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ABSTRACT

Close-Coupled Two-Stage Cataiytic Liquetaction -
Contin:tous Bench-Scale and Support Studies

A.G. Comoii, E.S. Johanson, S.V. Panvelker, R.H.
Stalzer

HYDROCARBON RESEARCH, INC.
100 Overiook Center, Suite 400
Princeton, NJ 08540

DE-AC22-88PC88818

To achieve higher distillate yieids and better Quality
products at lower capital and production costs in
comparison {0 existing technologies. Specifically to:

1. improve turther our understanding of the
complex reactions in coal liquefaction that may
lead t0 process improv. mants.

2. Increase effectiveness and lower costs cf
catalysts.

3. improve hydrogen management and costs.

4. Identfy coals that have the greatest potential
for liquetaction at mild conditions.

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

The CTSL™, Catalytic Two-Stage Liquetaction
Process, has been under DOE sponsored
development since 1983 with most of the early
studies being conducted on lilinois No. 6 bituminous
coal. Present studies in a three year contract (1988-
91) have been with sub-bituminous and bituminous
coals and include varnations on Two-Stage Catalytic
Processing.




ACCOMPLISHMENTS AND
CONCLUSIONS (CONTD):

in Bench-Scale expgnments from October 1990 to
date, studies were carried out on On-Line
Hyarotreating, Filtration for Solid Separation,
Rejuvenation of Catalyst, Effect of CO, Addition and
the Evaiuation ot Predispersed FeCOH on liinois
No. 6 Coal.

On-Line hydrotreating was found to be very effective
in reducing nitrogen and sulfur in light distillate
fractions. Further studies to evaluate long term
catalyst lite are recommended.

On the basis of smail scale filtration tests by the
Brsh Coal Corporation, filtration will be scaled-up to
POU evaluation.

Rejuvenation of spent NiMo catalyst was successtully
demonstrated while processing sub-biturmincus coal.
Removal of metals ana carbon neary restores
original actvity.

The aadition of high concentrations of CO,
significantly enhanced coal conversion, but resulted in
a shift to more methane, CO and water.

The successful application of a dispersed iron-oxide
hydroxide catalyst in two-stage processing has
provided a basis for further expenmentation using
incipignt wetness and i1on exchange Aispersion
technmgues.

Methods to impreve the Quality and econamics of
twio-stage progucts have been demonstratec. Scale-
Lp of the CTSL extinction recycie process is planrec
for late 1991, ang further studies of dispersed and
suppored catalysts have been proposed.



INTRODUCTION

The two-stage direct liquetaction work described hersin covers the period from October
1990 to September 1991, the final year of the three year DOE contract that commenced
in October 1988. DOEhasspomoradthcdwdopmmoanlyﬁcTwo-Sugo
LithcuonCTSL'sinmweawnhnnMpumouwngtoacﬁmmghﬂdsﬁm
yrelds and better quality product while lowering production and capital costs. Specifically,
Mundmnmmmamrumemm.tob‘mr
hydrogen management, 10 more eflective catalysss, to PDU scaie-up 1o finding better
coals for iquetaction, and 10 improving process econNoMiIcs.

Studies completed in this period are On-Line Hydrotreating, Solid Separation-Filtration,
Cataiyst Rejuvenation, Etfect of CO, and the Evaiuation of an FeOOH catalyst.



PR DESZRIPTION

The CTSL Process consiats of two ebuliated-bed reactors ciose coupied in senes with the
first reactor operating at a lower temperature than the seconc. Thus the lower
temperature first-stage favors catalytic hydrogenation through the maintenance of donor
solvent quality. Further conversion and heteroatom removal occurs in the second stage
at a higher thermal severity selected to minimize dehydrogenation of first-stage products.
Figure 1 depicts the process withaut defining a method of solid separation. In a heavy
oil @xtinction aperation, all the heavy oil must be separated from the unconveried coal and
ash (solids) and used as the recycie and siurrying oil. Catalyst activity, process severnty
and recycie cut paint are selected to maintain the extinction balance. Tr~ squipment
used for the bench-scale studies consists of two close~coupied 2000 cc evurated-beds
with vapor/iquid separation. continuous armasphenc distilation, filtration and a 1000 cc
on-ine hydrotreater. Operations are comtinuous excluding coal preparation, solid
saparation and heavy recycie oil preparation. A singie batch of supporied catalyst is used
for a run: therefore, each expernment must account for deactivation in the imterpretation
of results. At a minimal capacity ot 50 Ibs/day this unit deany defines process chemistry
and scales directly to larger size units.

