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Abstract

A matrix of Fe and Mo impregnated coals were prepared by adding aqueous solutions of ammonium heptamolybdate

(AHM) and ferrous sulfate (FS) to black thunder Wyodak coal (BT). These impregnated coals were lique®ed in two different

BT-derived solvents that contained a sizable concentration of solids-free 5658C� resid. Reactions were run at 4408C for

30 min in microautoclaves pressured to 7.0 MPa (ambient) with H2 containing 3 vol% H2S. Coals impregnated with various Fe

and Mo combinations, at Fe concentrations from 0.1 to 1.0 wt% Fe2O3 and Mo concentrations from 100 to 500 ppm Mo, based

on dry coal, were systematically investigated. The activity of the catalysts generated from the impregnated metal precursors

was related to solubilization of coal in tetrahydrofuran (THF) and conversion of 5658C� reactants to lighter products. All of

the impregnated coals gave higher conversions than metal-free BT coal. Coals containing at least 300 ppm Mo fell into a

narrow range of THF and resid conversions, of which none was clearly superior to the others. Five of the impregnated coals,

including all of the coals containing Fe concentrations up to an equivalent of 1.0 wt% Fe2O3 and Mo concentrations from 0 to

100 ppm failed to give high conversions consistently. For the active impregnated coals, no difference was observed for coal

liquefaction in two different solvents. However, a difference in resid conversion of 10% between the same two solvents was

observed. This provides evidence that in the presence of an active catalyst, solvent can in¯uence conversion of residual

materials to distillate products. # 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Although coal dissolves quite readily producing

residual products that boil at temperatures greater than

5658C, further conversion to distillate requires the use

of a catalyst. Pilot plant studies at the Wilsonville

Advance Coal Liquefaction Facility in Wilsonville,

AL showed that excellent distillate yields could be

produced from Wyodak subbituminous coal in a ther-

mal-catalytic two-stage process. The best results were

obtained in a run in 1992. In this run a ®rst stage

catalyst was used that comprised a dispersed Fe2O3

(1 wt% on coal) and an oil-soluble Mo alkyl thiopho-

sphate (100 ppm Mo on coal). A Ni±Mo extrudate

catalyst was used in the second stage [1]. Unfortu-

nately, the high catalyst cost for this combination was

driven by the cost of the oil-soluble Mo compound and

the second-stage extrudate catalyst. An economic

study showed that using a water-soluble Mo salt in

lieu of an oil-soluble Mo compound would decrease

the cost of the Mo catalyst close to that of the Fe
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catalyst [2]. Also, by eliminating the need for the

second-stage extrudate catalyst the overall catalyst

cost could be reduced quite signi®cantly. This requires

that dispersed catalysts be developed that can provide

the activity necessary to achieve a comparable level of

conversion to that observed in the thermal-catalyst

two-stage process so as not to increase the overall

capital cost of the plant.

The chemical and structural forms of dispersed

catalysts and the speci®c reactions that they catalyze

are still almost completely unknown. Both Fe and Mo

are effective catalysts, especially in their sul®ded

forms, which are thermally stable at reaction condi-

tions [3]. Past work has shown that the more highly

dispersed the metals are in the reaction system the

more active the catalyst [4]. Finely divided catalysts

are generated by introducing water or oil-soluble

metal precursors into the reaction system by impreg-

nating them onto coal [5,6]. The highly dispersed

catalyst provides effective contact with the coal-sol-

vent slurries at low catalyst concentrations, reducing

intraparticle diffusion limitations.

The effectiveness of dispersed Mo catalysts formed

from water-soluble precursors impregnated onto coal

was determined compared with the catalyst derived

from an oil-soluble Mo compound. The concentra-

tions of Mo that were studied are consistent with those

that would be present in a process unit when operating

at a Mo concentration that would be economically

viable. Because of the signi®cant contribution of the

Fe catalyst to the overall cost of the dispersed catalyst,

the effect of dispersed Fe catalysts on the activity of

low-concentration Mo catalysts was investigated

using a water soluble Fe precursor. The ultimate

objective was to decide whether the Fe concentration

could be signi®cantly reduced below the 1±2 wt%

Fe2O3 levels used in pilot operations in the past

[7,8]. A further objective was to test these catalysts

under conditions that would achieve conversion in an

all-slurry mode equivalent to the conversion achieved

in the thermal-catalytic con®guration [9].

