Cg Reactant concentration, mole/cm3
De Effective diffusivity, cml/s
Dp Molecular bulk diffusivity, cmz/s
Reaction rate constant in equation 1, 1l/s
k' Reaction rate constant defined in equations 4 and_5, 1/s
kg Reaction rate constant defined in equation 16, cm7/2/g/sx.
Kp Steric coefficient defined in equation 13
Ky Frictional drag coefficient defined in equation 12
kg Surface reaction rate constant, cm/s
ky Reaction rate constant defined in equation 15, cmz/(g-s)x
R Pore radius, cm
Iy Reaction rate based on catalyst weight, mole/g-cc
Ry molecule radius, cm
Iy Reaction rate based on catalyst volume, mole/cc-s
Sg  Surface area per unit catalyst weight, cm®/g
Sy Surface area per unit catalyst volume, l/cm
Sy External surface area of pellet, cmz/g
v Pore volume
Vp Pellet volume, cc/g
Veat Catalyst volume per unit volume of liquid in reactor
Weat Catalyst weight per unit volume of liquid in reactor

Greek Letters

€ Porosity

A Ratio of molecule radius to pore radius
pc  Pellet density, g/cc

ps  Catalyst solid density, g/cc

T Tortuosity
é Thiele modulus
n Effectiveness factor

Subscripts

micropore
macropore
initial
total

T 0 N+

Symbol

< > dimensionless group
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Table 1. Physical Properties of Catalysts
Catalyst Calcining Ve dy dg
Name " Condlciow (coig)  (celg) (codg) mlig)_ (/5c) (g/ec) (angstroms)
(°C-hrs) Hg  Hp0 Hg BET
3/16" Supports used for Impregnation
A 500 - 16 .43 .45 45 a 240 220 1.30 3.09 81 a
B 750 - 16 .44 .43 .43 a 203 161 1.29 2.86 106 a
c 1000 - 16 .37 .34 .34 a 113 97 1.50 3.09 142 a
D 1200 - 16 .19 .20 .01 .19 5 3 1.98 3.32 500 1832
Coextruded 3/16" Catalyst;: no fiber
G 500 - 16 .03 .40 .39 a 11 287 1.47 3.50 55 a
I 580 - 16 .31 .42 42 a 172 197 1.49 3.95 85 a
Coextruded 3/16" Catalyst: 20 wt% fiber
J 500 - 16 .30 47 .41 .06 98 301 1.29 3.27 56 1560
Coextruded 3/16" Catalyst: 40 wt% fiber
K 500 - 16 .62 .80 .40 .40 110 272 .90  3.19 61 2348
L 580 - 16 .73 .81 .42 .39 156 258 .90 3.33 66 2253
Note: Vi¢: total pore volume measured by Hy, or H70 intrusion
Vi: micropore volume from V¢(H20) - V3
Vp: macropore volume obtained from Hg porosimeter
Sg: specific surface area by Hg porosimeter or BET analysis
pc: apparent density by Hg displacement
ps: true density obtained from H90 pycnometry
dy: average micropore diameter 4Vy/BET micropore area
dg: average macropore diameter 4V,/Hg macropore area
a: no macropores
Table 2. Effect of Calcining Temperature on Product Distribution
Catalyst Catalyst Sintering Product Distribution (wt.%) Coal
Name Shape Temperature Gases Olls Asphaltenes Pre/Asphaltenes IOM Conversion
(°c) (wte)
None .- ---- 7 33 36 17 7 94
G Pellets 500 6 41 23 14 16 84
Powder 500 5 72 8 5 10 89
I Pellets 580 6 53 20 9 12 88
Powder 580 6 78 6 4 6 94
Impregnated on support C
pellets 1000 7 47 24 11 11 88
powder 1000 6 73 13 4 4 95
Impregnated on support D
pellets 1200 6 34 36 15 9 90
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Table 3. Effect of Fiber Loading on Product Distribution

Catalyst Fiber Catalyst Product Distribution (wt.$%) Coal
Name Loading Shape Gases 0ils Asphaltenes Pre/Asphaltenes IOM Conversion
(wt$) (Wts)
G 0 Pellets 6 41 23 14 16 84
Powder 4 72 9 5 10 89
J 20 Pellets 5 55 19 9 12 87
Powder 4 77 6 5 8 91
K 40 Pellets 6 57 16 8 13 87
Powder 4 76 6 5 9 91