The microautociave equipment used is a standard, vertically shaken 20 cc tubing bomb
reactor that is fitted with a catalyst basket for supported catalyst expenments. Gas bags
are incorporated 10 identify and obtain gas yields. TGA is used to quantity resid yields.
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CC-10 ON-LINE HYDROTREATING

On-Line Hydrotreating. using the high hydrogen partial pressure and excess hydrogen
exiting the reactor, provides an attractive option for improving product quality. This 16
day study used a low sulfur New Mexico Mckiniey Mine sub-bituminous coal containing
over 1 W% nitrogen. Tabie 1 shows an analysis of this coal. A Shell 424 tricbe NiMo
catalyst was used in the hydrotreater.

The run was designed to study upgrading of the entire distilaie product siate in three
fractions: 550'F minus, 625°F minus and 975°F minus. A summary of operatng
conditions and performance is shown in Table 2: note that the hydrotraater was on stream
and off In alternate periods with 11 W% VSOH added into the hydrotreater feed stream
in period 16. The resid conversion and distillate yieids are reflective of the high space
velocity (68 ibs/hrAt’ catalyst) of the operation.

Product quality is measurably improved by on-line hydrotreating. As seen in Tabie 3
nitrogen and sultur contents are reduced to the 10 ppm level and hydrogen addition is
significant. The product characterization resuits shown in Tabie 4 indicate that substantial
aromatics saturation has occurmed. Thus for exampie, the 390-650°F fraction would yield
a higher cetane number and a cleaner buming diese! fuel.




ANA

Coal
HRI Ne.

W% Dry Basis

Carbon

Hydrogen

Nitrcgen

£ Jur

Ash

Oxygen (by difference)

Ash Angivsis (ianited, W% Agh)

SiQ,
AIQOJ
TiO,
Fe,O,
Ca0o
MgO
K,0
Na,O
SG,
P,0O,
Undetermined

New Mexico Wyoming
{Mckinley Black
Mina) Thunder
5709 5828
66.87 68.01
4.60 4.10
1.12 0.93
0.60 0.55
11.51 6.50
15.3 19.91
59.00 36.4
24 41 18.7
1.14 1.2
5.07 6.6
.77 19.8
1.04 4.0
1.02 0.4
1.82 0.8
1.30 124
0.31 0.8
0.12 0.5



TABLE 2
cc-10

LIQUEFACTION PERFORMANCE

CONDITION

Periods
Catiyst Age (Per Stage) (Lb
Coalld Catalyst)

Tempergtres, “F'

Hot Separato’

Hydrctreater

Hydroteater Space VeiocHy
{ib product’d cat)

Normaiized Yiigs, W% MAF Cogl

.-G,
C,390°F
390-650°F
650-975°F
975°'F
Gases
Water

Process Performance, Wik MAF
Hydrogen Consumption

Coal Conversion

Resid Conversion

HDS

HON

C,-975°F Yied

'"11% VSOH sdded in Condltion §.

Feactor Temperatures 760/815°F

g&

IA

176
30.6
18.0
4.1

24
142

78
86.3
822
757
779
662

9
1

70
144
28
185
30
3.0
148

73
85.7
80.7
750
704
63.?

11-12

g8

78
168
22
118
58
28
164

78
8.0
A
701
6
578

148
274
219
68
26
12.0

71
85.2
7.3
69.1
672
64.1

675
104

15
16.0
274
189
65
2B
136

72
85.7
72
o
747
6.4



TABLE Y

QUALITY OF SEPARATOR OVERHEAD

CONDITION 1 2 3 4 ]
Period 7 9 12 14 16
"AP! Gravity 39.9 3.2 36.7 34.3 29.1
Carbon, W% 86.33 86.58 86.3¢ 86.87 87.29
Hydrogen. W% 1371 1333 13684 1263 1248
Nitrogen, ppm 9 1,280 89 1,600 72
Suitur, 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



TPB Cut

Paraffins

Olefins
Monocycloparaffing
Dicycioparatfing
Alkylbenzenes
indanes/Tetralins
Naphthalenes

Paraffins

Monocycioparafins
Dicycioparatfins
Tricycioparaffins
Alkytbenzenes
Indanes. Tetralins
indenes
Naphthalenes
Acenaphthenes
Acenaphthalenes
Tricyclic Aromatics

