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Abstract

Since phosphomolybdic acid (PMA) is known to be transformed into an active catalyst for liquefying coal and converting

the residual product to distillate material, its conversion under conditions similar to those used in liquefaction has been

investigated. The form of active catalyst formed from PMA under conditions of liquefaction is unknown. This paper reports

the reaction of PMA observed in He, H2 and H2S±H2 at temperatures up to 4508C. PMA is stable in both He and H2 up to

2008C. However, when H2S is present, sulfur is incorporated rapidly into the structure. The amount of incorporated sulfur

increases both with temperature and exposure to H2S. At temperatures up to 3008C, the maximum incorporation of sulfur was

approximately 5 wt.% to give a material having a S/Mo atomic ratio of 0.27. Exposure to a large excess of H2S did not further

increase incorporation of sulfur. At 4508C, which is the temperature required for liquefaction of coal, approximately 20 wt.%

sulfur was incorporated to give a S/Mo atomic ratio of 0.88. In this sample, the remaining oxygen was present as P2O3. IR and

Raman spectra showed the presence of MoS2, although insuf®cient sulfur was present to completely convert Mo to its

disul®de. When H2S is present, even at 125±1508C, the crystalline structure collapses destroying the Keggin structure. The

rate of sulfur addition to PMA is much faster for MoO3, than for MoO2. # 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

In recent years, extensive data have been obtained

which show that molybdenum introduced as a variety

of precursors forms a very active catalyst for liquefac-

tion of Wyodak coal. Molybdenum di(2-ethylhexyl)-

phosphorodithioate (Molyvan L) was found to be

exceptionally active in tests at the Wilsonville

Advanced Coal Liquefaction Research Facility in runs

263 [1] and 262 [2]. N,N-dibutyldithiocarbamate of

oxothiomolybdenum (Molyvan A) was as active as

Molyvan L in runs made at Exxon [3,4]. We reported

recently that THF solubilization and resid conversions

for Wyodak coals impregnated with PMA in micro-

autoclave tests was comparable to results with Moly-

van L and Molyvan A, which were added as oil-

soluble complexes [5]. Subsequently, we found that

PMA impregnated Wyodak Coal in continuous runs

gave similar quinoline solubilization and resid con-

version as Molyvan A at the same processing condi-

tions and Mo catalyst concentrations [6]. The activity

of PMA was essentially the same as observed for

coal impregnated with ammonium heptamolybdate,

another precursor that has been extensively studied.

Although few papers have been published, numer-

ous patents have been issued that claim polyoxomo-

lybdates as sources of dispersed catalysts for coal and
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heavy petroleum conversion. Though most of the

reported work relates to conversion of petroleum

related heavy hydrocarbons, there are patents that

describe the use of PMA in conversion of coal. Gleim

and Gatsis, [7] in a very early case, claimed a process

incorporating PMA for hydrore®ning a petroleum oil

at 4008C and 10 MPa. In this case, PMA was added to

the reaction mixture as an isoamyl alcohol solution,

which presumably forms a colloidal dispersion when

the isoamyl alcohol is removed by distillation at

1308C [8]. In the hydroconversion of Wyodak coal,

a higher oil yield and lower coke make were reported

for PMA relative to molybdenum naphthenate, both of

which were claimed to be soluble in the heavy dis-

tillate solvent [9]. In another case, addition of phenolic

solutions of PMA to coal slurries was reported to give

higher liquid yields [10]. Several cases claim prepara-

tion of catalyst concentrates by mixing either aqueous

or isopropyl alcohol solutions of PMA with oil and

heating at 3858C for 30 min in 5% H2S in H2 [11±14].

Adding phosphoric acid or hydrogen halides to PMA

has been reported to improve catalyst activity [15,16].

Combinations of MoO3 and PMA have also been

reported to give better resid conversion than the

individual compounds [17±19].