2. Experimental

2.1. Materials

Wyodak coal (BT), obtained from the Black Thun-

der Mine in Wright, Wyoming, was ground (90%-

200 mesh), rif¯ed and stored under nitrogen at 48C.

Proximate and ultimate analyses of the coal are pre-

sented in Table 1. The plant derived solvents used in

this study were prepared by combining distillate and

resid fractions produced at Wilsonville when proces-

sing BT coal. These include an IBP-5658C distillate

from Run 258 (I-D), an IBP-5658C distillate from Run

262 (II-D), and two solids-free 5658C� materials

from Runs 258 (I-R) and 262 (II-R) [7,10]. The

solids-free resids were produced from a proprietary

residuum oil supercritical extraction-solids rejection

unit (ROSE-SR) that was developed by the Kerr-

McGee. Solvents I and II, which comprise 33 wt%

heavy distillate and 67 wt% solids-free resid, were

prepared using Run 258 and Run 262 derived materi-

als, respectively. The compositions of the solvents are

shown in Table 2. Molyvan L, which is molybdenum

di(2-ethylhexyl)phosphorodithioate dissolved in a pe-

troleum process oil (Mo, 8.1%; P, 6.4%), was supplied

by R.T. Vanderbilt. Ammonium heptamolybdate

(AHM), ACS reagent, and ferrous sulfate (FS),

ACS reagent, were obtained from Aldrich. Coals were

prepared by impregnating BT coal with an aqueous

solution containing AHM and FS at the level of 0.5 g

solution/g coal to achieve the desired metal loadings.

Table 1

Black thunder wyodak coal analysis

Proximate analysis wt% Ultimate analysis wt% Sulfur Type wt%

Moisture 8.89 Carbon 70.62 Total 0.50

Ash 5.76 Hydrogen 5.03 Pyritic 0.08

Volatile matter 39.88 Nitrogen 1.13 Sulfate 0.08

Fixed carbon 45.47 Sulfur 0.52 Organic 0.34

Oxygen (diff) 16.38

Ash 6.32

Ash, SO3-free 5.46
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The resulting coal paste was dried at 16 kPa and 1008C
for two days. In several cases, the coal paste was

partially dried to examine the effect of moisture

content. A matrix of impregnated coals, in which

metal loadings are reported as mg Mo per kg dry coal

(ppm Mo) and wt% Fe2O3 on dry coal, were prepared

which had up to 500 ppm Mo and 1.0 wt% Fe2O3.

2.2. Liquefaction reaction procedures

In a typical experiment, 3.0 g of dry coal and 5.4 g

of solvent were added to a 50 ml microautoclave and

pressurized to 7.0 MPa at room temperature with H2

containing 3 vol% H2S. The reactors were submerged

in a ¯uidized sand bath maintained at 4408C and

agitated at a rate of 400 rpm. After 30 min the reactor

was removed from the sand bath and quenched in ice

water. Gaseous products were collected and analyzed

by gas chromatography and the liquid and solid

products were removed from the reactor in THF

and subjected to Soxhlet extraction for 18 h. THF

insoluble organic matter (IOM) and mineral matter

remained in the thimble. The THF soluble material

was distilled at 0.1 kPa to an atmospheric equivalent

cut point of 5658C according to ASTM method D-

1160. Simulated distillation was performed on a HP

6890 gas chromatograph calibrated against an ASTM

Method D2887 extended boiling point reference.

Curves were generated using software developed by

AC Analytical Controls and Hewlett Packard that

extends the ®nal boiling range to 7508C and corrects

for partially-eluting samples. Experiments were

replicated at least twice to assure reproducibility.

Net product yields are calculated by subtracting

the amount of each fraction in the feed from the

corresponding amount of each in the product. The

total net product equals the amount of moisture and

ash free (maf) coal in the feed and re¯ects the net

make of each of the fractions. The calculation of the

yield of each product fraction is illustrated for resid in

Eq. (1).