( ¥ = Untreated

TA 4

CHARACTERIZATION OF HYDROTREATED

DISTILLATE FRACTIONS
180-390°F 390-500°F
19.00 ~- 18.70 -
0.80 - 1.00 —
56.83 (51.7) 28.09 (28.4)
12.20 (15.2) 20.97 (17.5)
8.96 (9.3) 9.56 (10.9)
1.69 (2.5) 18.89 (21.4)
0.52 (.63) 2.79 (4.3)
S00-850°F
13.47
2.59 (7.4)
22.58 (13.7)
14.53 (7.4)
9.06 (12.0)
11.35 (14.0)
11.00 (13.7)
8.46 (12.1)
4.12 (6.3)
1.63
1.20



-11 i PARAT - Fl

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

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

The fitration evaluation by BCB gave acceptabie rates for scale-up of this process for the
3 torvday PDU level. Techniques have been deveioped by BCB that permit the use of
larger mesh screens that neariy eliminate screen blinding and recover over 90% of the
oil from the cake.

12 EVALUATION REJUVENA ATALYST

Following eariier tests in the program on supporned iron promoted and on dispersed iron
catalysts, a study was conducted on “rejuvenated” suppornted, nickel molybdenum
catalysts. Rejuvenation, an HRI patemed process. consists of an acid treatment 10
remove metals foliowed by carbon burn-off. A spent catalyst from earlier runs was
rejuvenated in a baich operatior, 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 volume and 75% of the surtace area. The rejuvenaied, supported nickel
motly catalyst performed flawiessly for a planned 12 day operation generating consistent
yields with minimal residual oil conversion deactivation, and, surprisingly, hydrogenation
improved as the run progressed. For comparabie periods the resid conversion averaged
83.6 W% MAF coal versus B4.6% for fresh catalyst at similar ages; most of the differance
can be atiributed 10 a lower coal convarsion for the current iot of coal. Figure 2 shows
the minimal change in 975°F" resid formation during the 1est. The stability of residuum
hydrogenation with time is depicted in Figure 3.
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FIGURE 3
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-13C RRY EVALUAT

The objectives of this run weme to evaluate a feed siurmying agent that woukl vaporize in
the reactor to afford less dilution to promote more compiete reaction of the coal and
heavy liquid products and also reduce recycie requirements.

The initial intention was to use CO, as the feed coal slurrying agent directly, by means
of a pressurized, refrigerated slurry preparation system. However, the attempts to
prepare a pumpable CO,/coal slurry resulted in high vaporization and vapor-binding of the
slurty feec purmip. The run pian was then changed to feed CO, in addition to a feed slurry
incorporating a normally liquid mateial, recycied fitered kquid or light gas oil make-up
(which 1n process application could be recycied from the distillation of the reactor
products).

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

A comprehensive analysis of the geses produced indicates that 58% of the CO, reacts
to form CO, CH,, and H,0, yields of C,, C, and C, gases wem lower with CO, addition.

Thus, this study indicates that CO, does shift to methane and water at CTSL reaction
conditions while improving coa! conversion and light distillate production.



JABLES
ilquefaction Performance Run CC-13

Black Thunder Mine Coal - CO, and Light Sotvent Sturry_ Addition

CONDITION 2 3 4 5
Periods (Days) 5 7 ] 11 14 9
Cataiyst Age. Lb Dry Coalld
cwn‘;“(am?" 143 201 259 318 401 256
CQ, Addition, LbvLb Dry Coa! 00 0.10 0.245 0.255 0.556 --
Ol Addition (HRI-5663), Libity Dry Coal 0.0 0.0 00 1.18 0.0 -
Fitered Liquid Recycle, LAb DryCoal 118 1.20 118 000 1.04 1.1
Normaized Yiekls (W% of Dry Coal)
C,-C, 11.49 (12.81) 1276 1096 1697 8.2
C-390°F 22.27 2130 1169 1762 20.1
390-650°F 25.51 33.68 2273 3394 292
650-850°F 7.83 6.36 1185 753 121
850-975°'F 1.16 107 566 0.53 2.1
975°F" Liquid 1.29 116§ 589 086 2.6
Unconverted Coal 8.63 703 564 6.53 8.1
Ash (SOy-free) 6.50 €50 650 6.50 6.0
Water 21.31 (21.91) 3766 3744 39.32 17.7
CcO 048 (1.30) 0.97 362 7.3t 0.1
CO. 0.72 (0.36) -18.34 -13.71 -26.25 0.2
NH, 1.02 096 092 09 1.0
H,S 0.37 039 044 044 04
Total (100 + H, Consumption) 108 59 111.51 109.62 112.26 107.8
ME%M_M
Coal Conversion 908 912 625 9840 930 91.
975°F* Conversion 89.4 912 877 921 874
C.-975°F Distillate Yield 60.7 668 6555 638 636
Desuifurization 63.5 673 757 754 712
Denitroganation 90.7 849 810 843 757
NOTES:

1. Period 7 yieids are collected
2. Space Veicoity -

45 Ibs/hrt catalyst.

3. Reactor temperatures an pressure, 750/825°F, 2500 psig

yields, other yields are normalized yields.