PMA is a unique form of Mo having the Keggin

structure [20]. It has already found extensive use as a

catalyst in a number of other processes involving both

homogeneous [21] and heterogeneous [22] catalysis.

Typically, these reactions are run at lower tempera-

tures than required for liquefaction of coal. Although

catalysis at these lower temperatures is attributed to

the presence and stability of the Keggin structure, little

is known regarding the structural stability of PMA at

the higher temperatures necessary for liquefaction,

especially in the presence of H2 and H2S.

Since higher activity is achieved for all of the Mo

precursors including PMA when H2S is present,

whether the ultimate catalyst is the same when using

PMA is not known. When using AHM as precursor,

Lopez et al. suggested that the active catalyst was an

unde®ned molybdenum oxysul®de [23]. This conclu-

sion was based upon the atomic ratio of sulfur to

molybdenum in the active catalysts isolated from

processing heavy petroleum fractions with ammonium

molybdate and thiomolybdate precursors, which was

less than two. Surprisingly, they found that several less

active catalysts isolated from processing petroleum

fractions had S/Mo ratios greater than two suggesting

that MoS2 had a lower activity than the active catalyst.

Because of the unique thermal stability of PMA, it

is not obvious that the form of the active catalysts from

this family of compounds will be the same as obtained

from oxo or thiomolybdates. Likewise, it is not known

whether sulfur may incorporate into these structures

giving thio analogs of the polyoxomolybdates that

may be active for catalyzing direct liquefaction. For

these reasons, we have investigated the thermal prop-

erties of PMA and its reaction in the presence of H2S±

H2 mixtures. The objective was to understand the form

of the catalyst derived from the precursor and improve

its activity through altering the reaction conditions or

pretreating the precursor.

2. Experimental

Phosphomolybdic acid (H3PMo12O40�20H2O) was

supplied by Aldrich Chemical Company. Gases were

supplied by Air Products and Chemicals.

Sul®dation experiments were conducted in a

900 � 200 tubular quartz reactor into which was placed

a porcelain boat containing from 1±10 g of PMA. In

experiments with one gram PMA, only a thin layer

coated the bottom of the porcelain boat. The reactor

was placed into a tubular furnace equipped with a

thermocouple and temperature controller and a stream

of N2 passed over the sample. After the reactor was

purged with nitrogen at ambient temperature to

remove air, a stream of 8 vol% H2S in H2 was passed

over the sample and the reactor heated to the desired

temperature. The H2S±H2 mixture was passed over the

samples for 1±10 h at 40±320 cc/min. Following the

treatment the reactor was cooled to ambient tempera-

ture under ¯owing N2 and the products removed. In the

experiments the original yellow color changed quickly

to green, which lasted for only a short period. All of

the samples formed crusty layers that were either dark

grey or black in color. The ®nal materials were ground

before analyzing.

Elemental analyses were performed either by the

University of Kentucky Center for Applied Energy

Research or by Galbraith Laboratories. At both labora-

tories sulfur was determined by combustion in air and

molybdenum and phosphorus by inductively coupled

plasma emission spectroscopy. Samples analyzed by
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Galbraith Laboratories had con®dence intervals of

5.3%, 0.4% and 0.3% for molybdenum, sulfur and

phosphorus, respectively.

Raman scattering measurements were carried out

by excitation with an Ar laser (514.5 nm). Scattered

light was analyzed at a low laser ¯ux (30 mW/mm2) in

a Jobin Yvon HR460 single grating spectrometer

equipped with a charge-coupled array detector and

a holographic notch ®lter (Kaiser Optical). The spec-

tral slit width of the system is about 2 cmÿ1.

FT-IR spectra were obtained with a Bomem DA3�
Fourier transform interferometric spectrometer. For

mid-IR measurements, the samples were mixed with

99 wt.% of KBr and pressed into pellets. For far-IR

measurements, the samples were mixed with 99 wt.%

of CsI. A MCT detector and a bolometer were used for

mid-IR and far-IR data acquisition, respectively. All

spectra were taken at room temperature with an instru-

ment resolution of 4.0 cmÿ1.

