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I N'1'ItOI)UC'I'ION 

Ongoing research a t  I'E'I'C has focused on improved rneansof developing high surface 
area, well dispersed slurry catalyst options for direct coal liquefaction applications.(]) 
Compared to supported hydroliquefaction catalysts 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 stages of coal li uefaction. If properly dispersed and activated, molybdenum is 
sufficiently active t o t e  employed for coal liquefaction a t  low concentrations ( < O , l  ' 

wt% based on coal). However, owing to the difficulty of recovering expensive 
transition elements such as molybdenuni after use, iron has  continued to be of 
interest a s  the basis of an economical and disposable catalyst for coal liquefaction. 

'I'he catalytic activity obtained by direct introduction of iron into the feed slurry in  
the formor readily available minerals such as oxides or sulfide (pyrite) concentrates 
is generally low. Such approaches are typically ineffective unless relatively high 
concentrations (several wt% based o n  coal) of iron are added.(2-4) Among the factors 
usually contributing to the low arkivity are poor initial dispersion and low surface 
area of the added iron phase, and a tendency for aggregation and loss of surface area 
(sintering) of the catal tically active iron sulfide (pyrrhotite) phase under coal 
liquefaction conditions.$) 

A variety of methods have been employed to increase the initial dispersion of iron in  
coal liquefaction systems. Catalyst precursors have been introduced by physically 
mixing very small particles into the feed slurry, deposition from aqueous solutions, 
addition in oil soluble forms, and impregnation of the feed coal by water soluble 
cornpounds.(c-l2) Exploratory stvdies using such approaches have provided evidence 
for increased activity with reduction of iron particle size, the need for available sulfur 
donating species if non-sulfide precursors are used, and the inhibiting effect of coal 
on the agglomeration and growth of small particles of some iron catalyst precursors 
under liquefaction conditions. The studies also suggest that  iron may be a n  effective 
liquefaction catalyst a t  concentrations well below 1 wt% of the feed coal by utilizing 
the proper precursors, introduction techniques, and activation conditions. 

Based upon a k i e w , o f  past research and initial screening tests, a n  a p  roach 
combining both coal impregnation and  precipitation techniques to generate ag ighly  
active dispersed iron catalyst has shown considerable promise in  liquefaction tests a t  
pETC.(13) In effect, the carbonaceous matrix of the coal is being used as a support not 
only to disperse added iron but also to help sustain the initial high dispersion 
achieved subsequent to activation. Effort to date has been primarily directed toward 
a hydrated iron oxide (FeOOH) precursor, since sub-micron oxide particles a r e  
readily formed under the proper conditions.(l4) The a proach being pursued appears 

be of rather ge.neral applicability in  coal liquefaction, utilizes no expensive 
reagents, minimizes the iron requirement, and is capable,of being adapted for use on 
a larger processing scale. 
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B X 1'13 RIM E NTA I, 

Feedstocks 

Experiments were conducted with -200 mesh Illinois No. 6 (Burning Star  No. 2) coal 
obtained from the Consolidation Coal Company. Analyses of the ground coal are 
given in  Table 1. 

Second stage heavy distillate from recent operations in a close-coupled integrated 
two-stage liquefaction mode a t  the Wilsonville Advanced Coal Liquefaction Test 
Facility was used as the hquefaction vehicle.(ls) The bituminous coal was slurried 
with second stage vacuum tower overheads (V-1074) from Run 257 (Illinois No. 6 
coal), Properties of the vehicle are summarized in Table 2. 

Catalyst Precursors  

For use in experiments testing the effect of physically mixing catalyst precursors into 
the feed slurry, FeOOH was prepared by precipitation from a ferric nitrate solution 
(200 g/L) with sufficient ammonium hydroxide to provide a three-fold excess of 
N N 4  t to Fe. A sample of Fe203, with a nominal particle size of one micron, was used 
as obtained from Spang and Company, Butler, PA. A pyrite concentrate was used 
tha t  originated from the Robena coal preparation facility of the US. Steel (now USX) 
Corooration. All other chemicals and reagents were ACS grade. 

