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INTRODUCTION

It has been known for some time that improvements in catalytic liquefaction can be obtained
by having the catalyst or catalyst precursor (i.e., a compound that would decompose to an active
catalyst at reaction temperature) impregnated into the coal rather than simply mixed with the coal as
a powder.! Having catalyst particles present at the sites of bond cleavage in the coal structure
facilitates hydrogenation; away from the vicinity of the catalyst both carbonization and cracking to
gases will be favored.Z Hence both the total liquid yield and product quality improve as the extent of
catalyst dispersion improves. The use of red mud and supported cobalt-molybdenum catalysts in
liquefaction of bituminous coals was effective only when there was a rapid plasticizing of the coal
and generation of hydrogen donor species, because these catalysts could not be effectively
dispersed through the coal.3 Prior work at this university has demonstrated the effectiveness of
impregnating a water-soluble sulfided ammonium molybdate into coal before liquefaction.4.5
Impregnated ammonium thiomolybdates were more effective catalysts for liquefaction and
hydrodesulfurization of Spanish lignite than admixed molybdenum disulfide, a fact attributed to the
superior dispersion of the soluble molybdenum salts relative to that obtained from the insoluble
disulfide.6

Hawk and Hiteshue have cited results in which ammonium molybdate was found effective
for liquefaction of Wyoming subbituminous coal regardless of whether the salt had been dispersed
in aqueous solution or not.2 It seemed that in this case the organic liquefaction solvent could itself
act as the vehicle for impregnating the catalyst, even though the salt would be essentially insoluble
in the solvent. The dispersal of the catalyst by the vehicle has been invoked as a reason for the
improved catalyst activity (though it must be recognized that solvent-catalyst interactions may also
be an important factor). The dispersal of metal halide catalysts was achieved more effectively with
organic solvents, methanol and acetone, than with aqueous solutions.? A further approach to
improve effectiveness of catalyst dispersion involves the use of metal salts of organic compounds or
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organometallic sempounds. Thus metal naphthenates, which would be oil-soluble, werc found to
be very effective catalysts even at quite low (e.g., 0.01%) metal Ioadings.2 Iron pentacarboryl,
which is soluble in organic media, is considered readily to penetrate the pore structure of couls and
decompose to finely dispersed metallic iron or iron sulfide.5-10

Besides affecting catalyst behavior by dispersion, the activity of a catalyst may also vary,
depending on strucural modification of the coal. By moditying the structure of cozl, the
hydrogenation and dissolution achivity of the catalyst can be promaoted, because the weakened
structure conld be more susceptible to hydrogenation and depolymerization reactions. One mcthod
1+ tnodify coal structure is solvent swelling. The coal network can be swollen using appropriare
solvenrs, leading to expansion of the pores. T'he swelling may facilitate impregnation of catalysts or
cutalyst precursors and diffusion of reagents to the reactive sites of coal. Therefore, it can b
presumed that the swelling as a preweatment operation may increase conversion and quality of yield
obtained from liguefacton, Rincon amd Cruz found that the conversion of a Colombian coal
increased when it is swollen with tetrahydrofuran (THF).} Joseph desermined & direct correlation
berween the extent of preswelling and the conversion of coal under liguefaction conditions. 12
Baldwin and co-workers also confirmed the benefivial effect of solvent swelling on coal liquefacton
by obtaining better vild quality for the THF-swollen [llinois #6 coal 13

Temperature-staging of liquefaction involves reaction at two lemperatures, an initial Jow-
temperature (275-350°C) s1age, followed by further reaction at higher lemperature {375-450°C). The
first, low-Iamperamure stage is sometimes considered to be a preireatient, Since most of the
desirable liquid products are still formed in the higher lzmperamure stage. This sirategy is known to
inTprove net conversion to liquids, relative 10 operation at a single temperature, and selectively
improves the yield of oils at the expense of asphalienes without an attendant increase in gas
production.}4 During the low-temperature stage a partial depolymerization of the coal sTucture
could increase the amount of extractable Kquids and the coal fluidity. 1* Weaker bonds might be
broken and stabilized by hydrogen transfer at low temperature, reducing the potential for
retrogressive condensation reactions at higher temperature. Thus effective hydrogenation at the mild
reaction conditions of the first stage may minimize condensation reactions. 1o the case of low-rank
coals, improvement in conversion to soluble products is also aided by the loss of carboxyl groups,
but without formation of crogslinks.} The combination of a low-temperature catalytic liguefaction
step followed by a higher iemperature catalytic reaction sigmificantly improved product selectivity
concomitant with attaiging the highest conversion.1? Although the use of a catalytic low-severity
first stage, using an impregnated molybdenum cawlyst, provided processing advantages relatve to
single-stage reactions, few chermically significans changes were detected in the residual materialg ¥

In the present paper, we report results of a study using various types of iron and
molybdenum catalyst precursors for coal liquefaction have been investigated. The study involved an
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examination of the effects of impregnation of the catalyst onto the coal, the effects of swelling the
coal prior to reaction, and the combined effects of swelling and catalyst impregnation. The focus of
this work was on improvements to be obtained in the first, low-temperature (or pretreatment) stage;
consequently all results reported in this paper are for reactions at a pretreatment temperature of
275°C.

EXPERIMENTAL
Coal sampling and characterization

Samples of Blind Canyon high volatile bituminous coal (PSOC-1503 and DECS-6) and Big
Brown Texas lignite (PSOC-1444 and DECS-1) collected at different dates were used for this
work. The origin and analyses of the coals are given in Table 1. The coals were ground without
drying to minus 60 mesh and stored under a nitrogen atmosphere.  One gram of air-dried coal
(PSOC-1444 and PSOC-1503) was placed in a 15 ml conical graduated screw-top centrifuge tube
and centrifuged at 2900 rpm for 10 minutes. The height of the coal in the tube was recorded in
mlL/g. Twelve mL of solvent (methanol, pyridine, tetrahydrofuran, or tetrabutylammonium
hydroxide) was added to the coal in two increments. The first 6 m! was combined with the coal and
the mixture was stirred carefully until all the coal particles were wetted, then the remaining solvent
was added and the tube was sealed with a cap. After a period of time (6-30h), the tube was
centrifuged again at 2900 rpm for 10 min and the height was recorded. The volumetric swelling
ratio is defined as Q=h2/h1, where h1=height of unswollen coal and h2=hei ght of swollen coal.

Swelling of coals prior to liquefaction

The coal samples (DECS-1 and DECS-6) were swollen using methanol, pyridine, THF and
10% tetrabutylammonium hydroxide (TBAH) solution (1:1 (w/w) ratio water:methanol mixture),
The coal samples, which were predried at 110°C in vacuum, were mixed with the swelling reagent
to give approximately a solvent-to-coal ratio of 3:1 and were stirred for 6 hours under nitrogen. The
solvent was removed and dried at 50°C in vacuum. In the case of pyridine, the sample was dried at
100°C in vacuum in an attempt to remove pyridine completely. In the case of TBAH, 2a TBAH
solution was added to undried coal and only methanol and water of the mixture were removed, so
that TBAH was retained in the swollen coal matrix.