X-ray diffraction data were obtained with a Philips

XRG 3100 diffractometer in the range of 10±808
(0.028/step and 2 s/step). The JSPDS-ICDD Powder

Diffraction-2 Database was used for identi®cation of

the samples.

A Seiko TG/DTA 320 thermogravimetric analyzer

(TGA) was coupled to a VG Micromass PC quadru-

pole mass spectrometer. The thermal analyzer was

operated at a gas ¯ow rate of 200 cc/min at a heating

rate of 208C/min up to 6508C. The gas sample was

transferred from the thermogravimetric analyzer to an

inert Metrasil molecular leak that interfaced the capil-

lary with the enclosed ion source of the mass spectro-

meter. The mass spectrometer had a Nier-type

enclosed ion source, a triple mass ®lter and two

detectors (a Faraday cup and a secondary emission

multiplier). Both instruments were controlled by com-

puters that also provided programmable control of the

furnace, continuous weight measurements, sweep gas

valve switching, data acquisition and analysis, review

of mass spectrometer scans and export data to other

computers.

3. Results

3.1. Thermogravimetric analysis

PMA is thermally stable up to a rather high tem-

perature. When heated in a TGA in He, an initial

decrease in weight at temperatures up to 1508C cor-

responds to the loss of crystalline water, or water of

hydration, via an endothermic process. This is con-

®rmed by the appearance of an m/e � 18 ion in the

mass spectrum of the ef¯uent gas (Fig. 1). Between

1508C and 3508C, only a slight additional loss in

weight occurs. However, continued heating up to

4508C results in further loss in weight and appearance

of water in the ef¯uent gas stream. The latter decrease

in weight corresponds to a loss of 1.5 molecules of

water, commonly referred to as constitutional water,

for each molecule of dehydrated PMA. Ultimately

P2O5 and MoO3 are reportedly formed via the reaction

in Eq. (1)[24].

3H3PMo12O40 ! 3H2O� P2O5 � 25MoO3 (1)

When the TGA is run in the presence of H2,

dehydration is essentially the same as in He. The

subsequent loss of `constitutional' water begins at a

lower temperature (�3508C) than observed in He

(�4258C) and proceeds over a longer period (compare

Figs. 1 and 2). In H2, the weight loss upon heating to

4708C is consistent with the formation of MoO3.

Continued heating to 5308C leads to further loss in

weight and formation of water. The decrease in weight

is consistent with formation of MoO2. This contrasts

with the results of Yong et al. [25] who observed

Fig. 1. TG/MS spectra of PMA in He.
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complete reduction to ®ne Mo powders upon extended

heating at temperatures up to 6408C.

H2S, which is essential for developing active cat-

alyst from PMA for liquefaction of coal, affects the

behavior of PMA. When H2S is present in the H2

carrier gas, the initial decrease in weight and forma-

tion of water at temperatures up to 1508C are similar to

the TGA scans made in both He and H2 (Fig. 3).

Simultaneously, the H2S concentration in the ef¯uent

gas was observed to decrease by approximately 5%.

The H2S removed from the gas stream was at least 3

times the initial weight of the TGA sample. Since the

decrease in weight of the sample in the presence of

H2S is the same as observed in He and H2, an increase

in the concentration of sulfur in the sample could not

account for H2S lost from the gas stream.

Upon continued heating to about 2508C in the

presence of H2S, the sample weight remains relatively

constant and the concentration of H2S in the ef¯uent

stream returns to its original baseline concentration.

Further heating to 3508C resulted in an additional loss

in weight accompanied by the appearance of water and

a simultaneous decrease in H2S concentration in the

ef¯uent gas. The weight loss was less than observed at

the lower temperature. During these periods when H2S

disappeared from the gas stream, it must have been

converted and the products swept out of the system in

the ¯owing gas. SO2 was not observed in the ef¯uent

gas stream over the entire temperature range indicat-

ing that H2S was not converted to sulfur oxides in a

quantity that could be detected. The presence of a

sulfur deposit found in the exit line from the TGA

suggests that H2S is being converted to free sulfur.