Yield resid � ��Resid�Products ÿ �Resid�Feed� =
Coal�maf� � 100: (1)

Estimates of the water yields were calculated based

upon the following assumptions: the oxygen concen-

trations in the distillate and resid fractions of the feed

and product are the same; the oxygen concentration in

the IOM is the same as in the starting coal; the oxygen

concentration in the mineral matter is assumed to be

unchanged. Any experimental error and error in esti-

mating the yield of water are included in the value for

the distillate fraction. Conversion of maf coal to THF

soluble material was calculated by Eq. (2).

Coal conversion � 100� 1ÿ �IOM�product

Coal�maf�
� �

: (2)

Table 2

Properties of feed solvents

Distillate

I-D

Resid I-R Combined

solventa I

Distillate

II-D

Resid

II-R

Combined

solventa II

5658Cÿdistillate (wt%) 96.6 19.3 45.0 96.9 14.7 42.1

5658C� resid (wt%) 3.4 80.6 54.9 3.1 84.5 57.4

THF insolubles (wt%) 0 0 0 0 0.01 0

Ash (wt%) 0 0.1 0.1 0 0.73 0.49

Composition (wt%)

C 89.25 90.01 89.76 88.86 89.79 89.48

H 9.72 6.47 7.55 9.91 7.26 8.14

N 0.55 1.2 0.98 0.44 0.86 0.72

S n.a.b n.a.b ± <0.03 0.03 0.03

O (diff) 0.79 1.33 1.14

Ash 0 0.11 0.07 0.73 0.49

Mo (mg/kg) n.a.b n.a.b ± 2 6 4.7

aCombined solvent consists of 67% resid and 33% distillate. Elemental composition calculated from composition of resid and distillate

fraction.
bn.a. not available.
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Resid conversion was calculated by Eq. (3).

Resid conversion � 100

� �Coal�maf��Resid�feedÿ�IOM� Resid�product

Coal�maf�
� �

:

(3)

Standard deviations in the percent yields for each

the following were: IOM, 0.7; C1±C6 hydrocarbon

gases, 0.9; CO�CO2, 0.4; resid, 2.7.

3. Results and discussion

The metal impregnated coals were prepared by

adding aqueous solutions containing the requisite

amount of AHM and FS to the coal and evaporating

to dryness. Although iron molybdates are insoluble,

within the time needed to impregnate the solution onto

the coal, no indication of a precipitate was observed

from the freshly prepared solutions. The impregnated

coal pastes were then usually dried at 16 kPa and

1008C to remove water before reaction. A series of

runs were made to decide if coal moisture affected

coal dissolution and conversion to distillate. Residual

moisture has been reported to both improve coal

reactivity [11±13] and have a deleterious effect

[14,15] on liquefaction. Moisture may affect the

activity of the Fe catalyst through promoting conver-

sion of the Fe precursors into inactive catalysts [14]. It

has been suggested that repeated oxidation±reduction

in the presence of moisture can lead to particle

agglomeration in the case of high-surface area iron

catalysts [16]. Water has been reported to have both a

promoting and a deactivating effect on the activity of

Mo catalysts. Song and Saini [13] reported that the

activity of impregnated Mo catalysts signi®cantly

improved at 3508C in the presence of water. At

4008C, however, they found that the catalyst activity

decreased signi®cantly. Adding water when proces-

sing petroleum derived vacuum tower bottoms and

FCC decant oil with dispersed Mo catalysts in the

presence of H2S gave higher conversion [17] and

improved the sul®ding of the oxide catalysts [18].

On the other hand, the presence of water has been

reported to deactivate Mo catalysts through loss of

sulfur [19].

To determine the effect of moisture on impregnated

coals, a series of runs was made in solvents I and II. A

coal impregnated with Fe to a level of 1.0 wt% Fe2O3

and Mo at 100 ppm was dried to varying moisture

contents up to 59 wt% (based on dry coal). Over the

range of moisture concentrations in these coals, the

estimated steam pressures at reaction conditions ran-

ged from approximately 1.8 MPa (250 psi) for dry

coal up to 10.4 MPa (1500 psi) for the coal containing

59% moisture. The estimated hydrogen pressure in

these experiments remained constant at 16.6 MPa

(2400 psi). The estimate of steam pressure includes

the contribution made by the conversion of a portion of

the combined oxygen in the coal (10 wt% of dry coal)

to water. The bulk of the remaining combined oxygen

that is converted produces CO�CO2. The results from

this series of runs shown in Fig. 1 suggest that con-

version of coal into THF soluble products was unaf-

fected by the very wide range of steam pressures.