Catalyst preparation and testing

Examination of three separate lots of ammonium tetrathiomolybdate, (NH4);MoS4 (ATTM),
obtained from a commercial source showed that all were distinctly different in behavior and
appearance. The solubilities in water, behavior during thermogravimetric analysis, appearance
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Table 1. Characterisdcs of coals.

Seam Unoamed Blind Canyon Bottorm Blind Conyon
Counly Freestone Emcry Freestone Emery
Siate Texas Utah Texas Ulah
Province Gulf Rocky Mt Gulf Rocky M,
Sampling Dale 3/30/85 10/01/85 12f11/89 &0OT90
ASTM rank class Lignite hvCh Sub hvB b
Moisture Content % wi 31.91 10.35 30,00 4,73
Min. Matter % wt {dry) 13.02 4.36 17.97 G.67
El m
C _ 76.21 30,80 76,13 81.72
H 471 6.12 5.54 6.22
N 1.42 153 i.5 1.56
S (org) 1.36 0.54 1.05 0,40
0 (4iff) 16.29 10.58 15.78 10.10

under the microscope, and even odor were different anang the three 10ts. It is obvious that the
quality control an the commercial synthesis of this material is very poof. Consequently, ATTM
was synthesized in our laboratory following the procedure of Naumann.!® Briefly, 20 g ammonium
heptamolybdare and 20 ml ammomnium hydroxide are added 10 100 mL delonized water and cooled
15 ~5°C in an ice bath. Hz5 is bubbled throngh the solugon until an initial yellow precipitale nrns
red; the flow 15 continped for an additional 30 minutes. The precipitate is filtered, washed with
cthanol, and dried in vacuum al room emperature. Molybdenum trisulfide was prepared by
acidifying an ayueous solution of ATTM with formic acid, followed by washing and drying the
precipitate at 110°C in a vacuum ovea. Ferrous sulfate, molybdenum hexacarbotyl, arkd ron
pentacarbonyl were purchased as reagent-grade chemicals and used without further meatment.
Thermogravimetic analysiz of ATTM was performed using a Perkin Elmer model TGA-7
thermal analyzer in nirogen (limitations of the equipment, as well as safety consideratons, did nut
permit thermogravimetric analyses in hydrogen). Approximately 15 mg of catalyst precursar was
placed in a small platinam crucible and heated at selected rates (5, 20, and 125°C/min) 1o scveral
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final temperatures (350, 425, and 500°C). Sulfur analyses were performed by the Penn State
Materials Characterization Laboratory using a Leco iodimetric titration sulfur analyzer and in the
Penn State Combustion Laboratory using a Leco Model SC-132 sulfur analyzer. Carbon,
hydrogen, nitrogen analyses were performed using a Leco Model CHN-600 elemental analyzer.
Molybdenum, iron and water (by the Karl Fisher method) analyses were performed by Galbraith
Laboratories Inc. Elemental values and water content of synthesized molybdenum compounds are
given in Table 2.

Catalyst precursors were reacted in a microautoclave at 7 MPa (cold) Hz or 5:95 HpS:Hj at
temperature of 275°C for one hour. X-Ray diffraction measurement of the products (XRD) were
made using Cu-Ka radiation with Rigaku equipment and operated at 40 kV and 20 mA.

Impregnation of swollen and unswollen coals with catalyst precursors

The catalyst precursor was loaded onto the coal in an amount based on 1% molybdenum or
0.59% iron (as the metal, not the metal compound) on a dry ash free (daf) basis regardless of
whether the coal had been swollen or not. Unswollen coals were impregnated with a water solution
of ATTM, ferrous sulphate or suspension of molybdenum trisulfide and with a pentane solution of
Fe(CO)5 and Mo(CO)g.

In the case of swollen coal, the swelling reagent (except TBAH) was removed in vacuum at
room temperature. While the coal was still wet with swelling reagent, enough ATTM solution
(which had been prepared by dissolving ATTM in 1:1 (v/v) ratio methanol:water mixture) to give
solution-to-coal ratio of 1:1 was added to coal and stirred for 30 min. In the case of TBAH, ATTM
was dissolved in a 10% TBAH solution of a 1:1 ratio (w/w) water:methanol mixture; then this
solution was added to undried coal and stirred for 6 hours in order to give enough time for the
swelling of coal under nitrogen. After stirring, excess solvent was removed at room temperature in
vacuum while it was continuously being stirred, until a mud-like consistency was observed.
Finally, vacuum drying was applied at 50°C for the coals swollen with methanol, THF or TBAH,
or at 100°C for pyridine-swollen coal. TBAH was allowed to remain in the coal. When carbonyl
compounds were used as catalyst precursor, THF and methanol were removed in vacuum at 56°C,
and pyridine was removed in vacuum at 100°C prior to impregnation with pentane solution. Again
in the case of TBAH, any residual TBAH was allowed to retain in coal.

The TBAH content of samples, whether catalyst-impregnated or not, was calculated from
the increase of the nitrogen content of the TBAH-treated material relative to that of the untreated
coals.
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Tablc 2. Elemental analysis of ATTM, MoS3 and the product obtained from micToautoclave reaction
of ATTM at TMPa psi {cold) hydrogen pas at a temperanure of 275 “C.

Catalyst SN H %Mo %3 2 H20
= - - =
ATTM 10.81 310 37.01 4915 ND 3,08
MoS3 ND KD 44 45 50,50 1.39 3.41
HATTM* 3.26 1.40 4974 39,40 6.36 2.38

ND: Not determinad
* Reacted ATTM in 7 MPa (cold ) Hy at 275°C.
Exarmination of catalyst dispersion

To establish the physical relationship between catalysis and coal surfaces following
impregnation, the inerfaces were studiad by scanning electrod MiCTOSCORY {SEM), to det=rming
whether catalyst maserials are deeply inpregnated into the coal stacture or whether they form anly
surface dispersions. Two types of samples were prepared from the Texas lgnite (DECS-1 and
PSOC 1444) and Blind Canyon bimminous coal {DECS-6). particulate {-60 mesh) samples, and
single particles of about 5x20 mm embedded in plastic and polished to expose the bedding plane
structures of the coal. The particulate samples were impregnated with catalyst or solvent swollen, or
bath, as described above, and werce coated with gold for obeervation with an ISI model SX-40A
SEM. Ferrous sulfatz and ATTM catalysts were impregrated into methanat- and THF-swollen coals
and moist coals. An energy dispersive spectrometer {EDIS) was used for qualitative analysis of
elernents preater in atomic number than sodium, The single-particle samples were stored under high
humidity or were scaked in methanol for 43 h. Without allowing the polished surface 1o dry,
ferrous sulfate (-1 mig) of ATTM (=0.5 mg) in the appropriate sclvent (i.e., water or mgthanol) was
applied in drops to the srface. Samples were then dried in vacuum at 25°C for 48 b and coated with
carbon for SEM examination.