3.2. Treatment of PMA with H2S

Since TGA scans of PMA in H2±H2S suggest that

sulfur was not being incorporated into the structure,

larger quantities of material were prepared to quantify

the amount of incorporated sulfur and the properties of

these materials. PMA was treated in a tubular reactor

in ¯owing H2S±H2 at atmospheric pressure and at

125±4508C for 1±10 h. These treatments were per-

formed over a range of different gas ¯ow rates that

exposed the samples to quantities of sulfur that ranged

from 0.3 to 123 moles H2S/g atom Mo. After cooling,

the dark colored materials were removed from the

reactor, ground and stored in sealed containers to limit

exposure to air. The solubility of the sul®ded materials

in water at a concentration of 0.2 wt.% decreased with

Fig. 2. TG/MS spectra of PMA in H2.

Fig. 3. TG/MS spectra of PMA in H2S/H2.
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increasing treatment temperatures with none of them

being completely soluble. BET surface areas of the

materials were typically less than 1 m2/g. They were

characterized by IR, FT-IR, far-IR, XRD, Raman, and

elemental analysis.

Sulfur incorporated into the samples was affected

both by the relative amount of H2S passed over the

samples and the temperature of treatment (Table 1).

At all temperatures, sulfur incorporated into the sam-

ples increased as exposure to H2S increased. Up to

3008C, exposures longer than one hour to H2S equiva-

lent to a H2S/Mo molar ratio of 12.3 did not signi®-

cantly change the sulfur concentration. Differences in

concentrations shown in Table 1 may be a result of the

analysis having been performed by two different

organizations. At higher H2S exposures, i.e., at a

H2S/Mo molar ratio of 123, sulfur incorporated into

the samples was essentially unchanged compared with

samples exposed at a 12.3 H2S/Mo molar ratio.

Increasing the exposure time up to 8 h did not greatly

affect the sulfur incorporated into the samples.

At 4508C, the sulfur incorporated into the samples

increased sharply. When the samples were treated with

an excess of H2S at H2S/Mo molar treatment ratios of

12.3 and 123 for 1±10 h, the sulfur incorporated into

the samples increased signi®cantly. When treating at a

H2S/Mo molar treatment ratio of 12.3, sulfur concen-

trations nearly doubled from 10.9 wt.% after 1 h to

20.6 wt.% after 4 h. Sulfur concentrations did not

change much after treating for 4 h for samples treated

at the higher H2S/Mo molar ratio of 123. Based upon

Mo present in the samples the S/Mo atomic ratio never

exceeded 0.90 in any of the samples.

For samples exposed to a limited amount of H2S, a

very high percentage of sulfur was scavenged from the

gas stream. For samples exposed to H2S at H2S/Mo

molar ratios of 0.3, the sulfur concentrations in these

samples that accumulated over the 1 h treatment per-

iod ranged from 1.2±4.2 wt.%. At temperatures up to

2008C, 20±30% of the sulfur present in the gas stream

was incorporated into the samples, while at 4508C,

60% was scavenged. Since the sulfur incorporated at

temperatures up to 2008C was about half the amount

incorporated when treated with a large excess of H2S,

the initial inclusion of sulfur occurs very rapidly.

Ultimately a concentration is reached beyond which

further exposure to H2S will not increase the sulfur

concentration.