Table 4. Comparison of Model Catalyst Activity and Experimental 0il Yields

Catalyst A1 Ao € €2 <Sp>  <kp> 0ils Yield
(wtg)
¢ 11 a .52 a 119 281 47
D 03 0082 .03 37 007 065 34
G 27 a .58 a .373 360 41
I 18 a .62 a 294 452 53
J 27 0096 .54 .07 376 442 55
K 25 0064 .36 .36 330 730 57

Note: a) Catalyst contains no macropores.
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HONEO ASPHALTENE DIFFUSION IN MICROPOROUS TRACK-ETCHED
MEMBRANES

By

R.C. Sane and T.T. Tsotsis, Department of
Chemical Engineering, University of Southern California
Los Angeles, CA 90089
and
I.A. Webster, UNOCAL Science and Technology Division
Unocal Corporation
P.0. Box 76, Brea, California 92621

1. ABSTRACT

The configurational diffusion of asphaltenes isolated from
Hondo crude has been examined. Diffusion studies were
performed with track-etched membranes with pore diameters in
the range 100A to 4000A. The asphaltene is perceived as a
lumped compound, containing a molecular weight range of
heteroatomic species. The asphaltene does not diffuse as a
single species, but may delaminate tefore diffusion. We report
on the interesting phenomenon of the Hondo asphaltenes’
vanadium fragments diffusing in 100A pores more rapidly, than
the same asphaltenes' nickel fragments. This phenomenon is
shown to be consistent with some previously reported
conjectures on the relative distribution of nickel and vanadium
within the asphaltene micelle.

2. INTRODUCTION

During the refining of heavy o1ls, contaminants such as
nickel, vanadium and nitrogen must be catalytically removed
from the oi1l. 1In hydroprocessing the nitrogen is reduced to
ammonia, while the nickel and vanadium deposit as sulfides
within the pores of the catalyst. Better HDM catalyst design
mandates a greater understanding of the diffusion of an o0i1l's
metallorganics in the catalyst. Most EDM reactions are
strongly diffusion limited at commercial process conditions as
evidenced bty the rinded nickel and vanadium intra-catalyst
pellet metal profiles measured by electron microprobe.

.

A large fraction of a resid's heteroatoms are complexed in
the solubility class called asphaltenes. Asphaltenes are
polyaromatic sheet-like structures of large size and molecular
welght.
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In an attempt to mimic the diffusive transport of whole
01l asphaltenes within a catalyst's pores, we have investigated
the diffusion of an asphaltene, dissolved in pure xylene,
through porous membranes with a range of pore sizes. Our
results clearly indicate:
. The lumped compound nature of asphaltenes 1.e. they
are a solubillity class, and as such are comprised of
a spectrum of molecular types, each exhibiting a
different diffusion coefficient.

. Hindered diffusion of asphaltenes is an important
transport mechanism in resid upgrading catalysts.

. The asphaltene exclusion principle operates at low
pore diameters.

3. EXPERIMENTAL

Asphaltenes were isolated by n—pentane extraction from
Hondo California crude oil. The crystalline like asphaltene
powder was redissolved in xylenes to form a 5 weight percent
asphaltene model feedstock. Diffusion experiments were
conducted in a custom built stainless steel, agitated
Wicke-Kallenbach type diffusion cell (1,2). The temperature
was controlled at 45°C. The cell's two compartments were
separated by polycarbonate membranes (PCM), whose pore size
ranged from 100A to 4000A over the entire experimental
sequence. The PCMs were purchased from from Nuclepore
Corporation, Pleasanton, CA. PCMs are thought to simulate the
porous structure of a catalyst, but in a highly idealized
sense, since all tortuosity effects have been removed.

The experimental plan is outlined in Figure 1. The
strategy was to use a single charge of the asphaltene solution
in an experiment where the membrane pore diameter was initially
held low i.e. at 100A. The batch-batch diffusion experiment
was then monitored by removing samples for analysis from the
low concentration (LC), initially pure xylene, side of the
membrane. ’

After a predetermined time the experiment was temporarily
suspended and the membrane changed to a larger pore diameter
(in the sequence 150A, 300A and 4000A). Simultaneous with each
membrane change the LC side has recharged with fresh xylene.
The key point, however, is that the original asphaltene
solution charge was carried through the entire experiment (Fig.
1), and permitted to lose asphaltene solute by successively

recontacting it with pure xylene across increasing membrane
pore diameters.