Liguefaction reactions and product work-up

The liquefaction reactions were performed in horizontal microautockive reactors (fubing
bombs) of nominal 25 mL capacity. The procedure was the sume for both preswallen and
unswollen coals and also the same whether they had been impregnated with a catalyst or not.

Five grams of each prepared coal sample and five grams of phenanthrene were placed in the
reactor. After mixing the contants with a spatla, the reactor was sealed, pressurized o 7 Mifa with
nirogen and checked for leaks, The depressurized reactor was purged with hydrogen twice.
Subsequently, the reactors were pressurized to 7 MPa (at room temperanre) with hydrogen or
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H2S:H3 (5:95) and were attached to a vertically oscillating fluidized sand bath which was heated to
283°C. Immediately after the reactors were placed in the sand bath, the thermostat was reset to
275°C, which was the desired pretreatment temperature. The reactors attained a temperature of
275°C in about 30 seconds. The reaction time was 30 minutes. During this period, the reactors were
oscillated through an amplitude of 2 cm at 350 cycles/min. All the pretreatment experiments were
done in duplicate.

At the end of the reaction, the reactors were rapidly quenched to room temperature by
immersion in cold water. After venting the gas, the contents of each reactor were quantitatively
washed into a tared ceramic thimble using toluene and Soxhlet-extracted with toluene under nitrogen
until the solvent appeared colorless. The toluene extract was concentrated to 10-20 mL by rotary
evaporation. The extract was diluted with 400 mL of hexane. The mixture was stirred for 1 h and
asphaltenes were allowed to settle overnight and separated with a 0.45 micron filter. The filtrate,
containing hexane-solubles, was treated by rotary evaporation to remove the hexane. Toluene-
insolubles were Soxhlet-extracted with THF to separate preasphaltenes and the solid residue under a
nitrogen atmosphere. THF was removed from the extract by rotary evaporation. Preasphaltenes,
asphaltenes and residue were dried overnight in vacuum at 110°C. The conversion was calculated
by subtracting the residue weight (corrected as appropriate for the weight of added catalyst) from
the weight of coal and dividing by the daf weight of the coal. It was assumed that in the liquefaction
system the catalyst precursors transformed to the same materials as they did in reactions in the
absence of coal in hydrogen or HpS:Hj at 275°C (Tables 2 and 3).

RESULTS AND DISCUSSION

Swelling of coals

Solvent swelling ratios as a function of contact time for four different solvents are given in
Tables 4 and 5 (next page) for the Texas lignite (PSOC-1444) and the Blind Canyon hvCb (PSOC-
1503), respectively. The maximum level of swelling was attained within 6 h; additional solvent-coal
contact in excess of 26 h did not produce a significant increase in swelling ratio. The extent of
swelling experienced by each coal was slightly different with respect to the individual solvents. For
the Texas lignite, swelling increased in order of methanol < THF < pyridine < 10% TBAH; for the
Blind Canyon hvCb coal the order was 10% TBAH < methanol < THF < pyridine. The extent of
the swelling in the different solvents is rank-dependent. Lignites are more crosslinked than
bituminous coals. Therefore, lignites give less swelling and extractability in methanol, THF and
pyridine than do bituminous coals. Lignites have higher concentrations of acidic functional groups
(phenolic hydroxyl and carboxylic groups) than bituminous coals; therefore, swelling of lignite
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Table 3. Elemental analysis of products obtained from microautoclave reaction of Mo(CD)s and

Fe{CO)s at TMPa of Ha and Fia5:Hz (5:95) at 275°C

Catalyst Reaction

Precursor G_al 8 _% Mo %¥e %5 %C
Mo(COg Hy 4077 — — 24.50
Mo{CO Ha5:Hz 57.35 —_ 3290 {1.87
Fe(CO) H3: — 71.70 — 399
Fe(COs H»S5:Ha — 663 37.6 0.22

increases with increasing basicity of solvents. TBAH is quite basic and has been s8hown (o Teact
strongly with the types of uxygen functionalities in most lower rank coals. 2 Our results with the
Rlind Canyon bituminous coal differ from those of Joseph,!? who determined for llinois #6
biturninous coal that the highest swelling was obtained with 15% TBAH (compared with those of
THF and methanol). This difference can be explained, at least in part, by the higher oxygen
funciionality of the Minois #6 coal chan that of the Blind Canyon coul and by the wndency for
TRAH to react with these functional groups.11 In an atempr to remove TBAH from the coal before
subsequent reaction, a ten-fold excess of water was added 10 the mixture 1 dilut= the TBAH, and
the coal was then recovered by vacuur filtration with subsequent Soxhlet extraction overnight in
methanol to remove as much of the TBAH as possible. During filiration and methanol exiraction of
PSOC-1444 lignite treatad with 10% aqueous TBAH, a black colloidal extract was observed. The
weight lass after filtration was found to be 32% (dry basis) for PSOC-1444, compared with 1.4%
for PSOC-1503 bitsminous coal. Since agusous TBAH is a highly basic medium, thns reagent may
be solubilizing some of the humic acids in the lignite.

Comparison af molybdenum and iron caialyst precursors for pretreqiment

In this section, we discuss results obtained without swelling the coals. Table § (following
page) shows the conversion data for thermal (non-catalytic) reactions and reactions with catalyst-
impregaadon. Higher total conversion was obtained from Blind Canyon bitwminous coal than from
Texas lignite when catalyst was not used {17.7% vs. 6.6%). A majar contribution to the higher
conversion of Blind Canyon is the greatly increased yield of preasphaltenes (10.7 vs. 2.8%). This
may indicate a greater liberation of mobile phase from the bituminous coal A greater oil+gas yield
is also noted for Blind Canyon (4.9 vs. 1.6%). Experiments in Ha5:Hz (5:93) show increased
corversions relative 10 Hp. This is more noticeable for the lignite than for the binmmi nous coal. This
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Table 4. Change in solvent swelling ratio (Q) with time for the Texas lignite (PSOC-1444).

Methanol THF Pyridine TBAH
Time (h) Q Time (h) Q Time (h) Q Time (h) Q
5.0 1.1 6.0 1.2 6.5 1.6 6.0 2.6
11.5 1.1 16.5 1.2 21.5 1.6 14.5 2.6
23.0 1.1 22.0 1.3 42.0 1.6 24.5 2.7
27.5 1.1 28.0 1.3

Table 5. Change in solvent swelling ratio (Q) with time for the Blind Canyon hvCb coal (PSOC-
1503).