The phosphorus concentrations in samples prepared

at a H2S/Mo molar treatment ratio of 12.3 suggest an

excess of phosphorus in the starting material com-

pared with the theoretical Keggin ion formula, i.e.,

H3Mo12O40�xH2O. The P/Mo atomic ratio remained

approximately the same in the sul®ded products (see

Table 1

Sulfur concentration in sulfided PMA materials

H2S/Mo ratio in treatment

gas (moles/g atoms)

Temperature

(8C)

Treatment period (h)

1 4 6 8 10

0.3a 125 1.48 (0.07) ± ± ± ±

0.3a 150 2.13 (0.10) ± ± ± ±

0.3a 200 1.21 (0.06) ± ± ± ±

0.3a 300 2.21 ± ± ± ±

0.3a 450 4.20 (0.18) ± ± ± ±

12.3 125 3.78 (0.19) 4.95 (0.25) ± ± ±

12.3 150 4.27 (0.21) 5.4 (0.27) ± ± ±

12.3 200 4.46 (0.22) 4.79 (0.22) 3.2 (0.16) ± ±

12.3 300 4.16 (0.20) 4.93 (0.22) 4.35 (0.22) 4.0 (0.21) ±

12.3 450 10.9 (0.47) 20.6 (0.88) 17.25 (0.74) 16.0 (0.67) ±

123 125 ± 4.37 (0.22) ± ± ±

123 150 ± 3.9 (0.19) ± ± ±

123 200 ± 3.77 (0.18) ± ± ±

123 300 ± 3.69 (0.18) ± 4.0 (0.20) ±

123 450 ± 15.0 (0.64) 17.1 (0.73) 17.7 (0.76) 18.1 (0.78)

aTreated 10 g sample.

S in wt.% and S/Mo atomic ratio.
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Table 2). The apparent excess of phosphorus found in

these samples compared with theoretical was presum-

ably a result of an excess of phosphoric acid being

occluded in the starting material. Because the hydro-

gen concentrations in the treated samples are small

and since the water of hydration has been removed, the

oxygen concentration can be approximated by the

unaccounted mass in the elemental composition. This

estimate suggests that oxygen decreased as treatment

temperature increased with an especially large

decrease occurring between 3008C and 4508C.

IR spectra were obtained on the starting PMA and

those samples treated with H2S. The major absorp-

tions for PMA are observed at 1065, 965, 865, 785 and

255 cmÿ1. For samples treated with H2S at a H2S/Mo

molar ratio of 0.3 up to 2008C, the spectra change

very little (Fig. 4). Intensities of the P±O stretching

frequency at 1065 cmÿ1 and a Mo±O stretching fre-

quency at 865 cmÿ1 diminish slightly as temperature

increases. Fine structure completely disappeared in

the sample treated at 4508C. XRD scans shown in

Fig. 5 show all of the samples have remaining crystal-

linity that differs from the originally hydrated PMA

structure. The XRD of the sample treated at 4508C
shows the presence of MoO2, whose oxygen concen-

tration is consistent with reduction of MoO3 to a lower

oxidation state. The absence of any bands in the 600±

1000 cmÿ1 region is consistent with the spectrum

observed for MoO2 [26,27].

For samples treated with an excess of H2S at a H2S/

Mo molar treatment ratio of 12.3, absorptions at 1065

and 255 cmÿ1 largely disappear upon very mild treat-

ment at 125±1508C (see Fig. 6). These bands have

been assigned to the stretching vibrations of the P±O

and Mo±O bonds of the P±O±Mo group, respectively,

Table 2

Elemental analysis of PMA and the sulfided samples

Treatment Temperature (8C) Composition (wt.%) Formula

P Mo S O (diff)a (normalized on Mo12.0)

Starting PMAb 3.5 49.7 0.0 46.8c H45.6P2.6Mo12O65.8

125 4.3 59.5 5.0 31.3 P2.7Mo12S3.0O37.8

150 4.6 61.0 5.4 29.1 P2.8Mo12S3.2O34.3

200 4.7 65.6 4.8 24.9 P2.7Mo12S2.6O27.3

300 5.5 66.5 4.9 23.1 P3.1Mo12S2.7O25.0

450 5.3 70.1 20.6 4.0 P2.8Mo12S10.6O4.1

12.3 moles H2S/gram atoms Mo in treatment gas. Treatment period 4 h.
aDifference includes oxygen and hydrogen.
bTheoretical formula: H3PMo12O40�xH2O.
cIncludes 3.0 wt.% hydrogen.