This experimental protocol permits us to examine the

relative diffusion rates of the variously sized species which
constitute an asphaltene.
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Analysis of the LC side samples was performed by X-ray
fluorescence for sulfur, nickel and vanadium, and by size
exclusion chromatography (SEC) for molecular weight
distributions. SEC data will be reported elsewhere.

4, RESULTS and DISCUSSION

The data from the diffusion of Hondo asphaltenes across
the range of pore diameters (100-4000A) tested, 1s depicted 1in
Figs 2 to 4. Sulfur, vanadium and nickel concentrations on the
LC side of the membranes are shown as a function of time.

This raw data has been manipulated to generate Fig 5 where
the relative initial slope for each species ($,V,Ni) at each
pore diameter has been plotted. In addition, Fig 6 i1s an
expanded view of the low time results for nickel and vandium
through the 100A membrane.

‘This data permits us to form the following evaluation:

. HINKDERED TRANSPORT. By following the n-pentane
asphaltene isolation procedure, we 1solated an oil
solubllity class, comprised of a spectrum of
molecular types and sizes. In this communication we
infer little about asphaltene structure but note
that it is an ongoing endeavor of our work to
reconstruct asphaltene macrostructure from
asphaltene diffusion studies. Figures 2 to 4
demonstrate the hindered nature of the transport of
asphaltenes in a typical upgrading catalysts' sized
pores. The data in these Figures also strongly
suggests that small pores could exclude larger
asphaltenic fragments.

o DISTRIBUTION OF HETERQATOMS IN ASPHALTENE FRAGMENTS.
A semi-quantitative assessment of the data can be
made from Fig. 5 which depicts initial slopes of the
concentration versus time data as a function of
membrane pore diameter.

With respect to each of the three diffusing
asphaltene heteroatoms, sulfur, nickel, and vanadium
we note:

~Sulfur appears evenly distributed among the various
asphaltene sub-fragments, as evidenced by the almost
proportional increase in initial transport rate with
pore diameter.

-Nickel seems to be concentrated in specilies with
sizes between 150A and 300A since the increase in
relative transport rates between these pore

diameters is a factor of 8, whereas the increase
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between 300A and 4000A is only by a factor of 1.4.

-Vanadium seems to be concentrated with smaller
fragments as indicated by the steady increase in
vanadium transport rates only up to the 300A pore
dlameter.

. LOCATION OF METAL COMPOQUNDS WITHIN HONDO ASPHALTENE
MICELLE .
Figure 6 depicts our initial LC side data for nickel
and vanadium diffusing in 100A pores. The
interesting observation 1s that at low times
vanadium specles cross the membranes while nickel
species are excluded. This finding has important
implications in residuum hydroprocessing catalyst
design. Perhaps vanadium could be selectively
removed from the o1l ty judiciously engineering the
catalyst pore size to exclude nickel fragments.
The results of Fig. 6 suggest two things:

-The vanadium atoms are complexed in organometallic
fragments which are physically smaller than the
asphaltene's nickel fragments, or,

-Within the asphaltene micelle the vanadium species
are more concentrated on the periphery of the
asphaltene micelle, than the nickel species. As the
asphaltene may "onlon-skin delaminate” prior to
diffusion, more rapid transport of the vanadium
specles would be expected.

The latter explanation is consistent with the work of
Larson and Beuther (3) who, from reactivity studies, suggested
that the vanadium to nickel ratio is higher on the edge of an
asphaltene, than in the asphaltene core.

This demonstrates how it may be possible to infer some
information on asphaltene structure from basic diffusivity data.

5. CONCLUSIONS
In summary, we have examined the diffusion of n-pentane
isolated asphaltenes from Hondo crude across porous membranes

containing molecularly sized pores (Fig. 1) and conclude:

. asphaltanes can be viewed as a lumped compound
containing a range of molecular weights.

. diffusion is hindered, and depends strongly on the

relative size of asphaltene fragment size and pore
diameter. (Figs. 2 to 4)

240



Sulfur, nickel, and vanadium heterocatoms may
concentrate in different molecular size ranges.
(Fig. 5)

With 100A sized pores, initfal diffusion data showed
permeation of vanadium, btut not nickel (Fig. 6).
From this observation, we made some inferences on
catalyst design and asphaltene structure.
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FIGURE 5

RELATIVE INITIAL TRANSPORT RATES (PPM/HOUR)

PORE DIAMETER (ANGSTR‘OMS)
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Deactivation of a Hydrogenation Catalyst: Importance of Mass Transfer

Arthur R. Tarrer, Hyon H. Yoon, Vinay P. Wagh
Chemical Engineering Department, Auburn University, AL 36849