Methanol THF Pyridine TBAH

(10%)
Time (h) Q Q Q Q
6.0 1.2 1.9 2.4 1.2
10.0 1.3 1.8 23 1.2
20.0 1.3 1.8 2.2 1.2
26.0 1.3 1.8 2.3 1.2

behavior is attributed to the well-known role of H;S as a liquefaction catalyst. The greater
improvement for the lignite, relative to the bituminous coal, may indicate HsS interactions with
oxygen functional groups.

The conversions of both coals impregnated with sulphided catalysts are greater than those
obtained without catalyst. In the case of Texas lignite, ATTM improves total conversion slightly
(9.0% vs. 6.6%). The increased conversion is due to increased asphaltenes and preasphaltenes.
MoS3 also improves conversion slightly. Improvement is via increased preasphaltenes (2.8 vs.
3.9). In the case of Blind Canyon bituminous coal, impregnation with ATTM increased the total
conversion from 17.7% to 25%, mainly as a result of increased preasphaltenes. Qil yield also
increased slightly (6.9% vs. 4.9%). MoS3 does even better (26.9% conversion) by nearly doubling
the yield of preasphaltenes (19.0% vs. 10.7%). However, the oil yield was not improved with
MoS3. Utz and co-workers have shown that the conversion of Illinois #6 coal with MoS3 was
comparable to that obtained with ATTM.2! This entire body of results with ATTM and MoS3 is in
general agreement with previous findings from this laboratory, which have suggested that the Table

430



6. Comparison of Molybdenom and Iron catalysts on the Liquefaction of Texas coal (DECS-

Blind Canyon voal (DECS-9).

1Ty and

React. Conversion% {(daf)

Coal Eutal st (zas Total Pr easEh ' Asphal It {E1+G£
DECS-1 None H3 5.6 28 22 1.6
DLCC5-1 None Ha5:H3 9.0 3.7 20 2.3
DECS-1 FeS0y H3 5.4 2.4 2.2 1.8
DECS-1 | Fe(CO¥s H2 6.2 2.1 2.3 1.8
DECS-1 | Fe(CO)s | H25:H2 11.2 4,2 3.5 3.5
D51 ATTM H2 9.0 3.9 A6 1.5
DECS-1 MoS3 H2 7.2 3.9 1.7 1.6
DECS-1 | Mol(COug H» 6.7 2.9 2.0 1.8
DECS-1 | MofCOlg | H25:H2 Y1 4.2 2.8 2.2
DECS-6 None H3z 17.7 10,7 2.1 4.9
DCCS-6 None H25:H2 18.5 - 9.7 1.9 6.9
DECS-6 Fe504 H2 16.9 0.2 2.6 5.1
DECS-6& | Fe(QOl5 H2 17.3 8.4 1.6 7.3
DECS-6 | Fe(COs | HaS:H2 229 14.1 2.7 fi.1
LECS-6 ATTM H2 25.0 15.1 3.0 5.9
DECS-6 MoS2 H2 26.9 19.0 3.3 4.6
DECS-6 | Mo{CQOi H» 16.5 B.L 1.5 6.9
DECS-6 | Mo(CO)s | H25:H3Z 26.6 15.7 3.3 7.6

principal role of sulfided catalysts in Liquefaction is 1o enhance coaversion via breakdown of the

macromolecular siructare of the coal, and hence the predominant contribution & erhanced Lotal
conversion comes from increased yietds of preasphaltencs and asphaltenes.22
The sirilarity of results obtained using ATTM and MoS3 can be explained by the

decamposition behavior of ATTM in the reaction system, Thermal analysis of ATIM

showed (w0

regions of decomposition. The first decomposition of ATTM oceurs around 160°C with loss of

24.5% wel

ghe (for the conversion of ATTM to MoS3, the calculated weight losgs is 26.15%). The

second decomposition occurs around 370°C and the wnal weight loss was 38 8% (from ATTM 1o

Mo§z the theoretical we

ght losd is 38.46%). ATTM was reacted at 275°C in hydrogen ammesphere
{7 MPa cold ) without coal in order o Jetermine the fate of ATTM at the preliquefaction conditions

used in this work. Elemental analysis of the product shows it ransforms 1o MoSz4x containing
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3.26% of nitrogen (Table 2). The slightly different activities of these two molybdenum-based
catalysts with both coals may be due to a difference in catalyst dispersion for each coal and on the
destructive effect of ammonia (released from decomposition of ATTM) on the activity of the
molybdenum suifide catalyst derived from ATTM.

For all reactions of ATTM in microautoclaves at 275, 350, and 425°C in N, Hs, or Ha:HpS
the product has a S/Mo atomic ratio between 2 and 3, with the single exception of reaction at 275° in
N2, for which 8/Mo = 3.4. The excess of sulfur above the theoretical $/Mo of 2.00 seems to be
able to be controlled, at least somewhat, by choice of gaseous atmosphere for reactions at 350° and
425°. The S/Mo ratio varies as a function of atmosphere, for a given temperature, in the order Ny >
Hz > H):H3S. For example, at 350° the S/Mo ratio after reaction in these atmospheres is,
respectively, 2.57, 2.50, and 2.44. XRD patterns for reaction products obtained at 275°C indicate a
predominance of amorphous material, regardless of atmosphere. As the reaction temperature
increases, the characteristic (002), (101) and (110) lines of the hexagonal Mo$; structure become
more distinct. Even at the highest temperatures, however, there is little crystalline material (MoS> in
particular) greater than 1 um present in the reaction products.

Ferrous sulphate produces no change in conversion or product slate for liquefaction of the
Texas lignite. Furthermore, ferrous sulphate is not an active catalyst for liquefaction of the
bituminous coal at 275°C. TGA of FeSO4-7H»0 showed three regions of decomposition. The first,
at 136°, is the transition from the hepta- to the monohydrate. The second, in the region 230-264°, is
the transition from the monohydrate to anhydrous ferrous sulfate. At a heating rate of 20°C/min a
third transition is effected at temperatures above 575°; the product of this reaction is ferric oxide.
XRD of the product of heating FeSO4-7H20 in a microautoclave in hydrogen but in the absence of
coal showed mono- and tetrahydrated ferrous sulphate phases as the primary products at 275°C.
Conversion of ferrous sulfate to an active sulfide phase was achieved only at temperatures in excess
of 350°C. For example, at 425° in hydrogen the reaction products are troilite and pyrrhotite, and in a
H2:H2S atmosphere the sole product is pyrrhotite. Therefore, ferrous sulfate may only be effective
as a high-temperature single-stage catalyst.