Fig. 4. Infrared spectra of PMA (a) and PMA sulfided at 1258C
(b), 1508C (c), 2008C (d), and 4508C (e). H2S/Mo molar treatment

ratio is 0.3.
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in the Keggin anion [28]. The absorption at 965 cmÿ1,

which has been assigned to the Mo±O asymmetric

stretching vibration of the terminal oxygen in the

Keggin anion, diminishes slightly but remains strong.

The Raman spectra of these mildly treated samples

show that the Mo±O stretching vibrations at 975 and

995 cmÿ1 have markedly decreased. The band

observed at 255 cmÿ1 assigned to the Mo±O bond

of the P±O±Mo group remains strong. A weak

shoulder at 225 cmÿ1 increased in intensity in both

the 1258C and 1508C treated materials. Elemental

analysis of these samples shows that the compositions

have changed through loss of water and addition of

5.0 wt.% sulfur. The empirical formula based on

the elemental analysis suggests the Mo remains as

Mo6�.

IR spectra for samples treated at 200 and 3008C
with H2S at a 12.3 H2S/Mo molar ratio are similar to

each other but quite different from the lower-tempera-

ture treated materials. The absorption at 865 cmÿ1 has

largely disappeared and the absorption at 785 cmÿ1

has broadened and shifted down ®eld. The intensity of

the absorption at 965 cmÿ1 has diminished and broa-

dened indicating continued evidence of Mo bonding

with a terminal oxygen atom. For the 3008C treated

sample, the absorptions in the Raman spectrum in the

900±1000 cmÿ1 region have largely disappeared. The

Fig. 5. XRD spectra of PMA (a) and PMA sulfided at 1258C (b),

1508C (c), 2008C (d), and 4508C (e).

Fig. 6. FT-IR spectra of PMA (a), PMA sulfided at 1258C (b),

1508C (c), 2008C (d), 3008C (e), and 4508C (f), and MoS2 (g). H2S/

Mo molar treatment ratio is 12.3.

Fig. 7. Raman spectra of PMA (a) and PMA sulfided at 1258C (b),

1508C (c), 2008C (d), 3008C (e), and 4508C (f).
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doublet at 225 and 255 cmÿ1 has also disappeared.

Elemental analysis shows that the oxygen concentra-

tion decreased relative to the amount in the 125±

1508C treated samples and the average oxidation state

of Mo is less than 4�. The XRD spectra shows that

these samples are amorphous.

The IR spectra of the sample treated at 4508C with

an excess of H2S at a H2S/Mo molar ratio of 12.3

shows a weak absorption at 750 cmÿ1, which suggests

remaining Mo±O bonded structures. A weak absorp-

tion at 375 cmÿ1, also observed in the sample treated

at 3008C, is consistent with a Mo±S stretching fre-

quency for MoS2 [29]. The presence of MoS2 is further

con®rmed by the appearance of a doublet at 380

and 405 cmÿ1 in the Raman spectra (see Fig. 7)

[30]. XRD shows the material produced at 4508C is

amorphous.

4. Discussion

In H2 at 3008C, the PMA structure is stable. How-

ever, at temperatures required for liquefaction, i.e.,

420±450 C, the Keggin ion is no longer stable. It

decomposes forming MoO3. In the TGA further

decomposition occurs at approximately 5308C
through formation of water leading to MoO2. In

liquefaction, transformation into an active catalyst

requires the presence of H2S. Reaction of PMA is

dependent on temperature and the H2S to which it is

exposed. When suf®cient H2S is present, regardless of

temperature, the structure collapses, although in the

presence of a limited amount of H2S, the structure is

stable to at least 2008C.