Introduction

Over the past few years, a study for a private company has been ongoing at
Auburn in parallel with its coal liquefaction program, that involves the
development of a hydrogenation process using feedstocks that can be derived
from coal. For economic reasons this hydrogenation process had to be done at
low severity conditions, i.e., at low temperatures ("100YC) and at low hydrogen
partial pressures ("100 to 200 psi.). It was found that the hydrogenation could
be done in the required low pressure and temperature ranges only after a
variety of design and operational changes had been made to increase hydrogen
gas/liquid mass transfer rates. A new hydrogenation reactor design was
developed for the purpose of facilitating hydrogen gas/liquid mass transfer,
such that gas compression requirements and gas (VOC) emissions could be kept a
minimum.

In this research project, as in coal liquefaction processes, the need
exists to reduce process severity by minimizing hydrogen partial pressure
requirements. Reducing hydrogen partial pressures can change the relative rates
of different reactions (condensation versus hydrogenation) and can result in
catalyst deactivation and low conversions. The relative roles that gas/liquid
mass transfer and transport mechanisms play in this is important. Design and
operational changes can be made, as were done in the above work, to increase
mass transfer rates and overcome limitations caused by the mass transfer.
Whereas, limitations caused by kinetics, can be overcome by using a more active
and selective catalyst. In reducing process severity, mass transfer related
parameters and kinetic activity related parameters (e.g., catalyst
activity/selectivity) must be changed simultaneously.

In the following discussion, first it will be shown that both a reduction
in hydrogen partial pressure and an increase in temperature for the
hydrogenation of a heavy coal-derived fraction (SRC) lead to catalyst
deactivation. This reaction data for model compound hydrogenation at high
severity conditions and at low severity conditions will be presented. In so
doing, the responses in catalyst activity/deactivation to changes in kinetic
and mass transfer parameters will be examined. A comparison will then be made
between the observed responses and governing mechanisms at high severity
conditions, and some conclusions will be drawn regarding the importance of
mass-transfer parameters--particularly gas/liquid mass transfer--in maintenance
of catalyst activity at low severity conditions.
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Effect of Hydrogen Partial Pressure and Temperature on Catalyst
Activity/Deactivation

Coking is generally accepted to be the chief cause of catalyst
deactivation during the hydrogenation of coal liquids. Like any other reaction,
coking reactions proceed at a faster rate and to a greater extent at elevated
temperatures. The effect of reaction temperature on deactivation rate has been
‘studied here by measuring the activity of a hydrogenation catalyst (Shell 324
Ni-Mo-Al903) deactivated at different temperatures while hydrogenating a coal
liquid (SRC fraction). Naphthalene hydrogenation activity is used here as an
indicator of catalyst activity (1) and is given in terms of percent
hydrogenation of the naphthalene. Percent hydrogenation (or catalyst activity)
is plotted versus the coal liquid (SRC) hydrogenation temperature in Figure 1.
As to be expected, present hydrogenation decreases rapidly with increasing
temperature.

The effect of hydrogen partial pressure on the extent of deactivation is
studied similarly by charging a microreactor with hydrogen at different
pressures at room temperature. Naphthalene hydrogenation activity is plotted
against reactor charge pressure in Figure 2. The plot shows that percent
hydrogenation decreased as the hydrogen pressure in the reactor was decreased.

The above observation--that catalyst was deactivated to a greater extent
at reduced hydrogen pressures--agrees with the findings reported for
hydrotreating petroleum residue. Sie (2) found that the steady-state carbon
level on a catalyst depends on the hydrogen partial pressure in the reactor; an
approximate inverse linear relationship between these two parameters was
observed. Similarly, in aromatizing cyclohexane, Ruderhausen and Watson (3)
observed a linear relationship between the amount of carbon deposition and
hydrogen partial pressure. Donath (4) observed that decalin splitting activity
for a WS9 catalyst was decreased considerably at lower pressures. A decrease
in hydrogen partial pressure may cause a decrease in the amount of adsorbed
hydrogen on the catalyst surface, due to lower mass transfer rates or because
the dissolved hydrogen concentration in the reactant is lower, as will be
discussed later. As a result, there would probably be an increase in the rate
of condensation over that of hydrogenation. This would cause more coke
formation at the lower hydrogen pressures.

