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To achieve higher distillats yields and better quality
products at lower capital and production costs in
comparison 1o existing technologies. Specifically to:

1. improve further our understanding of the
comptex reactions in coal fiquefaction that may
lead to process improvements.

2. Increase affactiveness and lower costs of
catalysts.
3. Improve hydrogen management and costs.

4. Identify coals that have the greatest potential
for liquefaction at mild condifans.

. Develop scale-up data in a Mini-PDU.

The CTSL™, Catalytic Two-Stage Liquefaction
Process, has been undar DOE sponsored
development since 1283 with most of the early
studies being conducted on {llincis MNo. & bituminous
coal. Presant studies in a three year contract {1586-
91} have baen with sub-bitiuminous and Bituminous
coals and include vatiations on Two-Stage Catalytic
Processing.

wh
-
=2



ACCOMPLISHMENTS AND
GCONCLUSIONS (CONT'D):

In Banch-Scale experiments from Qctobser 1920 to
date, studies wera carmied out on On-Line
Hydrotreating, Filtration for Solid Separation,
Rejuvenation of Catalyst, Effect of CO, Addition and
the Evaluation of Predispersed FeOQH on Illinois
No. 6 Ceal.

Or-Line hydrotreating was found te be very effective
in reducing nitrogen and sultur in light distillate
fractions. Further studies to evaluate iang term
catalyst life are recommended.

On the basis of small scale filtration tests by the
British Coal Corperation, filtration will be scaled-up to
FDU evaluation.

Rejuvenation of spent NiMo catalyst was successfuily
‘demonstrated whils processing sub-bitumincus coal.
Removal of metals and carbon naariy resiores
ariginal activily.

The addition af high concentrations of CO,
significantly enhanced coal conversion, but resulted in
a shift to more methane, GO and watar,

The successful application of a dispersed iron-oxile
hydroxide catalyst in two-stage processing has
provided a basis for further experimentation using
incipiant wetness and ion axchangs dispersion
technigues.

Mathods 1o improve the quality and sconomics of
two-stage products have baen demonstrated. Scale-
up of the CTSL extinction recycle procass is plannad
for late 1991, and furhar studies of dispersed and
supportad catalysts have bean proposed.



INTRODUCTION

The two-stage direct liquefaction work described herein covers the period from October
1990 to September 1991, the final year of the three year DOE contract that commenced
in October 1988. DOE has sponsored the development of Catalytic Two-Stage
Liquefaction CTSL™ since 1983 with the major purpose being to achieve higher distillate
yields and better quality product while lowering production and capital costs. Specifically,
studies were directed 0 obtaining a better understanding of the process, to better
hydrogen management, to more effective catalysts, to PDU scale-up to finding better
coals for liquefaction, and to improving process aconomics.

Studies completed in this period are On-Line Hydrotreating, Solid Separation-Filtration,
Catalyst Rejuvenation, Effect of CO, and the Evaluation of an FeOOH catalyst.
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PRQCESS DESCRIPTION

The CTSL Process consists ot two ebullated-bed reactors close coupled in series with the
first reactor operating at a lowar lemperature than the second. Thus the lower
tamperature first-stage favors catalytic hydrogenation through the maintenance of denor
solvent quality. Furthet conversion and heleroatom remaoval oecurs in the second stage
at & highar themmal sevarity selected to minimize dehydrogenation of first-stage products.
Figure 1 depicts the process without defining a method of soiid separation. In a haavy
oil extinction operation, all the haavy oil musi be separated from the unconveried coal and
ash {sclids) and used as the recycle and slurrying oil. Catalyst aclivity, process sevenly
and racycle cut peint are selected ta maintain the extinction balance. The aquipmsant
used for the bench-scale studies consists of two close-coupled 2000 cc ebullated-bDeds
with vaparliquid separation, centinuous atmesphsric distlliation, filtration and a 1000 cc
cn-line hydrotreater.  Operations are continuous excluding ceal prepataticn, solid
separation and heavy recycle ol preparation. A singls batch of supported catalyst 1s used
for a run; tharglore, each experiment must account for deactivation in the interpretaticn
of results. At a minimal eapacity of 50 Ibs/day this unit clearly defines process chemistry
and scales directly to larger size units.