The single-particle impregnation studies using a methanol-pretreated or moist surface of the
Texas lignite indicate that a good surface dispersion of ferrous sulfate was achieved. Two crystal
types were found; one occurred as large prismatic crystals ranging in size from 100 to 300 pum, and
the other type occurred as acicular crystals that were distributed as 30 Wm size clusters across the
coal surface. EDS examination revealed that the larger crystals were ferrous sulfate, whereas the
more highly disseminated acicular form was calcium sulfate. At higher magnification, the needle-
like clusters of calcium sulfate were found to be associated with a core of ferrous sulfate. When
ferrous sulfate in aqueous or methanol solution is applied to a moist lignite surface, ion exchange of
iron with organically associated calcium may be promoted. (The calcium content of DECS-1 is
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1.2% on a dry basis.) Blind Canyon bituminous coal has much less calcinm (0.2%, dry coal basis),
bur some acicular crystals were observed on the single-particle surfaces among crystals of ferrous
solfate.

Both calcium and iron sulfate particles were observed on surfuces in the particulate samples
impregnated with ferrous sulfate in quedus solution. Different concentrations of iron and calcium
sulfates observed between the two coals closely follow those seen with the single-pardcle samples.
However, a much better dispersion of sulfate crystals was observed in the Blind Canyon sample.
EI3S examination showed that one particle in five had an iron peak or had recognizable crystalline
material. A similar analysis of the Texgs lignile particulawe sample demonstrated that sulfate
materials were not as uniformly dispersed, most being found in large deposits not associated witi
the lignite.

Impregnated iron carbonyl provided fo change in conversion of the Texas lignite ina Hz
atmosphere, but slight increases in asphaltene and vil+gas yields (and thus decreased
preasphaltencs) were observed. However, in & Ha5:Ha atmosphere, ron carbonyl provides an
increase in conversion (11.2% vs. 6.6%), with a doubling of preasphaliencs and increased
asphalienge and oil+gas. For the bituminous coal reacted in Hz, iron carbony! does not enhance
total conversion, but shifts product slate toward lighter materials at expense of preasphalienes and
asphaltencs. In Hz H3S, iron carbonyl enhances total conversion (22.9% vs. 17.7%), mainly via
increased preasphaltenes (14.1% vs. 10.7%). Elemental and XRD analyses revealed that Fe(CO)s
transforms 1o iron oxides with accomaulated carbon (FeO and Fe30y4 possibly with some Fea() in
Hy and transforms to pyrrhotite in Ho3:Hz (Table 2). Thus the behavior of the catalyst can be
influenced by the choice of amosphere. In the absence of HoS, the catalyst is not sulfided, and
appears ko have no effect at facilitating the breakdown of the coal structure, boeanse the total
conversion is essentially unchanged. However, in this system the catalyst does facilitare
hydrogenation of the heavier materials, as indicated by a change in the product distribuiion. Cm the
other hand, reaction in a HoS:Hp amosphere forms a sulfided casalyst, which, like other sulfided
catalysis, increases toml conversion of the coal by increasing the yiclds of the heavier
preasphaltenes and asphaltencs.

Molybdeaum carbonyl in Hy pravides no change in sonversion or product slate for reaction
of the Texas lignite. In Hz5:Hz, an increase in conversion (9.1% vs. 6.6%) results, primarily from
increased asphaltenes and pmasphaltenes.ﬁinﬂlaﬂy, motybdenum carbonyi in H2 does not affect
cunversion of the bilmineus coal, but shifts products 0 lighter materials. In Hz8:Hz, it enhances
conversion, mainly via formation of mors preasphaltenes. In abssnce of coal, molybdenum
carbonyl is largely unreactive in Hz, but transforms 1o sulphided catalyst in Ha5:Hz {Table 2}.
(However, it is interesting to notg that an analysis of the headspace gases after reaction of Mo{CUg
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in Hz but without coal showed some hydrocarbon products, suggesting possible Fischer-Tropsch
reactions, or at least reactions similar w the F-T synthesis, ]

Sulphided molybdenum catalysts are very active for hydrogenation, Hydrogen absorption
from the gas phase is approximately 18 mg with sulphided mielybdennm catalyst at 275°C, while it
was almost zero without catalyst for the both coals. The gas product of the reaction at 275°C is only
Q0z2, and varies in the range 0.3-0.6% for the Blind Canyon coal and 1,3-2.5% for the Texas
lignite.

The effect of preswelling on non-catalytic liquefaction

The conversion results of solvent swollen coals without catalyst impregnation are given in
Table 7. Treaument with methanol enhanced ofl formation, decreased preasphalienes and asphaltenes
for the Texas lignite {DECS-1); and enhanced oils and preasphaltenes and decreased asphaltenes for
the Blind Canyon ¢coal (DECS-6).

THF 15 the least effective swelling reagent for the liquefaction of the Texas lignite, but it
provided great conversion, commensurale with its good swelling ability, for the Blind Canyon coal
(Q =19}, THF pretreatment increased the total conversion of the Blind Canyon coal from 17.75% to
22.1% and oil formation from 4.9% to 9.2%. Its effect on formation of preasphaltenes and
asphaltenes was not significant.

Fyridine pretreamment provided greater total conversion and oil formation for the Texas
lignite than those obtained from methanol and THF weamnent, However, this treatment diminished
the formatien of preasphaltenes from this coal. The pyridine treatment for Blind Canyon coal,
surprisingly, decreased total conversion from 17.7% to 16.0%. Significant reductions in the yields
of preasphaltenes, from 10.7% 1o 6.4%, and asphaltenes, from 2,1% to 1.3%, were observed.
However, the yield of oils increased from 4.9% to 9.2%,

TBAH meatment provided the highest conversion for both coals relative 1o the other
salvents, even though a 10% TBAH solution in a 1:1 water:methanol mixmre swelled the Blind
Canyon coal least . There might be twe reusons for the high conversion with TBAH addition to
coals. The first is an increased swelling effect that may result as solvent is gvaporated. The
evaporation of methanol and water from the coal-solvent- TRBAH mixture increases the cangentration
of TBAH in the ceal, The TBAH, thus concentrmied by evaporation, can increase the level of
swelling of the coal, even for Blind Canyon. Second, in a reaction of 40% TBAH in a
microautoclave at the same neaction conditions as used for the prezanment experiments (but without
coal], butane and butene were observed in the gaseous products. It can be vxpected that TBAH
likely transformed to amine corspounds, such as tributylamine. Therefore, TRAH can be
envisioned 10 act s a "solvent precursor,” in that the TBAH remuining in the coal after the swelling
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Table 7. Effect of preswelling treatment on liquefaction of Texas lignite (DECS-1) and Blind
Canyon hvB (DECS-6) at 275°C,

Conversion %{daf)

