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INTRODUCTION

Cngoing research at PETC has focused on improved means cf
developing high surface area, well dispersed slurry catalyst
options for direct coal liguefaction applicatiens. () Compared to
supported hydroliguefaction catalystas now being employed, such
catalysts can exhibit superior characteristics for use in a coal
dissolution reactor, particularly with respect to loss of activity
and contact with reactants during the early s=tages of coal
lifquefaction. If properly dispersed and activated, molybdenum is
sufficiently active to be employed for coal liquefaction at low
concentrations (<0.1 wt% based on coal). Howaver, owing to the
difficulty of receovering owpensive transition elements such as
molybdenum after use, iron has continued to be of interest as the
basis of an ecanomical and disposable catalyat for coal
liguefaction.

The catalytie activity cbtained by direct introduction of iron
inte the feed slurry in the form of readily available minerals such
as oxides or sulfida {pyrite) concentrates is generally low. Such
approaches are typically ineffective unlezss relatively high
concentrations (several wt% based on coal) of iron are added. (2%
Among the factors usually centributing to the low activity are poor
initial dispersion and low surface area of the addad iron phase,
and a tendency for aggregation and loss of surface area {(eintering)
of the catalytically active iren splfide {pyrrhotite] phase undar
coal liquefaction conditions.

A variety of methods have been enployed to increase the
initial dispersion of iron in coal liguefaction systems. Catalyst
precursors have bheen intreduced by physically mixing very small
particles into the feed slurry, deposition from aguecus solutions,
additien in oil soluble forms, and impregnation of the feed coal by
water soluble compounds,® ad 75 Fundamental =studie=s using such
approaches have provided evidence for increased activity with
reduction ef iron particle =sirze, the need fFor available aulfur
donating species if non-sulfide Precurscre are used, and the
inhibiting effect of coal on the agglomeration and growth of sgall
particles of some iron catalyst precursors under Iiguefaction
conditians. The sztudies also suggest that iron nay be an effective
liguefaction catalyst at concentrations well below 1 wté of the
feed coal by utilizing the proper precurecrs, introduction
technigques, and activation conditions,

EXFERIMENTAL

Experiments were conducted with -200 mesh Illinois No. &
(Burning Star No. 2) coal obtained from the Consolidation Coal
Company. Second-stage heavy distillate from recent operatichs in
a tClese-coupled integrated two-stage liguefaction mede at the
Wilsonville Advanced Coal Liguefaction Taest Facility was used as
the liguefaction solvent.*® The bituminous coal waz siurried with
second-stage vacuum tower overheads (V-1074) from Run 257 {that
uged Illinais No. & coal). Properties of the coal and s=olvent have
been summarized in earlier papers.(l ad %

Molybdenum catalyst precursors were tested to establish a
basis for comparigon with the iron catalysts. The precursors used
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were ammonium heptameclybdate (AHM) and apmonium tetrathicmeolyhkdate
( ATTHN) -

Hydrated iron oxide (FeQOH) was dispersed onto the feed coals
by an incipient wWetness impregnatiunfprccipitatinn approach. A
solution of 1 g of ferric nitrate, Te(N0s}y ° 9H O, dissclved in 40
g of distilled water was used to wet 56 g of the ground bituminous
ccal to ihciplent wetness. The wet pasgte wasg added rapidly to a
solution containing 20 g of ammonium hydroxide {2%% NHy) and 200 g
of distilled water. Pressure—-filtration af the aguaous coal
suspengion through a q.45-micron filter resulted in a <lear
filtrate. The ircn leoaded coal wWas Vacuum dried at 40°C.

semi-patch (batch slurry, flow through gas} Gtests were
performed in a 1-L stirred-tank reactor system to phtain product
yield and conversgion information and to provide sufficient product
for additional characterization. The cemi-batch eperatich has heen
discussed in earlier papers. = ¥

Further tests were performed in a womputer-controlled 1-L
bench-scale continuous liguefaction unit. & schematic of the unit
has been presented in earlier papers.t ™ ¥  For experiments with
iren, an intermediate =tage was added to assist in activating the
matalyst precursor. The residence time in this internediate stage
was approximately 20 minutes. continuous operations were carried
out with a 30 wt% coal slurry, reactor temperature of 425°C, 2500
peig Hy/3%H,5, and 1 n residence time. The gae flow rate was 5
SCFH; the slurry feed rate was 240 g/h.

4 40 nl microautoclave reactor was used to investigate tha
affect of activation temperature on the transition of FeDDH to
pyrrhotite. Tn these experiments, FeQOH wae impregnated anto
carbon black rather than ccal to elipinate the interferences causead
by the indigencus pyrite in the ceal. The carbon black was Raven
29 Powder obtainad from Columkian Chemicals Co. The ircn loaded
carbon black and tetralin were rapidly heated (under H, in the
presence of C5;) to temperatures of 100°C, 150°C, 200°C, 2509,
1p0®c, 350°C, and 400°C and held at temperature for 5 minutes. The
products were mixed with THF and filtered through a 0.45 um fFilter
paper. The filter cake, containing the iron loaded carbon, Wwas
recovered and analyzed hy X-Ray diffraction.