The microautociave equipment used is a standard, vertically shaken 20 ec fubing bomb

reactor that is fited with & catalyst basket for supported catalysi experimants. Gas bags
are incorporated to identify and obiain gas yields. TGA Is used to quantify resid yields.
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CO-10 ON-LINE HYDROTREATING

On-Line Hydrotreating, using the high hydrogen partial pressure arkl excess hydrogan
exiting the reactor, provides an attractive oplion far improving producd quality. This 16
day study usad a low sulfur New Mexico Mckiniey Mine sub-biturminous coal containing
ovar 1 W% nitrogen. Table 1 shows an analysis of this coal. & Shell 424 tfrilobe NiMo
catalyst was usad in the hydrotraater.

The run was designed to study upgrading of the entire distillate product slate in three
fractions: 550°F minus, 625'F minus and 97%°F minus. A summary of operating
conditions arnd parformance is shown in Table 2; note that the hydroireater was on stream
and off in altarnate periods with 11 W2 VS0OH added imo the hydrotreater feed stream
in paried 16. The rasid conversion and distillata yields are reflective of the high space
velocity (68 Ibs/hrift® catalyst) of the operation.

Product quality is measurably improved by on-line hydrofreating. As sean in Table 3
nitrogen and sulfur contents are raduced to the 10 ppm ievel and hycrogen addition is
significant. The product characterization results shown in Tabls 4 indicate that substantial
aromatics saturation has occurred. Thus for example, tha 380-650°F fraction would yield
a hipher catane number and a cieansr buming diesel fuel.




TABLE 1

ANALYSES OF FEED COALS

Coal New Mexico Wyoming
(Mckinley Black

HRI No. Mine) Thunder
5709 5828

W% Dry Basis

Carbon 66.87 68.01
Hydrogen 4.60 410
Nitrogen 1.12 0.93
Sulfur 0.60 0.55
Ash 11.51 6.50
Oxygen (by difference) 15.3 19.91

Ash Analysis {lgnited, W% Ash)

SiO, 59.00 36.4
AlLO, 24.41 15.7
TiO, 1.14 1.2
Fe,0, 5.07 6.6
Ca0 3.77 19.8
MgO 1.04 4.0
K,O 1.02 0.4
Na,0 1.82 0.8
SO, 1.30 12.4
P,O, 0.31 0.8

Undetermined 0.12 0.5
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TABLE 2
CC-10

LIQUEFACTION PERFORMANCE

CONCITION 1 2 3 4 5'
Perigts 4.7 8 11-12 14 %
Catalyst Age (Per Stage) (Lb
CoaliLi Catalyst) 230 aa 439 598 683
Temperatureg, "F°
Hot Separator 550 550 E25 625 825
Hydrotreater 650 - 650 - 675
Hydrotreater Space Velocity
{fo productb catihr) 0.46 - {.55 - 1.04
Normalized Yields W3 MAF Coal
G-, 7.1 70 78 6.5 75
C-300°F 176 144 16.8 148 16.0
390-650°F 306 298 202 274 74
BaG-975"F 1B.6 195 118 218 188
a78'F 4.1 5.0 58 68 6.5
Gases 2d 30 28 26 28
Wate- 14.2 14.8 164 12.0 138
Process Perinimance, Wi MAF
Hydrogen Consumpton 7.8 7.3 7.8 FA; 7.2
Coal Canversion 86.3 a5.7 8a.n a5.2 857
Rasid Conversion 822 80.7 77 783 79.2
HDS 757 75.0 70.1 69.1 1.0
HDN 779 70.4 72.6 57.2 74.7
G,-975°F Yield 86.2 63.7 578 £4.1 624
"1% VSOH added in Conditlon 5.