Two molybdenum catal3st precursors were,tested to establish a basis for comparison 
with' the i ron 'catalysk These precursors were ammonium heptamolybdate (AHM) 
and ammonium tetrathiomolybdate (ATTM). The use of these.precursors to form a 
dispersed MoS2 catalyst,at liquefaction conditions has  been documented. (],I6 a d  17) 

FeOOH was q1sp':dispersed onto the .  feea coals  by an inc ip ien t  .wetness  
impidgnation) 'recipitation approach. A :solution of 1 g of fe r r ic  ' n i t r a t e ,  
Fe(N03)3.9H2g.diSsolied in 4 0 , g  of distilled water was used to wet 50 g of the 
ground bituminous coal to/.incipient wetness. The wet paste was added r a  idly to a 
solution containing 20 g of ammonium hydroxide (29% NH3) and 200 g ordistilled 
water. Pressure-filtration of the aqueous coal suspension through a 0.45 micron filter 
resulted in  a clear filtrate. Tlle iron loaded coal was vacuum dried a t  40°C. 

X-Ray diffracti,on' stqdieg 'were conducted with a Rigaku computer-controlled 
diffractomefehequipped! 'th a long fine-focus .Cu X-ray tube, a receiving graphite 
monochromator$r! p r o x i 2  'monochromatic"Cu!K, radiation, and ,a,  scintillation 
detectpr. 

I iqudfact ion 'I'ests 

Cataly'st screenin tests were conducted in '4d-mL.microreactors for.'l hour.at 425°C 
usinga l o g  total k a r g e  06211 vehicle {tetralih) to coal'ratio. In  lests comparing the 
effect of an added,source' df. su1fur.b ensure sulfiding of the iron,.fl.l. g. of CS2 was 
added to 'the'charge. IleLbup rates of 2-3 minutes were obtained by immersing the 
microreactdr .in,:a fluidized sand bath preheated to ,425oC. Cpal: conversion was 
calculated from the solubility of the coal-derived products in methylene chloride and 
i n  heptane, dethrbined.:;by, , a '  pressure .filtration. technique, based!:oh: weight of 
insoluble residue.0 8) 

Semi-batch: (ba&h:',du, ow through as) ksts ,were performtw 
tank reaotor s s tem tain more.,&finitive:. prpduct ,yield /. 
information an$ sufficient product for additional charactkrizatiori. The feed charge 
consisted, of 500 g of 30 wt% coal slurry. Reactiods.were run .at 425°C for:l hour under 
2500 psig of H2/3%HzS;;Tke gas feed rate was'4 SbFH:! A 100 g aliquot:of,+e reactor 
product was subjected to ,a single-stage ,vacuum distllldtlon to: approximate the 
6509F-, 650"F-950°F, and ;950"F+ content. The 650°F- fraction was separated ,by 
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distillation a t  a pressure of 50 torr to a vapor temperature of 462OF. The product 
distillation was taken to a pressure of 5 torr and vapor temperature of 6106F to 
approximate the 950"F-I- yield. A second 100 g aliquot of the reactor roduct was 
used to determine solubility yields following the general product worgup scheme 
outlined in Figure 1. The product gas composition was determined by on-line gas 
chromatography monitoring and by the analysis of gas burette samples. 

Further tests were performed in a computer-controlled I-L bench-scale continuous 
liquefaction unit. A schematic of the unit is shown in Figure 2. For experiments with 
iron, an intermediate stage was added to assist in activating the catalyst precursor. 
The residence time in  this intermediate stage was approximately 20 minutes. 
Continuous operations were carried out  with a 30 wt% coal s lur ry ,  reactor 
temperature of 435"C, 2500 psig 112/3%H2S, and 1-h residence time. The as  flaw 
rate was 4 SCFH; the slurry feed rate was 240 g/h. The product workup scieme in 
Figure 1 was followed. 