The initial reaction with H2S occurs as water of

hydration is being lost and is complete at 2008C.

When exposed to a limited amount of H2S PMA

scavenges 20±30% of the sulfur from the gas stream

forming a solid containing 1±2 wt.% sulfur. Mo

remains in a 6� oxidation state and bands represen-

tative of the Keggin anion are observed in the IR and

Raman spectra. Continued exposure to H2S, however,

results in further addition of sulfur and an apparent

collapse of the structure although only about 4 wt.%

sulfur is incorporated. With continued exposure to

additional H2S, the sulfur concentration changes very

little. The strongest indication for collapse of the

structure is the disappearance of various bands asso-

ciated with the P±O and Mo±O bonds and the com-

plete absence of any crystallinity, since XRD shows

the samples are amorphous.

Since MoO3 may be an initial decomposition pro-

duct during liquefaction, it may account for the high

degree of sul®dation that occurs in these samples.

Arnoldy et al. showed that MoO3 is sul®ded at lower

temperatures than MoO2 in the presence of a H2S±H2

stream [31]. Our experiments showed that sul®dation

of MoO3 at 4508C for 4 h incorporates 3.9 wt.%

sulfur, which corresponds to MoS0.2O0.9. In the sam-

ples treated at 4508C, Mo is not completely converted

into the disul®de although the IR and Raman spectra

indicate its presence. Based upon the elemental con-

centrations of phosphorus and oxygen and the relative

free energies of formation of Mo and phosphorus

oxides and sul®des, the phosphorus is probably pre-

sent as P2O3. At the liquefaction reaction temperature

in H2S±H2, conversion of Mo oxides to the disul®de

and P2O5 to P2O3 is thermodynamically favored.

The concentrations of phosphorus and oxygen in

the sample are consistent with the presence of P2O3

and the resulting S/Mo atomic ratio is approximately

one.

These bulk conversions that occur in a bed of

crystalline solid may not be entirely indicative of

the transformations that occur to Mo compounds

molecularly dispersed over the surface of the reactive

coal. Other reactants are present which can interact

with the PMA and its primary decomposition pro-

ducts, which may alter the ultimate form of the con-

verted precursor. The form of the resulting catalyst

may be quite different from the material isolated in

these H2S±H2 treatment experiments. The experi-

ments show that PMA is more reactive toward

H2S±H2 than Mo oxides incorporating more than

four times as much sulfur at 4508C than MoO3. It

is conceivable that the enhanced reactivity is asso-

ciated with the unique porosity of the material that

develops as dehydration progresses allowing better

contact between the Mo structure and the sul®ding

agent.

5. Conclusions

The effect of a sul®ding agent on the reaction of

PMA in the presence of H2 has been studied. Lacking
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H2S, but in the presence of H2, PMA is stable to

temperatures of approximately 3508C losing only its

crystalline water at temperatures below 1508C. Above

3508C, additional water is lost resulting in collapse of

the Keggin structure with formation of MoO3 and

presumably P2O5. When H2S is present, decomposi-

tion is observed at much lower temperatures. Collapse

of the structure will accompany addition of as little as

3 wt.% sulfur at temperatures as low as 125±1508C.

Although sulfur incorporation will increase only

slightly at temperatures up to 3008C, a considerable

amount of oxygen remains in the treated material.

Initially the sulfur adds with Mo remaining in a 6�
state. However, as temperature increases the oxidation

state decreases to less than 4� at 3008C and even

lower for samples treated at 4508C. PMA is more

reactive toward H2S±H2 than Mo oxides incorporating

more than four times as much sulfur at 4508C than

MoO3. The oxygen in the latter sample, if it is entirely

associated with the phosphorus, suggests an empirical

formula for the phosphorus oxide of P2O3. The results

strongly suggest that the active catalyst in coal lique-

faction would not resemble the Keggin structure and

questions whether it differs from other precursors that

lead to effective catalysts.
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