LCoal Soivent Total Preasph Asphalt Qil+Gas
DECS-1 None 6.6 2.8 2.2 1.6
DECS-1 Methanol 5.4 2.2 1.8 4.4
DECS-1 THF 1.4 2.9 0.9 3.6
DECS-1 Pytidine 10.0 1.7 2.0 6.4
DECS-1 TBAH 17.5 5.2 3.9 §.4
DECS-6 None 17.7 10.7 2.1 4.5
DECS-H Methanol 198 12.2 1.6 60
DECS-6 THF 221 11.1 22 9.2
DECS-6 Pynidine 160 6.4 1.3 8.2
DECS-G TBAH 240 15.1 3.8 5.3

procedure can undergo thermal decomposition to compounds that are gond salvents for coal. It has
peen found that amines are very good promoters for coal liquefaction.23-23 The nirogen contents of
residue, preasphalsenies and asphalienes were found to be higher for TBAH-swollen coal than thosc
of unswollen coal. This increase is attributed to the incorporation of amines. Therefore, assuming
that TBAH transformed to tributylamine, the amount of wibutylamine incorparated in residuse,
asphaltencs and preasphal@nes can be deternined from the difference between the nirogen conients
of these materials and those of the Tespective products from unswollen coal, The incorporation of
amine compound in these products varied between 2-9%. Addition of TBAH provided the highest
increase in yields of preasphattenes, asphaitenes and oil for the Texas lignite compared 10 those of
coals swollen with other solvents. For the Blind Canyon ¢oal, TBAH addition provided the greatest
conversion, vields of preasphalienes and asphaliencs, but a lower yield of oil relative Lo those for
goals swollen with the other solvents.

For the Texas lignite, conversion of selvent-pretreated samples without catalyst increased in
the order of none ~ THF < methanol < pyridine << TRAH. TEAH and pyridine are the most
effective swelling agents, and provide highest conversions of swollen samples. Furthermore, these
vwo solvents also provided the highest oil + gas yields. For the Blind Canyon coal, conversion
without catalyst increased in the order of pyridine < none < methano) < THF < TEAH. The
behavior of the bituminous coal, with respect wo total conversion, is quite different frocn that of the
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lignite, since in this case pyridine was the most effective swelling solvent, yet pyridine pretreatment
actually suppressed total conversion. However, the two best swelling solvents, pyridine and THF,
produced the highest oil + gas yields. The extractive ability of a particular solvent is related to the
swelling effect of that solvent for a particular coal. A good extractive solvent can disrupt weak
bonds in the coal network or in material trapped in the coal structure. Therefore, the molecules
released by this disruption and the weakened structure can be liquefied at less severe conditions.

In addition, thermal analyses of solvent-treated DECS-6 and DECS-1 were performed, and
weight losses were determined at 275, 350, and 425°C. Methanol treatment of these coals did not
promote weight loss, and in fact slightly decreased weight loss at 350 and 425°, THF and pyridine
treatments both promoted increased weight loss. For example, the weight losses of un-treated
DECS-1 and DECS-6 at 275° were 3.9% and 2.1%, respectively (daf basis). At the same
temperature, the weight losses of the THF-treated coals were 6.4% and 5.9% respectively.
Furthermore, it was remarkable that treatment of the coals with these two solvents also lowered the
temperature at which the first weight loss could be observed in the TGA. Both THF and pyridine
are strong organic solvents. Good extractive solvents like these may have two functions: a
disruption of the weak non-covalent bonds in the coal network (i.e, swelling) and mobilization of
the material trapped in the coal network, facilitating its transport to the coal particle surface and
subsequent evaporation in the TGA. In the case of TBAH-treated coals, the weight loss values,
after correction for the TBAH content of the coal, were less than those of the untreated coal. This
observation can be explained to be a ¥zsult of incorporation of compounds, derived from the thermal
decomposition of TBAH, into the coal. Thermal analysis of a 40% solution of TBAH showed a
water loss at 100°C followed by a second weight loss at 215°C. The handbook value of the boiling
point of ributylamine, a likely decomposition product of TBAH, is 213°. All material had
decomposed or evaporated by the time 265° was reached. Even though some TBAH-derived
material may have been incorporated into the coals, there was nevertheless a shift of the initial
weight loss temperatures of the TBAH-treated coals to lower values.

We have observed that removal of solvent from the coals after solvent treatment can actually
cause shrinkage of the coal.Thus the reason for the beneficial effect of swelling as a pretreatment
should be ascribed to some effect other than the facilitated diffusion of reagents toward the reactive
sites in the structure, because of the shrinkage. The swelling and shrinking nevertheless likely alters
the coal structure from its original configuration. In addition, a good extractive solvent can disrupt
the weak non-covalent molecules in the coal network or between material trapped in the network
and the network itself. Therefore, molecules released by this disruption and subsequently weakened
structure can be liquefied, or at least report to the liquid products, at reaction conditions less severe
than those needed for coals without solvent treatment. THF is not a good swelling solvent for the
Texas lignite and in fact did not increase total conversion. The extractive effect of this solvent on
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liquefaction can be seen in the invrease of oil + gas yield and in the increase in weight loss observed
in the TGA.

Combined effects of swelling and catalyst impregnation

Comparative conversion data for ATTM-impregnated swollen Texas lignite and Blind
Canyon bituminous coal are given in Tabile 8. A comparison of the results presented in Tables 7 and
% shows that, for the Texas lignite swollen with any given solvent, the addition of ATTM improved
total conversion relative to that obtzined for experiments without catalyst. The increase in total
comvetsion obwined by adding ATTM is approximately the same for all samples, suggesting that dhe
effects of swelling and catalyst imipregnation are independent. However, the improvement in
conversion obtained by combrining ATTM impregnation and swelling 1s less thun that abtained by
adding ATTM to unswollen Lignite. For example, impregnation with ATTM increased CONyErsion
from 6.6% to 9.0% (i.e., an increase of 2.4%) when the lignits was not pretreated with solvent, but
for the solveni-ireated samples the conversions increased only by 11 - 1.9%. The oil + gas yields
are essentially vnchanged (relative 1o the solvent pretreated samples without catalyst) on adding
ATTM, with the increase in conversion being obmined via increased yields of preasphaitenes and
asphaltenes. Since sulfided molybdenum catalysts appear W act mainly o increase the yields of
these two products from unswollen coals, this observation further corroboraies the suggestion that
the effects of catalyst and swelling solvent are independent, If the effecis of swelling and carmlyst
impregnation are compared with results for catalyst impregnation without swelling, it can be seen
that solvens reatment increases conversion, and that generally the yields of preasphalenes and
asphalwnes are reduced relative 1o the case without solvent treatment. Henoe the solvent swelling
facilitates shifting the product slate toward hghter rmaterials. The greatest conversions and formation
of all types of products were obtained with TBARE addition. In this cass, the TBAH was by far the
most effective solvent pretreatment, because the total conversion donbled, relative 10 the unswollen
lignite, and yizlds of all products were increased sigaificantly. The order of vonversion can be given
as norne ~ THE ~ methanol < pyridine << TBAH for the Texas lignite. This is essentially the same
as the order obtained without impregnation of ATTM.