Activation Sludies: 

The 40 mI, microautoclave reactor was used to investigate the effect of activation 
temperature on the transition of Fc001-I to pyrrhotite. In these experiments, FeOOIi 
was im regnated onto carbon black rather than coal to eliminate the interferences 
caused gy the indigenous p rite in the coal. The carbon black was Raven 22 Powder 
obtained from Columbian 8heinicals Co. The iron 1oaded.carbon black and tetralin 
were rapidly heated (under Hz i n  the presence of CSz) to temperatures of lOO"C, 
15O"C, 200"C, 250"C, 300"C, 350"C, and 400°C and held a t  temperature for 5 minutes. 
?'lie roducls were mixed with TIW and filtered through a 0.45-micron filter paper. 
The &Iter ca1te;containing the iron loaded carbon, was recovered and analyzed by X- 
Ray diffraction. 

R,ESUlrrS ANI) DISCUSSION 

Catalyst Screening Experiments  

A series of microautoclave screening experiments was initially conducted with 
Illinois No 6 coal and a variety of iron additives Results with no added iron, several 
iron oxide preparations, and AHM are compared in Figure 3 Coal conversions to 
heptane and methylene chloride solubles were similar in the resence of 5000 pm 
iron as 1-micron particles of iron oxide br in the presence of Hzg(frorn addition oP0 1 
wt% C$z) with,ng added iron. Although not shown, introductionGf 5000 ppm iron in 
the form, of powdered co 1 derived pyrite or dilute solutions o$ ferrous sulfate or 
ferrous Ammoniutn sul$ie gave reqults comparable /to physically mixing  the  
powdered irpn oxide inG the te t ra l idcod charge. Tegts,with powdered FeOOH gave 
sume improvement in cod  conversions. These conversions were h r t h e r  enhanced by 
addition of a sulfiding 'agent. The highest catalytic abtivity was developed after 
dispersion of the FeOOfi precursor on the coal sur  y an incipient wetness 
impreg'nat,ipn/ re'cipitati0n procedure. Coal conversi th 2500 ppm iron added 
by this prdde&re were comparable to those obtained by addition of 1500 ppm 
molybdenum as a dilute 'solution of AHM The screening studies indicate that  the 
presence of hydrogen sulfide (or another sulfur source) is required to transform the 
FeOOH precursor into its most active form 

The general t rends i n  liquefaction activity of the iron oxides in  Figure 3 a re  
consistent with ex ectations basedon article size considerations,%The initially hlgh 
metol digpersion t tat  may be attainedgy soluQon im regnation can be largely lost in  
the subsequent drying p ocedure, ,TKe PETC proceiure minimizes this pkoblem by 
rapidly recipitatip and fixing the precursor onto the coal surface i n  a n  insoluble 
form b e t r e  drying. ?t i s  important tha t  the coal surfaces only be wetted tp incipient 
wetness'during the  impre nation step prior :to piecipitation. 0 A procedure in which 
the coal is suspended in ,&e impregnating solution and then treated with base to 
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deposit Fe0OI-I on the coal has been described by Mukherjee and coworkers.@) As 
shown in Figure 4, results obtained by this approach are only marginally better than 
those obtained by physically mixing the Fe0OI-I precursor into the coal/solvent feed. 

Liquefaction Tes ts  

Semi-batch s t i r red  autoclave tests were conducted with Illinois No. 6 coal. 
Conversions a t  425°C to soluble and  dis t i l la te  products obtained with t h e  
impregnated FeOOII, AHM, and no added catalyst are compared in Figure 5. Yield 
structures for 2500 ppm added iron (as impregnated FeOOH) and 1500 ppm 
molybdenum (as  aqueous AHM) are presented in  Table 3. The yield structure for the 
two cases appears to be similar. However, for the particular liquefaction conditions 
and active metal concentrations chosen, a higher total distillate yield was obtained 
from the iron catalyst. Elemental analysis of the distillation product fractions 
indicated little difference between the products from using FeOOH or AHM as the 
catalyst precursors. 