Resid conversion, however, decreased as moisture

content of the coals increased. Although an active

catalyst was apparently generated from the impreg-

nated coal, the drier system gave better resid conver-

sions. Therefore, the bulk of the catalyst testing was

done on impregnated coals that had been completely

dried to a constant weight at reduced pressure and

1008C.

The two solvents used in this study were prepared

by blending heavy distillates and deashed resids

Fig. 1. Effect of moisture on conversion. THF conversion: solvent

I (5), solvent II (*). Resid conversion: solvent I (!), solvent II

(*).
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produced in the Wilsonville pilot plant. The two

solvents differed in hydrogen and nitrogen concentra-

tions with the hydrogen content in II being higher and

the nitrogen concentration being lower. The 5658C�
resid fraction in II-R was 4.6% higher which makes

the 5658C� fraction in II higher by 2.5%. This makes

the concentration of the resid fraction in the experi-

ments higher. II also contains 6 ppm of Mo, which

is a carryover of dispersed Mo catalyst used in the

Wilsonville Run 262 into the ROSE SR deashed

product. This very small concentration should not

affect the overall results.

The results from liquefaction of the metal impreg-

nated coals in I and II are shown in Tables 3 and 4,

respectively. The small differences in yields of gas-

eous products in these runs indicate a lack of sensi-

tivity either to the impregnated catalysts or the

solvents used in the runs. THF coal conversions were

surprisingly constant for most of the impregnated

coals that were tested. In I, all of the impregnated

coals had conversions between 88% and 93% with an

average of 91.4% with a standard deviation of 1.7

(n�24). The small differences in these values relative

to standard deviations suggests the conversions of

these coals are the same. This is still a sizable increase

over the 60.7% THF conversion for metal-free BT coal

indicating signi®cant catalysis by the impregnated

metal precursors. The corresponding THF conversions

in II were also tightly grouped except for three of the

13 impregnated coals that were tested. All of the Mo

impregnated coals, except one impregnated with

100 ppm Mo without any added Fe, fell into this tight

group. The average THF conversion for this group of

10 impregnated coals was 92.2% with a standard

deviation of 1.4 (n�22). Of the Mo-free coals, only

the one that contained Fe at a concentration of

Table 3

Liquefaction of Mo and Fe impregnated coals in I

Mo (mg/kg dry coal) 0 100 300

Fe2O3 (wt% dry coal) 0 0.5 1.0 0 0.5 1.0 0 0.5 1.0

Products (wt% maf coal)

CO�CO2 7.4 4.9 7.9 7.5 7.9 8.0 7.0 8.1 7.9

C1±C6 6.5 6.5 7.3 8.2 8.3 8.4 8.0 10.6 12.9

H2O (estimated) 7.3 12.8 11.2 11.0 11.0 11.1 11.5 11.4 11.5

5658Cÿdistillate 31.7 38.0 43.0 36.7 44.5 46.6 48.1 44.0 44.6

5658C� resid 7.8 26.1 23.3 26.5 18.7 17.3 15.0 19.3 16.1

IOM 39.3 11.7 7.2 10.1 9.6 8.5 10.2 6.7 7.1

THF coal conversion (%) 60.7 88.3 92.8 89.9 90.4 91.5 89.8 93.3 92.9

Resid conversion (% maf coal) 52.9 62.2 69.5 63.4 71.6 74.2 74.7 74.0 76.8

Table 4

Liquefaction of Mo and Fe impregnated coals in II

Mo (mg/kg dry coal) 0 100 300 500

Fe2O3 wt% dry coal 0 0.1 0.5 1.0 0 0.5 1.0 0 0.1 0.5 1.0 0 0.5 1.0

Products (wt% maf coal)