Micoscopic examination of ATTM dispersed cato the Texas lignite from methanc] shows
intergrown crystals of ATTM that are associated with fraptures in the coal. This observation
snggests that the ATTM in methanol golution may once have impregnated into the frachures, bt
during evaporation of the solvent and remaining coal moisture in vacoom the ATTM may have been
drawn out of the fracture system, It appears from microseopie evidence thar 2 more uniform
dispersion of ATTM can be obtained when it is applied to a moist coal surface, relative 1o a
methanol-soaked und pre-swollen surface. A crogs-sectional area of a methanol-soaked sample
rreased with ATTM was cxamined by scanning electron microscopy with x-ray energy dispersive
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Table 8. Effect of preswelling on liquefaction of Texas Lignite (DECS-1) and Blind Canyon hvB
(DECS-6) with ATTM catalyst at 275°C.

Conversion % (daf)

Coal Solvent Total Preasph Asphalt Qil+Gas
DECS-1 None 9.0 3.9 3.6 1.5
DECS-1 Methanol 9.5 2.8 22 4.5
DECS-1 THF 9.3 3.1 2.8 3.4
DECS-1 Pyridine 11.8 2.9 2.4 6.5
DECS-1 TBAH 18.7 6.2 4.6 7.9
DECS-6 None 25.0 15.1 3.0 6.9
DECS-6 Methanol 24.7 15.4 24 6.9
DECS-6 THF 25.1 12.4 24 10.3
DECS-6 Pyridine 26.7 14.6 2.6 9.5
DECS-6 TBAH 23.7 13.5 3.9 6.3

spectrometry (SEM-EDS). No molybdenum or sulfur peaks were detected on either the interior or
exterior surfaces of the coal. From this we conclude that the ATTM-methanol solution does not
effectively penetrate a methanol-soaked, pre-swollen surface of the lignite.

For the Blind Canyon bituminous coal, the results are not as consistent as in the case of the
lignite. The addition of ATTM increased conversions for solvent-treated samples, relative to
comparable samples without ATTM, except in the case of TBAH-treated coal. In fact, TBAH
addition seemed to decrease the activity of the molybdenum sulfide catalyst, because the conversion
of TBAH-treated coal was slightly less than that of the unswollen coal. Again the increased
conversion is mainly in the form of enhanced yields of preasphaltenes and asphaltenes. For this
coal, the effects of solvent pretreatment on total conversion at 275°C are negligible, but THF,
pyridine, and TBAH effect slight changes in the product distribution. THF and pyridine treatments
increase oil and gas yields at the expense of preasphaltenes and asphaltenes. TBAH treatment
increases asphaltene yield while decreasing preasphaltenes.

One reason for improved conversion and product yield for THF-treated Blind Canyon coal
is suggested SEM examination, which showed the surface of several coal particles coated with
hemispherical bodies following swelling in THF and impregnation with ATTM. These bodies were
easily destroyed by a focused electron beam and are carbon-rich. We conclude that this material was
part of the THF-soluble fraction that was extracted from the coal during swelling and that was
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subsequently redeposited on the cosl surface when the THF was evaporated before catalyst
impregnation. The THF-soluble material has been separzted from the coal during swelling, and in
s0 doing has crealed more surface area for catalyst deposition, The significant increase in oil + gas
yield (Table 7) suggests that by improving access of the THF-solubie fraction 1o the hydrogenation
environment may be beneficial. The improved oil + gas yields and reduced preasphaltens and
asphaliene yields shown in Table ¥ imply that the increased surface arca for catalysifcoal contact
resuhing from swelling in THF has lite influence on canversion of the THF-insoluble fraction of
this coal nder pretreatment condidons. Improved acoess of catalyst 1o the THF-soluble coal
fraction does not significanily increase yield relative w0 the mou-catalytic reaction, but may improve
overall product quality.

Addision of ATTM in waterimethanol solutions was stadied for both vuals using single
particles as well as particolate sarniples. The distribution of cazalyst was the same regardless of the
coal or whether the samples were preireated in methanol, When the solvent was evaporated nwost of
the ATTM upgregated in clusters on the coal sutface. For the single coal particles, the clusters were
generally large. Individual 10 pm platelets of ATTM occurred in some arcas of the sample. Coal
surfaces in close proximity tw (he clusters gave no molybdenum or sulfur peaks in EDS, so sgesling
that ATTM forms a deposit only on the exterior surface of the coal and does not penemate deeply
ifto the interior of the partcles. In the particulate sampie, clusters of ATTM were not found
whiformly on all pardcles, and they were typicaily much smaller (<5 jum).

Using molybdenum carbonyl it HaS:H2 atmosphere, in general, Litde is gained by solvent
weatment for the Blind Canyon coal (Table 9). Increased conversion with pyridine is mainly a result
of increased asphalienes. For the Texas lipnite, similar trends are observed as were seen with
ATTM and in the non-catalytic reactions. The principai effect of solvent pretreatment i3 an increase
in oil + gas yield. The conversion of this coal increases in the order none ~ THF < methanel <
pyridine < TBAH. With iron carbony) in HyS:Hg, TBAH addition provided the highest COnversion
for the Texas lignite, and increase the yields of all products. Other solvent reatments did not
enharice toml conversion. Pyridine freatment caused an increase of oil+gas yield, and a decrease of
preasphaltenes. Selvent rsatment provided little impravement conversion of Blind Canyon coal.
TBAH and pyridine pretreatments slightly increased wotal conversion via an inerease of il + gas
yiclds.

Ferrous sulfate is completely solnble in 16% aqueous TBAH. Iowever, becanse the TGA
and rmicroautoclave results, discussed above, suggest that ferrous sulfate would not form an Bctive
catalyss al 275°, we have not examined the behavior of this system. Tt should be recagnized that for
terperature-staged liquefacton, in which the high-temperature siage would be adsquate 10 Convert
ferrous sulfate 10 an active catalyst, some advantages may derive from combining rhis catalyst
precursor with this good swelling agent
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Table 9. Effect of preswelling on liquefaction of Texas lignite (DECS-1) and Blind Canyon coal
(DECS-6) with Mo(CQ)g at 275°C.