'I'he transitions involved in the generation of pyrrhotite from impregnated FeOOI-I 
were studied in a series of microautoclave experiments. The results are given in 
Table 4. These results indicate that a transition from amorphous to crystalline form 
occurs between 300°C and 350"C, after which crystalline pyrrhotite is observed. I t  is 
likely that pyrrhoti te is present a t  temperatures below 350°C. The pyrrhotite present 
below 350°C must be smaller than 100 A,  since i t  was not detectable by X-Ray 
diffraction. Consequently, i t  may be expected tha t  pyrrhotite formed prior to 350°C 
would exhibit a higher liquefaction activity than the pyrrhotite formed at  350°C. 

A continuous unit eva1uat;ion of the impregnated iron catalyst wasmade with Illinois 
No. 6 coal. Table 5 compares producttyields in: this test using FeOOH and a n  
activation temperature of,275"C with those obtained in acdntinuous unit test using 
dispersed molybdenum, a'dded as aqueous &onium tetrathiomolybdate (A?TM), 
as  the catalyst.: Under these liquefaction conditions, the observed.conversions with 
iron are comparable to the observed conversion's with molybdenum. 

The effect of varying the ,intermediate temperature was' investigated in a series of 
continuous liquefaction tests. Table 6 summarizes the results. The highest levels of 
conversion and smoothest operation were observed a t  275°C. At 350"C, coal 
conversions were lower than a t  2 7 5 T  and o eration of the uni t  was more difficult; 
minor plugging problems were observed. Befow an activation temperature of 275°C 
the FeOOH may not have been fully sulfided (converted to pyrrhotite) and, therefore, 
did not exhibit th'e same patalytic activity bs the' pyrrhotite formed,at,275"C., The 
decrease in coal cdnversion and more difficult kni't bperatiori a t  the: highe? activation 
temperature suggest t h i t  the pyrrhotite fohnsd,at 350"Q was catalyticall less active 
than ab 275°C. I This  may be due to foimatCori of the pyrrhotite havi lg  a larger 
crystallite size at 350°C than a t  275°C. However, the results could also be attributed 
to thermal soaking differences between 275°C and 350°C. 'I-Iowever, in earlier studies 
with the molybdenum systendl'l), i t  was reported that  the effect of thermal soaking 
was 'not observed: It has. not been established that 275OC represents the o ' t imal  
intermediate, temperature; 2759C is an  activation temperature that  results in k g h e r  
coal conuersiong,using the,dispersed iro1i:catalyst than activation ,temperatures that 
are significantly different;' Fur,ther studies of the effpc; of the activation temperature 
and ;eside&e t i m e a t e  beihgmade. .' 
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Owing to differences in  surface properties, functionality, a n d  l iquefact ion 
characteristics between bituminous and subbituminous coals, i t  cannot be assumed 
tha t  the exact iron catalyst precursor dispersion and activation conditions that  are  
optimal for a bituminous coal are directly transferable to the case of a subbituminous 
coal. Preliminary semi-batch studies suggest that  higher concentrations of a n  added 
sulfiding agent a re  required to fully activate the iron catalyst on low-sulfur 
bituminous coals. The optimal catalyst activation temperature in  continuous 
operations may also be different for subbituminous coals. Extension of the current 
iron dispersion and activation approach to a subbituminous coal is  currently under 
investigation. 

SUMMARY 

A procedure for dispersing a finely divided form of iron on coal has been developed 
tha t  yields a highly active catalyst for direct coal liquefaction applications. Feed coal 
is impregnated with Fe3+ by an  incipient wetness procedure. Subsequently, the high 
dis ersion and interaction with the coal surfaces is  maintained by conversion of the 
adfed iron to an  insoluble hydrated iron oxide (FeOOH). Proper activation of this  
dispersed hydrated iron oxide under typical liquefaction conditions is shown to result 
in an  effective disposable catalyst for the conversion of coal. In  batch or semi-batch 
operations proper activation can be achieved during heat-up of the reactants. In 
continuous operations, an  activation reactor stage i s  required. 