CO�CO2 10.2 8.1 7.8 8.3 8.0 7.7 7.4 7.7 7.5 8.1 6.3 7.9 7.4

C1±C6 10.8 10.4 8.9 11.3 9.4 8.9 9.9 9.5 8.6 9.2 7.7 8.2 7.9

H2O (estimated) 8.8 11.0 14.5 13.0 14.3 14.4 13.8 14.0 14.2 14.0 15.4 14.4 14.8

5658Cÿdistillate 27.5 30.1 52.4 40.9 50.8 55.2 49.1 50.5 52.5 57.0 52.2 55.7 58.5

5658C� resid 12.0 13.2 14.5 8.1 12.0 10.1 6.0 10.3 10.5 9.8 2.2 10.8 7.2 5.4

IOM 30.7 27.2 13.4 8.3 14.4 7.3 7.8 9.4 7.8 7.5 9.5 7.5 6.6 5.5

THF Coal conversion (%) 69.3 72.8 86.6 91.7 85.6 92.7 92.2 90.6 92.2 92.5 90.5 92.5 93.4 94.5

Resid conversion (% maf coal) 57.2 59.6 72.2 83.6 73.6 82.6 86.2 80.3 81.7 82.8 88.3 81.8 86.2 89.1
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1.0 wt% Fe2O3 fell into this high THF conversion

group. THF conversion of the Fe impregnated coal

loaded at 0.5 wt% Fe2O3 was 5.6% below the average

observed in II.

The variation in resid conversion for these impreg-

nated coals followed a similar pattern with an increase

being observed for all the coals onto which Mo or Fe

had been impregnated. In I, ®ve of the eight impreg-

nated coals that were tested fell within a narrow range

of resid conversions having an average value of 75.6%

with a standard deviation of 3.7 (n�14). Three coals

fell below this conversion range including two Mo-

free coals and the Fe-free coal that contained 100 ppm

Mo. However, the Mo-free Fe-containing (1.0 wt%

Fe2O3) impregnated coal was only 6.1% below this

group. In II, 10 of the 13 coals gave resid conversions

having an average value of 85.2% with a standard

deviation of 5.0 (n�22). Interestingly, the same three

impregnated coals that fell below this resid conversion

range in II also gave THF conversions in this solvent

that were below the average THF conversion for this

group. Note, however, that the larger value of the

standard deviation calculated by grouping this set of

10 coals suggests that the higher resid conversions

observed for the coals impregnated with 300 and

500 ppm Mo in the presence of Fe loaded at

1.0 wt% Fe2O3 may be statistically signi®cant relative

to the Fe-free coals impregnated with 300 and

500 ppm Mo.

In the set of impregnated coals, the majority gave

nearly equivalent THF and resid conversions with

none of them being higher than the others. Only four

of the coals failed to give high conversion consistently.

These include the Fe-free 100 ppm Mo impregnated

coal and all of the Mo-free Fe-impregnated coals. The

Fe-free 100 ppm Mo-impregnated coal gave low THF

conversion in II and low resid conversion in both

solvents. The impregnated coals loaded with Fe at 0.1

and 0.5 wt% equivalent Fe2O3 gave low resid conver-

sions in both solvents and low THF conversion in II.

The Fe impregnated coal with the equivalent of

1.0 wt% Fe2O3 gave low resid conversion in I
although it gave high THF and resid conversions in II.

Overall, results from this test show that higher

conversions were consistently obtained for BT coal

impregnated with at least 300 ppm Mo. They also

show that adding Fe or increasing the concentration of

Mo provided, at most, only slightly higher resid con-

version. However, a signi®cant difference was

observed in resid conversion between the two sol-

vents. The difference of 10% in average resid conver-

sions between solvents I and II was observed for

impregnated coals assigned to the high activity

groups. Except for the solvents, the runs were made

under identical conditions indicating that the differ-

ence in reactivity of the impregnated coals can be

attributed to the solvents.

The compositions of the two solvents are different.