“Reacior Temparatures 760/615F
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TABLE 3

QUALITY OF SEPARATOR OVERHEAD

CONDITION 1 2 3 4 5
Period 7 9 12 14 16
‘AP| Gravity 39.9 36.2 36.7 34.3 29.1
Carbon, W% 86.33 86.58 86.36 86.87 87.29
Hydrogen, W% 13.71 13.33 13.64 12.63 12.48
Nitrogen, ppm 9 1,280 89 1,600 72
Sulfur, ppm 14 230 6 240 2
VABP, F 401 421 442 1449 525
H/C Ratio 1.91 1.85 1.88 1.74 1.72

Watson K 11.25 11.25 11.12 11.02 10.91
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TABLE 4

CHARACTERIZATION OF HYDROTREATED
DISTILLATE FRACTIONS

TPB Cut 180-330°F 380-500°F

Paraffins 19.00 - 18.70 --

QOlefins 0.80 -- 1.00 -

Monocycloparalffins 56.83 (51.7) 28.08 (2B8.4)

Dicydoparaffins 12.20 [15.2) 20.97 (17.5)

Alkylbenzanas 8.96 (9.3} 9.56 (10.9)

Indanes/Tetralins 1.69 (2.5) 16.89 (21.4)

Naphthalenss 0.52 {.63) 2.79 {4.3)
s00-650°F

Paraffinsg 13.47

Monocycioparatfing 2.59 (7.4)

Dicycioparafiins 22.59 [13.7)

Tricycloparaffins 14.53 {7.4)

Alkylbenzenes 9.06 (12.0)

Indanes/Tetraling 11.35 (14.0)

Incenas 11.00 {13.7}

Naphthalenes B.46 (12.1)

Acenaphthenas ' 4.12 (6.3)

Acenaphthalanas 1.63

Tricyclic Aromatics 1.20

{ ) = Untreated
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CC-11 SOLID SEPARATION - FILTRATION

Arrangements were made with the British Coal Corporation to examine the separation of
CTSL bottoms using their proprietary filtration process.

Twenty kilograms of atmospheric bottoms were collected in a 13 day operation on
Wyoming Black Thunder coal at 68 Ips/hr/ft® catalyst space velocity. A large capacity
feed tank and process derived start-up oil were used to provide inventory for collection.

The filtration evaluation by BCB gave acceptable rates for scale-up of this process for the
3 ton/day PDU level. Techniques have been developed by BCB that permit the use of
larger mesh screens that nearly eliminate screen blinding and recover over 90% of the
oil from the cake.

CC-12 EVALUATION OF REJUVENATED CATALYST

Following eariier tests in the program on supported iron promoted and on dispersed iron
catalysts, a study was conducted on "rejuvenated” supported, nickel molybdenum
catalysts. Rejuvenation, an HRI patented process, consists of an acid treatment to
remove metals followed by carbon burn-off. A spent catalyst from earlier runs was
rejuvenated in a batch operation, charged to the reactors and tested while feeding
Wyoming Black Thunder coal at baseline conditions in a 12 day operation. This was the
first bench test of a rejuvenated NiMo catalyst.

The rejuvenation process did lower the catalyst crush strength by over 30% but recovered
87% of the pore voiume and 75% of the surface area. The rejuvenated, supported nickel
moly catalyst performed flawlessiy for a planned 12 day operation generating consistent
yields with minimal residual oil conversion deactivation, and, surprisingly, hydrogenation
improved as the run progressed. For comparable periods the resid conversion averaged
83.6 W% MAF coal versus 84.6% for fresh catalyst at similar ages; most of the difference
can be attributed to a lower coal conversion for the current lot of coal. Figure 2 shows
the minimal change in 975°F" resid formation during the test. The stability of residuum
hydrogenation with time is depicted in Figure 3.
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FIGURE 3
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CC-13 CO.COAL SLURRY EVAI UATION

Tha objactivas of this run wate to evaluate & feed slurrying agent that would vapaorize In
the reactor to afford less dilution to promote more complete reaction ol the coal and
heavy liquid products and aisc reduce recycle reguiremants.