RESULTAS AND DIECUSEBION

ronveraions of Illinois No. 6 Coal at 425°C to saoluble and
distillate products in semi-batch stirred autoclave tests with the
inpregnated FeOOH, AHM, OT nNO added catalyst are compared in Flgure
1. The 950°F distillate yield atructure for the two casges appeare
to be gimilar. However, for the particular ligquefactlion conditions
and active metal concentrations chosen, a higher total distillate
yield was obtained from the iron catalyst. Elemental analysis of
t+he distillation product fractions indicated little difference
between the products from liguefaction using either FeOOH or AHM as
catalyset precursors.

The transitions invelved in the generation of pyrrhotite from
impregnated FeDOH were studied in a seriez of microautaclave
axperiments. The results are given in Table 1. These results
indicate that a transition from amocrphous (or sub-crystalline) to
crystalline form occurs betwecn 300% and 350°%, after which
crystalline pyrrhotite ie obsarved. It is possible that pyrrhotite
is present at temperatures pelow 350°C. The pyrrhotite present
below 350°C must be smaller than 100 &, since it was not detectable
by X-Ray diffraction.

Evaluation of the impregnated iron catalyst was rade with
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Illinois No. 6 coal in the continuous unit. Table 2 compares
product yields in this test using FeOOH and a temperature of 275°C
in the activation reactor with those obtained in a continuous unit
test using dispersed molybdenum, added as aqueous ammonium
tetrathiomolybdate (ATTM), as the catalyst. Under these
liquefaction conditions, at approximately double the catalyst
concentration, the activity of the iron is comparable to the
activity of the molybdenum.

The effect of varying the intermediate (activation)
temperature was investigated in a series of continuous liquefaction
tests. Table 3 summarizes the results. The highest levels of
conversion and smoothest operation were observed with catalyst
activation between 250°C and 300°C. At 350°C, coal conversions were
lower, operation of the unit was more difficult, and minor plugging
problems were observed. Below an activation temperature of 250°C,
the FeOOH may not have been fully sulfided (converted to
pyrrhotite) and, therefore, did not exhibit the same catalytic
activity as the pyrrhotite formed at 275°C. The decreased coal
conversion and more difficult unit operation at the higher
activation temperature suggest that the pyrrhotite formed at 350°C
was catalytically less active than at 275°C. This may be due to
formation of the pyrrhotite having a larger crystallite size at
350°C than at 27s°C. However, the results could also be attributed
to thermal soaking differences between 200°C and 350°C. Thermal
tests (with no catalyst) were conducted using an intermediate
temperature of 275°C. The results of the thermal tests are also
summarized in Table 3. Thermal operations appear to be sensitive
to the initial state of the test. The thermal data reported in
Table 3 refer to two cases in which the unit had been operating
well prior to beginning the thermal test. In a separate case in
which the unit was operating at low conversions prior to the
thermal test, plugging was observed. Further studies of the effect
of the activation temperatureand time on thermal and catalytic
operations are planned. However, the results to date indicate that
the activation stage functions both to activate the catalyst and to
provide a thermal pretreating benefit. Further studies are planned
to evaluate the effect of activation for both thermal and catalytic
systens.

Work is now in progress to adapt the iron impregnation/FeOOH
precipitation procedure to the liquefaction of subbituminous coals.
Optimum conditions for the loading and activation of the iron are
expected to be somewhat coal dependent. However, initially the
preparation procedure for Illinois No. 6 coal has been applied
without modification to Usibelli (Alaska) subbituminous coal. 1In
the preparation step, during filtration of the ammonium hydroxide
from the Usibelli iron impregnated coal, a brownish tinted filtrate
was obtained rather than clear filtrate as observed with the
bituminous coal. This appears to arise from the extraction of a
small amount of polar organic material from the subbituminous coal;
this filtrate is being further characterized. Semi-batch catalytic
and non-catalytic liquefaction tests were conducted with Usibelli
coal and second stage heavy distillate (V-1072) from Wilsonville
Run 258 with Black Thunder subbituminous coal. The results of
theses tests, conducted under 2500 psig of 3% H,S/H,, indicate that
catalytic activity is observed with the FeOOH impregnated
subbituminous coal. A similar conclusion was drawn from semi-batch
coprocessing tests with the Usibelli coal and Cold Lake petroleun
resid. Optimization of the iron activation conditions requires
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gperation in a continuous made. Initial slurry pumping problems
rendered unsugcesgful initial attempts to conduct the continuous
node ligquefaction expariments in our small bench scale units with
a Usibelli coal/V-1072 £lurry. The problen has been diagncsed as
arisging from the use of 2 relatively coarse grind feed coal (ahout
&0 mesh) with the V-1074 solvent which is lighter than the
Eituminous coal-derived aolvent used in cther tests as shown in
Takle 4. Further sewmi-batch and continucus tests of the
gubbituminous ccal are planned.