II contains 2.5% more 5658C� material than I (see

Table 2) making the concentration of the reactive

material greater in the II, which can increase resid

conversion (see Eq. (3)). Recent continuous bench-

scale processing runs with Mo and Fe impregnated

coals showed that product could be correlated to the

concentration of coal and recycled resid in the feed

[20]. Regression analysis on data from these runs

predicted that 74% conversion of the reactive coal

and 39% conversion of the resid accounted for the

product. Assuming the same conversion, the 2.5%

greater 5658C� material in II could increase resid

conversion by 2%. The bulk of the increased conver-

sion must be attributed to other factors related to the

solvent.

The hydrogen concentrations in the two solvents are

different. The combined solvent II contains approxi-

mately 0.6 wt% higher hydrogen concentration, which

is distributed equally between the distillate and resid

fractions (see Table 2). The higher hydrogen concen-

tration in II-R suggests the presence of material richer

in hydrogen, which may convert more easily to dis-

tillate. The boiling distributions of the two solvents are

essentially the same since the simulated distillation

curves are nearly identical (see Fig. 2). The lower

nitrogen concentration in II-R also supports the sug-

gestion that this resid is already more highly con-

verted. The lower nitrogen content in II would not

likely have any further depressing effect on catalyst

activity since the number of nitrogen atoms in both

solvents is approximately 1000 times greater than the

number of Mo atoms present on the impregnated coal.

The higher hydrogen concentration in II-D, which

suggests a higher H-donor capacity, does not affect the

initial dissolution of the coal since THF conversion is

the same in both solvents. A similar result was

reported by Guin et al. [21] who observed higher

oil yields at essentially the same THF conversions
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when better H-donor solvents were used in liquefac-

tion of Blind Canyon coal in the presence of Fe

catalysts. It is generally accepted that the most impor-

tant role of the H-donors in the liquefaction reaction is

the stabilization of free radicals generated during the

initial solubilization of the coal, even in the presence

of catalyst and H2 [22]. Although this function is

important, McMillen et al. [23] proposed a mechanism

by which H-donors can in¯uence liquefaction yields

through promoting the cracking of aromatics. In their

mechanism, lower molecular weight products result

from cleavage of alkyl-aromatic bonds in ipso H
�

substituted benzyl aromatic intermediates formed

via H-atom transfer from donor solvent. This provides

a plausible explanation of how the higher donor

capacity of II can lead to increased resid conversion.

The overall increased resid conversion may, in fact,

result from the combined effect of higher donor

capacity, higher resid concentration in the starting

reaction mixture, and the higher reactivity of the resid

fraction of II. Further work will be necessary to

resolve this question.

Since the objective of this work was to provide a

Mo-based catalyst system that could replace the use of

more expensive oil-soluble organomolybdenum mate-

rials, comparative tests were performed on Molyvan

L. Runs were made with BT coal in II under the same

conditions used for the impregnated coals with Moly-

van L added at a concentration of 300 ppm Mo on dry

coal. The THF and resid conversions for these runs,

which were 91.1% and 82.8%, respectively, were

essentially the same as obtained for the high activity

group of impregnated coals. Therefore, based upon

lab-scale screening studies, AHM impregnated coals

are as active as the high-activity organic soluble

precursors used at Wilsonville.

4. Conclusions

Signi®cant catalysis is observed for liquefaction of

Wyodak coal impregnated with aqueous solutions of

Fe and Mo salts. The concentration of residual water

remaining on the coals after impregnation did not

affect THF conversion but the drier system gave

slightly better resid conversions. Coals impregnated

with AHM to a concentration of at least 300 ppm Mo

gave both high THF and resid conversions, of which

none were clearly superior to the others. The presence

of Fe, loaded to a concentration of up to 1.0 wt%

Fe2O3, had only a slight in¯uence on the activity of the

Mo catalyst. Resid conversions were signi®cantly

higher in one of the recycle solvents (II), although

THF conversions in both solvents were the same. The

increased resid conversions in II may be related to

higher H-donor capacity in the distillate fraction or a

more reactive resid fraction that converts more easily

into distillate product. Gaseous products were rela-

tively constant in these runs and were unaffected by

the impregnated catalysts or the solvent used in the

runs. The AHM impregnated coals are as active as and

much less expensive than the high-activity organic

soluble precursors that have been successfully tested

in larger-scale pilot plant runs.
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