Using iron concentrations as low as 2500 ppm (based on coal), batch liquefaction tests 
were conducted with Illinois No. 6 coal slurried with solvents from the Wilsonville 
Advanced Coal Liquefaction Test Facility. Conversions of the coal to distillate and 
soluble products at 425°C under 2500 psig of H7/3% H2S for 1-h com ared favorably 
with conversions under the same conditions using 1500 ppm of molybienum added as  
ammonium heptamolybdate (AHM). 

Bench-scale continuous-unit tests to better define the activation sequence of the iron 
catalyst in continuous operations were conducted with Illinois No. 6 coal. A t  a n  
activation temperature of 275°C (and activation residence time of 0.33 hour) and  a 
final reactor temperature of 435°C and residence time of 1 hour, the conversions 
observed with the impregnated FeOOH catalyst precursor were again similar to the 
conversions observed using added Mo. Significantly varying the  act ivat ion 
temperature from 275°C results in poorer liquid yields and unit performance. Below 
275°C sulfiding of the FeOOH precursor may be a problem; above 275°C the growth of 
pyrrhotite crystals may be detrimental to the liquefaction activity of the iron. 

The authors would like to thank Sidney S. Pollack and Elizabeth A. Frommell for 
their assistance in the X-ray diffraction study. 

DISCLAIMER 

Reference in  this report to any specific commercial product, process, or service i s  to 
facilitate understanding and does not necessarily imply i ts  endorsement or favoring 
by the United States Department of Energy. 
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Table  1. Analyses  of Illinois No. 6 (Burning Star). 

Proximate Analysis, (As Received) 

Moisture 
Volatile Matter 
Fixed Carbon 
Ash 

Carbon 
Hydrogen 
Nitrogen 
Sulfur 
Oxygen (Difference) 
Ash 

Sulfur Forms  
Sulfatic 
Pyritic 
Organic 

Ultimate Analyses, (Moisture Free) 

Table  2. Proper t ies  of V-1074 oil. 

Ultimate Analvsis - wt% 

Carbon 89.1 
Hydrogen 9.8 
Oxygen (Direct) 0.9 
Nitrogen 0.4 
Sulfur 0.04 
Ash co.1 

850°F (Val%) 65 
Heptane  Insols, wt% 0.2 
Mn (daltons) 360" 
H*ar 0.15 
fa 0.43 

VPO,  tetrahydrofuran, 40°C 

91 

wt% 

,4.2 
36.9 
48.2 
10.7 
wt% 
70.2 

0.9 
3.1 
9.9 
11.1 
wt% 
0.03 
1.2 
1.9 

4.8 



Table3.  P roduc t  yields f rom liquefaction of 30 wt% Illinois No. 6 coal  
and 70 wt% V-1074 in a semi-batch mode non-catalyt ical ly ,  
with added  i ron  (FeOOH) a n d  a d d e d  molybdenum (AHM). 
(Semi-batch 1-L autoclave: Reactor  Temp. = 425OC, Time a t  
Tempera tu re  = 1 hour ,  Pressure  = 2500 psig, 97%H2/3%HzS; 
Fe conc.  = 2500 ppm, Mo. conc. = 1500 ppm. Gas  Feed-Rate  = 
4 SCFH.) 