React. Conversion (%)
hioal_|_Gas | Solvent | Total | Preasph | Asphalt | Oil+Gas
DECS-1 H, None 6.7 2.9 2.0 1.8
DECS-1 | HpS:H2 None 9.1 42 2.8 2.2
DECS-1 | H2S:Hz | Methanol 10.6 3.2 2.3 5.1
DECS-1 | H2S:Hp THF 9.3 33 3.2 2.8
DECS-1 | H2S:Hp | Pyridine 13.9 3.1 3.6 7.2
DECS-1 | HpS:Hp TBAH 15.3 4.5 3.5 7.3
DECS-6 H» None 16.5 8.1 1.5 6.9
DECS-6 | HsS:H; None 26.6 15.7 3.3 7.6
DECS-6 | H2S:Hp | Methanol 25.7 15.6 3.8 6.3
DECS-6 Hy THF 15.2 6.8 1.3 7.1
DECS-6 | H2S:Hp THF 27.5 17.4 4.4 5.7
DECS-6 | H2S:Hp | Pyridine 28.1 15.9 5.7 6.5
DECS-6 | H»S:Hp TBAH 26.4 15.7 6.0 3.8

Table 10 provides conversion data for coals impregnated with iron pentacarbonyl. For the
Texas lignite, iron pentacarbonyl impregnation provided the greatest total conversion and oil + gas
formation in Hy:H3$, relative 1o molybdenum sulfide catalysts. Iron pentacarbonyl did not affect
conversion of the lignite in hydrogen. For the bituminous coal, iron pentacarbonyl impregnation
increased total conversion mainly by effecting formation of preasphaltenes, as in the case of
molybdenum sulfide catalysts. As also observed with molybdenum hexacarbonyl, there was a
decreased formation of preasphaltenes and asphaltenes and increased formation of oil + gasin
hydrogen. In general the data obtained in H2:H2S with solvent treatment shown in Table 10 are
fairly consistent with results reported earlier. For the lignite, improved conversions are in the order
of solvent swelling ratio, suggesting again that the catalyst and solvent may work independently.
For the bituminous coal, conversions in all cases are, at least roughly, similar, suggesting that
solvent treatment provides no benefit in total conversion not already obtained by catalyst addition.

440



‘rable 10. Effect of preswelling on lhiquefacnan of Texas lignite (DECS-1) and Bind Canyon hvB
(DECS-6} with Fe(CO)s n HzS:Hz (5:95) at temperalure of 275°C.

Conversion® (dafl)

Cnal Soivent Tolal l Preasph ﬁ.sEhalt oil+Eas
DECS-1 None 11.2 4.2 15 3.5
DECS-1 | Methanol 9.7 2.5 3.6 36
DECS-1 THF 10,7 35 2.3 4.9
DECS-1 Pynidine 11.0 1.8 3.0 6.2
DECS-1 TBAH 23.6 7.5 10.0 6.1
DECS-6 None 22.9 14.1 27 6.1
DECS-6 | Methancl 19.8 9.8 1.3 7.7
DECS-6 THE 2.6 10.2 3.0 7.4
DECS-6 | Pyridine 23.6 11.7 3.1 88
DECS-6 TBAH 25.6 117 3.7 10,2

CONCLUSIONS

Without swelling pretreatment, impregnation of both coals increased conversion at 275°C.
The increased conversion was mainly a result of an increased yield of preasphaltenes. In the
absence of catalyst, swelling the Texas lignite before liguefaction improves conversion, with the
increase mainly a result of additional {cil+gas) yield. The relative effectiveness of various solvents
for improving conversion is in the satne general order as their cffectiveness at swelling the coal.
Preswelling with methanol or pyridine has litde effect on liquefaction of the Blind Canyon coal, but
both TITF and TBAH provide increased conversion as a result of improved preasphaltene yields.
With this coal, the effectiveness of solvents at improving liquefaction is not in the sarne Order as
their ability to swell the coal. The combined effect of catalyst addition and swelling is to eahance
conversion of the lipnite, with a doubling of conversion abtained by impregnalion with catalyst and
swelling by TBAH. The yields of all products are enhanced by this pretreatment. Tn contrast, lirtle
improvement in lotal conversion of the Blind Canyon coal is obtained by combining caralyst
impregnation and solvet swelling, but changes in the relatve proportions of the products can be
obiained.

Investigation of catalyst impregnation of solvent-swollen or moist coals with SEM
Jemonstraes that ferrous sulfate and ATTM form only surface dispersions. Prewreatment in
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methanol or THF appears to have little influence on impregnation. Imprcgnanon with ATTM before
and after solvent swelling results in a surface dispersion. Aggregates of small crystals were
observed on the surface of single particles and on particulate samples. Molybdenum and sulfur
peaks were not detected in areas where these crystals were absent.

The results with Fe(CO)s in the different gas atmospheres are noteworthy because they
suggest the possibility of tailoring the catalyst action to the characteristics of the coal and the kind of
transformations desired. We have shown elsewhere that sulfided catalysts generally seem to
intervene in the initial breakdown of the coal, producing preasphaltenes and asphaltenes.22 For
coals which do not have a high inherent reactivity, a catalyst facilitating breakdown of the structure
may be very useful. On the other hand, some coals appear to undergo a facile thermal
depolymerization even in the absence of catalyst, and in such cases a catalyst that acts mainly to help
hydrogenate heavier products to oils might be preferable. We have demonstrated with impregnated
Fe(CO)s that the choice of atmosphere, Hz vs. H3S:Ha, provides the opportunity of generating an
active catalyst that acts either for coal breakdown or for shifting the product slate to lighter
materials. It is interesting to speculate that one could, for example, use a H2S:Hj atmosphere to
provide a sulfided, dissolution catalyst for the first stage, re-impregnate with Fe(CO)s between
stages, and use a Hy atmosphere in the second stage to enhance hydrogenation of the preasphaltenes
and asphaltenes. ‘

An added benefit of solvent swelling could be the formation of good solvent inside the coal,
as in the case of the thermal decomposition of TBAH to tributylamine. Previous work in this
laboratory has shown that the transport of the mobile phase to catalyst particles on the surface of the
coal is an important factor in short-contact time liquefaction of bituminous coals.26 The use of a
good swelling agent as a "solvent precursor,” with subsequent in situ generation of a good
extractive solvent could increase the amount of mobile phase moving out of the coal and reduce its
viscosity. In addition, we have also shown that combining an excellent hydrogen donor (tetrahydro-
quinoline) into the same molecular species as a catalyst precursor facilitates hydrogenation by
keeping the donor in, or near, the catalyst.27 Hence the prospect exists for future developments of
combined "solvent-and-catalyst precursors."

It is important to recognize that the first-stage liquefaction reactions of coals may produce
changes in coal structure or behavior that significantly enhance conversion in the second, high-
temperature stage, but which are not necessarily evident in the macroscopic characteristics (e.g.,
formation of soluble materials) of the products of the first stage. That is, a particular coal-catalyst-
solvent combination may provide small conversions or yields of soluble products at the end of the
first stage, yet may have experienced subtle changes of structure which then facilitate significant
conversion in the second stage. Hence the ultimate assessment of the utility of catalyst
impregnation, solvent swelling, or both in improving liquefaction behavior in temperature-staged
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processes is o determine conversions and product yiglds at the end of the second stage.
Turthcrmenrs, it is alse imporant to understand the molecular changes caused in the coal or Tesidues
by solvent and catalyst Lreamnent, as well as o observe differences in the compasitians of the liguid
products cavsed by these treatments. The former van be assessed by 13C noclear magnetc
resonance and Fourier transfotin infrared spectroscopy; the latter, by Zas chromatography alonc or
in combinaton with mass specromeiry. Such work i3 in progress in our laboratory and the results
will be reported in due courss.
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