SUMMARY AND CONCLUBIONE

A pracedure for dispersing a finely divided form of ircn on
coal has heen developed that yields a highly active catalyst for
direct caal liguefaction applications. The feed coal is
impregnated with ferric iron by incipient wetness treatment,
subsecuently, the high dispersion and interaction with the coal
surfaces is maintained by conversion of the added irom to insolukle
FeldZH. Proper activation of the dispersed FeQOH under typical
liquefaction conditiona iz shown to result in an effective
disposable catalyst for the conversion of coal. In batch or semi-
batch aperations proper activation can be achieved during heat-up
of the reactants. In continuous operations, an activation reactor
stage is required.

continuous-unit bench-scale tests to better define the
activation sequence of the iron catalyst wers conducted with
Tllinois No. 6 coal. At an activation temperature heatween 250°C
apd 300°C (and activation residence time of 20 min.), a final
reacter tewperature af 435°C, and resjidence time of 1 h, the
conversions observed with the impregnated FeQOH catalyst precurscr
were again similar to the conversions cobserved using added Mo
Significantly varying the activation temperature from the optimal
temperature range resulted in poorer liquid yields and unit
performance. The degree te wWhich the effect of pretreater
temperature can be attributed te catalytle effects and to thermal
soaking effsctsz i= uncertain, but it appears that both effects may
gontribute. '
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Table . Microgzukeoclave Iron Acktivation Studies Using Carbon Black
and Tetralin 1000 peig E, Zcld Prassure with Added £F,
Using 2500 ppm Iran as Hydrated Iran Oxlde on Carbon
bominant
Tran Phase Pyrrhotita Estimated
Tepperature by Y-Ray Areh Undaz Crystallite
o niffraction turve Bize
1o0 Amorphous
150 Ameorpnous
c 00 Amorphous
25 Amorphous
00 Amorphous
150 ryrrhctite 27 42¢ A
400 Pyrrhotite 158 400 A
Tahle 2. FProduct Tields from liguefaction of 30 wii% Illinci= Nao.
5 coal and 70 wt% V-1074 in a contiruous mode with added
iran {FacCH) or added malybdenum (ATTH). (Continuvous 1-L
attoclave; Reachtor Temp. = 4359, Pressure = 2500 psis,
Hiwhfﬁhﬁsr Fe cone. = 2500 ppm, Me conc., = 1000 ppm,
Gas Feed Rate = £ BCFH; Sluryy F=ed Rate = 240 g/h.)
Froduct Distribwticn (Ash ¥Yroe Basis), Wti
Compenent Fe0ODH ATTH
c,=C, 3.4 3.2
C. -9 5GF 82.7 53.5
g Ft 15.0 14.5
Nan-Hyd>»acarbon Sases 1.4 1.4
Hydrogen . (2.5) (2.6)
Tahle 3. Continuous Operation - Activation Tenperature Seriee
{Continuous 1-L autoclave; Reactor Temp, = 435°%,
Prassure — 2500 psig, 97%H,/3¥H;8; Fe conc. = 2500 ppm,

Zas Feed Rate = & SCMN; Slurry Feed Rate = 240 g/h.)

hetivation Product Conversion to

Temperature, ¢ Catalvast Quality 950°F , % Comments

150 Iron Poox &k Plugged

275 ILran Good 55 Smooth Cperaticon
ign Iran Vi=cous 50 Hough Cperation
5d Iron Poor EhE Plugged

275 1ron Good 52 BEmooth Oparatlon
250 iron Good 54 Smooth Gperation
300 Iroch oo 59 Swooth Operation
275 Hene 41

L
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Table 4. Vehicle Solvents Used in Continuous Liquefaction Tests

Ultimate Analysis, wt%

Carbon
Hydrogen
Oxygen (Direct)
Nitrogen
Sulfur

Ash

850°F (Volg)
Heptane Insols, wt%

M,

*

HB]"

f

a

Wilsonville Wilsonville
v-1072’ v-1074°
89.0 89.1
9.3 9.8
1.1 0.9
0.7 0.4
0.07 0.4
<0.1 <0.1
86 65
0.5 0.2
2803 3607
0.19 0.15
0.61 0.43

' Black Thunder subbituminous coal used in Wilsonville test.
Illinois No. 6 bituminous coal used in Wilsonville test.

VPO, THF, 40°C.

596



(H40S ¥ 18 S*H%e/*H% .6 ‘Bisd Qpgz
‘Ul "O.Gg¥ ‘sluswiiedx3y yoleg-lweg - )
“UoISIsAuoD [e0D uo sisAjeiesn o 1094}3 *| aanbig

SOIqUNIGIP _4 096 JRgy  S21ANIoE eus)doH EER  Selanios %10°HO pgm

IWHY snaanby HQO®4 pajeulardu jewlsy

oy

09

| oW wdd gog| a4 wdd Qosz

%IM ‘UOISIBALOY) jBON

-0l