The initial intantion was to use CO, as the fesd coal slurrying agent directly, by means
of & pressurized, refrigerated slurry preparation system. However, the attempis to
prepare a pumpahle CO,/coal slumy resulted in high vaparization and vapor-binding of the
slurry feed pump. The run plan was then changed to feed CO, in addition to a feed slurry
incorparating & nermally liquid materal, recyclad filtered liquid or light gas oil make-up
[which in process application could ba recycled from the distilation of the reactor
products).

The run conditions and performance of this 14 day operation on Wyoming Black Thunder
coal are shown in attached Tablo 5. Note the high gas make, shift to lighter distillates,
high hydrogen consumption and high coal conversion and yialds. This is the highest coal
conversion obtained in CTSL operations with Black Thunder coal indicating some
interaction of the coal with CO, and also the concentration effect with the light solvent.

A comprehensive analysis of the gases produced indicates that 58% of the CO, reacts
te form CO, CH,, and H.0, yields ot C,, C; and C, gases were lowar with CO, addition.

Thus, this study indicates that CO, does shift to methans and water at CTSL reaction
condilions while improving coal conversioh and light distillate production.
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TABLES
iquetaction P

Black Thunder Mine Coal - CO, and Light Sclvent Slurry_Addition

CONDITION 1 2 J 4 5 GC-1
Periods (Days) 5 7 g 11 14 9
Catalyst Age, Lt Dry Coallb
Catalyst) {Stags) 143 201 259 318 401 256
GO, Addition, Lb/Lt: Dry Coat 00 090 0245 0255 (0.556 --
il Addition (HRI-5663), Lb/lof Dry Coal 0.0 0.0 0o 1.18 0.0 -
Filtered Liquid Recycle, Lilb Dry Coal 1,18 1,20 1.18 0.00  1.04 1.1
Numnakzed Yields (W of Dry Coall
C-Cy 11,49 [12.81) 1276 1096 16.97 a.2
C,-290°F 22,27 2130 1168 1762 2041
390-850°F 25.51 3988 2273 3394 282
GRO-B50°F 7.83 B35 1185 753 121
B50-975°F 1.16 1.07 566 (.53 21
975F" Liquig 1.29 115 589 086 26
Unconverted Cosl B.63 703 564 653 E.1
Ash {SO,-free) 6.50 650 650 650 6.9
Waler 21.31 (21.91) 3766 3744 3932 177
Co 048 (1.30) 097 2362 731 0.1
G0, 0.72 (0.38) -1B.34 -13.71 -26.25 0.2
NH. 1.02 096 0892 085 1.0
H,S 0.37 039 0.4 044 04
Total {100 + H, Consumpticn) 108.58 111.51 10962 112.26 107.8
Process Per MA
Coal Conversion 908 912 925 940 930 98
975" F* Convearsion 04 g1.2 877 521 874
C,-975'F Distillate Yieid 60.7 668 555 638 636
Desulfurization 63.5 673 757 754 712
Denitragenation 0.7 849 810 843 757
NOTES:

1. Period 7 yields are collecteq yieks, other yieids are normalized yieids.

2. Space Vslcofty - 45 [bs/hirit® catalyst.

3. Reactor temparatures an pressure, 750/825°F, 2500 psig
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CC-14 EVALUATION OF FsOOH DISPERSED CATALYST

An iron-gxide hygroxide treated [llinois #6 cosl prepared at PETC In-House R&D by an
incipiant wetness procedura was evaiuated versus unireated coal and with molybdenum
dispersed as Ammonium Tetrathio Molybdaie in a three-stage process canfiguration. The
first stage being a lew tempserature (525°F) activation stage fullowed by a high
temparature {800°F) back-mixed stage and a third ebullated-bed stage with NiMo catalyst
at 780°F.