High Severity Hydrogenation Studies

In this section, naphthalene hydrogenation is used as a model reaction to
demonstrate the relative importance of kinetic and mass-transfer parameters on
catalyst activity/deactivation. It is to be shown that under high severity
conditions, for certain catalysts, naphthalene hydrogenation follows an
apparent first-order kinetics, depending on both naphthalene concentration and
dissolved hydrogen concentration (i.e., hydrogen partial pressure). Also, gas-
liquid mass transfer does not appear to have any significant influence on
hydrogenation rates, and no significant deactivation appears to occur for this
model reaction as long as the sulfide state of the catalyst is maintained.

A series of naphthalene hydrogenations were done in a microreactor at
different hydrogen partial pressures. During hydrogenation, it wa» assumed
that the hydrogen pressure was maintained constant at the mean value of the
initial hydrogen pressure and the hydrogen pressure recorded at the end of the
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reaction. Figure 3 gives a first-order plot relating hydrogen partial pressure
to naphthalene conversion, x. Apparently, naphthalene rates vary with hydrogen
partial pressure (thus, dissolved hydrogen concentration) in a first-order
manner, under these conditions. The intrinsic rate constant, k", obtalned from
the slope of the figure for naphthalene hydrogenation on_a presulfided
CoMo/A1203 catalyst at 3800C has a value of 4.5242 x 10°3 g liquid/(g catalyst
min. psia of Hyp).

The reactlon parameter used most often to evaluate the relative importance
of gas-liquid mass transfer is agitation rate. Varying the agitation rate
changes the observed reaction rate only when gas/liquid mass transfer is at
least partially rate controlling (5). A plot of naphthalene conversion versus
agitation rate is shown in Figure 4. A microreactor was used here. In the
absence of steel balls, given by curve 1, the effect of agitation on conversion
was marginal up to 500 cpm; however, there was a sudden increase in the
conversion in the agitation range 500-550 cpm, and further increase in
agitation had no significant effect on conversion which remained constant at
about 40 percent. It should be noted that the drop in conversion in the low
agitation range (<500 cpm) may be due to poor catalyst dispersion (6).
Obviously, in the higher agitation range (>500 cpm), as was used in collecting
the deactivation data with coal liquids shown earlier, Figure 1, gas/liquid
mass transfer does not appear to be controlling (7).

Catalyst deactivation rate during naphthalene hydrogenation was evaluated
by performing successive hydrogenations with a presulfided catalyst in the
absence of CSp and in its presence. The catalyst activity in terms of percent
hydrogenation is given in Figure 5. Since hydrogen was consumed in the
hydrogenolysis of CSp, the amount of hydrogen in the reaction vessel had to be
increased in order to maintain the amount of hydrogen available to the reaction
at a level equivalent to those reactions without CS;. In the CS) reactions,
the percent of excess hydrogen was 1340%, as compared to 1400% without CSj.

The amount of CSp added ‘was equivalent to five times the amount used ordinarily
to sulfide shell 324 NiMo catalyst.

Apparently, the activity of the catalyst remained essentially constant in
all the reaction cycles, with and without CS; added. The sulfur content of
aged catalysts was measured after the final naphthalene hydrogenation in the
successive reaction series. The fresh presulfided catalyst, presulfided/no CSo
catalyst, and presulfided/CS; catalyst had sulfur contents of 8%, 7%, and 7.6%
respectively. The presulfided/no CS) catalyst as well as the presulfided/CS,
catalyst had a slightly lower sulfur content compared to that of the fresh
presulfided catalyst. Also, the presulfided/no CS) catalyst had a slightly
less wt.% sulfur than the presulfided/CS; catalyst. However, the activity of
the presulfided catalyst was nearly the same in the presence as well as in the
absence of CSp. It should be noted that the amount of bulk sulfur may not be a
true indication of the extent of sulfiding. In summary, the data show that no
significant catalyst deactivation occurred under the reaction conditions used
here.

Low Severity Hydrogenation Studies
In all of the above hydrogenations, the reaction severity was relatively

high (temp. >3000C, pres. > 800 psi Hy). The hydrogenations to be considered
in the following section were those done for a private company and were at
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relatively low severity conditions. Here, again using model reactants
(naphthalene and &-methyl styrene), it will be shown that gas/liquid mass
transfer must be considered, because of the high catalyst activity. High
catalyst activities are required here in order to attain high conversions under
the low severity hydrogenation conditions. A comparison will be made between
activities observed with a reactor having poor mass transfer characteristics
and one having good mass transfer characteristics. By altering the reactor
having poor mass transfer characteristics and making appropriate changes,
activities are shown to improve and under these conditions--at which mass
transfer becomes no longer controlling--no appreciable catalyst deactivation
will be shown to occur.