CC-14 EVALLUATION OF FeOOH DISPERSED CATALYST

An iron-oxice hydroxide treated liinois #6 coal prepared at PETC In-House R&D by an
INCIpient wetness procedure was evaluated versus untreated coal and with molybdenum
disperseq as Ammonium Tetrathio Molybdate ir a three-stag » process confguration. The
first stage beirg a low temperature (525°F) acnvation stage followed by a high
terparature (800°F) back-mixed stage and a third cbullated-bedt stage with NiMe catalyst
at 780°F.

The catalyzed and untreated coal analyses are shown in Tabie & and the operating
conditions and performance in Table 7. Figures 4 and 5 show the comparative distillate
y:elis and performance of the FeOOH at two reactnr severity layeis. The iron-based
chemically dispersed catalyst performed very well witn distilate ywelas C,-975°F ol over
75 W% of MAF coa with the first stage a 800°F and the second ebullated-bed stage at
775°F. Increasing the thermal severity to 825°F lowered the distillate yieid and increasec
nydrogen consumption by producing more C,-C; gases. Molybdenum based cispersed
catalyst aprears 10 yield better or equivalent performance with respect tu rasiduum
conversion 30d product quality: however, the relative performance may be over shadowed
by deactiviton of the supported catalyst in the ebullated-bed mactor.

Futher cptimization of the FeQOH catalyst formuiation and operating conditions are
warranted based on the results of trus study. The ywelds in condition 1 approach the
maximum obtained at HRA! with two abuilated-bed recctor stages. See Table 8 for a
companson. athough the coal smpments, time penods and deaning techiniques difter, the
overall performance 1S similar.



AMMOMNIUM TETRATHIO-MOLYBDATE

Conditior
e
Amourt

Reactor Temp. °F
Pretream:

Firs: Stage
Secona Stape

Yieics WS MAF Coal

Performance, W% MAF Coa!

C,975°F

§75'¢" Conversion
Hyoroger Consump WS
Csa Corversior

TABLES

EVALUATION OF DISPERSED FEOOH AND

1
FeOOH
2.800 ppm

EF 1

86
267
M3
19.5
5.7

75
88.0

-

940

2
FeOOH
2.500 ppm

ARK

123
265
R.3
102
3.6

69.0

82

94.€

3 4
ATTNM None
1,500 ppm -
523 528
822 82
7 T
1ns 120
240 217
K< R 319
14.7 136
46 7.3
T8 672
895 864
81 74
45 942

5
FeQOOH
2.800 ppm

827

774

125
233
0.6
118
74

85.7
87.5
78
95.0
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FIGURE 5
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A COMPARISON ILLINOIS #6 COAL PROCESSING WITH FeOOH
CATALYST AND SUPPCRTED CATALYSTS'

Catalyst FeOOH NiMo
Process Pretreat Stage Ebuliated-Bed
First Stage Back- Two Stages
Mixed
Second Stage-
Ebuliated
Catalyst Age. lbs coal/Ib cat. Stage 2 145 233

Reaction Temperature, "~

Pretreater (First Stage) 525 -
Second Stage 00 750
Thirc Stage 775 800

Performance, W% MAF Coal

C,.-975'F 751 76.2
975°F" Conversion 88.0 90.2
Hydrogen Consumption, W% 7.5 7.4
Coa' Conversion 94.0 954

‘Ditterert Shipments 51 Mino:s 86 Coel.



LABORATORY SCALE/TECHNI ASSE NT

Other studies were conducted during this penod including microautociave and
microreacior studies with rejuvenated catalysts. sulfiding additives, CO, and varnous
solvents. Process modeling efforts through interpretation of buncn and small-scale
results conbnued as did economic screening and cest analysis of the CTSL processing
of low rank coais. 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 materal costs
and a Guit 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 10 significant reductions in progduct

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
airect liquetaction.
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PLAN

Remaining work undar this contract, extended to December 31, 1921, consists of 8 PDU
Run to gemonstrate the CTSL extinchion recycie process while feeding low rank Wyoming
ccal arg to scale-up the BCB filtration process for recycle oil recovery and solid
separation.
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