The catalyzed and unireated coal analyses are shown in Tabla 6 and the operating
conditions and performance in Table 7. Figures 4 and 5 show the comparative distillate
yields and performance of the F&OOH at two reactor severity levels. The iron-basad
chemicaliy dispersed catalyst performed very wefl with distillate ylelds C,-975°F of over
79 W% of MAF ccal with the firsl stage at BOO'F and the second ebullated-bed stage al
773°F. Increasing the tharmal sevarity 1o 825°F lowarad the distillate yiald and increasad
hydregen consumption by produging more £,-C, gases. Molybdenum based dispersed
catalyst appears 10 yield bettar or aquivalent performance with resped! to residuum
conversian and praduct qualily; howevet, the relative performance may be over shadowed
by deactivation of the supported catalyst in the ebullated-bed reactor.

Further optimization of the FeOCH catalyst formulation and operating condilions are
warranted based on the results of this study. The yields in condition 1 approach the
maximum oabtained at HRI with twe ebullated-bed reactar stagas. Ses Table 8 for a
comparisan, alhough the coal shipmants, time parieds and cleaning techniques differ, the
ovarall performancea Is similar.
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AMMONIUM TETRATHIO-MOLYBDATE

Condition
Additive
Amount

Reaction Temp., 'F

Pretreater
First Stage
Second Stage

Yields, W% MAF Coal

01 'Ca
C,-390°F
390-650°F
650-975°F
975'F*

Performance, W% MAF Coal

C,975°F

975°'F* Conversion
Hydrogen Consump. W%
Coal Conversion

TABLE 6

CONTINUOUS BENCH-SCALE
EVALUATION OF DISPERSED FEOOH AND

1
FeOOH
2,800 ppm

825
799
775

8.6
20.7
349
19.5
5.7

75.1
88.0
75
84.0

2
FeOOH
2,800 ppm

527
825
775

12.3
265
323
10.2
- 36

69.0
90.4
8.2
84.6
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3
ATIM
1,500 ppm

523
822
775

115
240
33.1
14.7
4.6

78
89.5
8.1
94.5

4
None

528
822
774

12.0
21.7
318
13.6
73

67.2
86.4
74
942

5
FeOOH
2,800 ppm

527
825
774

12.5
233
30.6
118
74

65.7
875
78
95.0
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TABLE 7

A COMPARISON ILLINQIS #5 COAL PROCESSING WITH FeQOH
CATALYST AND SUPPORTED CATALYSTS?

Catalyst

Procass

Catalyst Age, bs coalb cat. Stage 2

Rgaction Termperaturg, 'F

Pretreatar {First Stage}
Second Stage :
Third Stage

Berformange, W% MAF Coal

G, 975°F

975 F" Conversion

Hydrogen Consumption, W%
Coal Conversion

*Differend Shipmenis of lilinois ¥6 Coal.

FeQOH NiMo
Pretreat Stage Ebuliated-Beda
First Stage Back- Two Stages
Mixed
Second Stage-
Ebullated
145 233
525 -
800 750
775 ' 800
751 76.2
a88.0 90.2
7.5 7.4
94.0 95.4




LABORATORY SCALE/TECHNICAL ASSESSMENT

Other studies were conducted during this period including microautoclave and
microreactor studies with rejuvenated catalysts, sulfiding additives, CO, and various
solvents. Process modelling efforts through interpretation of bench and small-scale
results continued as did economic screening and cost analysis of the CTSL processing
of low rank coals. An overview of the production costs of Wyoming coals is shown in
Table 8. The economics are based on large reactors, present on-site raw material costs
and a Gulf Coast location for labor rates. Capital costs, depending on methods of
financing, would at least be equal to the production costs.

SUMMARY

The studies conducted have demonstrated pathways to significant reductions in product
cost through:

. improved product quality and efficiency of on-line
hydrotreating

. economic methods of solid separation

. the reduction of catalyst costs by rejuvenation and low cost

dispersed catalysts

. a better understanding of the process of catalytic two-stage
direct liquefaction.
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PLANE

Remaining work under this contract, axtanded to December 31, 1981, consists of a PDU
Run to demonstrate the CTSL extinction recycie progess while {eeding low rank Wyoming
epal and to scale-up the BCB filtration process for recycls ail recavery and solid
separation.
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