Hydrogenation of naphthalene was performed at 900¢ and 100 psi of Hy at
259 in a microreactor (Table 1). Six weight percent catalyst loading of Raney
nickel 2800 was used. After 15 min of reaction naphthalene conversion was 100%
to tetralin; no significant decalin formation was observed. Assuming first-
order kinetics with respect_to naphthalene concentration, the kinetic rate
constant was about 0.8 min™' based on 15 min. of hydrogenation required to
attain 100% conversion.

To study the influence of gas/liquid mass transfer on low severity
naphthalene hydrogenation, a different type of reactor--a 300 cc. autoclave--
was used. The gas/liquid mass transfer rates in this autoclave were known to be
poorer than that in the microreactor used in the above studies. Figure 6 gives
a plot of the mass transfer parameters kja versus the mixing parameter, M.
These values were obtained using sulfite oxidation. The maximum kja values in
the bubble column, the stirred tank, and the microreactor (TMBR) were 0.1,
0.25, and 3.8 s°1, respectively. Coefficients as high as 0.15 and 0.5 s~ 1 have
been reported in literature in bubble columns, and stirred vessels (Van’t Riet,
1979), respectively, but none approached the value obtained here for the
microreactor (TMBR). From Figure 6 it is observed that the gas-liquid mass
transfer rate in the TMBR was roughly an order of magnitude greater than in the
autoclave and the bubble column reactors (7).

A comparison is made in Table 2 between the naphthalene conversion
observed in the microreactor (TBMR) and that in the 300 cc autoclave. In
general, while performing the hydrogenation in the autoclave, a steady state
catalyst activity could not be obtained. The reproducibility of the reaction
rates was consequently poor. This was observed to be true also for low severity
ad-methyl styrene (AMS) hydrogenation at low severity conditions using a
relatively high activity catalyst. With AMS, in the microreactor as well as the
autoclave, the reaction rate was observed to increase with increased agitation,
indicating that mass transfer resistances were the controlling factors (Table
3).

The following changes were made to improve the gas/liquid mass transfer
rates in the autoclave: 1) baffles were installed 2) the hydrogen partial
pressure was increased (100 to 600 psi) 3) toluene was used instead of
hexadecane to reduce the reaction mixture viscosity 4) the maximum stirring
rate (2800 rpm) was used. Once these changes were made, the naphthalene
conversion was the same in the autoclave as it was in the microreactor. A
series of hydrogenations were also made in the autoclave to evaluate catalyst
deactivation (Figure 7). Under these conditions of high mass transfer rates, no
significant catalyst deactivation was observed.
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Summary

Catalyst deactivation was observed to occur while hydrogenating coal
liquids under high severity conditions. The rate of catalyst deactivation
increased as the hydrogen partial pressure was reduced and as the reaction
temperature was increased. For the model reactant naphthalene, however, under
high severity conditions, no catalyst deactivation was observed to occur;
gas/liquid mass transfer was not controlling; and the hydrogenation appeared to
be kinetically controlled having a first-order dependency on dissolved hydrogen
concentration (i.e. hydrogen partial pressure) and on naphthalene
concentration. Under low severity conditions when a higher activity catalyst
was required, on the other hand, mass transfer was observed to be controlling
factor both for naphthalene and AMS hydrogenation. Also, with high mass
transfer rates no significant catalyst deactivation was observed, but with low
mass transfer rates significant catalyst deactivation was observed.

The implications of these observations are that mass transfer as well as
kinetic related parameters must be addressed In searching for lower severity
coal liquefaction processes. The observed catalyst deactivation with coal
liquid hydrogenation cannot be attributed solely to kinetics--catalyst
selectivity etc. Poor hydrogen mass transfer could have been a major factor in
cauging the observed deactivation, even though, for the model reactant
naphthalene, mass transfer was not observed to be limiting. Many of the coal
liquefaction reactions have higher hydrogenation rates than does naphthalene,
and when the hydrogen transport mechanism is not able to meet these higher rate
demands, deactivation can occur. To achieve lower severity conditions, higher
activity catalysts are needed as was true here with naphthalene, and for higher
activity catalysts, higher gas/liquid mass transfer rates are required to
minimize deactivation. Higher mass transfer rates can be achieved as was shown
here for naphthalene hydrogenation through reactor design changes and
appropriate operational changes. In the study done for the private company
referred to here, a novel reactor design was developed for their specific
purpose.
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