Yield S t ruc ture  (Ash F ree  Basis), Wt% 

'Component  Non-Catal ytic FeOOH AHM 

c1-c4 3.2 3.0 2.3 

Cs-95O"F 71.8 82.9 81.5 

950°F+ Solubles 10.0 6.2 8.6 

Heptane Insolubles 15.3 8.3 8.6 
Non-Hydrocarbon Gases 1.0 1.0 1.0 
Hydrogen (1.3) (1.6) (2.0) 

Tab le  4. Microautoclave Iron Activation Studies  Using Carbon  Black a n d  
Tet ra l in  1000 psig Hz Cold Pressure  with Added CSz Using 2500 
ppm I r o n  as Hydrated Iron Oxide on Carbon 

Dominant  Iron Pyrrhot i te  Estimated 
F ina l  Reac to r  Phase  by X-Ray Area  Under Crystallite 

Size Tempera tu re  "C Diffraction Curve  - 

100 Amorphous 

150 Amorphous 

200 Amorphous 

250 Amorphous 

300 Amorphous 

350 Pyrrhotite 87 400A 

400 Pyrrhotite 158 400A 
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Table 5. P roduc t  yields from liquefaction of 30 wt% Illinois No. 6 coal 
and  70 wt% V-1074 in  a con t inuous  mode  with a d d e d  i ron 
(FeOOH) and  added  molybdenum (ATTM). (Continuous 1-L 
autoclave;  Reac to r  Temp. = 435OC, P res su re  = 2500 psig, 
97%H2/3%Hz% Fe conc. = 2500 ppm, M o  conc. = 1000 ppm,  Gas  
Feed Rate  = 4 SCFH; Slurry Feed Rate = 240 g/h. 

Yield Structure  (Ash Free Basis), Wt% 

Component PeOOH ATTM 

Cl-c4 3.4 3.2 
C5-950"F 82.7 83.5 
950"FC 15.0 14.5 
Non-Hydrocarbon Gases 1.4 1.4 
Hydrogen (2.5) (2.6) 

Tab le  6. Continuous Unit I ron Activation Studies Using Illinois No. 6 
Coal and  Wilsonville Recycle Solvent (30 wt% Coal in Solvent), 
2500 psig (3% H2S in H2) Using 2500 ppm Iron a s  Hydra t ed  I ron  
Oxide on  Coal 

Total Product  

% % 
Reactor  Reactor  950°F+ Methylene % 

Temp. 'C Tempe0C Produc t  Insolubles Insolubles Comments  
#1 #2 in  Total Chloride Heptane 

150 435 *** *** *** Plugged - 

275 435 15 7.6 14.2 Smooth Operation - 

350 435 22 '12.4 20.6 Rough Operation - 

after 12 hours 

32 hours 

32 hours 
50 435 *** *** *** Plugged - 

after 2 hours 

275 435 16 6.4 13.0 Smooth Operation - 
72 hours 

Normal Shutdown 
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Reactor 

1 oog 
@ 650°F' Product 

@ 650OF' Product 
(Heptane Soluble) 

@ 65OOF' Product @ 950°F' Product 65OOF + 

Product 

59 59 

Product 

Product 

N,, Heptane 
Heptane 

Strip Off Pressure Pressure Strip Off 
Heptane Filtration Filtration CH,CI, 

- - 
J I I 

@ Heptane . @Heptane @ CH2C12 @ CH,CI, 
Solu bles lnsolubles lnsolubles Solubles 

FIGURE 1. PRODUCT WORKUP SCHEME FOR 1-LITER 
SEMI-BATCH AND CONTINUOUS UNIT 
0 P ERATI 0 N S. 

NoJ19.008 
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Figure 2. Bench-scale continuous unit configuration. 
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Figure 3. Effect of catalysts on coal conversion. 
(Microautoclave runs; 425OC. lh ,  2500 
psig H2,2:1 tetralimIllinois No. 6 coal) 
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Figure4. Effect of impregnation o n  coal 
conversion. (Microautoclave runs; 
425OC. lh, 2500 psig Hz, 0.1 g CS2, 2 1  
tetra1in:Illinois No. 6 coal) 
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Figure 5. Effect of catalysts on coal conversion. (1- 
L semi-batch experiments; 425'C, lh,  
2500 psig, 97% Hz13%H2S at 4 SCFH) 
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